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Abstract. The effect of density and size of dust grains on the electron energy
distribution function (EEDF) in low-temperature complex plasmas is studied. It is
found that the EEDF depends strongly on the dust density and size. The behavior
of the electron temperature can differ significantly from that of a pristine plasma.
For low-pressure argon glow discharge, the Druyvesteyn-like EEDF often found in
pristine plasmas can become nearly Maxwellian if the dust density and/or sizes are
large. One can thus control the plasma parameters by the dust grains.

1. Introduction

Complex plasmas containing fine charged grains have attracted much attention in
recent years [1-5]. Grain nucleation and agglomeration are often utilized in plasma-
enhanced chemical vapor deposition (PECVD) for achieving fast deposition rates
and atomic-to-mesoscopic structural transitions [6]. Dust grains are useful in fabric-
ating nanostructured novel objects [2] and functional surfaces. On the other hand,
presence of unwanted dusts often has a deleterious effect on the microstructuring
of semiconductor wafers [7,8]. The control, or management, of the dust grains in
plasma devices is therefore crucial for plasma-assisted materials processing.

The electron energy distribution function (EEDF) is closely associated with the
rates of the major elementary processes, particle and power balance in the discharge,
and it determines the global stability and operational properties of the plasma
5,9-12]. Control of the EEDF is thus one of the major challenges in the application
of chemically active plasmas in the microelectronic and other industries [12, 13].
Prediction of the evolution of the EEDF is crucial for fine-tuning the complex
plasma and much progress has recently been made [5, 14, 15].

It is widely accepted that the electron energy in dusty plasmas can be enhanced
to unusual levels [6]. Fluid simulations have revealed higher ionization rates in dusty
plasmas and this can be attributed to the stronger electric fields. Nevertheless, the
relation between the effective electron temperature Toy = %(o@ where (&) is the
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average electron energy, and the dust density and size still remains controversial.
Indeed, both increases [3,16] and decreases [17] in Ti¢ as compared with the pristine
case have been reported. Different results have been obtained experimentally and
numerically from pre-set EEDFs and/or fixed or floating E,/N [3-5,18], where E,
is the plasma sustaining electric field and N is the density of neutrals.

A few questions still remain to be answered. First, is the average electron energy
of dusty plasmas necessarily higher than that of the pristine plasma? Second, under
what dust-specific conditions does Ti¢ increase or decrease? Third, what is the effect
of the grains on the EEDF, and are the grains solely responsible for the EEDF
profile? Fourth, can dusts be used to thermalize the plasma electrons and what is
the role of the electron—dust collisions?

In this paper we attempt to resolve some of these issues by studying the effect
of the dusts on the EEDF in a radiofrequency (RIF) argon discharge. The main
processes relevant to the energy balance of the system are included. It is shown that
the presence of charged grains can significantly modify the EEDF by redistributing
the high- and low-energy electrons. The evolution of Ty in the plasma with growing
total negative grain charge is numerically computed and interpreted in terms of
E, /N variations. Although the EEDF in the pristine plasma is Druyvesteyn-like, a
pronounced presence of dusts can lead to electron thermalization (Maxwellization).
The dependence of the main plasma parameters on the dust density and size is also
investigated.

2. The model

We consider a RF low-pressure, high-density (n; > 101° em™3, where n; is the ion
number density in the dust-containing bulk plasma), cylindrical argon plasma of
radius R and length L containing charged dust grains. The discharge is maintained
by an electric field E(t) ~ exp(iwt), where w = 2nf, f = 13.56 MHz. The plasma is
composed of electrons, singly charged positive ions Ar™ and negatively charged dust
grains. The dust grains are all of the same radius aq and are uniformly distributed
along the plasma column with density nq. The dust grains are absent in a boundary
layer of thickness [ adjacent to the wall. The spatial profile of the dust density nq
is chosen to fit that typical in dust-growth experiments [19] and is often observed
when the grains were first created in the silane—argon mixture and then trapped in
the argon discharge.

The shielding potential at a distance r from a grain may be approximated by the
Debye—Hiickel potential [2,5]: ¢(r) = ¢s(aa/r) exp(—r — aq/Ap1,), where the Debye
length is Ap? = 4me(ne/Tor + ni/261), with ¢, the potential at the dust surface, &;
(approximately 0.06 eV here) the average ion energy and T the effective electron
temperature. For a given EEDF Fy(u), where u is the electron kinetic energy in eV,
the electron current collected by a dust particle in the orbit-motion limited (OML)
approximation is given by

I, = —Waﬁene/ <1 i ¢) QeuFo(u)\/ﬂdu, (2.1)

— u Me

where n, is the bulk electron density and m, is the electron mass. The ion current on
a dust grain is [, = Waﬁenn/Qeé"i/mi (1 — ¢s/&;), where the dust surface potential
¢ is related to the dust charge eZy4 by ¢s = €Zq/aq. We also assume constant dust
charge, or I, + I; = 0, and quasineutrality n. + nq|Zq4| = n;.
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The isotropic part of Fy is described by the Boltzmann equation [20,21]

2e d [ ud/? dF,
T <V—(U)E02ff(u)d_u0> = Sea(F0) + See(Fo) + Sea(Fo), (2.2)

where Et = Eyvm(u)/[2(V2 (u) +w?)]Y/2, E, is the spatially averaged intensity of
the electric field sustaining the plasma, vy, (1) is the collision frequency for electron—
neutral momentum transfer including electron—neutral and electron—dust collisions,
and Sea (F0), Sed (F0), See(Fp) describe electron—atom, electron—dust and electron—
electron collisions, respectively [15]. Electron—dust collisions are decribed by [17]
Sea(Fo) = % |:2m£;u3/21/3d (Fo + Td%>:| — l/ngOul/Q’ (2.3)
d
where v¢;(u) and v¢ (u) are the momentum transfer and the electron absorption
frequencies of electron—dust collisions, respectively, and mq and Ty are the mass
and temperature of the dusts. For definitiveness, we set Tqg = 0.026 eV and mq =
(4/3)pamal, where pq is the grain material density (here, we have assumed pq =
2.0 g em™3) [2]. The electron momentum transfer frequency can be written as [5,17]

Ve (1) = mng/2eu/me a2 (—¢gJu)?e?@/ 0t n A, (2.4)
where A & —Ap,Teir/aq@s. The electron—dust collection frequency is
v (u) = g/ 2eu/m, aﬁ(l + ¢ /u)  for u > —gy, (2.5)

and v$(u) = 0 for u < —¢,. Conservation of the ions (here Ar+) requires Ki,n.n,V —
KignaniV — nupiS = 0, where up; = /2¢/m; ( Ow l*—’g(u)lfl/2 du)71/2 is the ion
speed at the boundary of the bulk plasma and the sheath [22], S is the surface area of
the chamber wall, Kjq is the rate coefficient for ion—dust collisions (Kiqn; = I;/e), Kj,
is the ionization rate coefficient, and ni is n; at the sheath—bulk plasma boundary.

Power balance in the discharge requires [18] P, = P, + Py + Paust, where B,
is the total power absorbed by the discharge and is an input parameter, P, is the
energy loss via electron—neutral collisions, and P, and Py, is the power loss in
the form of kinetic energy loss due to electrons and ions hitting the wall and dust
grains, respectively. The power lost to the dust grains is Pyust = €gea”ta Vaust. where
Viust 18 the volume of the dusty plasma [18]. Here

o0 . 2 )
Ged = ﬂ-a?ine/ <1 + g) A/ ﬂFb’labd/z du (26)
s u Me

is the heat flux associated with the electron current (2.1) at a dust grain.

3. Numerical results

First we compare the EEDF for a dusty plasma with that for a pristine plasma. In
Fig. 1(a) the EEDF's of the two cases are presented for R = L = 10 cm, a4 = 200 nm,
ng = 108 em™3, py = 100 mTorr, and P, = 500 W. The discharge conditions were
chosen to generate a Druyvesteyn-like EEDF in the pristine plasma according to
earlier experimental evidence and modeling results [10, 11, 18]. One sees that in
the dusty plasma the number of high-energy (u > 15 eV) electrons in the EEDF
is higher than that in the pristine case. This can be attributed to the collection
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Figure 1. (a) The EEDFs for pristine (dotted curve) and dusty (dashed curve) argon plasma
at po = 100 mTorr, with P, = 500 W, R = L = 10 cm, aq = 200 nm and ng = 10® ¢cm™3.
The Druyvesteyn EEDF (dash-dotted curve) for pristine and Maxwellian EEDF (solid line)
for dusty plasmas are also given. (b) The EEDFs calculated neglecting elastic and inelastic
electron—dust collisions (dash-dotted curve), including only elastic electron—dust collisions

(dash-dot-dotted curve), and including elastic and inelastic electron—dust collisions (dotted
curve). The Druyvesteyn (dashed curve) and Maxwellian (solid curve) EEDFs are also shown.

of the plasma electrons by the dust grains, leading to a higher total electron loss
in the complex plasma glow. To compensate this loss, the ionization intensifies by
the elevated E,, giving rise to higher proportions of high-energy electrons in the
EEDF tail. We have E, = 200.8 and 2066.7 V m™* for the pristine and dusty
plasmas, respectively. The difference in the EEDFs also leads to a relatively high
T.ir in the grain-loaded discharge. In fact, Toy = 3.74 and 5.56 eV for ng = 0 and
108 em™3, respectively. Figure 1(a) also shows that in the dust-free plasma, the
EEDF is close to the Druyvesteyn distribution, but in the plasma with relatively
high ngq (~10% em™2) it becomes almost Maxwellian.

The Maxwellization of the EEDF at high dust densities can be attributed to
electron—dust collisions. To see the effect of electron—dust collisions on the EEDF
we compare the calculated EEDF for v$; # 0 and v¢; = 0 with that obtained for
vgy = 0 and v, = 0. The EEDFs are shown in Fig. I(b). We see that the EEDF
for v5, # 0 and v, = 0 practically coincides with that for v, = 0, v, = 0. This
is because here the contribution of elastic collisions (proportional to m./mg) in
Sea(Fp) is small here.

For v¢, # 0 and v¢; # 0, the number of electrons with —¢, < v < 33 eV decreases
compared with the v;; = 0 cases, since electrons are now collected by the dust
grains. The decrease of mid-energy electrons is accompanied by an increase of low-
and high-energy (v > 33 eV) electrons (Fig. 1(b)). That is, inelastic electron—dust
collisions move the electron EEDF towards Maxwellian.

The EEDF as well as the other plasma parameters depend strongly on ng and aq.
We have calculated the EEDFs for given ng for aq = 50, 250, 500 and 750 nm. Some
of the results are shown in Table 1. The corresponding Maxwellian and Druyvesteyn
EEDFs are also calculated by setting Fy(u) = ¢ exp (—cau®), where ¢; and ¢ are
constants and z = 1,2 for the Maxwellian and Druyvesteyn EEDFSs, respectively.
It is found that for the conditions considered, the EEDF is close to Druyvesteyn
for small (50-250 nm) aq.

As aq increases, because of electron—dust collisions the number of electrons in
the mid-energy range (—¢s < u < 20 eV) decreases as compared with that of
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Figure 2. (a) The dust charge |Z4| versus the dust density nq calculated from (2.2) (solid
curve) and from the Maxwellian (dashed curve) and Druyvesteyn (dotted curve) EEDFs.
The electric field E, (dash-dotted curve) sustaining the plasma is also shown. (b) The
effective electron temperature Ty (solid line) for the EEDF calculated using (2.2) and
the Druyvesteyn (dotted curve) and Maxwellian (dashed curve) EEDFs. The discharge
conditions are the same as in Fig. 1.

the Druyvesteyn distribution, and at sufficiently high aq (andjor ng), the EEDF
becomes close to Maxwellian. An increase in aq is accompanied by an increase in
the number of electrons in the tail of the EEDF. This change of the EEDF in the
high-energy regime (u > 20 eV) with aq can be attributed to inelastic electron—dust
collisions. Indeed, with an increase of aq the total electron loss (to the dust grains as
well as the plasma wall) grows, the system then self-organizes to maintain a balance
between production and loss of electrons by increasing the number of electrons in
the tail of the EEDF. The increase of electrons in the tail is due to an increase
of the electric field E,, which sustains the plasma. In fact, the dust density has a
similar effect on the EEDF. It can be shown that the EEDI also changes from
Druyvesteyn to Maxwellian as ng increases [5]. The variations of |Z,| and E, with
respect to nq are shown in Fig. 2(a). In Table 1, the results from our model are
listed together with that from the Maxwellian and Druyvesteyn distributions for
selected dust sizes.

As can be seen from Fig. 2(b) and Table 1, the change in the EEDF with ng4 and
aq can significantly affect the Ti¢ and the other plasma parameters, especially Z4
and n, and n;. We also note that at relatively low nq (or aq), Maxwellization of
the EEDF due to an increase of nq and/or aq is accompanied by a decrease of Te.
However, at relatively high nq and/or aq, the Tii grows with the latter.

With an increase of ag4 or nq, the total dust surface collecting electrons and ions
is enhanced. Therefore, the dust charge density nq|Zqy| also increases, as shown in
Table 1. Due to the enhanced loss to the dust grains, at relatively high ng (or aq) n.
decreases dramatically with ng (aq). At low dust density (nq < 107 cm_3) or small
dust radius (aq < 250 nm), the change of n, with nq (aq) is small. The ion density
n; depends on nq (aq) significantly weaker than n. and nq|Z4|. For n4 in the range
0.5-15 x 107 ¢em ™3, the range of n; is only 5.95-7.3 x 100 em™3.

From Table 1 and Fig. 2(a), one can also see that for relatively low dust densities
(nqg < 9x% 107 cm_?’) or small dust size (aq < 500 nm), n., n; and nqe|Zy| are closer to
the values obtained from the corresponding Druyvesteyn distribution than those
from the corresponding Maxwellian distribution. On the other hand, at higher dust
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densities (nq > 108 em™3) or dust size (aq ~ 750 nm) the parameters obtained from
the calculated EEDF are close to that from the corresponding Maxwellian.

4. Discussion

Our numerical results show that the presence of dusts can strongly affect the
EEDF in a plasma. They can cause major changes in the EEDF. In particular, an
originally Druyvesteyn-like EEDF can become Maxwellian if the total dust charge
is high. The fact that non-Maxwellian electrons can be thermalized by adding
dusts is unexpected, since dusty plasmas are usually associated with disruption of
thermalization because of: (a) inelastic electron—dust collisions, which often result
in electron capture by the dusts; (b) substantial depletion of n., thus decreasing
the electron—electron collision rate; and (c) higher T, thus increasing the inelastic
electron—neutral collision rate.

A clue to what to expect from the dust-modified EEDF is in the apparent
reshaping and ‘damping’ [23] of the EEDF because of an increase of the high-
energy tail and an overall depletion of the electron population. In general, there
is competition between the main and the high-energy tail of the EEDF in the
modification of Tirr. When the average energy of the main electrons increases or does
not change, an increase of Ty can be expected. However, when the average energy
of the main electrons decreases (which can happen because of EEDF damping
[23]), one expects a fall in Tigr. The latter apparently occurred in our example in
Sec. 3. However, this behavior may be density-profile dependent, and should be
investigated in more detail.

In the pristine plasma, Maxwellization of the EEDF is mainly due to electron—
electron collisions [10]. Our results (Fig. 1) show that the inelastic electron—dust
collisions reduce the number of electrons with —¢, < u < 33 eV, and this contributes
to the enhanced electron thermalization, as can be seen in Fig. 1(b). However, it is
not clear whether dusts can also de-thermalize a plasma.

As mentioned, the evolution of the EEDF can depend on the model. For example,
with fixed £, /N, one finds that T.¢ inevitably decreases when the total grain charge
increases [17,23]. On the other hand, if the EEDF is fixed to either Maxwellian or
Druyvesteyn, one always obtains an increase in Ty (Table 1). Finally, if E,/N is
computed self-consistently as in our model, it appears that T decreases at small
Nnqaq. but increases if the latter is sufficiently large. Similarly, the density profiles
can also strongly affect the behavior of Tyg.

Table 1 suggests that fixing the EEDF profile results in a rise of Ty even for low
dust density. This can be attributed to the fact that self-consistent redistribution
of the low- and high-energy electrons is excluded in any model that employs a
fixed EEDF profile. So that the only option for sustaining the necessary ionization
is to increase Tur. That is, by pre-selecting (usually estimated from the relation
E, ~ (Pm/op)l/z) the EEDF profile one effectively ignores the effect of £, on the
re-distribution of the electrons.

It should be pointed out that the present model still lacks several physical
features that can be important in certain problems. For example, the OML theory
will have to be improved in order to take care of very small dust grains. Future
work should take into account a more realistic inhomogeneous spatial distribution
of the dust charge and the plasma densities corresponding to the real discharges.
For this, the reactive particulate-generating chemistries of the plasma components
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Table 1. Effect of dust size variation on the plasma parameters for the self-consistent
(calculated using (2.2)), Maxwellian and Druyvesteyn EEDFs. Here ng = 107 em™ and
the other conditions are the same as that for Fig. 1(a).

aq (nm)  Parameter Self-consistent  Druyvesteyn — Maxwellian
0 ni, Me (1011 ecm™3) 1.064 2.03 6.12
Tt (eV) 3.74 2.98 1.63
E, (Vm™) 200.8 — —
250 n; (10*° em™3) 7.04 5.77 11.1
ne (10*° cm™3) 5.68 4.35 10.0
nq|Zq| (101 cm™3) 1.36 1.42 1.1
Tesr (eV) 3.32 3.83 2.36
E, (Vm™) 434 — —
750 n; (100 em™3) 3.08 3.04 3.15
ne (101° em™3) 0.27 0.21 0.35
14| Za| (1019 em=3) 2.81 2.83 2.8
Teir (eV) 5.45 6.46 4.69
E,(Vm? 2285 — —

(e.g. CHy, SiHy, CoHa, C,Fy, and their mixtures with Ar, Hs, etc.) and the charge
variations of the nanosize grains should be considered.
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