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Abstract

®

CrossMark

Metallic nanoparticles of aluminum (Al), a nontoxic and earth-abundant element, are relevant to
plasmonic and energetic applications. However, monodisperse Al nanoparticles are difficult to
synthesize using all gas-phase approaches, especially in the 10 to 20 nm size range; yet, many
applications require particles of this size due to their enhanced properties. Here, an inductive

nonthermal plasma reactor fed with aluminum trichloride (AICl3) and Ar is used to synthesize
single-crystal aluminum nanoparticles. The particles can be produced with or without hydrogen.
Several reactor conditions such as AICl; vapor concentration, flow rates, and power are found to
strongly influence particle properties such as the oxide shell thickness, particle mono-dispersity,
and particle size. Significant quantities of Ar relative to AlCl3, short residence times of 10 s of
ms, and pressures in excess of 4.7 Torr are required to form Al particles with geometric mean
sizes of 10-20 nm and geometric standard deviations as low as 1.3. While the Al nanoparticles
are covered with 2—4 nm thick oxide shells, the best synthesis conditions yield particle sizes

determined by electron microscopy that are comparable to crystallite sizes determined from x-ray

diffraction.

Supplementary material for this article is available online
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(Some figures may appear in colour only in the online journal)

1. Introduction

Due to their tendency to easily oxidize, metals are difficult to
synthesize at the nanoscale but serve as a basis for many
applications including catalysts [1—4], aluminum-based bat-
teries [5, 6], energetics [7], biomedicine [8], metallic glasses
[9], structural applications [10], and photonics [4, 11]. One
such metal, aluminum (Al), is earth-abundant, nontoxic, and
is utilized in lithium ion batteries [5], biomedical applications
[12], energetic materials [13], hydrogen production [14],
hydrogen storage [15], plasmonics and photonics [4, 16], and
catalysis [1]. To optimize and enable some of these applica-
tions requires a reliable synthesis process for crystalline Al

0957-4484/21/395601+-11$33.00

nanoparticles in the 10-20 nm size range with low poly-
dispersity [17, 18].

Commercial Al is produced in sizes ranging from 40 nm
to tens of micrometers [19, 20] using vapor phase nucleation,
which results from physical supersaturation followed by
condensation to form Al droplets. However, the synthesis of
monodisperse Al nanoparticles is still elusive [20]. Current
synthesis methods often suffer from broad particle size dis-
tributions, an inability to create particles of a specific diameter
at the nanometer scale, contamination, and agglomeration
issues [20]. The methods employed to produce nanoparticles
of Al and other metals include electric explosion of wires
[21], wet synthesis routes [22-25], plasma synthesis via

© 2021 I0P Publishing Ltd  Printed in the UK
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thermal [26] and nonthermal [27] plasmas, vapor-condensa-
tion [28-30], flame synthesis [31], mechanical milling of
large metal particles [32, 33], and laser ablation [34-36].
However, many of these synthesis methods lack control over
particle size and size distribution and some are not compatible
with the integrated growth of a shell material that could
protect the metal nanoparticles from oxidation.

Nonthermal plasmas can generate radical species at low
temperatures that otherwise could not be generated without
excessive heat. The result is a highly reactive electro-chemical
environment that has been utilized in the synthesis of a large
class of nanomaterials that includes many elemental nano-
particles [37-51], particles of doped semiconductors [52, 53],
particles that were coated with ligands in an integrated all-
gas-phase process [54-56], and nanocomposites [40-42, 57,
58]. To date, nonthermal plasmas have been scantly applied
to the synthesis of metal nanoparticles, and carbon con-
tamination from the metal organic precursors was found to be
a major problem [49-51]. However, devising nonthermal
plasma processes for the synthesis of high purity nano-
particles is very appealing because nonthermal plasmas lend
themselves to the facile integration with inorganic shell
growth processes to form core—shell nanoparticles [45, 46,
56]. Shells may be designed to protect nanoparticle cores
from oxidation and other environmental influences.

In this paper, we focus on the synthesis of Al nano-
particles from an aluminum containing chloride precursor
rather than a metal organic precursor where carbon con-
tamination would be difficult to avoid [59]. Specifically, we
investigate the synthesis of Al nanoparticles from aluminum
trichloride (AICl3) in a single-step gas phase process, which
has to date not been demonstrated. Chlorinated precursors
have previously been used for the synthesis of group IV
semiconductor nanoparticles [47, 48, 60, 61] where it was
found that hydrogen is required as a scavenger for chlorine to
enable the nucleation of nanoparticles. We demonstrate that
Al nanoparticles can be produced with or without hydrogen,
in contrast to previous reports on group IV particles
[47, 48, 60, 61]. The effects of plasma power and gas flow
rates will be discussed below. While an important and logical
next step, the formation of core—shell particles to protect Al
nanoparticles from environmental influences is not considered
in this study.

2. Experimental methods

2.1. Precursor and process gas selection

The emphasis of this work is on the synthesis of Al nano-
particles with minimal amounts of impurities. For this reason,
we did not select common metal organic precursors such as
trimethyl aluminum or triethyl aluminum, which, in our pre-
liminary, unpublished work, had led to significant carbon
impurities. Instead, we decided on a chloride-based precursor,
aluminum trichloride, AIClz, which is solid at room temper-
ature but has a significant vapor pressure when heated.

Solid precursors are more difficult to work with than
gaseous precursors because decomposition, condensation, and
flow control are critical parameters that strongly effect
nanoparticle synthesis. However, AICl; has a significant
vapor pressure at temperatures as low as 100 °C [62]. Con-
tamination from Cl groups, which might appear to be a sig-
nificant problem, has been shown to be mitigatable with or
without hydrogen in other plasma-produced materials that
have used chlorine-based precursors [39, 44, 63].

Traditional methods for nanoparticle synthesis rely on
flow-through reactors where precursors are injected at the
inlet side and flown through the reactor and the electrodes.
This method, however, would lead to Al deposition on the
walls of the reactor between the exciting electrodes which
eventually would prevent power deposition into the plasma as
the RF electric field can no longer penetrate into the gas due
to electrostatic screening by the metal. To circumvent this
issue, a nontraditional midstream injection method was uti-
lized in this study, as shown in figure 1. The upstream Argon
flow Ar,, forms a sheath flow around the AICl; injector and
limits deposition of an Al film on the reactor walls inside of
the induction coil.

AICl; was selected as a precursor because of its lack of
any carbon-containing groups, its substantial vapor pressure
at relatively low temperatures, and its well known pathways
to the formation of Al films in electrolysis and plasma sys-
tems [64, 65]. Electrochemical pathways for Al film forma-
tion and decomposition of AICl; are well studied and several
pathways exist [64]. These pathways include both chemical
supersaturation pathways such as 2AICI,(g) — ALCL;(s) +
CI"(g) and physical supersaturation pathways such as AICl;(g) +
3e~ — Al(s) + 3CI(g). These mechanisms were also studied
in an inductive discharge for Al film formation at a low pressure
of 300 mTorr by Zheng et al [65]. The authors found that an
increase in the ratio of Ar to AICl; and H, resulted in more
decomposition of AlICl; into AICI and Al radicals compared to a
plasma with H; only [65]. Interestingly, they reported no optical
emission from Cl, but strong emission from AICI, Al, and H
atoms. This might elude to pathways where Cl, gas and HCI are
the predominant byproducts of the reactions similar to those
found by Ding er al for silicon nucleation from silane [60].
However, they also found that no Al metal film was formed when
a plasma consisting of only AICl; + Ar was used. This behavior
is consistent with several other reports where authors were unable
to obtain particles from chlorinated precursors without addition of
hydrogen [47, 48, 60, 61].

Hydrogen is often used to scavenge chlorine gas to form
HCI. Chlorine gas would otherwise react with Al, leading to
etching of the formed particles within the discharge. The etch
reaction, 2Al 4+ 3Cl, — 2AICl;, proceeds at modest tem-
peratures and depends on the formation rate of Cl, gas from
anionic Cl that is released during particle nucleation.
Hydrogen addition drives the reaction 2Al 4+ 6HCIl <
2AI1ClL; + 3H, to the left. Hence, one should expect that
increasing the amount of H, should lead to less Cl, gas for-
mation and Al particle formation should be more favorable
[66]. The H, addition also decreases the barrier to the
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Figure 1. A schematic of the reactor used to produce Al nanoparticles. An inductive discharge is excited via a radiofrequency power supply
that is coupled to a seven turn copper induction coil via a matching network. AlCl; is sublimated via a heating tape; heated reactor sections
are shown with a dashed red line. A downstream orifice is used to maintain the pressure upstream and impact the particles onto a moving

substrate for collection and analysis.

breakdown of AICl; which further improves the kinetics in
the plasma [65].

2.2. Plasma synthesis conditions and reactor details

Al nanoparticles are formed in a nonthermal inductively
coupled plasma (ICP) reactor, previously discussed in detail
by Beaudette et al [63]. Briefly, the reactor is shown in
figure 1 and utilizes a quartz tube with 355 mm length, 25 mm
outer diameter, and 21.8 mm inner diameter as the reaction
vessel. A radiofrequency (RF) electric field is induced by a 7
turn copper induction coil with a length of 3.2cm whose
upstream end is positioned 2.8 cm from the upstream end of
the precursor injection port, figure 1. The AlCl; injection port
is a 9.6 mm outer diameter quartz tube (standard 3/8 inch
ultratorr dimension) with a 7 mm inner diameter that is 51 mm
in length. The distance between the AICI; injection port and
the upstream argon inlet, Ar,, injection port is 127 mm. An
ICP is excited and maintained by a 13.56 MHz RF signal with
nominal powers between 80 and 235 W. The RF power is
generated by a Tektronix AFG 3251 arbitrary function gen-
erator that creates a driving signal with a peak-to-peak voltage
between 0.6 and 1.8 Vpp which is fed into an ENI A150-1210
power amplifier (55 db gain) and then into a Vectronics
HFT1500 matching network. Reported powers within the
figures reflect the output power of the amplifier. The actual
power coupled into the plasma is expected to be lower due to
losses in the RF components. Except when the effect of dis-
charge power is studied, the power is kept at 80 W.

Argon is flown from upstream of the injection port (Ary)
at a flow rate that is varied between 185 and 425 standard
cubic centimeter per minute (sccm). The hydrogen flow was
varied between 0 and 30 sccm. For each reactor run, 2.5 g of
fresh AICl; (Sigma Aldrich 99.99% Metals basis) precursor
were added to a sublimator, which was then heated using

BriskHeat heating tape (BWHO051040L) and an Applied
Thermal Systems controller. The heated sections of the
reactor are highlighted by dashed red lines in figure 1 and are
heated to 110°C. Argon (Arai,) was flown through the
sublimator at rates between 25 and 100 sccm to carry the
AICl; vapor into the reactor. Prior to establishing vapor flow
from the AICl; sublimator, the sublimator was heated for 10
min and an ICP was excited for 5 min to enable sufficient
heating of the discharge chamber; temperature measurements
of the reactor are reported elsewhere [63]. An orifice with
opening dimensions of 4.5mm X 0.7 mm and thickness of
10 mm was used to control the upstream pressure and accel-
erate the flow and the entrained nanoparticles for impaction
on the substrate [58]. Particles were impacted for 2 min per
run for post processing at a downstream location located 38"
from the plasma where the particles were synthesized.
Reactions were carried out at various pressures between 3.8
and 5.3 Torr depending on the flow rates. The influence of
discharge power was studied at 4.3 Torr (without hydrogen)
and 4.7 Torr (with hydrogen). Downstream pressures were
between 0.5 and 0.7 Torr.

The flow rate of AlICl; was estimated to be approximately
540 pg s~ based on the starting and ending quantity of AICl,
after 30 min of synthesis at a flow rate of 100 sccm of Arycy,.
During this period, the mass of AICl; in the sublimator
decreases from 2.5 to 1.5 g. The corresponding mass flow rate
of AICI; of 540 ugs ™' translates into a partial pressure of
AICl; of 91 mTorr out of a total pressure of 4.7 Torr at a total
argon flow rate of 285 sccm. The particle production rate is
10.2mgh ™" or 2.8 ugs~ ', resulting in a relatively poor pre-
cursor conversion rate of <1%. We observed that AICl; is
lost primarily to the reactor walls in the form of an aluminum
film and AICIL, species and to the pump as gaseous
AICl; fragments. Further research is needed in order to
improve the precursor conversion to Al nanoparticles.
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2.3. Materials characterization

X-ray photoelectron spectroscopy (XPS) was conducted on a
PHI Versa Probe III XPS and UPS (UV Photoelectron
Spectroscopy) system using an Al Ko source. A 55 eV band
pass energy at a 100 um spot size was used for high-resolu-
tion scans which were collected under neutralizing ion and
electron irradiation (dual beam charge neutralization). An
adventitious carbon signature located at 284.8 eV was used to
fit the peaks. XPS survey scans were taken at a band pass
energy of 280 eV for 5 scans in order to determine the che-
mical composition of the nanoparticle films which were then
calculated using PHI’s ‘Multipak’ software.

A Tecnai T12 transmission electron microscope (TEM)
was used in bright field imaging mode at an accelerating
voltage of 120kV to determine particle sizes. More than 100
particles were measured in order to fit the log-normal size
distributions and histograms shown in the figures with their
accompanying geometric means (/i) and geometric standard
deviations (0,). We wused two different methods of
TEM sample preparation. TEM samples in figure S1,
available  online  atstacks.iop.org/NANO/32/395601/
mmedia of nanoparticles produced at 25 and 50 sccm of
Arpicy, with 30 scem of H, and at 50 sccm Arpyc, samples
with 0 sccm of H, were collected by direct impaction of the
nanoparticles onto TEM grids after the slit orifice in a
chamber about 38” downstream of the plasma. These particles
do not show agglomeration because they were collected
directly from the gas phase post synthesis. All other TEM
samples were collected by directly impacting the nano-
particles downstream of the slit orifice onto glass slides.
These nanoparticle deposits were then scraped off and soni-
cated in ethanol for 2 min before drop casting them onto TEM
grids. These samples do exhibit particle agglomeration,
because they were collected as powders on a substrate, and
capillary forces of the solvent used for drop casting also lead to
agglomeration during solvent evaporation. X-ray diffraction
(XRD) patterns were collected on a Bruker D8 Discover dif-
fractometer that uses a beryllium 2D area detector and a Co Ko
source. The patterns were then converted to Cu Ko patterns via
the computing software Jade. Scans were collected on amor-
phous SiO,; the broad amorphous background from SiO, was
subtracted from the raw signal to get the final signal. XRD
(111) Al peaks were fitted to determine approximate crystallite
sizes using the Scherrer equation [67]; instrument broadening
was accounted for using a LaBg standard.

3. Results and discussion

Our studies revealed that several parameters strongly control
the overall production and yields of Al nanoparticles. The
flow rates of Ar,, and Arycy,, and plasma power were found
to have significant effects on the particle production. Low
vapor pressures of AlICl; caused by sublimator temperatures
that were lower than 110 °C were insufficient for producing
Al nanoparticles without hydrogen, and production rates with
hydrogen were exceptionally weak at even 109 °C. High

upstream flow rates Ar,, at or above 185 sccm were essential
to Al particle production. Below we will discuss the effects of
the flow rates and plasma power for Al particle production.

3.1. Effect of Arpci, flow rate

To study the effect of argon flow through the sublimator,
Arajcy,, the upstream flow rate of argon, Ar,, was held
constant 185 sccm. As Aryjc, was increased from 25 to
100 sccm the geometric mean of the particle size distributions
was found to decrease when hydrogen was added, but did not
change significantly when hydrogen was not added. Hydro-
gen within the discharge can react with chlorine to form HCl
which has a lower etch rate for Al than Cl,, Cl, or other CI
radicals [68]. Moreover, new chemical pathways for particle
formation exist with hydrogen through decomposition and
direct reactions with AlCl5 to form intermediate radicals such
as AICI and AICI, that would otherwise need to be created by
electron collisions with the high energy AlCl; bonds [65, 69].
Particle formation can occur at lower input powers with
hydrogen which, in turn, can lead to larger particles when
compared to conditions without hydrogen as plasma electrons
are not solely responsible for the decomposition of AICI; and
because Cl, discharges tend to have lower electron densities
than HCI discharges [70], as shown in figures 2(a), (¢) and S1.
We note that the geometric standard deviation of 1.6-1.7 is
larger than those that are typically observed in plasma
synthesis of nanoparticles [71, 72]. The reason for this rela-
tively broad size distribution is currently not understood and
requires further study. Possible mechanisms leading to the
broad size distribution could include agglomeration of neutral
Al particles outside of the plasma or radial gradients in the
precursor density due to the central injection of the Al
precursor.

XPS scans of the produced nanoparticle films are shown
in figures 2(c), (d) with hydrogen and in figures 2(g), (h)
without hydrogen. The nanoparticle surfaces were irradiated
with an argon ion beam within the XPS instrument for 1 min
to remove surface contamination and the surface oxide layer.
High resolution scans of the Al 2p peaks were taken and two
significant peaks were found: one located at approximately
71eV corresponding to metallic Al and the second at
approximately 75eV corresponding to aluminum oxide
[73-76]. Particles produced without hydrogen had
significantly larger Al fractions, between 28% and 34%,
compared to samples produced with hydrogen, 18%—-27%,
suggesting a thicker oxide shell, although uneven etching of
the nanoparticle films by the sputter source may be a factor
too. Chlorine in the as-produced films was slightly lower for
nanoparticles produced without hydrogen, at 3.8%-5.1%,
than for particles produced with hydrogen, at 4.8%-5.8%.
The small difference in chlorine concentration in the Al
nanoparticles produced with and without hydrogen suggests
that the Al particle nucleation from AICI; in the plasma is
more dependent on plasma electrons than on the presence of
hydrogen.

The crystallite size, as determined by applying the
Scherrer equation to the XRD measurements, is significantly
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Figure 2. Particle size distributions from TEM analysis, XPS, and XRD of particles produced with Aryjcj, flow rates between 25 and

100 sccm, Ar,, flow rate of 185 sccm, at 80 W of power (a)—(d) with
distributions with (a) 30 sccm of hydrogen and (e) without hydrogen.

30 sccm of hydrogen and (e)-(h) without hydrogen. Particle size
XRD for particles produced (b) with 30 sccm of hydrogen and (f)

without hydrogen, particle sizes calculated from the Scherrer equation shown above each line. Al 2p high-resolution XPS scans of the
particles produced (c) with 30 sccm of hydrogen and (g) without hydrogen. XPS Survey scans for particles produced (d) with 30 sccm of

hydrogen and (h) without hydrogen.

smaller than the particle size measured by TEM, as shown by
comparing the particle size distributions from TEM in
figures 2(a), (e), with XRD scans in figures 2(b), (f) [67]. The
XRD peaks represent cubic Al and were found to agree with
literature [65, 77-79]. The discrepancy between the XRD
crystallite size and TEM particle size, which is as large as
12 nm when the flow rate of Arajc, was 25 sccm with
hydrogen, might indicate condensation of excess AlCl; or its
fragments onto the surface of the particles. When removed
from the reactor and exposed to air, these AICI, groups react
with water vapor in the atmosphere to form an oxide layer. To
counteract this effect, higher flow rates of Arajcy, of 100 sccm
were used for the remaining experiments which led to sig-
nificantly smaller particle sizes inferred from TEM imaging, a
lower fraction of very large particles, and reduced AICl;
condensation downstream of the plasma than at Arjc), flow
rates of 25 or 50 sccm. The higher flow rate of Arycy, of
100 sccm results in a lower gas phase concentration of AlCl;
relative to argon and shorter residence times compared to the
25 and 50 sccm cases. These two factors reduce the overall

growth of Al particles by AICI, additions or by AICIl; con-
densation downstream of the plasma.

3.2. Effect of Ar,, flow rate

In order to decrease the vapor phase concentration of AlICI; in
the gas phase and reduce the residence time of the gas in the
plasma further, the flow rate of Ar,, was changed from 185 to
435 sccm while the Araic, flow rate was held constant at
100 sccm. The residence time of the particles in the plasma is
shown in figure S2 and corresponds to roughly 13 ms for an
Ar,, flow rate of 185 sccm case (315 sccm of total flow) and 8
ms for an Ar,, flow rate of 425 sccm case (565 sccm of total
flow). This increase in flow rate caused the pressure in the
reactor to change between 4.7 Torr (185 sccm), 5.0 Torr
(325 scem), and 5.3 Torr (435 sccm) when hydrogen was
added and between 4.3 Torr (185 sccm), 4.7 Torr (325 sccm),
and 5.0 Torr (435 sccm) when no hydrogen was added. The
gas phase concentration of AlCl; relative to Ar at 285 sccm of
total Ar flow (Ary, + Aryjcy,) is significantly higher than that
at 535 sccm total Ar flow. Figure 3 shows the particle size
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Figure 3. Particle size distributions from TEM analysis , XPS, and XRD of Al nanoparticles produced at 80 W of power with Ar,, flow rates
between 185 and 435 sccm (a)—(d) with 30 sccm of hydrogen and (e)—(h) without hydrogen. Particle size distributions (a) with 30 sccm of
hydrogen and (e) without hydrogen. XRD for particles produced (b) with 30 sccm of hydrogen and (f) without hydrogen, particle sizes
calculated from the Scherrer equation shown above each line. Al 2p high-resolution XPS scans of the particles produced (c) with 30 sccm of
hydrogen and (g) without hydrogen. XPS Survey scans for particles produced (d) with 30 sccm of hydrogen and (h) without hydrogen.

distributions determined by TEM, XRD, and XPS for parti-
cles produced by increasing the flow rate of the upstream
argon (Ar,,) through the reactor. Sample TEM images of the
particles are shown in figure 4. Particle agglomeration, visible
in figure 4, is due to the collection method involving col-
lection as powders and drop casting, as explained in the
experimental section on TEM sample collection. Particle size
distributions in figure 3(a) with hydrogen and 3(e) without
hydrogen show that increasing the flow rate of argon, which
subsequently dilutes the vapor of AICI; in the gas phase,
results in particles with geometric mean sizes between 10.5
and 11.5 nm, which are smaller than the particles produced
previously at conditions of higher AICIl; concentrations.
Additionally, the geometric standard deviation of these par-
ticles decreased from 1.6 to 1.3 as the total upstream argon
flow rate was increased from 185 to 435 sccm, which also
increased the pressure as discussed above. XRD of the par-
ticles shows crystallite sizes which decrease from 10 to
9.3nm when pressure and flow rates were increased with
hydrogen, figure 3(b). When hydrogen was not added, crys-
tallite sizes ranged from 7 to 7.6 nm for the different flow

rates, figure 3(f). Figure 3 also shows the XPS for Al particles
produced with hydrogen (c), (d) and without hydrogen (g), (h)
with chlorine contents that hover around 5%—-6% for all
produced samples regardless of hydrogen addition. Energy-
dispersive x-ray spectroscopy scans for particle produced
with the highest flow rate of Ar,, of 435 sccm with hydrogen
showed trace amounts of chlorine, relative to aluminum and
oxygen, figure S3. The strongest signature of elemental alu-
minum was observed for an Ar,, flow of 185 sccm without
addition of hydrogen.

It is important to note that the shorter residence times and
lower gas phase concentration of AICl; caused by increasing
Ar,, resulted in smaller particle sizes and geometric standard
deviations from TEM analysis but did not significantly
influence the overall crystallite sizes determined by XRD. We
attribute this to a reduction in the AICI fragments in the shell
of the Al particles and a reduction in AlCI; condensation onto
the particles. Additionally, the crystallite sizes were smaller
for particles produced without hydrogen than with hydrogen
in all cases, which we attribute to the increased etch rate of Al
for Cl, gas compared to HCI.
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30 sccm Hydrogen

Figure 4. TEM of particles produced at 80 W of power with flow rates Ar,;, between 185 and 435 sccm with (a) 30 sccm of hydrogen and

(b) without hydrogen.

3.3. Effect of plasma power

The effect of the plasma input power was studied at constant
conditions of 185 sccm of Ary, because this was the mini-
mum flow rate that was necessary to produce Al nanoparticles
and 100 sccm of Arycy, because it resulted in a lower quantity
of larger nanoparticles in order to determine the role of
increasing plasma density on the final Al particles. Hydrogen
quenches the plasma by reducing the density of plasma
electrons that are available for the direct decomposition of and
reaction with AICl; [65, 80, 81]. Higher powers in this case
should be necessary to compensate for the reduction in
electron density, to improve AICl; vapor decomposition, and
to form Al nanoparticles in the plasma. Particle size dis-
tributions in figure 5(a) with hydrogen and 5(b) without
hydrogen show that increasing plasma power from 80 to
130 W decreases the geometric standard deviation of the
particles from 1.6 to 1.3. The increased plasma density
associated with increasing plasma power likely leads to more
particle charging within the plasma and extends the afterglow
region to further prevent agglomeration and favor mono-
disperse particle growth.

The geometric mean particle size was relatively unaf-
fected by the power when hydrogen was added remaining
between 14 and 15 nm. However, power significantly affected
particle size when no hydrogen was added leading initially to
a slight decrease in particle size from 13.3 to 12.4 nm when

power was increased from 80 to 130 W and then to an
increase in particle size to 17.4 nm when power was increased
further to 185 W, as shown in figures 5(a), (¢). TEM images
of the particles are shown in figure S4. The mean size of the
particles, as seen in figure 5(a), did not change while the
crystallite sizes decreased from 10 to 7 nm, as inferred from
Sherrer fits to the XRD data in figure 5(b), as power was
increased from 80 to 235 W when hydrogen was added. This
is due to a thicker oxide shell as indicated in the XPS scans by
an increasingly weaker Al signal as the power is increased
from 80 to 235 W, figure 5(c) [76]. A similar trend was also
found when hydrogen was not added, figures 5(f), (h).
Figure 5 also shows the elemental composition derived from
XPS for Al particles produced (d) with hydrogen and (h)
without hydrogen. Chlorine increases with increasing power
from 5% at 130 W up to 9.2% at 235 W for the particles
produced with hydrogen. When hydrogen was absent,
chlorine concentration in the nanoparticle films increases
slightly from 5.1% at 80 W to 8.6% at 235 W.

The increase in chlorine content, figures 5(d), (e), the
decrease in the Al 2p signal in XPS, figures 5(c), (g), and the
decrease in the XRD Al crystallite size, figures 5(b), (f), as
plasma power is increased suggests that increases in plasma
power mainly caused an increased AICI, shell growth. This
may be due to condensation/reaction of AICI, downstream of
the plasma rather than Al core growth.
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Figure 5. Particle size distributions from TEM analysis, XPS, and XRD of Al nanoparticles produced with powers between 80 and 235 W
(a)—(d) with 30 sccm of hydrogen at 4.7 Torr and (e)—(h) without hydrogen at 4.3 Torr. Particle size distributions (a) with 30 sccm of
hydrogen and (e) without hydrogen. XRD for particles produced (b) with 30 sccm of hydrogen and (f) without hydrogen, particle sizes
calculated from the Scherrer equation shown above each line. Al 2p high-resolution XPS scans of the particles produced (c) with 30 sccm of
hydrogen and (g) without hydrogen. XPS survey scans for particles produced (d) with 30 sccm of hydrogen and (h) without hydrogen.

4. Conclusions

Al nanoparticles were formed using a nonthermal inductive
plasma utilizing AICl; and Ar, both with and without
hydrogen. It was found that parameters such as gas phase
concentration of AlCl; and plasma power were critical to the
formation of Al nanoparticles. Generally, hydrogen addition
led to the formation of larger Al crystal core sizes compared
to particles that were produced without hydrogen.

When flow rates of Aryjcy, were increased from 25 to
100 sccm, leading to reduced AICI;/Ar concentrations, par-
ticle sizes decreased; particles were polydisperse in all cases
with geometric standard deviations of 1.6—1.7, without and
with hydrogen addition. Particles produced without hydrogen
had lower chlorine content and higher Al content than parti-
cles produced with hydrogen. The significant differences
between the geometric mean sizes determined by TEM and
crystallite sizes measured by XRD indicated relatively thick
oxide shells.

In order to obtain Al particles without significant oxide
shell thicknesses relative to the core Al crystallite size, the
flow rates of Ar,, through the plasma reactor were increased
from 185 to 435 sccm. This resulted in the further dilution of

the AICl; vapor relative to the argon flow. This change pro-
duced particles of smaller sizes of ~11 nm, with geometric
standard deviations of 1.3. Crystallite sizes relative to the
particle oxide shell thickness were significantly improved and
resulted in crystallite sizes of 9.3nm with hydrogen and
7.4 nm without hydrogen for particles of ~11 nm in size at
the highest total flow of Ar of 535 sccm (Ary, + Arpcyy). It
was also found that crystallite sizes were smaller for particles
produced without hydrogen than with hydrogen in all cases,
which is attributed to the increased etching rate of Al for Cl,
gas compared to HCL

Input plasma power was found to significantly influence
the oxide layer thickness of the nanoparticles. Higher plasma
power produced particles with smaller geometric standard
deviations of 1.3 compared to particles produced at the lowest
power with values of 1.6, which was linked to an increase in
electron density. However, chlorine incorporation into the
particles increased as a function of power, reaching 9.2% of
the particle film composition at the highest power of 235 W
even with hydrogen addition. Additionally, the fraction of Al
metal relative to aluminum oxide increased with increasing
power as crystallite size decreased. We suggest that this
occurred due to increased radical densities of AICL, species
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which ultimately condensed and reacted with the Al particles
to produce thicker shells of AICIl, as power was increased.
Presumably, these thicker AICI, shells reacted with water in
the air to form thicker oxides.

At present, the conversion efficiency of AlICl; precursor
into Al nanoparticles is still poor at below 1%. Future
research will focus on improving this conversion efficiency.
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