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ABSTRACT

Nanoscale electron pulses are increasingly in demand, including as probes of nanoscale ultrafast dynamics and
for emerging light source and lithography applications. Using electromagnetic simulations, we show that gold
plasmonic lenses as multiphoton photoemitters provide unique advantages, including emission from an atomically
flat surface, nanoscale pulse diameter regardless of laser spot size, and femtosecond-scale response time. We then
present fabrication of prototypes with sub-nm roughness via e-beam lithography, as well as electro-optical charac-
terization using cathodoluminescence spectromicroscopy. Finally, we introduce a DC photogun at LBNL built for
testing ultrafast photoemitters. We discuss measurement considerations for ultrafast nanoemitters and predict
that we can extract tens of pA photocurrent from a single plasmonic lens using a Ti:Sa oscillator. Altogether,
this lays the groundwork to develop and test a broad class of plasmon-enhanced ultrafast nanoemitters.

Keywords: Plasmon-enhanced photoemission, plasmonic lenses, ultrafast optics, nanoplasmonics, multiphoton
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1. INTRODUCTION

Electron beams are valuable tools for science and industry. Electron microscopes image and probe the structure,
chemistry, and properties of matter with nanoscale or even atomic resolution. Large-scale scientific facilities
like accelerators, synchrotrons, and free-electron lasers utilize high-energy electron beams to study high-energy
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physics or generate bright photon probes. Electron-beam lithography tools enable patterning of nanometric
features not yet achieved with photolithography.

Emerging applications for electron beams demand temporal control in addition to spatial control. For in-
stance, ultrafast electron microscopes' and diffractometers? are being developed to view nanoscale dynamics
with picosecond or faster time resolution. Free-electron lasers use bright electron pulses to induce the self am-
plification of stimulated emission.? Techniques for multibeam electron-beam lithography are being developed to
parallelize the technique for increased throughput.* Photoemitters are being used or developed for all of these
applications to take advantage of the temporal precision and shaping afforded by lasers and optics.

In recent years, plasmonics has been increasingly explored as a means to enhance photoemission. For instance,
gratings have been patterned into the sides of tip emitters to convert incident laser pulses to surface plasmon
polaritons focused at the apex, providing efficient conversion to photoelectrons.’? Metallic photocathodes have
been patterned with line®” and round hole gratings® to enhance absorption and photocurrent by orders of
magnitude. Still, much of the potential of plasmon-enhanced photoemission has not been exploited; intelligent
design of plasmonic nanostructures allows detailed manipulation of the spatial and temporal profiles of optical
excitation and, consequently, photoemitted electron beams.

We are studying the application of plasmonic lenses as pulsed electron nanoemitters. Our electromagnetic
simulations show that through a combination of surface plasmon polariton focusing and multiphoton photoe-
mission, gold plasmonic lenses can achieve sub-100 nm emitted spot size with sub-10 fs temporal response. We
have fabricated large arrays of high-quality plasmonic lenses using electron-beam lithography and verified their
plasmonic properties using cathodoluminescence spectromicroscopy. We also recently built a DC photogun to
test photoemission of these and other next-generation photoemitters with demonstrated specifications for mea-
suring the emitted electron beams. This work is paving the way for a series of future developments in ultrafast
nanoemitter design and testing.
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Figure 1. Design and simulation of plasmonic lens emitter. (a) Illustration of concept and geometry. Simulated electric
field distribution is shown in red as well as a cartoon emitted electron bunch in blue. Grooves (black) are 90 nm deep
and 270 nm wide with 783 nm period. (b) Simulated electric field profile using a radially polarized 800 nm wavelength
laser using 0.07 numerical aperture. The four-photon current density is superimposed, computed as eighth power of the
field. (c) Simulated impulse response given relative to the maximum input field using a 3-fs FWHM laser pulse.
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2. PLASMONIC LENS EMITTER PRINCIPLES

Plasmonic lens emitters achieve nanoscale concentration of optical fields with femtosecond response times using
surface plasmon polariton (SPP) interference. Annular gratings with periodicity of the SPP wave vector convert
normally incident light into SPPs,? half of which travel towards the center of the structure and interfere.'® One
plasmonic lens design we are studying is a gold bullseye plasmonic lens as shown in Figure la.'’ In this case,
radially polarized laser beams provide optimal excitation: they have polarization vectors perpendicular to the
grating at all azimuthal angles, thereby maximizing the energy coupled into SPPs and constructive interference
at the center.'?!3 For the bullseye lens design shown, this interference leads to the spatial optical field profile
shown in Figure 1b and temporal impulse response shown in Figure lc, as determined by electromagnetic
simulations performed in Lumerical.'* The short temporal response is the consequence of utilizing interfering
SPPs rather than surface plasmon resonance, although weak cavity resonance is present leading to some ringing
in the temporal response. The full details of these electromagnetic simulations are presented in ref. 11.

This gold plasmonic lens emitter design exploits multiphoton photoemission to achieve small, short electron
pulses. The example shown is for a laser with 800 nm wavelength, in which case four photons are required to
extract one electron. The scaling of n-photon photocurrent with the nth power of the electric field intensity
suppresses weaker side features in the profiles and shrinks the peak widths, leading to 60 nm root-mean-square
(RMS) emitted spot size and 4 fs full width at half maximum (FWHM) photoemission duration. Concentration
of optical intensity into femtosecond, nanoscale pulses improves the probability of such a 4-photon process by
orders of magnitude, as will be further explored in section 4.
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Figure 2. Fabrication of smooth plasmonic lens arrays and electro-optic characterization. (a) Schematic of fabrication
steps, including electron-beam patterning of a mask in HSQ resist and template stripping of gold films. (b) Colorized
in-lens SEM image of a portion of a gold plasmonic lens array. (c) Colorized in-lens SEM image of an individual plasmonic
lens. (d) Cathodoluminescence (CL) spectrum measured while positioning a 20 kV electron beam at the lens center. (e)
Map of CL intensity collected within 10 nm of the peak wavelength in d as the electron beam is rastered across the central
region of the lens. (f) Far field of CL emitted at 800 nm while electron beam is positioned at the lens center.

3. PROTOTYPE FABRICATION AND ELECTRO-OPTICAL CHARACTERIZATION

We have demonstrated production of mm-scale arrays of smooth plasmonic lens nanostructures using electron-
beam lithography. Figure 2a shows a scanning electron microscope image of a few lenses from a chip containing
hundreds of such lenses. We first produced a mask containing the bullseye nanopatterns in a negative electron-
beam lithography resist consisting of 2% hydrogen silsesquioxane (HSQ) using the electron beam, then evaporated
gold and peeled off to yield arrays of nanopatterned gold lenses. This template stripping process provides sub-nm
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roughness both on the top surface (0.4 nm RMS) and in the grooves (0.6 nm RMS) as confirmed using atomic
force microscopy. The ability to make such large arrays of these structures opens up possible applications in
multibeam tools.

We have also demonstrated high plasmonic mode quality and effective conversion from plasmons to light. This
electro-optical characterization was achieved using cathodoluminescence (CL) spectromicroscopy in a scanning
electron microscope, in which a focused electron beam locally excites radial surface plasmon polaritons and
emitted light is collected using a parabolic mirror. A variety of spectral, spatial, and angle-resolved measurements
were performed in a customized scanning electron microscope using the open-source ScopeFoundry platform.!5 16
We found that optical emission was strongest near the 800 nm design wavelength, and mapping the dependence
of that peak emission on electron beam position revealed a spatially smooth and symmetric plasmonic response.
We also observed the emitted light was symmetric in the far field, and produced a vortex beam characteristic of
radially polarized light. More details of the fabrication process and CL measurements can be found in ref. 11.

4. DC PHOTOGUN FOR TESTING ULTRAFAST NANOEMITTERS

To test and characterize next-generation photoemitters, we have built a DC photogun setup at Lawrence Berkeley
National Laboratory (LBNL), shown in Figure 3. Up to 30 kV DC can be applied to the emitter as well as
both rear and front optical illumination. The emitted electron beam first traverses a solenoid electromagnet,
enabling focusing and solenoid-scan emittance measurement, followed by horizonal and vertical dipole steering
electromagnets. Electron beams can be characterized by imaging using a phosphor screen or collecting them
with a Faraday cup to measure photocurrent.

Figure 3. Photograph of DC photogun at LBNL with schematic labeling of components and beam paths. Inset shows
an image viewed from the downstream end of a copper cathode mounted in the setup, including optical reflection from a
laser focused on the cathode.

At present, the setup is equipped with a Femtolasers Ti:Sa oscillator well suited for ultrafast nanoemitters.
The 80 MHz repetition-rate allows to extract pA-level currents from single to few-electron emitters. This is
important because positive charge left behind at the surface imposes a restoring field, limiting the number of
electrons per pulse that can be extracted, especially in a low-voltage gun from a nanometric area. The formula
for this space charge field is Fs. = A%o’ where @Q is the charge per pulse, A is the emission area, and ¢p is
the vacuum permittivity. Using this, we can estimate the space charge field contributed by each additional
electron within a pulse being extracted from a nanoemitter. Using the plasmonic lens described in section 2 as
an example, we determine the emission area by approximating the emission as a flat-top distribution with radius
equal to the half-width at half-maximum (about 71 nm), giving an area of 1.6 x 10* nm2. Then, each electron
extracted contributes 1.1 MV /m. The DC gun applies at most 30 kV across a 3 mm gap, providing a maximum
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field of 10 MV/m. This suggests the emitted charge in this case will be limited to less than 10 electrons per
pulse, or less than 125 pA at 80 MHz repetition rate. The limit on charge per pulse is independent of the pulse
energy available, motivating the use of high repetition rate lasers and high extraction fields where high currents
are needed from such nanoemitters.

For multiphoton photoemitters, high optical field intensity is crucial and so short pulse duration and small
focal spots are an advantage. The Ti:Sa oscillator produces 500 mW of power with a bandwidth of about 87 nm
FWHM and a pulse duration of less than 13.5 fs FWHM. We have so far achieved focal spots at the cathode
as small as 71 pum FWHM. While it is challenging to focus smaller with bulk optics given the geometry of the
setup, particularly the distance between the laser entry viewport and photoemitter, plasmonic lens emitters help
to overcome this limitation by concentrating the light incident over the entire lens area to a wavelength-scale
central spot.
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Figure 4. Determination of expected photocurrent from plasmonic lens nanoemitters in the LBNL DC photogun. (a)
Measurement of multiphoton photoemission from a flat gold film on a similar setup at UCLA to verify 4-photon process
and extract photoemission probability. (b) Calculations of expected photoemission at LBNL setup from a plasmonic lens
compared to flat gold.

We can show that these laser parameters are sufficient to reach the space charge limit for the plasmonic lens
nanoemitter described in Section 2. For an n-photon photoemission process, the charge per pulse Q is related to
the optical pulse parameters by @Q = CAtI" = C Tn%;n_l where I is the peak optical intensity, E is the optical
pulse energy, 7 is the optical intensity duration (/270 for a Gaussian pulse, where o; is RMS pulse duration),
A is the optical intensity spot area (A = 2mo? for a Gaussian beam, where o is the RMS spot size), and C is a
wavelength- and material-dependent proportionality constant.!” To determine C for 800 nm wavelength light on
flat gold, we performed photoemission measurements at a similar DC photogun at University of California, Los
Angeles (UCLA). These measurements used an amplified Ti:Sa laser with about 50 pm RMS spot size, 100 fs
FWHM pulse duration, and incident pulse energy varied from 0.8 uJ to 1.8 uJ. we were able to verify a 4-photon
process by performing a power law fit to Q as a function of I, shown in Figure 4a. Then, by fixing n to be 4 and
fitting the curve again (not shown in the plot), we determine C' = 10~%02+0-02 & /(GW)4

We then calculated the expected photocurrent for flat gold and the 4-ring gold plasmonic lens for the LBNL
setup. Photocurrent, i, is given by ¢ = fr.p@, where f,p is the repetition rate (80 MHz for our laser) and Q is
the charge per pulse. We consider a range of pulse energies from 0.02 nJ to 2 nJ (about a third of the full laser
power). For the flat gold, we consider the laser parameters discussed above to compute Q: 71 pm FWHM spot
size and 15 fs pulse duration, assuming optimal focusing and pulse compression at the cathode. The plasmonic
lens, however, modifies the optical intensity profile at the surface, focusing the RMS spot size to ¢ = 161 nm and
increasing temporal duration by about 4 fs (see ref. 11). In doing so, the peak optical field is enhanced by about
15 times (for 15 fs incident laser pulse, see ref. 11). The optical pulse energy concentrated into the lens center is
calculated using Enano = F2 Ananotnanoline where F is the field enhancement factor, nano subscripts refer to the
nanofocused optical intensity, and I;,. is the peak incident laser intensity. We find that only 0.84% of the incident
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laser pulse energy is coupled into a single plasmonic lens in this case, mainly because the incident beam is more
than 10 times larger in diameter than the 4-ring bullseye lens. The predicted photocurrent as a function of the
laser power is shown in Figure 4b. We predict nearly 100,000 times greater photocurrent from the plasmonic
structure compared to the flat gold, allowing to characterize the emission from the structure with negligible
photoemitted background current from surrounding areas. Furthermore, these calculations suggest that with
our laser parameters, we should be able to achieve the maximum allowed photocurrent from the plasmonic lens
nanoemitter at 30 kV and measure the onset of virtual cathode formation.

We note that higher total photocurrent could be obtained by measuring an array of lenses simultaneously. In
such a case, a high degree of reproducibility as afforded by the electron-beam lithography method discussed in
section 3 is crucial for accurate characterization. Meanwhile for a single lens, the photocurrent can be enhanced
by increasing the number of rings, thereby coupling more incident laser power into the structure. However, this
comes at the expense of longer response time (more time delay between SPPs generated at inner and outer rings,
see ref. 11) and the maximum photocurrent is still set by the space-charge limit.

5. CONCLUSIONS

Plasmon-enhanced photoemitters, like the plasmonic lens design discussed here, provide a design paradigm for
tuning spatial and temporal characteristics of electron beams. Our plasmonic lens design provides an example
of fixed, nanometric spot size with fast temporal response, allowing imprinting of temporal characteristics of
the laser onto the electron beam. Future designs could further modify the spatial or temporal characteristics
of the optical field at the surface to create spatially complex beams, such as multibeam arrays, with varying
temporal relationships between the beams. Other designs could utilize plasmonic enhancement to access the
optical field emission regime'® and enable photoemitters that take advantage of effects like phase control in few-
cycle pulses.!® A DC photogun like ours could be used to characterize a broad range of ultrafast nanoemitters,
ranging from spatial and angular characteristics of the beams to quantum yield. We anticipate this work will
set up a succession of ultrafast photoemitter developments and enable new scientific and industrial capabilities
for electron beams.
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