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Abstract

Nanopowders are produced in a low temperature, non-equilibrium plasma jet (APPJ), which produces a
glow discharge at atmospheric pressure, for the first time. Amorphous carbon and iron nanoparticles have
been synthesized from Acetylene and Ferrocene/H2, respectively. High generation rates are achieved from
the glow discharge at near-ambient temperature (40–80�C), and rise with increasing plasma power and
precursor concentration. Fairly narrow particle size distributions are measured with a differential mobility
analyzer (DMA) and an aerosol electrometer (AEM), and are centered around 30–35 nm for carbon and
20–25 nm for iron. Particle characteristics analyzed by TEM and EDX reveal amorphous carbon and iron
nanoparticles. The Fe particles are highly oxidized on exposure to air. Comparison of the mobility and
micrograph diameters reveal that the particles are hardly agglomerated or unagglomerated. This is ascribed
to the unipolar charge on particles in the plasma. The generated particle distributions are examined as a
function of process parameters.

Introduction

Carbon nanoparticles, of various forms, have a
myriad of industrial applications. Carbon black,
indispensable to the rubber, paint, and chemical
industries, is also commonly used in inks (Pocsik
et al., 2002). Iron nanoparticles have many uses,
from enhancing catalysis with their increased rel-
ative surface area, to special magnetic applications
in micro- and nano-electronics (e.g., Kruis et al.,
1998; Schrick et al., 2004). In this size range,
particles of all materials have unique and valuable
properties which make them particularly well sui-
ted for special technological applications.
A great deal of attention has been directed

toward plasma (or plasma-enhanced) synthesis of

thin films (Suda et al., 2002). A large body of
information exists about arc plasmas and nano-
particle formation (mostly metals); but these pro-
cesses are generally operated at very high
temperatures and/or low pressures such as the
hydrogen-plasma-metal reaction (HPMR) (Sakka
et al., 2002; Li et al., 2003; Shao et al., 2003)
Atmospheric pressure plasmas present a marked
advantage to vacuum systems as they are cheaper,
more energy efficient, easier to operate, capable of
very high production rates, and thus more readily
applied to a continuous production process. Now-
ling et al. (2002), have developed an atmospheric
pressure plasma jet for use in materials processing,
which demonstrates physical and chemical behav-
ior similar to those of a low-pressure plasma (Hicks
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et al., 1998; Schütze et al., 1998). This source has
been used for silica deposition, silicon nitride film
growth (Nowling et al., 2002), and a variety of
etching experiments (Jeong et al., 1998). This non-
equilibrium, low temperature source is a possible
low energy (cost) alternative to high temperature
plasma methods or traditional flame processes.
Acetylene has been used in argon and nitrogen

plasmas for deposition of graphitic thin films
(Mitu et al., 1998) and hydrogenated amorphous
carbon (Benedikt et al., 2003), and a myriad of
reaction pathways have been suggested which lead
to carbonaceous material. The steps in forming,
and the forces acting on nanoparticles in a plasma
are summarized by Cui et al. (1994) as well as
Hollenstein et al. (2000). Bartz et al. (2004) have
shown that larger particles are more likely to be
deposited by acceleration through the sheath, as
they are more susceptible to ion drag.
Vollath et al. (2002) have produced a high

concentration of non-aggregated nanoparticles, of
uniform size, in a low pressure microwave plasma.
This demonstrated the large potential of plasma
processes in high yield production of well-defined
nanoparticles. Running a comparable process at
atmospheric pressure is associated with higher
reactions rates, enabling a further increase in the
overall yield of the process.
Many traditional methods used in monitoring

particulate growth are not feasible for nanoparti-
cles. Traditional optical methods are unsuitable
for nanoparticles because of their reduced cross-
section for light-scattering (proportional to r6).
Taking advantage of particle magnification by
condensation, so-called condensation particle
counters (CPC’s) have been shown to give fairly
accurate readings down to 3 nm (Bartz et al.,
1985).
The fact that a fraction of the particles gener-

ated in plasmas have an electric charge allows for
the use of a Faraday cage aerosol electrometer. An
aerosol electrometer measures the quantity of
current contained in an aerosol flow and is there-
fore an accurate method of measuring the presence
of ions in the plasma effluent as well as charged
particulate matter. Combined with a differential
mobility analyzer (DMA), which separates a
polydisperse aerosol into a monodisperse con-
taining all particles with the same electric mobility,
one electrometer can account for all charged spe-
cies present in the flow.

In this paper we apply a non-filamentary non-
equilibrium, low temperature, atmospheric pres-
sure plasma to nanoparticle production for the
very first time. The feature of being non-filamen-
tary, i.e. essentially homogeneous, is interesting in
view of the possibility of creating equally sized
particles. The low-pressure example of Vollath
et al. (2002) suggests that a homogeneous plasma
is forms equally sized particles under adequate
conditions. The effect of process conditions on
nanoparticle growth is investigated through the
use of a DMA and Aerosol Electrometer. The
particles are analyzed by transmission electron
microscopy (TEM) and energy dispersive X-ray
(EDX) analysis. Finally, conclusions are drawn as
to the effectiveness of this plasma source for
nanoparticle production.

Experimental

The plasma source used in this paper is basically
described by Nowling et al. (2002). The source
includes two internal, pre-set fixed-needle valves,
drawing about 27 slpm of ultra-high purity helium
and 400 sccpm (He) of reactive gas at 1.5 barg.
The RF power ranges up to 100 W at 13.56 MHz,
and reflected power can be controlled on the
source by a manually tuned matching network (set
to minimal reflected power for each experiment).
The plasma applicator has a diameter of 40 mm,
and its exterior is electrically connected to the
grounded electrode, as depicted in Figure 1
(Nowling et al., 2002).
For carbon particle deposition experiments, the

flow rate of acetylene was modified by the use of a
variable pressure drop rotameter system: both

Figure 1. Electrode setup diagram of the AtomfloTM

Applicator Head.
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helium and Acetylene are connected to the reactive
gas inlet of the system, and the excess helium flow
rate is controlled by a rotameter such that the
Acetylene flow is well defined. The total Acetylene
concentration ranges from 0 to �0.84 vol.%. For
size measurement experiments, Acetylene is set by
a mass flow controller at 16 and 40 sccpm.
The Ferrocene flow scheme is different, due to

the low vapor pressure precursor and the necessity
of Hydrogen addition to neutralize the released
cyclopentadienyl radicals. The main helium gas is
split into two before entering a hot water bath
(maintained at 80�C) for heating. One gas line,
controlled by a mass flow controller set between
0.50 and 1.05 slpm He, is passed through the fer-
rocene bubbler before rejoining the excess gas and

entering the plasma system. Hydrogen is controlled
by another mass flow controller, and delivered to
the reactive gas inlet at a rate of 0–800 sccpm.
A steel reaction chamber, as seen in Figure 2,

has been designed such that the effluent is forced
through a 4 mm/6 mm tube. A TEM grid is
mounted on it for particle deposition. The grid is
placed between two steel screens shaped to fit
snugly about the tube protruding into the deposi-
tion chamber at a distance of �18 mm from the
plasma jet applicator head. Since the plasma vol-
ume has a space charge controlled by its non-zero
potential relative to ground, charged particles are
accelerated toward the TEM grid (the closest
grounded object to the jet effluent). For this reason
the process is refered to as plasma-enhanced
deposition.
To prevent oxidation by exposure to air, iron

nanoparticles are collected in a sealable electro-
static deposition chamber, removed in an argon
glovebox, and transfered to the microscope via a
vacuum transfer holder. The iron particles are
collected in a setup different from the one descri-
bed above: two electrodes (with a potential dif-
ference of 250 V) protrude into a cross-junction
perpendicular to the flow. The resulting electric
field accelerates charged particles toward both
electrodes, preferentially collecting smaller parti-
cles with higher mobility.
TEM and EDX analysis were performed on the

particles using a Philips CM30T electron micro-
scope with an LaB6 filament operating at 300 kV,
and LINK EDX system. Copper and Nickel grids,
both coated in a carbon film, are used for TEM
deposition.
In addition to particle deposition, particle den-

sities are measured by a DMA/Electrometer sys-
tem. The theory behind the Differential Mobility
Analyzer has been well established for particles
down to a few nm in diameter Fernandez de la
Mora et al. (2003). The DMA used here is oper-
ated on a sheath flow of 20 slpm nitrogen gas and
a maximum aerosol flow of about 1.5 slpm He.
Voltages applied range up to around 3 kV, corre-
sponding to particle sizes from �5–50 nm.
Since the DMA selects particles having a specific

mobility from the aerosol flow, ions are summarily
removed (along with other particles having too
high a mobility for the particular voltage applied)
within the DMA. Thus, electrometer counts
downstream of the DMA consist purely of charged

Figure 2. Inline deposition chamber for plasma-enhanced
nanoparticle collection.
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particles (with the same sign). The DMA is there-
fore operated with both polarities to intentionally
select negatively or positively charged particles.

Results and discussion

Firstly the ion concentration was measured coming
from a pure helium plasma at various power set-
tings, with the electrometer at a location approxi-
mately 1 m (of 4 mm ID tubing) downstream of the
glow region. Ranging from 100–300 cm)3, the net
number of ions (excess of positively charged ions)
shown in Figure 3 increases linearly with applied
power. It is to be noted that only a small fraction of
the ions reaches the electrometer, the vast majority
being lost to the tubing by diffusion. Thus the values
displayed in Figure 3 would have to be multiplied
by a large loss factor (not determined in the present
study) to obtain the absolute net positive ionic
charge exiting the plasma zone.
Large acetylene concentrations had a tendency to

clog the grounded tubing downstream from the
deposition chamber (as well as coating the chamber
itself). This led to a buildup in pressure and corre-
sponding change in flow, so the channels (�1 m of
4 mm ID metal tubing, and AEM inlet tube) were
periodically cleaned with acetone and mechanical
agitation. This qualitatively showed that the present
system is capable of producing large amounts of
nanoparticulate material. Far lower concentrations
were used in DMA coupled experiments to avoid
contamination of the measuring equipment.
The particle charge transfer processes within and

behind the plasma zone determine the particle
charge. These processes are complex, and thus our

charge dependent DMA-AEM measurement does
not allow any precise statements about the particle
size distributions. However, the following consid-
erations show that assuming a Boltzmann equilib-
rium charge distribution (Hinds, 1999) should lead
to an approximation sufficient for our present pur-
poses. The carbon particle measurements showed
very similar concentrations of positive and negative
charges (see following section). Such a result is
obtained, if an aerosol is subjected to positive and
negative mobile charge carriers such as electrons
and ions for a sufficiently long time with Zinit (the
product of mobility, concentration and time) equal
for both polarities of these mobile carriers. We
assume that the particles carry charge of the same
polarity in the excited zone of the plasma, as
reported in practically all cases of dusty plasmas (see
e.g., Smirnov et al., 2001). Outside the plasma, the
positive and negative mobile carriers undergo rapid
recombination, while the particles are exposed to
both polarities, and multiple events of positive and
negative charge carrier attachment move the parti-
cle charge distribution in the direction of equilib-
rium. The fact that a unipolar charge is converted to
a distribution with a mean charge near zero indi-
cates that the Zinit productsmust be similar for both
polarities and that this neutralization process leads
to a near-equilibrium charge state. For the particle
sizes we observed, the Boltzmann distribution
implies that the fraction of particles carrying a single
elementary positive or negative charge represents
5–10% of the total concentration, and that multiple
charges can be neglected. The smallest particles seen
(20 nm) are charged with a probability ca. a factor
of three smaller than the largest ones (40 nm). Thus
the small particles are systematically underrepre-
sented in the size distributions shown. We refrained
from correcting our data accordingly, though,
focusing only on qualitative conclusions. For the
case of the iron particles (see below), positive and
negative particles differ in concentration, but the
distribution is far frombeing unipolar.We conclude
that the assumption of a charging efficiency in
the range of some percent is still valid in the sense of
a rough approximation.

Carbon nanoparticles

Carbon nanoparticles sampled by plasma-
enhanced deposition are depicted in Figure 4. The
seven-minute deposition was made with 150 sscpm

Figure 3. Net Charge Density from a pure He plasma, as
measured by the electrometer.
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of Acetylene at 55 W applied power. The particles
are highly agglomerated on deposition, and have
primary diameters of �15–30 nm.
Acetylene flow rates of 16 and 40 sscpm (cor-

responding to �0.06 and 0.15 vol% respectively)
are used to investigate the particle production
characteristics as a function of the mobility
diameter. The experimental field of varied process
parameters is indicated in Table 1.
Figure 5 shows the concentration downstream of

the DMA as function of the mobility equivalent
diameter for different conditions. This representa-
tion is used as to estimate the particle size distri-
butions. The sizes agree with typical primary
particle sizes seen in micrographs as in Figure 4,
which shows that the particles are essentially
unagglomerated when exiting the plasma. As indi-
cated by Figure 5, the effect of increasing Acetylene
concentration has little effect on particle produc-
tion. The mode of the distribution is decreased by
only 1.5 nm, and total particle production is vir-
tually unchanged. Nevertheless, a much finer dis-
tribution (smaller Full-Width Half-Maximum) is
evidenced at the lower Acetylene flow. Table 1

summarizes the mode and FWHM data for all
experimental sets.
Comparison of set 2 and set 3 in Figure 5 shows

that the increase of applied power has a more
pronounced effect than increased precursor con-
centration. Overall nanoparticle production is
drastically increased, with a slight decrease in
average particle diameter. While the FWHM
drops by little over 1 nm, this is a significant rel-
ative increase in the monodispersity since the
FWHM is already small. A possible qualitative
explanation for this effect could be increased
charging of the particles in the plasma, if the
electrons are accelerated to a higher energy.
Higher electron impact ionization of the particles
and thus a higher positive particle charge within
the plasma is expected with higher applied power.
This suppresses particle-particle aggregation at an
earlier stage of growth, leading to more uniformly
sized and smaller particles in spite of higher con-
centration.
Finally, positively charged particle concentra-

tions exceed those of negative ones in nearly every
size range selected by the DMA. This is consistent
with the excess of positive charge measured in the
gas leaving a pure helium plasma. There is little
detectable difference between the produced size
distributions, aside from this increased concen-
tration.

Iron nanoparticles

Oxygen-unexposed particles collected by electro-
static deposition are depicted in Figure 6;

Figure 4. TEM image of deposited carbon particles.

Table 1. Experimental field and results for C2H2

Set QAcet

[sccpm]

Applied

ower [W]

Charge selected

by DMA

Mode

[nm]

FWHM
[nm]

1 16 55 (–) 32.0 18.4
2 16 55 (+) 33.0 15.4
3 16 100 ()) 30.0 17.0
4 40 55 ()) 30.5 24.6
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dp (nm)
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Set 2 Set 1

Set 3 Set 4

Figure 5. Carbon particle concentration downstream of the
DMA as measured by AEM as function of the mobility
equivalent diameter assuming a single elementary charge
per particle.
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Ferrocene carrier gas flow rate was set at 1.0 slpm
He, and H2 fed at 400 sccpm for a 10 min deposi-
tion. Although small particles are collected at
nearly 100% efficiency, there are clearly larger
amorphous particles (�20 nm) present on the grid.
EDX analysis indicates an extremely low presence
of oxygen.
Upon exposure to air, nanoparticles oxidize very

rapidly; a pure amorphous iron particle converted
fully to Fe2O3 will show a 29% increase in

diameter and a corresponding 115% growth in
volume! This results in significant grain growth, as
illustrated by Figure 7. This image depicts parti-
cles generated under the same process conditions,
but sampled by plasma-enhanced deposition and
later exposed to air before removal and analysis.
For iron, the generated particle distribution was

observed as a function of Ferrocene carrier gas
flow, and H2:He ratio. The experimental field is
summarized in Table 2.
Figure 8 indicates the resulting distributions of

produced iron nanoparticles. It is clear that an
increasing relative hydrogen concentration causes
a slight drop in average particle size and a drastic
increase in the width of the distribution. Perhaps
more obvious is the significant increase in overall
charged particle production for increasing Ferro-
cene concentrations. It is accompanied by an
increase in particle diameter, and a rise in the
FWHM. These results are summarized in Table 2.
The particle charging properties of the Ferro-

cene dosed plasma are similar to that of Acetylene
in so far as an excess of positively charged particles
are produced. While the entire size range was not
investigated, the concentration of the observed

Figure 6. TEM image of unexposed Fe particles.

Figure 7. TEM image of iron nanoparticles after exposure
to air.

Table 2. Experimental field and results for ferrocene

Set QFerr

[slpm]

H2:He Charge dp,max

[nm]

FWHM
[nm]

1 1.0 2:10 ()) 23.1 6.2
2 0.5 4:10 ()) 23.0 4.2
3 0.5 1:10 ()) 21.8 10.1

0 5 10 15 20 25 30 35 40 45 50 55 60
dp (nm)
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Set 3

Figure 8. Iron particle concentration downstream of the
DMA as measured by AEM as function of the mobility
equivalent diameter assuming a single elementary charge
per particle.
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positively charged particles exceeds that of nega-
tively charged particles at a nearly constant ratio
of 2:1.

Conclusions

Clearly, the effect of increasing precursor con-
centration is an increase in overall particle pro-
duction (more pronounced in iron than in
carbon). While the mode of the size distribution is
slightly decreased for carbon, there is a clear
increase in the concentrations of larger particle
sizes for increasing precursor concentrations for
both Ferrocene/H2 and Acetylene when their inlet
flows are increased. This is logical, as the presence
of more material in the plasma leads to greater
nanoparticle growth. This fact is further sup-
ported by the diminished monodispersity (higher
FWHM) observed at higher precursor inlet
concentrations.
Though only investigated for carbon, increas-

ing applied (and thus delivered) power induces a
drastic increase in particle production by boost-
ing chemical conversion of the precursor mate-
rial. This conclusion indicates, secondarily, that
the conversion of Acetylene is nowhere near
complete since the increase in particle produc-
tion appears unbounded in the power range
examined.
In conclusion, an atmospheric plasma jet glow

discharge has been introduced as a principle of
producing nanoparticles on the examples of car-
bon and iron. Comparson of mobility equivalent
diameters and micrograph data show that the
particles are not or only weakly agglomerated,
which is assumed to be due to the unipolar charge
on the particles in the plasma. Size distributions
have been obtained that are fairly narrow (e.g.,
Figure 8). Like in the case of Vollath et al. (2002),
we assume that the unipolar charge in the plasma
zone is responsible for this. Possibly, this would
further be improved and these distributions would
lose the tail on the large particle end, if agglom-
eration behind the plasma zone, where the parti-
cles are essentially discharged, would be avoided
by rapid dilution. Thus the atmospheric plasma jet
seems to be an approach in the right direction and
has a potential of becoming a rather economical
method of high rate production of unagglomerat-
ed, uniformly sized nanoparticles.
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