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Management of nanosize powder particles via control of plasma parameters in a low-pressure SiH4

discharge for silicon microfabrication technologies is considered. The spatial profiles of electron and
positive/negative ion number densities, electron temperature, and charge of the fine particles are
obtained using a self-consistent fluid model of the electronegative plasmas in the parallel plate
reactor geometry. The model accounts for variable powder size and number density, powder-charge
distribution, local plasma nonuniformity, as well as UV photodetachment of electrons from the
nanoparticles. The relations between the equilibrium discharge state and powder properties and the
input power and neutral gas pressure are studied. Methods for controlling the electron temperature
and SiH3

2 anion~here assumed to be the powder precursor! density, and hence the powder growth
process, are proposed. It is shown that by controlling the neutral gas pressure, input power, and
powder size and density, plasma density profiles with high levels of uniformity can be achieved.
Management of powder charge distribution is also possible through control of the external
parameters. ©2003 American Institute of Physics.@DOI: 10.1063/1.1618356#

I. INTRODUCTION

Generation of particulates ranging in size from nano-
meters up to tens of microns has been observed in many
processing plasmas used in the semiconductor industry.1–4

The fine particles, or powder, can be detrimental in dry etch-
ing and deposition for manufacturing ultra-large scale inte-
grated ~ULSI! functionalities and devices. These so-called
killer particles, tend to deposit on the wafer during the pro-
cessing and can adversely affect the designed features of the
integrated circuitry.

On the other hand, for manufacturing certain electronic
materials5 the presence of fine particulates in the plasma is
desired or beneficial.6 For example, powder agglomeration
~theg regime! is often utilized in plasma enhanced chemical
vapor deposition~PECVD!,7 since the powder enhanced
plasma chemistry and lowered sheath potentials can lead to
faster deposition rates and lower defect densities.8 Process-
ing of plasma produced and trapped or externally injected
fine particles in plasmas can be useful in fabricating objects

such as coated or layered grains with specific surface struc-
ture, color, and/or fluorescent properties,1,9 or nanostructured
surfaces with the required properties.6,10–12 The integrated
process of nanoparticle creation and ordered deposition of
the processed objects is one of the most promising methods
for the synthesis of new composite materials.6 Plasma grown
nanopowder can be used to modify the structure–property
relationships, domain structure, and growth dynamics in the
integration of various epitaxial oxide and other films on
silicon-based nanostructures.13–15 The powder particles can
also affect the nucleation of ultrafine crystallites in amor-
phous silicon-based films,16 as well as the thermoelectric and
other properties of silicon-based films in silicon on insulator
~SOI! and other microfabrication technologies.17

In practical applications, it is often necessary to control,
or manage, the size, density, electrical charge, and transport
characteristics of the powder.6 For example, powder size
management is crucial in low-temperature deposition of
polymorphous and polycrystalline silicon films.10,18–20 In
particular, growth of silicon clusters and crystallites, while
avoiding their agglomeration, is often desired.10 In ULSI
manufacturing, to minimize the harmful effects of the nano-
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particles it is necessary to either suppress powder
generation21 or transport/filter the contaminant particles out
of the processing volume.22–24One can then develop process
cycles such that the substrate regions sensitive to powder
fallout are free of contaminated plasma.4 To this effect pow-
der charge management is important since the charge of the
particles determines both their confinement and their motion
to or from the processed surface.

Nanometer sized powder particles or grains are usually
generated inside the plasma from precursors, and the plasma
determines the powder properties. Therefore, powder man-
agement is possible only through control of the plasma pa-
rameters and the chemical reactions inside the reactor. The
reaction rates depend on many factors, especially the precur-
sor density and neutral gas and electron temperatures.25,26

Furthermore, nonlinear, nonlocal, and other complex plasma
effects27,28 can strongly affect powder formation. Thus, effi-
cient powder management implies appropriate control of the
plasma parameters.

The goal of efficient nanopowder management of chemi-
cally active processing plasmas has stimulated extensive
studies of the origin and growth,1,2,29,30charging, and trans-
port of fine particles~see, e.g., Refs. 31–35 and the refer-
ences therein!. However, most of the existing modeling ef-
forts on the powder-containing plasmas are limited to rather
simple cases of the absence of negative ions or spatial uni-
formity of the plasma parameters.

In this article we consider low-pressure powder-
generating silane (SiH4) plasmas often used in semiconduc-
tor manufacturing, and propose a practical model of a
parallel-plate electronegative discharge containing nanopow-
der. In the model, it is assumed that SiH3

2 is the most abun-
dant negative ion in the plasma and a major powder growth
precursor. This assumption is supported by the data of
Boufendi and Bouchoule8 suggesting that the SiH3

2 anion-
triggered clustering~via successive dissociative attachment
reactions! process

~SinH2n11!21SiH4→~Sin11H2n13!21H2

can be responsible for the initial nanoparticle growth. Other
mechanisms for clustering in silane plasmas involving
growth kinetics through neutral and charged clusters have
also been proposed.21,29,36

We demonstrate that nanopowder can be effectively
managed through control and optimization of the plasma
parameters that affect powder formation in SiH4 electrone-
gative discharges. In the proposed self-consistent fluid
model of the electronegative parallel-plate high-density
(>1010 cm23) plasma discharge, only relatively large nano-
particles~with size of about 10 nm! are considered. Thus,
quantum effects in powder formation and charging can be
ignored. To calculate the grain charge we use the conven-
tional orbit motion limited ~OML! electrostatic probe
theory.37–39

It should be pointed out that the frequently used assump-
tion of monodisperse dust charge fails for the size range of
interest here because of large charge fluctuations.40,41 In this
case the full width at half maximum~FWHM! of the grain
charge distribution function~CDF! can be comparable to the

average powder charge.37–39We also note that earlier works
on modeling of powder-containing discharges usually side-
step the intrinsic plasma nonuniformity. Furthermore, since
the powder size is relatively small, UV photodetachment
~UVPD! can strongly affect the grain charge distribution as
well as the plasma properties.37,42–44In particular, the emit-
ted photoelectron current can be so large that small grains
can become positively charged.42–45Thus, we will obtain the
CDFs taking into account the spatial variation of the plasma
parameters such as the electron temperature, electron, and
positive/negative ion densities. The effects of UVPD will
also be considered.

We investigate the effects of power absorbed by the
plasma, the neutral gas pressure, as well as photodetachment
of electrons from the grains on the plasma parameters. Con-
ditions that enable efficient electron temperature and nega-
tive ion (SiH3

2 , taken to be the powder precursor! density
control, and hence particle growth, are established. The ef-
fect of the external parameters on the CDF of the nanopar-
ticles is also studied. We show that by controlling the powder
properties one can also manage the electron temperature,
electron and positive/negative ion densities, and other dis-
charge parameters. Effective methods for controlling the uni-
formity of the positive ion density through management of
the powder properties are proposed.

This article is organized as follows. The basic assump-
tions, equations, and boundary conditions of the hydrody-
namic model are described in Sec. II. The conditions for
determining the powder CDF, as well as description of the
numerical method used in the self-consistent calculation of
the powder and discharge parameters are presented. Section
III details the effects of the powder density and size, the
external control parameters~the input power and neutral gas
pressure!, as well as UV photodetachment on the main dis-
charge parameters. In Sec. IV we summarize the main results
and discuss their potential importance, ways for improve-
ment of our model are also discussed. A summary of this
work and an outlook for future research are also presented.

II. DISCHARGE MODEL

Our study of electronegative plasmas loaded with nano-
particles consists of two parts which are coupled in a self-
consistent numerical scheme. The parts deal with the charg-
ing of particles and the self-consistent determination of the
local plasma properties, respectively. The latter include the
electron and positive/negative ion densities, and the electron
temperature.

A. Basic assumptions

For simplicity, we restrict our attention to a one-
dimensional~1D! parallel-plate discharge geometry. It is as-
sumed that the discharge is bounded atx56L/2 by metal or
dielectric surfaces and symmetrical with respect to midplane
x50. Quasistationary plasma states are considered. The elec-
tric field sustaining the plasma is uniform alongx direction.

Considering a silane SiH4 discharge we assume that the
electrons, SiH3

1 positive ions, SiH3
2 negative ions, and the

nanoparticles are the main species in the plasma. This dis-

6098 J. Appl. Phys., Vol. 94, No. 9, 1 November 2003 Denysenko et al.

Downloaded 13 Dec 2012 to 129.96.237.231. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



charge modeling is based on data from typical silane-based
discharges with the highest number densities of singly
charged SiH3

6 ions.46 The simpler~compared to that in some
other works47,48! species composition allows us to obtain
self-consistent nonuniform profiles of the discharge param-
eters and CDFs of the nanopowder in a relatively simple
manner. The effect of UVPD of electrons from the nanopo-
wder on the plasma state and charge of the powder is ac-
counted for ~see, Sec. III E!. We shall consider relatively
large~say, 10 nm! powder, so that a quantum treatment in the
calculation of the grain charge is not necessary. We shall use
the conventional orbit motion limited~OML! probe theory to
obtain the particle charge.37–39

We assume that the nanoparticles are uniformly distrib-
uted along thex axis in the center part of the discharge, and
the density drops linearly to zero at the plasma boundary
~Fig. 1!. The profile of the powder density is chosen to fit
that typically observed in the powder growth experiments.49

The dispersion of the powder size is neglected. Since the
latter have a much larger mass~a 2 nm grain contains about
1000 atoms37! than the other charged and neutral particles,
they are treated as immobile point masses. For all the
charged particles the energy distribution functions are as-
sumed to be Maxwellian. Furthermore, the ions and neutrals
are at the room temperature~300 K!.

B. Electron and ion balance equations

We will use the ambipolar fluid model for the plasma,
which is assumed to be in a quasineutral state. Thus, there is
balance of the fluxes of the positive and negative charged
particles at the grain surface

ni2ne2n21Sknd
kZd

k50, ~1!

G i5Ge1G2 , ~2!

where na and Ga are density and flux of the speciesa
5e,i , and2, corresponding to electrons, positive and nega-
tive ions, respectively,nd

k is density of the nanoparticles hav-
ing the chargeZd

k5ke ~with e the elementary charge andk

an integer!. The total dust densitynd (5Sknd
k) is assumed to

be fixed. The equation for determiningnd
k is given in Sec.

II D.
The expressions for the charged particle fluxes are50

Ge52De]xne2nemeE, ~3!

G i52Di]xni1nim iE, ~4!

G252D2]xn22n2m2E, ~5!

where Da5Ta /manan and ma5Da /Ta are the diffusion
and mobility coefficients, respectively. Here,E is the ambi-
polar electric field, andnan are the effective rates of momen-
tum transfer of the speciesa.

Taking into account plasma quasineutrality~1! and bal-
ance of the charged-particle grain currents~2!, one can elimi-
nateE andn2 in Eq. ~4! to obtain the following expressions
for the electrons and positive ions

Ge52@m ini1m2~ni2ne1Sknd
kZd

k!#Dez
21]xne

2mene~Di]xni2xD2!z21, ~6!

G i52@mene1m2~ni2ne1Sknd
kZd

k!#Diz
21]xni

2m ini~De]xne1xD2!z21, ~7!

fluxes, respectively, wherez5(m i1m2)ni1(me2m2)ne

1m2Sknd
kZd

k , andx5]x(ni2ne1Sknd
kZd

k).
The conservation equations for the electrons, positive

and negative ions are

] tne1]xGe5n ine2nattne2Skned
k nd

k , ~8!

] tni1]xG i5n ine2K recnin22Skn id
k nd

k , ~9!

] tn21]xG25nattne2K recnin22Skn2d
k nd

k , ~10!

wheren i andnatt are ionization and attachment rates, respec-
tively, K rec is positive–negative ion recombination coeffi-
cient, andnad

k is the frequency with which a plasma particle
of speciesa attaches to a powder particle of chargeZd

k . The
expression for the frequency is presented in Sec. II D.

Applying Eq. ~1!, one can eliminate the number density
of the negative ions from the positive-ion balance Eq.~9! to
obtain

] tni1]xG i5n ine2K recni~ni2ne1Sknd
kZd

k!2Skn id
k nd

k ,
~11!

which will be needed in the numerical analysis.
Power balance in the electronegative plasma is given

by51

3
2 ne] tTe1]xqe'2neJe1Sext, ~12!

whereqe'25neTe /(2menen)]xTe is the heat flux density,
and

Je5(
j

n jEj ,

is the collision integral of the electrons. Here,n j is the rate
for collisions of electrons with other particles andEj is the
energy loss in the collisions. Since the powder density is

FIG. 1. Schematic diagram of the spatial profile of the powder densitynd

used in computations. Here,x50 corresponds to the discharge midplane.
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small compared with the neutral particle density, it can be
assumed that the energy lost by electron-neutral collisions is
dominant.

The plasma electrons are heated by the rf fields, the
Joule heating termSext in Eq. ~12! is51

Sext'nenenmeuosc
2 ,

where uosc is the time-averaged oscillation velocity of the
electrons in a rf field.

Quasistationary state of the plasma corresponds to set-
ting ] t50 in all the equations. Our approach is valid for
fixed rf power absorptionPin per unit area, with

Pin5E
2L/2

L/2

Sextdx,

and for determining the electron-neutral collision rates in
Eqs. ~8!–~10! and ~12!, the dependence of the rate coeffi-
cients on the electron temperature is found using the cross
sections for SiH4 electron-neutral collisions52 and assuming
Maxwellian electron energy distribution. They are presented
in Table I.

C. Boundary conditions

The boundary conditions needed for integrating Eqs.~8!,
~11!, ~12! are now discussed. Because of the symmetry of the
discharge, the gradients of the electron temperature and
electron/ion number densities are zero atx50. Since the
plasma is ambipolar, at the slab edges (x56L/2) the elec-
tron and positive-ion fluid velocities are equal to the Bohm
speedyB5ATeni /mine.

50

The boundary conditions for the electron heat flow are51

qe~6L/2!5Te~6L/2!~21 ln Ami /me!, ~13!

3ne~6L/2!ATe~6L/2!/mi , ~14!

and since the negative ion temperature is much lower than
that of the electrons, the negative ion flux at the negatively
charged discharge walls is small compared to that of the
electrons and can thus be neglected.

D. Particle charging

It is believed that the nanoparticles are charged mainly
by collection of electrons and positive ions. Negative ions
can also attach to the nanoparticles, and together with the
electrons they bring negative charge onto the grains. How-
ever, sinceTi!Te , the negative ion flux at the grain is much
smaller than the electron flux and can thus be neglected.

We recall that in the powder size range considered
(;10 nm) quantum effects in the attachment process are un-
important. The electron and ion fluxes at the grain can be
described by the OML probe theory.37–39The rates at which
a grain with chargeZd

k5ke collects electrons and ions are
then37–39

ned,id
k 5ne,ipad

2ue,i exp~2qe,iZd
k/adee,i !,qe,iZd

k>0

ned,id
k 5ne,ipad

2ue,i~12qe,iZd
k/adee,i !,

qe,iZd
k,0 ~15!

whereue5(8Te /pme)
1/2, ee5Te , ad is the fine particle ra-

dius, qe,i57e is the electron and ion charge, respectively.
Taking into account that the drift velocity (v i5G i /ni) of the
positive ions can be equal or larger than the ion thermal
velocity, we haveui5(v i

218Ti /pmi)
1/2 ande i5miui

2/2.
The charge distribution of grains of radiusad is de-

scribed by the fractionFk of grains carrying the chargeke.
In the steady state the recursive relation for the charge dis-
tribution is37

Fk115Fkn id
k /ned

k11 , ~16!

so that starting with anyFk and taking into account the nor-
malizationSkFk51 one can find from Eq.~16! the charge
distribution of the powder particles. Thus, at powder density
nd , the concentrationnd

k of powder particles having charge
Zd

k is Fknd . Photodetachment of electrons from the grains by
UV radiation, secondary electron emission due to energetic
electrons in the sheaths of rf discharges, and detachment due
to quenching of excited atoms at the grain surface can also
affect the particle charge and plasma properties.37 The effect
of the UVPD processes on the powder and discharge param-
eters will be discussed in Sec. III E.

E. Numerical method

The set of equations describing nanoparticle-loaded elec-
tronegative plasmas given in Sec. II is highly nonlinear and
its solution requires rigorous numerical routines. Our nu-
merical code consists of two major blocks describing a two-
step solution process.

The integration begins with a guessed initial plasma
state, followed by a two-step calculation cycle. The initial

TABLE I. Dependencies of the electron~ion!-neutral collision coefficients
~in cm3/s) on electron temperatureTe ~in eV! used as input for the fluid
model.

Quantity Functionality

Electron neutral
collision coefficient
for momentum transfer

Ken51027(20.2611.67Te

20.54Te
210.09Te

320.0059Te
4)

Ionization coefficient
~threshold energyUi511.6 eV)

Ki53.0731028Te
0.68

3exp(2Ui/Te)

Coefficient for vibration
excitation with threshold
energyUv150.113 eV

Kv151028(20.6614.76Te

22.09Te
210.38Te

320.026Te
4)

Coefficient for vibration
excitation with threshold
energyUv250.271 eV

Kv251028(21.1216.15Te

23.48Te
210.97Te

320.15Te
4

10.012Te
523.8231024Te

6)

Coefficient for electronic
excitation with threshold
energyUexc58.0 eV

Kexc59.031028Te
0.5

3exp(2Uexc/Te)

Attachment coefficient Katt54.1310210Te
20.72

3exp(27.0/Te)

Positive–negative ion
recombination coefficienta

K rec52.031027

Ion-neutral collision
coefficientb

Kin5s in@v i
218Ti /pmi #

1/2,
wheres in56.0310215 cm22

aReference 26.
bReference 53.
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profiles of ni ,e , G i ,e , Te , and ^Zd& ~where ^Zd&
[Sknd

kZd
k/nd) are estimated from earlier rough analytical or

computational estimates. From the guessed powder CDF the
profiles of the electron/positive ion densities and velocities,
as well as the electron temperature, are computed from Eqs.
~8!, ~11!, and~12!. Then, using the calculated plasma param-
eters the powder CDF is calculated from Eq.~16!. The cycle
is repeated until the parameters become constant within a
prescribed tolerance.

The governing Eqs.~8!, ~11!, and~12! are solved using a
finite difference scheme based on the balanced integrointer-
polation method.54 A detailed description of the numerical
method can be found in Ref. 55. The computation is carried
out for parameters~pressure range, plasma size, input power,
and powder size and density! typical in modern ICP
reactors56,57and experiments on fine powders in silane-based
plasmas.49

III. RESULTS

The interdependence of the characteristics of the nano-
particles and the discharge plasma are of particular interest in
this section. We vary either the powder parameters~size and
density! or the discharge control parameters~input powerPin

and neutral gas pressurep0) and monitor the variations of
the nanoparticle CDF and the discharge characteristics~elec-
tron density and temperature, and positive and negative ion
densities!. The study is carried out for powders with radii of
5, 7, and 10 nm at densitiesnd5106– 2.03109 cm23. For-
mation of particles with such sizes and densities is typical for
laboratory silane plasmas. For example, in the experiment of
Boufendi and Bouchoule49 the formation of 10 nm powder
with ;23109 cm23 was observed~see Fig. 2 of Ref. 49!
about 1 s into the discharge. The powder diameter increases
gradually at this stage of the discharge, mainly from coagu-
lation of smaller nanoparticles.1,37

A. Effect of powder density

To simulate the formation of powder particles, we varied
the fine-particle density in our calculations. The study was
carried out for a plasma slab withL53 cm, gas pressure of
100 mTorr, and grain radius of 10 nm. It is assumed that the
overall powder densitynd is uniform for x<1 cm and lin-
early decreases to zero atx51.5 cm, as shown in Fig. 1.
Dependence ofni , n2 , und^Zd&u and ne at x50 on total
powder densitynd are presented in Fig. 2~a!. Positive ion
density profiles for different nanoparticle densities are shown
in Fig. 2~b!. One can see that an increase of the fine particle
density is accompanied by a drop of electron density and
increase of the ion density. The variations of the charged
particle densities can be attributed to the effect of the nano-
particles on the electron temperature and on the diffusion of
positive ions. Indeed, the electron temperature is 1.49, 1.62,
and 1.72 eV for the fine particle densities 108, 53108, and
109 cm23, respectively. The growth of the electron tempera-
ture is due to the additional loss of electrons to the powder
particles. Since the total surface of the powder particles rises
with the powder density, the number of electrons collected
by the particles also increases. The electron loss is compen-

sated by enhanced ionization through increase ofTe . Thus,
at fixed input power, the growth of the nanoparticles is ac-
companied by a drop of the electron density. With increase of
the total nanoparticle density, the absolute valueuSknd

kZd
ku

@curve 3 in Fig. 2~a!# of the ~negative! powder charge per
unit volume appearing in Eq.~1! also increases. The relative
increase (uSknd

kZd
k/ni u) with respect to the positive ion den-

sity is maximum nearx51 cm. To maintain quasineutrality
of the plasma, the positive ion density also increases in this
region, as shown in Fig. 2~b!. This increase is accompanied
by a decrease of the positive ion density gradient at the cen-
tral part (x<1 cm) of the discharge and decrease of positive
ion drift velocity @see Fig. 2~c!#. The change in the drift
velocity affects the diffusion loss of the positive ions, thus
also the absolute value of the positive ion density, which
increases weakly with the powder density@see Figs. 2~a! and
2~b!#.

FIG. 2. Positive~1! and negative~2! ion densities,und^Zd&u ~3! and 10
3ne ~4! at x50 in a 100 mTorr discharge sustained plasma slab 3 cm in
thickness at a nanoparticle radiusad510 nm and an input powerPin

50.12 W/cm2 in dependence of powder density~a!. Profiles of positive ion
density ~b! and positive ion velocity~c! at the same conditions as in Fig.
2~a!. The curves 1, 2, and 3 forni in ~b!, and solid, dashed, and dotted lines
in ~c! for v i correspond tond5108 cm23, 53108 cm23, and 109 cm23,
respectively.
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Figure 2~a! shows that the negative ion density is prac-
tically constant at low (nd<73108 cm23) powder densities,
and it drops whennd becomes higher. This nonlinear behav-
ior of n2 may be explained as follows: at low powder den-
sities the effect of the nanoparticle on the negative ions is
small, andn2 depends mainly on electron attachment. The
latter is enhanced by increase of the electron temperature,
and weakened by decrease of the electron density. Since with
increase of the powder density,Te grows andne drops, the

negative ion density is practically constant at low nanopar-
ticle densities, as can be seen in Fig. 2~a!, but with the in-
crease ofnd , the nanoparticles can strongly affect the nega-
tive ion density. Because the positive ion density changes
only slightly with powder density, and the discharge is
quasineutral@Eq. ~1!#, the growth innd is accompanied by
decrease ofn2 for nd.73108 cm23 @see Fig. 2~a!#.

As expected, the decrease of electron density with in-
crease of the powder density is accompanied by a decrease of
the average negative charge on the fine grains, as shown in
Fig. 3~a!. Therefore, the powder CDF shifts in the direction
of lower negative charge as the powder density increases, as
can be seen in Fig. 3~b!. The maximum of the CDF as well
as its FWHM are practically independent of the powder den-
sity.

B. Effect of powder size

In this section, we study the effect of the powder size
variation on the plasma and other powder parameters. This
roughly models the size growth of the nanoparticles. In Figs.
4~a!–4~c! the density profiles of the plasma species are
shown for the powder radii 5, 7, and 10 nm.

Figures 4~a! and 4~b! show that the electron density de-
creases as the powder size increases, while the positive ion
density increases slightly and its profile becomes flatter in
central region of the plasma. This behavior can be attributed
to the variation of the electron temperature and powder
charge with the powder diameter:Te is 1.53, 1.64, and 1.83
eV for powder radii of 5, 7, and 10 nm, respectively. Physi-
cally, this is because a larger powder surface area supports
higher loss of the plasma electrons that have to be reinstated
by higher rate ionization at increased electron temperature.
An increase of the electron temperature also leads to increase
of the collision integralJe in Eq. ~12!, and for constantPin it
has to be accompanied by a decrease of the electron density.

FIG. 3. Profile ofu^Zd&u ~a! and powder charge distribution functionFk at
x50.16 cm for different powder densities. The solid, dashed, and dotted
lines correspond tond5108 cm23, 53108 cm23, and 109 cm23, respec-
tively. Other conditions are the same as in Fig. 2.

FIG. 4. Profiles ofne ~a!, ni ~b!, and
und^Zd&u ~c! in a 10 cm wide plasma
slab at Pin51.2 W/cm2, p0

550 mTorr,nd523109 cm23 for the
nanoparticle radii:~1! 5 nm, ~2! 7 nm,
and ~3! 10 nm. The dashed, dotted,
and solid lines in~c! for n2 , as well
as in~d! for Fk ~at x50.52 cm) corre-
spond toad55, 7, and 10 nm, respec-
tively.
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As the grain surface area grows, the average powder
charge increases@Fig. 4~d!#. Therefore, the charge per unit
volume uSknd

kZd
ku also increases. This then leads to the in-

crease ofni and the shoulders in its profile. The reasons for
the increase are the same as that occurring when the powder
density is increased~see Sec. III A!.

For the plasma parameters considered here, the negative
ion density is practically independent of the powder size
@Fig. 4~c!#. This may be attributed to the fact that the creation
of negative ions in the discharge is by attachment of elec-
trons to neutral atoms@see Eq.~10!#, and is thus dependent
only on the electron density and temperature. Lowering the
electron density leads to lowering of the negative ion density,
and vice versa. RaisingTe will increase the production of
powder. As the powder size increases, the electron density
will be lowered and the electron temperature increased, thus
leavingn2 practically independent ofad . We note that with
the decrease of the powder radius, the powder CDF becomes
sharper and shifts towards smaller negative charge@see Fig.
4~d!#.

C. Effect of input power

Here we consider the possibility of management of pow-
der and discharge properties through input powerPin control.
We vary Pin and observe the behavior of the nanoparticles
and the discharge properties. The dependencies ofne , ni ,
n2 , and u^ndZd&u at x50 on Pin are depicted in Fig. 5~a!.
One can see that an increase of the power is accompanied by
a rise of the positive and negative ion densities, and an even
stronger rise in the electron density. WhenPin increases from
0.3 to 4.8 W/cm2, ne , ni , n2 increases from 2.6, 36.1, and
8.493109 cm23 to 7.3, 15.2, and 3.131010 cm23, respec-
tively. One can see from Fig. 5~a! that ni and n2 increase
with the input power faster at low powers. This is because
the positive ion density is higher than that in the powder-free
discharge under the same conditions, and it increases with
the powder density. Another process that affects the positive
ion density is positive–negative ion recombination. Since the
latter increases with the input power, the growth ofni will be
somewhat weaker at higher powers. This behavior occurs
only in plasmas with negative ions and charged grains.

For the parameters of Fig. 5, the electron temperature at
the discharge midplanex50 is 1.83, 1.63, and 1.6 eV for
Pin50.3, 2.4, and 4.8 W/cm2, respectively. Enhancement of
the electron temperature with power drop is in our opinion
due to additional electron loss to the nanoparticles. If powder
density is kept constant, the relative fine particle density with
respect tone increases at lower input powers. Therefore,
with power decrease the proportion of the plasma electrons
collected by the powder particles increases with respect to
that absorbed by the discharge walls. The complex plasma
then self-organizes to compensate for the additional electron
loss by increasing ionization and the electron temperature.

The positive-ion density profilesni for different power
absorbed per unit area are shown in Fig. 5~b!. Similar to the
case of powder-size increase discussed in Sec. III B, theni

profile becomes significantly flatter when the power de-
creases~nanoparticle effect increases!. Since the density of

the electrons taking part in the electron-neutral attachment
process grows with power input, the negative-ion density
also rises@curve 3 in Fig. 5~a!#. The averaged powder charge
increases with the power input@Figs. 5~a! and 5~c!#. This
may be attributed to a rise of the electron and ion fluxes at
the nanoparticles at higher powers. However, the maximum
of the powder CDF decreases slightly with power input.

D. Effect of neutral gas pressure

The effect of the neutral gas pressure on the electrons
and ions, as well as the powder CDF, are also investigated.
The profiles of the charged particle densities are shown in
Figs. 6~a!–6~c! for different neutral gas pressures in the
range from 50 to 200 mTorr. One can see in Figs. 6~a! and
6~b! that an increase of the pressure is accompanied by de-
creases in the electron and positive-ion densities. The elec-
tron temperature also decreases with the pressure~e.g.,Te at
x50 is 1.57, 1.69, and 1.83 eV for pressures of 200, 100,
and 50 mTorr, respectively!. We recall that in electropositive

FIG. 5. Electron ~1!, positive ~2!, and negative~3! ion densities, and
und^Zd&u ~4! at x50 for p05100 mTorr, nd523109 cm23, and ad

510 nm in dependence on input powerPin . Positive ion density profile~b!
andFk ~c! at x50.52 cm for the same conditions as in~a!. The curves 1–3
for ni in ~b!, and solid, dashed, and dotted lines in~c! for Fk correspond to
Pin50.3, 2.4, and 4.8 W/cm2, respectively.
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argon plasmas, pressure increase is usually accompanied by
an increase of the electron density and decrease of the elec-
tron temperature~see, e.g., Fig. 6 of Ref. 55!. We believe that
the reason for the decrease of the electron density~silane
plasma! is that here the electron collision integralJe in Eq.
~12! increases with pressure. One can show that in the pa-
rameter range of interest the main power loss is from vibra-
tional excitation of the silane molecules. Owing to the rather
low energy threshold~0.1–0.3 eV! for the process, the major
collision rates are somewhat less sensitive to the electron
temperature dependence onp0 than to the change in the den-
sity of the neutrals.

Contrary to the electron and positive ion densities, the
negative ion density increases slightly with pressure. The
growth of n2 may be attributed to the decrease in positive–
negative ion recombination as described by the term
nin2K rec in Eq. ~10! since ni decreases with the pressure.
Figure 6~d! shows that because of electron density and tem-
perature decrease, the average powder charge also decreases
with the pressure. However, the maximum of the powder
CDF increases slightly.

E. Effect of photodetachment of electrons

The nanopowder charging process can also be affected
by photodetachment of electrons due to UV photons, second-
ary electron emission due to energetic electrons in the
sheaths, and electron detachment due to quenching of excited
atoms at the powder surface. Taking into account these pro-
cesses, one can rewrite the recursive relation for the nano-
particle CDF in Eq.~16! as37

Fk115Fk~n id
k 1ng1nqu1nse!/ned

k11 , ~17!

whereng ,nqu , andnse are the charging rates due to resonant
UVPD of electrons, quenching of excited atoms, and second-
ary electron emission, respectively. In typical laboratory

electronegative plasmas with nanoparticles,49 we haveng

@nqu ,nse, as shown in Fig. 8 of Ref. 37. Therefore, we will
consider only the effect of UV photodetachment on the
charge of the nanoparticles and the plasma properties. We
vary the charging frequencyng and follow the electron tem-
perature, electron/ion densities, and powder CDF. Determi-
nation of the frequencyng is rather complicated,37 and be-
cause of a lack of information on the Si:H particles,ng is
usually estimated only qualitatively. Photodetachment of
electrons from the nanoparticles can also affect electron bal-
ance in the discharge. To take into account the effect, the
term ngnd was added to the right-hand side of the electron
balance Eq.~8!.

In the numerical evaluation, the charging ratesng

5103,105,1063ne /ne(0)s21, were considered, wherene(0)
is the electron density atx50. The termne /ne(0) in the
expression forng is to account for the spatial nonuniformity
of the excited atoms@see Eqs.~4! and ~19! of Ref. 37# and
thus the nonuniformity ofng . The rates used here are con-
sistent with the range (103– 106 s21) obtained in Ref. 37 for
the experimental conditions of Ref. 49.

The equilibrium spatial profiles of the plasma particle
densities at different photodetachment frequencies are shown
in Figs. 7~a!–7~c!. For the parameters of Fig. 7, the electron
temperature at the discharge midplanex50 is 1.83, 1.82,
and 1.72 eV forng5103,105, and 1063ne /ne(0) s21, re-
spectively. One can see that increase of photodetachment is
accompanied by decrease of the electron temperature and
average powder charge@Fig. 7~c!#. This behavior can be in-
terpreted as follows: if UVPD is increased at constant power
input Pin , electrons are removed from the nanoparticles, so
that the free electron density in the discharge increases, as
can be seen in Fig. 7~a!. Thus, the number of electrons taking
part in the ionization of the neutrals increases with UVPD, so

FIG. 6. Profiles ofne ~a!, ni ~b!, and
und^Zd&u ~c! for Pin51.2 W/cm2 and
neutral gas pressures 50 mTorr~curve
1!, 100 mTorr ~curve 2!, and 200
mTorr ~curve 3!. The solid, dotted, and
dashed lines in~c! for n2 , and in~d!
for Fk ~at x50.52 cm) correspond to
p0550, 100, and 200 mTorr, respec-
tively. The other conditions are the
same as in Fig. 5.
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that a lower electron temperature is needed to maintain the
diffusion equilibrium in the plasma.

Since with the increase of UVPD of electrons from the
nanoparticles, the growth ofng is accompanied by diminish-
ing of the averaged negative charge accumulated on the par-
ticles, as can be seen in Fig. 7~d!. Because of the charge drop
the effect of the powder particle on the positive ion profile
weakens as UVPD of electrons increases, and the positive
ion density becomes lower, especially nearx54.5, where the
effect of the nanoparticles is more essential. The density of
the negative ions remains practically independent ofng in
the parameter range of interest. Figure 7~d! also shows that
the maximum of the grain CDF decreases slightly with in-
crease of UVPD. This agrees with results reported by Kort-
shagenet al.37

IV. DISCUSSION AND CONCLUSION

In this section we will summarize our main results and
comment on their significance and possible applications.
From the results of Sec. III one can conclude that the plasma
parameters such as the electron temperature and the electron/
ion densities, can be managed by controlling the external
parameters such as the input power and neutral gas pressure.
Furthermore, the discharge properties depend strongly on the
size of the powder particles and their concentration. In par-
ticular, the electron temperature in a SiH4 discharge can be
lowered by elevating the neutral gas pressure or decreasing
the powder size or its density. In contrast to a powder-free
plasma, the electron temperature in the electronegative dis-
charge containing nanosize particles of fixed density and size
will increase when the input power decreases. This is attrib-
uted to an increase in the relative number of electrons col-
lected by powder grains compared to that deposited on the
chamber walls.

Electron temperature control is important in many pro-
cessing plasmas. In fact, the quality of PECVD-fabricated
silicon films depend strongly onTe . To obtain a high quality
film one has to keepTe low.25 Increase of the deposition rate
in PECVD is possible by raisingTe in the plasma reactor.8

To manage powder growth one also has to control theTe , by
speeding up or slowing down the growth process through
increasing or decreasingTe , respectively.

The computations also show that the SiH3
2 anion ~here

assumed to be the powder precursor! number density can be
efficiently managed. In particular, the anion density may be
increased by raising the input power@Fig. 5~a!# or the neutral
gas pressure@Fig. 6~c!#. With increase of the powder concen-
tration the density of the ions decreases@Fig. 2~a!#. For the
parameter regime of interest the nanoparticle size practically
does not affect the density of the powder precursor@Fig.
4~c!#. Control of the number density and reactivity of the
SiH3

2 powder precursors in silane plasmas1,26 should be use-
ful for reducing dust contamination in the manufacturing of
integrated circuits. By decreasing the density of the SiH3

2

anions, one can suppress the initial protoparticle nucleation
process leading to powder growth.

From the results of our study it follows that the unifor-
mity of positive ion density may also be controlled by chang-
ing the external parameters as well as the powder properties.
An increase of relative negative powder charge per unit vol-
ume with respect to positive ion density (uSknd

kZd
k/ni u) is

accompanied by a flattening of theni profile in the central
part of the discharge. The ratio (uSknd

kZd
k/ni u) maximizes

near the discharge boundary, where the ion density drops due
to ion diffusion to plasma walls. To maintain quasineutrality
of the plasma the positive ion density increases, which is
however accompanied by a decrease of the gradient ofni in
the central part of the discharge. Thus, the positive ion den-
sity profile becomes flatter at higher powder densities, as

FIG. 7. Same as in Fig. 6, but forp0

550 mTorr and UV photodetachment
rates ng5103ne /ne(0) s21 ~solid
line!, 105ne /ne(0) s21 ~dotted line!,
and 106ne /ne(0) s21 ~dashed line!.
The curves 1–3 in~c! for und^Zd&u cor-
respond to ng5103ne /ne(0) s21,
105ne /ne(0) s21, and 106ne /ne(0)
s21, respectively. The other param-
eters are the same as in Fig. 6.
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shown in Fig. 2~b!. The uniformity ofni improves with an
increase of the powder size@Fig. 4~b!# and a decrease of the
input power@Fig. 5~b!#. We emphasize that the uniformity of
the ion density is important for many plasma assisted etching
and deposition applications.50

Furthermore, one can also manage the powder CDF by
controlling the external parameters. Indeed, the magnitude of
the average powder charge can be enhanced by increasing
the input power and lowering the neutral gas pressure@Figs.
5~c! and 6~d!#. With growth of u^Zd&u, the FWHM of the
powder CDF increases. This agrees with observations~see
Ref. 40 and the references therein!, where it was found that
the averaged particle charge and its fluctuation increase to-
gether. The magnitude of the charge increases as the powder
surface area increases@Fig. 4~d!#, but it decreases with the
powder density@Fig. 3~a!#. Detailed knowledge of the pow-
der charge is important in integrated circuit manufacturing.
Raising the powder charge one can manage conditions for
levitation of the particles to prevent their harmful drop onto
the wafer.

UVPD of electrons from the nanoparticles can strongly
affect the average powder charge and the plasma properties.
Intensifying UVPD reduces the number of electrons on the
nanoparticles, and thus increases@Fig. 7~a!# ne , and de-
creasesTe and the powder charge. Because of a lack of in-
formation on the Si:H nanoparticles, the effect of UVPD has
been studied only qualitatively here. However, this process is
clearly important for accurate modeling of an electronegative
plasma with nanoparticles. Further experimental and theoret-
ical investigations of the particle properties, especially the
charging of the nano- and subnano-particles are clearly war-
ranted.

We now discuss the validity of the main assumptions
used in this study. First, the powder size and density are
external parameters~although based on experimental values!
in our discharge model. To predict their dependence on the
neutral gas pressure and temperature, and plasma volume, a
detailed study of the powder growth process29,37 is required.
For simplicity, processes in the plasma sheaths as well as the
powder dynamics have not been considered. Accounting for
these complex processes could somewhat improve our model
of the electronegative discharge.

In this study, the charged nanoparticles were treated as
immobile point masses with the invariable number density.
We have also assumed that the discharge is steady and that
the powder size is fixed, which is often not the case in real
chemically active plasmas.1 In reality, the variously charged
dusts are generated in silane discharges as a result of com-
plex chemical reactions of anions or radicals with SiH4 mol-
ecules and lost to the pumping and diffusion processes. In
most powder-generating discharges the nanoparticle loss pro-
cess is somewhat slower than the generation one and the dust
size and number density increase in time.49,58 In this sense
the dust-contaminated discharges are nonstationary and the
growing dusts dynamically affect the number densities of the
plasma electrons and ions. However, the characteristic time
scales for the nanoparticle size and density variationstNP are
much longer than those for the electron/ion losses due to the
recombination and diffusion. For example, only a minor

(;1%) variation of the fine particle density over the time
scales tNP;10 ms was reported for typical silane
discharges.49 Therefore, the process of powder growth in the
silane plasma may be treated as quasistationary in the model.

The characteristic time of the powder diffusion in a par-
allel plate discharge geometry can be estimated59 by tD

5L2/Ddp2, whereDd'14 ad
22p0

21 cm2 s21 is the nanopar-
ticle diffusion coefficient,ad is in nm, andp0 in Torr. Ap-
parently, tD greatly exceeds the ion diffusion time in the
electronegative plasmas50 t i5L2/Dip

2, where Di

52Ti /min in . For the typical conditions of our simulations
t i'531024 s. Therefore, the time scales for the dust size
variation and motion/diffusion are much longer as compared
with the corresponding time scales of the establishment of
the discharge equilibrium state controlled by much faster
electron/ion creation and loss processes. Hence, the electrons
and ions dynamically reach the equilibrium at any slowly
variable powder size and density, which justifies the assump-
tion of the overall charge neutrality in Eq.~1!.

It is also notable that the focus of this article is on the
various processes in the ionized gas phase involving nano-
sized particles. The balance/conversion of the neutral species
was not included in the model and SiH4 was assumed a sole
neutral species in the discharge. Despite the abundance of
various neutral radicals in real silane-based discharges, our
model remains accurate when the silane gas conversion into
radical and ionic products is inefficient. This situation is
quite typical for many thin film deposition processes in un-
diluted silane disharges.7 The specifics of the neutral species
can nevertheless affect the collision and creation/sink rates of
the plasma species. However, inclusion of monomer radicals
~e.g., SiH, SiH2 , and SiH3) would only marginally affect the
results of our computations due to low number densities of
the radicals and small mass and cross-section difference with
the SiH4 molecules. Furthermore, the positive SiH3

1 and
negative SiH3

2 ions of our model are predominantly gener-
ated as a result of the electron impact processes involving
SiH4 .

We now discuss the situations when incorporation of the
neutral radicals in the model is crucial. For example, neutral
radicals, such as SiH3 , are the key species in the deposition
of a-Si, hydrogenated silica and other silicon-based fims in
low-pressure discharges in pure SiH4 .60–62 Besides, highly
reactive neutral radicals such as SiH2 , can efficiently support
the gas-phase nanopowder nucleation and growth processes
in dense argon-diluted silane plasmas.29 However, the detail
modeling of these processes is outside the scope of this ar-
ticle.

Here, we have used the OML model for the charging of
relatively large (;10 nm) nanoparticles. We note, however,
that the OML theory is not applicable for particles a few
nanometers in size.1,29 In this range the electron collection
rate depends not only on the size, but also on the electronic
surface structure of the nanograin. For example, Fridman
et al.26 found that vibrational excitation can play an impor-
tant role in the electron-powder attachment process. In such
cases, a quantum treatment is required.1

On the other hand, our model of the complex electrone-
gative SiH4 discharge plasma containing nanopowder ac-
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counts for the major physical effects such as plasma particle
sources and sinks in the system. We note that existing
models26,37 considered averaged plasma parameters, and we
investigated self-consistently the cross-sectional profiles of
the governing quantities. The model can be straightforwardly
extended to other reactive plasmas containing charged pow-
der, such as the hydrocarbon-3 and fluorocarbon-based63

powder generating systems.
In summary, we have studied the role of the plasma pa-

rameters in the management of nanosize powder particles in
a low-pressure parallel-plate silane discharge. The spatial
profiles of the electron and positive/negative ion densities,
electron temperature, and powder CDFs have been computed
for various external and plasma parameters using a self-
consistent fluid model. It is shown that the input power,
working gas pressure, powder size, and density strongly af-
fect the electron temperature, electron/ion density, and spa-
tial uniformity of the positive ion density. We have shown
that one can optimize the parameters to minimize the gen-
eration of the negative ion precursors of the fine powder and
the required electron temperature. It is also demonstrated that
in the presence of the nanoparticles positive ion density pro-
files with high uniformity can be obtained by controlling the
neutral gas pressure, input power, powder size, and its den-
sity. Furthermore, powder CDFs can also be managed
through control of the external discharge parameters.
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