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ABSTRACT: By discharging nanosecond high-voltage (5 kV)
pulses across an insulating substrate containing Au, Pt, or Cu
nanoparticles, a 3 order of magnitude (1000×) enhancement in the
generation of plasma can be achieved through local field
enhancement on the surface of the nanoparticles. The low-
temperature nature of this transient plasma is crucial to
maintaining the structural integrity of these delicate nanoparticles.
These nanoparticles provide up to a 1000-fold enhancement in the
generation of the plasma, which is localized to the surface of the
nanoparticles where it is potentially useful (e.g., for catalysis). We
performed both time-domain and frequency-domain calculations
of the electromagnetic response of the nanoparticles based on high-resolution transmission electron microscope (HRTEM) images,
which show local field enhancement of the nanosecond high-voltage pulse on the order of 3×. Since the plasma initiation depends
exponentially on the peak electric field strength, this 3-fold increase in the local electric field can result in a several orders of
magnitude increases in the generation of plasma at a given applied external field strength. In order to rule out plasmon-resonance
enhancement, which is often associated with small metal nanoparticles, we performed finite difference time domain (FDTD)
simulations in the optical frequency domain, which show that the effect of plasmon resonance is negligible for Pt nanoparticles. We
therefore attribute the nanoparticle-based enhancement to the generation of plasma (an electrostatic effect) rather than enhanced
coupling of light from the near field to the far field via the plasmon resonance phenomenon (an optical effect).

■ INTRODUCTION

Local electric field enhancement of electron emission (i.e., field
emission) has been achieved using nanostructures in which the
DC fields are enhanced around a nanoscale sharp feature. For
example, carbon nanotubes have been used to produce low-
field electron emission with an onset field of as low as 0.8 V/
μm following the Fowler−Nordheim equation, which is
estimated to be enhanced by 8000-fold with respect to the
corresponding bulk material.1−3 Semiconductor nanowire
structures have also been utilized to produce low-field electron
emitters and/or enhance field emission current densities.4−6

Baby et al. reported the effect of metal nanoparticle decoration
on the electron field emission property of graphene sheets, in
which the nanoparticles provide local field enhancement.7

The generation of plasma involves a number of non-
deterministic and stochastic processes and is usually initiated
by electron emission, followed by acceleration and then
ionization of gas molecules.8 In 1962, Neugebauer and Webb
reported that electron conduction on ultrathin metal films
deviates from ohmic behavior at high electric fields.9 Electron
emission from discontinuous island metal films was believed to
be the reason for this deviation, and typically, this emission is
localized in discrete tiny regions referred to as “emission

centers”. Electron emission from these emission centers has
been thoroughly researched in the last century with two main
emission mechanisms proposed. In 1972, Dittmer attributed
this type of electron emission to standard electric field
emission from small islands.10 However, later works proposed
that hot electrons, generated in these mean-free-path-sized
nanoparticles, further enhanced the field emission from these
nanoislands compared to their bulk counterpart materials.11−14

In our proposed mechanism, after electrons are emitted
outside metal nanoislands, they will be accelerated by the
strong electric field and then ionize gaseous molecules in the
ambient environment. Once ionized, these gaseous ions are
then accelerated in the applied field and in turn ionize other
molecules in an avalanche processes that produces a
propagating plasma streamer. In our work, we exploit this
nanoparticle-based enhancement of electron emission to
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initiate plasma formation at lower applied potentials. Because
of the inherent incompatibilities of high voltages typically used
to produce plasma discharges (∼10 kV) and the small length
scales of nanoparticles (∼10 nm), nanoparticle enhancement
of plasma formation has not yet been demonstrated. Also,
physical bombardment by highly energetic ions in the plasma
often results in the rapid sputtering and ablation of
nanoparticle material, thus making nanoparticles further
incompatible with plasma-based processes.15

■ METHODS

In the work presented here, we utilize nanosecond high-voltage
pulses to provide a cold plasma, which is far more gentle to the
metal nanoparticles than a conventional RF plasma. In order to
explore the effects of local field enhancement, we monitor the
onset of light emission produced by an argon plasma discharge
as a function of peak pulse voltage both with and without
nanoparticles. Electrostatics, electrodynamics, and simulations
are performed on the nanoparticles based on high-resolution
transmission electron microscope (HRTEM) images in order
to provide a detailed microscopic picture of the field
enhancement process.
We use a 5−10 ns, high-voltage pulse generator (SSPG-20X,

Transient Plasma Systems, Inc.) to produce a plasma discharge
across two parallel copper electrodes on a glass slide separated
by approximately 5 mm, as shown in Figure 1a. The plasma
discharge can be seen here in this image as purple light.16−19

Further details of the experimental setup are given in the
Supporting Information document. A typical waveform of the
pulse characteristics is plotted in Figure 1b and exhibits a 5−10
ns rise time. Once the streamer is formed, the electric field
collapses before a significant amount of current can flow, and
as a result, very little power is drawn in the creation of this
plasma. Here, the electrons get accelerated to extremely high
kinetic energies, initiating a plasma discharge, while the ions in
the plasma remain close to room temperature.
The electric field distributions of these nanoparticle films at

optical frequencies are calculated using the finite difference
time domain (FDTD) method using the Lumerical FDTD-
solution software package. Here, an HRTEM image was
imported to define the geometry of these nanoparticles in the
simulations. Simulations were performed with a mesh size of 1
nm. A plane wave was incident normal to the nanoparticle film.
Periodic boundary conditions were applied at the in-plane
boundaries, and perfectly matched layer (PML) boundary

conditions were applied at the out-of-plane boundaries of the
nanoparticle film. Reflected and transmitted powers were
measured using power monitors placed behind the source and
after the structure, respectively. A 2D field monitor was placed
in the plane of the film to record the electric field intensity
profile.

■ RESULTS AND DISCUSSION
Figure 2a shows plasma emission spectra taken in argon (738
nm line) with and without Au nanoparticles with 4.9 kV

nanosecond pulses. While the center frequency and line shape
of these spectra are nearly identical, the spectrum with
nanoparticles is 1000 times more intense than the spectrum
taken without nanoparticles. Figure 2b shows the integrated
peak intensities plotted as a function of pulse voltage on a log−
linear scale with and without both Au and Pt nanoparticles. As
mentioned above, the low-temperature nature of this transient
plasma is crucial to maintaining the structural integrity of these
delicate nanoparticles. We have also seen a similar enhance-

Figure 1. (a) Photograph of the plasma discharge across a 5 mm gap on a glass slide and (b) typical output characteristics of a nanosecond high-
voltage pulse generator.

Figure 2. (a) Plasma emission spectra and (b) log−linear plot of the
peak area per pulse with and without Au and Pt nanoislands for the
738 nm emission line of Ar.
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ment with Cu nanoparticles, as shown in Figure S1 of the
Supporting Information document. The argon plasma exhibits
many peaks in the 700−800 nm range, all of which show a
similar enhancement.
We deposit nanoparticles using the electron beam

evaporation of metals (Pt, Au, and Cu) with nominal
thicknesses of 5−10 nm, which are not thick enough to form
continuous films and instead create island-like structures.20−22

Figure 3a shows an HRTEM image of Pt nanoparticles with a 5

nm nominal thickness deposited in this way. In order to
understand the role of the electrostatic response of the
nanoparticles in the enhancement of plasma generation, we
performed quasistatic electromagnetic calculations in which
the electric field is changing very slowly and there is no
magnetic induction using the AC/DC module in the
COMSOL Multiphysics solutions package. Further details of
the COMSOL simulation are given in the Supporting
Information. Here, we assign floating boundary conditions
for the nanoparticles and use an extremely fine physics-
optimized mesh on the system, which is essential for accurately
treating the short length scales over which fields decay at the
nanoparticle surfaces. Figure 3b shows the electric field
enhancement observed on Pt nanoparticles in response to
the applied DC voltage. Here, we observe a local field
enhancement on the order of 3× on surfaces of the
nanoparticles. Similar results are observed with Au and Cu
nanoparticles. Since the plasma is initiated by the field

emission of electrons, which depends exponentially on the
electric field, this 3-fold increase in the local electric field can
produce a several orders of magnitude increase in the plasma
generation, as observed in Figure 2.
Metal nanoparticles have been used in the optical frequency

domain to enhance Raman scattering for several decades
through the surface-enhanced Raman scattering (SERS)
phenomenon, which can provide single-molecule sensitivity
and an 8−10 orders of magnitude enhancement.23,24 In order
to rule out the possible effects of plasmon-resonance
enhancement, often associated with small metal nanoparticles,
we performed extensive finite difference time domain (FDTD)
simulations in the optical frequency domain (Figure 4).22,25−31

Figure 4a,b shows the absorption spectrum of an array of Au
nanoparticles and a corresponding electric field intensity (i.e., |
E2|) distribution at the resonance wavelength of 733 nm. Here,
we see localized bright spots (or hot spots) on the surface of
the nanoparticles due to the plasmon resonance effect.22,23

Figure 4c,d show the absorption spectrum of an array of Pt
nanoparticles and the corresponding electric field intensity
distribution at a wavelength of 733 nm, which shows that the
plasmonic effect for Pt nanoparticles is negligible. That is, for
nonplasmonic metals such as Pt, there is essentially no
enhancement in the local fields at optical frequencies. Since
both Pt and Au nanoparticles produce comparable (∼1000×)
enhancements in the plasma emission spectra (Figure 2), we
conclude that the nanoparticle-based enhancement is due to
the generation of plasma rather than a coupling of light from
the near field to the far field via the plasmon resonance
phenomenon.

■ CONCLUSIONS
We demonstrate a 1000-fold enhancement in the generation of
a transient plasma discharged across Pt, Au, and Cu
nanoparticles. The main mechanism of enhancement is
achieved through local field enhancement at the nanoparticles’
surfaces, where it is potentially most useful for applications
such as catalysis. This “cold” plasma is relatively gentle and
maintains the mechanical integrity of the nanoparticles. On the
basis of high-resolution transmission electron microscope
(HRTEM) images, we calculate the electrostatic response of

Figure 3. (a) HRTEM image of Pt nanoparticles and (b) quasistatic
simulations of the relative electric field enhancement produced by the
Pt nanoparticles. (c) Emission intensity on samples with glass only at
a different applied voltage.

Figure 4. Spectra and electric field intensity distributions of (a, b) Au
and (c, d) Pt nanoparticles calculated using the FDTD method.
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the nanoparticles using quasistatic simulations, which predicts
a local field enhancement of the nanosecond high-voltage pulse
on the order of 3-fold. Because the field emission of electrons
is responsible for the initiation of the plasma and depends
exponentially on the electric field, this 3-fold increase in the
local electric field can produce a several orders of magnitude
increase in plasma generation, as observed experimentally. The
effect of plasmon-resonance enhancement is ruled out by finite
difference time domain (FDTD) simulations performed in the
optical frequency domain, which show a negligible enhance-
ment for Pt nanoparticles at optical frequencies. The
nanoparticle-based enhancement is therefore attributed to
the generation of plasma instead of the plasmonic coupling of
light from the far field to the near field.
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