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We fabricate plasmonic nanohole arrays in gold thin films by focused-ion-beam lithography. Subsequent
heat treatment of the lithographic patterns induces the growth of sub-100-nm structures including tips, rods,
and flakes, all localized in the nanohole-array region. The coupled nanohole-array–nanostructure system
comprises an efficient photoemitter. High-brightness photoemission is observed from this construct,
following 780-nm femtosecond laser irradiation, using photoemission electron microscopy (PEEM). By
comparing our PEEM observables to finite-difference time-domain simulations, we demonstrate that
photoemission from the sub-100-nm structures is enhanced in the region of propagating surface plasmons
launched from the nanohole arrays.
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Photocathodes convert photons into free electrons that can
be readily harnessed for a variety of applications. For
example, high-brightness photocathodes are currently used
as electron sources in free-electron lasers (FELs) [1], energy-
recovery linacs, and inverse-Compton-scattering sources [2].
The light sources employed to initiate the photoemission
process range from broadband ultraviolet (UV) lamps to
femtosecond (fs) laser sources. Advances in ultrafast laser
technology over the past several decades made the generation
of fs UV pulses readily feasible, most commonly through
harmonic generation. However, due to the inherent ineffi-
ciency of higher-harmonic generation, the fundamental laser
powers used need to be substantial to produce sufficiently
intense electron bunches for the aforementioned applications.
A viable alternative comprises the use of ultrafast near-
infrared (IR) lasers to directly generate ultrafast electron
bunches through nonlinear photoabsorption in metals [3,4].
Indeed, recent reports demonstrate that when compared to
UV laser excitation, higher-photoemission intensities can be
achieved through multiphoton photoemission driven by IR
laser pulses with rather modest energies [5,6].
Metals are prime candidates for photocathode applica-

tions because of their high tolerance to intense pulsed laser
irradiation. However, metals are typically highly reflective
[7] in the near-IR such that light couples poorly into flat
metal substrates. With advances in nanofabrication tech-
nology, nanostructures such as holes [8], ridges [9], and
slits [10] can be easily etched into metal surfaces. These
structures can efficiently couple the incident-radiation
field [6,11–13] into the metal and generate propagating
surface-plasmon eigenmodes [14]. In this regard, surface
plasmons can be focused, interfered, and wave-guided [15]
using designed nanostructures. Specifically engineered

nanostructures can potentially enhance electron photoemis-
sion [16] from selectable locations including those remote
from the excitation region [17,18]. It is therefore of great
interest to explore plasmonic structures in metal surfaces as
high-brightness photoemission sources, and as a means
to couple and control plasmon propagation. To date, very
few studies explore the possibility of using plasmonic
constructs [19] as high-brightness photocathodes.
Herein, we describe the fabrication and characterization of

nanostructured gold photoemitters which exhibit high-
brightness photoemission under femtosecond near-IR laser
excitation. The photoemitters consist of nanohole arrays,
fabricated using focused-ion-beam (FIB) lithography of a
vapor-deposited gold film, and sub-100-nm structures
formed during rather gentle subsequent heat treatment.
The nanohole-array construct is used to couple IR light into
the gold film and launch propagating surface plasmons
which further enhance photoemission from the self-
assembled metal nanostructures. We measure the relative
electron yield as a function of nanohole-array diameter and
period.The results are a clear demonstrationof thepossibility
to improve the photoemission of a pure metal using rather
simple methods, all in an effort to create high-brightness
photoemitters.We compare our experimental observations to
finite-difference time-domain (FDTD) calculations.
Metal substrates are prepared by sputtering a 100-nm-

thick gold layer on a clean glass substrate. Nanohole arrays
(5 × 5) are etched in the gold film using FIB (FEI QUANTA
3D dual-beam scanning electron microscopy–Ga FIB).
Several arrays are fabricated with nanohole diameters vary-
ing from 600 to 1000 nm, and periods varying between 1500
and 3000 nm. The samples are subsequently annealed at
200 °C for 2 h under ambient laboratory conditions. The
temperature in the furnace is increased from 25 °C to 200 °C
within 10 min to avoid the detachment of the gold layer from
the glass substrate. Figure 1 is a schematic representation of
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the sample preparation procedure and our experimental
apparatus.
Photoemission from the sample surface is imaged by

photoemission electron microscopy (PEEM), featuring
20-nm lateral spatial resolution (Elmitec, PEEM III). The
sample is mounted approximately 2 mm from an electrically
grounded objective lens. A −20 kV electronic potential is
applied to the sample in order to accelerate and transfer the
photoelectrons to an imaging column containing a series
of electromagnetic lenses which focus and project the
photoelectron image onto a microchannel plate (MCP)
with phosphor screen detector. Images are acquired with a
computer-controlled charge-coupled device camera. The
base pressure of themicroscope chamber is∼9 × 10−11 torr.
The sample is irradiated with laser pulses centered at

780 nm from a 90 MHz titanium-sapphire femtosecond
oscillator (Griffin-10, KM Labs). Following external-prism
pair-compression, transform-limited pulses of ∼12 fs in
duration are delivered to the sample chamber. The laser is
focused to a ∼8 × 10−3 mm2 area, and its polarization is
controlled using a half-wave plate, as illustrated schemati-
cally in Fig. 1(c). In addition to the femtosecond laser, an
unpolarized laser-driven plasma source (UV lamp maxi-
mum photon energy hνmax ∼ 6.7 eV) is used to acquire
reference single-photon PEEM images.
The FDTD method [20] is used to compute the electro-

magnetic response of a nanohole array excited by a fs laser
pulse. The basic principle of the FDTD method is to
numerically solve Maxwell’s equations on a finite-element
grid representing the designated structure and material [20].
Simulations are performed using a commercially available
software package (Lumerical, Inc.) running on a parallel-
processor local computer cluster. The computational model
replicates the experimental specimen by accounting for

sample permittivity, laser wavelength, polarization, and
angle of incidence. The calculations incorporate the sub-
strate, gold thin film, and etched holes in a three-dimensional
simulation volume using a total field or scattered field source
set at a 75° angle of incidence. The source bandwidth is
limited by appropriate choice of pulse width in order to limit
dispersion in the injection angle. Perfectly matched layer
boundary conditions are used in all dimensions to absorb
scattered fields. The optical constants for gold are taken from
Johnson and Christy [7]. The calculations yield spatially
resolved relative intensities of the electric-field components
as a function of time. Standard Fourier transformation results
in the corresponding spatial- and frequency-resolved relative
fieldmagnitudes. These results are directly comparable to the
measured PEEM images.
Figure 2 shows the SEM image of a heat-treated (5 × 5)

nanohole array on a 100-nm gold film. The diameter of
each individual hole is ∼1000 nm and the period is
2500 nm. The postlithography heat treatment induces
growth of sub-100-nm structures (nanostructures) localized
in the 20 × 20 μm2 region of the nanohole array. Evidently,
the growth of nanostructures is related to the FIB litho-
graphic process, as nanometric structures did not form

FIG. 1 (a) 100-nm gold thin film is sputtered on a clean glass
substrate with nanohole arrays (5 × 5) fabricated by FIB lithog-
raphy. (b) The sample is then annealed at 200 °C for 2 h in air.
(c) The resulting sample is transferred into the PEEM for the
photoemission measurement under fs laser irradiation with an
incident angle θ ¼ 75°. Schematically illustrated in (c) are s and
p polarization. FIG. 2. (a) SEM image of the nanostructured photoemitter

which consists of a (5 × 5) nanohole array (1000-nm-diameter
holes separated by 2500 nm) fabricated by FIB lithography and
heat treated to form nanostructures in the vicinity of the nano-
holes within the etched region. These nanostructures only form
near the nanohole array, and not on the flat film. (b) Magnified
SEM image of the metal nanostructures consisting of nanotips,
nanorods, and nanoflakes grown from the gold thin film.
(c) Magnified gold surface far from the nanohole array appears
identical to the gold thin film prior to heat treatment. (d) PEEM
image of the nanostructured photoemitters with 2500-nm nano-
hole separations and 1000-nm hole diameter illuminated by the
UV lamp.
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away from the etched region of the metal substrate
[Fig. 2(c)]. The roughness of the gold film prior to heat
treatment is equivalent to that reported for similar gold thin
films formed by physical vapor deposition [21]. Under
higher magnification, the nanostructures can be better
visualized [Fig. 2(b)]. Most nanostructures can be quali-
tatively described as nanotips, nanorods, or nanoflakes.
Due to the sharpness of these nanostructures, strong
photoemission following laser illumination is expected
[22–26].
The photoemission measurements of nanohole arrays

and self-assembled nanostructures are carried out using
PEEM. Because of the high-magnification imaging
capability, PEEM is ideal for mapping nanoscale photo-
emission intensities [27]. Figure 2(d) shows the image of a
nanohole array with 2500-nm hole separation, recorded
following UV-lamp irradiation. The maximum UV photon
energy exceeds the work function of gold, therefore the
nanohole, nanostructures, and surrounding flat surface
exhibit similar photoemission intensity. As such, the
observed UV-lamp-generated PEEM image predominantly
displays topological contrast in the hole-array region [28].
When illuminated with a 780 nm p-polarized laser,

bright photoemission is observed in the nanostructure
region surrounding the nanohole array while little
photoemission is observed from the adjacent flat surface
[Fig. 3(a)]. Although the maximum laser intensity
approaches 1 GW=cm2, the high brightness of the nano-
structured photoemitters saturates the PEEM detector at
laser powers above 0.09 GW=cm2. The relative photo-
emission yield from nanohole arrays prior to heat treatment
is more than 10 times weaker than its analog recorded
following heat treatment, demonstrating strong photoemis-
sion from the nanostructures. Under s-polarized laser
illumination, photoemission is very weak, as evidenced
from inspection of Fig. 3(b). This observation stresses that
the photoemission from the nanometric metal structures is
generated by the Ez component (perpendicular to the sample
surface) of the enhanced local electric field, whereas the
s-polarized light shows weak coupling to the nanohole array.
Notice how most of the prominent photoemission spots are
found to form striped patterns on the right-hand side of the
nanohole array and that the photoemission intensity
increases from left to right [Fig. 3(a)].
Previous reports and analyses [12,13] of isolated nano-

hole and nanohole arrays indicate efficient light coupling
into the metal film with the formation of propagating
surface plasmons. It appears that the photoemission from
the nanostructures is further enhanced in the regions of
propagating surface plasmons, and the overall collective
“hotspot” pattern traces the surface-plasmon-propagation
pattern. For the FDTD simulations, a (5 × 5) nanohole
array etched into a flat gold surface (without nanostruc-
tures) is modeled with a 780-nm-wavelength femtosecond
light pulse that propagates from left to right, impinging on

the sample at a 75° angle of incidence. The field enhance-
ment (E=Eincident) calculated by FDTD for the array under p
and s polarization is displayed in Figs. 3(c) and 3(d). Under
p-polarized laser excitation, high field enhancement is
evident between the nanohole rows on the right side of
the array. The simulation reveals that the highly enhanced
local field regions interfere to form a striped oscillating
intensity pattern propagating beyond the hole array. The
PEEM image indicates that photoexcitation of the metal
interface occurs through the generation of surface plas-
mons. The combination of propagating plasmons and laser
field leads to the characteristic emission pattern observed in
Fig. 3(a). FDTD simulations of the hole structures, com-
posed of different hole diameters and separation distances,
produce results that compare well with the analogous
experimental images. Namely, the regions of field enhance-
ment qualitatively match the electron photoemission map
and intensity, thus validating our premise that the highest
photoemission occurs in regions where there is overlap of
the metal nanostructures with propagating surface plasmons.
Moreover, the simulations reveal that the field enhancement

FIG. 3. (a) PEEM image of the nanostructured photoemitters
with 2500-nm nanohole separations and 1000-nm hole diameter
irradiated by a 780-nm p-polarized laser at 75° from normal. The
nanostructures produce strong photoemission with the brightest
region always to the right side of the nanohole array, forming a
stripe pattern aligned with the laser propagation. Dashed circles
indicate hole positions while the arrow indicates the laser
propagation direction. The exposure time is 0.15 s. (b) Under
illumination of s-polarized light, nanostructured photoemitters
show very low photoemission from both the nanostructured and
flat surface regions (color bars are in arbitrary units). (c) FDTD
calculated electric-field-intensity map for a 5 × 5 nanohole array
etched in a gold film irradiated by a 780-nm fs laser pulse. The
plane wave is polarized with electric vector parallel to the out-of-
plane axis (p polarization). (d) FDTD simulation of the nanohole
array with s-polarized laser pulse. The laser pulse propagates
from left to right in both simulations.
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throughout the surface is extremely weak following
s-polarized laser illumination, which again parallels our
experimental observations [Figs. 3(b) and 3(d)].
Figure 4(a) displays the normalized photoemission yield

as a function of nanohole-array geometry, for 20 different
combinations of hole diameters and separations. The
normalized photoemission intensity increases modestly
(by a factor of 2) when the nanohole-array separation
decreases from 3000 nm to 1500 nm. This trend of
increased photoemission intensity as separation distance
is decreased is paralleled in PEEM measurements of
nanohole arrays without the self-assembled nanostructures
[Fig. 4(c)]. In this regard, a PEEM image of a nanohole
array without self-assembled nanostructures is displayed in
Fig. 4(b) for comparison.
Figure 4(d) displays the relative photoemission current

as a function of laser intensity in a log-log plot, measured
from an array with hole separations and diameters of 2500
and 1000 nm, respectively. Based on Fowler-Dubridge

theory [29,30], the multiphoton photoemission current
density is proportional to the nth power of the laser
intensity such that photoemission intensity scales with
the laser power density as

In ∝ Pn;

where In is the photoemission intensity defined as the
average intensity over the photoemitter area and P is the
laser power density. The nonlinear photoemission intensity
does not follow this relation as a function of laser intensity,
but rather displays two distinct regimes of “low-” and
“high-” intensity responses. At low intensities (below
0.01 GW=cm2) three-photon absorption (n ¼ 3.1) is indi-
cated (green solid line). This is what would be expected
based on the photon energy used (1.59 eV) and the work
function of gold (∼4.5 eV). At high intensities, however,
(above 0.02 GW=cm2) the line fit gives n ¼ 6.1 � 0.2,
which indicates a highly nonlinear six-photon process (red
solid line). It is worth mentioning that both nanohole arrays
and the self-assembled nanostructures appear to be robust,
showing no indication of laser-induced ripening, melting,
ablation, or decrease in photoemission intensity even after
prolonged illumination at high laser power (∼1 GW=cm2).
Assuming the P6 dependence holds at an irradiance of

∼1 GW=cm2, then the brightness of the device proposed
here can achieve the requirement of future FEL designs
[6,31] with the laser intensity remaining below the ablation
threshold of gold [32]. The photoemission yield measured
as a function of laser polarization (measured using the
high-laser-intensity data) is shown in the inset of Fig. 4(d).
The result can be fitted to IðθÞ ∝ ½cos2θ�6, as expected
for a six-photon process. Although three-photon emis-
sion is typically observed from gold substrates [33], there
are reports of highly nonlinear multiphoton emission
processes, including n ¼ 4 for gold nanocavity arrays
[6], n ¼ 4.5 for gold pads [34], n ¼ 5 for sharp gold
nanotips [25], and n ¼ 5.5 for gold nanoparticles [35].
Observations of highly nonlinear photoemission have been
attributed to an enhanced contribution from high-density
states below the Fermi level [25] and the advent of field
emission due to strong near-field enhancement of laser
excited localized surface plasmons [35].
Overall, our results suggest that the combination of

nanohole arrays and nanostructured surfaces could serve as
high-brightness electron sources. For example, while
thermionic cathodes remain the electron sources of choice
for many accelerators [31], next-generation light sources,
including FELs and synchrotron designs, will be based on
bright and directed pulsed electron sources. It appears
promising that metal nanostructured photoemission sources
could be applied in FEL designs using laser pulses with
intensities well below the metal’s ablation threshold [32].
Moreover, with modern physical and chemical techniques
such as holographic lithography [36,37], it is straightfor-
ward to fabricate relatively large-scale nanohole arrays with

FIG. 4. (a) Normalized photoemission intensity for nanostruc-
tured photoemitters plotted as a function of nanohole diameter
and separation. The photoemission intensity increases modestly
when the separation between nanoholes decreases from 3000 nm
to 1500 nm. (b) PEEM image of a nanohole array (separation and
hole diameter of 2500 and 1000 nm respectively) without self-
assembled nanostructure (no heat treatment). (c) Nanohole-
separation dependence of normalized photoemission intensity
for nanohole arrays without self-assembled nanostructure. The
trend apparent in (a) is consistent with the results in (c).
(d) Photoemission current is plotted as a function of laser
intensity for the self-assembled nanostructure photoemitter on
a log-log scale. Three-photon absorption process is observed
(green line) under low laser intensity; however, under high laser
intensity (red line), the data yield a sixth-order photoemission
scaling. The inset shows the polarization dependence of the
photoemission intensity measured in the region of high laser
intensity where 0° represents p polarization. Dashed line
shows power dependence of a gold nanograting photoemitter
(Polyakov et al. [6]).
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tunable diameters and separations, or other periodic plas-
monic nanostructures, thereby allowing a more flexible
design of tailored photoemission sources.
In summary, we demonstrate high-brightness photoemis-

sion from gold nanohole arrays featuring rodlike nanoscale
structures fabricated by a combination of FIB lithography
followed by heat treatment. The photoemission from self-
assembled sub-100-nm structures is enhanced in the region
of propagating surface plasmons launched from light
coupled into the nanohole array. This conclusion is sup-
ported by FDTD simulations of nanohole arrays that
display striped electric field patterns following pulsed fs
excitation. The intensity ratio of photoemission from the
nanostructured gold to the flat metal surface can be as high
as 108 at a modest laser intensity of 1.0 GW=cm2. The
reported constructs are promising candidates for applica-
tions requiring high-brightness photoemission sources.
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