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Plasma processing contamination continues to affect device yield in the
microelectronics industry. Particles as small as tens of nanometers in radius may cause killer
defects due to small feature sizes, which are decreasing to < 0.1 µm. In low pressure
discharges (tens to hundreds of millitorr), particles charge negatively and are subject to
charged particle forces (ion-drag and electrostatic), and momentum transfer phenomena
(neutral fluid-drag forces, thermophoresis, and self-diffusion), as well as gravity.
Methods to prevent particle bombardment to the wafer are investigated using a
numerical model to simulate particle transport. Creating temperature gradients greater than
100 K/cm by heating the wafer allows thermophoresis to accelerate particles away from the
wafer while the plasma is active, as well as in the afterglow. In Inductively Coupled Plasmas
(ICPs), increasing the applied rf bias to the powered electrode and lowering the ICP power
aid in shielding the wafer from particles.
Another method of preventing particle deposition is curtailment of particle growth
above ~10 nm. We investigated Ar/SiH4 radio-frequency (rf) discharges and found that by
decreasing the rf power, the growth rate for particles decreases as the radical density
responsible for polymerization decreases.

Increasing the flow rate lowers the particle

residence time and aids in the reduction of particles impacting surfaces.
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Particle transport is also affected by Coulomb interactions between particles.
Experimental observations showed that in trapping sites particles form clouds and move
collectively. We numerically investigated Coulomb interactions between particles. In rf
discharges, ordered systems (Coulomb liquids or solids) occur at low particle temperatures.
Dislocations in lattices result because of impurities of differently sized particles, due to the
disparity in particle charges. Waves may be induced by impacting a Coulomb solid with
energetic particles. Repeated impacts can liquefy the lattice if the particles do not dissipate
enough energy as a result of fluid drag effects or Coulomb collisions.
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1. INTRODUCTION

Contamination of wafers in plasma processing reactors is a common yet troublesome
situation for the microelectronics industry.

Feature sizes of semiconductor devices can

diminish to 0.1 µm, whereas particulates (or “dust” particles) are generated or can often grow
to a few microns in size in the reactor.1-7 Particulates that land on the wafers can then
produce defects that lower device yield. Therefore, it is highly desirable to be able to predict
where these particles nucleate as well as their transport in order to minimize the number of
particles that land on the semiconductor wafer. Typical plasma conditions are gas pressures
of tens to hundreds of milliTorr, peak electron densities of 109 to 1011 cm-3, gas flow rates of
0 to 100 sccm, power depositions of tens to hundreds of Watts, and applied rf biases from 0
to 100 V.
Although modern clean rooms have removed sources of contamination external to the
processing environment, the plasma itself may generate contaminating particles. Particles
can be formed in a variety of methods, both physical and chemical. Particles can be sputtered
off of the electrodes, wafer, and other surfaces. For example, carbon atoms can be sputtered
off of graphite or stainless steel electrodes, which can then cluster to form larger particles.
Alternatively, particles may be formed in the gas phase due to plasma chemical processes, as
demonstrated by polymer formation in Ar/CCl2F2 gas mixtures.2
Particles were first observed in laboratory plasmas in the context of plasma material
processing by using laser light scattering methods by Roth et al.8
particles
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frequency

discharge.

Later experiments by Selwyn et al.1,2, Watanabe et al.9, Fukugama et al.10, and Jellum and
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Graves4,6 demonstrated that particles could be found in dc and rf discharges in a variety of
operating conditions (generally 10s mTorr to a few Torr, 0 to 500 V applied bias, and hundres
of Watts) and processing gas mixtures (e.g., Ar, He/SiH4). Typically, dust particles were
observed in clouds surrounding and over the substrate and near the plasma-sheath boundary.
An example shown in Fig. 1.1 shows laser light scattering off particles in an Ar rf discharge
at 200 mTorr, 600 W. (All figures and tables appear at the end of chapter.) The 50 µm
particles form “domes” and “rings” around the three Si wafers (each 82 mm in diameter).
A scanning electron micrograph of a dust particle is shown in Fig. 1.2. The particle
was grown in an He rf discharge with graphite electrodes. The particle is nearly spherical,
with a diameter of 650 nm and a fractal morphology. Garscadden et al.11 reported that the
particles from this particular discharge have a narrow size distribution and the particles
appear to be agglomerates of smaller sized particles.
Dust particles generally charge up negatively to several hundreds to thousands of q to
balance electron and ion currents to the particles. The electrons are more mobile, which
requires the particles to acquire negative potentials so that the sum of the currents remains
equal. Because the dust particles are charged negatively, they respond to electric fields. As a
consequence, particles can be accelerated by a combination of forces. Earlier models by
Sommerer et al.12 and Barnes et al.13 proposed that two forces dominated particle transport in
the reactor: electrostatic and viscous ion drag. Electric fields accelerate the negatively
charged particles in the opposite direction of the field, which usually produces dust motion
toward the center of the reactor, or toward electric potential maxima.2

Ions transfer

momentum to the dust particles, which accelerates the particles in the direction of the net ion
flux. This direction is generally toward the walls of the reactor. Dust may accumulate in
2

regions in the reactor where the net force acting on the particles is zero. In most scenarios the
dust trapping sites are at the plasma-sheath boundaries adjacent to the electrodes, walls, and
other surfaces, where the ion drag and electrostatic forces balance.
Other forces do contribute to dust motion (see Fig. 1.3). Fluid drag accelerates dust
particles in the direction of the gas flow.14 As a result, high flow rates entrain particles in the
feedstock gas flow, sweeping particles out of the reactor.

Although gravity affects all

particles, this force is only important while the plasma is active for large particles (>tens of
microns in radius). Gas temperature gradients produce thermophoresis, which accelerates
particles away from heated surfaces and toward cooler regions.15 For example, if the wafer is
heated with respect to the rest of the reactor, the particles accelerate away from the wafer
toward the cooler surroundings. Temperature gradients must be greater than 5 K/cm in order
to offset gravity for a 0.5 µm Al particle.16 Each of these forces varies in magnitude and
direction for a given particle size as a function of location in the reactor.
Reactor geometry greatly impacts trapping locations, as the forces on dust particles
are sensitive to the structure of the sheaths surrounding reactor surfaces, or regions where
electron and ion densities are not equal. The disparity in the electron and ion densities in
sheaths produces an electric field (tens to hundreds of Volts per centimeter in magnitude) that
accelerates particles away from the surfaces, often balancing the opposing ion-drag force;
hence, particles are often trapped near the plasma-sheath boundaries. The sheaths will
“follow” the topography of grooves, notches, or raised elements, thereby modifying trapping
locations and guiding particle motion. The electric fields within the sidewall sheaths will
direct the particles toward the center of the groove.17,18

3

Recently, many numerical models have been published that describe different aspects
of particle contamination, including particle transport. Daugherty et al.19 and Kilgore et al.20
have quantified the ion-drag force term by deriving a semi-analytic ion-dust momentum cross
section, as well as describing the sheath around a dust particle in terms of the linearized
Debye length λL, which is also discussed in Section 3.2.4. Typically, λL is on the order of
hundreds of microns. For particles with radii < λL, the effective screening length is smaller
than λL. Particles larger than λL have larger sheaths and thus screening lengths longer than

λL, due to decreased ion orbiting motion around the particle. Perrin et al.21 later modified the
ion-drag force term for low ion drift velocities, which reduced the magnitude of the ion-drag
force term by up to a factor of five. Boeuf22 and Choi and Kushner23 used particle-in-cell
methods to determine that dust particles may shield one another and thus the charges on
particles may be lower in an ensemble. Choi et al.24 included ion-drag, electrostatic, fluid
drag, thermophoretic, and gravitational forces in a dust transport Monte Carlo model to
determine particle trapping locations in a radio frequency discharge.
Other nucleation models include Choi and Kushner,25 who investigated the effects of
ion-enhanced nucleation. Their simulation calculated the growth rate of particles based on
collisions of particles of different sizes in the dust particle continuity equations. The authors
concluded that generating larger clusters (>hundreds of atoms) requires particles to charge
negatively in the plasma to lengthen the residence time. Girshick26 considered nucleation
using a “moment-type” model: modifying the analytical nucleation rate expression by selfconsistently solving for the equilibrium cluster distribution. The corrected nucleation rate
increases the classical nucleation rate of clusters condensing in a supersaturated vapor by
considering surface tension. Cui and Goree27 simulated particle charging as a function of
4

particle size, temperature, ion mass, and plasma density. Small particles were found to have
high charge fluctuations in time due to electrons and ions arriving at the particle at random
times.
The ability to model and predict the generation of dust, as well as its transport in a
plasma reactor, would be an important tool in designing reactors and processes that reduce
killer defects for the semiconductor industry. The purpose of this research is to determine
general scaling laws and trends that will help to minimize the density of particles generated in
a discharge, as well as to direct particles away from the substrate during and after processing.
Several models have been developed that simulate particle transport and nucleation in plasma
processing reactors. The plasma parameters of these reactors (such as electric fields, neutral
gas velocities, and electron densities) are calculated in the Hybrid Plasma Equipment Model
(HPEM), developed at the University of Illinois. (The details of the HPEM are discussed in
Chapter 2.) These values are then supplied to the various dust simulations.
The simulation for particle transport is discussed in Chapter 3. The importance of rf
bias, power, wall temperature, and gas mixture, with respect to the deposition of particles on
the wafer, are included. Increasing the rf bias and lowering the power were found to be
effective in shielding the wafer. The reactor geometry is relevant as well, and the “recipe” to
minimize the flux of particles to the substrate depends on where the gas nozzles are located,
particularly for particles in the afterglow. A model of particle nucleation and growth is
presented in Chapter 4.

Lowering the power and increasing the flow rate aids in the

reduction of particle residence times in the reactor, as well as lowers the growth rate.
Particle-particle effects due to Coulomb interactions will be discussed in Chapter 5. This
additional force is an improvement on the model presented in Chapter 3. Particles that
5

interact can form Coulomb fluids within the plasma and show collective behavior; in
addition, particles in neighboring traps may interact due to ejection from clouds.

6

Fig. 1.1. Laser light scattering photo showing particle clouds above 3 wafers. The particles
form “domes” and “rings” above the wafer. (Ref. 1.)

7

Fig. 1.2. A scanning electron micrograph taken from Ref. 11. The particle is nearly spherical
yet clearly shows a fractal morphology. The particle was grown in an He rf discharge with
graphite electrodes.
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Fig. 1.3. Schematic of forces that act on particles in plasmas. All forces (except for gravity)
are a function of particle size and location.
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2. HYBRID PLASMA EQUIPMENT MODEL

2.1

Introduction
A computer model has been developed at the University of Illinois that simulates

plasma processing reactors.1-3 Different geometries, ranging from Reactive Ion Etching (RIE)
discharges—which are traditionally parallel plate reactors—to Inductively Coupled Plasma
(ICP) tools, may be simulated. A “case” for the HPEM is defined by the reactor geometry and
material properties in addition to the operating conditions (applied rf voltages, pressure, gas
flow, etc.).
The HPEM generates pertinent plasma parameters, such as electric fields and ion
densities, which are then used in the dust particle transport and nucleation models discussed in
Chapters 3, 4, and 5. Because low dust densities (<106 cm-3) are considered, the dust particle
transport is assumed not to affect the total electron and ion densities or other plasma
properties.
A short summary of the algorithms used by the HPEM is provided in Sections 2.2 and
2.3.

The HPEM is used by the author to define the plasma properties for the chosen

geometries, which are required to model dust behavior in plasma processing reactors.

2.2

Description of the Model
The two-dimensional HPEM is composed of a series of modules that are iterated to a

converged solution. The HPEM is a 2D (r, z) cylindrically symmetric hybrid simulation, with
an electromagnetics module (EM), electron Monte Carlo simulation (EMCS), electron energy
equation module (EEEM), and fluid-chemical kinetics simulation (FKS). The basic simulation
12

procedure is as follows. First, the geometry of the reactor is defined on a rectilinear grid that
specifies material properties. An off-line material-mesh definer (MMD) generates arrays that
define the materials as a function of position; this information is then supplied to the HPEM.
The HPEM begins with the EM, which generates inductively coupled electric and magnetic
fields in the reactor. These fields are next used in the EMCS module. In the EMCS, electron
trajectories are followed for many (>50) rf cycles, producing the electron energy distribution
as a function of position and phase. These distributions are used to produce electron impact
source functions, which are transferred to the FKS module. Alternatively, these quantities can
be generated by the EEEM. In the FKS, continuity and momentum equations are solved for all
neutral and charged particle densities, and Poisson’s equation is solved for the electric
potential. Slip boundary conditions are used to extend the fluid equations to the low pressure
range of interest (5–20 mTorr). The plasma conductivity produced in the FKS is passed to the
EM, and the species densities and time-dependent electrostatic potential are passed to the
EMCS or EEEM. The modules are iterated until cycle averaged plasma densities converge.
Acceleration algorithms are used to speed the rate of convergence of the model.

2.3

Equations Solved in the HPEM
Maxwell’s equations are solved in the EM portion using the following forms:

∇×E= −

∂B
,
∂t

∇× H= J+

∂D
,
∂t

∇ ⋅ D = 0,
13

(2.1)

(2.2)
(2.3)

J = σE ,

(2.4)

under the assumption in Eq. (2.3) that there is charge neutrality.
The form of Poisson’s equation that is solved in the FKS is as follows:

∇ ⋅ ε( r ) ∇Φ ( r ) = − [ ρ( r ) + h( r ) ρ′( r )] .

(2.5)

Here, ε is the local permittivity of the material, Φ the electric potential, ρ the volumetric
charge density, and ρ′ an effective charge density that accounts for the surface charging of
dielectrics. The function h(r) is either 0 or 1, depending on whether or not the material is a
dielectric. The transport equations for each species j in the FKS are

(

∂ Nj vj
∂t

)

=−

−∑
i

(

)

(

)

q j Nj E
1
∇ kNj Tj − ∇ ⋅ Nj vj vj +
mj
mj

(

(2.6)

)

mi
N N v − vi νji .
mi + mj j i j

Each species is defined by its density Nj, velocity vj, mass mj, charge qj, and temperature Tj.
Here the electric field is given by E, and the momentum transfer collision frequency between
species j and i is νji.
The HPEM reaches convergence typically between 5 to 24 hours, depending on the
parameters and which modules are selected. For example, the HPEM converges up to a factor
of 5 faster using the EEEM instead of the EMCS for a parallel plate rf discharge. After

14

convergence, the appropriate plasma parameters (such as electric fields, ion fluxes, and neutral
gas velocities) are used in the dust simulations presented in Chapters 3, 4, and 5.
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3. TRANSPORT OF DUST PARTICLES IN PLASMA PROCESSING REACTORS

3.1

Introduction
To address the issues of where particles trap in plasma processing reactors, a dust

transport simulation has been developed that calculates the plasma–particle forces and
integrates the equations of motion for particles. The algorithms of the transport simulation will
be described in Section 3.2. With the usage of this simulation, dust particle trapping locations,
as well as the fluence of particles to the wafer, are presented in both RIE and ICP discharges
under a variety of conditions. For both of these geometries, several strategies for reducing the
contamination of wafers by large particles are investigated. In Section 3.3, dust trapping sites
in RIE reactors are shown, including the effects of thermophoresis. In Section 3.4, dust
behavior in ICP tools is demonstrated, including the effect of biasing the lower electrode to
prevent wafer bombardment.

3.2

Dust Transport Simulation (DTS)
In order to calculate particle trajectories in a plasma, the plasma properties must first

be defined. The geometry and the operating conditions are defined in the HPEM, 1 which
subsequently solves for the pertinent plasma parameters. (The details of the HPEM are
discussed in Chapter 2.) The output from the HPEM is then used in a separate, off-line module
called the Dust Transport Simulation (DTS), which solves for the particle locations in time.
The DTS is based on a two-dimensional dust particle transport model previously written at the
University of Illinois.2 The DTS tracks the trajectories of computational pseudoparticles, each
representing a predefined number of actual dust particles. The forces included in the DTS are
16

electrostatic, ion-drag, thermophoretic, fluid-drag by neutrals, and gravitational forces.2,3 The
gravitational force is usually several orders of magnitude smaller than the other forces and
becomes significant only for particles larger than tens of microns in radius. The ion-dust
momentum transfer cross section required for computing ion-drag forces was obtained from the
semi-analytic formula by Daugherty et al.4 and Kilgore et al.5 and is discussed in Section 3.2.4.
Dust particles are initially randomly distributed in a predefined region of the reactor.
Statistics are collected on the amount of time that particles spend in a particular numerical
volumetric cell (r, z) and on the area density of particles collected on surfaces; the latter
statistic is an area fluence while the former is a volume fluence. Particles spend longer
periods of time traversing volumes near or at trapping sites, and hence the volume fluence has
larger values in these regions. Sites through which particles slowly traverse but are not truly
trapped are denoted as quasi-traps.
Dust acceleration is due to the sum of the various forces acting on these charged
r
r
particles. The net force at a point r = (r, z) for dust species i with velocity v i , mass Mi,
radius ri, and charge Qi = − Zi e is

r r
r
∇T
Fi ( r ) = Qi E + ∑ σ ( v I ) ⋅ φ ⋅ sI − 6πµri vK T ⋅
T
I
−

(3.1)

6πµri r v
Re
r
⋅ ( vi − u ) ⋅ CD ( Re)
+ M i g.
C( Kn )
24

r
Here, E is the electric field determined from the HPEM, σ the ion-dust momentum transfer
cross section, vI the drift velocity of the ion obtained from mobility data, φ the mass-weighted
r
ion momentum flux (g/cm2-s), sI the speed of the ion, u the velocity of the feedstock gas, Re the
17

Reynolds number of the dust species, and µ and v the viscosity and kinematic viscosity of the
gas. All fluxes and electric fields are obtained by interpolation from the vertices of the
numerical grid using a 5 point molecule scheme. The net forces are calculated on the vertices
of the (r, z) mesh and the equations of motion for the particles integrated using a second-order
Runge–Kutta technique. The trajectories of particles are tracked until all of the particles are
either swept out of the reactor or the dust distribution has reached a steady state.
The terms in Eq. (3.1) are for the electrostatic force, thermophoresis (Section 3.2.1),
fluid drag (Section 3.2.2), the ion-drag force due to momentum transfer from ions (Section
3.2.3), and gravity. The gravitational force is usually several orders of magnitude smaller than
the other forces and becomes significant only for particles larger than tens of microns in radius.

3.2.1

Thermophoresis
Thermophoresis arises due to temperature gradients in the neutral gas. On the average,

gas molecules with higher temperatures will exchange more energy in momentum transfer
collisions with dust particles than will the colder gas molecules. This has the effect of pushing
particles in the direction toward cooler regions of gas or away from heated surfaces. The
thermophoretic force used in the DTS has KT as the thermal slip correction factor on the
particle as developed by Talbot et al.,6 which depends on the Knudsen number Kn of the dust
particle

KT =

k

g

+ Ct Kn 
2Cs
kp




(



kg

1 + 3C m Kn ⋅ 1 + 2 ⋅
+ 2Ct Kn 


kp



)
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.

(3.2)

Here, kg and kp are the gas and particle thermal conductivities, and Ct, Cs, and Cm are the
thermal creep coefficient, temperature jump coefficient, and velocity jump coefficient,
respectively. Kn is simply the ratio of the gas mean free path to the particle radius. According
to Talbot et al.,6 kg = (15/4) · µR/M for polyatomic gases, where R is the ideal gas constant
and M is the gas molecular weight. The values of the constants used are listed in Table 3.1.

3.2.2

Fluid drag
Assuming that the particles are rigid spheres, the particles may either become entrained

in the neutral gas flow or become decelerated due to the viscosity of the gas, depending on the
relative velocities of the particles and the gas. The fluid drag force has two factors for nonStokesian flow, utilizing CD(Re)Re/24 as the correction due to inertial effects and C(Kn) for
the slip correction factor:7-9

C D ( Re )

Re
0.01721Re
= 1 + 0173
. Re 0.657 +
,
24
1 + 16,300 Re −1.09


 γ 

C Kn = 1 + Kn α + β exp  −
 .

Kn




( )

(3.3)

(3.4)

r r
The Reynolds number for particles is defined by Re = ρd v i − u µ , where ρ is the gas
density. As Re is usually less than 10 for most conditions, the inertial correction factor
(Eq. (3.3)) is nearly equal to unity. Values for α, β, and γ are also given in Table 3.1.

19

3.2.3

Calculation of the particle charge
In order to determine the charge on a particle, the particle’s potential must first be

calculated. In the DTS, the particle’s potential is based on the electron and ion currents to the
particle, which are functions of position (r, z) and the particle radius a. The ion current to the
particle is the orbital motion limited (OML) current, which depends on the plasma density N
and the ion energy EI according to Daugherty et al.4

I I = πa 2 Nq

2 E I  qϕ 
1 −
,
mI 
EI 

 qϕ 
3kTe
.
Ie = πa Nq
exp 

πme
 kTe 
2

(3.5)

(3.6)

The solution for the particle potential ϕ is found by iterating Eqs. (3.5) and (3.6) until II = Ie.
The charge on a particle Q is then determined from the capacitance C of the particle, such that
Q = Cϕ, where C has the form10


a
C = 4πε 0 a ⋅ 1 +  .
 λL 

(3.7)

This is merely the capacitance of two concentric spheres with a separation distance of λL, the
linearized Debye length, which is discussed next in Section 3.2.4.

3.2.4

Ion-drag and the linearized Debye length

20

Ions exchange momentum with dust particles by orbiting around them; these collisions
essentially accelerate dust in the direction of net ion motion. Then this ion-dust momentum
transfer cross section is obtained from the ion energy EI, electron density Ne, ion density NI,
and the linearized Debye length λL. This shielding length of the plasma from the highly charged
particle by ions and electrons is obtained by linearizing the Poisson-Vlasov equation: 4

1
λL

=

e2  N e
NI
+

ε 0  kTe 2 E I


.


(3.8)

The cross section is then calculated according to the semi-analytic formula by Kilgore et al.5


c 
σ = b2 ⋅ c1 ⋅ ln 1 + 12  ,
 β 

(3.9)

where c1 = 0.9369, c2 = 61.32, b = Z i e 2 4πε 0 E I , and β = b/λL. Previously, a method had been
developed to calculate σ by particle-in-cell methods11—the electric fields surrounding a dust
particle were calculated using two electron and ion Monte Carlo simulations (one for
distances close to the particle and one for the bulk plasma) while solving Poisson’s equation.
The ion-dust momentum transfer cross section was obtained by calculating the difference in
momentum when ion pseudoparticles were launched for varying impact parameters near the
dust particle. The agreement between σ as calculated by Eq. (3.9) and calculated according to
Ref. 11 is excellent (< 20% difference),5 so the computationally inexpensive method of
Eq. (3.9) is used instead of the PIC derivation of σ.
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3.3

Reactive Ion Etching Discharges
The effects of thermophoresis on particle trapping were investigated in RIE discharges.

The modeled reactor is a parallel plate, rf discharge with an aluminum ring embedded in the
lower electrode (see Fig. 3.1). The ring can be heated or cooled independently of the rest of
the lower (powered) electrode.

In addition, the ring can be elevated above the lower

electrode. The upper electrode and the chamber walls are grounded. The conditions are Ar
gas at 15 sccm, 200 mTorr, Vrf = 180 V, Vdc = -14 V, with 0.2 µm radius particles, which are
based upon the experiments of Daugherty and Graves.12 Densities are typically smaller than in
ICP reactors (109–1011 cm-3) and pressures are generally higher (hundreds of millitorr).
The radial and axial forces on particles for this particular geometry are shown in Figs.
3.2 and 3.3. For the fluid-drag term, dust particle velocities are assumed to be vr = vz =
100 cm/s. The magnitude of the fluid-drag force can be either positive or negative, depending
on the particle’s relative velocity to the fluid. The conditions are the same as given above,
except that the lower electrode is heated to 200 K with respect to the ring and other surfaces.
In Fig. 3.2, all radial forces are calculated at the plane z = 3 cm. All forces are relatively
constant for r < 4 cm, and for all sizes of particles, all forces are small (<< 10-7 dyne). The
increase in ion-drag forces at larger radii (r ~ 6 cm) occurs at the boundary of the bulk plasma.
Due to diffusion to the walls, high ion fluxes at the larger radii lead to the increased ion-drag
forces. The increased electrostatic force at the wall (r = 7.5 cm) is due to the increased
electric field at the wall. Because the gas flow rate is only 15 sccm, fluid drag is not a
significant force except for large particles (>1 µm). Both thermophoresis and fluid drag scale
with particle radius and become significant for larger particles due to increased momentum
transfer with neutral atoms. For 0.1 µm particles, radial thermophoretic forces are only ~10-10
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dynes, whereas for 10 µm particles, thermophoretic forces are on the order of 10-6 dynes. The
axial forces on the particles are shown in Fig. 3.3 at the plane r = 3.25 cm. Again, ion-drag
and electrostatic forces increase near the electrodes (z = 2.5 and 5.0 cm) due to the increased
ion fluxes and electric fields, respectively. Thermophoresis and fluid drag axial forces are
also small (~10-10 dynes) for particles < 10 µm.
Initially, all surfaces are uniform at 300 K until the particles reach a quasi-steady-state
condition. At that time (t = 0.18 s), the lower electrode is heated with respect to the aluminum
ring. The temperature difference is increased from 0 to 300 K and then kept constant until the
particles have again reached a quasi-steady state (t = 0.3 s). When the surface temperatures
are uniform, the particles separate into two “sheets” above and below the electrodes, as seen
in Fig. 3.4. The particles are generated randomly between the plates and move toward the
plasma-sheath boundaries due to ion-drag, where ion-drag and electrostatic forces are
balanced. The large electric fields near the electrodes prevent most of the particles from being
accelerated through the sheaths. Particles also move beyond the interelectrode region, as the
plasma extends beyond the electrodes.
The lower electrode is then heated while the ring remains cool. Due to thermophoretic
forces resulting from temperature gradients, particles that were trapped above the lower
electrode are accelerated out of the traps in the opposite direction of ∇T. The particles in the
lower trapping site move upward toward the cooler upper electrode. Particles are also
accelerated to the outer trapping site due to a radial component of the thermophoretic force.
Finally, the dust particles move to a new trapping site located above the cold ring (see Fig.
3.5). All of the particles in this trapping site are located in the same position as indicated by
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the arrow, as particle–particle effects are ignored in this simulation. The addition of Coulomb
repulsive forces in the simulation is addressed in Chapter 5.
Using the same conditions as in Fig. 3.4, the ring is then raised 0.25 inches above the
lower electrode (see Fig. 3.6). Particles trap near the plasma-sheath boundary of the upper
electrode, as in Fig. 3.4. Raising the ring distorts the shape of the sheath near the lower
electrode. Particles trap above the ring, following the shape of the sheath, with a downward
curvature. The raised ring also causes a stagnation zone in the fluid (3 < r < 4.25 cm).
Particles recirculate in this region causing a “cloud” to appear. By increasing the temperature
of the lower electrode by 150 K and maintaining the ring at 300 K, particles are accelerated up
to the upper electrode due to thermophoresis (Fig. 3.7). The top of the particle cloud in the
stagnation zone rises by ~0.75 cm, and nearly reaches the upper plasma-sheath boundary. The
curvature of the line of trapping above the cool ring is now upward, due to the thermophoretic
forces that accelerate particles away from the heated electrode toward the upper electrode and
the cooler ring.
Although thermophoresis can alter the trapping locations given sufficient temperature
gradients, the previous cases have not actually succeeded in removing particles from above the
wafer.

The next case demonstrates that given the appropriate geometry and operating

conditions, thermophoresis can successfully detrap particles away from the wafer. The reactor
is based on the experiments of S. M. Collins and J. F. O’Hanlon at the University of Arizona
(Fig. 3.8). The reactor is a modified GEC Reference Cell with the upper electrode removed.
The lower electrode is powered with Vrf = 100 V and Vdc = -32 V. The gas is Ar at 100 mTorr
and 50 sccm, with an rf power of 150 W. The gas inlet nozzle is situated below the wafer and
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near the gas outlet, eliminating high fluid velocities near the wafer. The wafer and lower
electrode are heated to 200 K with respect to the other surfaces.
Particles of 1.0 µm in radius are generated and trapped above the wafer, with the
upward curvature in the cloud due to thermophoresis (Fig. 3.9(a)). Particles are accelerated
radially outward toward the cooler walls due to thermophoresis, as shown in Fig. 3.9(b).
Particles are then accelerated beyond the electrode and downward, due to thermophoresis,
ion-drag, and gravity (Fig. 3.9(c)). Fluid velocities near the inlet nozzle are high (~200 cm/s)
and particles become entrained in the gas flow. Fluid drag accelerates particles out of the
reactor via the gas outlet (Fig. 3.9(d)). This combination of thermophoresis and fluid drag
successfully “drains” particles out of the trap above the electrode, without particle deposition
to the substrate.

3.4

Inductively Coupled Plasma Reactors
High plasma density tools ([e] > 1011–1012 cm-3), such as inductively coupled plasma

(ICP) reactors, are being developed for rapid etching of semiconductors. In ICP tools, ions
are generated by electron impact ionization produced by electron heating from the inductive
electric field. Ions are then accelerated into the wafer by a separate radio frequency (rf) bias
applied to the substrate.13-18 The ion flux, and hence ion-drag forces, in high plasma density
tools are sufficiently large that particles are typically not trapped at the sheath edge above the
substrate if the substrate is unbiased, and so particles are driven to surfaces.19 Although
electrostatic forces deep within the sheath may be large due to the increased electric field near
the walls, ion-drag forces dominate over large distances within the bulk plasma. Particles
generated in the central portion of the plasma have sufficient velocities due to ion-drag to
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overcome the electrostatic forces near surfaces resulting in deposition of particles onto the
wafer. This situation has both benefits and disadvantages with regard to wafer contamination.
One advantage is that small (yet growing) particles are driven out of the plasma prior to
reaching a size which results in a killer defect of the device. The drawback is that particles
that are large enough to be killer defects, as generated by heterogeneous processes, will also
be driven to the surfaces.
A schematic of a typical ICP reactor as used in this study is shown in Fig. 3.10.
Plasma densities range from 1011 to 1012 cm-3 for pressures of a few millitorr to tens of
millitorr and power depositions of hundreds of Watts to 1 kW. The current densities to the
substrate are higher than in conventional RIE discharges (10-4 to 10-3 A/cm2 for an ICP reactor
compared to 10-5 to 10-6 A/cm2 for a RIE reactor). In this particular configuration the planar
coils that generate the inductive azimuthal electric field are located above the quartz window.
The gas input nozzles point inward and the pump port surrounds the lower electrode producing
a gas flow that sweeps radially outward across the wafer. Unless otherwise specified, the gas
used is pure Ar. For typical operation conditions of Ar at 120 sccm, 15 mTorr, and 120 W of
ICP power, the peak plasma density is 2 × 1011 cm-3. For these conditions, most particles
introduced into the plasma do not trap, but are driven to the surfaces due to the dominating iondrag forces. The dust particle’s penetration of the sheath largely results from inertia gained
from acceleration by ion-drag forces in the bulk plasma. In the absence of rf biasing of the
substrate, the electrostatic forces in the sheath are not sufficient to offset the particle’s kinetic
energy produced by ion-drag forces. Therefore, particles are not trapped, as they are in typical
RIE configurations (see Fig. 3.4). These conditions suggest that by applying a sufficiently
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large rf bias to the lower electrode, one can decelerate the particles sufficiently to shield the
wafer from the incoming dust particles.

3.4.1

Effect of rf bias on particle bombardment on the wafer (pure Ar)
The time-integrated volume fluence of trajectories for 0.5 µm particles, with and

without an applied rf bias on the lower electrode, are shown in Figs. 3.11 and 3.12 (120 sccm,
120 W, 15 mTorr). Particles that start in the central portion of the reactor are accelerated
toward the sheaths due to the large ion-drag forces. In the case of an unbiased electrode
(Fig. 3.11(a)), there is insufficient electrostatic shielding above the wafer for the particles to
become trapped near the plasma-sheath boundary. The particles penetrate the sheath and
contaminate the wafer. By biasing the lower electrode to Vrf = 85 V amplitude, with Vdc = -32
V, particles trap in the outer regions of the biased electrode (Fig. 3.11(b)). The larger
electrostatic force above the wafer slows the particles that had been accelerated by ion-drag,
thereby enabling the particles to become quasi-trapped above the electrode. Particles reside
in this trapping plane as they are radially accelerated out toward the pump port by the fluiddrag force and some small component of the ion-drag force. Increasing the bias further to Vrf =
170 V, as shown in Fig. 3.12(a), results in a thickening of the quasi-trapping layer as the
increased electric field slows particles further away from the electrode. When the bias
reaches Vrf = 425 V, the particles no longer are quasi-trapped above the electrode; instead, the
particles are repelled by the high electric field and are accelerated out to the pump port region
(Fig. 3.12(b)). Increasing the applied bias results in significantly less particle contamination
of the wafer, or in the case of Fig. 3.12(b), zero contamination.
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These results suggest that different combinations of ICP power (which sets the ion-drag
force) and rf bias (which determines the electrostatic force) produce different regimes of tool
operation with respect to particle contamination. These regimes are schematically shown in
Fig. 3.13, where the propensity for particle contamination for different ICP powers and rf
biases has been qualitatively assessed. The “trapping” regime is obtained with large rf biases
and small ICP powers. These conditions mimic the forces normally associated with RIE
configurations where the rf bias shields the wafer from negatively charged particles. The flux
of particles to the wafer is therefore small. For moderate rf biases and ICP powers, or the
“quasi-trapping” regime, the particles reside for long periods of time above the electrode.
Here, the axial components of ion-drag and electrostatic forces nearly balance, with some
radial acceleration due to the larger ion-drag. A small amount of particle contamination will
occur for particles that arrive at the sheath edge with large inertia.

Finally, the

“contamination” regime occurs at high ICP powers and small rf biases, conditions normally
associated with high plasma density tools. The confining electrostatic forces are weak and the
axial electrostatic force is insufficient to balance the large inertial ion-drag component.
The relative particle fluence collected on the wafer as a function of radius is shown in
Fig. 3.14 for an Ar plasma at 120 W for various applied rf biases. Increasing the rf bias from
zero bias (contamination regime) to 170 V (quasi-trapping regime) measurably reduces the
particle fluence. When the bias is increased to 340 V (close to the trapping regime), the wafer
is moderately shielded by the electrostatic forces and the particle fluence is significantly
reduced. The electrostatic force is essentially uniform across the wafer while the ion-drag
force peaks near the middle of the wafer due to the torroidal power deposition in ICP reactors.
The particle collection is therefore greatest at central radii. Note that the fluence of particles
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deposited on the focus ring at radii larger than the wafer is nearly constant, regardless of
biasing. The capacitance of the focus ring is small compared to the wafer, which results in a
large fraction of the bias voltage being dropped across the ring; this produces less electrostatic
shielding of particles above the focus ring than above the wafer.
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3.4.2

Regimes of trapping in Ar/Cl2 discharges
The three regimes of particle behavior determined in Fig. 3.13 were for pure Ar.

Obviously, there are many other variables that can affect particle behavior, such as particle
size, fluid flow, and gas chemistry. For example, altering the gas mixture can also change the
boundaries in the regimes of trapping in ICP power–rf bias parameter space. For Ar/Cl 2
= 70/30, 120 sccm, and 15 mTorr ICP discharges, the electronegative gas mixture requires a
much higher rf bias than pure Ar to produce sufficient axial electrostatic force to balance iondrag above the substrate. Both Cl and Cl 2 have a higher ionization cross section than Ar, so the
total ion density is higher for the Ar/Cl 2 mixture than for pure Ar, leading to higher ion fluxes
to the wafer. The Ar + density for the conditions in Fig. 3.11(b) is shown in Fig. 3.15(a). The
peak density peaks off center (closer to the quartz window) at 2.05 × 1011 cm-3. The total ion
density for an Ar/Cl 2 mixture at these same conditions is given in Fig. 3.15(b). The positive
ions considered are Ar +, Cl +, and Cl 2+, and the peak density is 3.73 × 1011 cm-3, near the center
of the plasma chamber. Thus, the total ion density near the wafer is higher in Ar/Cl 2 mixtures,
which leads to a higher total ion flux to the substrate. These higher ion fluxes cause the iondrag force on the particles to be much larger than for the pure Ar discharge, making it difficult
to provide the sufficient electric field required to counteract the increased ion fluxes for
realistic rf biases (< 1000 V). Hence, no regime is found where the particles are preferentially
driven away from the wafer. Instead, only two regimes exist for this gas mixture, the “quasitrapping” and “contamination” regimes (see Fig. 3.16).
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3.4.3

Reducing bombardment in the afterglow
Significant particle contamination of wafers occurs after the plasma is extinguished, or

during the afterglow. After the plasma is extinguished, particles rapidly discharge as both
electron and ion currents to the particles will diminish. These large particles then fall to the
wafer due to gravity, in the absence of gas flow or temperature gradients. One proposed
method of prevention of particle contamination in the afterglow—which is used in the
microelectronics fabrication industry—is the usage of high gas flow.

High neutral gas

velocities increase the fluid-drag forces and radially accelerate particles, entraining particles
before they can fall onto the wafer.
However, one aspect that must be considered is the specific geometry of the plasma
tool used. For the ICP reactor shown in Fig. 3.10, the inlet nozzle forms a ring around the
reactor. Increasing the gas flow may not necessarily drive particles out of the reactor, as the
gas flows in the -r direction. The effect of fluid flow in this geometry during the afterglow is
shown in Fig. 3.17: The conditions are identical to the case shown in Fig. 3.11(b), except that
in this case the particles are 1.0 µm and there is a groove in the electrode. While the plasma is
on, particles are quasi-trapped near the inlet nozzle, as these corners act as small recirculation
zones where the gas velocities are low (Fig.3.17(a)). After the plasma is extinguished,
particles discharge and are assumed to have zero charge. Particles that were trapped near the
nozzle become entrained in the high gas flow and are accelerated inward (Fig. 3.17(b)),
whereas particles that were trapped above the groove fall into the notch. After 60 ms,
particles continue to fall onto the wafer, but the high gas flow in the r direction accelerates
particles toward the center (Fig. 3.17(c)). The gas stream effectively concentrates the density
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of particles away from the edges of the wafer toward the center of the wafer. Eventually the
particles will fall onto the wafer, landing at r < 4 cm (Fig. 3.17(d)).
Clearly another technique must be implemented in order to prevent particles from being
preferentially deposited at the center of the wafer. As the particles are no longer charged,
charged particle techniques such as biasing the electrode (as discussed in Section 3.4.1) will
not work. However, one method that will work whether particles are charged or not is
thermophoresis, as shown in Section 3.3. Heating the wafer will help to repel particles away
from the wafer during the afterglow. The effects of heating the wafer while keeping all other
surfaces at 300 K are shown in Fig. 3.18. The relative particle fluences to the wafer during the
afterglow are shown versus radial distance for an unheated and heated substrate; both cases
are Ar at 40 mTorr, 0 sccm, with 1.0 µm particles. The higher pressure (versus 15 mTorr)
enhances both fluid drag and thermophoretic forces, as the number of collisions of dust
particles with gas atoms increases with increasing pressure. With all surfaces uniform at 300
K, particles deposit heavily onto the wafer. The peak in the surface fluence at r = 6 cm
corresponds to a quasi-trapping location above the wafer. Heating the wafer to 600 K (or
300 K relative to all other surfaces) effectively lowers the overall fluence of particles to the
wafer by nearly an order of magnitude. The fluence of particles to the wafer at any given
distance r is always less than that of the unheated case, and the total number of particles
deposited is also smaller.
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3.5

Summary
Particle transport in plasma processing reactors is governed by the plasma-particle

forces. In RIE tools, the dominating forces are ion-drag, electrostatic, and fluid drag forces.
However, in regions where the sum force is small or near zero, a perturbation in an otherwise
negligible force can determine where the particles will trap. Thermophoresis is normally not a
dominating force, but it can alter where particles will reside if the temperature gradients are
sufficiently large (> 100 K/cm).
Regimes for particle contamination of wafers have been described for an ICP plasma
etching tool as a function of ICP power and rf bias. In the absence of an applied rf bias, iondrag forces dominate and particles are accelerated to the wafer.

For moderate rf bias

voltages, the particles reside above the wafer for long periods of time (tens to hundreds of
milliseconds) in a quasi-trapping mode, thereby reducing particle contamination. Depending
on the gas mixture, it may be possible to increase the rf bias such that the trapping is complete
and the particle fluence to the wafer is low. For a given ICP power in Ar, particles can be
shielded from the wafer by applying a sufficient rf bias to counteract the ion-drag force.
When extinguishing the plasma, it is particularly important to note the reactor geometry.
Although increasing gas flow for some geometries (such as a showerhead configuration) may
improve particle entrainment, in this ICP reactor gas flow increases particle deposition in the
afterglow. However, heating the wafer by 300 K relative to the other surfaces shields the
wafer from heavy deposition.
One serious limitation in the DTS is the lack of particle–particle interactions; particles
can be physically located in the same position, yielding nonphysical results (such as in
Fig. 3.5). The DTS is not able to capture the experimentally observed clouds of dust normally

33

found near the plasma–sheath boundaries. The inclusion of particle–particle forces will be
described in Chapter 5.
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Table 3.1. Values of constants used in thermophoretic and fluid drag force calculations.

Constant

Value

Reference

kg

1240 mW/cm-K

20

Ct

2.2

21

Cs

1.147

21

Cm

1.146

21

α

1.227

22

β

0.42

22

γ

0.85

22
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Fig. 3.1. Parallel plate, rf reactor with an embedded aluminum ring. The ring can be heated
or cooled independently of the temperature of the lower electrode, and can be raised above
the lower electrode. Geometry and conditions are based on the experiments performed in
Ref. 12.
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Fig. 3.2. Radial forces on particles at z = 3 cm for (a) 0.1, (b) 1.0, and (c) 10 µm particles.
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Fig. 3.3. Axial forces on particles at r = 3.25 cm for (a) 0.1, (b) 1.0, and (c) 10 µm particles.
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Fig. 3.4. Particles (0.2 µm) in an Ar rf discharge, 15 sccm, 200 mTorr, Vrf = 180 V, Vdc =
-14 V. All surfaces are uniform at 300 K. Particles divide into two “sheets” near the plasmasheath boundary, balanced by ion-drag and electrostatic forces.
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Fig. 3.5. Same conditions as in Fig. 3.4, except ring in lower electrode is heated 300 K
relative to other surfaces. Particles still trap near the upper electrode, but particles near the
lower electrode either move to the outer reactor or become trapped at a single location due to
thermophoresis.
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Fig. 3.6. Same conditions as in Fig. 3.4, except the ring in the lower electrode is raised
0.25 inches. All surface temperatures are uniform at 300 K. Particles follow the topography
of the lower electrode as the sheath structure is disturbed. A stagnation zone due to the raised
ring creates a recirculation region in which particles can trap.
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Fig. 3.7. Same conditions as in Fig. 3.6, except the lower electrode is heated 150 K relative
to the raised ring. Thermophoretic forces accelerate particles away from the electrode and
toward the cooler upper electrode. Particles remain trapped above the raised (cool) ring.
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Fig. 3.8. Modified GEC Reference Cell without the upper electrode, at 100 mTorr, Ar,
50 sccm, and 150 W with 1.0 µm radius particles. Lower electrode is biased at Vrf = 100 V
and Vdc = -32 V.
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Fig. 3.9. Particle positions at (a) 0.225, (b) 0.300, (c) 0.375, and (d) 0.653 s. Thermophoresis
due to the heated wafer (500 K) accelerates particles radially outward. Particles become
entrained in the neutral gas flow and are driven out to the gas outlet.
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Fig. 3.10. The ICP configuration that is used for the following simulations: A planar 4-turn
coil generates the plasma, the wafer is surrounded by an alumina focus ring, and the substrate
is biased by an applied rf voltage.
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Fig. 3.11. Time integrated fluences for 0.5 µm radius particles (a) without and (b) with an rf
bias (Vrf = 85 V, Vdc = -32 V). The conditions are 15 mTorr of Ar with a power deposition of
120 W and gas flow of 120 sccm.
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Fig. 3.12. Same conditions as in Fig. 3.11, except with (a) Vrf = 170 V, and (b) Vrf = 425 V.
(a) Particles are quasi-trapped above the wafer, as some particles still deposit on the
substrate. (b) Shielding is complete and the flux of particles to the wafer is zero.
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Fig. 3.13. Regimes for particle contamination based on ICP power and applied rf bias. All
other conditions are the same as in Fig. 3.11. In the “trapping” regime, the wafer is
electrostatically shielded from particles. In the “quasi-trapping” regime, particles travel along
the plasma-sheath boundary and eventually trap near the outer walls. In the “contamination”
regime, particles are driven to surfaces by ion-drag forces.
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Fig. 3.14. Relative particle fluence for various applied rf biases for an ICP power of 120 W
in pure Ar. For applied biases < 400 V, the particles heavily deposit on the wafer. Wafer
shielding becomes complete for biases ≥ 425 V. Particle deposition on the alumina clamp
ring is relatively unaffected by applied bias. Values are not shown for r < 2 due to poor
statistics.
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Fig. 3.15. Total ion densities for 15 mTorr, 85 V, and 400 W in (a) pure Ar, and (b) Ar/Cl2 =
70/30. The higher ion densities in (b) lead to higher ion fluxes and ion-drag forces, which
precludes the wafer being completely shielded from dust particle bombardment.
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Fig. 3.16. Regimes for Ar/Cl2 discharges for various ICP powers and applied rf biases. The
electronegative gas mixture requires a higher rf bias than pure argon to provide a sufficient
axial electrostatic force to balance ion-drag above the wafer. No “trapping” regime is found
for this gas mixture.
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Fig. 3.17. Same conditions as in Fig. 3.11(b), except with a groove in the lower electrode and
1.0 µm radius particles. Particle locations (a) 0, (b) 24, (c) 60, and (d) 99 ms after the plasma
has been extinguished. Particles are tracked only for r < 13 cm. High gas flow (120 sccm)
concentrates the flow of particles toward the center of the wafer.
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Fig. 3.18. Relative particle fluences to the wafer during the afterglow for 1.0 µm particles in
Ar, 0 sccm, and 40 mTorr. Unheated wafer results in higher contamination due to gravity.
The peak at r = 6 cm corresponds to a quasi-trapping location. Heating the wafer 300 K
relative to other surfaces prevents particles from bombarding the wafer due to
thermophoresis.
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4. NUCLEATION OF PARTICLES IN RF DISCHARGES

4.1

Introduction
In the previous chapter, particle transport in plasma processing reactors was

investigated. By controlling the forces that act on particles, such as heating the wafer to use
thermophoresis to repel particles from the substrate, particle trapping locations could be
altered. Although several scaling laws were derived to optimize operating conditions in order
to control where the particles trap, perhaps the better approach is to avoid the growth of
contaminant particles at all by arresting particle growth above tens of nanometers. By
studying how the particles nucleate and grow, conditions can be found that are less likely to
grow particles hundreds of nanometers or larger in reactors. If particles fail to grow, then
contamination of the wafer will effectively be zero. Therefore, it is desirable to determine
several design rules similar to those for particle trapping derived in Chapter 3, which prevent
large particle growth above the wafer and thus reduce deposition onto the substrate.
Typically, nucleation is a step-wise process with defined stages of growth (see Fig.
4.1).1,2 Clusters first accumulate mass due to gas-phase nucleation. Once these clusters are
on the order of tens of atoms, they become “floating electrical bodies” within the plasma and
become charged due to the fluxes of ions and electrons to their surfaces.3,4 After the clusters
reach a threshold size (generally several to tens of nanometers), they coalesce to form larger
clusters. In the next stage of growth (clusters ~20 nm), clusters accumulate more radicals but
cease to coalesce due to electrostatic repulsion. Clusters that grow to hundreds of nanometers
in size begin to agglomerate, as their large masses allow their kinetic energies to surpass their
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electrostatic potential energies.5 The growth of small clusters, before the mechanism of
agglomeration becomes important, is of primary concern in this chapter.
A model has been developed that will address particle growth issues. As with the
DTS, transport of particles will be included. However, the transport simulation uses particle
size as an input parameter and does not consider particle growth. The Particle Nucleation
and Transport Simulation (PNTS) will generate particles from monomer (atom or molecule)
size and predict particle growth and their trajectories. The model is discussed in Section 4.2.
In Sections 4.4 and 4.5, the effects of gas flow and rf power on particle growth rate are
presented.

4.2

Particle Nucleation and Transport Simulation (PNTS)
A model that predicts particle trajectories and growth has been developed. The

Particle Nucleation and Transport Simulation (PNTS) is a two-dimensional Monte Carlo
model based on a previous model (DTS) presented in Chapter 3. The plasma parameters for
a set of conditions are solved using the Hybrid Plasma Equipment Model (HPEM),6,7 which
was discussed in Chapter 2. Charged and neutral species information from the HPEM, such
as electron and ion densities, electric fields, ion fluxes, and neutral gas velocities, are then
read into the PNTS. Monomer sized particles are initially generated throughout the reactor
and are allowed to grow and charge, depending on the electron attachment rates, etc.
Particles, also referred to as clusters, gain monomer sized quantities of mass and are
considered “small” in this discrete limit. Above the threshold, particles will gain mass
continuously at every time step. These particles are defined as being “large.” The equations
of motion for the particles are then integrated in time until the particles are either swept to the
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surfaces or until the remaining particles are quasi-trapped and grow to sizes > 100 nm.
Details of particle growth and charging are discussed later in this section.
For these simulations, particles are generated at a point in (r, z) based on the volumeaveraged source rates (cm-3 s-1) of the radicals assumed to be responsible for nucleation. For
simplicity the generation and growth scheme selected is based on the SiH4 chemistry. The
reactions for SiH4 used in the HPEM are given in Table 4.1. Silane polymerization reactions
are rapid and exothermic, and polymerization occurs by insertion of SiH2 into the Si-H bond
of SinH2n+2. The rates for n = 1–3 were determined to be 2.2 × 10-10, 1.5 × 10-10, and 1.0 ×
10-11 cm3/s, respectively, according to Jasinski et al.8 Guinta et al.9 suggest a maximum rate
coefficient of 2 × 10-10 cm3/s for n = 2. The mechanism for neutral clustering collision
growth of clusters is thus assumed to be

SiH2 + SiH4 → Si2H6
SiH2 + Si2H6 → Si3H8
!

SiH2 + SinH2n+2 → Sin+1H2(n+1)+2.

Based on these measured rate coefficients, the rate of insertion of SiH2 to an existing cluster
in the PNTS is 5 × 10-10 cm3/s. This value is a factor of 2 higher than the suggested values,
and is meant to represent the maximum possible growth rate for a cluster.
monomer responsible for growth according to this mechanism is SiH2.

Thus, the

The primary

production source of this radical is assumed to be due to electron impact dissociation of SiH4,
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e + SiH4 → SiH2 + 2H + e.

In the PNTS, the probability of the initial location of a monomer-sized pseudoparticle is
weighted by the electron impact source rate of SiH2.
Initially, the particles have atomic masses equal to SiH2 and accrete mass due to gasphase collisions within a time-step ∆t if

∆t ≥ − log( r1 ) ⋅

where

dM neutral
=
dt

∑N

j = radicals

j

M ave
dM neutral dt

,

kji Mj , kji = k 0

(4.1)

M norm
,
M red

(4.2)

and r1 is a random number ∈ [0,1], Nj the density of radical species j, kji the mass
accumulating rate constant for species j with i (k0 = 5 × 10-10 cm3/s), and Mj the mass of
radical j. Mnorm and Mred are the reduced masses of the cluster’s initial mass and the current
mass of the cluster with radical j, respectively. If Eq. (4.1) holds, the cluster gains the
average radical mass Mave for the time step ∆t. This method is used for small clusters or
neutral clusters that have less than ncrit atoms. The critical cluster size ncrit is determined such
that when a cluster gains an additional mass of Mave, its percent change in mass is small.
(Here, ncrit is selected to be 66, with a percent change < 2%.)
Similarly, a small particle can become charged if
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∆t ≥

− log( r2 )
,
ν charge

(4.3)

where r2 is another random number and the total charging collision frequency νcharge =
kattach Ne + kch ex N+. (Rate coefficients for the charging processes are given in Table 4.2.) The
particle will become negatively charged if the ratio of the attachment frequency (kattach Ne) to
νcharge is less than r3, otherwise the particle becomes positively charged. In order for the
cluster to acquire additional negative charges, the cluster must not undergo a Coulomb
explosion. The small cluster can only support a finite number of charges so that its potential
energy remains less than its binding energy, which is assumed to be the number of atoms on
the surface of a cluster multiplied by 3 eV/atom. The unshielded potential energy of the
cluster, assuming a uniform surface charge density of Q/(4πa2) with Q = nq, is then

∞

e

∞

=

π

=

2π

∫ ∫ ∫

r= a θ = 0 ϕ =0

1
2

π

2π

∫ ∫ ∫

1
2
r= a θ = 0 ϕ =0

ε 0 E 2 ⋅ r 2 sinθ dr dθ dϕ

(4.4)

n2q 2
n 2q2
2
ε0
⋅ r sinθ dr dθ dϕ =
.
8πε 0 a
16π ε 0 2 r 4

The number of monomers on the cluster’s surface is Ns = 4πa2/(4πr02), where r0 is the radius
of a single monomer. If the cluster can support multiple charges, then its potential energy
must be less than its binding energy, such that

n 2q 2
Ns ⋅ 3 eV surface atom >
, or
8πε 0 a
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(4.5)

1

 ρeff  3 3
n < 8.776 × 10 ⋅ 
 ⋅a 2 ,
 m0 
11

(4.6)

where n is the number of negative charges that the cluster can support. Thus, the charging
frequency for a negatively charged cluster is


 Q 
ν charge = k neut N + + kattach N e 1 − INT  i  ,
 Qmax 


Qmax

13


 ρeff 
3/ 2
11
 ,
= INT 8.776 × 10 ⋅ 
⋅
r

i
 m0 



(4.7)

(4.8)

where ρeff is the density of the cluster and m0 the mass of the monomer. The ratio of
attachment frequency to νcharge must be less than r4 for the cluster to gain additional negative
charges.
For “large” clusters, or clusters that have more than ncrit atoms and have at least a
single negative charge, positive ion clustering collisions are also allowed. The total growth
rate for these large clusters due to neutral and ion clustering collisions (due to j ions with
charge qZ j and thermal velocity vj) is

dM total dM neutral dM ion
=
+
,
dt
dt
dt
where

 qZ j ϕ 
dM ion
= πr 2 ⋅ ∑ M j N j v j 1 −
.
dt
kT j 
j
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(4.9a)

(4.9b)

In this continuum limit, the clusters (with radius r and potential ϕ) are assumed to gain mass
∆M at every time step, such that ∆M = ∆t · dMtotal/dt. Large clusters are assumed to be able to
support multiple negative charges without suffering a Coulomb explosion and are considered
to charge quickly compared to their transit times (much less than hundreds of picoseconds vs.
tens of nanoseconds). Hence, the charge on a large cluster is calculated according to the
method outlined in Section 3.2.3, which is based on the particle’s potential ϕ, according to
Daugherty et al.10
The cluster’s acceleration while in the “small particle” limit has the following form,
with the subscript g denoting properties of the neutral gas molecule and νM the momentum
transfer collision frequency:

"
Mi Mg
dv i
" "
= ( u − v i ) ν M,g
dt
Mi + Mg

(

"
"
+ ( v ion − v i )ν M,ion

2

M i M ion

(M

i

where ν M,g = N g ⋅ π σ g + σ i

)

(

)

"
"
g qi E
+
+
Mi Mi

+ M ion )

2

⋅

2

8kTg

πµ i

−

(4.10)

kTi ∇N i
,
Mi Ni

, µi =

Mi Mg
Mi + Mg

and σg and σi are the Lennard-Jones radii of the gas and cluster.

,

(4.11)

Equations for the

momentum transfer collision frequency for the cluster and the ions and their reduced mass are
identical to Eq. (4.11) by replacing the subscript g with ion. Note that Eq. (4.10) includes a
term for diffusion due to gradients in spatial density, which accounts for the clusters diffusing
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away from regions of high concentration to regions of low concentration. This force is
generally several orders of magnitude smaller than the others, but can become significant
when either the densities become large or the other forces balance.
There is also an additional acceleration that accounts for the random motion of the
cluster due to collisions with neutrals, ions, etc. that can change the particle’s direction.
Again, unless the cluster is small, this Brownian motion is expected to be insignificant
compared to ion-drag, fluid-drag, and electrostatic forces. Assuming the average flux of
neutral gas molecules to a cluster i of diameter di and velocity v is

1
4

N g v , the number of

“hits” on the cluster due to the gas molecules within ∆t seconds is then

N hits =

π
4

⋅ d i 2 ⋅ 14 N g v ⋅ ∆t .

(4.12)

The resulting diffusive acceleration due to the random force on the particle is then

"
dv diff , i
dt

=

Mg v
M i ⋅ ∆t

⋅

π
N g ⋅ v ⋅ ∆t ⋅ d i 2 .
4

(4.13)

Clusters are assumed to be within the “large particle” regime once the cluster
accumulates charge and are larger than ncrit monomers. The forces acting upon the particle
are then determined using the same algorithms as with the DTS (see Chapter 3). The
trajectories, along with the mass variation, are followed in the same manner as in the DTS in
(r, z) and time.
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4.3

Geometry
The reactor modeled for the following cases is a parallel plate Reactive Ion Etching

(RIE) tool, as shown in Fig. 4.2. The reactor has a showerhead in the upper electrode and a
dielectric wafer on the lower electrode. The lower electrode also has a focus ring and a dark
space shield. For the following figures, the discharges are composed of Ar/SiH4 = 50/50 at
100 mTorr with various flow rates and powers, with peak electron densities ~ 1010 cm-3. The
electron impact source rate of SiH2, as determined by the HPEM, is shown in Fig. 4.3(a).
There are several local maxima of the source rate near the wafer due to field enhancement,
where the focus ring and wafer make contact. As the trajectory of the pseudoparticle is
advanced in time, the growth rate depends on the density of SiH2, which is shown in Fig.
4.3(b). The density peaks in the center of the discharge (npeak = 9.657 × 1013 cm-3) and falls
off near the surfaces due to diffusion. Thus, clusters are more likely to be generated near the
lower (powered) electrode, and the highest growth rates due to SiH2 insertion occur toward
the middle of the discharge.

63

4.4

Effect of Flow Rate on Particle Growth
For the case in Fig. 4.4, the gas mixture is Ar/SiH4 = 50/50, 100 mTorr, with an rf

power of 38 W. All of the trajectories of dust particles begin in the region r ≤ 10 cm, 0 ≤ z ≤
8 cm, with the beginning of the trajectory denoted by an asterisk. The trajectories end at the
points marked with X’s. In the absence of gas flow (Fig. 4.4(a)), the clusters have some
amount of random motion when their masses are small. Brownian motion is the main force
on the clusters while the clusters are small (approximately tens of monomers). Clusters that
remain neutral deposit on the wafer and the upper electrode due to diffusion. Clusters that
accumulate charge are accelerated to sites beyond the electrodes, where they continue to
grow; this location is referred to as a “quasi-trapping” site for the clusters. This location is
not a true equilibrium trapping point, as the clusters continue to grow with time and will
eventually move downward due to gravity and ion-drag, once they grow to larger sizes (on
the order of several microns).
When the gas flow is turned on through the showerhead at the top of the reactor (Figs.
4.4(b) and (c)), the location of the “quasi-trapping” site for clusters is moved downward from
the site in Fig. 4.4(a). The neutral gas flow helps to push the clusters in the positive r
direction and toward the pump port. At medium flow rates (40 sccm) neutral clusters still
deposit on surfaces. More clusters trap beyond the electrodes, although the trajectories
indicate that the particles spend significant time between the electrodes. At the higher flow
rates (120 sccm) clusters can become easily entrained in the gas flow. Thus, more clusters
are accelerated to the outer reactor to quasi-trap and fewer small neutral clusters are driven to
the surfaces, including the wafer. For clusters smaller than 103 monomers, increasing the
flow rate from 0 to 120 sccm decreases deposition to the substrate by 3%. Cluster residence
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times are shorter as the clusters spend less time being accelerated around the “corner” of the
upper electrode, and instead follow the gas flow directly out to the pump port. The particles
that trap in this outer site will eventually fall to the pump port due to gravity and ion-drag, or
when the plasma is extinguished.
Sample trajectories of clusters as they acquire mass in time are shown in Fig. 4.5.
The height of the bar (marked with a dot) at a given spatial location denotes the size of the
particle. A typical cluster’s trajectory in the center “bulk” portion is shown in Fig. 4.5(a).
The time between recorded positions for this cluster is ~1.5 ms, with a total trajectory time of
14 ms to reach the substrate. Clusters that do not initially acquire mass or charge quickly can
deposit on surfaces due to momentum transfer with ions. Because the cluster is uncharged,
the only forces that act on the particle are momentum transfer with ions and neutrals, gravity,
and self-diffusion. The flux of ions toward the wafer drives the small neutral cluster (final
size of 12 nm) to the wafer. Clusters that charge during their trajectories due to electron
attachment, such as those shown in Fig. 4.5(b), generally do not deposit on surfaces. Instead,
the charged clusters remain in the plasma and hence spend longer times between the
electrodes. Here, the time between recorded positions is approximately 4 ms, until the last
five positions, where the cluster becomes quasi-trapped and the time frame is 30 ms between
positions. Clusters that originate at smaller r values can become quasi-trapped at inner
locations and can grow to significant sizes. Clusters that originate at larger r values are
radially accelerated due to ion-drag out beyond the electrodes, and grow in the quasi-traps.
The axial components of the ion-drag and electrostatic forces on the cluster balance near the
sheath boundary and the cluster becomes quasi-trapped at the outer site. In this quasitrapping location the cluster continues to accumulate mass, but its position does not change
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much. At the end of 0.75 s, both clusters remain quasi-trapped with a final radius ≈ 710 nm
and a mass of 2.1 × 1012 AMU. If the plasma were to be extinguished while clusters were
traversing the reactor (because the clusters spend tens to hundreds of milliseconds reaching
the outer site), the clusters would deposit on the wafer, leading to device defects. Naturally,
clusters that are quasi-trapped above the wafer would also deposit during the afterglow, due
to gravity.

4.5

Effect of rf Power on Particle Growth
Selected cluster trajectories for different powers are shown in Fig. 4.6. Here, all

trajectories shown are for clusters generated for r ≤ 10 cm, with the same conditions as in
Fig. 4.4(a). At low power (Fig. 4.6(a), or 19 W), large clusters have long residence times due
to decreased ion drag forces caused by smaller ion fluxes. These clusters spend significant
times traversing the reactor due to ion-drag, with residence times ranging from ~0.2 s to
longer than ~0.75 s (end of simulation). The small neutral clusters deposit on surfaces, again
due to self-diffusion. Clusters at high power (Fig. 4.6(b), or 75 W) have shorter residence
times and trap more at outer trapping sites, due to increased ion fluxes at higher powers.
However, clusters can grow to much larger sizes while between the electrodes due to
increased radical densities. So, although the residence times decrease with increasing rf
power, the cluster size increases.

4.5.1

Small clusters
The peak cluster size as a function of operating rf power of the reactor is shown in

Fig. 4.7. The operating conditions are the same as in Fig. 4.4(a). Here, “small” clusters are
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clusters that have less than ncrit = 66 monomers, or clusters that cannot support a charge. The
average size of these small clusters that reside in the gas phase between the electrodes is
plotted as a function of time in Fig. 4.7(a). At low powers (19 W), the clusters have a nearly
constant radius of 6 Å, or approximately 42 monomers. The radical densities scale with
power, leading to decreased densities at lower power. In addition, the electron density is
smaller and it becomes more difficult for clusters to acquire negative charges, and thus
prevents the particles from being trapped in the plasma. At 19 W, the growth rate for a
cluster radius is 1.132 × 10-6 cm/s. Increasing the power leads to larger SiH2 densities and
thus faster growth rates. As the power is increased to 75 W, the growth rate becomes nearly
linear, which is the upper limit due to the formulation of the growth rate given in Eq. (4.2).
The growth rate is 4.223 × 10-5 cm/s, which is 37 times faster than the growth rate at 19 W,
although the power is only 4 times as large. In this discrete limit, the cluster growth rate does
not scale linearly with power, as the clusters do not gain mass continuously. Instead, clusters
gain discrete quantities of mass (corresponding to the molecular weight of SiH2) based on the
accretion probability that is determined in Eq. (4.1), with a maximum growth rate given in
Eq. (4.2). At low powers, then, clusters cannot achieve the maximum possible growth rate,
whereas at higher powers small clusters can effectively gain mass on a continuous basis.
The number of small clusters in the gas phase throughout the simulation is shown in
Fig. 4.7(b). At the lower powers, the number of small clusters gradually decreases over time
as the clusters deposit on the reactor surfaces, or clusters move to outer trapping sites. At
19 W, the percentage of particles that are lost to the surfaces is about 12%. A portion of the
clusters that are “lost” from the small particle counts become charged and thus are further
tracked as “large” clusters (see Fig. 4.6). For the case at 19 W, about 3% of the clusters are
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converted to large clusters. The growth rate for clusters increases for increasing powers due
to increased SiH2 densities, and the clusters can quickly gain charges. These clusters are no
longer tracked in the statistics shown in Fig. 4.5. The conversion to large clusters is much
higher at higher powers. At 75 W, 31% of the total clusters become large, or about 10 times
the amount than at 19 W. A small number of clusters are lost to the surfaces due to diffusion.
This deposition consists of primarily neutral, “radical-like” clusters. The percentage of
clusters that deposit is approximately constant over power, as 10% of the clusters at 75 W
deposit on surfaces, compared to the 12% at 19 W.

4.5.2

Large clusters
In Fig. 4.8, statistics for “large” clusters (or charged clusters with > 66 monomers)

that reside in the plasma between the electrodes are shown. Again, the growth rate for the
particles is nearly constant for a given power (Fig 4.8(a)). The smaller SiH2 densities at
lower powers lead to the slower growth rate. At 19 W, the cluster radius growth rate is 4.533
× 10-5 cm/s, while the growth rate at 75 W is 1.859 × 10-4 cm/s, or 4 times the rate at 19 W.
The growth rate scales with the SiH2 density (and rf power) as predicted in Eq. (4.2).
Although the size of the particles steadily increases over time, the number of large particles
that are located between the electrodes varies. The number of large clusters is highest at the
beginning of the simulation (Fig 4.8(b)). At high powers (75 W), the particles quickly
accumulate mass and charge, and momentum transfer with ions (ion-drag) increases due to
the charged particle interactions.

With increasing power, the time for clusters to be

accelerated due to ion-drag beyond the electrodes decreases due to the higher ion fluxes. The
small number of large particles at lower powers (19 W) is due to the majority of the particles
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in the simulation remaining small and neutral. The charged clusters require longer times to
reach the outer reactor due to the smaller ion fluxes. At longer time scales, the charged
clusters will be accelerated to outer trapping locations. At 19 W, the time for clusters to
cross to the outer trapping sites is ~0.24 s, while at 75 W, the crossing time is ~0.08 s or three
times faster. The clusters reach the outer sites sooner at higher powers due to increased iondrag. Very few large clusters, at any power, are lost to the surfaces.

4.6

Deposition of Particles on Wafer
In addition to calculating statistics of clusters in the gas phase, the PNTS also collects

statistics of clusters impacting the wafer. As in the gas phase, clusters incident on the wafer
are mainly small and neutral. The distribution of particles impacting the wafer throughout
the simulation as a function of particle size for various rf powers is shown in Fig. 4.9. At
lower powers, larger clusters cannot form due to the smaller radical densities. Therefore,
deposition of large clusters (>103 monomers) decreases for decreasing power. Larger clusters
are possible at the higher powers, as both the mass growth rate and the charging frequency
increase with increasing power. Relatively high deposition of neutral particles larger than 104
monomers is possible at the higher powers. However, the smaller clusters exist for short
periods of time at the higher powers, leading to less deposition of these small neutral clusters
at higher powers. The neutral deposition is primarily “radical-like,” as the majority of
clusters impacting the wafer are large neutral particles. Charged particles are trapped for
sizes > 100 monomers/cluster and the deposition is relatively constant for various powers.
This deposition may be characterized as “ion-like,” as the clusters are on the scale of large
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ions with less than a few charges. A summary of cluster attributes (small vs. large clusters in
low vs. high power discharges) is provided in Table 4.3.

4.7

Summary
In conclusion, reactor operating conditions, such as flow rate and rf power, can affect

particle growth. Increased flow rate and decreased rf power aid in minimizing large clusters
depositing on the wafer. The increased flow rate increases fluid drag forces on clusters and
thus decreases their residence times between the electrodes. The clusters are then accelerated
beyond the electrodes, where they will quasi-trap and continue to grow, but will not deposit
on the wafer. Although higher powers decrease the cluster residence time between the
electrodes due to increased ion-drag forces, the higher radical densities allow the undesirable
large particle growth. Cluster growth rate scales with rf power, and thus clusters at lower
powers are smaller. In addition, the clusters are more likely to remain neutral due to
decreased electron densities and decreased electron attachment. The majority of clusters are
large neutral “radicals” and the deposition on wafer consists mainly of these neutrals.
Charged particles remain small and their deposition is more “ion-like,” consisting of clusters
of less than 100 monomers.
The linear growth rates predicted by the PNTS for both small and large clusters at
higher powers agrees with the experimental observations of Boufendi et al.1,11 However, the
maximum radial growth rates for clusters reported by Boufendi et al. are on the order of
12 nm/s, which is considerably less than the growth rates calculated at 19 W (~40 nm/s). The
experimental conditions are comparable to the conditions simulated, with the exception of
gas composition and rf power (which is not given). The experiments were performed in an
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Ar/SiH4 = 96/4 mixture, which would account for the decreased SiH2 density, and thus the
decreased growth rate.
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Table 4.1. SiHx reactions used to determine the plasma chemistry in the HPEM.

Rate (cm3/s)

Reference

e + SiH4 → SiH2 + 2 H + e

a

12

e + SiH4 → SiH3 + H + e

a

12

e + SiH4 → SiH3+ + H + 2e

a

13

e + SiH4 → SiH3- + H

a

14, 15

SiH3 + H → SiH2 + H2

2.00 × 10-11

16

Ar+ + SiH4 → SiH3+ + H + Ar

8.00 × 10-11

17, 18

Ar* + SiH4 → SiH2 + H + H + Ar

4.56 × 10-10

12

SiH4 + H → SiH3 + H2

2.50 × 10-13

Based on 16, 19-21

SiH3- + Ar+ → SiH3 + Ar

1.00 × 10-7

Estimate from 22, 23

SiH3- + SiH3+ → SiH3 + SiH3

1.00 × 10-7

Estimate from 22, 23

Reaction

a

Rate coefficient was obtained by convolving the electron energy distribution with the cross
section from the indicated reference.
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Table 4.2. Rate coefficients used to determine cluster charge in the PNTS.

Ratea,b (cm3/s)

Process

Reference

Ion recombination of positive cluster (kion)

5.65 × 10 −7 ⋅

300
⋅
Tgas

1
M red-

23

Neutralization of negative cluster (kneut)

5.65 × 10 −7 ⋅

300
⋅
Tgas

1
M red+

23

Electron attachment to neutral cluster (kattach)

3.01 × 10-8

Based on 24

Charge exchange of neutral cluster (kch ex)

5.00 × 10-18

Estimate

Electron recombination of positive cluster (ke)

4.23 × 10-13

Based on 25

a

Mred- is the reduced mass of the cluster and the negative ion.

b

Mred+ is the reduced mass of the cluster and the positive ion.
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Table 4.3. Summary of cluster characteristics versus applied rf power.

Low Power

High Power

Small Particles

Mostly neutral
Dominates deposition
Nonlinear growth rate

Linear growth rate
High conversion to large particles

Large Particles

Low growth rate
Mostly trapped above the wafer
(long residence times)

High growth rate
Mostly trapped beyond wafer (short
residence times)
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Fig. 4.1. Laser-induced particle explosive evaporation emission intensity as a function of
particle radius from Ref. 1. Phases of particle growth are defined by changes in particle
growth rates.
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Fig. 4.2. Typical RIE configuration with a showerhead in the upper electrode and a focus
ring, plus dark space shield surrounding the lower electrode. The lower electrode is powered.
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Fig. 4.3. Quantities calculated in the HPEM for an Ar/SiH4 = 50/50 plasma at 100 mTorr,
75 W, 80 sccm. (a) Electron impact source rates (cm3/s) for SiH2. (b) Densities of SiH2
(cm-3).
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Fig. 4.4. Sample trajectories of clusters at 100 mTorr, Ar/SiH4 = 50/50, 38 W, simulation
time of 0.75 s, at (a) 0 sccm, (b) 40 sccm, and (c) 120 sccm. The beginning of a trajectory is
denoted by an asterisk (*) and its end by an “X.” Clusters are accelerated to outer trapping
sites at higher flow rates due to increased fluid drag forces.
78

HE

MASS (AMU)
x 10 6

IG

HT

(cm

)

8
6

••

•
•

••

• • • •••

4

(a)

9.1 2
0.0
0

5

10
15
RADIUS (cm)
8

•

HE

MASS (AMU)
x 1021

IG

HT

(cm

)

•

20

•

6••

4

•

•

•• •
••
•
•
•

•••••••••• •• •
•••
•

• • •••• •• ••• • •

•

••

•
• •••

(b)

2.1 2
0.0
0

5

10
15
RADIUS (cm)

20

Fig. 4.5. Sample individual trajectories for the case in Fig. 4.4(a). (a) Cluster is neutral and
reaches a peak size of 12 nm. (b) Clusters become negatively charged while in the plasma
and are accelerated to the outer trapping site. They reach a peak size of 710 nm in the quasitrap.
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Fig. 4.6. Sample trajectories at (a) 19 W and (b) 75 W; all other conditions the same as in
Fig. 4.4(a). Clusters have decreased residence times with increasing power due to increased
ion-drag forces.
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Fig. 4.7. Statistics for neutral clusters above the wafer with less than ncrit = 66 monomers for
various powers. (a) Average radius for clusters as a function of time. Clusters grow to larger
sizes at higher powers due to increased SiH2 densities. (b) Number of clusters in the gas
phase as a function of time. Clusters are primarily lost to surfaces, although some are “lost”
due to conversion to “large” particle status. Clusters gain negative charges and are no longer
considered “small.”
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Fig. 4.8. Statistics for charged clusters above the wafer with > 66 monomers for various
powers. (a) Average radius for clusters as a function of time. Growth rate of clusters is
linear due to the upper limit in Eq. 4.2. (b) Number of clusters in the gas phase as a function
of time. Clusters are “lost” to outer trapping sites. Residence times for clusters decreases for
increasing power due to increased ion fluxes that lead to increased ion-drag forces.
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Fig. 4.9. Distribution of clusters that land on the wafer for various powers. The majority of
deposition is due to small, neutral clusters. Large clusters (104 to 105 monomers per cluster)
are possible at higher powers, but their deposition is four orders of magnitude less than for
smaller clusters (<100 monomers/cluster). Charged particles are trapped.
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5. COULOMB INTERACTIONS IN DUSTY PLASMAS

5.1

Introduction
Although particle transport has been well-characterized for particle-plasma forces

(e.g., electrostatic, ion-drag, fluid-drag, and thermophoretic forces) by the DTS (see Chapter
3) and other dust transport models,1,2 the model has several limitations. In the DTS, the
general trapping regions are predicted, but the lack of interparticle forces results in “point”
trapping locations. Because the DTS assumes particles to be independent, many particles
may in fact reside in nearly the same location (see Fig. 3.5). Particle “clouds” that have been
experimentally observed3 are not reproduced by the DTS. Clearly, other forces must be
considered to accurately predict particle positions near trapping sites, where the particle
density can often be >104 cm-3.
As the dust particles are generally negatively charged, one such phenomena that
occurs is a Coulomb interaction. Particle-particle interactions become particularly important
if the dust density is high, such as within a trapping site. If the density of the particles
reaches a critical level (~103 cm-3), the particles begin to display collective behavior as the
Coulomb interactions between the particles become dominant over kinetic processes.
Evidence of liquid and even solid-like behavior in plasmas has been seen in a variety of
laboratory discharges.4-8 Most often, dust forms in clouds surrounding the electrodes in
plasmas. These clouds move as a collective unit or quasi-rigid body whose shape is relatively
insensitive to most perturbations. Boufendi et al.4 estimated the value of Γ to be 10 for a
parallel plate rf discharge, Ar/SiH4 = 96/4 mixture at 120 mTorr, with a peak density of
108 cm-3 of 100 nm particles. With high particle density and appropriate plasma conditions
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(such as low power, low pressure, and moderate gas flow) the dust particles become more
ordered in the cloud and form lattices where the Brownian-type motion becomes
insignificant. An example is shown in Fig. 5.1 for an rf discharge sustained in Ar at 30 W
and 563 mTorr, with injected melamin formaldehyde 9.4 µm particles.7 The single layer of
the Coulomb solid has an estimated Γ of 1550.
According to Ichimaru,9 for a one-component plasma that ignores charge shielding,
the plasma coupling constant for particles of charge Zq, kinetic temperature T, and density N
in volume V is defined as

 ( Zq ) 2 


13
a
 3V 


 .
Γ≡
, with a = 
 4πN 
k BT

(5.1)

Ichimaru9 suggests that for a 3-D structure the mixture is considered to be a Coulomb liquid
for Γ > 2, and Slattery et al.10 calculates that the particles form a Coulomb solid for Γ > 170.
These cutoffs are likely to be lower for 2-D structures.9
Scaling laws derived from experimental observations for dust particles forming a
Coulomb solid are:
• Interparticle distance in the lattice increases with decreasing power.6-8
• Interparticle distance is also dependent on particle size.5
• For large particles, the lattice is less stable.5,8
• Particles in the Coulomb solid can escape from the lattice, forming a dislocation. The
lattice subsequently anneals.5
87

In this chapter, modifications to the DTS are described that reproduce and explain these
scaling laws. The dependence of the interparticle spacing a with respect to rf power is
examined in Section 5.5. In Section 5.6, the scaling of a with particle size is given, in
addition to the difficulty of forming lattices of larger particles. Particles are shown to escape
from the lattice in Section 5.7, and the remaining particles subsequently rearrange
themselves. The effects of dislocations in lattices due to differently sized particles is given in
Section 5.9. Finally, in Section 5.10, a dusty “wave” is simulated as a result of an impacting
energetic dust particle on a Coulomb solid.

5.2

Dust Transport Simulation with Coulomb Interactions (DTSCI)
The model that includes Coulomb interactions has been modified from the previously

described DTS (Dust Transport Simulation). The model is a two-dimensional in (r, z) Monte
Carlo that solves for particle trajectories based on the applicable forces. As previously
mentioned in Chapter 3, the particles are accelerated due to the sum of the ion-drag, fluiddrag, electrostatic, thermophoretic, self-diffusive, and gravitational forces, along with
Brownian motion. The Coulomb repulsive force for particles that are within a specified
distance of one another (see Fig. 5.2) is also included. The form of the force is based on the
particle’s shielded plasma potential, which depends on the distance r from the particle, the
particle’s radius a, and the linearized Debye length, such that11

 (r − a) 
a
ϕ ( r ) = ϕ ( a ) ⋅ ⋅ exp  −
,
λL 
r


ϕ ( a ) = Q 4πε 0 a .
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(5.2a)
(5.2b)

To find the force acting on particle 1 by particle 2, with the vector r! pointing in the direction
from particle 2 to particle 1:

"
"
"
dϕ
dϕ
E=−
and F = Q2 E = −Q2
.
dr
dr

(5.3)

From Eq. 5.2 the derivative of the particle’s potential is

 (r − a) 
dϕ
a 1 1 
= −ϕ ( a ) ⋅ ⋅  +  ⋅ exp  −
,
λL 
dt
r  r λL 


(5.4)

" QQ 1 1 1 
 ( R − a) 
F = 1 2 ⋅ ⋅  +  ⋅ exp  −
r! .
λL 
4πε 0 R  R λL 


(5.5)

Here the distance between the particles is R. Because the particles are no longer independent,
all pseudoparticles in the simulation are restricted to take the same time step ∆t.
The calculation time for the interaction of all pairs of pseudoparticles scales with N2
(where N is the number of pseudoparticles), which leads to lengthy computational times, as
typically thousands of pseudoparticles are used in the simulation.

For computational

speedup, then, particles are allowed to undergo Coulomb forces if they are within a specified
distance of each other. This maximum distance is defined to be a multiplicative factor of the
linearized Debye length λL. There is little qualitative difference in the results for interacting
distances greater than 3λL, hence for the cases given here the maximum interaction distance
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has been set to 5λL in order to include sufficient interactions with particles while avoiding
unnecessary computational time.
For a pseudoparticle i within 5λL of j pseudoparticles, the sum of the forces as
calculated by the DTS with Coulomb interactions (DTSCI) is then

" "
"
6 πµ ri " #
Re
"
" "
Fi ( r ) = M i g + Qi Ei + ∑ σ ( ε I ) ⋅ ϕ ( r , v I ) ⋅ s I −
⋅ ( v i − u ) ⋅ CD ( Re)
C( Kn )
24
ions
−6πµ ri vK T ⋅

+

∇N i M gas v
π
∇T
− kTi
+
⋅
⋅ N gas ⋅ v ⋅ ∆t ⋅ d i 2
T
Ni
4
∆t

Qi
4πε 0

(5.6)

 Rij − a  "
Qj  1
1
⋅  + ⋅ exp  −
⋅ r .
λL 
λL 

ij  Rij

∑R
j

To account for the screened charge on the dust particles due to ions, the Coulomb coupling
parameter must include the shielded charge. Hence, the ratio of the potential energy to the
kinetic energy for a particle is

Γi =

 Rij − a 
Qj
Qi
⋅∑
⋅ exp  −

λL 
4πε 0 j Rij

1
2

mv i 2

.

(5.7)

The Coulomb coupling parameter, as defined in Eq. (5.1), is a function of the particle’s
temperature. The assumption in Eq. (5.7) is that a particle’s effective temperature is defined
as

3
2

kTeff = 32 kTthermal + 12 mv drift 2 . Neglecting fluid-drag effects, particles can convert a large

fraction of their directed energy into randomized thermal energy due to Coulomb collisions
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with other particles. For example, a 0.5 µm particle with a directed velocity of 10 cm/s
undergoing a Coulomb collision can convert a maximum of 3 × 104 K into thermal energy.
Particles with high directed velocities (due to acceleration from ion-drag or fluid drag, for
example) will have a relatively small thermal component before collisions, but will have a
high effective temperature, leading to the approximation given in Eq. 5.7. The value of Γ
that is reported for the remaining results is the average Γ for all particles within a specified
region of the reactor.
To examine the phases of the structures that form (solid versus liquid), the pair
correlation function (PCF) for particles, or g(r), is calculated. The PCF is the probability of
finding two particles within a distance r from each other, compared to the probability of a
random distribution of particles. The PCF is calculated by the same method described by
Quinn et al.12 A particle is chosen as the center point, and the remaining particles in the
specified region are then binned according to their relative distance to the center particle.
These particle counts are then divided by the annular area defined by their distance from the
center particle, and are also normalized by the resulting average particle density.

This

procedure is repeated using all particles as the center point and then averaged. In an infinite
crystal, g(r) would asymptotically approach unity. Peaks in g(r) correspond to first, second,
etc., nearest neighbors for particles. A perfect crystal would have a PCF resembling a “picket
fence.”
Based on the experimental data from Thomas et al.,6 Quinn et al.12 calculated PCFs
for the 2-D lattice in an Ar, 0.4 W, 1.5 Torr rf discharge (see Fig. 5.3). The 3.5 µm particles
form a Coulomb solid with interparticle spacing of 250 µm, and Γ is estimated to be > 2.07 ×
104. Although the PCF does not have the perfect crystal shape, the PCF has nine well91

defined peaks and has the characteristic shape of a Coulomb solid. In addition, the PCF
approaches unity at large distances, as this particular crystal is over 20 layers thick.

5.3

Geometry of rf Discharges
The reactor geometry used in the simulation is shown in Fig. 5.4. The rf discharge is

a modified GEC Reference Cell with a showerhead in the upper electrode and a dielectric
focus ring around the wafer. The lower electrode is powered at 13.56 MHz, while the upper
electrode is grounded. The gas is pure argon at 100 mTorr, with a typical peak electron
density of 2 × 109 cm-3, flow rate from 0 to 30 sccm, and 7.3 W. The average electron
temperature is ~4.3 eV.

The gas flows out via the pump port surrounding the lower

electrode. The dust particles are between 0.25 and 1.0 µm in radius and are generated
randomly between the electrodes.

Simulation time for these cases, unless specified

otherwise, is 0.3 s.
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5.4

Effect of Coulomb forces
The effect of the Coulomb force on 0.5 µm particles in trapping locations is seen in

Fig. 5.5. Particles that are independent and do not undergo Coulomb repulsions are shown in
the left column (Figs. 5.5(a) and (c)), whereas particles that experience Coulomb forces are
shown in the right column (Figs. 5.5(b) and (d)). For both cases, the particles trap near the
plasma-sheath boundaries surrounding the electrodes, due to the balance in the electrostatic
and ion-drag forces. In Fig. 5.5(a), however, particles overlap and form thin sheets. Particles
may occupy the same location, as they do not “see” each other and so do not form the cloud
structure that typically has been seen in RIE reactors.3 The particles in Fig. 5.5(b) form
clouds with finite thickness over the wafer and in the outer trapping regions.
Close-up views of the trapping locations above the wafer (0 < r < 1.5 cm, 4.25 < z <
5.5 cm) are shown in Figs. 5.5(c) and (d). Without Coulomb forces (Fig. 5.5(c)), the particles
overlap and are confined to planar sheets due to the balance of ion drag and electrostatic
forces. Particles that undergo Coulomb interactions (Fig. 5.5(d)) for 2-D lattices form in both
the upper and lower trapping sites, with a cloud thickness of 5–7 layers. The lattices are
restricted to 2-D shapes because the DTS is a 2-D model. The higher electron density near
the wafer leads to reduced λL, and thus smaller shielding lengths of the particles; this allows
smaller interparticle distances in the lower lattice to occur.

5.5

Dependence on rf Power
The reactor power can affect the lattice structure due to the magnitude of the ion

fluxes that determine the ion-drag force. The PCF for particles in the lower lattice is shown
in Fig. 5.6 as a function of rf power at 0.3 s. At high powers (~22 W), the PCF resembles
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that of a fluid with one distinct peak corresponding to a nearest neighbor, but lacking
secondary and further peaks. High ion fluxes lead to larger ion-drag forces, which in turn
result in higher dust particle velocities and temperatures. These large temperatures lead to a
Coulomb fluid rather than a solid and produce low Γ. For low to medium powers (~5 to 16
W), g(r) resembles a more solid-like shape, similar to the PCF obtained from experimental
measurements shown in Fig. 5.3. At least three distinct peaks are evident in the PCFs. The
reduced particle temperatures resulting from the lower ion drag terms at lower power allow
the particles to form a Coulomb solid.
The interparticle distance as a function of rf power is shown in Fig. 5.7(a). This
distance a is the first nearest neighbor distance calculated from the PCFs in Fig. 5.6. With
increasing power, particles are less likely to form lattices and hence their positions are more
random within the lower trapping site. Also, at lower powers the electron density is lower,
yielding a larger shielding distance and thus larger a. Decreasing power by ~30% leads to a
15% increase in interparticle distance. This inverse dependence of a with power agrees with
experimental findings.6-8 Trottenberg et al.,7 for example, found that increasing the power by
a factor of 5 resulted in a decrease of a by a factor of 2.7. At lower powers, such as at 5.5 W,
smaller ion fluxes lead to smaller ion-drag forces, which in turn lead to smaller kinetic
energies (and temperatures) of particles. Decreased particle temperatures (due to decreased
kinetic energies) afford higher values of Γave, which can be seen in Fig. 5.7(b). The value of
Γave increases rapidly with time and easily exceeds 100 by 0.14 s. The low particle velocities
allow the particles to form a Coulomb solid. As power is increased from 5.5 W to 22 W, the
value of Γave increases more slowly with time and seems to level off near the end of the
simulation. The particles form Coulomb fluids, rather than solids, due to the increased
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particle temperatures caused by ion-drag. Thus, the high dust velocities and the inertia of the
particles (and their subsequent higher temperatures) makes it difficult for a stable lattice to
form.
The evolution of Γ is governed primarily by the temperature of the particles, as the
average particle potential energy is relatively constant once the particles condense. The
average particle temperature for the case in Fig. 5.7(b) at 5.5 W is shown in Fig. 5.8. The
temperature of the particles drops due to lost energy from Coulomb collisions, as well as
from fluid drag dissipation. As the particles cool, the average Γ increases to values >100
resulting in Coulomb solidification.

5.6

Effects of Particle Size
Although operating conditions may determine the structure of a particle trapping site,

particle size also may govern how quickly particles will form a Coulomb fluid. The DTSCI
treats particles as if identical, except for their size and their mass density. With the mass
density fixed at 2.33 g/cm3, which corresponds to amorphous silicon, particles are then
defined by their radius. As shown in Fig. 5.9, the PCFs depend upon the particle size. For
these cases, the rf power is 7.3 W with a total simulation time of 0.2 s. The PCF for 1.0 µm
particles is nearly random in shape, lacking distinct peaks or valleys. The PCF for 0.5 µm
particles starts to show a main peak at ~200 nm, which resembles a Coulomb fluid. The
well-defined structure for a Coulomb solid occurs at this time only for smaller particles (here,
0.5 µm). Again, there exist three discernible peaks in the distribution, indicating that the
particles have formed a more stable configuration.
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The interparticle spacing is also a function of particle size, as shown in Fig. 5.10(a).
These values are derived from PCFs such as those in Fig. 5.9. For small- to mid-sized
particles (< ~0.8 µm), interparticle spacing increases with increasing size. The Coulomb
force will scale as Q2/r, and as Q scales approximately as r, the force will scale with r.
Hence, increasing particle size will lead to larger Coulomb forces, and thus larger values of a.
However, for even larger particles the interparticle spacing decreases. Larger particles take
longer time scales to condense, and above a certain critical size, they fail to form a solid due
to their large kinetic energies.

These large kinetic energies in turn lead to greater

temperatures, which prevent the particles from forming a Coulomb solid. The inability of
large particles to form lattices even at longer time scales is shown in Fig. 5.10(b). Particles
1.0 µm in radius achieve values of Γave that are greater than unity, but are significantly lower
than 100.

The clouds are more disordered and the particles have higher velocities,

resembling a liquid. Smaller particles (0.25 µm in radius) quickly achieve large values of
Γave (>200). The small particles have low temperatures and can form the lattices more readily
than the larger particles.

5.7

Induced Disorder (Dusty “Wave”)
Once the lattice has achieved a fluid or solid configuration, it is possible to induce

disorder. An example of a lattice losing its solid-like structure is given in Fig. 5.11. Here,
0.25 µm particles are generated and soon trap near the upper and lower electrodes, at the
plasma-sheath boundaries, due to the balance in ion-drag and electrostatic forces.

The

particles form thin layers (three to four particles thick) and start to arrange themselves in
lattice-like formations (see Fig. 5.11(a)). The interparticle distance is again smaller in the
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lower trap due to the higher electron density, which leads to a reduced shielding length. By
0.1905 s, the particle clouds have contracted toward the center line due to electrostatic forces
(see Fig. 5.11b). As the upper lattice condenses, the lattice can no longer support the
increased number of particles in a fixed area (particle density), so two particles are ejected
from the trap. These ejected particles are then accelerated down first due to electrostatic
forces, and then due to ion-drag; they then impact the lower lattice (Fig. 5.11(c)). These
energetic particles create a perturbation in the lower lattice due to their high temperatures,
which allow them to broach the lattice structure and have “knocking” Coulomb collisions.
The perturbation is also due to the rearrangement of particles to accommodate the additional
particles in the lattice. Particles continue to be ejected from the upper trap and the lower
lattice continues to become increasingly disordered (Fig. 5.11(d)). The inner lower lattice (r
< 0.3 cm) no longer resembles a Coulomb solid, but has become amorphous due to the
impacting particles.

The lattice disturbances propagate in both the r and z directions,

simulating a wave. The perturbation eventually damps out due to fluid drag effects.
The evolution of the PCFs for the lower lattice during this process is shown in Fig.
5.12. At early times (t = 0.0585 s), the particles have not had sufficient time to form a solid.
Instead, they form a more fluid-like arrangement with a main peak in g(r) occurring at
~250 nm, but lacking any additional peaks. Just before the first impacting particles arrive at
the lower trapping region (t = 0.1905 s), a lattice forms with at least two well-defined and
narrow peaks in the PCF. After the particles impact (t = 0.2385 s), the overall configuration
deteriorates and the PCF has only one main peak which broadens, indicating a less orderly
state. The rate of impacting particles on the trapping site exceeds the time scale necessary for
particles to reconstruct a lattice formation.
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5.8

Coulomb Effects in a Plasma “Cylinder”
For simplicity, an additional geometry that is considered consists of an argon plasma

“cylinder” of radius 12 cm and height 12 cm, with peak electron density of 109 cm-3 and a
uniform electron temperature of 3 eV. Particles 0.25 µm in radius are generated in the central
portion of the cylinder and form a Coulomb fluid (Fig. 5.13(a)). Particles condense in the r
direction due to electrostatic forces from the plasma.

A close-up view of the particle

locations after 0.21 s is shown in Fig. 5.13(b). The particles form a lattice similar to the ones
in the rf discharges; however, the lattice is substantially thicker (>20 layers at the densest
location, versus 5–10 layers thick as seen in the rf discharges). The larger Coulomb lattice
allows for the study of the effect of particle sizes on the lattice, which would otherwise be
difficult in a thinner lattice.
The evolution of the PCFs for particles in the cylinder are shown in Fig. 5.14(a). At
early times (t = 0.0425 s), the PCF lacks overall structure and the particles are essentially at
random locations from one another. As the particles condense due to electrostatic forces
created by the electric fields, the PCF approaches a Coulomb liquid form (t = 0.1062 s). The
PCF has a discernible first peak but lacks further peaks corresponding to second and third
nearest neighbors. The particles eventually advance toward a lattice configuration at later
times (0.156 s). The PCF has at least four sharp peaks indicating a more solid-like structure.
For an estimate of the transition of individual versus collective behavior of the particles, the
values of the Coulomb coupling parameter versus time are given in Fig. 5.14(b). The
particles have higher temperatures at early times (t < 0.14 s) and have correspondingly low
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values of Γ. Based on the PCFs, the particles form a definite Coulomb liquid at Γ ~ 4, or
approximately where the concavity changes for Γ as a function of t.

5.9

Dislocations in the Lattice Due to Different Particle Sizes
For the previous cases shown, the particle distributions were uniform in size.

However, in some laboratory plasmas with Coulomb solids, particles of different sizes form.5
For the investigation of the effect of differently sized particles on the Coulomb lattice,
particles of 200, 250, and 300 nm are included in the DTSCI (with 250, 500, and 250
pseudoparticles, respectively). The particles separate into three distinct lattices (Fig. 5.15(a)),
although all lattices have “impurities” of the differently sized particles. Larger particles form
Coulomb structures at lower z values due to ion-drag effects. Because the particles are
generated at heights slightly below the peak in the plasma potential, larger particles are
accelerated downward due to ion-drag. Had the particles been initially generated at heights
above the peak in the plasma potential, larger particles would have formed Coulomb
structures at higher z values.
The PCFs at t = 0.21 s are given in Fig. 5.15(b). All three PCFs for the differently
sized particles are more fluid-like in shape. Interparticle spacing, as derived from the nearest
neighbor distance (or the first peak in g(r)), increases with increasing particle size.
Higher particle charges on the larger particles create larger Coulomb repulsions, and thus
increase the interparticle distance. Although larger particles generally have higher inertias
(and higher temperatures) and thus take longer time scales to form Coulomb lattices, the PCF
for 300 nm particles more closely resembles that of a solid than do the PCFs for 200 and 250
nm particles. The 300 nm lattice has fewer impurities (200 or 250 nm particles) than the
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other two lattices which accounts for the increased regularity in its corresponding PCF. The
200 and 250 nm lattices, on the other hand, have at least 50% impurities. These impurities
create dislocations in the lattice, as the disparity in particle charges due to particle size
differences causes the interparticle distance to change. For the 200 nm lattice particles must
rearrange around the 250 nm particles due to the higher charges on the larger particles, which
then destroys the 2-D hexagonal lattice.
For the previous case, large quantities of impurities (> 50%) were shown to liquefy
lattices. In order to investigate the effect of small amounts of impurities in a Coulomb lattice,
10% of 200 nm impurities were inserted into a 250 nm Coulomb lattice. The Coulomb
lattice was generated as in Fig. 5.13, and after 0.21 s the impurities (200 nm) were substituted
at random for the 250 nm particle locations. The simulation was continued for an additional
60 ms after the addition of the impurities. The effects of the 200 nm impurities are shown in
Fig. 5.16. The 200 nm particles are represented by the open circles, whereas the default
250 nm particles are represented by closed dots. The difference in particle charges due to the
impurities causes lattice dislocations, as the 250 nm particles rearrange to accommodate the
smaller charged particles. The PCFs reflect the disturbance in the lattice as well; in Fig.
5.16(b), the PCF for a pristine 250 nm particle lattice clearly shows six narrow peaks.
The PCF for the case shown in Fig. 5.16(a) with 200 nm impurities has only five peaks, all of
which have broadened. The interparticle spacing decreases from 263 µm to 261 µm (the
pristine compared to the case with impurities). The regions between the first and second
nearest neighbor peaks have also increased in the PCFs by a factor of 3.3 with impurities,
which is another indication that the PCF has degraded to a less solid-like shape.
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5.10

Effect of a Single Particle Impact
As in Fig. 5.11, a dusty “wave” may be induced in the lattice due to an injected

energetic particle. To simulate the condition of the impacting particles on the trapping site
shown in Fig. 5.11, a 10 eV, 0.25 µm particle is injected into the Coulomb lattice shown in
!
Fig. 5.13 (see Fig. 5.17(a)). The particle is injected at r = (2.0 cm, 5.9 cm), with only a
velocity in the -z direction. As the particle progresses into the lattice, it undergoes Coulomb
collisions with the lattice particles, creating a “trench” (Fig. 5.17(b)), as the lattice particles
are scattered away from the highly energetic particle. The particle eventually stops in the
lattice because of fluid-drag forces and lost energy as a result of collisions, but the
disturbance continues to propagate due to secondary collisions (Fig. 5.17(c)). The lattice has
both “rarefactions” (the open spaces due to the lack of particles) and “compressions” (where
particles are more closely spaced as they undergo Coulomb collisions), similar to a wave.
The wave behavior damps out by 16 ms, again due to fluid-drag forces acting on the lattice
particles, and the crystalline structure is restored (Fig. 5.17(d)).
The disturbance in the lattice form is once again displayed in the corresponding PCF.
In Fig. 5.18, at 7 ms after impact from the 10 eV particle, the PCF degrades and shows a
more amorphous shape caused by the propagating disturbance in the lattice. After the lattice
restores itself (16 ms after impact), the lattice once again resembles a Coulomb solid. There
is a significant increase in the number of pairs within < 0.03 cm of each other while the dusty
wave is propagating, due to the Coulomb collisions of the particles. For example, g(r) is zero
for distances < 0.02 cm at 16 ms (once the Coulomb shape has been restored), but g(r) is 0.66
at 7 ms during the maximum perturbation in the lattice. Unlike the case in Fig. 5.11, where
the lower lattice had repeated impacts, not only can the lattice temporarily have an
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amorphous shape as a result of a single disturbance, but the original solid structure can also
be restored.

5.11

Summary
Inclusion of the Coulomb repulsive force in the DTS enables more accurate prediction

of particle locations within the reactor. Although the particle-plasma forces will dictate
which regions are likely to be trapping sites, the particle-particle interactions determine the
structure of the particle cloud itself. Numerous parameters can change the likelihood of the
formation of Coulomb fluids or solids, such as reactor power and particle size. In general,
particles are likely to form lattices when their kinetic energies and inertias are low, such as
low power discharges with small particles. Their PCFs, in combination with Γ, demonstrate
when an ordered system has formed. The calculated PCFs for Coulomb solids agree well
with the experimentally derived PCF given in Fig. 5.3. For the 2-D structures generated by
the DTSCI, a Coulomb fluid forms around Γ ~ 1 to 10, whereas a Coulomb solid occurs at Γ
> 100. These findings, which are essentially the four scaling laws outlined in Section 5.1,
agree well with experimental observations.
A distribution of differently sized particles can also affect the lattice structure.
Although interparticle spacing increases with increasing particle size, generally the PCFs are
degraded from a Coulomb solid shape due to the impurities of the differently sized particles.
Substitutional dislocations with smaller particles result in particles shifting closer together as
the reduced particle charges on the smaller particles reduce the Coulomb forces.
In addition to the creation of a lattice, the melting of a lattice was simulated. A
structure can also become disordered due to impacting particles. A dusty “wave” may be
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induced by the injection of energetic particles into lattices. Large Coulomb repulsive forces
are generated and may eventually melt the lattice to a fluid configuration. A single injection
can distort the lattice, but eventually the particle will reconfigure into a lattice as the particles
lose energy due to fluid-drag forces. Numerous injections into a Coulomb solid can make the
lattice amorphous and may essentially liquefy the structure.
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Fig. 5.1. A video image of a single layer of a Coulomb crystal (from Trottenberg et al.)7.
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Fig. 5.2. Particles within a shielding length of each other are assumed to undergo a Coulomb
interaction based on the particle charges Q1 and Q2, and their distance of separation, R.
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Fig. 5.3. Measured and best-fit PCFs from Quinn et al.12 The PCFs are based on the
measurements in Thomas et al.6 The interparticle spacing is 290 µm for 3.5 µm particles in
an argon rf discharge at 0.4 W and 1.5 Torr.

106

10
SHOWERHEAD

HEIGHT (cm)

8

DARK SPACE
SHIELD

6
FOCUS
RING

4

0

PUMP
PORT

WAFER

2

0

2

4
6
RADIUS (cm)

8

10

Fig. 5.4. Geometry of parallel plate reactor used in simulations. Argon flows from
showerhead in the upper electrode (grounded) and out to the pump port. The lower electrode
is powered.

107

WITH COULOMB FORCES

10

10

8

8
HEIGHT (cm)

HEIGHT (cm)

WITHOUT COULOMB FORCES

6
4
2
0

6
4
2

0

2

4
6
RADIUS (cm)

8

0

10

0

2

4
6
RADIUS (cm)

(a)
5.5

HEIGHT (cm)

HEIGHT (cm)

10

(b)

5.5

5.0

4.5

0.0

8

5.0

4.5

0.5

1.0
RADIUS (cm)

1.5

0.0

(c)

0.5

1.0
RADIUS (cm)

1.5

(d)
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occupy the same location. With the inclusion of Coulomb interactions in the DTSCI,
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Fig. 5.13. (a) Dust locations in the Ar plasma cylinder, with peak electron density of
109 cm-3, 100 mTorr, 0 sccm, Te = 3 eV, and 0.25 µm radius particles for 0.21 s.
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6. CONCLUSIONS

The reduction of particle contamination in plasma processing reactors generally is the
result of optimizing the operating conditions and the geometry. The first step is to minimize the
number of particles initially generated in the reactor. In an RIE configuration, lowering the rf
power and increasing the fluid flow decreases the residence times of the growing clusters.
Once the clusters have grown to a critical size and gained negative charges, the particles can
truly be considered “dust.” The prevention of the formation of these large particles from
residing in locations above the wafer reduces the flux of particles to the surface.
In ICP reactors, particles are overwhelmed by the dominant ion-drag forces in the bulk
plasma. Particles in these conditions most likely will not grow to large sizes, so contamination
may not be an issue in ICPs if the particles nucleate in the gas phase. If the clusters grow to
large sizes, or alternatively are injected by some means into the plasma, one method of
shielding the wafer from bombardment is to increase the applied rf voltage and decrease the
ICP power. The electrostatic forces should repel particles from the wafer in this operating
regime. However, the desired operating regime of an ICP is at high powers and low rf
voltages to insure plasma uniformity. A possible compromise is to operate at high powers and
low voltages while the plasma is on, and before the plasma is extinguished, decrease the
operating power and increase the bias voltage. The afterglow was shown to have a critical
effect on the bombardment of particles to the wafer. By purposeful alteration of the forces that
govern particle transport, such as heating of the wafer by several hundred degrees Kelvin to
induce thermophoresis, gravity is counteracted. Heating of the wafer may also be undesirable
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due to manufacturing considerations, so alternatively the walls relative to the wafer may be
cooled in order to achieve the same effect.
The Coulomb interactions between particles displayed considerable effect on the
particle locations. By increasing the particle density, it is possible to form Coulomb fluids and
solids in laboratory plasmas. The ubiquitous “cloud” formation experimentally observed near
the plasma–sheath boundaries was captured in the DTSCI simulation. It is also possible to
form 2-D lattices with small particles and low powers, as particle inertial energies are low.
Neighboring trapping locations that form Coulomb fluids may also interact, as particles can be
ejected from lattices. As the fluids condense due to electrostatic radial components, particles
on the “surface” of the lattice are ejected as a result of increased Coulomb repulsions from the
increased density of particles. Finally, these ejected particles can then be accelerated into
neighboring lattices. If the particles continually bombard the lattice, the lattice will eventually
melt.
All of the models presented here are two-dimensional in (r, z). One improvement that
can be implemented is the inclusion of the third dimension in the simulations, in particular for
the DTSCI. It is impossible, using 2-D restrictions, to replicate the body-centered cubic (bcc)
and face-centered cubic (fcc) structures created in recent experiments. An additional aspect to
investigate is the effect of the particle clouds on the plasma. Although at low dust densities the
charges on the particles should not significantly deplete the electron densities, the presence of
layers of dust may exert effects, such as screening the wafer from ion and electron fluxes. By
coupling the DTS to the HPEM, it is not only possible to determine how the plasma affects the
particles, but also how the particles affect the plasma.
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Ideally, an all encompassing particle contamination model would be able to consider
particle nucleation and growth with regard to critical size, agglomerations, and transport. The
main restrictions are currently due to the lack of computational speed and memory. The
nucleation algorithms alone, for example, require from 4–10 hours to run on an Alphastation
6000S.

Inclusion of particle-particle interactions would also significantly increase the

computer run time. As technology continues to advance, however, one day it might be possible
to implement simplified routines in a single simulation.
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