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ABSTRACT: We report hot electron-enhanced plasma generation
by irradiating metal nanostructures with laser light. Here, a high-
voltage nanosecond pulse is discharged across two electrodes
interspersed with metal nanoparticles (e.g., Au and Pt) both with
and without laser excitation. With laser excitation (532 nm in
wavelength), we observe a 200-fold increase in the plasma
emission intensity (i.e., plasma density) and a lower threshold
for the onset of plasma discharge (i.e., lower voltage). This
enhancement of plasma emission/discharge occurs for two reasons.
First, the hot electrons photoexcited in these metals lower the
effective work function that needs to be overcome for thermionic
emission, thus initiating the plasma. Second, the metal
nanostructures minimize the average distance the photoexcited
carriers (i.e., hot electrons) have to travel to reach the surface. As such, the photoexcited hot carriers within the metal nanostructures
can easily reach the surface before relaxing back to equilibrium. While these metal nanostructures have been shown to be strongly
plasmonic (e.g., Au nanoparticles), we believe that the plasmon resonance does not play an important role in this plasma emission
process. Plasma emission under 633 and 785 nm laser wavelength irradiation was also tested, but no enhancement in plasma
emission was observed. We attribute this to the low photon energy (i.e., 1.9 eV), which lies below the threshold for interband
transitions in Au and Pt.

■ INTRODUCTION

Hot electrons photoexcited in metals have been extensively
discussed over the past decade as a novel mechanism for
driving different chemical reactions1−4 as well as solid-state
electronic devices.5−8 For example, Guo et al. used Au/Pd
superstructures to improve hot electron utilization and further
enhance catalytical performance in the activation of molecular
oxygen as well as C−C coupling reactions.9 Hot electron-
doped MoS2 was also shown to provide a better catalytical
surface compared with its undoped counterpart in driving
hydrogen evolution reactions.10 In solid-state devices, tunnel-
ing of hot electrons was utilized in hot electron transistors
(HETs), and HETs fabricated with semiconductor materials
with bipolar11 and unipolar12 designs were reported. 2D
materials, such as graphene, was also used in HETs, and later
works demonstrated both in-plane and vertical HET structures
with graphene.11−14 High-performance IR detectors were also
realized by using hot electron generation in Schottky junction-
based semiconductor devices .15,16 In addition, plasmon
resonant absorption was also utilized and plasmonic hot
electron IR detectors were fabricated with a detectivity of 4.38
× 1011 cm Hz1/2/W.15,17 As far back as 1961, electron emission
from discontinuous metal ultrathin films was reported to

explain the electron conduction behavior of metal island films
and its deviation from Ohm’s law.18 This deviation was first
considered to be the result of field emission of electrons from
the small metal islands by Dittmer in 1972.19 However, it was
revealed that hot electrons, generated in nanoparticles (NPs)
within the length scale of the hot electron mean free path, play
a predominant role in this process.20−23 Previous work by
Zhao et al. reported that plasma discharge across metal NP
substrates can be enhanced up to 1000-fold as a result of
locally enhanced electrostatic fields at the surface of these NPs
in the absence of laser light, and this work indicated the
importance of electron emission from metal NPs in the plasma
generation mechanism.24 Previous work using a similar
approach also demonstrated up to 50-fold enhancement in
C2 radicals in the plasma-driven upconversion of methane.
While these previous studies indicate the great promise for
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discharging nanosecond high-voltage pulses across Au nano-
particles (AuNPs), no previous measurements have been done
using laser excitation in conjunction.25

Lasers have been used to generate plasma for several decades
in a process referred to as laser-induced plasma (LIP). Here,
high-energy laser pulses deliver a significant amount of energy
onto the surface of target materials, leading to vaporization,
excitation, and ionization of materials on these surfaces.26−28

As a result, materials on the surface can be excited into a
plasma state, and this process has been used in material
characterization (e.g., laser-induced breakdown spectroscopy)
and pulsed laser deposition.29−32 Essentially, LIP involves
exciting solid materials into the plasma phase, which is quite
distinct from our work presented here, in which gaseous
species are excited into the plasma phase using a combination
of applied electrical and optical fields.

■ METHOD
Here, a cold (i.e., nonthermal) plasma is generated from
nanosecond, high-voltage pulses (SSPG-20X, Transient Plasma
Systems, Inc.). Figure 1a shows a typical waveform of the pulse
characteristics, which exhibit a 5−10 ns rise time. These
nanosecond high-voltage pulse discharges create a relatively
cold (nonthermal) plasma, which protects the integrity of NPs.
With these high-voltage pulses, the electric field collapses

before a significant amount of current flows in the system, and
plasma ignition occurs without producing a substantial amount
of heat. In order to evaluate the enhancement produced by
laser-induced hot electrons, we monitor the emission spectra of
argon plasma discharge (912.3 nm line) at different peak pulse
voltages both with and without laser irradiation. The 912.3 nm
line corresponds to an optical transition in neutral argon from
the 4p state to the 4s state.33 Argon emission spectra are
collected from a region between two parallel copper electrodes,
which are made by depositing Cu tape on a standard glass
slide, interspersed with metal NPs in a flowing Ar environment,
as illustrated in Figure 1b,c. We flow Ar at a rate of 100 sccm,
and the plasma discharge is created by high-voltage pulses at a
repetition rate of 1 kHz repetition rate. The emission spectra
were collected in a Renishaw inVia micro-Raman spectrometer,
and the objective lens used in this work was an Olympus
LUCPlanFLN 40× cover-glass corrected lens. Photographs of
our experimental setup are presented in Figure S1 of the
Supporting Information. Figure 1c shows a typical high-
resolution transmission electron microscope (HRTEM) image
of the metal NPs used in this work, deposited via electron
beam evaporation with a nominal thickness of 5−10 nm.34−36

As shown in Figure 1c, this thickness is not enough to form a
continuous metal thin film and, instead, creates thin island-like
structures or “NPs.”

■ RESULTS AND DISCUSSION
Figure 2 shows the plasma emission intensity plotted as a
function of peak pulse voltage for an electrode gap containing
platinum NPs. This plot shows two datasets, one with the laser
on and the other with the laser off, showing up to 200-fold
increase in the plasma emission intensity. The plasma emission
intensity plotted in Figure 2a corresponds to the integrated
areal intensity after baseline subtraction and fitting these peaks
with a Gaussian lineshape. Here, the plasma emission intensity
serves as a proxy for the relative plasma density. While we do
not have a way to quantify the absolute plasma density, these
measurements provide a relative measure of the plasma
density. Figure 2b,c shows the raw spectra taken at peak
voltages of 4.5 and 5 kV, respectively. All spectra shown here
are baseline-subtracted. The data shown in Figure 2 was taken
with a constant laser power density of 2.4 W/cm2 focused
through a cover glass-corrected, high numerical aperture
objective lens. As illustrated in Figure 2, it should be noted
that plasma can be initiated at a lower pulse voltage threshold
(i.e., 4.0 kV) with laser irradiation than is possible without
irradiation (i.e., 4.5 kV). However, the enhancement of plasma
emission intensity with laser irradiation decreases at higher
voltages. In the range of lower applied pulse voltages (i.e., 4−5
kV), the limiting factor for plasma emission is the hot electron
population, which can be significantly modified under laser
irradiation. However, at high peak voltages (i.e., 5.5 kV),
photoexcited hot electrons are not needed in order to initiate
the plasma. Here, the limiting factor becomes field emission of
electrons from the NPs (and copper electrodes), and thus,
laser irradiation has a limited effect on the plasma emission
intensity.
While Figure 2a shows the peak pulse voltage dependence of

plasma emission, Figure 3 shows the laser power dependence
of the plasma emission intensity, which shows a linear
dependence on the laser power. These data were taken with
AuNPs instead of platinum NPs at a fixed pulse peak voltage of
2.4 kV. Here, the plasma is initiated at a much lower peak pulse

Figure 1. (a) Typical output waveform from the high-voltage
nanosecond pulse generator, (b) a schematic diagram of the
experimental setup for observation of optical emission, and (c)
HRTEM image of the NP morphology deposited on glass slides.
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voltage of 2.4 kV, likely because of the lower work function of
gold compared with platinum and gold’s strong interband
transitions around 532 nm wavelength (i.e., 2.4 eV) that
originate from the d-band electrons in gold.37−39 Interestingly,
no enhancement in the plasma emission was observed with
633 nm photons (i.e., 1.96 eV) or 785 nm photons (i.e., 1.58
eV) since these photons lie below the threshold for interband
transitions in Au. Another possible explanation is the sample-
to-sample variation. That is, small variations in the size, shape,
and separation of the NPs can lead to large changes in the local
fields and, hence, plasma initiation voltage.24 Nevertheless, it
should be noted that all quantitative comparisons in plasma
emission intensity were done on the same sample. Therefore,
this sample-to-sample variation will not affect the main
conclusions of this paper.
Figure 4 shows the energy band diagrams illustrating the hot

electron-driven process by which plasma emission is enhanced
in these metal NP geometries. Figure 4a shows the energy
band diagram for a typical metal with no photoexcitation.
Here, the work function, which needs to be overcome in order
for thermionic emission to occur, thus initiating plasma
discharge, is approximately 5.1 eV. Figure 4b illustrates the
case with photoexcited hot carriers in the metal, where a
photon excites an electron at the Fermi energy to 2.4 eV above
the Fermi energy, thus lowering the effective work function by

as much as 2.4 eV. In gold, there are a large number of states
corresponding to d-band electrons, which lie roughly 2 eV
below the Fermi level.37,38 As such, the hot electrons that are
actually formed by a 2.4 eV photon are centered around an
energy of approximately 0.4 eV above the Fermi energy, as
illustrated in Figure 4c. This results in a lower effective work
function (Φ ≈ 4.7 eV). However, it should be noted that the
lowering of the effective work function results in an
exponential increase in thermionic emission and, hence,
plasma discharge intensity. The hot electron distribution
illustrated in Figure 4c decays over very short time scales, less
than 50 fs. Based on our previous work using ultrafast pump−
probe spectroscopy (i.e., transient absorption spectroscopy),
this narrow distribution of hot electrons decays into a hot
Fermi distribution, as illustrated in Figure 4d. This hot Fermi
distribution decays back to equilibrium with the lattice
temperature over a timescale of 2 ps,40−43 as shown in Figure
S3 of the Supporting Information. Here, we believe it is the
electrons in the tail of this hot Fermi distribution that

Figure 2. (a) Plasma emission intensity plotted as a function of peak
pulse voltage with and without 532 nm laser illumination observed
from Pt nanoparticles. Plasma emission spectra under (b) 4.5 and (c)
5 kV peak voltage with and without 532 nm laser illumination on Pt
nanoparticles.

Figure 3. (a) Plasma emission spectra observed from AuNPs under
different laser illumination conditions. (b) Plasma emission intensity
observed by discharging 2.4 kV pulses across AuNPs plotted as a
function of laser power. The laser wavelength here is 532 nm.

Figure 4. Energy band diagrams of AuNPs (a) without and (b) with
532 nm wavelength laser irradiation. Illustration of hot electron
distributions at (c) ∼50 fs and (d) ∼2 ps.
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contribute most significantly to the effect observed in this
paper.

■ CONCLUSIONS

In conclusion, we demonstrate that transient plasma discharge
across metal NPs can be enhanced up to 200× under 532 nm
wavelength laser illumination. This enhancement is achieved
by laser-induced hot electron excitation, which can generate
large hot electron populations and reduce the effective work
function of the material, enabling increased electron emission
from the metal NP surfaces. Due to the small size of these NPs,
which are on the order of the mean free path of the electrons,
these hot electrons have a high probability of traveling to the
NP surfaces and, thus, being emitted by the applied electric
field. No enhancement is observed under 633 nm wavelength
illumination, which lies below the threshold for interband
transitions in these metals. Because of the exponential
dependence of electron field emission and hence plasma
initiation, this general scheme provides a sensitive method for
studying these relatively short-lived hot electrons. This
reported enhancement in plasma generation is induced by
photoexcitation and thus opens up a new potential pathway for
photon energy utilization and harvesting by assisting plasma
generation and potentially driving chemical reactions near the
metal NP surface.
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