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Dust particle transport in low-temperature plasmas has recently received considerable attention due
to the desire to minimize contamination of wafers during plasma processing of microelectronics
devices. Laser light scattering observations of dust particles near wafers in reactive-ion-etching
(RIE) radio frequencyrf) discharges have revealed clouds which display collective behavior. These
observations have motivated experimental studies of the Coulomb liquid and solid properties of
these systems. In this paper, we present results from a two-dimensional model for dust particle
transport in RIE rf discharges in which we include particle-particle Coulomb interactions. We
predict the formation of Coulomb liquids and solids. These predictions are based both on values of
I'>2 (liquid) andI">170 (solid), wherel is the ratio of electrostatic potential energy to thermal
energy, and on crystal-like structure in the pair correlation function. We find that Coulomb liquids
and solids composed of trapped dust particles in RIE discharges are preferentially formed with
increasing gas pressure, decreasing particle size, and decreasing rf power. We also observe the
ejection of particles from dust crystals which completely fill trapping sites, as well as lattice
disordering followed by annealing and refreezing. 1097 American Institute of Physics.
[S0021-89707)06117-3

I. INTRODUCTION where kg is the Boltzmann’s constant, and particles have

. . . - chargeQ, average interparticle spacirtj and kinetic tem-
Dust particle transport in part.|ally lonize d plasmas hasé)eratureT. I' is a measure of the potential energy of particles
been the focus of many recent investigations as a cons

. 2 due to Coulomb interactions compared to their thermal en-
guence of concern over particle contamination of wafers dur- : : .
. . . . ; . ergy. Ichimaru suggests that three-dimensional Coulomb flu-
ing plasma processing of microelectronics devitPsrticles

: e . . i i >23 whi .
(10 s nm to a few microns in sizeesemble floating bodies ids are obtained fof">2," while Slatteryet al. propose that

. ; the particles form a Coulomb solid fér>170* These cut-
in plasmas and negatively charge to balance the flux of elec- : . :
offs are likely to be lower for two-dimensional structures.

trons and ions to the their surfaces. As a consequence, thleh s :
. . . ese critical values fol" are only strictly correct for one-
transport of these particles is governed by both mechanical

(fluid drag, thermophoresis, gravitand electricalion drag, compongnt plasmas gnd =0 should be considered approxi-
electrostatit forces. Observations of particles accumulatingmat(;hgUIdes for f[hefdlzcussmn_tr:at fOHfOWS'C lomb liquid
in thin layers near the edge of sheaths in reactive ion etching I.e propensny or dust parhg es to form oulomb fiqu
(RIE) radio frequencyrf) discharges have been explained by rsolids in plasma} processing discharges was first proposed
there being a balance between ion drag for@eselerating by Ikez? for cc_)ndltlons yvhere the elef:trostat|c fo_rceg be-
particles out of the plasmgaelectrostatic force&ccelerating tween the particles dommate_ over their the“’“ﬁ"" I_<|net|c en-
particles towards the peak in the plasma potential, usually g9y Subsequentlly, observations of COUIOmb liquid gnd sol-
the center of the plasmand, in the case of large particles idsof dUSt. parUcIes_thave been made in a variety of
(many to 10sum), gravity. In many cases, particularly when Iaborato_ry d|sc_harg§%. Perhaps the most_common _Cou-
the particle densities are large, the particles accumulate il?mb fluid obtained in 'p.lasma processing d|sgharg_es is dur-
clouds which display nearly rigid body character when'"Y the plasma dep95|t|on of S|I|cqn films using silane 9as
perturbec This behavior has been attributed to interparticle™Xtures. In these discharges, particle densities can be suffi-

Coulomb forces which produce collective motion, a SystemC|ently large so that the majority of the negative charge in the

typically referred to as a Coulomb liquid or solid. plasma resides on particldas opposed to electronsFor

The Coulomb coupling parameter which characterizes §Xample’ Boufepdet al> observed 100 nm diameter par-
Coulomb liquid or solid is ticles in an Ar/SiH=96/4 rf parallel plate discharge at 120

mTorr. They measured particle densities exceeding
Q? 1% cm ™3, and estimated that the particle charge v@is)

4eqd ~ 50, resulting inl’~50.

= —kBT oY) Crystalline structures or lattices of dusty particles were

first quantitatively observed by laser light scattering by Chu

Y ' et al! SiO, particles 10um in diameter were generated in an
Present address: N_ASA Ames Research Center, MS 230-3, Moffett F'EIdAr/SiH4/OZ rf discharge. Two-dimensional structures were
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particles froze into a Coulomb solid only at moderately high(DTS).1213 We find that the formation of Coulomb liquids
buffer gas pressures>100s mTory which provided suffi- and solids, as characterized by depends critically on rf
cient viscous fluid drag to cool the particles, thereby increaspower and particle size. Lattices are both less stable and take
ing I". Due to the polydisperse size distribution of their par-longer to form as the particle size and rf power increase. We
ticles, the solids Chet al. observed had varying interparticle also observe the ejection of particles from lattices which
distance and lacked significant long range order. fully fill a trapping site. Energetic particles incident onto
Coulomb solids forming highly ordered lattices were ob-otherwise stable lattices may “melt” the solid by converting
served by Thomast al® A rf discharge sustained in 1.5 Torr their kinetic energy into thermal energy. The model we used
Ar was seeded with 7:00.2 um diameter particles. By laser in this investigation is described in Sec. Il. Results from our
light scattering, a Coulomb solid consisting of 18 planar lay-study of Coulomb liquids and solids are in Sec. Ill, followed
ers was observed near the plasma sheath boundary. Hexadwy our concluding remarks in Sec. IV.
nal lattices having particle densities of4x 10* cm™3, in-
terparticle spacings of 25am and kinetic temperatures of
310K were meas_ured, producihg>20 000. They observed || peSCRIPTION OF THE MODEL
that at higher rf discharge powers, the particles moved “vio-
lently” and did not have equilibrium positions in the crys- Our model for strongly coupled dust particle transport is
tals. That is, they appeared more liquidlike. Similar hexago-based on the previously described D¥$® The model is a
nal lattices were observed by Trottenberg al. for  two-dimensional ,z) Monte Carlo simulation in which the
monodisperse particlg®.4 um diametey particles in argon trajectories of dust particles are integrated based on mechani-
rf parallel plate dischargesThey found that the interparticle cal and electrical forces. The forces included in the model
spacing decreased with increasing power deposition. For digwe ion drag, fluid drag, electrostatic, thermophoretic, self-
charges of 30 W at 560 mTorr gas pressure, crystals havingiffusive, and gravitational forces, along with Brownian mo-
I'~1550 were obtained. tion. In this model, we do not take into account the pertur-
Pieperet all° observed stable three-dimensional Cou-bation of plasma properties by the dust particles. Previous
lomb solids having body-centered-cubic and hexagonal latworks by others have addressed this issue and found that, for
tices for monodisperse 9.,4m diameter particles in rf dis- €example, the negatively charged dust particles focus ions
charges sustained in He, Ar, Kr, and Xe. For plasmaflowing into the crystaiL.4 The equilibrium configuration of
densities of~6x10° cm~2in Kr at 1.3 Torr, hexagonal lat- the crystal can be influenced by this asymmetric ion flow. In
tices having interparticle spacing of 128n were observed. this work, we assume that the charge on the particle is in
It was generally observed that higher pressures produce@tiasiequilibrium with the local plasma conditions. In doing
more stable lattices, presumably due to more rapid cooling o$0, the charge on the particle is given'by
the_ particles. They observed that adding particles to gtable Q=Cg¢y, C=4mea(l+al\,), )
lattices generally increased the number of layers of particles, ) ) ) )
however particles eventually escaped from the edge of th¥/here C is the capacitance of the dust particl, is the
particle cloud lattice until the original number of layers wasinearized Debye lengtha is the particle radius, ang, is
restored. the particle potential. The linearized Debye lengitir elec-
Farouki and HamagucHicomputationally studied phase {rons and one positive ion specigs'®
transitions of dust particles in plasmas by performing a 1 [ng?( 1 1 \1v2
Monte Carlo simulation for particles interacting through a T Ten (FJF f)
screened Coulomb potential. By “seeding” a computational 0 € '
volume with particles having a predetermined value of averwhereT, is the electron temperaturg, is the electron den-

)

A

TMe

QZ

" drmeoE,

®

ageTl, they classified the resulting arrangement of particlessity, andE;, is the ion energy. The particle electrical floating
as either fluid or solid. They observed that phase transitionBotential is obtained by requiring that the negative and posi-
between fluids and solids occurred Be=30—100, a value tive currents to the particle are equal. Assuming orbital-
which depended on the number of particles in their System_motion-limited trajectoriegand assuming here that there is

From these studies, the following scaling laws for dustone positive ion species and electrprtbe particle currents
particles forming Coulomb solids in rf discharges can bedl®
fo.rmglated: _Inter.particle distan_ce_ in the .Iatticg decregses 3kT,\ 12 deo . 2E,\ 12 qeo
with increasing discharge pow&tCinterparticle distance is je= Pt W=y ()

: : : : : e I I

dependent on particle siZethe lattice is less stable with
large particles;!° particles in a Coulomb solid can escape The ion drag cross section we used is that derived by Kilgore
from the lattice, forming a dislocation, and the lattice subse£t al®®
quently anneal&’ c

In this paper we discuss results from a two-dimensional  o=b?%c; In| 1+ WZZ}
computer model for the formation of Coulomb liquids and (b/Ay)
solids in rf parallel plate discharges sustained in argon wittwherec;=0.9369 andc,=61.32 are semiempirical values.
the goal of investigating these scaling laws. This model is aThis expression yields essentially the same cross section as
extension of a previously described simulation for dust parthat obtained from molecular dynamics simulations of the
ticle transport in plasmas called the dust transport simulatioion-dust particle interactiot.
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In addition to these mechanical and electrical forces, we 3
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also included particle-particle forces resulting from Coulomb - .
interactions between particles. The screened electrical potel 25 [ ° 4
tial distancer from a particle is .

a (R-a) s 2| fi .
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Accounting for the plasma screening, the interparticle Cou- - - 4 o~ p ]
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Directly including particle-particle interactions into the ac- 0 2 4 6 8 10

celeration terms in a Monte Carlo simulation implies h
scaling for computer time(where N is the number of
pseudoparticles Typically 5000—10 000 pseudoparticles are FIG. 1. Typical pair correlation functioPCP for experimentally measured
used in the simulation. To reduce the scope of the calculgrarticle positiongRef. § as fit by Quinnet al. (Ref. 22. The interparticle
. . . . . spacing is 29Qum for 3.5 um particles in an argon rf discharge at 0.4 W
tl_or_1, we _re_strlcted C(_)_ulonjb mtergctlorjs to only particles re-, 1’1 s torr.

siding within a specified interaction distance of each other.

This distance was determined by parameterizing the model.

For computational purposes, we found it convenient to bin ) . )
particles by the mesh cell they occupied. On a mesh wittf'9y as a scaling factor. The particle temperature in RIE
spacing 0.2 cm, interacting particles in adjacent cells or celldlischarges is, at least prior to solidification of the crystal,
within 5\, was sufficient. We note that Farouki and poorly defined since the particles kinetic energy is dominated
Hamaguchi* did not use a maximum interaction distance in by drift motion. The effective temperature Qf a particle can,
their studies and found that the value Bfat which phase Nhowever, be defined analogously to ,Ons In swarm expert-
transitions occurred depended on the size of the system. AMeNtS, as 3MTef=3/KTinermart 1/2Mvg. = For example,
though we did not observe this trend, the boundary condi@ 0-5#m particle with a directed velocity of 10 cm/s corre-
tions in our system are sufficiently different compared toSPOnds to X 10" K of effective temperature. Neglecting

Farouki and Hamaguchi so that the different observationduid-drag effects which cool the particles, particles ulti-
may not be particularly relevant. mately convert their directed energy obtained from ion drag

Plasma propertie@lectron and ion densities, ion neutral @1d electrostatic acceleration into randomized thermal en-

fluxes, electrostatic potential, and electric fi¢lasquired as  €rdy through Coulomb collisions with other particles. We
input to the DTS are obtained from the Hybrid plasmaWill see that particles having large drift velocities, and hence
Equipment Mode(HPEM). The HPEM is a comprehensive argeTer, and which impact on a Coulomb solid having low
simulator of low pressure plasma reactors, and has been d. convert their directed energy into thermal energy. The
scribed in detail in Refs. 18—20. For the results discusseélérmal energy is conducted through the crystal, resulting in
here, the following options in the HPEM were used. Thelocal melting. _
electron transport coefficients were obtained using the elec- 10 €xamine the phases of the structures that ftsatid
tron energy equation module. Continuity and momentunVersus liquid, the pair correlation functiofPCB, g(r), is
equations were solved for ions and neutral particles, whil&alculated. The PCF is the probability of finding two par-
only the continuity equation was solved for electrons. PoisfiCles separated by a distanceas compared to that for an
son’s equation was solved using a semiemplicit technique. unstructured .random distribution o_f particles. -The22PCF is
To quantify the character of the Coulomb liquid or solid c@lculated using the method described by Quatral™ A
dust particle clouds in our plasmas, we utilized two metricsParticle is chosen as the center point or test particle. The
the Coulomb coupling paramet&r and the pair correlation fémaining particles in a specified region are then “binned
function (PCB, g(r). To account for the screened charge onaccording to their distance to the test particle. These particle

lection of N particles is distance from the test particle, and are normalized by the

resulting average particle density. This procedure is repeated

normalized distance r/A

Qi 5 Q ex;< _Rj—a using all particles in the region as the test particle and the
1 4mey T Ry ) N results averaged. In an infinite crystal,r) would asymp-
I= N & I, Ii= 1 ) totically approach unity at large. Peaks ing(r) at smallr
> mvi2 correspond to first, second, and next nearest neighbors. For

example, a typical experimental PCF derived from the data
wherev; is the rms speed of the particle. The particle param-of Thomaset al® and Quinnet al??is shown in Fig. 1 for a
eter, as defined in Eql), is a function of the particle’s lattice in an Ar, 0.4 W, 1.5 Torr rf discharge. The 3un
temperature whereas we have used the particles kinetic eparticles form a Coulomb solid with interparticle spacing of
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FIG. 2. Schematic of the modified GEC reference cell used in the simula- %
tions. Ar flows from a showerhead in the upper electrgeunded and out
through the pump port. The lower electrode is powered. The focus ring was 45F - -
added to the standard GEC reference cell to aid in confinement of particles.
0.0 05 10 15
. . RADIUS (cm)
250 um, andT is estimated to be>20 700. Although the (b)
PCF does not have a perfect crystal signature, it does have
nine well-defined peaks and has the characteristic shape of a 10¢
Coulomb solid. The PCF approaches unity at large distances,
as this particular crystal is over 20 layers thick. 8t
§ e
I1l. CHARACTERISTICS OF COULOMB FLUIDS AND E e— -
SOLIDS IN RIE DISCHARGES § S T )
The reactor geometry used for this study is shown in Fig. *
2. The rf discharge is a modified GEC reference cell, with a 2r
showerhead in the grounded upper electrode and a dielectric ' . . _
focus ring on the lower electrode which is powered at 13.56 % 2 4 6 8 10
MHz. The focus ring was employed to help confine particles. RADIUS (cm)
The gas is argon at 100 mTorr with a flow rate of 30 sccm )
which is exhausted through the pump port surrounding the 55 .
lower electrode. For a power deposition of 7.3 W, the aver-
age electron temperature between the electrodesdis eV
and the peak electron density iX20° cm™3. Dust particles =
are initially generated randomly between the electrodes with |%5.0 - .
radii between 0.25 and 1,0m, and have a mass density of 5
2.33 g cm®, akin to that of amorphous silicon. The simula- i
tion time, unless specified otherwise, is 0.3 s after release of
the particles. We purposely chose particles sizes which are 45 ]
small enough so that gravity is not an important factor in .
determining the configuration of the crystal. 00 .5 1.0 1.5
The gross effects of including Coulomb interactions be- (d) RADIUS (em)

tween 0.5um particles are shown in Fig. 3 where particle

trapping locations are shown with and without these forces in

t_he model. In the a"bsen(.:e of COUIOmp interactions, the PakG. 3. Particle positiong0.5 um) in an Ar dischargg100 mTorr, 7.3 W
ticles are trapped in a single layer adjacent to the poweregkter 0.3 s.(a) Particle locations obtained while excluding Coulomb inter-
and grounded electrode sheaths. This trapping results fromagtions.(b) Expanded view of particle positions without Coulomb interac-
balance between the electrostatic and ion drag forces Thef: ns. (c) Particle locations obtained while including Coulomb interactions.
) Expanded view of particle positions with Coulomb interactions. Includ-

is also a trapping Site_ in the perip_hery of the reactor. Gas,g coulomb interactions produces clouds of finite thickness which have
flow has “blown” particles to the virtual sheath where the largeT" and long range structure, in this case a hexagonal lattice.
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time the particles also have large spacing, the resulfing)
10° . ; 10° small. As time progresses, highly energetic particles leave
the plasma which contributes to lowerifigs, an effect akin
to diffusion cooling of electrons. As particles trap at the
sheath edge, they continue to cool as a result of fluid drag.
10° The progressive lowering df; due to fluid drag cooling of
the particles is largely responsible for the increasd’ito
values resembling Coulomb fluids and eventually soligsg.
is still significantly above the gas temperature of 300 K after
10* 0.3 s due to particles slowly joining the crystal at large ra-
dius. When these particles collide with the crystal, their large
translation energy is dissipated into thermal energy, which is
then distributed through the crystal by elastic collisions be-
10" : 1 10° tween the particles. We have found that many to tens of
0.00 0.10 0.20 0.30 seconds are required for the Coulomb solid to fully form and
TIME (s) reach a full equilibrium, similar to experimental observa-
tions.
FIG. 4. Evolution ofl" and effective temperature for particles in the lower Experimental observations have also shown that higher
lattice of Fig-d3[100 ngrr, Arl dischfargé5-5 WJ. T_htle averag? particled ﬂdischarge powers produce less stable lattices. We investi-
mperl decreases i o o o energetc paries o e 7 fled his scaling by varying the rf power i the model. The
solidification. resultingl” as a function of time, PCF, and interparticle spac-
ing are shown in Fig. 5 for particles in the lower lattice. The
interparticle spacing and PCF are shown for 0.3 s after re-
plasma density decays to low valu@ithough this is not at lease of the particles. The reactor power affects the lattice
the surface of a materjalHere, the trapping results from a Structure by, in part, determining the magnitude of the ion
balance between gas flow and electrostatic forces. fluxes that generate the ion-drag force. At low pow®s5
When including Coulomb interactions, the particles formW), the smaller ion fluxes produce smaller ion-drag forces
multilayer “clouds” of finite thickness, both at the trapping Which, in turn, result in smaller kinetic energiéand tem-
locations between the electrodes and in the outer trappingeraturesof the particles. Smaller particle temperatures en-
regions. Closeup views of the trapping locations between thable higher values of, as shown in Fig. @). I increases
electrodes (0<r<1.5cm, 4.25z<5.5cn) show these With time and exceeds 100 by 0.14 s, producing a Coulomb
clouds to be hexagonal lattices having 5—7 layers. The pasolid. As the power is increaseéfom 5.5 to 22 W, I" in-
ticle spacing is smaller in the lower lattice compared to thecreases more slowly with time as the particles require more
upper lattice. This results from a higher plasma density nealime to thermalize. At best, the particles form Coulomb lig-
the powered electrode, producing a smallgr, and thus uids at the higher power, rather than solids, due to the larger
smaller shielding distances between the particles. Formatioparticle temperatures produced by ion drag. The high dust
of these lattices requires both cohesive and repulsive forceyelocities and the inertia of the particléand their subse-
The repulsive forces, in this case Coulomb interactions, proguently higher temperaturesnake it difficult for a stable
vide the means whereby particles arrange themselves in lattice to form.
minimum potential energy configuration. There must, how-  The PCFs for 5.5, 14.3, and 22 W cases after 0.3 s are
ever, also be a cohesive force which prevents particles at thghown in Fig. %b). At the lower powersg(r) resembles that
periphery of the lattice from “melting away” since they are of a solid, similar to the experimentally derived PCF shown
not confined by a symmetric array of Coulomb forces. Inin Fig. 1. At least four distinct peaks can be distinguished in
these examples, the cohesive forces are the electrostatic atite PCF at 5.5 and 14.3 W. This is a signature of a solid with
ion drag forces, which, in the absence of Coulomb interaclong range order. The lower particle temperatures resulting
tions, would produce planar trapping of the particles. In factfrom the smaller ion drag forces experienced at low power
the smaller lattice spacing near the lower electrode results, ialtimately allow particles to cool sufficiently through fluid
part, from larger ion drag and electrostatic forces providingdrag to form Coulomb solids. At higher powers the PCF has
larger cohesive forces. We note that Melzgral?® have  one broad peak corresponding to nearest neighbors, but lacks
measured particle temperatures of many 1000s K, albeit fosecondary peaks. At best, this PCF resembles that of a liquid.
larger (9.4 um) particles, in crystals formed in rf discharges A phase transition between a Coulomb solid and Coulomb
at pressures of 100s mTorr. liquid takes place between powers of 15 and 20 W. The
To confirm that the particles do assemble into a Cou=solid-to-liquid transition when increasing rf power has been
lomb liquid or solid, the Coulomb coupling paramelfeand  experimentally observed by Melzet al,, an effect they at-
effective temperature of the particles in the lower trappingtribute to an increasing particle temperattite.
cloud are plotted as a function of time after releasing the  The interparticle distancel, as a function of rf power is
particles in Fig. 4 for a 5.5 W discharge. When the particlesshown in Fig. §c). This distance is the first nearest neighbor
are initially released in the plasma, they are rapidly accelerspacing obtained from the PCFs. Typical interparticle spac-
ated by ion drag forces, producing a larfg;. Since at this ings are 150—25@m. Although lattices are more difficult to

T K0

2110 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997 H. Hwang and M. Kushner



g(r)

—_—
(=2
~—

220 . . . . . .

N

—

o
T

200 + 1

190

L

10 12 14 16

180 — %
rf POWER (W)

2 4 6

INTERPARTICLE SPACING (um)

—_
(2]
~—

FIG. 5. Particle parameters while varying rf discharge powsrCoulomb
coupling parameter as a function of timdy) PCFs after 0.3 s, an¢t)

form at higher powers, when they do form, the interparticle
spacing is smaller. The smaller spacing at high power results
from two effects. The first is that at higher discharge powers
the electron density is larger, thereby producing a smaller
shielding distance which enables smalter The confining
force, in this case largely a result of ion drag, is also larger at
higher powers. Increasing power from 3.5 to 14.3 W results
in a decrease i from 212 to 182um. This trend agrees
with experimental finding&-1° Trottenberget al.® for ex-
ample, found that increasing the power by a factor of 5 re-
sulted in a decrease of by a factor of 2.7, albeit for larger
particles than studied here. This trend was also observed by
Melzer et alZ® They also found that the solid—liquid transi-
tion can be induced by lowering gas pressure, a consequence
of the lower rate of particle cooling by fluid drag.

Although operating conditions largely determine the pro-
pensity to form Coulomb liquids and solids, particle size also
influences both the rate of formation of these lattices and
their ultimate structure. For examplé as a function of time,
and PCFs after 0.2 s are shown in Fig. 6 for particles of
varying radii. The discharge power is 7.3 W. The PCF for
1.0 um particles lacks significant structure. The correspond-
ing I' does not exceed 10, signifying that at best, a Coulomb
liquid is formed. The PCF for 0.75 and 0/&m particles
shows distinct peaks, with corresponding valuek of 10s—
100s. These particles form Coulomb solids. For these condi-
tions, a phase transition between a Coulomb solid and liquid
occurs at particle radii of 0.8—0.,Am. In order to generate
Coulomb solids with larger particles, the discharge power
must be lower or gas pressure higher; conditions which will
produce more rapid cooling of the particles.

The interparticle spacing is also a function of particle
size, as shown in Fig.(6). These spacings were derived
from the PCFs. For small- to midsized particles
(<~0.8um), interparticle spacing increases with increas-
ing size. Since the Coulomb force scales@dr, and Q
scales approximately aa, the force will scale asa?/r.
Therefore, increasing particle size will lead to larger Cou-
lomb forces, and thus larger valuesfThe ion drag force,
however, increases with increasing particle size. This results
in a higher particle temperature, which requires longer times
for the lattice to form. However, when the lattice does form,
the confining force provided by the ion drag is larger,
thereby producing smaller interparticle spacing.

The cases discussed so far have been at constant gas
pressure. With the exception of the “diffusion cooling” phe-
nomenon, fluid drag is the cooling mechanism which is ulti-
mately responsible for condensation of the crystal. It has
been our observation, consistent with experimental results,
that the phase transition between Coulomb solids and liquids
shifts to higher discharge powers or larger particle size as the
gas pressure increases. Analogously, the time required for
the Coulomb solid to condense decreases with increasing gas
pressure.

interparticle spacing after 0.3 s. Increased particle speeds produced by ion EXxperimental observations have shown that it is possible

drag at higher powers lead to lower valued’ofCoulomb solids form at low

to medium powers, and liquids form at high powers. A phase transition
occurs between 16 and 20 W. Increasing electron densities at higher
powers reduce the shielding length of particles, thereby allowing smallef

interparticle distances.
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to “overload” a trap holding a dust particle cloddThe

rthservation is that once the trap is filled, adding a particle to
e trap results in the ejection of another particle. We inves-

tigated this phenomenon using the geometry in Fig. 2. When
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FIG. 6. Particle parameters while varying particle si@.Coulomb cou- 4-50 0 0'5 1:0 15
pling parameter as a function of timga) PCFs after 0.3 s, an) interpar- ’ RADIUS (cm)
ticle spacing after 0.3 s. Smaller particles.@.8 um) form lattices with (d)

interparticle distances that increase with increasing size, due to increased
particle charges. Large particles are unable to readily form lattices due to

their high temperatures. A phase transition occurs between 0.8 and0.9 £, 7. Time progression of locations of 0.28n particles illustrating over-

loading of traps and ejection of particles. Frame times af@)d.104 s,(b)

0.191 s,(c) 0.200 s, andd) 0.239 s. Particles condense and form two clouds
using 0.25um particles, traps are formed near the powereciue to the balance of ion drag and electrostatic forces. The upper trapping
(lower) and groundeajuppeb sheath edges as shown in Fig site fills and ejects particles as it continues to compress thereby increasing

. . . " jts particle density. Ejected particles strike the lower lattice creating dislo-
7. Coulomb solids of 3—5 layers with well-defined PCFs andlcations. Continuous bombardment of particles effectively melts regions of
largeT" are formed. The lattice at the lower sheath edge hase lower lattice.
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a smaller interparticle spacing due to both the higher plasma 6.00 l ‘
density (shorter shielding distangeand larger confining IMPACTING PARTICLE
forces. As time progresses, and more particles are added to I S N R
the upper lattice, the width of the upper lattice increases, el Sasiel
while the lattice contracts towards the center line due to elec-
trostatic forces. When patrticles are added to the upper trap,
their kinetic energy is dissipated into the lattice by collisions
and they are cooled by fluid drag.

When the cumulative potential energy of the lattice ex-
ceeds the potential depth of the trap, adding an additional A AN I
particle results in ejection of a particle. The ejected particles 5.05 S ,
have significant potential energy, are first accelerated down (@) 15 1.7 19 21 23 25
towards the peak in the plasma potential by electrostatic
forces. Once they pass the peak in the plasma potential, fur- 6.00
ther acceleration occurs from ion drag. The ejected particles
finally impact the lower lattice, at which time their kinetic
energy is dissipated as heat in the lattice. This heat source
lowersT', and disorders or melts the lower lattice. Particles
continue to be ejected from the upper trap and the lower
lattice continues to become increasingly disordered. The lat-
tice disturbances propagate in both thendz directions, but
will eventually damp out due to fluid drag effects at which
time the lattice refreezes B AN

This melting—freezing phase transition is further demon- 5.25 . s .
strated in the sequence shown in Fig. 8. Here, we have gen- (b) 1.5 1.7 1.9 2.1 2.3 2.5
erated a Coulomb solid in a positive column “pill box”
cylindrical discharge sustained in 100 mTorr Ar with a peak
ion density of 18 cm™3, electron temperature of 3 eV, and
without gas flow. A Coulomb solid of 0.2am radius par-
ticles is formed near the axis having an interparticle spacing
of approximately 30Qum. A particle having=1 keV kinetic
energy is directed into the Coulomb solid. The incident par-
ticle perturbs, and locally melts the lattice near its site of
impact. The kinetic energy quickly dissipates in the lattice, is
damped by fluid drag, and the crystal refreezes.

Another experimental observation is that Coulomb solids

HEIGHT (cm)

and well-ordered lattices are only obtained with fairly mono- 5.25 : ' ' .
disperse particles. Lattices produced with particles having a (© 1.5 17 RkIgIUS (2cr1n) 2.3 2.5
distribution of sizes are less ordered. To investigate the de-

gree of disordering which occurs with “impurities,” we gen- 6.00 . . . .

erated a Coulomb solid of 0.2am particles interspersed
with 10% of 0.2 um particles. The resulting lattice and its
PCF (with and without impuritiesare shown in Fig. 9. The

0.2 um particle locations are shown by crosses and the 0.25
pm particle locations are shown by closed circles. The PCF
for the pristine lattice has at least six distinguishable peaks.
The PCF for the contaminated lattice has less well-defined
peaks and reduced long range order becoming amorphous.
The smaller 0.2um impurity particles hold less charge than
the more numerous 0.26m particles. As a result, a shorter 5.25 ' : '

: » . b d d th I 1.5 1.7 1.9 2.1 2.3 25
mterpartlce spacing can be supported around the smaller (d) RADIUS (cm)

particles. As the larger particles rearrange themselves to ac-

commodate the smaller spacing, lattice dislocations are pro-

dUC(.Ed. We found that alloys qf 'merSp_ersed 0.2 and @25 FIG. 8. Time progression of locations of 0.28n particles illustrating local
particles of nearly equal densitgr a lattice 0.25 and 0.8m  melting and refreezing of the lattice following injection of 10 eV particles.
particles may, in fact, have a largg and for that reason can Frame times are 48) 0's, (b) 2.4 ms,(c) 4.8 ms, andd) 16 ms after impact.

be considered a Coulomb fluid or solid. However. the I’esult-The 10 eV injected particle creates a wavelike disturbance, which propa-

. S N ates and dissipates throughout lattice increasing the local temperature. Par-
Ing P_CFS Iack_long range structure, which indicates that thgcies eventually refreeze, restoring the crystal shape after the disturbance
solid is essentially amorphous. damps out due to fluid-drag forces.
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FIG. 9. Consequences of 10% Owdn particle impurities in a Coulomb
solid made of 0.2%m particles(a) Particle locations an¢h) PCF with and

0.04

008 0.12
DISTANCE (cm)

ciently high(high gas pressuyeo cool the particles in traps,
and increasé’. The character of the resulting Coulomb sol-
ids, as indicated bg(r), the pair correlation function, may
be either crystalline or amorphous. Monodisperse particles
generally form crystalline solids, while polydisperse particles
form amorphous solids. Phase transitions between Coulomb
liquids and solids were observed, as indicatedjfy), when
increasing particle size and rf discharge power.
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