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Nanomaterials synthesis at atmospheric pressure using
nanosecond dischar ges

David Z. Pai'
Laboratoire EM2C, CNRS UPR288, Ecole Centrale Paris, 92295 Chatenay-Malabry,
France

The application of nanosecond discharges towards nanomaterials synthesis at atmospheric
pressure is explored. First, various plasma sources are evaluated in terms of the energy used
to include one atom into the nanomaterial, which is shown to depend strongly on the electron
temperature. Because of their high average electron temperature, nanosecond discharges
could be used to achieve nanofabrication at a lower energy cost, and therefore with better
efficiency, than with other plasma sources at atmospheric pressure. Transient spark
discharges and nanosecond repetitively pulsed (NRP) discharges are suggested as particularly
useful examples of nanosecond discharges generated at high repetition frequency.
Nanosecond discharges also generate fast heating and cooling rates that could be exploited to
produce metastable nanomaterials.

I ntroduction

The unique physics and chemistry of plasmas presents numerous advantages for the
fabrication of nanomaterials (Ostrikov 2005; Gonzalez-Aguilar et al. 2007; Ostrikov et al.
2007; Zheng et al. 2010). In particular, non-thermal plasmas have attracted much interest for
the fabrication of various nanomaterials in low-temperature non-equilibrium conditions, such
as nanocrystals (Kortshagen 2009). There is increasing interest in operating at atmospheric
pressure, where high species densities may permit fast synthesis without vacuum systems.
Focused research sub-topics have included the production of carbon-based nanostructures
(Gonzalez-Aguilar et al. 2007; Nozaki et al. 2008) and the use of microplasmas (Mariotti et
al. 2010). A detailed overview of plasma nanofabrication can be obtained from the
aforementioned references, which are all review articles.

Scaling up plasma-based nanofabrication processes to the industrial scale is the
primary motivation for improving their efficiency. Many methods consume excess energy
and materials, largely because the fundamental processes involved are non-specific in nature.
For example, many techniques involve heating the entire substrate to facilitate the surface
reactions of the relatively few particles that participate in the assembly of a nanostructure.
Non-thermal plasmas may provide the selective control needed to direct energy and matter
efficiently.

In this article, we will compare the energy cost of synthesizing nanomaterials for
various non-thermal plasma sources at atmospheric pressure. We will then argue that
discharges of nanosecond duration hold significant promise for two reasons. First, they are
capable of matching or surpassing the current benchmarks for nanofabrication efficiency.
Second, the transient thermal processes produced by nanosecond discharges could be used to
generate metastable nanomaterias.
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Energy cost per atom of nanomaterials synthesis

Here we compare the energy cost of incorporating each atom into the nanomaterial
(eatom) for several case studies of nanofabrication using atmospheric pressure plasma sources,
asshown in Table 1. For this comparison, argon at atmospheric pressure is used as the carrier
gas for igniting the discharge in all cases. None use externa substrate heating; synthesis
results only from using the energy supplied by the plasma. Also, these particular studies
provide both the discharge power (P) and the nanomateriad mass production rate (m)
necessary for caculatinge,,,, =P/m. All of the nanomaterial produced is collected or at

least accounted for when providing the mass production rate.

There are a few details concerning the calculation of &;om for each of the studies used
in Table 1. For the microplasma used by (Nozaki et al. 2007), (Mariotti et al. 2010) estimates
m =1 pug/min. For the microplasma used by (Shimizu et al. 2006), we calculate m based on
the given dimensions of the nanoparticle tower and the density of bulk WOs. For the spark
discharge used by (Tabrizi et al. 2009), m is equated to the rate of electrode mass loss. For
the microwave (mw) torch used by (Dato et al. 2008), m = 2 mg/min is the amount of solid
carbon material collected, which is assumed here to be entirely made up of nanomaterial.

From Table 1, we see that no single plasma source emerges as the most efficient, with
energy costs ranging from 1 to 600 keV per atom. Sparks, microplasmas, and mw torch
sources are al capable of reaching the lowest energy cost of about 1 keV/atom. It is also not
clear that we should expect similar performance from the same source, as evidenced by the
wide range of energy costs for mw torches and particularly for microplasmas. A closer ook
at the basic properties of each plasma sourceis required.

Table 2 shows the electron temperature (Te) and the gas temperature (Tg) of some of
the plasma sources presented in Table 1, when such information is provided or can be
estimated from studies with similar experimental conditions. The estimates of the
temperatures for the microplasmas of (Shimizu et al. 2006; Mariotti et al. 2008) are based on
parametric studies of essentially the same plasma source by (Mariotti et al. 2007; Mariotti
2008; Stauss et al. 2010). Similar experimental conditions to the spark of (Tabrizi et al.
2009) can be found in (Reinmann et al. 1997; Akishev et al. 2007), who simulate Ty for
gparks in atmospheric pressure N,.  Given the planar electrode geometry and applied voltage
used by (Tabrizi et al. 2009), the reduced electric field is estimated to be about 120 Td, where
1 Td = 3 V/cm/torr. Using BOLSIG+, a code for the numerical solution of the Boltzmann
equation for electrons in weakly ionized gases (Hagelaar et al. 2005), it can be calculated that
the mean electron energy for such a reduced electric field in argon is 7.16 eV, which we
associate here with Te ~ 80000 K. (Chen et al. 2002) measure Ty and T, for the same mw
torch used in (Chen et al. 2003). For the dc arc of (Chen et al. 2007), we refer to (Reiche et
al. 2001), who measure the temperatures of asimilar dc arcin argon at 1 atm.

Table 1. Energy cost of incorporating each atom into the nanostructure ¢, = P/m using different
plasma sour ces at atmospheric pressure, where P isthe power coupled into the plasma and m isthe mass
production rate. In all cases, argon at 1 atm isthe carrier gas, and no external substrate heating is used.

Quantities marked by (*) have been calculated here based on data given in the listed references.

Source Nanomaterial P [W] Max. M [pg/s] Min. &atom [€V] References

microplasma | Si nanocrystals 35 0.017 600000* (Nozaki et al. 2007; Mariotti et al. 2010)
microplasma | MoOs; nanosheets 31 1* 42000* (Mariotti et al. 2008)

microplasma | WO; nanoparticles | 20 35* 1400* (Shimizu et al. 2006)

spark Au nanoparticles 15* 2* 1500* (Tabrizi et al. 2009)

mw torch Graphene 250 33 1000* (Dato et al. 2008)

mw torch Carbon nanotubes | 400 7 7200* (Chen et al. 2003)

dcarc Ag nanoparticles 120* 3 50000* (Chen et al. 2007)
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Table 2: Gas temperature (Ty) and electron temperature (T) of some of the plasma sources presented in
Table 1. Quantities marked by (*) have been calculated here based on data given in thelisted references.

Source Min. Eatom [€V] Max. Ty [K] Max. Te[K] | References

microplasma | 42000* ~2000* ~10000* (Mariotti et al. 2007; Mariotti 2008; Mariotti et al. 2008; Stauss et
al. 2010)

microplasma | 1400* ~1000 ~50000* (Shimizu et al. 2006; Mariotti et al. 2007; Mariotti 2008; Stauss et
al. 2010)

spark 1500* ~10000 ~80000* (Reinmann et al. 1997; Akishev et al. 2007; Tabrizi et al. 2009)

mw torch 7200* 3000 20000 (Chen et al. 2002; Chen et al. 2003)

dcarc 50000* 8000 12000 (Reiche et al. 2001; Chen et al. 2007)

From Table 2, we see that there is no correlation between gas temperature and energy
cost. High energy costs of about 50 keV/atom are obtained at both Ty = 2000 K and 8000 K.
Low energy costs of about 1 keV/atom are obtained at both Ty = 1000 K and 10000 K. On the
other hand, the energy cost decreases with increasing electron temperature. The lowest costs
are obtained when T, = 50000 K and 80000 K, which is significant if we consider electron
impact processes in argon, the carrier gas for all of the experiments discussed above. Figure
1(a) shows the fractional power loss of electron energy to elastic, excitation, and ionization in
argon, calculated using BOLSIG+. Processes useful for nanomaterials synthesis such as
excitation and ionization consume over 50% of the energy if Te > 25000 K, and &aom
decreases accordingly, as shown in Figure 1(b).
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Figure 1: (a) Fractional power transfer into different electron impact processes in argon as a function of
the electron temperature. (b) The energy cost per atom for nanofabrication of the plasma sources from
Table 2 asa function of the fractional power consumption of electron impact excitation.

Thus, it appears that increasing the electron temperature decreases the energy cost per
atom incorporated into the nanomaterial, thus improving nanofabrication efficiency. For mw
torches, this is accomplished by increasing the power or introducing aerosol particles into the
input gas flow, as demonstrated by (Chen et al. 2002), who obtained up to T, = 55000 K.
Decreasing the dimensions of microplasmas simultaneously decreases Ty and increases Te, as
shown by (Mariotti 2008), who measured up to T = 14 eV. For the spark discharge, Te has
been ssimulated to initiate at high values of ~10 eV before decreasing rapidly down to ~1 eV
(Simek et al. 1998; lza et al. 2009), as shown in Figure 2. In the next section, spark
discharges with potentially higher average electron energies will be discussed.



Specia Cluster Issue on Perspectives and Challenges in Plasma Nanoscience in J. Phys. D
(After review)

Efficient nanofabrication using nanosecond discharges

Table 2 demonstrated that spark discharges have among the lowest energy costs and
are therefore already among the most efficient plasma sources for nanofabrication, despite the
fact that the electron temperature decreases significantly during spark formation. It follows
that eaom Can be decreased further by generating el ectrons efficiently while Te is high and then
switching off the applied field to avoid inefficiency when T is low. In other words, we
should shorten the spark duration. Decreasing the duration of pulsed discharges has been
demonstrated to increase the average electron temperature (I1za et al. 2009). The spark from
(Tabrizi et al. 2009) shown in Table 1 is ~1 us in duration, and therefore it follows that
nanosecond-duration discharges have the potential to improve the benchmark for
nanofabrication efficiency. In addition, the repetition frequency of such discharges should be
made high to achieve high growth rates and to accumulate reactive species over many cycles.
We will now present several types of highly repetitive nanosecond discharges that are
particularly promising for nanomaterials synthesis.

N A O

\ _
@ ’\\-\“ (5)
@) SR \
)

~ 1017 O 50\ 100 \150'/200 250

Mean electron
KE(eV)

o

u
]
\
\
|

15 S
@ 10

Number of

o1 01 4 ) /
‘g 1013 N Ideali vgltage pulse
— Realistic voltage pulse
0 50 100 150 200 250
Time (ns)

T 1p'?

Figure 2: Typical temporal evolution of the electron temperature for a pulsed nanosecond discharge.
Reprinted with permission from (I1za et al. 2009). According to the caption of the corresponding figure
from (lza et al. 2009): (1) Avalanche of seed electrons that remain from the previous pulse. (2) Loss of
energetic electrons to the anode. (3) Quasi-neutral plasma formation, confinement of low energy
electrons. (4) New avalanchesinitiated by secondary electrons. (5) Pulse end.

Transient spark discharges

By properly designing a dc discharge circuit, “transient spark” discharges of 100-ns
duration can be generated at repetition frequencies of several kHz (Machala et al. 2008). The
physics of transient sparks has been well studied (Marode 1975; Machala et al. 2006; Marode
et al. 2009), which could facilitate the optimization of their application to nanomaterials
synthesis. One engineering advantage of the transient spark for nanofabrication is the
simplicity of the generator, asit only requires adc power supply and passive circuit el ements.

Nanosecond repetitively pulsed (NRP) glow discharges

Nanosecond repetitively pulsed (NRP) discharges are generated through the
application of high-voltage nanosecond-duration (~10 ns) pulses at high pulse repetition
frequencies (PRF) of about 10-100 kHz and were originally conceived to generate glow
discharges in atmospheric pressure air a low volumetric power (Nagulapally et al. 2000;
Kruger et al. 2002; Packan 2003). The NRP glow discharge is capable of high ionization
efficiency and control of the glow-to-arc transition without ballast resistors or dielectric
barriers, thus motivating a number of investigations of its basic properties (Starikovskaia et
al. 2001; Stark et al. 2001; Macheret et al. 2002; Walsh et al. 2006; Adamovich et al. 2009;
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Pal et al. 2009; Bourdon et al. 2010). NRP glows can exist over a wide range of conditions
(Pai et al. 2010b) and may be particularly useful for nanomaterials that must be synthesized at
low gas temperature.

Nanosecond repetitively pulsed (NRP) spark discharges

The NRP spark discharge is about one order of magnitude more energetic than the
NRP glow and can be generated over a wider range of conditions (Shao et al. 2006; Naidis
2008; Pai et al. 2010a). NRP spark discharges in atmospheric pressure air generate high
densities of active species such as electronically excited N, and atomic oxygen, as
summarized in Table 3. In particular, up to 50% of O, in air is dissociated into atomic
oxygen. Furthermore, the lifetime of atomic oxygen is quite long, such that its minimum
density is 2x10"" cm™ (Stancu et al. 2009; Stancu et al. 2010b). The controlled production of
atomic oxygen in NRP sparks in air may be useful for tailoring metal oxide nanostructures
(Cvelbar et al. 2008).

Table 3: Measured densities and lifetimes of active speciesin NRP spark dischargesin air at atmospheric
pressure. Quantities marked by (*) have been calculated here based on data given in thelisted references.

Species | Carrier | Max. density [cm™] | 1/elifetime [ns] Max. fraction | Reference
gas of N, or O,

No(A) N, 2x10" 600 0.0004* (Stancu et al. 2010a)

No(A) Air 5x10™ <100 0.0001* (Stancu et al. 2010a)

N,(B) Air 5x10'° 5 0.01* (Stancu et al. 2010b)

N,(C) Air 6.1x10" 2 0.002* (Stancu et al. 2010b)

0 Air 10" 25000 0.5 (Stancu et al. 2009; Stancu et
al. 2010b)

Metastable nanomaterials using fast heating and cooling in nanosecond spark
discharges

Nanosecond spark discharges in air at atmospheric pressure produce sharp thermal
spikes, and it is interesting to consider how this property could be exploited, considering the
role of thermal processes in plasma nanofabrication (Teo et al. 2004; Denysenko et al. 2009;
Mangolini et al. 2009; Wolter et al. 2010). Generally speaking, non-equilibrium
thermodynamic conditions favor the formation of non-equilibrium material states. For
example, a UHF microplasma very similar to that of (Mariotti et al. 2008) has aso been used
to generate carbon connections between Ag nanoparticles (Levchenko et al. 2009). Thermal
spikes may facilitate the formation of nanomaterias in metastable material phases (Komatsu
2007). Indeed, carbon-encapsulated metal nanoparticles have been generated recently using
spark discharges of millisecond duration (Byeon et al. 2010).

Heating at nanosecond time scales or shorter is typically achieved by the use of lasers
(Lorazo et al. 2006) and has aready been used to synthesize nanomaterias (Geohegan et al.
1998). However, it would not be as practical to scale focused lasers to large areas or volumes
for industrial applications as it would be for nanosecond discharges arranged in arrays. Here,
we discuss the ultrafast heating and cooling of NRP spark discharges as an example of what
may be possible under the broader category of nanosecond discharges.

Gas heating rates of up to 10" K/s

Figure 3 shows time-resolved measurements of the gas temperature for an NRP spark
discharge in ar at atmospheric pressure preheated to 1000 K, taken from measurements
presented in (Pai et al. 2010a). In only about 10 ns, the temperature rises from a baseline
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temperature of 1500 K up to 3500 K. The gas heating rate of 10" K/s is the fastest that has
been reported for el ectrical discharges, to the author’ s best knowledge.
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Figure 3. Gas temperature as a function of time for an NRP spark discharge in air at atmospheric
pressure preheated to 1000 K, inferred from measured emission spectra of the N, (C-B) 0-0 band. Taken
from measurements presented in (Pai et al. 2010a).

Although only the heating of the gas by NRP sparks has been studied up to now, we can
estimate the corresponding heating rate of a nanoparticle, based on a model of heat transfer
between a single-wall carbon nanotube (SWCNT) and the surrounding gas (Louchev et al.
2004):

dT
1) MC?EJZAth—T)

where h is the heat transfer coefficient, M is the mass of the nanotube, c isits heat capacity, T
is its temperature, A is its surface area, and Ty is the gas temperature. Let us consider that
M=mN, where mis the mass of each carbon atom, and N is the number of carbon atoms in the
nanotube. Likewise, A=aN, where a is the specific area of each atom in the tube wall. Then
the heating rate of the nanotube can be expressed as:

dT _ ah
2) E - E(Tg _T)
For heat transfer between the ambient gas and a SWCNT, (Louchev et al. 2004) evaluated the
heat transfer coefficient:

3) h=gaQ@

where Q:p/(27kaTg,)1’2 is the flux of particles colliding on the SWCNT (p is the gas
pressure), kg is Boltzmann's constant, and « is the accommodation factor for correctly
determining collisional energy transfer. (Louchev et al. 2004) use a=1/3 to fit their
theoretical calculations with molecular dynamics simulations, and the same is done here.
Assuming m=12 g/mol for carbon, p = 1 atm, and a = 1/3, we obtain h = 7000 W/m%/K from
Equation (3). The heat capacity of a SWCNT at 300 K is 600 Jkg/K (Hone et al. 2002), and
given that C O T (Benedict et al. 1996), we take C = 3000 Jkg/K at T = 1500 K. Thus,
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assuming a = 2.62x10° m? (Louchev et al. 2004), m = 12 g/mol for carbon, T = 1500 K, and
Ty = 2500 K, Equation (2) yields dT/dt = 3x10° K/s.

Thus, a nanoparticle could be heated at a rate up to ~10° K/s due to kinetic energy
transfer from the gas, which itself is heated by the nanosecond spark discharge. It should be
noted that this estimate neglects surface processes such as recombination, chemical reactions,
adsorption, desorption, and ion bombardment that also contribute to the heat flux (Denysenko
et al. 2009; Mangolini et al. 2009).

Gas cooling rates of at least 10" K/s

The minimum cooling rate of NRP spark dischargesin air at atmospheric pressure can
be deduced from Figure 3 to be at least 10’ K/s, based on the fact that the gas temperature
returns to 1500 K after a period of 1/PRF = 33 ps. (Grisch et al. 2009) measure 500 K at
~100 ns after the pulse for a nanosecond discharge under different conditions but at about the
same energy per pulse as (Pai et al. 20104a), indicating that cooling could even occur at the
100-ns timescale.

In their work on carbon-encapsulated metal nanoparticles, (Byeon et al. 2010) report
that cooling rates of less than 1400 K/s lead to spheroidization of the nanoparticles, whereas a
cooling rate of 2900 K/s causes tube-like graphitization. NRP spark discharges cool at arate
that is least four orders of magnitude faster than the millisecond sparks of (Byeon et al. 2010),
which may lead to the formation of nanomaterials much further from the equilibrium state of
the material than those generated using spark discharges of longer duration.

Outlook

In conclusion, nanosecond discharges at atmospheric pressure possess severa basic
properties that could be very useful for nanofabrication: high electron temperature, and fast
gas heating and cooling rates. These characteristics could be exploited for highly efficient
synthesis and for the production of metastable nanomaterials. Among atmospheric pressure
plasmas, microplasmas and nanosecond discharges are capable of generating the highest
electron temperatures and could complement each other to provide maximum design
flexibility for efficient nanofabrication. For example, nanosecond discharges can be
employed when confined geometries are disadvantageous.

Finaly, it is important to point out that the potential applications for nanosecond
discharges in materials engineering are not limited to nanomaterials. The low energy cost per
atom for synthesis may be generally true, because high electron temperature is a fundamental
characteristic of these discharges. Indeed, nanosecond DBDs have aready been used to
improve the hydrophilic properties of polymer thin films at relatively high efficiency (Walsh
et al. 2007; Zhang et al. 2010). Also, the crystallization of amorphous Si thin films using
plasma-induced thermal annealing at the millisecond time scale has been developed as a
practical aternative to laser thermal annealing, albeit at much slower rates of heat transfer
(Higashi et al. 2006). However, as mentioned previously, NRP spark discharges are capable
of heating and cooling on much shorter time scales that may be competitive with some laser
annealing techniques.
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