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Editorial

Plasmas, both in space and terrestrial, have historically been studied in their pristine state. By pristine
we mean that the plasma is composed of only electrons and ions, And free atoms and molecules.

In reality, the vast majority of space and terrestrial plasmas are not pristine, but are contaminated

by particles, dust and aerosols. The ubiquitous presence of dust in plasmas was first recognized by
astrophysicists. Reddening and polarization of fight from distant galaxies and planet-forming HIl regions
have been attributed to dust grains in interstellar plasmas.

As terrestrial plasmas were applied to high technology tools and manufacturing, the ubiquitous presence
of dust in plasmas was rediscovered, and its study expanded beyond astrophysics. Dust in high
technology plasmas first came to the forefront in the context of high pressure excimer and CO, electric
discharge lasers in which particles scattered light and caused plasma instabilities. Particles in low
pressure plasmas in the context of pulse power switching were also recognized early on as a source

of device failure and flashover. Premature breakdown and arcs in srain gaps, and the diode regions of
accelerators and e-beam generators have been attributed to the presence of particles.

The main focus of the study of particles in plasmas during the past five years has been in the context
of the manufacture of microelectronics components. Plasma etching and deposition are essential
processes in the semiconductor incustry for the fabrication of fine features for microprocessors, memory
chips and other devices. The presence of particles {tens of nanometres to many micrometres in size) in
the plasma not only contaminates the wafers, thereby reducing the manufactuning yield, but perturbs the
piasma in presently unpredictable ways. The formation and nucleation of particles in plasma processing
discharges, the transport of those particles and their effects on the properties of the discharge are at
best poorly characterized Remedying our lack of fundamental understanding of these issues s not

only an intellectual challenge but has extreme economic implications. The cost of particle contamination
through reduced yields in semiconductor manufacturing approaches US$100 milon per year

To address these issues. the NATO Advanced Research Workshop on the Formation, Transport and
Consequences of Particles in Plasmas was held at the Chateau de Bonas. Castera-Verduzan, France
~etween 30 August and 3 September 1993 The purpose of the workshop was to gather logether
experts from diverse fields of plasma physics. plasma-based manufactunng, cluster physics and aerosol
science to broaden the scientific knowledge base on contaminated plasmas The intent of the workshop
was to help accelerate improvements in contamination control of plasma processing of microelectronics
by leveraging the expertise of researchers in closely aligned fieids who may not be directly involved in
plasma processing. The workshop was aftended by 63 researchers over 5 days 56 oral and poster
papers were presented on particle detection, nucleation and growth. chemical and electncal diagnostics.
clusters and aerosols, particles in astrophysical plasmas, and modelling particle behaviour in plasmas
This special issue contains the proceedings of the workshop

We would like to thank the organizing committee (Professors David B Graves. Ove Havnes. Mark J
Kushner and Yukio Watanabe) for therr eftorts in assembling a fine slate of speakers We would aiso ike




to acknowledge and thank the spensors of the workshop. Ths workshop could not have been held
without their generosity.
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Overview of growth and behaviour of
clusters and particles in plasmas

A Garscadden, B N Ganguly, P D Haaland and J Williams

Wright Laboratory, Wright-Patterson AFB, OH 45433, USA

Received 3 January 1994, in final form 25 January 1994

Abstract. A review is presenied of the phenomeria associated with particles

in low pressure plasmas. Dust particles which are typically micrometers in
diameter have been observed by laser light scattering in various low-pressure,
radioirequency-excited plazmas. Experiments have been designed so that the
origin of the dust material is unambiguous and, 1o some extent, quantitative.

The processes involved in the appearance of the mesoscopic dust particles are
outlined and comparert with aur experimental cbser ations. The source material
and its required generation rate, nucleation, charging, growth mechanisms, growth
rates, and saturatton mechanisms are discussed. The mutual influences of dust
and plasma. panticuiarly the role of gsoretric and circuit boundary conditions in

laboratory plasmas. are described

1. Occurrence of particles in plasmas

Particles with sizes i the micrometer range hiave been
observed in onized media for many vears At the
extremely Jow densiies of intenstellar space. Gould and
Salpeter [THmvok=d the presence of small Charged grains
o cxplan the svathesis of molecular species in dsttuse
nebulae Honde and Wicktamasinge |2} reviewed the
instehts into the weak palactic magnetic field and cosmu
chemical swnthesis on gl harged dust paricles At
teher pressures, but stidl with distant spatial boundanes
the dust an planctany atmospheres and planetans nng
structures has been studied extensively by Goenty |3
Whipple {4) Northrop (ST and othees |60 71 AL earhy as
1924 the observatzon oo Just g plasma was noted by
Langomr er i |X] Bty vears dater the ovcutrene ot
dustin bounded positive colume plasmas was studied on
ome detart by Fmeieus and Breshin 14

focrcamng use ot b pressare plasiig processing
reactorns and the casy s astabibity of jaser heht W alterniny
diggnostioy showed that mamy ot these discharges
produced and trapped Targe quantics o1 nkcroscopi
dust The extensrve Iiterature on dust i wtrophy agat
phistas colionbad suspenvons nadleation theoay amd
Chatped actenols v wemithe staming posnt for the
undenstanding ot dusty faboratony plasmas However
there are two dishinctive features of labotaton plasous
which diter signihicantiy from these classical weas
Fus daboratory discharges have geometnie boutdarie.
whose stiucture composiion lemperaiure history and
conduc vty intluence the tormation and tansport of
Just gegnms Secomd the external Grout which maintams
the  dusty plasma e poses spatiotemporally vanving
boundary conditons on the dusiy dise harge

Y S Gonernment

At carly times dust provides a distnibuted recombs-
nation sink for electrons and wns, the impedance ot the
discharge increases. ind there may be a local elevaton
of the clectron temperature At later umes the com
hinanion of dust densaty and apparent dust floatinge po
tential Gav denived and retined inomany papers |40 8]
ppear o satisiy the condition 1o form g Coulomb solid
{105 Howeser the expeniments do not ¢xactly confirm
this theory  Ater same tume ot tanmimg o contined dis
harge. the sty volame s sharphe debineated aind s
behaviour while collective appears tooresemble o hguid
Jroplet Thiv drepiet 14 boundest by the selt consstent
interactions hetween the dust and the plasims There
oadnknct ntertace between the dust solume and the
temarig plasma which has astructie amd chage dis
thutien seardar teca el

Soatming clectron mrcrogtaphs osEAML ot the dust
Wy o o cneren s Ao probe teveal nartom
size shsnihunens andt stpholdogs einscent ol
mucroscoptc e thowers oheene T Lo voltage S
ate easential f ome s horese e the surface tevuate o
fow atomic number maenal The Tow voltgee daw
CUrTent probe e petiats ohe e cvaine e eated
sarres sathont Be o e Transmisaot electiong
mycrographs TEMc b anode i and i sedons
show sadiadd cdumnoe macrodradtuie and ek oo
civstathiminy odomans as o vmadl gy T A The toaonald
morphology amd etace tevture e a0 those
cioountercd g spattered ooty where the sortan
WCrnperatnre o tess than hadt the meltng wonmpser dafe ol
the deposted mugtenad 110
permity s hte oote the natare of the fues tron which

Fhe particfes monphologs

homaogencoush nocleated srans e tlr

e L




A Garscadden et al

Figure 1. Low voltage high resoiution scanning electron
micrograph of a typicat dust pamicte grown from a 1 Torr
15 kHZ He piasma with graphite eiectrodes The particle
diameter s 650 nm See also [17]

2. Dust in RF discharges

While dust s tound i direct vartent ther discharges, it
s usuad v obsersed m Larger quiantities for the same gases
under comditiens ot radiotiequency (REexartation We
nete that the dust appears mostreadily i electionegative
casonne tires amd dso when there iy o sabstrate such
as stheon or Gabon present Both stheon and carbon,
when sputter b vicld electroneyatie tree radials To
catsbe snbipetanty the dust will be negativedy chareed
Thoe b ahscharee s aovery citiaent tap tor negative
s and tor mcrosenpies negamvels Charged particles
Ine clectiodes acgquiie o nepative be b due to the
much hreher mobithiy of the electons compated to that
ot the positive rons The ambipobar electne telds that
oveutn the tadial direction because ot the same ettet
Aot negative sonsand particles Thus even at low
Pressuies. negabve on concentiations e fonred by
homerencous processes such asy 1onon recombinatton
and clecuon detachment, rather than diftusion and
heterogencous wall recembination Homogeneous toss
kmetios cans owaeth g aclatinely smadl attachment rate,
st resalt e nepative o densities which preatly
caceed the cicctton denaty (121 Using an Tine nrass
spes ttometts Howling e ad |13 <howed anticorrelations
of negative ons and poswder i silane KE Sscharges
Watanabe ol [T demonstaed  that sguate wave
tiodulatton ot the RE voltage soppressed paticle growth
cor tappiny e and that the modulanon tachitates study
of the crowth kincues Tow duty ovdde modutation
relved the vlecton rempenature and allowed the nascent
srams v dittuse o the boundanes mhibiong vrowth 1o

PTG 170

L4an

-

Table 1. Intertwined constraints on particles in plasmas.

Radicals and ion fluxes

Bonds

Temperature

Desorption

Surface Charge

Sputtering

Floating potential

Electron and 1on fluxes

Electron affinity and work
function

Electrostriction

Field and thermionic emission

Photoelectnc charging

Electrostatic-gravitational
balance

Collisional drag from 1ons and
neutrals

Ensemble polanzability

Mass

Surface radical recombination

Surface electron-ion
recombination

Surface quenching of energetic
species

Thermionic enussion

Pyrolysis

Radiation

Knudsen or continuum cootng

5 Plasma pernturbation  Neutral wecombination
effects Charged particle recombination

Panicle scattering

Pamcle asymmetry

1. Growth

2. Charge

3. Positicn

4 Temperature

Dust particle concentrations as Jarge as 107 om
have been reported 4] The dust grans, once tommed.
have to satisty many constrants at the same nme (able
v Among these the toating potential, which tesolis
trom balencmy the election and on fluses o e particle,
has recersed the greatest attention. Grun temperatures,
while often cquilibrated with the neutral gas, may be
substantiathy - clevated at higher power densiies and
lower presstaes  Incandescence or particle melting as
well as thernmiomie ennsston can fundamentalls ale
the grain morphology and plesma proprrties Paracles
alse respond o forees which vary in magnitude aiaong
diverse eaperiments Grasitational s elediosiatie s neatral
and on drag, thermophoretics and pressue gradient
torces all inftuence particle transport These have been
catogaed for small graons imoa b Tore Arvon plasima
clesewhere i this issoe [ 19]

3. Sources of dust

The dust can ongmate from plasma chemistiy an the
s phase e cathon monovade o silupe contanmmng
dischirgesy o trom sputtenny of the clectiodes ey
those metals, praphiten It the dischaipe o g
g that can dissociate o prodoce carbon atoms
then atom concentrations approachmy 107 om 5 are
possible The equehbirum vapour pressure of carbon

room temperature s essentiadly zeron o that election




impact dissociatior of the parent gas will produce
a supersaturated vapour. Under such conditions the
nucleation rate is very large and the onset of stable
cluster size is driven to small clusters of just a few
atoms [16). This is important because the rate-limiting
steps of cluster formation ure those early steps to form
molecules such as C; and C; if they are not provided as
precursors. Whether the initial grain nuclei come from
hemogeneous or heterogeneous reactions is difficuit to
quantify. Carbon is exceptional because experiments
indicate its condensation kinetics are much faster than
for any other elemeni. The clustering reactions of
carbon have received a lot of attention with the fullerene
synthesis of Kratschmer er a/ |17] and the ensuing
cyclore of literature. Recently Heath [18) har calcuiated
the lifetime of the energized linear trimer C] using
RRKM theory. He predicts lifetimes in the nanosecond
regime for this species, long-enough for collisional
stabilization to form neutral Cy at intermediate pressures.
At the Torr pressures typical of uur own experiments
these stabilizing collisions would occur in each cubic
centimeter of gas about once every thousand seconds.
The lifetime of the C; compiex is expected to increase
with the number of carbon atoms n due to the rising
number of low frequency vibrational modes as clusters
gmwv

At mA cm - current densities sputtering yields of
10~ " atoms per ion give atom densities in the 107 cm™}
range, which are sufficient to account for the observed
growth kinetics | 19]. Dust formation in a freshly cleaned
discharge tube takes tens of minutes. Once dust has
been observed in a tube, however, the induction time
is substantialty less.  The initial molecules may be
precursor- from the electrode sputtering. Whether initial
nucleation arises from heterogeneous or homogeneous
chemistry is at the moment an open question. Under
our low pressure conditions it appears that negative ions
must be invoked very early in the growth, or even
nucleation, to explain the rapid growth and long trapping
times observed in the bourded plasma.

4. Light scattering from dust in laboratory
plasmas

Laser light scattering diagnostics fall into four cate-
gories: (1) spavally resolved detection of the dust from
ils Mie scattering using a broad area beam and CCD
video cameras, (2) angular vanation of scattered light
itensity from a small focal volume, (3) scattering depo-
larization using a polanzed laser ¢or white light) beam.
The Mie scattering formalism permits stranghtforward in-
ference of the particle size and concentration when the
complex refractive index is known, the dust particles are
sphencal, and the size distribution 1s monodisperse. Ex
v examination of the dust using SEMs can be used to
venity the latter two assumptions, making the analysis
unamnguous.

A fourth method infers the concentration of the
parmicles an-aty by examining the fluctuations of the
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scattered optical signal. In a test using a helium
discharge with graphite electrodes the light scattering
intensity initially showed significant noise.  After
30 min there was no detectable fluctuation of the
signal within the ten bit resolution of the digitizer.
The sampiing volume for this measurement was
approximately 0.1 cm®. The ratio of the fluctuations to
the total signal scales as N ~!/? where N is the number of
particles in the scattering volume [20). This experiment
implies particle concentrations in excess of 107 em~3.

5. Grain nucleation considerations

The growth rate at early times is very large—Watanabe et
al |14] report 108, 100 nm particles per cubic centimeter
after only 1 s and we have obtained micron sized
particles after seconds in CQ/argon discharges. In
rare gas plasmas where the grain material can only
come from the electrodes such particles are observed
after a few minutes. The similar sizes of the grains
suggest the same starting conditions and time, while
their spheroidal symmetry implies that growth is by
homogeneous nucleation.  Growth by interception of
radicals is not adequate to give the measured early
growth rates. The very rapid growth rate at early times is
compatible with accumulation of mass by ion collection
across the Debye sheath. Of course the growth is a
dynamic process with deposition and sputtering of the
the growing particle as well as some rearrangment of
the surface structure.

Some fundamental physics questions are raised for
this early growth stage. When does a negative ion
become a cluster and achieve macroscopic properties?
Gibson [21] and Breslin and Emeleus [22) explored
the criteria for the size and charge at which an ion is
more accurately described as a particle. They derived
the same transition size, about 107 cm. by two routes.
First they obtain 10 7 ¢m by requiring a small number
for the surface charge on small particles with typical
plasma conditions. The same size results by requiring a
symmetric sheath; the grain must not move more than
a Debye length in an ion penod. Finally, the transition
size corresponds (o conditions where bulk properties of
the material change. Low melting temperatuses tor small
clusters are a resulv of most atoms being at the surface
This means that the surface mobthty of adsorbed atoms
is high.

How do the very small particles survive Coulomb
explosion? In order to stay at the floating potential
the dust must acquire negative charge, but not so much
that the radial electric stress exceeds the tensile strength
of the matenal.  One way around this constramt s
the homogeneous nucleation suggested above, which
produces a high concentration, N, of clusters. These
become negatively charged with surface charge (0. The
product NQ becomes sutticient 1o perturb the Jocal
electron denstty and hence the space potential decreases
while the Hoating potental becomes less pegative |3,
4]. However, extreme reduction of the floating potential
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destroys the ion-sheath accelerated growth mechanism.
Particles may grow outside the main discharge region.
If they are large enough they can survive the charging
process. This mechanism is almost certainly at work in
eiching plasmas, where large, irregularly shaped particles
from the reactor walls are an important source of dust.

The spatial distribution of the dust particles in
the plasma depends on the several forces that act on
them. These forces have been summarized by Barnes
et al [23] and include gravitational, neutral and ion
drag, electrostatic, thermophoretic and pressure gradient
forces. Which of these forces is largest depends in detail
on the plasma conditions. The repeated observation
of dust clouds at sheath edges would seem to impute
electrostatic and ion-drag forces under many conditions.
In our own plasmas whose geometrical boundaries are
symmetric and whose vertical electrodes reduce the
dominance of the electrode sheaths we see unambiguous
evidence of assymmetry due to gravity.

Choi and Kushner [24], Daugherty er af [25] and
Boeuf [26] have modelled the RF discharge with dust and
generally concluded that the particles will be negatively
charged and confined by the sheaths. Whipple er al [27].
in describing dusty plasmas in planetary atmospheres,
conclude that the vacuum capacitance and floating
potentials for an isolated particle are not appropriate for
the dust ensemble. Rather the capacitance must be that
of a particle immersed in the plasma as modified by the
ensemble of nearby charged dust. The floating potential
will be less negative than computed when ignoring the
ensemble, so that fewer surface charges ate required.
Electron depletion effects are significant not only in
astrophysical environments bul also in the estimation of
plasma conditions inside dust regions.

The experimental results on RF discharges are not
quite in agreement with all of the present theoretical
papers. Most of the differences are probably attributable
to the different boundary conditions imposed by the RF
discharge or by the circuit. If the discharge geometry
s constrained then the dust influences the electron
energy distribution function and the discharge impedance
increases. It constant current is the circuit constraint,
then the electric field must increas e and the local electron
temperature increases as observed by Carlile and Geha
[28]. In most laboratory plasma geometnes the discharge
current can flow around the dust cloud by choosing
a lower impedance path. This effect seems to occur
when the dust density is high or with low frequency
discharges. Dramatic impedance changes, both resistive
and capacitive, have been observed. At high dust
concentrations the dusty region is sharply defined as
seen an tigure 2 The boundary 1s visually film-like.
Igioo formations above wafers [29] and sacs of dust
both within and outside the electrode region are easily
observed [19)

6. Morphology of tne dust

One ot the obvious questions raised by the presence
of geometrnical boundanies s whether the dust panicles
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Figure 2. Schematic view of a dusty plasma showing
crisp spatial boundares at the sheath edge and also in the
radial direction. Shaded regions indicate trapped dust.

or the nuclei from which they grow are generated at
the reactor walls. Large, aspherical particles observed
by Selwvn er af [29], Stoffels er al {30] and others
in halogen mixtures are clearly derived from eiched
fragmeats. The micrograph in figure 3 shows the surtace
of a silicon wafer eiched in an RF dinde reactor using
Selwyn's recipe of high powers in a CCLF»O, gas
mixture.  If formed on an insulating surface particles
charge negatively when the discharge s initiated. The
electrostatic repulsion between the wall and the particle
and an electnie field of the jon sheath can overcome
the force binding the grain to the surface and nject
the particle into the plasma. The negative 1ons and
the larger negatively charged grains are precluded from
wall contact by the sheath and umbipolar fields. It has
been suggested [31]) that positive 1on-muolecule reactions
might be responsible for the rapid growth of grams in
silane plasmas. However, the same fields that trap anions
guarantee a short resdence time for cavons. Even with
ion-molecule reactions at Langevin rates (10 “em' s )
one has ume for only a few won clusterning reactions
before the postively charged species are neutralized at
a wall or electrode.

The size of the gramns provides some clues about
their origin. X.oray analysis of particles from the rare
gax discharges show that they are tormed of carbon,
which can only come tfrom the graphite electrodes The
trunsit ime of 4 sputtered carbon atom traversing the
interelectrode gap s of the order of milliseconds tor our
conditions.  The neutral depovition rate scales with the
surface area of the growing grin, which is only about
10" em? for o S0 nm grain - The meascred growth
rate of 107 atoms per second would require unreasonably
large partial pressures of carbon. However wme growth
rates scale with the surface area of the Debye sphere,
proporonal w0 47 = 10 ‘em’, which 18 sx orders of




Figure 3. Silicon wafer etched in an s diode using

a CCYL%,:0, plasma. Undercut features have broken

off and presumably led to dust in the plasma reactor.
{Sample couresy of Winfred and Eva Stoffels, Technische
Universiteit, Eindhoven, The Netherlands).

magnitude larger than the geometnical area. An electron
density of 10%em and aiomzetion rate of 10 7 em* 5
mply an 1onization probability of 10 as a sputtered
atom moves trom one clectiode to another. A carbon
atom concentration of 107 cm s required o account
for the carly growth rate by an 1onic mechamsm  With
discharge current densites of T mA ¢m 7 the required
flux of 10" cm s Vs obtained wta sputtening yield o
only 2+ 10 Y atoms per ion

Examination of partcies extracted from the sputtered
carbon plasma by SEMs and TEMs demostrates monodis
perse size distnbutions 9]0 The particles have approw
mately sphencal symmetry Howeser they are not com
pacted matenal The internal morphology revealed by
FEA o i broken particles (higare 6 of tet [15)) shows
tractal or cauhflower-like texture. The partial columnar
structures are consistent with ballistic deposition {32
rather than diftusion himted aggregation {33 Ballistic
mechaninms invoking ons and the sheath field use the
Jarge € 7 on mobihity responding to the instantaneous
local electne hield near the surtace of the spining parts
cle Complicated tentures ancluding selt-attine surfaces,
may result from sotropie, dittusive Huxes of neutred rad
iwals 1o the gram However the stark radial symmetry
of the particles v more simply cxplamed wath an onic
deposition mechannm  The fractal Charactensties of the
grawing pram may play an omportant 7ol an imiting the
surtace charge Surtace teatures with a smabl radas of
curvature have enhanced local electne helds, permiting
the treld emssion of electtons 1o Wt as a ot on the
cquilibiium Hoabng potential {34 Fieid emission trom
whishers may in this way prevent distuption of the prain
by coulomb explosion

7. Chemicai kinetics modification by dust

Salpeter e al 1] have  examimed  the  cuhanced

recombimation ot gtomie hydrogen on prans in space
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Similar effects are expected for other radicals derived
from deposition and etching gases. The fractal structure
of the small growing grains means that the total surface
area of the dust often far exceeds the surtace area of the
electrodes. Thus dust will reduce the concentration o
etching atoms such as chlorine and reduce the etch rate
and uniformity. In the carbon dust discharges we have
found that the process of dust growth is selt-limiting.

In silane discharges at higher pressures and powers
the dust grows very rapidly and to larger diameters.
Calculations show that generally the dust temperature
should be close to ambient for typical reactor conditions.
There are some interesting thermal etfects for very smail
grains.  The radiation from small particles decreases
rapidly with increasing wavelength once the wavelength
is farger than the particle  This effect reduces radiative
cooling more dramatically the smaller the particle. Many
material clusters have melting temperature that decrease
rapidly with decreasing size. Hence higher powers may
remove dust since the stability of a liguid droplet to
electrostatic disruptior 15 much less than that of a sohd
grain. At higher poy ers and in reactive gases such s
siline, the surface eatimg can cause pyrolysis ot the
parent gas

8. Collective and non-ideal plasma effects

Ikear [3S] outhined the condiions tor which smuali
particles i plasmas could form o Coulomb latiee. Phe
ratio between the Coulomb energy and the kinetic enerpy
I

/e

d1

where /0 o and 1 oare the goam charges, iterparticle
distance and kinetic wemperature, respectively. This can
be rewnitten i terms ot the dust concentration

so that when 17 s Jarger than 20 a Coulomb liguid s
predicted, and when at exceeds 170, a Coulomb sol+d
should result. As aresult of the large 7 dusty
plasmas, this ratio can be darpe even tor selanvely large
d  Several authors {36, 37} have sugpested that the
particles trapped in RE - discharges sansgy the conditions
tar phase tansiion of the dust ensemble o g hguid o
perhapys cven to a sohd

When examiming the scattenng ot hight trom the
mtenor reion of g dust cood we see no evidence
of  Brownan manon The boundanes ot the dust
Cloud 1espond o pertushations at sery Jow heguenoes
We have apphied o chirped. one per cent amphiude
mudulation to our 15 KHy dusty hebum plasma with
praphite clectiodes  The modulation frequencies were
vaned trom O 0w S0 Hz over 25 s und the scantered
hpeht was imaged from an edge of the dusty volume
onto g photomultipher and recorded
bath the amphitude modulanon ot the pboma valtage

Froure 8 shows
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Figure 4. Amplitude modulation of the rr driving voltage
applied to a 15 kHz Helium plasma and the resuiting
modulation from light scattered by dust near a radial cloud
boundary (not the electrode sheath).

uits the scuttcred light modulation. The scattering is
most inteasely modulated at low frequencies. This
observation is quantified in figure 5, where the ratio of
the Fourier transforms of the modulated signals shows
a transfer function which is inversely proportional to
frequency, as expected for a viscous damping force
proportional to velocity. No evidence of resonance
was observed, though the sub-Hertz responses seem
incompatible with independent motion of individual
dust grains. We suggest that collective motion of the
boundary or double layer which envelopes the dusty
region is constrained by surface tension and it is this
force to which the lethargic motions correspond. Our
own evidence for collective behaviour is given by a
visual sheath which surrounds suspended dust clcuds
This sheath is thicker on the side facing the powcred
clectrode than it is on the side of the plasma region.
Motion of dust following extinction of the plasma occurs
over seconds, more slowly than classical diffusion and
other transport processes in glow discharges. Recently
Thomas [38] has obtained direct evidence of a phase
change of the dust. He introduced larger particles into a
plasma with an ultrasonic nebulizer and obtained micro-
video recordings of the stabilized and reasonably crystal-
like particle positions.

9. Fractal texture

The cauliffower morphology has been reported in a
wide range of reactive plasmas including our own
1 Torr noble gas plasmas with graphite electrodes [19].
diamond synthesis plasmas in a kilowati-class cascaded
arc reactor [39], RF silane plasmas [40], and low
power flowing afterglows used in synthesis of organic
thin films [d41]. We have developed a simple fractal
recurs.on which summarnzes the texture of cauliflowers
embedded 1n two and three dimensions.  An outline
of the 2D recursion, which 1s based on a variation
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Figure 5. Ratio of the power spectra for the two traces
shown in figure 5. The linear increase of damping with
velocity indicates a viscous drag on the dust ensembie.

Figure 6. 2D fractal recursion for generating cauliflower
textures.

of the modified midpoint method, is shown in figure
6. From vertex A construct any triangle. Next draw
a line from A through the midpoint of the opposite
side BC and continue for a distance DE. Repeat this
construction using ABE and AEC as the initial triangles
while scaling the distance by some fraction F times
the length DE. An example of this recursion applied
to a hexagen is shown in figure 7(a), which illustrates
the extreme sensitivity of the surface texture to the
fraction F. In figure 7(b) we see the influence of
gaussian random fluctuations in F between steps in the
recursion. The structure is less symmetrical but retains
a texture which is still sensitive to the average value
of F. We suggest that this F, or the tractal dimension
derived from it, provides parsimonious descriptions of
the surface texture. Generalization of this approach to
solids embedded in three dimensions employs tetrahedra
in place of triangles and constructions which intercept
the center of opposing triangular faces. The tractal
dimension is retained as a parameier whose subtle
variation causes a dramatic change in the surface
morphology. The growth mechanisms can be fruitfuliy
compared with the observed fractal textures in a
quantitative way through their fractal dimension.

10. Conciusions

Charged dust  grains n laboratory  plasmas  share
much with dust in planetary nebulae, the terstellan




Y5 i 05 4 05 1 s
Figure 7. (a) Variaiion of texture with the sculing ratio 7
from 0.1 to 0.2 and (b) influence of gaussian variation of
F about an average value of 0.3 on the resuiting fractal
texture.

media, rings in planetary atmospheres, colloids, and
aerosols.  Dust in laboratory plasmas is set apart
by the potential importance of geometrical and circuit
boundary conditions which make possible its trapping
and observation. The ease with which different materials
can be made and trapped for long times should permit
interesting experiments on heterogeneous synthesis from
unusual radicals, production of novel, monodisperse
colloids, and new understanding of the mechanisms by
which the non-equilibrium of reactive plasmas leads to
solid materials.
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Abstract. The growth of particles in a radiofrequency (RF) (13.56 MHz) plasma at
pressures from 25 to 200 mTorr in mixtures ot CF,, CF,Cl, and argon has been
studied experimentally. A pianar configuration was used, with a slicon waler on the
powered electrode. The electron density has been measured with microwave
resonance spectroscopy using a cylindrical cavity surrounding the plasra. The same
geometry has been used to measure the density of various species of negative ions
by detecting the extra electrons created by laser-induced photo detachment. It
appears that the negative ion density is much iarger in the case of CF,Cl, than in the
case of CF,. There seemns to be hardly any dependence of the negative ion
concentration on the CF,Cl, ‘Ar partial pressure ratio in the range where powder
growth occurs. However, the attachment rate to chiorine is found to be much higher
than to fluorine. Furtherrnore the gas phase discharge chemistry has been studied
using infrarec absorption spectroscopy. Both a tunable diode laser system, and a
Fourier transform spectrometer have been applied. The CF, concentration appears
to decrease strongly when powder growth occurs. The SiF, concentration then has a
maximum. The results indicate that the presence of chiorine in the plasma feed gas is
essential. In CF, no particle formation is detected. The water surface is blackened

during powder formation. Sem inspection indicates that this is caused hy
micromasking. Considerinyg all the information, we arrive ai the conclusion that
particle growth is initiated by micromasking at the Si surface combined with a highly
directional etching process. Due to residual isotropic etching the particles are
released from the surface and enter the plasma, where they start coalescing and

growing under the infiuence of CF, polymerization.

1. Introduction

Powder formation 1n radiofrequency (R¥) low-pressure
plasmas is a rescarch topic which has gained consider-
able attention over the last {four years. Basically, there
are three main chemistrics under study: halocarbons
mixed with noble gases like argon, usually with a silicon
wafer placed inside the rezctor [1]: silane argon mix-
tures [2.3}: and noble gas plasmas struck between
graphite electrodes [4]. The first (CF,Cl,,Ar) is related
to the industrial problem of yield loss in semiconductor
processing due to particle contamination inside the
plasma processing (gencerally etching) reactor. It appears
that nowadays, particle contamination which damages
processed wafers takes place inside the plasma reactors,

0963-0252 94 03024€ + 06$19.50 « 1994 10OP Publishing Ltd

not in the clean room. Plasmas have a tendency to
charge small particles negatively due to the large mobil-
ity of the clectrons in the plasma. They are then trapped
in the glow by the surrounding space charge region
(sheath). Typically, non-uniformitics of the sheath geo-
metry oceur over silicon wafers which are placed on the
electrode. As a result of this, the particles gather in
regions above the wafer. In effect. the plasma acts as a
very effective particle transporter: any particle present in
the plasma will be trapped in the glow and transported
towards the wafer. After plasma exunction the particles
will be deposited on the wafer. The electrostatic force
ensures good adhesio of the particles 1o the wafer
surface. Recently, Selwyn and Patterson { 5] introduced
the concept of the self-cleaning plasma reactor: deliber-
ately introduced non-uniformities of the sheath re-




move the partvles from the waler area The wond
ohvemistry (SiH, Avt L anwn from peoblems on the
manulactunng of solar celis and Rat pancl displasy vung
amuorphous ulkon Tepecally st diahacge comditoin
which yenctate lugh doposition rates o goawd gualin
matenal. abundant partale generation alve tabes place
The o - orenieniiened phenomicns of partcde Trapping
and clectrosat chargeng alse complcate matters here
Receni investigations have shown that the partale pre
cursors are negatne 1ons. which grow anto dusters by
associatien wish radwals in the plasma [6] Fhis mech
anism v posatble because of the trapping of negatine
1omy 1 the plasma The particles appear te be small
crystallites with & moodivperse wize distitbution Afer
some tme, the envetablites coalesee o form darger
particles. The size distnibution remams monodisperse
{71 The parucies arc thus generated 1n the gas phase
on a timescale of seconds, the surface v not beheved
to play any role of mmportance The third chemistry
(Ar graphite) s used manly for fundamental studies

In this paper we will focus on the first chemistry:
CF,Cl, Ar muxtures with a sibicon wafer motnted on
the rr powered clectrode. This chemistry has been
chosen for two reasons. CF,Cly s stil) used as a feed gas
for plasma and reactive 1on ctching, although its use will
be forbidden in the future by the Edict of Montreal.
Furthermore, it offers a conventent vehicle for studying
particle formation in low-pressure plusmas: particle
growth appears to be very reproducible and compara-
tively slow (timescale of tens of minutes). The main aim
of this paper is to find out whether the nucleation and
growth of the particles in this chemistry can in any way
be compared to the abovementioned casc of SiH JAr, i.c.
what roles do the negative ions, the plasma chemistry
and the surface play.

2. Experimental set-up and diagnostics

The experiments have been performed in a planar,
parallel RF plasma reactor. The diameter of the water
cooled electrode was 124 mm. RF power levels from 10
to 200 W have been used. The electrode separation was
4 cm. The gases were fed through mass flow controllers.
The pressure was controlled by a throttle valve in the
pumping line of a roots blower. Pressures of 25 to 200
mTorr were used. The reactor is equippea with exchang-
able windows: for photodetachment quartz is used: for
1R experiments BaF, or KRS-5 is used. The pressure is
measured with an MKS Baratron pressure transducer.
For the measurements ol the densities of clectrons
and negative ions, the grounded clectrode is extended to
enclose the plasma in a cylindrical cavity. Microwaves
are fed into, and extiacted from, the cavity with small
pick-up loops. The resonance frequency of the cavity
depends on the diclectric constant of the plasma for the
used frequency. The dielectric constant in this frequency
range is determined by the electron density. A laser
beam is fired (Spectra Physics GCR11) through a hole
in the sidewall of the cavity. In figure 1 a sketch of the

Pata o e e - Ny @AY Y [ARTA

F"‘"‘ 1 Outhine ot the axpeamental aet L used v the
maasurement of the alaction density ani the negative «on
NSy USING M ICTOWAYE TASONANGCE SHACITOSCOPY ana the
photodetachment efect

wt-up ivoginen The microwaves are generated by
Cngatronies Model 605 synthesiser. For cach microwane
frequency the response of the plasma s measured as a
function of tme with a Hewlett Packard S4111 D
digiizing oscilloscope. The thus obtuined matrix 1s then
analysed in the nerpendicular direction: for cach time
sample the resonance profile s reconstructed, and ats
shift from the undisturbed position 1s determined. In this
way the temperary increase of the clectron density due
to the detached electrons is measured. At a quadrupled
laser wavelength (266 nm) all negative ions will detach
(CH L, F , CFCl/ | ete). At tripled wavelength (365 nm)
Cl is excluded. At doubled wavelength (532 nm) F ™ is
also excluded. In this way onc can obtain an impression
of the distribution over several negative ions by chang-
ing the laser wavelength. The measurement principle
and practical implementation is discussed in more detail
clsewhere [8].

For the IR measurements BaF, or KRS-5 windows
are used. The beam of a Laser Photonics tunable diode
laser (TpL) system is directed through the plasma. One
single pass has been used. A mercury cadmium tefluride
(MCT) detector converts the intensity to an electric
signal. A 1 m monochromator is used to select one of the
modes of the laser. The exact wavelength of the laser
beam is measured with a combination of a gas reference
cell filled with NH,, a germanium ctalon, and a 0.5m
path length Michelson interferometer. One arm of the
Michelson interferometer is scanned, and the number of
fringes 15 counted and compared with the number of
fringes from a stabilized HeNe laser interferometer
with identical path lengths. This gives the absolute
wavelength with a precision of about 10 m ' The
absolute accuracy is increased further by interpolating
the fringes of the Ge ctalon between two peaks of the
absorption spectrum of NH ,. The wavelength of the T
is modulated, and the first dernivative of the absorption
signal 1s measured with a lock-in amplifier. Onc
measurement takes about 30s. Details of the set-up will
be published elsewhere [9]). Since the gas and rotational
temperatures of the plasma do not change during
plasma ignition [10]. it is suflicient to study just onc
rotational line. If the temperature changes, more hnes
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3. Experiments and resuits

Discharge conditions similar to those reported by Sel-
wyn et al [ 1] were chosen  these are known to guaran-
tec abundant particulaie formation. A mixture of Ar and
CF,Cl, was fed to the plasma at a pressure of
200 mTorr. In otder to change the CF,Cl, admixture
ratio, the CF,Cl, flow and the Ar flow were varied while
kecping the total flow (30sccm) constant. Usuaily a
power level of 100 W was applied.

At a CF,Cl, admixture ratio of 10% when looking
through the sheath bourdary, the formation of a shal-
low cloud of particulates became visible by the eye after
about 20 min. depending on tne cleanliness of the silicon
wafer (faster with a ‘dirty’ waler, slower with a clean
wafer). Given more time, the particles are observed to
grow to sizes individually visible to the eye (order of a
millimetre). After an even longer time the largest par-
ticles can no longer be levilated by the sheath and begin
to drop onto the wafer. At the same time the sheath is
observed to change shape: over the middle of the wafer

a dip s formed. with a lasger depth for larger particulate
concentrations The sheath seems to behave ike a mat-
trene Lhe reventhy introduced tevhmique of laser evapor-
ation and  subsequent  detection using  emission of
thermal cadiation [ 11] was used to determine where the
patticles were rewding an the plasma. At 10% CF,Cl,
anly a signal is obtained at the sheath boundary, indica-
ting that the particles are present only there. At the same
lovation scattening from o HeNe laser s also observed.
At fower CFL,Cl, admixtures (eg 3%), a laser evapor-
ation ugnal v obtained everywhere in the glow, al-
though nothing can then be seen with the eye o with
HeNe laser scatiening In the latter case abundant for-
mation of small particles (dameter <100 nm) takes
place

If CF,C1, s replaced by CF, or CHF . no particle
formation 1s found. Apparently the presence of chlorine
in the feed gas molecules is necessary.

Scanming electron microscope (SkM) pictures of the
surface of the silicon waler show a lot of hollow, needle-
like structures [12], which show a close resemblance to
the structures created on silicon wafers by micromasking
in chlorine or HBr discharges [13]. Micromasking is the
phenomenon that a very anisotropic (and at the same
time very sclective) ctching process can lead to needle-
like structures if the surface is contaminated: the con-
taminated spots locally block the etcining. This indicates
that an anisotropic ctching process (common to
CCF,Cl, plasmas) is combined with some local surface
contamination (e.g. oxidation due to residual water or
redeposition of sputtered Al electrode material), which
initially locally inhibits etching and allows the creation
of a needle-like structure. After a while the ‘mask’ is
ctched off by residual F atoms (they will be present even
though the surface of Si subjected to CF,Cl, plasmas
mainly consists of a SiCl, reaction layer [14]). The
sibicon inside the needle is then also etched away, and
the side wall passivation material remains to form the
hollow needle. Hollow structures like this have recently
been preparcd by a simitar process: etching a patterned
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Figure 2. Schematic view of the experimentai set-up used for in situ infrared
ahsorption spectroscopy using TDL as well as FTIR.
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Figure 3. Density of negative chlonne ions as a function of
CF,Cl, admixture. Plasma conditions: 200 mTorr, 30 sccm
total flow, 100 W RF power in 124 mm diameter electrode.

wafer, removing the mask, and ectching the interior
silicon away [15].

The electron density and the density of negative
chlorine ions are given as a function of CF,Cl, admix-
ture in figure 3. The density of negative fluorine jons
appeared to be of the order of the electron density. The
density of the larger negative ions CF Cl,; appeared to
be too low to be measurable (i.e. much smaller than the
electron density). One can sec that in the range where
powd formation takes place (3 10%) the ncgative 10n
concentration is roughly constant. This is not surpnising
since a similar behaviour is seen for F ions in a
CF, Ar plasma (sce figure 4), although the negative 1on
density for CF,Cl, is much higher than for CF,. This
leads us to the conclusion that an analoguc of the
abovementioned explanation for particle growth in
SiH,/Ar plasmas (increased attachment at higher clec-
tron temperatures in order to be able to create more
negative ions at low CF,(1, admixture), 1s not vahd for
these discharge conditions.

In figures S{a) and h) the attachment of the elec-
trons released by photodetachment is shown for chlonine
and fluorine. It 1s obvious that the attachment to chior-
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Figure 4. Density of negative fluorine ions as a function of

CF, admixture. Plagma conditions 200 mTorr, 30 sccm total
flow, 100 W RF power in 124 mm Jdiameter siectrode.
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Figure 5. Decrease due to attachment of the density of the
electrons created by photodetachment as a function of time
for (8) CI and (b) F . Plasma conditions 200 mTorr, 30
sccm total flow, 100 W re power in 124 mm diameter
electrode.

me 1s much laster: the umescales differ by more than one
order of magmtude. This difference 15 also expected to
occur when chlonine or luonne 1y incorporated at the
surface of a small particulate, albeit less pronounced.
Therefore it s probabie that attachment of an clectron
to a partsculate s more eficctive if the particulate con-
tins chlonne. This may explain why abundant particu-
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Figure 8. infrared survey spectrurm of the CF,Ci, ‘Ar plasma.
The peaks assouciated with the several plasma spocies are
indicated.
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discharge conditions where generation of large size powders
is most abundant.

late formation only occurs in chlorine containing plas-
mas.

Figure 6 shows an IR survey spectrum as measured
with the fTIR. A measurcment wii ‘plasma off’ and
‘plasma on’ ts shown. It is obvious that the CF,Cl,
absorption peak is reduced substantially when the
plasma is switched on. This indicates that the gas is very
effectively dissociated and converted to CF, and other
products like CF,CL Also onc observes the extra peak
of SiF,. created frem the ciching of the silicon surface.
Figure 7 shows the Sil, peak intensity as a function of
the CF,Cl, admixture. It s remarkable to observe that
the SiF, density shows a maximum where also large
particles are more abundantly gencerated. The SiF, den-
sity i1s proportional to the number of Si ctch reactions
which occur at the wafer surface. Apparently the etching
of silicon plays an important role in the generation of
powders.

Figurc 8 shows a small part of the absorption
spectrum of CF, radicals as measused with the ToL. The
first derivative of the spectrum s shown. The distinctive
peaks are ¢t~ :rly recognizable. Separate measurements
have showr that there s hardly any change of 1
rotational temperature when the plasma is ignited, o
the intensity of any of the peaks may be used o
calculate the densitv. Figure 9 shows the CF, density as
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Figure 8. Detail of the first derivative 1n absorption spectrum
of CF, radicals as measured with the tunable diode laser

system.
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Figure 9. The CF, density as a function of CF,Cl, admixture
in argon. Plasma conditions: 200 mTorr, 30 sccm total flow,
100 W RF power in 124 mm diameter electrode.

a function of CF,Cl, admixture. in the range where
powder generation takes place (low percentages) the
CF, density drops dramatically. The drop is steeper
than one would expect from the measured dissociation
degrees, which are obtained from iR spectra such as the
one shown in figure 6, and which is reported clscwhere
[16]. This could be related to removal of CF, by
deposition on the particles suspended in the plasma.

4. Conclusions

Based on the information given in the previous section,
we suggest the following scquence for the creation of
particles in the CF,Cl,/Ar/Si system. Micromasking in
combination with anisotropic etching creates needle-like
structures with side wall passivation layers. Aficr a while
the mask is ctched away and the needles become hotlow.
When they become too long, they break off, and elec-
trons attach quickly to the C) atoms at the surface of the
needle. The needles are drawn into the glow by electro-
static forces. In the glow they are suspended and start to
coalesce. Further growth may then occur due to deposi-
tion from (e.g. CF, ) radicals in the gas phase.
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Abstract. After having distinguished five successive steps in the temporal
evolution of a powder-forming SiH, radiofrequency glow discharge, we examine

the initial mechanism by which silicon clusters start growing up to the point

where they suddenly aggregate into multiply charged particles and modily the
discharge regime. This induction’ perod can be much longer than the diffusion time
of positive ions and neutral radicals, which implies that cluster growth involves
negative ons {anions). We provide a review of basic data concerning anions in SiH,
plasmas and analyse mass spectrometric data showing that anion moiecuie
reactions SiH,, ., + SiH, - Si, M,,. , + H, at relatively low rate (about 10 **
cm®s '), and fast exothermic anion radical reactions Si,H,, + SiH_,

Si,, Hn. w2 + GH, at Langevin rates (about 10 ®cm’s '), imtiate clustering. The
effective anion lifetime involves a succession of dissociative attachment to SiH,,
detachment or recombination, and attachment to neutral radicals or ciusters
competing with diffusion out of the plasma. Anion molecule and anton radical cluster
reactions at Langevin rates probably dominate the cluster growth kinetics below 100
Si atoms whereas anion neutral and neutral neutral condensation at size-scaling
collision rates govern the subsequent homogenous nucleation regime. At the end of
t'ie nucleation period (up to 10* Si atoms) the fraction of singly charged clusters can
reach 50%.. The reduction of powder formation upon gas heating is attributed to a
gecrease of the rate of non-dissociative attachment to radicals and neutral clusters.

List of symbols

d; diameter of a cluster of i atoms L effective bimolccular sate constaut for the
A, clectron affinity reaction between a monomer anion and a
P ionization potential monomer ncutral
k, effective attachment rate constant of electrons ko collision rate constant between neutral
on neutral radicals or clusters monomers
Kk, altachment rate constant of electrons on L Langevin colhsion rate between an anion
neutral radicals or clusters of i atoms monomer and a neutral monomer
kq, dissociative attachment rate constant of K, rate constant for the reaction between neutral
clectrons on silane molecules clusters of i and j atoms
Kyimex  Maximum attachment rate constant of k., rate constant jor the reaction hetween an
electrons on a neutral cluster of i atoms anion of 1 wtoms iand a ncutral cluster of j
Kea clectron impact detachment rate constant of atoms
AnIons Koy mutual amon  cation neutralization rate
Kedi electron impact detachment rate constant of constant
anions of i atoms Ko mutual amon catton neutralization rate
Keqaa  maximum electron impact detachment rate constant for an anion of ¢ atoms
constant of an anion cluster of 1 atoms ALt Bimolecutar rate constant tor the stabrlization
K, cffective bimolecular rate constant lor the of a transieni neuteal or amon cluster of (1 + )

reaction between neutral monomers
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i size scaling factor for the reaction rate between
neutral
clusters of i and j atoms

In size scaling factor the reaction rate between
an anion of i atoms and a neutral cluster of
J atoms

J, time-averaged electron current on the
clectrode

J, positive ion current on the electrode

Iy amplitude of the RF current in the discharge

m; mass of a cluster of i atoms

m, reduced mass

n, electron density in the plasma bulk

n, positive ion density in the plasma bulk

n, density of ncutral clusters of i atoms

n; density of anion clusters of i atoms

n, total density of neutral radicals

N gas density

N, particle number density in the plasma bulk

Noo initial particle number density at the
beginning of the aggregation phase

p gas pressure

puis;  stabtlization probability of a transient
neutral or amon cluster of (i + j) atoms

T mean radius of ¢ particle

bas the RE voltage amphitude between paraliel-plate
clectrodes

T translational temperature of neutral molecules,
radicals and clusters

T clectron temperature 1n the plasma bulk

T, 1on temperature in the plasma bulk

Z, average negative charge number on a particle

b1 symbol for the ‘wave-riding’ mechanism of

clectron acceleration by the sheath and
corresponding discharge regime

¥, polarizability of a neutral cluster of i atoms
ratio of positive ton o clectron density in the
plasma bulk, = n, n,

a symbol for the “Joule heating’ mechanism of
clectrons in the plasma bulk and
corresponding discharge regime

0 fraction of singly charged amon clusters of i
atoms

T, autodetachment hfetime of an excited anion

thh  redissociation time of a transient neutral or

anion cluster of (/ + 5} atoms

1. Introduction

Concern about particulate contaminatton in industrial
plasma rzactors used for material processing by ctching,
sputtering or PECVD has triggered active research on the
phenomena associated with partcle formaton i low-
pressure glow disciharges. Up to now most of the expen-
mental [1 7] anc theoretical {8 10] effort has dealt
with the detection and dynamics of medium and large
size (> 10nm) particles, which arc clectrostatically sus-
pended in the plasma bulk and affect the discharge
behaviour. However, the intial mechamism by which

Cluster growth in silane discha-ges

clusters start growing just after discharge ignition up to
the point where they suddenly aggregate into multiply
charged particles is still obscure.

The model of Choi and Kushner [11] offers a gen-
eral framework of interpretation emphasizing the role
of negative ions (anions) in enhancing the effective
residence time of small clusters up to a critical size
at which homogencous nucleation develops. Neverthe-
less. there are significunt variations in the detailed
physico-chemistry  of cluster growth between, for
example, a sputtering discharge, in which particles grow
from the atomic vapour sputtered from the walls, and a
chemically reactive plasma. Fortunately. Hollenstein
and co-workers (12, 13] have remarkably illustrated the
role of molecular anions in powder forming SiH, dis-
charges by combining anion mass spectrometry and
laser Mic scattering.

Here we first present the evolution of a powder-
forming SiH, discharge in five steps from a combination
of experimental observations. Then, focusing on the
iniha, steps, we analyse the amon plasma chemistry and
propose some refinements in modelling of cluster forma-
ton. Next we discuss the cffect of temperature on
powder formation. We finally evaluate other nucleation
schemes ol Si clusters in reactive plasmas that have been
proposed recently

2. A five-step scer:ario for particie formation in
SiH, discharges

If the ®t voltage by, or the pressure P of a pure Sit, re
aischarge are continuously increased at a given tempera-
ture T, then a sudden change i the power dissipation
regime oceurs above some critical values Ve P, T) or
PxVy,. 1Y [14.15) This transition from  collisional
‘wiave-nding’ at the sheath boundaries (x regime) to
Joule heating” in the plasma bulk (referred to here as the
2 reime) is associated with powder accumulation in the
plasma enhanving by a factor of 10 15 the clectron
attachment rate [16]. However o one igmites a discharge
beiow these cnbical values, the transinon may be delayed
[14.17). I figure | we show the temporal evoiution of
bey and Jg, (Ry current) and of the spanally resolved
opticat emission of S1H* at 414nm in a pure SiH,
paralicl-plate 13,56 MKz discharge (P = 0.13 mbar,
T =200 ¢ about 40mW cm ?). Figure 2 shows in
detad the first millisecond. allustratng s perturbation
( +30%) of the ri-averaged clectron cuirent J, (eas-
ured uung a gnd probe at the wall), whereas Vg, . Jg, .
the 1on current J | (imeasured with the same grid probe)
and the SiIH* intensity and prolile remaun steady within
SY%

These aobservations, together with measurements of
the ume evolution of particle density and size by Hol-
lenstern et af [13)an very similar conditions (pure SIH,.
0.1 mbar, 150 C. 3¥mWcem ) or Boufendy et al [6]
(SIH (4%0) Ar) reveal tive successive sieps.

253




J Perrin of o/

Emission Intennity
SiH® (414w ]
transition
-y L ~"\ v
. em s recw ¢ Moem
distance frem electrode

Figure 1. Development of the transitior: towards powder
formation atter plasma ignition in a SiH. 13.56 MHz
radiofrequency discharge at 0.13 mbar and 200 C
characterized by the evolution of the spatially resoived
optica! emission of SiH* at 414 nm and of the elentrical
properties. The net radiofrequency powe: density fed to the
discharge changes from 30 mWcm ? (t<t)to 50 mWcm ?
(t >t + t,). Before the transition the ion density estimated
from PIC modellingis n, = 10" cm 2and f = n /n,x 15.

(1) During the first step t, (figure 2} the fast clectron
population is quickly established (in some 10 us) and
does not evolve, as revealed by the constancy of the
SiH* emission. However, the perturbation of J,, al-
though difficult to interpret, reveals that the cold plasma
electron density n, is affected within a few milliscconds.
Verdeyen et al [18] made similar observations by re-
cording SiH* emission and n, in a SiH, He discharge
and invoked enhanced attachment to the primary SiH,,
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Figure 2. Initial evolution of Vi, Jgr and radiofrequency-
averaged ion and electron currente J, and J, on the wall
after plasrra ignition (same discharge conditions as in
figure 1). All quantities are in arbitrary units.
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radica's during their diffusion ta the walls. This en-
hanced attachment 1s, however, much smaller than that
which occurs when powder appears and does not modify
significantly the « regime of ihe discharge.

(1) During the second step ¢,, from a fraction of a
second [6] to several minutes (405 here, as in [13]) the
discharge remains in the o regime and no particles are
yet detected by the most sensitive techniques (Mie
scattering, laser-induced fluorescence or transmission
electron microscopy), but this is the stage at which Si
cluster growth proceeds.

(m) The critical step 1, of a few seconds 1s *he drastic
2 — ;' transition in the discharge regime and the con-
comitant onset of monodispersed particles whose den-
sity N, drops by two orders of magnitude (from 10° to
10" em ™ * in range) while their radius r_ increases by
aggregation of primary clusters (2 5Sam) [6,13]). En-
hanced attachment to multiply charged particles makes
the plasma more resistive {V, decreases and Jg, in-
creases) {14, 16].

(1v) Duning the next long step t, after the x — ;'
transition the discharge power dissipation is dominated
by attachment to particles of r, > 40nm {8, 16]. Particle
aggregation has stopped. N, is fixed and growth slowly
continues by condensation of radicals.

(v) Eventually, for r_ >100nm, the increasing
charge on particles makes the plasma unstable, which
leads to partial expulsion of particles. Then new gener-
ations of particle generation take place with dispersed
particle sizes.

3. Anion plasma chemistry

1.1. Enthalpics and electron affinities

Table 1 provides a review of measurcd or ab initio
computed enthalpics of formation, ionization potentials
(ir) and clectron affimties (A4,) of Si,H, species. Notice
the general trend that A4, increases with number of Si
atoms towards the work function of $i at 485¢V cven
though sorae local maxima appear at ‘magic’ numbers.

3.2. Dissociative attachment on silane

From dissociative attachment cross sections for SiH,
and Si,H, [19.20] we dertved rate constants by integra-
tion over Maxwelhar energy distribunons. The total
rates are shown in figure 3. For T, = 3eV, which 1
typical of bulk SiH, plasma. k ,(S1,H,) 1s a1 most three
times farger than A, (SiH,). Since the Si,H, concentra-
tion is only a few pereent. the enhanced attachment after
discharge ignition cannot be attributed to build-up of
higher order silanes. The dominant primary anion is
Sitd,, with addittonat contribution of the fast H - reac-
tion [21]

H o+ SiH, ~+H, + SIH, k=5x10 ""em's '
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Table 1. Enthalpies of formation, adiabatic electron affinities and ionization potentials.

Species Si H,, AH, 04 (€V) A, (eV) P (eV)
H, 0 15.427*
H 2.259* 0.754* 13.598°
Si,Hyn. 2 ne=1 SiH, 0.355** <0 11.00¢
n=2 Si,H, 0.82e* <0 9.74"
n=3 SigHs 1.281° <0 9.2t
n=4 SiH 1.746° <0 9.0°
nws SicHy, 2210 <0 8.9
Si,Hz. n=1 SiH, 2071° 1.406° RO19
N=2 SiH; 2.444° x1.49' 7.60
n=3 n-Si,H, 2,841 21.47
i-SisH, 2.766° 21.39
n=4 SiH, 3222 21.49
n=5 SigH,, 3.607° 2152
SiH,-Si,H, n=1 SiH, 2.872° 1.124" 9.020
nN==2 H,SiSiH 3287 *1.30 8.4Q
H,Si==SiH, 2911° 0.9 8.09
H,Si=8iH 4315
H,SiSi 4.267° 1.545' 7.59'
H,Si=:Si 4.678° 1.65
Si(H,)Si 4.146° 8.20
n=3 (SiH,), 3779
Si,H,SiH e
¢-8igH, 2.638°
C'SiH(SiH?)? 3.99°
H,SISiSiH 4987
c-Si(SiH,), 4617
Si H n=1 SiH 3.904° 1.277° 7.919
n=2 Si,H 5.608" =175 220
Si(H)Si 51563 >1.285 8.1¢¥
Si, n=1 Si 4.664* 1.385" 8.151*
n=2 Si, 6.1140 21757 7.94¢
n=3 Si, 6.592* 233" 8.2
n=4 Si, 5.98¢ 215" >7.87
=5 Sig 6.82¢ 2.7° >7.87
n=6 Sig 6.38¢ 2.0° >7.87"
n=7 Si, 6.05° 1.9° >7.87*
n=8 Siy 8.11¢ 2.5° >6.42--7.87
n=9 Sigy 9.67° 2.6° >6.42-7.87
n=10 Sig 8.44¢ 2.4° >7.87
n=11 Si,, 2.7° >6.42-7.87
n=12 Si,, 2.8 >8.42--7.87
n=x c-Si 4.85° 485

i

*JANAF thermochemical tables,

*Sax A F and Kaiche- J 1981 /. Phys. Chem. 95 1768.

*Ho P and Melius C F 1990 J. Phys. Chem. 94 5120.

“Raghavacnari K and McMichaet Rohlfing C 1988 J. Chem. Fnvs. 89 2219,

*Nimlos M R and Eltison G B 1886 J. Am. Chem. Soc. 108 6522.

"The ab initio computation by Kaicher J and Sax A F 1988 Chem. Fhys. Left. 150 99 shows that A, (H,SiSi) > A, (Si) by 0.16 eV. Since
A, (Si) > A,(SiH) by 0.108 eV, substitution of tl by SiH, stabilizes the elactron by about 0.26 eV. We adopt the rule of thumb that
A (H,SiSIH,, ) = A, (Sir,) +[1~(m-1)/3] x 0.26 V.

SLower imits from the condition of exothermicity of the reactions Si, |H,. |, +SiH, - Si H
"Kasda~ A, Herbst E and Linecerger W C 1975 J Chem. Phys. 862 541.

‘Assunurg that H,SiSiH, ar H,SiSiH have similar stabilities.

Kalcher J and Sax A F 1987 7hem. Phys. Lett. 133 135.

*From the mein appearance potentals of anions in the Si,H, dissoviative attachment cross sections measured in {2C).

‘Estimated to be 0.2 eV smaller than A,(Si,) cue to the effect of H bonding Indeed, single H bonding on a Si centre reduces
A A (SH) = A (St — 0.11 eV, A (H,SiSiH) x A,(H,53i5i) - 0.25 eV

"hitsepoulos TN, Chick C J Zhao Y and Neumark D M 1991 .4 Chem. Phys. 95 1441,

"Kitsopoulos T N, Chick C J, Waaver A and Neumark D M 1390 J. Chem. Phys. 93 6108

°(42). A ccnection of +0.2V is applied to photoelectron thrasholds to derive adiabstic A, as suggastec in (43],

PWork function > butk crystalline silicon.

“Berkowitz J, Creena J P, Cho H and Ruscic B 1987 J. “hem. Phys. 86 1235,

"‘Ruscic B and Berkowit? J 1991 J. (.hem. Phys. 98 2407.

*From thresholds of photoelectron spectra recorded by Bock H, Erssiin W, Feher F and Freund R 1976 J. Am. Lnem. Soc. 93 668
Applied 1o SiM, and Si,H, & ¢ tra this gives ionization potentials in agreem=nt with the vaiues of Ruscic and Berkowitz.

‘Ruscic B and Berkownz J 1991 J. Chem. Phys. 95 2416.

“Curtiss L A, Raghavachar, K, Deutsch P W and Popie J A 1991 J. Chem. Phys. 95 2433.

*Chatillon C, Aliibert M anda Pattoret A 1975 C.R. Hebd. Séances Acad. Soi. Ser. C 280 1505.

*Trevor D J, Cox D M, Reichmann i C, Bnckman R C and Katdor A 1987 J. Phys. Chem. 91 2598
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Figure 3. Dissociative attachment rate constants versus
mean electron energy computed from cross sections for SiH,
from Haaiand [19) (broken line) and Srivastava &} al (20] (fult
line) and for Si,H, from Krishnakumar et af [20). (Rates
computed by Haaland were found to be too large by a
factor =.)

3.3. Electron attachment and detachment on radicals and
neutral clusters

The perturbation of n, after plasma ignition (step 1,)
suggests that electron attachment on radicals takes place
in addition to dissociati . ¢ attachment to SiH,. More-
over, electron attachment to neutral clusters is a key
parameter governing evolution towards nucleation in
the model of Choi and Kushner. Fledderman er af [22]
have determined a lower bound of 265 x 10" *®em?* s !
for k, of monorilicon radicals SiH,, in a SiH (1 5%)
He discharge afterglow at 04 mbar, 7= 300K and
T, = 005 0.1e¢V. At such low T, dissociative attach-
ment o radicals is excluded and the only process is
three-body attachment, requiring collisionai stabiliz-
ation of the transient excited anion state to compete
with autodetachment:

¢+ SiH, — SiH,* - SiH, + e
SiH;* + M = SiH, + M.

At low pressures the effective bimolecular attachment
rate A, should be proportional to the gas density N and
to the autodetachment lifetime 1,5 of the excited anion.
Abundant results on molecular anions (23, 24] show
that A, decreases as a function of both T, and T, mostly
due to the decrease of 1.4, as opposed to the dissociative
attachment rate k,,, which increases with both 7, and T
Our SiH, discharge is at lower pressure, higher T and
much higher T, than the post-discharge of Fledderman
et al, so we could expect a smaller k,. However, SiH,
is probably a more efficient stabilizer than He. To
explain the perturbation of J, in figure 2 the attach-
ment frequency k., to radicals of totai density n,
should be at least 10% of the dissociative attach-
ment frequency kN on SiH, Since ky, =8 x
10-*2em® s7' and n, /N = 1.5 x 10" in our conds-
tions, k, = 5 x 10 "Ycmts !

For larger Si,H, clusters 1,4 is expected to increase
with the number of muluple bonds {25], whence A,
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should increase with cluster size. However, the fast
electron impact detachment rate k4 above A, also
increases with anion size. Upper hmits scaling with the
number i of atoms in large clusters are given by the
electron collision rates obtained by integrating a Max-
wellian energy distribution up to A4, for k, and above A4,
for k.4, assuming a stepwise cross section:

kymalem3s™ ) 2 1.7

x 1o~ 8T 11233 [1 —(l + %) exp (—

Kegimalem? s 1) = 1.7
A A
x 1079112213 (l + ?:) exp (— Tr:')

3.4. Mutual anion~cation neutralization

Sl

Hickman [26] proposed an approximate formula for the
mutual anion - cation neutralization rate constant k,, as
a function of the reduced mass m, and A, of the parent
neutral species of the anion and the ion temperaure T;

kplem®s 'y =534 x 10774, %%m, ' 4(T,/300) "' 2

with A, in clectron-volts, T, in kelvins and m, in atomic
mass units.

Thus k,, should slightly decrease with the number i
of Si atoms of the anion, typically from k,, *9x 1078
cm? s ' to k,, =4x10 % cm® 57! for large anions
(A, »4.85¢V, m, = m ) for collisions with monomeric
SiH, cations at T, = T = S00K.

Instead of charge exchange, Haaland [19] invoked
mutual anion cation association

SiH, + Si,Hp = Siy. \Hpom o+ vH

with H or H, climination to release excess energy (about
5eV considering the 1P and A, lor Si,H, radicals in table
1}. Association was also proposed for ion clusters in-
volving polar molecules {27). However, we calculated
that mutual association could represent at most a quar-
ter of the contribution of anion radical and radical
radica’ reactions in our discharge conditions at the carly
stage of cluster growth,

3.5. Anion-molecule and anion~radical resctions

Mandich and Reents [28] have defimuvely excluded
clustering by Si H. cation reactions on Sili or Si,H,
above n =6 or 7. Moreover radical molecule chain
isertion reactions of SiH, i SiH,, S, H,, S, Hy, and so
on cannot develop far enough 1n our discharge condi-
tions. The mass spectrometry studies of Pernin et al [29]
in a low-pressure (0.00013 0.013 mbar) ¢ multipole
discharge and of Howling er al [12) 10 a 0.1 mbar ke
discharge showing that Si, H, anions polymenze much
faster than Si,H,. cations (figure 4) suggest that amons
are responsible for powder formation, in agreement with
the modet of Chor and Kushner.

Lutle 1s known about anion reaction rates in SiH,
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Figure 4. Ratio of negative to positive ions as a function of
number of Si atoms (normalized at n = 1) measured by
mags spectrometry in a 0.013 mbar multipole direct current
discharge [29) (filled squares) and in a 0.1 mbar
radiofrequency discharge [12] (open squares).

except upper limits of 107" em® s7' for SiHy [19]
and about 107'* cm® s™! for Si, and Si,H™ (n <7
[29, 30], consistent with the fact that H-barc anions
have the highest 4, (table 1) and have no exothermic
channels by which to react with SiH,. The H alom
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I
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Figure 8. Maas spectra of Si,H and S\, H,, (corrected for
180topi: acrambing) from a 0.08 mbar muitipols direct
current discharqe [29] (black) and from a 0.1 mbar
rackofraquency Jdiacharge [12) (grey)

Cluster growth in silane discharges

distribution in Si,H, mass spectra of figure 5 reveals
different reaction pathways depending on discharge con-
ditions, although SiH; is the dominant primary anion
in both cases. In the 0.1 mbar rF discharge the main
pathway is obviously

SiH; +SiH,-Si,H; + .,

Si,Hins 1 +SiHy=Sins 1 Hip-gs3+(1+@H, ¢=0.1

with rate constants of the order of 1072 cm? s~ [13].
However, the dominance of Si, and Si,H ™ in the 0.013
mbar multipole discharge can hardly be attributed to
reactions with SiH,, as was proposed initially [29].
Instead, exothermic reactions at Langevin rates [31] of
the order of 107° ¢cm® s™' with SiH,, radicals and H
atoms can explain the anion dehydrogenation:

SiHy +8iH,, -+ Si;Hp. 3 -2, +qH,
Si,Hn +SiH, = Sius | Husm -20+0+(1+@H,
H+Si,H, —+Si,H,_+H,.

Reaction rates even greater than Langevin rates were
mecasured for Si, on the ‘radical-like’ polar NO, mol-
ecule [32].

4. Cluster growth kinetics

Choi and Kushner Hnsidered for simplicity that cluster-
ing proceeds via anion neutral and neutral neutral
reactions involving only Si, and Si, clusters. They used
a common rate constant for neutral neutral and anion
ncutral reactions scaling as a function of the numbers
ti, 1) of atoms of the partners

N " ’ 1 ('l,) _*jlrv‘)z
v & a0 L + )1
normahzed to f,, = |

The effective bimolecular rate consta..' A, 18 hounded
by the (1. 1) monomer colbsion rate A, (cm?s ') =
28 %10 YU dim, " YT/300) 2 where T is in kelvins and
d, (A) and m, (amu) are the monomer diameter and
mass. h, may also involve termolecular collisional sta-
bilizaton. f, 15 maximized for j«i or j>»i, which
imphes that large clusters preferentially grow by ac-
cretion of small ones, leading to the homogencous
nucleation phenomenon. The key parameters of the
model are A, the attachment rate &, and a mimmum
cluster size at which attachment takes place

For future refinement of the modelling we would hke
1o make tour remarks

() lon neutral collimons are governed by Langevin
dipoleandaved nteraction (3] so that amon neutral
and neutral neutral reactions should be distinguished
Singe the polarizamiity of the neutral partner s approx-
mately proportional to s aumber of atoms. the rate
comvtunt tor the o) amen acutral reacnon Jhould

sale as
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Figure 8. Ratio of the anion —neutral Langevin rate conctant
and the neutral —neutral rate constant as a function of the
number j of Si atoms in the neutral species and for different
values of the number / of Si atoms in the anion or neutral
partner (T = 500K).

_ o - 1 ]'I/Z

ki = kol fi = J2 D + 1™

Here kg is bounded by the (1,1) Langevin rate kg,
(em’®s ') =33x107° {a,/m,)"? where a, (A°) is the
single-atom polarizability. The ratio & /k;; is plotted in
figure 6 as a function of j for different i, assuming no
need for collisional stabilization, so that k, =&, >
13102 em¥s " (T =S500K)and kg =k, = 1.3 x
10°° e¢m?® s™' (x, = 5A%). Small anions react much
faster than small neutrals and are scavenged by large
neutrals. The limit of the Langevin model for a point
charge (31] is attained when the Langevin cross section
becomes smaller than the size-limited cross section of
the collision partners. In such case a lower bound of 4;;
is k. This limit would be reached when k., f; >
ki fij, namely when i3 4+ '3 2 214k, /Ko )"
Since (kZyy/k.yy) = 10 in our case, this condition shows
that the Langevin cross section always dominates for a
small anion on a large neutral (i « j) at least up to
j < 10°% For an anion and a neutral >f the same size
(i = j), the limit is only reached for i = 10° For a large
anion and a small neutral (i » j) this wouvld occur for
i > 250/*'4. This means that Langevin reaction rates
govern the cluster growth at least up to a few hundred
atoms.

(1) If collision stabilization is needed k, and kg
should also be size-dependent. Since the gas (51H,) has
roughly the same mass and polarizability as a single Si
atom

{- A -
Kkt rd(l’*/,‘“n(ith
0 ~Rery P Y a7
(l+f‘¢“’)¢j .(.4;1,‘)N)

) (=) =) o)
Kt pzpial ke L i

where 14}, is the redissociation time and pl;} ; the
stabilization probability of the transient (i + j} cluster.
Since 14, » and pl;} ;, uscally increase wit' the number
of vibrational degrees of freedom, &, and k; would also
be increasing functions of the cluster size.

‘iii) As discussed above, k, and k., should increase
with cluster size. Hickman's formula for &, can be safely
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used for singly charged anions up to i > 5000 where the
(i, 1) collision-limited rate k;, takes over. The maximum
ratio of electron-impact detachment to mutual neutral-
ization [requencies A.gimase/Kmx M+ = Kedimar/Kmz B €
0.025 i*® under our conditions (T, = 3eV, B =15
A,—4.85¢V) cxceeds 1 for i > 250, showing that elec-
tron impact detachment can be neglected at small sizes
but probably not for 500 < i < 5000, where the anion
lifetime would be controlled by the balance between k,;
and kq;.

(iv) To simulate the powder onset in a chemically
reactive plasma (SiH,(90%) N,, P = 0.26 mbar), Choi
and Kushner [11] had to choose k, = 5.7x 107 ' ¢m?
s ! (corrected for the 4\/2 factor in f;;), which exceeds
keyy- This reveals the fact that anion SiH, and fast
anion--radical reactions play a leading role at the early
stage of clustering, and that subsequent reactions be-
tween small hydrogenated radicals or molecular anions
and large clusters do not need collisionat stabilization
thanks to H, climination to release excess energy.

5. From singly to multiply charged particles

After the aggregation phase t,, big particles bear ali the
negative charge since f increases from about 15 to 100
during the a — y* transition [16] and molecular anions
have disappeared [12, 13]. Their average charge number
Z, obiained from the plasma neutrality: n, =n, +
Z,N, is of the order oi 100 during step r, since N is a
few times 107 cm ~* [13]. However, at the end of the
clustering step 1, before aggregation, particles contain
less than 10* atoms (r, < 5nm), and N_ is a few times
10° cm ™3 [13]. Since n, = 10'® cm ™ and B = 15, at
this stage Z, = 1 2, which means either that all clusters
are singly charged, or that most of the charge is still
born by molecular negative ions, or that a small fraction
of clusters is multiply charged. The latter hypothesis
would explain the sudden triggering of aggregation but
is unlikely during the preceding nucleation sequence in
which only singly charged anions are stable enough to
survive electron impact detachment.

A simple calculation can be made for the
homogenous nucleation regime, which develops for clus-
ters of more than several 100 atoms in which there
remain only small anions and radicals and monodisper-
sed anion or neutral clusters [11]. For simplicity we
only consider a monomer anion density n; and i-cluster
densities n,” + n; = N, where N, is the initial particle
density at the very beginning of the aggregation phase
t,. Then the stcady-s:ate charged aensity of clusters at a
given average size is given by the balance .-juation

oy o
= thyn, + kiiniin —(kpin, + Kegndng’ 20
with the additional plasma neutrality condition n, =
n +ny +n" =fn. From this equation we derive the
cluster charged fraction 0, =n; /N, for 500<i<10*
(r, < 4nm) under our SiH, discharge condition P =
013 mbar, T =500K, n, =i0'° em'?, f=15
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Npo = 5 x 10° em ™2, with kpy =4 x 107%em’ s ' and
ki = k- koi¥2/4/2=23x 107" em® 57", Two
extreme hypotheses are made for k,; and k. (i) low
attachment rate on clusters, ky =k, =5x1071°
cm?® s™! and k. =0 as in the model of Choi and
Kushner; and (ii) maximum attachment and detach-
ment rates, K,; = Kymar = 1.4 x 10787 em? 7' and
keai = kegiman = 1.5x 10783 cm’s ™ ' for T, ~ 3¢V and
A, =4.85¢V. Figure 7 shows that 0 increases with
average cluster size during nucleation, being larger when
maximum attachment and detachment rates are as-
sumed: 07 = Kyima/Kaimar + Kediman) T 0.5. The total
fraction of negative charge of the plasma born by
monomer anions remains larger than 60%.

8. The influence of gas temperature

Increasing the gas temperature reduces particle forma-
tion in SiH, discharges [5,6]. This cannot be simply
attributed to thermophoresis [7], nor to a decrease in
gas density when working at constant P = Nk, T Thus
a close examination of the temperature- dependent rates
of cluster growth kinetics at constant N is necessary.
Fast electron impact dissociation of SiH, into SiH,,
radicals is not affected by T but the diffusion rates of
these primary radicals and of all neutral clusters to the
walls are proportional to N 'T'"2. Nevertheless, this
should not affect the rate of condensation of SiH,,
moenomers on  neutral i-clusters, k,,[SiH,], since
k,, x T''? whereas [SiH,.] « T~ "2 However, radical
SiH, reactions can be thermally activated. We have
recently demonstrated [33] that the increase of the
a-Si: H deposition rate between 100 and 250 C in a
powder-free low-pressure SiH, discharge at constant N
and power density could be attributed to the thermally
actvated insertion reaction of H in SiH, enhancing the
yield of SiH, radicals. On the other hand, we also
observed by mass spectrometry a decrease in the yield
of higher order silanes (Si,H, and Si;H,), which sug-
gests that the chain propagating sequence SiH, +
Si,Hpe 2+ M = Sigs (Hyws )2+ M is  hindered by
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Figure 8. Perturbation of the radiofrequancy-averaged
electron current at the wall, J,, after plasma ignition at two
gas temperatures, keeping a constant gas density

N =2x10'"cm 2 (0.13 mbar at 200°C) and the same
electrical parameters as in figure 1.

thermally activated reverse decomposition of large
silanes. Nevertheless, these opposite trends cannot ac-
count for the temperature-dependence of cluster forma-
tion, which should be considered in terms of the anion
physico-chemistry.

The decrease of the mutual ncutralization rate as
k,x 742 = T '? could reduce clustering via asso-
ciative anion- cation reactions but we have shown that
this contributes at most one quarter of small cluster
growth. On the other hand, decreasing k_, increases the
anion lifetime, which should favour nuvcleation, in con-
tradiction with observation.

Temperature should enhance the dissociative attach-
ment rate k;, to 3tH, and thus the yield of primary
SiH; anions but strongtly reduce the non-dissociative
attachment k, to radicals and small clusters due to
decrease of the autodetachment lifetime r,y [23, 24].
Howling er al {12] observed an increase of the flux of
molecular anions when heating the electrode, which is
compatible with an increase of ky, and a brake upon
nucleation by a decrease of k,. Since we attributed to
attachment to radicals the perturbation of J, at the first
step 1, after plasma ignition (figure 2), we repeated the
experiment at two gas icmperatures and the same SiH,
density. Figure 8 shows that the amplitude of the pertur-
bation is larger at 25 C than at 200 C, which tends to
confirm that a decrease of k, might cause a reduction of
powder formation.

7. Evaluation of other cluster nucieation schemes

Three other cluster nucleation schemes not based on
anion plasma chemistry have been proposed during the
last few years.

Anderson et al [34] have studied the formation of
silicon nitride particles from SiH, NH, discharges.
They first analysed the possibility of gas-phase nu-
cleation from radical molecule reactions or cation
molecule reactions and argued that gas-phase mechan-
isms cannot account for their experimental observations.
However, they have forgotten to examine nucleation
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from anion plasma chemistry, which can apply to their
case. Then they proposed a mechanism in which particle
nucleation is induced by sputtering of silicon nitride
clusters from the deposited film on the wall. Although
this mechanism is likely to occur in high-power dis-
charges, in which large sheath electric fields can develop
on the cathode, it can be certainiy rejected in our case
and in the experiments by Hollenstein et al and
Boufendi et al since we could obtain excellent reproduc-
ibility of temporal evolution of discharge properties and
particle formation when igniting the discharge on clean
reactor walls or after thin film deposition under various
conditions.

Mandich and Reents [35] have shown that the
addition of a few mole percent of water vapour to SiH,
can lead to cluster growth of apparently unlimited size
by cation - moleccule reactions. However, the waier con-
tamination in our PECVD reactors has been checked by
mass spectrometry and remains well below 0.1%.

Veprek et ai [36] have recently argued that the
mechanism of cluster formation cannot proceed from
anion reactions but rather from SiH, radical insertion
reactions leading to the building up of large polysilanes.
We rejnct their conclusions for several reasons. First, the
authors underline that the rate of primary anion produc-
tion by dissociative attachment to SiH, is too low but
they forget that anions are trapped in the plasma and
therclore have a much longer residence time than ca-
tions or ncutrals. Moreover, we have here emphasized
the role of non-dissociative attachment to radicals or
neutral clusters. Secondly, they have misunderstood the
apparent anticorrelation between negative ion detection
and powder accumulation in the plasma reported by
Howling er al in square-wave modulated discharges
[12,13). Thirdly, the SiH,-insertion reaction scheme
proposed by Veprek er al starts from the hypothesis that
the dominant SiH, dissociation pathway by clectron
impact is a plasma-induced pyrolysis of the molecule by
vibrational excitation:

¢ + SiH, - SiH,(v) = SiH, + H,.

Unfortunatelv this dissociation mechanism has not re-
ceived any theoretical justification, contrary to what the
authors claim on the basis of their previous work. As a
matter of fact, modelling and diagnostics of power
dissipation in SiH, discharges [37] show that the ro-
translational and vibrational temperatures attained by
SiH molecules remain much too low to induce significant
gas-phase pyrolytic dissociation. Most rescarch groups
mvolved in SiH, plasma chemistry diagnostic and
modelling studies now agree that the dominant SiH,
electron-impact dissociation mechanism is dissoctative
clectronic excitation leading to fragmentation into SiH,,
SiH,. SiH and H atoms, and that a-Si: H deposition s
mostly due to radical chemisorption, SiH, being the
dominant species under moderate pressure conditions
(about 0.1 mbar) [38 41]. Finally, the correlation be-
tween a drop in polysilane densities and onset of powder
formation that is the basis of the argument of Veprek et al
is not verified in experiments conducted at constant
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pressure and constant power density under square-wave
modulation in RF discharges. Moreover, only anion-
assisted nucleation mechanism according to the model of
Choi and Kushner complemented by the present analysis
of anion cluster chemical kinctics cun explain the temporal
evolution of cluster formation over several tens of seconds.
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Abstract. The grow*h of particle size has been measured in a low-pressure

argon- silane plasma using high-resolution transmission electronic microscopy. The
results show that formation and growth of dust particles is an homogenecus process;
the first generation size distribution is monodispersed: and the growth kinetics
reveals a three-step process from molecular ions to large particles. Together with
measurements of particle concentration obtained by laser light scattering, these
measurements give a clear indication that the growth proceeds through three
successive steps: (i) ‘rapid’ formation of crystalline clusters (as shown by dark-field
high-resolution transmission electron microscopy) with concentrations of up to
10'%cm 3; (ii) formation of aggregates, of diameters up to 50nam, by coagulation
(during coagulation the particle concentration decreases dramatically); and (iii)
growth of the particles with a constant concentration by surface deposition of SiH,
radicals. whilst the numerical density remains constant. Laser-induced particle
explosive evaporation has been r-2rformed using a X2C! (308 nm) laser. This
experiment allc-wed dztection of nanocrystallites and also the beginning of their
coagu'ation and gave clear evidence of the temperature effect on particle formation.

1. Introduction

Particles occurring in low-pressure discharges used in
semiconductor manufacturing are considered as an im-
portant sourcz of device contamination [1]. They have
been observed in practically all plasmas used for etching
[2, 3], deposition [1.4.5] and sputtering [6 &). Further-
more, much effort has been devoted to production of
materials based on plasma-synthesized nanoscale par-
ticles 9], In tiis contribution we focus our interest on
particle nucleation and growth. These two aspects are
important, in terms of both fundamental knowledge and
potential apphcations.

Many workers have measured particle sizes in the
range 10 1000nm {1 6. 10, 11} Two experimental
techniques have been used: in situ laser light scattering
(LLS) and ex situ transmussion ¢lectron microscopy (TEM)
[12]). However, for scattering measurements, when the
particle radius is smaller than the wavelength of the
incident light £, the scastered intensity is proportional to
(R®/4*). hence this method is extremely sensitive to any
large particles. Therefore care is required if « polydis-
perse distribution, as observed in this work, 1s present.
In previous work particle sizes were estimated from
photomicrographs of partcles collected at surfaces
placed in the discharge {13). This method indicates the
range of particle sizes but does not provide time-resol-
ved information on formation and growth kinctics. In
this report we present results on particle size and con-
centration kinetics in the preliminary step of formation.

0963-0252 94 030262 + 06819.50 « 1994 IOP Publishing Lt

The measurements were carried out on particles pro-
duced in a low-pressure argon silane R¥ discharge and
performed by time-resolved statistical TEM analysis.

The (R®/2*) law (Rayleigh scattering), in the small
particle size domain, leads to a size limitation of scatter-
ing as a diagnostic technique. For example, using the
bluc (488 nm) line of the Ar* laser, the scattered inten-
sity becomes observable at about 25, At this time, as we
shall see, the particle mean size (diameter) is about
23 nm. Clearl: the 1.Ls method is not sufficiently sensitive
to detect 2nm nanocrystals. We also present results
obtained by laser-induced particle explosive evaporation
(Lipek) [15). This technigue can provide useful informa-
tion on the first step of particle growth.

2. Experimental set-up

The experimental set-up iias been described previously
[4]. The ri discharge is produced in a earthed cylindn-
cal box (13 em inner diameter) equipped with a shower
type ri-powered clectrode. A grid 15 used as the bottom
of the chamber to allow vertical laminar flow in the
discharge box. The discharge structure 1s surrounded by
a cylindrical oven. The gas temperature can be varied
from room temperature up te 200 C and is measured in
the gas flow below the discharge box by a thermocouple.
Three vertical shts (2mm width, 4om height) allow
optical access to the plasma at 0, 90 and 180 around




the chamber. The whole systm is enclosed in a vacuum
vessel of 30 cm height and inner diameter. Three optical
viewports on the vacuum vessel (5cm in diameter and
90° apart) are aligned with the observation slits.

For the TEM size measurements we use a particle
collection device, which is a rotatable multigrid holder
[14]. An aluminium conical tube with a 3 mm diameter
hole (collection hole) on its upper surface covers the
holder. The electron microscopy grid, in front of the
collection hole, can collect particles swept down by the
gas flow when the RF power is switched off. The grids are
observed using JEOL 100 CX or Philips CM20 micro-
scopes. Statistical analyses of the particle sizes are per-
formed on these micrographs for given experimental
conditions (gas flow, plasma duration and so on).

The LipEE experiment is described in detail elsewhere
[#5]. It was performed using an XeCl laser (Lambda
Physik EMG 100 MCS). The beam is focused in the
discharge box through a window and the fluorescence
signal is viewed at 90° to the laser beam through the
access slits by either a photomultiplier tube (pMT RCA
7265 with a S1 photocathode) or an optical multichan-
nel analyser (0MA) (EG&G oMma 111 model 1460) with a
signal intensifier.

Throughout this work the experimental conditions
were: argon flow 30sccm, silane flow 1.2sccm, total
pre:sure 117mTorr, RF power 10 W corresponding to
600V (peak to peak) and ambient temperature.

3. Results and discussion

3.1. Size kinetics

Figure 1 shows the time evolution of the mean particle
size for plasma durations in the range 0.5 300s. In
figure | we also present the standard deviation of the
measured size distribution. Up to 30s, a monodispersed
distribution is obtained with small and constant disper-
sion as shown in figure 2. For long plasma durations
(>30s) we can observe the occurrence of several well-
defined particle sizes, corresponding to successive (in
time) particle generations (figure 3). In the following, we

Size (nm)

Plasma duration (s)

Figure 1. Time evolution of particle size over the ime scale
0.5 300s ( x, mean size; [¥,standard deviation).
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Figure 2. Histogram of the sizes of particles collected from
plasmas of 25s duration.
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Figure 3. Histogram of the sizes of particles collected at
60s.

will describe results obtained in the early initial part of
these size kinetics (1 < 30s).

The evolution of particle sizes and concentration as
generated for plasma durations from 1 to 30s is illus-
trated in figure 4. The first result is the observation of
two well-defined phases. The first phase corresponds to
rapid increase in particle size (10nms ') and sharp
decrease in concentration. In the second phase the
concentration stays constant while the growth rate slows
down to 2nms ' From these results we deduce the
total mass $nR?N,p representing the particles present in
the discharge for this period. As shown in figure S, where
we have assumed a constant specific mass p, this quan-

{cm-3Y
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<
£
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Figure 4. Time evolution of particle sizes { x }, concentration
(M) and standard deviation ({x]) up to 30s.
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Figure 5. Time evolution of the total mass of particles
present in the plasma.

tity is almost constant in the first phase and slowly
increasing in the second one. This situation suggests
that, in the first phase, the particle size growth is due to
an agglomeration (coalescence) phenomenon, while in
the second phase, it is due to a surface deposition (SiH,
species) process on independent particles.

These results are confirmed by the morphology of
the particles, as observed by HRTEM [16]. The successive
steps of agglomeration are clearly scen for the small

(a)

Figure 8. (8) Transmission electron micrograph of particles
formed in & plasma of 5s duration. The particle mean
diameter here is 45nm. (b) Transmission electron
micrograph of a particle formed after a plasma of 30s
duration. its diameter is about 100 nm.
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particles (R < 25nm) (figure 6(a)) while the ‘big’ ones
(R > 50nm) have a spherical shape with moss surface
(figure 6(b)).

Detailed inspection of the TEM micrographs of small
particles (20-40nm) reveals the presence of crystalline
substructures of small size (2 nm). in order to investigate
these structures they were examined using both electron
diffraction (figure 7) and dark-field TEM micrography
[16]. This confirmed that the particulate material, at this
size scale, has a nanocrystalline structure, revealed by
the diffraction patterns and dense distribution of bright
points in the micrographs. These nanocrystallites have a
well-defined size (2nm) and must be formed in the few
first milliseconds of the discharge, as will be explained
below.

In the previous experiment, the TEM grids were
always placed 2cm from the axis of the reactor, while
the LLs measurements were performed in the centre of
the reactor. As previous work had shown the possibility
of spatial segregation [10,17] of parti~ies as a function
of their size, we studied the radial vana:ions of particle
size distribution, collecting particles coming from 19
different radial positions using a lincar grid holder.
Figure 8 presents the mean size of the three gencrations
of particles as obtained for long plasma duration (60s,
see figure 3). A small radial segregation cffect is only
visible for the largest sized particles whose growth starts
att = 0 (first gencration). This result shows that particle
growth is radially uniform. The LLS measurements per-
formed between the two electrodes along the reactor
axis show that the particle distribution is almost uni-
form [4]. So under our conditions, the formation and
growth of particles is a homogencous process in the
whole volume of the plasma.

(311 - 1.60 A)Y

Figure 7. Electron diffraction pattern from particles of .0 nm
size.
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—- recorded, appears to be a powerful way to detect these
E [ R /”* Tt very small entities.
: 180 - 7 To perform the LIPEE experiment we used the set-up
N r e e e e represented in figure 9. The energy of the XeCl laser
® 100 | B T pulse (4 = 308 nm, 10ns pulse) in the focal region is
-8 R P 25m). Tzhe spot arca has been evaluated to be about
€ 1.25mm? The particles formed during a given plasma
b ) L L duration are irradiated 5Sms after the extinction of the
=75 50 25 0 25 50 75 plasma. All the particles localized in the focal region are
Radial position (mm) completely evaporated. _
Figure 8. Radial distribution of the mean size of particles The hot vapour produced by the high power of the
coliected at 60s ( x, first generation; M, second generation; pulsed XeCl laser is already ionized when ejected. This
and [®), third generation). plasma is characterized by atomic and ion line emission

and also by continuum emission due to recombination
and the Bremsstrahlung effect. Electron--neutral species
and electron -ion Bremsstrahlung is important during
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Figure 9. Schematic description of the laser-induced particle explosive evaporation
experimental set-up.

It is interesting to point out that the growth phe-
nomenon, as observed in this work in a three-dimen-
sional system, exhibits the same statistical evolution as
the ‘breath figures' formed when water vapour con-
denses on a cold surface [18].

3.2. Particle detection

Particles appearing in plasma processing devices, or
laboratory plasmas, are in gencral detected by light
scattering. This method has clear limitations in terms of
particle size. As reported above the smallest observable

Intensity (a.u.)

size, in our conditions, have diameter of about 20nm for 04 . - _ . . r —

the Ar* line (488 nm) while for the 647 nm Kr* laser 35C 400 450 500 550 600 650 700

this limit is about 60nm. The in situ detection of the Wavelength (nm)

primary crystallites of 2 nm diameter 1s not possible with

these lasers. Figure 10. Laser-induced particle explosive evaporation
The Lipek experiment where the light emission in- spectrum abtained for particles torman in a 30s duration

duced by a XeCl excimer laser (power 200 MW cm ™ ?) is plasma.
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Figure 11. Typical laser-induced particle explosive
avaporation signals.

the laser pulse, when the electronic density is high.
Figure 10 shows the LIPEE spectrum obtained with
particles formed after a plasma of 30s duration, re-
corded using a spectrometer of 0.4nm resolution
(Jobin-Yvon UFS 200) and the oMA. The integration
time is 100 ns.

Typical signals of light emission recorded with « PMT
are shown in figure 11, for different plasma durations.
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Figure 12. (a) Time evolution of signal intensity over short
plasma durations. (b) Time evolution of signal intensity up to
308 plusma duration.
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The time evolutions of the intensity of these light
pulses are shown in figure 12. Figure 12(«) shows the
evolution of the signal corresponding to short plasma
durations. Two well-defined phases are observable. The
first corresponds to the crystallites, which occur rapidly
(within a few milliseconds) when the discharge is
switched on. The fast increase, observed here at about
150 ms, corresponds to the beginning of the coaiescence
step. Figure 12(b) shows this evolution up to 30s.

To be trapped in the plasma, the crystallites must be
negatively charged. This charge may come from hydro-
genated silicon negative ions, which are suspected to be
the precursors of these particles [19]. These nanocrys-
tallite particles have no effect on the plasma properties
[20]. Their effects begin at about 400ms, when the
particle size is about 5nm.

The effect of temperawre on particle formation has
been studied. Figure 13 shows the time evolution of
Lieek signal intensity for different temperatures. The
most important conclusion that we can formulate is that
higher temperatures delay the appearance of crystallites;
but when they do appear, they grow as explained above.

4. Conciusion

We have presented measurements of particle growth.
Particle formation follows threc well-defined steps. The
initial step corresponds to formation of crystallites
(2nm) followed by coagulation ieading to small particles
(about 50nm) that become increasingly negatively
charged, which then grow by suiface deposition pro-
cesses on independent particles. The first step nas been
clearly seen by excimer laser-induced fluorescence per-
forme on the particles. As yet the coalescence mechan-
isms are not understood.

It is well known that particles can strongly 1nfluence
discharge properties but the most important informa-
tion that we get through both spectroscopic investiga-
tons and LIPEE 1s that the beginning of these eflects
occurs only once the crystallites have aggregated to form
particles whose sizes are > 6nm.




Ackwledgments

This work has been supported by the CNRS-PIRSEM
under contract 89N80/0095 and BRITE-EURAM con-
tract BREU-CT95-0411.

References

[1] Seiwyn G S, Singh J and Bennett R S 1989 J. Vuc. Sci.
Technol. A7 2758,

Donovan R P (ed) 1990 Particle Control for
Semiconductor Manufacturing (New York: Marcel
Dekker)

[2] Spears K G, Robinson T J and Roth R M 1986 IEEE
Trans. Plasma Sci. 14 179

[3] Watanabe Y, Shiratani M, Kubo Y, Ogawa I and Ogi S
1988 Appl. Phys. Lett. 53 1263

[4] Bouchoule A, Plain A, Boufendi L, Blondeau J Ph and
Laure C 1991 J. Appl. Phys. 70 1991

[5] Stadier K R 1989 Proc. SPIE 1185 164

{6] Jellum G M and Graves D B 1990 /. Appl. Phys. 67 6490

{73 Selwyn G 5, McKillop J S, Haller K H and Wu J J 1990
J. Vac. 3ci. Technol. A8 1726

[8] Selwyn G S, Heidenreich J E and Haller K L 1990 Appl.
Fays. Lett. 57 1876

[9] Ho P, Buss R S and Loehman R E 1989 J. Mater. Res. 4
873;

Particie sizo kinetics

Anderson H M, Kodat T T and Smith D M 1989
Ceramic Bull. 68 996,
‘lahn H and Averback R S 19290 J. Appl. Phys. 67 113;
Chow G M, Hoiltz R L, Pattnaik A, Edelstcin A S,
Schlesinger T E and Cammarata R C 1950 Appl.
Phys. Lett. 56 1853
[10] Spears K G, Kampf R P and Robinson T J 1988 J. Phys.
Chem. 92 5297
[11] Hurd A J and Ho P 1989 Phys. Rev. Lett. 61 3034
[12] Ganguly B, Garscadden A, Williams J and Haaland P
1993 J. Vac. Sci. Technol. A11 1119
[13] Shiratani M, Kubo Y, Ogawa I, Matsuo S, Makino H,
Ogi S and Watanabe Y 1988 Proc. sapan. Symp.
Plasma Chem. 1 145
[14] Boufendi L, Plain A, Blondeau J Ph, Bouchoule A, Laure
C and Toogood M 1992 Appl. Phys. Lett. 60 169
[15] Boufendi L, Hermann J, Stoffels C, Stoffels W, De Giorgi
M L and Bouchoule A J. Appl. Piys. submitted
[15] Bouchoule A and Boufendi L 1993 Plusma Sources Sci.
Technol. 2 204
[17] Jellum G M and Graves D B 1990 Appl. Phys. Let1. 57
2079

[18] Beysens D, Knobler C M and Schaffar H 1990 Phys. Rev.

B41 9814;
Derrida B, Godréche C and Yekuticli 1 1991 Phys. Rev.

A 44 6241

[19] Howling A A, Sansonnens L, Dorier J L and Hollenstein
Ch 1993 J. Phys. D: Appl. Phys. 26 1003

[20] Bouchoule A and Boufendi L 1994 Plasmu Sources Sci.
Technol. 3 292- 301

267



Plaama Sources Sci. Technol. 3 (1994) 268- 272. Printed in the UK

Gas phase particulate formation in
radiofrequency fluorocarbon plasmas

Richard J Buss and Willard A Hareland

Sandia National Laboratories, Albuguerque, New Mexico 87185, USA

Received 28 December 1993; in final form 18 January 1994

Abstract. The production, suspension and transport of fluorocarbon particulates in
capacitively coupled radiofrequency discharges are studied using in situ laser light
scattering and ex situ chemical analysis. The time evolution of the spatial distribution
of suspended purticles is obtained by two-dimensional imaging of the scattered light.
The chemistry of the discharge is varied by use of a range of pure fluorocarbon gaces
and mixtures with argon, oxygen and hydrogen-containing molecules. Addition of
hydrogen to a fluorocarbon discharge increases the rate of formation of particles
although these powders are found by Fourier transform infrared measurements to
contain negligible amounts of hydrogen. Particle formation rates correlate with
polymer deposition rates and are independent of apparatus history. It is proposed
that this is a clear example of gas phase rather than surface processes leading to

particle nucleation and growth.

1. introduction

Fluorocarbon plasmas find widespread application in
industrial manufacturing, particularly in microelec-
tronics. Many plasma ctching formulae for silicon or its
compounds call for use of CF,, C,F, or CHF, alone or
as a component of a gas mixture [1]. Unsaturated or
aromatic fluorocarbons, such as C,F, and C F(CF,),.
are used for thin film deposition in a range of applica-
tions such as chemically resistant barriers, mould release
and dry lubricants [2]. Plasma-polymerized C,F, is
used to fabricate fibre-optic-based chemical sensors
[3,4). For most of these applications, formation of
particulates is undcsirable or unacceptable.

The chemistry of plasma deposition ef fluorocarbon
films from C,F, has been the subject of much study (5],
although the details of the mechanism are not yet
known at the molecular level. Much less has been
reported on fluorocarbon particulate formation. In an
early study by Liepins and Sakaoku [6], it was shown
that particulates could be generated in a C,F, inductive-
ly coupled plasma at elevated pressures (0.8 Torr).
Buzzard er al [7] reported production of particulates
from a capacitively coupled C,F, plasma at reduced
pressure and high power.

Scveral mechanisms for production of particulates in
RF plasmas have been proposed, including gas-phase
nucleation and growth and surface-mediated growth.
Here we report a study of the formation of particles in
fluorocarbon-containing plasmas. Laser light scattering
15 ued to monitor the appearance and trapping of
particles. Particles are collected and analysed by Fourier
transform infrared absorption (¥TIR) and transmission
electron microscopy (TEM). A range of gas flow rates,
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pressures and gas compositions are explored. It is ar-
gued that gas-phase nucleation and growth is the domi-
nant mechanism leading to particle formation.

2. Experimental

The plasma apparatus is a modified version of a cham-
ber used earlier for synthesis of silicon nitride particles
[8]. It consists of a 46cm cubic aluminium chamber
equipped with 15cm diametzr parallel-plate electrodes
with 3cm separation. Gas is delivered to the chamber
either through the upper, grounded electrode in shower-
head configuration, or dircctly through a single orifice
at the top of the apparatus. For most of the experiments,
the clectrode temperature is not controlled, but, to study
the effect of thermophoresis, the powered clectrode is
water-cooled. 13.56 MHz power is delivered through an
impedance-matching network to the lower ¢electrode. A
veltage probe monitors the Rr voltage and self-bias on
the lower electrode.

A 10mW helium neon laser is used to detect par-
ticles in the plasma. The laser beam is expanded into a
plane by passing through a horizontal glass tube (diam-
cter 1.66 cm). The resulting beam propagates 254 cm to
the electrodes with apertures te give a divergence in the
vertical plane of 6.5, such that the laser fills almost the
entire vertical space between the electrodes. Scattered
laser light is observed in one of two gcometries. A
charge-coupled device (¢on) camera views the plasma
through the guartz exit window and detects small-angle
light scattering. Additionally, monochromatic images of
the scattered 632 nm light arc obtained with an intensi-
fied con camera viewing the 90 scattered light through




a monochromator. Imaging is achieved by equipping the
monochromator with both entrance and exit slits and
using a single lens to focus the output onto the camera
[9]. The monochromator can also be tuned to specific
emission lines to obtain two-dimensional images of
plasma emission. Particle generation rates are deter-
mined by measuring the time from plasma initiation to
first detection of particles by light scattering.

We obtain transmission FTIR spectra of powder
samples removed from the apparatus and reflectance IR
spectra of thin fiims deposited on copper substrates
placed on the powered electrode. After long plasma
operation times, the particles accumulate in thick de-
posits on the electrode assemblies outside the plasma
region.

Particle appearance limes are measured for a large
number of plasma chemistries. Most experiments use
C,;F, mixed with a second gas including argon, hydro-

Particulates in fluorocarbon plasmas

gen, deuterium, oxygen, mecthane and trans-2-butene.
Additionally, vinylidene fluoride (1,1-C,H,F,) or CF, is
used as the fluorocarbon. The deposition rate of
fluorocarbon film is determined by placing partially
masked silicon substrates on the lower electrode, and
determining film thickness by post-plasma profilometry.
Particle samples for TEM are prepared by extinguishing
the plasma immediately after first appearance and allowing
the particles to cascade onto carbon TeM grids. In addition,
samples of particles that accumulate as wall deposits are
suspended in n-butanol and transferred to Tem grids.

3. Results and discussion

Formation of particles in the plasma is readily
monitored by lascr light scattering. Figure 1 shows a
scquence of monochromatic images (false colour)

Figure 1. False-~colour monochromatic images of particies in a 1,1-C,H,F, plasma. A is at first
appearance of particles at 11 s, B- F are sequential at 30 s intervals thereafter. Each image shows
scattering from a continuous plane of 833 nm lager light.
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Figure 2. Particle appearance times for various gas mixtures
(flow rates, /, in sccm). A: C,F, (/= 20)(®), C,F, and D,
(/= 20 and 2.5)("), C,F, and D, {f = 20 and 5)(+), C,F, and
D, (f= 20 and 10}{[]); B: C,F, {f = 20}{®), C,F, and O,
(f= 20 and 5)(-), CF, and D, (/= 20 and 10)(+), C,F, and
CH, (f = 20 and 10){(D). 1,1-C,H,F, (f = 20)(X). Lines are
drawn between points to guide the eye.

obtained from a vinylidene fluoride plasma (0.027 Torr,
15 sccm flow rate, 30 W RF power, gas introduced at top
of chamber). The time to first detection of particles is
11s. The particles develop in size and segregate into a
pattern, which evolves in time. The spatial pattern of
particles is sensitive to the electrode geometry, tempera-
ture and gas flow rates. For example, if the gas is
delivered at high flow rates in shower-head configur-
ation, then the particles in this apparatus are found in
rings near the outer edge of the electrodes. Likewise, the
post-plasma behaviour of the particles is strongly af-
fected by details of fluid flow and electrode temperature.
Images were recorded in which, at extinction of the
plasma, the particles move rapidly (8cms™') upward
under the influence of a small temperature gradient. This
effect is reversed by cooling of the lower electrode.

The time to first appearance of particles is found to
be relatively independent of the above conditions, but is
quite sensitive to the total pressure for the chemistries
studied here. In figure 2(a) is shown the first appeasance
time of particles as a function of total pressure for pure
C,F, gas (20 sccm, 30 W). Typically, there is a pressure
below which particle formation is not observed. The
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appearance time becomes independent of pressure at
high pressures.

Also shown in figure 2(a) is the effect of added
deuterium gas. The presence of D, in the plasma greatly
accelerates formation of particulates at a given pressure,
and lowers the pressure at which particles are first
observed. Figure 2(b) shows the particle appearance
time in mixtures of C,F, with CH, and O,. The
acceleration of particle formation is very dramatic for
methane (and for trans-2-butene, not shown). In con-
trast, O, suppresses particle formation until much high-
er pressures are achieved. Also shown in figure 2(b) is
the extreme behaviour of vinylidene fluoride, for which
particle formation is very rapid even at low pressures.
Particle appearance time is independent of gas flow rate.
Mixtures of C,F, with argon (20% Ar) give appearance
times indistinguishable from those for pure C,F,.

The FTIR spectra of particles formed from each of the
plasma chemistries are generally very similar to spectra
of thin films deposited on substrates placed in the
plasma (compare figure 3 curves B and C). In all cases,
the spectral features correspond to a fluorocarbon. The
major absorption, the C F stretch at 1170-1230cm ',
is broad with minor substructure. Surprisingly, addition
of CH,, D, or H, to the plasma does not result in
significant incorporation of hydrogen into the particles,
as seen in figure 3 curves A and B (less than 1%). Only
when high concentrations of butene are added does the
CH absorption appear in the FTIR spectrum.

The TEM results show that the particles (figure 4(a))
are spherical and non-agglomerated with diameter in
the range 110- 270 nm. Particles that accumulate on the
walls during extended plasma operation (figure 4(h))
have individual particle sizes also about 150 nm but are
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Figure 3. Fourier transform infrared absorption spectra: A
powder formed in a pure C,F, plasma; B, powder formed in a
C,F, H,plasma; and C, thin film formed in a C,F, H,
plasma.
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Figure 4. Transmission electron micrographs of
fluorocarbon particles: (a) deposited directly on carbon grids,
from a C,F, plasma at 140 mTorr; and () particles collected
from electrode assembly, suspended in n-butanol and
dispensed onto grids.

fused mto strongly agglomerated chains, The sphencal
shape suggests uniform radial growth in the plasma as
opposed to spatially non-umform growth on a surface.

The observations reported here are qualitauvely con-
sistent with a gas-phase nucleation model, which sup-
poses growth of particles in the plasma by attachment
ol gas-phase reactants. Immediately upon plasma igm-
tion, reactive radicals (such as CF, CH, and CFy) are
generated from the fluorocarbon. Although the chemis-
tries of these species are not well known, 1t 1s probable,
based on hydrocarbon analogues, that CF or CF,
addition to C,F s facile: Such collision complenes will
be readity stabilized by three-body collisions even at
these reduced pressures (based on RRKM caleulations).
As the particle grows, it will acquire a negative charge
and become trapped [ 10], precluding loss through the
sheath. When the particle has grown 1o around 200 nm,
it seatters sufficient hght to be detectable (at high
particke number densilies)

The appearance time for pacticles i a C,F, plasma
at 140mTorr s measured to be 11H0s Assuming 4
constant radial growth rate (and 100 500 nm dametery,
this corresponds 1o 05 1dnm v ' Tinal thin film
growth on a substrate placed on the iower electrode
veeurs at a simiar rate of 2am s ! for the vame plasma
conditons. The him deposition rate s not umlorm in
ume. The .mtial rate of »>2pm s 7 falls o G3nm 5 !
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steady state when the plasma is loaded with particulates.
A likely explanation is that the plasma-generated reac-
tive molecules are strongly scavenged by the particles
in the plasma, reducing their flux to the substrate.
When the plasma is operated at pressures below onset of
particle formation, the film deposition rate is constant in
time. At 40mTorr C)F, pressure, very thick film
(> 8000 nm) can be deposited without the appearance of
particles. While particle shedding from clectrodes or walls
may lead to particulates under some plasma conditions, it
is clear that gas-phase processes predoininate here.

1t has been reported that hydrogen enhances the rate of
film deposition in fluorocarbon plasmas [11]. This effect
has been attributed to enhanced production of free radicals
by hydrogen atom abstraction of fluorine [12]. The
presence of hydrogen-containing molecules in the plasma
significantly shortens the appearance time for particles. If
the major role is, indeed, to increase the density of CF or
CF,, this would qualitatively explain the lack of hydrogen
incorporation in particulates or films despite the enhanced
growth rates. The suppression of particles by oxygen can
be attributed to blocking of attachment sites by O, or
scavenging of the gas-phase radicals needed for growth.

The formation of particles in these experiments 15
independent of the apparatus history. The first plasma run
after cleaning of the walls and electrodes has a particle
appearance time within seconds of those of later runs. The
clectrades and walls become coated with a fluorocarbon
film and subsequent repetitions yvield reproducible times. it
1s difficult 1o reconcile these observations with any
mechamsm that attnbutes a large role to surlace formation
of particles. While emission of CF, moicties from the
clectrodes by sputtering may contribute to particle growth,
the strong pressure-dependence of particle formation points
to gas-phase nucleation as the predominant mechanism.

In summary, the combination of formation of
sphencal particles at a repeatable, fixed time after
plasma imtiation, independent o thickness of pre-de-
posited film and exhibiting o strong pressure-depend-
ence, all point o a gas-phase growth process. The actual
molecular sequence leadimg to nucleation s not, how-
ever, inferrable from these expeniments,
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Abstract. Particle formation has been studied in Ar sputtering plasmas and
CClyFo-Ar reactive ion etching plasmas from Si and &0, substrates by laser light
scattering, scanning and transmission electron microscopy and optical emission
plasma diagnostics. Particles nucleate and grow continuously, and are swept out into
the exhaust under a wide variety of pltasma conditions. Within a more limited range of
values for pressure and flow rate, particles grow large enough in the plasma so as to

form a particle cloud suspended above the substrate. Stability and position of the
cloud depend on the process conditions. When particles become visible by light
scattering, at a diameter of about 200nm, they are essentially spherical and
monodispe:se in size, but the size distribution becomes much wider as the average
particle size increases with increasing discharge time. In sputtering, particles smaller
than about 100 nm are quite porous, have a somewhat more irreqular shape and
exhibit a spherulitic (spherically columnar) mode of growth. Optical emission
spectroscopy of the plasma and compositional analysis of the paricles indicate that
in all cases, Si atoms are responsible for particle nucleation and growth. These
observations are discussed in terms of possible mechanisms for generation and
transport of plasrra species in the discharge, particle nucleation and growth, particle

transport and particle cloud formation.

1. Introduction

Maximization of the yieid achieved is 4 major concern
in present day microclectronics manufacturir.g. One of
the main factors limiting the yicld is particle contamina-
tion. The traditional way of dcaling with this problem
has been to control waler handling and the waler
ambient. However, if the process involves a plasn.a, it
has become apparent that particle contamination may
be a mure or less unavoidable by-product of wafer
processing itself [1].

Process-induced particle formation was first ob-
served in plasma-enhanced chemical vapour deposition
(PECVDj [2 10]. and later also in sputtering {11 20]
and reactive ion etching (Rig) [11, 12, 16 18,20 24].In
all ~f ikis work, particle formation occurred in the
plasma utself, duc to some undesired chemical reactions
between plasma species, and was not primarily a func-
tion of the cleanliness of the reactor or of wafer handling
before and after the process.

In the present paper, we shall review recent work in
the authors’ laboratory, focusing on process-induced
particle generation in the sputtering and Rt of silicon
and silicon dioxide [11, 12, 16 18, 23]. Emphasis will be
placed on the plasma conditions under which particles
form, the mode of growth of these particles and the
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plasma specics responsible for nucleation and growth of
particles. The results we shall report have been obtained
mainly from laser light scauering, scanning (sEM) and
ir smission electron microscopy (T:M) and optical
emussion plasma diagnostics.

2. Experimental results

Details of our experimental set-up have been described
previously (11, 12, 16]. The reactor is a conventional
parallel plate 13.56 MHz reactor with S inch clectrodes
and Al guard rings to conline the discharge (figure 1).
Process gases are fed in at the top plate on the night- hand
side and pumped out through the exhaust at the left-hand
side wall. Ar s used for sputtering and 10% CCI,F,
in Ar for Rk Light scattering from particles is performed
using a [requency-doubled Nd:YAG laser (beam diam-
cter 16 mm, average pulse energy 17mJ) and is observed
visually in a direction approximately perpendicular to the
beam. Particles large enough to settle onto the substrate
are examined by seM. Very small particles are collected
downstream, between the substrate and the exhaust, on
TeM grids. Optical emaision from a region near the sheath
edge is focused with a lens through a yuartz window onto
a fibre-optic cable connected to a monociwomator.
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Figure 1. Experimental set-up. DP, diffusion pump; MV, manual throttle valve;
MS, mass spectrometer; GR, guard ring; TEM, TeEM grid holder; Gl, gas inlet, QW,
quartz window; FL, focusing lens; OED, optical emission detector; M, mirror; BS,
beam splitter; BE, beam-enlarging lens; LD, laser power detector.

Our set-up differs from that of a number of other
authors [13, 14, 21, 24] in that cur substrate is of the
same size as the electrode, so that only the substrate
(plus the guard ring) is exposed to the plasma and
thereby etched. This, howcver, causes a certain Gegree of
non-uniformity of the discharge (and the etch rate)
along the substrate edge. In the other cases, the substra-
te clectrode is much larger than the substrate and also
consists of a different material, so that the etch rate
across the substrate is quite uniform, but specics ctched
from the clectrode are also introduced into the plasma.

Particles in the form of a particle cloud above the
wafer near the sheath edge are observed under a variety
of plasma conditions (figure 2) {16 18). We use a
quantity called the onset rate, which is defined as the
inverse of the time at which the particle cloud begins to
be observable by laser light scattering, as a convenient
measure for comparing qualitatively different experi-
mental situations. If two of the three discharge variables
(pressure, gas flow rute and R¥ power) are held constant,
then we observe threshold behaviour for ihe appearance
of a particle cloud versus the third variable [16 18].
That is, no particle cloud is observed even after an
extended period of time unless the third variable exceeds
a certain value. An example of this is given in figure 3,
where the RF power and flow rate are held constant and
the pressure is varied.

With a particle cloud already formed, the shape and
position of the cloud depend on the pressure and flow
rate. For example, if the pressure is reduced gradually at
a constant flow rate, the cloud moves to the left until it
reaches the edge of the wafer, at which point it is swept
out tnto the exhaust {18). The pressure at which this
occurs coincides with the threshold pressure for the
cloud formation mentioned above (figure 3).

When particles become visible by light scattering
they are about 200nm in diameter and appear fairly
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spherical and monodisperse in sEM (figure 2) [17,18].
Upon growing further, they show an orange-peel-type
surface texture, which is due to their being made up of
numerous cone-shaped pieces. Such pieces are often
observed as particle fragments in 5EM samples (figure

(a)

Figure 2. (a) Particle cloud scattering laser light (and
reflection on wafer). Ar sputtering of Si at 120mTorr. (b)
Particles depo.iited on wafer at onset of light scattering.
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Figure 3. Onset rates versus pressure: Si sputtering in Ar (100W): SiQ, sputtering in
Ar (100W); SiRIE (200W, 10% CCLF,/ 90% Ar).

(a)

(b)

Figure 4. (a) sem of a large particle with fragments,
deposited on the wafer, from sputtering of Si in Ar. (b) TEM of
small particle collected downstream from sputtering of Si in
Ar.

4(a)). The growth mode of these particles is elucidated
further by TEM analysis. What appears as a spherical
particle in Sem actually displays a somewhat irregular,
porous, overall amorphous structure in TEM showing
spherically columnar, or ‘spherulitic’, growth [25] for
the case of «puttering (figurc 4(b)) [18].

Figure 5. em of particles collected downstream from RIE of
SiO, (200W, 100mTorr, 10% CCl,F2/90% Ar).

Very small particles can be collected downstream
from the cubstritte on TEM grids either below or above
threshold conditions, but before a particle cloud be-
comes visible i1 light scattering [18,23]. An example of
this is given in figure 5 (sce also figure 4(b)).

It is also important to note that particle ormation is
much faster in sputtering than in RIE, although the etch
rate is much larger in RIE at a fixed pressure (figure 3)
[17,23]. Furthermore, in sputtering the threshold for
cloud formation is correlated with noticeable redeposi-
tion over the centre part of the wafer (at which point
there still is net etching along the edge of the wafer) {17].
In RIE of Si, cloud formation occurs only at fairly high
pressures, i.e. consideratly above the point of maximum
c.ch rate or, in other words, only when there is signifi-
cant polymerization in the plasma and polymeric de-
position on the wafer [17]. No cloud formation is
observed in the RIE of SiO, up to a pressure of
600 mTorr in our system.

In sputtering, the size distribution of particles de-
pends or. time and on the location within the cloud. On
the one hand, the average particle size increases and the
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Figure 8. Particle size distributions versus location in a fully

developed cloud. The cloud appears at location ¢ at the

onset of light scattering, then expands with time, and
aventually covers about half of the wafer.

size distribution becomes wider with time [18). On the
other hand, the ‘oldest’ part of a cloud, i.c. the location
where particles appear first, on average exhibits the
largest particles (figure 6) [18].

The most important feature of the optical emission
spectra is that Si atoms are detected only in sputtering,
and not in RIE (figure 7) (23], although, as mentioned
above, the etch rate is much higher in RIE. In addition,
in comparing sputtering of Si and $i0, at a given
pressure, the ratio of the emission intensities from Si
atoms is about the same as the ratio of the sputter etch
rates or the ratio of the onsci rates [23].

EDX analysis reveals that the major constituent of
particles produced in sputtering is Si. Particles collected
in RIE contain less Si but more A! (from the guard ring),
as well as Ct and F [23].

3. Discussion and conclusions

The most important conclusion suggested by our results
is that, in the systems studied, sputtering and RriE of Si
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Fligure 7. Optical emission spactra. (a) sputtering of Si
(120mTorr, 200 W); (b) RIE of Si (120 mTorr, 200W).

and SiO,, the species responsible for particle nucleation
and growth are probably Si atoms. This follows from a
combination of several obscrvations. First, in the sput-
tering of Si and SiO, the inost important ‘etch’ products
are clearly Si atoms, Hence it is notable that the onset
rate for light scautering, the sputter etch rate (thus the
fiux of Si atorns into the plasma), and the optical
em:ssion intensity from Si atoms (thus the Si atom
concentration in the plasma) are all higher in the same
proportion for Si us compared to SiO,. Second, in the
RIE of Si and 3i0,, the overall removal rate of Si atoms
is much larger than in sputter etching, yzt particle
formation is much slower. However in RIE most etch
products are volatile species of the form SiCl,F,, where-
as Si atoms are at most a minor etch product and are
present at a much lower concentration than in sputter-
ing, as is indicated by our optical emission results (figure
7).

As a second conclusion, we wish to emphasize that
particle nucleation and growth evidently occur continu-
ously under all experimental conditions, even when a
stable particle cloud is never observed by light scatter-
ing. This follows from the fact that one can collect
particles downstrcam either before the appearance of a
particle cloud over the wafer (above threshold condi-
tions), or even below threshold conditions where no
particle cloud is ever detected. Furthermore, even in a




well-developed cloud some very small particles can
always be found (figure 6).

The formation of a stable particle cloud thus requires
that nuclei grow and become negatively charged fast
enough so as not to be swept out directly into the
exhaust. Confinement of the particle cloud in the direc-
tion perpendicular to the parallel plate discharge clec-
trodes depends on a balance of electrical and ion drag
forces on the particles [26--29]. The reversible changes
in cloud shape and transverse cloud position which can
be induced by changes in flow rate or pressure indicate
that the neutral drag force on the particles is also very
important. In fact, it is 1ot clear yet what combination
of effects gives risc to transverse confinement of a
particie cloud, since clouds can form even over the
centre of a wafer, where there are no nearby geometric,
electrical discontinuities in the surfaces in contact with
the plasma [30].

Our results also suggest some approaches toward
minimizing particle contamination, The threshold obser-
vations for particle cloud formation indicate that there
may be ‘safe’ regions for operating a certain process as
far as deposition of particles on a wafer is concerned.
Also, a soft shut-down of the discharge is advisable,
whereby the pressure is reduced gradually before the RF
power is turned off. This will move the particle cloud, if
any, off the walfer into the exhaust. Furthermore, if
operating a process in a ‘safe’ region is not possible, then
it will be preferable to modulate or pulse the discharge
power, the benefits of which have already been demon-
strated [6 - 8].
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Abstract. Experimental identification of the precursors and processes leading to
particles is essential for understanding particulate contamination in deposition
plasmas. We have investigated particie formation in radiofrequency silane plasmas
using light scattering (elastic and inelastic) and quadrupole ion mass spectrometry as
complementary plasma diagnostics. Negative ions reach high masses (at least
500amu) and are the only elementary species with a residence time on the scale of
the powder formation time. Furthermore, a negative-ion polymerization scheme
shows that the densities of high-mass anions are strongly diminished at kilohertz
power modulation frequencies, at which reduced powder production is also observed.
Woe conclude that negative ions are the particle precursors and that initial clusters
grow by negative-ion poiymerization in silane plasmas. in situ light scattering
techniques are described to determine particle size, number density and refractive
index self-consistently. Nove', visible photoluminescence measurements from
particles suspended in the plasma are also reported. These diagnostics demonstrate
that particle evolution proceeds by an agglomeration phase and that the particle
properties are different from those of the bulk material early in particle development.

1. Introduction

Particulate contamination formed in plasmas for indus-
trial applications presents a major problem by limiting
manufacturing productivity and device reliability [1 3],
Suppression of particle formation in silane plasmas for
amorphous silicon deposition presupposes a hnowledge
of the powder precursor identity and of the reactions
leading from monosilicon process gas to particles con-
taining millions of silicon atoms. In this paper we
simultancously use quadrupole ion mass spectrometry
and light scattering to investigate precursor formation
and particle growth in silane R¥ plasmas.

Various species could be involved in plasma poly-
merization leading to particle precursor formation.
Polymerization could propagatc by insertion of silane
radicals into higher saturated molecules [4,5] or by
silane addition to positive 1ons [4,6]. Negative ions
arc trapped in the plasma by the sheath potentials,
which suggests that plasma polymerization could also
proceed via negative-ion pathways even if the reaction
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rates are slow [7 12]. Time-resolved mass spectrometric
measurements of the diffusion of heavy polymerized
negative ions from power-modulated ¥ silanc plasmas arc
modelled by a simple polymerization scheme to demon-
strate the cffect of modulation on precursor formation.
Particle precursors are too small to be visible, al-
though particles suspended in the plasma can be detec-
ted by light scattering [1 3. 13 19]. The scatlering is
often monitored simply as a guide to the amount of
powder and onsel rate [20]) because the intensity is a
complex convolution of particle size, number density
and refractive index [21,22]. Diflerent methods have
been applied to deconvolve the particle parameters
using angular dissymmetry [23] and polarization-sensi-
tive diagnostics. In general, additional ex situ measure-
ments [15] or assumptions (such as using the refractive
index of amorphous silicon [18]) are necessary. In this
paper, we attempt to determine the particle size, number
density and refractive index sclf-consistently from 90
polarization-sensitive scattering and extinction measure-
ments. in addition, visible photoluminescence from the




suspended particles [24] is briefy described and pro-
posed as a potential in situ diagnostic.

2. Experimental description

The conventional parallel-plate RF reactor comprises
two symmetric 130mm diameter electrodes with a
25mm electrode gap, described in detail elsewhere [25].
Plasma parameters for good quality a-Si: H deposition
were chosen: 30sccm pure silane flow at 0.1 mbar pres-
sure. The RF power of 4- 10 W at an excitation frequency
of 30 MHz was capacitively coupled to the RF electrode.

2.1 The experimental method for light scattering
measurements

Light scattering by a spherical, homogeneous particle is
described by the Lorentz-Mie theory [21,22]). For a
randomly distributed ensemble the total scattered inten-
sity is the sum of the individual particle intensities
provided that no multiple scattering occurs. For ident-
ical particles, the power at the detector is

Wi x N, AVAQIS, 2§ (1)

and equivalently for W/, where the polarizations are
represented in figure 1. The terms §, and S, are complex
elements of the amplitude scattering matrix [26] and are
a function of the complex refractive index a, the size
parameter x = 2nr/A (r is the particle radius and 1 the
source wavelength) and the scattering angle 0 (90" in our
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Figuie 1. Schematic plan view of the diagnostic
arrangement in the plane of a powder layer suspended in the
plasma above the bottom electrode. The light source is a
10mW He- Ne laser.
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case). N, is the number density of particles present in the
observation volume AV. Note that AV and the solid
angle AQ must be sufficiently smal® for the scattering
angle to be close to 90° and for the 1 irity of polarization
to be conserved. The incident intensities (15, 1}) at the
observation volume are corrected for any absorption
and scattering losses from powder between the source
and this volume. The experiment is also arranged to
avoid scattering and absorption losses between the ob-
served volume and the detector. The measured transmit-
ted power fraction W,/W, is independent of polarization
and, for simple scattering, is given by

W,/ Wy = exp( — CouN,d) @

where d is the path length of the visible beam in the
powder layer suspended in the plasma. C,,, is the
extinction cross section (sum of scattering and absorp-
tion) and depends on x and a.

2.1.1. Experimental procedure. The scattered power is
monitored during particle growth with both the source
and detector polarized parallel or perpendicularly, giv-
ing w! and W/' in consecutive experiments. Since we
arrange that /§ = I}, we can define

WE=—W! IS, 12 =S,

P= =
Wi+ WS 1P+ 18,1

3

which would be cquivalent to the degree of linear
polarization for the case of unpolarized incident light. Note
that Pisafunction of xand monly,and S, and §,, which also
determine C.,,, are calculated using the BHME algorithms
[26]. The signal evolution has been demonstrated to be
highly reproducible even down to the smallest features. Pisa
multi-valued function of the size parameter and therefore an
estimation of particle size requires that the particle
development be followed from the beginning. The technique
therefore cannot be used for instantaneous measurements in
an already-formed plasma particle system.

We find that there is no unique refractive index that
can describe the time variation of P assuming particle
growth with continuous, monotonically increasing radii.
Therefore we must allow for a changing refractive index
n(1) during particle growth, and follow an iterative
procedure to determine sell-consistently the parameters
IN,. x, ] as a function of time.

(i) Firstly, the P curve is reproduced using S, (1) and
§.(1) values calculated from an assumed step-by-step
variation for the real and complex parts of 1) during
the particle growth phase, along with the corresponding
size parameter vanation x(1).

(i) The value of C, (1) is then calculated using these
S, and S values, and the time-varying particle number
density N (1) is estimated from the W,/W, mecasurement
and equation (2).
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(iii) Using equation (1) values for W} and W) are
calculated and compared with the experimentally meas-
ured W2 and W/ signals.

The procedure is iterated until a reasonably accurate
self-consistent agrzement s found for the measured
values of {Wi, W), W} in terms of the particle para-
meters {m, x, N} over the whole time period inves-
tigated.

2.1.2. Limitations of the technique. The method described
is non-perturbative, easy to install in & plasma reactor
and gives self-consistent results without requiring any ex
situ measurements. However, to follow the particle evol-
ution, it is necessary to arrange for the observation
volume to coincide with a position in the discharge
region where the particles form and grow without drift-
ing out of the zone under observation. Displacement of
the particle cloud can be minimized by using an isother-
mal environment to eliminate thermophoretic forces [27]
and by using conditions that avoid rapid production of
high particle densities leading to instabilities, which can
empty particlas from the plasma, because light scattering
diagnostics could wrongly interpret these effects as a real
reduction in particle formation rates.

Boufendi et al [15] have demonstrated that particles
arec mono-sized during the ecarly stage of develop-
ment. Moreover, since the scattering cross section varies
as r® for the smallest particles (Rayleigh scattering for
x < 0.1 0.3, depending on the refractive index [28]) und
at least as r? for larger particles, our assumption of
identical particles is justifiable by considering that light
scattering from the initial class of particles will dominaie
the detected signal during the particle devclopment
investigated here.

The iterative data interpretation procedure is not
automatic, but requires a degree of judgement and
experience to aid in identifying the parameter trends
most likely to yield self-consistent results.

2.2. lon mass spectrometry

The differenti.ly pumped mass spectrometer was a
Hiden Analytical Limited Plasma Monitor type HAL.
EQP 500 (Hiden Analytical Limited, Gemini Business
Park, Warrington WAS 5TN, UK) for masses 1

500 amu. The ion extractor head in figure 1 was posi-
tioned with its axis in the electrode plane 10 mm beyond
the earthed guard screen [{2]. In this work, therefore,
ions were not extracted at the earthed electrode but at
the mass spectrometer head, which was at the same
potential. lons enter the monttor through a 100 um
aperture in the extractor electrode. A + 40V bias gave 2
good negative-ion signal without creating a visible sec-
ondary plasma in the extraction orifice. For time-resol-
ved mecasurements, the channeltron pulses triggered by
ion events were registered by a gated counter [12]. The
deposited film or powder can biock the aperture {8] and
the monitor extraction hcad had to be dismantled and
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cleaned in acid after every few hours of exposure to the
plasma.

3. Results

3.1. Negative ions

Figure 2 shows the time-resolved behaviour of mono-
to hexasilicon hydride anions in an on-off power-
modulated plasma [12]. The double peak in the mono-,
di- and trisilicon hydride anion groups is predicted by
the model of Overzet er al {29]: the first peak is due to
attachment in the decaying sheath after plasma extinc-
tion and the second peak is due to negative ions diffus-
ing from the plasma bulk when the sheath has collapsed
[11, 12, 30, 31]. Figure 2 also shows that only the
monositicon hydride anions have enough time to disap-
pear completely at 1kHz modulation frequency. Be-
cause of the mass-dependent diffusion loss rates [12] the
modulation frequency influences the composition of the
plasma. This point will be demonstrated by a simple
polymerization model below.

Negative polysilicon hydride ionic clusters have been
observed up to the S00amu mass limit of the mass
spectrometer [32], corresponding to [Si, H,]", indica-
ting that negative ions could be precursors to larger
clusters and ultimately to powder particles. These nega-
tive molecular ions are singly charged by incorporation
of an electron into a molecular orbital; the concepts of
sheaths and floating potential only apply when the
object is large enough for it to be statistically meaningful
to speak of electron and positive ion fluxes to its surface
(9. 33, 34]. The positive-ion masses are limited to a mere
150 amu, possibly because of the activation energy bar-
rizrs described by Mandich et al [35]. The positive-ion
size might also be limited because of ion -ion recom-
bination losses, or because they are cfficiently evacuated
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rigure 2. Time-resolved fluxes for mono- to hexasilicon
hydride molecular anion groups measured at 1 kHz power
modulation frequency. Time is referenced to the beginnir:g of
a plasma period and the afterglow is from 500 to 1000 .s.
The heavy line repreaents tne following plasma duration. For
each data point, the negative ions were counted with a 5 us
time window over 10000 modulation cycles. Pure silane at
0.1 mbar and 4 W average power (50 mWcm ? during the
plasma period) at 30 MHz excitaiior. frequency, etectrode
ternperature 150°C.




from the plasma across the sheaths.

3.1.1, Polymerization scheme for negative ions. Experi-
mental results suggest that a polymerizatior pathway
proceeds via negative ion clustering; they are not simply
by-products formed by electron attachment to a neutral
species pathway. Three reasons why the high-mass nega-
tive ions are not formed by attachment to heavy neutrals
are the following [12].

(i) No neutrals with masses as high as those of the
negative ions are detected in the mass spectra.

(ii) Negative ions and neutrals have very different
abundance ratios.

(iit) No attachment peaks exist in the time-resolved
measurements for negative ions heavier than trisilicon
hydride anions (figure 2).

One possible polymerization pathway, which propa-
gates via negative ions, is by silane addition [7], analog-
ous to the condensation reactions proposed for positive
icns [4, 6, 36] lon -ion recombination is the second
possible pathway for polymerization {37,38]. Since
heavy neutral species are not observed, it must be
supposed that they are re-attached and therefore ion
molecule and ion-ion reactions both eventually lead to
stavle higher-mass negative ions. The conditions for
negative-ion formation are discussed in more detail in
[12].

The qualitative behaviour of negative-ion polymeriz-
ation in modulated silane plasmas can be described by
a phenomenological model [12]. In the following, the
term S,(1) designates the time-varying plasma density of
all the polysilicon hydride anions containing n silicon
atoms. The conservation equation for the monosilicon
hvdride anion density is

ds,(eyde = fln) — K, S(t) — y,{0) 4)

where f(1) is the monomer source term due to electron
attachment on silane, K, is the reaction rate for silane
addition and g,(:) is the monomer loss rate due o
detachment and modulation losses. In this model the
aim is to study a simple clustering sequence. [n what
follows, the phenomenological polymerization rate con-
stant K, includes all possible reactions such as ion

molecule, ion -radical and ion ion recombination (fol-
lowed by re-attachment). The relative importance of
these reactions is discussed further in [12] For the
remaining equations we ignore formation of higher-mass
negative ions S,{n > 1) by any process other than by
polymerization from the preceding S, -, ion, to obtain

dS,/dt = K. Su-y (1) = K,SA0 = gl (5)

The function g,(1) represents modulation-induced loss
rates due to sheath collapse, which are considered to be
large relative to the weak transverse diffusion losses
from between the electrodes. Time-averaging over a
power modulation cycle under steady-state conditions

Particle genesis and growth in silane plasmas

and adding the first N equations gives the mean poly-
silicon hydride anion density

S i o

where it is assumed that there is no break in the
polymerization sequence since all K, are taken to be
non-zero. Equation (6) shows that the time-averaged
plasma density of the polymerized negative ion Sy is
determined by the monosilicon hydride anion produc-
tion rate, the polymerization reaction rate Ky, for the ion
itself, and the total of the modulation-induced losses of
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Figure 3. Dependence of (a) positize and (b) negztive ion
signals on modulation frequency. Each data point is
averaged over 300cycles. The negative-ion intensities are
divided by the modulation frequency to give the loss counts
per cycle. The plasma parameters are as in figure 2. The
calcutated frequency dependence of {c) the anion loss flux ic
shown for comparison, along with (d) the estimated anion
densities in the plasma.
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all the preceding negative ions. This emphasises the
importance of power modulation for controlling the
density of negative, highly polymerized species in the
plasma. We estimate the time window for anion loss
during afterglow by extrapolation from experimental
data as a function of modulation frequency and anion
mass [12]. Steady-state time-averaged negative ion den-
sities for a given moedulation frequency are determined
by iterating equations (4) and (5) until the time-vari-
ation of each ion density is the same in successive cycles.
Values for gy, and K, were sell-consistently chosen so
that the calculated losses gave a reasonable fit to the
experimental data [12].

Figures 3(a) and (b) show how the time-averaged
negative- and positive-ion signals vary with modulation
frequency. Above 15kHz the sheath does not have time
to collapse sufficiently for any negative ions to escape.
Figure 3(¢) shows the modelled iosses for comparison
with figure 3(b), and the corresponding calculated anion
densities are shown in figure 3(d). The time-averaged
negative-ion densities in the limits of high and low
modulation frequency are equal and half of the continu-
ous plasma values for a 50% duty cycle [12]. In the
intermediate frequency range around | kHz the densities
decrease strongly for the higher masses. The implica-
tions for powder formation are discussed in section 4.

3.2. Light scattering results

Figures 4(a) and (b) show the measured signals with the
fitted points from the iteration procedure superposed.
Figure 4(c) shows the concomitant particle radius,
number density and refractive index. We can distinguish
several stages of particle formation.

For the first 35s after plasma ignition, no scatlered
signal is observable. The particle precursors and nu-
cleation centres are below the detection limit.

From 35 to 50s, only perpendicularly polarized light
is measurable, corresponding to Rayleigh scattering; the
particle radius is less than 15nm.

From 50 to 80s, the fitting procedure gives a reason-
able fit to the raw data (see figure 4(a)) for which the
corresponding {m, x, N} values are shown in figure 4(¢).

At least three different refractive index values are
necessary Lo Jescribe self-consistently the whole particle
evolution. An initial rapid increase in particle radius is
accompanied by a strong decrease in number density
(50 535), and could be interpreted as an agglomeration
of invisibly small perticle precursors. These particles
show a high refractive index [39]. A particle growth
period ensues with moderate increase in radius at almgst
constant number density. This gereral trend of an carly
agglomeration phase followed by slow particle growth
reproduces the observations of Bouchoule and Boufendi
[40], and the final number density is comparable to that
found in other work in silane-containing plasmas
[15,18]

As the particles grow further, the refractive index
tends towards that of amorphous silicon bulk material.
At 765, there is an additional change, whereby the radii
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Figure 4. Results from light-scattering measurements
during powder development in a continuous wave plasma.
(a) The full lines are measured scattered intensities
(corrected for extinction) and symbols represent
self-consistent fitted data. (b) The measured transmitted
power fraction W,/W, and polarization degree P. (¢) The
deduced particle radii, number density and refractive index
values at 832.8nm. Pure silane at 0.1 mbar and 30 MHz with
5W continuous wave power and 100°C electrode
temperature.

increase strongly concurrently with a fall in number
density. The volume fraction of powder, defined as
N_4nr’/3, remains approximately constant up to this
time and so this appears to be a second phasc of particle
aggregation. This is supported by transmission clectron
microscopy, which shows both single smooth spheres
and aggregates of spheres; the latter having semblance
of a blackberry. During this aggregation, the measured
cross nolarization intensity W!' becomes non negli-
gible. Assuming that multiple scatiering can be neglect-
cd, this indicatcs that the particles are no longer purely
spherical [41]; the fit is less accurate in this region.
Finally, the scattered intensitics for both polarizations
fail sharply, coinciding with a risc in transmitted inten-
sity and accompanied by strong fluctuations in plasma
light emission. This is due to instabilities of the plasma
powder ensemtle, which ¢ject powder from the observa-
tion volume.

3.2.1. Pho‘oluminescence measurements were carried out
for the first time on particles suspended in the plasma by
illuminating with a 488 nm argon ion laser and monitor-
ing the spectrum at 9 via a 530nm high-pass filter and




opticai multichanne! analyser {24] with an arrangement
similar to figure 1. The visible photciuminescence in
figure § is suggested to originate from quantum confine-
ment eflects in nano-crystallites [24] and as such is a
probe for the particulate structure. The spectral shift
viith time as shows in figure 5 reveals an evolution in
particle morphology during its formation.

3.2.2. Light scattering in power-modulated plasmas. Fig-
ure 6 shows the powder onset rate (defined as the inverse
of the powder appearance time) and the volume of
powder material in the horizontal layer at the position
of the laser beam (estimated from the product of volume
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Figure 5. Photoluminescence spectra from particles
suspended in a pure silane plasma for different times during
powder development after plasma ignition. Incident light at
488 nm wavelength. The spectra are corrected for the
spectral response of the detection system and for
background plasma emission. Pure silane at 0.1 mbar,
20kHz modulation at 5W average radiofrequency power
(30 MHz) and 20°C temperature.
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material suspended in the piasma as a functio of
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values in the continuous wave plasma. The powder material
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volume). Pure silane at 0.1 mbar, 4 W average power at
30MHz and 100°C.
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fraction and layer volume), for different modulation
frequencics. Powder formation is sirongly reduced for
modulation frequencics below ! kHz, in agreement with
other work [8, 16-19].

The time-developments of ionic species and scattered
light intensity are compared in figure 7(a) for a square-
wave power-modulated plasma (50% duty cycle) at
2kHz modulation frequency. Both positive- and nega-
tive-ion fluxes vary on a slow timescale similar to the
powder appearance time of 16s b-"ore reaching stcady-
state levels. Comparison with figure 7(b), for a 10% duty
cycle in oiherwise identical plasma conditions, shows
that the negative-ion flux time-dependence is markedly
different in the absence of powder formation although
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Figure 7. Simultaneous measurements of ion fiuxes and
powder development at 2kHz moduilation frequency for (a)
50% duty cycle and (b) 10% duty cycle. No powder is visible
for the 10% duty zycle. Plasma parameters as for figure 6.
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the positive-ion flux behaviour is relatively unchanged.
Figure 8 represents the steady-state ion fluxes, the total
scattered intensity and the powder onset rate for a range
of duty cycles at 2kHz modulation frequency. The
negative-ion loss flux is again anti-correlated with the
scattered light intensity and powder onset rate, all of
which vary strongly compared to the positive ion flux.

4, Discussion

Particles large enough to be visible by light scattering
form in the RF silane plasma only after many seconds as
shown in figure 4 and 7. This defay is much greater than
the residence time for positive ions or neutrals in the
discharge region. Negative species could, however, re-
main trapped by the plasma electric potential for this
duration [9] and act as precursors for particle growth.

Figures 3 and 6, using a simple model to interpret
the experimental measurements, demonstrate that the
negative-ion density in the plasma is correlated with the
onset rate and powder quantity above | kHz. Extrapo-
lation to higher-mass negative ions in figure 9 indicates
that the macro-molecular anion densities would fall to
near zero for a wide range of modulation frequencies
below 1 kHz. This is because the plasma periods are then
too short for the polymerization chain to propagate
from monosilicon hydride anions to highly polymerized
species before almost all of the low-mass species are lost
in the subsequent ‘ofl” periods. Equilibrium between the
diminished supply from preceding negative ions and the
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Figure 9. Estimation of time-averaged anion densities, as a
function of modulation frequency, extrapolated to anions
containing 25 silicon atoms (polymerization rates assumed
independent of size for anions of six or more silicon atoms}.
Insets show the time-varying density during a modulation
cycle for three frequencies: a' 100 Hz, the polymerization
chain has insufficient time to propagate to the highest
masses; at 1kHz, the elementary anions are lost before
significant polymerization can occur; and at 20kHz, all
anions are trapped and high densities are reached.
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polymerization of the polysilicon hydride anion itself
results in a strongly diminished density of the highly-
polymerized anions (see equation (6) and figure 9).
Above 1kHz, the sheaths do not fully collapse and
high-mass negative ions reach significant densities. At
very low modulation frequencies [10], the polymeriz-
ation in a single plasma period propagates sufficiently
far (to clusters containing perhaps 30 or 50 silicon
atoms) to initiate particle growth. The onset rate in
figure 6 is a measure of the growth rate from precursors
to detectable: particles and consequently is an indication
of the precursor density. Therefore the identification of
negative ions as the precursors to particle formation
[12,42] is consistent with experimental observations of
powder reduction in plasmas modulated at kilohertz
frequencies 8, 10, 12, 16, 17, 19, 42]. Similar consider-
ations alsc account for the observations in figure 8. We
can now speculate the following stages of particle forma-
tion.

(i) Dissociative electron attachment on silane creates
the primary monosilicon hydride anions. Subsequent
anion chemical reactions with silane, radicals or positive
ions yield highly polymerized structured anionic clusters
[12,42], which are singly charged and are trapped in the
discharge by the rF electrode sheath potentials during
continuous plasma operation. These anions are the
precursors to cluster formation and ultimately lead to
particles; such processes are considered in the recent
theoretical paper by Choi and Kushner [43].

(i) These invisibly small negatively charged nano-
particles remain trapped in the plasma and continue to
grcw by physico-chemical accretion. The nano-particles
undergo an agglomeration phase and become large
enough to be visible by light scattering (figure 4).

(iii) At some point during particle growth [9, 33, 34],
equilibrium of clectron and ion fluxes to its surface
results in a multiple electronic surface charge and a
sheath forms around the particle. Probably because the
resultant micro-particles arc composites of structured
nann-particles, they exhibit properties different from
those of the bulk material, such as a high refractive
index [44,45)] and visible photoluminescence [24] (sec
figure 4(c) and 5). Particles continue 10 develop lurther
by processes analogous to film growth leading to par-
ticles with a-Si: H properties.

For plasma processing applications, restriction of
polymerization to jow-mass anions could conceivably
suppress particulate contamination and improve deposi-
tion cfficiency. Alternatively to power modulation, this
could perhaps be achieved by illuminating the plasma
[32] with photodetaching radiation.

5. Conclusions

The genesis and growth of particles in &t silane plasmas
has been investigated by a combination of light scatter-
ing (for a self-consistent determination of particle size,
number density and refractive index) and 1on mass



spectrometry. Time-resolved measurements of negative
ion fluxes are interpreted in terms of a polymerization
scheme. Based on this, a simple model shows that anion
cluster densities are depressed for the kilohertz range of
power modulation frequencies corresponding to ob-
served powder reduction. In addition, the observations
that negative ions reach high masses and are the only
species with a residence time on the scale of the powder
growth time combine to show that negative ions are the
precursors to particulate formation. Light-scattering di-
agnostics demonstrate that particle evolution proceeds
by an agglomeration phase and that the particles exhibit
properties different from those of the bulk material, such
as a high refractive index and visible photoluminescence.
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Abstract. Formation processes of particulates in radiofrequency power-modulated
SiH, discharges have been studied using two kinds of laser light scattering, a
modified Langmuir probe and absorption methods. The results suggest that
particulates are formed by three phases of nucleation, rapid growth and growth
saturation. In the nucleation phase, the formation may be caused by short-iifetime
radicals such as SiH,, SiH, or Si. In the rapid growth phase, SiH,’ (11 =0 3) ions
and,or SiH, radicals seem to make an important contritbution to particulate growth, if
only direct influx of the particles onto a particulatz is taken into account. In the grow.h
saturation phase, the saturation may be explained by taking into account the
decrease in enhancement factor of the ion-collecting areas of particulates and the
increase in their ioss due to the reduction of ambipolar field in the periphcry of the
discharge column. Power modulation in SiH, radiofrequency discharges is found to
be practically very effective for decreasing the sizes of particulates.

1. Introduction

Since particulates in processing plasmas are serious
ohstacles to microelectronics fabrication, great attention
has been placed on clarifying their formanon kinetics
and suppressing their growth [1 7], We have <hown
that, concerning RE sthane (8iH,) plasmas, a power-
modulation method ts useful nov only for suppressing
the growth of particulates but also in studying their
formation kinetics {3 7). Qur work has been carried out
ustng fwo laser light scattering (LLS) methods co-
operatively. They have given the nteresting result chat
particufates grow rapidly in & short period after turning
on the Ry power and are localized around the sheath
edge. The results have revealed some features concerning
the growth processes of particulates and the forces
excrted on them,

While the Lrs methods are useful for observing the
behaviour of particulates in sitw, they grve information
only on those above a few tens of nanometiss 1o size.
Hence, anuother saethod as necessary to gata i ight into
their carly formation processes, We have recently pro-
posed a modified Langmuir probe method for this
purpose. which detects cluster-like small particulates,
formed durmg a R power-on pertod, as negative 1ons in
a subsequent RE power-off peniod [8,9). Prelimimary
measurements using this method have given some re-
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su'ts supporting our previous speculation that particle
species contributing to particulate nucleation may be
short-lifetime radiculs such as SiH, (n =0 2). Mot-
vated by these iosults, we have been interested in
measaring spatial profiles of radical species, especially
ones of short lifetime, 1n the power-modulated r¥ dis-
charge. Recently, as the first step, an absorption method
has been applied to Si radicals, The resuits have shown
an interesting close correlation between their spatial
density profiles and those of particulates [10].

We have also been interested in the formation pro-
cesses of particulates after therr rapid growth, because
their sizes are in the submicrometre to micrometre range
for conventtonal cw RrE Sitl, plasmas, which is not so
farge compared with those observed in our work, Thus,
observation using the tis metbods has been performed
by prolonging the ki power-on penod. e results show
seturation of particokate growth as expected.

We have ported out that the LLS intensity in the Ri
stlane discharge is suppressed by the g power modula-
tion. suggesting a decrcase in particulate ameunt {3}
Size and depsity of particulates have recently been
measiired separately as parameters of the duty cycle
[ 1O]. The results show that particle sizes decrease with
decreasing duty eycele as predicted.

In this paper, we prasent some resalts from a series
of recem experniments carried out using RE power-




modulated SiH, discharges, and, based on these results,
discuss formation processes of particulates.

2. Experimental

Experiments were carried out using two types of conven-
tional paralle! plate rF reactors, A and B, which have
been described elsewherce in detail [6,8]). For type A,
stainless steel plane electrodes 10cm in diameter were
placed at a separation of 43cm in a stainless steel
reactor 30 cm: in diameter. Reactor A was employed for
both LLS measurements to observe particulate behaviour
and density measurements of Si radicals. For the LLs
measurements, 5% SiH, - He gas was used and an RF
power of 20, 30 or 40 W was supplicd during an RrF
powei-on period T, = 2-8 s at intervals of RF power-off
period T, = 30-60s. For the Si density measurements,
10% SiH,-Ar gas was used and RF power 80 W was
supplied during T, = 0.08s at intervals T, = 0.08s.
For type B, a Pyrex glass tube 9.45 ¢cm in inner diameter
was ¢employed as a discharge vessel and stainless steel
plane clectrodes 8.5cm in diameter were placed at a
distan. » of 6.5 cm. Reactor B was employed to study the
growth process of small particulates in their early forma-
tion phase. The gas used was 0.5% SiH, - He and it was
fed from the RF electrode toward the grounded one at a
flow rate of 10-170sccm. A RF power of 60 W was
supplied during T, = 0.02--1s at intervals T, > 6Gs.
The Langmuir probe used was 0.6 mm in diameter and
3Imm in length and was movable between the electrodes.
Two probe currents were detected at its bias potentials of
+27V to the plasma potential 1 ms after R¥ power was
turned ofl. The square of the ratio between these currents
is considered to give the ratio between the mass of small
particulates, M . and that of positive ions, M, [8].
The particulate behaviour was observed using two LLS
metnods, as reported clsewhere in detail [6]. They give
time evolutions of spatial profiles of two-dimensional LLs
uitensity and the size and density of particulates. Spatial Si
dunsity profiles were measured by the absorption method,
using a spectral line (288.2 nm) from a Si hollow cathode
lan p. Sheet-like light 20 mm in width chopped at 25 Hz
was passed parallel to the clectrode surfaces twice. Spatial
resc lution along the discharge axis was about Smm.
Measurements were performed during a period in which
the line absorption was not affected by particulates [10].

S Results

We have already reported the particulate behavior for
T, = 2s [6,7]. Figure 1 shows a typical spatial profile
[ particulaie size and density obtained. The main points
are summarized as follows: particulates begin to be
oserved around the sheath edge near the rF electrode;
particulate size and density amount to 60 180 nm and
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Figure 1. Snatial distributions of particle cize and density
between electrndes on discharge column axis at t = 0.8 and
2s after discharge initiation. T, = 25, 40W, 5% SiH,- He,
30 sccm, 80 Pa.

10% 10% cm " during a short time of 1- 25 after the RF
power being turned on; und particulates of a larger size
reside in a higher DC field region near the electrodes.
Based on these results, qualitative discussion has been
given on the formation processes of particulates [6, 7].
To discuss the processes of interest in more detail, we
need information on the growth of smaller particulates
in their early nucleation phase. For this purpose, Lang-
muir probe and Si line absorption measurements have
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Figure 2. Spatial distributions of M ;M _ for T, = 20 ms (a),
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0.5% SiH, He, 10sccm, 80 Pa.
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been carried out [8,9]. Figures 2(a) -(e) show spatial
distributions of M _/M . deduced from the ratio be-
tween the negative and positive ion currents as a func-
tion of 7,,. It can be seen that the ratio M /M,
increases with T, and becomes large in the sheath edge
region 15 20 mm away (rom the r¥ electrode. This rend
of localization becomes weak with increasing gas flow
rate and, at a high flow rate over about 150 sccm, the
region of large M , /M _ tends to shift downstream (not
shown). Figure 3 shows spatial profiles of Si density

together with those of Si emission and LLS intensities.
One can see that the Si density is high around the region
where particulates are localized and its profile is also
very similar to that of the Si emission.

To study the formation processes of particulates for
RF power-on periods longer than T, = 25, time evol-
utions of the particulate behaviour were observed using
the LLS methods in the range 2s < T, < 85 [10). Figure
4 shows time evolutions of the spatial LLS intensity
distribution {contours) between electrodes for T, = 4s.
One can see that particulate amonnis are predominantly
rich around the sheath edges ncar the electrode, es-
pecially the RF electrode. Just after the RF power is
turned off, a group of particulates move toward the
grounded electrode and then downstream {right-hand
side of figure 4) with the gas flow. Thus, spatial profiles
of particulate amounts for T,, = 45 are quite similar to
those for T,, = 2s reported previously, except that their
intensily seems to saturate for 1 > 2s. Figures S{u) and
(h) show LLS intensities and particulate sizes around the
sheath edge of the RF electrode under the same condi-
tions: as in figure 4. It can be clearly seen that particu-
late growth tends to caturate after ¢ > 2s. In our
experiment, on decreasing the *F power, the growth rate
in the rapid growth phase decreased while the saturated
sizes were almost constant (not shown).

The LLS intensity measurements were also carried
out as a function of gas flow rate. It can be seen in
figures 6{a) and (b) that the particulate amount becomes

135 to the gas flow.
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Figure 5. Time evolutions of laser light scattering intansity
(a) and particulate size d (b) 34- 42 mm above the grounded
electrode after the radiofrequency power has been turned on
for T, = 4s. 40W, 5% SiH,-He, 30 sccm, 80 Pa.

rich in the downstream region, increasing with gas flow
rate, and furtner, that the sizes become large in the
downstream region.

We have proposed th» RF power-modulation method
to suppress the particulate growth and sihiown that it
brings about a drastic decrease ia LLS intensity. To verify
this elfect more quantitatively, dependences of the spa-
tial LLS intensity distnbution ana particulate size on
duty cycle were investigated [10]. Figure 7 shows spatial
LLs intensity profiles 1.4 s after the RF power has been
turned on as a parameter of duty cycle [. For D = 20%,
the LLS intensity was too low to be observed. Decrease in
D makes the high intensity region shift away from the rF
electrode, and brings al-out a significant decrease in
particulate amount. Figure 8 shows the dependence of
the particulate size on D. It can be seen thet the size
becomes considerably decreased with decreise in D.

4. Discussion

As shown in figure 1, particulates are mainly observed
around the sheath edge on the rr elecirode side and
those of a larger size reside in a higher be field part of
the region. This spati:! size distribution can be ex-
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drag forces [11]. Further, it has beeu established that
the relevant pc field becomes high with increasing
particulate amount, that is, particulate growth (12].
These facts mean that information on the growth of
particulates can be obtained in situ by observing their
behaviour ia the higher bDC field part. From figures 1, 2,
4 and 5, on the basis of such a standpoint, it can be
suggested that the formation processes of interest are
composcd of three phases, namely nucleation, rapid
growth and growth saturztion.

First, we shall ciscuss the nucleation phase basad on
the results shown in figures 2 and 3. Conrerning small
particulates detected as negative 10ns using the prooe,
those around the sheath edge are considercd to be
electrically ncutral during the RF power-on jeriod, be-
cause negatively charged ones would in this period be
pushed toward the plasma bulk region by ths pc field
developed in front of the RF electrode, and, on the other
hand, those in the plasma bulk region may be alrcady
charged up durirg this period. Hence, the result in
figures 2(a) - (e} that small particulates grow while local-
ized in the sheath edge region is interpreted as showing
that they are ruclcaied and grow there without being
charged. Further, in figure 3, ths localized profiies are
very similar not only to the Si density profile but also to
that of Si emission, which is close'y related (0 produc-
tion of Si radicals. This means that the dunsity of Si
radicals becomes high orly in their production region,
becauze of their high reactivity, Actually, taking into
account recent data on Si reaction rates [14], Si radicals
are estimated to diffuse only ahout 0.0 mm at most
befora they ceact with SiH,. Figure 3 also shows that the
high LLS intensity region is located around the high-
density region for Si radicals, While our present radical
density measurements are carried out only for S: atoms,
the other short-lifetime radicals, S'H;, and SiH, are also
expected tc have similar spatial profiles. From the
examination above, it is strongly suggested that short-
lifetime radicals StH, (n =0 2) mainly contribute to
formation in the nucleation phase, while .t is not yet
clear which one is more important among them. As
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formation reactions related to such radicals in this
phase, those between these species and SiH, may be
promising.

Particle species contributing to formation in the
rapid growth phase can be picked up, taking into
account their influx to a particulate. A particulate over
a few nanometres in size tends to be charged up nega-
tively in a plasma and hence its positive-ion collection
area is estimated to be enhanced by a factor of (1 — ¥,/
T, ) using the orbital theory of a Langmuir probe [15],
where V(<0) is the floating potential of the particulate
anrd T, the positive-ion temperature in volts. In conven-
vonal RF plasmas. it is possible that this factor antounts
to 200~-300, which is large enough to account for the
high growth rate ol interest. Positive ions reaching the
particulate surface may be changed to neutral radicals
by recombining with electrons actompanying them
and/or present on the surface. Neutral radicals can
contribute to particulate growth by their thermal
motion. The growth rates from these particle species are
estimated assuming relevant parametes values, rasulting
in 140nms™! for ncsitive ions, <3nm s~ ' for SiH,
(n =0 2)and <20nm s~ ' for SiH,. Suck examiration
shows that densities of SiH,} (n = 9-3) and/or SiH; are
high enough to explain the growth rate in the rapid
growth phase [11]. The rF power dependence of the
growth described in sectiop 3 inay be explained by the
similar power-lependence of the ion and/or radical
densities generated in r¥ discharges. in the above con-
sideration, only direct influx of the particles onte a
particulate is taken into account. It is necessary, for
more precise atgument, to get information on the numb-
er of charges on a particuiate and on coagulation of
particulates.

Nexi, we shall discuss the growth saturation phase.
The growth of particulates depends on both the particle
influx to them and their 0ss out of the discharge space.
We have pointed out above tha: SiH,} (n = 0- 3) ions
and/or SiH, radicals may play an important role in the
rapid growth phase. If mainly the ions contribute, then
enhancement of the collection ares should decrease with
particulate growth. Estimation of the enharcement fac-
tor gives thai it decreases by about onc order or more
during growth of particulates in a range of density ratio
between them and ions of 0.02 0.2 in onr case [11]. For
SiH,, on the other hand, there is no mechanisn to
suppress their influx.

Particalate ioss may be closely related to balance
between the drag force due to the gas flow and the
electrostatic force due to the ambipolar field in the
periphery of the discharge column. For reactor A, which
has gas flow parallel to the clectrodes, the two forces are
opposite to each other in the downstream region of
interest. Particulcte loss is considered to increase with
particulate growth for the following reason: for 4 plasina
composed of positive ions, negative ions (or nega'ively
charged parti~ulates) and electrons, diffusion of elec-
trons becomes very fast relative to that of negative and
positive ions, when the aensity ratio between negative
and positive ions is close to or larger than unity during




particulate growth [16]. As the diffusion of clectrons
becomes free from positive and negative ions, the am-
bipolar field tends to be dominated by diffusion of
negative and positive ions, leading to the decrease in
itself; the decrease in ambipolar field weakens the elec-
trostatic force and hence brings about the increase in
particulate loss due to gas flow. The results in figures
6(a) and (b) show that the gas flow drives particulates
downstream. An overall particulate amount evaluated
by integrating a spatial LLS intensity distribution at a
particular time throughout the discharge space tends to
decrease with increasing gas flow rate. The above loss
mechanism also seems to be supported by the experi-
mental result, described in the last section, that the size
of particulates in the saturated phase is almost indepen-
dent of RF power for a given flow rate.

Finally, the effect of RF power modulation is dis-
cussed. The results in figures 7 and 8 show that modu-
lation is really cfective in decreasing not only the
amount of particufates throughout the discharge space
but also their size. From the balance between the clec-
trostatic and ion drag forces, particulates of smaller size
should reside far away from the &¥ clectrode. Further, as
observed in figure 4, particu'ates tend to move toward
the bulk plasma region just after the R¥ power is turned
off. These phenomena are considered to be related to the
shift of the high-LLs-intensity region toward the bulk
plasma region with the decrease in duty cycle shown in
figure 7.

5. Conclusions

From the experimental studies, formation processes of
particulates in SiH, R plasmas have been found to
grow through nucleation, rapid growth and growth
saturation phases. Initially, particulates are considered
to be formed by short-lifetime radicals, SiH,, SiH or Si.
The subsequent rapid growth seems to be explained by
the contribution of SiH,} (n = 0 3) and/or SiH,, if only
direct influx of the particles onto a particulate is taken
into account. As particulates grow, the enhancement
factor of their ion-collecting arca decreases and also the
ambipolar field in the periphery of the discharge column
is weakencd. These two factors related to the growth of

Particulate tormation in He- Si,discharge

particulates may bring about their growth saturation.
The RF power modulation has been found to be really
effective in decreasing the size of particulates,
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Abstract. Dust generation in plasma reactors used for PECVO is a general limiting
effect which occurs when trying to obtain high deposition rates in the fabrication of
thin films. In such dust-forming processes, for instance silane discharges, very high
concentrations of submicrometre sized particulates are readily produced. The
theoretical approach and the modelling of these dusty dense plasmas suggest that

they have very peculiar properties with spectacular effects concerning the plasma

equilibrium and the behaviour ot the particulate cloud.

Waell characterized dusty dense plasma situations have been obtained in
argon-silane or in pure argon RF discharges and experimental data obtained in these
situations are reported here, in connection with the theoretical predictions.

In terms of plasma properties the drastic modification of the free electron
population, induced by the presence of the particles, is one of the most important
results, with significant effects on the chemical equilibrium of the plasma.

In terrs of the particle cloud behaviour the strong electrostatic interaction between
the negatively charged particulates is shown to be an order of magnitude higher than
their kinetic energy and this particle cloud has to be described as a ‘Coulomb liquid'.

An overview of our experimental studies of these effects in a dusty dense plasma

situation is given, including the most recent results.

1. introduction

In a companion paper (Boufendi et al) [1] the growth
kinetics of particles in a RF argon  silane plasma are
described for particle sizes from 2nm to a few 100 nm.
The experimental set-up, as well as the diagnostics
developed for particle characterization (size and concen-
traticn) are given in that paper.

This contribution will discuss the effects of this dusty
situation on the plasma and discharge properties and
the particle particle interactions in the cloud. Dusty
dense piasmas have already been observed and studied
in various experimental situations [2 4], so a specific
purpose of the present work was to take advantage of
the well defined conditions obtainea in our reactor (in
terms of particulate cloud characterization) for a more
precise evaluation of the dusty plasmas properties, in
connection with theoretical predictions,

The results concerning the effects of the dust on the
R¥ discharge properties and the particle- particle inter-
actions will be summarized here as they have already
been published elsewhere.

New results on the evolution of the plasma proper-
tics when the particles are growing in size will be
described in more detail in this contribution. They have
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been obtained by using time-resolved optical emission
spectroscopy and mass spectrometry. The variation of
the free electron concentration associated with the pris-
tine dusty plasma transition is determined by a micro-
wave diagnostic technique.

As the particle size kinctics are known, this study adds
complementary knowledge to the connection between the
particle size and the induced effect ; on the plasma properties.

These effects, in terms of plasma properties, are
observed when the particle size is significantly larger
than the initial clusters of a few nanometres and occurs
in the coagulation step of the growth of the particles (as
shown in the companion paper).

The dusty situation is characterized by a severe drop
in free electron concentration and 2 strong enhancement
of their mean energy, such that an important overall
enhancement of the excitation and dissociation rates is
observed in the plasma.

As our results will be compared with theoretical
predictions of cloudy plasma behaviour some of the
relevant theoretical works will be briefly reviewed in
section 2 with a particular emphasis on the points where
comparison with experimental data has been made.

In section 3 the transition of the plasma propertics
from a pristine to a dusty situation is studied experimen-
tally and compared to model predictiens.




Finally, in section 4 an overview of particle- particle
interactions as observed experimentally and previously
reported will be presented.

2. Theoretical considerations

Many theoretical studies of dusty plasma media have
already been published, including analytical and statis-
tical Monte Carlo simulations. These studies are con-
nected to typical situations relevant to laboratory
discharges and extraterrestrial plasmas and concern sev-
eral physical problems such as:

(i) the electrostatic equilibrium of a single particle
with respect to the incident charge flux from a given
plasma medium, and size dependent effects {5, 6];

(ii) the effects of other processes (e.g. eleciron photo-
emission) on this equilibrium [7];

(it)) the effects of particle concentration on the
plasma- particle equilibrium and particle particle inter-
actions [8,9];

(iv) the collective properties (fluctuations, wave
propagation) which are of most recent interest [11] (see
Tsytovich [10]).

A brief review is given here, with particular emphasis on
the plasma particle equilibrium and particle particle
interactions in the situation of ‘dusty dense plasmas’.

2.1. Electrostatic equilibrium of a single particle
immersed in a plasma

This equilibrium has been studied in a broad range of
situations. The problem is treated through the theory of
a spherical Langmuir probe in the zero mean total
current (floating potential) condition.

[Hlustrative examples are given by the study of the
structure of the sheath surrounding a particle in a given,
otherwise unaffected, plasma ambiance [5] and by the
study of the influence of the collision-induced trapping
effects of ions around a negatively charged particle [6].

In the first study the cffective screening radius
around the particle was shown to be a sensitive function
of the particle radius. It varies from the order of an ionic
Debye length when the particle radius is much smaller
than this characteristic length to the order of several
times an electronic Debye iength when the purticle size
becomes much larger. In typical low-pressure discharge
plasmas of interest here (concentrations n, = n, =
~10'% ¢m ™3, electronic temperature ~ 2¢V, ionic tem-
perature <0.06 2V (argon)) this critical radius is of the
order of 50 um. This value is much larger than the
particle sizes commonly present in plasma reactors, so
the ionic Debye length gives the right order of magni-
tude of the extent r, of the sheath surrounding a particle.

In the second study it is shown that the trapping
effects could play an important role in laboratory dis-
charge conditions and this would have an important
consequence for the force exerted on a ‘dressed particle’
by a macroscopic electric field {12].

High concantration effects in dusty plasmas

However one question remains to be addressed: for
given plasma conditions a critical particle size must exist
below which these studies are no longer valid to describe
properly the actual time-varying charge of the particles.
When the fluctuations of the charge supported by the
particle exceed its mean value (with, therefore, possible
change of the sign of this net charge) the description of
these fluctuations becomes of prime importance in order
to describe the particle - particle interactions properly
(e.g. the coagulation processes in the early step of dust
formation).

2.2, Dusty dense plasmas

When the concentration of the particles is such that the
elementary volume associated with cach particle be-
comes of the order of the Debye shiclding volume, the
plasma propertics cannot be considered independently
and become connected with particle concentration. The
transition from the isolated particles situation to the
dusty dense plasma situation has been described 8] by
using a capacitor model where the plasma parameters
(T, , T,,n,) are taken as given quantitics. In this situation
the mean negative charge concentration in the plasma
becomes essentially represented by the negatively
charged particles, the relative participation of the free
electrons to the charge ncutrality becomes very small
and the charge on each particle in this situation is
simply @ ~ (n,/N _)e.

This high dust concentration situation is relevant in
extraterrestrial plasmas as planetary ring environments
and high-concentration effects have been described
[7.9]. In thesc studies the free clectrons and negatively
charged dust concentrations are considered as given
parameters.

A self-consistent description of the problem Fas been
developed by Bocuf [11] with a particle-in-cell (piC)
Monte Carlo (MC) simulation where the only external
parameter is the current density in the ptasma. This has
been done for situations (argon gas pressure 100 mTorr,
particles with diameters and concentrations 0.1 ym, 108
cm ~* respectively) relevant to those studied experimen-
tally [13].

The results obtained in this seli-consistent model of
dusty dense plasmas show the following.

(i) The charge and surface potential of the particles
are severely reduced in comparison with isolated par-
ticles.

/i) As a consequence, in ‘dusty dense’ plasmas,
almost all electrons cap reach the particle surface and
surface induced recombination is a major effect, while in
the situation of isolated particles, as clearly demon-
strated in previous modelling work [14], the particle
surface potential is such that only the high-cnergy tail of
the kEDF is involved.

(iii) The lowering (by an order of magniiude) of the
free electron concentration 1s more than compensated, in
terms of ionization [requency, by a strong increase in
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Table 1. Boeuf [9] model predictions for two situations of current density in the plasma
and two particle sizes, the particle density baing 10%cm 2,

JmAcm™3)  dum) Nfcm™3) N,(em ™3 T(eV) v(107 s7) Qule)
05 0.1 3 x10° 0.13 x 10° 55 7 12
5.0 0.1 12 x 10° 0.10 x 10° x5.5 8 50
05 0.3 =3 % 10° 0.045 x 10° 7.7 35 x12
5.0 0.3 =12 x 108 0.35 x 10° =77 =35 *50

electron temperature induced by the =lectric field which
penetrates in the plasma (at a given current density).

Typical parameters for this work are shown in table
1 for conditions close to those of the cxperiment
(particle concentration x 10° ¢m ™3, diameter 0.2 ym,
argon pressure 100mTorr). In this table J is the
current density through the plasma, d is the particle
diameter, N; and N, are the argon ion and free electron
concentrations respectively, T, is the mean electronic
energy, vi is the electron impact ionization [requency
and Q, is the charge of each particle expressed in
number of electrons.

The above data have been obtained for D¢ plasma
current densities as input parameters in the simulation,
while in our experiment the plasma is excited in a RF
(13.56 MHz) discharge. As the plasma appears as highly
resistive for current transport this difference is not as
drastic as might be cxpected in the pristine argon gas
situation and the b current density range sclected in
the table corresponds to the RF current amplitudes
measured in the working conditions of our parallel plate
discharge.

The data in table 1 show clearly that the influence
of particle size on plasma properties concerns primarily
the concentration and energy of the free electrons and
this could be perhaps an interesting indication for di-
agnosis of particle size in a homogeneous dusty
plasma.

For these dusty dense plasmas the electrostatic inter-
action between particles is not shiclded, the mean inier-
particle distance being of the order of or less than the
ionic Debye length. Even when taking into account the
effect of reduction of particle charge, as seen in the above
studies, this interaction energy is casily higher than the
kinetic energy of the particles.

The thermodynamics of such plasmas are similar to
the so called one component plasmas (0CPs) where one
species of charged particles is considered in a slightly
modulated neutralizing fluid. In his work on dusty dense
plasmas lkezi [ 15] points out that a liquid - solid transi-
tion in strongly interacting particle clouds could be
obtained in laboratory discharges.

This phase transition is defined by the values of the
two dimensionless parameters K = a//i and I' = V(ay/
kT where a is the mean interparticle distance, i is the
iowee Debye length and F(a) is the particle- particle
iuteraction energy.

The critical value of the parameter I for which the
free energy of the liquid ard solid phases are equal is
given as I, = 170.
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In a recent simulation of these :ystems [16], ligrid-
like behaviour was demonstrated through the peir cor-
relation function of the par:icle povitions when the I
factor was significantly higher than one tut below the
threshold value of sclidification. The present study by
those wort ers of the particle- particle imeraction poten-
tial as function of the mzan distance between the par-
ticles seems to point out a net aualitative difference with
the Yukawa monotonic repulsive potential: the short
distance repulsive interaction is changed ‘o an attractive
one when the interparticle distance is higher than a
critical value expressed as

ro={(+3)Ly

where Ly, is the characteristic Debye length for the
background plasma. This, in addition of the particle
polarizability effects, could be of iniportance when con-
sidering the natural propensity of particles 10 assemble
in clouds, as observed experimentally in a nuinber of
situations.

Of course, for the same reasons as given at ove, if the
particle diameter becomes smali enough (in the {0nm
range for example) these results on dusty dense plasmas
becomc questivnable and statistical charging eflects
must be considered, which is out of the scope of the
present paper.

3. Experimental characterization of dusty plismas

The experimental data on R¥ discharge progperties,
piasma paramciers and particle pariicle intera:tions
presented here have been obtained at Orléans in the
same reactor where the growth processes of the par icles
have been characterized as reported in the companion
paper (1].

3.1. RF argon discharge: a comparison of the pristine 1nd
dusty situations

The comparison between model predictions and the
experimental vehaviour of dusty discharges has been
made in a situation as simplc and well characterized us
possible.

A dusty argon discharge is obtained in the followinz
way. A transient flow (few scem) of silane is added to th:
permancent (30 sccm) argon flow through th> discharge
box. Aftes this transieat addition of silane a giver
concentration of particies with well defined sizes s
stored in the 8¢ discharge while the pure argon gas
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Figure 1. Current density in pute argon and dusty argon discharges as a function
of the AF voltage. Comparison of the experimentai results with a fluid and rFicmc

models.

situation (110 mTorr) is restored. The dusty situation
obtained is a function of the silune transient flow, of the
RF voliage applied during this transient flow and of the
temperature of the reactor.

Typical transiznt conditions are 55 ai 1.2 scem of
silane flow and ZJ0 V peak peak, room temperature for
the discharge. Under these conditions, 2 homogeneous
distribution of monosized particles is obtianed in the

argon plasma with a diameter of 84 nm and a concen-
tration of 108¢m ~?

A dewiled comparison of experimental data with
model predictions has been made in pristine and dusty
discharge conditions and is alrcady reported. Figures 1
and 2 (extracted from [13]) show that a good quanti-
tative agrecement is obtained over a rather wide range of
discharge excitation voltages both for the discharge
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Figure 2. Cosine of the current voltage phase shift, cos(y), in pure and dusty argon
discharges as a furction of the Rr voltage. Comparison of the experimental results with fluid

and PIC MC models.
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Figure 3. Schematic representation of the experimental
set-up and diagnostics.

oplicai spectrometer

current and the current voltage phase shift.

As shown in these figures, the presence of dust has a
strong influence on the resistivity of the plasma but tae
RF current itselt is not much affected, having mean
absolute values comparable to those chosen in table 1.

More details on this argon dusty plasma study may be
found in the literature.

Thke data of table 1 show that the EEDF must be
strongly affected by the presence of the particles and our
experimental studies reported in the following section
confirm this theoretical prediction.

3.2. Evolution of the free electron population in a particle
forming plasma

3.2.1. Diagnostics. Several diagnostics (shown schemati-
cally in figure 3) have been used in order to characterize
the electron population in the same RF discharge where
the particle formation kinetics have been studied.

The free electron density has been determined oy using
the whole reactor as a microwave resonant cavity. The
{requency shift of this resonator, induced by the plasma,
has been used for determination of the electron density. A
network analyser (HP 8753 C), operating in the reflection
mode, was used to measure this frequency shift.

As the plasma frequency remains an order of magni-
tude lower than the resonant frequency, a straightfor-
ward perturbation model gives the relation between the
mcasured {requency shift Af and the free electron den-
sity N (assumed to be homogencous over the plasma):

Af "' .’;)(N/N()X Vo/ V)

where f,, is the resonant freqaency without plasma, N,
is the electron density whose plasma frequency is f,. V,

1400 T
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Figure 4. Electrostatic probe characteristic obtained in pristine and dusty argon
plasmas. The external parameters are the same (RF voltage 300 Vpp, pressure
110mTorr). The dusty situation is defined by particle size (66 nm) and concentration
(4.3x 107 cm %), The estimated slectroric density and temperature are n, = 5.1 x 10°
cm *and T, = 2.3eV for the pristine plasma and 3.5 x 108 cm *and 7.1 eV for the
dusty plasma. The electronic temperatures as estimated by spectroscopy are 1.7 eV
and 6.0 eV for pristine and dusty plasma respectively and the microwave
measurements confirm the drastic drop in electron concentrations.




is the reactor volume and V is the volume occupied by
the plasma betwzen the sheaths.

We used also a RF cocmpensated Langmuir probe
(SOFIE digiprobe system) for the determination of ion
and electron concentrations and also for cleciron mean
cnergy evaluation. The probe current voltage charac-
teristics are scanned following an initial procedure of
cleaning, allowing stable and reproducible results.
Examples ol probe characteristics are given in figure 4
for pristine and dusty argon plasma situations. The
evolution of the electronic concentration and energy
obtained by Langmuir probe, microwaves, and spectro-
scopy are in good agreement, showing a strong decrease
of concentration and a strong increase of energy of the
free clectrons in the dusty plasma.

Optical emission spectroscopy has been used to
obtain quantitative information on the population of the
excited states of argon. Precise measurements of the
intensities of scveral atomic spectral lines radiated per
unit plasma volume have been performed by using a
simple method developed in the labnratory and de-
scribed elsewhere [17]. An optical fibre, equipped with
a short focus luns, collects the light emitted by the
plasma volume contained in a small diameter (2 mm)
cylinder parallel to the discharge electrodes and aligned
with the diameter of the reactor.

The end of the fibre is connected to the entrance slit
ol a monochromator and the calibration of the whole
system, in terms of photomultiplier output for a given
photon flux in the spectral range of interest, is performed
in a standard way with a tungsten ribbon lamp.

The absolute population of radiative excited states of
argon is deduced from measurements of line intensities
with the assumption of a homogeneous concentration
along the plasma diameter.

For optical transitions whose lower level is a meta-
stable state, the optical depth of the plasma is such that
reabsorption phenomena are not negligible. This effect
has been used in order to measurc the concentration of
the *P, metastable state concentration by comparison of
two argon line intensitics in the following way [18].

Two transitions between the cexcited  stales
(4p) — {4%) of the argon atom are selected:

2p, =P (4 =800.6nm, 4 = 0.468 x 10757 ")
and
2pe = P4 =7635nm. 4 =274 x 10757 "),

They have the same 4p upper level but the first one is
connected to a resonant state with a transition probability
much lower than the second one which is connected to the
lowest encrgy melastable *P, state. In our conditions the
plasma is optically thin for the first transition but
reabsorption phenomena play a role in the plasma emission
of the second line. The ratio of the ling intensitics measured
for these two transitions is used for a determination of the
metastable state concentration through a simple radiative
transfer calculation assuming an homogeneous distribution
of the excited states in the reactor [18].

The dissociation of silanc in the rcactor has been

High concentration effects in dusty plasmas

measured by using a quadrupole mass spectrometer
whose entrance hole is located 10cm below the dis-
charge box in the vacuum vessel. The characteristic time
required to achieve a stationary situation in the vacuum
chamber (in terms of chemical equilibrium) is of the
order of §-10s. This prevents the observation of faster
evolutions (1 s or less) of the plasma- induced dissociu-
tion factor of the silane fiow in the reactor box itself.

3.2.2. F¥EDF evolution in a dust-forming argon-silane
plasma. The modification of the EEDF due to the forma-
tion and storage of the particulates in the reactor is
deduced from both spectroscopic and microwave
measurements. Some examples of the time evolution of
the intensities of argon spectral lines after starting an
argon silane RF discharge are shown in figures 5 to 7.
In figure 5 the two situations of pure argon and
silane argon discharges are compared. The same initial
RF voltage is applied in both casss and the figure gives
the time evolution of the intensity of the 750.3 nm argon
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Figure 5. Time evolution of the 750.3 nm argon line in pure
argon and argon silane discharges.
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Figure 7. Time evolution of the 763.5 nm and 800.6 nm lines and
their ratio. The ratio gives the 3P, metastable concentration.

line. In the situation of an argon silane plasma the
particle appcarance time, as viewed by laser scattering, is
indicated by an arrow. A strong increase of the popula-
tion of the argon excited level (2p,) is clearly induced
when a dusty plasma situation is created in the reactor.

The fact that such an enhancement of the excitation
rate of the avgon atoms is induced by the presence of
particulatzs is confirmed by an analysis of the reactor
temperature citects on this time evolution. As reported
elsewhere [19] and in the companion paper the kinetics
of the particle growth in the discharge are characterized
by a sensitive delay cffect when increasing the tempera-
ture of he reactor. Figure 6 shows that this delay effect
for particle growth is observed also for the enhancement
of the excitation rate of the argon upper levels.

Figure 7 shows the time evolution of the intensities
of the two emissions (800.6 and 763.5 nm) used for the
determinati.»n of the *.” metastable state concentration.
The ratio of the intensitics 1(753.5)/1(800.6) decreases
with a delay of the order of 0.5s. This is a clear
qualitative indication of an increase of the metastable
state concentration.

v his effect is indeed an important one as the quantita-
tive analysis of the ratio of these line intensities leads to an
increase of the metastable state concentration from 4 x 10%
cm “Yatearly time(<0.45)t03 x 10'%cm ~*for a plasma
duration of 10 s. The interpretation of this enhancement is
straightforward: as shown below the clectron concentra-
tion decreascs strongly while the electron encrgy increases
when the particles are formed and the net rate of excitation
of the argon excited levels is increased; it is expected that the
metastable concentration equilibrium is moved towards
higher values because its quenching rate by electron

collisions is drastically reduced. The quenching effect due to
the metastable - particulate collisions is considered as a
negligible cffect in our experimental conditions: the total
surface developed in the volume of the reactor remains
negligible (2%)as compared with the surface of the walls,

The absoiute concent:ations of argon excited (4p)
levels nave been determined by OkS in pure argon gas
and in argon silane discharges. These excited states are:

2p, (A = 750.3 nm), 2po(4 = 800.6 nm)
and
2pg(4 = 801.5 nm).

By using microwave and ois data the evoluiion of
the clectron and argon excited states concentrations
have been determined in an argon silane discharge as a
functicn of time.

Tablc 2 shows the data obtained before (t = 045)
and after {1 = 10<) the formation of dust particles in the
reactor. The operating conditions were: V= 600 Vpp,
da, = 30scem, dgya = 1.2scem, T =30 C. In Table 2
N. N.. N, are the concentrations of the clectrons,
metastable (*P,) and radiative (2p,) argon levels re-
spectively. N and Ny are the concentrations of the 2p,
and 2py argon levels respectively.

R, and Ry are the estimated contributions of siep-
wise processes (involving electron metastable state col-
lisions) for the excitaiion rate of the 2p, and 2p, levels.
These values are deduced from a detailed collisional
radiative model of equilibrium of these two levels devel-
oped previously {20]. The strong difference between the
cross sections for the excitation of these two (4p) levels
by eclectron metastable collisions together with the

Table 2.
A In N, NNe R A T
(cm 9 (cm * (cm ?) (%) (%) (%) (eV)
t<04s 4 % 10° 32 x 10° 15 %10  0.44 23 9 2
t=10s 3x 108 1.1x10° 86 x 10°  1.07 20 6 8
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measurements of their concentration in the same
wavelength region (~801nm) is a key point in the
precision and usefulness of this model.

As the modelling of a dusty dense plasma [11]
suggests that the e£DF is close to Maxwellian the above
data can be used for an estimation of the electron
temperature in the two situations. In what follows we
assume that the population rate of the 2p, excited level
is equal to its radiative de-excitation rate (coronal
equilibrium). This hypothesis is reasonable in our situ-
ation: the radiative lifetime of that level is 1, = 21 ns and
the collisional de-excitations by electron or neutral col-
Iisions remain comparatively negligible in our situation
of gas pressure and electron density.

The equilibrium condition of the 2p, level concentra-
tion N is defined by the relation

Keee X Ny x Nog =N /1, x (1 —Ry)

exc

where N_ is the clectron concentration, N, the argon
atom concentration, k,,_ is the excitation rate per elec-
tron averaged on the energy distribution function and
corresponds to excitation of ground state atoms by
electron impact. R, represents the possible contribution
of a two-step process to the population of the 2p, state.
This contribution, smaller than the corresponding
values for 2p, and 2p, states, is in fact regligible in our
conditions.

The value of k.. as a function of the electron
temperature has been determined in previous work [20]
and is used here for the cetermination of the electron
temperature. In the two situations of table 2 the values
of b are 2 x 10" "2 and 25 x 10" ' (em *s™!) The
corresponding electron temperatures are 2eV for pris-
tine argon discharge and B¢V for the dusty situation.

These deiwcrminations, obtained through spectro-
scopic data are in agreement with Langmuir probe
measurements: by the R¥ compensated probe method the
estimation of electron temperature in the two situations
of pnistine and dusty argon are respectively 2.3 eV and
7.1¢V. These probe measurements also show that the
positive ion density in the plasma is only slightly in-
creased, by a few ten %, when particles are formed in the
reactor, while its inttial value s close to the initial value
of 4 x 10° cm * ? obtaired for th> clectron density by the
microwave method.

The dusty situation achieved in the reactor at the
time (10s) of the rEDE determination is well character-
ized: the particle diameter 15 86 + 4 nm and the cor cen-
tration is 10%cm ' These data lead to a nrecise
determination of the particle mean charge in these
conditions which is of the order of 40 clectrons and that
value remains constant as a funchion of the particle vze
as soon as the parucle charge density 1s much higher
than the free electron density.

The particle-induced plasma modification clearly re-
quires a mimmum particle size to be effective. When
only small crystallites are present the plasma appears as
unperturbed through these spectroscopic measurements
(figures 5 7). The time where the cou tlation of these
crystallites starts i indicated by an arrow, and it can be

High concentration effects in dusty plasmas

seen that the plasma parameters remain unaliered. The
critical size for which the particles induce a strong
modification of the plasma appears to be of the order of
few tens of nanometres. A more precise time-resolved
study of the plasma evolution when the particles grow
from the crystallite size (2 nm) to 50 nm diameter is now
underway.

The experimental resul*s obtained when the particles
are of much larger size (2> 100 nm) are in rather good
agreement with tae modelling studiss reported above.

In our situation the mean absolute current density
installed in the gas is of the order of ImA cm~2, as
deduced from the RF current in the discharge. The
predicted charge per particle is close to the above
experimental determination and the ratio of electron
and positive ion concentrations is 1.3/30 while the
experiment leads to a value of 3/40.

Nevertheless, a difference appears concerning the
electron temperature. The model developed by Boeuf
shows that this parameter is very sensitive to the particle
size for otherwise given conditions. In the above condi-
tions the expected value for the clectron temperature is
of 5.5eV (table 1) while the experiment reveals a signifi-
cantly higher value of 8 eV.

A detailed study is now underway, both experimen-
tally and in modecliing the rRE discharge, in order to
obtain a more precise insight on the evolution of the
EEDF as a function of the particle size in the reactor. The
strong enhancement of the electron energy in the dusty
plasma situation is of prime importance for the chemical
equilibrium in the reactor. The dissociation of the silane
in the discharge s indeed drastically enhanced when
particles are formed in the reactor. Figure 8 shows the
time evolution of the peak 30 amu as recorded when the
sitanc flow is added to the argon flow. The re excitation
of the discharge is started with a delay of few seconds, a
delay which s required to achieve stationary chemical
equilibrium in the whole pumping volume. This experi-
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Figure 8. Time evoiution of the 30 amu peak corresponding
to the SiH, radical corming from the dissociation of <ilane
molecules in the 1onization source of a mass spectrometer
{experimental conditions Q,, = 30 scem. Q,,,,, = 1.2 scern,
Vie = 600 V.. PT = 117 mT, T - 393 K). At the ime A the
chscharge s urned off for 15 Duning this lapse of ime all the
panticles are swept out from the discharge box by the gas
flow
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ment has been performed for a reactor temperature of
120 C. The delay of the formation of the particles in
these conditions is long enough to obtain a clear obser-
vation of the effect of the particle formation on the
dissociation level of the silane molecules in the reactor.
As expected from the above data the appearance of the
particles leads to a strong enhancement (from 30% to
70%) of the silane moiecule Jissociation in the reactor,
in spite of the drastically reduced concentration of the
free electron population. When the same experiment is
performed at room temperature the particle formation
time is short 1, comparison with the meastirement time
constant and the dissociation as measured by the mass
spectrometer reaches (in one apparently immediate step)
a high (80%) valuc. When the temperature s hgh
enough (200 C) to prevent the formation of parucles for
plasma durations as long as [00s the measured dis-
sociation level remains at a lower level of 22%.

The clear conclusion of these studies is that the
presence of dust in a discharge leads to a drastic
modification of the eEpr with drastic consequences for
the chemical equilibnium in the reactor. In that sense
dusty dense plasmas appear as a very cfficient way in
order to achieve high efficiencies for clectronic excitation
and dissociation in plasma reactors,

Besides these “chemical” considerations, a compie-
mentary attractive aspect concerns the physics of such
dusty dense plasmas. The electrostatic interaction be-
wween the particles can play a major role for the physies
of the dusty cloud. As already reported (217] a *Coulomb
hqud® sttuation has been clearly evidenced in our con-
dittons. The following paragraph is devoted to a short
review of this aspect of our work.

3.3. Particle cloud as a *Coulomb liquid’

In order to compare the situation achieved i our
reactor with the theoretical predictions in terms of the
thermodynamic state of the dusty plasma, the important
relevant parameters have 1o be determined. As shown in
the brief survey of the theoretical works, the determina
tion of the value of the I factor 1s entical in that respect
Such 2 determination has been obuuned lor o dusy
plasma situation created i our reactor i the following
wiy

By using o laser Doppler anemometer  (Dante
LDAO4) the distribution function of the vertical speed of
the particles 15 determined. Opucal acees: 1o the plasma
i limited by the small verticad shits i the eviindrical
discharge box and even by using an argon jon faser
(514 nm) the minunum particle duameter required for
1A speed measurements s fourd o he X0nm The
corresponding particle growth time s 200 m the typieal
conditions of our argon silane discharge The particle
speeds have been measured for a dusty situation where
the particles have grown to a dameter of 230 nm T he
sthane flow s stopped when thie diameter s obtaned
and the particles remain rapped inoan arges plasma
with a concentranon of 10% ¢m % fhe results obtined

300

Plasma phase |

Counts

Afterglow

< 3 4
Particle velocily Vz (m's)

Figure 9. Histogram of the particle velocities in the plasma
phase and when RF is turned off.

in the particle speed determinations are shown in figure
9. On the same figure arc shown the particle speeds
measured immediately after the extinction of the argon
plasma. Before the extinction the speed distribution of
the particles is characterized by a mean thermal velocity
of 0.019 ems ' Immediately after the plasma extine-
tion. particle veloaities can be measured in spite of the
short time allowed for that determination and it is clear
that the particles acquire the verncal speed of the gas
flow in the reactor (0.21 ems ') as soon as the plasma
s stopped

When the plasma ts on, as the mean quadratic velocity
oi' the particles 1s known, an estimation of the specilic
mass of the particle material can be deduced if thermal
cquthibrium of the dust cloud with the gas in the reactor is
assumed. In the measucement conditions the reactor
temperature wis room temperature and the specific mass
as obtained for the particle matenial is 1.9 gem *a value
close to the speafic mass of deposited layers of amor-
phous stheon. This result is in agreement with the
desceription of particte growth as given in the companion
paper where it s shown that the growth of particles is
achieved through a deposition process as soon as the
particle diameter s larger than a few tens of nanometres.

Under the same conditions the deastty of the positive
on (Ar ") conecentration has been measured by an elec-
trostatic probe and v 5.6 « 10" ecm ' As shown above
the free electron concentration is less than 10%6 of this
vidue and the mean particle charge required for charge
balance 1 the plasma s 43 clectrons

In these condittons the 1onic Debye dength has a
vatue of 40 pm and as larger than the mean duameter of
the volume affected to cach partele (26 m). The elec-
trostatic inferaction energy between the particles can be
estimated from the ocr model and s found o be 0.3 ¢V
per particle [21]

A pood estimation of the T tactor s defined from the
above determmavons and i found to be close 1o wen
under our condrtions In thais range of I ovatues the cloud
of churped particles i the plasniois to be deseribed as
a Coulomb hguid the theorencal estimanons lor
hiquid solid transinon show that dus thnsihion requires
much higher vadues (1 170y Thas hiquad tand rather




incompressible) behaviour is also consistent with the
observation of an almost homogeneous distribution of the
dust cloud in the reactor volume as observed under the
experimental conditions of the previous study. The par-
ticles acquire the gas flow velocity as soon as the
clectrostatic confinement by the plasma sheaths is re-
moved (when the RF excitation is stopped). The gas drag
force on the particles, which is clearly evidenced by this
observation, is also estimated to be the dominant one when
the plasma is present (thermophoresis forces have als» to
be taken into account as suggested by recent temperature
gradicnts measured by Perrin in a similar reactor). The
drag force exerted by the gas flow is pushing the particles of
the cloud towards the bottom grounded electrode and the
homogeneous distribution observed is directly connected
to the clectrostatic repulsive forces leading to the
‘Coulomb liquid’ situation demonstrated above.

A recent (to be published) experiment has been
performed [22] where a cloud of 10 um diamcter par-
ticles has been trapped in an argon rr discharge. This
experiment demonstrates clearly that a “Coulomb solid’
situation is obtained with very high estimated values of
the I factor. of the order of few 1000. Together with our
results this observation confirms that dusty plasmas
represent a very attractive way to study experimentally
the behaviour of the so called one component plasmas.
in particular to ‘est the theoretical predictions for the
liquid solid transition of such systems.

4. Conclusion

In our experimental studics of dust-forming argon
silane plasmas the theorctical predictions of the behav-
iour of a gF dusty discharge and the main parameters of
a dusty dense plasma have been tested quantitatively. In
terms of discharge behaviour the agreement is found to
be good and the main features of a dusty plasma are also
in good agreement with the data obtained through a
Monte Carlo pic simulation developed by Bocuf. The
EEDE as obtained experimentally reveals, however, that
the mean clectron energy s significanty higher than
predicted by this simulation and this point has to be
clarified. Nevertheless 1t s clear that dusty plasmas are
highly cnergetic media and could be attractive to
achieve very reactive plasma situatons

The basic physics of dusty plasmas also appears very
attractive. Besides their collective behaviour in terms of
fluctuations and wave propagation which is treated in
the contnibution of Tsytovich [10], an interesting way s
clearly to use these medis as a convenient support for
basic rescarch relevant to the thermodynamics of ocps
and dense plastaas.

High concentration effects in dusty plasmas
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Abstract. Particulate generation has been studied during reactive-ion etching of
oxide wafers in C,Fq~CHF, and CF, - CHF, plasmas using both a commercial etch
tool and the GEC reference cell modified to resembie the commercial tool. Under
centain discharge process conditions, copious amounts of submicrometre-sized
particies are shown to form due to plasma interactions with the oxide substrate. In the
commercial tool, particles were detected only by a downstream particle flux menitor,
whereas in the reference cell, pariicles were observed by both /s situ laser light
scattering and downstream monitoring. In the commercial tool, wafers etched to
end-point were shown by post-process surface analysis to be contaminated by
submicrometre-sized columnar structures. Previous reports of similar such columnar
structures formed during reactive-ion etching of oxide films have attribted the
phenomenon to polymer micromasking. However, the results of this study clearly
contradict this conclusion and suggest that the presence of columnar oxide etch
residues is inked to process-induced particulate contamination. Laser light scattering
measurements were made in the reference cell during reactive-ion etching of blanket
oxide wafers and used to help clarify the complex processes of particuiate nucleation,
growth and deposition during oxide etching. Polarization coagulatior of spheiical
particles formed in the referance cal' is shew o occur, presumably in the Ligh-hield

regions of the sheath. torming filamentous "ou iike particle aggregates. Th2
implications of this observation for wafer contamination are explored.

1. Introduction

Waler particle contamunation sesulting from “dusty’
plasma processes during ic fabrication s now recog-
nized as a major threat to integrated circuit manufactur-
ing yields, as well as the rehabiity and performance of
completed devices {1 4]. Unfortunatcly, most commer-
cial tools for plasma processing do not provide adequate
optical access for diagnostics necessary for fundamental
dusty plasma studies. As a consequence, a considerable
amount of cffort has been expended to study particles in
laboratory apparatus, while only a limited amount of
work has been performed in production line equipment
with production processes. This work 1s @ report on
efforts to bridge that gap, through comparative particle
studies i the reference cell and a representative parafle!
plate commercial etch tool, the Drytek Quad Model 450
single-waler etcher.

PVisting Saientist at UNM from the Nanonal Institate of Standards

and Technology, Electromes and Electncal Fagineering Laboratory.,
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In this work, detanled investgaticn s made of the
process conditions in the Drytek tool that lead to
particulate generation in fluorocarbon discharges used
for selective oxide etching. Under a vanety of processing
conditions, massive amounts of particles were detected
downstream of the chamber duning ctching, while post-
process wafer analysis revealed that the wafer surface
became severely contaminated with columnar residues.
The residues observed on the waler surface in this study
appear in sEM photos to be nearly idantical to columnar
structures first observed by Ozaks and Hirata [5] during
reactive-ion ctching (rik) of oxide wafers, Osaki and
Hirata reasoned in their study that an erodable polymer
micromask was formed from @ minuscule sinount of
photoresist scum contamination cf the wafer surface and
that the subsequent miccomasking was responsible for
columnar residues. In this study, the fact that unmistak-
ably similar columnar restdues were generated on blan-
ket, unpatterned oxide wafers, throws this explunation
mto grave doubl. An alternative explanation for this
ype of waler contamimation must be found.




Jellum and Graves [6] were the first to observe the
fo:mation of rod-like structures in dusty (sputtered
aluminium particulates) helium plasmas. These macro-
scopic rods were alignec¢ with the sheath fields and
located at the plasma -sheath boundary. The mechan-
ism suggested as being responsible for rod formation
in plasmas was polarized, field-aligned particle co-
agulation, a well-known phenomenon in aerosol science
[7]. Both Selwyn et al [1] studying O,-CF, etch-
ing plasmas and Jauath et al {8] studying BCl,-CH,
depositior {lasmas have since observed macroscopic
filamentous structures farming in a plasma, presumably
due to the same field effect. Graves [9] obscrved that.
occastonally, onc of the macroscopic rod-like aggregates
of his plasma would mysteriously slip through the
plasma- sheath boundary and impact on the electrode
surface. No explanation for this phenomenon could be
found at the time. However, the possible implication of
these findings for the problem of microscopic columnar
etch residues resulting from plasma processing is worth
exploring in much greater detail.

2, Experimentai
2.1 Commercial etch too! studies

The effects of r¥ power, reactor pressure and feed gas
composition on particle production rates were studied in
a 13.56 MHz Drytek Quad Model 480 RiE single-wafer
ctcher using 150 mm, n-type monitor wafers with a
blarket 6300 A thermally grown oxide film. The wafers
rested on the powered, water-cooled, aluminium lower
electrode. The C,F, CHF, feed gas mixture 1s intro-
duced to the chamber through a grounded shower head
clectrode. Particles produced during dischai ze operation
were detected with a High-Yield Technology (HYT)
Model 20 particle flux monitor installed in one of two
symmetricilly located pump lines downstream of the
etch chamber (figure 1). Limited optical access into the
process chamber prevented meaningful efforts at detect-
ing particles by in situ laser hight scattering (1.Ls) at this
stage of the rescarch.

The HYT particle flux monitor measures diode laser
light (780 nm) scattered from particles transiting the
focus point of the laser in the detector planc of the pump

—i—i—s—
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Figure 1. Schematic diagram of the Drytek Quad reactor.
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line. The laser-baseu particic detector operates on the
Mie light scattering prircinle, *vith a lower detection
limit of 0.3% um. Particles are sized into five different
bins, based on the intensity of scattered iight. Detector
particle counts were intcgrated over a 10s time period.
By operating the particle detector with and without a
discharge present and witiy and without wafers being
processed. it was determined that the downstieam tech-
nique does in fact provide quantitaiive information or
plasma process-induced particle generation uader typi-
cal processing conditions.

A response surface metho-Jology (RsM) experimental
strategy was adopted for characterizing regions of the
operational parameter spacc where the potential for
generating particles was pronounced. To this end, a
series of screening and centrai composite inscribed (CCH
factorally designed experiments were sclected and per-
formed. In the screening experiments, C,F, alene was
used as the etchant gas, the total gas flow was fixed at
SO scem and only power and pressure varied. Following
the screening experiments, a series of two cct -designed
experiments were performed to identify the influence of
hydrogen-bearing gases in the feed. Power, pressure and
percentage CHF, in a C,F, CHF, gas mixiure were
varied while maintaining total flow at 100 scem.

In addition to measunng particle lux downstream of
the etch chamber, paiticles denosited on the wafer after
ctching were analysed by a varicty of ex situ character-
ization techniques. A Tencor Surfsean 4500 laser wafer
scanner was used to map particle distributions over each
wafer surface. Selected walers were also analysed by sem,
TEM, Auger and xRrF techniques for particle morphology
and composition. In the case of TEM analysis, the wafer
was buck-side-milled to reveal thin layers of the silicon
walfer surface heavily contaminated with particles at the
end of the etch. Several partial ctches »f the oxide
substrate were also conducted so that the oxide surface
could be examined at intermediate points in the etch
process. Focused Auger analysis (beam size about 2 um)
and xr¥ were performed over heavily contaminated
regions of the wafer surface. A large aggregate sample of
particles suttable for further chemical anaiysis was also
collected from etched wafer samples by rinsing the wafer
with methanol, drying and compuacting the residue. An
1TIR analysis was performed on these aggregate samples

2.2 Reference cell studies

The reference cell used in this study has been described
clsewhere [10]). The configuration of the cell was such
that the lower electrode was powered, the showerhead
gas inlet was on the upper electrode, and the insulator
was Tetlon. In thes configuration, the reference cell is
nearly identical in scale to a Drytek parallet plate
reactor, except for the gap spacing, the presence of a
quartz guard ring around the powered clectrode and the
optical access windows. To approsimate more closely
the Drytek tool, an electrode extension was machined
for the reference cedl 1o close the gap space o about
Lem. A quartz guard ring, 0.5 inch thick, was machined
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Figure 2. Schematic of the GEC reference cell,

particle traps.

to stip around the powered clectrode, level with the
plane of the electrode surfuce. Miller and Greenberg
{117 examined the clectrical charactenstics of the
Drytek tool, and found by Ri probe apalysis that the
actnal power experiencea by the electrode in this tool
was approximately 50% of that indicated by the Drytek
RE power supply meter over the range of conditions
relevant to this study. Typical peak-to-peak vy apphed
voltages for peak particle production under these condi-
tions in the reference cell corresponded 10 about 1250 V,
or about 325 W. In the reference cell, 100 mm Blanket,
n-type thermal oxide wafers (10000 A thick) were used
as substrates. Erching gas muxtuses used in the reference
cell were CF, CHFE .

{6 observe particles in sirtwe in the reference
employed a dynanuc faser hght techmigue based on
homodyne photon correlation spectroscopy i the man-
aer previously deseribed by Hurd and Ho [12]0 A
Coherent DPSS 532 senes sohd-state, diode-pumped
Nd: YAG frequency-doubled laser was used o produce
light at 532 nm wavelengths, while o Brookhaven model
Bl 2030 AT digital, high-speed photomultiplier. signal
processor wi used 1o perdorm photon coirrelation

cell, we
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spectroscopy on the scattered light signal. In homo-
dyne photon correlation spectroscopy, fluctuations in
laser hght scattering due to Brownian motion of
particles in the scattering field are correlated with the
mean speed or diffusion coefficient for particle transport.
Under certain conditions (a sphencal particle assump-
tion and « priori knowledge of the local temperature),
the diffusion coefhicient can in turn be related to a
particle diameter [13). The same HY T Model 20 par-
ticle lux monitor used i the Drytek tool studies was
fitted to one of the four symmetric pump ports of the
reference cell exhaust manifold for downstream particle
flux monitoring.

3. Results and discussion

The results of this study <bow chat, at least s the case
of oxide substrate etehing m fluorocarbon discharges.
there s an underbyimg sumlanty between process-in-
duced plasma parucle generavor o the Drytek and
reference cell reactors, Foggure 2 aliustrates the modified
reference celt contigiration and the location of particle




traps in the cell. Addition of the 0.5 inch quartz guard
ring to the reactor design had a pronounced effect on
particle trapping. Previous studies of this cell showed
that, in the conventional design (no guard ring), no
particle clouds were observed in the plane of the elec-
trode or in the gan space. Particle trapping was noted
several centimetres beivy the plane of the clectrode,
adjacent to the metal ground shield. The simple addition
of the quartz guard ring elevated the trapping region to
the plane of the electrode, and a ring of particles was
observed around the edge of the wafer, as has been
reported previously [1]. No dome of particles was
observed for any of the process conditions examined to
date, but a noticeable sensitivity to total flow was
observed in the intensity of LLS from the ring particle
region of the discharge.

The intensity of the LLS signal was also very sensitive
to the presence of the thermal oxide waler substrate and
the conditioning of the chamber walls. Routine chamber
cleans (a CF, O, discharge) were performed on the cell
after vsafer ctching, If the cell was allowed to go through
several ctch cycles without a chamber clean, faint par-
ticle LLs signals could be detected under a variety of
process conditions, and sometimes even without the
presence of a wafer. However, if an oxide wafer was
present and being ctched. the intensity of the Lus signal
was noticcably enhanced in the ring region, until the
wafer was ctched to end-poiat. These in situ observa-
trons provided clear cvidence of the importance of
oxygen in the Si0Q, layer for particle production in a
CF, CHF, discharge. As the etch process approached
its end-point, such that only the underlying silicon
remained, the intensity of the 1L$ signal faded rapidly in
most instances to zero. Quartz in the chamber did not
appear to be a factor. Once again, some vaviability in
decay is observed, dependent on chamber wall condi-
tions.

This same dependence was clearly noted in the
commercial Drytek tool with use of the downstream
particle counter, as shown in figure 3, which compares
particle counts to the progress of the oxide etch by
monitoring CO emission. As can be seen. no particle
counts are detected downstream of the processing cham-
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Figure 3. Downstream particle counts versus CO emission
(» = 486 nm} end-point trace in the Drytek reactor.
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ber until a few seconds after oxide breakthrough. In the
commercial tool, the indicaticn is that the particles are
totally trapped in the discharge until end-point of the
oxide etch, at which point the trap breaks down and the
particles are flushed from the chamber. Running the
discharge with cither no wafer or only a bare Si wafer
urder the same process conditions produced no notice-
able particle counts above a random background signal.
By comparison, th.e sharpness of the breakdown in the
electrostatic trapping of particles coincident with oxide
breakthrough was absent in the reference cell experi-
ments, presumably due to the generally poor etch uni-
formity of the tool. Under most process conditions with
the reference cell, the wafer edge etches much faster than
the centre and no sharp breakthrough in the oxide layer
occurs. This may be due in part to the presence of large
optical access windows on the reference cell.

Figures 4 and 5 illustrate the variation in the rate of
downstream HYT particle counts on the Drytek tool, as
a function of the power, pressure and gas composition
in a response surface modei. Although a complete ex-
perimental mapping of the paramcter space was not
performed on the reference cell, the same general trends
were observed by both in siru LLs and downstream
detection. Particle generation appears to be sensitive to
a threshold power level and CHIF, concentration in the
feed gas, while certain intermediate pressures may not be
conducive to particle production. However, the critical
variable underlying both of these plots was presence of
the SiO, substrate. Also, in the reference cell operation,
particle generation appeared to slow or stop aliogether
at the very highest power levels at which we could
operate the ctch process. Therefore, the trend depicted
in the response surface plots for the Drytek tool of
increasing particles with increasing power may have
Timits.

In the dynamic tis experiments in the reference cell,
vertically polarized light (4 = 532nm) was focused
I mm out from the edge of the powered electrode and
I mm above the quartz guard ring. The light scattered
from the particles was collected with a 50 cm focal
length lens in individual runs at horizontal scattering
angles from © = 3 to @ =20 . The scattering wavevee-
tor was parallel to the electrodes such that re-driven
particle motion should not affect the measurements. The
scattered light was focused in an 800 gm masking pin-
hole to reject flare light and then passed to a pmT. By
autocorrelating the photocurrent we obtained the inten-
sity correlation function. We observed a Gaussian-like
decay of the light scattering correlation function. This
suggests the particle motion s bailistic in nature, but the
velocities were very small, typically of the order of
3510 Yem s U The mital average particle size (aver-
age radius of gyration) was 440 -+ 0.5nm. However, as
the vich progressed beyond the halfway point of the etch
cycle, noticeable agglomeration of particles wus ob-
served, with particle sizes appearing 1o grow Lo m excess
of 3um. One should note that. even with the imtal
particle size measarement, the size s mdicative of an
agglomerated particle mass composed of many smaller
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Figure 4. Contour plot of downstream particle flux (particles s ' > 0.38 ym)

at constant pressure (500 mTorr) in the Drytek reactor as a function of CHF,

and power.

primary particles, as will be shown below. Light scatter-
ing from the individual primary particles was insufficient
for the homodyne techniques to be appiicable, under
current experimental conditions.

Figure 6 illustrates a SEM photo of a typical particle
contaminate found on the wafer at the end of the etch
cycle in the reference cell reactor, when ctching was
performed under low-power conditions (about 500V
peak-to-peak). It can be readily seen that the particle is
an agglomerate of perhaps 50 or so primary spherical

particles of 200 nm diameter, such that the effective
diameter is in excess of 1 um. Such an aggiomerated
particle is consistent with the dynamic LLS measure-
ments. The agglomeration appears to be quite random.
Figure 7 illustrates a similar agglomerated particle wafer
contaminant found on a substrate etched in the refer-
ence cell, but in this case under high-power conditions
(about 1250 V peak-to-peak). Although the remnants of
spherical primary particles are still visible in the agglom-
erate, significant fusion of the individual primary par-

Pump Line Particie Counts
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CHF, = 10%
700
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m //
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Figure 5. Contour plot of downstream particle flux (particles s ' > 0.38 um)
at constant feed gas comnposition (10% CHF,) in the Drytek reactor as a

function of pressure and power.

306



Figure 6. A scanning electron microscopy micrograph of an
agglomerated particie wafer contaminate produced at low
power in the GEC reference cell.

ticles has ocecurred and segments of the agglomerate
have a more distinetive smgle-strand, ilamentous ap-
pearance. This change tnoappearance ol the partele
agglomerates v directly related tonereased powerdevels
and hence applied electnie fields i the reference eell
discharge. as all other conditions were constant,

Frgure 8 allustrates the contanunants ebserved on
the waler after ctehing i the Dryvtek ool ander condsr-
tons for which significant partucle production was ob-
served by the downstream particle Quxy montter - The
surface of the waler s contaninated heavily in spots
with smull columnur structures about 200 nm - height

060800 20KV X40.0K 0.75um

Figure 7. A scanning electron nucroscopy micrograph of an
agglomerateu particle wafer contaminate produced at high
power in the GEC reference cell

Particulates in etching plasmas

899181 15KY xi0.8K "318in
Figure B. A scanning electron microscopy micrograph of

columnar residues on wafer etched in the Drytek reactor.

and S0 neman width, Although most of the defects appean
to be perpendicutar to the surfuce, close examimation of
the structures ma numiber of 1EM micrographs revealed
that there is o distribution e tie angular orentation of
these structures to the surface ranging from o few
degrees from normal to as much as 45 off normal.

A closer examination of the columnar structures 15
shown i ligure 9, i 10 macrograph obtined by back-
side-mulhing the water with an Ar jon beam unol the
surface is viaible. Maost of the columns i the 1es are
onented verbically and therefore appear as a dark annu-
lar feature. T handhng the wafer, several of the columns
were knocked over, providing the evimdrical mmages.

Figure 9. A transmission wlectron microscopy micrograph of
columnar residues on water etched in the Drytek reacior
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The much greater contrast in the outer annular ring of
the vertically oriented columns is probably due to both
material thickness and material properties. Based on
these contrasts and other reports of columnar residues
[5). it is most probable that the dark outer ring repre-
sents a thick polymeric coating or skin and the ianer
circle constitutes the structural core of the column.
Dietailed examination of the surface contrast of standing
structures reveals that the inner regions of all the col-
umns are cither partially or completely hollow. The
structural core therefore appears to be only cither @
partial plug or a cylindrical skeleton inside the outer
annular polymeric skin. The potymeric outer wall thick-
ness appears to be of the order of 20 nm and the inner
core diameter is about 20 nm.

Since it was not possible to perform in situ LLS
measurements in the commercial Drytek tool, it is
difficult, if not impossible, to prove with certainty at this
time that these wafer contaminants have a particle
origin or a wafer origin due to micromasking. However,
there is much circumstantial evidence to suggest that
these rod-like structures are deposited, or redeposited,
particles. Figure 10 tlustrates that a near-lincar correla-
tion exists between pardcles detected downstream of the
chamber and defect counts on the wafer due to these
rod-like deposits. Figure 11 illustrates that the {acation
of these particles on the wafer surface 1s not random, but
is consistently oriented around the major flat of the
waler. Selwyn et al [1] have shown that electrostatic
particle traps arise in processing piasmas due to discon-
tinuities tn matcrial properties, such as onc gets by
having a silicon wafer occripying only a portion of the
clectrode surface or by placing metal strips adjacent to
a silicon walfer. In the Drytek tool, the major flat on the
wafer exposes a small portion of the underiving alumin-
ium clectrode to the discharge and sets up just such a
material giscontinuity between conducting and insula-
ting surfaces, which is known to result in clectrostatic
trapping. The time-dependence of particie bursis detec-
ted from the chamber, as shown in figure 3, strongly
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Figure 10. Tencor Surfscan columnar (es,due cunts or
wafer versus High Yiekd Technoogy nownstraam narticle
flux measurerments for several etching cycles o the Drytek
reactor
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Figure 11. Tencor Surfscan wafer defect map showing the
location of columnar residue concentrations.

suggests that electrostatic trapping is occurring in this
tool.

Detailed Auger, xr¥ and gpx analyses of regions of
the wafer heavily contaminated with these columnar
residues faited to detect any other trace contaminants
that could lead to micromasking, such as non-volatile
aluminium fluonide. Since the wafers were blanket oxide
coated without any exposure to photeresist, photoresist
scum, as suggested by Ozaki and Hirata [S], cannot be
a micromasking factor either. The xrD, xRE and X
analvses showed that the columnar residues were either
amorphous or very weakly crystalline, and composed of
Si, C, O and F. The v1ir spectra of columnar residues
extracted from the wafer by methanol wash showed a
strong peak around 1200 1250 cm ! associated with
C F stretching vibrations and a weak mode at 760
em ! associated with C Cor 8t C bonds [14]. Cer-
tan samples had a sharper peak at 760cm !, which is
more characteristic of S C bonding with some crystal-
Linity [15]. These spectra suggest that the inner struc-
tural core of the column s composed of i Cor € C
umits, but the sample rencatability of these measure-
ments was poor, leaving that inlerpretation open to
question,

4, Conclusions

The combined observations by i siwe 01y and down-
stream particle flux measurement on the reference cell
and the Drytek 100l clearly indicate that the eich prod-
uct species from oxide etching play a cntical role in
generation of particulates i the eteh process. These
studies also show that the arnmary particles rapidly
agglomerate m the plaisma to form long chains. Under
conditions of high power and high applied electric
fields, some degree of polanzed, field-aligned particle
coagubiation has been shown to occur m the reference
cell, and the particles exhibit a more filamentous rod-
like structure

Whit has not been uneguivocally shown s the
impaci that these paniiddes e oo wafer contanunation
Fhe regulariy i seee, shape and angular onentation ol
the columnar particles obsenved on the wafer alter
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Figure 12. Possible mechanistic pathway for polarized, field-aligned particle
coagulants to contaminate wafer surfaces with rod-shaped particles.

etching in the Drytek tool is difficult to attribute to
particle contamination, at first sight. However, if polar-
ization and field alignment of coagulated particles is
occurring, thea the collection of particles at 9¢ o the
surface of the waler would not be unlike Coulombic
attraction/colicction as used in 2lectric precipitators for
smoke and dust control. This lecads to the possibic
sequence of events shown in figure 12, which may
explain the connection between process-induced par-
ticles in oxide etching and colummnar residues. The lack
of such columnar residues in the reference cell experi-
n ents may simply be due to the different flow character-
istics of the two tools and the disruption of field-aligned
rod formation by molecular drag forces, as shown by the
location of particle agglomerates by LLS.

I the above-suggested connection between particle
generation and columnar residues in oxide ctching is
incerrect, then one s still faced with the dilemma that
the onginal hypothesis of Ozakr and Hirata [S] of
polymer micromasking 1s inconsistent with these results.
It ‘s possible that other micromasking contaminants
were present and escaped our detection, but this puts
into guestion the nature of the mechanmsm that would
lead to such g direct correlation between particles and
columnar ctch residues as that observed i this study.

We can be sure that there is an important contribu-
tion o the particle confinement probiem from seemingly
benign aspects of plasma reactor tool construction, such
as quartz guard rings around vt electrodes. The addition
of & quartz guard ring, in combination with the gap size
and gas flow, has been shown to have a dramatic
concentrating effect on particles formed in the reference
cell, in o location with senous ramifications for wafer
contaminabon,
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Abstract. Particle growth and subsequent extinction in plasma reactors for surface
processing has been investigated in a parallei-plate radiofrequency discharge at
13.56 MHz in Ar with (  CF,CF, ), and its fragments as an impurity. The space-
and time-variation of the radiofrequency plasma structure is mainly studied
simultaneousiy with the particle size and density by both spatiotemporally resolved
optical emission spectroscopy and Mie scattering of laser light. A correlation is
demonstrated between the particle size density and the radiofrequency plasma

structure.

1. Introduction

There have been many cxperimental investigations of
particle growth and migration in etching, deposition and
sputtering reactors, driven by a radiofrequency (RF)
discharge [1 7). The size and density of particles have
been extensively studied by laser light scattering in
plasma reactors for surface processing. Particles were
mostly found near the plasmassheath boundary in pre-
vious studics. Particles of sizes arger than several tens
of nanometres are observable by the Mic scattering
techmque [K], and electron microscopy is applicable to
measurement of the size distributicn in the range 10
100 nm [9]. Very few investigations of the spatiotem-
poral vanation of the re plasma structure have been
performed simuitancously with particle detection [10].

The characteristics of the r¥ discharge between par-
allel-plate elzctrodes in pure Ar at 13.56 MHz are
known to be capacitive. That 1s, the total current leads
the sustaining voltage. This is a property of electroposi-
tive gases. The space- and time-structure of the Ar Ri
discharge has been elaborately studied as have the
external electrical charactenstics [11 §3]. Thus, the r¥
Ar discharge plasma wil! be appropriate for investiga-
tion of the subsequent behaviour of dust intiated as an
impunity in the plasma reactor. Another reason for the
choice of Ar s its chemical non-reactiveness.

it will be possible to diagnose particle growth and
extinction under circumstances of periodic steady state
r¥ discharge, if it occurs from spatiotemporally resolved
optical emission speclroscopy ($TROES) and Mie scatter-

0963-0252 94 030310 + 04$19.50 « 1994 IOP Publishing Lty

ing. The sTROES will give information on the space- and
time-variation of the plasma structure when we select
the appropriate emission line with short lifetime and free
of cascade from the upper levels. Emission from Ar(3p.)
is employed for this purpose {11]. Mie¢ scattering signals
of an Ar* ion laser incident on the particic provide
information about the particte radius and density, when
the particle has a monodisperse distribution.

Two types of measurements have been performed in
the present work to investigate the influence of particles
on the parallel-plate Rt plasma reactor. One is Mie
scatlering using an Ar' ion laser, the other s the
indirect way, through observation of the spatiotemporal
net production rate of Ar(3p.).

2. Experimental

Figure 1 is a schematic diagram of the experimental
apparatus and the system, which has been described in
detail in previous papers [11.13, 147, except the channel
of the Ar’ ion laser scatterning experiments. Parallel-
plate aluminium clectrodes of 8 cm diameter are posi-
tioned with 2em spacing in the centre of the stainfess
steel chamber 20em in diameter. The time and axial
space resolutions are, respectively, 0.2ns and 1 mm.
Photons within 20 mm around the central axis of the
discharge are detected [14]). The absolute net exatation
rate by electron impact s derived by a deconvolution
procedure from srroks in the calibrated detection sys-
tem [11.14]. That s, the emission intensity @ (2. 1)
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Figure 1. Schematic illustration of the experimentat
apparatus and the detector system.

(em ™ *s™ ') from state j to k is expressed by the convol-
ution integral for the condition that the radiative life-
time t,,, 15 much shorter than the time constant of
diffusion, 15, as

[ Az ) r—t
D,z 1) =k J ALY e ( - «_-) d ()
- f rad

where Aj(z.1) (em™'s7') is the net cxcitation rate to

state j, and 1., 15 the effective iifetime considering
self-quenching. k, is a constant showing the instrumental
function. We can cstimate .4, under the condition that
the overail profile of the net excitation rate has a
non-negative value. 1 of cxcited Ar(3p,) ts estimated
to be S0 ns.

An unpolarized Ar* ion laser (A = 488 nm) of beam
diameter 0.62 mm is used as a coherent light source and
is directed to the mirror mounted on the movable stage
controlled by computer, which allows us to execute
spatially resolved scattering measurements. Luser light
enters the discharge parallel to the electrodes from the
top window. Mecasurement by a photon counting tech-
nique is employed for detection of the laser beam
scattered by 90 as well as the emission of excited species
in the discharge. The scattered laser intensities parallel
and perpendicular to the scattered plane, I, and /| can
be observed individually by inserting a polanzer be-
tween the scattered beam and the lens system i front of
the monochromator in figure 1.

Thus, we employ a technique based on Mie scatter-
ing by an unpolarnized laser in order 1o measure particles
in situ [8]. [tas assumed that the particle is made from

Correlation of particles with RF plasma structure

(-—-CF,CF,—), with monodispersion in size and refrac-
tive index 1.35. The cxperimental scattering intensities
1, ;. are influenced by both the instrumental function of
the detecter system and the scattering angular distribu-
tion. The caiibration of I, , is also performed before-
hand in a manner similar to that in [(14].

The particie size with monodispersion is estimated
from the ratio of I to I, by using Mie scattering theory
[8,15]. In particular, particle radius r, larger than
250 nm is estimated by comparing the theoretical I, ,-r,
characteristics with the experimental /, | peaks against
time from onset of discharge. Then, the particle number
density is given from the absolule scattering intensity
using the particle radius mentioned above.

3. Results and discussion

The Rrf glow discharge is sustained in pure Ar at
13.56 MHz, 1 Torr and 10sccm under peak-to-peak
voltage 120 V with the form

Vi) =V, sin wt + Ve (2)

between both electrodes. Here, V, and Vi, are, respect-
ively, the amplitude of the rRF voltage and the pC
self-bias voltage.

The net production rate of Ar(3p,) in pure Ar
without any impurity is shown in figure 2 in the form of
a spatiotemporal distribution under the same external
discharge conditions. The net excitation rate, locally
limited in front of both electrodes, leads the waveform
of the applied voltage and almost corresponds to the
maximum of the total current, The capacitive character-
istics are a property of clectropositive gases.

( CF,CT, ),and its fragments are prepared by Ar
RF sputtering from the Teflon plate surrounding the Al
electrodes hefore the measurement. The RE sputtering
voltage is carefully chosen so that the Al eclectrode
surface 1s not influenced by sputtering. After preparation
of ( CF,CF, ), and its fragments on the bottom of
the reactor between both clectrodes, the gas is renewed.
Under these imual arrangements, the laser light scatter-
ing onset time and the succeeding temporal behaviour of
the signal are reproducible wivhin a scatter of 10% up to

~

R
RS

Figure 2. Spatiotemporal net excitation rate of Ar(3p,) in
pure Arat V(1) = 60 sin.«t 18V at 1 Torr, 10 sccm and
13.56 MHz.
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600 s after initiation of discharge. Mie scattering inten-
sity changes with time. initially increasing sharply and
subsequently spreading into the bulk plasma, and finally
decreasing gradually. Figure 3(a) shows the external
electrical characteristics from onset of the r¥ discharge.
That is, t = 0 corresponds to the circumstances in pure
Ar with (- CF,CF, ), and its fragments as an impur-
ity, The impurity has nor influence on the clectrical
characteristics nor on the inner discharge structure (fig-
ure 2). Successive long-term variation of the external
characteristics will reflect the influence of particle
growth and extinction originating from ( CF,CF, ),
in the rR¥ glow plasma. The series of viriations continues
for 1000s. The long-term evolution of particles in this
work has been also obscrved in halocarbon-containing
RF plasmz: “or dry etching [16].

The maximum phase for the influence occurs 2008
after the onset. That is, the phase shift ¢ between the
sustaining voltage and the total current rapidly de-
creases, and has the minimum at 200s as well as the
lowest value of the DO sell-bias voltage ¥, as shown in
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figure 3(a). These facts mean the exhaustion of electron
supply and the formation of massive negative ions,
judging from the characteristics in the previously studied
electronegative gases, SF, [17. 18], HCI [19] and SiH,
[20]. This speculation is supported by the spatiotem-
poral profile of the net cxcitation rate of Ar(3p,). with
two strong maxima in phase with the peaks of the
sustaining voltage during one R¥ period over the whole
space in the bulk plasma, as shown in figure 3{(c!). Since
it takes 165s to measure a sct of spaiiotemporal dis-
tributions, figure 3(c1) tllustrates the averaged profile
between 1O and 290s. The high net rate in the bulk
plasma results from the high field penetration required
to carry the negatively charged massive particles as well
as minority clectrons [18]. Insufticient evidence is ob-
served for formation of a double layer in front of the
instantancous anode. This implies plasma density of the
order of 10°cm " * [18]. At 1 = 600+, the production in
front of the instantancous anode begins to decline al-
though the signals in the vicinity of the instantancous
cathode and in the bulk plasma still remain as shown in

(c1) ..

Ao emt st

12
Aj10 on’ ¢y

k3

N
, 00 g
4
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figure 3(cl1). The external electrical characteristics al-
most recover at about 1000s. No appreciable change of
sheath width due to particle growth and extinction is
detected during operation. As mentioned above. the
external electrical properiy is sensitive to the evolution/
decay of the particle.

Particle growth in the carly stage of variation in the
bulk plasma at 8mm from the carthed electrode is
exhibited in terms of the particle radius and density in
fignre 3(b), which is analysed in terms of the results of
Mie scauering intensities, /, and /.. The radius r, grows
almost linearly in time up to 700 nm for 300s after
initiation. As for the number density of the particle, it
changes from 107 to 2x 10*em *. In order to under-
stand the highly clectronegative profile at the phase of
figure 3(c1) with particle density 10°cm %, we have to
estimate the number of clectrons captured by one mas-
sive particle, It is deduced from the orbital motion-
limited probe theory [15] that the number of captured
clectronsis 300 1000 cm  *in the bulk plasma under the
condition of electron temperatures 1 SeVoat rcom
temperature. At the final stage, the massive particles
agglomerated in the R¥ discharge termmate in disappear-
ance from the active plasma region due to gravity. In
fact. it 1s found by sem that the particles collected at the
bottom of the reactor show spherical and monodisperse
propertics with diameter of 700 nm. Also keMa and 1k
anatyses of the particle show the presence of Cand F and
CF, bonds. We have no evidence for Al in the particle.

The effect of CH, on the present rE plasmi has been
prehmenanly studied. 1t s noted that the presence of
CH (5% tin Ar under the same external condition
drastically enhances the Mie scattering intensity, that is,
particle growth. The detaids wiil be reported elsewhere.
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Abstract. The characteristics of plasra parameters and their spatial structures

in a parallei-plates sr discharge in argon maodified by the injection of small

carbon particles have been investigated. A larger peak-to-peak fluctuation of
space potential in the bulk plasma regicn was observed by an emissive probe
measurement together with a decreasc in the self-bias voltage. The electron
energy distribution function in the plasma bulk as measured uy an energy analyser
also showed the presence of a higher energy tail. The enhancement of an argon
atomic line emission in the midgap was consistent with the atcve results, shawing
the transition of the discharge mnde fromn the gamma to alpha regimes. Spatial
and temporal behaviours of parucle density and size were measured by a newly
proposed ellipsometric detection method of the laser Mie scattered light. Slow shift
of the peak position of density and size distributions towards the sheath edge of

the powered electrode was observed.

1. Introduction

Recently mterest has been stimulated in a4 beuer
understanding of the behaviour of particle growth and
distnibution in processing plasmas used in thin film

deposition and ctching. In addition to the importance of

getting nid of production and accumulation of particles
inndustrial apphications, the problem s interesting
by s physical nature. because the presence ot the
patticles strongly influences the discharge structure and
the plasma parameters. Therefore, many theoretical (see
c.g [ -4 and experimental {e.p. [S-8]) approaches have
been performed up to no.v.

In this work, in order 1o see the cttest of particles
i a simplified system, we try to mpect small carbon
particles into a parallel plates RE discharge sustamed in
argon which itselt shows electropositive charactenstics
We use two different types of electize probe;  one
15 an cmissive probe by which the peak to peak (p
p) ovanauon ob space potential Huctuation between
the clectrode pap s measured, and the other v an
clectrostatic encrgy analyser by which the electron
energy distiibution tunction (EEDE) 1s measured. Optica!
emission spectre copy iy also used as g cross check ol
the changes in the plasma parameters

0963-0252/94/030314+06519 50 € 1394 10P Publishing Ltd

The evoluttion ot the density and size of particles
in the plasma has been previously  determined by
polarization sensitive: Micsscattering measurement |51
In this method the diameter s deduced from the scatiered
light intensity rutio ot horizontal-to-vertica! polarization
compaonents based on the assumption of monodispersive
size distnbution. cireular shapes and known optical
index of particles. We propose here a new method
using elhpsometrical analysis, in this method another
independent parameter, which comes from the phase
difference between the two polanzation components, is
obtained in addiion to the mtensity ratio This pives
uscelul intormanon for the reduction of the assumptions
compared with conventional methods. In this work we
try 1o accurately determine the oplical ndex ot injected
particles from e 1two clhipsometnie parameters, and
the value 1s used for quantitanve amalysis of spanal
and temporal behaviours of the size and the density ol
particles.

2. Probe measurerients

Our expenmental setap for the probe measurements
I shown schematically i figure 1 The reactor o
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Figure 1. Schematic diagram of the experimental set-up
for probe measurements.

30 ¢m inner diameter and 50 cm height was equipped
with parallel electrodes of 10 c¢cm in diameter at a
separation of 3 ¢m. The input RF power was kept
constant at 10 W. The gas pressure and flow rate
of Ar were 40 Pa and § standard cm® min~! (scem)
respectively. Particles employed were carbon soots of
nominal size 0.03-0.2 um. They were puffed into the
plasma instantaneously with carricr Ar gas through a
bypass line at the beginning of cach run.

Figure 2(a) shows that a time variation of the self-
bias voltage appeared at thc RF supplied electrode.
Although the electrode configuration was syrmmetric (as
seen in figure 1) a voltage of about ~30 V appeared in
pure Ar plasma because the metal chamber was grounded
and its walls were partly taken into the area of grounded
electrode. After the injection of particles the sclf-bias
voltage decreased to a small value due to the change
in discharge charactenistics (sce arguments below). The
emission of an Ar linc at the midgap of the electrodes
increased dramatically as shown in figure 2(b) after the
injection of particles. These facts suggest that a fairly
large number of paiticles were trapped for a certain time,
but only a small number can remain after about 200 s.
The probc measurements described below were carried
out within the early 100 s period after the injection, while
the particle density was kept sufficiently high.

For the measurement of p—p fluctuations of space
potential we used an ohmically heated emissive probe
(0.1 mm diameter and 20 mm | turn length). The method
was originally proposed by Hershkowitz [9) and used
in the measurement ot the RF plasma in He [10]. In
this method two inflection points of probe characteristic.,
give the lower and upper peaks of the fluctuation. These
peaks were sensitively detected in the signal proportional
to the first derivauve of the characteristics through a
lock-in amplitier by giving small AC (1 kHz) modulation
to the probe bias voltage. The effect of probe heating
on the gas temperature and the behaviour of particles
(e.g. through thermophoretic forced could be neghigible
because the heating temperature was relatively  low
(500 C) and the surface area was small. Figure 3 shows
the measured p-p values m pure Ar and in Ar mixed
with carhon particles. It can be seen that the width
of fluctuation tncreases dramatically with an injection
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Figure 3. The spatial distribution of a peak-to-peak
fluctuation in space potential measured by an emissive
probe in pure Ar plasma and Ar plasma with particles.

of particles together with a decrease in the self-bias
voltage. It is suggested that by the trapping of particles,
the plasma self-organizes the potential Jdistnbution by
reducing part of the sheath voltage and enhancing the
bulk clectric field so as to compensate for the electron
attachment loss.  Thus, the discharge feature tends to
shift from the gamma regime in which the secondary
electron emission trom the self-biased rF electrode
predomiinates the sustenance of the discharge to the alpha
regime in which body jonization process becomes more
important,

The structure of the energy analyser used in our
experiment 1s shown in the inset of figure !, and is
similar to the one used by Okuno er al [11]. 1t was
composed of a retarding grid, an insulating spacer and
a collector, the outer and effective inner diameters of
which were 10 and 7 mm respectively.  Filters for
compensating the iirst and second harmonics of RE space
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and n Ar plasma with particies ((c) and (1)) at several
positions within the electrode gap {probe position is the
distance from re electrode) The arrangement of the probe
is as shown as an inset in sach figure.

potenual fuctuation were connected independently o
the prid and to the cotlector  In this measurement the
probe could have given some disturbance to the plasma,
especially near the sheath, because of its relatively
large size, but the characteristic features can sull give
yualitative results.

ypraal EEDES measured by this method in As
plastas wath and without particles are shown i tigure 4
i twoditferent srrangements of the analyser; faced

st
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Figure 5. Spatial distribution of the emission intensity of an
Ar 419.8 nm line between the two electrodes measured in
pure Ar plasr  and Ar with particles.

to the grounded electrode ((a) and (¢)) and to the
powered electrode ((b) and (d)).  The EEDFs in the
bulk plasma shown in (a) (e.g. at positions 11-15) are
smaller tor higher encrgy electrons than the Maxwellian
distribution. In the latter arrangement the probe receives
the directional beam component of high energy electrons
accelerated in the sheath toward the plasma bulk.
Therefore, in a pure Ar discharge the measured EEDFs
shown in (b) have larger high energy tails than those
in (a). In the case of a dusty Ar plasma, the high
cnergy tait was observed even in the former arrangement
as shown 1n (¢) and became closer to the Maxwellian,
which suggests that there exists a higher electric field,
cven in the plasma bulk, to heat up clectrons.  The
detected electron saturation current, however, decreased
to about 20% in the dusty plasma. This shows a large
number of electrons were lost by attachment to particles.

Observed profiles of the cmission intensity of a
neutral Ar line are shown in tigure 5 with and without
dust particles. A double-peaked shape in pure Ar which
typically appeais at relatively high pressare has changed
to have a higher intensity over all the bulk region in the
presence of particles. This indicates that the EEDF in the
bulk plasma tends 1o bave a higher energy component,
which gives an cffect that more than compensates for
the decrease in the electron density.  This feature is
quite simtlar to the one previously observed, eg., in
clectronegative silane plasma which contains a large
number of negative ions [12].

3. Mie scattering measurement

For the ellipsometric Mie-scattering measurement of the
particles another set-up was used. as shown in figure 6.
The chamber of 8 x 8 cmvnner cross section and 30 cm
length was equipped with a circular RE electrode of
S cm digmeter and a rectangular grounded electrode of
22 > 6.5 am o The electinde separanon was 2.6 ¢m
Gras mnlet and outlet ports were artanged o be close o
cach other and set far from the plasma regron so thal
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the introduced gas flow might not blow away particles
trapped in the plasma.  An argon ion laser operating
at a wavelength of 488 nm and an output power of
0.5 W was used as a light source for the measurement.
Laser light was lincarly polarized with an azimuth of 45°
from the scattering plane through a Glan-Taylor prism
polarizer. The light scattered by the particles at 90 trom
the incident laser beam was ellipsometrically analysed
using a rotating analyser system.

In the ellipsometric measurement,  tvo  angle
parameters, W snd A. are obtained. They are related
to the amplitude functions, Sy (#} and $;(6#), as

tan We' = S:1)/S,(H)

where # 1s the scattering angle. The amplitude functions
are detined as [ 13

~

Sy = Zl(ln + Dy + 1))

nol

g (COSH) - by, icos )]

~
Sath = Y [2n 4 Dyinin 4 )]
-
nol
x [y wpicost) + a, T, (cont]

where

Ay = [0S, (08,00 - mS, (s, 00
AS Lo mIas,. 0]

Dy = oS 008,00 - 8 s, ]
TS il T ons, nal

Functions 7, and v, are expressed with Legendre
t
polynomuls as

. con ) = 1/ sim e I’”l(cn.\ ]

ttcos i) = (d/din] Blicos )

S,oviand oo are expressed wath Bessel tuncbons as

Sotvr = a2 0y
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T, (x) = 8, (x) + (=)™ (rx/2)" I,y 2{x)

and x and y are defined as
x=nD/A

y =mx

where X is the wavelength of the scattercd light, D is the
diameter of particle and m is the complex optical index.
Thus, the ellipsometric parameters can be calculated
from Mie scattering theory if the particle diameter and
its optical index are given.

The ellipsometric parameters on angles W and A
were determined by two-tnode measurement; with and
without a quarter-wave plate. By this mode the angle A
is uniquely obtained in the tull range of 360, because
A is derived from the Fourier coefficients, which are
determineu from the scattered intensity data measured
as a function of analyser azimuth in the torm of cos A
without a quarter-wave plate and in sin A with the
plate. The ellipsometric parameters were obtained at 8 s
intervals from the average of S time measurements. The
rotating analyser system was mounted on an x-z slage
so as to acquire position dependent information on the
particle behaviour.

Before the measurement, the discharge was sustained
in pure Ar gas under the following conditions:  gas
pressure of 40 Pa, RF power of 2 W and gas flow
rate of 14 scem. and the carbon particles were injected
mstantancously mto the plasma through anuther gas miet
port

The evolution of ellipsometric parameters dunng the
trap of particles measured in the plasma bulk are shown
i hpore 7iiy The parameter W oincreased with time
Comparing the trajectory in W-A coordinates with the
theoretical caleulation with some  ditterent values of
the optical index mr. the best fit value is determmed
to be 2.5 - 0.5 for the carbon particles used n this
experiment. The extinction coctticient becomes smaller
than the value of evaporated carbon foll (m = 2.5 --0.81)
[ 14}, The turther evolution of elhipsometrie parameters
has been caleulated with this value of optical index as
shownan figure 7(b)

Figure 8 shows schematically the bright region ot
Mic scattering observed by the naked eyce at the inal
stage of particle trapping in the pliasma It can be seen
trom the figure that the particles were tapped around
the sheath-plasma boundary neaw the R clectrede and
at the dome region 1 the bottan: or plasma bulk near
the grounded electrode The hight imtensity at cach point
changed with ttme as shown 1 iigares Yy and (hy 1tis
understood from the tigures that the dome region slowly
approaches the RE clectrode dunng the tirst 200 s

The nme evolution of the cllipsometie parameter
¥ oas shown e hgore 1O for cach point on the centre
axis o the plasma - A% positively correlates with
particte diameter as long as atas smaller than 280 nm
CA s Targper than 2200 see tigore 7eb, the morease of
particle diametee was darger in the plasma buth than near
the sheath plisma boundary 1, the indhoated e range
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Figure 7. Evolution of the ellipsometric angles. (a)
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curves for several values of the optical index. (b) Further
evolution of ellipsometric angles calculated fcr larger
diameter particles using the optical index of 2.5 — 0.5i.
Lozenge is marked at every 100 nm increment of diameter.

L RF electrode I

Grounded elecirode

Flgure 8. Scheme of bright regicn of Mie scattering from
particles (indicated by hatching). Closed circles indicate
measuring positions. A, B, C, and D are on the centre axis
of plasma and 5, 10, 15, and 18 mm downward from the rr
elactrode respectively; E, F, and G are 15 mm downward
from the Ar electrode and 10, 20, and 25 mm outward from
the centre axis raspectively.

For the quantitative analysis of the diameter and
density of the particies, the theoretical calculation of
Mie scattering was performed using the data given in
figure 9(2) and figure 10 and the optical index of the
particles determined in figure 7(a). As seen from the
results shown in figure 11, it is suggested that the
particles trapped in the bulk pluisma move slowly to
the RF electrode, and that the diameter increases after
the density reaches a peak (at positions C and B). This
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implies that the particles coalesce by collizions into
larger diameter ones, and they aie vansferred towards
the RF electrode predominantly by ion dray force [3].
The size of particles exisung near the sheath plasma
boundary (at position A) from the begining 1s small us
car be seen in figure 10, so that they can stay there for
a tonger time as a result of balance between electrostatic
and ion drag forces.

The obtained density of particles 1s of the order of
10 ¢m** as shown in figure 11, It the electronegative
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Figure 11. Time evolution of the density and diameter of
particles. B-D indicate the measuring positions shown in
figure 8.

nature is attributed t ihe presence of particles the net
charge on a particle is estimated to be 10* in order to be
balanced with the positive ion density. This is consistent
with the results derived in [3.5] from a probe theory.

4. Discussion

From the results of probe and cllipsometric measurc-
ments, the behaviour of particles in the plasma can be
imaged as follows. For the first 200 s after injection,
the particles are trapped mainly within the dome region
in the bulk plasma, where the time-averaged plasma po-
tential is most positive, as well as in the sheath-plasma
boundary. The negatively charged particles enbance the
clectric tield in the bulk plasma region by reducing the
sheath voltage slightly through the change in the self-bias
voltage at the RF supplied electrode. This bulk field then
stimulates the body ionization process for sustenance of
the discharge so as to compensate the electron loss by
attachment.

During this stage particles increase their diameter by
mutual coalescence and move towards the RF electrode
by ion drag force. After about 200 s the particles in
the bulk plasma are lost, because the force balance on
weighted particles changes: they might fall onto the
grounded clectrode by gravity or be pumped out of the
plasma region with the gas flow, and the few remainder
reach the sheath-plasma boundary. Particles trapped in
the boundary region at the beginning are smaller in
size and the density decreases slowly. It 1s expected
that particles of larger size are distributed towards the
RF electrode because the ton drag force becomes larger
but the density tends to decrzase. Unfortunately, our
measurement was impossible near the RF clectrode due
to the hmiting size of the viewing window

Structure in Ar rF discharge with particles

After grown-up particles of larger size are lost
and the total number becomes smaller in the bulk
plasma, the potential (electric field) distribution in the
plasma goes back to the gamma regime, in which the
secondary electron emission at the cathode becomes
more important for the discharge sustenance as in a
plasma of electropositive gas.

To summarize, the changes in space potential and
the electron energy distribution function in the piesence
of particles have been measured by using electric
probes. The conclusions drawn from the measurements
are consistent with the previously reported theoretical
prediction [1], showing that the wrancition from gamma
to alpha regimes occurs as the density of injected
particles increases in order to compensate for the electron
attachment loss onto the particles.

From the long term observation of trapped particles,
thie growth and the slow movement of particles towards
the RF electrode has been analysed. It is also shown
that th= cilipsometric detection method of Mie scattering
propose:” for the first time in this paper has an advantage
over a previously used conventional method. This will
be demonstrated more clearly, e.g.. in the measurement
of particles growth with size dispersion. It is evident
from figure 7(b) that thc parameter ¥ corresponding
to the polarization ratio in a conventional method
becomes a multiple-valued function of the diameter. The
other parameter A given by our method dissolves the
multiplicity in the trajectory on the W-A plane.
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Abstract. In situ Fourier iransform infrared spectroscopy has been used to study
particulate formation in a CCLF, Ar rRr discharge. Strong absorption bands at

1000 1100 cm ' have been found and attributed to C-F and Si-F absorption.
Furthermore continuous extinction due to Rayleigh and Mie scattenng has beon
observed. The relative intensities of C-F, Si-F and scattering signals vary with plasma
conditions. There are several experimental indications that the clusters are formed on
the surface and ejected into the plasma An sem study of the substrite surface has

allowed us to establish the mechanisr: 1or the particulate production in this

discharge.

1. Introduction

Much effort has recently been made 1o clanly the
formatton mechamsm of macroscopie paiticulates 1inan
®1 phisma due o thar destructive role o surface pro
cesstng hhe deposition, etehing or sputtermy A tull
understandimy of the tormation process would not anly
help to present surliace contamination but nught alse
result e means of syathesizing powders with sonme
desired phyaical properties: The variety of gas nivoures
and plasma conditions o which the particubiate forma
tion tihes place makes 11 ditheuit to find one general
mechanism tor the formanon process At least two
major partcutate productnon channels can te distin
wushed Onone hand cluster formation can oceor in the
plasma due to radical and on induced polymernsation
redctions, e SIH AT deposition plasmas [T 3] In
other discharges i has been shown that the surbace plays
an amportant role i the formation process, either by
suppluing doecthy Targe dusters (4 5] o by providine
the reactive speeses [ Inorder 1o elucrdate the actual
(Ormaion Process 10 a0 given gas mnture and conhgw
AU LS Decessaty toomonitor the p:!rucu!.uc Conipos
tnon Jurig the growth process It the dusters contain
infrared active bonds, this analyas can be casiby per
tormed wsing Founer transform mfrared  absorption
Spectroscopy

e this work we apply thes technique 1o parniculates
tormed 1nan Ar CCLE
active gas content o this kind of plasina, custers are

)i discharge with varvine

tormed readibv with tvpical nime conntants of 1mm 1o
I b dependimg on the plasma conditions

Q963 (2h U4 e L hy PR OR gl

2. Experimenta!

I he expenments were performed mna 1336 MHY capac-
ively coupled plasma oo planar 124em diameter
paratfel plate conhiguration. Fhe distance between the
aluninium clectrodes was Seme On top ol the fower
water-cooled v clectrode a0 10em stheon wafer was
placed The mput power could be varted between 0 and
170 W The gases were fed through mass low controllers
and introduced homogeneousdy through a <hit around
the w1 clectrode The gas pressure and flow could be
varied idependently from S to S00m il orr and from G 1o
100 seem respectively, using a0 throttle valve in the
pumping e of o roots blower or a turbo moleculiar
punip Pypreal condittons i this work werer power
input 106 W, pressare 200 m L orr, total gas flow 30 scem
We studied particubite formation moa plasma contaming
10", CCEE L A Afterwards a pure argon plasnit was
apphed 1o the same wafer and a rapid formanon of a
particle "dome” above the wader was ovbsenved

A schematie diagram of the expermental set-up s
shown an tieare 101 o the anlrared mesurements Bal
windows seere mounted  The spectra were collected
using a Broker TES-o6 Founer translormanfrared inter
ferometer (k) with o glow bar as a4 contimuous hght
soree Thor s basicatly a Michelsonanterferometer,
supplicd withco o hived and o moving ourror This pro
vdes a0 trme varving anterferenee sienal tor all
wavelengthes The paradlel beam exiing the spectrometer
was direerd throeeh the plsaa (single passy and o
Imm dunbragm binadly o wae focused with o Bal
Jens onto aomercuny cadnm teflonde tae ) detecten
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Figure 1. A schematic diagram of the experimental set-up.

A Fourier transform of the detector signal yields a
spectrum in the wavelength range of 800 5000 cm ™'
with a spectral resolution of 4 cm ™', Spectra were taken
at a rate of 1SHz. A typical measurement was an
average of a few hundred spectra. The plasma reactor
has been translated vertically in order to obtain axially
resolved absorbtion spectra. In order tu eliminate the
plasma absorption reference scans were taken immedi-
ately after the plasma had been switched on. In this
period no dust could be detected, cven by means of
visible light scattering or the laser ablation method (see
[7,8]). These reference scans in a dust free plasma were
collected before and after cach measurement to avoid a
possible influcnce of the deposition layer on the win-
dows, and variations in the intensity of the glow bar and
the sensitivity of the detector.

3. Results and discussion

The size and density of the clusters formed n our
discharge were strongly deperdent on piasma conditions
[7.8). TFypically, the particulates appear at high Ri
power nput { >80 W) and at relatively high pressures
(2 100mTorr). The particulate density decreases with
tncreasing gas flow and decreasing plasma volume, most
likely due to a hmitation of the residence time of active
spcies in the plasma. The presence of an 81 wafer on the
clectrode is 2esential for particulate formation, which
suggests that the surface chemistry s at least partially
responsible for this process. The particulates were for-
med in a discharge containing up to 20% CCLE,. Their
density decreases and their size increases with increasing
CCLEF, partial pressure.

Ina plasma contaming 10% CCLEF, or moie maimly
large clusters (~ 1 pm) were present, the fargest ones
reaching mithmeter size. The clusters formed refatnely
slowly (ime constant ~ 30min) and they were strictly
confinad in a thin (< 1 mm) dome, locahized at the
glow-sheath boundary above the wafer. Typical absorp-
von speetra of these clusters for several nmes of plasma
operation are showrin figure 2. The ‘continuum absorp-
ton’ i+ an fact due to hght scatierning on these particu-
lates. and it has a typical dependence on the photon
energy. In the low photon energy region the ostinene n
shows approaimately the Raylagh fourth jower i
pendence on the wasvenumber, as shown i tigure 2
higher wavenumbers the absorption deviates fron: ths

Infrared spectroscopy of a dusty RF plasma
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Figure 2. Infrared absorption spectra ot narticuiates formed
in a plasma of 10% CCI,F, in Ar for various times of plasma
operation. The spectra have been averaged over 500 scans.
The continuous band in which intensity is increasing with
wavenumber is due to scattering on particuiates. A weak C-F
absorption band around 1200 cm ' is visible. The other
4bsorption bands are due to water and CO,,.

Rayleigh law as the scattering enters the Mie regime.
The specific band absorption for these particulates s
weak in comparison with scattering Figure 4 displays a
broad band around 1200 em "', superposed on the tail
of the scattering signal. Based on the infrared absorption
of C-F containing molecules this band is likely to be due
to C-F absorption. O'Neill et al reported an intense
C-Cl absorptior at 700 cm ' and a very weak C-F band
in an ex situ infrarced spectrum for particulates produced
in comparable conditions [9]. In order to clarify the
origin of these particulates and their relation to surface
processes the Si wafer after plasma operatior was
studied by means of scanning electron microscopy (seM).
A typical sim photograph of the sample (figure 5) shows
curious ‘sea polyps’, stunding vertically on the surface.
These stiactures seem to be hollow and their material is
probably different from the crystalhne wafer maternial.
Such structures can be obtained by micromasking, fol-
lowed by almost anssotropic elching of Si. As the side-
walls are not subject to the 1on bombardment a layer
can be deposited on them. This process is known as

090 [
0.08 :
0.06
0.04
0.02 [avscpuon

vands
0.00 |

ton

absorpt

scaitenng

AN PO 4

1000 2030 3000 4000 5000 6000

wavenumber (cm ')
Figure 3. A iypicat absorption spectrum of particulates
formedn 4 1Ne, CCLF plasma The broken ¢ irve s 3
faurth poweer Bt oxpaecters W Fayh-ign scaitenng
parbcaiates muech apaber than e wavelength The
dJoviator <0 bigh s ovens eeber show thit the sonttenerg
aaters the Mie reqima
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Figure 4. A part of the absorption spectrum of particulates in
a 10% CCI,F, plasma, showing a broad, weak absorption
band superposed on the scattering signal (broken curve).
This band can be attributed to C-F absorption.

Figure 5. An SEM of the surface of a Si waler, treated by
Ar'/CCLF, plasma. The photograph is taken under 45 . The
structures on the surface with a typical height of 1 um are
probably the result of micromasking and anisoropic etching
of the substrate. If these structures break. they are ejected
into the plasma.

sidewall passivanon. Finally the micromask is removed
and the inner silicon is etched away, while the relatively
inert external coating <tays intact. This mechamsm can
lead 10 the formation of the hollow “sea polyps’. How-
ever, the ongin of the masking agent is still not clear.
The $EM pictures show that the structures become nar-
rower towards their base, indicating that afier some time
they break and possibly enter the discharge. As both the
surface and the structures are negatively charged. tiey
will be accelerated through the sheath tnto the positive
glow. Therefore we suppose that at least a part of the
clusters in a CClF,/Ar discharge comes directly from
the surface. From the above consideration it s clear that
a silicon waler is needed for tne particulate production.
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However, it is not nccessary that the clusters contain only
Si. In fact their major component can be the halocarbon
deposition layer. This mechanism is supported by the
experimental observation that the particulates appear
sooner if the wafer has previously been treated with an
Ar/CCLF, plasma. As a processed wafer already has a
developed surface structure, particulate production can
start immediately after the plasma is switched on.

The efficiency of the described process is strongly
dependent on the ion bombardment on the surface. It
has been shown [10] that both positive ion flux and ion
energy to the surface decrease with increasing CCl,F,
fraction in Ar plasma. Therefore it can be understood
that the clusters are formed more readily at low CCl,F,
densities. Moreover, the most efficient cluster produc-
tion can be expected in a pure Ar plasma with a wafer,
which has been processed in an Ar/CCI,F, mixture.

in order to verify this hypothesis a ‘dusty’ argon
plasma was prepared as follows: first a 10% CC3,F, in Ar
plasma was operated for about 2 h. Subsequently the
chamber was evacuated and a pure Ar plasma was started.
In these conditions a S mm thick dome of relativcly small
clusters was formed above the wafer. The clusters ap-
peared within a few minutes and they were more abun-
dantthan in a CC1,F, containing plasma. As there was no
active gas in the plasma the particulates must come from
the surface. They are most likely sputtered from the $i
wafer, in agreement with our previous considerations.

Infrared absorption spectra of these particulates at
several times of plasma ope.ation are shown in figure 6.
Indeed, the formation time is shorter than in the CCl,F,
containing plasma (ligure 2). Besides, the shape of
the scattering curve indicates that the particulates are
smaller. Most striking, however, is an intense absorption
band around 1100cm ™' In figure 7 the absorption
bands at different positions in the plasma are shown.
They clearly consist of two overlapping bands around
1100 cm ' and 1000 cm ', Based on the gas absorp-
tons we attribute the former to C-F and the latter to
Si-F absorptions in accordance with Ganguly et of [11].

20 min

sbsorpticn

15 min
10 min
5 min

0.00
1000 2000 3000 4000 5000

wavenumber (cm’')

Figure 6. Absorption spectra of particuiates in a ‘dusty’
argon plasma foi various times of plasma operation. A wafer
treated for 2 n in an Ar.CCLF, piasrma has been used. Note
the strong absorption around 1100cm  and lower
continuous extinction due o scaitering,
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Figure 7. Absorption spectra of particulates in a ‘dusty’
argon plasma. {A) at 5 mm and (B) at 8 mm above the RF
electrode. The absorption consists of twe overiapping bands,
which caii be attributed to Si-F (1000em ') and C-F
(1100cm ). Their ratic depends on the position in the
plasma.

The absorptions of these two bands as a function of
height are shown in figure 8. From this vertical scan it
follows that the particulate dome in this plasma is very
structured. Namely, the silicon rich clusters accumulate
mainly close to the aFr electrode. The maximum C-F
absorption can be found higher, while the scattering
signal reaches a maximum even higher, ai the top of the
dome. It is not clear whether this is due to o gradual
change in the chemical composition and size of the
cluster, or the presence of several essentially different
kinds of clusters having different spatial distnibutions.
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Figure 8. Absorption signals due to C-F, Si-F and scaled
scattering as a tunction of height above the rF electrode in a
‘dusty’ argon plasma atter one hour of plasma operation. It is
clear that the three signals reach their maximum in intensity
at different heights, which displays the structure of the
particulate ‘dome’.

absorption
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Figure 8. Absorption signals due to C-F, Si-F and scaled
scattering as a function of time of plasma operstion in a
‘dusty’ argon plasma 8 mm above the RF electrode. The ratio
of C-F and Si-F absorptions remains constant with time,
while the relative scattered intensity increases. In the upper
left corner the signais during the first 20 min are exhibited.

Finally in figure 9 the time development of the three
signals at one position is presented. It can be seen that
the ratio of C-F to Si-F is constant with time, while the
ratio of scattering to band absorption increases with
time. This indicates that the particulate size increases,
whereas their composition remains the same.

These measurements show that infrared absorption
spectroscopy not only gives information about particu-
late composition, but also it can be a sensitive technique
to study the carly phase of particulate formation.

4. Conclusions

The ajor source of particulates in an Ar,CCLF, rE
discharge is the s'licon substrate surface. Based on an
SEM study of the waler surface a mechanism for cluster
production is proposed. Under etching conditions (10%
CCLF,) elongated vertical structures on the Si surface
are formed, probably due to micromasking and subse-
quent anisotropic etching. The structures break as a
result of slight underetching and appear in the plasma
as macroscopic particulates. Intensive ion bombardmen
accelerates the particulate production. Surface structures
formed in the etching plasma can be therefore very
efficiently sputtered in pure argon. The clusters observed
in a pure Ar plasma exhibit intense infrared absorption
at 1000 100 em ', which indizates the presence of C-F
and Si-F bonds in the sputtered material. In contrast,
particulates formed 1n 10% CClLEF, show only a weak
absorption in this region. In both cases large scatter:ng
signals have been ohserved,
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Abstract. Sources of particles in a ciosed-coupled electron cyclotron resonance
plasma source used for polysilicon etch included flaking of a residual film deposited
on chamber surfaces and sherdding of matenal from the electrostatic wafer chuck. A
large, episodic increase in the number of particles added o a water in a clean system
is observed more frequently for a plasma-on than for a gas-only source condition. For
film-forming process conditions, particles were added to wafers by a residual film,
which was observed to fracture and flake away from chamber surfaces. The
presence of a plasma, especially when radiofrequency bias is applied to the waler,
caused more particles to be ejected from the walls and added to wafers than the
gas-only condition; however, no significant influence was observed with different
microwave powers. A study of the effect of electrode temperatures on parnicles
added showed that thermophoretic and gravitational forces are not significant for this
electron cyclotron resonance operating configuration. Particles originating from the
electrostatic chuck were observed to be deposited on walers in much larger numbers
in the presence of the plasma as compared with gas-only conditions, implying the

existence of a larqe ion drag force.

1. Introduction

The sources and behaviour of particles 1n processing
plasmas are of eritweal interest in the Hield of semtconduc-
tor waler fabrication Although parucle genceration in a
plasma system was hiest reported in 1985 1), the pres-
ence of particulate contamination and particle depos-
ton on wafer sutfaces has been observed for over a
decaae by users of plasina processes in the semiconduce-
tor industry Only i the fast lew vears have modelling
studies as well as systematic and real-tme ¢ openmental
studies been performed on plasma syaems as o means
of understanding and. 1ty hoped, contralhng paride
generation [2 9] The mownvanon, well known and
appreciated in the high-density mtegrated circun manu-
factuning idustry, v to redoce yickd Toss due 1o waler
leve! particulate contamination

With the advent of mghdensty, low pressure
pl.mvm sources, such as electzon ovdotron resonance
(e k), radho-frequencey mduction (k1 and hehicon sy
tems as promising candidates o ontcal fover ctehing,
there v great i estan the particle peneration modes
and transport charactensies for these tools For
cvample, recent modelhng sork by Graves f af has
demonstiated that for o tok sonrce particde trapping

sPresent address Appled S e e and e hoclogy . ing, Woborn
Massachusens, USA

0963 0252 94 036374« (9814 50 « 1994 tOP Pubushing Ltg

15 less hikely than for paratlel-plate electrode pliasma
sources [10]0 A recent report by Selwyn {1T] reporting
taser light scattering results from an ecr ool s aited as
evidence contirnung this prediciton

In this paper we report post-processing witler-devel
particle count results (using a taer-hased surface particle
detector) from a close-coupled ror eteh ool The intlu-
ence of the plusma, its charactersues and the reactor
conditions on pariicles from two principal sources s
ivestigated. The tao sources are particles generated by
crackmg and delaminaton ot a residual Glm deposited
on chamber walls dunng tor ciching of polysiheon and
partcles from the electrostatic wafer chuck tramsported
onto the wader by a bursat of He from the back wide of
the waler.

2. Experiment

Fhe contiguration of the etchimg 1ool s shown i hgure
245 0GH microwane poaer (0 100 W) eintraduced
through rectangular wnd arcular wavegmdes into the
quarty bell jar The oagnene held are prodoc s
coils coneentoe with the process chamber with current
ranges of 15 35 A tupper codd) ad 3 25 A dower vanly
The resomance cone tnominathy, 37 Goowas mcisured
eapermentally 1o occur at 85 mmabe ve the wader at ool
curreng settings of 30A (epper) and + A tower) o the
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Figure 1. Configuration of the close-coupled electron
cyclotron resonance plasma reactor.

process conditions i1n this work. The chamber is evacu-
ated by a 2000 157! turbomolecular pump through a
large exhaust port below and to the side of the wafer
chuck. The base pressure of the chamber s
1 x 10 ®Torr. Process gases are introduced through a
gas-distribution grounding ring around the base of the
bell jar. The system can be configured for 150 or 200 mm
wafers, which are introduced into the chamber through
a separately pumped load lock and clamped onto the
chuck clectrostas ~ally with - 300V clamping voltage.
The electrostane chuck is assisted by a mechinical
clamp ring with 16 contact points around the wafer. bor
particle studies under gis-only (no plasma) conditions,
no electrostatic clamping occurs. Radiofrequency power

(2MHz) in the range 0- 140 W 1s applied to the chuck
for substrate bias control. Wafer temperature control is
achieved by circulating coolant (from —50 to +80°C)
on the back side of the chuck and applying helium to
the back side of the wafer. Electrode temperature, taken
to be the coolant temperature exiting the electrode, was
maintained at 20°C for all studies except where noted.

Wafer-level particle count data were obtained using
a 488 nm Ar ion laser surface particle detector (Tencor
Surfscan 6200). 3mm edge exclusion was employed to
eliminate observation of surface damage caused by the
mechanical clamp fingers. All experiments were per-
formed in a state-of-the-art, class | clean room using
proper clean room practice. Particle test walers were 150
or 200mm diameter bare silicon substrates of prime
grade (virgin) for studies during ectch processing in a
clean chamber; monitor grade wafers were used for
studies of a heavily particle-contaminated chamber.
Only wafers with 15 or fewer starting particles greater
than 0.3 um in size were used in the testing, and most
had fewer than ten. All particle measurement data were
obtained using the following procedure. Test wafers
were flat, neteh oriented and tien pre-measured just
prier to loading into the cich tool; then the wafers were
post-measured just after exiting the plasma system. No
manual wafer handhing was performed between the pre-
and post-measurements. Wafers are transferred from a
load cassette to an unload cassetie as a consequence of
the etch tool wafer process sequence. Control wafers
were run at regular intervals and consistently showed
less than two particles added to wafers as a result of
manual cassette handhing duning transfer between the
measurement tool and the etch ol (separated by about
3my). Consequently, all data reported as particles added
are simply the difference between the pre- and post-eteh
tool medasurements.
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Figure 2. Companson of particles (0 16 1.6 um) added to walers tor plasma on and gas-only
partict asts (using the conditions shown) dunng a stabiity test of an ogtimized, 200mm

etching process.



3. Particle addition to wafers in a clean ECR system

As part of a study of doped polysilicon gate etching
processes using HBr and Cl,, a process stability experi-
ment was performed on an optimized etch process. In
the stability experiment, several hundred wafers were
etched and etch process metrics (etch rates, selectivities
and so on} were obtained at regular intervals. One of the
metrics was particles added to wafers (Si substrates with
native oxide) for gas-only (no plasma) and plasma-on
(500 W) conditions, using 100scem O, at SmTorr. Fig-
ure 2 shows a plot of particles of size 0.16 - 1.6 um added
to wafers at various points throughout the process
stability experiment. The experiment was performed in a
nominally clean system, namely all internal chamber
parts were cleaned and a clean bell jar was installed
prior to the optimization study. A 15Smin in situ plasma
cleaning of the reaction chamber was performed &t the
beginning of each day and at the end of the experiment.
The cumulative number of wafers ctched aflter each
plasma clean is indicated for cach particle test. All
particle tests consisted of one wafer each for the condi-
tions of plasma-on and no plasma (gas-only). Figure 2
illustrates five interesting points: (1) there 1s a slight
upward trend in the data, indicating thut the system s
becoming dirtier; (1) in situ plasma cleaning had no
consistent effect on the particle counts; (1) except for
three points, the plasma-on particle test resulted in
fower particle counts than the gas-only test; (v) two of
the plasma-on tests (numbers 9 and 15) show sigmificant
positive deviation from the rest of the plasma-on data (it
will be shown that these excursions are common for
plasma-on testing and are evidence of plasma-induced
particle ejection from chamber surfaces); and (v) one of
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the plasma-on tests with a large positive deviation
(number 15) occurred in a cold systerr (the test was the
first plasma in the system for that day) and this ‘cold
system’ effect is repeatable.

To quantify whether there is a statistical difference
between the plasma-on and the gas-only data in figure
2, a Wilcoxon test was performed to test the means and
an F-test was performed to test the variances [12]. The
Wilcoxon test assumes no particular type of distribu-
tion. The tests indicated that both the mean and the
variance of the plasma-on data are statistically different
from those of the gas-only data, the plasma-on mean
being smaller but the variance larger due to the outliers
(excursions). This is graphically illustrated in figure 3 by
comparing the box plot for cach data set [13].

4. Particle addition to wafers during a polymer
forming etch process

A small amount of oxygen added to a doped polysilicon
ctch process using HBr greatly improves the kCR poly
silicon etch selectivity to oxide [14). tf the amount of
oxygen is greater than about 1% of the total flow,
however, a deposition mode is entered during the etch
reaction [14]. A residue is deposited as a film on the
chamber surfaces, including the quartz bell jar. The film
1s observed to deposit preferentially in a ring half-way
up the bell jar and at the top of the bell jar where there
are microwave ‘cold spots.” arcas that are aligned with
and close to physical nodes in the wavegumde. Table 1
shows results of plasma-on and gas-only particle tests
performed on the clean system just prior to runming this
cteh process and after every ten resst-patterned, poly-

Fianr

Figure 3. Box plot of the plas. ja-on and gas-only particie test data shown in figure 2
The white bar indicates the median value The shaded area represents the innier cuartile
range (26th 75th percentie) Enclosures {Connected by dotted lines) indicate the 2.5
anag the 97 5 percentiles Honzontal lines indicate outhers
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silicon wafers vere ctched. Two walers were run for cach
of the gas-only and the plasma-on particle tests and
both tests were performed using the etching process
parameters 1 2Gscem HBr, 2scem O, SmTorr, and for
the plasma-on test, 750 W incident microwave power, an
ECR point of 85mm, and 20 W Ry bias. Except for the
cold system tests in which both gas-only wafers were run
first, the tests were performed in the following order:
gas-onty, plasma-on, gas-only and plasma-on. It should
be observed that the gas-only and plasma-on particl:
tests do not etch the silicon substrate due to the high
selectivity of HBr to native oxide: a breakthrough step.
using Cl, for example, 15 required o inibate ciching

Table 1. Gas-only and plasma-on particle tests dunng i
etching of polysilicon wafers using an etchung process known
to deposit a residual film on ¢chamber surfaces

Numoer of particles (0.32 28 ym)

Number of — — ;
wafers etched  Gas-only Plasma-on

0 2,13 8,13

10 11,15 36, 15

102 600, 31 678, 10"

20 44,37 50, 151

30 213,80 222,115

40 339, 157 404, 215

50 369, 214 577,263

*Cotd system test results

Several ponts are noted from these dati: (1) the
nominal, clean system background particle count 1
exceeded, indicating firlure of the film, when 10 20
walfers are etched. but the film s evident after only a few
wafers have been etched: (1) the cold system effect s
again  realized. for both  plasma-on and  gas-only
measurements; (i) except for the second plasma-on test
after 20 walers (151 adders), and not including the cold

system results, the nusnber of particle adders monotoni-
cally increases; (iv) the second plasma-on test after 20
wafers (151 addersiis a povitive excursion and i prob-
ably a plasma-mduccd. episodic event; and (v) except for
the clean system and the posiive excursion just noted,
tae first plasma-on tesy places a larger number of par-
ticles on the wafer than the second test (i s also true
of the gas-only tosts when the svatem becomes very
dirty).

5. Plasma effects on particie addition to wafers in
a dirty ECR system

After the study deseribed in section 425 more waters
were etched using the residual deposiing ctehing pro
coess, The belt jar was then removed and the svatem was
thoroughly cleaned aed corvarnted o process i ximm
wafers, The disty bell ar was reserved and the sastem
was tested for partiddes with a0 fean hell oo phace
Plisma on and gasoonbs tests ovng A prosad that the
syatent was clean, with mean particle adaitions ! eas
than T partndes ¢ Oy The dinty bl i was
then placed i the ssstemand used s o known wouree
of particles to study plasma etfects von particke behaviour
A regrons of the bell g coated with the osatual hibm
were erached ana delammatiog o saovne degrees The
following studies were performed with s O00sem A1
Smlorr pressure

S.1. The effect of microwave power on particle addition to
wafers

ihe effect of microwave power on partiches added to
wafers was evaluated by sequential’s processimg i cas-
sette of wafers for each of three condiitons in the
following order: gas-only, plasma-on at 1100 W inadent
microwave power (300 W reflected) and plasma-on at

4 r
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~ *  Plasma, 1 W 100 scem
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1 N N . M )
9 £ 10 18 2 28

Test Number
Figure 4. Comparnison of particies added to 150 mm wafers (0 32 28 m) tor wafer
runs with gas only, 1100 W plasma, and 110W plasma for the conditions shown The
order of the runs was the same as the order in the legerd.
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HOW ancrdent microwane power N g bas was ap
pled for the plasma oo fests Lor the condinon o
plasma on 41 1HOW
power was partiably tramsmtted to the waler winee the
reflected power was near zero (0 SV and 4 potential
Gifference was induced in the ke bias Gront with wr buas
oft The results Jor cach waler oveled undes cach condi
ton are shown in hgure 3 Two obswrvations are noted
both plasma-on conditions show high first waler counts
and in additse 1o the fiest waler tested, the T10W
plasma-on test had two large. positive excursions To
test for statistical difference: in these vesulia, a Wilcoxon
test was performed on the me. s and an F-lest was

mosdent power the microwase

Particle behaviour in a plasma etch toni

[ coan "

Figure S Jon (1ot ot the gas oniy 100 W (xasma avg 1 10W astha 1ata ~nown in
GQute 4 The Symbois are deacttwat e Cagoor of higure

porformed onothe vantancey The test L the sneans
showed o datstical differenoe tor the thice condite s
The test on the vanances showaed s Jffierenge etween
gas onhyand plasma an at THOOW  The vanance of the
LTOW plaseae on coadeion s different from that o the
other two conditionc due 1o the twe vuthess i 1t
and 21 The results are diuargted using bov plots n
feure S An impartant condusion from these plone -
that the prosence of w plismia cat 110 00 TIOOW ancrdent
power) an the system seems tooansrease the number and
exiremitty of the outhers (excursions) This cffecs
obsenved consistently and appeats to be charactenstic of
a plasnma-on condition
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Figure 8. Comuarison of particles added to 150mm waters (0.32-28,:m) for wafer
runs with gas only 140W radhofrequency bias ntasma. and OW radiotrequency has
ptasma for the condihons shown The order of the runs was as ndicatad in the

legend.
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Figure 7. Bon eot of the 338 ondy 140 W radioireyuency s plasma. and OW
radboireguency tues Dlasma dels showe » hgure 8 The symboks sre as Gescrbe] « the

aceon of hgure ?

L2 T effect of &1 Inss s particie Jddvtran te wafen

The oficve 4 wafer 1 has o0 particke hehaviour was
uddend ot the conditions of gas onlv 130W re s
and W B tmac Incudent mactonane power was MIOW
and reflectad power was HOW for ihe plasma on tests
140W mo beas resultedd 10 an average peak b peak ®
voltage of 2600 The revults fo1 cach waler Ovided unider
cach condition are \homn o higure 6 The results vhow
a Jramatw increcasc 10 the numier of particles added 1o
the walers for the conditton of plasma on with -3 by
A nme dependent cfiect povably due (0 chamber heat
mg. noalvo evadent for this condition with the bt

several wafers adding o factr of D0 mote partkies to
walery thae for the gas onls or sere s combions
\ithough the particke counts statnlize for the 18 W
condition after about 13 walers. note that this fevel
sl g factor of 1wo higher than that for the other
comditony One explanation for the hgher bevel afier 13
wafers mas be that there noancrcasad bombatdment ot
the anewdized gas grounding cing surroumding the wafer
when the wafer 1s w1 bused | or these tests, the external
bell jar lcmp(mlurc at the hegmmng of cach tet se
quence was 21, 22 and 25 4 far the conditions gas only,
T40W bias and OW s, vespectively
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Figure 8. Caiculated therinophoretic [13) and gravitational forces as a function of
particie s:ze for an Ar plasme at 5mTorr, VT =~ - 6Kcm ', a particle density of
2gem * and particle tempersture less than 500 K.




Statistical tests of the means and variances showed
no difference in the gas-only and O W bias conditions.
The result for the test or the means s conwuistent with
the results of the microwave power study (section 5.1).
The box plois for these resuits, figure 7. show the impact
of the 140 W »i ias conditton. Although there v no
statisiical difference in the means or vanances of gas.
only and OW Kb bias, note the presence of outhers for
the platma-on condition and the lack of any outhers for
the gas-only condition Thas i consistent with the results
of the murowase power study

SN Ihe effect of elrcirode temperature on particle
addition 1o walers

Amaong the forces imfluenaing particke behasiour in plas
mas nodrag due e colbvons of parades with neutral gas
molecules (Y] One way inowhich neutral drag wan
influence partiddes v by mparting 4 thermoephoren
foree Jue 1o thermal gradients dwe (6] amd references

therer Girave. ot a! [0 dem natrated thar gradiensy f

the rder Tham st suthorent 1 Salanae the

Erasitatoong e on 0t am cgrhern partiddes
Srmdoar noa parallel piate ccarce and the cuth s
suggest that thermoepharetc forces ms e cmpaortang oo
low temperature elohimg apphcat: s

For the tor aource used hoere proveca syperstncnts
showed that waler surbace tempergtures when capeosad
o plasmye gee of the crder o T N hgher than the
cloctrode tomiperatare at M0 T ae assume that the
CATHC s TPYe ot Clo e tumipwratares o e and
s MO then waler temperatares o wonnd he b

W and < 19 0 respedtinely e the presonee ot
[‘Lh"\.l For an AVCTape internal aaii remporataee ot
40 C feorrected from average cuternal wall remperaton
measarements and an average aafer toowall fadance
10 cm. waber toowall temperatare wradients VT thy
onder of + T and 6k om
conditions Since thermuophorcte force vanes with the

ire posatbie andee these

.

Mean Partickes \dded
>
®
RS

Vie & Stol Ttei s [T
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square of the particle diameter [13) F,, = f(d}). and
gravitational force varies with the cube of the particle
diameter, F, = f(d;). ‘he citect of thermal gradiciiis
becomes larger with smaller particies. Assuming a par-
ticle density of 2gem ' and a particle temperature less
than 500K, calculations of the thermopheretic [13] and
gravitational forces in Ar at SmTorr and VT = —6K
cm ' reveal a cross over in the two forces at a particle
size of about 18 ym (figure ). Particles smaller than this
cxpenence s thermophoretic force away from the wafer,
which v larger than that due to gravity under these
conditiony Consequently, if thermophaoretic and gravi-
tational forces represent a sgmificant share of the total
foree experienced by the particles. then curves of wa-
fer level particle counts versua size should be very differ
ent for the caves V7 6and + TRem that 1v a
step function decrease o added partddes of size < 1 Sum
woevpeuted for the case VY thom  while no such
devtease v capected for the vase VT « TKaum

b ypenimental results showing the cffect of electrode
temperature on partide addioon teowafers for partck
feom 017 smsoinoaze are shown oan hgure ¥ N
agniheant change 0 the mean number of parte e
added © obaerved Ber partidde sizes - DS m tor arthere
hot ot codd dectrode conditiony This suggests that hoth
therrophoretn and gravitabiongl forces are smaeil com
penents o rhe totad Torce evpenienced by particles under

these vomditon

6. Particies added by the electrostatic water chuck

flecteosonine water chuvk - car shed dange numbees o
frattodes hecansg hrttle Cotamae maternigds ate used e
coat the chuch Altheuyh partdes may be added 1o the
hack ade o aowafer most are cshaequenthy removed m
st dloanug When the aater s clectrostatio b, dam
e the Bacd ade o pressunzod wah o te T Laey o)
Ho to promote heat teansder trom the waber 10 the chadk

@ Mt Hlectrade
S0 Fhedtrode

.

Vi & Sl [N TTN L U T

Particle Size ipm)

Figure 9. Average number of particles added to wafers as a function of particle size
for 850 W Ar plasma runs at electrode temperatures of + 80 Cand 50 C
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Figure 10. Schematic diayam of the electrostatic wafer
electrode and the mechanicai clamp.

The resulting pressure differential from the wafer back
side to the source region causes some He to leak into the
chambder. The $He flow s puise-width modulated at
taeem, giving a ume-averaged leak rate of about
01 seem, to maimntarn the correct back side pressure. This
RIVES 1ise 1o the possibabity that particles are blown from
the back side and land on the front side of the wafer
This phenomenon has been investigated and no added
particles were observed ina clean svoem under normal
opcration If the back side He s pulsed instantancou v
with thseem or at the dampaing voltage s suddenly
remoned. however, pariicdes can be added to the waler
under a vantety o source condibons due tooa shock
woeve, which carnes the partiddes aroand the edee of the
water and inte the chamber thigure 1th These two
nonatandard modes o0 operatton of the chuck were
used o test mechamisme ot particle transpornt an this
sistem The geometes of the electrode cover and mech
anicad hamp g are such that He tow v diredted over
and wlong the water rather than away tromoat The He
burst irelease pomnty ofgimates at a hved pomt around
the arcumference o the water L arger partiddes Lind
choser to the release pornt and smalblor partides are
catried farther away

The tinding telesant 1o partiche behavious moan tow
souree v that theee soa conastent onder o magniude
morease 1n particles (03 3 am added to walers tor
anyotven plasma on conditon cweseral thowosand pa
tcdes sddedy compared teoa pas only condition Geveral
hundred partiddes addeds This s aeong evidence thai
1w diag s the donusant lorce aintluenamy partich
transport n this searce U onder these paiinc e smection
condimons the presence of the phavma prosides aovern
wal force am the form of ensy which drags the cminted
particles down o the wales surbace Wath o plasma
present most of the mjected particdes hoave enongh
tadhal hinenc encergy 1o ger dear of the water

7. Discussion

The presence of plasma clearly can cause the ciection ol
particles from a chamber surface vabidating carher ob
servations 1noan Si0r, plasma deposition sastem [ 4]
FThis behaviour v seen most dramatically v the e bras
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study described in section 5.2. Thermal stress of the
residual fiim on the bell jar and increased bombardment
of the gas/grounding ring in the presence of RF bias are
reasonable explanations for this phenomenon. The con-
sistent observation of high plasma-on particle counts in
a cold (room temperature) ECR system, cven when gas-
only counts are low, is cvidence that thermal stress plays
an important role. Even a short idle period for the
system will cool the bell jar to a point at which subse-
quent exposure Lo plasma will eject particles.

Why are high plasma-on particle counts also ob-
served in a hot system? Under standard processing
conditions, external bell jar temperatures can reach a
peak of 110 C during plasma-on periods of processing
and cool by 15 20 C between wafers. (For the experi-
mental results presented here, external bell jar tempera-
tures were typically in the range 25 30 C) Assuming
that the sntenior bell jar temperatures are a minimum of
1020 € hotter than the external temperature, this rep-
resents a reduction by more than 100 C of the tempera-
ture drop across the readual film relative o a cold
syatem. Since this umphies thio thermal steess would be
lower, o direct piasma w5 anteraction may then o
plum particle cpecvon from a hot wall Abernauvely, of
the rewidudd Blm s not an good mechamcal thermal
contact with the bell jars i may get much hotter than
the bell jar tselfoncreasing the chance of the lm Gding
under stress Aol the him may et hotter due to greater
photon absarption rehative to the quarts - Thermal stress
along the flm mav alse be mporant, since the inside ol
the bell jar does not uniformly get heated 1as reveaded
by omcreased resdual deposition on miciowave cold
spots as well as temperature measurements)

Fhe eflect o svatem indoced mechamical stiess on
particde ciecnon Pom walbs o less ddear The fadt that no
mechamaal perturbation of the svatens ocoutred during
the particle test indicates that the plasma alone causes
ciection of panticdos Thes does notimply, howeser, that
svstem imduced e nieal stress (such s gate vadves
opemny ddosing) has oo effeat mechamical stress may
vondition the bbm o such that o s moie kel o epect
patticdes upon cvposare teoa plasma as suggested in { 4]

In the heht of the resalts with Lirge nceutral thermad
vradients and the bhaervation that partiddes cieaed lrom
the back ade are dever 1o the waler in the presence ot a
plasma won dra appears todominate thermophorein and
2revity farces i this tor sonrce The tole of decirostatn
force remanns uncdear o Laser ightscaticnmg results
revealed noopartncde teappimg duneme HEE ciching of
pobvsraconan this ool i dhe regions over the damp ning
o several nudhimetres above the water surace The
plasena sheath boundany renon above the wader could aon
be oberved because it was obtuscated by the damp ning
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of constant power density scatterad from the cloud

1. introduction

Several workers have observed particle douds i traps
b narsiel plate plasang procesing svtems, asng
Liver bpht scattered trem the particdes |1 6] For o
He o Ne Lasers the Laser beam can be rastered o plane
poerallel 1o the water wnd the forwand scattered hight o
recorded cn videctape via g con camera Impresane
real time divpian s oCthe dynanacs of partdde dioads and
sometimes disercte partiddes hase been obhsenved These
abservations while giving much intutive ansiehbt e
partiche Joud betasoar are nevertheless guahitatne
The drag force ona particie diee 10 the thaw o the
newteal pas aroumt g pariicic has tecently been shoan
ter e comparabde toothe ciectrosteris force that conlines

Wopartiche wathin a trap tor typical gas hows into
chamber {75 Thie gests thar ot the drag force o
azimuthaliv asvmmietne ath o Compenent tangented
the waler clectrsde sarface then o partcde dlowd wathin
eyt

asmmuthal svemetey about an oas neomal e the el

atrap which woakd uvuatlhy twoevpeored 1

trowde tvuch as e dowd ver the Gooamitereres of a
e percturbed o the warer clectroder wonbd i aead be
aovmmeitne dor o caample cndy o paria! oty s
Lingentiad component o rhe drag oece weoald oconr o
the pas oo et whntted v pamped oo cimaahdh
svinmmetercaliy ahour the watcr coeatrad

Wi therelore chose Trap cresting perturbors o Lhe
BT L I R R T T Y
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Abstract. This paper studies asymmetric particle clouds confined within eiectrostatic
particle traps in the presence of a molecular drag force. The drag force, due to fiow ot
neutral Ar gas around a particle, is proportional 1o the gas flow, which can be
controlled by a mass flow controller. Our system has a component of the drag force
paraliel to the wafer electrode surface. The particie clouds associated with a cube
and a disc are seen to be highly asymmetrir; in the direction ot the drag force, as
would be expected. The asymmetry increases as gas fluw increases. In order to
visualize the ciouds quantitatively, we have inroduced a technique called spot
scanning in which we move the faser beam slowly with & serpentine path through the:
paiucie cloud. The forward scattered tight 1s recorded by a charge-coupied device
camera onto videotape. The image of the scattered hght on a trame of the videctape
18 a near'y circular red spot. Using commerciai'y avallable computer software, the red
spots can be used to determine the toundary of the cioud as well as o ind contours

wafer electronde. which i our geometneadis azimuthally
ssmimetnic chamber swould be evpedted o produce
ctouds with wwaimathal svmmictoy namebs g cone cube
atd dise Since o exvpenimental etch ostem has koth
anazimothad symaetsy i pas admittanee and purop
cut the tamgential Gomponent of dray torce naturally
veauts OIne parpene ol s work s theretboee o obserse
the asvmmetes that the deag torce creates i the partde
dend

Flowoags e 2

Cothe cfrcnnvely we needed to iind
qianttativeds the bonndaoes o the dload and 1o be able
tooplot thes boamdany e Gases of incrcasiy Lo tal
Cotnpenent obdeag forcs A econd parpese of thais papxor

theretore e Jesanbe o ample technigue that we

devetoped fecmanye Heo S daser ighUscattenng oot ondy
tofond these beandane guantitatecely but alv oo piot
votitonrs b conntant soaticnod b power denaty withan

the od raeen Wo it s techiigque e wannig

2. The experimental system

W have awd the modihed Topad MOR T ook svaem
descobed Chewhicns T 0] A copenmients were o
s A s and thoroboae s Ve plasima B thes sy e
N wdmaned bl 0 then anmtor gap e o
artices howeice becaise o the wonfiguration of the pas
suppiv manitold che pas o s dsvmimetne Nrgon thoa
o hghest theueb the vonuiar pap bocated dosest toothe
ool e ond Uoaest theougb the pap diametngatic




opposite to the inlet. Furthermore, the gas is pumped
out through a port located diameirically opposite the
manifold gas supply inlet. Thus, the Ar gas molecules
will have an asymmetric distribation of average velocity
Ulx, y, 2), a vector. Here, let  be normal to the electrode
surface; the laser beam axis, discussed below, is parallel
to the z axis; let positive x point from the point in the
annular gap where gas flow is lowest to the point where
it is highest. Then, U,(x, y,. 2o) < O for constant y, z,
and all x, indicating that U, is positive in the —x
direction so that there is a positive component of veloc-
ity U, directed from the highest to lowest gas flow
inputs. This system is ideally suited to our experiments.

The gate valve between the plasma chamber and the
turbo pump was set for a fixed aperture, thus causing
the pumping speed S to be fixed. We have confirmed this
by experimentally showing that the chamber pressure P
is a linear function of Ar gas flow @ (scem), which 1s
controlled by an mrc. For all experiments discussed
here, S = 1891s7 ' Also, 3.0 < Q < 60.ccm so that at
300K, 0.29 < P < 5.9 Pa. Since S is a constant, Uy, y,
) stays approximately constant and 1s independent of ¢
and P.

O'Hanlon et al {7} have shown that, for this range
of pressure. one should use the vector molecular drag
force Fyy

by, 125 tand® PUL v N ()

where ST units are used throughout, the constant 139
has the unins of Pa "m "oy the sisconity (Pass) d s
the partice diameter tmo and v s the particle veloaity
tms ") The drag lorce Fios 1 the same direction as {
vort - Ursothat £ hes acomponent By - O diedted
1 the vodrection, and s tangennal 1o the waler
clectrode

Afternately £, can be eapressed o termes of aoner
maled flow Q@G where (00 v (hiosen te e the
mimmum How used e this work ©3acem Thus @ ¢
vanes from it aboat B8 Sisce 8 oecindependent of £
and @ Q. white Pos propomonal to @ 2, cquation (1y
tellv ue that Fioas properaonab 10 O Q0 Thus oowevar,
G v g s the sl Torce anevers pariadde minst
vty propoitionatels

On the doven cledrode BRmime i hameter we
toave placed a H0rmm dise o wraphate vethe cenin ot
the graphite dise we phece erther an dummong cone
cube o e Tie o b g Puee dametor of 10 N e
and an ditade of U v amm The vabe o 1T S en
side Phe dise s a dameree of DV map and o hoght ol
TN

W b abwenved the patticie dlowds assooated wath
these chiedis yang toraand seabtered He™e aser i
Fhe sattered hght i detectad by colour wnsitive can
camena tony DXNC "M and can b recorded oo osapeer
Vs videotape using a v i cPanosome PV NG The
catire svtem o codotr senatine The avs o8 the laser
beatn is parallel to the aas o the conrdimate svstem
set o whove Fhe basc Taer and camerys astiem have
hoeen descnbod clwewhere {5

Particle traps due to cone, cube and disc

DRIVEN ELECTRODE

CONE ON DISK ON CONE & DISK
WAFER WAFER 2N WAFER

Figure 1. Superposition of particle traps. Luft: dot cloud
above peak of cone on graphite; middie: ring cloud above
disc on graphite; right: dot and ring traps above cone on disc
on graphite.

3. Raster scanning

Imtially. we placed the cone on the graphite disc. Then,
using the conventional raster technique [ 3], we ob-
served a small ‘dot’ particle cloud over the tip of the
cone, as shown in the left-hand drawing in figure |. We
then varied the gas flow and found that the appearance
of the trap was independent of gas flow within our
ability to observe changes qualitatively.

Next. we replaced the conz with the disc. A ning
cloud was observed, as shown in the middle drawing in
figure | However, the distribution of particles in the
fng was 4 sensitive function of gas flow. As gas flow
mereased, the particles of the cloud seemed to be “blown’
10 the left side of the ning, an the direction of £y, and
U . both of which are positively directed from nght to
jeftan tigure 1 For even moderate values of @ ¢y, such
as S 2 the rng became a partial ning in which particles
voula only be seen on the lett-hand side of the ning in
hgure 1 We assame that the drag foree s moving
partuctes o the Jeft hand side of the nng

finalts . we placed the cone on the dise as shown in
the night hand drawmg i tigure Hoand found that the
dot and ring dlouds assocnated with the two objects
indnvduatiy were aise both present T0as as of the clouds
were obsenving superposvition

4. Spot scanning

4.1 lechmque

W have foand aosimple techmigue usong the Hede Laser
wetem that woald pive oy guantitatne information
thout e parhicie dowds Ruather than rastening the faser
heam we moved at manualhy and seny sowlhy through
the dhowd gt wiate Tow relative 1o the videotagwe frame
spevd cabout W frames por o secondr W foliowed o
serpentine path with the beam. o thae the entire Cross
sectian of the doad perpendicular 1o the beam was
traversad tthie « o planes By cxamiing guantitately
the heam unage on the sdeotape we weee able 1o hind
the Jdoud boundary av well as contours of constam
saattered power densaty withen the coeud Fhas processs
analogous G the tamography vray techmgue used in
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Figure 2. Light from a particle cloud scattered into a
charge-coupled device camera. Inset: cylindrical intersection
of laser beam and particle cloud as seen by the camera.

medical CAT scans, in which a cross section of the human
body can be imaged.

The laser beam penetrating the particle cloud is
shown in figure 2. The ¢CD camera is positioned so that
it receives forward scattered light from the particles at a
small angle ¢ with respect to the beam axis. Typically,
025 1If light were scattered uniformly from the
cylindrical section of the beam that intersects the cloud,
that scattered light would appear as shown in the inset.
For small 0, the scattered light is nearly circular, being
slightly elongated by an amount BC in the vertical or y
direction. Thus, on a colour-sensitive videotape frame,
the scattered light will be nearly circular at the colour
red corresponding to the wavelength of the HeNe laser.
In fact, we cannot visually see any deviation from a
circular red spot on the frame. We thus call this tech-
nique spot scanning.

After a cloud has been established over an object for
a specified Ar flow, the laser beam is spot scanned
through the cloud, and the scatiered spoi of light,
received by the ccp camera, is recorded on videolape
using a vCR. Typically, the time to spot scan is about
2min. Next, selected frames from this section of video-
tape are digitized and stored on the hard disc of a pc.
This is accomplished vy inputting the analogue signa! of
the vCr from a single frame through an A/D converter
card in the pc. The entire procedure is controlled by
appropriate software such as FRAMEGRABBER (Raster
Ops Corp). Digitization consists of subdividing the arsa
of the frame into a large number of discrete points or
pixels. The intensitics of the three fundamental colour
components, red, green and blue, at each point on the
frame are each assigned ! byte of information, or 0 255
on basc 1C. Tius one pixel contains 3 bytes and its
location is inferred.

Next, a second application program such as
PHOTOSHOP (Adobe Corp), is used to analyse a frame.
The FHOTOSHOFP program will retrieve any frame from
memory, and re-display the frame on the comnuter
monitor screen. The red spot of scattzred light is easily
recognizable, even when reflections are present. This is
clearly one of the strengths of this process. It aliows
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movement of an arrow, via a mouse, from pixel to pixel
with the red, green and blue intensities displayed in an
inset box on the screen. Also, the x and y locations of
the pixel are displayed, where x and y are the same
coordinates set up above (see figure 2); we now choose
y to be downward, that is, into and normal to the wafer
electrode. Within the red spot, blue and green intensities
are usually 0- 5 and are ignored. There is always a smalt
cluster of pixels near the centre of the spot that have
much larger red intensities than others. We have plotted
the red intensity across a typical diameter of a red spot.
Based on this result, we can conclude that we can locate
the centre of the spot to x,y + 0.35mm. We select a
pixel at the centre, and note its location and red inten-
sity. Since this process must be done by eye, we ignore
spots with maximum red intensities less than 20 since
they are difficult to distinguish from the dark blue
background. Typically, maximum red intensities vary
from 20 to over 200.

We have manually recorded x,y and th.e maximum
R, red intensity for those frames that contain a red
spot. Finally, and most important, since the object
producing the cloud is always in view on a frame, we
record the x, y location of two points on the object, such
as the upper left- and right-hand corners of the cube.

These data arc now used with a graphics program,
such as GRAPH TooL (3-D Visions, Inc), to construct
contours of constant red intensity in the x- y plane. The
measured two points on the object, which are a known
distance apart. allow an absolute scaling for the x,y
coordinate system, and the contours can thus be located
with respect to the object.

As an example, the cloud created by the cube for Ar
at 7sccm is shown in figure 3, where the contours have
been lubelled. As in all other contour plots in th's paper,
the contours are 20 intensity units apart with a contour
of intensity of 40 always being the contour of minimum
intensity. We estimalte that the accuracy of determining
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Figure 3. Contours of constant intensity of scattered light for
a narticie cloud above a cube with multi-dipoics removed:
7.0sccm, 350 W radiofraquaenuy power. The cube is not
shown.



the intsnsity value of a point on a contour of constant
intensity is +10.

Using the known distance between the two refer-
ences points on the object, the x,y coordinates are
measured in centimetres with respect to an origin in the
upper right-hand corner of the frame; positive x extends
to the right and positive y extends downward, as shown
in figure 2. The cube is not shown in figure 3, but the
cloud is distorted to the left-hand wide of the cloud, the
same direction as Fy,,. the tangential component of the
drag force.

The red intensity numbers shown labelling the con-
tours in figure 3 are proportional to the power density
of the scattered light arriving at the light-sensitive
clement in the ccD camera at corresponding points. We
can therefore calibrate the ccp camera/vCR/computer
system such that the contours can be labelled with
power densily (Poynting vector) of the scattered HeNe
light in Wm ™2, We have not done this.

In order to obtain closed contours as shown in figure
3, a closed contour of points of zero red intensity (zeros)
must enclose the measured points. This contour should
correspond to the boundary of the cloud such that
outside the boundary the red intensity is below 20. Since
there is no scattered light from a zero, one must approxi-
vaate their location. There are two ways to do this. The
first, which 1s what was done here, is to watch the red
spot drift off the cloud; then "grab’ several sequential
frames, and find the frame in which the spot is just
visible as it slides off the cloud. Then use the v,y
location of that spot as a zero. Alternatively, a statistical
method can be used in which pixel number N in all
36000 frames (2min at 30 frames per second) is exam-
ined to see whether it has a red intensity that exceeds
some threshold, 10 for example. With some added sum-
ing and statistical processing, if the answer is ‘no’, the
pixel 1s outside the cloud, while for "yes', it would be
inside the cloud, and a boundasy can be established

4.2. Results

For the disc on the graphite plate. a complete ring-
shaped particle cloud is observed for Q.Q,, < 5.2; for
Q,/Q0 > 5.2, only a partial ning s observed. To demon-
strate this, we set the Ar flow 4t 20scem, or Q.Q,, = 6.1,
and used the spot scanning technique to 1mage the
partial ring, which is shown in figuic 4. The tangenual
component of the drag force F\,, points toward the left
W figure 4. and has caused the particles to move to ithe
left-hand side of the rning. The hine connecting the tvo
dots in figure 4 is the top of the dise. To see beth the
front and the back of the ring, «he faser beam was tupped
shghtly out of the plane of the rnag. The quanuy R,
s the largest intensity contour; 40 15 the nummum
intenstly contour,

Next, we investigaled clouds associsied with the
cube. The MCR-1 etch chamber normally contaims a set
of permanent magnets of alternate polarity around the
side wall ol the chamber, comtituting mult.dipoles;
however, these were removed for thes experiment (they

Particle traps due tc cone, cube and disc
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Figure 4. Partial ring above the disc, with multi-dipoies in
ptace. The axis of the laser beam is tipped slightly out of the
plane of the ring so that both front and back can be seen:
20 sccm, 200 W. The horizontal line is the diameter of the
upper surface of the disc.

were present for the disc and ring cloud shown in figure
4). The spot scanning images of the traps for 3.3, 31 and
55scem At flow, or Q:Q,, of 1, 9.4 and 16.7 arc shown in
figures 3(a) (¢) The honizontal lines represent the top
side of the face of the cube normal to the incoming laser
beam. In figure S(a), the cloud has about the same width
as the cube side, but is displaced to the left, in the
directicn sl Fr, . In figure 3(b), for 0/Q, = 9.4 the cloud
is me.ch reduced 1n size in the plane normal to the laser
beam, and is displaced considerably to the left. Note that
the drag force has increased 1n strength by a factor of
about mne from the case in figure 5(a). Finally, in figure
S(¢). the distortion continues, for this case, the drag lorce
is 16.7 times larger than s the case for figure S(a). For
larger Ar flows than Q.Q, of 16.7, the cloud disap-
peared; we theonze that the drag s large enough to free
the particles from the trap. The cloud in figure 3 s
another 1mage for this case, corresponding to @

Q, = 21

5. Discussion

The spot scanning technique dusenibed here s probably
not optimum, since videotape v nherently a4 nosy
medium. I the bght coutd be focused o a photodiode
and the system moved about to disercte points simula-
ting pixels, then the errors reporied above could be
reduced Selwyn et al have taken a finst step 1oward
doing thas [¥]

We theonize that F,, plays an important role 1n the
distnbution of trapped particles and in the shape of the
particle cloud Now. Fy,,. the tangential component of
the drag foree on any particle s proportional to Q. ¢,
One would expect that particle ¢ bunons would be
displaced in the direction of £, wiich v what we have
observed for the two cases shown n figures 4 and S, we
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Figure 5. Ciouds above the ~ e, with multi-dipotes
removed. The honzontal linc is the top side ol the face of the
cube normai to the laser beam axis: 350 W (a) 3 3scem, (b)
31scem, (¢ 55 scem

have also observed displacement of clouds i the #),
direcuon {or other cases not reported here

In heare S, the vy plane cross section of the tap
decreases significantly from figure S(a) o figure S(c), as
Q:Q, increases from | 1o 167, while Ry ¢ does not
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change much for the three cases. If we assume that the
dimension of the cloud (which we cannot measure) into
the page in the = direction is at least not increasing, and
that the particle size is constant, then the particle density
remains nearly constant. If all this were true, then
particles are not conserved. They would be leaking out
of the cloud and trap as Q/Q,, increases. This is consist-
ent with the concept that the drag force becomes large
cnough that some particles may escape the trap. For
@/Q, > 16.7scem, no cloud is seen. <o that the drag
force must be large enough that all particles escape the
trap.

A separate issue ix the behaviour of the electrostatic
trap containing the particles, Our view is that a trap is
created at the instant the RE power is turned on by the
system itsell in some manner as yet to be determined,
and its existence does not depend on particles [5,6]. The
negatively charged particles then flow into the trap.
Subsequently they may change its boundarices.

We theonize that the drag force mfluences the posi-
tion of parucles within the trap. The tinal position of a
particle s determined by balance of the drag force with
the clectrostatic foree associated with the trap bound-
aries [8] and the gravitational force. A particle with
thermal energy may move about some equibbrium po-
sitton. Thus a strong transverse drag foree can cause the
cloud of particles to move to one side of a trap. and if it
15 large enough, the particle will escape the trap.

Charged particles certanly can alter the boundanies
of the trap [S] As the trap Gills wath parucles, the trap
may expund hke a balloon filling with water. If particles
are moved to one side of a trap by the drag loree, then
the trar may be badly distorted on that side. AN of these
supposttions are consistent with the resalts shown here

The detanls of the clectrostatic boundarnes ol a rap
need to beanvestiginted as a tunction of Ar flow, using,
for example. @ Langmur probe [4 6] We have seen
that the cloud of o dot trap over the cone was unaffected
by Ar flow or. apparently. by the drag force Ore
explanation is that the imcremental change in the plasima
potential at the trap boundiry between the micnor of
the trap and the surrounding ambient plasma s very
large. leading 1o large electrie hield, so that the drag
force would have small influence

From figure 2010 s clear that we are creating an
mage of a three-dimensional cloud on g two-dimen-
stonal pliane normal to the Liner beam, such @y s shown
i figure 3 While the iocation and itensity values of a
contour of constant imtensity are centanly accurate 1w
within cerror vidues stated above, the interpretation i
terms of partiche size and particle Jdensity distaabution
within the pmncle doud cannot be deduced from this
single two-dimensional plot thus thentenaty values of
figure 3 have hitle meamng ar presents the most valuable
information oblmnable as the boundanes of the cloud as
projected on this pliane However, asin edicy) tomao-
graphy, o addinon o the plot of figure 3 wo-
dimensional images can be obtined in planes perpen-
dicular to that of hgure 3 then mformanon about
particle size denuty may be forthcoming.
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Abstract. Particles or 'dust’ in etching nr deposition plasmas are an important cause
of product * ield loss and equipment down-time. Traditional methods of particle
control are only partially etfective in plasma processing. This is because formation
and transport of particles are strongly influenced by plasma electrical and chemical
properties. Particle control in plasma processing requires understanding of these
effects and their relation to aspects of tool and process design. Laser light scatiering
has been used to monitor the behaviour of particles for a wide range of plasma tools.
This method provides information on location and transport uf particles. In some
variations, light scattering may also be used for particle size determination. Results
have been obtained in sputter, etch ar ' deposition tools of planar diode and
magnetron-enhanced designs. Som~  ults have aiso been obtained in electron
cyclotron resonance tools and radic:  juency inductive tools. From this database,
differences and common elements are observed for the behaviour of particles. The
particle lrapping phenomenon is often observed. Particle traps have an important
bearing on wafer contamination. Traps cause parti~les to accumulate into localized
regions during plasma operation, only to be suddanly released at the end of the
process, thereby contaminating the wafer Spatially resolved optical emission may be
used to nap the location and intensity of particle traps. This metiiod aisn provides a
semi-quantitative comparison with two-dimensicnal modelling studies. it may also be

used to optimize grooved electrode design for particle contamination control.

1. Introduction

Particle contamination is a key concern amongst manu-
facturers of semiconductor and magnetic storage tech-
nologies as well ax makers of flat panel displays and thin
film coatings. Plasma processes are used for etching,
deposition, sputtering and surface modification. Despite
the low operating pi » ire and improvements in auto-
maled wafer handling systems in these tools, particle
contamination 1s still a major cause of yield loss and
down-time in many plasma processes. Further, improve-
ments in contamination control for plasma processes
have iagged behind that of other fabrication tools. As u
result, plasima tools are now identified as a major
contributor to product contamination in many semicon-
ductor processes [1 4],

One reason for this undesirable distinction is that
particles behave differently in plasmas thun in ncutral
environments, such as clean rooms, spection stations
and steppers. Particulates in neutral environments are
primanly influenced by thermal gradients, turbulence,
gravity and gas drag. These effects have been extensively
studied and are well recognized. Controlling contamina-
tion in neutral environments requires evaluation of the
forces acting upon particles, engincering means to divert
particles from sensitive surfaces and control of particles
sources Hence, the evolution of the clean room.

The same approach may be used for control of
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particles in plasmas, provided there is proper recogni-
tion and understanding of the plasma environment. In
addition to any cxternal sources, plasmas generate par-
ticles by reactive, homogencons chemistry [1, 5 7] and
by fracture of deposited wall films [8,9]. The presence
of free electrons causes accumulation of negative charge
on particles [10 12]. As many as 10° negative charges
may accumulate on a 10 am particle in a typical plasma
[8]. In addition to the forces present in neutral environ-
ments, particles in plasmas are influenced by clectrical
field gradients and inhomogeneities {13 16]. The role of
these forces and of particle generation must be evaluated
in an effective control strategy.

Being complicated environments, plasmas are often
modelled only along the spatial dimension between the
clectrodes, with the radial dimeasion considered infinite.
In reality, the radial dimension is bounded by tool walls,
clamp rings, view ports, puimp exhausts and :ven the
edges of a wafer. One-dimensional models and related
experimental studics often overlook these effects, which
hare much bearing on particle behaviowr.

This work focuses upon optical methods of charac-
terizing particles and the plasma inhomogeneities that
influence particle transport. Study of these effects is
essential for effective contaminatior control. As an ad-
ded benefit, it ss seen that particles del.neaic certain
properties not previously noted in experimental or
modelling studies.  Characterization  of these  “new’



plasma properties provides clues not only for contami-
nation control, but also for solution of other processing
problems.

2. Particle measurement and detection

2.1. Light scattering

Laser Lgui scatteiing (LLS) ..zs been the primary mears
of detecting particles. !n this technique, a laser {(ofien
one operating in the visible region) is directed into the
plasma parallel to the electrode at the plasma/sheath
interface [8]. For particles >0.5 um and for visible ligh:,
elastic scattering (sometimes called Mie scattering) oc-
curs primarily along the forward direction within an
about {5° cone [17]. Particles smaller than 0.5um
typically scatter light in a more isotropic manner (com-
monly called Rayleigh scattering). The forward scattered
light is collected with a camera or lens assembly and is
detected with a photomultiplier or ¢cp video camera.

Some studies raster the incident laser light using a
rapidly scanning mirror [15,18). In this approach a
planc is mapped and particles may be detected within
the rascer limits. Because particles in plasmas concen-
trate within a few millimetres of the sheath, aligning the
raster plane with the sheath plane provides an efficient
means of detecting and monitoring particle motion. This
capability is furt rer enhanced by use of a video camera
to detect the moving points of scattered light. The
technique can also be used to monitor the wafer surface
during processing. This is especially useful in high-den-
sity plasma tools with very thin sheaths.

The video framing frequency used in LLS also pro-
vides a convenient timing mark. This may be used with
known distances (such as the diameter of silicon wafers)
to infer particle transport velocities. The ‘snapshot’ pro-

Figure 2. A photograph of the rastered iaser light scattering image showing
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Figure 1. The rastered laser light £5. .itering experimental

set-up, showing the position of the laser, video detection
system and the plasma tool.

vided by a single video frame is highly useful in ident-
ifying transient events that are casily missed by the
human eye and photomultipliers. For example, frame-
by-frame comparison can reveal the exact timing and
source of particles in the plasma or on the wa'er surface.
The background imagery of the plasma is helpful in
inferring causcs and possible corrections to troublesome
particle sources.

Figare 1 shows a rastered Lis set-np, Clouds of
particles can be viewed by moving the raster plane along
the interclectrode axis and by expanding the rastered
laser beam. A photograph of a trapped cloud of particles
over three silicon wafers in a sputtering plasma is shown
in figure 2 [14]. Particle trapping is clearly evident.
More will be said later about particle traps.

Rastered LLS requires careful optical alignment and
consideration of laser power density as the expanded

trapped particle clouds over three closely packed Si wafers on a graphite

slectrode.
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laser plane has much lower pewer denuty than an
unexpanded beam Muluiple refliection. from tool walls,
windows and  sicon walers can cause mideading
measurements. Simlarly, an exeennnely diry or douded
windo w can complicate dutection s typial’y tequires
two windows in opposing directions and in view of the
plasma sheath boundary Wafer clamp nngs or deep
waler wells can obswure detection of particle trops A
single window has been used for both enterning the laser
light and scattered hght detection {19] Thes v most
fecamible for detection of metal particles as these have
nreferential back sattering [20] The use of two win-
dow: on the same side of the plasma ool has been
descrtbed [21] Interce incoherent hight has been useu
for velume partcke detecuon [22]0 but ot shoudd be
roted that this approach is generally less sensitive (but
often more conventent and with much fewer safely
concerns) than the use of cohereat taser light becatise of
the ability of lasers to deliver preater brightness with
better monochromaticity ¢nd pelarization punty thun
incoherent light sovrces.

The use of Lis combined with clectric probe
measurements prevides a convineing argument for the
coincidence of particles with localized plasma disturban-
ces [15,16]. Optical emission spectroscopy may alzo be
used to detect particle traps, as described below, and
these results may be compared with particle imaging
provided by LLs.

Particle sizing is usually done by angular measure-
ment of light scattering Clsasly, this is inconvenient for
plasma tools. Instead, other techniques are necessary.
Light scattering intensity from particles > 0.2um de-
nends on the particle size, index of refraction and shape:
and the wavelength and detection angle for the scattered
light [17,23]. By measuring the Light intensity scattered
from multipie incident  wavelengths  at vanious

Scattering vs. Particle Size

Scattering intensity f{arb)

'

warelengthe, particle vrze may be inferred from o fved
detection onentation, provided that asumptions about
particie shape and indey of refraction are sabnd Thas
mcthod i smplihed by the revent commerniial avartabil
iy of “white” ight lasers Phese continuous wave dasoes
operate with a K1 Ar e gas misiure that provides
multiple. coherent wavelength emision at several dis
crete wanvelengths throughout the siable region

Fagure ¥ shows a caltulaton of hght scattenng
mitensity for S deicction onentatton as 4 luaction of
parucle sie for three taser wavelengths 3KX (bluceh 514
(greeny and 632nm (red) From hgure 3t vl sween
that, as 4 parbicle grows in size, its apparent seattenng
colour will ovdde between blue, green and red This
phenomenon has been obsersed for plasia-nucheaed
particles [14] However, Tor a particle doud contiiming
A disersbution of particle sizes, white hght scattering s
observed. This hmits the sizaing abiliry of the rechmgue
Monodisperse particle distnbutions are typreally ob-
served Tor short duration plasmas. which are prone to
particle nucleation [6]. A broader particle distnbution s
often seen in plasmas after prolonged operation or in
plasmas contaminated by wall flakung.

Dynamic light scattering, which measures the Huctu-
ations of scattered ght intensity, has alse been vsed to
determine particle size in plasmas [24, 25]. This method
15 espeaially  useful  for measurement  of  particles
£0.2um in size. Results using dynamic light scattering
often show 1 uniform particle size for very small, grow-
ing particles. This result is in agicement with TeEm
measurements ol pardeles in pulsed plasmas [26]. Par-
ticle size has also been deduced from particle mass
measurements. Particle mass was measured by a Dop-
pler anemometry technique, which measures the axial
velocity of particles when the plasma is briefly interrup-
ted [6,27].
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Figure 3. Caiculated scattering power tor three laser wavelengths (488 514 anrd
632nmj) for a fixed detection angle of 10° as a function oi particle size.
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2.2.1. Fhe single wafer plasma ciching tool 1 hey plana:
diade ctching ool showed twoshistingt dowds o parnde
trapping structures g niog saeroundimg the edge of the
wafer and o Jome or dise sbong the centre of the waler
The bottom edge of cach trap abo comaded with the
sheath plesma boundary and the op of the structures
extended up o several millimetres into the plasma
[15.16]

2.2.2. The batch wafer plasma etching tool Muluple,
separated wafers showed trapping effects simlar for cach
individual wafer [14). Decreasing the separiation be-
tween wafers on the g electrode caused differences in
the shape and intensity of the particle clouds. Nearly
touching wafers caused very strong traps to form above
the intorstitial regions between the wafers These sooy
were affected by wafer posttional changes as smalt as
mm. Parucles were found to accumulate first in the
stronger locations, then spread out to other traps.

2.2.3 The batch wafer plasma deposition tool Ten
125inm diameter walers were rotated slowly on the
lower, grounded electrode during the deposition process
{21]). The wafers were mounted on pedestals grouped
along the perimeter of the clectrode. Thus, the cential
electroce region was shadowed from the laser beam and
could not be monitored. However, in this tool, clouds of
submicrometre size particles were trapped in the tubes
mounting the viewports. This region acted as a particle
‘cannon’ by trapping particles during the process and
then expelling the particles onto the walers at the
process completion. Time-resolved video measurements
and wafer spot counts were used to confirm this mech-
anism.

2.24. The magnetron plasma etching tool The wafer
clamp ning was found to be an importan’ contributor 1o
wafer contamination in this tool, due to the intense traps
formed along the inside edge of the clamp ring and near
the *fingers’, or clamp ring contact points [28]. Magnet-
ron operation caused the particles to drep closer to the
wafer as the sheath grew thinner. Rotation of the mag-
netron field similarly cauted rotation of parucle clouds
about the intenior of the clamip ring and the tool walls.
Low- pressure operation (24 S0.mTorr) of this tool did
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urally, these buried particles were impossihle to remove
mosubsequent ctepss Some large particles actually
bounced off the waler. Aside from transport m ihic ion
current, no similanty with other trapping cffects was
noted.

2.2.7. The electron cyclotron resonance plasma etching
tool This compict kCR tool used an upward facing wafer
locaed close o the fessnunee vogidn and ypically
operated at pressures < t0mTorr [30]. Asin the previ-
ous tool, some particles were seen moving with the ion
current, but appeared to deviate aroundd the wafer in
agreement with model predictions [31]. However, the
upward facing wafer was susceptible to particle deposi-
tion from the upper regions of the tool and was aug-
mented by other particles ereated during the process.

2.2.8. The RF-inductive plasma tool topographic struc-
tures designed into the Rr-biased electrode of this induc-
tive tool showed clear evidence of trapped particle
clouds, even for sheaths smaller thun 0.07mm. Oper-
atton of the inductive coupling source showed little
change in particle trap behaviour, with the exeeption of
a cunous striation observed in the trapped patticke
clouds. A sihecon wafer was also found to trap particles.
In addition, particies were also seen o ool view purts
and along the outside edges of the Ri-bused clectrode.

3. Measurements of sheaths and particle iraps

3.1. Nature of particle traps

As Jdeseribed above, experimental studies have shown
that topographic and matenal discontinuities on the
clectrode and other parts of plasma tools induce disturb-
ances in the plasma that attract or trap particles. Par-
tcle  traps  are  three-dimensional  inhomogene.ties,

343




G S Setwyn

beundad by the plasma sheath snterface on one sde aned
the penimeter of the clectrode disturbance along the
hotwzental dimenaon The trap often proputs up into
the plasmia in a dome o concal shape [ 13 3] Despete
the sepubine force apor ke charged particles, partickes
are confinad within these lovahzed reions Inside the
traps, particdes often display coliectine hehaviour, re-
wmbling Coulombi Lquuds” {6, 27]

Probe measurements have shown that particle traps
have a hegher plasma potential than the <urrounding
plasma regions. possbly explaning the drut of particles
to these locabized regions {15] Aliernatively, 1o drag
force. also ainflucaced by plasma inhomogencities, cien
mpart momentum and cause particle transpert [ 33, 34}
Particle traps have been dentibied an o wde range of
ctching and deposition planar diode plasmia tools, as
well as magnetron etching and sputtenng tools and
high-dermity inductive plasma teobs. In cach case, elec-
trode topography and or changes in surface material
composition have been relited to the presence of the
traps.

How might the prewerce of topographic changes
and;or maienal discontinuities affect the plasma and
thereby affect particles”? Clearly, the sheath has sigmifi-
cant influence on particles hecause of the flux of 1ons to
the electrode and the electrostatic influence it has on
charged particles. Intuitively, topographic changes on
the zlectrode must in some way alter the spatial profile
of the sheath, causing localized changes in the sheath
thickness. Material changes on the electrode influence
secondary clectron emission and thereby cause changes
in the localized ptasma density.

Clearly, this explanation is overly simplified. To
understand how eclectrode topographic and matenal
changes influence particles, it 15 first necessary to un-
derstand how these factors influence the sheath. Two-
dimensional and perhaps  even  three-dimensional
modelling s needed. More experimertal studies are
needed 10 test the models. Probes may be used for this
analysis. However, the use of probes in and ncar the
sheath can be tricky, especially in situations of varied
sheath thickness. As indicated below, optical emission
may be used to map the location and intensity of
particle traps and the sheath. This has added bencfit in
studying chemically reactive plasmas which attack or
coai probes.

3.2. Spatlaily resolved optical emission detection

Analysis of optical emission iniensity vanations pro-
vides a non-intrusive means for detection of particle
traps. Optical emission intensity 15 a convolution of the
density of ground state species and the probakb:lity of
electron-tnduced excitation to high clectronte siates.
Because particle traps are, n fact, locahzed plasma
disturbances, the rate of clectron-induced excitation s
also altered 1n these regions. Accordingly, the intenaity
of optical emission spectroscopy (0s) will vary spatially
due to the presence of traps, This approach may be used
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Figure 4. Optical emission spectroscopy isophotal map of
Ar neutral emission signal (420.1 nm line) over a flat, uniform
electrode cover.
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Figure 5. Optical emission spectroscopy isophotal map ot
Ar neutral emission signal (420.1 nm line) over a grooved
electrode (type 1). The dimensions of the groove are 3mm
deep » |2mm wide. The groove extends the entire length of
the 120 mm square electrode.

to map quantitatively the presence and intensity of
particle traps and to correlate these formations with
features on the tool electrode [35,36].

The experimental apparatus for spatially resolved ors
detectior. of particle traps s desenibed elsewhere [35]
Briefly, a senies of lenses and apertures is used 10 define a
cyhndrical volume element, aligned wath a groove in the
kE-biased electrode of a planar diode plasma tool. The
detection volume is continuously varied as a function of
time tn a controlled, serpentine manner with respect to
the rE electrode by moving the entire optical system and
the tool. A S00mm x 30 mm region directly above the Rt
electrode s mapped using this approach. To avoud errors
arsing from path length differences, a square electrode s
used, with good results [36).

The 420.1 nm A neutral emission line s monitored-
with spectral resolution of about 0.2nm. The ume-de-
pendent oss signal s cenverted fo a map of intensity of
the 42G.1 nm neutral Ar ermssion hne versus hornzontal
and height coordinates above the electrode. This. we call
an bophotal map because the contours denote hiney of
cqual emission intensity 10 this phase space. As shown
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Figure 8. Optical emission spectroscopy isophotal map of
Ar neutral emission signal (420.1nm line) over a grooved
electrode (type 2). The groove is of the same dimension as
that of type 1 but stops 12 mm from both sides of the
electrode. Results were obtained in a clean plasma, befcre
particle iyjection.
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Figure 7. Optical emissiui spectroscopy ssophotal map of
Ar neutral emission signat (420 1 nm line) over a grooved
electrode (type 2) This plasma was heavily contaminated by
particles using an imjector The particles coliected over the
groove 1n the regiens indated by the broken ine The
centre rectangle shows the greatest density of particles

0 higure 40 results obtiined with a0 perfecthy lat and
uniform clectrode show convistently tevel contours with
no observed spattal vanations The sheath region
indicated by anncrease in emussion imtensity due 1o the
mereasing, ime-averaged exatation by clectrons Above
the sheath i the plasma. the emisston imtensity gradual-
Iy decreases waith height

fn contrast, hgure S shows anisophotic map over an
Al clectrode with 4 12mm « Ymm deep groove The
length of the groove s ahgned with the aas of the
optical detection cylinder. As indicated by the emission
contours, the sheath dips closer to the clectrode directly
over the groove, centred at N mm. A bright region s seen
above the centre of the groove. The location and inten
sity of the brnight spots were seen to vary with prossure,
groove design. RE power and chemical composition of
the plasma [36].

Optical charactenzation of particie traps
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Figure 8. Optical emission spectroscopy 1sophotal map of
Ar neutral emission signal {(420.1 nm line) over a grooved
electrode {type 2). The plasma was cleaned immediately
after results of figure 7 by pulsing the plasma. Laser hght
scattering showed no particles. Note that the trap 1s more
tightly focused, similar to that in figure 6.

Properly designed. grooved clectrodes have been
shown to be an effective means of controlling parucle
contammation in plasma tools {37) Particles dre attrac
ted to well-defined, localized regions in the grooses and
tend to collect preferentially in or above the grooves,
thereby reducing the density of particles trapped over
wafers By connecting the grooves and channclling them
to the pump port, particles may be purged from the
pliasma

Vo help correlate the position of trapped particles
aith i eledtrostatic traps quanthed by spatially resol
ved ons mappimg.a particle imjector was mounted on the
top thange of a GEC plasma tool [ 8] finted with o
prooved clecttode The particle injector consists ol i
Macor ovlinder connected 1o a ferrofludic rotary
vacuum feed-through  Argon feed gas for the plasma
citered upstream and above the Macor avhinder Two
starbess steel ine mesh “hrake pads” were spring-toaded
to press continuoushy against the Macor evhinder, which
was totated using o controflable clectne motor mounted
outsade the plasma tool By pulaimg the motor 1t was
posstble 1o pulse the luy of particles entenng the plasima
without disturbing the gas fles or otherwise altenng
plasma condimons Below the oshnder and pad assem
bly. i senies of hine mesh sereens were placed 1o control
the size of particles entening the plasma T this work,
particles smaller than about 3 pm could pass through
the screens However, most particles were 1 pm or small-
er Two grooved clectrodes were tested  one with a
groove extending across the entire clectrode telectrode 1
tigure §) and once with a central groove that does no
extend to the edges of the square electrode (electrode 2
figures 6 K) Laser ght scattenng and spatially resolved
optical emission maps were used 1o momtor results
obtained with both electrodes.

Particies imected into the phsma powered by clec-
trode | showered down onto the clectrode. Some par-
ticles coliected in the centre of the groove. These
parucles were grouped into g narrow hine, then channel
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led across the groove and drifted out along the electrode
edge into the pump port. The particles were continu-
ously purged out of the plasma along the electrode
groove. A few particles lingered momentarily in some
sections of the groove where a minor surface imperfec-
tion was found; however, these particles were cventually
purged out of the plasma. Results obtained with clec-
trode 2 were dramatically different. Particles collected
into a line above the groove. Over time, the density of
these trapped particles 1ucreased.

Isophotic emission maps were obtained for identical
plasma conditions using clectrode 2 first without, then
with particle injection, and again in a relatively clean
plasma. In this last case, the plasma was slowly pulsed
to release particles. No particles were seen by Lis after
this procedure. The results are shown in figures 6 8.
The location of the trapped particles in figure 7 was
measured by LLs using a He Ne laser aligned with the
optical detection axis.

As indicated by the closed contours in the isophotal
maps, the trap seen n figure 6 is strong and focused
whercas the trap seen in figure 7, in the presence of
particles, 1s significantly larger and displaced slightly
upward into the plasma. The presence of partcles has
weakened this trap and dislocated its location. In tigure
%, for the ‘cleaned’ plasma, the trap has agamn been
focused ughter, but remains dislocated higher into the
plasma. The trapped paruicles in figure 7 are aligned
with the trap, but arc lower into the sheath by a few
mithmetres, probably the result of other force balances
such as gravity, 1on drag and gas flow, which is down-
ward 1n this case. It s important to recogmize that the
1isophotal riaps indicate the position and intensity of the
electrostatic trap m the plasma resulting from the inter-
action of the plasma and sheath with the electrode
surface, whercas the particles arc localized at the point
of net force balance, the spot at which clectrostatic,
neutral drag. 1on drag and gravitatonal forces are
cqualized. The optical emission method demenstrated
above v cspeaially useful for designing grooved or
self-cleanming electrodes because 1t provides a quantitat-
1ve yet non-intrusive measurement of the strength and
posiion of the resultant eclectrostatic traps in the
plasma. These have significant influence on the location
of trapped particles and on the capacity of the traps to
confine particles.

The presence of paruicles appears 10 weaken and
defocus trap formation. This may be due to localized
loss of frec electrons. Owing to charge balance in the
plasma, negative charge from particles can only result in
locally reduced clectron densely. This might also explain
the ‘leakage’ of particles from densely filled traps [13).
To summanze, traps are seen (i) without concurrent
detection of particles by LLs, (ii) over electrodes shown
to purge particles continuously, (iii) in regions ather than
the regions in which particles are detected (especially in
a balance between two traps [35]) and (iv) the inten-
tional addition of particles to traps causes a weakening
and ‘defocusing’ of the optically detected traps. The
combination of these observations suggests that traps
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can exist without the presence of particles.

What might be the significance of particle traps
without particles” Traps arc a consequence of plasmi
inhomogeneity, caused by localized changes in electron
density or temperature. {n high-density tools, traps may
also be caused by source non-uniformities. lons must
also respond to these disturbances. Process uniformity
effects may be expected in regions ncar particle traps due
to this influence [16]. In some cases traps may reduce
process uniformity. but traps may also improve uniform-
ity by compensating for chzmical nonuniformities. 1t is
also interesting to note that plasma uniformity problems
often accompany plasma contamination problems.
However, contamination is sporadic in nature, due to
varnations in particle sources, whereas the uniformity
problems are consistent. Clearly, this is a fertile area for
future study and modelling.

4. Conclusions

Particles are readily observed in plasma processes using
laser and incoherent hghi scattering. Typically, the par-
ticle density observed in plasma tools far exceeds the
clean room background and ts often the single major
contributor to wafer contamination in manufacturing
processes.

Particles in plasma processes behave differenily irom
those in other vacuum processes because of the 1onized
ambient of plasmas. Particles acquire negative charge
and are attracted to, or pushed towards localized traps.
I'he exact physical iocation of particles is deiermined by
the force balance point between the electrostatic trap
delincated in this study and other vector forces acting
upon particles: 1on drag, gravity, necutral drag and ther-
mophoresis. Particle traps of different forms and loca-
tions have been observed in a wide range of plasma
tools. Material and/or topographic discontinuities on
the electrode coincide with the location of particle traps.
One reason for this is the influence electrode topo-
graphic and matenal discontinuitics have on the sheath
structure and profile. Recent two-di. -ensional models
have successfully predicted the location of particle traps.

Spatially resolved optical emission spectroscopy may
be used to map the location and intensity of particle
traps. This is possible because optical emission intensity
is sensitive to the density and temperature of electrons.
Maps of emission intensity show a close coincidence of
bright spots and location of trapped particles. Using this
technique, LLS and measurcments for various grooved
electrodes, it is shown that particle traps are an inherent
aspect of plasma processing. Traps may be formed in the
absence of particles, but are changed by the accumula-
tion of particles. Finally, it is suggested that particle
traps also influence ctching. deposition or sputter uni-
formity. This may result from changes in ion bombard-
ment below a trap. However, in some cases, this may
compensate for chemical non-uniformit.ss, which also
influence process uniformity.
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Abstract. The sifects of plasma processing conditons on tne microstructural
properties of sncon powders are presented Hydrogenated nancphase siicon
powders were prepared using low-pressure and low-temperature square wave
modulated r¢ plasma (13 56 MHz) usirg pure silane as. Plasma parameters such
as pressure, AF power, plasma modulation frequency, and gas flow rate were variec
In wtu unalysis by quadrupolar mass spectroscopy and ex sifu analysis ol the silicon
powders by Founer trans‘orm infrared spectroscopy (¢ 7#) and thermar desorption
spectrometry of nydrogen were performed The thermal desorption spectrometry
results show the tundamerital gifterences between the concentrations of hydrogen
weakly and strongly bonded in silicon porwdars as compared 1o amorphous siHcon
films The #1p analysis also determined the microstructural charactenstics of
powders and hence therr volume surface ratc Thie parameter was determined from
the balance of P probabilities uf having one of the H Si Si,  bond arrangements n
the powder partictes. These results reveal an increase in hydrogen content and a
wductrion in volume surface rato as the modulation frequency of /F power Increases.
In consequence, higher compactness of silicon nowrers 1s associated with long
particie residence times inside the plasma as a 'esult of 1on bombardment Tem
analysis indicated a consideratia dispersion of particle size and some dagree of
structure ol the sihcon powder charactenzed by intergrain inkage We point out the
dominant presence of hydrogen on the particle surfaces (external voids), which may
cause the high reactivity of grains, increasing the degree of intergrain hnkage.

structural and compositional homogeneity. the possibil-
ity of preparing alloy by miang precursor gases, the
chemical reactinity that depends on the degrec of compact

nessand the surface hydrogen coverage The posaibidiny of
controlling the size, the compactness and the morpholog-
codcharacteristies of powder produced by low-pressure and
low-temperature plasmas muunly depends on the process
conditions: pressure. gas flow e, temperature power
density, and modulation frequency of the excrtation power.

1. Introduction

T'he generation of powder in plasmas 15 mteresting due
to ats involvement as a contaminant in surlace Processs,
e.g. plasma ctching. and in deposition processes such as
reactive sputtering. chemical vapour deposition (¢yvb)
and other techmques [ 5} The contanunation from
particles osmating in the plasma itself 1s an important
fimitation to enlarging the scale of integration in micro

clectromics and a handicap for the macroclectrome in-
dustry (production of photovoltue celb. displays, flat
pancls, large arca detectors and sensors, ete).

Silicon powder formation in sdane plasma enhanced
chemical vapour deposition (PECVD) processes s also
interesting because of ity possible use s a raw matenal

for new ceramucs, for nanoscale filters or as a support of

catalytic surfaces.

Special characteristics associated with powder pre-
pared by prcvD are nanometnc size, the high purity
(clectronic grade), which results in an increase 1n both

09630262 '94.030348 + 07819.50 « 1994 IOP Publishing Ltd

Other more fundamental charactersties of the pow-
der,such o5 hydrogen content. St H bend distnibution,
oxsgen reactivaty and microstructure have not vet been
studied i detan. although these may also be expected to
have conuiderable dependence on the process para-
meters prepariation and annealing

Previous reports dealing with the influence of the
technological paramcters on both film structure and
powder formaton dynamues [6 10) reveal the square
wave modalation (sQwWM) of the RE power to be an casy
way to control powder formation and film nucrostruc-




ture. The increase of the microstructure when the sQwm
frequency decreases is due to the incorporation into the
growing film of large particles coming from the plasma,
the size of which depends on the sowM time period [6]).
These negatively charged particles are clectrostatically
confined by the plasma sheath during the ‘plasma on’
periods and deposit or leave the plasma chamber as
soon as the sheath disappears [6,9 11]. An analysis of
the evolution of discharge electrical properties, powder
volumetric density and size distribution [2], and the
effects of diffierent imitial discharge parameters, shows
that powder formation takes place in successive phases
after plasma igmitton {12]. An iitial phase (Ar ~ nul-
liscconds) of generation of radicals and 1ony dunng
which electron attachment occurs on tiwe SitH | radwcals
[9) 1s fellowed by other phases charactenzed by the
growth of negative 1ons himited by a ras residence tme
(Ar of several seconds, depending oir the expenmental
conditions). Expenments of Sows R plasma, at suitably
low frequencies depending on the plasma conditions,
allow control of the degree of polymenzation of powders
measurcd by ex e charactenzation  This can also be
performed by controlhing the residence nme of powders
wside the plasma through the gas fow rate [113]

This paper 1s foctsed on the microstructural charac
tenzation of sheon powder obtained from vpw s plasma
silane processes. in parbicular, we study the dependence
of the wihicon powder microstructure firstly on the snane
How rate (exvperiment A) and secondly on the spws
frequency (experiment B) The sticon powder wis ana-
Iveed by Fourner transform andrared spectroscopy (1 1),
thermal desorpuion spectrometry ot hydrogen (tos), and
transmssion clectron microscopy (1M}

2. Experimental procedure

Amorphous sihcon thin fiims and sihicon powder were
obtaned by plasma enhanced chemical vapour deposs
ton (Prevp) of STH ina capaatisvely coupled RE reactor
{14] The reacuon chamber had a rectangular paral-
lel-epipedic shape, which enabled a verncat laminar flow
to be piped between the ke electrode amd the grounded
plate Figure 1 s a schematic diagram ol the plasma
conhnement chamber  The R clectrede was connected
1o a Rb power penciator by an automabc matching
network, which guaranteed maximuin transemitted vy
power to the plasma The R pewer generator could be
modulated by a square-wave signal with different fre-
quencies and perids of duty owde

Experiment A studied pas low rate efficis Sihicon
powder was syathesned snade the reactor at 3 O and
the sdane Row rate was variad fram S 1o 90 wem at
6.1 Hy modulation frequency of 13 power The other
plasma condions for these experiments were kept con:
stant 65 Pa pressure. and J00my om0 ke power
density

Expeniment B studied syw v freguency effects In this
experiment the silane plasma was modulated at frequen-
cies ranging from 005 to 100 Hz o using & 0% duty oyele

Effects of plasma processing on Si powders

of sQWM RE power at 15scem SiH, gas flow rate. As in
experiment A, the other plasma conditions for these
experiments were kept constant: 30 ¢ temperature,
65 Pa pressure, and 200 mW cm ¢ Ri power density.

The total time for discharge processes (considering
only the plasma on peniods) was 15 min. Powder
samples were collected using glass shides placed honzon-
tally on the reactor chamber.

The reactor chamber was provided with a quadrupo-
lar mass spectrometer (QMs) (Hiden HAL PMS300) to
identify the neutral and 1omzed species of the plasma
from 0 to 300 amu. The micrographs obtained by 11m
provide an estimate of particle size of the silicon powder
{13). To verform the thermal desorpuion spectrometry
(18) of hydrogen we used an experimental set-up [15]
composed of a vacuum chamber (10 ® hPa pressure), a
mass spectrometer o quantify the desorbed hydrogen
flow, and a furnace with a thermocouple monitored by
a computer generating a hincar temperature ramp of
20 C oun ' g temperature range from room tem-
perature to 1000 C. The infrared speciroscopic analysis
of powders was carned out by a fast Fourer infrared
spectrophotometer Nicolet SZDX 11k, which provides
the characteristic absorption peaks corresponding to the
different bands present i the siheon powder.

3. Results and discussion

In recent years we have studied the effect of pressure on
amorphous siicon thin ilms {16 and have seen that
their compactness frelated to the manimum of the im-
aginary part of the cffective dielectric function <y,
deternmuned by clhpsometry) [17] decreases as pressure
increases, as shewn an figure 2 We also studied the
effects of g1 power on the compactness of w St thn
tlms [ iX] and observed an increase in perosty with ke
power This effect s more agaficant at very low sowMm
frequencies. as shown i figure X Furthermore, the
highly porous matersal deposited at hgh vy power and
high pressures i the provn range, becomes siheon
powder when we perform the deposiion process at
foom temperature

Frgures 3 and $h) show an examiple of the mass
spectra corresponding to nestral and posiive ions from
a pure wlane ke piasma. In order o opimize the
detecnion, the conditions of the phaima were set to X0 W
rE power modulated by g square signa! of 1000 H,
fregqaency aikd SGVa aaly cyeler 10 Pa ol pressure,
Pasoem pure slane low rate and room temperature
Lhe neatrad fropmentenion spectrum (Igrure Ha)) shows
the peaks correspondig to wilsne, disilane and tnisdane
presentin the plasma Figure 3403 shows the positive 1on
spevtrom characierized by the presence of S H ons.
from monesthane to hexasdane (v - b o 6) The ather
mitss sigaghs focated between sihune peaks are probably
aue o the prosence of hydrovarbide contaminants and
other mnor species, the heghts of which are always
lower than [0 of mam peaks
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Figure 1. Schematic diagram of the plasma confinement chamber, which has a
parallel-eppedic yeometry. The mass spectrometer head that analyses the species

present in the plasma i1s also shown

1oy results foc both experiments A and B <how
fundamental diferences between a-St-H tilms [ 15] and
powdersiin a-Se H tlms the strongly bonded hydrogen
1s dominant and the man peak s at 600 C. whereas i
a-% H powders the maximum Jesorption s centred at
290 330 . endbicating that the weakly bonded hydro-
gen prevatls agamnst the strongly bonded hydrogen

10 0 300 10 Ho
Pressare (Pa)

Figure 2. Dependence on gas prassure of the maxirnum of
the effective dwelactnc function (determined by elipsomatry)
of a-S1 H thin films deposited irom silane plasma The
deposition cundiions were 20 W a¥ power, 300 © substrate
temperature, 30 sccrn sidane flow rate
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Another cause of this predominance could be that the
hyvdrogen diffusion process defaving hydrogen ¢ffusion
m fitms s practically isignificant wm Si powders due to
sheir Farger surface bulk ratio We proposed a value of
30" hydrogen content, corresponding to films with very
high hydrogen content, as the fow himst for total hydro-
gen content (bonded and molecular hydrogen) for hy-
drogenated sithcon powders ['9] In higure S we show
the normalized hydrogen ths results for several samples
of sihcon powders prepared at sowms freguencies in the
range 0.05 1o 40 Hy. We attnibute the weak dependence
o T characterintios on suws frequency to the insigniti-
cant varation of diffusion of hvdrogen between different
powders, as compated to that of films. and furthermore,
to the similir wide particle size distnibution, from 10 to
200 nm, that powaer shows at different process condi
tons [13). This s shown by 1M mucrographs, from
which two predomimnani size distribuniens appeared (the
sinaller one about 30 nm an diameter and the larger
between 80 and 150 nmi wrespechive of the process
parameters.

We performed the measurements of parucle size by
evaluating the diameter of the largest and the smallest
particle in every micrograph In figure 6 we show the
dismeter of the smatlest particles agaant flow cate in
spite of the dispersien of the measurements, particle size
increases hincarly with gas flow rate. In contrast, the size
of the Lirgest particies (80 nm to 1 S0 nmj appears to be
independent of the gas flow rate except for the lowest
gus flow rate. at which the larger powder particles ore
practically non-eastent
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Figure 3. RF power effects n iy, for a-Si:H thin fims
deposited from silane plasma &t a substraie temperature of
300 °C, at two sawm frequencies (2 Hz and 47 Hz) aid
using a Cuty cycle of 75%. The silane flow rate and “he
pressure were kept at 30 sccm and at 30 Pa respectively.
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Figure 6 zlso shows the continuous decrease in the
density of powder jariicles when the gas flow rate
increases. This phenomenon may be attributed either to
the reduction of powder particle yield as a consequence
of the decrease in residence time of the particles inside
the plasma, or to an increase in the dragging effect of the
flowing gas which reduces the number of powder par-
ticles deposited on the TEM grid.

We studied the microstructure of silicon powders
using FTIR spectroscopy on two series obtained at
differenit gas How rates and at different sQwM frequencies
(experiments A and B). In outline, IR spectra revealed
extensive hydrogenation of the silicon powder and the
dominant absorption corresponding to  hydrogen
bonded to polymeric chains or to silicon on the particle
surface [20].

We focused the analysis on the cvolution of the
stretching 1R absorption band (2000 2150cm™'). We
divided this band into three Gaussian peaks correspond-
ing to the following. (i) SiH bonds inside the bulk of the
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Figura 4, Fragmentation ams spectra of (&) neutrals and (b) ions of a pure
silane AF plasma. The conditions of the process were: 80 W RF power
moduiated by a 1000 Hz sawm frequercy at 50% duty cycie, 10 Pa total
prassure, 15 sccm pure silane flow rate, and room temperature.
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Figure 5. Normalized hydrogen thermal desorption spectra
corresponding to silicon powders grown at different sawm
frequencies. The deposition conditions were 50% duty cycle,
15 scecm silane flow rate, 65 Pa pressure and BOW RF
power.

particle (located between 2020 and 2060 ¢m " '). The
variation of peak posttion is due to the different density
of the material surrounding the SiH bond, which pro-
duces a shift from 2000 cm ™! for a-Si:H films to 2186
cm ! for a pure silane gas [21]. (i) Absorption of SiH
bonds on the particle surface, SiH,, and (SiH,;), (at
2090 2100 cm '), (iii) The peak generally attributed to
the SiH, group {centred at 2140 cm ~'). The Gaussian
areas, A,, A, and A; respectively, were normalized to
the total arca of the stretching band.

For experiment A, figure 7 displays the relative
concentration of the three different stretching contribu-
tions to the absorption against the residence time in the
range from 1w i5s. Wit i wosidence iime inceenses
the 2030cm™' peak is enhanced while 2090 and
2140cm ™' peaks decrease.

For experiment B, figure 8 shows the relative concen-
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Figure 8. Effact of the gas flow rate on the particle diameters
and their dispersion corresponding to the population of the
smallest particles determined by TEm analysis. Dependence
of the ratio between the surface covered by powder (S,) and
the totai micrograph surface (S,;) against gas flow rate.
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Figure 7. Relative absorption of {2030], (2090} and [2140]
peaks, corresponding to Si H stretching modes, against the
residence time.

tration of the SiH, SiH, and SiH, bonds against the
suwM time period Tipwy in the range {rem 1.0 to 20.0s.
The evolution of the three contributions has a strong
correlation to those shown in figure 7. This result
confirms that the main effect of sQwM for low frequencies
is due to the control on the residence time (the sQwWM
semi-period Tigww/2 determines the time the particles
are confined within the "plasma on’ events).

Therefore, the effect on the microstructural charac-
teristics of power square wave modulation at low fre-
quencies comes from the control of residence time. This
microstructural dependence denotes that short residence
times cause highly polymeric powders, with a rich
microstenctore, while with longer residence timee the
particles become more conpact. Tuis phenomenon suy-
gests the following growth mechanism of silice » powder
inside the plasma: imtially, small particles appear as a
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Figure 8. Representation of the relative concentiatio™ of
ditferent Si H bonds, calculated from the :r absorption band,
and corresponding to the stretching vibration modes, agains:
the R¥ power SQWM period iy, for silicon powder



consequence of polymerization; as the residence time of
the particles inside the plasma increases, crosslinking
between polymeric vnains is favoured and consequently
the powder particles become more compact.

In order to obtain further microstructural informa-
tion of FTIR spectra, a random bonding theory [22] was
used to model the silicon hydrogen bonding arrange-
ment (Si, H Siy, H, Si,, H, Si) statistics. If s is the
probability of a Si atom filling one of the four available
Ji sites, and h the same probability for a H atom, the
p: rbability of the four sites being occupied by either H
or Si atoms is:

P={(s+ h?* (1)

which must equal one by definition. because it = 1 5
(assuming a small nomber of dangling bonds). This
probability function is affected by the fact that the
possibility of hydrogen occupying the four possible sites
cannot be considered. Then, developing:

Posohy=st +dth + o5t h? + &' = P+ Pov P v P - L
)

where P, is the probability of the H, Si Si;, , bond
arrangements, and P(s, =1, We can express these
terms as a function of the hydrogen pereentage of the
sample C, deiined by

I Cyth +5). (R}}

If the absorptions of SIH, SiH,, and SiH, were
directly assigned 10 the absorption areas 40 4,0 1,
defined above, one might have expected these 4, 1o be
proportional to the values P} = P (1 P, However,
from equation (2), the maximam value correspondimyg to
P, (1 - Py) s 0.4, and the corresponding arca 4, i all
experimental cases 18 0 6. This confirms the exastence of
an addmonal absarption in the peak centred  at
Zler CHUNoUicu o e oaty oL . the ek
lators cuch as St Hoosarllators [23 28] localized on the
surface. We have considered that a fraction 1 of & H
osaitlitors contnibutes to the 2100em ' peak ¢ nder
these considerations, the appheation of the above statis-
tical model to the senies of samples obtnned at different
soWM frequencies leads o the determination of the
dependences of 1 and €, [H]([Si] + [H]) ~hown n
figure 9.

One of the mostimportant structural charactenstios
of powders could be expressed through the volume
surlace ratio, which ¢tn be estimated from the balance
of P, probabilities and the x factor I we consder the
addiion PO Py P corresponding 1o St By S0 M
and St H bonds Jocalized on the surface, and the
addition Py oot 1) Py oassodasted waith volume, the
resulting volume surface ratio diminshes with increas.
my QWM frequency, which corraborates previous results
of mayor compactness af sthcon powders associated with
fong residential nmes as o consequence of plasma won
bombardment [11)

Finally, vem micrographs show seme degree of stru-
ture of the siheon powder charactenzed by intergram
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Figure 9. Dependences of hydrogen content G, and 2 factor
determined by FTiR analysis age st sawm frequency.

finkage. We have pointed out the deminant presence of
hydrogen o e oo aucfaces (eaternal ard voids).
This circumstance emphasises the probable high reactiv-
ity of the grain surfaze, and hence the degree of inter-
grann hinkage.

4. Conclusions

Hydrogenated sihicon powder has been otiamed by
means of square-wave modulated v pure aline pleana,
QMS analysis of sSowa plasma (1000 Hz)y of silivac seveats
the dominant presence of Sif and StHY and the
exience of pelyadane positine ons St H ap oy 6
¢ @remanalysis of the icrostructure of the powde
indicates i dispersion of particle size characienzed v, iwo
different populations of particles (80 150nm ond 10

SO nm parucde sized, showing dependence on the silane
v rate ant hriee, on the residenes ime. e resa'te of
thermal deserption spectiometry of hydrogen show the
fundumental differences between the concentrations of
hydrogen weakly ana strongly tondedin stheon powders
as compared to amorphous sthicon fitms, demonstrating
the insigmificant hydreegen diffusion process as compared
with the surface hydrogen desorption process on sificon
pewders (duc to a larger surface volume ratio). The
drared absorption peaks have been identiied, mdicating
the polymenc character of the powder and us farge
hydrogenation 1k analysis alo shows e microstrue-
tral characiensues of powders through therr surfuce

volume ratto. The apphedtion of G racdom bonding
maodel to the i resubts agrees with theanterpretation of the
addimonud contnibution of Silf bands to the sbsorption
peak centered at 2006 2100 em ' Fhis model allows oy
o detine a Factor v directhy related to the volume surfie
ratto Finaldly the results of studying the intluence ol the
residence me of particles ade the plasima (thiough
hoth flow tate and plasma modulation) an the micro-
structure vf the sibicon powder sugpestits growth mechan-
e which conaisty of 1 polymcra step and a0 Later
compaction due toon bombardmem insede the pla g
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modulated RF discharges

Effects of particles on He-SiH4
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Abstract. The effects of particles on helium-diluted siane nr dischargec

are studied using a power modulation method for various values of relevant
parameters. Compared with cw discharge cases, close correlation is clearly found
between the particle growth, the self-bias voltage and the phase shift between the
current and voltage of the rr discharge. Total particle number and optica! emission
intensity in the bulk plasma region increase monotonically after nr power-on. With
these increases, the magnitude of self-bias voltage and the current-voltage phase

shift decrease considerably to their minimum values and then slightly increase
to their quasi-steady values. The decreases can be explained by the fact that
particles in plasmas behave as very heavy negative ions. The increases may
be related to the increase in the diffusion rate of electrons. It is also confirmed
through this study that the modulation is very effective in the suppression of
particle growth. In particular, for a duty cycle of 20%, the discharge parameters
are close to those for a pure He discharge. This tendency is consistent with the

result that no particles can be observed for this duty cycle.

1. Introduction

Recently, there has been intense interest in plasmas
which contain particles. Particles in a size range from
nanometers to micrometers hecome electrically charged
in plasmas and may alter discharge propertics. Up to
now, sorne studies have been carried out concerning the
effects of particles on the discharge properties. Jellum er
al {1] have shown, using steady state CW RF discharges.
that for a constant RF power discharge with particles, the
current, the voltage and their phase shift decrease, and
the optical emission intensity increases. These discharge
properties are similar to those associated with discharges
in electronegative gases. Bouchoule e: al and Howling
et al |2, 3] have measured tme evolutions of current—
voltage phasc shift and reflected power in RF discharges
and have shown that the presence of particles makes
a discharge impedance more resistive. In their cases,
the chainge in such impedances arises before particles
begin to be observed by light scattering methods, and
hence the latter group suggests that the change is due
lo invisibly small particles. Bocut and Belenguer and
Belenguer ef al [4,5) have analysed a transition from
a capacilive o a resistive regime i an RF discharge
using self-consistent fluid and particle-in-ccll simulation
maodels and have suggested a possible relation between
the transition and particle tormation.

We have studied the growth kinetics and behas iour of
particles in power-modulated RF silane {SiH,) discharges

0963-0252/94/030355+04$19 .50 T, 1994 iOP Pubiishimg Ltd

using two kinds of laser light scattering (LLS), a
Langmuir probe, an emissive probe and an absorption
method [6-14].  Such studies have revealed many
features, including that the modutation brings about a
drastic decrease in the particle amount.  This drastic
decrease is expected to lead to discharge properties
similar to those associated with pristine discharges of
electropositive gases.

Despite previous studics, the relationships between
the particle growth and the discharge parameters have
not been fully understood. To understand these better,
the relationships between particle growth and hoth the
self-bias voltage and the current—voltage phase shift in
the RF discharges must be investigated for various values
of parameters such as pressure (SiHy concentration),
RF power and duty cycle of the modulation. In this
paper, we presert these experimental results, and based
on these. mechanisins by which particles affect the
asscharge parameters are discussed.

2. Experimental

The experiments were performed in g conventional
parallel plate reactor [9). Plane electrodes of 10 ¢m
diameter were placed at a separation of 4.3 ¢m. The
particle growth was observed using the LLS method,
which gives the time evolution of a two-dimensional
LLS intensity profile dgescribed in detail elsewhere (9]
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Optical emission profiles were detected using an image
intensitied CCD camera equipped with an interference
filter. The RF voltage and current were measured using
a high voltage probe (Tektronix P6015) and an AC
current probe (Iwatsu CP-502) respectively. Their phase
shift 8 is defined by cos 8 = 2(P)/ Vg Ize, where (P),
Vrr and Igr are the averaged power dissipated and
amplitudes of the voltage and current respectively. In
these experiments, an RF power of 20-40 W was applied
during an RF power-on period T,, = 4 s at intervals of
an RF power-off period T,y > 60 s. The gas used was
0-5% SiH, diluted with He.

3. Results

Since the clectric field is closely correlated with the
behaviour of negatively charged particles in an RF
discharge containing particles, the spatial profile of the
number of particles should be greatly aftected by the
self-bias voltage and vice versa. From this viewpoint,
the magnitude of self-bias voltage Vi in a quasi-steady
statc was measured tor various SiHg concentrations.
With increasing the concentration trom 0 to 5%, Vix
decreased itom 110 to 25 V for an RF power of 20 W
(not shown here). These results suggpest that Vi changes
with time after RF power-on in power-modulated RF
SiH, discharges for which the particle amount evolves
considerably with time.

To contirm this scggestion, time evolutions of
particle amount and electrical discharge parameter values
were measured.  Figures 1(a) and (h) show time
evolutions of RF discharge voltage Vgg, current Ipg,
RE power £ and power factor cos# for pure He and
He+SiHy (5%) discharges respectively.  For the pure
He discharge, all these electrical discharge parameters
keep up constant values during 7. Conversely, tor the
He+SiHy (5%) discharge, they change with time until
about 1.5 s after RF power-on, and after that they attain
their quasi-steady values,

Since the number of particles depends on parameters
such as RF power, pressure and duty cycle, correlations
were investigated varying these parameters. Figures 2
and 3 show time evolutions of LLS intensities integrated
over the discharge space (total particle amount), V- and
cos# as functions of RF power and pressure. For all
RE power and pressure cases. total number of particles
monotonically increases with time during 7.,,. With ths
increase. ¢ and Viye at dirst tend to decrease considerably
to their minimum values and then tend to increase
shightly to their quasi-steady values. One can see that,
with the increases in RF power and pressure, the particle
amount increases rapidly with time and. corres  ading
to this increase, cos ) and Vi change utckly with ume

Firgure 4 shows the dependence of tme evolutions
of the tota) particle amount, Vix «nd cox# on the duty
cyele Do In the figure, ime evolutions of Vi and cos v
for purc He €W discharges are also shown. It can be
seen that Vi decreases and cos# increases with time
after RE power-on for D> 604 in which cases the
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Figure 1. Time evolutions of rF discharge voltage Vi, k¢
discharge current is¢, RF power P and power factor cos 6
for pure He and He+SiH, (5%) discharges. D = 100%,
Ton = 4 5, 40 W, 30 sccm, 80 Pa.
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Figure 2. Time evolutions of us intensity integrated over
discharge space, magnitude of self-bias voltage Vnc and
power factor cos# as a parameter of re power. D — 100%,
Ton = 4 s, He+SiH, (5%), 30 sccm, 80 Pa.

number of particles s large. These general tendencies
are similar to those m figures 2 end 3 On the other hand
they keep almost constant values tor 1) < 40%. From
figures 24 one can see that Vi and # after RF power-
on decreases with the increase in the particle amount.

Tre characteriatic time of decrease in Vi and 8 4s of

the order of a second. This very long characteristic
time corresponds to the appearance time ot particles.
Features shown in figures 2-4 indicate that the presence
of particles firstly reduces Vi ar 16, and then increases
them to guast steady valucs, These results are consistent
with those reported before 2] On the other hand, the
discharge parameters for 1= 209 are close o those for
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Figure 3. Time evolutions of w.s intensity integrated over
discharge space, magritude of self-bias voltage Vpc and
power factor cos § as a parameter of pressure. D = 100%,
Ton =4 8, 40 W, He+SiH, (5%), 30 sceri.
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Figure 4. Time evolutions of s intensity integrated
over discharge space, magnitude of self-bias voilage
Vpoc and power factor cos 6 as a parameter of duty cycle
D. Ton = 45, 40 W, He+SiH, (5%), 30 sccm, 80 Pa.
No particles were observed for D = 20% and pure He
D = 100% discharges.

a pure He discharge. This tendency is consistent with
the result that no particles can be observed for this case.

The optical emission intensity in the bulk plasma
region is considered to be higher for a more resistive
discharge. To confirm this tendency, spatial resoived
intensity profiles of SiH 413.5 nm optical emission were
measured. The typical results are shown in figure 5. As
expected, the iniensities increase especially in the bulk
plesma region with time, that is, with the increase in the
lotal particle amount.

Effects of pariicles on rr discharges
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Figure 5. Intensity profiles of SiH 413.5 nm optical
emission for t = 0.5, 1.0, 1.58. D = 100%, Ton = 4 8,
40 W, He+SiH, (5%), 30 sccm, 80 Pa.

4. Discussion

Firstly, we shall discuss that the particle species
responsible for the changes in clectrical discharge
parameters shown in the last section are negatively
charged particles grown in the plasma. Main charged
species in SiH, RF discharges arc considered to be
clectrons, positive ions such as SiH} and negative
ions such as SiH; and negatively charged particles.
In general, the parameters 6 and Vpc are expected
to decrease for electronegative gas plasmas containing
negative ions for the fullowing reasons: negative ions
act as loss centres of electrons and their momentum,
inducing a large increase in the electric field in the
bulk plasma region and the presence of negative ions
brings about a decrease in the electron current flowing
into electrodes. This trend can be seen in the early
phase until about | s after RF power-on in figures 2-4.
Further, all our results described in this paper show that
the time evolutions of the electrical parameters always
correlate well with that of particle amount. Hence
one can conclude that particles grown in the plasma
dominantly affect the time evolutions of the electrical
parameters. This conclusion is consistent with those of
previous reports [1-5].

Next we shall discuss the mechanisms by which
particles of interest affect cosd and Vpe. With the
increase in particle amount, the optical emission intensity
in the bulk plasma region increases considerably, as
shown in figure 5. This increase in ihe intensity indicates
that the power dissipated in the bulk plasma ‘ncreases
with the particle amount, because the charged particles
act as loss centres of clectrons and their momentum in
the plasma. We have measured the plasma potentiai
profile with an emissive probe and shown that the clectric
field in the bulk plasma increases considerably with
the particle amount [14]. All these facts show that
the presence of particles brings about a more resistive
discharge, leading to an increase in cos6. Further, the
increase in density of ucgatively charged particles brings
about a decrease in electron densily waich causes a
decrcase in Vi,

as7
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Figure 6. Dependence of ambipolar diffusion coefficients of
electrons D,,, positive D,, and negative ions D,_ on ratio
of negative ion to electron density n./n, for 7, = 3 eV,

T, =T.=0036eV, M, =M. =31 (theory).

Firally, we shall suggest a possible mechanism
which brings about an increase in Ve and 6 after about
1 s as shown in figure 1(6). During the ]F power-
on period, the particle amount and the optical emission
intensity keep increasing and concomitant optical sheath
width decreases to u quasi-steady value. In spite of
monotonical changes in these parameters, Ve and 6
firstly decrease until about | s atter the RF power-on
and then increase slightly. As one possible mechanism
of interest, we point out the enhancement of electron
diftusion from the periphery of the discharge column
due to the increase in negative ion density. It is
known that ambipolar diffusion coefficients of clectrons,
positive ions and negative ions depend on a ratio between
ncgative 1on and electron densities n_/n,. Thesc values
were estimated using Rogoft’s formulation [15] for
electron temperature T, = 3 eV, positive ion temperature

+ = .03 eV, ncgative ion temperature 7 = 0.03 eV,
mass number of positive ions M, = 31 and mass
number of negative ions M_ = 31. In the formula,

the spatial density distributions of all charged species
are assumed o have the same shape. Although particle
growth may bring about some ditferences among their
shapes, the formuia was used for simplicity. The result
is shown in figure 6. One can see that the diffusion of
elcctrons increases dramatically for n_/n, 2 0.1, while
negative tons arc hard to diifuse. Because negatively
charged particle density increases with time after RF
power-on, n_/n. continues 1o increase and, in our case,
can get to more than 0.1. As a result, the electrons
tend to diffuse more freely from positive and negative
ions. This diffusion enhancement can bring about the
increase in the effective surface area of the grounded
electrode, which causes an increase in Vi and also in
the equivalent capacitance Icading to a decrease in cos 6.

5. Conclusions

Close correlation is clearly found between the particle
growth, the self-bias vollage and the phase shift between
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the current and voliage of the RF discharge using
the power modulation method for various values of
parameters such as duty cycle of the modulation, RF
power and pressure. With the increase in the particle
amount, the optical emission intensity in the bulk plasma
region is monotonically enhanced, and, on the other
hand, both the self-bias voltage and the current-voltage
phase shift first decrease to their minimum values, and
then increase slightly to their quasi-steady values. The
mechanisr by which the particles decrease Vpc and 8
can be explained by the fact that negatively charged
particles in plasmas behave as heavy negative ions.
The slight increases in Vpc and 6 subsequent to such
decreases may be due to the enhancement of electron
diffusion caused by the increase in the density ratio
beiween negative ions and electrons. It is also confirmed
through this study that the modulation is very eftective
in suppressing the particle growth. In particular, for a
duty cvele of 20%, the discharge parameters are very
close {0 those for a pure He dischaige. This tenduncy is
consistent with our experimental result that no particles
can be observed for this duty cycie.
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Abstract. In order to avoid particle contamination of substrates during the plasma-
enhanced chemical vapour deposition of amorphous silicon, we have investigated
the dependence on temperature and gas flow conditions of the dynamics of
submicrometre particles in discharges in silane. We report on light scattering
experiments in an rr-powered plasma reactor with heatable parallel electrodes.
The motion and trapping of particles was found to be strongly influenced by the
gas flow conditions and the temperature gradient in the discharge.

To understand this behaviour the equation of motion of a particle was solved in
one dimension inciuding gravitation, electric force on a ‘dressed’ particle, friction
force and thermuphoresis. The validity of the friction force is verified by observing
experimentally the sinking of particles without electric force after switching off the
discharge. Results for calculated particie positions and velocities as a function of
time are presented for the cases of particles with radii of 0.1 and 0.15 ym. When
the discharge is on, the light particle is trapped at the sheath boundary. In the
case of a temperature gradient (heating the lower electrode to 80 C) the lighter
particles are driven upward by thermophoresis and may be trapped at the sheath
edge. Finally, a strong downward-directed gas flow (feeding gas through the upper
electrode) of 30 cm s ' prohibits the trapping of particles at the lower sheath
boundary in agreement with the experimental observation. Electrode heating,
together with proper gas flow, is found in our experiments to completely avoid the

trapping of particles in the interelectrode space.

1. Introduction

The deposition rate of thin films of amorphous silicon (a-
Si:H) by plasma-enhanced chemical vapour deposition
(PECVD) from SiH; discharges is a limiting factor in
solar cell production. Many attempts have been made to
increase the deposition rate by higher RE power densities
or higher pressures. In those experiments the formation
of tine powders in the discharge by plasma-induced
gas-phasc reactions has frequently been observed {1--
S| Paricles have also been reported to occur in
discharges in argon and nitrogen [6]. Mechanisms for
the initial stages of cluster formation have recently
been suggested [7,8]. The aim of the present work is
to study experimentally how gas flow conditions and
temperature gradient govern the trapping and tullout of
such particles in REF dischorges between paratled plates
and to understand this behaviour by simplified theoretical
modetling.

The paper is organized as follows: in section 2 we
give a brief description of the experimental set-up used
for plasina generation and the detection of particles in the
gas and plasma phasc. Then we discuss the forces acting

0963-0252/94/030359+10819 50 T 1994 10 Publishing Ltd

on charged particles in a parallcl-plate discharge and the
cquation of motion that has to be solved numerically. In

section 4 we describe the observed spatial structure of

discharge regions with high particle density and discuss
the influence of clectrode temperatures and gas flow
conditions on their formation.  For cach experiment
we discuss the theoretical results that were obtained
under similar conditions and the way they may explain
the experimental observations, We also briefly report
on the fallout of particle clouds after switching off
the discharge. These experiments were reported more
extensively in a recent paper {9]. Finally we summarize
and draw conclusions.

2. Experimental techniques

2.1. Plasma reactor

The experiments were carried out in a paraller-plate
plasma reactor, a schematic view of which is shown
in figure |.  Substrates consisting of Corning glass
of an arca of 254 x 254 mm® and a thickness of
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Figure 1. Schematic view of the parallel-plate plasma
reactor used for the investigations., The gas inlet was
either through the ring shower surrounding the lower
electrode or through five holes in the centre of the upper
electrode. Both electrodes were electrically heatable and
temperature controllied.

0.7 mm were located on the grounded lower electrode
with a diameter of 153 mm. The upper electro.  with
a diameter of 250 mm was 40 mm above the lower
one. It was connected to a 13.56 MHz generator via
an impedance matching network. The output power
of the generator was varicd between 15 and 80 W in
the forward direction, while the reflected power was
matched to approximately zero. Both clectrodes were
hzatable to 400 °C by heater windings incorporated in
the clectrodes.  The temperatures were measured by
thermocouples and controlied by a PID controller to an
accuracy of £10°C.

During all the investigations the process gas used was
pure SiHy with a standard flow rate of 10 m! min~' at a
pressure of 20 Pa. The reactor was equipped with two
alternative gas inlets: one consisted of tive holes in the
central part of the upper electrode, the other of a ring
shower surrounding the lower electrode (see tigure 1).
Only one inlet was used at a time.

2.2. Detection of scattered light from particles

The optical set-up used to observe the light of an HeNe
laser, scattered from particles between the electrodes,
is schematically shown in figure 2. The beam of the
laser is shaped into a light sheet and directed into the
interelectrode region of the reactor. The scattered light
is observed by a video camera. With the help of the
mirror shown in figure 2, particles in various regions of
the reactor, particularly off-axis regions at the edge, can
be visualized. Printouts from video tapes were madc on
a video printer. For the observation of particles sinking
to the lower electrode on the reactor axis, the iight band
was directed through the reactor centre. The scattered
fight was dctected under an angle of 90° by imaging the
reactor axis onto the entrance slit of a monochromator, at
the exit slit of which a diode array camera was vertically
mounted.

The light intensitics mecasured by this scattering
method are only approximately proportional to the
particle densities. Consider, for example, the particle
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density N(0, z) on the reactor axis. Laser light travelling
through the reactor to the axis at different axial heights
z experiences on its way different particle densities
as a function of distance x from the axis and hence
different values of the extinction coefficient a.(x, z)
which is proportional to the particle density N(x, z) [10].
According to the Lambert-Beer law the total extinction
on this passage in height z is given by

0 0
cxp(—/ ﬂe(x.z)dX)=exP(—Af N(X-Z)d‘)

where A is a constant independent of position that
contains the single-particle extinction coefficient and R,
is the distance of the entrance window from the axis.
The light scattered from particles on the axis experiences
a similar extinction on its way to detection with the
difference that light rays tilted somewhat against the
electrode surfaces also contribute to the image. The net
effect is that the measured light intensity is a product of
the particle density on the axis and a factor depending
itself on the axial particle density and hence on z.
Therefore, those axial regions with high particle densities
arc under-represented in the scattered light intensity.
Nevertheless, as long as particle densitics are not too
high, the main features of the axial particle density are
represented by the detected light. Two other possible
reasons for the disproportionality between intensity and
particle density, namely distribution of particle sizes
and/or change of particle size during sinking of particles
can be excluded [9).

The monochromator was tuned to the red HeNe laser
wavelength, to suppress plasma-induced emission. The
spatial resolution on the reactor axis was about (.1 mm,
which was checked by the imaging of black and white
line patierns. The readout speed of the camera for its
1024 pixels was 60 scans/s. It could be increased up to
250 scans/s with reduced scan width.

3. Modelling of the particle dynamics

3.1. Forces acting on the particles

We consider spherical aerosol particles of radius R, mass
m and a negative charge —Ng(N > 1), where g is the
clementary charge, in a horizontal parallel-plate plasma
reactor operating in the continuous-flow mode. In the
following, for simplicity, DC discharges are treated. This
is equivalent to the case of AC discharges if the frequency
is high enough so that the particles will only experience
the averaged electric ficld. We assume that the electric
ficld E in the plasma points in the (axial) z direction, the
cathode plane being located at z = ). This geometry is
schematically shown in tigure 3. Both clectrode sheaths
are plotted equally wide, because the powered upper
clectrode is by a factor 2.67 larger than the lower one.
On the other hand, part of the grounded wall area has to
be added to the lower electrode, so that its effective arca
is similar to that of the upper electrode leading to similar
sheath potentials and sheath thicknesses. A stalionary
flow field vy exists and a temperature lield T(z) may be
present. Then the forces described in the following act
on the particles.
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Figure 2. Set-up used for optical detection of particles in
the gas phase. Red light from an HeNe laser is shaped
into a sheet and directed into the plasma. The scattered
light from particles in the plasma is obseived by means of
either a vides camera or a diode arrey camera,

Figure 3. Schematic diagram showing a dressed particle
between the electrodes of an rr-excited parallel-plate
reactor and the coordinate axis used in the calculations.

3.1.1. Gravitation.
F, = —mge, 0

For a particle homogeneous in mass density Fp « R*
holds.

3.1.2. Friction. In the pressure regime used for PECVD
of a-Si:H ranging from 5 to 50 Pa, the mean free path
of the SiH, molecules, given by Ar = (N,o,)~", where
N, is the silane density and o, the total cross section
for molecular collisions, lies in the range between 0.7
and 0.07 cm. Theretore, for those particles of practical
interest with diameters l¢ss than 5 wm, the free molecular
case (A; > R) has to be considered. (For this estimation
we usc a hard sphere molecular radius of 1.91 x 107* ¢m
and neglect that the measured pressure is only partly due
1o the density N, of gas molecules and partly to that
of dissociation and ionization products present in the
discharge.) We assume the friction force on a particle
immersed in polyatomic SiHy to be identical to that
acting in a monatomic gas, given in [11]
32

IS LA SRTELE
F= 3R”m(ux)(v v) (2)

where p = NpkT is the gas pressure, vy, = /8kT /mm,
1. the mean thermal velocity of the gas molecules with

Dynamics of dust particles in silane glow discharges

mass mg and v is the particle velocity. For a particle
with R = 0.1 um at rest in SiH, (pressure 20 Pa, gas
temperature 300 K) a force F; = 5.6 x 107" (yycm s™")
N results. With the gas inlet through the upper ¢lectrode
the force may thus range up to 107'* N close to the inlet
holes.

Comparison with Stokes’ friction force F, =
~6mnR(v — v¢), valid for the hydrodynamic case A «
R, where n is the dynamic viscosity of the gas, shows
that for low gas pressure an effective viscosity ner may
be introduced by

16(1 + 11/8)

Rp =0.79Rp/vy,. (3)
i Uih

Netf =

3.1.3. Thermophoresis. Experimental evidence for the
importance of the thermophoretic force has already been
given in [6]. Again for the limiting case A¢ 3> R, in the
simplest approximation the thermal force on a spherical
particle is given by [12]

32R2A!
F,= —«xVT K= d
]5vlh

4)

where A; is the translational part of the heat conductivity
of the gas. In a hard sphere model with moelcular radius
ro, k is given by

(5)

K =

5ﬁk (R)Z
32 ry

and the thermophoretic force is thus proportional to
R?. For a particle with R = 0.1 um in SiH, (r, =
1.91x107* cm) the factor « is given by 5.3x 107" JK".
More gencral formulac for the thermal force may be
found in [13, 14].

3.14.  Electric force. In the following, we apply
as an example for the electric force the medel of a
‘dressed’ particle proposed in [1]. It assumes that
negatively charged dust particles arc surrounded by a
positive charge cloud with radius R, (sce figure 3). For
the calculation of this force, we consider a ncgative
point charge — N¢ surrounded by a positive space charge
homogencously distributed over a sphere of radius R,
of some Debyc lengths centred at the particle midpoint
position x. The negative and positive charge densities
at a space point x’ are
INig]

p-(x.x'y=-Ngbix —-x'). p, = TR\‘ lx —x'| < R,.
(6)

Such a particle has practically the same mass as the
undressed dust particle and is uncharged as a total. It
does not experience a force in a honogeneous electric
field. The charge Ng is given in the electrostatic
approximation of a conducting sphere by {15]

=Ng = (&, - V)ameoR(1 + R/hp) (7N
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Figure 4. Scaled potential V/ — NgQE(0)R, for a linear
sheath electric field as functions of the scaled coordinate
z/R, with A, =33 um and z, =5 mm.

where ®,, Vi, Ap are the potential of the sphere, the
plasma potential and the Debye length respectively. For
the limiting case R <« Ap, which is always met for
the particles under consideration, and the assumption
Vo = &, = 10 V, which corresponds to kT = 2 eV,
equation {7) reduces to

N = 6.94(R nm). (8)

The charge of the real particle is lower than this
value and not fully screened by trapped positive ions
{161. Nevertheless we use this model to qualitatively
understand our experimental observations.

The force on the screened particle in an arbitrary
clectric field can be calculated according to

Fe.(x)=f (o_(x,x')+ py(x, X NE(x")dx'. (9)

A non-zero force can be exerted on a dressed particle in
regions where one-half of the charge cloud experiences
a different mean electric field from the other in such
a way that their average is different from the ficld at
the position of the core. This means that the second
derivative of the field with respect to position must be
non-vanishing. Therefore the particle will experience a
relatively strong force in the transition regions between
the bulk plasma with E, =~ 0 and the elecirode
sheaths. The force contribution resulting from a possible
distortion of the spherical positive charge cloud due to
polarization is disregarded. For the calculations the
rather realistic model of a linear electric field in the
sheath region above the lower electrode of the form
E(z) = E(0)(1 — z/z4) with E(0) < O is considered.
The evaluation of the integral, equation (9), for the one-
dimensional case yields

- ZNaEO) 3R} 2R} y
ETTIR \ T, T

3R? 1 \
+ 3 _ 2 — s (4
2% (Z—2zg) F 415.(2 Zg) )
where the upper sign holds for z,, < z < R, +2,, and the
lower sign for z,, — R, < z < z4. In figure 4, the z/R,
dependence of the scaled potential (V/ ~ NgE(O)R,) is
displayed for R, = 33 um and z;, = 5 mm.

10)
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3.1.5. Ion drag force. The ion drag force exerted
on particles due to the directed motion of ions in the
discharge has been treated in [15]). To obtain an upper
limit for this force we use the simple model that a
directed ion beam with current density ji, as preseat in
the sheath, is hitting the particle and that no ions are
reflected by the particle. The momentum change per
incident ion is then equal to the momentum m;v; of the
ion. The drag force exerted on the particle is thus equal
to Fi = w R*jm;yv;/q. We assume an ion current density
of 0.1 mA cm~2 and a sheath voltage of 100 V. We
further take into account th-t at the pressure of interest,
20 Pa, the sheath is collision dominated and the average
ion energy will be of the order of 10% of the full sheath
potential. The force exerted on a parucle with a diameter
of 1 um is then equal to 2.03 x 107" N. We havz 10
compare this value to the gravitational force acting on
the same particle, which is equal to 1.03 x 10~'4 N where
we have assumed a mass density of 2 g cm™~*. Therefore
the ion drag force is a correction of 20% in the sheath
region. In the presheath, where ion velocities are only of
the order of a few k7., the contribution is even less. We
therefore neglect the ion drag force for silane discharges
at 20 Pa and discharge power levels of much less than
100 W in our further considerations. It will become
important at lower pressures around 1 Pa and higher
power levels as are found in reactive ion etching. It is
also mentioned that due to the R? dependence of the ion
drag force and the R* dependence of the gravitational
force the ion drag force becomes more important for
small particles.

3.2, Particle motion with thermal and elactric force
and gas flow in the z direction

For the calculations we will only consider the simplified
case where the gas flow, the electrical and the thermal
forces have only a z component. With the forces
discussed in the last section, thec components of the
equation of motion read
(1
mi, = —61 Rijes vy (12)
mv, = —mg -« V,T — 61 Ryer(v, — v) + Fa(z). (13)
In general, the flow velocity is a function of x, y, z and
« is a function of the spatially dependent temperature
T(z). Thus one has a system of three coupled second-
order differential equations which have to be solved
numerically. In case of constant flow velocity in the
z direction and constant thermophoretic torce, equations
(11), (12) and (12) are decoupled. Outside the sheath
region (where F == 0) they can be solved analyticallv.
The solution of equation (13) is then

muv, = —61 Rnegst;

il

(4

where T = m/61 Rney and vy, is the z component of
the 1nitial velocity, and where

v, = 1~ exp(—1/T)] + vy, exp(—t /1)

I's
vy =y — gt - ——9V, T (15
s ] & 677R7kn z )
is the asymptotic velocity for ¢t - 0o. The solutions of
equations (11) and (12) are exponentials.




Figure 5. Two bands of trapped particles between the
electrodes of the reactor. Both electrodes are kept at
26 C. The forward power was 70 W,

4. Results and discussion

4.1, Gas inlet through the ring shower

In the firsg set ot experiments the process gas was
myected through the rimg shower surroundimyg the lowet
clecrode A simulation o the pas tlow under these
condiions shows that there s practieally no flow i the
centre of the mterelectrode repon. Silane s transported

there mamdy by dittusion

4.1.1. Both elecirodes at room temperature tease .
Observation of paritcle clowds In the st mvestigated
case both clectrodes wore at room temperatire 1260y
The torward power was S0 W After short plasnia
hutming tmies many patticles can be observed between
the clectiodes The acvumulation of the particles i two
bands between the clectrodes indicates thei trappng at
the prasia sheath boundasies by the sum ol pravitation,
triction  dray torces and clecuie tonees |1 1S] The
vadth aof e particle bands fluctaates ma chaotic way
Fhese bands can be seenan freare SOwhere between the
hands two braghter zones are retiections from windows
ane the opposite sule of the reactor The bophe fines
below the Tower band are reflecnons from two edpes of o
substrate B on the fower electtode The aimangement
of ipete S e schematically seproduced e hgure 610
chaty the posinon of the ditterenr elemeats Patich
agpun ol g osiolar (vpe s

yroups. ~ee for esample |1 406]

abso obsenved by other
Gravitation ard diag
torces then iy lead o the fdlout of particles that
eaeeed aontal size

Particie fall out withowt plasma Ve aim ot these

eaperments Was taovernty the tre on force equation 2y
1o be usedan the catculations We gepont onresults of the
measutrments ef Lght scatienny Giom sinkany partickes
atter switching olt the discharge The conditions ot these
expenments were those of Gase b The plasmae buming
tene betore turmng ot wins vanied between 1) and 160 «
I frpuee 7ty pecadd diagram ot the inensity of scaticiad
bt lronm the teactor anas versus asedd posiion - and

e 2 os showa tor o buning tme of 70 s The twa
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Upper Electrode

Ring shower

Substrate

Figure 6. Schematic view of the situation with gas inlet
through the rning shower corresponding to figure 5.

peaks at &= 0 and ¢ = 40 mm result from reflections
trom the clectrodes and were used to calibrate the ©
asts. The tme intervaly between subsequent scans are
The mstant of switchig oft” the discharge 1
clearly identified as ¢ 70 ms by the change in the
saattered hight distribution,

While the discharge v on (1 65 ms) two stable
particle bands, as dircussed i the previous section, are
vbserved at positions t 1020 mm and 30 mm
Atter turtung oft the discharge. both bands start to sink
towards the lower electrode. They reach a nearly equal
stable sinking speed ma relaxation time v less than the
ume difference between subsequent camera scanas. The
measured sinking speeds are plotted versus the discharge
hurmiey ome m figure 80 The morease of the sinking
speed wath burming tae s due to particle growth, as
wis shownon (9]

It theie v no temperature gradient and no electne
torce. s this sinhing expermment, the & component
of the veloaty of i particle, according to equation (15),
relaxes o oy vr. In the case of pas inlet through
the g showero the flow veloaty on the reactor axis

33 ms.

s opraciicatly zerosand the speed relases oo gr With
the values o - 2 pem U R 0 o, T W0 K.
poo 20 Pator SibHgowe tind g o P23 ems This bas

to be compared with the expenental value of 3 em s
tound for the burmmg ume ot 20 s which conresponds
o the particle radius R 00 wm The tact that the
1esuit sy of the night order of magmitude strongly supports
the validity of cquation (25 The deviations are miost
probably due to a difference m particle radius between
eapenment and caleulanon, becaose particle radn were
not determaned i the same expenment where the sinking
speed was deternned but under dentical conditions i
A difterent expenment Part of the deviation may also
he due o mcomplete accommuodation of the wemiperature
ot the molecules s they are retlected trom the pathicte
surtace, which modities equation (3) to decrease i, tor
a detded docussion see 7 The calculated relaxaton
F26 e wineh explins the fast relasation
Lo statrarary sinhing

Muodeilang of the trappany 16 the sheath bowndear e
thes section we show that partcdes of the expenimentally

e s v

observed stze moving toweards the lower elecuade (o
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" upper |
" electrode!|
cl2eec N1
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26 °C

discharge
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time / ms

A density of particles / a.u.

T T T Y

N
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Figure 7. Intensity of scattered light from particles versus z position and time as measured by
the diode array camera. Different traces belong to subsequent scans. The forward power was
70 W. The on-time of the discharge was 70 s before it was turned off to measure the sinking
speed of particle clouds. Both electrodes were at 26 C. The peaks at z = 0 and z = 40 mm
are reflections from the lower and upper electrodes respectively. Betw:en the electrodes

the scattered light from two particle clouds is visible. They start to sink towards the lower
alectrode (substrate) when the discharge is tumed off. Note that time proceeds from back to

front

0y are 1 'pped near the sheath boundary (z = z,,). It
» ¢ cu from energy conscrvation that particle trapping
cannot occur without a friction force. Particle motion is
studied in this work only for the case of a DC discharge.
For particles with their space charge cloud crossing
the boundary of the sheath, the electric foree, equation
(10). was taken into account and equation (13) was
numerically solved using a fourth-order Runge-Kutta
method. The time step was chosen to be not smaller than
r. In the neighbourhood of the discontinuity at ¢ = oy,
the electric force was approximated by a cubie parabola.
The following paiameters were used: 2, = § mm,
R, = 33 um. N according 1o equation (8), vy = 0,
uniform temperature (V.7 = 0), E(0) = 100 V ¢m !,
mass density p = 2 g ¢em~'. The particle starts at rest
and is accelerated by gravitation. It has already reached
its stationary sinking speed when it enters the range of
action of the electric force at 7 = z,, + R,.

Heavier particles (R > 0.i5 um) traverse the range
of the electric force and move on without drastic change
in their states of mo.ion because the gravitational force
(x R') dominates. In figure Y the z position and ihe
z veloaty of such o panticle (R = 0.15 pm, N =
1.04 x 10%) are shown. The particle is first accelerated
in the force field (conversion of potential into kinetic
encrgy) and then slowed down again. This feads o a
dip in the velocity cutve. The speed after passage is
somewhat smaller in i agnitude because of the epergy
loss duc to fnictien.

A smaller particle with R = 0.1 pm (N = 0.69 x
10') 1s trapped at the sheath boundary, as is secn in
figure 10, The excess cnergy is then converted inte
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Figure 8. Sinking speed of particles of different size that
grew in an SiH, plasma in different buming times versus
burning time.

gas heating in a damped oscillation around the sheath
edge. This result is in agreement with the experiments
where the obscived particles of radius up to 0.1 um are
found to fall out only after switching off the discharge
[9]. The boundanes between trapping and failout wili
be investigated in o forthcoming paper [8]. Th~ width
of the bands found ii: the experiment may be du: to the
very smooth plasma sheath transition and w0 Brownian
motion together with Quctuations in gas flow patterns.

4.1.2. Lower electrode heated (case 2). Porticle
trapping in pockets above the substrate. In the second
case the lower electrode was heated to a temperature
of 88 C while the upper electrode was kept at 40°C.
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Figure 9. Calcuiated z position and z velocity of a
partizle penetrating into the plasma electrode sheath.
Parameters: A = 0.15 um, Z; = 5 mm, A, = 33 um,
E0)=100Vem ', w=0,V,T =0, 2(0) = 0.51 cm. At
time t = O the particle has already reached its stationary
sinking speed. It is not trapped.
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Figure 10. Calculated & position and z velocity of a
particle with A = 0.1 um; the other parameters are chosen
as in figure 9. The particle is trapped at the sheath edge.

Figure 11 shows the influence of thermophoresis on
the two broad bands of case ! (figure 5). The view
is somewhat enlarged as compared with figure 6. The
dark 1egions are the electrodes, the sharp bright lines are
reflections of the laser sheet from the electrodes and the
substrate. The grey background between the electrodes
is due 10 the plasma-induced emission whereas the bright

Dynamics of dust particles in silane glow discharges

Figure 11. Particle traps above the substrate with gas inlet
through ring shower, forward power 20 Watt, 7, = 40°C,
Tue = 88°C.

areas are (wo-dimensional cuts of the light sheet through
the regions with high particle density. Therc are far
fewer particles between the electrodes than in the first
case. The remaining particles accumulate in two clouds
above the substrate. Al greaier distances from the
cubstrate no particles are detected. It is observed that
a stream of particles leaves the lower cloud and moves
upward te enter the upper cloud.

We assume that thermal cffects are responsible
for the observed trapping of the particles in a
small region above the substratc. Figure 12 shows
calculated isotherms in the space between the electrodes
for electrode temperatures of 40°C and 88°C. The
temperature of the upper substrate surface is assumed to
be 76°C. Large temperatuic gradients between clectrode
and substrate surfaces must be present when the substrate
is not clamped to the electrode and thermal coupling
is accomplished mostly by radiation, which is not very
cffective for glass in this temperature range. From
figure 12 it can be seen that thermal gradients in the
x and y direction are induced above the substrate edge
which lead to a radial inward force component. This
acts on ke particles and tends to accumulate them above
the substrate. These forces could be the reason for the
shape of particle accumulations in figure 11, The axial
component of the thermal force is directed from the hot
lower to the cooler upper clectrode. A comparison of
equations {1) and (4) shows that the thermal force is
balanced by gravitation for

IV,TIK am™" = Rum. (16)

Thercfore, above the substrate, where temperature
gradients may be very close to zero (see figure 12),
very small particles may float or sink to the substrate
immediately after their creation. Therefore the
probability of trapping at the sheath boundary is very
high for these smali particles and pockets are formed.
In regions with higher thermal gradicat, particle: are
moving upward. This explains the upward-direcied
particle movement between the two clouds. The particles
may be uupped at a pocket near the pper electrode
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upper eleclioce {40 °C)

substrate
(76 "C) Inwer electrode 188 'Cy

Figure 12. Calculated isotherms between a heated lower
electrode with substrate and the opposite cold electrode.
The temperatures of the lower and the upper electrodes
are 88°C and 40°C, while the temperature of the substrate
surface is assumed to be 76 'C. Notice the axial and

radial components of the temperature gradient above the
substrate.

sheath edge. Very large particles may also sink down
again and fall out. as is sometimes observed.

In the vicinity of the substrate there may also be an
electric force due to different surface charge densities
on the electrode and the substrate. This behaviour has
already been described for the case of large substrates in

semiconductor processing [19]. The axial component of

this force together with the very small axial flow velocity
leads to a bending of the pocket surface above the
substrate (dome) while the radial components contribute
to particle collection above the substrate.

Particle motion in off-axis regions. Off the axis the
thermal gradient is rather large all over the discharge
“gap so that the thermal force drives particles upward
(see figure 12). Small particles may be trapped at both
sheaths. On the other hand, as the thermal force is much
stronger than gravitation for particles with R <« 0.5 um
(sce equation (16)). these particles are rapidly moving
upward and trapping is rare. In figure 13 the calculated
upward z motion of a particle with R = 0.1 um starting
closely below the lower sheath is shown. It is not
trapped due to the much larger resulting force compared
with the case of figure 10. The small particles that
arc trapped at the clectrode edges are either moving
radially inward because of the radial forces induced by
the substrate or outward because of the influence of the
colc wall. Therefore the case of figure 11 is qualitatively
understood.

4.2. Gas inlet through the upper electrode shower

The influence of a pronounced gas flow between the
electrodes on the behaviour of particles was studied in
the third and fourth cases. In both experiments the gas
was ied through the centre of the upper electrode. It
had to flow through the interelectrode space to reach the
pumping port (sce figure 1). A flow simulation shows
that flow velocities of up to 10 m s~' may appear at the
inlet. The gas drags the particles to the outer regions by
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Figure 13. Position and velucity of a particle witi

R = 0.1 um travelling through the sheath edge

ot the lower electrode in a temperature gradient of

v, T = - 1.2 Kmm ', the parameters were T,, = 88 C,
T.o = 40 C, other parameters are chosen as in figure 10.
The particle is not trapped at the sheath edge due to the
driving thermal force, the absolute value of which is much
larger than that of gravitation.

the friction foree equation (2). Eddies may appear at the
inlet holes.

4.2.1. Both electrodes at room temperature (~~se
3). Observation of eddies and trapped particles. In the
third experiment hoth electrodes were at 26 °C as in the
first case. Figure 14 serves to illustrate the geometry
of figures 15 and 17. Figure 15 shows the effect of
the gas flow on the two bands of the first case. The
lower particle band ncarly disappears in the centre of
the electrode and stays narrow at its peripheral zone.
The upper band is reduced to particles rotating in the
predicted whirl near the gas inlet holes and thus serves
for visualization of the flow. The reduction of particle
density in the central region in figure 15, is due to two
effects. Firstly, there is a large flow velocity component
in the centre, directed radially outward, dragging out the
particles. Secondly, particles may be driven through the
sheath edge by the friction drag torce. An example for
this behaviour 1s shown in figure 16. Here a particie with
R = 0.0 um is moving downward under the combined
aciton of gravitation, a gas flow of 30 cm s ' in the 2
direction and the frictional drag force. The particle has
alrcady reached its stationary speed v, = vy - g7 (sce
equation (15)) when it enters the force ticld. The speed
is so high that no trapping takes place. There s a very
small change in velocity, but the partwele falls through
the sheath edge.
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Figure 14. Schematic view of the situation with gas infet
through the shower in the upner eloctrnde. This view
corrasponds to figures 15 and 17.

Figure 15. View v? ihe remainirig particle clouds when

“

the gas is fed thrugh the upper electrode (see figur
Note the eddy around the inlet and the narrow banu.
the tower sheath adge. The circular structute belund the
edddy 15 a wirdcw on the opposite side of the vessel.
Both elsctrodes are at temperatures ot 7¢ C

4.2.2. Lower eicctiode heated (case ). In the hnal
case, heating o the lower clectrode and gas anjecuon
through the apper one led woan interelectrode space
totally free of particles within our detection mats. This
result o shown an hgure 17 The combined action
of upward-directed thermaphoresis and ontward-directed
drag torce leads to the wansport of the particles away
from the substrate and out of the nterelectrode space
Noutee, however, that the inerease of temperature not
only induces thermal torces but also reduces particle
creation |S)

5. Conclusions

For fong plasma burming tises partcles may torm large
clouds m plasma reactors. We have shown that the gas
flow conditions and wemperaure gradient i the reactor
have reducesd the number ot particles present dunng the
experiments to levels not detectable with hght scattening
Theretore we conclude that the proper use of thermal and
drag forces i the design of PECVD reactors can solve
the problem of particle contamination

Dynamics of dust particles in silane ginw discharges
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Figure 16. Calcu'ated z position and z velocity of a
particle with A = 0.1 um penetrating into the lower
electrode sheath in the presence ot a downward-

directed gas flow. The iollowing param«tars were

chosen: v = -30cms ', z, = 5mm, Ay = 33 um,
EW0) = 100V em ', 2(0) = 0.51 cm. Attime t = O the
particle has reached its stationary speed, the absolute
value of which is larger than y because of gravitation The
particle is not trapped due to the large drag force.

Figure 17. View ot the reactor space with gas inlet
through the upper electrode and heated lowsr electrode
(Te = 88 C. T, == 40 C). The panticle contamination is
below the datection limit.

By numencal analysis of the paricle dynamies ot
wits shown that particle trapping may be understood on
the basis of the “dressed” particle model. As soon as
particles grow heavier they are no longer trapped and
may fall to the substrate duning the process. Therefore 1t
1 necessary 1o heep the contamination duning the process
at g low devel. The experimentally determined sinking
speeds of particles to the subsirate atter turmng o agree
well with those valculated using Epstein’s focie: 1.
tor low pressures
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Real-time compositional analysis of
submicrometre particles

W D Reents Jr, S W Downey, A B Emerson, A M Mujsce, A J
Muller, D J Siconolfi, J D Sinclair and A G Swanson
AT&T Bell Laboratories, 600 Mountain Avenue, Murray Hill, NJ 07974, USA

Abstract. A particlo analyser is described that simultaneously detects and
characterizes < 0.02 to > 10 um diameter particles independent of particle
composition in real time. No previous instrument has been able to perform these
functions simi:ltanecusly. Our design uses pulsed laser ablation of particles
followed by time-of-flight mass spectroretric analysis of the resulting ions. The ion
intensity is related to pariiclo size at ic:ast for small particles. Thus patrticle size

information is obtained concurrently with the other information.

1. Introduction

Particles continue to haunt semiconductor processing.
Particles in plasma processes are particularly challeng-
ing. Knowing the physical and chemical properties of
these particles is an important step towards preventing
their formation.

Particle counting is the simplest and most widely
used method of particle characterization. Light
scattering, the technique of choice in plasma processing
tools, is used to monitor particle position and movement
but the relationship between the scattered light and the
size and density of particles is not easily interpreted.
Additional information, such as pasticie composition, is
unavailable.

Several ypes oi instruments have been described
in the literature tor real-time compositional analysis of
particles.  Onc type, using surface ionization, detects
particles continuously [ 1-9}. However, only a single ion
mass can be monitored and only easily ionized materials
can be detected. The second type, using pulsed laser
ablation, can detect a wide range of particle compositions
[10,11]. A CW laser 1s used to ‘sense’ a particle and
fire the pulsed laser. A complete mass spectrum of the
resulting ions from a single particle is detected with a
time-of-flight mass spectrometer. The disadvantage is
the €W laser: only particles > 0.2 gm scatter sufticient
light. Smalier particles are not detecied.

We have built a prototype instrument for charac-
terization of individual particles. The characterization
provides both chemical composition from the complet:
mass specirum of a single particle and some size intor-
mation for particles at least as small as 0.02 gem. This is
accomplished bty laser ablation of a single particle fol-
lowed by time-of-flight mass spectrometric analysis of
the 10ns characteristic of he particle’s composition. The
CW laser to “sense’ the particles is omitted o allow de-
tection of particles too small to scatter sufficient light.

0963-0252/24/030369+04812 50 T 1994 |OP PL lishing Lid

At present, particles have been characterized in air at at-
mospheric pressure. Characterization in other gases and
at lower gas pressures is also possible.

2. Cxperimental

Several particle sources arc used to calibrate and
cvaluate our particle analyser. A TSI model 3076
Constant  Output Atomizer produces aecrosols from
0.02 M aqueous solutions of CsNQO;, RbNO:, and
(NH4);S0, with a wide particle size distribution. Two
synthetic dust mixtures of particles, one containing 3%
CsCl. 13% CsNOs, 13% RbCI, 13% NaCl. 13% KCt
and 33% tale (silica and magnesium silicate) and the
other comaining talc and (NHy),S0,, are also used as
particle sources.  These dry scurces are dispersed as
powders trom polyethylene bottles with stainless steel
ball bearings 1o grind the particles. Shaking produces
particle-laden air which is then drawn intc the particle
analyser through a capillary inlet.

Particle size distributions for the aqueous salt solu-
tions are meas.red using a TSI model 3071 Electrosiatic
Classitier.  Higher salt concentrations produce a wider
size distribution and higher concentration of particle:,.
The particles are introduced into our prototype particle
anaivser cither directly from the atoruzer or as a nar-
row size distribution that is isolated by passing through
the TSI Electrostatic Classifier. Particle concentrations
for each size are determined using a TSI model 3022
Condensation Particle Counter.

All water in these experiments is purified using a
Millipore Milli-Q Plus Water system.  Tap water is
treated by reverse osmosis, dissolved organics removed
with activated charcoal, inorganic ions further reduced to
18 MS2 resistivity with ion exchange resins, and organic
material turther removed with a final scavenger [12].
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Figure 1. Schematic diagram of prototype particle
analyser.

In addition, the water is irradiated with UV to destroy
bacteria and decompose organic compounds.

The prototype particle analyser contains a capillary
tube for particle introduction, a pulsed laser for particle
ablation and ionization, and a commercially available
time-of-flight mass spectrometer (Jordan Associates, CA,
USA) for identification of the particle’s composition. A
schematic diagram of the instrument is shown in figure 1.
Pasticles are introduced via the 0.053 cm ID fused silica
capillary. The particles pass through two stages of
differential pumping consisting of two skimmers (Beam
Dynamics, MN, USA) with 0.1 cm ID holes. Two
30 ¢fm mechanical pumps provide the vacuum at each
stage with a CTI Cryotorr 8 cryopump providing the
1-3 x 10~* Torr vacuum in the ionization region. The
particles travel |5 cm from the capiliary to the ion source
of the time-of-flight mass spectrometer. The particles
are struck with a pulse from a Lambda-Physik model
EMG 202 excimer laser. The laser is operated at 10—
30 Hz with 130-300 mJ of energy/pulse at 308 nm and a
pulse width of 40 ns. The laser is focused with a 30 cm
focal length lens to a rectangle 0.08 cm high and 0.3 cm
wide. A laser power density of 1.7 x 108 W cm™ is
achieved. The resuliing ions are accelerated to 4 kV
with mass scparation occurring over a | m flight path.
A secondary clectron multiplier with a gain of 10° is
used as a detector. The signal goes to a Tektronix 2440
digital cscilloscope with a 50 2 termination. The laser
trigger is used to initiate recording of mass spectra, but
the background fluorescence resulting from the UV laser
light is used as the time zero point. The 2048 data
points are collected over the entire time range (0-25 us,
1-145 Daltons) or, for increased mass resolution, over
a narrower time range of interest (e.g. 20-22 us). The
time-of-flight for Cs* is 21 us.

3. Resuits and discussion

We have characterized our prototype particle analyser in
terms of particle size detection limit, particie detection
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Flgure 2. Mass spectrum of single silica particle from talc.
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Figure 3. Mass spectrum of single ammonium sulphate
particle. Particle introduced from solid mixture with talc.

efficiency, and dependrnce upon particle composition.
We are able to detect particles baving a variety of
compositions and with diameters as small as 0.02 pum.
Currently, high particle densities are required for high
rates of particle detection. Improve.nents will be made
to reduce this limitation.

We have mass spectra from a variety of particle
compositions. Qur aim is to demonstrate the ability
to detect particles regardless of composition and obtain
mass spectra that are characteristic of the particle’s
compesition. Figures 2-4 illustratc mass spectra for
particies composed of Si0,, (NH,),80,, ard RbN();
respectively. These spectra can be easily distinguished.
Both Si0, and (NH4);SO,4 give molecular ions whereas
RbNO; gives only Rb* (likewise CsNO; gives only
Cs*). At present we have no way of distinguishing
the various rubidium or caesium salts (e.g. RbCl versus
RbNO;). Note that strong ion signals can be obtained for
both easily ionized material (e.g. RbNO;) and difiicult tc
ionize material (Si0O;). This method should be suitable
for particles of ainy composition.

Particles over a wide size range {0.02-10 um
diameter) have been detected. Micrometre-sized
particles give intense ion signals that represent ablation
of only a fraction of the particle.  Small (0.02-
0.1 pm diameter) particles give weaker signals that may
represent destruction of the whole particle. For small
particles, there 1s a lincar relation between particle size
and ior. intensity (sec figure 5). The intensity for Rb* s
greater since only one ion is produced: there are scveral
ions produced by (NH,),80, over which the total ion
intensity is distributed.
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Figure 4. Expanded scale mass spectrum of RbNO;
3howing resolved #Rb* and ®Rb* isotopes. Only Rb* is
observed
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Figure 5. Dependence ot ion signal on particle size

for both RbNO; and (NH,).5C, particles. The particles
are size selectad with a TSI electrostatic classifier and
introduced irto the particle analyser via the capillary tube.
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Figure 6. Size-dependent dispersion for CSNO, particies
exiting a 0 053 cm b, 50 cm long capillary column and
passing through two 0.1 cm 10 skimmer cones. The
measurement is at a distance of 3 cm from the end of the
capitiary.

Particle transport into the vacuum chamber is less
than optimum. Transmission through the capillary and
two skimmers is evaluated by expos.ng a silicon wafer to
our source of RbNO, particles. The rubidium content on
two wafers, one exposed direcily to the particle output
and the other exposed to the outpuc after the second

Compositiongi analysis of sL.hmicrometre particlec

skimmer (in a vacuum chamber) is measured with an
ion chromatograph. A comparison shows that only 9%
of the particles are transmitted through the system.

Size-dependent particle dispersion significantly re-
duces particle detection and causes size discriminatios:.
We have measured the dispersion after the particles have
passed through the second skimmer at a distan:c of 3 cm
from the skimmer. Figure 6 clearly shows a significant
size-dependent dispersion. Any compositional analysis
of unknown aerosols will be size selective. The centre
of the particle beam will be enriched in larger particles,
whereas the smaller particles will predominazs at some
distance from the centre dependent upon the distance
travelled. Clearly, the distance between the capillary
and the laser focal point is important to particle derec-
tion efficiency.

Presently, particle concentrations of ~ 1x 10® per ft°
are required for reasonable detection rates. Decreasing
the distance between the capillary and the laser focal
point will greatly enhance the particle count rate. A
larger laser spot size and faster repetition rate laser will
also improve the count rate.

4. Plasma particles

The current system is emenable to sampling high
pressure plasmas.  For Jow pressure plasmas, the
skimmer cone should be placed in the plasma chamber
so as to directly sample plasma particles. We have not
interfaced ur instrumen: to a plasma reactor yet, since
we are still optimizing the design.

The current method, without presensing particles
with a continuous laser, provides the ability to detect and
analvse individual particles as small as 0.02 em. We feel
that even smaller particles can be detected, although this
has not been attempied as yet. This technique should
be useful for particle diagnosis in plasma reactors. The
high concentration of particles within plasmas is ideal
for a system without CW laser ‘sensing’ of particles.

5. Conclusions

‘We have demonstrated tiie ability to simultaneously
detect and analyse individual particles at least as small
as 0.02 uin. The ability to cvaluate particle size allows
further characterization of the ensemble of particles to be
analysed. Although this technique has not been applied
to plasma particle analysis, it should nevertheless work
with only minor modifications.
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Abstract. Potential particle-forming reactions of hydrogenated silicon cations with
silane and disilane, in the presence and absence of water, are summarized. The
reactions are studied in the ion trap of a Fourier transform mass spectrometer at
10°7 10 5 Torr. Cations react sequentially with silane to produce larger
silicon-containingions. In general, reaction rates decrease with increasing number of
silicon atoms in the ion; no ions containing more than six silicon atoms are formed in
reactions with pure silane. Reaction with disilane produces larger silicon-con*aining
ions; reaction rates decrease with increasing number of silicon atoms in the cation.
The largest ion produced is larger than for the silane system but still contains less
than nine silicon atoms. There is insufficient reactivity for hydrogenated silicon
cations in pure silane or disilane to produce macroscopic particles. Mixtures of silane
or disilane containing 7% water, however, significantly enhance the growth of ions. In
the limit of our measurements, the reactions in both silane and disilane do not

terminate.

1. Introduction

Silicon-containing ions are readily formed in silane
plasmas under conditions used to deposit silicon films.
Since some ion/molecule reactions go much faster than
necutral reactions, ions may be responsible for rapid
gas-phase particle formation within the plasma [1 6].
Veprek et al [7] have evidence for clustering via neutral
species. Perrin et al [8] and Howling ¢ af [9] deter-
mined that negative ion chemistry lcads to particie
formation under some conditions. Kushner [10] has
modelled positive ion chemistry in plasmas to under-
stand their cffect on particle formation, but the kinetic
dat required for modelling was sparse prior to our
studics. We have examined the positive ion chemistry of
silane, starting with the monosilicon ions through to the
final reaction, to determine whether (1) positive ions are
the initiators of particle growth and (2) they provide
detailed kinetic information for modelling studies. In
agrrement with Howling et al, we found that cations
terminate their growth at small cluster sizes.

Disilanc is formed in silanc plasmas and, depending
on plasma conditions, may represent severa! per cent of
the neutral species present [7 101 Since disilane has a
silicon silicon bond that is weaker than the silicon
hydrogen bond [11], more extensive ion/molecule
chemistry than that observed for silane occurs. We have
also examined the ion chemistry of disilane through to
the terminating reactions.

We have also examined the ion chemistry of silane
and disilane in the presence of water. Water is the most
common background constituent in vacuum chambers
and its concentration increases during heating, such as

0963-0252.94 030373 + 08819.50 + 1594 IOP Pubiishing Ltd

when a plasma is ignited. We have found that water has
a profound cffect on the ion chemistry: it must be
seriously considered in all plasma reactions.

2. Experimental

The ion chemistry of silane and disilanc is examined in
the ion trap of a modified Extrel FTMS-1000 Fouricr
transform mass spectrometer (FTMs) with an lonspec®
Omega data system (for more information on FTICR sce
[12 14]. The ¥TM™s ion trap is an electromagnetic bottle
that stores ions in the presence of neutral reagents.
Storage times can be varied from 0.002 to >99 s which
allows considerable ion chemistry to occur. lon-mol-
ecule chemistry is monitored by the mass spectrometer
capabilitics inherent in the ion trap technigue as de-
scribed below. lons are confined in the X-Y directions
by the magnetic ficld and in the Z direction by the
clectrostatic potential on the trapping plates. Figure | is
a schematic diagram of the trapped ion cell. Ton motion
within the cell is circular in the X-Y direction (perpen-
dicular to the magnetic field) with a cyclotron frequency
related to mass:

miz=A/f + ¢ (n

where m/z is the mass-to-charge ratio, f is the cyclotron
frequency. 4 is a constant proportional to the magnetic
field strength and ¢ is a constant rclated to the ion
density and trapping plate voltage. There is also 1on
motion in the Z direction {paraliel to the magnetic field)
at a lower frequency than the cyclotron frequency. The
ions are formed. trapped and detected within the trap-
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Figure 1. Schematic diagram of a cubic trapped ion cell in a
Fourier transform mass spectrometer. The trapped ion cell is
located in a 2.97 T magnetic field designated by B. The
plates perpendicular to the magnetic field electrostatically
confine the ions along the magnetic field axis with a potential
of 1-3V. Two opposite plates are used for the RF excitation
to coherently excite the ion cyclotron motion for detection.
The remaining two plates are detection plates for receiving
the induced charge trom the coherent ion motion.

ped ion cell. During the ion trapping timc the ions
collide, and possibly react, with molecules in the vacuum
chamber. Both the reactant ions and the product ions
remain trapped in the cell, allowing further reaction il
desired, until the reaction is quenched by taking a mass
spectrum of the entire ion ensemble in the cell. This is
accomplished by coherent excitation of the cyclotron
motion of the ions by a swept RF frequency pulse
(applied to the transmitter plates) that covers the entire
frequency range of the trapped ions in the cell. This is
typically from 3MHz (m/z =15) to 150kHz (m/z =
300). After this excitation pulse, the current induced in
the detect plates by the coherent motion is digitized,
Fourier transformed, and then the resulting frequency
spectrum calibrated in terms of mass-to-charge ratios.
By this technique, the intensity of every ion in the cell is
determined simultaneously. If a sufficiently tong detec-
tion time is used, high mass resolution is obtained
(> 10000). Mass resolution is defined as m/Am where m
is the measured mass of the ion and Am is the width of
the peak at hall height. An additional featurc is the
ability to accurately measure the ion's mass and thereby
assign clemental composition. Since there are few ele-
ments present in the system, this might seem unneccs-
sary. However, a reaction with background moisture
occurs to form products containing an oxygen atom
This will cause overlap of two ions with different clemen-
tal compositions, e.g., Dg versus 'O (Am = 0.117 amu)
or '®0, versus SiD, (Am = 0015 amu). High mass
resolution coupled with accurate mass measurement is
used to confirm the elemental composition of each ion
detected.

Double resonance ejection is a technique for the
removal of an ion from the trapped ion cell. Ejection is
accomplished by applying to the excitation plates an rR¥
signal whose¢ frequency matches the cyclotron frequency
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of the ion. In this manner, cither removal of ions of a
single mass or of all ions except for a single mass is
possible. The reaction chemistry of the remaining ions in
the trap is easily followed by increasing the time between
ion gjection and ion detection (trapping time). To evalu-
ate the reaction sequence for ions of a particular mass,
these ions are cjected and the resulting mass spectrum
(double resonance spectrum) is compared to a mass
spectrum without ion ejection. Product ions of the
cjected ions will be absent in the double resonance
spectrum. Alternatively, all ions except those of the mass
to be monitored are ejected. Although this can be more
difficult to accomplish, thc mass spectra only show
product ions for the reactant ions of a single mass.

Silane-d, (MSD Isotope Co, 99.7 at.%), disilane-d,
(Cambridge Isotope Laboratories, 98 at.%), and D,0
(MSD lsotope Co, 99.7 at.%) are used without further
purification. Isotopic purity is confirmed by mass spec-
trometric analysis. Introduction of D,0 required a delay
(1 2h) until background protiated water had been
replaced with deuterated water. The cffective isotopic
purity of D,0 in the trapped ion cell is 95-98 at.% for
most experiments.

When spectra are obtained at different reaction
times, the pscudo first-order reaction kinetics can be
monitored. Figure 2 presents ion intensity plotted as a
function of time for the reaction of SiD* and its product
ions with SiD,. Since the total number of ions contained
in the fon trap is limited (less than 10°), the reactant gas
is in relatively infinite supply since there is a constant
Jow through the cell of new gas from an external
reservoir via a variable leak valve. Thus, the ion/mol-
ecule reaction kinetics may be cvaluated casily; the
pseudo first order rate constant may be converted to an
absolute rate constant by incorporating the absolute

1000

sip* % (Si3D% & its products)

P

Normalized lon Intensity (arb. units)

Time {msec)

Figure 2. The time evolution for the intensity of SiD * and its
product ions in the presence of SiD,. SiD* is formed by
electron impact on SiD, in less than 5 ms. The population of
SiD* is contained in the ion trap allowing it to collide and
react with the ambient SiD,. All product ions are retained
within the trap, undergoing their own callisions with SiD,. The
time evolution is sampled at discrete times and plotted. The
full curves through the data points represent kinetic fits to the
data with the product ion fits constrained by the rate constant
for the decay of the reactant ion.




concentration (pressure) of the reactant gas [15]. In this
manner the reaction rates for all the ions may be
obtained. The Frms is operated at 297 T with typical
conditions as follows: trapping plates voltage, 1-3.5V,;
RF chirp rate, 6000 Hz us™'; R¥ chirp intensity, 120~
240V, _,; reactant gas pressures, 1 100x 10”7 Torr,
electron ionization energy, 12-80eV. The initial ion
kinetic energy is limited by the trapping potential (3.5 V
maximum), but is quickly thermalized to the gas tem-
perature (300 K) by non-reactive collisions with silane.

Phase space theory (psT) is used to compare critical
transition state energies from ab initio calculations by
Raghavachari [16-19] to values derived from the reac-
tion kinetics measured in the FTMs trapped ion cell. The
excellent agreement (typically within 3 kcal mol ™ ') gives
strong support to the accuracy of the calculated transi-
tion state energies as well as the proposed reaction
mechanism. The details of the calculations will not be
described; they may be found clsewhere [16 - 19]. How-
ever, the energetics of the microscopic reaction pathways
derived from experiment and pST calculations permit
extrapolation of the experimental data for the pure
silane and pure disilane systems to higher pressures so
as to compare with plasma reactor pressures.

3. Results and discussion
3.1. Silane reactions

Reactions of Si, D, with silane proceed to terminal
(unreactive) cations containing less than 7 silicon atoms.
Sequential ion/molecule reactions with silane are shown
in equations (2) (5). For conciseness, the explicit neuw-
tral reagent, SiD,, and ncutral products arc not shown;
only the ionic reactants and products are given. The
reaction rates are illustrated in figure 3 and listed in
table 1 [20 25] Although the initial reactions proceed
near the collision rate (except for SiDj ), the reaction
rates decrease with increasing number of silicon atoms
until a non-reactive species terminates the reaction se-
quence. This decrease in reaction rate with number of
silicon atoms in the reacting ion is apparent in figure 3.
The largest ion produced from cach initial reactant ion
is shown in table 2. Clearly, positive ion chemistry is not
responsible for gas phase particle growth in pure silane
plasmas, in agreement with the findings of Howling er al
[9}:

Si* =+ 8i,D; —Si,D; = Si,Dy —=SisDj, = NR (2)

SiD* = Si,Dy () - Si,Dy - Si,D7 - Si,D, = NR

(3a)

Si,D; (1) -» NR (3b)
SiD; - Si,DJ = NR (4)

SiD; -+ Si, Dy —8i,D} - Si,D{; > NR (5a)
Si,Ds — NR. (5h)

Raghavachari has used accurate ab initio calculations to
elucidate the structures of all of the ions and reaction
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Figure 3. Plot of the absolute pseudo first-order reaction
rates for Si,D, with SiD,. The paired numbers x, y represent
number of silicon atoms and deuterium atoms, respectively,
in the reactant ion. Paired numbers in brackets represent
unreactive ions whose position indicates the upper limit of
reaction rate. This graph illustrates the decreasing reactivity
of 8i,D, with increasing x.

intermediates involved in equations (2) (5). From his
calculations, we can understand in detail why reaction
of unsaturated silicon cations with silanc leads to un-
reactive ions, One reason, typified by SisDJ,, is that the
rcactive centres beconie saturated, resulting in a large
energetic barrier to further reaction. The reactions lead-
ing to Si;D}, involve three sequential additions of silane
to Si* (equation (1)), with each addition followed by 1, 2
climination of D,, to produce Si,Dq (see scheme 1 for
final reaction step). Subscquent reaction of Si,D,4 with
silane produces the intermediate SizD{,, (structure il,
scheme 2) which, lacking deuteriums on neighbouring
silicon atoms, cannot undergo 1,2 climination of D,
This SigD7, intermediate is observed, however, because
it can be collisionally stabilized. The second ieason,
typified by Si, D7, is the formation of internal hydrogen
(deuterium) bonds. The internal hydrogen bonding in
Si,D3 is sufficient to stabilize it from further reaction,
except for simple silane attachment to produce Si Dy,.
The calculated transition state energics for reaction of
Si,D; with and without hydrogen bonding reveal the
effects of that stabilization (figure 4); further reaction
would be exothermic only if hydrogen bonding did not
oceur.
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3.2. Disilane reactions

The reactions of Si, - ;D¢ ., in pure disilane lead to
unsaturated ions containing less than nine silicen atoms.
The reaction rates are illustrated in figure 5 and listed in
table 1 [15). As for the silaie system, reaction rates
decrease with increasing number of silicon atoms until a

m L Si*_ ,
§ g |87 | siDye 5D s
g o
X LS
5 0 1 Dp8i o _SiD3+ SiD,
E‘ ¢-8iyDy + D,
£ .16 -
SieDsy

i 4

Reaction Coordinate

Figure 4. Schematic energy profile for reaction of Si;D; with
SiD,. Both the higher energy open form and the lower
energy cyclic form of Si,D; are depicted on the left. The
transition state to form products lies 2 kcal mol ' belo'v the
high energy form but 6 kcal mol ' above the low enery; form
actualiy present in the reaction. The 8 kcal mol ' of
hydrogen bonding stabilization is sufficient to prevent further
reaction (except collisional stabilization of Si, D, an
unreactive product). Taken from [19]. Note that substitution
of deuterium for protium has an insigniticant effect on relative
energies.
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Table 1. Rate constants for reaction of Si,D; with SiD,
and Si,D,.

Rate constant (x 10'%)
{cm*mol " 's™')*

Reactant ion with SiD, with Si,Dg
Sit 69+03 20+2
SiD”* 1242 19+4
SiD; 2143 40+ 6
SiDy 0.6 + 0.1 6+1
Siy 25%0.4 14+2
Si,D* —_ 1012
Si,0; 0.32 £ 0.04 46+05
Si,D; () 75+15 58+ 17
Si,Dy (1)) <0.003 <0.004
i,D0 <0.005 36+04
Si,Dy 0.28 + 0.10° 7+1
Si,Dy — 95+ 15
Siy 48+0.7 —_
Si;D* —_— 1442
Si,D; 0.010 + 0.003 0.02 + 0.01
Si,Dy _ 27403
Si,D, 1.7+03 94+02
Si;Dy 5+1 8+4
Si,Dq _ 39+04
Si,D; 0.0023 + 0.0004° 0.34 + 0.03
Si,Dy — 0.64 +0.21
Si,Dy — 35+15
Si; <0.005 —
Si,D; 1.8+0.3 —
Si,0y o <0.05
Si,D, — 22408
Si,D: (1) — 0.13 +0.02
Si,De (1) — 13+4
Si,Dg 0.0010 + 0.0003" 0.55 £ 0.1
Si,Dy 1.1+ 0.8° 27+07
Si.Dg —- 0.84 + 0.14
Si,Dg —_— <0.002
Si.DS, —_ <0.03
Si,D\, — 0.07 £+ 0.02
Siy 0.8+0.1 o—
Si,D, 0.036 + 0.009 —
SisDy — 0.19 + 0.04
SisD; (1) —— <0.005
SiD; (1) -_— 0.04 + 0.01
Si,Dy —_— 0.90 +0.27
Si.Dy —_— 1.5+ 05
SisDyp — 0.054 + 0.001
SisDy) — <0.005
3is0y3 —_ <0.005
i <0.001 —_—
SigDy <0.01 —
SigDy <0.04 —_
SigDy e V.04 +0.03
SisDy _— 08+03
SigDyo — 0.10+ 92.05
SisD;, — <0.004
SigDy» — <0.004
Siy <0.005 —
Si,D,, (1) _— <0.079
Si,D\{1) — 0.02 + N.O1
Si,Dy, —_ < 0.002
SiyDy; - <C.1

* Rates exclude isotope excharnge reactions.

® Measured at siane-d, pressure ot 20 x 10 7 Yorr.
< Measured at silane-d, pressure of 1.0 x 10 © Torr
9 Measured at silane-d, pressure of 2.0 » 10 © Torr
* Meusured at silane-d, pressure ¢t 56 « 10 ¢ Torr




Tadle 2. Terminal idons in the silana and disilane system.
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Figure 5. Piot of the absolute pseudo first-order reaction
rates for Si,D;’ with Si,D,. The paired numbers x, y
represant number of silicon atoms and deuterium atoms,
respectively, in the reactant ion. Paired numbers in brackets
reprasent unreactive 1ons whose position indicates the upper
limit of roaction rate. This graph illustrates the decreasing
reactivity of Si,D, with increasing x.

terminal structure is reached. The reactions terminate
for simular reasons as the silanc system. As shown in
table 2, the reactions proceed to larger terminal ions
than for the silane system.

A comparison of the energetics for the reactions of
Si, Dy with silane and disilane demonstrates the reason
for further reaction in the distlane system. Figures 6 and
7 illustrate the transition state energics for reaction of
$1,D7 with silane and disilane, respectively The energy
of the transition state, TS, is ncarly endoergic with the
reactan: energy for the silane system. Reaction of 8i, Dy
with disnane, wn contrast, involves no transition state
encrgy higher than the product energy. The energy
barrier for the sitane system s 0.7 kcal mol™ ¥ lower than

0 -{SiDs + Six0g

20 SiyD7 + 5iD4

-30

Relative Energy (kcal/moie)

5'401’1
-4C

Reaction Coordinate

Figure 7. Schematic energy prolile tor reaction of Si,D, with
Si, Ds. The transition statec (not depicted) have not been
calculated but are believed 10 lie well below the energy of the
reactants. This belief is supported by the high measured
reaction efficiency (60%): Taken rrom [19, 26}. Note that
s.bstitution of deuterium for protium has an insignificant
eflect on relative energies.
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SiDy + SiD4 Clustering Reactions
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PSID,) = 7.3 x 10°7 Tow
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Figure 8. The upper mass spectrum illustrates the extent of
ion/molecule reactions in pure silane. Additional reaction
time does not alter the mass specirum. The middle mass
spectrum illustrates the extent of reaction under the same
ronditions as the upper figure plus addition of 7% water. The
lower n.ss spectrum illustrates that additional reaction tirne
in the presence of water results in formation of larger ions.
There i8 no evidence for growth tc cease. Note, however,
that some ions in the lower two figures do not react further.

.

350 | 400

the reactant energy whereas the energy barrier for the
disilane system is 19 kcal mol™' lower than the reac-
tants. This difference in energy barriers is reflected in the
reaction rates; reaction with silane is 5% efticicnt whern-
as rcaction with disilane is 60% efficient.

Lower reaction barriers for the disilane sy<tem, coin-
pared with the silane system, explain why the disilane
reaction sequences proceed severa! more steps before
terminating. They de terminate, however, 2t sizes far
smaller than observabic particies, preventing particle
growth via positive ion chemistry in a purc disilane
plasma.

3.3, Water-enhanced reactivity of silane and disilane

Addition of walter to either silane or disi'ane sufficiently
alters the positive ion chemistry so as to allow unre-
strained growth of positive ions containing both silicon
and oxygen [26). The chemistry is of Si, D, with ncutral
silane or disilane and with necutral water. No ions from
water are involved. Figure 8 comparss a mass spectrum
for pure silane ion chemistry with a mass spectrum of
7% water in silane. Whereas pure silane chemistry
terminates at m/z = 162, the silane/water mixture con-
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Figure 9. The upper mass spectrum illustrates the extent of
ion/molecule reactions in piirz disilane. Additional reaction
time only shows the slow appearance of an SigD,, at mass
250. The middle mass spectrum illusirates the extent of
reactior. under ihe same conditions as the upper figure plus
addition of 7% water. The lower mass spectrum illustrates
that additioral reaction time in the presance of water results
in formation cf larger ions. There is no evidence for growth to
cease. Note, however, thit su.ne ions in the lower two
figures do not react further. A comparison of this iower figure
with that of figure 8 shows that a greater variety of masses
ire present.

tinues unabated beyond m/z = 400. This additional rc-
activity is even more pronounced for disilane (figure 9)
for conditions similar to those for s, ane. This additional
reactivity in silane can be traced to one key iou, $,D7.
The intensity of all the high mass ions are reduced due
to ejection of $i, D7 from the trapped ion cell (see figure
10). The high mass ions do not completely disappear
since, in this experiment, oaly the 8Si,D7 isotope has
been cjected; the Si,D; containing orz *%Si or i
atom, representing roughly 39% of the Si D7 inn popu-
lation, remain. The critical change in the chemistry
involves reaction with D,0:

Si,D; + D,0~S8i,D,0" +D,. (6}
In subsequent reactions, the cations react with either
silane or water to continue the ion growth. Without the
presence of water, the sequence would terminate on the
next reaction with silane:

Si, 27 + SiD, = Si D}, — NR. (7

These competing pathways produce larger ions with a
range of cxygen content. Due to the similarity in mass
between SiD, and O, (both nominally 32amu), there
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Figure 10. These mass spectra illustrate the effects of
removing; selected ions from the trapped ion cell prior to
reaction. The middle mass spectrum is indicative cf the ion
population ptior to selected ion ejection. The upper mass
spectrum illustrates the loss of intensity for all high mass
ions due to ejection of 2Si, D; . The Yywer mass spectrum
illustrates that the higher mass ion intensities are unaffected
by removal of 223i, D, . Only the ions leading to the formation
of 25i,D;, starting with SiD*, and its product ions, are
respongible for all of the high mass ions. Note that in the
upper mass spectrum, a fraction cf the high mass ion
intensity remains. This results from the unejected Si, D, with
one °Si or ¥8i present. Subsequent isotope axchange with
25i0, results in typical silicon isotope distributions.

are ions with ditferent elemental compositions for the
same mass, For example, m/z = 218 consists of both
Si,D;0¢ and Si;D,0;.

The ubiguitous presence of moisture in vacuum
chambers makes its involvement in gas phase chemistry
plausible. When it is considered that igniting the plasma
also heats the vacuum chamber, a sudden evolution of
copious arounts of water is to be expected. These
events coupled with the ion chemistry described above
make moisture’s involvement in the formation of par-
ticles quite credible.

3.4, Effect of high pressure on ion/molecule reactions

The ion hemistry in silane plasmas at approximately
I Torr pressure may be deduced in part from our low
pressure (1077-10"* Torr) studies. Reaction at low
pressuie involves competiion between two reaction
pathways; addition of silanc (or disilanc) followed by
loss of a neutral molecule (typically D, or SiD,, respec-
tively) versus simple attachment of silane (or disilane).

Perticie formation in the ion chemistry of silane

Probability for SiH, Association Products

108 1 -=== 600K
10-7 FUPETTYYY BT STNVITY APV VT TN ST BT AW OeTTY IS WYY
106 105 10* 107 102 107 100

SiH, Pressura (Torr)

Figure 11. Formation probabilities of all of the silane
attachment products for SiH; and its product ions as a
function of silane pressure at reaction temperatures of 300 K
and 600 K. Values are based upon phase space calculations
[24] using al initio calculated structures and bonding
energies [19].

The attachment reaction requires coliisional stabiliz-
ation to remove cxcess energy. thus there is a strong
pressure and temperature dependence for this reaction.
Formation of attachment products at | Torr occurs with
greater cfficiency and for smaller ions than under our
low pressuze conditions. Figure 1 illustrates this effect
for the attachment products of SiH; and its produ:t
ions. At room teinperature, the attachiment approaches
100% cfficicncy at a Torr whereas at 600 K it is approxi-
mately 10 50% efficient. Attachment of a sccond silane
(or disilane) molecule is far less efficient; its binding
energy is significantly reduced relative to the binding
energy of the first molecule. The reactions will still
terminate at small sizes.

3.5. Extrapolation ¢o actual plasma «onditions

Car. cation/molecule chemistry produce a particle of
sufficient size that it will spontaneously grow within a
sitane plasma? Competing against the growdh is loss of
the cation by ambipolar diffusion or charge neutraliz-
ation. However, as pointed out by Perrin et al [8],
although trapped particles have a negative charge, a
positively charged particle could be neutralized and then
capture an clectron. As a negatively charged particle, it
would be trapped in the plasma, allowing sufficient time
for growth to observable sizes. To what size can a
particle grow prior to removal from the plasma and is
this of sufficient size to allow rapid neutralization and
reionization? We can answer this question by using
typical plasma condit.ons and extrapolating the ion
chemistry we have observed. The relevant plasma con-
ditions are: 0.1 Torr silane, E/P of 106V Torr ' cm™ !,
electron fAlux density of 10" eleciron cm ™2 s ™!, ambipo-
lar diffusion of 2000 ¢m 5~ ' for SiH*, ard a maximum
diffusive travel distance of 1cm [6, 10]. Note that the
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ambipolar diffusion is inversely proportional to ion
mass; the diffusion will slow as the particle growth
proceeds. The relevant ion chemistry considerations are:
reaction efficiency with silane of 1%, reaction efficiency
with water of 100%, water concentration of 10”3 Torr.
Assuming these reaction efficiencies continue beyond our
observation range, there will be 10° reactive collisions
per second. Under these conditions, it will take 10 ms to
produce an ion of mass ~ 23000 (average of 23 amu for
either SiH, and O attachment). Thision will have moved
0.15cm due to ambipolar diffusion. If reaction ceases,
electron recombination will occur in 1l ms with an
additional 11 ms required for electron capture. With a
diffusion velocity of 2.4 cm s ', there is insufficient time
for loss from the plasma. A water pressure of 102 Torr
lasting <1s is not unreasonable; the heat from the
ptasma will rapidly desorb water from the wafer and
surrounding chamber. As to whether the ion/molecule
reactior.s will proceed to 23 000 amu with equal reaction
efficiency is unknown. However, we do observe an
increase in reaction efficiency upon increasing the gas
pressure from 107° to 10™° Torr. The reaction may be
even more efficient than stated at 0.1 Torr. Note that
although our studies have involved primarily per-
deuterated sysiems, the perprotiated systems have similar
reaction rates and identical reaction products. Thus, the
scenario described here is plausible under silane plasma
conditions.

The presence of vibrationally excited silane in the
plasma will alter the chemistry to some extent. We have
cxamined reactions of ions in various excited states [21].
The low energy present in vibrational states (<6 kcal
mol ') will be effective in making an unreactive ground
state ion reactive only if there is a great excess of energy
compared with the reaction barrier; otherwise the reac-
tion is inefficient and is not competitive with efficient
cooling by the silane. This, in fact will not aid the particle
formation process as demonstrated by the reaction of
Si, D, withdisilane. Having disilane as a reaction partner
lowers the reactant barrier, just as if the ion had excess
vibrational energy for reaction with silane. Although the
disilane reaction proceeds further than the silane system,
it is still halted at small ion sizes. Thus vibrationally
excited ions will not significantly extend the ion growth,

4. Conclusions

The gas phase ion chemistry of either pure silane or pure
disilane terminate at small ions containing less than 7
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silicon atoms and nine silicon atoms respectively. Posi-
tive ion chemistry in silane plasmas cannot lead to
particles. Addition of water overcomes the kinetic bar-
rier for certain larger ions, allowing unabated ion chem-
istry. The ubiquitous presence of water in vacuum
chambers makes it a plausible initiator for particle
formation in silane plasmas.
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Abstract. Microscopic caulifiowers have been observed in a suprisingly diverse
range of dusty plasmas. Their microstructure, as analysed by electron microscopy,
is consistent with growth by ballistic deposition rather than diffusion limited
aggregation. The morphology of the grains supports the inference from dust
growth kinetics that they form by accretion of positive ions rather than neutral
redicals. The dense, amorphous struciure is capped by a fractal surface whose
texture is concisely described by a recursion based on the modified midpoint
method. The surface texture may be reconstructed by ion bombardment,
providing a quantitative link be:iween growth kinelics and roughness through a

Mullins-Sekerka stability analysis of Laplacian growth.

1. Introduction

Micrometer-sized patticles have been observed in many
plasma sources. ‘Their picsence fundamenially alters
the plasma’s properties and can seriously contaminate
industrial processes, most notably in semiconductor
manufacturing [!]. While the role ¢f dust in optical
coating operations has received iess attention, the
presence of optical inhomogeneity caused by dust
incorporation might prove cnticel in, for example,
high quality mirmor or waveguide fabrication |2}
As information processing technology moves from
electrical through clectrooptical o optical logic, dust
contamination in plasma reactors will continue to impact
process conditions and device yields.

Particles may arise either from surfaces or by
homogeneous growth in the plasma.  Homogeneous
growth 1s charactenized by sphenical or  spherodal
symmetry, and it is with these spherical grains that the
present article is concerned.  The simplest recipe tor
growing carbon cauliflowers uses a | Torr helium or
argon plasma with graphite electrodes (figure 1) i3,4).
In a symmetric geometry, excitation of tens of kilohertz
rapidly provides ample dust paricles which are trapped
by electrostatic forces and can be studied in situ by Mie
scattering. Simular particles of other matenials have been
reponted in a 13 MHz argon plasma with a vancty of
substrates including silicon {5, 6] and aluminum {7]

A vanety of dust sizes and shapes have been reported
in deposits qrom a8 kW cascaded arc deposiiion
reactor, where dust grains several hundred micrometres
in diameter Lave been observed (tigure 2) |[8). The
stnking feature of these carbon-containing grairs is their
similanity, on o larger scale, o 300 nm grans grown an
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Figure 1. Scanning electroi micrograph of dust obtained
from a 15 kHz 1 Toxrr hellum plasma with & cm graphite
wectrodes separated by 2 cm. The dust sample was
coliected with a swab after several hours of discharge
operation. Most of the grains are 900 nm in diarneter. with
eight per cent having twice this diameter and about two
p~rcent having a ciameter of 450 nm.

the § W, IS kHz hehum plasma. Apother source of
texiured spherords s the Howing attergl o deposition
reactor in which nonhnear optical organic polymer films
are synthesized thgure 33 [Y).

Many dusty plasmas have v common the presence
of reactive chemcal precursors and steadily flowing
gas. The observed particle sices and structures aply
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Figure 2. .im 1image of large dust particies grown in the
cascaded arc reactor at Technische Universitet Eindhoven
using C. H. added to a 5 kW cascaded argon arc plasma
Directly above the scale bar and shoe-shaped outline 1s

a depression (proven by the onentation of the shadows),
showing the spheroiddl shape of the particles which have
been implanted into the growing carbon #im. This image
1s courtesy of Ad Buuron, TUE. Further delails are to be
found in reference [11]

Figure 3. Benzene polymer dust pacicle coliected from the
flowing afterglow synthegis ieactor desenbed in references
181 and (121

residence tmes me plasane reeions which substaritialty

creeed the nommal eas residence ames As an

histrotron of the mterplay between diay torces and
particle strarcture we boetlv present some sesalts on
Hen D dviames o the tioswany atterelow as they relate
o narticle ~hape

Our principal voad was o analyse the moosttucture
ol vanious dust particles pomands asing bigh resolution,
treld cnisson, Jow enciey scann g elecon ncroseopiy
Fhe morpholopmes. surtace tesiures. and therr varation

corntram .I\P('tl\ o the y’LIIII\‘ }'XH\\”I Hil't"l.tl\]\l?l\
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Their internal structures are consistent with ballistic
deposttion, while their surface textuies appear to have
been reconstructed by ion bombardment. As an indicator
of 4 more quantitative approach we also present a simple
fractal recursion for desenbing the observed surface
textures

2. Dust structure

Electron microscopy of dust collected trom laboratory
plasmas involves some subtleties not reqguired  for
examination of standard - metallurgical samples,  We
use i high resolution, low energy,  field  entission
scanning electron microscope [ 10] to mininize charging
of uncoated samples and to resolve surtace texture of
fow atomic number matertal such as carbon. Probe
current densities are kept low 1o avoid beam damage
to mdividual grams or differential charging which can
cause uncodted clusters o explode ke popeorn in the
NUCIOsCOpe

As we have reported previousty [ 3 the distribution
ot gram sizes m the 15 Hz helium plasma with praphite
clectrodes s nearly monodisperse, as shown an figure |
At the higher magnthication of figares 4 and S the surtice
texture and anternal structure ot mdividual grams we
sucancetty desertbed as cotresnonding wo submicrometie
cauhtfowers The tadiol o columnar symmetry of these
yraphite prams o also evident - transmission election
Blection dittraction i the s

shows no crstallimty i the dense centres ot these vraims

micrographs thypure 6,

tor domans Larger than 200 0m aeress

Phe silicon prnas prown i a 13 MHz sputtening
diode by Stembruchel presented i s asaue 0] have
sunibar structure end testure. Grams on a larger scale bt
with andlogous structure and texture are also to be foud
- hgare 20 tpure 1ot reierence [8] and o eeent
thests (T These norgamie Horas some with diameters
vreater than 100 jemy were tormed i a cascaded e
deposttion reactor Frnally e bgare 3 we show g dust
particle collected trom w dow power, lowimy atterglon

plaste [9 12

3. Growth mechanisms

It s probuabte that dust with sphenical o spherordal
symmetry grows by lomogo neous processes Goven that
sruns are grosing i the pas phase ot veny low partial
pressures o plaustble neattal precunon, one ot
invoke positive son collection by the Debye sheaths,
which suiioonds the elecimaaly thoanng particles 1o
What. f

amvthing . do the strocture and texture of the grams teveal

aocount tor obeerved prowth rares 1404
about the prowth mechanssms?

Starting wath the work of Witten and Sander |13
the process of prowth by diftusion hinted agpregation
o has been extensivel studied TS The resab
ot dittusion Tonted agprepation oy a tractal peometiy

whose Jimension s linked to the short tange mtcracthion
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Figure 4. -1~ mages of dust from the 15 kHz helum
plasma at higher magnification illustrate columnar internal
structure and surface roughness on srales of tens of nm

between u cluster and the precursors which dittuse to
ity surtace [16] A simpler growth mechamsm, tor
which particles armve along strarght ine tigectories,
Is called balliste depovinon 1B, Larly work on BD
suggested that tractal structures would result, but more
recently this has been shown not to be the case [17,1%]
Balhistic deposition feads to dense. amorphous sohids
with surtace roughness that has fractal scaling properte.
DEA miatenials are, by contrast, tractal throughout

AT e grun o room temperature totates, by energy
cquipdrtitton, at a trequency inthe hilohertz range. The
mansit tme across this particle tor s neatral nadieal
precursor 1y about 100 o0 Theretore neatral fhies to
the gran are sotropre waittun the sohd angle subtended
by the suitace. Positive son tluxes, by contrast, must
respond o docal clectnie tields at the gram sartace
The electne tield arses from the mogative charge which
maintuns the particie at the phsma’s floating potents
For a perfect sphere the
suitace carge would fead oo radial electric trield and

and generates an ion sheath

catse batlistic, inward tragectories tor the depositing
wns  The actual eleane tieid at the sartace of g
charged cauliflower v more compley, but the escential
ditterences Eetween wome and neatral fluves come trom
tact isotopy - or lack of i and therr collecnon radn
Rullistic deposttion leads to comcal depestts sinnla
to those we tind i dusty plasmas - Ther cone angle
is, tor small angles. approvmately proportional to the
angle with which the ballistic thucapproaches the prowth
surtace Y] The densiy of the tesultimg compact

Form and flow in dusty plasmas

Figure 5. <tm image of dust from a 15 kHz argon plasma
with graphite electrodes showing similar texture and
structure to the grams grown in helium

structures, the constant of proportionahty relating impact
and growth angles. and the roughness of the growth
surface *ary with model detals but the overall structure
and surtace texture provide an apt description ot ous
plasmia dust. By contrast, the Ibosely packhed stacture
ot DLA clusters, which have a0 tree ke morpholagy,
In qualititvely ncompatible with aur SEM and 1M
mngges  We conclude that the microstructure ot the
dust results trom balhstic deposition rather than dittusion
limited aggregation The regular cnmcal seaments of
the grains turther imputes 10ne precursorn sinee cation
Huxes, mcident on the sheath and then accelerated by
the electrostatic sheath freld which surrounds the prain,

dre arisatropie

4, Fractd surfaces

While the mtertor of the duste s dense and amerphous
the vartace hay o very nteresting, antntively fractal
testure. One can panstmoniousty summartze this texture
ustng a simple fractal alponthm that s deseribed tan
structures embedded in two dimensions i reterence (4
The approach s based on the moditied sidpoimt methaod
1201 Fxtension to objects embedded i three dimensions
v accamplished with aorecursion outhned e figare 7
Proceedmy frony a peint A construct g tetrahedron New
draw g hne rom one sertex throngh e centre Moot
the opposing tace BODY Proceed tor some distance MX
to g pomt Xoowhich now detines thice nes toangles
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Figure 6. 1t~ image of dust showing surface texture and
internal radial symmetiry. No evidence of crvstallinity was
observed in the electron diffraction from thin sections or
regions as small as 20 nm

NBCONBD and XCD Repeat the construction tor each
ot these tangles while scading MN by some tracton
FoooThe fraction /7 as tied o the fractal dimension ot
the resutting surtace, so that smal! varation ot £ leads
to dranatie changos e the sarface wexture (tirure 8
One also tinds that small random thuctuations i £ owise
teviures whichs by disrupting the ngorous symmetry of
the adeabized fractal constraction, clasely approvimate

e suttaces of phasina generated dust

5. Dust transport

A detaled casvion ot dast transport i plasimas s
bevond the scupe of this artcle 2] Howeser some
aspedts ot dust moton i the plasma bear directiy on the
ohserved morphology. The gas residence tme ity preal
reactors s many arders of magnitude less than the tme
reguired to torm pcrometer prans dt phagsible growth
tates The particles are cdeardy tapped by the severad
forces which acton then i o plasma ensyironnient so that
they can rennin i teptons whete erowth can procecd
Forces doe o pravity - clectiontatic mternactions o diay
thetmephorests, pressure gradients and neattal collisions
st Al be considered

Lable T osommanizes the torces anoa satonay
jom v o the D oTore oy atterglos Sroan which
the bezene polvier particle i raare 3 was jroduced
We hane sobved the Navier Stokes egoatons ton s
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Figure 7. Modified midpoint fractal recursion for bodies
embedded in three d:mensions.

Figure B. Typica! surfaces computed using the iractal
recursion onone face of a square pyramid - Scaling by the
fraction F causes dramatically different surtace textures in
the four cises shown here, where £ 02 03 (04 and
05

How mnoan avisymnettic model ot the attergloe reactor
and computed the thermophoretse, pressure gradient, and
neatral dise torces  Detands of these calculations can
he tound an eterence {120 T bgure 9 owe show the
veometiy tor the tow calculations, while 1 hypure 1O
the thud draz and thermophoretsc torces ona Tyem pram
are mimatized  The scalne of these torces with gram
size s o dlasteaed oo table b The donimant torce
o ebhmrcoromicte partcios e the atterelow reacton s
neutial diap which envourages the poaany vnane o
revireniate o tons D reon i tront of the substrate
whore the e procuoor concentniton s hph vhpare
I Fhermophorenc forcess thouph simailer, taither

ad e tappoe o panticles Between the imgector and




substrate. Forces due to pressure gradients are, for the
case considerea here. four orders of magnitude smaller
than the neutral drag or thermophoretic forces. The
irregular shape of the particle ir figure 3, combined with
the fluid dynamic results, suggests sporadic periods of
growth as seen by macroscopic analogy to hailstones.

Roughly spherical symmetry is the dominant moti{
observed for homogeneously grown grains. Plasmas
are usually run for many hours or through several on-
off cycles before dust is co'lected. Thus there iz the
possibility that early pa-ticles which collect on the wall
are reintroduced to the plasma and experience renewed
growth, resulting in an oblate or distorted structure
such as is seen in figure 12. We have previourly
described the self-limiting nature of ionic growth due
to reduction of electron density in dusty volumes [4].
A micrometre-scale spherical grain at a wall will be
charged negatively when a new plasma is initiated.
The combined electrostatic repulsion betwecn the wall
and grain and the electric field of the ion sheath may
overcome the force binding the dust to the wall. The
grain is then injected into the plasma and, due to its
size, competes for the ions from which smaller particles
would grow. The fact that grain sizes in figure ! are
multiples of 450 nm supports this hypothesis, as do the
two sets of grains shown in figure 13. The two smaller
grains have a common texture which differs from the
common texture of the two larger particles. We infer tha
the larger particles either grew under different plasma
conditions or resulted from accretion of more material
on dust which reentered the plasraa region during an
off-on cvcle.

Particles clearly collect on reactor wally as the
plasma is cycled on and off. Whether these particles
return to the plasma depends on myriad details for
specific reactors. The morphology of irregular grains
gives an indication of the role played by dust recycling,
whether by flowing gas or ejection from walls, as plasma
conditions are changed.

6. Surface modification

In ncble gas plasmas most of the ions which impinge
on the surface of a growing grain will be chemically
unreactive. They may still play a role in texturing the
cauliflowsr surface. However there are fundamental
limits to the surface roughness which can be attained.
Whether by diffusive or ballistic fluxes the growth
of small perturbations is coupled to the solid angle
subtended by the growing surface. In either case one
must consider the stability with which growth at various
spatial frequencies may occur.

Mullins and Sckerka presented, using  harmonic
analysis in an important and elegant paper, the stability
criteria for growth on a sphere [22]. In the absence of
an equivalent surface tension, smooth surface growth is
expenentially unstable; whisaers grow without restraint.
A restoring force, whether by true surface tension or an
electrostatic constraint, 1s crucial to the stability of self-
affine or Laplacian growth. Mullins and Sekerka derived

o o
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Figure 9. Schematic outline of the flowing afterg:ow
reactor. The cylindrical glass reactor is 10 cm in diameter.
Axisymmetriz: moaelling of the gas flows is bounded by
the hatched ragion with the origin (H, Z) = (0. 0) located
where about 1 scem of organ's is injected through a glass
tube. Argon carrier gas (200 sccm, 1 Torr) is capacitively
excited by 5 W of rr power at 13.6 MHz. An organic
precursor such as benzene or thiophene is introducesd
downstream, where electron-ion recombination leaves only
metastable argon atoms in the flow. Mixing of the organic
and metastable Ar leads to Penning ionization, with the
resulting organic cations pror.ucing dense, uniform polymer
film on the 5 cm diameter substrate S. The distance
betweon substrate and injector along Z is 12.5 cm.

Drag Force

(a)

Tamperature
h

Figure 10. (a) Common logarithm of the neutral drag
furce (Dynes) acting on a stationary 1 um particle and (b)
temperature field from which thermophoratic forces are
inferred for conditions described in figure 9.

385



¥ D MHaaland et a/

Figure 11. Concentraticn of ionic precursor computed
using the published kinetics for reaction of thiophane

with metastable argon {9] and the concentration and flow
fields from the Navier--Stokes solutions. The precursor
concentration is predicted to be high in precisely the region
where the forces from figure 10 would trap and recycle
growing particles.

109121 1.0K %25

Figure 12. Oblate particles whose growth has been
interrupted and renewed in the 15 kHz helium plasma from
reference {3].

the dispersion relation for growth of instabilities as a
function of spatigl frequency and found a wavelength
above which growth was critically damped. The fastest
growth occurs for a spatial wavelength A = VI,
where [ and dp are the capillary and ditfusion lengths
tor the system. Solids such as graphite or silicon have
capillary fengths of nanometer order. While the surface
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Figure 13. Two pairs of particles froin the same sample.
Note the cominon iexture for the two smail and two large
particles at the same time that the small and large grains
dittar. We infer that the larger grains either grew under
ditferent plasma conditions or resuited from accration of
material or: smaller particles which were recycled by the
plasma after switching ofi and or..

diffusion length for tmpinging species is not known, it
seems unlikely that ions would wander far after colliding
with several eV of kinetic energy. Typical scales for
both [ and dy combined with the analysis of Mulling
and Sekerka suggest quantitative links between surface
roughness and the mechanism of grain growth.  This
connection appears worthy of further study.




Form and flow in dusty plasmas

Table 1. Summary of forces (dynes) on a stationary dust grain in a 1 Torr Ar plasma.

Fra Neutral drag 5x10°%r2y
0.00213p,rw

Fy Gravitational 3.82 x 10°r%p

Fy Tharmophoretic 1.2 x 10°7r29T

Fes Electrostatic 1.6 x 107 '2gE

Fa lon drag 0.137JQ

Fog Pressure gradient 5.5 x 10-19r3vP

rin um

v = flow velocity (cm s-')

py = gas density (g cc™')

p = grain density (g cc™')
VT inKem-!

q in electronic charges
EinVem!

J current density in mA cm-2
Q cross section in cm?

VP in Torr cm!

7. Conclusions

The microstructures of diverse grains which arise from
homogeneous processes in plasmas are clearly consistent
with a growth mechanism by ballistic deposition rather
than by diffusion limited aggregation. The combination
of a dense, compact morphology with fractal surface
textures and rapid initial growth rates is consistent
with accretion of positively charged precursors through
the electrostatic sheath which envelopes floating grains.
The microstructure of irregular grains imputes fluid
dynamics and injection of accumulated dust from walls
as important processes in dusty plasmas. There is
hope that a more quantitative connection between the
surface texture and growth mechanisms will result from
application of Mullins’ and Sekerka’s Laplacian growth
analysis to the inorganic, mesoscopic garden of dusty
plasmas.
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Abstract. Particle nucleation in a thermal plasma reactor occurs as a
high-temperature gas undergoes a cooling trajectory. Cooling leads to formation of
supersaturated vapours, which causes either homogeneous or ion-induced
nucleation. Detailed models have been developed for homogeneous nucleation in a
plasma reactor, including discrete-sectional models and moment-type modeis. The
discrete-sectional models are capable of incorporating size-dependent cluster
property data as these become available. Calculations in which a one-dimensional
cooling trajectory was assumed in a discrete-sectional code indicate that cooling
rates play a key role in determining the final particle size. Moment-type models are
more computationally efficient, and have been coupled to two-dimensional reactor
transport models. A two-dimensional model was compared with experimental results
for synthesis of iron particles over a range of conditions in which the volume-mean
particie size ranged from roughly 20 nm to 70 nm, with reasonable quantitative
agreement for particle size versus reactant feed rate. The major weakness of current
models for particie formation in therma! plasmas is the lack of an adequate
understanding of ion-induced nucleation. Additionally, there is considerable need for

wellcharacterized experiments in which particle sizes are determined by probe

sampling or light scattering.

1. Introduction

Particle formation in thermal plasma reactors is of
interest in the context of powder synthests. A wide
varicty of ceramic and metallic powders have been
synthesized in thermal plasma reactors [1]. The size of
these powders is virtually always submicrometre, and
often smaller than 0.1 ;im. There is incrcasing interest in
incthods for producing powders with average particle
sizes smaller than 0.1 um, which can be consolidated and
sintered to create nanophase materials [2]. Thermal
plasma reactors are well suited to high-rate generation
of such ultra-fine powders.

Reactants may be injected into a thermal plasma
reactor in powder form, as a liquid spray, or in gascous
form. If the recactants are injected as solids or liquids
then the process is usually designed to accomphish their
complete vapourization in the hot plasma. Gascous
species in the hot plasma are substantially dissociated.
The gas cools after flowing past the high-temperature
core. Finally, particles nucleate and grow.

2. Nucleation mechanisms
A complete model of particle formation in a thermal
plasma reactor would include both a model for the

plasma and a model for particle nucleation and growth.

0963-0252.94/030388 + 07$19.50 « 1994 IOP Publishing Ltd

The nucleation process itsell is both a crucial and a
poorly understood aspect of this problem. By nucleation
we mean the growth of clusters to critical size, the size
at which they are as likely to grow as to decay.

Particle nucleation in a thermal plasma reactor may
be driven cither by physical condensation of a super-
saturated vapour or by chemical reactions where no
supersaturated vapour exists. In the former case (which
we term physical nucleation) the growth of clusters to
critical size can occur with or without the presence of
ions as nucleation sites. These two cases are referred to
respectively as homogeneous nucleation and ion-induced
nuclection. We use the term chemical nucleation to de-
note the case in which subcritical clusters grow to
critical size by a sequence of chemical reactions rather
than by physical condensation [3].

Chemical nucleation under thermal plasma condi-
tions has received scant attention. Even for the simplest
of systems a proper treatment would require data on
chemical rate constants for a number of clustering
reactions at high temperatures, which data are sparse to
say the least. However, chemical nucleation is perhaps a
less common route to particle formation in thermal
plasmas than one might suppose. As the plasma cools
chemical clustering can occur, but it is also likely that a
specific vapour becomes supersaturated. Because con-
densation of a monomer to a cluster involves attach-
ment by a relatively weak van der Waals bond, rate
constants for physical clustering are likely to be several




orders of magnitude higher than for clustering involving
formation of chemical bonds. The nucleation process
itself can be physical while subsequent growth is chemi-
cal and/or physical. For example, as a hot plasma cools
a material such as silicon carbide (SiC) can be formed
by chemical nucleation, or it can be formed by physical
nucleation of supersaturated silicon vapour, followed by
heterogeneous reactions at the surfaces of <table clusters,
diffusion and chemical reactions within the condensed
phase.

An assessment of whether homogencous or ion-in-
duced nucleation dominates is difficult, though such an
assessment has appeared in other contexts [4, 5]. A first
estimate for electron concentrations under thermal
plasma conditions is that they are given by their cqui-
librium value, namely by the Saha cquation. Typical
nucleation temperatures for refractory materials arce
roughly 2000K, and in most systems at atmospheric
pressure the equilibrium degree of ionization at that
temperature is extremely small. However, the primary
mechanism for clectron recombination in this regime (il
particles are not present) is likely to be three-body
electron-catalysed recombination, which is slow at low
clectron concentrations. Therefore the electron concen-
tration is likely to be frozen at a value characteristic of
cquilibrium at some higher temperature, the value of
which depends on the temperature time trajectory fol-
lowed by the plasma.

Smirnov and Tishchenko [6] considered ion-induced
nucleation of titanium particles in a thermal plasma by
following a one-dimensional cooling trajectory. They
modelled nucleation by estimating the fractional ioniz-
ation of titanium vapour at the instant it became
saturated, and assumed that all titanium atoms conden-
sed instantancously at that point onto all the titanium
ions. However, this calculation neglects the experimental
evidence and theoretical arguments for an energy barrier
to ion-induced nucleation. That is, a vapour must be
supersaturated for cither homogeneous or ion-induced
nucleation to occur [7]. Also, recent experiments [8]
suggest that during ion-induced nucleation only a small
fraction (about 0.1%) of ions may be eflective as nu-
cleation sites.

The theory of ion-induced nucleation [7,9 11] is
less well developed than for homogencous nucleation,
and is presently incapable of predicting the observed
dependence of ion-induced nucleation rates on the par-
ticular ion species involved and on whether the ion is
positively or negatively charged. A further complication
is that growth of an ion cluster can be terminated before
it reaches critical size by capture of an electron. lon
clusters may be more effective at scavenging clectrons
than are atomic ions, particularly via dissociative recom-
bination.

Thus our current understanding of ion-induced nu-
cleation is unsatisfactory, making the deveiopment of
detailed models for thermal plasma reactors a difticult
undertaking. The remainder of this discussion considers
models that have been developed for homogenecous
nucleation in thermal plasma reactors.

Particle nucleation and growth in thermal plasmas

3. Modelling approaches

We have pursued two different approaches to computa-
tional modelling of particle nucleation and growth un-
der conditions appropriate to the tiermal plasma
regime.

(i) ‘Discrete’ models, in which separate rate equa-
tions are written for the populations of monomers,
dimers, trimers and so on, up to some specified size, with
larger sizes treated cither in terms of a continuous
distribution [12] or by grouping sizes into sections,
these sections typically being spaced logarithmically by
particle volume [13, 14].

(1)) ‘Moment-type’ models, in which an analytical
expression for the nucleation rate serves as a source term
to equations that describe evolution of the stable acrosol
in terms of the first few moments of the size distribution

[18).

Discrete models are more rigorous than moment-
type models. Unlike moment-type models they can treat
coagulation among subcritical clusters, and they require
no a priori assumptions concerning the form (for
example, log-normal) of the size distribution. They are
capable of simulating cvolution of the entire size dis-
tribution, including subcritical clusters, thereby resolv-
ing the behaviour of the size distribution during the
nucleation burst.

The major advantage of moment-type models is
computational cconomy. Thermal plasma reactors have
steep temperature gradients. As nucleation rates are
cxtraordinarily sensitive to the vapour saturation ratio,
acceptable accuracy in modelling nucleation by cither
approach requires extremely small time steps (equival-
cntly, an extremely fine numerical grid). Discrete models
require solution of a large sct of coupled equations at
cach point, as a result of which their usc is presently
restricted to onc-dimensional simulations. {The one-di-
mensional calculations discussed below each required
approximately 300s ¢pru time on a Cray-2 or Cray
X-MP supercomputer.) In contrast, moment-type
models require solution of only a few cquations at each
point, and thus can realistically be coupled to a two-
dimensional plasma reactor model. Although moment-
type models calculate only the first few moments of the
size distribution (for example, the number of particles, a
measure of their mean diameter, and the width of the
size distribution), this information is adequate for most
purposes.

Resuits obtained using a discrete-sectional model
and a moment-type model have been compared for
simple test cases [16]. If the classical Becker Doring
Zcl'dovich expression for the rate of homogencous nu-
cleation is used as a source term to a moment model,
and the usual physical assumptions of classical theory
are utilized in writing the coagulation and evaporation
coefficients in the rate equations of the discrete-sectional
model, then the results obtained by the two methods are
remarkably different. However, excelleat agreement be-
tween the two approaches is obtained if a modified
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expression for the nucleation rate is assumed in the
momen¢ model. This modification is derived [17, 18] by
enforcing self-consistency in the expression for the equi-
librium cluter distribution, which is required for ¢valu-
ation of cluster evaporation rates (see equatior: (10)
below). The proposed modification multiplics the ex-
pression for ihe claszical nucleation rate by a factor e¥/S,
wnere S is saturation ratio and @ = gs5,/(k,T) 15 a
diinensionless surface tension. Here o is surface tension,
s, is monomer surface arca, ky is Boltzmann's constant
and T is temperature. Typical values of @ for refractory
materials undergoing high-tempzrature nucleation are in
the range 10-30.

4. One-dimensio.al modelling; discrete
representations of the cluster size spectrum

Consider a dilute condensable vapour following a :peci-
fied temperature time trajectory along a fluid stream
line. Accounting for the fact that the gas density p,
changes for non-isothermal conditions, one can write the
population balance equation for monomers as
Di R .o R : Cge s
—t o Z By + Z (1 +0,)Eh (D
Py it i
while for dimers and all larger j-mers (clusters condain-
ing j monomersj one casn write

Dn, | L. . R
—bT‘ =50, Y B, = phe Y BLR,
- itj=k IRNES
FEou iy — Ey k2 2)

In these equations i1, denotes the number of j-mers per
unit mass of gas, R is the rate of monomer guneration
by gas-phase chemical reactions, ff, is the collision-
frequency function for collisions between i-mers and
Jj-mers, E; is the j-mer evaporation cocflicicnt, and the
Kronecker delta function d,, accounts for the fact that
two monomers arc created by dissociation of a dimer.

Bem
Jem

_ON
dilog.pi
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The collision-frequency functicn is given from ideal
gas kinetic theory for the free-molecule regime by [19]
Bnk,T (1 1\1'72
=By S 4 il
R b ) I
where r; and m, are respectively the radius and mass of
2 monomer. Under the capillarity approximation (which
assigns to the cluster a surface tension equal to that of
a flat liquid surface in equilibrium with its vapour) the
evaporation coefficient can be written [20]

E;= B - imexp{®[j* — (j - 7]} 4

where n(T) is the equilibrium monomer concentration
for the saturated vapous.

We have used equations of the form of equations (1)
and (2) in a discrete-sectional approach to model nu-
cleation 2ad growth of iron [21], magnesium oxide [22
and siiicon {23} under high-temperature conditions at
total pressure 1 atm. In the case of iron the initial
vapour concentration and cooling rate were treated as
free parameters. In the case of MgO the chemical
generation rate Roin cquation 1) was obtained by
coupling to a set of chemical rate equations describing
fermation of MgQ monomers in a Mg O Ar mixture.
For calculations involving silicon the temperature tra-
jectory was obtained by solving the one-dimensional
continiity, momentum and cnergy equattons for isen-
tropic flow through a noezzle having a specified ge-
ometry, correcting the temperiture profile to accouni for
wall heat losses and for ithe repid heat release accom-
panying particle formation. The motivation for these
last calculations is that we are currently conducting
experiments in which silicon and silicon carbide ase
synthesized in a converging nozzle through which a
thermai plasma expands

A typical solution for time evolution of the particle
size distribuiion is shown in figire 1, from the silicon
calculations, for conditions corresponding to the experi-
ments. We assumed that the gases (Ar, H, and SiCly)
had adeguate time to reach thermochemical equilibrium

10 tm (nozzle ext)

N

. coe

10 100

Diameter (nm)

Figure 1. Calcuiated evolution of the silicon panticle size distribution, for flow
through a converging nozzle [22). Nozzle inlet temperature 3000 K. Typical
exparimental flow rates are assumed. x is the distance from the nozzie inlet.
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at the nozzie inlet (in this case at 3000 K), but that the
chemica! composition was rozen at its nozzle inlet value,
the rozzle flow time being less than 0.4 ms (this latter
asstanption was supporterd by kinetics calculations). As
seen in figure 1, these calculations resolve the nucleation
burst. As the temperature drops along the nozzle (from
3000 K to about 2350K) the silicor vapour becomes
supersaturated. At a location x = 7cm from the inlet
(and at ail upstream locations) one finds a monotoni-
cally decreasing distribution of subcritical clusters. At
x = 8 cm there has been a sudden shift to formation of
larger clusters. the homogenecous nucleation burst is in
progress. By x = 9 ¢m the distnbution curve has devcl-
oped a sharp minimum at particle diameter smaller than
1 nm. The shift in the size distribution from x = 9cm to
x = 10cm is indicative of growth by coagulation, which
will continue aiter the aerosol exits the nozzie.

These types of calculations have provided insights
into the role of cooling rate and monomer concentration
in affecting nucleation dynamics and thereby the final
particle size. For example, figure 2 shows the calculated
evolution of the mass-mean diaracter tor iron particles
with three different cooling rates. The cooling rate s
seen to bhave a pronounced cffect on the size that
particles uttain during the brief nucleation burst: the
higher the cooling rate, the smaller the particle that is
produced. This phenomenon is caused by the fact that
there is a characteristic time for clustering, given by 1, %
(B..m) ', and ifthe coolingrate is higher then the vapour
shoots to a higher critical supersaturation before nucleation
can occur. This is seen in figure 3, which shows theevolution
of the iron vapour saturation ratio § for two different cooling
rates. The higher the value of S, the smaller the criticai cluster
size. Therefore & higher critical supersaturation correxponds
to many more clusters being made stuble for growth (note
the distribution of subcritical clusters in figure 1), which then
occurs rapidly by condensation from the supersaturated
vapour. However, the quantity of vipour available for
condensation is finite, and therefore if there are more stable
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Figure 2. The effect of cooling rate on calculated evolution of
volume-mean diameter of iron particles [ 201]. initial iron
vapour concentration was 0.05% by volume in an
atmospheric pressure argon plasma.
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Figure 3. Effect of cooling rate on the calculated evolution of
the iron vapour saturation ratio, for same conditions as in
figure 2 [20].

clusters they will grow to a smaaer size. As can be seen in
figure 2, further growth by cougulation is relatively a
second-order effect. The same arguments support the resull
that larger vapour concentrations produce larger particles
rather than more particles. There is evidence fror thermal
plasma synthesis experiments to support qualitatively these
predicted effects of cooling rate [24,25] and reactant
concentration 26, 27] on particle size.

5. Two-dimensional modelling; moment
representaticns of the particle size spectrum

A limitation of one-dimenstonal models is that most
reat thermal plasma reactors are far from one-dimensional,
because the walls must be cooled to avoid melting. Thus
particles may nucleate in the cold bourdary layer near the
wall. A realistic model of this situation iherefore requires a
full two-dimensional solution of the equations that describe

. the plasma, coupled to equations describing the vapour and

acrosol dynamics. As discussed in section 3 above,
computational cconomy then dictates use of a moment-
type model for the acrosol dynamics, aluhough this situation
will presumably change as  omnutational « osts decrease.

The Ath moment of the particle size Jdistribution is
defined by

M, = j vhfe Y de, (5)
0

where v, is particle volume and nir ) is the size distriou-
tion function. The balance cquation for the Ath moment,
accounting for various effects expected in a thermal
plasma reactor, can be wrilten in general form as

M . .
pu-v (;:k) = M Jnucteanion + (M coagutation

+ ‘A’:’k)umdenw-mn t (A.1k)d-l[usum + (A:1|)|humnphmesi~ (6)

where « is the fluid velocity vector and appropriate
expressions are required for each of the :rms on the
right-hand side [28, 29].
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The first term on ihe right-hand side is non-zero only
for k = 0, in which case it equals the nucleation rat.. The
modified expression for the nucleation rate discussed in
section 3 is given by

20 12 4@3
- 2¢ { 27 —~—
J=u,niS <7rm,) exp (9 (i S)’) (U}

where v, is the monomer volume.

We used the modified nucleation rate, together with
equations for the first three moments of the particle size
distribution, to mode! particle nucleation and growth in
a thermal plasma reactor used for experiments in our
laboratory involving synthesis of iron powder [27]. A
detailed discussion of the expressions used to model
coagulation, condensation, diffusion and thermophoresis
is provided elsewhere [27,29]. In the experiments rela-
tively coarse (5--9 um) iron powder was coaxially injec-
ted tto an atmospheric pressu: ., 2.9 MHz inductively
coupled RF plasma. The powder evaporated in the
plasma to form iron vapour, which then nuclcated to
formn ultra-fine particles.

The plasma velocity and temperature profiles were
calculated by solving the fluitd continuity, momentum
and energy equations, together with an appropriate
form of Maxwetl's equations in which the ¥ current in
the induction coils was used as a bouncary condition
{30]. A model for heating and evaporation of the feed
powder, together with iron vapour diffusion, was
coupled to the flow equations. ‘Base case’ resuits for the
reactor temperature distribution are shown in figure 4.
Calculations were run for a range of powder feed rates

Particle Concentration (m'%)

Radinl Location (cm)

Fijure 5. Caiculatec particle distribution in downstrean tube
(bcttom lube of figure 4) [26].

corresponding to  the experimental conditions. Nu-
cleation of iron particles is predicted to occur around
the 1600 K isotherm, giving rise to the distribution of
particles shown in figure 5. (In these experiments argon
was traaspired through the permeable wall of the tube
Jdownstream of the plasma, ro as to suppress wall
deposition; this was included in the model.)

A description of the experimental apparatus and
results 1s presented in [27]. Aerosol measurements were
obtained by sampling through a capillary probe inseried
into the flow ncar the downstream end of the reactor.
The sampled aerosol was rapidly diluted by a venturi

(a) Coil
o + 4+ + 4+
g
§
E
H
g
ol
(4

32

e mm——————
™ 2500 K 00K

Radial [ ocztion (cm)
0
\

60 80 100

Axial Location (cm)
Figure 4. Calculated temperature distribution in the plasma reactor for synthesis of
iron particles under typical experimental conditions [26]. (&) lron powder is injected
into the induction coil region in the piasma tube. (b} The plasma tube is followed by
a 1 m long tube with permeable wall throLah which argon is t-anspired.
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Figure 8. Comparison of volume-mean dizmeter calculated
by numerical model (Q) with experimental resuits (@), for a
range of iron feed rates {26]. The ‘cup-mixing’ diameter is
obtained by averaging the rasults over a flow cross section.

diluter [31], and the diluted sample was directed to
several instruments, including an electrical aerosol ana-
lyser (TSI 2030), which provided particle size distribu-
tion histograms for particles down to 10 nm in diameter.
A comparison of these results with the model predic-
tions is shown in figure 6, which gives the results in
terms of an average over the entire flow cross section
wherc the measurements were made. Presented in this
way the agreement between model and experiment ap-
pears exccllent, althnugh the data obtained at specific
radial locations indicated that therc was more cross
stream mixing than predicted by the model. Considering
uncertainties in both the model and the experiment, the
excellent quantitative agreement seen in figure 6 1s
considered fortuitous. Nevertheless, the results clearly
reproduce the experimental trends and the right magni-
tudes of particle size, which 1s impressive considering
that a 30nm iror particle contains about 10® iron
atoms.

8. How to use cluster property data in a dynamic
nucieation modei

The capillarity approximation may be reasonably valid
for high-temperature nucleation. There is considecrable
evidence for a sharp decrease in melting temperature
with decreasing cluster wize [32,33]; that is, at suffici-
ently high temperatures {but well below the bulk melting
point), clusters may be effectively liquid-like, structure-
less spheres. Furthermore, there is evidence from elec-
tronic structure calculations, at least for sodium clusters,
that the main contribution to fowi ing of binding energy
with decreasing cluster size is a surface cffect, indicating
the validity of surface-energy-bascd arguments down to
surprisingly small sizes [34].
Consider the condensation/evaporation ‘reaction’

A+ A <A (8)

where A represents a j-mer. At equilibriumn the forward
and backward rates must balance, hence

Particle nucleation and growth in thermat plasmas

ﬁl./-|"'|"7-l = 51"7 )

where the superscript ‘e’ denotes an equilibrium state.
‘The most convenient choice of equilibrium state is that
of a saturated vapour at the same temperature as the
ssstewn in question (17, 35]. It is conventionally assumed
that clusters at equilibrium follow a Boltzmann-type
distribution, which can be written

hj = ng exp (— A—::—g—{-’-) (10;

where R is the universal gas constant. It can be shown
[36] that this form of the distribution is correct provided
that AG(j) denotes the standard free energy change
associated with the ‘reaction’ in which one mole of
monomer vapour plus (j — 1) moles of liquid equals onc
mole of j-mer. Combining equations (9) and (10}, one
obtains

. AG;_,;
E/=ﬁ|.j-x",exP<_R'T—L‘l) (11

wherc AG;_, ; = AG(j) — AG(j - 1).

Equation (11) is a general expression for the evapor-
ation cocfficient which can be used in equations (1) and
(2). To specify AG,_, ; lacking better inflormation, the
conventional approach is to adopt the capillarity ap-
proximation, which produces equation (4). However, if
data on cluster free energies are available, these can
readily be incorporated. For example, low-temperature
binding energics have been calculated for silicon clusters
up to size 30 [37], and efforts are presently underway to
extend the approaches of local-density theory and mol-
ccular dynamics to calculate these propertics at the high
temperatures pertinent to thermal plasma systems.

This approach can further be extended to ion-in-
duced nucleativn. Briefly (a more detailed development
is the subject of current work), one would first need to
sstimate the frozen ion concentration by means of an
analysis for clectron recombination under prescrihed
conditions pertinent to a thermal plasma reactor. Then,
discrete equations of the form of equations (i) and (2)
could be used, except that coagulation among subcriti-
cal ion clusters can safely be neglected in comparison
with condensation. The ideal gas cxpression for collision
rates, equation (3), should be replaced with a more
accurate expression from ion neutral capture collision
theory [38]. Finally, a growing body of data exists on
the thermodynamic properties of small ion clusters, for
example from Castleman’s group [39]. When these are
available they can be used in equation (11) in preference
to the classical Thomson expression for the free energy
of an ion clusicr [40], which treats the cluster as a
diclertric droplet surrounding an ionic core.

7. Conclusions
The modeMing of particle nucleation and growth 1n
thermal plasma systems has advanced to the point at

which a model can be implemented, which describes
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homogeneous nucleation, condensation, coagulation,
vapour diffusion and thermophoretic transport in a
two-dimensional reactor space. The next major tasks for
modelling are to generate and incorporate data on
size-dependent cluster free energies, and to investigate
ion-induced nucleation.

Results from two-dimensional modelling to date, for
a simple substance such as iron, appear to be in reason-
able agreement with experimental data. It must be
emphasized, however, that the experiments cited [27] are
the only known case in which aerosol was sumpled from
the gas stream in a thermal plasma reactor rather than
being scraped from walls or filters. Wall deposits may
have a poorly characterized flow history, may be non-
representative and may be significantly modificd subse-
quent to deposition, Therefore there are few experimental
data with which particle formation models (which treat
only phenomena preceding wall deposition) can mean-
ingfully be compared, and there is a great need for more
experiments based on probe sampling or light scattering.
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Abstract. A negative ion plasma is produced by introducing a small amount of SFg
gas into a low-temperatuie (~0.2 eV) potassium plasma produced in a Q machine.
The density ratio of negative to positive ions is continuously varied in the range up to
more than 0.9998, where there appears a remarkabie decrease in electron shielding
for potential variations, yielding a clear effect on plasma collective phenomena. By

introducing fullerene (Cy,)} particles into the Q-machine plasma, we can produce a

plasma including large negative Cg, ions. This ultrafine particle plasma might prove

very attractive in fields of materiais science.

1. Introduction

When large neutral particles are introduced into a
plasma they are often charged negatively. Espeaally, in
the case of electronegative particles with large clectron
attachment cross sectiony, there appears a drastic de-
crease in electren density, accompanied by the produc-
tion of many negative wons. In work to produce plasmas
including large negative ions, we have chosen ‘soit’
interaction between neutral and charged particles, where
there 1s no direct electron impact ionization. To realize
this condition, ncutral electropihic particles are intro-
duced into a low-temperature (>0.2¢V) potassium
plasma produced in a Q machine 1)

As a first step, a small amount of sulphurhexafluor-
ide (SF,, mass number = 146) gas was introduced 1ato
the Q machine piasma [2}, a techmgue also employed
by other groups {3,4]. In cur experument the denwty
ratio of negative 10 positive 1ons is vared in the range
up to more than 0.9999 (almost positive 1sn  negative
ion plasma}, yielding & remarkable decrease in elzciron
shielding for potential vanutions. An effect of this de-
crease 10 electron shielding on plasma collective phe-
nomena s clearly demonstrated for  Jow-Tregnency
plasma waver and instabilitias.

By introducing so called *fullerene’ (Cp,, miass num-
ber = 720) purticles | 5] into the Q-machine plasma, we
can produce a magnetized plasina conssting of clee-
trons, positive K 1ons, and negative €, 1ons. Thy
ultrafine particle plasmu might be very attractive an
‘ields of matenials science because 1t could inspire many
possibilities of developing new matenals based on €,
In this expenment, an oven fur sublimavion of Cg,
situated in the Q wnachine Lip to more than %%, of the
clectrons are observed 10 be attached to Oy, particles,
producing negative C,ons. In the present phase of aur
research, we are interested in basic features of the

0963-0252 94 030395 « 05819 50 + 1994 10P Putishing L1d

interaction between C,q particles and charged particles
in a low-temperature plasma.

2. Negative lon plasma

The experiment 1. carried out using a single-ended Q
machine [1] with a vacuum chamber, 208 mm in diam-
cter and 1670mm long, with pumping <ystems at both
ends, as shown schematically in figuic 1. A potassium
plasma is produced by contact 1onization of K atoms at
a hot 52mm diameter W plate heated up to about
2300 K under a background gue pressure of <1 x10°°
Torr. The plasma, with density n, < 1 x 16! cm * and
clectron temperature 7, >~ 02eV 2 T, (1on tempera-
ture), flows along a uniform magnetic field B < 28kG
and s terminated by a metal endplate kept at « floating
potential.

St, gas ixointroduced into the machine through a

SFe

'
K-ATOMS \

L PLASMA /|~ b~
Ly T

] ¢ r HOT PLATE
PUMP PUMP

B ENDPLATE

Figure 1. Schematic diagram ol experimental apparaius for
the production of negative ion plasmas in the case of SFy
introduction. ASF ) (SF, piessure) is estimated from an
increment of the total gas pressure with an increase in SF,
introducthion. Tha SF, gas, the temperature of which 1s much
smailler than the hot plate temperature, has no appraciable
effect on the alectran aminswon from the hot plate unaer our
conditions.
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lcak valve, as shown in figure 1. The pressure of the SF,
gas, P(SF,), is varied in the range 1 x 0”77 1x10"*
Torr. Since the SF, molecules have a large electron
attachment cioss section (=2x 10™"*¢em?) for SF, +
e—SFg at T, >~ 0.2¢V, a drastic decrease in clectron
density », should appear with at increase in P(SF,). For
an ciectron fraction 1 —¢ > 10 % a value of 1 ¢ can
be determined by the Langmuir probe, where |
n/n,xl-n_/n,n . (=n) and n._ are positive and
negative ion densities respectively). For 1 -+ £ 1x10 ",
it is difficult to obtain a correct value of 1 -+ from the
probe measurements. However, even in such a case, | —¢
can be estimated from propagation of ion waves cxcited
externally I'2]. In our cxperimant, ion wave propagation
measurements are used to obtuin values of 1 - over a
wide range.

Typical examples of the probe characteristices are
presented in figure 2, where a drastic decrease in the
negative saturation current is found in the presence of
SF, gus. Roughly speaking, 1 -+ >2x10"" 15 obtained
at P(SF) =1 2107° Torr. With an increase in P(SF,),
1 -« is found to decrease, yielding 1 ¢ ~5x 10" and
Sx107% at PSF)=1x10"% and 1 x10°* Torr re-
spectively. Tt s possible to estimate 1-ax 1< 1074 a
P(SF ) ~5 <107* Torr from ion wave propagation. At
P(SF)~1 =107 Torr, 1 -1 is supposed to be around
1< 10 % ie. £ >0.99999, although it is almost impossible
to measure such an extremety small vatue of 1 4 The
theoretical dependence of 16 on P(SEF,) will be dis-
cussed elsewhere.

With a decrease in 1 -- ¢, there appears a decrease in
electron shiclding for potential varitions, yiclding a
large effect on nlasma collective phenomena. Here, typi-
cal examples of such an effect are presented for low-
frequency plasma waves and instabilities.

Ton waves are typical low-frequency electrostatic
plasma waves for which electron shiclding 1s guite 1m-
portant. In a plasma consisting of clectrons, pusitive
1ons of mass i, and temperature T, and negative jons
of massm  and temperature T, there are two branches,
fast and slow modes, corresponding to the two 1on
species [6]. Here, for simplicity, we assume m »m
T, T, = I | and plane waves propagating along a

.'p
4
| P(SFg)=0 Torr

Vs

' PISFg)=1 010 % Torr
. b T .y
R O’ = Ve
v
Figure 2. Typical probe characteristics at P(SFg) =0 ang
1.0x 10 * Torr. Probe ts a tantalum wire of 0.125 mm i,
diameter and 1.5 mm long.

4
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strong magnclic field. The dispersion relation of the fast
moxie is then given by

w? = w2 (1 + kKD + MT jm (n

where @ 2r and 2a/k are wave frequency and wave-
length respectively, oy, /2n(=(n,e*/esm,)"?/2n) is the
positive ion plasma frequency, and 1/A (= (s, T,/n.e%)"?)
ts the clectron Dcbye shielding length, In this equa-
tion, kZ/k? shows a contribution of the electron shield-
ing for potential vatiations provided by ion motions.
For kZ/&% » 1, eyuation (1) is reduced to w?/k? ~
[TAL—e)+3T,)/m, which yiclds the phase velocity "y
{=wk) of ion sound waves, For k2/k? « 1, however, the
potential variations are not shiclded by electrons and
o =i, + 3T, ‘m,)k* which yields ion plasma waves
as an oxtension of ion plasma oscillations (w? > wi, ).
The retation (1) can also be applicd to a plasma consist-
ing of electrons and  pasitive ions. In this case
o =T, + 3T, ym, for 1on sound waves. In the pres-
ence of negative ions, A7 = k%1 —cRk4? = n, e, T))
and, with a decrease in 1 - ¢ for a tixed plasma density
nod=n, )k decreases, showing a decrease in electron
shielding. Thus, 7, (L) appears instecad of T, and
provides a drastic increase 1w vy, of jon sound waves as
1-- ¢ = 0, although k7 A% 2 1 is satisfied in the frequency
range much lower than that in a plasma without nega-
tive ions.

On the other hand, the slow mode appears only in
the presence of negative tons and has the dispersion
relation:

e ~wd A1+ RIS AT RS R 3T m Ok (2)

where m, 2r(=(n e?wm ) 20 s the negative ion
plasma Trequency and 1A i=(, T, n ¢} ?) s the
positive ion Debye shielding length, In this relation,
K%k shows a positive ion shiclding for potential vari-
ations provided by negative 1ons. Under our assump-
tions, kl<« k® and egnation (2) s reduced to
w =l AL+ AR+ 3T om kY which does not
yield such a drastic dependence on 1= as the fast
mode.

Here we are interested i the fast mode because
this mode s very sensiive to 1 ¢ In our experi-
ment, the assumption T, 5> T, is not satisfied and there
15 an ton flow with speed v, 2(T.m, )" % But, when
1z so small that the conditions (1~ 2) » T, and
[T m (1 -] » e, are satisfied, relation (1) can be
applizd o the resalts of the fasomode in our experiment.

In the experiment, a grnid is used to generate smail-
amphitude 10n waves propagating toward the endplate
along a magnetic ficld {7]. Typical examples of the wave
patterns obtatned from an imerferometer detection sys-
tewer are presented an figures 3 and 4. In the presence of
aosmall amount of SE, gas, there appears a clear
increase in the waselength, as shown tn figure 3 where
the patteras of the fust mode with 2n = 250 kH/ are
demonstrated at P(SE,) =0, 1.5« 10 ® and 45x 10 °
Torr. Itas also found that the spatial wave damping at
P(SF,) = 1.5 <10 " Torr as small in companson with
that at P(SF) = 0 Torr. This is because the Landau



w/2m =250 kHz
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Figure 3. Wave patterns of ion waves (fast mode) with
wl2n =250kHz.

demping duc to positive ions decreases with an increase
in v,. For a further increase in ¢y, however, the damping
again becomes large because the Landau damping due
to electrons increases, as shown by the wave pattern at
P(SF,) = 4.5x 107® Torr. Il w/2n is decreased, we can
observe the slow mode in addition to the fast mode in
the presence of negative ions, as shown at m/2r = SkHz
in figure 4. The dispersion relations of the fast mode ure
shown with P(SF,) as a parameter in figure 5. At
P(SF,) = 0 Torr, there is a linear relation between w/2n
and & [7). At P(SF )2 50x10"* Torr, where
1—£<5x 1072 the ion waves are found to become
digpersive, aithough r, is almost constant in the low-
frequency range. We can estimate | — ¢ by measuring v,
in this range of w/2n. For example, at P(SF)~5x 107
Torr, v, is larger by two orders of magnitude than
(Tm )Y =70x10* ems '), yielding 1 —¢ >~ 10°%
A further increase in P(SF,) yields a much smaller value
of 1 — ¢. For such a small value of | — ¢, however, the

W72 =5 kHz

PSFg) = 0 Torr

N ~ /\;\\/
-

£ 5%10 Tore
by
{Dcm
Figure 4. V/ave patterns of ion waves with «2r =5kHz.
Upper trace: the fast mode in the absence of SF,. Lower
trace: the slow mode in addition to the fast mode in the
presence of SF.
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o ——

- ]

g 22x10* ]
-t ]
I " ¢ 70x10° 1
fo.s- .
o i P{SFg)= 0 Torr.
3 - N

Oo A n 1 L i " L
klem™)

Figure 5. Dispersion relations of ion waves (fast mode)
observed with P{SF,) as a parameier.

wavelength of the fast mode in the low frequency region
is much longer than the piasma coluian leagth in our
machine. Besides, the wave damping 1s strong because
the Landau damping due to clectrons becomes extreme-
ly large as v, approaches the cleciron thermal speed
although the clectron fruction is quite small. Thus, ion
wave propagations do not give a zorrecc value of 1 — ¢
for 1 —¢<107% However, 1 - ¢ i supposed to be
around 10™* at P(SF,) = L x 10 "* Torr as an extrapc-
lation of our measurements of jon sound waves,

Stmilar phenomena have also been observed on
low-frequency clectrostatic placma instabilities. In the
case of an ion cyclotron wave instabiiity [2, 4], two
modes appear cortesponding to the ion species in the
presence of negative ions, Boih of them show an increase
in w/2x as | — ¢ 1s increased. The effect on drift wave
instability 1s quite remarkable [2). With an increase in
I - ¢ there appears a drastic increasc in the amplitude
which has a maximum value around P{SF,) = ¥ < 107"
Torr, this is accompanied by a decrcase in w/2n. But, al
P(SF,} 2 5x 10 % no coherent signin of drift waves s
observed.

3. Coo plasma

Since a simpl: method for producing Buckminster
fuilerecne (Cy) particles was established (87, o number
of works have been performed on C,, Lecause this nev:
form of carbon 1s of crucial importanes for the develop-
ment of new materials. C,, particles have a larse elec-
tron affintry (> 2.65¢V), although this value is smaller
than that of SF, molecules (> 3.39¢V). Thus, as a result
of their interaction with a low-temporature plasma,
clectrons ave expected to be attached to Cgq particles,
yielding large ncgative C,, ions in the plasma. Because
of their stability and well defined mass and size (diam-
cter ~ (.7 nm). the ultrafine particle plasma including
large negative ', icns is rather simple and might be
casy lo ireat in comparison with plasmas including
unstablz fine particles (or dusts) of variable mass and
size.
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8
GPASA) e D=
v
CYIINDER OVEN

Figure 8. An oven for C, sublimaiion, togeher with a
cylinder surraunaing a plasra column praduced in the Q
machinie. Oven: ccoper pot, 18 mm in diameter and 20 mm
long, with a 5 mm cliainster hole far Cg; injection. Cylinder:
copper cylinder with cpen ends, 76 mm in gtameter and
200 mm ong.

In our experiment, a plasma consisting ¢f wlectrons,
positive K ions, and negative Cg ions 18 preduced by
sublirating C,,, wheh is placed in a special oven, into
the Q machine Jdescribed in section 2. Temperature for
the sublimation is in the range 250 490 'C. As shown
schematically tn figure 6, the Q-machine plasma passes
through a colinder (76 mm in diameter and 200 mm
long) which ir situated at a positicn around the machine
centre. The cylinder has a 20 mm diamerer hole on the
side wall, where the oven is set with a small hole to inject
Cop particles in the direction toward the Q-machine
plasmau. I the oven. O, is kept as a soft film ¢n the
inner surface. The oven tesnperature T, which is meas-
urcd at its buse, is carefully chunged in the range 200 (no
oven heating) S00°C while the cylinder s kept at &
constant temperature aronnd 400 C. {n the aaal region
surrounded by the cylinder, the €, density is estimatad
to be, depending on 7 in the range £ 10" cm ¥ which
corresponds to the pressure range of €, particles,
P(Cuot €10 °° Torr. In the vegion outside the cylinder,
these valaes are smaller than those inside the cylinder by
one to two orders of magnitude.

An ‘omegatron’ analyser [9], situated behind a smail
hole in the endplate, is used for detection of negative Cg,
tons. This analyser gives signals due to the cyclotron
resonance of 100 species when the frequency of an
applied r¥ clectric field s equal to the corresponding on
cyclotron frequencies.

Coo pasiicle conrol is monitored by a negative
saturation current of the f.angmuir probe /.., which
depends on 1, as shown schematically in figure 7. With
an increase in 7. [, decrecases, implying & decicase in
n,.. The probe characieristics at 7, = 480 C, together
with the curve at T, = 200 'C, are presented in figure 8,
where the probe is set at the radial centre. It can be

1
R
= T -t
K —
Ty —=
] el
O Thesr'  TIME

Figure 7. Variation of negative saturation current /; of the
Langmuir proba against the oven temperaiure T, which is
increased to T,{=350"C), T, (=400 C}, and T, (=450"C).

398

T,2200C
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T,2480C
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Ve

v
Figure €. Typical probe charactensiics at T,=200 and
480°C.

found that a decrease in the positive saturation cur-
rent 1., also appears as T, is increased. However, [ _
decrcases more drastically than /., mcaning that a
decrewse in n, is accompanied by ar increase in n_
[10,11]. According to the measurements using the
omegatron analyser, a signal appears when the applied
frequersy w/2n is equal to w../2n (ion cvclotron fre-
queney of Cgp), as shown in figure 9 proving that
negative ions produced are exactly Cgy. In this experi-
ment | —¢2Z 110" With an increase in n , the
radial plasma profile becomes bread. This is due to the
large Larmor radius of Cqq ‘ons, which gives rise (o a
profile broadening of K ' ions, yielding the decrease in
!, at the radial centre in figure 8.

Wave patterns of 10 waves are presented in figure 10.
The same eflects of negative tons onion wive propagiation
as in the case of the introduction of SF, into the Q machine
are observed. W observe an increase in the phase velocity v,
of the fast mode when 7 is ircreased. As mentioned above,
1 -2 1 x107"inourexperiment and we cannot neglect
the flow speed of K * iong, which is due to acceleration by
the electron sheath of a potentialdrop 20.5 Vin front of the
hot plate. Thus, the increase in v, is not so drastic as in the
case of SF . The lower trace in this figure, however, clearly
demonstrates the pronagation of the slow modc in additicn
to the fast mode in the presence of Coq 10ns. The observed
phase velocities of the fast and slow modes ure almost
coasistent with predicted values although we cannot apply
the simple dizpersion relations given by equations (1) and
(2} to the results in the experiment.

_|c -
rwc-/cv
% [0 20
w/27 (kHz)

Figure 9. Collector current /. of ‘omegatron’ analyser as a
function of frequency w2 of applied #F electiic field. «,  2n
is the ion cyclotron frequercy of Gy, 8--3.98kG.




W/2r=30 kHr
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Flgure 10. Wave patterns of ion waves with «/2n =30 kHz.
Upper trace: the fast mode in the absence of C,,
(T,=200"C). Lower trace: the slow mode in addition to the
fast mode in the prasence of Gy, (T, =470°C).

The electrostatic ion cyclotron instability is also
observed to be generated in the frequency ranges above
the son cyclotron frequencies of K * and SF, ions as in
the measurements on the plasma includins K* and SFg
1ons. These resu'ts 27so confirm the existence of Cgy ions.

4. Conclusions

In this work we have produced two ninds of magnetized
plasinas with negative ions which are much larger than
positive ions. One of them is a plasmn consisting of
electrons, K * ions, «nd SF¢ ions, produced by introduc-
ing SF, gas into a .ow-temperature potassium plasma in
a Q machine. The SF, fruction is increased up to a
value more than 0.9699. A decrease i1 electron shiclding
causes a large effect on plasma collective phienomena, as
demonstrated by ion wave propagations. This plasma is
useful for investigating characteristic features of negative
ion plasmas.

By introducing C,,, particles into the Q machine, an
ultrafine nar:icie plasma consisting of eiectrons, K * ions,
and Cg, ions has been produced. In this case, the Cgp
fractionis 2 0.9, smaller than that in the case of SF, . This
is partiy due to the clectron affinity being smaller than
that of SF. However, the Cg, fraction could be increased

Preduction of negative ion plasmas in a Q machine

by increasing the Cyo Hux introduced into the machine
Because of its simplicity the plasma produced would be
useful for invz:tigating the basic features of various
ultrafine particle plasmas. This particular plasma might
also be aitructive in fields of materials science. Since Ceq
particles are charged, it is easy to control them efec rically
aud/or magnetically, previding a new approach for
producing Cqo based maierials.
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Abstract. Several modeis that predict the charge of particles in a plasma are

reviewed. The simplest is based on orbit-limited probe theory. This basic modei can

be improved by adding several effects: charge reduction at high dust densities,

electron emission, on trapping and fluctuations. The charge is reduced at high dust

densities, when a significat fraciion of the charge in the plasma resides on the |
pariicles, depleting the plasma. Electron emission due to electron impact or

ultraviolet exposure can cause a patiic.e to I ave a positive charge, which has useful

implications for plasma precessing, since pasticies are confined in a discharge only it

they have a negative charge. lon trapping occurs due to ion neutral collisions within

the attractive Debye sphere of a negatively charged particle. Trapped ions reduce the

net electric force on a paiticle. A particie’s cha e fluctualzas because the currerts

coliected from the plasma consist of discrete charges ~rriving at the particte at '
random intervals. The root mean square fractional fluctuation level vanes as

0.5¢(Ny '~ wiwre (N) = (Q,/e is the meuan number of electron charges on the

particle.

1. Intvoduction . . .
' ories predict the clectron and ioi: currents to the probe.

The currents are termed ‘ortit-limited’ when the condi-
tion a « A <« Ay applies. where a is the particie radius,
Z1s the Debye length and 2, is a collisional mean free
path between neutral gas atoms and either clectrons or

A dust particle in a plasma gains an electric charge and
responds 1o electric forces. The charge can range from
zere to hundreds of thousands of clectron charges,

depending on the particle size and the plasma condi-

. > Bt eace . i e ealeulate
tions. It arises from collecting electrons and ions from tons [1.2]. In that case, the eurrents it L"l"u"'“d by
the plasma and sometimes from emitting clectrons 'n a assuming that the clectrons ard ions e collected if their
plusmul in whicﬁ cmlssio}a processes u:c unilnp(-)rt-unx collisionless orbits intersect the probe's surface. It is
the cquilibriun, charge is negative because the flux ot“ assumed that the currents are infinitely divisible; that s,
elecirons to an uncharged surface i high relative te that th discrete naturc_nf the electronic charge is fgnored.
of ions. On the other hand. when clectron emission is The latter assumption must be reversed to account for

N M > : 1 9 3 <] ' R LY “ A
significant, the equilibrium churge is positive, the ﬂucluanons of the particle, as shown later.
A caiculation of the charge on a pasticle is the For the collection of Maxwellian clectrons and fons,
< 3 2 charge @ S . . - .

starting point of every theory of dusty piasmas. Here i C.hd.'dClc“ZCd by temperatures T and 7, the orbit-

review the common ‘orbit-limited theory of charge himited currznts for an isolated spherical particle are [3]

collection, and then | present some effects that are often

neglectzd in this model, but may have a significant I, = Iy expled /KT) ¢, <0 ¢

impict on the particle’s transport. These eflects are: a 1= 1o {1 + e /kT) ¢, >0 |

rcduc?ion in charge due .tovhigh dust dgnsily, posili\fe 1, = Lyexpl - siep kT 6.5 0 (h

charging by electron emission, a reduction in electric o= 1, ~ zed /kT) 0. <0

forces due to 1o trapping and chuwige factuations. Lo e o

These effects have heen presented wlready in the litera- ) ) )

ture; the purpose of this paper is to review them and to Here ¢ 1s the snrlu;g polcnlu‘nl of mc particle relative lf’ «

give practical formulae with illustrative ¢ xamples. the plasn.m. and z, is the clectronic charge of the ons.
The coefficients 1,,, and 1, represent the curren that is
collected for ¢_ = 0, and are given by [, = n g (kT,’
m)' el fiw, vy, where n, is the number density of

2. The basic model: orbit-I'mited theory plasma species a. Here fi(w,.,) 1s a complicated fune-
tion of the thermal veleeity v, = (2h7T,/m,)" 2 and the

Most dusty plasma charging theories are based on dnft velocity v between the plasma and the particie. [3].

theories >f electrostatic probes in plasmas. These the- Simple expressions are available in the limiting cases of

0963.0252,94/030400 + 07$19.50 « 1994 IOF Publishing Lid
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Figure 1. (a) Mean charge number (N) = (Q)/e and (b} charging time r as a
function of particle radius for four combinations of temperature ratios and ion
masses. These values are for the basic orbit-limited charging model, assuming
non-drifting Maxwellians and no electron emission.

small and large drift velocities:

wity, <« | (2a)
wiey, » 1 (2b)

ly, = 4na’n,q KT,/ 2nm,)' ?
I, = ra*ngwll - 24,4, /(m,w?)]

In some laboratory discharges, the ions or electrons may
drift at a significant speed. For exampile, the ions enter the
electrode sheath at the ion acoustic speed, which is much
faster than the ion thermal speed.

The charge Q is related to the particle’s surface
potential ¢,, with respect to a plasma potential of zero, by

Q=">Ce, 3

where C is the capacitance of the particle in the plasma.
For a spherical particle satisfying a « 2, the capacitance

is [3]

C = 4dnya. 4)

The standard ‘continuous charging model’ of particle
charging in a plasma neglects the discrete nature of the
electron’s charge. The particle’s charge is assumed to
vary smoothly, rather than in nteger increments. A
particle with zero charge that is immersed in a plasma
will gradually charge up, by collecting electron and ion
currents, according to

do/dr =Y 1,. (5)

To find the cquilibrium, one can set dQ/dr = 0 in
equation (5). This yields the steady-state potential ¢,
and steady-state charge (),
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Table 1. Coefficients for ¢,, Q and t appearing in equations
(6) and (7). These values were found by a numerical solution
of the continuous charging mode!, assuming non-drifting
Maxwellians and no electron emission. From [5).

m K K, K,
(@mu) T/T, (VeV'") (um 'eV'") (sumem SeV '?)
1 005 -1.698 -1179 7.66 x 102
1 1 -2501 -1737 151 x 10°
40 005 -2989 -2073 2,05 x 10°
40 1 -3952 2631 3.29 x 10°

& = (p> = K,T,

. (6)
{Q>/e = KoakT,

where the coefficients K, and K, are functions of T/T,
and m;/m,. and they must be determined numerically.
Useful valucs for these coefficients are listed in table 1,
and illustrative values of the charge are shown in figure
1{a). When electron emission is neglected, the floating
potential and K, are both negative, since the electrons
have higher thermal velocity than ions.

Note that ¢, is independent of the particle's size, but
it depends on the plasma temperatures. On the other
hand, the charge (@) i« proportional to the particle'’s
radius, {(Q) « a. For example, a sphere in a hydrogen
plasma with T, = 7, has the Spitzer [4] potential
¢y = —~2.50KkT,je.

The charging time 7 is inversely proportional to the
plasma density. It depends on the particle size. tempera-
ture and ion mass according to [5]

kT
1’:I\‘L J

T

(7

an

where K, is a function of T;/T, and m;/m_. The [act that
 is inversely proportional to both @ and n means that
the fastest charging occurs for large particles and high
plasma densities. One can define t as the time required
for a particle’s charge to reach a fraction (1 — e " ') of ity
cquilibrium value, when it is initially uncharged. [5]
Using this definition, the constant K, has the values
summarized in table 1. [Hlustrative values of the charging
time are shown in figure 1(b).

No dust particle is perfectly spherical, and so one should
ask how much the sphericity assumption limits the theory's
validity. This assumption appears twice in the model: the
capacitance in equation (4) and the currents in equation (1),
For the capacitance, the shape does not matter greatly as
long as one chooses wur u the typical size of the particle. The
clectron and ion currents are dominated by the shape of the
electrostatic equipotential surfaces around the particle. The
clectric perturbation caused by the particle extends into the
plasma a distance characterized by the shielding length, 4
Since the case treated here is ¢ « 4 the equipotentials are
distorted from a spherical shape only in a small central part
of a spherical region ol radius 2. Consequently, the
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sphericity assumption will introduce only a small error, as
long as a <« 4, as it is in most dusty plasmas.

3. Reduction of the charge due to high particle
density

So far, I have considered the case of a single isolated
particle, but this assumption is often unsuitable for
modellin; dusty laboratory plasmas, since they can have
high particle concentrations. Several theorists have dem-
onstrated that, as the dust number density is increased,
the particle’s floating potential and charge are reduced,
duc to electron depletion on the particles. [9] This
electron depletion also modifies the plasma potential.
The crucial parameter is Havnes's value P, which is
basically the ratio of the charge density of the particles
to that of the electrons, When P > 1, the charge and
floating poteatial are significantly diminished, while for
P « 1 the charge and floating potentials approach the
values for an isolated particle (see section 2). In practical
units, P is given by [6]

P = 695TevuumNcm s 8 (8)

where N and n are the dust and eclectron number
densities, respectively. This expression is wriiten in a
form for a mono-dispersive size distribution; a more
general expression accounting for size dispersion is of-
fered by Havnes et al [6].

Havnes er al [6] solved the charge balance equa-
tions, and reported useful analytic expressions for the
particle’s floating potential ¢ (referenced to the plasma
potential) and the plasma potential ¢ (referenced to a
dust-frec plasma). These are functions of the parameter,
P,

edp /kT= (K, + a P)/(1 + h P + b,P?)
ep kT =(c, P+ ,P)l +d P+ d,P?) 9)

where the coeflicients K,, b, ¢ and  are listed in table 2.

Table 2. Coefficients for charge and plasma
potential, assuming non-drifting Maxwellians
with T, = T, singly charged ions, and no
electron emission. From [6].

lon mass (amu)

Coefficient

1 32
K, 25 39
a, 0.764 1.14
b, 1.09 1.1
b, 017 0.0754
C, E] 1.98
c 0.21 0.252
d, 1.04 117
d, 0.112 0.0917




A representative plot of equation (?) is shown in figure 2.

In a RF discharge, the dust density is often high
enough to attain P » 1. Consider for example the dust
density measurements of Boufendi et al [7]. In a silane
RF discharge, particles grew to a radius a = 115nm, as
determined by electron microscopy. Mie scattering in-
dicated a particle density of 1 x 10®cm ™3, while the ion
density was 5 x 10°cm ™3, based on ion saturation cur-
rent measurements using a Langmuir probe. | assume
T, = 2eV, which is probably accurate to within a factor
of three. This yields P = 3.2 (accurate to within the same
factor of three), corresponding to a 60% reduction in the
particle’s charge (according to equation (9) and figure
2).

4. Electron emission

Electrons can be emitted by the particle due to tlectron
mpact, UV exposure, thermionic emission and field
emission. The first two are probably the most important
for laboratory dusty plasmas. Electron emission consti-
tutes a positive current with respect to the particle, and,
if it is large enough, it can cause the particle to be
positively charged. Even if the particle is not always
positive, it might sometimes tluctuate to a positive level,
as described in sections 6 and 7.

4.1. Secondary electron emission

The sccondary emission yield § depends on both the
impact energy E and particle material. The yield ic
generally much larger for electron impact than for ion
impact. For bulk materials, the energy-dependence of
the electron-impact yicld is [8,9]

ME) = 748, (E/E,yexp[ — AE/E,)" ). (10)

10 —ovmrs rorrprgs e pe v e = o Ty T ¥ Tvy

cotential (normalzed by electron temperature)

[N
plasma potental  Hoatng pot2ntial
01 ol partte
001 Lo s s v iisoda caveenst w v wsaaml o acaasasde 4 0 e esd
001 01 1 10 100 1000

earmalized parhcle number density P

Figure 2. Dependence of floating potential eg,/kT and
plasma potential app/kT on particle number density. These
data are from equation (9) and table 2, for singly charged
ions of mass 32amu, with non-drifting Maxweliians and
7, = T. The normalized particle density 1s P - 695
T3 Nem 0em o
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The peak yield J, is at energy E,,, and both of these are
material constants. Graphite, for example, has §, =1
and E_ = 250eV, whilc for quartz 8, =21-4 and
E, = 400eV [8].

Secondary emission from small particles is signifi-
cantly enhanced above the value for bulk materials. This
was shown by Chow et al £10], whose theory included
geometric effects. Scattered electrons escape more easily
from a small particle than from a semi-infinite slab of
material, and so d is enhanced.

Expression (10) is for mono-energetic electrons of
encrgy E. It must be remembered that electrons in a
plasma have a distribution function. Assuming a Max-
wellian primary electron distribution with temperature
T.. Meyer-Vernet [8] found the secondary currents /..
due to an impinging clectron current !,

Leoll, = 310, FJEJ4KT) 6, <0
Leofle = 378pexpl(—ed T =T (1)
x FoglE /AkT) ¢, <0

where
Fyx) = xlf Pexpl —(xt? + )] de
0

Fyglx) = x? [ tYexpl —xt? + 1)]de
Jn
B = [(e¢,/kT,)(4kT /E )]'"?

and T, is the temperature of the cmitted electrons,
typically 1 < 7T, < SeV.

By including these currents into the charging talance
the particle potential can become positive [8,9). For
Maxwellian electrons, a switch in polarity occurs at an
clec'ron temperature of 1 10eV, depending on §,,. The
reason this happens at temperatmes well below the
cnergy for peak emission E, is the contribution of
clectrons in the tail of the distribution,

4.2. Photoelectric emission

Absorption of uv radiation releases photoelectrons and
hence causcs a positive charging current. Just like sec-
ondary electron emission, it can make the particle posi-
tively charged [9].

Electron emission depends on the material proper-
ties of the particle (its photoenission efticiency). It also
depends on the particle’s surface potential, because a
posiively charged particle can recapture a fraction of its
photoelectrons. Taking this into account. the photo-
emission current is [9]

I = dna’l G+ 0

(1
Ced KT b+ 0 ’

I Ana’l gresp
Here T s the vy Tux and poos the photomission
elficieney (4 > 1 for metals and 0 x 01 for diclectnies).

Fguation (12) assumes an isotropie source of £y and
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that the photoclectrons have a Maxwcllian energy spec-
trum with a temperature T,

A laboratory plasma is a sourcc of uv, due to
electron-impact ¢xcitation of neutrals. However, there
has been no analysis known to the author of whether
this Uv radiation can be strong enough to alter the
charge significanily. In space plasmas, it is well known
that dust and other objects often charge to positive
polarity due to UV exposure.

§. lon trapping

A particle’s negative charge creates a Debye sheath,
which is an attractive potential well for positive ions. A
nassing ion can become trapped in this well when it
suffers a collision within the particle’s Debye sphere,
simultanccusly losing encrgy and changing its orbital
angular momentum. It remains trapped there, in an
orbit bound to the particle. until it s detrapped by
another colliston {117].

Trapped ions are important because they shield the
charged particle from external electric fields, Since these
fields provide the particle’s fevitation and continement tn
the discharge, shielding must be modelied in order to
understand confinement. This shiclding works the same
way as in an atom, where orbital clectrons sereen the
charge of the nucleus. The effectiveness will vary with
the number of trapped ions,

Untrapped ions do nothing to screen the particle’s
charge from an clectric field. The author believes there
has been seme confusion in the literature over how
Debyeshielding works. Untrapped ions do contribute to
reducing the force applicd by the particle on other
distant charges, but they do not reduce the force applied
to the particle by an clectric tield. Only trapped 1ons can
do that.

lon trapping has been ignored often in dusty plasma
theorics, probably because 1t is not casy o deal with
analytically. At least two numerical methods [11.12]
have been reported recently. The methods are useful for
estimating tae number of trapped ion.. N,,,.. However,
this valae has been reported for orly a limtted number
of conditions, to da.c.

Both methods involve simulating ton motion in the
field of the charged pariicle by mtegrating the equation
of motion. They also Loth include collisions. In a code
with a fixed time step that s short compared with the
mean time detween cotlisions, this 1s done typically by
using & Monte Carlo metbod. The collision probabihity
1expl—-Arlv] 2, evainated at cach dme stop and
corpared with & rangom number hetween 0 and | to
determuine whether a colltsion took place duning that
time step

Chor and Kushner {12] developed o three-dimen-
sional partche-in-cell (pto) code, where alt the ion orbits
were tracked in g simulation box. Fledrons and 1ons are
absorbed by the particle, allowing dynamic cmulatnion
of the particie’s charge and the surrounding clectrostatic
potential. lons are subject to colhsions, and 1hose that

404

are trapped are counted. This number of trapped icas
fluctuates in time, as individual lons became trapped
and then lost.

Goree [11] handled the incoming flux of incoming
ions, onc at a time, as individual test particles. The
number of trapped ions at steady state is comp.-ted by
assuming a balance between collisional trapping and
detrapping. Assuming that ion -neutral collisions are
domirant, this theory predicts that N, is independent
of the raean free path, and increases with the plasma ion
density. The model was implemented as a Monte Carlo
code for many test ions sclected from the incoming ion
flux. If an ion becom=s trapped, its orbit is followed until
it is cventually scattered into an untrapped irajectory by
further collisions. This code showed thut Ny, > 1 when
the ion density is »10%cm ", which 1t atways is in
plasma processing discharges, indicating that ion trap-
ping will cause significant clectrical screening. These
results were for ¢ = 10um and a plasma  with
A = 100 pm and an ion-neutral mcan free path much
shorter than A, A limitation of this theory is that is uses
W prescribed  electrostatic potential. This makes the
simulation valid only when the number of trapped 1ons
is small, Ny, < Qse. In principle it could be extended to
compute the potential sclf-consistently for the actual
clectron and ion densities, as is done in the simulastion
by Choi and Kushner [12].

6. Charge fluctuations

The standard continuous charging mode! deseribed in
section 2 neglects the fact that the electron and ion
currents collected by the particle uctually consist of
individual electrons and ions. The charge on the particle
is an imeger multiple of the clectron charge, @ = Ne,
where N changes by -1 when an electron s collected
and by =, when an ton ix absorbed. Electrons and jons
arrive at the particle’s surface at random times, like shot
noise. The charge onr a particle will fluctiate in discrete
steps (and at random times) about the steady-state value
<.

Several models have been reported recently to pre-
dict the fluctuation level. Chorand Kushner's pic simu-
lation [12] vielded a time series for the charge of an
isolated particle, for a particular set of parameters. The
charge clearly fluctuated about a mean velue. Tsytovitch
[13] developed an analyuc theory that is unigue because
1t was not for an solated partucle. but rather for a cloud
of particles in the plasma. Taking to account how the
fuctuation of the charge on one particle affects the
charge on a neghbour, he found that the fluctuation
level increases with particle nu ~der density.

Cur and Goree [8] vsed a numerical method, where
the problem for an isolated parncle was cast i terms of
a probability per umt tine of collecting an clectron or
1on from the plasma. To do this, they first converted the
current 1, of the continuous charging model into a
probabihity per unit tome (dP-dr), of collecting anon or
clectron, by (dP di), = 1, .q, . This probabibty depends
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Figure 3. Temporal evolution of charge numbar N = Qje, for a small
narticle {a = 10nm) inan H' plasma with 7,/T, = 0.05ard n = 10"%m 3.
When discrete electonic charges are teken into account, fluctuations of
the panicle’s charge are apparent, due (o electrons and ions arrivinn at

random: times. From [5).

in a realistic way on .he pariizle's potential; when the
partivie becoires more negative, it becomes less likeiy to
collect an electron, for example. This prodability is used
with a4 random number generator to determine tie times
when an individual eectron ot ion s collected. and te
charge is advanced by —-1 or +-z, accordingly.

Cui and Goree's simulation [5] begin: with a par-
ticle that ie initially anchecged, and it is allowed to
continue fcr a long tme after reaching & teady state.
Figure 3 snows the cnly pait of the titae series for the
particle’s charge. The charge buiids up from zero toward
an equilibrium charge Q> = (N The continuous
mode! gives o smooth carve for Qi) while the discrete
maodde! reveais the discrete natuse of Q. with random time
steps and fluctuations ubout the smooth curve from the
continuors model.

The fractional fluctuation is sirongest for smallest
pasticles. It oteys AQ/(Q) = 0.5(@/*> "2, for a wide
range of plasma and particle parameters. The square-
root scaling is the ;ame as 1n count *~ statistics, where
the fractioaal uncertainty of a count N is ¥ '? The
power spectrum of the fluctuations is dominatad by very
low frequencics, with half the spectral power lying at
frequencies below 0.024 17 ', Here 1 is the charging time,
as defined in cquaticn (7). At higner frequencies, the
spectral power diminishes as the second power of fre-
quency, {2

7. Contamination control

Here 1 suggest a speculative idea for conmtamination
conirol during plasma processing. based »n an undcr-
standing of the charging processes described m this paper.

Contamination nught be controlled by inducing a

positive tharge on the pirticles, A positive charge s
importiant becsuse it s believed that only negatively
ckarged particlas are confined in a laboratory discharge.
A harge (in the absence of significant cgative io
density) has a aatural electric potential that tends to
comfine regatively charged particies. By promoting elec-
wron endssion, the particles will charge posiively and be
cxpelled from the plasmi They will aither strike the
clectreds or escape radially from the discharge.

In the case of secondary emission, electron emission
can be promoted by heating the clectrons, perhaps by
operating with a low gas nressure or using an electron-
heating source such as microwave power. For nhoto-
emission, one could deliberately lluminate the plasma
with a uv source. It may be useful to know that the
particls s charye ~an {iuctuate to a positive valuc evenif it
i not possibie to churge it positively all of the ime.

To be effective, a contamination control method
rust either prevent growth of particles to a harmful size
ar transport them away from the substrate. The tech-
aique proposed here could serve the first purpose. and
perhaps the second. Somc particles might be forced to
iand on the substrate by promoting a positive charge.
This would be acceptable 1 it happens while they are
still nana-purticles, which are oo small to cause a defect.
Provided .hat the cource of uv or electron heating is
applied constantly, or puised rapidly, any particle that
begins growing will be expelled from the plasma before
it has time to grow 1o a harmiul size.
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Abstract. We present some results from numerical, fluid and particle models of
non-thermal low pressure sr discharges contaminated by dust particles. These
modeis have been used (1) to show the effect of the presence of dust particies
on the electrical characteristics of an ar discharge, (2) to study the charge and
floating potential of dust particles in a low pressure plasma from situations

where the particles can be considered isolated to situations where they interact
electrostatically and (3) io study the effect of the electrode geometry on the spatial
distribution of dust particies in an ar discharge. The results confirm the existence
of electrostatic traps close to the plasma-sheath boundary whose shape is very

sensitive to the electrode configuration.

1. Introduction

The formation of dust particles has been observed in a
number of plasma applications such as gas discharge
lasers. arc discharges for surface processing and low
pressuce radio frequency plasmas [1-8] used in the
microelectronics industry. These particles are typically
tens of nm to tens of um in size and their density
can be as high as [0® c¢cm™ in low pressure RF
plasmas [3.8].  The presence of dust particles in
etching or deposition plasmas 15 problematc due to the
contamination of the substrates to be processed. The
mechanisms of generation of the particles are system
dependant. They can be produced by plasma surface
interaction or created in the velume by polyme.ization of
the gas or its dissociation products. It has been observed
that dust particles are more casily tormed in discharges
in electronegative gases.  This suggests thut particle
formation and growth is often linked o the presence
of negative ions which have long residence times in RE
glow discharges and can initiate clustering. Particles can
also be present in discharges in inert gases where their
presence probuably results tfrom the discharge-electrode
interaction.

A number of modelling studies of dusty laboratory
plasmas have beer. published recently. where attempts
have been made to understand the charging of dust
purticles and  plasma-parucle anteractions {9-12f and
transport phenomena of dust particles in tow pressure
RF plasimas [13-16]. These studies have benetied trom
the rmportant hiterature pubhshed in the field of dusty
plasmas 1n space (see, e, 7 19] which presents many
stmailarinies with dusty laboratory plasmas.

In this paper we shell concentrate on the conse-
quences of the presence of dust particles moa low
pressure plasma and on the plasima-particle electrical
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interactions, without considering the mechanisms of the
formation of these particles.

The main consequences of the plasma-particle
electrical interactions can be summarized as follows.
(1) Particles immersed in a plasma acquire a negative
charge and negative potential with respect to the plasma,
due to the large mobility of electrons compared with
that of positive ions. The role of this negative charge
and potential is to ensure, at steadv state, equality of
clectron and positive jon fluxes to the particle (the
particle behaves as a probe). The charge and floating
potential of a dust particle depend on ity size, on the
electron to jon mass ratio, ard on the local plasma
properties (electron and ion temperature).  Note that
the charge and Hoattng potential of a particle may als
depend on the concentration of dust particles, since
clectrostatic interachon between dust particles i possible
at darge concentrations. (2) Due to the cortinuous
electron and ion fluxes to the particles, the presence
of a large cencentration of dust particles can have a
strong iniluence on the creation/loss balance of charged
particles in the plasma [V 11 These losses must be
compemnated by an increase o the jonization rate and
therefore in the plasma electrie tield. 3y Pust particles
are subjected to various forees, electrostane (due to the
field in the discharge), jon drag (momentum exchange
with 1onsy, foree due to the gas How, thermophoretie
force, gravity, et The competiion between these
ditferent forces may resuit in the tappimg of the dust
particles i some well detined vegions ot the dischairge
as suggested in {13 16)

Expeniments by Bohm and Pernn {200 have shownp
a pood example of the eticet of the presence of charged
particles on the elecincal characterstics of i silane Rt
discharge. Their measuremenis of the power dissipated
i the discharge as o functuon of Ry voltage (at constant
pressure) exhibit an abrept lransthon me the discliarge
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impedance, from capacitive to resistive, above a critical
RF veltage.  This transition is accompanied by a
complete spatial redistribution of the light emitted by
the discharge. The transition has been attributed to
the appearance of large concentrations of dust particies
in the discharge. We shall discuss in section 2 some
of the experimental results, and he numerical, fluid
and particle models [21] which have been developed to
analyse this transition.

In order to better understand plasma particles
interactions, Boufendi er a! [8,11] have designed an
experiment where dust particles created in a silane-argon
plasma are subsequently trapped in a pure argon plasma.
Such a plasma is easier to study and to model since
the formation and growth processes are expected to stop
when silane is removed. We have developed, under
the conditions of the experiments of Boufendi et al
where the particle concentration and size as well as the
discharge electrical characteristics had been measured, a
particle-in-ceil Monte Carlo simulation able to provide
the charge and floating potential of the dust particles. and
the plasma electric field [10]. These parameters have
then been used to valculate the electrical characteristics
of the discharge in contaminated argon, ard to compare
these results with experiments [11]. This work will be
described in section 3

A number of optical measurements have shown that
particulates tend to accuraulate in some well defined
regions close o the plasma-sheath boundaries |[1-6].
Seiwyn er al |2] have observed by laser light scattering
some spectacular distributions of dust particles (rings
around semiconductor wafers and dome above the
wafers) in RF etching reactors and have shown that
these distributions are very sensitive to the electrode
configuration. Measurements of the spatial distribution
of potential in pristine and contaminated RF plasmas
by Geha er al [22] and Carlile and Geha [23] tend to
prove that, depending on the electrode configuration,
on-axis or off-axis electrostatic traps for dust particles
(regions of local maximum of the potential} can exist
in an RF discharge near the plasma-sheath boundaries.
We have developed 2D fluid models of RE discharges
to study the influence of the electrode geometry, gas
pressure and other parameters on the electrical properties
of the discharges. We present in section 4 some results
from these 2D models in contaminated and pristine
plasmas.  The results show, in qualitative agreement
with the experiments, the presence of local maxima
of the potential i the plasma-sheath region, and the
accumulation of dust particles in these regions.

2. Influence of dust particles on the
characteristics of a silane discharge

We discuss here the influence of the presence of
dust parucies on the electrical charactenstics of an R¥
discharge in stlane on the bases of experiments by Bohm
and Perrin [20], and numencal models by Boeut and
Belenpuer {21)
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The experiments of Bohm and Perrin [20] were
performed in a symmetric discharge chamber with a
3.6 cm gap, at 13.56 MHz in pure silane and for two
values of pressure: £5 mTorr and 185 mTorr (at 220°C).
Current and power dissipated in the discharge have been
carefully measured as a function of applied RF voltage.

Two different .If-consistent models [21] have been
used to calculate the same parameters under the same
conditions as in the experiments. The models are based
on solutions of electron and ion transport equations in
silane, coup'ed with Poisson equation. In the first model
(fluid model), electron and i~ transport is described by
macroscopic, fluid equations, while in the second moael,
a particle-in-cell Monte Carlo (PIC MC) simulation
[24-26] is used (the PIC MC model is more accurate,
especiully at low pressure, but considerably more time
consuming than the fluid model).

Figure | shows a comparison between experimental
and numerical results for the power deposition versus
the RF voltage for the two pressures considered. At
low pressure (55 mTorm, figure 1¢a)), the PIC MC model
is in good agreement with the experiments while the
fluid model, as expected, does not compare very well
with the experiments. At higher pressure (185 mTorr,
figure 1(b)), fluid and PIC MC models give similar
results, but buth models predict a power deposition
much lower than the experimental one, when the RF
voltage amplitude is above 100 V. The measured and
calculated phase shift between current and voltage is
displayed in figure 2 a' a function of RF voltage. tor §§
and 185 mTorr. Again, reasonable agreemen: between
experiments and calculations is obtained at 55 mTorr,
while the phase shift predicted by both models is
considerably lower than the measured one at 185 mTorr.
The measured phase shift at 185 mTorr shows that the
discharge impedance becomes strongly resistive above
10 V.

The abrupt transition observed expenimentally. from
a capacitive impedance o a resisuve impedunce at
185 mTorr, has been attnibuted {20, 21] to the presence
of dust particles in the discharge. These particles may
be either produced in larger quantities or more casily
trapred when the RF voltage 18 increased above 100V
(note also the exastence of a hysteresis effect around
1) V). This interpretation of the experimental results is
supported by some numencal calculations also displayed
in tigures 1 and 2, which have been performed assuming
that the attachment cross section i about ten times larger
than in pure silune (no other fitting parameter has been
used). Undee this assumption, the power dissipated and
the phase shitt predicted by the models are in excellent
agreement with the experiments in o large 1ange of
RE voltages (see the square symbols n figures | and
2). Increasing the attachment cross section of sifane n
the calculations 1y equivialent to increasing the electron
losses 1 the plasma volume. The results theretore show
that the transmnon observed eapenmentally s associated
with an abrupt increase ot the clection losses m the
plasma volume. This mcrease of charped pariicles losses
van be associated wath the presence of particulates in the
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Figure 1. Measured and calculated power dissipation in
a 13.56 MHz discharge in silane (gap length 3.6 cm, gas
temparature 220 C) as a function of the peak rr voltage:
(a) 55 mTorr, (b) 185 mTorr; after [21) (measurements are
by B&hm and Perrin [20]).

discharge (particulates behave as microscopic probes and
can be considered as a distributed sink of electrons and
positive ions, see below).

Finally, we mention that measurements of the spatial,
time averaged distribution of the optical emission of the
discharge in the 185 mTorr case show that, during the
transition, the emission profile changes from the well
known two-peaks (maxima of the emission at the sheath
edge, lower emission in the plasma) profile, to a profile
with a much more intense emission in the plasma volume
[20]. The nature of the emissicn also changes during
the transition. These changes are due to the fact that
the distribution of the electnic field in the discharge is
strongly atfected by the presence of dust panicles. The
plasma electric field has to increase substanually in order
for electron impact ionization to balance the electron
losscs to the particulates in the plasma volume.

3. Charge, fioating potential and plasma
electric field in a contaminated plasma

. wrder to better understand and quantify the charging
of dust particles in a laboratory plasma, we have
developed & self-consistent PIC MC simulation [10]
which can provide the charge and floating potential
of a dust particle as well as the elecinc field which
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F.gure 2. Measured and calculated cos:ne of the current—
voltage phase shift in a silane di ‘harge as a function

of the peak  voliage (same conditions as tigure 1):

(a) 55 mTorr, (b) 185 mTorr; after [21] (measurements are
trom [20]).

1s r2quired to sustain the plasma. This mouel allows
the detcrmination of these parameters from aituations
where the particulates can be considered to be isclacg
to situations where they interact electrostatically. It
assumes a uniform, steady sute, DC plasma  “or
a given density and size of particulates, the hae
and floating potennal are obtained by simulau: v e
trajectories of a large number of electrons and s
in a volume clement around the particulate il
proper boundary conditions} subjected 10 accel rouon
by the self-consistent electric field (panticle-in-cei | w4
collisions with neutrals (Morte Carloy  The av ra e
electric field is obtained by requiring that the pfismn
be self-sustained, 1.e. that electron and ions los:. s uo
the particulates must be exactly balanced by ion: . o
The simalations have been performed under coot 1y
close to the expenments of Boutendi eral {8, 11y abe
dust panticles created in an argen-silane disch o are
subsequently trapued in a pure argen discharg-. These
conditions correspond to 6.1 Torr (300 K) arge wath
a dust particle Jdensity of 10 cm P oand ooy the
G.1-1 um range. Calculations for smaher 0 00 ele
densities and larger size have alvo been pecioe !
Figure 3 shows the sustaining electr.. .

electron temperature a. a functior of wuiizee oo
flowing through the plasma, predicted by 1. ot
for a dust particle density of 10* e " and 1o+ 0 aes
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of the dust radius. The electric field can reach quite
large values (E/p is in the 100 V cm™! Torr™! range)
and does not depend on the current density in the
considered range. i'he average electron temperatute
and electron energy distribution function (EEDF) (see
[10]) are very close to the temperature and the EXDF
which would be calculated in a pristine plasma, under
the same reduced electric field. This is due (o the
fact that under these conditions of large dust particle
density, the floating potential of the dust particles is
relatively small, as shown in figure 4{a). The shape
of the electron distribution function is therefore not
atfected much by the presence of the dust particle. For
lower dust particle concentrations, the floating potential
is larger und the EEDF is shifted to lower energies [9].
The low values of the floating potential and charge
of the dust particles (figures 4(a) and (b)) under our
conditions of large particle concentrations, are due to
the fact that ‘he dust panicles cannot be considered
o be isolated, and that the distance between them is
much smaller than the electron Debye length and 1s not
laze with respect to the ion Debye length (which is
closer to the actual shielding length for small particle
radii [12]).  This situation corresponds to the case
where the dust particles interact electrostatically. The
plasma behaves as a strongly electronegative plasma,
and the electron number density is between one and
two orders of magnitude lower than the ion density
(see figure S of reference |10]).  For example, for
a current density of 0.1 mA cm 7, the calculations
give (for dust particle density and radius of 10% ¢m *
and 0.1 m) values of the electron and ion number
densities around 2 = 107 and 107 ¢m * respectively.
This 1 consistent with figure 4(b) which shows that
cach particulate carries about ten negative charges under
these conditions (plasma neutrahty). The effect of large
particle concentrations has two consequences which have
apposite effects, as discussed by Whipple et al |17} The
tirst consequence s a decrease in the floating potential
due to electron depletion. The second consequence s
an increase in the dust particke capacitance which leads
o an increase 0 the number of charges carried by the
particles for a given floatmg potential (the number ot
charges /Zy carned by ecach particle is related 1o the
Hoating potentiad @y by eZy = Clpgl, where €1y the
dust particle capacitance [17). Howeser this increase
15 not important for condiions where the dust parncke
radius s small wath tespect o the distance between
particles twhich is the case herey and the dust paricle
capacitance 1s well approvimated by the solated particle
capacttance, Cy = 4T85r, try is the particle radis) as
can be checked 1o the numencal resabts ot ipne 30 The
overall etfect of large particle concentrabons s thetetone
4 decrease 1 the Hoatng potentiad and i the number of
charges carnied by the paticles

For smaller dust particle densities, the electnie tield
in the phisma i no longer independent of the cureent
density and the floaung potental can reach higher values,
as can be oseen an higure S This corresponds to
trasiiion $1oin a sitwation where the distance between
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Figure 3. Vanations of (a) sustaining electric field and (b)
electron temperature with current density in a dusty argon
plasma at 0.1 Torr (300 K), concentration of dust particles
10% cm 3, for three values of the dust particle radius; after

(11].

particulates 15 small with respect to the Debye length
(dust particles interict electrostatically), 1o a situation
closer 1o the case of isolated particulates, Figures S(u)
and (b)) show that when the celectron Debye length
becomes small enougls, the floating potential ot the dust
particles tends o w constant value corresponding to the
isolated case (the jon Debye length, not represented on
tigure S, s closer to the actual shielding distance and
v Jess than e nmes smaller than the clectron “weh, e
fetgthy

A 1D model of the complete K- discharpe
including o piven patoulate
concenttaion and size correspondinge o the experiments

contanunated  argon

of Boutendy e <l 5], and election and jon dosses termis
derved from the abosve PO M
devddoped and s descnbeda [T The curent voltage

sinudation has been
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plasma at 0.1 Torr (300 K) (same conditions as in figure 3);
after [11}.

4. Particle traps in an RF dizcharge

Under the experimemal conditions of Boufendi er al
(i.e. very large particle coacentrations, up 1o 10% cm™'),
laser lght scattering measurements of the dust particie
concentration showed that the particulates were roughly
uniformly distributed spatially in the plasma valume.
This is the reason why the PIC MC mode] described above
assumed a uniform plasma.

However, as already mentioned, a number of experi-
inents have shown that dust particles often accumulate in
some very localized regions of the discharge, generally

close to the plasma sheath boundaries. Measurements of

the spatial distnibution of the potential in the plasma by
Gehaeral 122]) and Carlile and Geha [23] have suggested
that the parniculates may be confined by electrostatic
traps whose structure and lociaion is very sensitive to
the electiode conhguration and nature.

In order to study the questions of electrostatic traps
in the discharge and ot ther influence on the contineanent

Plaama particie interactions
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Figure 5. Variations of (a) sustaining electric field and dust
floating pctential (th3 potential reference is the average
plasma p«tential) ard (b) electron Debye length and
number ot charges with current density in a dusiy argor
plasma at 0.1 Torr {,00 K), concentration of pariiculates
10° cm 3, radius of partculates 10C um: after [11)

of dusi particles. we Lave develeped a 213 self-consistent
fluid wmodel of RF discharges which can deal with
varnouy electrode and chamber geometries. In this model
elestron transport is described by continuity, momentum
ana energy equations.  The model ix more accurate
than the discharge modets deseribed in [27] since n
does not use the local equilibrium approximation to
caleulate the lonization rate and other electron transport
parameters.  Frequencies for wnization, momentum
exchange and energy exchange as well as the diffusion
coefficient and mobility at a given location and time,
are axsumed to depend on the value of the electron
mean encigy tobtained from the eneroy equation) at the
same position and time. The corresponding functionals
of the meun energy are determined in such a way
that they would give the usuval coulibrium  swarm
data under a constant and uniform electric hel! (see,
tor example, [28] for a discussion on this point).
Inertia terms ace neglected in the momentum transfer
equation which reduces to the classical dritt-diffusion
representation ot he electron ttux.  The transpon

41



J P Boeut et al

diclectie Wabl —e——— -

Helium
o TR ARA NI
LRI IR ATEEN
potential

v
P
i
|

positon icm)

SHOn (Cmy

P

o

postion {cm)

T
0 N '

=y

nenan

n

posihion conyy

Figure 6. Contours of constant (time averaged) pote-ii:ii in & helium discharge (1 Torr,

13.56 MHz, 150 V peak generator voltage), for four 'hfferent electrode configurations, from a
20 fluid model. The left (white) electrode is powered wirough a capacitor. The (calcuiated) oc
bias on this electrode is indicated in each case. The other elactrode is grounded. The highest
equipotential contours shown correspon to a value of the potential 0.5 V below the maximum.
Cases (a)-(d) correspond to situations of increasing asymmetry of the electrode configuration:
(a) the walils of the chamber are dielectric, and the discharge is symmetric, (b} the walls ot

the chamber are grounded, (c) the left wall surrounding the cathode is also grounded, (d) the
cylindrical wall around the cathode: 1s also grounded.

terias of the cnergy equation are approximated in the
usual way, including the thermal flux term (see for
example |28-31). lon transport s described  with
a continuity and momentum  equation in the  drift-
diffusion approximation.  The numerical method used
tfor electron and r1on transport equations is based on an
implicit tinite-difference technique using the Scharfetier-
Gummel scheme 27,32} The Poisson  equation
is solved with an SOR (successive over relaxation)
method. The model can deal with various electrode and
chamber contigurrions with different kinds of boundary
condition (cylindrical or rectangular geometry, metallic
walls, diclectric walls, floating  potential conducting
walls, or penodic transverse boundary conditions in
the rectangular case). The DC bias is calenfated self
consistently so that no DC current Hows through the
discharge.

The cateulations deseribed  below  correspond  to
discharges in pure hehum and contaminated  hehum
(secondly electron emission trom the electrodes or walts
is not included)
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4.1. Results in pure helium

Figure 6 presents the contours of & constant (time
averaged) potential in a 13.56 MHz discharge in | Torr
pure helium, 150 V peak generator voltage, for four
different electrode configurations.  The small (left)
clectrode s powered through & capacitor and the large
electrode 1s grounded. The calculated DC bias in each
case is indicated on the tigure. We see that the averaged
potential presents tocal maxima at different locations
of the chamber, depending on the electrode geometry.
The region of maximum potential forms a ring around
the discharge gap in figure 6¢a) where the walls of the
chamber are dieicctiic (symmetric configuration, no DC
bias). In figure 6th) (conducting, grounded walls) the
region of potential maxamum forms 4 nng around the
smaller electrode  In the conhiguration ot figure 6ic)
where the walls of the champer on the small electrode
side are also grounded, one can see two regions of
maxunum potential, one in the form of a ning around
the small electrode, and the other one 1n the torm
of an ellipsord on the discharge axis. close w the
powered clectrode.  In tigure 6(d), where the cyhnder
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Figure 7. Contours of constant time averaged electron density under the conditions of tigure 6

surrounding the poacred electrode is grounded,  the
cllipsond av s0ft present. but the nns has disappeared
These resudis are moqualitative agreement with the ught
scattering observations of Selwyn ef af {2) and witis the
potentist distributior measurements of Geha er af |22

Note thit the Brghe equipotentis! vontours displayed in
tigures O 1d; correspond 1o a value of the potential
0.5 V below the mavnnem poenna tdiferent tor each
of the bour casesy. This means that most ot the dust
particles present an the descharge would be located 1n
the region dehoted by these contours, af forees othet
than the electrostatic torce were negiygnble the thermal
eacrpy o the particulates s a fracton of an V)

Fhe potentral maimu are, as expected. ssociated
with maxima o the plasma density, as seen o ngure 7,
which wie themiselves related 1o the spanal disteibution
af the sonzation sate e the docharpe (displaved 1o
hgure By Note that s a 10 parallel plate geometry
the mavomune ob potentiab s necessardy located an
the mird gap 11 electton Josses, such as recombrnation,
are negherble even though the weomzanon rate presents
strong masima near cach elecoode fooa 2D peometry.
petenttal mavma can be focated on the discharpe oo
and closer o one electiode dae to the asyimmetry of
the vontigaration thgures Sehi cdi, but can also be oft
A Chgures D wor o This s becanse radial ambipolar
fosses of ons are possble i a 200 peometny o and maxima
of plasmu denstty can be closer to nieama of ronization
rate brgure 8 shows cleardy the eifect of the clecuede

geometry on the tonization e, and  comparisons
hetween tigure 8 and higure 7 hedp undensstanding the
locattons of masimuy plasma densiny and - potentisl
(note. howeser. that the relavon between the spatial
distrbutions of electron density and somzaiion rate s
rather compley and that mavima of plasma dersity do
not C(HTC\[M)Htil\vliLl\!n!A ot tomzation rate)

The posimon of the nuamas: potentiab s extiemely
sennvtve e
seometry cheare & and also gas pressuie, as seen
tipure Y thehum, 1356 MHz 150V peab penerator
voltage, DO buas mndicated on the figater I the geomeiry
af tigure Y the powered electrode forms acanity. We see
that, when the pressure meredses brom 6.3 o to 2 Tor,
the region of masomun plisma density cand potentiady
wistde ot the powered electrode.

vatients parameters  such as o electrody

moves closer to the
while ats shape changes trom an eilimsond” g niny”
Note alvo that the calor ded DO bras anaicases when
the pressure decrea o e agicemicnt with expenenental

observations

4.2, Results in oontaminated helivm

We have mcluded o the Y model aboves dust parizcies
ot grven stzes wath selt comserent calealaons of then
Charge and transport dae to the electostatie and ron deag
face The space charge indaced by tae dist paiicles
e abse tken mte ot We Save added o the sei ot
cquations ot the Hord mode! wcontiisty equation tor the
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dust particles which has the following form (subscnipts
d, e.and p refer to dust particles. electrons, and positive
ions, respectively )

+ V- igvg) = 0
DyVny

ngvy = ngkgt eyl - Fyi -

where ng and vy are the density and veloaty of dust
particles, Zy iy the number of negative charges carmed
by each particle, (ehyZp) and 1y thewr mobihty and
diffusion coefticient Al these ¢uantities depend on
space and tme The son drag toree Fyp s taken trom
the analytical expression given by Daughenty eral [ 15)

The number of negative charges 7y on the particles
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is obtained, (at each location) by

0Zy ) )

a1 = Vde d.p
wherc vy, and vg, are respectively the number of
electrons and ions collected by the particle per unit time
and are given by classical orbit theory [14]

_ o (BKLT (edy
lld‘,—nrdn, o exp k_T

) (Skrp‘)‘/’-/, PEIAN

Vg, = Wranp -
U 7T,

where 71, and m,, are the electron and positive ion mass,
T. and T, the electron and ion temperature. ¢, is the
floating potential of the dust particle at each location
and is related to the number of charges Zy by (ry is the
radius of the particles)

P

eZy = |@gldmepry.

Loss terms of the form ngvg. and ngvgy, were
subtracte:i froim the source terms of the electron and ion
continuity equations.

The set of transport equations of electrons, positive
ions, anc dust particles coupled with Poisson equation
(includiig the dust particle charge density, —Zgyny) is
integrate  in space and time until a harmonic steady state
is reach=d. In order to make the calculation tractable in a
reasonanle time, the dust particle mobility py(= ekyZy)

of the order of the positive ion mobility. The value
of the difiusion coefticient was chosen so that g/
was a fraction of &T, /e where T; is the neutral gas
tempe-ature. For iow values of the dust panticle density
(whei: the dust particle space charge can be neglected)
the discharge caleulations and the dust particle transport
calcuiations were uncoupled and much bigger time steps
could be used for the transport of dust particles. Note
that i¥ the ion drag force is neglected, in the case
of small concentrations of dust particles, the transport
equation abuve gives a Boltzmann distribution for the
dust particles.

The approximations above on the dust particle
transport are quite crude, but our goal 1s only qualitative.
The purpose of the calculations was (1) to estimate
the influence of ion drag on the transport and spatial
distribution of dust particles and (2) to study how
this distribution js modified when collective effects are
present (large concentrations of dust panicles).

The results, for dust particles of 0.2 um radius and
under the di:charge conditions of section 4.1, show that
the electrostatic force is always larger than the icn drag
force.  For low particle concentrations (figure 103a)),
particles aic therefore confined in the electrostatic
traps descried above.  For large concentrations of
dust particles (typically above 10 em ' for 0.2 um
radius particulates) the distribution of dust particles
is modified (tigure 10(b), due to the changes in the
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potential distribution induced by their space charge, and
to the increase in electron and ion losses which leads
to an increase in the plasma field. The distribution
of dust particles tends to be more uniform for larger
concentrations. For dust particles concentrations above
107 cm~?, strong (probably numerica’) oscillations of the
plasma potential appear. When the initiai concentration
of particles was increased from a few 10° to a few
10" cm™ the number of charges Zs on the particles
dropped from a few thousands to a few hundreds,
in qualitative agreement with the results of section 3
(transition from the isolated particlcs case to the case of
electrostatic interaction between particles).

5. Conclusion

The results presented in this paper can be oriefly
summarized in two points.

(1) The presence of large concentrations of dust
particles in an RF piasma strongiv affects the distribution
of electric field in the discharge. A substantial increase
in the plasma electric field is necessary to ensure
that electron and ion losses to the dust particles are
balanced by ivnization. This increase in the plasma
field completely modifies the electron temperature and
distribution function. This certainly affects the chemical
kinetics of the plasma and may 'cad to a more efticient
production of radicals or active species (due to the
increase in electron temperature).  One can therefore
think of using dust particles to increase the process
efnciency, although this would need a complete control
of the transport of dust partici- s in the reactor (in order
to avoid substrate contamination.)

(2) The 2D discharge models have shown that
potential traps for dust particles exist in an RE discharge,
thetr localization depending <trongly on the electrode
and chamber configuration.  The positions of the
calculated potential traps have been found to present
strong similarities with the ‘ocations of maximum dust
particle concentrations observed experimentally and with
those deduced from prob: measurements.  Although
it is clear tha other firces (fon drag, gas flow,
gravity, thermophoretic force) affect the transport of
dust particles under some conditions, our results stronglv
suggest that the electrostanc force related to potential
traps plays a central role in the spatial distributton of
dust particles. We think that 2D models could be used
to help designing reactor cenfigurations allowing a better
control of dust particle distribution and transpon.
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Spatial distributions of dust particles
in plasmas generated by capacitively
coupled radiofrequency discharges

Seung J Choit, Peter L G Ventzekt, Robert J Hoekstra
and Mark J Kushner}

Department of Elentrical and Computer Engineering, University of lllinois,
1406 W. Green St. Urbana, IL 61601, USA

Abstract. The transport of particles (‘dust’) in low-pressure electrical glow
discharges is of interest with respect to contamination of semiconductor wafers
during plasma etching and deposition. The distribution of dust particles in these
reactors is determined by a variety of {orces, the most important being electrostatic,
viscous ion drag, gravitational, \hermophoretic and neutra! fluid drag. In this paper we
present results from a series of computer models to predict the spatial distribution of
~ust particles .1 capacitively coupled electrical glow discharges considering these
‘orces. The results are parametrized over power deposition, gas flow and particle
size. We find that the spatial distribution of dust depends on the spatial dependence
of the sheaths and plasma potential in bulk plasma which in turn depend upon the

electrical topography of the surfaces. Experirnentally observed ‘deme’ and 'ring’
distributions of dust particles are computaticnally reproduced for specific
combinations of discharge power particle size and substrate top.ography

I. Introduction

Particutates (Cdust’ particles) ire common contananants
in low-pressure €< hundreds of mTorr), pactally ionicea
telectron density  10° 10" e Y plasma processing
clectrical glow discharzes for sennconductor etching wed
depositton (1 10]. The dust parucles negatively charge,
and particies of & few micrometres in size have hundreds
to thou ands of clementary charges {11.12]). Dust par-
ticies penerally accumulate . specific regions of the
radio frequency (/1) discharges which cre commonly
used 1 plaema processing. Roth et al tir t used laser
hght scattering to observe that particles accumulate near
the bulk plasma sheath boundary in these discharges
[H) as was bater contirmed by Selwyn erar {2 4], Jethun
et al [ T and Watanabe e1 ol [8,9] Large particles
(0.1 g accumulate near the sheath edge, while s\mall
particles aceumulate i the centre of the discharge at the
locat.on of the mavimum i the pasma potential. Sel-
wyn ef ol [ 3] and Carbide vt al [10] adso observed that
particles accumulated i noogs aronnd and dome. above
e semiconductor walers an feactive on etehing (i)
discharges

Semmerer et al [1T3] and Barnes ef of T proposed
thai transpori o spnall partcles fwhen 2ravaty s not
impariant) s domunated by tvo forces. electrostans and
viscows ton drag. The former foree accelerates negatnely
charged particles towards the centre ol electropoative
FRresenr thdress Sande Sationad Baboratony Albuguergue. WM
NTERS LS
TPresent addiess Hokkand s Uaasersas Depariment of bie toeed

Eovinecose, Sapooro o fapan
A uhor to whoni cotrespondetice shoald be addiosed

0963 G050 94 QAOIIR 08519 40« 1994 1OF ronishing Lidg

plasmas or owards local maxima in the phoma pater..
tial The latter foree aceelecrios part e in the direction
of neton Aux, which o generaily towards the bound-
ares of the plasma (The ton drag foree resuls from
orbits of positive 1ns around the dust parircle which
transfer momentum to the parucle u. tae direction of the
netton flux [11,12] These forees have also been theor-
cticaily addressed by Graves ef o [N 16] and computa-
tonally addressed by Chorand Kushoer {11,12]

The detats of the geometry of the reactor are ia-
portant in determining the locaunn at wh ch particles
accumulate i RE dircharges, For oexample, for larpe
particles, the electrostatie and ton dra forees balance
near the edge of the sheath The Cectocat topograpay of
the substrate, which determimes the shape oi the sheath,
ts therefore important i determeniag the istnibution of
dust particles. Viscoos fhad torees aocelerate posticlesn
the direction of the gas flow. Yhe flow fiekd through
nozzles and around obstacles a thoreivse important with
respedt o dust distibutions, e geometry ol the reac-
tor can also deicrmine the temperature tield, which
generates thermophorene forees (17]

I'he importance of 1he electrical topography of the
substrates i determming the detobution o dust has
been noted by the eapenimentai chservations that dus
ofter, accemulates i nings and domes abosve semicon
ductor wafers HEX] Selwyn er of (3] also observed tha
particles accumulbiate in the contre of aetalhic washers
pliaced on the electrode and i prooves sarroundmyg the
wafe o R discharges. Fhese observations are presam
ably expluined by the perturbimg cffects ol the ¢ 1opo
grapraes an the potential protile and won flaves Farther



evidence for the imporiance of the clectrical topography
in determining dust distributions can be found with
recent electric probe measurements of the plasma poten-
tial in RF discharges. These measurements showed that
particles are commoniy icund in the vicinity of poasitive
potential traps {perhaps as large as 7V) at the edges of
walers {10,18].

To predict the accuinulation of particies 1n RF dis-
charges one must therefore seif-consisiently accoant for
the shielding aud charging of particles in the plasma, the
ion flux which provides the ion urag furces. the =lectric
field which generates the electrostatic foree, the fuid
flow field which provides the viscous drag force and the
temperature field which generates thermophorctic for-
ces. A series of comrpuater models has been developed to
predict the dynamics of the motion of dust particles in
capzcitively coupled rb discharges considering these
forces. The models are described in section 2 followed by
a discussion of our results in section 3. Our concluding
remarks are presented in section 4.

2. Description of the model

The model we have used 10 this study is a senies of ive
linked simulations, schematically shown in figure L. The
first model is a pseudoparicle 1n cell simuiation (@1}
which provides the electrical charges on the dust particle
and ion dust momentum  transfer cross  sections
18 12] The sccond 48 o two-dimensional Monte
Carlo 1luid hybrd (Mcrhj maodel for plasma properues
of v discharges [19] The third i a two-dunensional
plasma chemistey Monte Carlo simulaticn (P mis)
which provides 1on veloaity  distributions [19] The
fourth i an advective flow ticld model. The fifth s the
dust particle transport (b2 1) mode! which is the module
i which the dust particle trajectonies are actually com
p rted. (o avoid confusion computational particlesin a
s or bes will be called py2udopaerucles; contamirating
poerticudates mothe plasma will be canicd dast puiicles)

ELEC RGN
MONTE CARLC-
FLUID MY BRI MOOEL

! rt DISCHARGES

€z, Sira), Vot

—————--1 ol ASMA CHEMISTRY |
Foc smuLamion ] | S CHEMSTRY ABVECTVE
{ OF DUST Charaia | li‘-:.,. CaTon oW AND
0 dT, e, Ty e Br o v(r.x'

577 'TlCLE
| S - YlANSPOﬂY

Figure 1. Scheru ¢ i the raodael o, partic - trapying. Resuhs
from a Monte Carlo fluid hybnd medel fo: Bt hischa-qges
provide ion sour( es, elec'ron temperature ent slect' ¢
potentiai. A 1IC s mutation provides 1on Just toemum
transter cross secticns and charges on the dost. A pasma
chemistry Monte Carlo simulaten provices o fluxes A
separate moaal urovides the Hu fow field These « sults
=re combined in the dust particle tanspont modal

Space distributions of dust particles

The modelling process begins by computing the
clectrical charges on the dust and the ion - dust momen-
tum transfer cross sections as a function of ion energy
and plasma parameters (such as electron density and
temperature). These cross sections are obtained from the
pics which follows electron and ion trajectories in tiie
vicinity of a dust particle while solving Poisson’s erjua-
tion for the electric field. Before cxecuting the Pics.
Mon:e Carlo simulations (Mcss) of botk ihe electron and
icn swarms are performed using a specified and spatially
uniform E/N (clectric field/gas number density), The
purpose of performing the Mcss is to obtain the quasi-
steady state clectron energy distribetion and ion energy
distripution for use us initial conditions in the pPics. The
details of the Mcss are described by Weng and Kushner
[20]. All pertinent elastic and inelastic collisions of
clectrons with the neutral gas and ions are included in
the mess. After the electron and ion energy distributions
are obtained, a spherical dust particle is introduced into
the centre of the computational volume having a speci-
tica charge Q. The pics is then perform~d while includ-
ing .|l the collision processes. This portion of the model
difices from the Mes in that now the sell-consistent
clectric ficld in the vicinity of the dust particle 1s ob-
tained by solving Poisson’s equation while the equations
of motion of the pseudoparticles are advanced. When
sob g Poisson’s equation, the net charge density in the
plasma and on he surface of the dnst particle are
accounted for. The surface charge density provides a
boundary condition in the form of the clectric field at
the surface. Pseudoparticles striking the dust particle are
assvined to be collected with unity efficiency. The col-
1ocied charge density was averaged over the surface of
the dust particle. The pies is executed 1o obtiur: 4@ dr.
frased 0a the sign of dQ/dr, the pics iy repeated with
dificult values of Q to scarch for the value of Q0 which
yiclds dQ-di = 0 which signals an cquibbrium of clec-
tron and 1on fluxes to the dust particle.

At the end of the pics, cross sections for electron and
ion momentum transfer to the dost particle, and for
collection by the dust particle are caleulated using
molecular dynamics (up) techmiques. Givea the electric
ficld around the dust patticle obtained from the vies,
eloetron and 1on pseudoparticles are launched into the
computational volume with varying .mpact parameters
Ey gathenng statistics on the change in momentum and
numbe: of pseuaopirticles as they leave the volume, one
can caleatate the momentum transfer and capture cross
sections,

A two-dimensional MetH model of RE discharges 18
then used o obtin electnic fields as a function of
position and source functions for 1ons and radicals [19]
Phe two-dimen: onal (r,2) model s i hybnd simulation
conshing of wi electron Monte Carlo simulation
CMes), o lud-cChemical kineuos simulation (Fxs), and an
off-line plasma chemistry Monte Carlo simulanon. The
model s coneeptuatly a 2D analogue of the 1D M
modet for kR descharges described previously [21] The
hvbid model begims by estimaning electie hields in the
plisnut as o tunction of posiion and phase ke, 20 @l
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These fields arc used in the EMCS to advance clectron
trajectories to calculate the time averaged electron en-
ergy distribution, f{¢, r, 2). This is obtained by averaging
electron trajectories over = SORF cycles while including
all pertinent elastic, inelastic, and Coulomb collisions
£217. fie, r, 2) is then v ~d to calculate source functions
for electron impact processes, transport coefficients, and
average electron energics as a function of (r, 2). These
quantitics are then passed to the rKs. The £KS integrates
the continuity equations for the densities of all charged
and neutral species and solves Poisson’s equation for the
clectrostatic plasma potentiai using the method of suc-
cessive-over-relaxation. A semi-implicit solution of Pois-
son's equation allows us to take time steps tens to
hundreds of times larger than the dielectric relaxation
time il necessary. An acceleration technique is used to
speed the convergence of the ¥ks by predicting luture
species densitics based on recent time histories of those
densities [22].

We account for the different effective arcas of the
electrodes by using a simple circuit having a blocking
capacitor, and calculate the pe bias generated on the
substrate. The surfaces of the chamber are speatied as
being cither metai or diclectric. We can also include on
the substrate topography such as walers. discs and
grooves of specitied diclectric constant. After the Fks.
Efr.2.¢p) and species densities wre cycled back 1o the
EMOS 10 aterale through the modet unul the plasma
densily converges.

In the McrFH model, electrons are treated kinetically
while 1ons are wreated as a Quid. We therefor. -0 not
generate the information on the 1on energy distributions
that s required to compute the forces on the dust
particles. To obtain these distributic,. e electrie field
and source functions from the Mckn model are imported
into the poMos In the poMes. source functions and
clectiic fields from the MOYH are used to aunch and
follow trggectonies of pseudoparticles represenvng ans
and radicals. All pertinent elastic and inelastic cotisions
for both 1ons and radicals we included. An tterauve
particle mesh algorithm ircorporating & moditied null
crosy section technigue o used to account for wen jon
(such as negative hon-positive ion nentralization) and
radical radical colhsions [ 23], Statisties are coltected on

the veloaty and spatally resolved wn @momentum fux-

distribevon, @yir, 2, vig (em®s ') emy )]

e flad dow field o the reactor s obtamed by
solving the perturbative pressure form of the conunuity
and imomentur cyuatens.

‘n Vi R

s o Vowa - vy (1)
ot o

op r

\I' l'«u‘(l‘f ‘M (1h)
{

I equaton (1) a w the advectne flund veioes

iy the perturbanitve pressure. p s the gas density, o, s
the sound speed and D s the veloaity diffusion codlh
cient. This flow fiekd s adyo Gsed i the POMCS 10 accoun)
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for momentum transfei between :he pseudoparticles and
buffer gases during elastic collisions.

The motions of the dust particles are ca'culated in
the ppT model where we compute the spatially depend-
ent (r=(r,z)) forces on the dust particles. To obtain
these forces we import the ion-momentum transfer
cross sections and dast charges (from the pics), electric
fields (from the MCFH model), ion momentum distribu-
tions (from the pcMcs model) and the fluid flow field.
For this work we have simply specified a temperature
gradicnt. The force on a dust particle { having a specified
radius r; and mass M, is

Fir) = Mg + q.E + [a(lv)édr, v) v dv,

Re vr
- Zj(m(v, —~u)* CiRe)) ?41 — bnprvK; T

(2)

The terms on the right-hand side of equation (2) arc for
gravitational, electrostatic forces, ion drag, viscous fluid
drag and thermophoretic forces respectively. E is the
clectric field (obtained from the MCrH model), g, is the
charge on the dust particle (obtained from the PICs). o is
the jon momentum transfer cross section (obtained
from the pres) and ¢ is the 1on momentum flux distribu-
tion (obtained from the Mepe model). The last two
terms, viseous Hud drag and thermophoretic forces, are
derived from classical thermodynamics based on the
hard sphere particle assumption [17,247. The constants
ure

C(Kn) =1+ Kn(x +/f)-cxp( '\' )) (3d)
\ ",

001721+ Re,

Re
TRe Y= D 0173 RN T T
C “(Rl ,‘) 24 1 Rtp +] L T6300° R"v IR

(3h)
hl 1y,
Re - i u (30)
[l
200k, Ay e C Ry
N LA, Ayt ot I (3d)

(0 3C AL+ 2k h) + 20 Kn]

voas the veloaty of the dust particle, Knos the K nudsen
number {4 r ), Re, s the Reynolds number, 4 the flud
VISCOSHY. v~ g p (g s the pas density), and T is the
mean gas temperature. In oeynation (3) 3, f#f and » are
experimental constants which depend on the nature of
the gas particke imteracoon at the particle surface and
so are affected by both gas composition und particle
surtice roughness. &, and & are the gas and paricie
thermal conduchvities respectively. and ¢, €, and €,
are the thermal creep coeflicient, temperature yjump
coellicieat, and velocity jump coellicient respectively
AN values of the constants ain equation (3) are hated 1n
table )

1o begin the ey model, we speafy & volumnetnic rate
of gerreration of dust particles of a given radins. We then
Launen pseadoparoctes representing the dust particles
from those locazions, and simply integrate the equations
of motion of those peudoparncles whilde continuoushy



Table 1. Values of constants used in force calculations

Constant Value Reference
x 1.227 (24}
B 0.42 [24]
¥ 0.85 {24]
kg 0.1799mWem 'K~ (28]
.2 1240mwWem 'K i28)
22 [24]
G 1.147 [24}
Cn 1.146 [24)

launching additional pseudoparticles untii the dust dis-
tribution achieves a steady state.

3. Distribution of dust particles

In this work we investigated dust particle distributions
in a capacitively coupled rRf (13.56 MHz) discharge
sustained in 100mTorr of argon with a nominal power
deposition of ~20 200 W (see figure 2). The electrodes
are separuied by 3em and the plasma zone is 10cm in
diameter. The gas flaws through a showerhead nozzle
and out radially 1o a pump port (figure 3). A wafer
{dielectric constant v'cy = 1.8, thickness 3mm) sits on
the lower powered clectrode. The top electrode is
grounded. The radial boundary condition is approxi-
mated as ¢ ground plane (atr = 10cm) which allows the
advective flow to pass. For these results we have as-
sumed a constant thermal gradiest of 15K em ' oas

SOURCE
{100 « 4 8(15) om 3 1} ,

Figure 2. Plasma parameters trom the mcFn model fot a
capacitively coupled RF dischargs (13.56 MHz) in 100 mTorr
A- (&) 1nn soute and plasma potential. (b) Ar(4s; and At *
densities. The contour labels tor ion saurce and densities are
a percertage of the maximum value, noted at the top of the
figure. A 3 mm thick water (10cm chameter) is on the lowel
powered electrode. The electrode topography produces a
local maximum in the plasma potential and the 1on sourne.
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MAXIMUM FLUX = 9.8 x 10® om 23 !
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Figure 3. Fiow fields for the condition of fiqure 2. (a) lon flux
and (b) advective fluid velocity. The size of the arrow
denotes the magnitude of the ion flux or fluid velocity. The
maxirnum value is shown at top. The ion flux. moves away
from the local maxima in ion source and plasma potential to
the boundaties. The fluid velocity is most negative at the
showerhead nozzle and is aimost totally radial near the edge
of the wafer.

could occur when actively cooling the wafer. We observe
that the calculated thermophoretic foree s smaller than
the electrostatic or ton drag forces, and therefore s not
a major conswderition under our operating conditions.

Typical results from the Mot H models are piven in
figure 2 where the time averaged plasma potential, 1on
source, 1on density and argon metastable density are
shown. A 10cm diameter wafer is placed on the powered
clectrode. The powered diameter of the lower surface 1
> 12em and is separated from the annular ground plane
by a dielectnic spacer. The metal surface of the powered
electrode generates a DC s of - 8 Y, while the surface
of the waler aquires a ¢ bias of - 31 V. Note that there
are local maxima an the plasni potential, electron
sources and 1on density in the form of a torodal ning
I L3cm from the edge of the wafer.

T'he positive potential well has s depth of >1 13V,
These tocal maxima, perhaps similar to those observed
by Geha et al [IR] result from a dscontinuity an the
electnical topograpby produced by the sharp edge of the
watfer, and by the transition between the dietectnie wafer
and the metal In ths regard, the discontinaity m
clectrode topagraphy resembles the metal gas diclec-
tne tnple pomt at which electae field enhancement
ovcurs i highvcatage awitchesy 1287 The ton density
shows @ small maximure in e Croidal region as well
as at the centie of the 30 e The Ar(ds) density also
shows o weak ofl-avs peak Note that Ctthough theen
source hias o tocal maximum near the edge of the wafer,
iy absolute maxsmuom vilue s near  the exvposed
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powered electrode. This results from the fact that the fuil
capacitive voltage drop is across the sheath as opposed
to sharing the voltage between the wafer and the sheath.

The ion flux (obtained from the pcmes) and fluid
flow fields for these conditions are shown in figure 3.
The ion flux typically flows from maxima in the plasma
potential and ion sources to the peripheries of the
reactor. The focal maxima in the plasma potential and
ion source at the edge of the wafer produces a vertex in
the ion flux with ions Nowing from that location. The
fluid flow starts from the showerhcad and gains speed in
the radial direction as the edge of the showerhead is
approached.

Predictions of dust particle locations for dust diam-
eters of 0.5 to 4um are shown in figure 4 for the
geometry just discussed. These results are an instan-
tancous ‘snapshot” of the dust particle locations 0.15s
after beginning to generate particles. The dust particles
are generated at a constant rate of 2.6 x 10*s™ " in the
plasma region of the reactor weighted by a cosine
(maximum in :he centre) in both the axial and radial
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Figure 4. Dust panicie locations with a 10cm diameter
water on the powerad lectrode Locations are shown for (4)
05, (b) 10, (0 20and (dh 4 0um particies. Smali particles
are more sensitiva to the electnc potential and may form
domes and nngs around local maxima in the potential
caused by 1on drag away from these locations Large
particles have larger ion drag forces. which push them
towards the boundanes inertiat aftects cause oscillition
about the equilibnum locations
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directions. The power is 80 W and the gas flow is turned
ofl. The smaller sized particles are trapped near the
centre plane of the reactor at the maximum in the
plasma potential. The dust particles are also trapped
around, but not in, the positive potential well. lon flux
flowing out of the well is fairly efficient at removing
particles from that region and holding them at the
periphery. We also observe that the plasma optical
emission and particle locations do not necessarily co-
incide. Trapped particles follow a contour on which ion
drag and electrostatic forces balance. This contour
moves down towards the edge of the wafer around both
sides of the local maximum in potential on both sides.
These loci of points forming the trapping locations give
the appearance of a ‘dome’ above the waler and 'ring’
around the wafer as observed experimentally by others
[2, 26, 27] at a similar power deposttion value
(240mWcem %),

As the particle size increases, the trapping location
moves toward the clectrodes and a flatter dome and a
wider ring form. The ion drag force increases at a faster
rate with increasing particle size than does the clectro-
static foree, and so the large particles are pushed by the
ions towards the periphery. The ion drag forces are
sufficiently large for particles 22 4um that inertal
effects are important. That is, the dust particles are
accelerated to high velocities which overshoot the equi-
librium location at which 1on drag and clectrostatic
forces are balanced. The particles therefore osallate
about those locations as thew velocities are slowly
damped by fuid drag foree.. The oscillition is shown by
the "blurring” of the parucle locations in the snapshot of
ficure 4d), Although we collect all particles str.king the
clectrades, many of the Larger particles sinke the elee-
trodes and could concenvably bounce ofl the surface

Parncle locations are shownan figure 5 (1 m diam-
eter) for simnlar condiions as m figure 4 exeept for a
15em diameter wafer on the powered electrode and
power Jeposition of 200 240 W, The largest difference
which occurs with sncreasing power deposition 18 an
inerease in the on Hux while the potential profile does
not change appreciably. As with the smaller wafer, there
15 @ local maximum in the plasma porontial and on fluy
near the edge of the water as showanan figure 6. But now
with the Jarger waler, there o also a0 mavamum i the
plasma potential at the centre of the wafer At low-
power deposttion, the electrostate forees domimate, and
the particles accumalate at the ndge the maamuam n
the plisma potential As the power increases and on
drag forees increase, the particles dre pushed away trom
the novmum n the plasiia potental, and form nng-
and dome-hib structures These Tocations are on oppo
site sides of the mavimumon the plasma potential where
the on drag cassed by ons flowang away lrom the
mavanum s badanced by clectrostiatic forces A the
power continues toonctease, the won drag lotees domn
nate and push the partcles to the sheaths ae the edpe i
the waler At high powers, the wn drag Jorees aceelerate
the dust particles 1o suthicientty hgh veloaities that they
overshoot the equidibnium location BFvidence of osailla
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Figure 5. Dust particle (* um) locations with a 15¢cm
diamere s waler on the powered electroce Locations are
shown for power depositions of (a) 20, (b) 60, (¢) B0 and ()
240W. Increasing power increases the ion drag force,
pushing particies towards the electrodes. The dome and ring
sh - Stures result from local maxima in the plasma potential.

PLASMA POTENTIAL (V)

HEIGHT (om)

Figure 6. [‘lasma potential for the conditions cf fiqure b
(20 W). Tha dots denote regions ol negative poluital
Maxima n plasma potenhal occur near the edge of the water
and in the centre of the reactor

tion in the location of the particles can be seen by the
‘blurred’ hne of particles. Thoe predictions agree with
the vaocnmental observaticas of Setwyn er ol [26] who
noted that partcie traps can be emptied by increasing

Space distribui’.ne of Just particles

power deposition, an effect we attribute to ar - cased
component of ion drag.

The effects of gas flow on trappt , are sLown in
figure 7 for 1 um varticles and a power deposition of
80 W. Note that . wa.er is used in this seqt. e where
we varied the gas How frc 1 Zur_ th S5 2. Without
gas flow, the particles ase = apped a: +~< s“eath edges
where electrostatic and ion dvag for. . ) wiaice. As the
gas flow increases the paiticle triue. .2ir the top
grounded clectrode is eliminated b, ** fluid forces. At
this location the fluid drag force is negitive (towards the
lower electrode) and opposes the ion drag which forces
the particles towards the upper electrode (see figure 3).
With increasing gas flow particles are swept ia the radial
direction where they are lost out of the gas outlet and
accumulate to some degree at the radial sheath. This
accumulation may be exaggerated by our clectrical
radial boundary condition. At very high gas flow, the
inertia imparted to the particles by the high axial gas
flow near the showerhead causes particles to oscillate
about equilibrium trapping points.

The disposition of 1 m particles is shown in figure
& where the normalized rates of loss of particles to traps,

Tno gas flow

1 1 1
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Figure 7. Dust particie locations with a bate powerad
vlectrode Locations are shown lor (4) 0, (05 100, () 200 and
() H00 scem Gt gas fiow  The gas Nlow detraps particles at
the upper boundary wher e the tlud veloOty 18 negative and
Opposes the on drag lorces Parbicies are 10st 1a the radial
putnp port at hign gas flow
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Figure 8. Disposition of particles as a function of {a) power
depesition (1 um diameter) and (b) gas flow (1 and 2 um
diameter). Rates of trapping and loss to the water, bottom
alectrode (but not the wafer), top electrode anu io the side
wall or gas outlet are shown.

the top clectrode, the bottom clectrode (but not the
wafer;, the wafer and to the side wall (or out the pump
port) are shown. Results are presented as a function of
power deposition {without gas flow) and gas flow (at
80 W). In the low-power regime and without gas flow,
most particles are trapped in the plasma. As the power
increases the trapping rate decreases and the particle
loss to the reactor boundaries increases. This resv. s
from jon drag forcing particles over the petential hill at
the boundaries. At 300 W (without gas flow), only 10%
of the particles are trapped. Note that the rate of loss of
particles 12 the wafer 1s smaller than to the top clectrode
because of its more negative sheath (and smaller size).
The particle dispositions as a function of gas flow show
that at sufficiently high gas flows, the particles can be
blown out of the pump port. Larger particles are more
easily blown out of the reactor because both the fluid
drag and ion drag forces increase with radius of the dust
particle. These results are sensitive to the starting loca-
tions of the dust particles.

The interplay between electrostatic, ion drag and
fluid forces ultimaiely determines the disposition of the
particles. This interplay 1s illustrated in figure 9 where
particle locations are shown when a metal washer is
placed on the lower clectrode. The gas flow is 200 scem
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Figura 9. Particle traps are shown when a metal washer is
placed on the powered electrode for a gas tow of 200 sccm
with (a) 20W and (b) 80 W of power depos:iion. With the
higher power particles are trapped on the inside of the waler
whe: e an axial potential well exists.

and results are shown for 20 and 80 W power deposition.
The sheath follows the contours of the washer, thereby
creating a potential well with respect to axial location in
the centre of the washer. At the lower powers, 1 um
particles are trapped in a flat dome above the wafer and
are blown towards the radial boundary When the
power is increased to 8u W, the particles are pushed by
ion drag to the electrodes. Some parucles, which are
generated in the centre of the reactor, are wrapped inside
the washer. The particles inside the washer do not have
enough energy to climb the slectrostatic potential bar-
rier over the washer and exit through the gas outlet. The
gas flow inside the washcr has no appreciable radial
component to push the particles out of the centre of the
ring.

4. Concluding remarks

A seriv. of tinked computer medels has been dc veloped
and used to investigate the trapping of dust particles in
capacitively coupled R¥ discharges with various clec-
trode topograpmezs. Lower rates of waler coriamination
are obtained at low-power deposition where particles
are allowed to be trapped in the gas phase, and high gas
flow where the particles are blown towards the pump
ports. At higher power deposition, 1on drag forces domi-
natc and particles are pushed through the sheaths to the
boundaries. Various shapes of particle trapping loca-
tions are formed under different operating conditions. At
low powers, we obscrved both *dome” and ‘ring’ types of
particle traps as seen experimentally [3, 26, 27] which
result from a balance of ior drag and electrostatic forees
generated by perturbations in these quantities caused by
loca! extrema in the 1on generation and paotential, ulti-
mately caused by electrode topography. At high power
or high gas flow, the dust particles can gain sufticient
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inertia that they will oscillate about the equilibrivs,
trapping locations, or climb potential hills of tens of
volts to reach the substrate.
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1. Introduction

A programme s underwan at Sandie Natenal | oahorg
tones to apphy analyvtic and Guaputational techmguaes te
prcdu.( formation and transport of sentainants
sermiconductor manufactunimg processes and theseby e
duce defect production One of the mam goads of this
SEMA TECH sponsored effort v to supphy cquipmient
designers with models to allow them toadentity process
condiions and 1o deselop tool designs that reduce
defect formation by preventing contaminant gencration
or by solating the wafer from contammation Gienerald
purpose models are needed that aceept geamenny. low
rates, chemistey, RE power and environmental condinons
as npu . and provide tocal cortaminan: corcentration,
formation rates, deposition rates and wize distiibution as
output  Fhe strategy v to apply custing codes (from
commercral. university or national Yaboratory sources),
10 modify existing codes. of 1o develop new computa
tional techmigues. as needed Modotling of both genernic
ana commeraal process reactons iocasrenty ander way
Here. resubts Jor particle stansport in a simple gen
eng reacior geometts widl be presented as o demaonstra
D963 A2R) BA AN .

AR TR Bestng (h
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Ky T et e v 3mit aee gt

Jorr g tre
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TR A
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T aem)en tent

RO TUR RN
PRCAE R B R

ool Carrent capetihitics The peometry conspt. of
undosme low thiongh o chowerhead soparated by g
ot gap feona patalich s ubstrate asshownan hguse 1 In
unpublished work we hav e loand that calvulations of luid,
theomadand parncle transportie this simple geometry are
representative of the resudts to be oxpected from caleula
tons an more comphoated pargliel-plate, single-waler,
vommeraal processchiambers Particle concentrations are
asuined 1o be loa enougho allow a dilute approamation,
for which the voupling between Nad and particle phases s
one way Inthisease the thnd thermal transport cquations
van be sobved neglecting the particle phase: the resulting
veloaty and temperature iclds are then used as input for
the particle travsport calculations. The results presented
here assume steady. laminar, incompressible, isothermal
flow (constant Hud properties) in the absence ot a plasma
althovgh subsonic compressible flows, transient flows and
non-isothermal flows can alse be readily handled.
Plasma effects on Mlud, thermal and particle trans-
pori are not considered here. Despite this conaderable
sunphification, the present results are sull pertinent to
defect reduction ain plasma systems, as a sigoificant
fraction of 4 wafer's tune ina plasma reactor s spent
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Figure t Schematic chagram <! ausymmetrc flow between
WO D ahed Distes

with the plasma turned o Genting purging waler
handling and (hamber preparabion: Al ahile the
formation of plasma induced partide trapn my aolate
the waler feom (ontamination while the plasma v on
when the plasma i turncd o the particles are relessed
from the traps and are free 1o he depeated on the waler
Thiv post plasma transport o ginerned by the non
plasma ories deswnibed here o partidde charge Joss imes
atce shert relative G particde transpaort nimes cahich o
assumad herer if the traps are robust enough. the
maonty of partidde depovition on g waicr probably
weurs when the plasma n off binally, the pattcle
transport formulations presented bere provade a general
framework within which models for plasmaanduced
forces sich as clectrostatie and son drgg) can be an
uded as they become avisbable (Chor et al 1994) All of
the forces desortbed here cortinue o act on g particle
when g plasma o present, although the magmtude of the
forces may change av a result of plasma effects on
process conditions tsuch as temperature) and lud prop-
erties {such as species distnbution and viscosity

The solutton of the parallet-plate flow fieid v dis-
cussed next. tollowed by a deseription of the base
modelling techmques for partidde transpori. Both Lag-
rangian (in which individual particle trajectories are
calculated) and Fulenan (in which  partcles  are
modelled as 1 continuum) approaches aic conwdered
Results for the simple paraliei-plate geomerry follow,
together with additional discussion and conclusions.

2. Fluid transport thoory

Calculations of fluid velocity and temperature arc
made using the most recent version of the commercial
fluid dynamics analysis code Fipap (Version 7, Flud
Dynamics International, Evanston, lllinois, USA). This
general purpose finite-element code allows steady-state
or transient simulations of fluid and thermal transport
in iwo or three dimensions and axisymmetric geomel-
ries. Although FIDAP is capable of analysing a wide range
of problems, the code is used here to model laminar,
isothermal, incompressible flow and subsequently, ad-

Particle transport modelling in processes

vection and diffusion of a dispersed particle phase in the
flow. Under these simplifications. the equations used to
calculate the velocrty field are mass conservation:

vV-U=0 (1)

and momentum conservation:
U
oS5 vy - v v (2
ol

vhere {0 tae flund seloaty vector, P s the pressure.
and p and i are the constant values of the fluid denwity
and vincosity | respectively

3. Particie transport theory

This section provides a brief seview of the theoreucal
maxdels avarlable 1o dewnbe particie transport in typcal
wrmicondudtos provessng environments In the hght of
the hrevity of the discussion references have been pro
vided wherever possable for additiena!l background
Both the lagranguan approach an which indivsdual
partick tragedtones are cdleulated) and the uolenan
approach un which partides are modelled as a conting
um) are conudered Inall divcussion that follows par
tcle concentrattons are assumed te be low enough that
pariicde particle imteractions and particke cficcts on the
flow ficld can be negleated

11, I'hr f.agrangian formulation

In the L agrangian approach 1o particde transport, inde
vidual particle trageciones tpoation gnd seloay as g
tunction of time) are determimed by antegrating the
follo amng svstem ol ordimars differential vector cquations

dy
U th
e v
d) . R . .
m, “" Foo K v Fy e }_I-, 4
L3

where 118 the particle position vector, 3 s the particle
velocty vector, my os the pariicle mass and Fiy F L F,
and F, are the flud-drag. grasitational, thermiophoretic
and any addinonat forces tnduding plasma-induced
electrostatic and won drag forees) acting on the particie
Fquation (3) relates the change in a particle’s position
to its velocity, while equation (4) equates particle aceel-
cration to the forces aching on at In this woik the
chaotic effect of particle Browman mouoen (particle
diffusion) on particle tragectones o neglected.

3.1.1, Non-continuum considerstions. In the following
discussion, frequent mention will be made of the con-
tinuum or free moiecular regimes. These terms are vsed
here to distingumish between the two lirting cases char-
acterizing the nature of the particle gas interaction. In
the continuum himit (large particles or high gus pres-
sures), the gas surrunding the particle appears as a
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continuous fluid and the Navier-Stokes equations ap-
ply. In the free molecular limit (small particles or low
gas pressures), however, the discrete nature of the gas
becomes important and individual molecule/particle col-
lisions must be considered Discrimination between
these two regimes is made by comparing the particle
diameter with the gas mean free path (the average
distance a molecule travels between collisions with other
gas molecules); the Knudsen number is commonly used
for these comparisons:*

2
Kn ="
n 1

where 4 is the gas mean frec path (cm) = wildpd), d is
the particle diameter (cm), ¢ is the mean velocity of the
gas molecules (cms ') = (RRT MY . R 15 the univer-
sal gas constant (831448 x 107gem? . 'K "'mol '),
M s the gas molecular weight (g mol ') and T s the
absolute temperature (K).

Also, ¢ s a dimensionless parameter that depends on
the kinehic-theory model used to detine the gas mean
free path in this work the value ¢ 039] has been
adopted (Allen and Raabe 1982) A Jarge Knudsen
number (say - 1) corresponds to the free-molecular
regime. while o small Knudsen nuniber (sav - 01)
corresponds to the contimuum regime At atmospheric
pressures, the mean free path for most gases v typically
of order 01 m Gasmean free path toanversels propor
tonal Lo pressure at constant rzmperature. for example.
the mean free path in i s 0674 am at 76 Torr. 6 74 um
MT6lorrand 674 um at Temiorr at 296 K Thus, for
low-pressurc appheations. the Rnudsen nuaiber for sub

(5)

L

micrometre size parhicles can be large

V.1.2. The fluid - particle drag force. A particle moving at
a different velocsty than the surrounding gas will exper:
enve a gas resistance or fluid-drag force A great deal of
tescarch hay been devoted 1o desernibing this fiod drag.
only @ bnef review of this body of hiterature s reported
here. For a ngd sphere of diai cter d, moving at
constant veloaty. b (relative i the local flud veloan
U). and low particle Reynolds number dhrough a flud
of viscosity i, the drag force v mioen by the shp-
corrected form of Stokes law (Hinds 1982 p 4$)

Sudys )

F,. -
" Cilin)

{6)

where the shp correction factor first proposed by Cun.
mingham (1910) 1 given by

C(Kn) =0+ Knjx+ ﬁcxp( AI )l (7)
n

*The Aow field entraining the particke can alwo be either molecubase or
contnuum in nature In this case, dis nmimation between the twe low
regimes 1s made by companng vome chargctensie length assoonsted
with the reactor geometry with ine gas mean free path. a Knudsen
numbet lor the Aow held could be detined by replacing the parhicke
diametes 10 equation (5) with 4 charsctenstic reactorn kength sale For
small particles. st 1< frequentty the case that the Sow regime can be
considered continuum whike the Auid  parnicde interaction i
charadierized as free mokvular
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In equation (7), a, B and y are parameters that depend
on the nature of the gas-particle interaction at the
particle surface, and so are affected by both gas compo-
sition and particle surface roughness (see Rader (1990)
for a recent review). In general, only small errors result
if the slip factor is calculated using the fitted constants
for oil droplets in air (¢ = 1.207, 8 = 0.440 and y = 0.78)
for different gases or for particles of different surface
roughness. Note that C(Kn) approaches unity in the
continuum limit, and approaches (« + §)Kn in the free-
molecule limit.

The requirement of low particle Reynolds number is
met practically for Re, = pd, |V, — Ul/u < 0.3, where p
is the gas density. At higher values of particle Reynolds
number (called the non-Stokesian regime), the linear
relationship between drag and velocity represented in
cquation (6) breaks down and calculation of flmd drag
must be done using empirically based correlations (Tur-
ton and Levenspiel 1986). Note that low particle
Reynolds numbers are expected fer most semiconductor
process applications, so the Stokes drag law itself (equa-
tion (6)) can gencerally be used with negligible error.

Strictly speaking. equation (6} apphes to the uniform
{non-accelerating). straight-line motion of a sphere in a
constant-veloonty fluid. in the present application, how-
cver. the drag on an aceelerating particle i a non-
umform flow hicld s needed. T uchs (1964, ¢ch 3) and Chft
et al (1975, ch 111 review the aissues related to non-
umform rectthnear motion of acrosol particles Although
it will aintroduce some maccuracy. the instantancous
drag acting on an aceeleraning particle s approumated
here with the above constantavelocity driag expressions,
with the fhuad and particle veloaties taken as therr local,
instantancous veloaities

1LY Terminal velocity. Dimensional analysis of egua
ton (4) using the drag law given by cquation (6) reveals
a charactenstic particle response ime. © p diCIAm
1R, which v 0 measure of e particle’s ability to
respond to changes in the flow  held For typical
semiconductor apphcations in which small particles are
of interest, the rosponse time ¢ becomes small and the
aceeleration term on the left-hand wde of cquation (4)
can be neglecied  This approvimation corresponds to
the physical situation sn which the particle instan
tancously achieves iy cerminal veloaty and external
forces acting 10 move the particle balance the drag foree
retarding the motion oy Stokes drag the net termimal
veloaity of a particle relanve to the local fland velocnty s

CtAny ¢

. b
SR 777 R R o

—

N )_f,) Pl by oS

(X)

1t s the hinear nature of the problem resulting from the
Stokes-drag assumption that allows the hnal eger o'y in
cquation (K). nameh that the net termena! veloaty
equals the sum of the terminal veloaties g from
cach force acunyg independenthy against the sesistance of
the fliid  The absolute vetouty of the wrncke would be




the vector sum of the loca! fluid velocity and the net
terminal velocity.

3.1.4. Gravitational force. The gravitational force acting
on a particle is given by (Hinds 1982)

Fo=mg=v,p, —pl 0]

where m,, v, and p, are the particle mass, volumc and
density, respectively, and g is the gravitational acceler-
ation vector. Considering only {he gravitational and
fluid drag forces and neglectig buoyancy, the terminal
velocity for a particle settling under gravity is

- PedsRCKn)

-
P 18u (10

3.1.5. Thermophoretic force. Because of the ther-
mophoretic force, particles suspended in a gas with a
temperature gradient will migrate in the direction oppo-
site to the gradient, namely away from hot regions and
rowards coid regions. This phenomenon results in pref-
erential deposition of parucles on a cold wall, and
explains the appearance of a parucle-free zone ncar a
hot wall. The currently accepted formulanion for the
thermophoretic force on a sphencal particle (spanmng
the frec-moleccular 1o the continuum regrme) was devel-
oped by Talbot er al (1980}
Vi

Fy o 3rudak, . (o

where
Z("_[H\. kp! s C An)

. S (2
(14 3C_ Kmfl v Xk k) s 20, Kn)

Ky -
and where V1 s the temperature gradicnt in the gas, 1
18 the mean gas temperature about the particle. v g p,
k, and & are the gas and particle thermal conductivibies,
and C,. € and € are the thermal creep, temperature
wump and velocity jump cocfhaents, respectively For
Sofgtomie gases, Talbot e al recommend the use of the
ranslational” thermal conductinty, which s given by
simple kinctic theory as A, - (1S SR M Talbot e uf
(1980) compared their correlatyon with other cxpensimen-
ters” data over 4 wide range of Knudsen numbers. and
found that 1t agrees with avadable expenmental data
within 20%6 or less The currently accepted values of the
coefhcients are O~ 1147 ¢, - 220 and ¢ ) 146
(Batchelor and Shen 1989)
I he thermophoretic terminal seloanty resulting from
the balance of thermophoretc and drag forces alone can
be found by equating equations (6) and (11)

. uvi uR V' |
K, Ctkm A, ClAn) A (th

“
el

Interestingly. the termunal selocity given by cquation (13)
depends on partcle diameter only imphaitly through the
shp correction factor and A specthically. in both large
and small particle limits the thermophoretic selocity
becomes independent of parncle swe
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3.1.6. Plasma-induced forces. In addition to the forces
described above, Sommerer et al (1991) and Barnes et at
(1992) have proposed that the transport of smail par-
ticles in a plasma reactor is dominated by two forces:
clectrostatic and 1on drag. The electrostatic force accel-
crates negatively charged particles towards the centre of
excctropositive plasmas or *owards local masima in the
plasma petent’ ). The ion drag force accelerates particles
in the direction of net ion {lux, which is generall;
towards tue boundaries of the plasma (the ion drag force
results from open orbits of positive ions around the dust
particle, which transfer momentum to the particle in the
direction of the net ion flux (Choi and Kushner 1993)).
In the Lagrangian framework, these plasma-induced
forces are added 10 equation (4) as lor each of the forces
above. When particle incrtia can be neglected, both an
elactrostatic and an 1on-drag-induced terminal velocity
can also be defined. Models for the force acting on dust
particles in a plasma arc complicated, as the forces can
depend on the local elecine field, the 1on momentum
flux, parucle size, the gas flow rate, the plasma density,
and the electron temperature, 7, Numencal models that
can predict these forces are now becoming available
(Chor et al 1994)

3.2. The Eulerian formulation

While the Lagrangiin (particle-tracking) method pre-
dicts particle transport by conadenng ungle parucle
moton, the Fulertan formulation predicts particle trans:
port by vewing the particle concentration and velooty
fields as 4 continuum  In this case, the solution of the
particle transport probiem becomes oy much hike that
posed by the flow hield. there v one conunuous equation
for particle mass (concentration) comervation and one
continunus equation for particle momentum (velocty)
conservation Paruicle transport by diffusion (Brownian
motion) v naturadly nciuded i the Jormulation A
great simphtication v obtained f pariscle anertia
neglected. that v, of 4t assumed that the parucle
mstantancoushy reacnes the termimal velooity at which
drag amd imposed forees are in balance B this cawe, the
particle momentum equation v ne longer needed. and
only the particle continuiy equabion for particle concen
trgtion n (partdes cm Y remains (Fochs 1964 p 190y

« 0

Ve N Vakm KT

ot
where v tume s s the particle diffusion cociiiem

ATitAm
‘n;nlr

(AR

and & v Boltzmann's constant Fquanon (1) has the
form ol an advection diffusion equatton isimdar 10 tha
for speaies mass inasport that can be solved by iihae)
with g souree egual to the second fenn on the night hand
side Befors sobving tlos advectien dffusion equation
the Muid velosan hebd £ s caloulated neglecting the
particle phase Note that the neo termimad velocny 1)
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appearing in equation (14) can include contributions
from plasma-induced forces in addition to gravitational
and thermophoretic forces; in this case the net terminal
velocity would clearly vary spatially. In this work, how-
ever, the particle diffusivity and terminal velocity are
assumed constant (the latter implies V: ¥in = ¥+ Vn);
also, only steady state solutions are sought.

4. Problem description

To demonstrate the relative capabilities of the Lagran-
gian and Eulerian schemes, we consider axisymmetric
fiow (no plasma) between two plates as discussed above
and as shown in figure 1. The low entering through the
top plate (showerhead) is assumed 10 be uniform and
steady n velocity and concentration. For all calcula-
tions, both plates are assigned a diameter D, = 24cm;
we assume a fluid density p=fgem * and a Auid
viscosity i = Lgem s ' and an inlet conceatration
n. = 1 particle cm ' Two gap spacings (S = 4 or § cm)
and two inlet .elocties (U, = L or 4cms ') are used in
the calculations 1o explore the sensitivity of the solution
to these parameters Boundary conditions it the wall are
taken as zero for both veloaty components and for
particie concentration In this example the paiticle ter
mmal seloaty v taken as comtant and v directed
toward and normal to the lower plate (so as 1o enhance
depositiony Following grid refinement studies, a graded
gnd of 45 clements in the axial and 30 clements in the
radial directinn was chasen for all caleulations, all
elements are mine-node, hguadratic yuadrdaterals A
mixed pressure scheme was apphed
Since all calculations are made with dimensional
parameters the utihity of the result can be imcreased by
cxpressing the results in dimensionless terme For this
purpose, cquation (14) v non-dimensionalized by choen
mg S ds a charactensne fength T as a charadtenisig
veleanty and n as g chargcicrintie concentration U nder
the present assumptions, equation (14) becomes
PO | IS
{-Vn Vin

be i 16y

where the Peddet number s detined as Pe SU / In
standard problems of pecies mass transfer the Pedler
numbcer would be sufbaient 1o charcctenize completely
the problem for a ziven geometry and o neld For
particies. however, the presence of a termimnal veloaty
term {the second term on the nght hand side) mean:
that the Peclet number no longes umiguely specihes the
wolution For cur example, i which the termunat velod
Y s constant and normal to the plate o dimenvonless
velaarty ratio must alvo be conadered 40 L

5. Results and disrussion
%.1. Flow ficld cakulations

Strcamhines from the solation of the flow between the
two plates dare shown n hgure 2 lor 8 $and 1 t
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Figure 2. Streamiines for S = 4cm, U, = 1cms 'and
Re = 4.

red gcm

AXIAL VELOCITY (cvvs)
°
o

° 0" !.l 24 2 4“0
2{em)
Figure 3. Axnal veltocity as a ‘unchon of amal position (2) at
radial posibons - 4 Bang 12m (S dcm ) tems
any Re  4)

which corresponds tea flud Revnclds number of Re

U S 0 4 A aavpedted vor such o low Revnolds num
ber. viscotn effects dominate and o strongly parabol
radial selocity proble s found In the central core the
Aow s preude vne dimensemad by this we mean that the
aval veleaty depends only onavial position (0 whaile
the ratio of the radiad veloats divaded by radias depends
vnly on Fhus af the radidd seloaty s sealed by the
radius then the radial veloany profifes will collapse to
one curve Uhe cadial velocines mustincrease with radis
to conserve masy) bigure U oihiows prodifes of aval
veloany as a function of avial posthion ) Tor several
radial posinons Fhe one dimensional charadter of the
avab velocty s strongds evident eacept verny near the el

£.2. Lagrangian particle transport

An exampie of o Lagrangian transport calculation
shown an hgare 4 which shows ngectorses bor 1)
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Figure 4. Particle tracks for particle response time
1 = 0.0025 s with terminal velocity ¥ = 1cms ' (S=4cm,
U,=1c¢cms 'and Re = 4).

particles, which started from the upper plate at 1cm
radial intervals. Particles with a very smull response
time {t = 0.0025s) were chosen ior this calculation, so
that the particles are always moving at close to their net
terminal velocity. Here, a gravitational aceelecation was
used, which gave a gravitational terminal veloaity o
Lems ' The particles were started 'n equitibrium, with
an initial veloasty of 2ems ' (the vector sum of the
temes ! find velooty plus the iems ' gravitatonal
terminal veloaity). In this caleulation, eight of the 11
particles were deposited on the lower plate. Additonal
trajectory calcuiations were made to denafy the imitial
location of a particle bring deposited on he very outer
cdge of the lower plate. this cnitical tragectory was found
testart at r - K em For aumformanilux of particles
v the top plate. these caleutaticns show ahat $0%. of
particles entenng the domam would be coliected on the
lewer plawe Increasing the particle response time
creases this collechion efhiciency. in the lamit of large
particle esponse 1 me, pattcies continue Lo travel with
thetr tnttial selovity normal 1o the jower plate and the
coliection cihoizney becames umty

8.3 Fulerian particle transport

A seris of ca'vulations were also made in which partide
transport was characterized using the Bulernan forma
non  The calmulations stiow that the particic voncentri
uon ficld s one-dimenvional tepending only on aval
position) except very near the cut Thiy resalt holds Tor
all combinations of parameters. for example the concen
travon held o one-dimenaonatl in both dffusion
dominated and ierminal-veloony -dominated regines for
both gap spacings (8 - 4 or Xem) and both Revnolds
number (Re - 4 and 16) An imphcation ol this result
that the particle lun 10 the fower plate s unform, hgure
S shows a calcutation of partscle flux 1o the lower plae
as # function of rathal posinen for the caswe 3 $om
Uoobema oo 2emis o Pe 2 000 and
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1.3441

g

FLUX TO LOWER PLATE (particles/s’cm?)

e
07234 00617 120
r(cm) (x10)
Figure 5. Local flux to the lower plate as a function of radial
position (S=4cm, U, =1cms ', =2cm’s ' Pe=2,
ViU, = 1 ana Re = 4).

-
0.0085

Re = 4. Although there is a distinc  ncrease in deposi-
tion rate ncar the outer radius of the domair. the
edge-to-centre vartation is less than about 2%. The
average flux to the lower plate is caleulated to be 134
particles em & ' as compared with an nlet flux of
206 particles em * s ' which gives a collecuon effi-
ciency of 63%6 twhere collection cfficiency 1y defined as
the fraction of particles entening the reactor that end up
teing Jreposited on the lewer prate).

Collecvon cfhaencies oy a function of Pe are plotted
in figure 6 for the same flow condiions (8 = dem, U
Lem s " and Re - 4) for three values of 1) 0, Two
interesting gualitutive observanions should be noted
st e the mat of wmall Pe jdiffusion-domimated
transport), the collection eMaenay terds 1o unsty Vee
ond. o the bt ol arge Pe (tlermimalvelooty .
domimated trang.orn. the eollection efficteney tonas o

P i
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Figure 8. Coiechon eMiciend:.as as a function ol Be for thres
partcie termiral velocted (5 4cm 1) 1 m s and
Re - 4)
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VoAU, + V,). For example, for J, = U, = 1 the collec-
vion efficiency tends 0 £0%. As expected, this result
agrees with the calculations of the same physical prob-
iem using the Lagrangian formulation presented in sec-
tion 5.2

6. Conclusions

The algorithms underlying both Lagrangian and Eules-
ian formusations for particle transport have been briefly
described. Using a commercial finite-element code, these
two approaches have béen demonstrated on a generic
parallel-plate reactor geometry. Both techniques provide
information on particle molion within the fluid domain.
and give deposition rates to the lower plate. The Lag-
rangian approach is used in this work when both
pariicle inertia and applied forces are important, while
the Eulerian approach is used when both particle
Brovnian metion und applied forces are important.
In the overiap region of negligible particle Brownian
motion and inertia. both technigues give the same
particle collectien efficiency for terminal-velocity-domi-
nated transport. Although plasma-induced forces on the
particles are not ireated in detail, we have shown how
models for thesz forces can be incorported into the
Lagrangian or Eulerian framework as they becomc
available.
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Abstract. Once particles are formed or injected into plasmas used for materials
processing, such as in plasma etching, plasma-assisted chemical vapour deposition
or sputtering plasma systerns, the nature of particle trarnisport will largely determine
whether a processing surface will be contaminated. We investigate the situation in
whicn the particle density is low enough to ignore particle particle and

particle plasma interactions. Emphasis is placed on obtaining expressions for the
forces experienced by particles. These expressions depend on the iocal plasma
condition: plasma density, electron temperature, positive ion directed and random
kinetic energies, electric field and ion mass. We apply a model of an electron
cyclotron resonance discharge to prediction of the existence and nature of particle
trapping. Mode! predictions indicate that a high-density source such as an electron
cyclotron resonance discharge is unlikely to trap particles rnainly because of the large
ion drag force sweeping particles out of the discharge. Finally, we present a model of
particle heating in discharges. Under typical radiofrequency discharge conditions,
particles are generally predicted to be near the neutral gas temperature in the
discharge. We have conducted experiments and found results in agreement with
these predictions. However, under conditions typically encountered in high-density
plasma sources such as an electron cyciotron resonance source, the modet predicts
that particles may be heated to temperatures of two to three times room temperature.

1. Introduction

The reduction of particulate contamination n plasma-
aided semiconductor processing is a matter of mulor
economic importance [1]. 1t s essential, therefore, to
understand the behaviour of particles in processing
plasmas in order to minimaze their effect on microelec-
tronic device production. In this article we consider
particles to be objects of larger than atomic dimensions,
typically spheres or agglomerates of spheres ranging 1n
size from nanometres to micrometres in diameter. We
review the charging and transport behaviour of such
particles in plasmas, and apply this knowledge to under-
standing how particles reach surfaces. In addition. we
investigate the temperatare of particles. This ts of inter-
est for understanding particle growth and morphology.

The main thrust of this paper is to outline a theory
of the forces on particles in processing plasmas given a
madel of the plasma. The first requirement is a model of
the sheath around the particle and the particle charge.
I'hese require a model for the particle capacitance and
the ton and clectron currents to the particie We sum-
marnize tesults from a model based on theornies first

0963-0252 94 030433 . 0981950 « 1994 I0OP Pubhishing Ltd

apphed to the analysis of electrostatic probes. Once we
have the form of the sheath profile, expresstons for the
nartcle capacitance and the monopolar and dipolar
forces on the particle can be obtained. The potential
profile and particle charge are used to obtan expres-
stons for the momentum transfer cross section due to 1on
drag

I'he expressions for the forees on particles are used
to predict partcte trajectories in a high-density clectron
cyclotron resonance (r) plasma. Model predictions
suggest that particles i high-density plasmas are not
trapped by the plasma potential, unhke i RE discharges,
The won drag force s much stronger in high-density
plasmas. and the neutral drag and plasma potential are
relatively small. Particles become entrained i the ton
flux, and can often scile the retarding sheath potentials
and Ieave the discharge. Inertia plays an important role
in particle transport. We explere particle trajoctonies
that onginate at the chamber wails, followimg evidenee
presented by Logan and McGlll that stressed filmy de-
posits eject micrometre-scale particles with considerable
velocity [2].

Finally, we present o model 1o predict parncle tem-
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perature. Particle surfaces are heated by ion electron
recombination and are cooled by radiation and conduc-
tion from the ncutral gas. Under R¥ discharge condi-
tions particles are predicted to remain ai or slightly
above room temiperature. Experimental measurements
confirm this prediction. However, relative to RF dis-
charge conditions, vhe higher plasma density and lower
neutral gas density in the high-density sources greatly
ircreases the heating of particles and reduces conductive
cooling. Since A4 particles tend to be relatively inef-
ficient radiator. .t infrared wavelengths, parsicles arc
predicted to reach wemperatures of the order of 1000 K.

2. Particle charging and sheath structure

In this section we summarize our model for particle
charging and the asscciated issue of the structure of the
sheath that forms around a small particle immersed in
the plasma. The results that we present are based on the
solution ¢f the coupled Poisson Viasov equations. This
theory was first formulated and applied 1o the problem
of current collection by a spherical electrostatic probe
by Bernstein and Rabmowitz [3] In this theory. 10ns
and clectrons are assumed 10 move without collisions in
the vicinity of the particle, althcugh coblwions must
catablish some distribution function far from the par-
ticle. Electron and ion densities can therefore be ob-
tained, in ornnciple, by the selotton o) the Viasov
cquation. fons are assumed o be monoenergetie and
electrons are assumed to have a Maxwell Boltzmann
distnbution in the Bernstein and Rabtnowitz theory.
Laframboise [4]) extended the Bernstein and Rabinowit,
approach by gencralizing (o non-muonoznergetic jon
vetoetty distnibution functions, In general, the space
charge in the particle <heath miluences the 1on and
clectron trajectornies, so sxpressions must be obtained for
the net charge density as a functuon of radial position
from the particle. These expressions, obtained from orbit
theory, are inseried mto Poissow's cquation to solve for
the potential profile. The result v the spherically sym-
metric sotution of the coupled Poissen Viasov equa-
tons. The major comphcations in this theory have to do
with the existence of the abso-ption radius and asso-
aated extrema in the curves of effective potenual [£].
Additonal complications that we do not deal with
mnclude non-monoenergenc ion energy distnibutions s
computing the sheath potential (although this s ac-
counted for in the charging and force calculations that
follow). Huctuanons n particle surface potential due to
tintte-charge effects, cothisions in the sheath, the effects of
1ons n trapped orbits and deviations from a central
force field, due to streaming plasma [S].

rigures 1) and (h) summanze the rosulis of the
sheath structure predicted by solving the Pomsson
Viasov equattons for a tymical et of conditons of
interest for particles in high-density plissma systems [4]
Tabte 1 lists the conditions assumed for the plasma far
from the particle surface. We assumne that the particle
has a 0.08um radius and that no negative jons are

434

0) [~ T ————T————r
]
Ferove e vy ]
— 4
2 _ 1
] R b
=
£ ~
S -
S 4
=]
T 1
of :
X o= (r-a)
r4~+ R R I e o o AR
B ‘h
L len density '
1i-e Flection density =
L Net charge density
B
£
= 4
€ ot 8
> p
=
@
4
&}
C o B
| - o e i —
—
-
L/ 4
S O O SV S S S B S RSO
0 1 2

X = (r-a)/a

Figure 1. (a) Plot of potential as a function of pr sition for a
particle of radius 0.05;m. The tull curve in the ins 't shows
the same resuit piotted to display the similanty to

Debye Huckel solutions with the following screening lengths:
(- -} electron Debye length, (----- ) linearized Debye
length (equation (1)), and (- - -) ion Debye length (&) lon,
electron and net charge density protiles near the particta.

present Figuoe 1(a) s o plot of the potential profile in
the vicimits of the particle. The mset m figure L)
mdicates that the Posson Viasov solution s well ap-
proxtmated (except far from the particle, where the
potentinl varias as 1 ) by a Debye Huckel o sereened
Coulomb potential, @try - Apar) axpl tr wl2),
w1 the charactenstic sereentng length

ein, 1 [ e
‘ ’;“ (41 'jn4)‘ &

where g is the particle radius, ¢, - @la) 15 the pirtele
surface potential, n, 1y the plasma densay for from the
particle, e s the elementary umt of charge. iy 18 the
vacuum permithivity, A Boltzmann's constant, T the
clectron temperature and s the son energy far from
the particle Fquatton (1) resuits from the hneanzanon
of the full set of Poran Viasov equations, and for this
reason we cull 2 the lmearized Debye length, We note
that 1o the Poiscon Viey equations, the won density
depends on the square roor of @tr k| the factor 2
multiplying £, i equiation (1) results from the bnearnie
ation of this square raot tern [ 3. For the conditions in
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Table 1. Conditions assumed for plasma for example of figure 1.

Charging, transport and heating of particles in plasmas

Gas

Piasma dersity
Electron temperature
Positive ion energy

5x10"m ?

Argon (ion mass 6.634 x 16 *°kg)

2.5eV (electron Debye length 17 ym)
0.15eV (positive ion Debye length 4 ym)

table 1, / is 6 um, which is smaller than the clectron
Dcbye length (17 gm) because kT, » E ..

Figure 1{h) is a plot of the charge density profile
corresponding to the potential profile in figure 1(a). The
most striking aspect is that the 1on density increases
rapidly near the particle surface. 1t turns out that the
local rise in the ion density around small particles results
from the spherical geometry and the corresponding
importance of ion angular momentum.

Examination of figure 1(a) shows that near the
particle, the Poisson Viasov potential profile differs
littte from a purely Coulomb potential profile. Fven
though the ion density #, inereases in the vicinty of the
particle, the number of posinive charges corresponding
to this density is relatively small in such o small volume
This s illusteated more clearly i figures 2(a) and (h) {5].
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Figure 2. (a) Cumulative charge n{r) This function gives
the net positive charge as a tunction of the radial position
from the paricle surtace. (b} Radiat charge distobution
function P = (Vin, ) dn{rizdry This tunction gives the
probataiity of finding net charge in a sphencal shell between
the rach r and ¢ + ds

Figure 2(a) is a plot of the net positive charge as a
function of radial position from the particle surfac.. The
quantity P(r)dr that is ploited in figure 2(b} is the
probability of finding charge in a spherical shell between
the radial positions r and r + dr. The peak in this curve
is about one lincarized Debye length from the particle
surface. Figure 2(b) indicates that most of the charge
shiclding the plasma from the particle resides at least
one Debye length from the particle. We expect that, very
near the particle, the instantancous charge density will
show sigmficant fluctuations since the average number
ol tons in a sphere of radius about 0.5m (for the
conditions of figure 1) s on the order of one [6].
However, within a hneanized Debye sphere (radios
abou 6 ym), there are hundreds of charges. We conclude
that the predictions of ton density break down for radial
posttions much less than about aae Debye length, but
they are appropriate for radin of the order of 2. Particles
with radn greater than one hineanized Debye length have
sereening lengths that approach or exceed the clection
Debye length | 8]

We have shown provionsly that when a2« 1L
bital maotion bt coan s theory can be used 1o provide
an estimate of the v and clectron currents 1o the
partucle [S] In the heoos b the surface potential
affects current collecto o abe protde of potential sur-
rounding the particle o ammpartantin the himit Obyvi-
ously, this simphies e analvsas considerably,. This
theory breaks down whon the curves of
elfective potentiad aiec hat st tuens out that the effect of

ur-

curemdg 1

these comphaations v annimad under most conditions ot
inderest i this apphoatoe The osne theory was ong
mally decived for chociostatic probes by Mowt-Smith
and Langmuir {7] Theee wuthors denved the charging
currents for both Maawcelban and won beame veloons
distribution functicn - under the condiions of
mterest an processing plasimas, the won velaaty distoibu-

Iowever

ton function more o resembles oodofting Mavael
Wan then erther o pore Moaowelhan or g beam {10
changing
equation lor a diliine SMavwelhan oo distiibution tune
tion L plov and Ginedonets L] and Chen and Chen
P12 ) denve simidar caprossaons tor the Carging currents

Consequenth, we have e demved the os
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In equation (2), v, = v, — v, is the ion drift velocity
relative to the particle velocity v, v, is thc ion drift
velocity relative to stationary coordinates, v, , = |v, | is
the relative ion drift speed, ¢, is a measure of the ion
thermal speed, m, is the ion mass, i, is the average ion
density in th2 vicinity of the particle, ¢, is the particle
surface potential with respect to the local plasma poten-
tial and T, is the ion temperature. We note that equa-
tion (2) reduces to Mott-Smith and Langmuir's current
exnpession for Maywellian ions wher = w7 ond i
reduces to their expression for bean.ing ions when
v, »t, [T}

Since the electron drift velocity is much smaller thay,
the electron random thermal velocity, we use Mott-
Smith and Langmuir's original expressions for the elec-
tron charging current [7]

—e L, [8kT\'? e
- E3Y oadd i pht
1, 3 (4na )<7""¢) n,cxp(kre)\ 3)

In equation (B m_ is the clectron mass, i is the local
clectron density and 7, is the electron temperature. The
total charge on the particle, @, may be found by
requiring charge conservation at the surface of the
particle

4@, _
T =1, +1,. (4)

Under the conditions of interest, it can be shown that
the screened Coulomb potential profile deternunes the
capacitance relation C = Q /¢, = 4rspall + a/2) {13).
The charge in equation (4) may therefore be expressed
as Q= dnegap 1l + a/d) x dncgad,,  since  usually
a/A < 1.

An initial condition is needed for equation (4). We
have assumed that the particle comes off the wall with
no charge. In fact, since dielectric surface films could be
charged, a particle could come off the wall with a
considerable amount of charge. We have found that the
particle charging time is very rapid (Ton,ee > 1 ps or less)
for particles with sizes ¢ >~ 0.05um and larger in high-
plasma-density systems [23]. Consequently, the particle
trajectory is not sensitive to the assumption made about
the initial particle charge.

3. Forces on particies

Once we obtain the form of the sheath potential profile
and we have an expressiorn for the charge on the particle,
we can calculate forees on the particle due to an applicd,
external electric field and tield gradient. The monopole
force, F,, on a partcle due to the applied ficld E,, can
be shown 1o be [13]

3 \?
F, - ]m.‘,uti)pb‘“’( :’) V x(“) 4 3]. (5)
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This result may be simplified by using the Debye
Hiickel capacitance (C) of the sphere, C =4niga(l +a/l),
to give the final result [13]

(a/A)?
i+ a/;.))' @

F, = Q,,E(,(l +
Equation (6) indicates that the electrostatic force on a
particle immersed in a plasma is at least Q E,. In the
majority of cases in which the Debye -Hiickel theory is
appiicable [5] a/4 « 1 and the force is aimost identically
Q,.E,.

A similar calculation for the dipole moment p gives
the expression p = dreaa’E . (In this expression, we
have dropped terms of order of a/A and smaller [13].)
Note that this result is identical to the dipole moment of
a charged sphere in vacuum. Since the dipole moment p
is proportional to a®, the resulting dipole force on the
particle from a gradient in the electric field is generally
much smaller than the monopole force.

A very important force on particles in discharges is
the ion drag or ion wind force - 14 - 18], When positive
ions drift towards walls, the  wract with the sheath of
the particulate, transferring momentum in what are
essentially Coulomb collisions. In order to compute the
magnitude of this force, we use the following expression:

Fiondeay = Ktom, v, ()
where K, is the momentum transfer rate coefficient. The
momentum transfer rate coefficient can be calculated from

Ko =f alv e, f(e,)de, (8)
0

if the cross section o(t . ) and the ion speed distribution
f(r,) are known.

In order to evaluate equation (8), we need an csti-
mate for the cross section, and this can be obtained from
classical scattering theory and knowledge of the poten-
tial around the particle. Details can be found elsewhere
[14,15]). but a result predicted from a screened Coulomb
potential profile and classical scattering theory is shown
in figure 3.

In order to evaluate the integral in equation (8), we
generally use a screened Coulomb form for the cross
section, and a shifted Maxwellian for the ion speed
distribution function f{v,). An example is provided in
figure 4, where the rate coefficient is plotted as a function
of ion density with the ratio of ion drift speed to rundom
thermal speed as a parameter. The other discharge
conditions are hsted in figure 4, The general trend is that
the rate coefticient declines with increasing plasma den-
sity. This s because the size of the sheath decreases as
plasma density goes up. The dependency of K, on i,
and jon dnft speed can change as othe: dicharge
parameters (and particie size) change. This iliustrates the
complex parameter dependencies that are often ob-
served i modethng particles in plasmas.
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Figure 4. A plot of momentum transtfer rate coefficient
versus positive ion density for various ratios of ion drift speed
to randem thermal speed, for the conditions shown.

Figure 5 is a plot of the ion drag lorce for the same
conditions and parumeters. Note that, while the rate
coeflicient declines with density, the force increases with
densitv. Note that the ion drift speed will greatly exceed
the ion random thermal speed by the time ions attain
the Bohm velocity near the sheath edge. For the condi-
tions of this example, the ion drag force is predicted to
drop when the drift speed exceeds the thermal speed by
a factor of two.

Additional forces on the particulates include ther-
mophoresis [19], gravity and drag due to the relative
velocity between the particle and the neutral gas. Only
tne last force 1s significant for the conditions of interest
in the following section, so we limit the discussion to it

Charging, transport and heating of particles in plasmas
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Flgure 5. A plot of ion drag force versus positive ion density
for various ratios of ion drift speed to random thermal speed,
for the conditions shown.

From gas kinetic theory the neutral drag force can be

written as [20]
( + = ! en(—s
.‘ 3 (—s?)

1
F)cr!’(s)]

g . 12
i (8D
NE S m,

n

Fup = 2J/nn kT,a?

+ \/n(l + 5% —
(9)

where

In equation (9), n, is the neutral gas density, ¢, is the
ncutral thermal speed, v, = is the average
relative velocity between the neutral gas and the particle,
T, is the ncutral temperature, and m, is the mass of a
neutral molecule. Note that when s <« 1, equation (9)
reduces to the more familiar Epstein expression for
neutral drag in the kinetic regime [20,21]:

Yon ™ Yy

4
Fip = F MgV,

4. Particle trajectories in high-density plasmas

We now come to the point where the model for the
forces on the particles can be combined with a plasma
model to predict particle trajectories. In thiy illustration,
we assume that particles are emitied from the chamber
walls due to film stress, as has been reported by Logan
and McGill {2]. We speculate that this s an importani
mechanism for the introduction of particles into a high-
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velocities for the particle trajectories that are discussed in the text.

density plasmz device. in the analysis that follows, we
use our model of the forces that particles experience and
a model of the plasma to predict particle trajectorics. We
assume that particles are emitted from walls at a given
velocity, without attempting to model the actual cjection
process. For the results presented, a particle diameter of
0.1 ym has been chosen.

We consider the ECR geometry shown schematically
in figure 6 [8]. Discharge and plasma conditions are
listed in tables 2 and 3. The plasma model has been
discussed in detail elsewhere [8,9]). The essential plasma
features are that the peak plasma density is of the order
of 10'2em "%, the ion current to the walls is of the order
of 5 10mAcm™? the electron temperature is about
2.5eV, and the sheath potential is about 15V. lon
velocity distribution functions are close to drifting Max-
wellians with random cnergies of the order of a few
tenths of an clectron-volt. The ion flux veetors are
shown in figure 7. These conditions are typical of a
variety of high-density plasma devices currently under
investigation, including for exampile, Ry inductive, heli-
con and helical resonator devices {22].

IMustrative trajectories for two different initial
positions and ten different initial velocities of the par-
ticle are shown in figure 8 [2,23]. First consider the
five trajectories that originate on the left side wall
The three trajectories with nitial velocities between

Table 2. Operating conditions for the electron
cyclotron resonance simulation.

Gas Argon
Newtral gas piessure SmTorr
Neutral gas temperature 420K
Microwave power 850w
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225 and $30ms ! antersect the 200 mm diameter wafer
centred at the bottom of the chamber (z = 21.5¢m,
—10cm < r < 10cm represents the waler position). The
trajectory on the far left has insufficient initial velocity
(145ms ') to make it to the wafer. The one on the far
right has a very high initial velocity (620ms ') and it
overshoots the wafer and hits the opposite corner. If the
particle were started from a different point on the wall,
the range of initial velocities that result in the particle
hitting the waler would be different. For example, figure
8 also illustrates five trajectories that originate on the
top surface of the reactor (z = 0um, r = 8cm). For this
starting location, particles with velocities greater than
485ms ™' will hit the wafer. The trajectory labelled A
has an initial velocity of 332ms™ ' This trajectory is
discussed in detail in the following paragraphs.

The particle - position and kinetic energy as a
function of time are shown in figure 9 for the 0.1 pm
diameter particle that follows trajectory A. Notc that
this trajectory is also shown in figure 8, and that it
terminates near the bottom corner of the chamber at
r={57¢cm, z = 21.5cm. Initally the parucle toses kin-

Tabie 3. Typical parameter values in the elactron cyclotron
resonance discharge.

Plasma density, n, 5% 10"m *
Plasrma potential. @,,4ma 16V

Electron temperature, kT, 25eV
lon temperature, kT, 0.teV
Wall ion flux, j, 70Am ?
lon duft veltocity, vy, . 10ms !
Neutral thermal velocity 400ms '
Particle chameter, 28 0.1 um
Particle charge, (J, 2706
Particle shielding length, .. 6 um
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Figure 8. Particle trajectories for 0.1 ym ciameter particle,
emitied normal to the wall at the various velocities shown.
For the particles emitted from the side wall, particles with
initial velocities of 2t least 225ms ! and lass than 530ms "'
will hit the 200 mm diameter wafer, assumed to be positioned
at z=21.5cm and - 10cm < r < 10cm. Parhcles emitted
from the top surlace location will hit the waler if their initial
velocity is greater than 485ms . Properties of the
trajectory labelled A (initial velocity 332ms ') are shown in
figures 9 and 10.

etic energy as it moves agamnst the ion wind and the
neutral gas. After about 500 us, the particle crosses the
point where the z component of the ion flux changes
sign (sec figure 7) and its kinetic cnergy bogins to
increase as it accelerates downward towards the waler.
For this case, the particle hits the sheath edge about
1.2ms after starting from its initial position, and the :
component of the directed kinetic energy at the sheath
edge, (KE),, is about three fifths of the total particle
kinetic energy (K E),,,. Since (KE), = A KE),,, x 300keV
in this case, the particle easily scales the sheath potential
(about 15V) and hits the wafer. Note that a sheath
potential exceeding 800 V would be necessary to repel
the particle since the particle charge is 270e.

It 1s well known that particles are often trapped in
RF capacitively coupled glow discharges [24 26]. Hence

Chergrg. Yarags vt and radivy) o DEftrtes - (dawmes

K § erp: MeV
[
Doarson

Ma e el »r ny Y
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Figura 8. Plots of particle axal (2} position (proken kne; and
inetic anergy (tull kne) along tragectory A (see hgure B) us a
tunction of time atter being amitted from the wall. This
particle remained in the dischasge for about 1 2ms, and hit
the sheath edge with about 500 keV kinetc energy. This s
more than enough kinetic energy 1o scale the sheath
e.actrostatic potential

the strong tendency to push particles threugh high-
density plasma dischar ge sheaths predicted in this model
may scem surprising. The relative lack of trapping ia
high-density plasmas can be understood gualitatively
with the following argument. The ion drag force tends
to drive particles to the sheath in both rr and high-
density systeins, but when the ion flux is lower and the
sheath potential is higher (the RF case), particles tend to
be trapped at the plasma sheath boundary. The mo-
mentum transfer cross section drops off when ion ener-
gies increase, so, as ions are accclerated into the sheath,
ne ion diag force decreases, and the increace in the
electric field in the sheath can cause the particle to be
trapped [14]. The lower neutral drag a particle encoun-
ters in a high-density plasma is also a factor in increas-
ing particle momentum at the sheath edge. The lower
neutral drag is simply a consequence of the lower
neutral pressure in high-density discharges compared
with that in Rt systems. We emphasize that the inertia
of the particle is often responsible for particles traversing
sheaths since the ion drag force iends to hecome much
smaller in the sheath. There has been some experimental
evidence that particles arc not trapped in high-dencity
plasmas [26 28].

5. Particle temperature

As the particle moves through the plasma it is heated by
ion clectron recombination on its surface. We antiai-
pate that the high Ler plasma density will result in a
large amount of particle heating, and the low neutral
pressure will reduce conductive cooling of the particie
compared with that in Rt systems. To test this hypoth-
esis, we couple a particle temperature model [23,29] to
the particle transport model to predict how the particle
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where I oo the partde femperature o v ity mass
Jenaty €, iy heat capaaity O, 1 the heating rate due
1o on cledtron recombination and g and §, are the
heat fures from the patinle due to radisine cocling and
K nwdwen conducison, respectinely Note that snfrared
warchengths wre larger than the diameter of a particle
Consequently, particdes are pencially ineflicient rads
ators of thermal encrgy. and the emissivity and absor:
ptivity are functions of particlke redius and temperature

tquation {10) was opphied 10 particle heating i
a rt parallel-plate electrode plasma system (n, > 0.6
10w YT 25eV. T, 2 35K) [29] The model
predicts that particles in an argon glow under these
conditions are shightly above the gas temperature. bx-
periments that measured perucle temperature directly
confirmed these predictions {29]. Under these more
conventional plasme conditions, partcle heating by
clectron 1on recombination is relatively mild, and con-
Juciive cooling to the ncutral gas is relatively efficient.

Figure 10 shows the temperature along the same
trajectory of the 0.1 um diameter particle (¢ = 0.05 um)
that is shown in figure 9 (trajectory A). The initizl
tempcerature of the particle was taken as J00K (the wall
temperature), and the neutral gas temperature was as-
sumed to be 420K [30]. We assume that the particle has
the density and optical properties of solid aluminiuin.
The partticle gets quite hot (T, = 1300K) even though it
is only in the plasma for about 1.2 ms. We point out that
the prediction of high particle temperature is not restric-
ted to aluminium particles. For examnle, u 0.1 ym quartz
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Figure 10. Plots of particle temperature as a function of
time after being emitted from: the wall. The dashed line s for
a 0.1 um diameter particle (@ = 0.05 um) traveliing on
trajectory A (see figure 8). The full line is for a 1 um diameter
particle (8 = 0.5 um) on a trajectory chosen 80 that the
residence time in the plasma is the same as trajectory A.
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partnle on s umdar tragctory also reaches an exnt
temperature in caoess of OOK  Alve shown in figure 10
s the tempetature of 2 larger particle (1 um diameter or
o 04m Thiy particde alvo onginated at £ - Rem,

Oom (same as trajeciory A) but ats initial velocity
v IKOmM Thin veloctty was chosen so that the
residence ttme of the larger particle would be amilar to
the resdence tme of the smaller particle on trajectory
A Of course. the larger particle follows a siightly differ-
ent teajectory, but it samples roughly the same plasma
condittions Note that the Jarger partcle reaches a tem-
perature of anly DK before feaving the plasma after
12my The larger particle remains cold manly because
of thermal inertia. That is, because of ity greater mass,
the larger parucic has a larger total heat capacity, and
therefore 1t gein heated more slowly. !f this particle were
somchow trapped 1n the plasma, 1t would eventually
reach a steady state «emperaturc of about 1000K. We
conclude that small particles can reach high tempera-
tures, but larger particles (diameter 20.5um) are swept
from the discharge before they can get hot [23).

8. Conclusions

We reviewed a model of the particle sheath structure
and the forces on isolated particles in plasma processing
discharges. These expressions can be coupled to a
plasnia model to predict the particle trajectory, if infor-
mation ahout how the particle enters the plasma is
available.

The key result presented here is the prediction that
particles that are emitted from the walls of high-density
plasma sources can be carried to the wafer surface, cor
back to other walls. by the strong ion flux. Particles
larger than a few nanometres in diameter can casily
attain enough momentum to scale the sheath potential
and escape the plasma. Although the instantaneous
particle density in a high-density plasma tool may be
low, particle contamination on the wafer might still be
unacceptably high. depending on the rate at which
particles are emitted from walls. The model results
suggest that high-density tools might be intrinsically
quite clean if walls are kept sufticiently clear of stressed
film deposits.

We suggest that it might be possible to test the
predictions of this model by deliberately depositing
stiessed films of different composition at diflesent loca-
tions within the chamber. The model predicts that
particles emitted at certain locations along the wall are
most hkely to reach the wafer surface. By collecting
deposited particles and measuring their composition, the
particle wall emission charactenstics could be explored.
It is conceivable that tool chamber design could be
altered to minimize the probability that particles emitied
from walls could impact the wafer surface.

The particle energy balance predicts that small par-
ticles get heated to high temperatures in high-density
plasmas. Small particles that remain in the discharge for
more than a few tens of milliseconds are likely to




become pard:ularly kot (T, > 1000K). Larger paiticles
(diameter >0.5 um) are swept from the discharge before
they reach high temperatures.
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Abstract. Spatially resolved opticai enussion frem an argon discharge s used to
detect regions of enhanced emission over A grooved electrode designed to trap and
channel particles. A groove extends the entire length of the electrode and 1s aligned
with the optical detection axis Thus we measure the inteqgrated hne-of-sight emission
inside, above and next to the groove Enhanced emission is seen and shown to be
pressure-dependent for a qiven groove design At tow pressure (- 100mTorr) a
single ‘bnght’ spot 15 noted above the cantre of the groove. This spot sphits into two
with increasing separaton as the pressure increases L aser ight scattening detection
of suspended particies shaws correlated splithng ol 4 single trappng regon at iow
pressure Into two traps at higher pressure A two dimensional radiofrequency
discharge model 15 applied 1o the groovs f slectende The model consists of solving
the electron, on and continuilly equations, the electron energy batance and Poisson’s
equation over the two-dimensonal doman The doft ddfusion approxomation s used
for elactron and 10n fluxes Model results of the omization rate dreoin reasonable
agreement with expenmental measurements The rosyiting potential profiies from the
model solution may be usexd o analyse particie trap locations,

1. Introduction

Plasma processig equrpment has recentiy been shown
Lo be espearathy susceptibie Lo particulate contamimation
[13) Parncdes tormed, o mteaduced. dunng plasma
processing acgure o net negative Charge i the plasma
[1] Interaction between the acgatively charged partcde
and the bounded plasma medium s vers complex [4 9]
and deads o uneapected aod il enderstood particle
behaviour In particular, charged and suspended par
ticles collect o well-dehined tocalized regions (partcle
teaps) Laser bght scattenng studhes indicate that par
ticle traps can be tormed by vanous topographical
features on the electrode A step created by the edge ol
a waler or damp ning, for example, may resultm a ning’
trap around the periphery of the wafer and or 4 "dome’
trap centred over the wafer Simdar cffects have also
been noted for matenal discontinuities on - electrode
surfaces [2]1f traps oceur i the vicinity of substrates
{asn the case of ning or dome traps over wafers), it s
Iikely that some particles will land on the substrate at
the end of the process when the plasma s turned off.
Since substrite contamination s o major cause of prod-
uct yield loss, 1t s important to understand the pature
of particle trapping 1n plasma equipment.

0963-0252 94 030442 + 06819.50 « 1994 IOP Publishing Lid

While parucle trappimg has been observed inoa
variety of tool process conditions [T 3] the mechaninms
bebind it have not been dearls understood. An isolated
particle an o plasma s negatinely charged moorder to
cquiahize the clectron and 1on fluxes incwdent on the
parbicle surface, and thus credtes 4 positve space charge
around the partcde This s analogous to sheath forma-
tron ata wall The extent of the space charge cloud has
been estimated to be of the order of the 1won Debye
fength (about SO um {10] In addion 1o the clectrne
ficld forces (monopo.s and dipole). partickes are also
infloeneed by the streaomng motion of the plasma (1on
drag), and other forces aincluding gravity, neutral drag
and thermophoreas Dhifferent combimations of these
have been used 1o construct vanous force  balance
models to explamn experimental observations of particles
collecting at the plasma sheath edge {4 9] To date,
however, forces on particles have generally been ana-
lysed i enly one spatial dimension

Spatially resobved  Langmurr probe measurements
over electrode featues (steps and material boundaries)
indicate that these ciuse perturbations in the plasma
potential that correspond in location 10 the trapping
regions (¢clectrostatic traps) [3]. However, interpretation
of probe measurements is made difficult by the necessary




closeness of the measurement to the sheath edge, by the
intrusive nature of the probe and by the uncertanty of
probe behaviour in the presence of particles. Here, we
show that non-imrusive. spatially resolved  optical
emission spectroscopy (018) of the discharge yields valu-
able information regarding particle traps.

One scheme to counteract particle truppimg that has
been Jdemenstrated involves mtroducing particle traps
into plasma equipment, which serve the special function
of directing paiticles away from other (weaker) traps,
such as those created by the wafer. Thus a groove cutinto
the eleet “ode, which traps particles, can be used 1o guide
particles away from the wafer region towards a chamber
pumping port (1] In tais paper. we present expernimen-
tal measurements of spatially resolved optical emision
over a grooved clectrode at 50,200 and 400 m Tore (ow,
intermediate and  high pressure, respectively). These
micasurements are correlated with the locanon of ob-
served particle traps in the groove at cach pressure

In addition te the expenmental results, ke discharge
simulation solutions over the grooved  clectrode are
presented at ntermediate and high pressure. Since we
use @ Aud model of the discharge, the fow-pressare case
1s outside the range of the sintulation. Simualation results
are 'moreasonable agreement with
measurement. Besides providing explanation tor the
optical ecmission behaviour, the simulation results nay

oplicai cnssion

be used as a0 basis to stady the accuracy of vanous
particte force modeds [4 9] in deseribing the observed
trap locations.

I'be following sectuons desenbe the expenmental
apparatus and the ki discharge simulation. The expen-
mental and simulaton cesults are presented together
with the discussion. Particle force models are discussed
m the conclusion.

Photomuttipirer and monochromator
;

Elactrode topography effects on pariicle traps

2. Experimental

Detatis of the experiments have been described clse
where {12} Figure | s a schematic diagram of the
apparatus. Briefly, the plasma chamber 1s @ modificd
Gasceous Electronies Conlference reference cell [13]. The
upper clectrode (including the carthing shicld) has been
removed. Nominally 30 W of ki power at 1356 MHz is
capacttively coupled to the fower clectrode. Because of
the asymmetric reacter configuration, a substaatal n.
self-bias develops on the clectrode, measured to be
S3OV at SOmTorr. The Ar flow rate 1s SO scem an all
experiments.

A 10cem < 10em Al plate s placed on the lower
clectrode to square’ the discharge in the vicinity of the
clectrode, thus mininuzimg any sampling length van-
aton in the ors measurements {127, The experiments are
performed over a 22mm < 6 mm groove cut into the Al
plate (the plate and the groove are also shown with the
emission plots). The groove s centred laterally in the
square plate and runs the entire fength of the plate
(10cm).

Spattally resobved 0rs measurcements are made using a
colimated view of the discharge through two aligned
apertures, which define a evlindrnical hine-of-sight volume
clement over which the measurement s averaged. The
collimated hight v Tocused on the shit of a4 mono-
chromator, which s used to measure the spatial vari-
atton i the intensaty of the 4200 nm (43 2] (23« S[S
2163 neutral Ar hine, Other neutral Ar enussion lines
(4511, 3929 and 604.3nm} show the same behaviour.
Fhe  plasma region mapped v aypacally Sem
wide « dem high The measured spatial resolution of
this apparatus s+ Lmm honzontally and ¢ 2mm ver-
tically,

Modihed GE C chamber

/ / Focusing lens f }
T .J - 1 Cottvmat, rHur !‘ I
o n/ng:oo ures J . ;/' Square Al rlate
i \ [/ \1 ,:// HaNe laser
] - .
7 { ( | . T
' J } f} Cmc}bor stage
S 6 s I B
N e
stage motion Oprics stage ~ i _J

Crosas- sechon of grooved Al peale
Figure 1. Schematic diajram of the experimental apparatus.
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Particles arc introduced in controlled sizes by means
of a filtered particie gencrator mounted over the elec-
trode. Light scattering off the particles from a He Ne
laser beam, aligned with the optical axis of the ois
Lystem, is used to locate the position of particies inde-
pendently with respect to the groove.

3. Radiafrequency discharge simulation

Details of the R+ simulation, including the transport
parameters used to approximate Ar discharges, have
been described clsewhere [14]. Rriefly, the lnd model
consists of the time-dependent electron and 1on continu-
ity equations, the time-dependent clectron energy bal-
ance and  Poisson’s  equation. The dnft-diffusion
approximation is used for the clectron and 10n fluxes.
The equations are solved using the Galerkin fimic-el-
ement method and integrated 1 ume to a harmonie
steady state.

Here we describe differences between the current
simulation scheme and that in [ 14]. Since the plasma
chamber is three-dimensional (a round chamber with
square electrode) it is not computationally feasible to
simulate the entire chamber. Instead, we focus on the
immediate vicinity of the groove, and construct it simu-
lation domain as shown in figure 2. Since the discharge
1s ‘square’ near the clectrode, we use Cartestan
coordinates in the simulation with the y axas placed
parallel to the groove length. ‘The centre plane of the
groove 15 assumed to be a plane of symmetry with
zero-gradient boundary conditions. The distance  be-
tween the other vertical boundary and the groove side

Planes of symmetry

PN \\\
\\\
E—
.
Pasma rogeon Uprer tuctrode

L

Groove sdewall

T e

Figure 2. Schematic diagrarn of the simulation domain.
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wall is slightly greater than the groove height, and
zero-gradient boundary conditions are enforced there as
well. The lower houndary is the grooved Al electrude,
and we place an artificial carthed upper electrode 4cm
away {rom the bottom of the groove (the actuai counter
electrode in the experiment comprises the chamber wall
and the top flange considerably furiher than 4cm away).
Only the fower halfl of the dommn is displayed in the
results.

The current boundary condition used for the cath-
ode in [14] is replaced by an external circuit consisting
of a resistor, ¢ pavitor and voltage source (V_sin(2ni: T,
where T is the R period) in series, as shown in figure 2.
The driving voltage amphtade is ¥, = SOV, C is the
blocking capacitance (340pFm ') and R is the senie
resistance (0.00602m). The values of V., ¢ and R are
arbitrary (not those of the experimental system, sce
below). The secondiry clectron emission coefficient is set
to 0.03.

Forward Fuler 1n time 16 used to solve the on
continuny equation. In order to satisfy the cre conds-
non, the ton solver uses smaller time steps thaie the
implicit time antegrator for the clectron equations. The
number of 1on time steps per clectron tme step ranges
from 5 2S5 kxphat solution of the 10n equation makes
the acceleration scheme used in [ 14] prohibitively expen-
stve; therefore, we rely only on direct time integration,

Given the difference between the simulation domain
and the cxperimental system, the simalation s not
expected to reproduce the actual relationship between
the driving voltage, the gap length, and the plasma
density (or sheath thickness). Rather, the gap length and
vohtage are chosen such that the sheath thickness at
200mTorr approximates the experimental value for rea-
sonable plasma density levels Owing to the slightly
larger area of the cathode, we obtain & small positive
bias ¢n the cathode.

4. Results and discussion

figures 3 5 show contour maps of optical emission
intensity at Ar pressures of 50, 200 and 400 mTorr
respectively. Note the different ordinate scale in fgure 3.
Figures 3 5 also show the measured locations of par-
tickes (typically a line of particles along the length of the
groove) trapped by this clectrode  structure. The
groove-enhanced emission s clearly visible in figures
3 5 At SOmTorr (igure 3) there 1s a single bright spot,
centred cver the groove, 10 mm from the groove bottom,
Particles introduced at this pressure form a single hne
above the centre of the groove. The emissior intensity at
200 mTorr (figure 4) shows two brnight spots. symmetn-
cally placed, closer to the groove bottom (concomitant
with a reduction in the sheath thickness). Particles,
however, suli form a single wne i the cenire of the
groove. At 0 mTor: (figure 3) the separation between
the two bright spots increases as the sheath continues to
shrink, and here the partcles form two distinetly separ.
ated hnes inside the groove. Separatbion between par-
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Figure 3. Contour map of spatially resotved optical emission
intensity 1420.1 nm line) over a 22 mm x 6 mm groove.
arbitrary units. Ar pressure 50 mTorr,
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Figure 4. Contour map of spatially resolved optical emission
intensty (42G.1 nm line) over a 22 mm ~ 6 mm groove,
arbitrary units. Ar pressure 200 mTorr
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Figure 8. Contour map of spatally resolved optical emission
intersity (420.1 nm iine) over a 22 mm « 6 mm groove,
arbitrary units. Ar pressure 400 mTorr,

ticles 1s smalier than that between emission bright spots

Next we show the tomization rate from the umula-
tnon at 200mTore (figure 6) and 400mTorr (figure 7)
The groove 1s assumed symmelric around the ceniie (see
figures 4 and 5). The low-pressure case (SOmTorr)
considered outside the range of applicabtihity of the flud
model. The iomzanon rale corrslates well with the
emission rate since the shapes of the inelastic colhimon

Electrode topography effects on particle traps
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Figure 6. Contour map of the simutated tonization rate
(m %8 ). Ar pressure 200 mTorr.
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Figura 7. Contour map of the simulaied 1onization rate
{m *s ). Ar prescure 400 mTorr,

M

i

T aalii——

Vertica postion (cm)

Horizontal position (om)

Figure 8. Vector piot of current flow to (t = 7 2) and from
(1 = T) the grooved elactrode Ar pressure 400 mTorr
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Figure 9. Electron heating rate {/, E}j as a function of
position Ar pressure 400 mTorr,

cross sections are similar, We show the 1onization rate
because it s more directly refated to the plasma densaty
and potential profiles. Oace the simulation conditions
are choser 1o match the sheath height an figure 4, the
simulated omization and  expenmentally measured
cmission ageee well (figure 6 with figure 4, hpure 7 with
tigure 5).

The grooveanduced eshancement of ,omzation rate
wodue to a focusing of the v current near the side wall
of the groove Since the enhancement is stronger at
00 Torr, the simulation at that pressure as tsed to
analyse thas effect, Figures 8 and 9 are drawn from the
400 mTorr case. Frgure 8 shows the current flow to and
from the grooved clectrode at two different times in the
ki period, ¢ = T2 and ¢ = 1 The physcal step in the
clectrode causes the current to bend near the side wall,
and creates a region of ‘excess current’. This current
focusing creates extra clectron heating near the top of
the ssde wall, shown an figure 9. The higher clectron
heating rate results in greater 1onization and excitation
vates near the side wall [15].

Figures 10 and 11 show the simulated potential
profiles obtained at 200 and 400 mTorr. respectively.
Considering the arbitrary choice of discharge conditions
used in ihe simulatton, the actual voltage values do not

PRI 4
{

< -

Vertical pesition {cm)}
(4]
pes

004

Horizontal position (cm)

Figure 10, Contour map of simulated potential (V). Ar
pressure 200 mTorr.
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Qv G4 04 6 (2. " te 14 th
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Figure 11. Contour map of simutatec potential (V). Ar
pressure 400 mTorr.

represent those m the expenment. Nevertheless, eertain
features of the potential profiles are uscefut to note. There
15 i high-field region at the top edge of the groove side
wall, while the bottom edge of the groove s a low-ficld
reion, The results do not show any regions that may be
identitied as electrostatic traps for particles as measured
i [3]. Ratker, the potential sncreases monotomcally
with distance away from the cathode. This is confirmed
by figure 12 a plot of the Juteral clectric fichd (£, versi.
horizontal positien 3Amm above the bottom of the
groove. The groove side wall s located at [Hem, The
electric fickd ncreases monotonically, with no «ign
change. towarnds the side wall, This suggests that trap-
pingin this system oceurs through v balance of dillerent
forces {4 9] rather than through a wngle, dominant
trapping force. Ihfferences between the simulation do-
main, the expermental system and the system used in
[2] may explun the different results

5. Discussion of particle trapping

In the absence of an wsolied clectrostatic trap for
particles. that s, a local mavimum in plasma potential

]
10[

100 H . . . . . N - .

00 25 050 075 10
Hornizontal position (L)

Figure 12. Plot of the lateral elactric tield (£, versus

horizontal position al height 2 -~ 3 mm above the bottom of

the groove. Ar pressure 400 mTorr.




[3], itis unclear whether there is a direct causal relation-
ship between the enhanced emission (ionization) rate
and particle trapping. Rather, both phenomena may be
caused by sheath perturbation due to the groove. Never-
theless, optical emission is a sensitive and non-intrusive
indicator of sheath non-uniformitics, which are believed
to trap particles in this system.

The trapping mechanism in the groove is belicved to
be & two-dimensional variation of the force balance
discussed in the literature (4 -9]. Before proceeding to
analyse the applicability of various published models, it is
necessary to have a more reliable prediction of the ion
flux, since ion drag is believed to be one of the crucial
forces affecting particle location [4]. With the drift-
diffusion model u.ed here, the ion drag is always anti-
parallel to the clectric field force on the particle if the small
ion diffusion term is neglected. 1tis unclear what effection
inertia may have on the ion drag force. While ion inertial
effects are important in the sheath, they may be small in
the presheath where the particles collect. Inclusion of ion
incrtial effects, to allow the ion drag foree to deviate from
the clectric ficld direction, is currently under way.

It seems clear on comparing figures 10 and 11 that the
high-pressure case in figure 11 shows a larger region
inside the groove with relatively flat isopotential con-
tours. The 200mTorr case therefor shows stronger
laterai fields inside the groove (which might cause par-
ticles to collect in the centre of the groove as observed)
than at 400 mTorr, This is consistent with the thinner
sheath thickness at 400 mTorr. The flatter contoursimply
that, based on considerations of clectric field and gravity
alone, the particles have a smaller tendency to collect in
the centre at 400 mForr than at 200 mTorr. Therefore,
any force pushing the particles away from the centre (such
as the dipole force E-VE [9]) would cencounter less
resistance at 400 mTorr than at 200 mTorr. Prediction of
the off-centre particle trap at 400 mTorr is expected to
yield valuable insight into trapping forces.

Summary

Spatially resolved optical emission is shown to be a
sensitive indicator of particle traps in Ri discharges.

Electrode topography effects on particle traps

Sheath non-uniformities, which may be responsible for
trapping particles in grooved electrodes, may be detec-
ted by non-uniformities in the emission profiles. A singie
region of enhanced emission at low pressure centred
over the groove splits into two symmetric, off-centre
bright regions at high pressure. A correlation is noted
between the emission behaviour and the observed split-
ting of a single particle trap, centred over the groove at
low pressure, into two traps as pressure is increased. A
two-dimensional simulation of a grooved electrode indi-
cates that emission enhancement occurs near the groove
side wall because of RF current focusing effects, which
create ext.a electron heating near the side wall. Particle
trapping in the groove is belicved to vecur through a
balance f axial and lateral forees.
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Abstract. One observes in radiofrequency-heated vacuum chambers that dust, if
present or being produced within the chamber, may float in layers close to both the
upper and lower electrodes. Important forces un the dust are the electric force,
gravity, plasma drag and the thermophoretic force, which is caused by temperature
gradients in the background neutral gas in the vacuum chamber. We here discuss
the thermophoretic force and show that the normally adopted formuia for this force,
which is computed on the assumption of an infinite plasma in all directions from the
dust, must be modified when ciose to the plasma chamber walls. Taking into account
the closeness of the plasma walls, we find ihat the thermophoretic force will be
reduced out to many neutral gas molecular collision lengths from the wali, compared
with the results from the standard formula. This modification of the thermophoretic
force should be of importance for the force equiiibrium and stability of dust in the dust

layers observed in so many dust levitation experiments.

1. Introduction

There has recently been increased interest in studying
the suspenston of dust in gases. The reahzation that dust
1s formed and suspended in the sheaths near plasma
chamber walls and that 1 can cause severs contamina-
tion problems in, for example, plasma etching processes
of microclectronic circuits {(Selwyn er al 1989, 1990a, b)
15 one reason for this. The dust is suspended in layers
near the chamber electrodes, with a topology that s
dependent on the electrode structures, and it may fall
dowa onto and contaminate the nucrochips, The dust
partickes are charged in the radiofrequency-heated plas-
mas and an electnic foree acts on the dust in the electric
sheaths near the wall (Barnes er al 1992). Other major
forces that act on the suspended dust particles are
gravity, ton and neutral gas drags 1f these species are
drifing and a thermophoretic foree if a temperature
gradient is present (Talbot er al 1980, Jellum er al 1991).
Since dust particles are suspended in the plasma ot
follows that there must exist region' in which there is a
stable equilibrium between the different forces. Nitter
and Havnes (1992) show that, for dust suspended in the
clectric sheaths near moon, asteroidal and planctary
satellite surfaces, one will normally tind two equilibrium
points. However, only one of these will be stable. The
calculations of Nitter and Havnes (1992) did notinclude
the thermophoretic foree, which is of no importaace in
the rarctied gases in spacc.

Sinve the thermophoretic force may be one of the
dominant forces in low-pressure g1 -heated plasmas (Jel-
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lum ef al 1991), knowledge of its form near the walls
where the parucles are suspended will be of crucial
importance not only to find positions with force equilib-
rium but also to determione if such equilibrium positions
are stable or not,

We will 1in the following discuss the form of the
thermophoretic foree and demonstrate that it mast be
moditied, compared with 1ts conventienal fonn for dast
particles within a distance from the plasma wails corre-
spoading Lo several collison lengths of the neatral gas.

2. The thermophoretic force distant from and
close to piasma walls

Talbot et al (1980) have given a review of carhier works
on thermophoresis. They show thar a dust particle of
radhus R ina gas or hgued with a temperature gradient
OT Ox at the position of the dust, wall be dcted upon by
4 so-called thermophoretic foree along the direcuon of
v equal to

N

F KI\"'I!AA(':,I \) . (h)

[

Here A s the Boltzmann constante the neutral gas
density 15 o while the average collision length an the
neuteal gas s 4 We neglect the effect of o dust surface
temperature on the thermophoretic force since this
snall for dust temperatures less than 00K (Talbot er al
1980).
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Talbot er al (1980) (see also Waldmann (1961))
compute the thermophoretic force F, by using a velocity
distribution function for gas molecules colliding with the
dust of

/;n =fx =f0[l + D((’2 - ;)",‘]

We here use relative velocitics, the molecular speed is »
and

<0, (2)

=0/t

3

where the gas thermal velocity of partictes of mass m and
temperature Ty, is v = (2kTy/m)' 2. In equation (2) ¢,
and ¢, arc the components of ¢ along the temperature
gradient (x direction) and along the outward normal
to the surface of the grain with the positive direction of
¢, being out from the surface. The parpmeter
D = —6ACT:0x);  nl,. The unperturbed veloaity dis-
tribution function s taken 1o be Maxwellan:

) m \? X
fo = ny Sk T expl - ) (4)
Nl 0/

The distribution tunction given in (2) corresponds to
that which 1s formed in a gas with o temperature
gradient and where there is an “infinite’ amount of s
surround ~e the dust. Infinite in this context means that
there is gas present for many gas molecule momentum
transfer collision lengths on both sides of v. This leads
to, compared with f,, u surplus of slow (7 < 3 2y and
deficit of fast particles for that part of the distribution
function that moves in the direction of VI, - )
(namely from lower to higher temperitures) and the
opposite for that part thut moves agamnst VI, < 0)
An integration of the force due to the impact of particles
with the velocity distribution given by equation (2) leads
to eguation (1) (Talbot e af 1980). However, these
calculations do not take mto account that very close 1o
the wali the distnibution function for partic'es moving
away from the wall must be influenced by the manner in
which particles are reflected from the wall If we ussume
that the particles are reflected with a Maxwellian veloc-
iy distnibution at wall temperature /7, then (2) v not
correct very near to the wall. At the wall nself we will
have

Lo - Tt 10} 0 (%

while for ¢ < 0 (2) imght sull hold since the deviation
from f, for ¢, < 0w manly formed due to particles
streaming wwards the wall If we now follow Talbot er
al (19805 and calculate the tnermophoreue force at the
wall by using (3) for «, > 0 and (2) Tor ¢, < 0 we find
that

Foo=F, 2 (6)
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where F is the thermophoretic force given by (1). The
reason for this is simply that the force due to collisions
by the dust with gas particles from the wall is now larger
so that the net force towards the wall is decreased. This
assumes that the temperature gradient points away from
the wall as it normally does in RF plasma experiments
(Jellum et al 1991) since energy is «reated in the gas and
has to escape through the walls.

At intermediate distances from the wall (out to
several collision lengths from the wall) we expect the
thermophoretic force gradually to approach the onc
given by {1). The manner in which the thermophoretic
force changes as we go away from the v =il is dependent
on how the velocity distribution for ¢, > 0 chianges from
(5) at the wall to (2) distant from the wall. We will make
an approximate cstimate of this by solving the Boltz-
mann equation for neutral particles with a simple model
for the coision term

"
~

e
i

P 1
+ -V [ = [H(, = /) N

m

-

We consider a one-dimensional statinary case. In(7) ©
18 the neutral neutral collision tme and we have as-
sumed that f does not deviate much from the equilib-
rium distribution £, In general we could have used

-tk v g by ) (8)

where £, 1s the deviavon from f,, for particles moving
awity from the wall and f,¢  the deviation from f, for
particles moving tewards the wall. We will assume that
¢ s known and equal to the deviauon for ¢, < 0 given
by equation (2) However, sinee f,g s small relative to
f.owe neglect ¢ when calealating the vanation of ¢,
from the wall and outwards. Using ¢ 0r - 0 and insert-
g equation (8) i equation () pad usng equations
(23 (4) we bind for the one-dimensional case

dy,
dv

ldf‘

L 9
T dv *

where we have used the conditton of pressure equihib-
num (d dOnT) = 0 This can be integrated to give

N S,y har
;/,(\DA—s/,(O)cm( " )0(, (‘) 'l‘:i\

3 Y

el )

when we neglect the varanon ol 1 orelative o the
caponential term 1t the particles are reflecied from the
wall with the wall tempeatuie then o, (0) 0 and we

get

(1

i \
0. T 4 Il c\p( )l (RED]
Tt




We now calculate the correction to the thermo-
phoretic force by using (1) for g, instcad of the onc
used by Talbot er al (1980) where g, = — y_. Following
the method of Talbot et al we iind that the correcied F,
becomes

Fe=F., [1 - i's("z - g)c‘P( --('l)cxp<~ i)m]
Ay il e
=F.r.,[l—l(ﬁ>] (12)
/. -4

when we use T = 4rg. We sce that f(x = 0) =1 but tha:
the exponential term i v wiil. at large distances x from
the wall, make the integral approach zero However, if
we, as here, use a collision or thermahzation fength that
increases with velocitv and since the foree due to colli-
sions with the gas molecules is mainly determined by the
fast molecules at ¢ > 5. the decrease of the integral in
(12) with 1y considerably siower than of we, for
cxample, replaced expl— v:2r) with exp{ - v74) that 18,
e put =1 or used () = ¢ Computations of the
ccilision cross sectior (7 (Hirschfelder er al 1967, figure
8.4-4) as a fuoction of . show that our use of 4 constant
collision time t, namely a collision length 2{r) = e is a
good approximation at our low temperatures. Figure |
shows a comparison between the integred in (12) and
0.5exp( - x4) This indicats that the wall effect will be
feft out 1o many average collision fengths from the wall
and that the conventional expression for the ther-
mopbarehie foree is not correct in thes region.
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8 |
: |
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5|
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Figure 1. The factor by which the thernopioretic furce is
reduced due t2 the wall eifect, as a funciion of the ratin of
distairce ¥ from the wall and average collision length /. The
fult ling is for a velocity-dependent and the brcken line for a
constani. velocity-in lependent collision Inngth.

Thermophoretic force closs to walls

3. Discussion

The action of the thermophoretic force in RF dusty plasma
experiments is apparently one rcason that a layer of dust
can be found near the upper electrode (Selwyn et al 1989,
Jellum et al 1991). Both gravity and the electric force on
the dust point away from this electrode while ion drag
and the thermophoretic force will normally point towards
it (Jellum et al 1991). A stable equilibrium point for the
dust requires that the forces pointing away from the wall
desninate insidde the equilibrium point and that, in this
case. the thermophoretic force, which points towards the
wail, dominates outside the equilibrium distance. I we
assume a parabolic temperature profile ncar a wall then
the uncorrected thermophoretic force will increase lin-
carly towards the wall as shown schematically in figure 2.
This shape of £, may not allow stable equilibria of dust
close 1o the wall. Such may much more casily be found if
the thermuphoretic foree is corrected for the wall effect
sinee it leads to a reduction of F close to the wall. We
also show the corrected thermophoretic force £, in
figure 2. The correction due to the wall is felt out to about
five or six collision lengths 2 from the wall.

If wo conmider the experiments by Selwyn et al (1989)
and Jelfum et al (1991), which both had Ar as a
background gas, we find from Hirschfelder ef af (1967)

<

Relai:vz vaiues for thermophoretic ferce

|
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Figure 2. The relative curves for the unmodified (broken
ling) and modified (fuli line) thermophoretic force near the
wall, for a temperature profile of 3econd order in distance
from the wail.
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that, at the gas densities and temperatures in those
experiments, the collision lengths should be 4 =~ 0.7 and
0.1 mm respectively. This indicates that the thermophoretic
force is affected out to about 4 mm in the experiment by
Selwyn et al (1989) and out to about 0.6 mm in that by
Jeltum et al (1991). These distances are very similar to the
distances from the upper clectrode at which the maximuin
laser scattered signal is found for the respective experiments.
This indicates that the correction to the thermophoretic
force is of importance in understanding the force balance on
dust near the upper electrode. At the lower clectrode the
equilibrium distances are much further from the wall, where
the corrections to F, arc probably negligible.
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