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Dust particle transport in low-temperature plasmas has received considerable attention due to the
desire to minimize contamination of wafers during plasma processing of microelectronic devices
and for their use to study nonideal plasmas. Dust particles in radio frequency discharges form
Coulomb crystals and display collective behavior under select conditions. In this article, we discuss
results from a self-consistent three-dimensional model for dust particle transport in plasma
processing reactors. The consequences of varying the bias voltage of the capacitively coupled
discharge, plasma density, particle diameter, and the number of particles on the propensity for
Coulomb crystal formation in argon plasmas will be discussed. We found that a single one-layer
lattice spontaneously breaks up into separate lattices as the substrate bias is increased due to a
redistribution of plasma forces. At high substrate biases, a void occurs in the plasma crystal which
tends to close upon addition of electronegative gases such asd3C), to argon. The interparticle
spacing in the lattice depends on the number of particles in the lattice due to gravitational
compressive forces; and on the plasma density due to the change in shielding leng2602©
American Institute of Physics[DOI: 10.1063/1.1516865

I. INTRODUCTION Homann, and Piélproduced Coulomb crystals of 94m
particles in rf discharges sustained in He. They found that
Dust particle transport in partially ionized plasmas hasreqycing the gas pressure or increasing the discharge power
been the focus of many recent investigations as a consggsylted in melting of the crystal. These transitions were at-
quence of concern over particle contamination of wafers durgihted to an increase in the effective temperature of the
ing plasma processing of microelectronic devices and for the,5 icles. The interparticle distance in the lattice increases
use of particles to study non-ideal plasmas. Particles in i, decreasing discharge power because the Debye shield-
plasmas chargg negatively to balance the flux of electrons, length is larger due to lower plasma dendi#.larger
and ions tq the|r_ surfaces. As a consequence, the transport Qégparation is typically observed between larger particles due
these part|cle_s is governed by bOFh m_echan(ﬂaid drag, (5 their stronger repulsive forces, as the amount of charge on
thermophoresis, graviyand electrical(ion drag, electro- a particle increases with its diamefeRecently Hebner

statio forces. lon drag forces accelerate particles in the digt a1 investigated particle interactions directly from the lat-

rection of the net ion momentum, usually towards bound'eral compression of two-dimensional plasma dust crystals

aries. Electrostatic forces accelerate particles opposite the

e ) S . confined in a parabolic potential well in a rf discharge. They
electric field. Particle trapping in plasmas typically occurs : : : )
found that the interparticle separation typically decreased
where these forces balance.

. . . . . with increasing number of particles due to an increase in
Particle—particle Coulomb interactions become impor- . . : .
compressive forces in the parabolic well, and that interpar-

tant when the dust density is high enough that interparticlet\. L o : . o
. . icle spacing increased with increasing radial position in the
spacing approaches the plasma shielding length, such as

within a trapping site. Particles interact through DebyeWeII due to lessening of these compressive forces.

shielded Coulomb forces. If the density of the particles ¢ DtUSt part:cltgs m‘?,“lg alip a-rrang:%;a m vertlc?llydafllgned
reaches a critical level, particles begin to display collective® " UCtUTes Or “Strings. FosIlive 1ons Tlowing past and focus-

behavior; a system typically referred to as a Coulomb solid"9 beyond negative charged particles, a phenomenon known

or liquid. Evidence of such behavior has been seen in a vads “ion S”eami”Q:” generate wake f_ields of positi.ve space
fiety of laboratory dischargés® For example, Melzer, charge. The.posmve space cha_lrge in the wake flelt_j below
trapped particles can be sufficiently large that particles at

) - _ lower heights are attracted to that location, thereby produc-
b)E'Izzggﬂ'lz :‘12": V‘éﬁi?:gg:fdﬂa o ing vertical correlations between particles. Recently Joyce
9 < 11° developed a model which combines properties of mo-

9Author to whom correspondence should be addressed; electronic maifl & . ) g
mjk@uiuc.edu lecular dynamics simulations to address the short-range por-
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tion of the shielded potential with a particle-in-cell method- FKM solves continuity, momentum and energy equations for
ology for the long-range part. They observed that particlecharged and neutral species and Poisson’s equation for the
formed hexagonal lattices when there was no ion streaminglectric potential. The outputs of the FKM are then fed back
and “strings” in the presence of streaming. to the EMM and EETM modules for updated computations.
Experiments have also demonstrated the formation ofhe process iterates until a converged solution is obtained.
stable dust-free regions or “voids” in Coulomb crystals. For the results discussed here, the following options in the
Samsonov and GorEeobserved that the void has a sharp HPEM were used. Since a rf capacitively coupled reactor is
boundary with the surrounding dusty plasma and the electroheing addressed, only the EETM and FKM modules were
density and ionization rate were enhanced in the void. Thisised. The electron transport coefficients were obtained using
enhanced ionization rate leads to electric fields which ar¢he electron energy equation option of the EETM. Continu-
directed outward from the void’s center. There is then a bality, momentum and energy equations were solved for ions
ance of an inward electrostatic force and an outward ion dragnd neutral particles, while the drift-diffusion continuity
force which produces the void. Oscillations of charged dusequation was solved for electrons. Poisson’s equation was
particles trapped in a low temperature plasma sheath hawaolved for the electrostatic potential using a semi-implicit
also been observed. Recent studies have revealed vertidachnique.
oscillations of single particlé$®as well as horizontal dust The DTS is a three-dimensional model in which the tra-
lattice waves*~1®The study of these oscillations is a useful jectories of dust particles are integrated based on mechanical
tool for evaluating the particle charge and interparticle Cou-and electrical force¥’ The forces included in the model are
lomb coupling parameter. ion drag, fluid drag, electrostatic, thermophoretic, Coulomb,
In this article, we discuss results from a self-consistenself-diffusive, gravity, and Brownian motion. The particle’s
three-dimensional model for dust particle transport in plasmalectric potential is based on balancing the electron and ion
processing reactors. A dust particle transport model was ineurrents to the particle. The ion flux to the particle is given
tegrated into a plasma equipment model to facilitate thidy the orbital motion limited current, which in turn depends
study. We discuss the effect of varying the bias voltage of an the plasma density and the ion energy. The ion and elec-
capacitively coupled discharge, gas chemistries, particle ditron currents to a particle &%
ameter, and the number of particles on the propensity for

crystal formation. We found that higher radial ion drag forces |,=ma?N,q E( 1— @) ' (1)

at higher substrate biases produce voids in the plasma crys- m E

tal. The presence of negative ions in the plasma causes clo- BKT qd

sure of the void. The model will be described in Sec. II, lo= wazNeqw/ © eX[J(_), 2
followed by a discussion of our parametric results in Secs. llI mMe kTe

and IV. Concluding remarks are in Sec. V. wherea is the particle radiusT, is the electron temperature,

m, is the electron massn, is the ion massE, is the ion
energy,N, is the electron density, is the ion density, and
@ is the particle potential. The particle electrical floating
The integrated dust transport module and the plasma kipotential is obtained by equating Eqd) and (2), thereby
netics models are based on the previously described Hybrigequiring that the negative and positive currents to the par-
Plasma Equipment ModéHPEM)'"'8 and the Dust Trans- ticle are equal. Giver in this manner, the charge on the
port Simulation(DTS).X° When used separately, the HPEM particleQ is given by
produces plasma parametéian and neutral fluxes, electron, a
ion and neutral temperatures, and electric fieldkich are Q=C®,C=4mepal 1+ ) ©)]
used, in a postprocessing manner, in the DTS to calculate L
forces on the dust particles and their trajectories. As a resufyhereC is the capacitance of the dust particle agdis the
of the post processing nature of the DTS, feedback to thénearized Debye length. The shielding length of the plasma
plasma resulting from the charge and the surface chemistryround a highly negatively charged dust particle produced by
of the particles was not previously included. That inconsis{ons and electrons is obtained by linearizing the Poisson—

II. DESCRIPTION OF THE MODEL

tency is corrected in this work. Vlassov equatiof?

The HPEM is a comprehensive simulator of low- >
pressure plasma reactors, as described in detail in Refs. 17 i: e_(& ﬁ) (4)
and 18. The HPEM is a two- or three-dimensional simulation A\ €\ kTe  2E,)°

consisting of three main modules. In the electromagnetm%n drag forces result from the net transfer of momentum to

module(EEM), antenna generated electromagnetic fields aArGust particles. The ion-dust momentum transfer cross section

obtained using a frequency domain solution of Maxwell's; provided by the semianalytic formula by Kilgoes al?*
equations. Magnetostatic fields are calculated in a compan-
QZ

ion module. These fields are used in the electron energy
P IR

. _h2 C2
transport module(EETM) where electron impact source o=b"cyIn 1+m (5
functions and transport coefficients are derived. Results from L
the EETM are transferred to the fluid-chemical kinetics mod-wherec,;=0.9369 andc,=61.32 are semiempirical values.

ule (FKM) to determine plasma source and sink terms. The&khrapaket al?? have recently derived an expression for the
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ion drag force from first principles accounting for both or- empirically chosen to be small enough so that holding prop-
bital motion and collisional impact. Their expression agreeserties constant in this manner is an acceptable approxima-
well with the numerical calculations of Kilgowt al?! In the  tion.
same vein, a molecular dynamics simulation of ion-dust par-  Dust particles interact with other plasma species in the
ticle interaction also yields essentially the same cros$HPEM through their charge density which, when included in
section? and so the computationally less expensive methodolution of Poisson’s equation, perturbs the electric potential.
of Eq. (5) is used. They also interact by providing surfaces internal to the
The Coulomb repulsive force between particles is baseglasma upon which heterogeneous chemistry can occur, in-
on the particle’s shielded plasma potential, using the Debye-<€luding recombination of charged particles. Particles are also
Huckel form sources of momentum loss for electrons and ions through
collisions. The electron-dust collection cross section in-
cluded in the EETM for electron energyis®*

e(I))’

(r—a)
AL

(6)

a
<I>(r)=<I>OFexp{—
1__

- ®

Toll €) = ma’

The interparticle Coulomb force between particles at loca-

tionsr, andr, separated by distande=|r,—r| is then for electron energies greater théed|. The electron-dust
momentum transfer cross section was evaluated from stan-

C(aitap dard Coulomb scattering thedfy
Fror ):Qle 1(1+i « 2 gr 27112
2 Ameg R\IR T\ AL R’ om(€)=4mb3In 1+(b—; , 9)

()
whereb, is the scattering parameter for 90° collisions. The

Trajectories of dust particles under the influence of thesgssitive jon flux to the particles was forced to be the same as
forces are simultaneously integrated using a second oOrdgge cycle-average loss of electrons to the particles.
Runge—Kutta technique. When considering interparticle 1, quantify the character of dust particle clouds in our
forces, the calculation time required to account for the i”ter‘plasmas we utilized two metrics; the Coulomb coupling pa-
action of all pairs of pseudo_particlt_es scaledN&gwhereN is rameterl” and the pair correlation functiofPCPB, g(r). To

the number of pseudoparticlesvhich can lead to lengthy  4ccount for the screened charge on the dust particles due to

computational times when thousands of pseudoparticles iBns, the Coulomb coupling parameter for a collectiorNof
used in the DTS. For computational speedup, interparticl(tf)artides is

forces are included only if the particles are within a specifie

distance of each other. This distance was determined by pa- Qi Qj Rij—a
rameterizing the model. There is little qualitative difference 1 N 4mey R_IJ B AL

in the results for interacting distances greater than .3 F:NZ i, Ii= 3 ,
Hence the maximum interaction distance was setXp B = EkTeﬁ

order to include sufficient interactions with particles while (10)
avoiding unnecessarily large computational times.

In the integrated HPEM-DTS model, dust particles arewhereT is the effective temperature of the particle &gl
introduced into the reactor after plasma properteeg., den- is the separation between patrticles. The effective temperature
sities of charged and neutral spegiesomputed by the encompasses both thermal and directed energykT342
HPEM have reached a steady state. At that time, after each 3/2kT+ 1/2mv2. Neglecting fluid drag effects, particles
iteration through the modules of the HPEM, electric fields,can convert a large fraction of their directed energy into ran-
neutral and charged particle fluxes and densities and tendomized thermal energy due to Coulomb collisions with
perature gradients are exported to the DTS module. Thesgather particles. Large values bf(>10-1003% denote a sys-
guantities are then used to compute forces on the dust patem which is dominated by interparticle forces, and so can be
ticles and integrate their trajectories. During execution of theclassified as a Coulomb fluidl'1-103 or a Coulomb
DTS (typically for a few to 10s of milliseconds which is solid (I'~100s.
large compared to the rf period of 100)rtke plasma prop- To examine the phases of the structures that f(saotid
erties obtained from the HPEM are held constant. At the endersus liquid, the PCF is usedg(r) is the probability of
of a call to the DTS, dust particle densities and their chargdinding two particles separated by a distamcas compared
state are returned to the HPEM. The locations of the dustio that for an unstructured random distribution of particles.
particles are binned on the same numerical mesh as used Tine PCF is calculated using the method described by Quinn
the HPEM and the densities are distributed on the mesh ut al?® A particle is chosen as the center point or test particle.
ing finite sized particle techniques. The dust densities an@he remaining particles in a specified region are then binned
their charges are then used in the solution of Poisson’s equaccording to their distance from the test particle. These par-
tion, and in computing electron and ion transport. Dust denticle counts are then divided by the annular area defined by
sities and charges are held constant during the following ittheir distance from the test particle and are normalized by the
eration through the HPEM. The time spent in the DTS, andesulting average particle density. This procedure is repeated
the time spent in the HPEM between calls to the DTS, weraising all the particles in the region as test particles and the
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FIG. 1. Schematic of the modified GEC reference cell used in the simula- 8 . :
tions. The lower electrode is powered. An annular plate replaces the upper (b) ELECTRON TEMPERATURE (eV)

electrode. A metal washer placed on the lower electrode acts as a focus ring.

results averaged. Successive peakg(in) at smallr corre-
spond, respectively, to first, second, and increasing nearest
neighbors.

HEIGHT (cm)

IIl. CHARACTERISTICS OF COULOMB FLUIDS AND
SOLIDS IN rf DISCHARGES

The model reactor is a modified GEC reference cell \
schematically shown in Fig. 1. The lower electrode is pow- 8 . . A .
ered at 10 MHz. Aq annular pIatg replaced the upper elec- (c) © 2 RAT)lus (cm‘)s 8
trode so that, experimentally, particles can be observed from
the top of the reactérA metal washer placed on the lower FIG. 2. Plasma properties in an Ar dischar@ mTorr, 300 sccinfor a
electrode acts as a focus ring to warp the electric potentiéfIUbStrate bias for 150 Va) Electron density(b) Plasma potentialc) Elec-

. . . ron temperature.

into a well to confine the dust particles. The plasma was

sustained in argon at 95 mTorr with a flow rate of 300 sccm,

which is exhausted through the pump port surrounding the

lower electrode. The substrate bias was varied from 125 tplasma potential are conformal to the focus ring forming a
250 V. (Substrate bias refers to the amplitude of the rf volt-potential well in which the particles are trapped. Trapped
age) Dust particles of mass density 2.33 g¢frakin to that  particles are usually confined to this region. Particles not
of amorphous silicon were initially randomly distributed be- seeded in locations that can access the potential well formed
tween the electrodes. Their trajectories were integrated fooy the focus ring are, for these conditions, eventually ex-
approximatel 8 s until they settled into a quasistable geo-pelled from the bulk plasma.

metric configuration. Typical morphologies of Coulomb crystal lattices, as ob-

The electron density, electron temperature, and the timserved from the top of the reactor through the annular elec-
averaged plasma potential for a substrate bias of 150 V areode, are shown in Fig. 3. Configurations are shown for low
shown in Fig. 2. The peak Ardensity is 1.X10°° cm™3 (150 V) and high(250 V) substrate biases. At the lower bias,
and peak plasma potential is 95 V, including-& V dc bias  a single disk-shaped lattice of dust particles, one layer thick,
on the substrate. The plasma penetrates through the annularobtained which is confined to the center of the potential
grounded electrode into the upper chamber. The plasma pevell. Examination of the PCF and Coulomb coupling factor
tential is largely flat in the body of the plasma. Sheaths sur{discussed laterconfirm this structure is a Coulomb solid. In
round the annulus and there are large ambipolar electrithe center of the lattice where the confining forces, largely
fields in the periphery of the reactor. The ion density andelectrostatic and gravitational compressive forces from par-
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FIG. 3. Top view of particle position$4.9 um) in an Ar discharge(95
mTorr, 300 sccm (@) Particles arrange in a central disk for a bias of 150 V.
(b) A void is formed at higher biases, shown here for 250 V.

ticles at larger radii, are largest, the lattice has regular hex-
agonal structure. In the periphery of the lattice where confin-
ing forces are smaller, the structure is less regular. The need
to match the hexagonal shape of the plasma crystal to a _ , o
round confining potential causes some defects to appear. A%?a: Afxgr’g%”}i?:f"zgeiﬁuﬁi E;;:faz;"i'}g'gﬂd?g’gf W Coulomb crystal
the bias is increase@>200 V), a void forms in the center of
the crystal, resulting in an annular lattice. Voids were created
irrespective of the number of initial particles seeded in thethe lattice constant at 150. For typical conditiof#s, 95
system(up to a few hundregl indicating that the formation mTorr, 150 \j, two classes of particle lattices are shown in
of the voids is not necessarily a consequence of interparticlBig. 5. We observe two distinct and well-separated structures
forces but rather a consequence of a change in the plasnfier smaller particles, such as the Quin particles shown in
forces. For example, the radial ion-momentum flux at theFig. 5a). The upper structure is disk shaped and well above
level of the particles increased from X80 & g/cn?s fora  the upper electrode. Particles are trapped at this location due
150 V bias to 6.6 10 8 g/cn? s for a 250 V bias. We specu- to a balance between the downward pointing electrostatic
late that larger radial ion-drag forces at higher biases arand upward directed ion-drag forces as gravitational forces
responsible for the formation of a void as noted by Sam-are not important for these small particles. Some particles get
sonov and Gore¥ A larger fraction of the initially seeded seeded in the potential well near the bottom electrode and
particles are expelled from the plasma at higher biases d@rm a ring-shaped structure at a lower location, though at
well. height well above the focus ring. As we increase the size of
Similar results have been observed experimentally usinghe particles to 1Qum [Fig. 5(b)], the upper lattice disperses
the apparatus and techniques described in Ref. 6. For thias gravitational forces cannot be balanced by the weak ion
work, the lower electrode with a parabolic shape is replacedrag forces in the periphery of the plasma. Theukl par-
by a flat electrode and confinement ring similar to the con+icles arrange themselves in a single disk shaped lattice at a
figuration shown in Fig. 1. For example, particle lattices ardlower height than the smaller particles, a consequence of
shown in Fig. 4 for similar discharge conditioriér, 90  both their larger mass and larger ion drag forces. There are
mTorr, 20 MHz, 8.34um particles. At low power (1.8 W), isolated instances in the edge-on view of Figb)Swhere
the particles form a single layer, disk-shaped lattice with ahere appear to be two layers to the lattice. The lattice is
hexagonal structure. Upon increasing the rf poy@ W), a  actually only a single layer. These displaced particles are
void is created in the lattice. The asymmetry in the lattice aisolated particles undergoing vertical oscillatory motion, a
higher powers is due to the fact that the surfaces of the elegghenomenon observed by Tomraeal 2
trode and focus rings may not be perfectly leveled and the As dust particles settle into the potential well forming a
particles tend to slide down hill or there is azimuthal asym-Coulomb solid, the resulting lattice often oscillates about an
metry in the plasma. equilibrium position. These radial, horizontal oscillations are
The influence of particle size on the morphology of Cou-the result, in part, of the mutual repulsion of the particles in
lomb crystals was investigated by varying the particle radiughe presence of a restoring force, in this case both gravity and
from 0.1 to 10um while keeping the number of particles in electrostatic plasma forces. Here the repulsive force is also
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FIG. 6. Horizontal oscillationg5 Hz) of particles in an Ar dischargé5
ol mTorr, 10 W, 4um particle$. Particle positions are shown at different times
\Single during one complete cycle. Cooperative oscillation of particles such as this
Lattice are often referred to as a breathing mode.
which a given force is experienced. The end result is a de-
(b) crease in interparticle spacing. More aggressive shielding

produces less electrostatic interaction and a decrease in the

FIG. 5. Effect of particle size on trapping positions in an Ar dischagge ~ Coulomb coupling factor. The exception is at low plasma
mTorr, 300 sccm, 150 ) (a) 0.1 um particles arrange in two lattices; the densities where the interparticle spacing increases because of
lower lattice is close to the powered electrode, while the upper lattice is
above the upper electrodéy) 10 um particles arrange in a single lattice
close to the powered electrode.

103

augmented by a radially outward ion drag force. For typical §
conditions(Ar, 95 mTorr, 10 W, 4um particles, we observe & 102f
an oscillation frequency of 5 Hz. One complete cycle of such £
oscillations is shown in Fig. 6. This collective motion is é
similar to experimentally observed cooperative oscillation 2 L
also known as a “breathing mode.” For example, Melzer 2 10
et al?” have observed similar behavior using pulse modula- 8
tion of the rf electrode voltage to initiate the oscillation. The
oscillations observed by Melzest al. damp more quickly 1000 o) 35 80 )
then those predicted from our model. Our longer lived oscil- @ Electron Density ( 1010 cm3)
lations appear to be a result of feedback from the plasma 1.0
electrostatics which reinforces these largely radial modes.

The consequences of plasma density on interparticle Eo'g
spacing and Coulomb coupling factor were also investigated =
by artificially increasing ion and electron densities while -§ 0.8
keeping other conditions constant. Interparticle spacing was &
determined by the first peak m(r). The results of this pa- 3 0.7
rameterization are summarized in Fig. 7 where Coulomb s
coupling factor and interparticle spacing are shown as a _8
function of electron density. Recall that above a critical E 08
plasma density where the particles do not significantly de- 05 . .

0 20 40 60 80

plete negative charge in the plasma, the charge on particles is
only a function of the electron and ion temperatures. The

(b)

Electron Density ( 1010 cm-3)

effect of increasing the plasma density is primarily to Chang%IG. 7. Effect of plasma density on ti@) Coulomb coupling factor antb)

the shielding length. As the plasma density increasgs,

interparticle spacing. lon and electron densities were varied keeping other

decreases, thereby reducing the interparticle separation fasnditions constant in an Ar dischar¢@ mTorr, 300 sccm, 150 V
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FIG. 9. Top views of the particle crystal fém) 7 particles(b) 200 particles,
2r and (c) 500 particles. Interparticle spacing is smaller in the center of the
larger crystals due to compressive forces from particles at larger radii.
L J ! L pressive forces of particles at larger radii are the largest, and
0.0 0.05 0.10 0.15 . . .
(b) these forces add to the radial plasma forces which provide

Interparticle Spacing (cm ! .
P B 9 (em) the overall confinement for the lattice. As one moves to

FIG. 8. Effect of particl ) PCF in an Ar dischaf@s mTorr, 300 larger radii, the compressive forces due to outlying particles
. 0. €Cl Of particle number on In-an Ar aischal miorr, . . .
scem, 150V, 3.8um particles. (a) 7 particles andb) 200 particles. The first lessens, Ieavmg Only the plasma conflnlng forces, producmg

nearest neighbor peak is shifted to lower values on increasing the number & larger interparticle separation. Similar results have been
particles. The inset schematics illustrate the consequences of increasing theported by Hebnegt al®?82°The Coulomb coupling factor

number of particles on the inward radial force. increases with an increase in the number of particles due to
the decrease in interparticle spacing and a decrease in the

ticle temperature, as shown in Fig. 11.

There is no clear correlation between the substrate bias

and the interparticle spacing as several competing effects

creases commensurate with the decrease in shielding Iengt(l“lc.)m? _mto play. An increase |n.b|a_s leads to higher plasma
The consequences of the number of particles on interparqens't'es and so a reduced shielding length should produce

ticle spacing was also investigated. The first, nearest neigﬁ_maller interparticle spacing. However, particle temperatures

bor peak ofg(r) was used to determine the average particletend to be larger at higher biases and that effect should pro-

separationg(r) for base case conditions are shown in Fig. 8duce larger |_nterpa_rt|cle spacings. The |nterpart|c_le spacing
decreased with an increase in the number of particles for all

for lattices having 7 and 200 particles. Top views of these. _ : .
lattices, and for 500 particles, are shown in Fig. 9. Compute%)Iases we examined, however, for a fixed number of particles
’ ! the trend was not monotonic with increasing bias.

interparticle separations for 3,8m particles as a function
the number of particles in the lattice are shown in FigaL0
and result for similar experimental conditions are shown Fig IV. COULOMB CRYSTALS IN ELECTRONEGATIVE

. . . . PLASMAS
10(b). Increasing the number of particles in the lattice gen-
erally decreases the interparticle spacing, as more particles The morphology of Coulomb crystals in electronegative
accessing a finite-sized potential well leads to radial complasmas has been the focus of recent investigafibihie
pression of the plasma crystag(r) for the smaller crystal negative ion density in an electronegative plasma can often
has well defined peaks due to the near perfect hexagonagreatly exceed the electron density. As a consequence, the
arrangement of the particleg(r) for the larger crystal has ion drag force acting on the dust particles and the charge on
less well defined peaks due to the propensity for dislocationparticles can be different, leading to qualitatively different
and the fact that the particle spacing is a function of radius ircrystal morphologies than those found in electropositive
the crystal. For example, nearest neighbor spacing as a funptasmas. To investigate the effect of negative ions on crystal
tion of radial position for a plasma crystal containing 200 morphologies, @ and C}, were added to Ar in various pro-
particles is shown in Fig. 16). The nearest neighbor spac- portions. For example, crystal morphologies for pure argon
ing is smallest in the center of the crystal where the com-and Ar/CL=90/10 are compared in Fig. 12. For pure Ar, the

an increase in the particle temperature. This increase in paP—ar
ticle temperature is responsible for the large initial drop in
the Coulomb coupling factor, which then more slowly de-
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an Ar dischargg95 mTorr, 300 sccm, 150 V
'g 1.0
> o8l electronegative mixture due to the increase in the positive
§ ) ion flux relative to the electron flux. The reduction in charge
& o6k combined with the smaller electric fields in the sheath leads
8 to reduced electrostatic shielding and larger propensity for
S 04} particles not to be trapped. The shape of the crystals is domi-
5 nantly a function of a change in the direction of the ion
£ o2t momentum flux. The mass averaged ion momentum flux ex-
erts an outward ion drag on the particles in pure Ar which
®) 00200400 6008007000 leads to the formation of a voisee Fig. 18] whereas in
Number of Particles Ar/Cl, plasmas, the net ion-momentum flux pushes particles
1.2 to the center of the reactor and causes the void to ¢dese
£ Fig. 13b)].
E A similar result is observed in Ar/Ofor oxygen frac-
g osl tions of 0.0-0.6. The reduction in electron density on in-
S creasing the oxygen fraction is less than for Ay/@lasmas
3 as oxygen is a less electronegative gas than chlorine. For
-§ 0.4 example, the peak electron density varied from>x31%°
- cm 2 for Ar/O,=80/20 to 1x10° cm™ 3 for Ar/O,=40/60.
£
0.0 - . Ar e
© oo 0.2 0.4 0.6
Radius (cm) E

FIG. 10. Interparticle spacing for 3.@m particles(Ar, 95 mTorr, 300
sccn). (@) Computed distances as a function of the number of particles in
the lattice,(b) experimentally observed interparticle spacing in an Ar, 110
mTorr, 1.8 W plasmdsee Ref.  and(c) computed nearest neighbor sepa-
ration as a function of radial position for Coulomb crystal containing 200
particles.

particles settle in a ring-shaped configuration. On increasing
the C}, fraction to 0.1, the void closes and the particles settle
into a single, small disk-shaped structure. More particles are
also lost from the plasma.

The cause for this behavior is ultimately rooted in the
electron density and ion momentum flux vectors, as shown in
Fig. 13. The peak electron density in the reactor decreased
from 3x10° cm 3for Ar to 6x10® cm 3 for Ar/Cl,
=90/10 while the ion density remains roughly constant. The
resulting increase in the sheath thickness in the electronega-

(a) -——2cm—>» Ev|Ew
Ar/Clo = . »
90/10 e o o °
. .
(b) “+1cm—»

tive plasma decreased the peak electrostatic fields in thl!—aIG.lz. Plasma crystal morphologies in an Ag/@ischargg14 sccm, 0.14

sheath from 280 V/cm for pure Ar to 145 V/cm for AriCI

Torr, 40W). (a) Pure Ar. (b) Ar/Cl,=90/10. Addition of C} causes the

=90/10. The charge on the dust particles is smaller in thelasma void to close.
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FIG. 14. Plasma crystal morphologies in an Ay/@schargg14 sccm, 0.14
Torr, 40W). (a) Ar/O,=80/20 wherein a void is formed in the plasma crystal
because of the larger ion-drag forcés). Ar/O,=40/60 wherein the void in
the plasma crystal closes.
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