
HOBBS ET AL. VOL. 8 ’ NO. 11 ’ 11474–11482 ’ 2014

www.acsnano.org

11474

November 07, 2014

C 2014 American Chemical Society

High-Yield, Ultrafast, Surface Plasmon-
Enhanced, Au Nanorod Optical Field
Electron Emitter Arrays
Richard G. Hobbs,†,^ Yujia Yang,†,^ Arya Fallahi,‡ Philip D. Keathley,† Eva De Leo,†, ) Franz X. Kärtner,†,‡
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N
anoparticles exhibiting localized
surface plasmon resonances (LSPR)
are useful for nano-optics applica-

tions that require optical-field enhance-
ment. The local enhancement of optical
fields at the nanoscale by the collective
oscillation of electrons (plasmons) in such
particleswhen illuminated at resonantwave-
lengths enables the use of these particles
for surface-enhanced Raman spectroscopy,1

high-resolution imaging,2 nanochemistry,3

metamaterials,4�6 sensor,7�9 optoelectron-
ics,10 nanolithography,11 and photocath-
ode12 applications. Plasmonic nanoparticle
arrays are of particular interest for use as
ultrafast, high-brightness photoelectron
emitters in next-generation X-ray free-
electron lasers (XFELs) enabling ultrafast
X-ray imaging, and diffraction, as well as

time-resolved electron microscopy and
spectroscopy experiments.
XFELs, as well as other electron-emission

applications, depend critically on photo-
cathode performance. Metallic photo-
cathodes for example are desirable due to
their relative insensitivity to contamination,
which allows their operation under poorer
vacuum conditions than high-efficiency
alkali halides. As such, there has been a
drive to improve the efficiency of metallic
photocathodes such as Au and Cu.13�15

Moreover, the performance of XFELs relies
on the ability to first generate nanometer
scale density modulations in the electron
beam, which can then be used to coher-
ently emit X-rays.16�18 A compact coherent
X-ray source based on a modulated elec-
tron beam produced by a nanostructured
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ABSTRACT Here we demonstrate the design, fabrication, and

characterization of ultrafast, surface-plasmon enhanced Au nanorod

optical field emitter arrays. We present a quantitative study of

electron emission from Au nanorod arrays fabricated by high-

resolution electron-beam lithography and excited by 35 fs pulses

of 800 nm light. We present accurate models for both the optical

field enhancement of Au nanorods within high-density arrays, and

electron emission from those nanorods. We have also studied the effects of surface plasmon damping induced by metallic interface layers at the substrate/

nanorod interface on near-field enhancement and electron emission. We have identified the peak optical field at which the electron emission mechanism

transitions from a 3-photon absorption mechanism to strong-field tunneling emission. Moreover, we have investigated the effects of nanorod array density

on nanorod charge yield, including measurement of space-charge effects. The Au nanorod photocathodes presented in this work display 100�1000 times

higher conversion efficiency relative to previously reported UV triggered emission from planar Au photocathodes. Consequently, the Au nanorod arrays

triggered by ultrafast pulses of 800 nm light in this work may outperform equivalent UV-triggered Au photocathodes, while also offering nanostructuring

of the electron pulse produced from such a cathode, which is of interest for X-ray free-electron laser (XFEL) development where nanostructured electron

pulses may facilitate more efficient and brighter XFEL radiation.

KEYWORDS: plasmons . nanorods . nano-optics . ultrafast electron emission . strong-field tunneling . field-enhancement .
lightwave electronics
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photocathode has been recently proposed.19 Conse-
quently, the development of nanostructured photo-
cathodes is key to improving next-generation ultrafast,
coherent X-ray sources.
Electron emission has previously been demon-

strated from arrays of plasmonic nanoparticles and
nanostructured plasmonic surfaces.12�14,20,21 Dombi
et al. and Nagel et al. have both demonstrated electron
emission and acceleration within the surface-plasmon-
enhanced near-field of plasmonic particles lying
in-, and out-of-plane of the substrate, respectively.
Douillard et al. have also previously investigated elec-
tron emission from multipolar plasmonic particles by
photoemission electronmicroscopy (PEEM). Prior work
on ultrafast photoemission from plasmonic nanoparti-
cle arrays focused on the energy spectra of electrons
produced from such particles, rather than the quanti-
tative charge-yield. Additionally, the nanoparticles
studied were of dimensions significantly larger than
those studied in the present work. Furthermore, while
quantitative studies of charge-yield from plasmonic Au
photocathodes have been performed recently,14 they
were restricted to a range of laser intensities where the
emission mechanism lay firmly within the multiphoton
absorption regime. Thus, a quantitative investigation
of photocathode performance in the strong-field
regime is presently lacking.
In this work we will further advance the field of

ultrafast plasmonic photocathodes by (1) scaling the
critical dimensions of the emitters, fabricated by high-
resolution electron-beam lithography, into the sub-
20 nm regime; (2) investigating the effects of substrate,
and traditional adhesion-promoting layers such as Ti,
on charge yield from overlying Au nanorods; and (3)
studying effects of laser intensity, applied DC field,
angle of linear polarization, and nanorod array density
on charge yield.
Fabrication of Au nanorods with sub-20 nm critical

dimensions will allow greater localization of the elec-
tron emission site, which is of interest for creating
nanostructured electron beams as discussed above.
Investigation of the effect of the Au/substrate interface
on electron emission from arrays of plasmonic Au
nanorods prepared by electron-beam lithography will
also be key to optimizing the efficiency of such elec-
tron sources. The existence of a substrate not only
shifts the spectral position of the Au nanorod LSPR, but
also modifies the optical near-field distribution due to
mode hybridization.22 Higher index substrates lead to
a more pronounced red-shift of the LSPR, and stronger
field localization at the interface between the plasmo-
nic nanostructure and substrate.23�27 A strong optical
field enhancement at the nanorod/vacuum inter-
face rather than the nanorod/substrate interface is
preferred for photocathode applications to reduce
electron scattering from the substrate; thus, a low-
index, electrically conductive substrate, is preferred.

Moreover, theeffects of conventional adhesion-promot-
ing metals such as Ti, used in the preparation of Au
nanorods by electron-beam lithography, on photoelec-
tron yield are worthy of investigation. Previously, such
metallic layers have been shown to reduce the Q-factor
of the LSPR within overlying Au nanorods due to
increased damping of the resonance.28 Lastly, the scal-
ing of emission current as a function of nanorod array
density, laser-intensity and applied anode bias will be
key to understanding the factors affecting charge-yield
from plasmonic photocathodes, such as space-charge,
electron emission mechanism and optical field en-
hancement. A better understanding of the factors af-
fecting charge-yield from these photocathodes may
then allow us to generate more efficient electron
sources for next-generation, ultrafast metrology.

RESULTS AND DISCUSSION

Here, we showhowa Ti adhesion layer affects optical
near-field enhancement, and hence affects photo-
cathode performance. Figure 1 shows SEM images,
results of near-field simulations, optical extinction
spectra and photoemission measurements, for plas-
monic Au nanorod arrays with sub-20 nm critical
dimensions, fabricated both with and without a Ti
adhesion-promoting layer.
Figure 1a shows SEM images of high-density Au

nanorod arrays, prepared with and without a Ti adhe-
sion layer on an indium-doped tin oxide (ITO)-coated
sapphire substrate. Details of nanorod array fabrication
are available in the methods section in the Supporting
Information. The imagehighlights our ability to fabricate
nanorods with dimensions in the sub-20 nm regime in
the absence of an adhesion-promoting layer such as Ti.
Figure 1b shows the results of simulations of near-

field enhancement in the vicinity of a Au nanorod
on an ITO substrate both with, and without, a Ti
adhesion-layer (see Supporting Information for details
about the simulations). The results clearly show a
stronger near-field enhancement for the case of Ti-free
Au nanorods. An ITO substrate was selected for this
work due to its low index and relatively high electrical
conductivity (substrate selection is discussed in further
detail in the Supporting Information). The simulated
field-enhancement spectra (Figure 1c) show that the
peak field-enhancement for a Ti-free Au nanorod is
approximately twice that of a Au nanorod with a Ti
layer. Additionally, the simulated optical power ab-
sorption spectra (Supporting Information Figure S6)
show thatwhen a Ti layer is present, it dissipates 75%of
the total absorbed power. Moreover, the power ab-
sorption in Au is significantly higher in the absence of a
Ti layer. Broadening of the LSPR peak in Supporting
Information Figure S6 is also an indication of Ti-
induced damping of the LSPR. Thus, removal of the
Ti layer and fabrication of Au nanorods directly on an
ITO substrate should lead to improved charge yield
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and quantum efficiency due to reduced damping of
the LSPR. Notably, the measured (Figure 1d) and
simulated absorption spectra for the Au nanorod
arrays studied in this work display broad bandwidths
(∼100 nm), which may thus support shorter optical
pulses than the 35 fs (40 nm bandwidth) pulses used
here, and consequently may be of interest for produc-
tion of sub-10 fs electron pulses.
Figure 1d shows optical extinction spectra acquired

for 200 nm pitch arrays of Au nanorods prepared with
(red line), and without (black line), a Ti adhesion
promotion layer. The presence of a 3 nm Ti layer led
to a halving of the optical extinction. Assuming that the
extinction cross-section is proportional to the optical
intensity, or equivalently the square of the optical field,
then a 4-fold reduction in the extinction cross-section
would have been expected based on the peak-field
simulation results shown in Figure 1c. Possible causes
for the discrepancy between simulation and experi-
ment include the fact that the Ti deposited in the
experiment is likely to contain a significant amount
of oxygen, thus reducing damping of the surface
plasmon resonance with respect to pure Ti metal,
which was used in the simulation. A reduction in
plasmon damping would result in a greater optical

field enhancement and thus an increased optical
extinction cross-section. Moreover, the simulation re-
sults in Figure 1c are representative of the peak optical
field at the nanorod apexes, however, the integrated
field over the entire rod would be more representative
of the contribution to optical extinction. Figure 1e
shows a log�log plot of emission current vs laser
pulse-energy for nanorod arrays prepared with, and
without Ti. We have consistently observed enhanced
emission from Au nanorod arrays prepared without
an additional metallic adhesion promoter such as Ti.
The results shown in Figure 1e demonstrate a 26-fold
increase in emission current, at an incident pulse-
energy of 12.1 nJ, for a 400 nm pitch square array of
Ti-free Au nanorods, compared to an identical array
prepared with a 5 nm Ti layer. The log�log plot of
emission current vs pulse-energy shows that both
arrays display a slope commensurate with a 3-photon
process at 12.1 nJ. The observed 26-fold increase in
emission current thus suggests that the optical field is
enhanced 1.7 times more by Ti-free Au rods than
equivalent TiAu nanorods, which is in good agreement
with the predicted doubling of field-enhancement
from the simulation results shown in Figure 1c.
Figure 1e also shows that the emission current deviates

Figure 1. (a) SEM images of Au nanorodspreparedwithout (top) andwith (bottom) a 3 nmTi adhesion layer on 80nm ITOon a
Si substrate. (b) Cross section of simulated spatial distribution of near-field enhancement at Au nanorods, directly on ITO
(top), and with a Ti adhesion layer (bottom) (color scale is saturated). (c) Simulated field-enhancement spectra for Au
nanorodspreparedwith (red line) andwithout (black line) a Ti layer. Vertical gray line represents the centralwavelength of the
drive-laser (800 nm, fwhm 50 nm). (d) Optical extinction spectra acquired for a 200 nm pitch array of Au nanorods prepared
with (red line) and without (black line) a 3 nm Ti adhesion promotion layer. The spectra show a doubling of the extinction for
Au nanorods prepared without Ti. (e) Log�log plot of emission current vs pulse energy with an applied anode bias ofþ1 kV,
for a 400 nm pitch square array of Au nanorods, prepared without (open black squares) and with (open red circles) a Ti
adhesion layer. Both arrays display emission current scalingwith the 3rd power of laser pulse-energy (intensity) for lowvalues
of pulse-energy, as indicated by the color coordinated lines overlain on each data set. At 12.1 nJ the emission current from the
Au nanorod array is 26 times that of the Ti/Au nanorod array as indicated on the plot.
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from 3-photon scaling with increasing pulse-energy.
The observed deviation from 3-photon scaling with
increasing pulse-energymay be attributed to the onset
of space-charge-limited current and formation of a
virtual cathode, or to a fundamental change in the
electron emission mechanism. The scaling of emission
current with increasing laser pulse-energy shall be
discussed in greater detail in the following section.
Au nanorod arrays with various pitches have been

studied in this work. Space-charge effects, as discussed
later in the text, are particularly pronounced for higher
density arrays with pitches of 200 nm or less due to the
associated increase in charge density produced. Con-
sequently, to first understand fundamental emission
characteristics in the absence of global space-charge
effects, we have investigated low-density arrays of Au
nanorods. Figure 2 displays results of the dependence
of emission current on both laser intensity (pulse-
energy) and on applied anode bias (static DC field).
Figure 2a shows a log�log plot of emission current

vs incident laser-pulse energy for a 1 μm pitch square
array of Au nanorods. Emission current is seen to scale
with the third power of pulse-energy at low intensity
consistent with an electron emission mechanism
based on the absorption of 3 photons (total energy
4.53�4.77 eV). The work-function (φ) of Au has been
reported as being in the range of 4.7�5.3 eV.29,30

Consequently, the 3-photon scaling observed here is
indicative of a work function for the Au nanorod arrays
of less than 4.8 eV. A 3-photon scaling for a work
function larger than 4.8 eV may also be achieved by
photofield emission, whereby an electron from Au is
excited to an intermediate state below the vacuum
barrier, from which it then tunnels to vacuum.31

The emission current is observed to deviate from the
3-photon scaling behavior at a pulse-energy of 27 nJ
(12.1 GW/cm2 before plasmonic enhancement) ir-
respective of applied anode bias in the 400�1000 V
anode bias range. Were this deviation due to space-
charge effects, a shift in the deviation point would be

expected, as its position should depend on anode bias.
We can therefore conclude that this deviation instead
represents a fundamental change in the emission
process, which has been previously attributed to a
transition from multiphoton emission to direct
strong-field emission in studies of single-tip emitters
illuminated with ultrafast infrared pulses.31,32 Pre-
viously, the Keldysh parameter (γ) has been used to
estimate the magnitude of the optical field required to
support strong-field emission, where γ < 2 may de-
scribe quasi-static tunneling emission in the strong-
field regime, and the transition to tunneling behavior
usually occurs in the range 1<γ<2.33�35 In our system,
a 27 nJ pulse-energy is equivalent to an optical field of
0.3 GVm�1. A plasmonic field enhancement factor of 40
has been numerically simulated at the Au nanorod
surface for a 1 μm pitch square array, as shown in
Supporting Information Figure S4. Consequently, an
optical field of 12.1 GVm�1 is expected at the Au
nanorod surface or equivalently a Keldysh parameter
of γ = 1.5. Thus, the simulated field-enhancement
factor, and the experimentally observed intensity at
which deviation occurs from multiphoton emission
scaling, supports a transition in the emission mecha-
nism frommultiphoton emission to strong-field tunnel-
ing at a pulse-energy of 27 nJ.
Figure 2b shows a plot of emission current vs anode

bias for 5 different pulse-energy values. This Figure
shows that the emission current depends on the anode
bias for low bias values, while emission current seems
to be independent of anode bias for higher values. The
low- and high-bias regimes will be discussed sepa-
rately below.
In the low-bias regime emission current scales line-

arly with anode bias, which is consistent with space-
charge-limited current (ISCL) as defined by the single
sheet model eq 1.36

ISCL ¼ ε0AVflaser
d

(1)

Figure 2. (a) Log�log plot of emission current vs pulse energy (P) for a 1 μm pitch square array of Au nanorods for various
applied anode bias values. Emission current scales as P3 up to a pulse energy value of 27 nJ (dashed line). (b) Plot of emission
current (measured at the cathode) vs applied anode bias for the same Au nanorod array used in (a), at various pulse-energy
values. Emission current displays a linear dependence on anode bias at low bias values, consistent with space-charge-limited
current as depicted by the color-coordinated lines in the plot. The slope of the linear region of each bias is observed to
increase with pulse energy commensurate with the increased area of the emitted sheet of charge expected with increasing
pulse energy.
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Here ε0 is the vacuum permittivity, A is the area of the
sheet of charge emitted, V is the bias voltage, flaser is
the repetition rate of the laser (3 kHz), and d is the effec-
tive anode�cathode spacing (∼1mm). Noticeably, the
slope of the linear, current vs anode bias plot is
observed to increase with pulse-energy. The slope of
the space-charge-limited data in Figure 2b should be
related directly to the area of the emitted sheet of
charge by eq 1. The area of the sheet of charge should
in turn depend on the spatial distribution of laser
intensity, which is related directly to the laser pulse-
energy for a radially symmetric Gaussian beam. We
have found that the observed increase in slope corre-
sponds to the expected increase in the effective area
of the laser beam with increasing pulse energy
(Supporting Information Figure S9). For example, for
a Gaussian beam (ω0 = 76.3 μm, fwhm = 90 μm), the
area of the beam with a threshold optical field of
9 GWcm�2 increases by a factor of 2 as the pulse energy
is doubled from 37.5 to 75 nJ. Similarly, the slope of the
linear regionof the plot in Figure 2b increases by a factor
of 2 from 0.13 to 0.26 pA V�1, or equivalently from
5.77� 10�9 to 1.15� 10�8m2, when the pulse energy is
increased from 37.5 to 75 nJ (Figure S10, Supporting
Information). An optical field of 0.39 GVm�1 is equiva-
lent to the peak optical field for a 45 nJ pulse-energy
in our system, suggesting that the onset of space-
charge-limited current occurs at this incident pulse-
energy for the∼1 MVm�1 static field employed in this
work. In the high-bias regime, emission current is no
longer space-charge-limited and is seen to flatten out.
For example, emission current appears to behave
independently of the applied anode bias for bias
values greater than 600 V at pulse-energy values of
50 nJ (22.5 GW/cm2 before plasmonic enhance-
ment) or less. However, at 75 nJ (33.7 GW/cm2 before
plasmonic enhancement), the emission current has not
yet saturated at an anode bias of 1 kV, suggesting that
the emission current remains influenced by space-
charge at this pulse energy.

The effect of nanorod array density on the average
charge yield per nanorod, per optical pulse, has also
been investigated in this work. The charge yield per
nanorod is expected to decrease with increasing array
density due to (1) an increased effect of space-charge
as the electron sources are pushed closer together, and
(2) increased charge screening due to near-field cou-
pling within the nanorod array, resulting in a reduction
in nanorod field-enhancement (Supporting Informa-
tion Figure S4). We have observed emission of more
than 200 electrons per nanorod per 35 fs optical pulse
from a 1 μm pitch, square array, with an incident pulse
energy of 120 nJ, and applied anode bias of 1 kV.
Moreover, we have observed a power-law relationship
between charge-yield and nanorod array density at
high pulse-energy values, as shown in Figure 3a. The
data does not follow a power-law relation at low
incident pulse-energy (<50 nJ) as emission from
high-density arrays is space-charge-limited even at
low laser-intensity, while emission from lower density
arrays is not. Emission is space-charge-limited for all
array densities studied when higher incident pulse-
energy (>75 nJ) is employed. At high incident pulse-
energy, the charge yield per nanorod per optical pulse
(Q) is related to the array density (p) by the relation
Q = p�0.7. An array of emitters producing uniform
circular disks of charge would be expected to exhibit
a relation Q = p�1 due to Coulombic effects in the
space-charge-limited regime. The observed Q = p�0.7

relation may be due to an asymmetric charge distribu-
tion produced by the nanorods thus leading to asym-
metric space-charge effects in the nanorod arrays.
However, screening effects such as those investigated
in Supporting Information Figure S4 should also be
considered.
Figure 3b presents particle-in-cell simulation results

for electron emission from Au nanorods. Briefly, the
magnitudes of surface fields are calculated using
COMSOL Multiphysics within nanometer-scale 3-D cells,
as described in Figure 1 and theSupporting Information.

Figure 3. (a) Log�log plot of emitted charge yield per nanorod per pulse vs nanorod array density for four different pulse
energies and a fixed anode bias of 1000 V. The color-coordinated lines represent power law fits to the data for 75 and 100 nJ
pulse-energy. At high incident pulse-energy the data is observed to follow a power-law, and tends toward a relation given by
Q∼ p�0.7 (p= array density,Q= charge yield). (b) Simulated temporal evolutionof accumulated electron yield per nanorod for
a 200 nm pitch square array (25 nanorods μm�2) of Au nanorods illuminated with a 35 fs, 75 nJ pulse centered at 70 fs. The
simulation results assumea strong-field tunnelingmechanismof emission,which is expected for a 75 nJ pulse-energy. Results
predict a charge-yield of 14 electrons per nanorod for a single pulse. Experimentally measured emission matches the
predicted yield of 14 electrons per nanorod per pulse. Inset, magnified view of 50�100 fs region showing 1.33 fs period
oscillations.
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The emission current was then estimated for each
surface cell, using the calculated field, by the Fowler-
Nordheim approximation for tunneling emission. A
detailed explanation of the simulation method is pre-
sented in the Supporting Information. The analysis is
fulfilled for 200 nm pitch square arrays of Au nanorods
illuminated with a 35 fs, 75 nJ pulse centered at a time
of 70 fs. Results predict a charge-yield of 14 electrons
per nanorod for a single pulse, which agrees well with
the experimentally obtained charge-yield of 14 elec-
trons. The temporal evolution of electron yield predicts
that the electrons are emittedmainlywithin the central
20 fs of the pulse. In the rising edge of the plot, fast
oscillations are observed with a period of 1.33 fs, which
corresponds to a half-cycle of 800 nm light. Conse-
quently, these oscillations are due to the periodic
emission from each pole of the dipole emitter as the
optical field changes in sign with every half-cycle. The
charge-yield from each nanorod is observed to peak at
a time of 85 fs before declining slightly to a steady yield
of∼11 electrons per nanorod. The observed decline in
charge-yield is due to the space-charge field causing
electrons close to the cathode surface to be pushed
back to the substrate. This causes a slow recombination
of the electrons, which becomes weaker at stronger
anode bias voltages.
To investigate the stability of emission current from

Au nanorod arrays, we have measured the emission
current froman array of Ti-free Au nanorods, identical to
that shown in Figure 1a, for over 5 million pulses
(Supporting Information Figure S11). Emission current
was measured using an incident pulse-energy of 120 nJ
and applied anode bias of 1 kV. The mean emission
current was 2.7 nA, with a standard deviation of 30 pA.
SEM analysis of the Au nanorod array following
extended emission at 120 nJ pulse-energy, showed that
a small region of nanorods exhibited damage in a
circular area with ∼1 μm radius. The observed damage
can be attributed to the Gaussian intensity distribution
in the laser beam, which may induce field evaporation
and electromigration of Au at the center of the Gaussian
spot where the optical field is strongest. The slow decay
in emission current observed in Supporting Information
Figure S11 from 500 to 1800 s may be due to the
evolution of damage near the center of the laser spot.
Electron emission from Au nanorod arrays was

found to depend strongly on the angle of linear
polarization of the incident optical pulse, as depicted
in the inset of Figure 4. Emission current was observed
to follow a cos6(θ) dependence on polarization angle at
low intensity, which is consistent with the 3-photon
scaling shown at low intensity in Figure 2a. Addition-
ally, the polarization dependence transitions to a
cos2(θ) dependence at higher intensity, which is in good
agreement with the observed transition in the electron
emission mechanism from that based on multiphoton
absorption to quasistatic tunneling emission.

Recently, Polyakov et al.14 have observed photoelec-
tron emission from a plasmonic Au photocathode
triggered by 60 fs, linearly polarized pulses, from an
805 nmTi:sapphire laser. They observed a charge-yield,
which scaled as the fourth power of incident laser
intensity as represented by the open black squares
in Figure 4. Polyakov et al. hypothesized that this
scaling may continue to laser intensities as high as
50 GW cm�2, at which point their photocathode, which
is triggered by an 800 nm laser, may outperform a
planar Au photocathode operating under UV illumina-
tion (black line Figure 4). In this work, we have seen that
a transition from multiphoton emission scaling to
strong-field tunneling can occur at a laser intensity of
12.1 GW cm�2 (27 nJ pulse-energy), while 3-photon
scaling has been measured for intensities as low as
∼1 GW cm�2. Consequently, we suggest that plasmo-
nic photocathodes can generate enhanced optical
fields sufficient to support strong-field tunneling emis-
sion at laser intensities ∼10 GW cm�2, and thus that
such photocathodes do not display electron emission
characteristic of multiphoton absorption at laser in-
tensities for which it was previously predicted.
The maximum charge density emitted from a Au

nanorod array photocathode in this work was ob-
served for 200 nm pitch arrays of Ti-free, Au nanorods.
Figure 4 shows a plot of charge density emitted per
pulse vs peak laser intensity for such an array of Au
nanorods (open red circles). Charge-yield from high-
density, 200 nm pitch, Au nanorod arrays is still limited

Figure 4. Plot of emitted charge density vs peak laser
intensity, for a 200 nm pitch Au nanorod array (red circles)
using a 1 kV anode bias and 35 fs optical pulse at a 3 kHz
repetition rate. The plot also shows emitted charge density
for a plasmonic photocathode developed by Polyakov et. al.
(black squares),14 which scales with the 4th power of
incident laser intensity, suggesting a 4-photon absorption
process. The black line represents the charge density
emitted from a Au photocathode using UV illumination.14

Inset, a plot of normalized emission current vs linear polar-
ization angle (θ) at three different values of incident pulse
energy. Emission current is highest when the linear polar-
ization is aligned to the long-axis of the nanorod as shown
schematically. Emission current follows a cos6(θ) depen-
dence at low pulse-energy, which is equivalent to a
3-photon process. The polarization dependence broadens
to a cos2(θ) relation at higher pulse-energy, which is con-
sistent with the transition to strong optical field-emission.
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by space-charge effects, even at the highest applied
anode bias values used in this work. The observed
space-charge suppression of emission current may be
alleviated at increased static field. For example, inte-
gration of the photocathode within an RF gun capable
of producing fields of >10 MV m�1 will allow demon-
stration of a Au nanorod array photocathode, excited
by 800 nm light, with a QE that may surpass that of the
equivalent UV photoemission process.
In this work, a QE of 1.2 � 10�5 has been measured

for 200 nm pitch Au nanorods illuminated with 800 nm
light at an intensity of 10 GW cm�2 from the data in
Figure 4. The QE for Au illuminated with UV light
(266 nm) has been reported as 4.7 � 10�5.37 The
transmitted laser intensity was measured as ∼90%
for a 200 nm pitch array of Au nanorods at the laser
focus for a laser intensity of 34 GW/cm2. Thus, an
internal QE can be calculated as 1.2� 10�4 considering
∼10% of the incident photons as scattering from the
nanorod array to produce photoelectrons. When the
10% power conversion efficiency of 800 nm wave-
length light to 266 nm wavelength light by third
harmonic generation, and the factor of 3 difference
in energy between the IR and UV light are taken into
consideration, plasmonic Au nanorod arrays triggered
by 800 nm wavelength light can be considered as
∼100 times more efficient than UV-triggered bulk
Au photocathodes. Furthermore, as has been dis-
cussed, application of an increased static bias to lift

the space-charge limit would further improve the QE
for this system.

CONCLUSIONS

We propose that the photocathodes developed in
this work may be sufficiently robust for use in XFEL
systems when operated using a laser-intensity below
the damage threshold (∼45 GW cm�2) and under a
sufficiently strong static-field (>10 MV m�1). Under
such conditions, Au nanorod arrays triggered by ultra-
fast pulses of 800 nm light, may outperform equiva-
lent UV-triggered Au photocathodes, while also offer-
ing nanostructuring of the electron pulse produced
from such a cathode, which is of interest for future
XFEL development where nanostructured electron
pulses may facilitate more efficient and brighter XFEL
radiation. Moreover, Au nanorods triggered by 800 nm
light at intensities above 12 GW cm�2 may emit
electrons by a strong-field tunneling mechanism, and
thus may support production of attosecond electron
bursts, which are key to the development of atto-
second science. Further investigations are required to
maintain the initial levels of confinement of electrons
in both space and time possible at the emitter surface,
into a propagating nanostructured pulse-train. As a
result, the Au nanorod photocathodes developed in
this work represent an additional step toward the
development of analytical tools with attosecond tem-
poral resolution.

METHODS

Nanorod Array Fabrication. Nanorod array photocathodes
were fabricated on 10 mm � 10 mm sapphire or Si (n-type,
1�10 Ω 3 cm) dies. The transparent sapphire substrate was
chosen to facilitate transmission spectroscopy measurements.
A 50�80nm layer of indium-doped tin oxide (ITO)was deposited
on the substrate to function as the cathode electrode. The low
refractive index of ITO was favored for photocathode applica-
tion (see Supporting Information). This conducting film also
negated issues associated with substrate charging, common to
electron-beam lithography on insulating substrates such as
sapphire. ITO layers were deposited by RF magnetron sputter-
ing at an RF power of 80W and substrate temperature of 100 �C,
resulting in a deposition rate of 0.5 Å s�1. A 70 nm film of PMMA
(2% 950k PMMA in anisole, MicroChem Corp.) was then depos-
ited by spin coating at 2 krpm and soft-baked at 180 �C for
2 min. Nanorod array patterns were defined by electron-beam
lithography using an Elionix F-125 EBL system. The electron
energy for lithography was 125 keV, electron beam current was
0.5 or 1 nA, and typical exposure dose was 800 electron/nm2.
Exposed PMMA was developed in 3:1 IPA:MIBK at 0 �C for 30 s
with constant agitation and dried under dry flowing N2 gas. Low
temperature development was used to improve the resolution
of electron-beam lithography. Metals were then deposited via
electron-beam evaporation. Au nanorod arrays prepared with a
3 nm Ti adhesion layer used a Au evaporation rate of 0.5 Å s�1 in
the vacuum chamber (∼10�6 mbar), while for Au nanorod
arrays prepared without a Ti layer, Au was evaporated at a
slower rate of 0.1 Å s�1 to reduce stress in the deposited Au layer
and prevent delamination of Au nanorods from the substrate.
Metal lift-off was performed in n-methylpyrrolidone (NMP) at
55 �C for approximately 60 min during which the samples were

gently rinsed intermittently with flowing NMP. Ultrasonication
was not used during lift-off as it was shown to create vacancy
defects in the nanorod arrays prepared with a Ti adhesion layer,
and caused delamination of almost the entire array in the case
of nanorods prepared without an adhesion-promoting layer.
After lift-off, the samples were rinsed with acetone and iso-
propyl alcohol. Gentle O2 plasma ashing (50W, 60 s) was applied
to remove residual resist and solvents immediately prior to
photoelectron emissionmeasurements. No observable damage
of Au nanorods due to O2 plasma was detected in SEM images
and photoemission data. The fabrication process is illustrated in
Figure S7 in the Supporting Information.

Electron Emission Measurements. Photoelectron emission from
Au nanorod arrays was triggered with 35 fs laser pulses with a
central wavelength of 800 nm and a spectral bandwidth of
38 nm at a 3 kHz repetition rate from a regeneratively amplified
titanium sapphire oscillator seed. A Thor Laboratories S322C
thermal power sensor was used tomeasure the laser power. The
light was linearly polarized and the polarization angle was
controlled via a half-wave plate as required. The light was
normally incident on the nanorod arrays via front illumination.
The pulsed light was focused to a 90 μm (fwhm) spot at the
nanorod arrays. The photocathode samples were mounted in a
high-vacuum chamber (10�8 Torr). A schematic of the measure-
ment setup is shown in Supporting Information Figure S8. A
static DC bias was applied to an Al ring-anode. The ring had a
6.35 mm outer diameter, a 2.286 mm inner diameter, and a
thickness of 0.508 mm. The anode was placed on a 60 μm thick
mica insulating spacer thus isolating the anode from the
cathode. The ring-anode, together with the insulator, was
placed directly on the surface of photocathode samples with
Au nanorod arrays aligned at the center of the ring. A Keithley
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237 sourcemeasurement unit (SMU)was used to bias the anode
with voltages up to 1.1 kV and measure the anode current. A
Keithley 6485 picoammeter was used to measure the cathode
current. Unless otherwise stated the current measurements
presented in the main text are those recorded at the cathode.
Secondary electron generation at the anode can lead to higher
measured current values at the anode than the cathode.

A schematic of the ring-anode�cathode configuration as
well as the electrostatic simulation result on a cross-section
normal to the photocathode substrate surface is shown in Sup-
porting Information Figure S9. Materials of different structures
are labeled. The cathode substrate (ITO) is grounded and the
anode (Al) is biased at þ1000 V. The color scale stands for elec-
tric field strength and is saturated at 2 MV/m. The black arrows
indicate the direction of local electric field. It can be seen at the
position of Au nanorod arrays (x = 0, y = 0) that the electric field
strength is approximately 1 MV/m and uniform, while its direc-
tion is approximately normal to the cathode surface.

Details of electromagnetic and electron emission simula-
tions are included in the Supporting Information.
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