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ABSTRACT: Thermodynamics dictate the direction of all
chemical and physical processes. In the case of aerosols,
maximization of entropy leads to a broadening of the size
distribution as the system proceeds toward equilibrium. The
expectation is that as an aerosol ages, the size distribution will
broaden. Contrary to this expectation, in this work we
demonstrate that the unique nonequilibrium environment in
a low temperature plasma can modify particulate materials to
make the size distribution narrower. Submicrometer aerosols
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composed of bismuth particles with a polydispersed size distribution were prepared and passed through a low temperature argon
plasma. For lower powers at which the plasma operated near room temperature, the incoming polydispersed aerosol was
converted into a monodispersed aerosol of geometric standard deviation approximately 1.1 with 65% mass yield. The mechanism
by which the process took place involved the particles vaporizing in the plasma operating at near room temperature, which
resulted in very large supersaturation of metal vapor. Particle heating and sputtering by ion bombardment are discussed as
possible mechanisms leading to vaporization that causes the change in the size distribution to make it narrower.

Bl INTRODUCTION

Gas phase synthesis methods earned their credit by providing
high-throughput production of various nanomaterials, including
oxides, metals, and metal alloys.l_3 These methods involve
feeding a liquid or vapor precursor into a high temperature
medium, a flame,* or a hot wall reactor,” for example, which
thermally activates particle growth. A hot environment provides
rapid precursor conversion and particle nucleation. Following
this step, equilibrium favors growth by agglomeration; thereby
it is common to form hard aggregates.”®’ As time proceeds, the
size distribution of the aggregates broadens, and its geometric
standard deviation, o, usually approaches the self-preserving
value of 1.3 if sintering is rapid.®® The difficulties in size
control, monodispersity, and shape stand out as drawbacks of
gas phase synthesis methods when compared to colloidal
synthesis.

In the past 10 years, low temperature plasma (LTP) has been
explored as an alternative to thermal processing. Interestingly,
particles produced by LTP often have a monodispersed size
distribution and are crystalline. In a LTP, particles are
bombarded by mobile electrons having high kinetic energy
and most particles become negatively charged. The Coulombic
repulsion arising between these unipolar charged particles
suppresses coagulation”'® and has been used to explain the
resultant monodispersed size distribution for vapor-to-solid
conversion processes. Figure 1 compares the aerosol dynamics
in vapor-fed thermal processing to processing based on LTP.
High quality nanocrystals of silicon,"" germanium, oxides,"®
and sulfides'* have been produced using LTPs. Few reports on
synthesis of metal particles also exist."
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Figure 1. Aerosol dynamics in vapor-to-solid gas-phase processes. Blue
arrows show pathways exclusive to LTPs. Steps shown by red arrows
are relatively absent in LTPs but prominent in thermal media. Steps in
green are seen in both thermal media and LTPs.

LTPs constitute a nonequilibrium environment that contains
very hot electrons (approximately 10 000 K < T, < 50 000 K)
and cold neutral gas molecules and ions that are typically near
room temperature. Because of this nonequilibrium environ-
ment, LTPs have the potential to modify chemical and physical
kinetics in unique ways. This feature of LTPs inspired the
concept of the “processor”.'® A processor takes electrical work
as an input and acts upon an amount of mass to alter its
configuration. Ideally, the processor can be designed so that the
nonequilibrium environment contained within it converts an
undesired form of mass into a desired form. This can happen
either by chemical or physical steps, which may be forbidden or
extremely slow in thermal routes governed by local equilibrium.
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In this work, we demonstrate that LTPs can function to
process a premade aerosol by a simple experiment. Submi-
crometer aerosols of metallic bismuth with a polydispersed size
distribution were produced upstream by a thermal route using
an evaporation—condensation generator and subsequently
passed through a capacitively coupled radio-frequency (RF)
argon plasma downstream which acted as the processor. A
digital image of the plasma during operation is presented in
Figure S1. The desired form of the size distribution is
monodispersed, and it was found that the plasma can convert
a polydispersed size distribution into a size distribution with
geometric standard deviation less than or equal to 1.1, which is
an accepted indicator of monodispersity for gas-phase
synthesized particulate materials.'” The observed transforma-
tion in size distribution requires a new mechanism in the
growth dynamics of particulate materials in LTP, namely,
vaporization at low temperature by a nonequilibrium process.
We argue that either particle heating or sputtering due to ion
bombardment can explain the observed vaporization. The
vaporization mechanism presented here, which operates in a
highly nonequilibrium environment, is expected to assist a wide
range of chemical transformations during synthesis of materials
in LTPs, and it may be a major reason for the production of
monodispersed particles in LTPs.

B METHODS

Experimental Setup. The test aerosol was generated by an
evaporation—condensation process (Figure 2). In this method,
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Figure 2. Experimental setup. Gas flow is from left to the right.

a thermal medium evaporates the material. The produced vapor
is carried by an inert gas, and the vapor—gas mixture is then
rapidly quenched, leading to aerosol growth. By adjusting the
temperature of the evaporating medium and the quenching
rate, it is possible to generate aerosols having different size
distributions and mass concentrations. The method allows
synthesis of materials without using metal—organic vapor
precursors. Precursors were avoided to study plasma—particle
interaction in a well-defined environment that contains no
chemicals other than the particle material and the plasma gas.

Bismuth was selected as the material since it is relatively easy
to generate an aerosol of it by evaporation—condensation.
Pellets of Bi (Sigma-Aldrich), weighing approximately 33 g,
were placed into an alumina boat. The boat rested in a fused
silica tube of 1.9 cm outer diameter, and the tube was placed
into a furnace (CM Furnaces Inc., Bloomfield, NJ). The carrier
gas was ultrahigh purity argon (Praxair UHP $.0), and it flowed
through the tube at a rate of 5000 sccm, which was controlled
using a mass flow controller (G-Series MKS, Andover, MA). By
operating the furnace at 900 and 1000 °C, two different

aerosols were created upon subsequent quenching. These
aerosols had different mass concentrations. The aerosol
generated using a furnace temperature of 900 °C had a mass
concentration of 0.54 mg m™~ and is termed low concentration.
The aerosol generated at 1000 °C had a mass concentration of
2.7 mg m~> and is termed high concentration. Over the course
of a single experiment, approximately 10% of the Bi evaporated
from the boat. Quenching of the vapor was accomplished using
an electric fan to increase the cooling rate by forced convection
over a portion the tube that was approximately 28 cm in length.
The test aerosols were found to be very reproducible for runs
on different days for the same process parameters (Figure S2).
Downstream from the evaporation/condensation generator, a
portion of the aerosol was sampled through a 150 um tube
orifice (SS 1/4 in. optically measured, Lenox Laser, Glen Arm,
MD) into a low-pressure section, wherein the plasma was
generated. The pressure was maintained at 1.5 Torr using a
diaphragm valve upstream of the rotary vane vacuum pump and
measured using a pressure transducer (Baratron MKS,
Andover, MA). At the inlet to the vacuum section, the
temperature was measured by a K-type thermocouple and
found to be approximately 22 °C. The gas velocity in the
vacuum portion of the apparatus was approximately 7.4 m s™".
The plasma was generated in a fused silica tube of 1.9 cm outer
diameter and 1 mm wall thickness by capacitively coupling RF
power through two aluminum ring electrodes. The powered
electrode was upstream of the ground electrode. The position
of the electrodes was kept fixed in all experiments. A 13.56
MHz RF power supply (AG0613, T&C Power Conversion,
Rochester, NY) was used in conjunction with a matching
network (AIT600, T&C Power Conversion, Rochester, NY) to
minimize the reflected power. For all RF powers used (10—120
W), the plasma filled the entire silica tube (Figure S1).

Electron Microscopy. Particles were collected upstream of
the diaphragm valve for imaging with a transmission electron
microscope (TEM). The particles were dispersed on an
ultrathin carbon film, which was supported on lacey carbon,
which in turn was supported on a copper grid. The TEM grids
were suspended vertically on a 400-mesh steel filter using
adhesive tape. Particles were found to deposit on the center of
the filter at low input plasma powers, up to 40 W. Thus, the
TEM grids were placed in the center of the filter for
experiments conducted with low RF power inputs. At higher
powers the deposition pattern was observed to expand on the
filter in the form of a concentric ring. Experiments were
conducted wherein TEM grids were placed at different radial
positions on the filter, and it was found that there was negligible
particle deposition outside of the observed rings. For
subsequent experiments at higher RF power inputs, the grid
was placed in the ring wherein the particles deposited. The
collected particles were imaged with a TEM having a 120 kV
LaB, filament (Tecnai G2 Spirit, FEI, Hillsboro, OR). Primary
particle sizes were extracted by processing the images with
Image] software. A minimum of 260 particles were counted
from the images obtained from each grid. Histograms were
created for the frequency distribution of the logarithm of
primary particle diameter. Normal distributions were fitted to
these histograms. The corresponding geometric standard
deviations (Ug) of a log-normal distribution, which is frequently
used to characterize aerosols, was obtained with the formula 0,
= €23 where ¢ is the standard deviation for the normal
distribution fitted to the histogram of the logarithm of particle
diameter. Monodispersed is defined as o, < 1.1."7
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Figure 3. (a, b) Bismuth test aerosols at different mass concentrations, termed respectively as low concentration and high concentration in the text.
(¢, d) Plasma treated forms of the aerosols given in (a) and (b) at 10 and 20 W of applied RF power, respectively. (e, f) Frequency distribution of
primary particle size for aerosols of low and high concentration, with plasma off and on. Fitted curves represent log-normal distributions and

corresponding geometric standard deviations are given.

Plasma Treatment of Aerosols. Test aerosols were
treated with the plasma at different input powers. For the
low concentration aerosol, the upper limit was 40 W. For the
high concentration aerosol, the maximum power explored was
120 W. Powers lower than 10 W were not investigated.

Mass yield of the plasma treatment was assessed by collecting
particles on filters upstream of the diaphragm valve. Four
hundred mesh stainless steel filters were used. These stainless
steel mesh filters were found to have very high collection
efficiency. For mass measurements, only the high concentration
aerosol was used in order to collect more material and make the
measurements more accurate.

Optical Emission Spectroscopy (OES). Light emitted
from the plasma was collected by a fiber-optic cable connected
to a positive lens. Intensities over the spectrum between 200
and 1025 nm were measured using a spectrometer equipped
with a linear silicon CCD array detector (USB2000+XR1-ES,
Ocean Optics, Dunedin, FL). Light was collected using two
different configurations. In the first configuration, the lens was
placed below the fused silica tube. The emission spectra were
recorded at different axial positions along the plasma. In the
second configuration, the lens was placed at the diagnostic port
at the end of the straight tubular path and aligned with the axis
of the plasma tube (Figure 2).

Plasma Parameters. A Langmuir double probe (Impedans
LTD, Dublin, Ireland) was used to measure the ion density and
electron temperature.'® Platinum tips of 5 mm length and 0.19
mm diameter were used. Measurements were done in the
absence of particles to minimize interference from material
deposited on the probe surface.

A fiber-optic temperature probe (OptoTemp 2000 Super
Probe, Micromaterials Inc., Tampa, FL) was used to obtain an
estimate of the gas temperature inside the plasma. The sensor
operates on the basis of fluorescence decay of a phosphor
located at the tip of the probe.'” Since surfaces immersed in the

plasma get hotter than the ambient gas (vide infra), the
temperatures measured with the probe indicate a maximum for
the gas temperature.

B RESULTS AND DISCUSSION

Electron microscopy revealed that the size distribution of the
test aerosols became narrower after they passed through the
plasma (Figure 3). Initially polydispersed aerosols (Figure 3a,b)
became monodispersed after plasma treatment, if the power
was sufficiently low—10 and 20 W respectively for the low and
high concentration aerosols (Figure 3c,d and Figure S3). For
both test aerosols, which had different mass concentrations and
frequency distributions, the geometric standard deviation
approached 1.1. The mean sizes of the number distributions
were seen to be larger after plasma treatment (Figure 3e/f). As
input powers increased, the monodispersed peak started to
vanish while its mean size increased and the fine mode
reappeared (Figures $4 and SS). When input powers were high
enough, an aerosol similar to the test aerosol was observed;
however, the mass concentration was much less than the test
aerosol. The mass yield decreased rapidly as input powers
increased, presumably as a result of wall losses. A metallic film
downstream of the powered electrode was quickly deposited at
high power inputs and observed after sufficiently long
experiments at lower power (Figure S6). Thus, it was found
that if properly tuned, the LTP was clearly capable of acting as a
processor to focus the size of the aerosol.

At the plasma conditions that produced the monodispersed
size distribution, the fiber-optic temperature probe was inserted
into the center of the powered electrode to estimate the gas
temperature. The temperature measured by the sensor was 81
and 135 °C for 10 and 20 W input power, respectively. These
values are upper limits for the gas temperature, since ion
bombardment is expected to heat the probe. Temperature
measurements indicate that the plasma is far from thermal-
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Figure 4. (a) Emission spectra gathered downstream of the powered electrode with and without particles. The upper spectrum is offset for clarity.
(b) Bismuth actinometry obtained from the peaks given in (a). I is the intensity. The data are obtained as a function of position along the cylindrical
axis of the plasma with the low concentration test aerosol. (c) Axially integrated actinometry at different powers obtained with the high

concentration test aerosol.

ization. Consequently, nonequilibrium growth dynamics, such
as vaporization despite the low gas temperature, are expected.
Unipolar negative charging of the aerosol particles in the
LTP cannot fully explain the observation that the plasma causes
the polydispersed aerosol to become monodispersed, since
mass is being redistributed among different bins in the size
distribution. However, if a new mechanism is included whereby
particles can vaporize to generate a highly supersaturated vapor,
despite the low gas temperature, then it would be possible to
generate a monodispersed size distribution by condensation
onto nuclei and remaining fragments. Such a mechanism has
previously not been considered for low temperature plasmas.” If
vaporization of the Bi were occurring in the low temperature
plasma, then we expect to observe photoemission from excited
electronic transitions in those free Bi atoms. Optical emission
spectroscopy (OES) measurements revealed that the Bi
particles did indeed vaporize in the plasma, despite the low
gas temperature. Figure 4a shows the OES spectra for a
representative plasma with and without Bi particles present.
The highest Bi peak observed at 306.0 nm belonged to the
documented 6p*(*P,)7s — 6p° transition at 306.77 nm.”’ At all
power inputs, there was clear emission from atomic Bi when
the particles were sent into the plasma. The Bi vapor detected
by OES resulted from particle vaporization and was not residual
vapor from the evaporation—condensation particle generator
(Supporting Information). Actinometry”' was performed by
taking the ratio of the main Bi emission line to a neutral Ar
emission line (Supporting Information). The Ar' line at 751.4
nm was selected (3s*3p°(°P°;,,)4p — 3s*3p° (2P°3/2)4s).20 The
change in the magnitude of the Ar I line used for actinometry
was found to be small in the presence of particles. Actinometry
revealed that the Bi vapor was produced and lost in the vicinity
of the powered electrode (Figure 4b). The vapor appeared
upstream of the powered electrode and vapor content increased
as particles approached this electrode. Just downstream of the
powered electrode, the vapor content reached a maximum, but
then it rapidly vanished at positions further downstream, even
though the plasma still occupied that space (Figure S1). At 10
W, the power which resulted in the monodispersed output for
the low concentration aerosol, vaporization was gradual and
reached a plateau inside the powered electrode. At 40 W,
vaporization was much more intense. The observation of Bi
vapor by OES, which must by highly supersaturated given the
low gas temperature, is consistent with the rapid deposition of
the metal film on the wall of the plasma tube (Figure S6).

12939

The rate of film deposition on the walls of the plasma tube
was very fast with the high concentration aerosol. Therefore,
the lens was placed at the diagnostic port downstream and
oriented such that light was integrated along the cylindrical axis
of the system (Figure 2). Using this configuration, information
about the distribution of Bi vapor along the cylindrical axis of
the plasma was lost; however, it was possible to estimate the
total relative Bi vapor content within the plasma, since the
integrated intensities of the selected lines for Bi and Ar were
obtained (Supporting Information). As shown in Figure 4c, the
total vapor content increased with increasing power input. At
approximately 70 W, the total vapor content did not increase
with further increases in applied RF power, indicating complete
vaporization. At higher powers, the vapor content decreased
slightly, which can be explained by increased losses to the walls.
From the OES results, the particles were clearly being
vaporized in the plasma, despite the low gas temperature.

The mass yield of the process decreased with increasing
power (Figure Sa). For the high concentration case at 20 W,
which was the power that resulted in the monodispersed size
distribution in Figure 3d, the mass yield was found to be 65%.
Mass losses increased with increasing power and for powers
larger than 60 W very little mass was collected.

By assuming the particles were spherical, the mass measure-
ments allow quantitative mass distributions to be established.
The properties of the distributions are given in Table 1 (also
Figure S7 for all measurable powers). In comparison to the size
distributions given in Figure 3, mass distributions in Figure Sb
clearly show the transport of mass from both sides of the size
spectrum. For the monodispersed case at 20 W with the high
concentration aerosol, it can be seen from Figure Sb that the
amount of mass in the size range of the monodispersed peak
after plasma treatment was greater than the amount of mass in
that size range for the test aerosol. Accordingly, this mass
transport resulted in the disappearance of particles that were
larger and smaller than the final size. This type of a
transformation indicates that all particles vaporize. Therefore,
an overall growth mechanism similar to Ostwald ripening,
during which the vapor generated from small particles
recondense on the stable large particles, is unlikely.

Before developing a model to describe the aerosol dynamics
occurring in the plasma, ion density and electron temperature
must be measured. From Langmuir double probe measure-
ments, the ion density was found to increase with plasma power
and vary with axial position. The orders of magnitude of our
measurements agree with previous characterization of RF Ar
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Figure S. (a) Mass yield as a function of applied RF power for the high
concentration aerosol. (b) Mass distribution of high concentration
aerosol before and after plasma treatment at 20 W input power.

Table 1. Properties of the Low Concentration (LC) and
High Concentration (HC) Test Aerosols along with the
Plasma Treated Forms of the High Concentration Aerosol”

@y & g N @) )
LC, plasma off 16 56 48 8.72 x 10" 0.54
HC, plasma off 17 116 242 2.62 x 10" 2.69
HC, 20 W 251 166 227 x 10" 1.78
HC, 40 W 148 341 70 4.88 x 10° 0.73
HC, 60 W 17 249 20 4.17 x 10° 022

“The variable d,; is the mean size of the finer mode, d,, is the mean
size of the coarse mode, m; is the mass flow rate of particles, N, is the

total number concentration, and M, is the total mass concentration.

glow discharges in vessels of similar size.”” The ion density and
electron temperature, measured in the center of the powered
electrode, are plotted as a function of applied RF power in
Figure 6a. The ion density increased with applied RF power in
the range from ~2 X 10" to 2 X 10" m™. The average
electron temperature was approximately 4 + 1.5 eV. This value
did not change significantly as a function of power or axial
position. The ion density, however, was found to change with
axial position. Ion density as a function of axial position for an
applied RF power of 20 W is plotted in Figure 6b. There was a
region of high ion density in the powered RF electrode, and
immediately upstream, which is shaded red in Figure 6b.
Downstream of the powered electrode, the ion density rapidly
decreased. The region of low ion density downstream of the
powered electrode is shaded blue in Figure 6b. There was
plasma in the low ion density region (Figure S1), but it was less
intense than the high ion density region. A similar trend was
seen in the Ar"" emission measured by OES (data not shown).
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Figure 6. (a) Ion density and electron temperature at the center of the
powered electrode as a function of RF power. (b) Axial distribution of
ion density in the vicinity of the powered electrode at 20 W.

Therefore, the flow-through LTP is envisioned as a two-zone
system. From Figure 4b, the absence of vapor in the plasma
downstream of the ground electrode is an indication that any
vaporization or condensation processes were complete before
the gas exited the portion of the tube upstream of the ground
electrode. The residence time in the region of the plasma
upstream of the ground electrode was approximately 10 ms. In
the weaker plasma downstream of the intense plasma, particles
are thought to have a unipolar charge and suppressed
coagulation. Therefore, the 10 ms time frame in the intense
plasma is expected to be responsible for the changes in the size
distribution of the aerosol. Given these experimental
observations, the system can be modeled by including the
additional vaporization mechanism (Figure 1) and by treating it
as two zones in series with different ion densities. Before the
system can be modeled, first a description of the vaporization
mechanism must be developed. With known aerosol and
plasma parameters, possible vaporization mechanisms can be
described quantitatively. The mechanism must allow vapor-
ization amidst a gaseous atmosphere close to room temper-
ature. Two possibilities are thermal evaporation due to particle
heating and sputtering. First, we address thermal evaporation
due to particle heating, and then we will address sputtering.
It has been experimentally shown that particles inside a
plasma are heated to temperatures higher than that of the
surrounding gas.””~>° This heating is caused by ion and
electron bombardment of the negatively charged particles.
Upon bombardment, ions recombine with electrons and
transfer a part of their kinetic energy. The energy released
upon ion neutralization is believed to be a major driver of
particles bein§ heated in LTP to a temperature above the gas
ternperature.2 In our system, the particle temperature is
expected to be nominally independent of size for particles
larger than 10 nm in diameter. Calculating the particle
temperature requires a particle charging model, since ion
fluxes, which depend on particle charge, must to be calculated
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Figure 7. (a) Calculated bismuth partial pressure as a function of time in a plasma having an ion density n; = 1.7 X 10'® m™ in zone 1, with the high
concentration test aerosol. (b) Calculated partial pressure of Bi in the vaporization zone compared with the experimental data presented in Figure 4c.
(¢, d) Evolution of the size distribution during vaporization and condensation using the same parameters as (a). (e) Experimental (solid) and model
(dotted) results of the mass distribution before and after plasma treatment.

(Supporting Information). Orbital motion limited (OML)
theory”” is the simplest and one of the most commonly used
theories for predicting particle charges when the sheath around
the particles is collisionless for ions. OML theory predicts
particle temperatures approximately equal to 240 °C at 20 W
(Supporting Information). At such temperatures, bismuth
particles have negligible vapor pressure irrespective of their
size. However, more recent theories, such as the collision-
enhanced model (CEM),**7*° predict different results. The
collision-enhanced model also evaluates the ion—neutral
collisions occurring in the vicinity of the particle. These
collisions increase ion flux to the particle but in turn decrease
ion bombardment energy. Overall, CEM predicts higher
recombination rates and hotter particles. CEM predicts
temperatures above 600 °C, at which the vapor pressure of
Bi is significant. The choice of charging model controls whether
particle heating can explain the experimental observation or
not.

Sputtering is an alternative means by which particles could be
vaporized in the LTP at room temperature, but its quantitative
description also presents some difficulties. Using OML theory
and the measured plasma parameters, the particle potential with
respect to the plasma, ®,, can be calculated. The negative
potential of the particle accelerates ions, which impact with an
energy that can be estimated as el®,, ¢ being the elemental
charge. Ion bombardment energies are calculated to be
approximately 6.4 eV in our LTP. Such ion energies are
significantly larger than the surface binding energy of bismuth,
which is 1.9 eV when calculated from the enthalpy of
sublimation. In the classical theory of sputtering, yields for
such ion energies are very low.”’ However, sputtering theories
and empiricisms are mostly developed for large planar surfaces,
not for charged particles with a curved surface. Such particles
are expected to have lower surface binding energies and
increased sputtering yields.3‘2’3’3 It is interesting to note that
sputtering is much less affected by the selection of charging
theories. While OML theory predicts large ion energies and
smaller ion fluxes to the surface, CEM asserts lower ion
energies but higher ion flux, somewhat balancing to result in a

12941

similar sputtering rate. In general, the rate of vaporization by
sputtering can be expressed as

eny, (1)
where J; is the ion flux predicted by either OML theory or
CEM, Y is the sputtering yield, and n, = p/MW is the atomic
density with p being the density and MW being the molecular
weight. SR has the units of length per time. The sputtering yield
can be estimated by various semiempirical formulas for the
near-threshold regime.”"’* Like vaporization by heating,
sputtered atoms lead to the generation of a supersaturated
vapor around the particles due to low gas temperatures. This
vapor condenses back onto available nuclei and fragments. The
process of condensation can be described with kinetic theory
since particle Knudsen numbers in our system, Kn = 21/d, with
A being the mean free path of gas atoms, are much greater than
10.%° Using eq 1, the new vaporization mechanism occurring in
the LTP can be incorporated into established models of aerosol
dynamics, and the predicted final size distributions can be
compared with the experimental results.

Based on the descriptions of aerosol charging, condensation,
and vaporization discussed above, an aerosol dynamics model
was constructed to track the evolution of the size distribution
within the plasma (see Supporting Information for details).
Sputtering was selected as the vaporization mechanism. The
size distribution was obtained by solving the Liouville equation,
which is a transport description of growth and shrinkage in
particle size space. The model also calculates the Bi vapor
pressure, which can be compared to the experimental OES
measurements. To compensate for the uncertainties in the
sputtering yield, the model was run for sufficient time in the
intense zone until the vapor pressure reached a nominally
steady state value. The vapor pressure of Bi calculated by the
model reproduced the OES data surprisingly well as a function
of the measured ion density (Figure 7a). After this step of
intense vaporization, both the vapor and the remaining particles
enter the less intense zone with reduced ion density. In the less
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intense zone, the sputtering rate was insufficient to maintain the
large supersaturation of Bi vapor that was developed in the first
zone. A nucleation burst occurred, and the Bi vapor began to
condense. Since the nuclei were monodispersed, the size
distribution remained nominally monodispersed as the vapor
condensed onto them. As the material moved further
downstream, condensation proceeded to completion (Figure
7b). The size distribution of the aerosol as a function of time in
the two zones of different ion density are given in Figures 7¢
and 7d. It should be noted that the size distribution broadens
during vaporization. Therefore, to obtain a final distribution
that is narrower than the initial distribution by recondensation,
the majority of the aerosol must be vaporized.

The resulting mass distribution was closely captured by the
model (Figure 7e). The overpredicted amount of mass in the
monodispersed size is due to the omission of vapor losses.
Interestingly, the plasma provided much faster kinetics than the
model predicted. The time scale necessary for good
resemblance between the size distribution predicted by the
model and the experimental result is orders of magnitude larger
than the experimental time scale. The discrepancy during
vaporization may be caused by of the omission of surface
charge effects and surface curvature in the classical theory of
sputtering yield. Of course, the other option is that particle
heating may be the more important vaporization process. The
mismatch between model and experiment in the time scales of
condensation is possibly due to hi§her local vapor concen-
trations because of vapor ionization®® and particle confinement
effects.’”*® Future work will focus on including these
phenomena and deconvolution of the vaporization mecha-
nisms.

H CONCLUSION

It has been shown that low temperature plasmas can be used to
transform polydisperse aerosols into significantly more
monodisperse aerosols. It has been demonstrated that the
mechanism inducing this polydisperse-to-monodisperse trans-
formation is vaporization. The highly supersaturated vapor
produced by ion bombardment condenses on the small clusters
and nuclei and the particles grow as monodispersed. A similar
overall mechanism is expected for treatment of aerosols
comprising refractory materials, only that these materials are
expected to vaporize at larger power inputs.

According to the Langmuir probe measurements and model
results, ion densities were greater than particle number
densities except during entry to the less intense zone. Apart
from this very brief period, during which sub-nanometer
particles were created due to the nucleation burst, coagulation
was suppressed.'’ Unipolar negative charging prevented
collisional broadening of the size distribution.

The lack of coagulation is a key difference between the LTP
and a two-zone process that one might imagine using a thermal
system. Another key difference is that the physical steps of
aerosol dynamics in LTPs are reversible (Figure 1). The
reversibility along with rapid kinetics brings flexible ways of
processing materials if the plasma parameters, for example,
electron energy distribution and ion density, are properly
tuned.

Describing the vaporization mechanism provides numerous
challenges. Nevertheless, understanding the dynamics is crucial
to controlling the final particle size. Independent of the
mechanism that causes vaporization, the nucleation rate is
expected to be important since it determines the final

monodispersed size of the particles. For a given amount of
supersaturated vapor, a faster nucleation rate would result in
smaller particles, while a slower nucleation rate would give
larger particles. The vapor generated from refractory materials
is anticipated to yield smaller particles due to faster nucleation,
since refractory materials have low equilibrium vapor pressures.
Adjustment of input aerosol concentrations, operating power,
optimization of plasma geometry, and manipulating the vapor
amounts can make LTPs an effective size processing tool for
gas-phase synthesized nanomaterials.

From the perspective of thermodynamics, LTP allows one to
put work into the system, which can lead to a transformation
resulting in monodispersed size distribution. It is important to
note that this work input is different than filtering out certain
portions of the size distribution. The LTP takes mass from
across the size distribution and transports it into the final
monodispersed size. Thus, the LTP has a much higher
throughput of mass compared to other approaches for
obtaininﬁ monodispersed size such as electrostatic classifica-
tion.”” "' It is interesting to note that such a transformation in
the size distribution cannot occur spontaneously. It is well-
known that particulate media tend to decrease surface energy
by means of coagulation in the case of aerosols or via Ostwald
ripening in the case of colloids. The decrease in surface area
and surface energy is accompanied by an increase in entropy
until equilibrium has been reached. Coagulation and Ostwald
ripening lead to a broadening of the size distribution.*””** The
spread of the size distribution is a measure of the specific
entropy of an aerosol** (Supporting Information), and it
increases monotonically during coagulation. Interestingly, by
narrowing of the size distribution, the LTP appears to have
decreased the specific entropy of the aerosol.
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