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Surface plasmon driven lowering of the electron emission order

in a carbon/gold bilayer film
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We demonstrate the reduction of the nonlinear surface plasmon driven electron emission order
from a bilayer of electron beam evaporated carbon (eC) and gold (Au). Higher confined electric
fields, and the presence of sp?/sp> clustering in the eC layer increase the electron emission at lower
orders via field-driven energy gain. This bilayer provides a platform for ultrafast surface plasmon
driven electron sources. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4969066]

Recently there has been a great interest in the generation
of ultrashort, high energy electron pulses via surface plas-
mon (SP) waves excited by ultrafast lasers.'™ SP based sour-
ces can achieve shorter pulse durations, and can be made
more compact compared to direct laser-driven electron sour-
ces. As well, multiple geometries can be used to excite the
necessary SP waves including prisms,>® nanoantennas,”®
nanotips,”'® and gratings.'' The main operating principle is
the release of free electrons from a metallic film, followed
by the subsequent SP field-driven acceleration to high ener-
gies. This technique has previously been used to generate
high energy, femtosecond electron pulses.” However, a
major issue facing SP based electron pulse generation at low
intensities is the number of photons required to free an elec-
tron from the potential barrier at the surface, i.e., the metal’s
work function, Wp. Typically, A=800nm ultrashort laser
pulses from Ti:sapphire lasers are used to excite the SP
waves and consequently to generate electrons from either Au
or Ag films. Based on the work function of these metals, this
requires absorption of multiple photons by an electron to
overcome Wy and be released into vacuum, where it can
interact with the SP field. As this absorption process is
highly nonlinear, and thus requires high laser intensities, it is
advantageous to reduce the number of photons required. The
metal-vacuum interface barrier, and thus the number of
required photons, can be lowered through the application of
a DC extraction voltage. A similar effect can be achieved by
increasing the incident laser light intensity such that the bar-
rier is lowered enough to allow for single photon tunnel ioni-
zation.*® However, achieving these high laser light
intensities (~10'2W/cm?) necessitates the use of complex
high powered laser amplifier systems to reach the strong-
field laser-matter interaction regime.‘"12 Nonetheless, there
is an upper limit to which the laser light intensity, or DC
voltage can be increased, namely, the laser induced damage
threshold and the DC electric field breakdown of the materi-
als involved. Therefore, it is of paramount importance to
reduce the order of the nonlinearity involved while utilizing
low laser light intensities.
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To achieve this, one requires an alternative source of
electrons that acts in unison with the plasmonic metal. As
such, a nonmetallic material can be introduced that acts as a
source/reservoir of electrons. However, there are two issues
that need to be addressed using this approach: a nonmetallic/
metallic surface interface can introduce an inversion/deple-
tion region that can impede the flow of electrons into the
metal layer; and the nonmetallic material can interfere with
the coupling and propagation of the SP at the metal-vacuum
interface. This limits the choices of nonmetallic materials to
dielectrics with low absorption so as not to disturb the SP
field at the metal-vacuum interface and whose fermi level
lines up exactly with that of the metal.

In this letter, we show the reduction of the nonlinear
electron emission order of an ultrafast SP based electron
source through the use of a nonmetallic/metallic bilayer film.
By introducing a thin layer of electron beam evaporated car-
bon (eCarbon or eC) to act as a reservoir of electrons under-
neath an Au film, the electron emission order is reduced
when compared to an Au film by itself. Furthermore, we
show that the eC layer does not perturb the SP coupling, or
the electromagnetic fields at the Au-vacuum interface neces-
sary for electron acceleration.

Laser pulses having a central wavelength of 800 nm and
a pulse duration of 15 fs from a Ti:sapphire laser oscillator
with a repetition rate of 76 MHz were focused to a 70 um
spot size to excite SP waves on Au metal films in the
Kretschmann geometry (supplementary material). The first
sample consists of a 45 nm Au film deposited on a UV fused
silica prism, while the second sample has a 10 nm layer of
eC underneath the 45nm Au film. The Au and the eC films
are deposited via electron beam evaporation at 0.03 nm/s for
Au and <0.01 nm/s for eC, using targets of pure Au and
spectroscopic graphite rods (SPI Supplies, PA). eCarbon is
amorphous and contains approximately 30% sp> hybridized
carbon, with the remainder sp® (Ref. 13). The prisms are
placed in a vacuum chamber, at a pressure of ~107> Torr,
and photocurrent from each sample, when illuminated by the
800 nm laser pulses, is detected with a channeltron electron
multiplier connected to a lock-in amplifier.

Figure 1(a) depicts the ultraviolet photoemission spec-
troscopy (UPS) spectra for a 10nm eC film, a 20 nm Au film,

Published by AIP Publishing.
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FIG. 1. (a) Measured ultraviolet photoemission spectroscopy spectra for a
10nm eC film, a 20nm Au film, and a 10nm eC film beneath a 20nm Au
film, indicating a 4.8 eV work function for eC and Au alone, and the eC/Au
bilayer. (b) Four-point current vs. voltage measurement indicating the
absence of a built-in field at the eC/Au interface.

and a eC/Au bilayer film. The onset of electron photoemis-
sion from all three films arises at 4.8 eV (inset of Fig. 1(a)),
indicating that the Au, eC, and eC/Au films have the same
work function of 4.8 eV. The linear behavior of a four-point
current-voltage electrical measurement, shown in Fig. 1(b),
of the eC/Au contact junction indicates the absence of a
built-in field at the eC/Au interface.'"* When modifying a
plasmonic structure, it is of great importance to not disturb
the SP coupling behavior. Figure 2 shows the measured
reflected laser pulse spectrum at the SP resonance of each
film, indicating a similar broadband SP coupling for both the
Au and eC/Au films. At the SP resonance only 8%—-10% of
the incident light is reflected. It should be noted that the
spectra are normalized, as such their counts cannot be
directly compared. The black curve illustrates the spectrum
of the laser pulse reflected off an Au mirror. Furthermore,
based on the finite-difference time-domain (FDTD) simula-
tions performed, the SP electric fields at the Au-vacuum
interface are within 5% of each other for each sample. A cut
of the laser electric field squared, \E|2, along a direction nor-
mal to the surface of the films, determined by FDTD simula-
tions, is depicted in Figs. 3(a) and 3(b) for the Au layer by
itself and the eC/Au bilayer, respectively. The material
parameters for eC and Au were determined by spectroscopic
ellipsometry. Clearly, the introduction of the thin eC layer
does not alter the SP coupling.

A strong optical field incident on a metal surface can
free electrons from the surface through a nonlinear process.
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FIG. 2. Spectrum of reflected laser pulse from Au and eC/Au films at the SP
resonance. The black curve shows the spectrum of the laser pulse reflected
off an Au mirror. Note that the counts are normalized.
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FIG. 3. Cut of the laser electric field squared from FDTD simulations along
a direction normal to the film for (a) Au and (b) eC/Au films. (c) Measured
absorbance for a 10nm eC film and a 15 nm Au film.

At a certain intensity, the photoemission process crosses
from the multi-photon ionization regime to the tunnel ioniza-
tion regime. This crossover point is typically found to occur
when the Keldysh parameter, y = w\/(2m.Wr)/(qEaser)s
equals 1, here o is the angular frequency of the laser, m, is
the electron mass, ¢ is the elementary electric charge, and
E,.sr 18 the incident laser electric field. For y > 1, the emis-
sion will be a multi-photon absorption process, while y < 1
indicates a tunnel ionization process. Within the tunnel ioni-
zation regime, the number of photons required can be low-
ered to only a single photon.

Exciting the SP at a low laser intensity (<9.9 GW/cm?
(Ref. 4)) such that the emission process is occurring fully
within the multi-photon absorption regime provides a plat-
form to study the effect of the eC/Au bilayer on the number
of photons required to free an electron. Based on the work
function of 4.8 eV for Au and eC (see inset of Fig. 1(a)), and
with each photon possessing an energy of ~1.4-1.7 eV, free-
ing an electron from an Au or an eC/Au film requires a mini-
mum of a three-photon absorption (3PA) process to take
place. At the laser intensities used here, the Keldysh parame-
ter is calculated to be y=21 at the lowest intensity of
0.37 GW/cmz, and y=11 at 1.35 GW/cm?, with a surface
electric field enhancement of 21 times.” To experimentally
verify the electron emission order, the incident laser intensity
was varied between 0.37 GW/cm? and 1.35 GW/cm®. By oper-
ating with a maximum intensity of 1.35GW/cm?, thermal
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effects within the metallic films are avoided."” The measured
photocurrent, J, for the Au and the eC/Au samples, as a
function of laser intensity, /.., are depicted in Figs. 4(a)
and 4(b), respectively. A slope of n=3.01 = 0.05 is found
for the Au sample, and a slope of n=2.44 = 0.03 is found
for the eC/Au sample. In an ideal multiphoton absorption
photoemission process, one would expect the order, 7, to be
an integer number corresponding to the power dependence
of the measured photocurrent, i.e., J o I}, .. While the n=3
is expected for the Au film (Fig. 5), the n=2.44 for the
eC/Au bilayer suggests that electrons must be originating
from another, lower order emission process. However, the
work function of eC is measured to be identical to that of Au,
i.e., 4.8eV. As such, any electron released would require the
absorption of at least three photons, i.e., n =3. Examining
the absorbance of a 10nm eC film, and a 15 nm Au film over
the ultraviolet-visible wavelength range (Fig. 3(c)), shows a
broadband absorption in eC, indicating many possible local
optical transitions between a range of states present in the
disordered carbon matrix.'® In addition, the absence of any
strong absorption peaks indicates that there is no direct
two-photon ionization of the eC layer. Evidently, the electron
emission for the eC/Au sample must be originating from
the absorption processes of different orders with different
probabilities.

To discern the low order of the photoemission process,
one needs to examine the electrons in the presence of the
SP field. It is well known that in the presence of high elec-
tric fields, the vacuum potential barrier, ¢, can be lowered
via the Schottky effect."*'” The potential barrier
under influence of an electric field is given by:'*
¢(x) = Wi — ¢*/16meox — gEjuserX, Where &g is the permit-
tivity of free space, and x is the distance from the interface into
the vacuum. In the above measurements, at the lowest incident
field of Ejr = 5.3 X 10° V/em (or 11y = 0.37 GW/cm?), and
at an average SP electric field enhancement of 21 times, ¢ is
lowered by 1.1eV to ¢;=3.7eV. However, the value of
¢; is not low enough to allow for a reduction in the electron
emission order. Additionally, if ¢, was low enough, the
reduction would be observed for both samples. Therefore,
there must be another mechanism responsible for the
observed n=2.44 in the eC/Au sample.

Just as electrons are accelerated in the SP field present
at the Au-vacuum interface,’%*5 electrons are also accelerated
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FIG. 4. Measured current as a function of incident laser intensity indicating
(a) three-photon ionization in the Au sample, and (b) a combination of
absorption processes of different orders with different probabilities in the
eC/Au sample.
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FIG. 5. Energy band diagram at the eC/Au interface representing the two
emission processes; two-photon absorption (2PA) followed by field-driven
acceleration (FDA) and emission over the lowered ¢; and direct three-
photon absorption (3PA). Each arrow represents a single photon with 1.6eV
energy. Ef is the fermi level, E,,. is the vacuum energy level, and x is
directed away from the Au-vacuum interface.

by the electric fields within the materials themselves.'®
Consider electrons that are generated by one-photon absorp-
tion (1PA) and two-photon absorption (2PA), resulting in
initial energies of 1.6eV and 3.2eV, respectively. The elec-
trons are then subsequently accelerated (decelerated) to
higher (lower) kinetic energies by the electric fields present
within the materials. Clearly, at the electric fields here, one-
photon generated electrons will not be able to gain enough
energy to overcome ¢,; and thus cannot contribute to J. On
the contrary, for 2PA generated electrons, the minimal
kinetic energy gain is quite achievable to overcome ¢,.
Figure 5 illustrates the field-driven acceleration of 2PA gen-
erated electrons over ¢;.

To verify that the kinetic energy of the field-accelerated
electrons is enough to overcome ¢, particle tracking simula-
tions are performed with electromagnetic fields calculated
from FDTD simulations. The simulation methodology is
described in detail elsewhere."'® Briefly, electrons are
tracked in time and space as they interact with the electric
and magnetic fields of the incident laser pulse and surface
plasmon. Each electron is given an initial kinetic energy in
the range of 2.8-3.4¢eV, corresponding to 2PA of the laser
pulse. Figure 6(a) depicts the kinetic energy of n=2 gener-
ated electrons at the Au-vacuum interface for the Au sample
at three incident intensities (0.37, 0.85, and 1.35 GW/cmz).
The quasi-symmetric shape of the kinetic energy spread can
be ascribed to the fact that the acceleration process is highly
dependent on the phase of the SP field when the electron is
generated. As such, a similar number of electrons that are
accelerated will be decelerated. At the lowest electric field
of 5.3 x 10°V/em, (i.e., Ijysr = 0.37 GW/cm?), no electron
is able to gain enough kinetic energy to overcome ¢;. As
the electric field strength increases, the barrier continues to
lower, and the electrons will gain enough kinetic energy to
overcome the lowered barrier at the Au-vacuum interface. At
Ejser =28 x 10°V/em (i.e., Ijyser = 0.85 GW/cm?) only 2% of
2PA generated electrons will have enough energy to over-
come the ¢;=3.45eV barrier, this increases to 19% at
Epuser=1x10°V/em (ice., 1450 =1.35GW/cm?) for the
¢;=3.3eV barrier. Due to the low number of n=2 gener-
ated electrons reaching the vacuum, the normal n =3 absorp-
tion process will completely dominate the emission process
and result in the observed order of n=13.01.
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FIG. 6. Simulated electron kinetic energy spectra at the Au-vacuum inter-
face at various incident laser intensities for the (a) Au layer by itself, and (b)
eC/Au bilayer. The electrons are given an initial kinetic energy in the range
of 2.8-3.4 eV, corresponding to an electron generated by two-photon absorp-
tion of the incident laser pulse. The eC/Au spectrum is broader than the Au
spectrum due to the higher accelerating SP field in the eC layer. Note that all
electron counts are normalized, and there is a difference in energy scales
between (a) and (b).

On the contrary, for the eC/Au sample, even with the
10nm eC layer, the situation is different. First, there is a sig-
nificant increase in electric field strength within the eC layer
compared to the Au layer. Calculating the average |E]
obtained from FDTD simulations in each layer indicates 2.2
times higher average |E| in the eC layer of the eC/Au sample
compared to the Au sample. Second, the effective mass of
electrons within eC is 78% of the effective mass in Au.
Therefore, at a given E,,,, the relative acceleration, a,.,,
experienced by an electron in eC compared to an electron in
Au will be higher. The relative acceleration is given by
Arel = NNy, /mec, where my, = 1.12 is the electron effective
mass in Au,”® m,-=0.87 is the electron effective mass in
eC,?! and n=2.2 is the aforementioned ratio of electric
fields between the eC film and Au film. This results in 2.8
times higher electron acceleration in the eC film compared to
that in the Au film. Furthermore, in addition to the electric
field enhancement from the SP, there is also field enhance-
ment from the composition of the eC film itself. It is well
known that for field emission from carbon films, the nano-
clusters of conductive, graphitic, sp> bonds embedded in
insulating, diamond-like, sp3 bonds lead to increased local-
ized electric field enhancement within the carbon.”? > It is
possible that at the interface between eC and Au, sp® bonds
are converted into sp® bonds,”® resulting in further increase
of sp® clustering directly at the interface, and hence, an
increase in the electric field enhancement at the eC/Au inter-
face. At an SP electric field enhancement of 21 times, com-
bined with an eC electric field enhancement of 56 times,22
2PA generated electrons from the eC can gain enough kinetic
energy to be emitted over ¢,;. Note that ¢ will only be low-
ered due to the SP field enhancement directly at the Au-
vacuum interface, and will not be affected by the localized
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spz/sp3 clustering field enhancement. Figure 6(b) depicts the
kinetic energy of n=2 accelerated electrons at the Au-
vacuum interface at various incident laser intensities.
Notably, at the lowest electric field of 5.3 x 10° V/cm, (ie.,
Liaser=0.37 GW/cm?), 11% of the electrons possess enough
kinetic energy to overcome the barrier. This increases to
33% at Ejuser = 8 x 10° V/em (i.e., Liyser = 0.85 GW/cm?) and
45% at Ejer=1x10°V/em (ie., e = 1.35GW/cm?).
Note that the model used does not take into account the local
density of states of the eC. As such, the percentages do not
correspond directly to an absolute number of electrons.
Evidently, approximately half of the 2PA generated electrons
originating from the eC layer will be emitted from the sam-
ple. Given that an n=2 absorption process has a higher
probability of occurring than an n =3 absorption process, it
can be concluded that the n =2 accelerated electrons domi-
nate the observed current, as exhibited by the lowering of the
emission order to n =2.44.

In conclusion, it has been demonstrated that a thin bilayer
of eC/Au reduces the electron emission order within the
multi-photon ionization regime. The presence of sp*/sp” clus-
ters, and the higher confined field in the eC layer facilitates an
increased emission at a lower order via the field-driven energy
gain. This process allows for electrons to be generated more
readily without increasing the laser intensity and thus being
limited by the damage threshold. The eC layer was shown to
not affect either the SP coupling, or the electromagnetic fields
at the Au-vacuum interface, making this a promising candi-
date for the next generation of ultrafast SP based electron
sources driven at low laser intensities.

See supplementary material for a cartoon sketch of the
experimental setup, electric field distributions calculated
from FDTD, and simulated exemplary electron trajectories.

This work was supported by the Natural Sciences and
Engineering Research Council of Canada (NSERC).
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