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A spatially averaged model for low-pressure argon dischargengtasontaining dust
grains is presented. Using the model we investigate the effects of the dust lecttibe and
ion number densities, the electron energy distribution, the dust chiz@geffective electron
temperature, as well as the power losses in the discharge.

An rf 13.56 MHz argon discharge of radidsnd of lengthL (with L<<R) containing
dust grains is considered. The plasma is composed of electrong,cingyjed positive ions
Ar*, and negatively charged dust grains. We assume that the dust particliésfiiee same
size and are uniformly distributed over the plasma slab and aratabesa the plasma

boundaries. We consider relatively small dust particles withatties a, (50- 200 nm), and

the plasma conditions when the distaddeetween the dust grains is much larger than the
Debye length. For the present problem the Debye-Hickel pdteatiabe taken as the
shielding potential of a dust grain [1]:¢(r)=@.(a, /r)exd— (r —ad)/)ID],Where

A, =[47&(n, /T, +n [2E,)]? is the Debye lengthy, is the potential at the dust surface,

neandn; are the electron and ion densities,(=0.06 eV) andl¢+ are the average ion energy
and the effective electron temperature, respegtivied find the dust charge accumulated on
the dust particles the orbit motion limited (OMLppoximation is used. We also assume
that the electron energy distribution function (EBDs essentially isotropic and stationary,
and to find the isotropic part of the EEBKU) (whereu is the electron energy) the Lorentz
approximation is used [2].

For relatively high neutral gas pressures and pdasizes considered here one can
obtain the EEDF from the homogeneous Boltzmanntenja]:

_%d
3m, du

(Um £2 (U)%j:sea(F)+see(F)+sed(F), (1)
V., (U) du

where Eg = E v, (U)/[2(v}(u) + @)%, v, is the collision frequency for momentum

transfer, « =2nx1356MHz, E, is the electric field sustaining the plasma, and

S.(F),S.(F),S,(F) describe the electron atom, electron-electron, efettron-dust
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collisions, respectively. The electron-dust caldiis term can be modeled by [3]

2 dF
S, (F,) :di —meu3’2|/§d(F0 +T, —O)}ﬂ/; F,u”? , wherevg (u) andvS (u) are the
ul my du

rates of momentum transfer and electron colleatioglectron-dust collisionsn.andmy are

the electron and dust grain masseg=0.026 eV) is the dust temperature ( here it isaétp

the neutral gas temperature). Hereg (u) =n,.2eu/mog, N=-A,T, /a4, and
oS, = (¢ lu)® expRa, / A,)InA. Furthermore, vg, (u) = n,/2eu/m.os,, where the
electron-dust collection cross-section i, =m;(1+¢/u) for u=-¢ and 0 for

u<-e,.

For a given EEDF, the electron current collected aylust grain in the OML

approximation is Ie:—mjeneJ'(1+(0s/£),/2eu/meF0(u)\/Udu. The ion current is
%

|, = mjen \/2eE,/m (1-@ /E,). Here it is assumed that the ions are Maxwellian

distributed. The dust surface potential is relatethe dust chargg; by ¢ =eZ,/a,. The
model assumes that the electron and ion grainmsri@lance each other, or

le+ ;= 0, (2)
and that the quasineutrality condition

N, +Nng|Z4| =1 (3)
is satisfied.

To find the averaged electron density, it is ne@gss$o consider the particle and
power balance in the discharge. The balance equiatidhe electrons can be written as

DaITZ/L2=<|/i>—<VCed >, (4)
whereD, is the ambipolar diffusion coefficienty' is the ionization frequency. The symbol
< > denotes the energy-averaged value.

Multiplying both sides of the Eq. (1) by the electrenergy and then integrating over
the entire energy range one can obtain the elepwamer balance equation:

Re@)E? /2en, = 2m,/m <uv, >+ZVJ <y, >+2m/m, <uvg >+<uvg >, (5)
j

where Re(o) is the real component of the plasma conductivity,is the electron-neutral

momentum transfer collision frequencyy; > and \ are the averaged frequency and
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threshold energy for thg-th nonelastic process. In our study it is assuthat the power
absorbed per unit ared, = LRe(J)Ef) /8 fixed.

From Egs. (1) — (5) the plasma properties wstuelied for different dust sizesg and
densitieq. First, we compare the EEDFs in a dust-free plasittathat in a dust discharge.
In Fig. 1 (a) the EEDFs are shown for the dust-fslsesma (solid curve) and dust plasma

(dashed curve) obtained at the samwe3.2x10°° c¢cm* and E,=200 V/m as in the dust-free

plasma case.
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Fig.1. (a): the EEDFs in dust-free ( 1) and dujtpl@smas (ah=1.5%10° cmi®, a;=200 nm) for the samE,
andn, ; (b) the collision frequencies in dependence tan électron energy farg = 16 cm®, a,=200 nm at
Pn=1 Wi/cnf; (c) the EEDFs for different dust radiia;=200 nm (solid line)a;=150 nm (dashed line) and
a;=50 nm (dotted line) @,,=0.3 W/cnf andng=10" cm®. In all the casep,=0.1 Torr.

One can see from Fig. 1 (a) that in the dust com@t®d plasma (at the same electric field

sustained the plasma as in the dust-free dischénga)umber of electrons with> - ¢ is

smaller than that in the pristine (dust-free) daésde. It is due to collection of the electrons
by dusty particles. Compared with the pristine plasn dusty plasmas there appears an

additional region of inelastic collisions-@ < u < Vex, Where \ is the excitation

threshold energy) [Fig. 1 (b)]. To balance the amed electron loss, the electric field
sustaining the plasma grows with and/orag. At the conditions corresponding to Fig. 1 (c)
Ep, = 220, 359, and 459 V/m fany = 50, 150 and 200 nm, respectively. The riseEpf
increases the number of high-energy electronsarEBDF tail (see, for example, Fig. 1 (c),
where the EEDFs for different dust radii are présgh Due to an increase of the number of
high energy electrons the averaged ionization feeqy and the effective electron
temperature grow withy or/andny. For parameters of Fig. 1 (C)e = 3.87, 4.03 and 4.17
eV for ag=50, 150, and 200 nm, respectively. The electramsitie decreases and power
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deposited on the dust particles increases &itind/orny (see, for example, Fig.2, where the

charged particle densities and power losses asciidn ofng are presented).
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Fig.2. The charged particle densities (a) and pde&ses (b) in dependence anat P;, =1.0 W/cnd, po=0.1
Torr, andag= 200 nm.Py, Prone, and Pele are power loss in the nonelastic electron-dustetastic electron-
neutral and elastic electron-neutral collisionspestively.

At high dust densities the power deposited on gasdiicles can be about 30% of the input
power. The decrease of the number of electrons with-¢, may be also accompanied by
changes of the EEDF shape. The Druyvesteyn-liketein energy distribution normally

found in pristine plasmas (or at low dust densiéied/or sizes) becomes nearly Maxwellian

for sufficiently high grain density and/or size dR).
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Fig.3. The EEDFs aty = 10’ cm® (a) andng = 1 cm® (b). The other parameters are the same as ir2Fithe
EEDF calculated from (1) is compared with MaxweltlaDruyvesteyn distributions.
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