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Low-pressure diffusion equilibrium of electronegative complex plasmas
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A self-consistent fluid theory of complex electronegative colloidal plasmas in parallel-plate low-pressure
discharge is presented. The self-organized low-pressure diffusion equilibrium is maintained through sources
and sinks of electrons, positive and negative ions, in plasmas containing dust grains. It is shown that the
colloidal dust grain subsystem strongly affects the stationary state of the discharge by dynamically modifying
the electron temperature and particle creation and loss processes. The model accounts for ionization, ambipolar
diffusion, electron and ion collection by the dusts, electron attachment, positive-ion—negative-ion recombina-
tion, and relevant elastic and inelastic collisions. The spatial profiles of electron and positive-ion—negative-ion
number densities, electron temperature, and dust charge in electronegativdiRikhrges are obtained for
different grain size, input power, neutral gas pressure, and rates of negative-ion creation and loss.
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[. INTRODUCTION link between the fine dust grains, the electron temperature,
and the quality of the PCVD fabricated silicon films. For
Electronegative plasmas are widely used in microelecexample, experimentgl0] on PCVD of a-Si:H show that
tronic, optical, and other industries for manufacturing minia-high quality films are obtained with low dust density and low
ture circuit chips, optoelectronic, photonic, and microelectro-electron temperature. Due to complexities in the gas phase as
mechanical devices, synthesis of novel nanostructured angell as surface reactions, plasmas loaded with charged dust
biocompatible materials, plasma enhanced chemical vapgrarticles also lead to difficulties in precise process control
deposition(PCVD) of multilayer functional coatings, envi- and predictability. Thus, more efficient engineering of the
ronmental remediation, etcl-3]. Such electronegative plas- plasma composition and reactivity is a challenge for research
mas are typical examples of multicomponent complexn this area.
plasma systems containing electrons, neutrals, positive and one way to solve the problem is to predict and conimol
negative ions, as well as charged nanometer or micromet&fy, the variations of the electron temperature in the dis-
sized colloidal grains that appear as a result of chemical '€harge that can dynamically affect the rates of the plasma

actlonhm the glas or plzi_sma—surfalce tllnte;alcnon, éogether V:.'tgroduction and loss, including that of the negative-ion radi-
gas-phase polymerization or nucieation triggered by negativeys responsible for initial dust nucleation and clustering in

ions and/or precursor nanoparticles5). o )
Notwithstanding the usual undesirable aspects of dust paiﬁhe lonized gas phase. For example, naturally grown or ex

. . T . . rnally disper rains often elev. he electron tem-
ticles as contaminants in microelectronics manufacturing, re-e ally dispersed dust grains often elevate the electron te

cent advances in research and applications of complex plag_eraturg of the pri§tine plasma, resulting in a reduced rate of
mas have revealed a number of novel phenomena related f5eduction(€.g., via electron attachmenf dust-precursor
the plasma-grown nanometer-sized particles. For exampl&egative ions such as SjH [5,11,12. This process repre-
amorphous silicon films grown under grain generation and€nts a self-organization of the complex plasma equilibrium
coagulation condition§6] can lead to new optoelectronics in response to the source of the perturbation arising from
properties. In particular, these films can attend better trangrowth of the fine grains in the gas-phase. Thus, to predict
port and stability properties comparedasi:H films grown  and control such multicomponent complex plasmas and their
by conventional PCVD method§-9]. response to dust creation and growth are a challenge to mod-
On the other hand, the plasma-grown colloidal grains carern plasma-assisted processing technology.
significantly affect the local as well as the global discharge Various aspects of the dynamic self-organization of com-
characteristics that are critical for the efficient deposition ofplex plasma systems have been investigated by several au-
quality thin films. Numerous results have indicated a directhors. Most of the existing works on complex plasmas are
either limited to electropositivéelectrons, positive ions, and
dustsg complex plasmas including transport and stability phe-
*Email address: ostr0005@flinders.edu.au; kostrikov@nie.edu.sgomena[13—15 or dust growth in electronegative.g., si-
"Permanent address: School of Physics and Technology, Kharkilane baseddischarges accompanied by electron temperature
National University, 4 Svobody Square, 61077 Kharkiv, Ukraine. fluctuations[4,6,16—19. Due to the rather large number of
*Corresponding author. elementary processes of particle creation and loss, electrone-
Email address: yu@tp1.ruhr-uni-bochum.de gative complex plasmas should be treated as self-consistent
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thermodynamically open systems where the stationary statesd fluorocarbof24] based powder-generating systems. The
are dynamically sustained by various particle creation and@domputations are carried out for pressure ranges and sizes of
loss (mostly via volume recombinatignprocesses in the typical parallel-plate plasma reactors used in experiments on
plasma bulk, on the walls, and on the dust grain surfacefine powder generatiofl6]. In particular, we investigate the
[20,21]. This approach has recently been extenfi2?] to  effect of dust size variation and the dependence of the equi-
complex plasma systems with negative ions. It is shown thadibrium structure on the external control parametérput
in order to be physically self-consistent, processes such gmower and neutral gas pressyrereation and loss of nega-
ionization, diffusion, electron attachment, negative-ion—tive ions, electron temperature, electron and ion number den-
positive-ion recombination, dust charge variation, and dissisities, as well as the grain charge. Conditions for efficient
pation due to electron and ion elastic collisions with neutralselectron temperature control and the major reaction rate co-
and fine particles, as well as charging collisions with theefficients are obtained. It is shown that the equilibrium states
dusts, should be taken into consideration since they can hawg electronegative complex plasmas are quite different from
similar time rates. _ o their dust-free counterparts. Our model invokes three fluid

However, modeling ohonuniformplasma equilibria and  equations for the electrons and two for the positive and nega-
proper accounting of the major particle and power balancgive ions. The charge on the colloidal nanograins is obtained
mechanisms in low-pressure electronegative dusty disfrom the conventional orbit motion limite@ML) approach.
Charges still warrant further investigation. In faCt, most of the The paper is Organized as follows. The governing assump-
EXiSting models do not SE|f'C0nSiStent|y include the reorgationS, equationS, and boundary conditions of the multicom-
nization process in the particle or plasma system arising fromyonent fluid model for electronegative plasmas are given in
variation of the dust size, as well as the control and othekec. |1. Analyses of the ambipolar electric field and particle
parameterS that can a|SO dil‘eCtly affeCt the equ”ibrium Statq{uxes in the |0w_pressure diffusion equi"brium are pre_
In this paper, we use a model that allows nonuniform equisented in Sec. Ill. The numerical model for the silane dis-
librium states of electronegative complex plasmas and Se”charge is given in Sec. IV. Sections V and VI consider the
consistently accounts for the major particle and power balgffect of the external control parametdisput power and
ance mechanisms. The effects of electron temperature, thgsutral gas pressuren the equilibrium discharge states. The
reaction rates, as well as the control parameters relevant fect of the size and number density of the dusts on the
industrial nanofilm fabrication are investigated. spatial profiles of the main discharge parameters is investi-
~ Existing approaches to dusty plasma theory are mostlyated in Sec. VII. In Sec. VI, the effect of negative-ion
limited to relatively low-density(with positive-ion number  creation or loss on the electron temperature and particle den-
densityn;<10° cm™®) capacitively coupled plasm&€CPS  sities is studied. Our results and their applications, as well as
that are widely used for laboratory experiments with extersyggestions on possible improvements of the model, are dis-
nally dispensed dust particles. However, these are no longe{;ssed in Secs. IX and X. A brief summary of this work and
the benchmark plasma reactors for microelectronics manugytiook for future research are given in Sec. XI.
facturing, and they have recently been replaced by higher-
density (;>10'° cm™2) inductively coupled plasma$CPs
with lower near-substrate dc potentials and hence weaker Il. FORMULATION
dust grain trapping capacity. The risk of compromising the
semiconductor film quality by uncontrollable fallouts of gas- For simplicity, we consider a one-dimensionélD)
phase grown nanoparticles is thus increased. Therefore, farallel-plate discharge geometry. The discharge is sym-
detailed study of electronegative complex plasmas at higmetrical with respect to the midplane=0 and bounded at
densities is warranted. x==*L/2 by metal or dielectric wall$Fig. 1). The electric

In this paper, we use a theoretical model for high-densityfield sustaining the discharge is uniform along theirec-
silane (SiH) plasmas in the parallel-plate geometry by con-tion. The electronegative plasma is composed of electrons,
sidering a simplified species composition that can easily bsingly charged positive and negative ions, and negatively
extended to other silane based discharges. The choice of tlebarged colloidal dust grains. It is assumed that size disper-
neutral gas feedstock is based on the following reasons. Firssjon of the dust grains is negligible. The distribution of the
low-pressure rf discharges in silane or mixtures of silanecolloidal particles in the discharge volume is chosen to fit the
with other gases are used intensively today for the fabricatwo most typically found grain profiles in the experiments.
tion of modern silicon based thin-film devices such as tranThe first distribution, uniform along, of the dust number
sistors and solar cells. Second, the silane plasma is a classi@®@nsityny (curvea in Fig. 1) is typical for particulate growth
fine grain generating plasma very often used in manufacturexperiments using silane based gas mixt|ide&g. The sec-
ing as well as in the laboratory. Third, silane based plasmand profile(curveb in Fig. 1) reflects dust clouds formed in
chemistries are relatively well understood and most of thehe vicinity of discharge walls and electrodes. Relevance of
required rate coefficients are readily available. The theoretithese profiles to laboratory complex plasmas will be dis-
cal model is applied to study the characteristics of a highcussed in Secs. IV and IX. The near-wall boundary condi-
density (,>10°cm %) electronegative silane discharge tions for the electron-ion fluxes and electron heat flows will
and numerical results obtained. It should be emphasized thae further discussed at the end of this section. Furthermore,
the model can be straightforwardly extended to other reacwe assume thaty> 7.4, Wherery and 7.4 are the character-
tive plasmas with fine grains, including hydrocarbf®8] istic time scales of grain motion and establishment of the
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TABLE I. The main plasma and dust parameters used in the computationgsimgly chargeg positive
and negative ions are Sjf and SiH,~, respectively. The values &f,, ng, n;, andn_ are that at the
discharge midplan&=0.

Parameter Notation Value
Plasma slab width L 3,10 cm
Unit-area power input Pin 0.12, 0.24, 1.2 W/ch
Electron density ne(0) 5.6<10°-1.2x 10! cm ™3
Electron temperature To(0) 1.2-2.0 eV
Positive-ion density n;(0) 3x10°-1.7x 10 cm™3
Positive-ion temperature T, 0.035 eV
Positive-ion mass m, 1836x 31m,
Negative-ion density n_(0) 10°-1.5< 10" cm™3
Negative-ion temperature T_ 0.035 eV
Negative-ion mass m_ 1836x 31m,

Dust density Ng 0.1-5x 10" cm™3
Dust radius aq 50, 100, 200 nm
Neutral gas pressure Po 10, 100, 200 mTorr
Temperature of neutrals Th 0.035 eV

equilibrium state, respectively. Thus, the masgivempared for the negative ions, respectively. Herg, andI",,, where
to the other plasma particleslust grains can be treated as the subscriptsx=e, i, and — stand for electrons, positive,
immobile point masses. Itis also assumed thatd, where  and negative ions, respectively, is the density and flux of the
rp; is the ion Debye lengtifwhich can be approximately plasma speciesy, »', K, and vy are the ionization,
taken as the characteristic size of the sheath of a gasmidd  positive-negative ion recombination, and electron attachment
is the interparticle spacing. rates, respectivelyy.q, viq, andv_4 are the rates of colli-

In the fluid approximation for the multicomponent sions of electrons, positive ions, and negative ions with the
plasma, we have the following particle balance equations: colloidal grains, respectively. It is further assumed that all

the charged particles obey the Maxwellian energy distribu-

INet I o= V' Ng— Vo= VedNe (1)  tion. Furthermore, the temperatures of the ions and neutrals
are fixed at 400 K, which is typical for laboratory and indus-
for the electrons, trial silane based plasmas containing dust grféisin the
ambipolar diffusion model, the fluxes of the charged particles
é’tni + (?XI'i = Vi ne_ Krecni n_— Vidni (2) in Eqs (1)_(3) are given bws]
for the positive ions, and I'e=—DedxNe— NeueE,
aNn_+ 0.l _=vyne— KediN_—v_gn_ (3) I'i=—=Djdxni+niuiE, (4)

' =-D_on_—n_u_E,

whereE is the ambipolar electric field) ,=T,/m,v,, and
u.=|aq|D,/T, are the diffusion and mobility coefficients,
respectively. Hereyp,, are the effective rates of collisions
(for momentum transfemf speciese with the neutral§25].
The model assumes the overall plasma charge neutrality

electrode

n
midplane

Ni=nNe+Nn_+ngy|Zyl (5)

and balance of the positive and negative particle fluxes,

00 0.2 0.4 0.6 0.8 1.0

I'i=T+T_, 6
2x/L i=le ©6)
FIG. 1. Schematic diagram of the spatial profilesngfused in ~ WhereZg is the dust charge. o
the computations. Curva models a uniform dust distribution, and Th_e microscopic electrgnl es Positive-ion .|i ) and_
curve b corresponds to a dust cloud confined near an electrodelegative-ionl _ currents flowing onto a dust grain of radius
Here,x=0 corresponds to the discharge midplane. aq within the OML probe theory arf26,27
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| o= — maje(8T./mme) ¥n exp — e?|Zy|/agT,), whereqe, Te, andn, are evaluated at= £ L/2. Since usu-
ally T_<T,, the negative-ion flow to the negatively biased
li=maienV,(1+2e?Z4|/agm;V?), (7)  wallis generally small compared to that of the electr(#§

and can thus be neglected.
|_=—majen_V_exp —e?|Zql/agT_),
I1l. DIFFUSION EQUILIBRIUM
whereT,, m,, andv,=1I",/n, are the temperature, mass, o o o
and drift velocity of the species, respectively, andv,, In the low-pressure diffusion equilibrium approximation,
— (8T, /mm,+v2)2 In the steady state, the balance of the®n€ obtains from Eqs4) and () the following expression
microscopic grain currents of the positive and negativefor the ambipolar electric field and the electron and positive-

plasma particles, ion fluxes:

|i+|e+|7:O (8) E:(Diaxni_De&xne_D—axn—)g_lu (11)
yields the equilibrium value of the dust charge. We note that ~ I'e= —(kiNi+1#-N_)Deé 19N preNe(Didy
in Eq. (8) the contribution of the negative ion grain current is _ -1
: . . D_dn_)& -, (12)
usually small {_<l,) in typical cold-ion (T_<T,) low-
temperature plasmas. Ti=—(peNet u-n_)Di & ayn; — wini(DedyNe
The energy equation is given §hg5]
5 +D g )¢, (13
5 NedtTet 0x0e™ ~ Nedet Sext, (9 whereé= u;n;+ mene+ m_n_ . The ambipolar electric field

(11) accelerates the positive ions and decelerates negative
where ge~ — (5n,To/2Mgren) 34 Te is the heat flux density, ions and electrons, so that there is a balance of the total
and particle flux(6).

Taking into account the overall charge neutra(ty, from
Egs.(12) and(13) we obtain

: Fe=—[pini+p_(Nj—Ne=ng|Zg|) 1Dl 0xNe
is the electron collision integral. Here; is the effective rate — ene(Didn — xD )¢ L, (14)
of electron collisions with other particles agiis the energy
loss in the collisions. Usually, energy lost to the electron- I'i=—[peNet+ m_(Nj—Neg—nNglZg)) 1D~ Loyn;
neutral collisions is dominant.
When the plasma electrons are heated by rf fields, the — pmini(Dedyne+xD_) ¢4, (15

Joule heating tern®,,; in Eq. (9) is given by[25] where £=(gi+ )+ (fte— o) Ne— Nyl Z4l, and x
Sext™ nevenmeugso :axni__axne_ ax(nd|zd|)- o o

Using Eq.(5), one can eliminata_ from the positive-ion

where U, is the time-averaged oscillation velocity of the conservation equatiof2) to obtain

electrons in an rf field. We shall assume that the rf field is |

uniform across the plasma slab. It is thus reasonable to ex-  9tNi T dxI'i=v'Ne=Kiedi(Nj—ne—ng|Zg|) — vign; ,

pect that the electron temperature is also spatially uniform.

However, a drop inT¢ will occur near a plasma edge due to \yhich will be used in the numerical analysis.

finite electron heat flow to the wall8]. The equilibrium In the equilibrium state, when the fluxes of the positive
state pf the discharge corresponds to setﬁngo inallthe  gng negative particles are balanced, from Has—(3) and
equations. The rf power absorbed per unit area, taking into account Eq(6), one can obtain
L/2
Pin: f Sexth, Vedne+ v_gn_=vriyh;, (17)
) which is a fundamental relation between the number densi-
is fixed in our computations. ties of the electrons and the positive and negative ions. The

We now consider the boundary conditions for integratingratesy;q (j =e,i,—) of plasma particle collection by the dust
Egs. (1)—(3), and (9). Because of the discharge symmetry, grain clearly plays an important role in determining the low-
the gradients of the electron temperature and electron and igeressure diffusion equilibrium in the electronegative com-
number densities must vanishyat 0. At the slab edgesx(  plex plasma.
=+L1/2), we assume that the plasma flow follows the Bohm In a complex plasma without negative ions, Efj7) is
speedug= \To(*+L/2)n;/m;n [3]. The boundary condition reduced tang/n;= viq/veq [30], which shows that the num-

[29] for the electron heat flow is ber densities of the electrons and ions are inversely propor-
tional to their rates of capture by the dust grains. In a chemi-
qe:Te(2+InJmi /me)ne\/Te/mi, cally active complex plasma with enhanced negative-ion
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density(often exceeding, [4]) the contribution of the nega- distributions have been confirmed by the laser scattering
tive ions to Eq.(17) is not negligible despite the relatively techniques~20-40 sec after the discharge startfgr ex-

low negative-ion collectioriby the dust grainrate[27]. ample, see Fi_g. 4 of Ref16]). The size(50—-200 nm and
Following Eq.(12) of Ref. [31] and taking into account number densitie$(0.1-5)x 10" cm™3] of the dust grains
that|1;|=|1¢ [27], we obtain adopted here are also typical for experiments. For example,

the average grain size 870 and 100 nm at 20 and 40 sec
=732 ) ! 2 \/2 into a discharge run, respectivdly6], and the concentration
Veq= magng(ni Ing) Vi (1+2e%|Zy|/lagmVY) (18 g » resp )
e AT [ZallagmiVi of 100-nm grains is estimated to be about’ 40¢° cm 3
for the rate of the electron collection by the dust grains. In[16]. We shall also consider the case where the dust grains
principle, the balance of the fluxes in the discharge shoul@'® located at the discharge periphery. The corresponding
also involve the dust component. However, for the timeProfile as given by curvé in Fig. 1 reflects a frequent for-
scales of interest consistent with our model the heavy colloiMation of dust clouds in the vicinity of the discharge walls

dal dust grains can be assumed to be stationary and u i34]- . i
formly distributed. The details of our numerical procedures can be found

We note that Egs(11)—(15) for multicomponent elec- e'Is.,ewhere[32,28;|.. The profiles of the electron and ion den-
tronegative complex plasmas also generalize a number @ities and velocities, and electron temperature are computed
simpler cases. For example, in the absence of dust grainom Egs.(1), (9), and(14)—(16). The computation is initial-

Eq. (15) is simplified to Eq.(10.3.4 of Ref. [3]. If the ized using proﬁl_es ofj e, I'ie, ar?dTe estimated fro.m less
negative-ion density is sufficiently high, the ion flyt5s)  @ccurate analytical or computational results. Basically, the
become$3] I';~ —[2T;/(m;v;,)]d,n; , wherew,, is the ion- tlme-dependent conservation equations are integrated and it-
neutral collision frequency. On the other hand, when theerated until the desired steady state is reached as a result of
plasma contains only positive ions and electrons, Et#). the time evolu.t|on _of the system. In th|§ approach the highly
and (15) are reduced t§3] Te=T;~ — [ To/(M; i) ]d,N; - non_hnear partial dlfferer)tlal equations involved here are ef-

Enhancement of the electron temperature is a commoffctively replaced by linear ones and the self-consistent
feature in many dust contaminated plasmas. In fagtin- asymp_tgtlg(tlme—lndependemsolutlons represent the steady
creases with the dust size and number derisityBecause a  ©F equilibrium stateg28]. _
large proportion of the total negative charge in the plasma 1n€ electron-neutral collision rates in E€), (9), and
resides on dusts and negative ions, the density of the positié®) are determined using the cross sections for electron-
ions is usually much higher than that of the electrons. One offéutral collisions in a silane plasma assuming tghe Maxwell-
the objectives of the present work is to predict the equilib-@n €lectron energy distribution. The cross sections and
rium states of complex electronegative plasmas resumm‘g}wresholds for vibrational excitation of the _S|Ia_1ne njolt_acul_es,
from a dynamic balance of the many elementary processedectron attachment, electron-impact excitation, ionization,
including electron-impact ionization, excitation, attachmentd momentum transfer are taken from Figs. 2—4 of Ref.
to neutrals, positive-ion—negative—ion recombination, etc. [£35)- Different values of the ion-ion recomb|na_t|70n coeffi-
is found that the colloidal dust grains can significantly affectc/ent are “5§9 in the Computatlogs;ec=5.0>< 107" em’/s
the electron temperature and thus the rates of most physick#6l: 2.0<10°" cn/s [6], and 10°° cm/s. The cross sec-
processes in the system, such as electron and ion productiéi@n for ion-neutral collisions igri,=6.0< 10" ™ cm”“ [37].
and destruction, and therefore also the efficiency of the delhe ion-neutral collision rate is then determined from
sired applications. Vin=0inN,Vi, Where n, is the density of the neutrals.

In the following, we shall numerically study a specific (See Table ). o _ _
complex discharge plasma at various conditions relevant to We now examine in detail the effects of the discharge
many modern applications. We note that most of the equa@Perating parameters on the equilibrium states of the com-

tions involved are strongly nonlinear and thus require rathePlex electronegative silane discharge plasma. The spatial dis-
rigorous numerical routingi8,32. tributions of the plasma parametef@ensities of the elec-

trons and positive and negative ions, the dust charge, and the
electron temperatuyeare computed for different power;,
absorbed per unit area in the discharge, and the neutral gas
In the numerical calculation we consider a typical com-pressurep,. The equilibrium states are then compared to
plex silane discharge containing electrons, Sitpositive  those of dust-free plasmas with negative ions.
ions, SiH;~ negative ions, and dusts. This choice allows us
to make use of existing data on silane based discharges with
the highest number densities of SiHions[33]. A somewhat First, we shall consider the effect of input power varia-
simplified species composition is used here for the sake aion. We take the width of the plasma slab=3 cm, the
better transparency of the low-pressure diffusion equilib-silane gas pressure 100 mTorr, and the recombination coef-
rium. The model can nevertheless be straightforwardly exficientK,..=2x10 7 cn/s. Itis also assumed that the dust
tended to plasmas with larger numbers of charged and newensity is uniform withng=2x10" cm 2 for x<1 cm and
tral species. drops linearly to zero at=1.25 cm[curveain Fig. 1]. This
We shall mainly consider plasmas with nearly uniform distribution implies a uniform dust production in the entire
dust density profiles as given by curaén Fig. 1. Such dust volume of the silane plasnid].

IV. NUMERICAL EVALUATION

V. EFFECT OF THE INPUT POWER
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~w 3F - FIG. 3. Profiles of the electron temperatufg (a), ionization
= - 4 rate v' (b), and absolute value of the dust chaigg for different
ok, ) \ . : . input powers: (curve 1 P;,=0.12 W/cnt, (curve 2 P,

=0.24 W/cnf, and (curve 3 P;,=1.2 W/cnf. The unnumbered
dotted, solid, and dashed curveg@ and(b) correspond td . and

veq iN the pristine plasma at input powers 0.12, 0.24, and

. FIG. 2 Profiles of positiye{curve ) and negative(curv_e 2 1.2 Wicnf, respectively. The other conditions are the same as in
ion densities, electron densifgurve 3, andngy|Zg4| (curve 4 in a Fig. 2b)

100-mTorr discharge sustained plasma slab 3 cm thick. The value of
the recombination coefficient I,..=2Xx 107 cn®/s. Part(a) cor-
responds to the pristine plasnao dusj at 0.12 W/cm input
power. Parts(b)—(d) are for a silane grainny=2x10" cm 3,
a4=100 nm) containing plasma at input powd?s=0.12, 0.24,
and 1.2 W/crA, respectively.

curvesa of Fig. 1 are structurally similar to those in Figs.
10.2 and 10.3 of Ref.3].

A comparison of Figs. @) and 2b) reveals the effect of
dusts on the profiles of electron and ion densities. The elec-
tron density in the complex plasma is about 1.5 times smaller

Figures 2a) and 2b) show the profiles oh,, n;, n_, than in the dust-free plasma. Figur@Ralso shows that the
andng|Z4| in a discharge sustained wifh,,=0.12 W/cn?. pristine plasma features larger gradients of the ion density in
Some of the parameters are also given for the dust-free castae region x<1 cm as compared to that of the dust-
One can clearly see that in the latter case, the positive-ionontaining discharge shown in Fig(k2. This difference in
density at the discharge midplane=0) is about four times the plasma particle densities can be attributed to the effect of
larger than that of the electrons, whereas the electron densitjle dust grains on the electron temperature and the major
is almost uniform forx<x1 cm. We note that the profiles in reaction rates. Indeed, Fig(e clearly shows substantial en-
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hancement ofT, as compared with that of the pristine 15
plasma. The increment in the electron temperature can be
attributed to the additional loss of electrons to the dusts. The
complex plasma system self-organizes to compensate the
losses incurred by the increased ionization and dissociation
rates and electron temperature. At fixed input power levels,
growth in T, is accompanied by reduction of the electron
density, a tendency also reported earf#6,14.

The difference between the ion density profiles in the [ 2 4
dusty and pristine plasmas can be attributed to the depen- o S ! ! : ——
dence of the rate of the electron capture by the dusts on the 0 1 2 3 4 5
ratio n; /n. (18). One can show that.q decreases towards [
the plasma wal[Fig. 3(b)]. Therefore, the losses of the posi- 5|
tive ions on fine particlesn(v;y~n.v.y) also decrease to-
wards the discharge edges, thus making the ion density gra-
dients in the discharge midplane smaller as compared to the
pristine plasma case.

We now discuss the effect of the power absorbed by the
plasma on the discharge equilibrium. The profiles of the par-
ticle densities forP;,=0.24 and 1.2 W/cth are given in ]
Figs. 2c) and 2d), respectively. From Figs.(B)—2(d) we U
see that the electron density increases almost linearly with
Pi,. We recall that this is also the case for most electroposi- 4L . i ’ ' ' T
tive columns. On the other hand, the positive-ion density in
the complex plasma rises significantly slower with power
than that ofn,. Physically, although the ionization source of
the positive ions is strengthened at higher power inputs, the
relative role of the ion sink from thé"-i~ recombination
also increases. The latter impedes the linear growtm,of
with P;,, as common for electropositive plasmas.

The electron temperature profiles for different power lev-
els are shown in Fig.(@). One can clearly see that in the of
dust-free case, represented by the dashed, solid, and dotted 0 1 2 3 4 5
lines in Fig. 3a), even an order-of-magnitude incredé®m 500 — . . . . .
0.12 to 1.2 W/crf) of the input power only marginally | -
changes the electron temperature. Thus, the power variation _ - (d)
does not affect the dynamic balance between the ionization 400 - - ]
sources and diffusion or recombination losses of the plasma i
species determining the value ©f when the dusts are ab- —, 300 [ .
sent. From the curves 1-3 in Fig(@B we see that the pres- N i /
ence of dusts significantly elevates the electron temperature, ’
which however decreases with the input power. Lowering the
input power decreases the electron density, @bdixedny)
also the proportion of electrons collected by the dusts rela- 100 — y 2 . ' .
tive to that absorbed by the discharge walls. That is, the dusts
lead to a readjustment of the particle sources and sinks,

which in turn affects the electron temperature. FIG. 4. Profiles ofn; (curve 1, n_ (curve 2, n, (curve 3, and

In response to the input power increase, the complex,|z,| (curve 4 in a 10-cm-wide plasma slab containing silane at
plasma also tends to lower the ratig/n, and hence the rate different gas pressure&) po=10 mTorr, (b) po=100 mTorr, and
veq<N; /N given by Eq.(18) of electron collection by the (c) py=200 mTorr. The dashed, solid, and dotted curvegdn
dusts, as seen in Fig(l3. One result is the increase of the show|Z4| at 10, 100, and 200 mTorr gas pressures, respectively.
dust charge with power, as seen in Figc)3 This can be The other conditions are the same as in Figl)2
attributed to the accompanying increase of the electron and

10 |- 3 E

d
T

d

n_,n|ZJ(10 em’)

d

d

n_,n |Z(10%m")
L]

200 | .

ion number densities. (n4|Z,|, wheren, andZ, are the number density and charge
of the speciesy) of the particle charge densities at different
V. EEFECT OF THE NEUTRAL GAS PRESSURE po are shown in Figs. @—4(c). At the discharge midplane

x=0, the electron temperature is 1.36, 1.44, and 2.03 eV for
We also studied the effect of the working, or neutral, gasp,=200, 100, and 10 mTorr, respectively. One can see that
pressurepy, on the discharge equilibrium. The profiles an increase of the gas pressure is accompanied by a drop of
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FIG. 5. Profiles ofn; (curve
1), n_ (curve 3, n, (curve 3, and
1 nglZyg (curve 4 at py=100
mTorr for different dust radiifa)
aq=50 nm, (b) 100 nm, and(c)
- 200 nm. The electron temperature
(d), electron-dust collision rate
(e), and the absolute value of the
dust charge(f) are shown foray
=200 nm (curve 1, 100 nm
(curve 2, and 50 nm(curve 3. In
(e) the dashed, solid, and dotted
lines correspond tov' for ay
=50, 100, and 200 nm, respec-
tively. The other conditions are
the same as in Fig. 4.

N, NIZ(10"°cm?)
(%]

0 1

2 3
x{cm

the electron and ion densities as well as the electron temperaf nonelastic electron lossdsiz. via a vibration excitation
ture. The latter then results in a reduction of the dust chargeyf SiH, molecule$ with p,.
as seen in Fig.@). It should be mentioned that a increase of
gas pressure in argon electropositive plasmas is usually ac-
companied by a rise of the electron density and a drop of the
electron temperaturgee, e.g., Fig. 6 of Ref32]). Here, we In this section, the results on the effect of variation of
observe exactly the opposite tendency in the electronegativeumber density, charge, and size of dust particles on the
silane plasmaFig. 4). This behavior can be explained in plasma properties are presented. The two different spatial
terms of the fact that in the Sitplasma, the threshold ener- distributions ofng in Fig. 1 are considered.
gies for nonelastic collisions are smaller than that in argon
plasmas, and thus the nonelastic collision rates grow with the
pressure. One can show that in the parameter range of inter-
est, here the main power loss is due to vibrational excitation In Figs. §a)—5(c) the computed profiles of the plasma
of the silane molecules. Owing to the low-energy thresholdarticle densities are shown for different dust radii 50, 100,
for the proces$0.1-0.3 eV, the major collision rates appear and 200 nm, respectively. The formation of fine particles in
to be less sensitive to the electron temperature variation witkthis size range is quite typical for the developed rf silane
po than to the accompanying changes in the density of théased discharges. For example, 50-nm contaminant particles
neutrals. were observed in discharges of argon-silane gas mixtures
Thus, the main differences between the pristine and nanabout 12 sec after the plasma start{@g]. Growth of 100
particle loaded plasmas are due to the collection of thend 200 nm grains required about 40 and 80(see Figs. 1
plasma particles by the dusts. The enhanced electron terand 4 of Ref[38]), respectively. At this stage, an increase in
perature is required to sustain the extra electron loss via thite dust size is predominantly due to the coagulation of
enhanced ionization and dissociation. At fixed input powersmaller particle$6].
levels, the growth off; is accompanied by a decreasengf From Figs. %a)—5(c), one can see that the electron den-
in the plasma bulk. On the other hand, both the electron andity decreases with the dust size, while the negative-ion den-
ion densities increase with the input power. However, thesity grows slightly. Likewise, the positive-ion density profile
resulting enhanced*-i~ recombination results in smaller becomes flatter in the central area of the discharge. Presum-
rates of increase af; (compared with that ofi;) with P;,.  ably, the above changes can be attributed to variations of the
When the dust density is fixed, the dust proportion increaseslectron temperature with the grain size, as depicted in Fig.
when the input power is decreased, resulting in a remarkabl$(d). One can clearly see that the increase of the grain size is
higher ionization and electron-dust collision rates, accompaaccompanied by a pronounced riseTgf. Physically, larger
nied by highefT,. Increase oP;, also leads to the growth of surface area of the fine dusts supports higher loss of the
the particle number densities as well as the equilibrium nanoplasma electrons that have to be reinstated by a higher rate of
particle charge. We emphasize that contrary to common terionization at increased electron temperatures, as shown in
dencies in argon plasmas, the electron density declines witkig. 5(e). Furthermore, at highef, and fixed input power
the gas pressure, which is attributed to a noticeable increadevels, the value of the electron collision integdalin Eq.

VII. EFFECT OF THE DUSTS

A. Dust size

056408-8



LOW-PRESSURE DIFFUSION EQUILIBRIUM 6. .. PHYSICAL REVIEW E 67, 056408 (2003

L el 1 -
& 5 =~ & @
£ | £ 59 T
S 4t 84 &
o ) o 4 1
T gl 3 = o
=3 = N 1 FIG. 6. Same as in Fig. 5 at
'iv ol '{2- = o ] po=100 mTorr. The dust density
St < - in the region 4 crix<4.5cm is
T SN Sy, 1 16 (a), 10 (b), 3X10’ (0), and
ok ol of L ] 510" cm 2 (d), respectively.
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= 3: 5 i é 3 ) respectively. The other parameters
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(9) also grows, so that the electron number density diminso do the electron heat flugg at the boundary and the power

ishes. lost at the discharge wall. This process is accompanied by a
Furthermore, as the dust surface area increases, thgight growth of the electron and ion densities in the central

electron-dust collision ratesee Fig. %e)] and the dust charge region of the plasma slab.

[Fig. 5(f)] also increase. Hence, change in the equilibrium  The electron temperature at the discharge midplené

dust charge also affects the densities of other plasma specig§es from 1.217 to 1.258 eV whemy is increased from 10

[Figs. 5a)—5(c)]. To preserve the over'all qharge neutrality of 5 5% 107 cm™3. The reason for this is the same as that in

the plasma, the positive-ion density increases near thge preceding section, namely, the enlarged surface area for

plasma edge where the variationyf is more pronounced. ,oqma particle collection. It is interesting to point out that

Qonsequently, the shoulders of the positive-ion density POthe ratev,4 Of electron collection by the dusts increases with
file become larger with the dust-size growth.

We note that the growth of the fine dusts also affects thdld and can be several times larger than the ionization rate, as

negative-ion density, which increases slowly witf. This carll t:e se;an n F'gl'(é).' Iso be d ¢ the d
effect can be due to an increase of the electron attachment 'M ereStNgG CONCIUSIONS can aiSo be drawn from he depen-

rate v, with T,, which accompanies the particulate growth. dence of the equilibrium profiles ¢Z,| on the concentration
of the dusts, as displayed in FigfB At smallerny, the dust

charge grows monotonically alongdirection. However, at
larger dust densitie$Z,| drops forx<4.5 cm and increases
We now turn our attention to the study of the effect of thefor x>4.5 cm. This tendency is quite similar to the dust
fine particle density on the low-pressure discharge equilibcharge distribution in the plasma sheath redibs]. Indeed,
rium. The study is carried out for a 100 mTorr silane plasman the sheath and presheath regions featunifign, and high
slab with L=10 cm, sustained with input powers &,  enough ion velocities, the charge on the dusts declines
=1.2 W/cnf. The recombination rate constant and dust ra{15,27. In our case the situation is quite similar near the
dius are fixed at X 10”7 cm’/s and 100 nm, respectively. It discharge edge: the ion velocity is close to the Bohm veloc-
is assumed thahy in this case is uniform at 4 cmx  jty, whereas the ratim; /n, is large enough to yield a de-
<4.5 cm and linearly decreases to zeroxat3.75 cm and  crease inZg|.
x=4.25 cm[curveb in Fig. 1]. We emphasize that the density, size, and spatial distribu-
The equilibrium profiles of the plasma species are shownion of the fine dusts strongly affect the plasma parameters.
in Figs. 8a)—6(d) for dust densities of 10 107, 3x10’, and  As the grain size or concentration increases, the microscopic
5% 10" cm™3, respectively. It is clear that the profiles of  fluxes of the plasma species onto the dust surface also in-
are sensitive to the dust concentration. For example, the elecrease, enforcing a self-organization of the ionization source
tron density declines locallyin the dust-contaminated adea to reinstate the lost electron-ion pairs. The latter process re-
when ny becomes larger. Specifically),=3.3x10°, 3.0  quires an elevated electron temperature and smaller electron
x10°, 2.4x10°, and 1.8 10° cm 2 at x=5 cm and the number densities. Furthermore, the equilibrium dust charge
sameny as in Figs. 6a)—6(d). Apparently, the drop in the increases as the fine particle surface area grows. It is further
electron density is due to enhanced electron capture by th&ccompanied by flattening of the positive-ion density profiles
dusts. On the other hand, decreases near the plasma edgejn the central areas of the plasma glow. If the dust cloud is

B. Dust density
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located near the plasma boundary, as in clrireFig. 1, the i i " " ]
electron heat flux on the discharge walls decreases, thus in-  ~ 15 | 1 (@)
creasing the densities of the plasma species in the central
areas of the plasma reactor. Near the discharge edge, the
difference between the electron and ion densities also in-

creases withny.

cm
n

d

nZ (10"
«
1

.8,

VIIl. EFFECT OF THE NEGATIVE IONS

n
N N e

The negative ions can also affect the equilibrium dis- 0
charge state via a dynamic balance of tfiei = recombina- 5
tion and electron attachment. Here, by varying the rate of the
ion-ion recombination, we follow the changes in the electron
temperature, electron and ion densities, and the dust charge.

The equilibrium spatial profiles of the plasma particle
densities forK ,.=10 8 cm®/s, andK.c=5.0x10" 7 cm’/s
are presented in Figs.(a@ and 7b), respectively. The rel-
evant data foK ,,c=2x 10"’ cm™ 2 and the same conditions
as in Fig. Ta) can be found in Fig. ®). One can clearly see oF |
that the ion density diminishes with an increase ofithe ~
recombination rate. It is further observed that ion-ion recom-
bination affects mainly the loss of the plasma ions. It does
not directly affect the balance of the electrons since the
analogous terms are not present in the electron balance equa-
tion (1). Nevertheless, the electron density diminishes
slightly when the recombination rate decreases. This effect is
likely to be due to the indirect effect of ion-ion recombina-
tion on the electron temperature and collision processes.

The ion densities are strongly affected by iHei ™ re- - L L L L L
combination rate, and the ratig /n, becomes larger when
K ecdecreases. We see from Ef8) that veq<cn;/n,, so that 320 | (d)
the rate of the electron or ion capture by the dusts is smaller
when the ion-ion recombination is stronger, as is shown in 280 [ 2 T
Fig. 7(c). Therefore, for a smaller ion-ion recombination co- _ aa0l i
efficient, the fluxes of the plasma species onto the dusts are
larger. Consequently, the electron temperature declines with 200 - .
Kree- Specifically, T,=1.6 and 1.42 eV for K [
=108 cm®/s and 5.¢ 10”7 cm®/s, respectively. Similar to [
the results of the previous sections, the growth of the elec- o 1 2 3 " 5
tron temperature is accompanied by a small decreasg .of x (em)

From Fig. 7d) one can see that the dust charge is larger

L L FIG. 7. Same as in Fig. 6, but far;=100 nm and different
when the recombination rate is higher. Indeed, the electrop, = " "0 o coefficiet:o.— 10 cn/s (), and

density declines and the posi_tive-ion de_nsity grows Wherkrec=5><10*7 cmi/s (b). Curves 1 and 2 i) for veyand(d) for
Krec decreases. Apparently, this results in a change of they | a5 well as the dotted and dashed linegdnfor »', are for
ratio n; /n, that controls ratg18) of electron collection by k=108 and 510 7 cm?/s, respectively. The other conditions
the dusts. Furthermore, at larger ratio/n, condition(8)  are the same as in Fig. 5.

for dust charge equilibrium can be satisfied for smaller nega-

tive dust charges. IX. DISCUSSION

Thus, positive-ion—negative-ion recombination does af-  1he model for low-pressure electronegative complex plas-
fect the equilibrium profiles of the ion densities. The 0N a5 introduced here allows one to predict the equilibrium
densities drop when the recombination process intensifieyofiles of the electron temperature, the electron and ion
As the corresponding rat€ . increasesn; /ne and veq de-  number densities, as well as the dust charge. We emphasize
crease. Hence, the negative dust charge grows to maintaiRat most of the existing models of dust-contaminated dis-
the equilibrium plasma flux balangen the dust grainghat  charges are limited to studies of the effect of the charged
is distorted by a rise of the electron number. Finally, whendusts on the averaged, or global, parameters of the plasma
K, ec decreases, the electron temperature grows slightly tésee, e.g., Refd6,17]), whereas our model also yields the
balance the enhanced electron loss onto the dust grains. spatial profiles of the major parameters.
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We now discuss in more detail the limitations and impli- ~5 sec are required for an increase of the dust size from 50
cations of some of the assumptions made in our model. Firshm to 60 nm[16]. Therefore, dust growth can usually be
the size and spatial profiles of the fine dusts have been takereated in a quasi-stationary manner in discharge modelings.
as external parameters in the numerical evaluations. In real- Relatively large(exceeding a few ten nanometer in ra-
ity, the number density and size of the grains strongly dependius dusts have been considered here. Such a size falls
on the neutral gas pressure, temperature, as well as the digithin the validity of the OML theory{26]. An extension of
charge volume. To predict the evolution of the particulateour model to the nanometer-(1-10 nm) domain would
size and concentration, a much more detailed study of theequire substantial upgrading of the existing dust-charging
dust nucleation or agglomeration is requirfgg17]. How-  theories to properly account for the size-dependent electron
ever, self-consistent accounting of these complex process€onfinement and other effects.
will certainly significantly complicate the simple discharge In spite of the above limitations, the model used here is
model. Thus, in our calculations we have made no attempt téelatively simple, and accounts for the major particle sources
correlate the dust density and size. Instead, we have consiénd sinks in typical electronegative complex plasma systems.
ered two specific dust particle profiléfig. 1) typical to It also allows one to predict the local spatial profiles of the
laboratory experiments of complex plasmas. The fairly uni-main plasma parameters for given characteristics of the dusts
form profile ofny [Fig. 1(a)] is relevant to dust growth in the in the ionized gas phase.
entire reactor as is the case for the rf ildnd SiH,

+ Ar/SiH,+ H, plasmag4,6]. This distribution is also appli- X. APPLICATIONS

cable to experiments where the particles are injected exter- ) o

nally [39]. The second case, with the dusts located at the Ve now discuss the application of our model and resuilts.
plasma periphenfcurve b in Fig. 1], is representative of First of them is for the removal or suppression of g.rowth of
dusts created in certain chemically active processing plasma@€ hanometer or micrometer-sized contaminants in plasma
[34] and in the diffused regions of low-pressure rf discharged€actors. Our results show that one can control the number
[40]. density and reactlvilty of the anion radlcql precursors _of dust

To some extent, the results of Secs. V-VII can be relevan@fowth, such as Sig [4,5]. By decreasing the density of
in laboratory experiments on self-organized dust véity,  the Sik; ™ radicals, one can suppress the initial nucleation of
where the dusts grown or injected into the plasma diffuse téhe particulates or protoparticles that lead to the dust growth.
the near-electrode areas. However, our 1D model is still shofn the other hand, most of the reaction rates are very sensi-
of reflecting the major features involving dust voids, such adive to the electron temperature, which can also be con-
asymmetry(due to intense positive ion fluxes to the elec-trolled, for example, to enable loWs film growth [10]. The
trodes, sharp boundaries of the void, nonuniformity of the results here transparently reveal the domains of the main
plasma, etc[41,42. For simplicity, motion of the dust cloud discharge and plasma parameters that allow one to minimize
boundary, motion of the relatively heavy dusts, as well aghe number density of SiT radicals as well as to keep the
other dynamic processes in the plasma sheath have been pedectron temperature reasonably low. In particular, an in-
cluded in this study. Furthermore, the boundaries of a dustrease of the electron and ion densities with the input power
cloud can act as virtual electrodes and promote formation ofesults in a drop in the density of negative ions relativao
non-neutral layerg¢sheathsin front of them[42]. Such lay- andn; (Fig. 2). The electron temperature also declines with
ers can introduce substantial nonuniformity and destroypower[Fig. 3@)]. Alternatively, by decreasing the working
charge neutrality in regions adjacent to the dust cloud. Agas pressure, one can also lower the relative negative-ion
proper accounting for such processes would certainly imdensity(Fig. 4), although with somewhat elevatdd. Alter-
prove the self-consistency of the model. natively, an increase of the dust size is accompanied by a rise

We note that accounting of electron collisional energy losof T, as well asn_ (Fig. 5. Thus, both the negative-ion
to the dusts would lead to new power-loss channels for th@recursor radicals and the electron temperature can be con-
heating, excitation, and ionization of dust particles. Howevertrolled by the input power together with working gas pres-
the density of the dusts is typically small as compared to thasure, as well as by an additional injection of dusts into the
of the neutrals. Besides, for the parameter values in our nyplasma reactor.
merics, the total dust surface area is much smaller than the Apart from many deleterious implications, dust loaded
discharge wall surface area. The maximum dust density anplasmas have recently proved to be instrumental in several,
radius considered are>510° cm 2 and 200 nm, respec- advanced, particle based technolog[d$]. For example,
tively. Thus, in a parallel-plate discharge wlth=10 cm, the  processing with externally injected nanoparticles can yield
combined total dust surface area of 0.6%ci® still only a  novel objects such as tailored surface structures with specific
fraction of the electrode surface area of 2 cm. Therefore, thpropertied 4]. Moreover, dust particles with specific proper-
electron energy loss to the dust grains is less important thaties are directly useful in many applications, such as in mod-
that due to the electron-neutral collisions. ern printing machines and optical devidédl].

Our study has been carried out for steady state conditions It is worth noting that higher-density low-pressure dis-
assuming that the dusts are fixed. In most real silane rf dissharges(with lower density of the negative-ion precursors
charges, this is not the ca$d,5]. Nevertheless, the dust are more suitable than low; plasma glows for the produc-
growth is a slow process in comparison with the diffusiontion of complex plasmas with relatively low dust concentra-
and collision processes in such plasmas. For exampldion. Thus, one can expect that ICP sources will featasea
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result of homogeneous nucleatid]) lower gas-phase particular, one can selectively control the parameter ranges in
grown dust contamination as compared with the CCPs. Inerder to minimize the negative-ion precursors for dust
deed, in general, the ICPs feature higher electron densitiggrowth and obtain the appropriate electron temperature.
and lower electron temperaturg45] as compared to the Thus, our results can be used as a guide in optimizing the
CCPs. discharge parameters for specific applications.
The present study can be considered as a first step in the
X|. CONCLUSION study of dynamic self-organization in complex plasmas con-

_ o taining negative ions and nanometer-sized dust grains. An
A model for electronegative plasmas containing chargegytension of our model to include the actual time-dependent

dust or colloidal grains has been used. Numerical solutiongaactive chemistries and evolution of the dust particulates
based on the model demonstrate how a low-pressure diffuyou|d be highly desirable.

sion equilibrium of the complex electronegative plasma sys-
tem is dynamically sustained through plasma particle sources
and sinks. The spatial profiles of the electron, positive- and
negative-ion densities, electron temperature, and equilibrium
dust charge have been obtained for different values of the This work was supported in part by the Agency for Sci-
external and internal parameters. Variations of the inpuence, Technology, and Research of Singag®mject No.
power, working gas pressure, fine particle size, and densit9§12 101 0024Y, the Australian Research Council, and NATO
result in remarkable changes in the electron temperature ari@rant No. PST.CLG.978083Fruitful discussions with N.
some of the major reaction rates, which can dynamicallyr. Cramer, D. McKenzie, and V. Ligatchev are gratefully
affect the equilibrium states of the low-pressure discharge. lacknowledged.
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