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Simultaneous spatio-temporal confinement of energetic electron pulses to femtosecond and
nanometer scales is a topic of great interest in the scientific community, given the potential im-
pact of such development on a wide spectrum of scientific and industrial applications. For example,
in ultrafast electron scattering, nanoscale probes would enable accurate maps of structural dynamics
in materials with nanoscale heterogeneity, thereby understanding the role of boundaries and defects
on macroscopic properties. On the other hand, advances in this field are mostly limited by the
electron source brightness and size. We present the design, fabrication, and optical characterization
of bullseye plasmonic lenses for next-generation ultrafast electron sources. Using electromagnetic
simulations, we examine how the interplay between light-plasmon coupling, plasmon propagation,
dispersion, and resonance governs the properties of the photoemitted electron pulse. We also illus-
trate how the pulse duration and strength can be tuned by geometric design, and predict sub-10 fs
pulses with nanoscale diameter can be achieved. We then fabricated lenses in gold films and char-
acterized their plasmonic properties with cathodoluminescence spectromicroscopy, demonstrating

suitable plasmonic behavior for ultrafast, nanoscale photoemission.

I. INTRODUCTION

Ultrafast electron sources have been extensively used
as tools for scientific discovery over the past two decades.
Such sources can now reliably produce electron pulses
with femtosecond duration, which can be used as probes
for dynamic microscopy and scattering measurements.
Ultrafast electron-based measurements have provided in-
sight into mechanisms of structural phase transitions in
condensed matter [IH3] as well as chemical reactions and
photochemistry in gases and molecular solids [4 5]. Even
so, ultrafast electron experimentation is still limited by
the source brightness, defined as the number density of
electrons in transverse phase space [i.e. per unit solid
angle and unit area, also called four-dimensional (4D)
emittance] [6], and setting a limit to beam relative co-
herence and focusability [7]. Spatio-temporal mapping
with both nanoscale spatial and femtosecond temporal
resolution is rarely utilized [8HIO], and typically requires
a combination of high contrast signals, several hour ac-
quisition times, and limited sampling. Electron-based
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mapping of dynamics with increased throughput and de-
tail may provide key insights into how microstructure
and defects locally influence phase transformation, car-
rier generation and recombination, phonon and plasmon
propagation, and much more.

In effort to increase brightness, researchers have devel-
oped radio-frequency-based electron guns (rf guns) ca-
pable of sustaining large electric field amplitudes at ex-
traction and during acceleration. By providing an order
of magnitude higher accelerating field (100 MV /m) than
direct-current electron guns, the extracted peak current
can be increased by orders of magnitude, from the pA-
range typical of electron microscopes to several A, while
generating relativistic electron pulses with sub-10-fs du-
ration [I1,[12]. Yet, tip emitters typically used in electron
microscopes are not easily used in rf guns since under
such high fields, they have limited lifetime and tend to
emit dark electrons via field emission [I3], which are not
synchronous with the laser pulse and add background to
the experiment. Instead, flat cathodes are often used,
which have much larger emission areas in the range of
tens of pum or larger, ultimately limited by the incident
laser spot size. Considering conservation of the beam
emittance, larger source size in turn produces proportion-
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ally larger spot size for a given angular spread, thereby
limiting the minimum useful spot size for applications.

Recently, nanostructured cathode surfaces have been
demonstrated that couple the incident laser to resonant
surface plasmon modes, which concentrate and enhance
the optical-field intensity in localized areas of the sur-
face. For example, nanogrooves designed to produce an
in-groove surface plasmon resonance were patterned into
gold-coated cathodes and were found to increase the pho-
tocurrent yield by 6 orders of magnitude over bare gold
through multiphoton photoemission [I4]. Nanohole ar-
rays designed to have a grating resonance have also been
demonstrated in copper cathodes, increasing photocur-
rent yield 120 times over bare copper [I5]. This approach
to improving the emission characteristics is compatible
with high accelerating fields. However, the photoemit-
ted beams in these cases still had limited quality [I5]:
The optical fields were concentrated at edges, inducing
emittance growth similar to the effect of surface rough-
ness [16]. Also, their temporal response was not studied
in detail, and may be limited by the cavity-resonance
damping time. In addition, the emission is still dispersed
over several micron areas in these initial demonstrations.

In this work, we propose and investigate the poten-
tial of bullseye plasmonic lenses for ultrafast, nanoscale
photoemitters. Such structures concentrate optical fields
to a single, central spot on a flat surface [I7, 18], po-
tentially providing aberration-free electron emission and
enabling the use of nanoscale photo-triggered emitters in
high-field environments. We first show electromagnetic
simulations to demonstrate how to control the spatiotem-
poral characteristics of the optical fields and the corre-
sponding photoemission by geometric design. Then, we
demonstrate fabrication of actual bullseye lenses in gold
films by two methods and characterize their plasmonic
behavior using cathodoluminescence spectromicroscopy.
We show that spatial and spectral plasmonic character-
istics are like predicted in simulation, supporting that
ultrafast nano-emission can be achieved. Altogether, the
results support the potential for bullseye lenses as high
brightness electron sources and establish a new research
direction in the field of plasmon-enhanced ultrafast elec-
tron nano-emission.

II. PLASMONIC LENS DESIGN AND
ELECTROMAGNETIC SIMULATIONS

A. Lens principle and parameters

The system under study is a nanopatterned photocath-
ode excited by ultrafast laser pulses with an 800 nm cen-
ter wavelength. The pattern consists of equally-spaced,
concentric annular grooves forming a bullseye plasmonic
lens. The geometry is defined by the five parameters il-
lustrated in Figure [Th: The number of rings N, grating
period p, groove width w, groove depth d, and center
plateau radius r;. Such gratings couple the component
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FIG. 1. Simulated electric field and photoemission profiles
during excitation of a Au plasmonic bullseye lens with a
radially polarized, 800-nm, continuous-wave (cw) laser. a
Schematic of the bullseye geometry. The parameters shown
include the grating period p, groove width w, groove depth
d, and center plateau radius r;. For the simulation results
in following subpanels, p = 783 nm, d = 90 nm, w = 270
nm, and r; = 783 nm. The number of rings N = 4. b Total
(|E|) electric field enhancement shown with its normal (| E.|)
and tangential (| E,|) components at the bullseye surface. The
field enhancement is defined relative to the peak field in the
incident beam. The bullseye topography is superimposed on
the plot for reference: grooves are 90 nm deep. ¢ Calculated
four-photon photocurrent density enhancement (Ji) profile
at the bullseye surface using the generalized Fowler-Dubridge
equation [19]. FWHM is full width at half maximum.

of incident light with electric field perpendicular to the
grooves into surface plasmon polaritons (SPPs). A radi-
ally polarized laser at normal incidence is used so that
the electric field direction is always perpendicular to the
grooves and the launched SPPs are in phase. These SPPs
then propagate and interfere to give maximum field en-
hancement at the structure center.

We use gold as the plasmonic material, enabling four-
photon photoemission at 800 nm wavelength. Gold is
oxidation resistant and provides effective photoemission
surfaces; in fact, four-photon photoemission from gold
cathodes patterned with linear gratings has been demon-
strated [I4]. Gold also provides long SPP propagation
lengths in the red and near-infrared range: 10-15 pm
in as-deposited polycrystalline films [20} 21] and greater
than 60 pm in template-stripped and single-crystal gold
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FIG. 2. Simulated ultrafast temporal response of the Au plasmonic bullseye lens studied in Figure [[] The number of rings
N = 4, grating period p = 783 nm, groove width w = 270 nm, groove depth d = 90 nm, and center plateau radius r; = 783
nm. a Impulse response computed using an incident radially-polarized laser pulse with a temporal full width at half maximum
(FWHM) of 3 fs. Erinc is the maximum lateral electric field of the incident pulse, and E. center is the normal electric field at
the bullseye center. The electric field is normalized to the maximum FE, ;n.. b Transfer function obtained by Fourier transform
of the impulse response. Enhancement, ie. the magnitude of the transfer function, is shown along with the magnitudes of the
Fourier transforms of E inc and E. center. Enhancement is obtained by dividing the Fourier transform of F. center by that of
E; inc. ¢ Field enhancement temporal envelopes for varying incident pulse durations. I;n. FWHM is the temporal full width at
half maximum of the incident pulse intensity. d Peak field enhancement and photocurrent density (Js4) at the bullseye center
as a function of incident pulse duration. Peak Jy is plotted relative to the J4 under cw illumination. The top of both y axes
correspond to the value under CW illumination. e The temporal FWHM of the field intensity at the bullseye center (Icenter)

and Jy as function of incident pulse duration.

films [21H23].

B. Nanoscale field enhancement and photoemission

We first simulate the electromagnetic fields for a lens
under continuous-wave (cw) illumination to study their
spatial distribution and the expected emission spot size.
An 800-nm wavelength laser is focused at the surface us-
ing a numerical aperture (NA) of 0.07, giving a donut-
shaped in-plane intensity with peak-to-peak diameter of
4.5 pm. The lens has 4 rings with period p of 783 nm,
which is the corresponding SPP wavelength in gold. This
aims to satisfy momentum conservation between the nor-
mal incidence photons and the SPPs as given by the grat-

ing equation [24]:
kspp - kphoton,xy =+ ng (1)

Here, kepp and Kpnoton,xy are the in-plane wave vectors
of the SPP and incident photon, respectively, while g
is the grating vector and n is an integer. We set r;
to be 783 nm to coincide with antinodes of the two-
dimensional (2D) standing wave formed by the interfering
SPPs. This causes reflections from the edge to resonate,
further increasing field enhancement. With these param-
eters fixed, we then performed a series of finite-difference
time-domain (FDTD) simulations in Lumerical [25] to

optimize the depth and width of the rings for maximum
field enhancement at the center. The optimum is found
for d = 90 nm and w = 270 nm.

The electric field magnitude profiles for the optimized
structure are shown in Figure[Ip. The field enhancement
relative to the peak field of the incident laser is maxi-
mized at the center (21.0). Also, the lateral electric field
FE, is zero at the center and remains small relative to
the normal field F, within the four-photon photoemis-
sion peak shown in Figure [Tk.

The anticipated four-photon photocurrent density
Jy oc |E[® [19]; the photocurrent density enhancement
is shown in Figure [Ib. Remarkably, the J; enhancement
at the center is 3.8 x 10'°. Also, using multiphoton pho-
toemission practically eliminates contributions from the
side lobes and edges of the structure, creating a single,
tightly focused emission spot with full width at half max-
imum (FWHM) of 140 nm in the flat center plateau.

C. Ultrafast temporal response

To study the emitter’s temporal response and how it
depends on the lens geometry, we performed impulse-
response FDTD simulations. Using incident laser pulses
with 3-fs FWHM duration, we simulate the time-resolved
electric field at the structure center, E, center(t). The



spectral response in the linear intensity regime is de-
scribed by the complex transfer function T(w), obtained
from the Fourier transforms of the time-dependent inci-
dent and enhanced fields[26]:

Ez,center(w) = T(w)Ex,inc(w) (2)

The frequency-dependent field enhancement is then given
by |T'(w)|. We also use eq. [2| to compute the temporal
response for Gaussian incident pulses of varying duration.

We first study the four-ring bullseye lens optimized
above (see Figure [I). The simulated incident and en-
hanced electric fields over time are shown in Figure h.
Notably, the plasmonic field is stronger than the inci-
dent laser field, but lasts more than 10 fs longer. In
the next section, we will show that some of this broad-
ening is due to the delay in arrival of plasmons gener-
ated from outer rings relative to inner rings. This leads
to a spectral response with finite bandwidth, shown in
Figure as a function of incident photon wavelength.
There is a strong peak at 800 nm, which we attribute to
a surface plasmon resonance in the center plateau. The
grooves in this structure are deep enough to disturb SPP
propagation and modify their dispersion, leading to ad-
ditional peaks and valleys in the response (see Figure [4]).
Additional peaks have been observed experimentally in
transmission spectra of plasmonic lenses with a central
aperture [27] and computational work finds significant
dispersion modification in deep gratings, such as opening
of plasmonic bandgaps [28].

Effects on the response shape for varying incident pulse
length (Iinc FWHM) are shown in Figure . Longer
pulses generate a Gaussian response with peak field en-
hancement identical to that for cw illumination. On the
other hand, for pulse lengths of tens of femtoseconds,
there is substantial temporal broadening and the plas-
monic field amplitude is reduced. These effects on the re-
sponse strength and duration are quantified in Figure 2d-
e. We note that the FWHM durations in Figure [2e are
set by the main peak in the temporal envelope, while the
tails are suppressed due to the scaling of four-photon pho-
toemission with the intensity (Jy(t) oc I%(¢)) [19]. As a
result, the response duration is mostly linear with the in-
put pulse duration, always about 3.5 fs longer due to the
propagation delay between rings. For few-femtosecond
pulse lengths, there are deviations from linearity which
may be related to beating and envelope asymmetry. Still,
this lens is predicted to be capable of producing sub-10
fs photoelectron pulses.

D. Tuning the response by geometric design

We now present a series of impulse-response simula-
tions while varying geometric parameters to clarify de-
sign rules for ultrafast photoemission applications. We
first vary the number of rings, N, obtaining the simu-
lated spectral response shown in Figure Bp. For N = 1,
the bandwidth extends over the entire wavelength range
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FIG. 3. Simulated ultrafast temporal response of bullseye
lenses with varying number of rings, N. The grating period
p = 783 nm, groove width w = 270 nm, groove depth d =
90 nm, and center plateau radius r; = 783 nm. a Trans-
fer function computed for lenses with N ranging from 1 to
9. b Maximum field enhancement at the lens center for inci-
dent pulses with varying temporal full width at half maximum
(FWHM). ¢ Temporal FWHM of the electric field intensity
at the lens center (Icenter) for incident pulses with varying
temporal FWHM. The temporal FWHM of the four-photon
photocurrent density Js is half of the Icenter FWHM.

studied, and there is a plasmonic resonance peak at 800
nm. Adding more rings increases the field enhancement
by coupling more light, but it shrinks the bandwidth by
increasing the SPP propagation distance, and hence de-
lay time, between inner and outer rings. This generally
increases the peak field enhancement for varying inci-
dent pulse length shown in Figure while increasing
the response duration as shown in Figure Be. For few-
femtosecond pulses, however, there is a limit to the num-
ber of added rings that increase field enhancement, be-
yond which the delay time between inner and outer plas-
mons is too long for them to overlap. In this limit, adding
additional rings only increases the pulse duration with-
out increasing field enhancement, shown in Figure [3b-c
at the shortest pulse durations.

We then vary the depth of the grooves, d, obtaining
the spectral response shown in Figure[dh. As d increases,
the field enhancement increases, saturates, and eventu-
ally decreases. While deeper grooves couple more in-
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FIG. 4. Simulated ultrafast temporal response of bullseye
lenses with varying groove depth, d. The number of rings N
= 4, grating period p = 783 nm, groove width w = 270 nm,
and center plateau radius r; = 783 nm. a Transfer function
computed for lenses with varying d. b Maximum field en-
hancement at the lens center for incident pulses with varying
temporal full width at half maximum (FWHM). ¢ Temporal
FWHM of the electric field intensity at the lens center (Icenter)
for incident pulses with varying temporal FWHM. The tem-
poral FWHM of the four-photon photocurrent density Jy is
half of the Icenter FWHM.

cident photons to SPPs, they also inhibit SPP propa-
gation to the center, leading to an optimal depth that
maximizes field enhancement. The resonance peak at
800 nm emerges and grows with increasing d as reflectiv-
ity of plasmons from the grooves increases. Other peaks
and valleys also emerge, suggesting the deeper grooves
are disturbing plasmon propagation and modifying their
dispersion and interference. The peak field enhancement
for varying incident pulse length scales similarly with d
as shown in Figure[dp. Again for few-femtosecond pulses,
plasmons from the outer rings cannot reach those from
the inner rings and so the field enhancement is reduced.
There is also a noticeable effect of d on the temporal re-
sponse duration as shown in Figure[. For longer pulses,
the duration seems to scale with the strength of the res-
onance contribution, which would extend the plasmonic
field duration. Overall, d has less of an effect on the pulse

—_
QD
L=

N
(6]

;
S
=
=
3
=

- N
o O

-
o

Field enhancement

(%))

800 900 1000 1100 1200 1300

Photon wavelength (nm)

0 1 1
500 600 700

(b)

LBy p =783 nm, w = 270 nm

S p =760 nm, w =360 nm
220t

(o}

o

S5+

=

S 10+

hel

2 st

500 600 700 800 900 1000 1100 1200 1300
Photon wavelength (nm)
()
60 130

3 s
= 40f 120 £
: 7
£ =

5 20+ {10 %,
_8 p =783 nm, w=270 nm -

p =760 nm, w =360 nm
0 = 1 1 1 1 O
0 10 20 30 40 50
I, FWHM (fs)

in

FIG. 5. Simulated ultrafast temporal response of bullseye
lenses with varying groove width, w. The number of rings
N = 4, groove depth d = 90 nm, and center plateau radius
r; = 783 nm. a Transfer function computed for lenses with
varying w and grating period p = 783 nm. b Transfer function
computed for the lens studied in Figure [1] (p = 783 nm, w
= 270 nm) and for a lens with w chosen to maximize field
enhancement and p adjusted to center the peak wavelength
near 800 nm (p = 760 nm, w = 360 nm). ¢ Response duration
for the two lenses in b. This is plotted as temporal FWHM
of the electric field intensity at the lens center (Icenter) for
incident pulses with varying temporal FWHM. The temporal
FWHM of the four-photon photocurrent density J4 is half of
the Icenter FWHM.

duration than N.

Next, we vary the ring width, w, computing the trans-
fer functions shown in Figure [fh. Maximal field enhance-
ment is achieved for w = 360 nm, close to half the pe-
riod. Adjusting the width also shifts the resonance peak.
Wider groove obstacles may more strongly obstruct plas-
mon propagation, affecting the plasmon dispersion rela-
tion. This shift in resonance peak can be compensated
by adjusting the bullseye grating period, p. The transfer
function and temporal response of a four-ring lens opti-
mized by allowing variable p is shown with the one ob-
tained by fixing p = 783 nm in Figure[5p. The peak field
enhancement and the symmetry of the transfer function
are improved by using w = 360 nm and compensating for
the resonance peak shift by setting p = 760 nm. This pro-



vides a factor-of-4 increase in the estimated four-photon
photoemission yield. This comes without cost in response
duration, as shown in Figure [Bk.

These results lead to a few design rules for ultra-
fast applications. The depth and width of the grooves
should usually be optimized for maximum field enhance-
ment. The period can then be adjusted to center the
resonance peak at the desired wavelength. Finally, the
structure should have as many rings as possible to maxi-
mize photocurrent while maintaining enough bandwidth
to achieve the required pulse duration. The optimal
geometry ultimately depends on the photocurrent and
pulse duration required.

III. FABRICATION

We fabricated bullseye lenses using two processes illus-
trated in Figure[6] One process involves thermally evap-
orating 5 nm of titanium as an adhesion layer and 150
nm of gold onto a Si wafer, then carving out the rings
using focused-ion-beam (FIB) milling. A Zeiss Cross-
beam 1540 EsB is used for the FIB. The other pro-
cess uses electron-beam lithography followed by template
stripping to produce high-precision, smooth cathode sur-
faces [29]. A negative e-beam resist hydrogen silsesquiox-
ane (HSQ) 2% is spun at 1000 rpm onto a Si wafer. The
resist is then exposed using a Vistec VB300 electron-
beam lithography (EBL) system and developed, leaving
the designed pattern in the form of amorphous silica on
the wafer. Then, 150 nm of gold was deposited onto the
template, entirely covering it. Finally, the patterned gold
is peeled off using an electrically and thermally conduc-
tive ultra-high-vacuum compatible epoxy resin. Atomic
force microscopy (AFM) measurements confirm that sim-
ilar groove depths can be made in both structures, but
the EBL and template stripping process yields smoother
surfaces and grooves. In fact, structures made by EBL
have nearly atomically flat central areas, which minimizes
degradation of the emitted electron beam from surface
roughness and imperfections [I6] (see Table . In these
lenses, the gratings are 50 nm deep with parameters
otherwise matching the first case (783-nm period, 270-
nm width, four rings): its simulated spectral response is
shown in Figure [4

TABLE I. Topographic comparison between EBL and FIB
bullseye lenses via AFM

FIB EBL
Groove depth (nm) 51 54
Center RMS roughness (nm) 1.4 0.4

Groove RMS roughness (nm) 3.2 0.6

Focused ion beam
(a) (b)
1. Evaporate gold (== | 1. Spin coat resist E————
2.lon beam mill B2 | 2. Expose, develop mSsSmmmsasm
3. Evaporate gold ey
T, ———
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E-beam lithography
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- e

|
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FIG. 6. Bullseye lenses fabricated by two methods. Pro-
cess steps shown for a FIB milling and b EBL with template
stripping. In-lens SEM images shown of the bullseye lenses
made using ¢ FIB and d EBL. AFM surface topography maps
shown of lenses made using e FIB and f EBL. Maps are dis-
played to-scale in 3D at a 40° tilt.

IV. CATHODOLUMINESCENCE
SPECTROMICROSCOPY

A. Examining plasmonic properties

Here, we present cathodoluminescence (CL) spectro-
microscopy measurements of plasmonic characteristics of
fabricated lenses. In CL, an electron beam is focused
on the sample and, by one or more mechanisms, light
is emitted from the material [30]. For plasmonic struc-
tures, the relevant mechanism is the broadband genera-
tion of SPPs by the fast-moving electrons as they strike
the material surface. The SPPs propagate radially out-
ward from a nanometric spot, which can then couple out
to light through the bullseye grating [31) [32]. When the
electron beam is at the bullseye center, circularly sym-
metric SPPs are excited like those that would be gener-
ated by a radially polarized laser.

We use CL to measure a few key plasmonic properties



of these structures. For one, the plasmonic resonance
in the central region can be mapped using CL spectromi-
croscopy. CL intensity has been linked to the radiative lo-
cal density of optical states (LDOS) at the electron beam
position, ie. the number of optical modes available at the
excitation position that produce light [31,[33]. The LDOS
is enhanced by plasmonic resonance, so CL can be used to
spatially and spectrally resolve resonance modes [34] 35].
Spatial homogeneity, circular symmetry, and a strong,
sharp central peak are desirable for photoemission appli-
cations. The center wavelength and bandwidth of this
resonance can be extracted from the CL spectrum ob-
tained at the structure center. Also, the radial extent
and circular symmetry of plasmon propagation and grat-
ing coupling can be inferred by angle-resolved imaging of
the CL far field, which is essentially a Fourier transform
of the real-space emission profile of the structure. These
are important to characterize since significant propaga-
tion losses or asymmetries in coupling would reduce the
field enhancement under laser illumination.

We use a modified Zeiss Gemini SUPRA 55 SEM for
our CL measurements. The sample is positioned at the
focal point of a horizontal Al parabolic mirror with 1
mm focal length. A 10-keV electron beam is focused
onto the sample, and the emitted light is collected by the
parabolic mirror over a wide angle range (0° - 80° from
normal) and over the entire visible spectrum and beyond.
The sample was tilted by about 25° so that the highly
directed, normal emission would not escape through the
entry hole in the mirror for the electron beam. We do
not expect this tilt to change the plasmonic response;
there will not be significant arrival time delay across the
electron beam since it is much smaller than the plasmon
wavelength. Also, the electron beam only generates SPPs
at the surface, so the source size is only made about 10%
larger along the tilt direction.

B. CL spectromicroscopy of plasmonic resonance

We use scanning CL spectromicroscopy to probe
the spectral and spatial characteristics of the surface-
plasmon resonance in our fabricated lenses. The electron
beam is rastered step by step over the central plateau
of the structure, and a full CL-emission spectrum is col-
lected at each beam position. Spectra are obtained by
focusing the reflected light from the mirror onto a multi-
mode optical fiber with a 200 pum diameter and then
dispersing it using a spectrometer consisting of an Ac-
ton 2300i monochromator (150 line/mm, 500 nm blazed
grating) and Andor Newton electron-multiplied charge-
coupled device (CCD). The dark current background is
subtracted and spectra are normalized by the instrument
response over the measured wavelength range. The open-
source Python-based ScopeFoundry software developed
to control this experiment is available online for further
reference [36], B7].

From this 3D data set, we can extract average emis-

sion spectra from regions of interest. Average spectra
over the region within 75 nm of the bullseye center are
shown in Figure[7h. Spectra shown here are smoothed us-
ing a second-order Savitsky-Golay filter with 15-nm win-
dow. The CL emission spans the entire detection spectral
range. This is because a SPP of any wavelength from
the broadband range generated by the electron beam
can satisfy the grating equation and couple to light at
a wavelength-dependent emission angle, and nearly all
emission angles are collected by the parabolic mirror.
However, there is a notable emission peak near 800 nm
where a surface plasmon resonance is expected.

We can then examine the spatial profile of the plas-
monic resonance. We apply virtual Gaussian bandpass
filters with 20 = 10 nm to the entire dataset, yielding
maps of CL emission over narrow spectral bands as a
function of beam position [see Figure —j]. For maps
of emission near the resonance wavelength, a zero-order
Bessel-function spatial profile is observed correspond-
ing to a cylindrical plasmonic resonance of the central
plateau. For the maps at wavelengths just outside of the
resonance peak, such a spatial profile is not observed,
confirming that it is a resonance effect. For the struc-
ture made by EBL, the CL intensity is higher when the
structure is excited at the central peak antinode than
at the nearby annular antinode. For the structure made
by FIB, however, the CL intensity is similar when excit-
ing at either antinode. This suggests that the construc-
tive interference of SPP modes from different directions
is improved in the EBL structures, leading to a stronger
central peak.

Other features in the maps are also present off res-
onance. For instance, bright spots are present in the
map of the FIB-milled structure [Figure [7d-f] which cor-
respond to bright signals in the secondary electron im-
age [Figure [7k]. The groove edges are brighter in both
structures regardless of wavelength. These correspond to
topographic features with locally high surface area and
roughness, which can enhance the radiative LDOS by
scattering more SPP modes out to light. The near-atomic
smoothness of the central region in the EBL structures
eliminates the scattering sites observed in the FIB struc-
ture. This will reduce damping of the resonance and
thereby improve the field enhancement under laser illu-
mination and consequently the amount of emitted elec-
trons.

We note that there are key differences between CL
mapping and the FDTD simulations used in section II.
The excitation mechanism is different: FDTD simulates
a radially polarized laser excitation and calculates the
field enhancement at all positions, whereas CL mapping
rasters an e-beam and collects the integrated light out-
put as a function of e-beam position. This scanning lo-
cal excitation provides a different spatial profile than ex-
pected for a global laser excitation based on FDTD. For
instance, the CL emission is stronger when the electron
beam is positioned at edges than the structure center,
but this is not expected for the case of radially polarized
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FIG. 7. Cathodoluminescence (CL) spectromicroscopy of the plasmonic resonance. a A schematic of the CL spectromicroscopy
technique. The electron-induced multicolor luminescence from a tilted lens is collected by a parabolic mirror and focused by
a lens into a spectrometer. The electron beam is scanned and a full CL spectrum is collected at each beam position. b The
average of CL spectra collected within 75 nm of the structure center, shown for one lens made by FIB milling and one by EBL.
c A SEM image and d-f CL spatial maps of the lens made by FIB. g SEM image and h-j CL spatial maps of the lens made by
EBL. CL spatial maps are obtained from the spectromicroscopy dataset by integrating over Gaussian wavelength bands with
20 = 10 nm. Each map is labeled with their corresponding center wavelength, .

illumination. Still, we can use CL mapping to visualize
scattering sites and study the symmetry and smoothness
of the plasmonic resonance mode, as discussed above.
For more detailed discussion of the CL dependence on
electron beam position, see the Appendix.

To quantify and compare the resonance characteristics
of structures made by FIB and EBL, we fit the resonance
peaks in CL spectra collected using an e-beam at the lens
center (where the plasmons generated match the circu-
lar symmetry of the structure) to determine the reso-
nance wavelength and the FWHM. Average spectra from
scan positions within 75 nm of the bullseye center are ex-
tracted from spectromicroscopy scans. The spectra are
then re-binned into 2-nm wavelength bins and converted
from wavelength to energy scale. The resonance peak is
fit using a Lorentzian plus a parabolic background. Four
structures made by each fabrication method were mea-
sured and analyzed. The converted spectra and peak
fitting are shown in Figure The average resonance
wavelength is 798.4 4+ 8.8 nm standard deviation for the
FIB-milled structures and 779.6 + 2.4 nm for the EBL
structures. Both are near the 794-nm resonance wave-
length predicted by FDTD for structures with the fab-
ricated dimensions. The average measured frequency-to-
FWHM ratio, or Q factor, is 17.8 & 2.0 for the FIB-milled
structures and 23.9 4+ 1.9 for the EBL structures. The
more precise resonance wavelength and higher Q factor
(lower damping) of the EBL structures can be attributed
to the reproducibility of the structure dimensions and
their smoothness.

C. Angle-resolved CL and photon-plasmon
coupling

We study the angle-resolved CL emission to infer the
radial extent of effective plasmon propagation and grat-
ing coupling in the fabricated lenses. We both simulate
and measure the CL far field for four- and 12-ring bulls-
eye lenses. The far field is measured by positioning the
electron beam at the structure center and imaging the
parabolic mirror [38, [39]. Because the emitting structure
(several micrometers) is small compared to the distance
from the mirror (1 mm), the position where an emit-
ted photon reflects from the mirror is determined by the
emission angle. The parabolic mirror brings the emission
to infinity focus, which is filtered by a bandpass filter cen-
tered at 800 nm with 40 nm bandwidth and then mag-
nified and imaged onto a ThorLabs DCC3260M CMOS
camera. For each measurement, 30 one-second exposures
of the CCD are acquired and averaged. A background
image with the beam blanked is acquired under the same
conditions and is subtracted from the beam-on image.
Then, each pixel in the image is mapped to an emission
angle, and the signal is normalized by the solid angle
collected by that pixel to give an intensity map. The
measured far field is then corrected for tilt and rotation
of the sample relative to the mirror.

Using FDTD, the CL process can be numerically mod-
eled [25]. An impinging 10-keV electron at the center
of the bullseye is modeled using a series of dipoles nor-
mal to the surface. The dipoles are delayed in phase to
create a propagating, localized source of electric field.
This generates a time- and z-dependent current den-
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FIG. 8. A comparison of the plasmonic-resonance character-
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CL spectroscopy. Resonance peaks are shown for four lenses
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cate the Lorentzian peak fit to the data.
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sity close to that of a moving electron [40]: J(t,z) =
—evZ0(z — vt)d(x — x0)0(y — yo). Here, e is the funda-
mental charge, v is the speed of the impinging electron,
Z is the unit vector in the z direction, and zg and yo
give the lateral position of the impinging electron. The
resulting field decays laterally, and vanishes within a few
nm in the metal; therefore, no field can directly couple
to the grooves, and all observed emission is due to gen-
eration, propagation, and outcoupling of SPPs. To avoid
abrupt appearance and disappearance of the dipole field,
which would create stray fields, a raised-cosine filter is
used to gradually increase and decrease the amplitude
oscillations of the starting and ending dipoles in time.
The simulation box was gradually increased in order to
collect larger angles and mesh dimension was decreased
to achieve convergence.

Simulated and measured far-field CL of four-ring lenses
are shown in Figure[Op-c. A donut beam is observed in all
cases, supporting that the emission is radially polarized.
Other work performing CL polarimetry on bullseyes has
resolved the angle-dependent polarization state and ver-
ified that the emission is radially polarized [4I]. Both
the angle of maximum emission and the overall angu-
lar distribution measured for lenses made by EBL and
FIB closely match that predicted using FDTD (see Fig-
ure[0d). This indicates that the radial distribution of CL
emission from plasmon-photon coupling is robust to fab-
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FIG. 9. Angle-resolved cathodoluminescence (CL) with e-
beam at the structure center. a A schematic of the Fourier
imaging technique. The parabolic mirror is imaged through
a band-pass (BP) filter centered at 800-nm wavelength with
40-nm bandwidth. Far field plots are then generated by trans-
forming mirror coordinates to angular coordinates. The sam-
ple is tilted at 25° so emission is not lost through the entry
hole for the electron beam. b The FDTD-simulated far field.
CL far field polar plots for lenses made using ¢ EBL and d
FIB. The gray dashed lines trace the electron-beam entry hole
and the open face of the parabolic mirror. e CL distributions
per degree from normal obtained by azimuthal integration of
the far field.

rication imperfections, including the surface roughness
of the FIB-milled structure. These measurements also
show that this normally directed emission is captured ef-
fectively at 25° sample tilt; this supports the validity of
the spectra shown above and demonstrates the need for
tilting the sample to study this emission.

We also fabricated and studied a 12-ring bullseye lens
using FIB as shown in Figure [[0p. The simulated and
measured far-field for this structure are shown in [I0b-
¢. Again, a donut beam is produced as expected. The
far field is more asymmetric than for the four-ring struc-
tures, which may be due to challenges in making the
outer rings accurately concentric with the inner rings us-
ing FIB. Still, the angular breadth of emission is greatly
reduced, indicating that the plasmons can outcouple over
a greater radial extent. As highlighted in Figure [I0{d, the
peak emission angle is 3°, whereas in the four-ring lenses
it was 7°. The distribution matches well between simu-
lation and experiment overall, especially at less than 5°.
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FIG. 10. Angle-resolved cathodoluminescence (CL) for a 12-
ring lens milled using focused ion beam (FIB). a A SEM im-
age of the 12-ring lens. The FDTD-simulated (b) and experi-
mentally measured (c¢) CL far-field polar maps for the electron
beam positioned at the center. The gray dashed lines trace the
electron-beam entry hole and the open face of the parabolic
mirror. d The emission distribution along angle from normal
obtained by azimuthal integration of the far field.

This suggests that additional plasmon propagation losses
due to polycrystallinity are not a limiting factor even for
this 12-ring structure.

V. CONCLUSIONS

We have presented a novel design for ultrafast
nanoscale electron emitters which has several advantages
for the next generation of electron-based instrumenta-
tion. First, the design is compatible with high accelerat-
ing fields while decreasing the source size by two orders
of magnitude as compared to an unpatterned flat cath-
ode. Electromagnetic simulations and cathodolumines-
cence mapping support that plasmonic resonance leads to
a single dominant central peak in optical intensity which
could be used to generate electron pulses with 140-nm
FWHM (60-nm RMS) lateral size. Second, the emission
surface can be made nearly atomically flat, suppressing
emittance increase from surface roughness and from aber-
rations due to field curvature, differently from what hap-
pens with tips. Thirdly, the geometric parameters can
be tuned to optimize the photocurrent and temporal re-
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sponse for application requirements without changing the
emission spot size. The computations and experiments
shown here support that the plasmonic properties and
the spectral bandwidth of such structures are compati-
ble with emission of sub-10-fs pulses.

These plasmonic lenses could also facilitate emerging
high-intensity modes of operation. For instance, they re-
duce the laser power required to access the optical field
emission regime, in which the fields are strong enough
to modulate the work function at the optical frequency.
This operating regime is of great interest because it al-
lows control of the photocurrent density at attosecond
timescales, providing the potential to generate attosec-
ond electron-pulse trains [42]. In addition, the compat-
ibility of these lenses with few-cycle pulses could allow
control of the photocurrent intensity by tuning the car-
rier envelope phase, as has been demonstrated for tip
emitters [43].

In terms of applications, the transverse brightness of
such nanocathodes is expected to be more than 1 order
of magnitude better than present state of art flat cath-
odes. Their use in rf environments would enable produc-
tion of relativistically accelerated electrons with picome-
ter emittance, which could be focused down to nanometer
sizes and efficiently injected into advanced acceleration
devices [44]. In ultrafast electron imaging, such sources
promise to bridge the gap in spatial resolution between
static and ultrafast relativistic sources, applying electron-
based characterization to nanoscale dynamics.
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Appendix: CL dependence on electron beam
position

As discussed in section IV, scanning CL can be used
to obtain qualitative maps of the plasmonic resonance
and, more generally, the radiative LDOS. These are fun-
damentally different from the field enhancement profile
expected upon excitation with a radially polarized beam.
The main difference is that the electron beam only excites
purely radial plasmon modes in the structure when the
beam is positioned at the center. Elsewhere, the beam
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FIG. 11. Angle-resolved cathodoluminescence (CL) for a 4-
ring lens when the electron beam is positioned off center. a-
b Electron beam position (cross symbol) superimposed on
the finite-difference time-domain (FDTD) simulated field en-
hancement profile for a radially polarized beam with 800 nm
wavelength. The dashed circles indicate the edges of the first
groove. c-d FDTD simulated far field polar maps for the elec-
tron beam at the node and edge positions. The gray dashed
lines trace the electron beam entry hole and the open face of
the parabolic mirror. e-f Measured CL far field polar maps
at these positions for a lens fabricated using focused ion beam
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generates SPPs traveling outward from its current posi-
tion rather than the lens center, so the modes excited do
not match the circular symmetry of the lens. This plas-
monic configuration would not be excited by a radially
polarized laser.

Using angle-resolved CL, we can observe this symme-
try mismatch between plasmons and lens for off-center
electron beam positions, shown in Figure for a 4-
ring lens. Instead of a circularly symmetric donut-shaped
emission, complex interference patterns are generated in
the far field whose shape depends on the beam posi-

tion [41].

For this reason, it is hard to quantitatively compare
spatial profiles from CL spectromicroscopy and simulated
field enhancement under laser illumination. One example
of this is the observation that the CL emission is brighter
when the beam is at the groove edge than at the center
of the structure (see Figure . At the edge, the plasmon
modes excited and how they couple to the structure are
much different than when the beam is at the center, as
evidenced by the far field shown in Figure[TTd,f. Also, the
edge is a strong scattering site, allowing many SPP modes
generated nearby to couple to light, giving an enhanced
radiative LDOS. Therefore, we still expect that the field
enhancement and consequent photoemission under laser
illumination will be stronger at the center than the edges.

Quantitative analysis of the spatial map is further com-
plicated by the nature of the CL process. The total
measured intensity of this emission depends on how the
emission interferes in the far field and what parts of the
emission are collected by the mirror. At both the node
and edge positions, some of the emitted light is not col-
lected by the mirror (see Figure [[1k-f). Still, valuable
qualitative insight can be obtained from scanning CL as
discussed in Section IVB, such as visualizing the plas-
monic resonance mode and nanoscale heterogeneities.
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