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Spatially averaged model of complex-plasma discharge with self-consistent electron
energy distribution

. Denysenkd and M. Y. Yu'
Theoretical Physics |, Ruhr University, D-44780 Bochum, Germany

K. Ostrikov/
School of Physics, The University of Sydney, Sydney, NSW 2006, Australia

A. Smolyakov
Department of Physics and Engineering Physics, University of Saskatchewan, Saskatoon, Saskatchewan, Canada S7N 5E2
(Received 27 December 2003; revised manuscript received 18 June 2004; published 7 Octoper 2004

A global, or averaged, model for complex low-pressure argon discharge plasmas containing dust grains is
presented. The model consists of particle and power balance equations taking into account power loss on the
dust grains and the discharge wall. The electron energy distribution is determined by a Boltzmann equation.
The effects of the dust and the external conditions, such as the input power and neutral gas pressure, on the
electron energy distribution, the electron temperature, the electron and ion number densities, and the dust
charge are investigated. It is found that the dust subsystem can strongly affect the stationary state of the
discharge by dynamically modifying the electron energy distribution, the electron temperature, the creation and
loss of the plasma particles, as well as the power deposition. In particular, the power loss to the dust grains can
take up a significant portion of the input power, often even exceeding the loss to the wall.
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[. INTRODUCTION produced under low grain density and low electron tempera-
. . . ture conditiong12]. Growth, but without agglomeration, of
Low-pressure plasmas are widely used in the semicondugy,sters and crystallites is also often desifé€9,13. On the
tor, optical, and other modern industries for the fabrication of,iher hand, self-organization of nanoclusters and nanopar-
microelectronic, optoelectronic, and photonic devices, forjcies into ordered or disordered building blocks is crucial for
plasma enhanced chemical vapor depositiBECVD) of  the faprication of exotic objects, such as the cluster-
multilayered functional coatings, etc., as well as for environ-;ssembled carbon nanofoam with unusual semiconducting
mental remediation[1-4] and nanostructured materials 5 ferromagnetic propertigd4]. Thus, efficient manage-
manufacturing 1,5]. Th_e_plasmas are complex multicompo- ment of the grain size and densjys] is crucial in plasma-
nent systems containing electrons, ions, neutrals, angsgisted deposition of advanced nano-materials and biomate-
charged “dust” grains of much larger size, charge, and massiq|s13,16-18. Recently, the evolution and stationary states
The dust grains can be either desired working material op¢ dusty plasma systems have been investigated. These in-
unwanted pollutants. They are usually produced by plasmggde the dust transport and stability phenomgt®-21 as
surface interaction or by clustering and agglomeration ofyq as dust origin and growtf,22-24.
molecules generated by chemical reactions within the plasma Existing theoretical approaches to dusty plasma dis-
[1]. The grains are typically tens of nm to tensyof in sizeé  charges are mostly limited to relatively low ion density
and their density can be as high ad £&2 in low-pressure  _ 1o crd) rf capacitively coupled plasmagCCP3§ that
rf plasmas, and they are usually in a colloidal state within thg, . « peen widely used in the semiconductor industry and in
plasma. ) . the laboratory. Recently, for industrial use the CCPs have
Plas_ma-grown nanoclus_ters and fine powd_er_partlcles ¢ radually been replaced by the higher density inductively
dramatically affect the discharge characteristics and th oupled plasmagICPs [25,26 and microwave plasmas
deposition process. Existing results show a (_jirect link be-27]_ These plasmas are c’haracterized by higher densities
tween the density and charge of the dust grains, as wgll =10 cr® in the high density dischargesind lower
the electron temperaturg of the bulk plasma, to the qua“ty % heath potentials than that of CCPs. Methods for dust control
the PECVD fabricated f"f_'?$1'6—131-_F°f example, in the developed for CCPEL] are often not applicable to ICPs and
PECVD of amorphous silicon, device-grade films can bemicrowave plasmas. In fact, the physics of high-density
dusty plasmas is still not well understood.
For analysis of pristingdust-fre¢ ICPs, fluid [28—-30Q,
*Permanent address: School of Physics and Technology, Kharkilocal and nonlocal kinetic approach§31,32, as well as

National University, 61077 Kharkiv, Ukraine. particle-in-cell (PIC) simulation [33,34, have been used.
TCorresponding author. Email address: yu@tp1.rub.de Spatially averaged, or global, models have been shown to be
*Also at Plasma Sources and Applications Center, NIE, Nanyangiseful in understanding ICR85]. Such global models allow

Technological University, 637616 Singapore. one to obtain plasma parameters averaged over the bulk vol-
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ume of the plasma, and analyze the energy loss in particlthe Debye lengthay the dust grain radiusd=nal’3 the dis-
collisions as well as to the walls. They are much simpler thartance between the dust grains, andhe dust density.

the more elaborate local models and simulati¢d§] and The dust shielding potential is given Y]

thus do not require much computational resource. Neverthe-

less, the key plasma parameters can be deduced from the o(r) = q&s%exp(— ﬂ) 1)
relatively simple conservation equations of the global r Ap

models[35].

_2_ - . _
In this paper we present a self-consistent global model fo‘Eéhere}\D =4me(Ne/ Te+ i/ 2Bo), s IS the dust surface po

argon discharges containing dust grains. The model consis rg)tlgg er:;) atrr:gT '?Ee g\?er]f;tye il(?n éhn?ar du:r% erli%ltcrjgrﬁem-
of particle and power balance equations for the averaged " e 9 9y

electron and ion densities, electron temperature, and pow@r?ri[gre(r'ln e\/é,tﬁn?e the ttelfementazy chac;get. Daygheeﬂy
loss in the discharge. In contrast to most earlier models oft" [40] showed that except for very arge aust grains, @y.
dust-containing dischargd4,2,22,23,3], power loss to the 'S VETY close to that from the numerical solutions of the cor-

dust grains is also included. The average dust charge is Carlt_espdonding r.‘°”".”ea][ Degyle-HUCI}iel the(;)ry, %ni”tha:uit s &
culated using the conventional orbit motion limitegML) ~ 900d approximation foag=<1 um. Kennedy and Alleri41]

i .recently studied the electrostatic potential around a small
approach. In existing global models the electron energy dis- 3 :
tribution function(EDF) is usually assumed to be Maxwell- (ad/_ADe . 107, Where)I\_Del(ic,g'\e/II_e[[er]ctron E)rﬁbyeflen%tktd#stt
ian. However, the electrons are very often far from equilib—graln using a generalize eory. They found that no-
rium. Here, we generalize our earlier model for complextlceable deviation from Eql) appears only at large dis-

plasma dischargg,15,19,20,3Fby self-consistently solving tances from the grain.
for the EDF from the electron Boltzmann equation. o )
Accordingly, we shall solve the particle and power bal- B. Electron kinetic equation

ance equations, the electron Boltzmann equation including |n an electric fieldE, the electron velocity distribution

the major sources and sinks, together with the boundary cofunction f(r,v,t), wherer andv are coordinate and velocity
ditions for the ICP. Our aim is to investigate the effects of thept the electrons and is the time, satisfies the well-known

dust grains and external discharge parameters, such as t8gjtzmann equatiofi42,43
input power and operating pressure, on the discharge charac-

teristics, such as the EDF, the electron and ion densities, the af AV -V, - <§f) _ ( 8f>
dust charge, etc. Power loss in the complex plasma system is at r v B N
included in detail. The calculations are carried out for dis- ) ) o
charge conditions typical of laboratory ICPs and microwaveVhere(sf/ at). is the time rate of changedue to collisions,
plasmas. Thus, our results can be used to improve the desig®d M is the electron mass. The electron densitys given
and management of the deposition processes. Because of ¥ Ne(r,0)=/fd’. The total electric field E=Es
simplicity of the model, the computation time is much +E, expliot) consists of a space-charge fididand an ex-
shorter. The present global model is thus especially useful foiernal RF fieldE, at frequencyw.

online diagnostics and feedback control of the discharge it- Traditionally, for systems not too far from equilibrium,

x (2)

self as well as of the processing. Eq. (2) is solved by expanding the EDF in spherical harmon-
ics together with Fourier analysis in tinjd2,43. That is,
Il. THEORETICAL MODEL one writes
A. Main assumptions f=>> F'pP|(Cos fexplipwt), 3
I p

We consider an rf or microwave low-pressure argon dis-
charge of radiusR and of lengthL containing dust grains. whereP, is the Legendre polynomial of ordérand 6 is the
The discharge is maintained by an electric fielt) polar angle. Neglecting terms beyond the first order., in
~expliot), where w=2xnfz. The frequencies fz  the Lorentz approximation we have f(r,v,t)=fy(r,v,t)
=13.56 MHz andfz=2.45 GHz shall be considered. The +(v/v)-f;(r,v,t), where the isotropic part, describes the
plasma is composed of electrons, singly charged positivenergy distribution of random motion, while the anisotropic
ions Ar*, and negatively charged colloidal dust grains. Wepartf, describes the directed motion in the electric field. The
assume that the dust grains are all of the same size and drerentz approximation is valid when there is sufficiently
uniformly distributed in the plasma column, except in a dustlarge number of elastic collisiongl4], so that the distribu-
free boundary layer of thicknessiear the wall. This profile tion is almost isotropidfy>f,). It is valid for electrons in
of the dust density is typical in dust-growth experiments usthe elastioenergies below the excitation threshglds well
ing argon-silane mixture§38] and appears when the dust as inelastic(energies above the excitation threshplds-
grains are created in the silane-argon mixture and trapped igimes [31], and is widely used for studying low-pressure
the argon dischargid9]. We also assume tha§> 7., where  discharges and collisional plasmas in genésak, e.g., Refs.
74 and 7.4 are the characteristic time scales of dust grain[31,32 and the references therginrhe EDFs of the low-
motion and establishment of equilibrium, respectively.energy electrons are usually isotropic, provided that the dis-
Therefore, the massive dust grains can be treated as immoharge dimension is larger than the electron mean free path.
bile. It is also assumed that>ay andd>\p, wherehp is  On the other hand, due to a large difference in the cross
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sections of elastic and inelastic collisions and the muctelectron-dust collision term can be modeled[B9]
smaller number density of the high-energy electrons, electron
; d|2mg dF,
momentum relaxation occurs much faster than that of energy, 2% 32 e 9o ) | _ ¢ 1/2
. ; . . e . SdFo) 8" Vey| Fot Tq Ved0e™ %
so that the EDF in the high-energy inelastic-collision regime de &

is also nearly isotropi¢31,32. (9)
We also assume thég is time independent, which is valid
if [45,46 where 1§ () and v {e) are the momentum transfer and the
. electron absorption frequencies of electron-dust collisions,
® > ve= (2mdm) v+ v, (4) respectively, anany and T4 are the mass and temperature of

where v’ is the total inelastic collision frequencyy is the  the dusts. We shall sef4=0.026 eV, my=3pqyma3, where
ion mass, and, is the collision frequency for momentum pg=2 g/cn¥ is the grain material densityi].
transfer. The field variation in most stable discharges is usu- The electron-electron collision ter@.dFo) is given by
ally much faster than that of energy relaxation, so that their d dF
temporal effep'gs average out in the isotropic part of the EDF SodFo) = —[283’2%2( FoG + H—O)} , (10)
and the conditior(4) is satisfied. de &

When the plasma size and neutral pressure are sufficiently,,
high, the inequalitypoL >100 m Torr cm[44], wherep, is

neutral pressure in mTorr andis the size of the discharge in 27 4 an [

cm, has to be satisfied. Furthermore, when the electron den- H(e) = 3 e"Fo(e)de + ¢ Fo(e)de |,

sity is sufficiently high(\pe<<L, such as in quasineutral dis- 0 ‘

chargey, the spatial derivative term in E(R) and the space- and G(e)=J§ eYFy(e)de, where Ved &)

charge electric fiel&Es can be safely neglectdd7]. Itisthen  =4m(e?/my)?n,In A/v3, In A is the Coulomb logarithm

convenient to separate the variables and revigite,v) as [48], and T.=(2/3)[ Fo(e)e¥*ds is the electron tempera-
fo=ne(r)F(v), (5 lure.

For a given EDF-y(¢), the electron current collected by a
where [3 F(v)4mv? dv=1, and to change the variable from gyst particle in the OML approximation [§1]
velocity to energy(s=mw?/2e). Accordingly, we introduce
the electron energy distributiorFy(e) by the relation _ 2 - is) 2ee -
F(0)4m? dv=Fy(e)yede. le= ”ader‘ej_¢s<1+ o)\ T Fole)veds. (11

Further assuming that superelastic collisions between ) o

electrons and atoms, as well as excitation from low to highThe _ion_current on a dust grain is Ref52] I
atomic states, are negligible, from the Boltzmann equatiorr mas€nv2eE/mi(1-¢s/Ey), where the dust surface poten-

one obtaing43,48 tial ¢ is related to the dust chargy by ¢=eZy/ay. The
model assumes that the electron and ion grain currents bal-

2e d[ &% dF
s Ok FEUCAPENCA PV
3m.de \ v () de
© l.+1,=0, (12)
) and that the quasineutrality condition
where  Egg=E vn(e)/[2(15(e) +0?) Y2 Here S4(Fo),
SodFo), SedFo) describe the electron-atom, electron-dust, Ne+ NglZgl =1 (13)

and electron-electron collisions, respectively.

o is satisfied.
The electron-atom collision ter®.,(Fo) has several com-
ponents. The contribution of elastic collisions is . .
C. Collision cross sections
S(Fo) = E{Zl‘ess/zym(g)<|:o+-rgﬁ))], (7) The electron-neutral and electron-dust collision frequen-
de| my de cies appearing in Sec. Il B can be obtained by multiplying

the_electron-neutral and electron-dust cross sections by
g\2ee/me, whereng is Ar atom density, andgy2es/m,
espectively. We shall consider the same set of cross sections

where T;=0.026 eV (~300 K) is the neutral gas tempera-
ture. Collision-induced atomic excitations are represented b

s‘;g%Fo):E[Vga(va)Fo(s +V) (e + V2 for electron-neutral collisions as in Refb3] (see Fig. 1
k there. From Ref. [54] we obtain the electron-neutral
_ v'ga(s)FO(a)sl’Z], ®) momentum-transfer cross sectiop, which agrees well with

that obtained experimentally by Ramsauer and Kol[&th|
where Vga is the collision frequency of thkth inelastic pro- and the one given by O’Mallef56]. The cross section takes
cess with a threshold energy. lonization is treated as a into account the characteristic Ramsauer-Townsend drop in
normal excitation proceg49]. o in the low-energy regime. We also use the Ar ionization
Electron-dust interaction includes scattering of the eleccross section taken from the experiments of Rapp and
trons from the shielding potential around the dust, as well aEnglander-Golder{57]. For describing the excitation pro-
electron loss due to their deposition on the dust grains. Theesses in the dusty Ar plasma we consider the 4
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(®Py,%P,,'P,,%P)), 4p, and 5 excitations. Their cross sec- Piy = Poat Py + Paust (16)
tions from Refs.[53,58 are in good agreement with that
obtained experimentally by Chutjian and Cartwridhg],
Borst[60], and McConkey and Donaldsgf1].

where Py, is the total power absorbed by the discha(e
our modelP;, is an input parametgrP,, is the energy loss

For the electron-dust interaction potentigl), the via electron-neutral collisions, arf®, and Py, is the power

electron-dust momentum transfer cross-section can be writoSS in the form of kinetic energy loss through collisions of
ten as[50] the plasma species with the walls and dusts, respectively.

The power loss via electron-neutral collisiong 3$]
02 {(e) = ma3(— )€ In A, (14)

NEXC
- k
where A=-\pTo/a4¢s. In the OML approximation, the Pea= eneV<KizngVi+ Z NgKexcVk
cross section of electron collection by a dust grain is k=l
oS &) =ma3(1+¢gle) for e=-¢s and 0 fore <—¢ om. (*
¢ ° ) ) +%‘e J vn(€)Fo(e)e¥2 de |, (17)
0

D. Particle and power balance — . L
P whereKE, = [v5(e)Fo(e)Vede/ng is the excitation rate coef-

. . . . X
To obtainng(r) in (5), or the averaged electron density, it ficient of the kth inelastic processNe,. is the number of
is necessary to consider the overall particle and power bakyxcitation processes. The last term(irY) is the energy loss
ance in the discharge. The balance equation for the(fter®  due to electron-neutral elastic scattering.
Ar™) can be written as The power loss at the wall iB,,=en.ugS(e+¢;), where
‘ K \ e ge andg; are the mean electron and ion kinetic energies loss
KiaNeNgV' = KiaNaVa = MisUgiS= 0., (19 (Ser electron and ionat the wall, respectively. The mean
whereug; is the velocity of the ion/electron ambipolar flow kinetic energy loss per lost electron is given by the ratio of
at the bulk plasma-sheath interfadé,and V4 are the total the average energy flux to the electron fli6,3. For an
plasma volume and the volume of the dusty plasma, respe@rbitrary electron distribution functiof, the average kinetic
tively, Sis the surface area of the chamber w&l}y is the  energy per electron lost is given by
rate coefficient for ion-dust collisiongKigni=I;/e), Kj,
=f vga(s)FO(s)\s’Eds/ Ny is the ionization rate coefficient, and j e2Fo(e)de
n, is the ion density at the bulk plasma-sheath boundary. For
a stable sheath, the plasma floy is near the Bohm speed
[3,62. For the Maxwellian EDF [FI®=(2/\{m)T,¥? f eFo(e)de
exp(—e/Tg)], the Bohm speed iseT./m; [3,63. For non- _
Maxwellian EDF, the expression for the ion drift velocity at SO that for a Maxwellian EDF the mean electron energy loss
plasma-sheath interface is given by Ref64] uy  Per lost electron is=2T,. On the other hand, the mean
~ V"—(Ze/m)(fFO(s)s_llzds)_llz. klnetl_c energy loss per lost ion is the sum of the ion energy
As mentioned in Sec. Il A, a near-wall region of thickness€ntering the sheath and the £energy gained by the ion as it
| (for definitiveness we sdt=0.5 cm in our calculationss ~ traverses the sheath, e=mug;/2e-®,, where®,, is the
free from dust grains. Thus, the ions and electrons in thes@’®gative wall potential with respect to the sheath-bulk

regions behave as in the pristine plasma. The boundary ioplasma edge. _ _
density isng=nep, coe(v“Kian/ Dd), wherengy, is electron(or To determine the potentigh,,, we equate the ion flug3]
ion) density at a distancé from the boundary. HereD, I'i=nisUg;, assumed to be constant across the thin sheath, to

=D/ (1+2K,ny/v,) is an effective diffusion coefficient the electron flux at the wall,

Ee=

(53,69, where Da=(Depi+Diue)/ (1i+ume), Di=eBy/ My, 1 D,
—e/myp I'e=—niugexp — |,
wi=elmu, 4 Te
b _ 2 g% E(s)de where(ug) = [ \2es/mFo(e) Vede is the mean electron speed,
¢ 3m. ) v(e) 0 ’ and the electrons are near equilibrium. Sihgel’s, we ob-
tain ®, =T, In(4ug;/{uy)) for the wall potential. For Max-
__Ef g32 dFO(S)dS wellian EIZ?F, we havemiuéi/Z:eTe/? and &, ~-4.7T..
Me 3m, _Vm(s) Tde e '[Fsr]us, the ions bombard the wall with an energy-5.2T,
andv, is the ion-neutral collision frequency. We note tbgt Electrons with energy less tharpswill reflect elastically

is the well-known ambipolar diffusion coefficieridg andD;  from a dust grain and re-enter the plasma without altering

are the electron and ion diffusion coefficienig, and u; are  their energy. An electron with energy higher that-will

the electron/ion mobilities, respectively. Since a dustytransit through the grain sheath and deposit on the grain sur-

plasma is similar to an electronegative discharge, the eledace, together with the leftover energy. The energy lost in the

tron density in the dust-containing region is practically spacesheath goes into the maintenance of the potential drop in the

independen{39], so thatng,~ ne. sheath, and is in turn transferred to the grain by the positive
Power balance in the discharge can be described by  ions accelerated by the sheath potential.

046403-4



SPATIALLY AVERAGED MODEL OF COMPLEX-PLASMA ...

PHYSICAL REVIEW E 70, 046403(2004

The heat flux associated with the electron current on a y ]
dust grain Eq(11) is 10 (a)—§
- [ 2ee
Oed= waﬁneJ (1 + gs) EFO‘?B/Z de, (18) 107 3
- & E
’s % dusty plasma
so that the power loss to the dust grains in the plasma vol- % 10° | i
ume due to the electron heat flux is ~ 3
Paust= €kdgVy- (19 (Vi 10 3
An ion entering the grain sheath has average en&gy 3
which is much smaller than that of the electrons. THRgg; 10 L N
as given by Eq(19) should be a good approximation for the 5 10 15 20 o5
total power lost by the plasma particles to the dust grains. e (eV)

Ill. NUMERICAL RESULTS

Equations.(6), (12), (13), (15), and (16) are solved nu-
merically. We are interested in the effects of dust sizand
densityny, as well as external parameters such as the input g™
power P;, and neutral gas pressupg, on the EDFF,, the
electron and ion densities, the electric fi#@gsustaining the )
plasma, and the dust chargZy. The calculations are for
conditions typical in ICP$30], microwave plasmag7], and
the dust growth experimeni4].

-3/2

A. Effect of dust density

In Fig. 1(a), the EDFs in a pristine and a dusty plasma are
presented. The latter is obtained self-consistently from Egs.

(6), (12), (13), (15), and(16). For the pristine case the EDF FIG. 1. (@ The EDFs in pristine argon plasma and dust-

is calculated from Eqs(6), (15), and (16) by omitting the o _ N !
dust related terms. We see that there are significant differgOntalnlng _arg_on d'SChar_ge §=13.56 Mﬁz’po_}oo _TTO”’P‘”
ences in the EDFs. In the low-energy and high-energy rez 100 W,R=L=10 cm,3,=100 nm, anchg=5x 10 cm ™, (b) The
. ) . .27 "“EDFs in a dust-containing argon discharge for different dust densi-
gimes the_number_of_ electrons in the dusty plasma is r_ugheﬁes’ ng=10F, 2x 107, and 5x 107 cni™3. The other parameters are
than that in the pristine one, but the opposite occurs in thg . come as ia).
mid-energy regime. This difference is due to electron-dust
collisions[67]. also be attributed to the Maxwellization, or randomization,
Note, that in the pristine plasma the EDF is close toof the EDF via electron-dust collisions. This Maxwellization
Druyvesteyn distributiorf68], which because of nonelastic of the EDF with increasing dust density also changes the
electron-neutral collisions has more electrons at average eeiectron temperature. In fact, we hafg=4.3, 4.16, and
ergy and fewer electrons at high energy than the Maxwelliart.14 eV forny=1CF, 2x 107, and 5x 10’ cm™3, respectively.
distribution. The Druyvesteyn distribution has often been ob- The increase of electrons in the tail of the EDF is caused
served in dc as well as 13.56 MHz rf discharges at low elechy an increaséwith ny) of the electric fieldE, sustaining the
tron densities(n,<10" cm™ at 100 mTory and relatively  plasma. We haveE,=335, 352, and 437 V/m fomy
high electron-neutral collision ratés,,> w) [69]. =10°,2x 10/, and 5< 10" cm™3, respectively.E, increases
In Fig. 1(b) the effect of dust density on the EDF is self-consistently because with an increasagpfthe number
shown. One can see that increasengfis accompanied by of electrons and ions lost to the dustgoverned by
increase of electrons in the low-energy<<2.5 eV) as well  Kiyngn;Vy) also increasegsee Fig. 2a)], so that the total
as the high-energfe =13 eV) regimes, but a decrease in the ionization (given by Kj,n,ngV) in the plasma volume must
midenergye=4—10 eVregime. This behavior can be attrib- also increase in order to sustain the balance between the
uted to momentum transfer via electron-dust collisipig.  generation and recombinatigon the dust grains and wall
Indeed, since/$y~ngy, the electron-dust momentum transfer of the plasma particles. It is of interest to note that plasma
frequencyrg, increases witmgy. The relative number of low- particle loss at the discharge wall decreases ascreases,
energy electrons in turn increases. The effect is similar t@nd at highng (~5x 10" cm™) it is even negligible com-
that of electron-electron collisions on the EDF: increase,of pared to that to the dust§see Fig. 2a)]. Since ng
leads to increase af,., and the distribution evolves towards ~ coql \fKian/ Dy, the decrease of total ion fluxgug;S at
Maxwellian[63]. The decrease of the EDF in the range 4—10the wall can be attributed to a decrease of the boundary ion
and the increase in the low-energy ran@e<2.5 e\) can  densityn, with ny. The latter decrease is due to enhanced
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To maintain plasma quasineutrality, the ion density rises with
ng and the electron density decreases sligfghbe Fig. 2c)].
Overall power balance in the discharge also depends on
the dust density. The power deposited on the dust grains
increases with the total dust surface area in the plasma. The
power loss at the wall decreases becanselecreases with
ng increase see Fig. 2c)]. At low dust densities about 20%
. of the power absorbed in the discharge is carried by the
electrons and ions to discharge wiig. 2(c)]. At high dust
densities the energy loss to the wall is negligible in compari-
son to that via electron-neutral and electron-dust collisions.
In fact, the energy loss to the dust grains is quite high
~0.2P;,) at high dust densities. Energy absorption by dust
grains may lead to heating/excitation of the lafteR2].

(10" s™

,KnnV
id d i d

is Bi

1

iz e g

KnnV,nu$S

B. Effect of dust size

The effect of dust size on the discharge properties is
somewhat similar to that of the dust density. In particular,
with increase ofay the electron-dust collision frequency is
enhanced. Comparing the EDFs fag=50 nm and ay
=150 nm in Fig. 8a), one can see that the number of elec-
trons in the low-energy regimés <2.5e\) is increased
while that in the 3—10 eV regime is decreased. The increase
of electron and ion loss to the grains is balanced by enhanced
ionization from the increase dg,. For example, we find
E,=365, 521, and 821 V/m foay=100, 150, and 200 nm,
respectively. The rise of the rf electric field is accompanied
by an increase of high-energy electrons in the tail of the
EDF. As expected, for larger dusts, an increase of the high-
energy electrons is accompanied by a decrease of electrons
with £ <10 eV [see Fig. 8) for a4=150 and 200 ni This
Maxwellization of the EDF cause§, to decrease wittay
100 —TTT increase at small dust sizes and/or densities. For large dust
L (C) | size and/or density, because of the high electric field needed

80 L /jj,//\ i to sustain the plasma, one finds tfatincreases wittay. In
g I ] fact, T,=4.28, 4.1, 4.24, and 4.66 eV fag=50, 100, 150,
~ and 200 nm, respectively.
60 |- 7 Analogously to increasingy, increasing the total grain
;S - 1 surface area collecting electrons and ions leads to increase of
TS J the grain charge density,|Zy. The ion densityn; increases
] for a4=<125 nm and decreases for larggy. The electron
- o0 L w Pdust ) density is practically constant afj=<100 nm but decreases
o® for higher dust radi[see Fig. 8)]. The decrease af andn,
[ l with ay increase is due to intensification of electron and ion
o ,—/, . o,y . collection by the dusty grains. The power absorbed in
0 1 2 3 4 5 electron-atom collisions increases slightly with[Fig. 3c)]
n (1 o’ Cm-S) for a;=<100 nm because of the increase of high-energy elec-
d trons[Fig. 3@)] at practically constant, [see Fig. 8)]. At

FIG. 2. (a) The rate(K;,ngngV) of ion generation in the dis- larger dust radii it decreases because of the decreasg in
charge. The rate of ion logsisug;S) to the discharge wall. The rate  Furthermore, with increase of the dust siBy, increases
(Kigngn;Vg) of ion loss to the dust graingb) Electron and ion  andP,, decreases.
densities, anthyZy|. (€) Pea Py, andPg,s:as a function of the dust
densityny. The other parameters are the same as in Fig. 1.

(10" cm?®)

n,n,n|Z|
i e d d

C. Effect of pressure

ionization[or Kj,n,, see Fig. 2a)] with increasingng. Similar to the pristine case, in a dusty plasma the electron
With increase ohy the total dust surface collecting elec- and ion mean free paths increase as the pressure decreases.

trons and ions is enhanced. Therefore the dust chayigg| As a result, diffusion loss of the plasma particles to the wall

per unit plasma volume also increases, as shown in fiy. 2 is enhanced. To compensate for this loss, ionization in the
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FIG. 4. The EDFga) at different neutral gas pressureg=25,
50, and 125 mTorr ahy=100 nm andng=3x 10’ cm 3. Electron
and ion densities, anthyZy| in (b); and Pes Py, Pgust in (C) in
dependence on gas presspge The other conditions are the same
as in Fig. 3.

FIG. 3. The EDF4ga) for different dust radiiaz=50, 150, and
200 nm atnyg=3x 10’ cmi 3. (b) Electron and ion densities, and
[NgZ4l. (€) Pes Pw, andPgyysias a function of the dust radiag. The
other conditions are the same as in Fig. 1.

plasma volume increases via increase of the high energy

electrons in the tail of the EDFsee Fig. 4a)]. However, the the low-energy range may be associated with electron-
electron, ion, and dust-charge densities still decrdase electron collisions that Maxwellizes the EDF. Thgdepen-
Fig. 4(b)]. With pressure rise, the number of low energy dence of the EDF affecft,, which increases slowly withy,.
electrons (¢<2.5e\V) decreases and electrons in theWe find T,=3.68, 3.92, and 4.11 eV fopy,=25, 50, and
5-12 eV range increasg¢big. 4@)]. This EDF behavior in 125 mTorr, respectively.
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Neutral gas pressure can also affect the power balance.
Figure 4c) shows thep, dependence of the power loBg,
via electron-neutral collisions, the powPy, absorbed by
the dust grains, and the power |d8g at the discharge wall.
One can see that the neutral gas density, thus Rlgoin-
creases withp,. The power loss to the dusts and wall de-
creases with pressure, as can be attributed to the decrease it @
the plasma particle densities, especially the number of the
high energy electrons. e

—

-3/2

D. Effect of input power

In Fig. 5@) the EDFs for different input powerB;, are
shown. One can see that the number of electrons in the high-
energy tail of the EDF increases as power decreases. This 21
behavior can be attributed to the enhanced effect of the dusts __
on the internal discharge parameters at low input powers.
Since with decrease d¥;, at fixed dust density the electron S 15 [
and ion densities decrea$Eig. 5b)], the number of dust =) I
grains per electron increases. Therefore, the relative electron 2 4, |
loss on the dust grains increasesRsdecreases. To com- ~ s
pensate this additional loss, ionization in the discharge is — 9
increased via an enhancement of the high-energy tail of the N
EDF, and thus als®.. For example, one findg,=4.21, 4.09, ° 6
3.87, and 3.8 eV aP;,=50, 100, 200, and 400 W, respec- [
tively. Consistent with the increase of the number of high-
energy electrons, the electric field intensify also increases
with the power drop. We found th&,=392, 365, 311, and 0
295 V/m atP;,=50, 100, 200, and 400 W, respectively. Fig-
ure 5b) also shows that the dusty charge densit}Z,| in-
creases only slightly witte;,.

It should be pointed out that for pristine plasma@galso
decreases as the input power increases. When the input . [ (c)
power is low, electron-electron collisions are rare, and the 'l_ 0.8 Pea in
electron EDF in typical rf discharges is usually Druyvesteyn g
type. However, wherP,, increases the electron density also Q. = -
increases, and the enhanced electron-electron collisions tend_ =
to Maxwellize the EDH70]. In general, theT, correspond- =
ing to a Druyvesteyn type EDF is higher than that for the o I
corresponding Maxwellian EDF56]. 5 W in

For a pristine plasma at external conditions correspondlng =, 0.2
to Fig. 5a), one finds thal,=3.92, 3.86, 3.76, and 3.55 eV, q °
andE,=182, 176, 165, and 148 V/m fd%,,=50, 100, 200, oot P dust/ -
and 400 W, respectively. We see that in the presence of : — |
dusts,E, is higher than that in the pristine plasma. This oc- 0 200 400 €00 800 1000
curs because the electron loss in dust containing plasmas is
higher. Indeed, as can be seen in Figa),Llthe number of
high-energy electrons artg}, are both higher than that in the
pristine case. Electron-impact ionization is thereby also en-
hanced. It should also be_ noted that wignvaries from 50 JZ4. (©) Peal Pys Pol Py Paued P VETSUSP,,. The other param-
to 200 W, the changes iff, and E, are much more pro- etersl a(rg the same as in Flg“si " m P
nounced than that in the pristine plasma This behavior can
be attributed to the enhanced role of electron-dust collisions
at low input powers. lisions. On the other hand, the decreaségf/P;, is asso-

Figure %c) shows that the ratio®.,/P;, and Pys/Pin  ciated with a decrease of the numimgfn, of dust grains per
both decrease with power. The former is associated with &lectron at fixed dust density. BecawRg/P;, and Py,s/ Py
decrease of high energy electrons in the EDF, leading to Both decrease the energy absorption by the discharge wall is
decreasgwith P;,) of the energy loss in electron-neutral col- enhanced.

T
R
1

“\

FIG. 5. (a) The EDFs for different input power®,;,=50, 200,
and 1000 W apy=100 mTorr.(b) Electron and ion densities, and
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' ' N Because of the increase of electrons on the dust grains,
(a) the (negative dust charge per unit plasma volume increases

10 with ng. One findsny|Zy=2.56x 10°, 1.44x 101, and 2.35
] X 10% cm 2 for ng=5x%x10°, 3x 10/, and 5x< 10’ cm3, re-
a 10° 3 spectively. Also similar to an rf discharge, the power loss to
? ] the dust grains increases and that to the wall decreases with
%, 10° ng. For example, one haBy,=14.1, 83, and 128 WP,,

=201, 120, and 74 W formng=5x1C%, 3x10/, and 5
o f __ _ ] X 10" cm 3, respectively. ' -

W e n=3X10"cm i The effect of dust radius on the EDF is also similar to that
E o n=5X10%cm™ ' E of the dust density. In Fig.(6) the EDFs for different dust

I d radii are shown. In particular, with increaseayf the number

N : : : . : L : : of electrons withe<2.5 eV ande =18 eV in the EDF are

0 5 10 15 20 enhanced, but in the mid-energy ran@eeV<=e<16 eV) it

e (eV) is reduced.

N ' ' T3 V. DISCUSSION

n=>5X10"cm? S

107 (b) 4 In this section we discuss the results in a more unified
E ' 3 manner. First, the characteristics of dusty ICPs and micro-
wave plasmas can be managed by controlling certain exter-
nal parameters. In particular, by increasing the input power
] one can raise the electron and ion densities as well as the
. averaged dust charge. The electron temperature then drops
3 as= 200 nm ] slightly because of a decrease of the relative dust density
W L f - a= 50nm ] with respect to the electron and ion densities. On the other
107 F d ; E hand, the electron and ion densities, together with the aver-
E a,= 100 nm ' ] aged dust charge, decrease with the plasma pressure. This
10° I , ! , ! , ) N can be attributed to a decrease of high energy electrons, as-
0 5 10 15 20 sociated with a decrease of the ionization level vggh
(eV) The plasma properties also depend strongly on the dust
density or size. With increase of the former, the EDF is en-
FIG. 6. (@) The EDFs for different dust densitiesy=5x 1(, hanced ih the Iow-energy regime and decreases in the miden-
3% 107, and 5x< 107 cn3 atay=100 nm (b) The same as ite) for €9y regime, accompamed by decreaseTgf_Our resulltg
different dust radiiag=50, 100, and 200 nm at,=10 cm™3. Here show that whennd_or a4 increase, the eIeptru_: fl_eld sustaining
R=L=10 cm, p,=100 mTorr, P,,=1 kW, and the generator fre- the plas_ma also increases. Thls be_hawor isin a g_ood agree-
quencyfg=2.45 GHz. ment with the results of earlier studigs0,67). In particular,
using a hybrid fluid model with Monte Carlo and molecular
dynamics simulations McCaugney and Kushrjér] re-
ported that at fixed electric field,. decreases with the dust
We now consider dusty microwave discharges driven atlensity. Taking into account the diffusion of electrons to the
fe=2.45 GHz. The calculated EDFs ma§=5x 1(f, 3x 10/,  plasma boundaries it was also shoyé7] that the electric
and 5x 10" cm 3 are shown in Fig. @). In contrast to that of ~ field sustaining the plasma increases with which is in a
the ICPs driven at lower frequencies, the EDFs in the dustyemarkable agreement with the results of Secs. lll A and
microwave plasma as well as in a high-frequency pristindll B. On the other hand, i€, does not change mugbne of
discharge[63] are close to Maxwellian. Dust grains only the limiting cases in Refd67,50), T, either decreases or
slightly affect the profile of the EDF. With increase of dust remains fairly constant whem, or ay become largefas dem-
density the number of high energy electrons in the tail of theonstrated in Secs. Il A, 1ll B, and IV
EDF increases, leading to increased ionization which in turn We have also shown that with an increasengbr ay, the
balances the enhanced electron loss on the dust grains. Thismber of high energy particles in the EDF increases. This
self-consistent process is similar to that occurring in rf ICPsagrees well with the experiments of Tachibagtaal. [71],
discussed in Sec. lll A. The enhancement of the EDF tail isvhere the EDFs were measured in a parallel-plate dusty rf
due to an increase oE,. we haveE,=6245, 7399, and argon discharge. In particular, it was foulidl] that the
8239 V/m for ng=5x10°, 3x 10/, and 5< 10" cm3, re-  number of electrons in the tail of the EDF is higher, and the
spectively. Like in rf driven plasmas, low-energy EDF is closer to the Maxwellian EDF, as compared to the
(e<2.5 eV) electrons increase withy, but the number of pristine plasma case. This elevated population of higher-
electrons in the 5 e\e <15 eV range is reduced. As a energy electrons have also been observed in the dust void
result, asng increasesT, decreases. For example, one findsexperimentg72,73.
thatT,=2.55, 2.24, and 2.14 eV for;=5x 10°, 3x 10, and In fact, with increase ofy or a4 the electron loss in the
5X 10° cm 3, respectively. plasma also increases. This loss is compensated by an en-

S—

€

IV. MICROWAVE DISCHARGE
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hancement of the ionization level associated with the inimay not be the casgl,6]. Nevertheless, the dust growth
crease of the high-energy electrons in the EDF tail. To comprocess is very slow in comparison with the diffusion and
plete the picture of the dynamic self-consistent process, weollision processes that determine the EDF. For example, ap-
note that with increase afy or ag, the dust-charge density proximately 5 seconds are required for growth of the dust
also increases. To maintain the overall plasma neutrality thgize from 50 nm to 60 nrfB8]. Thus, dust growth can safely
ion densityn; also increases comparing with that at loyor e treated in a quasistationary manner.

ag- As a result of a balance between ionization and electron Relatively large(exceeding a few tens of nm in radjus
loss, the electror71 depssity increases slightly at low dust dengysts have been considered. Such a size falls within the va-
sities(ng<3x 10" cm™) or dust radii(@; <100 nm and de- jigity of the OML theory[77]. Extension of our study to the
creases at high dust densities or radii. It is of interest to ”Otﬁanometer(~1—10 nm or lower domains would require

that the power absorbed by the dust grains can be quite higgljbst<';1ntial upgrading of the existing dust-charging theories
(~20% of P;,) and can actually exceed that deposited at th«%0 account foegthe pI% sma particle t?apping by ?hegwall po-

wall. .
The global model proposed here allows one to predict théent'.al as well as ot_her effects. . -
Finally, we have ignored the reactive chemistries and for-

averaged plasma parameters, such as the EDF, the electron’ . , .
and ion number densities, the electron temperature, and tH@ation of the dust grains, as well as the possible existence of

dust charge. The study represents a significant improvemeﬁﬁg?‘tively charged.i.ons. The chemistries are crucial in deFer-
on most existing investigations on dusty discharjg23,  mining the_composmon of the complex_plasma. The negative
where the Maxwellian energy distribution is invoked. We ions can significantly affect the EDF since they can take up
have also taken into account the detailed power balance ifiuch of the negative charge in the plasma system. On the
the plasma, including the power loss at the dust grainspther hand, our model can be directly applied to plasmas
electron-neutral collisions, as well as the discharge wall. ltcontaining dust grains that are externally injected, as in many
should be pointed out that while most earlier theofidsfor ~ laboratory experiments.

dusty discharges can be applied to CCPs at law

<10° cm ) densities, they are in general not applicable to VI. CONCLUSION

modern high-density industrial ICPs and microwave A model for argon plasmas containing charged dusts has

plasmas. . .
In our calculations, the size and density of the dust grainsl?een introduced. The model allows one to find the averaged

are that typically found in the laboratory experiments Onelectron EDF, the electron and ion densities, the electrpn
complex plasmag1]. In reality, they are correlated and temperature, as well as the average dust charge. Numerical

should depend on the neutral gas pressure, temperature, %gelggo?g dpf?ssgn%n trgr mn?%(?lthieg?nns‘lgatelag%ﬁ Sa Sltz\x]'
well as the discharge volume. To self-consistently calculaté ure dittusi quritbriu piex p y
the evolution of the dust size and concentration, a much® self-consistently sustained by plasma particle sources and

more detailed formulation including the dust nucleation anosmks' T_he power lost to the dust grains in the ComP'eX
agglomeration processe$,23 is required. However, at plasma is compared to that lost to electron-neutral collisions

present the latter processes are still not yet well understooé]‘.rld the wall. Va_rlatlons of thg input power, Workmg gas
In developing the global model, several simplifying as- pressure, dust size, and density result in significant modifi-

sumptions have been made. We now discuss in more det gations in the electron energy distribution, electron tempera-

their limitations and implications. First, we have assume urﬁ; eleict:tror} "’t‘r?d Ir(r)1n r?erI}i?nltilteSEi, arl1$ Wti" a:1 d(;Jslt Chﬁr?g'r d
that the dust grains are uniformly distributed in the plasmahere izpre?a'gvel esimalg and :cgojhts ?or t(r:eemac'(:)rS a?tiile
volume. This is close to the typical roughly uniform distri- y P jor p

bution found in experiments where the dust grains are chemources anq sinks in a typical dusty pla_sma system. The
cally formed[1,38 or externally injected74]. In the experi- model descrlpes the effgcts of the dust grains on the EDF, the
ments the electron and ion densities are also nearly uniforr‘ﬁlec'[ron and ion densities, and the electron temperature. It

[39]. Thus, in calculating the EDF we can neglect the spatiafj‘gowS ?nlff o, elnalyze pct)wer balfmcet 'rlhthz C?mp'?x d(')S'
variation of the EDF if the external electric field is uniform. "'af9€ taKing into account energy 10ss 1o the dust grains. Lur

On the other hand, in certain experiments dust grains somé‘deGI can be easily extended to elecironegative reactive

times accumulate near the bound@ry,7§. In this case the dusty plasma$78,79.

dqst density can be nonumform and can lead to nonunifor- ACKNOWLEDGMENTS

mity of the electrons and ion87]. Thus, the electron EDF
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