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Abstract

Low-pressure nonthermal flowing plasmas are widely used for the gas-phase synthesis of
nanoparticles and quantum dots of materials that are difficult or impractical to synthesize using
other techniques. To date, the impact of temporary electrostatic particle trapping in these
plasmas has not been recognized, a process that may be leveraged to control particle properties.
Here, we present experimental and computational evidence that, during their growth in the
plasma, sub-10 nm silicon particles become temporarily confined in an electrostatic trap in
radio-frequency excited plasmas until they grow to a size at which the increasing drag force
imparted by the flowing gas entrains the particles, carrying them out of the trap. We demonstrate
that this trapping enables the size filtering of the synthesized particles, leading to highly
monodisperse particle sizes, as well as the electrostatic focusing of the particles onto the reactor
centerline. Understanding of the mechanisms and utilization of such particle trapping will
enable the design of plasma processes with improved size control and the ability to grow
heterostructured nanoparticles.
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1. Introduction

The term dusty plasma refers to a weakly ionized gas con-
taining solid particulates [1, 2]. Over the past two decades,
nonthermal dusty plasmas in low pressure flowing systems
have become critically important sources for the synthesis
of nanoparticles and quantum dots [3-8]. In these plasmas,
energetic plasma electrons decompose molecular gaseous pre-
cursors, producing radicals, which lead to the nucleation and
growth of nanoparticles. Based on the extreme nonequilib-
rium in these plasmas, with the temperature of electrons
(several eV) exceeding the temperature of the gas atoms and
plasma ions (near ambient) by about two orders of magnitude,
dusty plasmas offer the ability to synthesize crystalline nano-
particles even of high melting point, including covalently bon-
ded materials. This capability is due to the selective heating of
nanoparticles to temperatures far above the gas temperature [8]
which enables the synthesis of nanocrystals that are commonly
inaccessible to liquid phase synthesis [9—11]. Once the nano-
particles growing in the plasma reach a certain minimum size,
they acquire a negative charge based on the higher mobility of
free plasma electrons compared to that of plasma ions which
suppresses agglomeration of larger nanoparticles as a result of
the resulting Coulombic repulsion [12, 13]. This mechanism
is widely credited with the ability of plasmas to produce nano-
particles with much more monodisperse size distributions than
other gas-phase approaches [8].

Dust particles immersed in plasmas are subject to a variety
of forces, including electrostatic, gas and ion drag, thermo-
phoresis, Brownian motion, and gravity [14-22]. The relative
magnitude of each force depends on the size of the particle
and the plasma conditions. The plasmas of interest here are
produced by application of radio frequency (RF) voltages,
typically sustained in cylindrical reactors of up to a few cm
in diameter and 10-15 cm length, operating at pressures of
a few Torr with nominal power deposition of up to about
50 W. The electrostatic force originates from the negative
charge acquired by dust grains and the electric fields in the
plasma. These electric fields are either ambipolar in nature,
self-generated to confine the highly mobile electrons in a way
that the plasma bulk is charged slightly positively compared
to the surrounding reactor walls, or due to applied voltages,
which for the plasmas of interest produce moderate electric
fields of only a few V cm™! in the bulk plasma and hundreds
of V. cm™! in the bounding sheaths. In dusty plasmas con-
taining micron-sized particles, particles can carry many thou-
sands of elementary charges and electrostatic forces produced
by the RF sheaths at the plasma boundary can be strong enough
to balance the gravitational and ion drag forces, leading to
particle levitation and trapping close to the plasma boundary
sheath [2, 23]. In semiconductor processing, this trapping of
particles was recognized as a problem as early as the 1990s
[24], as dust particles that form during plasma processing
can accumulate in these electrostatic particle traps and then
drop onto the wafer being processed after the plasma is turned
off.

Plasma reactors used for nanoparticle synthesis are fun-
damentally different from reactors used in semiconductor

processing and those typically used to study the fundamental
properties of dusty plasmas which are parallel plate, capacit-
ively coupled systems [3, 4,25, 26]. As noted above and shown
schematically in figure 1(a), the plasmas typically used for
nanoparticle synthesis are based on tubular laminar flow react-
ors, in which a plasma is excited either by capacitive or induct-
ive coupling of RF power. Gas flow rates are commonly large
so that the gas residence time in the reactor is on the order of
milliseconds in order to limit particle growth to the nanometer
size range.

For nanometer-sized particles, gravity does not play a sig-
nificant role. Trapping, if it were to occur, would be the result
of the balance between the electrostatic force and opposing
forces such as the drag of the flowing neutral gas, the ion drag,
and the thermophoretic force [14, 27]. In this context, trapping
refers to nanoparticles which are temporarily quasi-stationary
within the reactor and which continue to grow by reactions
with radicals while in the trap. Particles are, indeed, collected
as they flow out of the reactor so any trapping would be tem-
porary or dynamic. However, to date, the likelihood and lever-
aging of particle trapping in the synthesis of nanoparticles with
diameters of less than tens of nm has not been either realized
or acknowledged. This lack of acknowledgement has resulted
mainly from two reasons:

o The high concentration of nanoparticles during particle nuc-
leation: during the initial nanoparticle nucleation event, the
concentration of nanoparticles of less than a few nm in dia-
meter commonly can exceed that of positive ions and plasma
electrons by more than an order of magnitude [13]. These
conditions imply that the average charge of nanoparticles
in a plasma is less than one elementary charge. While the
nanoparticle charge fluctuates stochastically due to the ran-
dom collection of electrons and ions [12], nanoparticles are
neutral for a significant fraction of time while in the plasma.
(Large particles with sizes exceeding many tens of nm will
be permanently negatively charged.) With particles of a few
nm being neutral for long periods of time, they would pre-
sumedly not be subject to electrostatic trapping while still
being subject to neutral drag and thermophoretic forces.

e In many studies, it has been found that the average nan-
oparticle size correlates nearly linearly with the residence
time of particles in the plasma (and inversely with the gas
flow velocity) [28]. These observations have been inter-
preted to mean that particles, while growing, travel through
the reactor with the gas flow akin to a plug flow reactor and
that the particle position in the reactor varies with time in a
linear fashion. These processes are schematically shown in
figures 1(b) and (c).

There have been limited reports of nanoparticle trapping
during plasma synthesis. Nanoparticle trapping was observed
in a laminar flow reactor with small gas flow speeds through
the tube geared towards synthesizing large nanocrystals of
several tens of nanometers in diameter [29]. This observa-
tion, a priori, was not inconsistent with the above reasoning
because such large nanoparticles carry several tens of element-
ary charges and, in spite of stochastic charge fluctuations, are
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Figure 1. Overview of two scenarios of particle growth in nonthermal plasmas without and with particle trapping. (a) Schematic of laminar
flow plasma reactor for nanoparticle synthesis. (b)—(e) Scenario without particle trapping and (f)—(i) with particle trapping. In the untrapped
scenario (b)—(e) the particles flow through the reactor at a constant velocity as they continue to grow by reactions with radicals. Under the
assumption of negligible radial losses to the reactor walls, the particle mass density, defined as the mass density of particles and unreacted
precursor, is therefore constant along the reactor. When the plasma is extinguished, particle mass leaves the reactor at a constant rate until
one transit time after the plasma turn-off. In the trapped scenario (f)—(i), the particles become temporarily trapped while continuing to grow,
leading to a locally enhanced mass density in the trapping zone. When the plasma is turned off, removing the trap, this larger mass density is
released and will appear as a peak in the rate of particle mass leaving the reactor.

likely negative all of the time. Furthermore, the gas drag that
acts to remove particles from the electrostatic traps was small
due to the low flow speeds. A recent simulation study was the
first to point to the possibility of trapping even of particles
even in the sub-10 nm regime [30]. While these simulations did
not model the high particle concentrations that are present in
actual synthesis reactors, they clearly indicated that even small
particles that are electrically neutral for a fraction of their time
in the plasma can experience trapping.

The present study provides the first experimental evid-
ence, with computational verification, of the trapping of sub-
10 nm particles during particle synthesis and introduces a new
paradigm of utilizing trapping in nonthermal plasma synthesis
for the size filtering of nanoparticles. The demonstration sys-
tem is the growth of Si nanoparticles using Ar/SiHy gas mix-
tures in RF sustained plasmas at pressures of 1.1-6.5 Torr
and powers of 5-20 W. Trapping was independently observed
in multiple different reactor set-ups by two different research
groups using different experimental techniques to analyze the
presence of trapped particles. Experimental results were inter-
preted based on parametric Monte Carlo simulations and veri-
fied with full scale plasma reactor simulations.

2. Experimental approach and reactors

In situ detection of trapped sub-10 nm particles poses great
difficulties. For larger particles, visible laser light scattering
(LLS) is widely used [2, 23]. However, the scattered intensity
for LLS rapidly becomes untenably small as the particle size

is reduced. In particular, the Rayleigh scattering cross section
scales with the sixth power of the particle diameter [31]. To
overcome this unfavorable scaling, the only in situ detection
method that we know of and that provides good sensitivity for
particles smaller than 10 nm, is a destructive method—Ilaser
induced particle explosive evaporation (LIPEE) [32]. In this
method, the diagnostic is not elastically scattered laser light,
but rather the thermal glow from particles that are suddenly
heated and evaporated by a pulsed laser. This LIPEE method
has not been widely used in the dusty plasma literature since
it was reported in 1994. This lack of use is perhaps due to the
equipment that is required, which includes a powerful pulsed
ultraviolet laser along with sensitive high-speed optical detec-
tion. For these reasons, our approach relies not on in situ detec-
tion of the particles, but instead on ex sifu measurements.
Our experimental approach is based on the scheme detailed
in figure 1 utilizing a time-resolved measurement of the
particle mass at the exit of the reactor. For simplicity, we neg-
lect in this figure the influence of radial losses of particles and
chemical precursors, which occurs in an actual reactor, but will
not significantly affect the argument that we present. If particle
trapping during synthesis does not occur, the currently pre-
dominant view, particles move through the reactor with time
in a linear fashion following the gas flow (figures 1(b) and
(c)) while growing by reactions with the locally available pre-
cursor radicals. When radial losses are neglected, the particle
mass density, defined by the mass density of the forming nano-
particles and that of the unreacted precursor, is constant along
the reactor (figure 1(d)). Towards the exit of the reactor, the
majority of the mass that has been transformed into particles
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Figure 2. Schematics of two of the three plasma reactors used to investigate particle trapping. (a) Schematic of the UMNI1 plasma synthesis
reactor used to deposit silicon nanocrystals on a moving substrate. The deposited particle mass is analyzed by studying the optical
absorbance of the particles on the substrate. (b) Schematic of the WUSTL plasma synthesis reactor. In this reactor, particle mass leaving the

reactor is directly measured using a QCM.

can be collected and their mass measured. If the plasma is
turned off, particle formation ceases and the collection of
particles ceases after one gas transit time through the reactor
following the moment of plasma turn-off (figure 1(e)).
Particle trapping significantly changes this picture. If nan-
oparticles are temporarily trapped, their motion through the
plasma reactor is no longer linear in time (figures 1(f) and
(g)). Particles are temporarily confined in a trapping zone but
continue to grow due to the presence of the radical precurs-
ors. The electrostatic trapping force is roughly proportional to
the particle diameter. However, in the Knudsen number range
of relevance to low pressure plasmas, the gas drag force is
proportional to the square of the particle diameter [33]. As a
result, particles will be forced from the trap once they reach
a critical size when drag by the gas flow dominates. How-
ever, since particles are temporarily stopped in their motion
through the reactor, the particle mass density within the trap-
ping zone exceeds that of the particles outside the trapping
region (figure 1(h)). If the plasma is turned off and the particle
mass at the reactor exit is measured, the trapped particles will

appear as a peak in the particle mass leaving the reactor after
the plasma is turned off (figure 1(i)).

To evaluate these two scenarios, three different plasma
reactors were designed using different experimental meth-
odologies to measure the particle mass leaving the reactor
over time. The reactors are shown schematically in figure 2.
The first reactor was resident at the University of Minnesota
(UMNI1). The plasma was generated by applying capacitively
coupled RF power (frequency 13.56 MHz) to the quartz tubu-
lar reactor with 2.5 cm external diameter (2.2 cm internal dia-
meter) and 20 cm length. The power was applied with a pair
of ring electrodes 1 cm wide and separated by 2 cm at their
centers. The operating conditions for the base case are an RF
power of 20 W, flow rate of Ar/He/SiH4 = 30/4.75/0.25 sccm
and gas pressure of 1.1 Torr.

The nanoparticle cloud resulting from plasma synthesis
was sent through a slit-shaped nozzle (0.5 mm x 12 mm) at
the reactor exit and focused into a curtain-shaped beam of
nanoparticles. These particles were deposited on a glass or
silicon substrate that was translated through the nanoparticle
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beam at a constant velocity by a linear direct current (DC) ser-
vomotor.

The deposited particle mass was evaluated by measuring
optical absorption of the particles deposited on a transparent
glass substrate moving at a constant speed of 5 mm s~'. The
plasma was turned off during the substrate translation to col-
lect both particles leaving the reactor in steady state operation
and trapped particles. The substrate with deposited silicon nan-
oparticles was then placed on one exit port of a Labsphere
10 cm integrating sphere, illuminated with a light emitting
diode (LED) emitting at 390 nm, and imaged using a digital
camera (NIKON D7100). Raw files were converted to 16-bit
TIFF format and the transmitted light intensity was measured
as line intensity plots in ImagelJ, using a bare glass substrate

as a baseline. Absorbance was obtained as A = —log (1;/Iy),
where I, is the transmitted light intensity and /j is the incident
light intensity.

The delay time of the arrival of the trapped particles at
the substrate after turning off the plasma was measured by
a 240 frames-per-second camera (iPhone 12, Slo-mo mode).
Accuracy of the arrival time was estimated as 41 frame
(1/240 s). The axial trapping position was determined by mul-
tiplying the arrival time by the gas flow velocity, which was
determined by fitting particle arrival times versus the different
axial positions of the electrode pair.

A second reactor similar in design to UMNI, also res-
ident at the University of Minnesota was used to evaluate
the consequences of particle growth on precursor density and
deposition on the walls of the reactor. This reactor, UMN2,
was a quartz tubular reactor having two diameters. The power
was applied to the narrower portion of the tube, 0.7 cm
internal diameter. The tube expanded downstream to 2.2 cm
internal diameter. The plasma conditions were a gas pressure
of 0.8-0.9 Torr and gas mixture of Ar/He/SiH4 that was var-
ied from 30/6.65/0.35 sccm to 30/13.3/0.7 sccm. RF power of
50 W was applied to a pair of 1 cm wide electrodes, separated
by 2 cm center-to-center, that was located 2 cm upstream of
the tube expansion.

The third reactor was resident at Washington University
in St Louis (WUSTL). Similar to the UMNI1 reactor, the
plasma was generated by applying capacitively coupled RF
power (frequency 13.56 MHz) to the quartz tubular reactor
with 3.2 cm internal diameter. The power was applied with
a pair of aluminum ring electrodes 1.4 cm wide and sep-
arated by 2.65 cm at their centers. The operating condi-
tions for the base case are an RF power of 5 W, flow rate
of Ar/He/SiH4 = 51/0.991/0.009 sccm and gas pressure of
6.5 Torr. Following the reactor, 2.7% of the total flow was
diverted to a quartz crystal microbalance (QCM) impactor. A
150 pm orifice was used to impact synthesized particles onto
the quartz crystal. The mass loading on the quartz crystal was
determined using the Sauerbrey equation [34]:

am= - (), 1)

where Am is the change in the mass loading of the quartz crys-
tal, Af is the change in the quartz crystal resonance frequency,

A is the effective crystal area (6.5 mm), pq is the density of the
quartz crystal (2.65 g cm™3), Hq is the shear modulus of the
quartz crystal (2.95 x 10'! g cm~! s72), and f, is the reson-
ant frequency of the fundamental mode of the quartz crystal
(6 MHz).

Transmission electron microscope (TEM) imaging of the
collected particles was performed using an FEI Talos F200x
operating at an accelerating voltage of 200 kV as well
as an FEI Tecnai T12 operating at 120 kV. To determine
particle size distributions, nanoparticles were deposited dir-
ectly onto thin holey carbon coated Cu TEM grids trans-
lated under the curtain-shaped particle beam in reactor UMNI.
The diameters of 300 particles were then measured with
Imagel] and their size distribution fit to a log-normal size
distribution.

3. Observations of nanoparticle trapping

Silicon nanoparticles deposited on a silicon substrate trans-
lated with constant velocity under the exit nozzle of the UMN1
reactor are shown in figure 3(a). Initially, the particle depos-
ition is essentially uniform (except for some nonuniformities
caused by the not entirely constant speed of the motor drive).
After turning off the plasma and emptying of the electrostatic
trap, the deposition of a significantly larger amount of particles
was observed corresponding to the arrival of trapped particles,
consistent with the scenario described in figures 1(f)—(i). After
the arrival of the trapped particles, the deposition of addi-
tional particles was observed corresponding to particles that
were upstream of the trapping zone when the plasma was
turned off. The curvature of the deposition in vertical dir-
ection is assumed to be caused by the laminar flow in the
reactor with there being little slip at the surface of the tube.
These conditions result in the gas close to the reactor wall to
have a lower flow speed than at the center of the tube. The
amount of mass corresponding to the trapped particles is about
five times that of the particles leaving the reactor in steady
state, shown in figure 3(b). The experiment was repeated for
three different axial positions of the electrodes that would in
turn determine the location of the electrostatic trap. From the
delay of the arrival of the trapped particles with respect to the
moment of plasma turn-off, the gas flow velocity was determ-
ined which then enabled the computation of the axial posi-
tion of the trapped particles. As shown in figure 3(c), the trap-
ping zone is located about 1.6 cm below the powered top
electrode.

Results from the WUSTL plasma reactor, which was oper-
ated at significantly higher pressure than the UMNI reactor,
are shown in figures 3(d) and (e). In this reactor, the arrival
of particles after leaving the reactor was significantly delayed
due to the low flow rate in the gas lines leading to the QCM.
A significant increase in the deposited mass after plasma turn-
off, indicative of the arrival of trapped particles, is shown in
figure 3(c). The mass deposition rate after the plasma was
turned off was almost two orders of magnitude larger than
the deposition rate during the steady-state plasma on phase,
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Figure 3. Experimental results demonstrating particle trapping in the synthesis of sub-10 nm silicon particles. (a)—(c) Results from the
UMNI reactor. (a) Photograph of particles deposited on a silicon substrate (to enable better photographic imaging) moving at constant
speed below the reactor exit showing the deposition peak associated with trapped particles. (b) Absorbance of 390 nm light by silicon
nanoparticles on the translated glass substrate. (c) Position of trapped particles derived from arrival time of particles after plasma turn-off for
three different electrode positions. (d), (¢) Results from WUSTL plasma reactor. (d) Particle mass deposited on a QCM over time and

(e) particle mass deposition rate.

as shown in figure 3(e). This result suggests that the particle
mass density in the particle trap is about a factor of 100 times
larger than that outside of the trap. These results demonstrate
that plasma parameters such as pressure and flow rates can be
used to control the amount of particle mass that is trapped com-
pared to that leaving in steady state.

It is also instructive to consider the deposition of a sil-
icon film on the reactor walls, which occurs in actual react-
ors as an unwanted loss process of radicals, but was neg-
lected in our simplified argument illustrated in figure 1. The
silicon film deposition in a third plasma reactor, similar in
design to the UMNI reactor, which is typically used for the
synthesis of sub-5 nm silicon particles, is shown in figure 4.
For the higher flow rates associated with silicon nanocrys-
tal formation (Ar/He/SiH4 = 50/13.7/0.7 sccm), the depos-
ition of a silicon film on the reactor walls is limited to the
region upstream of the electrodes. If the silane precursor flow
rate is lowered to a level that particle nucleation does not
occur (Ar/He/SiHy = 50/6.65/0.35 sccm), and no particles
are collected, the silicon film deposition is observed both
upstream and downstream of the RF electrodes. These obser-
vations are consistent with the hypothesis that nanoparticles
are trapped close to the RF electrodes at the higher silane
flow rate. The trapped particles likely act as a sink for the
silane precursor that leads to an almost complete precursor
consumption in the region upstream and up to the RF elec-
trodes. In the case of the lower silane flow, no particles
form and the strong precursor sink around the electrodes is
removed, leading to silicon deposition also downstream of the
electrodes.

4. Evidence of size filtering

The sole observation of particle trapping during nonthermal
plasma synthesis may be viewed as an interesting outcome of
the plasma dynamics. However, its importance is significantly
deeper because particle trapping acts as an inherent size fil-
ter in the plasma synthesis as particles need to reach a cer-
tain critical size before they can escape the particle trap. This
concept is demonstrated in figure 5(a) which shows a TEM
image of particles that are leaving the reactor in steady state
operation. These are the particles that were trapped and grew
to a size so that the gas drag overcame the electrostatic trap-
ping force and liberated the particles from the trap. More than
300 particles were counted and their size distribution fit with
a log-normal distribution with a mean size of 7.4 nm and a
geometric standard deviation of 1.17. This geometric stand-
ard deviation is typical for nonthermal plasma synthesis but
significantly smaller than those achieved in other gas-phase
syntheses where nanoparticles are neutral and not prevented
from agglomerating [35, 36]. Particles shown in figure 5(b)
were collected after the plasma turn-off and are represent-
ative of the trapped particle deposit shown in figure 3(a).
These particles exhibit a significant population of smaller
particles that is not present in the particles that are collected
in steady state. Accordingly, the log-normal size distribution
of trapped particles has a mean size of 6 nm and a geomet-
ric standard deviation of 1.39. To our knowledge, this is the
first demonstration of trapping acting as a size filter during
the nonthermal plasma synthesis of sub-10 nm particles.
Understanding this aspect may open new routes to designing



J. Phys. D: Appl. Phys. 55 (2022) 235202 Z Xiong et al

a

Figure 4. Images of the UMN2 reactor used for silicon quantum dot synthesis. The electrode pair was located 2 cm to the left of the tube
expansion. (a) Photograph of a plasma reactor run with a silane flow rate (Ar/He/SiH4 = 50/13.3/0.7 sccm) that leads to the formation and
collection of ~3 nm Si quantum dots. Note that deposition of a parasitic silicon film is only observed upstream (left) of the electrodes but
not downstream (right) of the electrodes. This observation is consistent with the assumption that trapped particles around the electrode
position act as sink of silicon precursor, preventing silicon film deposition downstream of the electrodes. (b) Photograph of the same plasma
reactor operated at lower silane flow rate (0.35 sccm) so that particle nucleation and collection is avoided. Note that film deposition now also
occurs downstream of the electrodes, suggesting that the precursor sink due to trapped particles is removed, because the precursor density is
too low for particle nucleation.
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Figure 5. Particle trapping acting as a size filter in the nanoparticle synthesis with nonthermal plasmas. Transmission electron micrographs
of silicon nanocrystals and associated size distributions (insets). (a) Particles that exit the plasma reactor in steady state and (b) particles that
are representative of those collected from the trapping region after plasma turn-off.
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plasma processes with even better size and composition
control.

5. Parametric Monte Carlo simulation of particle
trapping

Particle charge and particle trajectories were simulated
with a one-dimensional Monte Carlo code implemented
in MATLAB, shown schematically in the supplementary
information figure S1 (available online at stacks.iop.org/
JPhysD/55/235202/mmedia). In this simulation, pseudo-
particles of a specified diameter are initiated at the entrance
to the plasma reactor. Their size is kept constant during the
simulation. The simulation is based on the assumption that
the plasma is quasi-neutral. Due to the large concentration
of nanoparticles in the physical system, the vast majority of
electrons resides on the particles. However, in our simulation,
a single nanoparticle is simulated at a time; hence, the effect
of the electron attachment to nanoparticles is parametrically
represented by an electronegativity n;/n,, with n; the positive
ion density and n, the free electron density. In nanoparticle-
forming argon-silane plasmas it has been observed that n;
often exceeds n, by about two orders of magnitude, and that
the density of negative ions is on the same order as n, [37],
because negative ions are consumed in particle nucleation.
Hence, the charging of nanoparticles is described by the col-
lection of electrons and positive ions, while negative ions are
neglected.

The nanoparticle trajectories are integrated in time account-
ing for the gas drag force and electrostatic force until particles
leave the reactor. Hence, an important input for this simula-
tion is the time-averaged axial electric field profile, as the nan-
oparticles are too massive to follow the instantaneous RF elec-
tric field. An approximate electric field profile was derived by
performing Comsol simulations for a pure argon plasma, as
shown in the supplementary information figure S2. The time
averaged electric field derived from these simulations, figure
S2(d), was approximated by the simplified profiles in figure
S2(e).

The simulation ran cyclically with a time step Af of 100 ns.
Atevery time step, a new position and charge for a particle was
calculated. The initial particle had no charge and had a position
of 10 cm from the outlet. Orbital motion limited theory [38]
was then used to calculate collision frequencies of the particle
with ions and electrons [39]:

kBTgl' 1 qe iq)k
i — ()557’ /2 - 5 ei(I) >07
Ve,i =1, (27Tme,i) exp< koTo: qe,i®r >
kT, 1/2 Ge,iPx
=N, IS P 1 - 3 e l¢ < O?
ne, (Zﬂm&i) koTos e,iPr
(2

where S :47rR§ is the particle surface area, n,;, m.; and
T,; are density, mass and temperature of electrons and
ions, respectively. Here g.; represents Fe (with e the ele-
mentary charge) for electrons and ions, respectively; kg is
the Boltzmann constant, and &y =Z,/4meoR,, is the surface

potential of a particle with radius R, which carries a charge
Zy = ke (with k an integer), with £y the vacuum dielectric con-
stant. The probabilities of a particle colliding with an electron
or and ion are P, ; = Atv, ;. A specific event (collision with
an ion or an electron) was chosen according to random Monte
Carlo sampling.

The electrostatic force acting on a particle is I?E = EZ4,
where E is the electric field. The gas drag force in the free
molecular regime is Fpy = (Va = Vy) % paCeas1.36TR,> [40],
where v_g>, v_p) are velocities of the gas and the particle, respect-

ively, p, is the gas density and Cgys = $7: s the average

Ty
g

speed of gas molecules, with T, the gas temperature and m,
the mass of gas molecules.

The Stormer—Verlet method [41] was applied to determine
the particle trajectory. Given an initial position 7 and velocity
V1, the particle position is advanced by a timestep Af to a new
position 7, using:

- =
(Fe + )

1 2
e CURINC)

=71+ (A +

where m;, is the particle mass. Subsequent particle positions
are found from:

.
FE+FD)

Zn+l = Zzn - Zn—l + < (At)z- (4)

myp
The particle velocity at each time step is evaluated as:

- Zn-H - Zn
Vn+1 = T (5)

A single Monte Carlo simulation was run for 5 x 10°
timesteps.

Results of the model are shown in figure 6. With the excep-
tion of the results shown in figure 6(f), simulations were per-
formed for a typical positive ion density n; of 5 x 10'' cm™3
and a free electron density 7, of 5 x 10° cm ™3 resulting in an
electronegativity n;/n, = 100. This degree of electronegativ-
ity is consistent with previous work on dusty plasmas forming
silicon particles [42, 43]. Plasma electrons can dissociatively
attach to silane or directly attach to radicals to form negat-
ive SiH, ~ ions and attach to the nanoparticles, whose density
can exceed the positive ion density. The fraction of time that
nanoparticles of three different sizes are in a certain charge
state is shown in figure 6(a). Particles with a diameter of 1 nm
are neutral or positively charged 78% of the time, while larger
5 nm particles are neutral 31% of the time. As a result of the
long times that particles are neutral, one might conclude that
small nanoparticles may not be trapped in the plasma.

The typical charging times are compared with the gas
transit time through trapping region in figure 6(b), defined by
the pink shaded region in figure 6(c) with a length of about
1 cm. In this region, the electrostatic force opposes the gas
drag force and increases up to a maximum at z = 4 cm. Particle
charging is so fast that neutral particles are likely to become
negatively charged again before they are convected out of the
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Figure 6. Parametric Monte Carlo model results of particle trapping. All results except (f) are for a positive ion density n; of 5 x 10'! cm™

3

and a free electron density n, of 5 x 10° cm™3. (a) Fraction of time that particles are found in a certain charge state for three different
particle sizes. (b) Comparison of the typical charging times with the time scale of the gas flow through the trapping zone. (c) Electrostatic
potential profile and electric fields. (d) Axial position of particles at three different diameters as function of time. The insert shows the
particle trajectory and its correlation with the fluctuating particle charge for a 1 nm particle. (e) Influence of the gas flow velocity on the
critical size for particle trapping. (f) Influence of plasma electronegativity on the critical size for particle trapping.

trapping zone. As a result, particles remain trapped, even if
they are charged negatively only for a fraction of the time.

The trapping of particles in spite of their transient neut-
ral states is demonstrated by the results in figure 6(d), which
shows the axial locations of 1, 3 and 5 nm particles with time
for a gas flow velocity of 100 cm s~'. The smallest 1 nm
particles enter the trapping zone and their position fluctuates
in the axial direction as the particle charge changes. This is
shown in the inset in figure 6(d), where particles follow the
gas flow when they are neutral, but are drawn upstream again
when they acquire a negative charge. For these conditions,
1 nm particles remain trapped indefinitely. Somewhat larger
3 nm sized particles behave similarly, but they assume a pos-
ition deeper in the particle trap because they require a larger
electrostatic force to balance the gas drag force. Particles with
a 5 nm diameter are not confined in the trap. The particles
are slowed down by the electrostatic force, but the force is
insufficient to trap the particles. In an actual plasma reactor,
the particle size does not remain constant, but particles grow
due to the deposition of precursor. This means that the smal-
lest particles are initially trapped at the top of the trap at the
smallest electric fields. As particles grow, they sink deeper into
the trap where the electric field increases. Finally, the electric
field will be insufficient to balance the increasing gas drag and
particles will be released from the trap.

The influence of gas flow velocity on the critical size for
particle detrapping is shown by the results in figure 6(e). Since

the gas drag force acting on trapped particles scales linearly
with the gas flow speed, the critical size above which trapping
does not occur varies inversely with the gas flow speed. The
simulations reproduce the often observed linear dependence of
particle size with the gas residence time in the reactor. How-
ever, the simulations suggest that the important time is not the
residence time of the gas in the reactor but the extended time
spent in the particle trap that allows particles to grow to larger
sizes before leaving the trap.

The effect of plasma electronegativity on the critical size
for detrapping is illustrated by the results in figure 6(f). As
electronegativity in the plasma is reduced, the critical size
for detrapping increases. This is due to the increased elec-
tron density at reduced plasma electronegativity, which pro-
duces more negatively charged particles and thus enhances
electrostatic confinement. Both the impact of gas flow velocity
and plasma electronegativity may be important parameters for
designing trapping conditions in the plasma.

6. Full scale reactor simulations of particle growth
and trapping

The nanoparticle and plasma dynamics leading to trapping and
de-trapping of particles are functions of the spatially depend-
ent electrostatic fields, gas flow, and particle growth rates. To
investigate the influence of these processes, a two-dimensional
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Figure 7. Reactor simulation and trapped particle locations. Self-consistent two-dimensional plasma hydrodynamics simulations for
operating conditions of 1 Torr, gas flow rate 75 sccm, gas mixture Ar/He/SiHs = 99/0.9/0.1 with capacitively coupled power deposition of
10 W at a frequency of 10 MHz. Results are time averages over an RF period. (a) Model geometry, (b) electron density, (c) electron
temperature, (d) plasma (electric) potential, and (e) electric field vectors with inset showing electric field and potential along the axis.
Trapping locations are shown for (f) 1 nm particles and (g) 3 nm particles. (h) Average locations of particles as a function of time. The final

locations are also indicated in the insert to (e).

plasma reactor model with an embedded three-dimensional
nanoparticle trajectory and growth model were employed. The
combination of the plasma reactor model, the hybrid plasma
equipment model (HPEM), and the nanoparticle trajectory
model, the dust transport simulator (DTS) are described in
detail in [30]. The HPEM provides self-consistent electric
fields, gas flow profiles, gas temperatures, charged particles
fluxes, and radical fluxes. The DTS uses these values to pre-
dict the trajectories, statistical charging and trapping of grow-
ing nanoparticles while including all of the pertinent forces
(electrostatic, fluid drag, ion drag, thermophoresis, gravity,
Brownian motion, and particle-particle Coulomb force).

The HPEM/DTS was used to simulate the process condi-
tions of a low pressure reactor similar to UMNI described
above, with the cylindrical model geometry shown in
figure 7(a). The reactor length is 90 mm and diameter 20 mm
with powered and grounded ring electrodes, and gas flow-
ing left-to-right. The pressure was 1 Torr, the gas flow rate
75 sccm, the gas mixture Ar/He/SiHy; = 99/0.9/0.1, and
the capacitively coupled power deposition at a frequency of
10 MHz is 10 W. The electron density, electron temperat-
ure, electric potential, electric field vectors (with electric field
and potential on axis) averaged over an RF cycle, are shown

in figure 7. The electron density has a maximum value of
1.3 x 10" cm™3 on axis at the position of the powered elec-
trode. Due to the high conductivity of the plasma, the electron
temperature is fairly constant in the bulk plasma, 3.2-3.7 eV,
while extending above 10 eV in the sheath at the powered
electrode. The amplitude of the applied RF voltage is 680 V
with a self-generated DC bias on the tube wall of —217 V,
which results in a maximum in the time averaged electric
potential of 182 V. However, again due to the high conductiv-
ity of the plasma, the time averaged voltage drop across the
bulk of the plasma is <10 V. This results in electric fields
of hundreds of V cm™' that are dominantly pointing out-
wards (confining for negative particles) at the boundaries of
the plasma. The electric field along the axis at which particles
are trapped is only a few V cm™!.

Predictions of trapping locations for 1 and 3 nm particles
are shown in figures 7(f)—(i). The 1 nm particles have trapping
locations on axis that are nearly at the maximum of the plasma
potential (see figure 7(e)). This focusing of the particles onto
the axis results from radial electric fields which predominantly
point outwards, thus accelerating particles radially inwards.
The trapping locations are strewn along the axis for about
1 cm, a result of the charging and discharging of the particles.
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When the particles discharge to be neutral, they drift down-
wards with the gas flow. When the particles recharge neg-
atively, they drift back towards the maximum in the plasma
potential. The 3 nm particles are also trapped on axis, though
at a location further downstream beyond the maximum in the
potential. The larger particles are more susceptible to the fluid
drag forces and become trapped where the axial electric field
provides a sufficient force to counter the fluid drag, approx-
imately 1 V cm~!, which occurs downstream of the trapping
location of the 1 nm particles. The trapping sites are strewn
along the axis for more than 1 cm.

The average locations for particle sizes of 1-10 nm
as a function of time are shown in figure 7(h). A hori-
zontal line (constant location) indicates that the particles are
trapped. Particles falling below 1 cm are not trapped and
exit the reactor. For the simulated conditions, de-trapping
occurs for particle sizes of greater than about 4 nm when
the neutral gas flow drag exceeds the ability of the plasma
to electrostatically confine the particles. The trapping loca-
tions are at lower axial locations for larger particles where
the confining axial electric fields are larger, as indicated in
figure 7(e). The trends from the Monte Carlo simulations
(figure 6) and those from the full two-dimensional simulations
(figure 7) are in good agreement with each other, and with the
experiments.

7. Concluding remarks

In this contribution, we showed through experiments per-
formed on multiple plasma reactors as well as simulations with
different levels of completeness that particle trapping through
electrostatic forces does occur during the synthesis of sub-
10 nm particles, a phenomenon that has generally not been
recognized to date. We demonstrated that particles are trapped
even if they are neutral for the majority of time that they
spend in the trapping region due to a cycle of particles dis-
charging and recharging. In actual plasma reactors, particles
enter the trapping region and are spatially confined while
growing through the continued accretion of precursor. Once
particles reach a critical size such that the gas drag is suf-
ficiently strong to overcome the electrostatic trapping force,
particles are released from the trap. This critical size required
for de-trapping narrows the collected particle size distribution
since particles smaller than the critical size are confined and
those that grow to larger than this critical size can escape and
exit the reactor in steady state operation. Our numerical sim-
ulations suggest that the radial electric fields present in the
particle trap lead to a focusing of the released particles onto
the reactor centerline.

The observations reported here may establish a new
paradigm for control of the nonthermal plasma synthesis of
sub-10 nm particles. A better understanding of the trapping
mechanism will enable a better control over particle sizes and
more monodisperse size distributions than has been possible
to date. The existence of trapping is of particular importance
for the design of reactors for core—shell heterostructure nano-
particles [10, 44—46]. A better understanding of trapping will

enable researchers to design plasma processes in which nano-
particles are either trapped or not trapped in the shell growth
region. This will enable enhanced control over the range of
core/shell diameter ranges than has been achieved at present.
Moreover, the understanding of the particle focusing onto
the centerline of the reactor is another important insight for
the growth of heterostructure particles as it implies that all
particles essentially experience the same growth conditions in
the reactor, in spite of the parabolic flow velocity profile expec-
ted for laminar flow reactors.

However, the current study also leaves several open ques-
tions, such as whether particle trapping is a universal phe-
nomenon or whether it is dependent on the nanoparticle mater-
ial. For high gas flow rates most particles may not be trapped
because the critical size for particles to be released from the
trap by the gas drag decreases with increasing flow rates.
There may also be electric field configurations in the plasma
that do not support trapping. It is also not clear whether nan-
oparticles of insulators, semiconductors, or metals will be
equally trapped as their charge states depend on their capacit-
ance and secondary emission processes, and so depend on the
materials work function or dielectric properties. These issues
will need to be clarified to fully take advantage of particle trap-
ping in nanoparticle synthesis as a design parameter. However,
the current study demonstrates that gas flows and electric fields
can be designed to utilize particle trapping to control particle
sizes and size distributions.
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