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The effect of ambipolar fluxes on nanoparticle charging in a typical low-pressure parallel-plate glow dis-
charge is considered. It is shown that the equilibrium values of the nanoparticle charge in the plasma bulk and
near-electrode areas are strongly affected by the ratio§ath

i of the ambipolar flux and the ion thermal velocities.
Under typical experimental conditions the above ratio is neither§ath

i !1 nor §ath
i @1, which often renders the

commonly used approximations of the purely thermal or “ion wind” ion charging currents inaccurate. By using
the general approximation for the ambipolar drift-affected ion flux on the nanoparticle surface, it appears
possible to obtain more accurate values of the nanoparticle charge that usually deviate within 10–25 % from
the values obtained without a proper accounting for the ambipolar ion fluxes. The implications of the results
obtained for glow discharge modeling and nanoparticle manipulation in low-pressure plasmas are discussed.
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I. INTRODUCTION

Management of fine powder particles generated in low-
temperature processing plasmas remains one of the major
problems for the development of new dust-free process
cycles in the semiconductor microchip manufacturing and,
more recently, for the plasma-assisted structural nanoparticle
incorporation-based fabrication of advanced nano- and bio-
materials and devicesf1–4g. In this regard, the shape, el-
emental and structural composition, and transport properties
of the fine particles are among the most critical issues in the
achievement of greater predictability and control of future
industrial processes involving nanosized clusters and particu-
lates as building units of various nanoassembliesf5–7g. In
ionized gas environments the nanoparticle transport proper-
ties are mostly controlled by long-range interactions that
critically depend on the particle chargef7g. To this end, the
problem of nanoparticle manipulation in the plasma does re-
quire a great precision in the diagnostics and management of
its equilibrium charge and charge fluctuations in low-
pressure glow discharges.

Extensive research efforts have been focused in the last
decade on the modeling of discharge parameters and fine
particle nucleation and charging. Among various existing
discharge configurations, parallel-plate discharges remain
one of the most popular discharge geometries owing to their
cost efficiency, simplicity in operation, and widespread ap-
plications in industryf8g. Some of these efforts include mod-
eling of diffusion equilibria, spatial profiles of the main
plasma parameters, charge fluctuations, and clustering pro-
cessesssee, e.g., Refs.f9–12g and references thereind.

In the modeling of “dusty” gas dischargesswhere the
solid particles can either nucleate in the gas phase or be
externally introduced to the plasmad the details of particle
charging are indispensable for the accurate description of the

particle and power balance processes. The charging pro-
cesses are affected by two groups of factors. The “internal”
factors include, e.g., the particle shape, composition, and
size, whereas the “external” factors are mostly related to the
microscopic electron and ion charging currents driven in the
plasma discharge. For example, a distinctive feature of the
parallel-plate glow discharges of our interest here is a clear
one-dimensional geometry, wherein the electron and ion loss
to the parallel-plate electrodes is controlled by ambipolar
fluxes that originate due to intrinsic nonuniformities of the
discharge plasma and the tendency of the plasma to maintain
its quasineutrality throughout the entire discharge volume,
excluding the near-electrode sheath areasf13,14g.

While the nonuniformity of the plasma parameters and
ambipolar fluxes has been routinely included in numerous
numerical models of the electron and ion and power balance
in “dusty” discharges, the effect of the ambipolar fluxes on
fine particle charging has not attracted the attention it merits,
despite recent encouraging reports that the dust component
can act as a charge sink and significantly affect the ambipolar
diffusion scale lengthf15,16g. Indeed, the most commonly
used approach to calculate the dust charge in the plasma bulk
is based on the assumption of the purely thermalsand hence,
spherically symmetricald ion charging current

I i = epap
2VTinis1 − eDps/Tid, s1d

whereDps=fp−fs is the difference between the particle sur-
facefs and the ambient plasmafp potentials,ap is the par-
ticle radius, andni, Ti, VTi=s2Ti /mid1/2, and mi are the ion
density, temperature, thermal velocity, and mass, respectively
f17–19g. This approach requires that the directed ion flux
with velocity viD is strongly subthermalsviD !VTid. This as-
sumption is undoubtedly correct in situations when there are
no physical means, such as any appreciable electric fields, to
sustain directed ion fluxes. For example, in “ideal” plasma
bulk areas, the electrostatic potential and electron and ion
densities are assumed uniform, which effectively eliminates
any noticeable directed ion flowsf20g. On the other hand, in
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the near-electrode sheath areas, the ion flux is usually super-
thermal, and the “ion wind” approximation

I i = epap
2viDnis1 − 2eDps/miviD

2 d s2d

for the microscopic ion current is commonly used when
viD @VTi f17,18g.

In most common glow discharges that feature nonuniform
plasma density distributions, from fairly uniform in the
plasma bulk to strongly nonuniformsand also non-neutrald in
the plasma sheaths, the physical conditions for dust charging
change dramatically when the particle is moved along the
plasma nonuniformity. Indeed, in the plasma bulk without
any significant directed ion fluxes, Eq.s1d is a fair approxi-
mation, whereas Eq.s2d would be more appropriate for the
near-electrode areas. To accommodate a continuous change
of the ion velocity fromVTi sin the plasma bulkd to viD
swhich exceeds the Bohm velocity in the plasma sheathd in a
single formula, it is very common to use Eq.s2d in all dis-
charge areas withviD replaced by the mean ion velocityvi
=fsviDd2+VTi

2 g1/2. However, this approach can easily fail in
the discharge areasse.g., in the presheathd where the directed
ion velocity is comparable withsor even higher thand VTi,
and a general expression for the microscopic ion charging
current f21g, valid at arbitrary values of the ratio§ath

i

=viD /VTi, should be used instead of the simplified expres-
sionss1d and s2d.

Furthermore, under certain conditions the ambipolar elec-
tric fields and, hence, directed fluxes of the plasma species
are appreciable even in the plasma bulk, which is usually
sidestepped in many existing models of dust-contaminated
discharges. The relative importance of the directed and ther-
mal ion velocities in the microscopic ion charging current
depends on many factors such as the width of the plasma
slab, collision rates, actual plasma nonuniformity, electron
and ion temperatures, and some others. Here, we explore
situations when the speed of directed ion fluxes originating
due to the ambipolar electric fields in nonuniform plasmas
exceeds the ion thermal velocity and significantly affects the
nanoparticle charging process by modifying the microscopic
ion charging currents. By using the general approximation
for the ambipolar drift-affected ion flux on the nanoparticle
surface, we numerically obtain more accurate values of the
nanoparticle charge and discuss the implications of the re-
sults obtained for glow discharge modeling and nanoparticle
manipulation in low-pressure plasmas.

II. FORMULATION AND MAIN EQUATIONS

A schematic diagram of the parallel-plate discharge con-
figuration of our interest here is shown in Fig. 1. To illustrate
the effect of ambipolar fluxes on the equilibrium nanoparticle
charge, a simple discharge model has been adopted. Two
large-area elecrodes are separated by the interelectrode spac-
ing L, which is assumed to be much less than the linear
dimensions of the electrodes in they and z directions and
much larger than the mean free path of the plasma species.
The number densities of electrons and ions are nonuniform
along thex direction, whereas the electron and ion tempera-
tures are assumed uniform in the plasma slab. Solid spherical

nanoparticles of the radiusap and number densitynp uni-
formly fill the gap between the electrodes. The particle size,
which is 10–100 nmf22g in our computations, is smaller
than the plasma Debye lengthlD and the mean free path of
the plasma species in the electron- and ion-neutral collisions.
Any specific details of the particle and power balance re-
quired for the study of discharge maintenance, as well as any
near-electrode effects, are neglected. It is further assumed
that the argon plasma is overall charge neutral and contains
singly charged ions Ar+, electrons, and fine particles. The
imbalance between the spatially nonuniform electronnesxd
and ionnisxd number densities is determined from the one-
dimensional Poisson equation

nisxd − nesxd − npuZdsxdu = − s1/4ped]2fsxd/]x2, s3d

whereZdsxd is the equilibrium nanoparticle charge andfsxd
is the plasma potential. At the edges of the plasma slabx
= ±L /2, the electron and ion densities vanish,ne,isx
= ±L /2d=0.

The fluxes of the plasma speciesG j =njv j can be obtained
from the steady-state electron and ion balance equations

]Ge/]x = nine − nedne s4d

and

]Gi/]x = nine − nidni , s5d

where it was assumed that the discharge is in the ambipolar
diffusion-loss controlled regime,ni is the ionization rate, and
nid andned are the rates of electron and ion collection by the
fine particles, respectivelyf23,24g. Here,

Ge = − meneE − Des]ne/]xd s6d

and

Gi = miniE − Dis]ni/]xd s7d

are the equilibrium fluxes of the plasma species to the dis-
charge walls, whereDj =Tj /mjn jn, m j =e/mjn jn, Tj, and mj

FIG. 1. Schematics of the parallel-plate discharge and nonuni-
form plasma density distribution. 1–3 label the discharge areas with
different degrees of plasma nonuniformity.
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are the diffusion and mobility coefficients, temperatures, and
masses of the speciesj =e, i, respectively. The rates of the
electron- and ion-neutral collisions arenen=NnVTesen and
nin=Nnvisin, respectively. Here,VTe=s2Te/med1/2 is the elec-
tron thermal speed,Nn is the density of neutrals, andsen and
sin are the cross sections of the electron- and ion-neutral
collisions.

The ambipolar electric field

Eamb= Dix
−1 ] ni/]x − Dex

−1 ] ne/]x s8d

in the nanoparticle-loaded discharge can be derived from
Eqs.s6d ands7d by assuming the ambipolarity of the electron
and ion fluxes to the discharge wallsGe=Gi, wherex=mini
+mene.

The equilibrium electrostatic charge of thesnegatively
chargedd fine particles is calculated by equating the micro-
scopic electronf17,18g

Ie = epap
2VTene exps− eDps/Ted s9d

and ionf21,25g

I i =Îp

2
ap

2VTieniF2 expS−
viD

2

4VTi
2 D

+ 2Îp
viD

VTi
S1 +

viD
2

2VTi
2 −

eDps

miVTi
2 DerfS viD

2VTi
DG s10d

charging currents, where erfsxd is the error function.

III. NUMERICAL RESULTS

In this section, we numerically investigate the effect of
the plasma density gradient, electron- and ion-neutral colli-
sions, and nonisothermality of the plasma on the ambipolar
fluxes and nanoparticle charge in different areas of the dis-
charge. We begin with a brief discussion of the procedure of
calculations and main parameters of the plasma and the fine
particles.

A. Procedure and parameter ranges

To illustrate the effect of the ambipolar fluxes on the
nanoparticle charging, Eqs.s3d–s10d were solved numerically
for the typical parameteres of low-pressure parallel-plate rf
discharges shown in Table I. The actual values of ion speed
viD, ion currentI i, and fine particle chargeZd were compared
with the approximate values obtained without accounting for
the ambipolar electric field and ion fluxes. The comparison
was performed in three distinctive spatial areas of the dis-
charge labeled 1, 2, and 3 in Fig. 1. These areas differ by the
degree of nonuniformity of the plasma density, the weakest
being in the central discharge areas1 in Fig. 1d, and the
strongest being in the near-electrode areas3 in Fig. 1d. The
widths of the areas were varied in the computations to ensure
that the minimum difference of the spatially averaged gradi-
ent of the plasma density

K ]ne,i

]x
L = sl jr − l jld−1E

l jr

l jl ]ne,i

]x
dx

in different areas is significant, wherel jr and l jl are the right
and left boundaries of thej th area. The typical locations of
the right borders of the areas 1 and 2 were in the rangel1r
,s0.5–0.6dsL /2d and l2r ,sL /2d−s1–2.5dlmfp

i , respectively,
where lmfp

i =vi /nin is the mean free path of ions in ion-
neutral collisions. Physically, region 1 represents the plasma
bulk with weakly nonuniform profiles of the plasma density,
region 2 is the area of moderate nonuniformities, and the
third area is comparable to a typical presheath primarily re-
sponsible for the ion accelerationf26g.

Table I summarizes the main parameters used in the com-
putations, which are typical of experiments with
nanoparticle-loaded complexs“dusty”d plasmasf27g. The
specific parameters of the plasma and nanoparticles were
chosen within the ranges of validity of the ambipolar diffu-
sion model and the orbit motion limited approximation for
the fine particle charging.

TABLE I. The main plasma and fine particle parameters in the computation.

Parameter Notation Value

Electron temperature Te 1.0–10.0 eV

Particle size ap 10–100 nm

Ion number densitysx=0d ni 83109–631011 cm−3

Electron densitysx=0d ne 63109–431011 cm−3

Particulate density np 23106–33107 cm−3

Positive ion masssAr+d mi 18363403me

Positive ion temperature Ti 0.027–0.3 eV

Temperature of neutrals Tn 0.026 eV

Gas temperature Tg 20–400 °C

Interelectrode spacing L 1.0–10.0 cm

Working gas pressure p0 5–100 mTorr

Cross section of electron-neutral collisions sen 1.5310−15–5310−15 cm2

Cross section of ion-neutral collisions sin 2310−15–6310−14 cm2
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B. Effect of the plasma density gradient

Figure 2 shows the dependence of nondimensional ion
velocity viD /VTi fFig. 2sadg, microscopic ion current on the
particle surfaceI i / I i0 fFig. 2sbdg, and equilibrium nanopar-
ticle chargeZd/Zd0 fFig. 2scdg in three different discharge
areas on the interelectrode distanceL, where I i0= I isviD =0d
and Zd0=ZdsviD =0d. It is clearly seen that the deviations
from the “ambipolar drift-free” values are the largest in the
area 3 in the vicinity of the electrode. Indeed, according to
Eqs.s6d–s8d the ambipolar fluxes increase with the gradients
of the electron and ion number densities, the latter being the
largest in the near-electrode areas. One can see from Fig.
2sad that at smaller interelectrode distancessL,1–3 cmd the
directed “ambipolar” ion velocityviD exceeds the ion ther-
mal speed by several times, up to one order of magnitude.
When the space between the electrodes increases, the ratio
viD /VTi decreases and becomes very smalls,0.1d at L
.8–10 cm. This reflects the relation of the ambipolar fluxes
to the plasma nonuniformity.

On the other hand, one can notice that the microscopic ion
currents are smaller thanI i0. Indeed, at larger distances be-
tween the electrodes, the effect of the directed ion current
becomes weaker and the actual ion current computed by us-
ing Eq. s10d asymptotically approaches the value given by
Eq. s1d. Comparison of curves 1 and 3 in Fig. 2sbd shows that
the deviation of the ion current fromI i0 is larger in area 3,
where the ion fluxes due to the plasma nonuniformity are
more pronounced. In the low-interelectrode-gap case, when
the directed ion velocities are much larger thanVTi fsee Fig.
2sad, L,2 cmg, the “ion-wind” approximations2d is accu-
rate, with a reducedsdown to 0.3I i0d microscopic ion current.
The fact that the resulting ion current atL,10 cmscurve 3d
still remains approximately 15% lower thanI i0 reflects the
importance of the directed ion fluxes in the near-electrode
spresheathd areas even at relatively large interelectrode dis-
tances. In the plasma bulk, the ion current reaches 96% of
the ambipolar flux-free value at much smallers,4 cmd dis-
tances between the electrodes.

The equilibrium nanoparticle charge prominently shows
quite different behavior at smaller and larger interelectrode
gaps. As can be seen from Fig. 2scd, uZdu decreases with
increasingL for L,0.8 cm in the plasma bulk,L,1.6 cm in
the area 2, andL,2.8 cm in the near-electrode area. There-
after, the particle charge increases with increasingL and
tends to level off when the distance between the electrodes is
large enoughsL,9–10 cmd. Physically, when the gap is
small, the actual ion currentsfFig. 2sbdg are lower thanI i0,
which results in excessive negative chargefcurve 3 in Fig.
2scd at L,1 cmg. As the ion current increases, the negative
charge on nanoparticles becomes smaller. When the inter-
electrode gap increases, the relative importance of the ambi-
polar fluxes diminishes, andZd tends to reach the “drift-free”
values, which results in well-resolved minima in the depen-
denceZd/Zd0sLd shown in Fig. 2scd.

We emphasize that the deviations of the ion mean velocity
vi, microscopic ion currentI i, and nanoparticle chargeZd
from their ambipolar field- and flux-unaffected values appear
to be significant in all three areas of the discharge. However,

FIG. 2. sColor onlined Dependence of nondimensional ion speed
sad, ion charging currentsbd, and equilibrium fine particle chargescd
on the interelectrode spacing for the following set of plasma and
particle parameters: Tg=20 °C, p0=5 mTorr, nisx=0d=8
31010 cm−3, nesx=0d=6.431010 cm−3, sin=3310−14 cm2, sen

=5310−15 cm2, ap=50 nm, Te=2.5 eV, andTi =0.1 eV. Curves
1–3 correspond to the nanoparticle locations 0.55sL /2d sarea 1 in
Fig. 1d, 0.75sL /2d sarea 2d, and 0.95sL /2d sarea 3d, respectively.
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they are the most pronounced in the near-electrode area 3
with the largest gradients of the electron and ion number
densities. In this area, typical deviations of the ion velocity
sup to ,12–13 timesd and charging currentsup to ,3
−3.5 timesd become larger with narrowing of the interelec-
trode gap. However, as can be seen from Fig. 2scd, Zd departs
sup to 25%d from its ambipolar field-free valueZd8 whenL is
decreased from 10 to,2.7 cm and reapproachesZd8 at
smaller interelectrode distances.

It is also notable that quite similarsto those shown in Fig.
2d dependences ofviD /VTi and I i / I i0, on the interelectrode
spacing persist within the parameter ranges shown in Table I
and do not show any notable irregularities. However,Zd/Zd0
shows quite irregular dependences onL depending on the
fine particle size and the ratioTe/Ti reflecting the plasma
nonisothermality. A relevant example will be discussed in
Sec. III D. Nonetheless, in most cases considered, the devia-
tion of the nanoparticlesNPd equilibrium charge from its
“ambipolar field-free” values is strongest when the interelec-
trode gap is reasonably smallsL<2–4 cmd.

C. Effect of collisions

We now explore the effect of the electron- and ion-neutral
collisions on the ambipolar fluxes and the equilibrium nano-
particle charge. For this purpose, the working gas pressure
and the values of the collisional cross sectionssen and sin
have been varied in computations. The dependence of
viD /VTi, I i / I i0, and Zd/Zd0 on the gas pressure in the range
1–100 mTorr for two different sets of collisional cross sec-
tions and two values of the neutral gas temperature is shown
in Fig. 3. From Fig. 3sad one can note that the directed ion
velocity decreases quickly within the pressure range 1–10
mTorr and more slowly thereafter. Apparently, higher values
of the working gas pressure result in higher rates of ion-
neutral collisions, which, in turn, leads to slower ion drift
velocities according toviD ~1/nin.

In the example shown in Fig. 3,viD becomes subthermal
when the gas pressure exceeds 2–5 mTorr. In the pressure
range above 20 mTorr, one hasviD !VTi fFig. 3sadg. Thus,
one should expect that in this particular case the contribution
of the ambipolar fluxes to the microscopic ion charging cur-
rents and the equilibrium value of the particle charge is small
when p0.20 mTorr. This is consistent with Figs. 3sbd and
3scd revealing thatI i / I i0 and Zd/Zd0 level off very close to
unity when the pressure reaches 20–40 mTorr. In the pres-
sure range below 20 mTorr, the directed ion velocity is su-
perthermal, which results in a noticeable general decrease of
the ion charging currentfFig. 3sbdg and absolute value of the
nanoparticle’s negative chargefFig. 3scdg.

The sets of parameters corresponding to curves 1–4 were
chosen to generate different collision rates. These are
strongly affected by the actual values of the collision cross
sections and gas feedstock temperature. For example, the
working gas temperatures are higher for curves 2 and 4, and
the cross section of the ion-neutral collisions is higher for
curves 3 and 4. From Fig. 3sad, it is seen that the directed ion
velocity is higher at higher working gas temperatures and
smaller collisional cross sections. We recall thatviD ~1/nin

FIG. 3. sColor onlined Same as in Fig. 2 as a function of the
working gas pressure for the same nanoparticle position in area 3
and the following set of discharge and particle parameters:L
=2 cm, nisx=0d=631010 cm−3, nesx=0d=4.231010 cm−3, ap

=10 nm,Te=2.5 eV,Ti =0.5 eV, andsen=5310−15 cm2. Curves 1
and 2 correspond tosin=3310−14 cm2 and curves 3 and 4 tosin

=5310−14 cm2, respectively. Gas temperature isTg=20 °C in
curves 1 and 3, andTg=400 °C in curves 2 and 4.
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~1/Nnsin. At a fixed gas pressure, assuming thatp0
=NnkBTg, whereTg is the neutral gas temperature andkB is
the Boltzmann’s constant, one hasviD ~Tg/sin. Comparing
curves 2 and 4 with 1 and 3 in Fig. 3sad, we have
viD /VTisTg=400 °Cd.viD /VTisTg=20 °Cd. Likewise, com-
paring curves 1 with 3 and 2 with 4 in the same figure, one
concludes that viD /VTissin=3310−14 cm−3d.viD /VTissin

=5310−14 cm−3d. The changes in the microscopic ion cur-
rent and, hence, the nanoparticle charge happen accordingly
fFigs. 3sbd and 3scdg. Specifically, Zd/Zd0sTg=400 °Cd
,Zd/Zd0sTg=20 °Cd and Zd/Zd0ssin=3310−14 cm−3d
,Zd/Zd0ssin=5310−14 cm−3d, with a similar tendency for
the ratioI i / I i0. For the rates of the ion-neutral collisionsnin

s jd,
where the superscript “j” is the same as the curve number in
Fig. 3, we obtainnin

s2d,nin
s4d, nin

s1d,nin
s3d, nin

s2d,nin
s1d, and nin

s4d

,nin
s3d, which explains the numerical results of Fig. 3.
At the end of this subsection, we remark that the devia-

tions of the ion flux velocity and current and NP charge from
their ambipolar flux-unaffected values show dependences on
the gas feedstock pressure, temperature, and collision rates
quite similar to Fig. 3 within the parameter ranges shown in
Table I. Slightly nonmonotonic dependences ofZd/Zd0 on p0,
Tg, and sin have been found for larger particles and lower
values of the ratioTe/Ti. Furthermore, the effect of variation
of the electron-neutral collision cross section appears to be
weak. For example, reduction ofsen from 5310−15 cm2

svalue used in Fig. 3d to 1.5310−15 cm2 results in changes in
vDi /VTi, I i / I i0, and Zd/Zd0 not exceeding 1%. This is ex-
pected, as the electron charging current is predominantly
thermal. Thus, Fig. 3 quantitatively reflects the effect of col-
lisions on the NP charging in a broader parameter range. In
all cases, the effect of ambipolar fluxes is weak at higher
pressures, when the velocities of directed ion flows diminish
due to stronger collisions.

D. Effect of the plasma nonisothermality

The nonisothermality of the plasmasusually represented
by the ratio of the electron and ion temparaturesTe/Tid is
expected to play a prominent role in the nanoparticle charg-
ing process. To illustrate this effect, we have computed the
nondimensional directed ion velocityfFig. 4sadg, micro-
scopic ion currentfFig. 4sbdg, and nanoparticle chargefFig.
4scdg as a function of the electron temperature under different
ion temperatures and charge imbalance in the plasma.

From Fig. 4sad one can conclude that the ion velocities are
in most cases superthermal. This is the case for either room-
temperaturesTi ,0.027 eV, curves 1 and 3d or higher-
temperaturesTi ,0.3 eV, curves 2 and 4d plasma ions. How-
ever, the ion flux is subthermal atTi ,0.3 eV and electron
temperatures below 1.7–1.9 eVfFig. 4sadg. Accordingly, the
normalized ion currents are higher atTi ,0.3 eV fFig. 4sbd,
curves 2 and 4g than atTi ,0.027 eVscurves 1 and 3d. It is
interesting to note thatI i / I i0 diminishes withTe a bit more
steeply in the case of the room-temperature ions.

Meanwhile, the deviations of the nanoparticle charge
from its ambipolar flux-unaffected values depend quite dif-
ferently onTe at different ion temperatures. As can be seen
from Fig. 4scd, Zd/Zd0 increasesscurves 1 and 3d and de-

FIG. 4. sColor onlined Same as in Fig. 2 as a function of the
electron temperature for the same nanoparticle position in area 3
and the following set of discharge and particle parameters:Tg

=50 °C, L=2 cm, p0=10 mTorr, nisx=0d=531010 cm−3, ap

=10 nm,sin=3310−14 cm2, andsen=5310−15 cm2. Curves 1 and
3 correspond toTi =0.027 eV, and curves 2 and 4 toTi =0.3 eV.
Electron number densitynesx=0d=3.7531010 cm−3 in curves 1
and 2 and 4.7531010 cm−3 in curves 3 and 4.
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creasesscurves 2 and 4d with Te at Ti =0.027 and 0.3 eV,
respectively. For larger particles, this dependence can be-
come nonmonotonic in dense plasmas. For example, the nor-
malized equilibrium charge of a 100-nm-sized particle in
denseswith ne andni one order of magnitude higher than in
Fig. 4d plasmas decreasesscurves 1 and 3d and increases
scurves 2 and 4d at lower electron temperatures, as can be
seen in Fig. 5. When the electron temperature reaches ap-
proximately 2–2.5 eVsTi =0.027 eVd and 1.5–1.6 eVsTi

=0.3 eVd, the tendency reverses. Presumably, this difference
is related to different decline rates of the ion current at dif-
ferent ion temperatures and nonmonotonic variation of the
electron currents9d in the range of electron temperatures
consideredsTe=1–10 eVd.

Different parameters for curves 1–4fion temperatures for
curvess1,3d and s2,4d and imbalance between the electron
and ion number densities for curvess1,2d ands3,4dg in Figs.
4 and 5 have been chosen to generate different values of the
Bohm sion-acousticd velocity

VB = STe

mi

niS

neS
D1/2

,

which is the speed the plasma ions gain on entering the near-
electrode sheath of complex plasmas with unequal electron
neS and ionniS number densities at the sheath edgef28g. In
fine-particle-loaded plasmas this parameter is higher than in
pristine plasmas sinceniS.neS. In our case, higher values of
the Bohm velocity under the same interelectrode spacing and
other parameters mean faster gains of the ion speed in the
ambipolar flow. Thus, stronger plasma nonisothermality
slarger ratiosTe/Tid, and charge imbalancesslarger ni /ned
ensure higherVB. From Fig. 4, one can deduce that the val-
ues of the Bohm velocity are higher for curves 1 and 3 com-
pared to 2 and 4 due to larger ratios of the electron and ion
temperatures. On the other hand,sni /neds1d. sni /neds3d,
sni /neds2d. sni /neds4d, which means that the effect of ambipo-
lar fluxes is stronger in the cases shown in curves 1 and 2
compared to 3 and 4, respectively. As can be seen from Fig.

4sbd, higher values of the Bohm velocity at the plasma edges
correspond to lower microscopic ion charging currents com-
pared to the ambipolar flux-freespurely thermald case. It is
worthwhile to note that nonmonotonic variations ofZd/Zd0
with Te at different ion densities for larger particles suggest
that the value of the nanoparticle charge is case sensitive and
should be computed in each particular experiment by using
the self-consistent set of the plasma and process parameters.

IV. DISCUSSION

In the above, we have considered the effect of ambipolar
fluxes on the charging process of nanoparticles in a parallel-
plate low-pressure discharge. The ambipolar flux originates
due to intrinsic nonuniformities of the plasma glow sustained
between the two parallel electrodes. Thus, even in the plasma
bulk, where the nonuniformity is relatively weak, the di-
rected ion flux often makes a significant contribution to the
microscopic ion current that balances the electron charging
current and determines the equilibrium nanoparticle charge.
The electron current is weakly affected by the ambipolar flux
sinceviD !VTe. Thus,Ie is essentially a spherically symmet-
ric thermal current. However, the directed ion fluxes can be
either subthermal or superthermal depending on the inter-
electrode spacing, gas pressure, neutral gas temperature, col-
lisional cross sections, electron and ion temperatures, and
other parameters. WhenviD !VTi, the ion flux on the particle
surface is almost spherically symmetric and it is fairly accu-
rate to use Eq.s1d to calculateuZdu. This situation happens
when the interelectrode spacing is largesand hence the
plasma density gradients are smalld or ion-neutral collision
rates are reasonably highswhich happens in the case consid-
ered when the gas pressure exceeds a few tens of mTorrd.
When the working gas pressure is lowsbelow 5 mTorr in the
case consideredd and/or the gap between the electrodes is
small s1–1.5 cmd, one can use the “ion-wind” approximation
s2d for the salmost unidirectionald ion current.

However, it turns out that both situations described by
either Eq.s1d or Eq. s2d happen only in certain parameter
ranges, and, generally speaking, the actual ion flux is neither
spherically symmetric and purely thermal nor unidirectional
and strongly superthermal. In the low-pressure case, which is
very important for numerous plasma processing applications,
the directed ion velocity is of the same order of magnitude as
the ion thermal speed. In this case it is essential to use the
general expression for the microscopic ion charging current
s10d, which is valid in the intermediate case whenviD ,VTi.
As the results shown in Figs. 2–5 suggest, the discrepancy in
the values of the equilibrium nanoparticle charge computed
by using different approximations for the ion charging cur-
rent can reach a couple of tens of percent.

We now discuss the implications of the above discrepancy
on the modeling of particulate-loaded discharges and nano-
particle manipulation in the plasma-enhanced chemical va-
por deposition systems. As we have mentioned above, the
contribution of ambipolar fluxes is the most important in the
low-pressure range, which is the most desirable for use of the
plasma-based systems as nanomanipulating and nanoassem-
bly tools. For example, driving the fine particles by using the

FIG. 5. sColor onlined Same as in Fig. 4scd for NP size and
electron and ion densities ten times higher than in Fig. 4scd.
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plasma forcesssuch as the ion and neutral drag or long-range
electrostatic forcesd is one of the future approaches for pre-
cise plasma-based nanoparticle manipulationf6,7g. This pro-
cess would include the stages of particle trapping, process-
ing, transport, and stacking into the desired nanoassembly
patterns. It is imperative to note that most of the forces on
the powder particles in the plasma scale differently withap,
which is usually directly proportional to the equilibrium
nanoparticle chargef29g.

For example, the electrostatic forceFE that repels the
negatively charged particles from similarly charged deposi-
tion surfaces scales asap, and henceFE~ uZdu. As our results
suggest, taking account of the ambipolar fluxes usually re-
sults in a reduction of the negative electric charge. Hence,
the repelling electric force could be noticeably reduced by
the ambipolar fluxes. On the other hand, the directed ion
fluxes can substantially contribute to the ion drag force
which usually moves the particles toward the electrode.
More importantly, sufficient acceleration of the particles in
the plasma bulk and/or presheath areas can enable the NP to
overcome the near-surface repulsive electrostatic potential
barrier and deposit on the growth surface during the dis-
charge runf30g. This is highly relevant to recent experiments
on the low-pressure Ar+H2+CH4 plasma-assisted low-
temperature fabrication of various carbon-based nanostruc-
turesf31–33g, where monodisperse distributions of NPs over
nanostructured carbon surfaces were frequently observed.
Extensive ongoing efforts are focused on controllable incor-
poration of the plasma-grown NPs into amorphous carbon
matrix or diversion of the NPs from ordered arrays of single-
crystalline carbon nanotip structuresf34g.

It is remarkable that the effect of the ambipolar fluxes on
the nanoparticle manipulation is twofold. First, the enhanced
directed ion fluxes reduce the absolute value of the negative
charge on the particle, which effectively lowers the near-
surface repulsive electrostatic barrier. On the other hand, the
additional ion wind drags the nanoparticles toward the sur-
face, which is yet another factor that facilitates the successful
deposition of the building units on the nanostructured sur-
face.

If the charge proportion residing on fine particles is high
enoughse.g. comparable with the charge densities of elec-
trons and ionsd, the solid particle component can notably
affect the discharge stability and performance. The accurate
account for the directed ion fluxes would enable one to cor-
rectly estimate the quantitynpuZdu and describe the dynamics
of the plasma species creation and loss, which is an essential
component of self-consistent gas discharge modeling. Fur-
thermore, the ambipolar fluxes affect the loss of the plasma
species to the solid particles, which results in readjustment of
the electron and ion sources, such as electron impact and
Penning ionization, dissociation, secondary electron emis-
sion, etc. It is thus very likely that the electron energy dis-
trubutions can be reshaped, which in turn can lead to changes
in the effective electron temperaturef35g. Above all, the am-
bipolar fields8d should be accurately included in the compu-

tation of the nonuniform electrostatic potential in the dis-
charge. Some of these effects are a subject of our ongoing
efforts and will be quantified in the near future.

The model presented is quite simple and sidesteps the
details of the species creation and loss or power balance in
the discharge. However, despite its apparent simplicity, the
model is instrumental in revealing the effect of the ambipolar
fluxes on the equilibrium nanoparticle charge and includes a
minimum set of transport and collision parameters consistent
with the accuracy of the results. For simplicity, a parallel-
plate discharge in argon was considered. However, the model
can be extended to other gases, including reactive gases such
as silanes or hydrocarbons. To this end, the extension of the
model toward other gases seems to be quite straightforward
by using different values of the ion mass and collisional
cross sections. The extension of the model toward more com-
plex situations such as gas mixtures with charge exchange
and other heavy particle collisions can be quite complicated.
In this case, the main equations of the ambipolar model will
need to be rederived to ensure the ambipolarity of the multi-
ion flux. The inclusion of specific details of the particle and
power balance and illustration of the effect of the ambipolar
fluxes on nanoparticle chargingsincluding sub-10-nm-sized
nanoclusters, nanocrystallites, and powder aggregatesd in
specific discharge situations warrant forthcoming modeling
efforts.

V. CONCLUSION

The above results indicate a possible vital role of the am-
bipolar fluxes in the charging of solid nanoparticles in
parallel-plate glow discharges featuring nonuniform distribu-
tions of the electron and ion number densities. The relative
importance of the directed ion fluxes is most pronounced
when the interelectrode spacing is small and/or working gas
pressures are low. In most cases, the directed ion velocity
appears to be of the same order of magnitude as the ion
thermal speed, which warrants the use of the general expres-
sion s10d for the microscopic ion charging currentsf21g. It is
notable that under certain conditions the ambipolar fluxes are
appreciable even in the plasma bulk and should be properly
accounted for in the modeling of various types of low-
pressure gas discharges.

We emphasize that the purpose of this work is not a com-
prehensive discharge modeling. We have aimed, from a
broader perspective, to pinpoint the importance of the ambi-
polar electric-field-driven ion fluxes in the nanoparticle
charging in low-pressure gas discharge plasmas widely used
for the synthesis and surface modification of advanced ma-
terials. The results are relevant to plasma-based nanoparticle
manipulation and modeling of low-pressure low-temperature
plasmas and should be tested in specific experimental situa-
tions.
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