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Abstract

The interaction between free electrons and electromagnetic fields enables a wide range of scientific
research and technological applications, ranging from electronic, optoelectronic, and microwave
vacuum tubes, to electron beams for material processing and analysis, particle accelerators, and
free-electron radiation sources. However, for most free-electron-based devices, the compactness,
chip-scale integration, ultrafast temporal response, and quantum state manipulation remain
impractical or unexplored. Recent advances in nanofabrication have pushed the boundary and
extended the operating paradigm of free-electron devices. In this thesis, | will investigate the
interplay between free electrons and optical frequency electromagnetic fields mediated by
nanostructures. | will show high-yield, ultrafast, surface-plasmon-enhanced photoelectron emitters.
With the photoemission driven by the optical field, this technology enables the detection of carrier-
envelope-phase of ultrafast optical pulses with solid-state nanoantenna arrays integrated on a chip.
Additionally, I will show free-electron-driven plasmon and photon emission from nanophotonic
structures, which leads to the characterization of plasmonic nanostructures and the development
of nanoscale tunable free-electron light sources. Furthermore, | will show the manipulation of free
electrons with nanostructured phase plates, and propose an electron beam splitter design based on
the quantum interaction-free measurement and quantum Zeno effect. The work demonstrated in
this thesis presents a step towards chip-integrated petahertz optoelectronic devices, compact

tunable free-electron radiation sources, as well as quantum devices for free electrons.
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Figure 2.2. Simulated optical response of Au nanorods on different substrates. (a) Field
enhancement spectra of Au nanorods with various lengths (40 nm, 60 nm, 80 nm) on Si or ITO
substrate. (b) Near-field profile of Au nanorod with 80 nm length on ITO substrate illuminated
with 800 nm wavelength light. (c) Near-field profile of Au nanorod with 40 nm length on Si
substrate illuminated with 800 nm wavelength light. Scale bar: 20 nm. ..., 27

Figure 2.3. UV-Vis spectroscopy of Au nanorod arrays. (a) Extinction spectra of Au nanorod
arrays with different nanorod lengths (50 nm, 60 nm, 70 nm, 80 nm). The nanorod width is 20 nm.
(b) Normalized localized surface plasmon resonance (LSPR) peak intensity for the incident light
with different polarization angles. The schematics show the orientations of the electric field of the
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Figure 2.4. Optical characterization and electromagnetic simulation of Au nanorods with and
without a Ti adhesion layer. (a) Measured extinction spectra for Au nanorod arrays with (red) and
without (black) a Ti layer. (b) Simulated field enhancement spectra for Au nanorod arrays with
(red) and without a Ti layer. (c,d) Simulated optical near-field profiles for Au nanorods without (c)
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Figure 2.5. Surface plasmon of Au nanorod arrays with different pitches. (a) Measured extinction
spectra, and (b) simulated field enhancement spectra of Au nanorod arrays with 200 nm x 100 nm
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Figure 2.6. Photoelectron emission current for various optical pulse energies. Measurements from
Au nanorod samples with and without a Ti layer are shown. At 12.1 nJ pulse energy, the
photoemission current from the Au nanorod array is 26 times that of the Au/Ti nanorod array. The
applied anode bias is 1 kV, and the nanorod array pitch is 400 NM. .......ccccceiieviciciicce e, 33

Figure 3.1. Schematic of the nanoantenna devices. An array of plasmonic bow-tie nanoantennas
are fabricated on an insulating substrate. All left nano-triangles of the bow-ties are electrically
connected to a contact pad, while all right nano-triangles are electrically connected to another
contact pad. The nanoantenna array is illuminated with an ultrafast optical pulse, which induces
photoelectron emission from nano-triangles on one side to nano-triangles on the other side. The
CEP ¢ of the pulse affects the photocurrent measured in the external circuit. For ¢z = 0 (blue
trace), the pulse is has two symmetric optical half cycles, and the photocurrent in the two opposite
directions cancel each other, leading to zero net photocurrent. For ¢ = m/2 (orange trace), the
pulse has only one strong optical half cycle, and a net photocurrent can be measured. In the
experiment discussed later in this chapter, ¢.r is modulated by an oscillating signal with
frequency f-go. This CEO frequency can be measured from the photocurrent spectrum............ 39



Figure 3.2. SEM images of the plasmonic nanoantenna arrays. (a) A plasmonic bow-tie
nanoantenna array and two contact pads on silicon substrate. (b) A pair of plasmonic bow-tie
nanoantenna with a 28 nm gap on silicon substrate. (c) A plasmonic bow-tie nanoantenna array on
a glass (BK7) substrate. The image artifacts (distortion, blurring, and varying contrast) are caused
by charging during IMAGING. ........couiiiieiei e se b b 41

Figure 3.3. Electromigration of the plasmonic nanoantenna array. (a) Applied voltage and current
across a plasmonic nanoantenna array during the electromigration process. Electromigration
transformed a shorted array into an open-circuit array. (b) An SEM image of a connected
plasmonic nanoantenna array after electromigration. The electrical contact wires were broken and
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are all disconnected. (d) For a broken wire, there is usually a short circuit caused by connected
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Figure 3.4. Electromagnetic simulation of electrically connected bow-tie nanoantenna arrays.
Simulation of an array is achieved by using periodic boundary conditions. (a) Simulated extinction
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the bow-tie array. (c,d) Simulated optical near field profile of the bow-tie nanoantenna at 1100 nm
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Figure 3.5. Simulated extinction and field enhancement spectra of the plasmonic bow-tie
nanoantennas with different contact wire positions (the distance from the bow-tie center to the wire
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Figure 3.6. Measured photoemission from the nanoantenna array. (a) Spectrum of the
photoemission current while the ¢CE is oscillating at 100 Hz. (b) Phase of the photoemission
current when a BaF, wedge is step-wise inserted into the optical beam path every 20 s.............. 48

Figure 3.7. CEP-sensitive photoemission from an entire nanoantenna array. Magnitude (a) and
phase (b) of the photoemission current are measured while scanning the optical beam across the
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Figure 3.8. SEM images of a nanoantenna array before (a) and after (b) photoemission
measurement. The contrast variation was caused by charging effect of the insulating substrate. 50

Figure 3.9. Simulated and measured extinction spectra of a nanoantenna array before and after
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Figure 4.1. Schematic of the aluminum nanodisk structure. The nanodisk thickness is 15 nm, and
is supported by a silicon nitride film with 5 nm thickness. The aluminum core is surrounded by a
2.6-nM-thick Native OXIA8 COBLING. .....eieiiiiiieieiie ittt 57

Figure 4.2. TEM images of aluminum nanodisks. (a) A bright field TEM image of an aluminum
nanodisk with a 6 nm diameter. The image is acquired in a JEOL 2010 TEM operating at 200 kV
acceleration voltage. (b) A high-angle-annular-dark-field (HAADF) image of an aluminum
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nanodisk with a 17 nm diameter. The image is acquired in a Hitachi 2700C STEM operating at
200 KV acceleration VOITAgE. .........cueiiieie ettt nas 58

Figure 4.3. Surface plasmon for aluminum nanodisks probed with EELS. (a) A typical
experimental EEL spectrum. The zero loss peak, the surface plasmon peaks, and the bulk plasmon
peak are labeled. (b,c) Measured and simulated surface plasmon energies for aluminum nanodisks
with different diameters (20 nm — 120 nm). The electron beam is placed at the nanodisk edge (b)
or the nanodisk center (c). Data points with different colors and symbols represent different
plasmonic modes, with open squares showing the experimental data and solid symbols showing
the simulation data. Mode assignment to the experimental data is performed by comparing to the
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Figure 4.4. Simulated electron energy loss spectra and plasmonic mode profiles of the aluminum
nanodisk. (a) Normalized electron energy loss spectra of an aluminum nanodisk with 120 nm
diameter. The electron beam is either at the edge (blue) or at the center (orange) of the nanodisk.
The labeled peaks correspond to three lowest modes (SP1, SP2, SP3) for electron-beam at the edge
and two lowest modes (CP1, CP2) for electron-beam at the center. (b) Surface normal electric field
profiles of the three lowest modes for electron-beam at the edge. According to the mode profiles,
SP1 is the dipole mode, SP2 is the quadrupole mode, and SP3 is the hexapole mode. (c) Surface
normal electric field profiles of the two lowest modes for electron-beam at the center. According
to the mode profiles, CP1 is the 1% order breathing mode, and CP2 is the 2" order breathing mode.
In b and c, the color scale is saturated to better visualize the mode profiles............cccevvevennnnnn. 63

Figure 4.5. Simulated dispersion relation of plasmonic modes. (a) Dispersion relation of the
breathing modes (CP1: navy blue left-pointing triangles, CP2: purple right-pointing triangles). The
dashed black curve (SPP) shows the dispersion relation of the surface plasmon polariton
(antisymmetric mode) of a thin film stack consisting of 15-nm-thick aluminum and 5-nm-thick
silicon nitride. The fitting considers a 0.6n phase shift upon reflection at the nanodisk boundary.
(b) Dispersion relation of the multipolar modes (SP1: black squares, SP2: red circles, SP3: blue
triangles). The solid black curve shows the dispersion relation of the fundamental surface plasmon
edge mode propagating along the edge of a semi-infinite 15-nm-thick aluminum film on a 5-nm-
thick silicon nitride film. The dashed black curve shows the dispersion relation of the SPP mode
as shown in (a). (c) & (d), electric and magnetic field profiles of the fundamental surface plasmon
mode propagating along the BAGE. .........oi i 66

Figure 4.6. Simulated electron energy loss spectra and plasmonic mode profiles for an aluminum
nanodisk with 12 nm diameter. Spectra with different colors correspond to different electron-beam
positions, as illustrated by the inset showing the top-view of the nanodisk and the electron-beam
positions. The black dashed lines indicate the mode energies for four plasmonic modes: 1% order
breathing mode (mode 1), dipole mode (mode I1), 2" order breathing mode (mode I11), and a higher
Order MOAE (IMOAE TV). ettt bbbttt ettt sbe b nneas 68

Figure 5.1. Free electron light sources based on periodically structured surfaces. (a) Schematic of
light emission from the interaction of free electrons and a grating. When an electron beam (white
dashed line in the z-direction) passes parallel to a metallic grating, the grating can diffract the near-
field (black glow) of the electron beam into far-field radiation, named as the Smith-Purcell
radiation. The underlying mechanism is electron-induced dipoles in each grating line (blue arrow)
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that radiate constructively in a certain direction (green wavy arrows with an angle 6 from the
direction of the electron beam). Since the induced dipole is oriented in the electron beam direction
(z-direction), the radiated light has a transverse magnetic (TM) polarization, with the electric field
in the x-z plane (perpendicular to the grating lines) and the magnetic field in the y-direction
(parallel to the grating lines). (b,c) Schematic of light emission from the interaction of free
electrons and a metasurface consisting of C-aperture antennas with the C-opening oriented in the
z(y)-direction. The unit cell of this metasurface is a C-aperture antenna, which has an effective
electric dipole in the x-direction (out-of-plane direction), and an effective magnetic dipole in the
y(z)-direction (across the C-opening). The electron beam directly induces the out-of-plane electric
dipole, which then excites the magnetic dipole via antenna resonance coupling. As the magnetic
dipole is oriented in the y(z)-direction, the radiated light again has a TM (TE) polarization, of
which the electric field is in the x-z plane (y direction) and the magnetic field is in the y-direction
(GG o] 1= 1<) TSSOSO 77

Figure 5.2. Metasurface structures and experimental setup. (a) Fabrication process flow of the
metasurfaces. Starting from a silicon substrate, a thin layer (~ 40 nm) of HSQ, a negative tone
electron-beam resist, is spin-coated onto the substrate. The patterns of the C-shaped nanostructures
are defined via electron beam lithography. After development, a 30 nm gold layer is evaporated to
form the metasurface. (b) An SEM image of a metasurface. The metasurface is a periodic array of
C-shaped nanostructures. The array has 150 nm pitch in both horizontal and vertical directions.
(c,d) Zoom-in SEM images of two metasurfaces with the C-shaped nanostructures oriented in
orthogonal directions: the opening of the C-shaped nanostructure is facing the horizontal direction
(c) or the vertical direction (d). () Experimental setup to measure the light emission from the
metasurfaces. The metasurface is placed in an SEM chamber and is almost parallel to the electron
beam of the SEM. Interaction between the electron beam and the periodic metasurface generates
light emission (the Smith-Purcell radiation), which is collected by an objective lens and coupled
out of the chamber through a transparent viewport. Via a beam splitter, part of the light is sent to
a camera for imaging and alignment, and the other part is filtered by a polarizer and sent to a
R OLe T (0] 1011 (= SRR 79

Figure 5.3. Measured Smith-Purcell radiation with tunable polarization from the metasurfaces
driven by free electrons. (a) Free-electron-driven light emission spectra of the metasurface
consisting of C-shaped nanostructures with the opening facing the vertical direction. The
metasurface is driven by free electrons with 18 keV (red) and 20 keV (blue) energy. The emission
is blueshifted with increasing electron energy, as predicted by the theory of Smith-Purcell radiation.
(b,c,d) Free-electron-driven light emission spectra in orthogonal polarizations from metasurfaces
consisting of C-shaped nanostructures with the opening facing the vertical direction (b), 45° to the
vertical direction (c), and the horizontal direction (d). The free electron energy is 18 keV (red and
light red) or 20 keV (blue and light blue). Each figure shows the spectra in two polarizations: one
is in the C-opening orientation (red and blue), and the other is orthogonal to it (light red and light
blue). (e) Normalized light emission peak intensity for different metasurfaces and different
polarization angles (measured from the electron beam direction). Light emission data is recorded
for three metasurfaces, with the C-opening facing the vertical direction (blue), 45° to the vertical
direction (orange), and the horizontal direction (yellow). The data points for different metasurfaces
are shifted vertically for better visualization. Insets: the C-shaped nanostructure orientation, the
electron beam direction, and the polarizations of the Spectra. ........c.ccccccoviiiiiiiii i 82
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Figure 6.1. Electron diffraction from a mesh grating phase plate. The direct beam (blue) and four
first-order diffracted beams (red) are shown in the schematic. The beam cross section image at the
bottom is an electron diffraction pattern measured experimentally in a JEOL 2010F TEM with 200
keV electrons. The electron optics for focusing, diffraction, and imaging are not shown here. .. 88

Figure 6.2. Fabrication of mesh phase plates. (a) Fabrication process flow. (b) A TEM image of
the mesh phase plate. The image was acquired in a FEI Tecnai G2 TEM with 80 keV electrons.
Inset: a TEM image of the nanostructured membrane at a higher magnification........................ 89

Figure 6.3. TEM images showing supporting bars maintain the mechanical strength of the
nanostructured membrane. (a) Defects in the nanostructured membrane can occur along a line. (b)
Without supporting bars, these defects eventually lead to a tearing of the nanostructured membrane.
(c) With supporting bars, the defects are confined within the patterned area, and the membrane is
not broken even with the presence Of defectS. ..o 90

Figure 6.4. TEM images of line grating nanostructures in a membrane. (a-d) Gratings with 2-um-
long lines and various widths and hence aspect-ratios. For the grating with narrow and high aspect
ratio lines (d), the adjacent grating lines tend to stick together. (e) A larger area grating with 6-pum-
long lines. The grating lines have a high aspect-ratio and adjacent lines tend to stick together. . 91

Figure 6.5. TEM images of mesh nanostructures in a membrane. (a-d) 2-um-by-2-pm meshes with
various sized nano-holes. (e) A larger area 6-pum-by-6-pum mesh. In contrast to line gratings, the
MESheS are free TromM AefECTS. .. ... e 91

Figure 6.6. Electron diffraction patterns of the mesh phase plate. The electron-beam energy was
200 keV. The diffraction pattern consists of a bright spot in the center representing the direct beam
and a series of concentric rings coming from electron diffraction by the polycrystalline gold film.
Inset: high-dispersion electron diffraction pattern of the nanostructured membrane. Note the focus
and stigmation were re-adjusted to obtain the high-dispersion electron diffraction pattern. The
square lattice in the reciprocal space corresponds to the mesh structure in the real space. The
diffraction spots were labeled according to crystallography conventions. .............cccccceevevieinenee. 93

Figure 6.7. Selected-area electron diffraction patterns from the nanostructured membrane using
electron beams with various energies. (a) A TEM image of the nanostructured membrane and the
selected-area aperture. (b-f) Selected-area electron diffraction patterns with a 40 keV (b), 60 keV
(c), 80 keV (d), 100 keV (e), and 120 keV (f) electron beam.............ccoveevieieeniiic i 95

Figure 6.8. Experimental and theoretical beam-intensity ratio between the direct beam (lo) and the
first-order diffracted beam (I1) as a function of electron-beam energy. Each of the experimental
data point was obtained by measuring the beam-intensity ratio from electron diffraction patterns
taken at 8-15 (varies for different electron energies) different exposure times, with the error bars
showing the standard AEVIALIONS. ...........ooiiiiiiieee e 96

Figure 6.9. Experimental and theoretical beam-intensity ratio between the second-order diffracted
beam (I2) and the first-order diffracted beam (l1) as a function of electron-beam energy. Each of
the experimental data point was obtained by measuring the beam-intensity ratio from electron
diffraction patterns taken at 8-15 (varies for different electron energies) different exposure times,
with the error bars showing the standard deviations. In theory, the intensity ratio I2/11 is a constant,
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since the phase plate impose a binary phase modulation. In experiments, the intensity ratio 12/11
slightly increases with a decreasing electron energy. This increase could be caused by the fact that
electrons with a lower energy are subject to a stronger scattering by the phase plate material,
leading to a higher relative intensity of the second-order diffracted beams as they have a larger
SCALLEIING ANGIE. ..ot b bbbt e et e b b s 99

Figure 6.10. Selected-area electron diffraction patterns from an Al-coated nanostructured
membrane. The electron-beam energy is 20 keV (a), 40 keV (b), 60 keV (c), 80 keV (d), 100 keV
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Figure 6.11. Experimental and theoretical beam-intensity ratios (lo/l1 and I./11) for the Al-coated
nanostructured membrane. Each of the experimental data point was obtained by measuring the
beam-intensity ratio from electron diffraction patterns taken at 14-20 (varies for different electron
energies) different exposure times, with the error bars showing the standard deviations. The best
fit between theoretical and experimental diffraction beam-intensity ratios was obtained by setting
the MIP-thickness product to 200 V - nm and the amplitude transmission factor to 0.68 (due to the
almost linear behavior of the experimental data, similar goodness of fit was also obtained by using
a slightly smaller MIP-thickness product and a slightly larger amplitude transmission factor, or
using a slightly larger MIP-thickness product and a slightly smaller amplitude transmission factor).
Both a lower MIP-thickness product and a higher amplitude transmission factor are expected by
changing the Au film to the AL TIIM. ... 101

Figure 6.12. SEM diffractive imaging with the nanostructured membrane. (a) Experimental setup
of diffractive imaging. The nanostructured membrane diffraction grating is inserted into the beam
path between the SEM column and the sample. The estimated beam spot size was 57 um on the
phase plate. The SEM electron beam is diffracted by the membrane into multiple beams focused
at the sample. As these beams scan across the sample, multiple superimposed and displaced images
are generated. (b) An SEM image of diffractive imaging of Sn nanoparticles, showing the
nanostructured membrane (transparent square region) and its Si supporting frame (opaque region).
(c) A regular SEM image (without the diffraction grating) of Sn nanoparticles used as the sample
for diffractive imaging. (d) A diffractive SEM image of the Sn nanoparticles. Inset: a fast Fourier
transform (FFT) OF the IMagE. .....c.ooiiiiiiiiee e 103

Figure 7.1. Electron beam splitter design in the two-beam condition. (a) Schematic of the beam
splitter design. The beam splitter has one input port and two output ports. The input electron enters
a resonator with a weak phase grating in it. The electron is diffracted by the weak phase grating.
After a certain number of round-trips in the resonator and passes through the grating, the electron
leaves the resonator. The output ports 1 and 2 corresponds to the direct (blue) and diffracted (red)
beams, respectively. The schematic leaves out details of the electron source, lenses, deflectors, and
detectors. (b) Calculated beam intensities of the direct and diffracted beams as a function of
number of passes through the weak phase grating made by a thin crystal. The crystal thickness is
1% of the extinction distance. The beam splitting ratio, i.e. the relative intensity between the two
output beams, can be tuned by changing the number of passes through the crystal................... 110

Figure 7.2. Electron beam splitters with multiple diffracted beams. (a) Schematic of the beam

splitter similar to Figure 7.1(a), with the addition of high-order diffracted beams (light blue). These
high-order diffracted beams do not contribute to the output beams. (b) Calculated beam intensities
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of the direct and 1%-order-diffracted beams as a function of number of passes through the weak
phase grating made by a nano-grating. The nano-grating is a one-dimensional sinusoidal phase
grating with 0.027 phase amplitude. ...........ocooeiiiiiiiiii 113

Figure 7.3. Beam splitter design using quantum IFM to suppress the high-order diffracted beams.
(a) Schematic of the beam splitter similar to Figure 7.2(a), with the addition of a beam-limiting
aperture (black) placed in the resonator. The aperture allows the direct (0-th order) and (+1)-st-
order diffracted beams to pass through, while blocking other diffracted beams. (b) Calculated beam
intensities of direct (0-th order) and (+1)-st-order diffracted beams as a function of number of
passes through the weak phase grating. The grating is a one-dimensional sinusoidal phase grating
With 0.027 phase amPltUdE. ......cccveiiiiiiieie et ns 116

Figure 7.4. Intensity loss at the switch point for beam splitter designs with different switch points.
The intensity loss approaches zero with an increasing switch point. Inset: the same plot in linear
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Figure 7.5. The effect of inelastic scattering. (a) Calculated beam intensities of the direct and
diffracted beams as a function of number of passes through a weak sinusoidal phase grating made
from a 1-nm-thick amorphous carbon film. The phase amplitude of the grating is 0.027 for 200
keV electrons. At the switch point, the efficiency is ~55%. (b) Calculated beam intensities of the
direct and diffracted beams as a function of number of passes through a weak sinusoidal phase
grating made from a 1-nm-thick gold foil. The phase amplitude of the grating is 0.058x for 200
keV electrons. At the switch point, the efficiency is ~63%. (c) MIP and MFP data for several
materials. Red dashed lines are contours with constant MIP-MFP products. ...........c.cccccoevnenne. 121
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Chapter 1

Introduction

The interaction between free electrons and electromagnetic fields enables a wide range of scientific
research and technological applications. Vacuum tubes are devices based on the generation and
control of free-electron currents in a high vacuum between electrodes [1]. Vacuum tube electronic
switches enabled the world’s first electronic computer ENIAC [2]. Photomultiplier tubes (PMTs)
are used for light detection in the visible and ultraviolet spectral range, with a high gain, low noise,
and fast response time [3]. Cathode-ray tubes (CRTSs) are used to display images in monitors and
oscilloscopes [4]. Microwave tubes, including magnetrons, klystrons, and traveling wave tubes,
can generate and amplify microwaves and are commonly used in high-power applications such as
radar transmitters, satellite communication, particle accelerators, and microwave ovens [5].
Additionally, free-electron beams formed by electric and magnetic fields enable a variety of
material processing and analysis technologies including electron-beam furnaces [6], welding [7],
lithography [8], and microscopy [9], as well as particle accelerators for particle physics and free-

electron radiation sources [10].

There are several problems associated with conventional free-electron-based devices.
Firstly, compared with semiconductor devices, free-electron devices are bulky and require a high
vacuum, and hence are incompatible with cost-effective mass-fabrication processes, and less
suitable for construction of compact systems. Additionally, most free-electron devices rely on

thermionic and cold field emission sources, as well as single-photon-emission photocathodes,
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which are unable to achieve ultrafast, sub-optical-cycle response time when driven by intense
ultrafast optical pulses. Furthermore, most microwave tubes operate in the mm-wave and
microwave frequency range, while optical wave generation typically requires high-energy
electrons at large synchrotron facilities. Lastly, most free-electron devices treat electrons as point-
like particles with very few exceptions such as phase-contrast transmission electron microscopy,

while the wave nature and quantum properties of electrons are neglected.

The work discussed in this thesis focuses on the interplay between free electrons and
optical-frequency electromagnetic fields mediated by nanostructures. Relying on recent advances
in nanofabrication, nanoscale structures and devices can be made from various materials.
Nanostructures enable the study of the interactions between free electrons and optical fields at the
nanoscale. Nanoscale, solid-state vacuum optoelectronic devices can also benefit from small
footprint, low cost, and mass-production like their semiconductor counterparts. Furthermore,
nanostructures can push the boundaries of free-electron devices, such as enabling the operation in
ambient conditions, and extending the operating frequency from microwaves to the optical spectral
range. Lastly, due to the short de Broglie wavelength of electrons, nanostructures are necessary to

study the wave nature and quantum properties of electrons.

Three main topics will be discussed in this thesis: (i) ultrafast photoelectron emission from
nanostructures; (ii) free-electron-driven plasmon and photon emission from nanostructures; and
(iii) manipulation of free electrons with nanostructures. These topics fall into the categories of
light-to-free-electron conversion, free-electron-to-light conversion, and control of free electrons,

respectively.
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1.1 Outline of this thesis

This thesis will discuss the three main topics mentioned above, each within two chapters.

Ultrafast photoelectron emission from nanostructures will be discussed in Chapter 2 and
Chapter 3. Chapter 2 describes high-yield, ultrafast, surface-plasmon-enhanced optical field
emitters. Ultrafast laser induced photoelectron emission is improved by nanostructured emitters
supporting surface plasmon resonance. The optical field at the emitter surface is enhanced by the
resonance, leading to an improved quantum efficiency and charge vyield. This efficient
photocathode can be used in free-electron laser (FEL) development. The ultrafast optical-field-
driven photoemission is also utilized in solid-state vacuum optoelectronic devices beyond
photocathodes. Chapter 3 describes carrier-envelop phase detection with on-chip electrically
connected nanoantenna arrays. Photoemission from plasmonic nanoantennas is used to resolve the
optical field of the driving laser. By reading out the electronic signal from a connected nanoantenna
array, the carrier-envelop phase of the ultrafast laser is detected. This ultrafast nanoscale device
presents a step towards chip-scale integrated, optical-field-driven optoelectronic devices operating

in the petahertz (PHZz) regime.

Free-electron-driven plasmon and photon emission from nanostructures will be discussed
in Chapter 4 and Chapter 5. Chapter 4 describes electron-energy loss study of plasmonic modes in
aluminum nanodisks. Electron-energy-loss spectroscopy is used to probe the plasmonic properties
of nanostructures, based on electron-beam induced plasmon emission. Various plasmonic modes
of lithographically defined aluminum nanodisks are experimentally measured and theoretically
investigated. The aluminum nanodisks support tunable surface plasmon resonance in the
ultraviolet, enabling applications in this spectral range. Besides spectroscopic techniques, the

electron-beam induced plasmon or photon emission can be considered as an electromagnetic
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radiation source. Chapter 5 describes polarization-tunable light emission from free-electron-driven
metasurfaces. In line with the development of compact free-electron light sources, nanophotonic
metasurfaces are shown to generate light emission in the form of Smith-Purcell radiation when
driven by free electrons. The polarization of the emitted light is tuned by the metasurface design,
in contrast to the conventional grating-based Smith-Purcell radiation, of which the polarization is

predetermined by the electron-beam direction.

Manipulation of free electrons with nanostructures will be discussed in Chapter 6 and
Chapter 7. Chapter 6 describes nanostructured-membrane electron phase plates. Nanofabricated
material phase plates impose designed phase modulations onto electron beams. Large-area mesh-
gratings in a silicon nitride film are fabricated with electron beam lithography and reactive-ion-
etching. The phase plates diffract electron beams with various energies and show a tunable
diffraction efficiency. Electron phase plates can be used for beam shaping, wavefront engineering,
as well as beam splitting. Chapter 7 theoretically describes efficient two-port electron beam
splitters via quantum interaction-free measurement. By combining an electron phase grating and
an electron resonator, a two-port directional-coupler-like electron beam splitter is achieved. The
efficiency of the beam splitter is made close to unity by using quantum interaction-free

measurement and quantum Zeno effect.

Finally, some conclusions and outlook will be presented in Chapter 8.
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Chapter 2
High-yield, ultrafast, surface-plasmon-enhanced

optical field emitters

Ultrafast light-matter interactions enable the study and control of electron dynamics in atomic,
molecular, and solid materials. Ultrafast optical pulses can induce photoelectron emission from
materials, such as metallic photocathodes, with applications in ultrafast electron microscopy and
diffraction, as well as light sources based on free-electron radiation. Metallic photocathodes have
a fast response time, but suffer from a low quantum efficiency. This problem can be solved by
invoking surface plasmon resonance in metal nanostructures to enhance the optical field. In this
chapter, we demonstrate the design, fabrication and characterization of high-repetition rate,
ultrafast, surface-plasmon-enhanced Au nanorod optical field emitter arrays. We tune the nanorod
surface plasmon resonance to match with the driving laser wavelength and optimize the substrate
to obtain the desired near field profile. We also investigate the effects of surface plasmon damping
in Au nanorods, induced by metallic interface layers at the substrate, on near-field enhancement
and electron emission. The efficient, bright, and ultrafast optical field emitter arrays may facilitate
the development of efficient and bright free-electron laser (FEL). Part of the content in this chapter

was derived from the work in [11].

This chapter is organized as follows. In Section 2.1, we introduce the surface-plasmon-
enhanced photocathodes. In Section 2.2, we describe the fabrication of plasmonic Au nanorod

arrays as optical field emitters. In Section 2.3, we discuss the design and electromagnetic
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simulation of the nanorod arrays. In Section 2.4, we present the spectroscopic characterization of
the nanorod arrays. In Section 2.5, we show the photoelectron emission measurement from the

nanorod arrays. Finally, Section 2.6 summarizes our results.

2.1  Surface-plasmon-enhanced photocathodes

Ultrafast optical pulses can induce photoelectron emission from materials, which enables high-
brightness, pulsed photocathodes, or optical field emitters, with applications in ultrafast electron
microscopy and diffraction [12—15], as well as light sources based on free-electron radiation [16—
18]. Metallic photocathodes have a fast response time and are relatively insensitive to
contaminations. These features make metallic photocathodes ideal candidates for applications in
which short photoelectron pulses induced by ultrafast laser pulses are required. Photoelectron
emission induced by multiphoton absorption in metals is of particular interest for developing
emitter arrays to inject high-brightness electron beams into accelerators for FEL development.
Compared to photoemission induced by single-photon absorption, the multiphoton emission does
not require UV lasers or crystal-based harmonic generation. The multiphoton character also leads
to a more localized electron-emission site compared to a single-photon process, and is desirable as
a low emittance electron source. However, compared to semiconductor and alkali halide
photocathodes, metallic photocathodes suffer from a low quantum efficiency, especially when a
multiphoton process is required. By using nanostructured metals supporting surface plasmon

resonance, the optical near field can be enhanced, leading to an improved photocathode efficiency.

Nanostructures exhibiting surface plasmon resonance have been investigated for use in a

variety of applications. The local enhancement of optical fields by the collective oscillation of
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electrons (plasmons) in such particles when illuminated at resonant wavelengths, allows their use
for spectroscopy [19,20], imaging [21], metamaterial [22—24], sensor [25,26],
nanolithography [27], and photocathode [28] applications. Prior work on photoelectron emission
from plasmonic nanoparticles primarily focused on the electron energy spectra [28,29]. Recent
works have shown enhanced photocathode efficiency by surface plasmon excitations in nano-hole

arrays on Cu surfaces [30] and dielectric grooves in Al and Au [31].

In this chapter we consider the use of plasmonic nanoparticle arrays as high-brightness
photoelectron emitters. We fabricated Au nanorods with sub-20 nm critical dimensions, leading to
a great localization of the electron-emission site. The localized emission allows for nanoscale
density modulation in the electron beam, which is favored in certain FEL applications [18]. We
demonstrated photoelectron emission from the multiphoton-absorption regime to the optical-field-
driven regime. We also investigated the effect of the dielectric environment, including the substrate
and the adhesion-promotion layer used in device fabrication, on the plasmonic resonance and
photoelectron emission. The high-yield ultrafast optical field emitter arrays could find applications

in the development of efficient and bright FEL.

2.2 Sample fabrication

Nanorod samples were fabricated on either sapphire or Si (n-type, 1-10 Q-cm) chips. The
transparent sapphire substrate was chosen to facilitate transmission measurement. A 50-200 nm
thick indium tin oxide (ITO) film was sputtered on the substrate as the cathode electrode and its
low index was favored by photocathode application. This conducting film also solved the charging

problem in electron beam lithography on an insulating substrate such as sapphire. Then, ~70 nm
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PMMA electron-beam resist was spin-coated on the substrates and soft-baked at 180 °C for 2 min.
Nanorod array patterns were defined by electron beam lithography with an Elionix F-125 EBL
system. The accelerating voltage was 125 kV, electron beam current was 0.5 or 1 nA, and typical
exposure dose was ~800 e/nm?, Exposed PMMA was developed in 3:1 IPA:MIBK mixture at 0 °C
for 30 s with constant agitation and blow dried by N> gas. We used low temperature development
to improve the resolution of electron beam lithography with a positive-tone resist. Metals were
then deposited via electron-beam evaporation. For Au nanorod arrays with a Ti adhesion layer, 3
nm Ti and 20 nm Au were evaporated at a rate of 0.5 As™ in the vacuum chamber (~10° mbar);
while for Au nanorod arrays without an adhesion layer, 20 nm Au was evaporated at a slower rate
of 0.1 As? in order to facilitate the adhesion between Au nanorods and the substrate when an
adhesion layer is absent. Metal lift-off was performed in n-methylpyrrolidone (NMP) at 55 °C for
~60 min during which the samples were gently rinsed with flowing NMP. A mild temperature and
longer than usual lift-off time was used to avoid sonication as it was shown to create vacancy
defects in the arrays with an adhesion layer, and destroy almost the entire array without an adhesion
layer. The purpose of gentle rinsing was to peel off the metal layer on top of the resist while
keeping the nanorods intact. After lift-off, the samples were rinsed with acetone and isopropyl
alcohol. Gentle O2 plasma ashing (50 W, 60 s) was applied to remove residual resist and solvents
just before photoelectron emission measurements. No damage on Au nanorods by O2 plasma was

observed in microscopic images and photoemission data.

Figure 2.1 shows the SEM images of fabricated Au nanorod arrays. The nanorod array
pitch was 200 nm for most samples. The nanorod width ranged from 10 nm to 20 nm by adjusting
the EBL dose, and the nanorod length was varied from 60 nm to 85 nm to tune the surface plasmon

resonance wavelength. The nanorod arrays with a Ti adhesion (Figure 2.1a) and without an
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adhesion layer (Figure 2.1b) both had a unity device yield. When an adhesion layer was absent,
the nanorods showed a larger line roughness (Figure 2.1b), potentially caused by the removal of
some Au crystal grains during liftoff due to insufficient adhesion to the substrate. Nevertheless,
with our fabrication process, nearly all the nanorods yielded without an adhesion layer (Figure

2.1c).

Figure 2.1. SEM images of Au nanorod arrays. (a) Au nanorods with a Ti adhesion layer. (b) Au
nanorods without an adhesion layer. (c) A low-magnification image of Au nanorods without an
adhesion layer.

2.3  Electromagnetic simulation

Optical responses of the Au nanorod arrays were simulated with finite element method (FEM)
electromagnetic solver (COMSOL Multiphysics). The calculation domain was a box encapsulating
a single Au nanorod, and periodic boundary condition was applied to simulate an array of nanorods.
The simulated nanorod had a rectangular transverse cross section and two hemisphere end caps.
Sharp edges at the vacuum side were rounded with a 3 nm curvature to avoid singularities in the
calculation as well as to better mimic the fabricated structure. The nanorod length, width, and

thickness were varied. Different substrate materials were considered: Si, ITO, and ITO thin film
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on sapphire. To model the adhesion layer, a thin Ti layer was added in between the nanorod and
the substrate. The Ti layer thickness was 3 nm unless otherwise specified. The illumination light
was incident normally from the top. The light was linearly polarized along the long-axis of the
nanorod unless otherwise specified. The light wavelength was varied from 500 nm to 1000 nm,
including the excitation wavelength (800 nm) used in experiments. A perfect matched layer (PML)
was used to absorb outgoing electromagnetic waves. Boundaries with periodic condition were
identically meshed with triangular element with a dimension smaller than one tenth the boundary
dimension. The PML was sweeping-meshed to reduce computation complexity. Other objects
within the calculation domain were adaptively meshed with free tetrahedral elements of which the
sizes were kept small enough so that each edge of the object contained at least twenty elements.
The meshing was even finer at the edge curvature and the adhesion layer when present. The optical
properties of Au and Ti were taken from the work by Johnson and Christy [32] describing optical
constants of the metals fabricated under similar conditions to ours (vacuum-evaporated
polycrystalline thin films). The optical constant of ITO was taken from SOPRA database’. As the
optical constant of ITO could vary due to thin film deposition conditions, we designed and
fabricated Au nanorods with various lengths to tune the surface plasmon resonance so that it could

match the excitation wavelength.

Figure 2.2 shows the electromagnetic simulation of Au nanorods on different substrates. A
3-nm-thick Ti adhesion layer was included in the simulation. For Au nanorods on the ITO substrate,
the field enhancement spectra (Figure 2.2a) show two peaks corresponding to the transverse and
longitudinal surface plasmon modes of the nanorod [33]. The transverse surface plasmon mode is

centered at ~530 nm, while the longitudinal surface plasmon mode is tunable by changing the

! Optical properties of coating materials from Sopra S.A., http://www.sspectra.com/sopra.html.
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nanorod length. The optical near-field profiles for nanorods on the ITO and Si substrates, under
the illumination of 800 nm wavelength light, are shown in Figure 2.2b&c. The 800-nm-wavelength
was chosen as it matched with the central wavelength of the Ti:sapphire laser used in
photoemission measurements. As expected from the field enhancement spectra, Au nanorods on
the ITO substrate show a stronger field enhancement. Si substrate also induces a stronger field
localization at the nanorod-substrate interface, due to the high refractive index of Si. For Au
nanorods on the Si substrate, the longitudinal mode is strongly suppressed, due to a combined
effect of, Si-substrate-induced field localization at the interface, and Ti-layer-induced damping

discussed later in this chapter.
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Figure 2.2. Simulated optical response of Au nanorods on different substrates. (a) Field
enhancement spectra of Au nanorods with various lengths (40 nm, 60 nm, 80 nm) on Si or ITO
substrate. (b) Near-field profile of Au nanorod with 80 nm length on ITO substrate illuminated
with 800 nm wavelength light. (c) Near-field profile of Au nanorod with 40 nm length on Si
substrate illuminated with 800 nm wavelength light. Scale bar: 20 nm.
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2.4  Optical spectroscopy

The Au nanorod arrays were characterized optically with UV-Vis spectroscopy. UV-Vis spectra
of the samples were recorded by Cary 500i UV-Vis-NIR spectrophotometer. A depolarizer
(Harrick Scientific Corporation DPS-R4V) was always attached before the detector to remove the
effect of polarization on detected signal level. For polarization-dependent measurement, a
polarizer (Harrick Scientific Corporation PGT-S1V Glan-Taylor) was attached after the light
source to introduce linear polarization with a tunable polarization angle. Samples were mounted
upon a holder with a 1 mm circular aperture. Nanorod arrays were aligned to the center of the
aperture under an optical microscope. The range of scan was set to 400 nm — 1200 nm. UV-Vis
spectroscopy (400 nm — 900 nm) used PMT detector and NIR spectroscopy (900nm — 1200 nm)
used InGaAs detector. The scan rate was 200 nm/min, the data interval was 1 nm, and the average

time for each data point was 0.3 s.

Figure 2.3 shows the Au nanorod surface plasmon resonance measured with UV-Vis
spectroscopy. Figure 2.3a shows the extinction (the sum of light absorption and scattering) spectra
of Au nanorod arrays with different nanorod lengths (50 nm, 60 nm, 70 nm, 80 nm), while the
nanorod width is fixed at 20 nm. The baseline extinction was measured from ITO-coated sapphire
substrates. The extinction peak is induced by the longitudinal surface plasmon mode of the
nanorods, and the peak is redshifted with an increasing nanorod length. Figure 2.3b shows the
normalized surface plasmon peak intensity for different polarization angles of the linearly
polarized incident light. As expected for the nanorod longitudinal mode, the mode is excited when
the light is polarized along the long axis of the nanorod. The optical characterization confirmed
the surface plasmon excitation of the Au nanorods, and assisted the nanorod design to tune the

surface plasmon resonance wavelength.
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Figure 2.3. UV-Vis spectroscopy of Au nanorod arrays. (a) Extinction spectra of Au nanorod
arrays with different nanorod lengths (50 nm, 60 nm, 70 nm, 80 nm). The nanorod width is 20 nm.
(b) Normalized localized surface plasmon resonance (LSPR) peak intensity for the incident light
with different polarization angles. The schematics show the orientations of the electric field of the
linearly polarized light with respect to the nanorod.

Figure 2.4 shows the optical characterization and electromagnetic simulation of Au
nanorods with and without a Ti adhesion layer. Both the measured extinction spectra (Figure 2.4a)
and simulated field enhancement spectra (Figure 2.4b) show the Ti adhesion layer induces
damping of the surface plasmon. The peak field enhancement for Au nanorod without an adhesion
layer is approximately twice that of a Au nanorod on a Ti layer. Broadening of the surface plasmon
peak in the presence of a Ti layer also indicates Ti-induced damping of the surface plasmon. Figure
2.4c&d show the optical near-field profiles around the nanorod without and with a Ti adhesion
layer, illustrating the damping of the surface plasmon and the reduction in the field enhancement
induced by the Ti layer. The measured extinction peak (Figure 2.4a) shows a two-fold reduction
when a Ti layer is present. The simulated field enhancement (Figure 2.4b) shows a roughly two-
fold reduction induced by the Ti layer, which seemingly indicates a four-fold reduction, rather than

a two-fold reduction, in intensity extinction. This discrepancy is due to the fact that the field
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enhancement is evaluated at the nanorod apexes, while the contribution to optical extinction comes
from the volume-integrated magnitude-square of the field inside the nanorod. The partial oxidation

of the Ti layer in the fabricated samples may also reduce the plasmon damping effect.
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Figure 2.4. Optical characterization and electromagnetic simulation of Au nanorods with and
without a Ti adhesion layer. (a) Measured extinction spectra for Au nanorod arrays with (red) and
without (black) a Ti layer. (b) Simulated field enhancement spectra for Au nanorod arrays with
(red) and without a Ti layer. (c,d) Simulated optical near-field profiles for Au nanorods without (c)
and with (d) a Ti layer.

The effect of nanorod array pitch on the field enhancement has also been investigated.
Figure 2.5 shows the measured extinction spectra and simulated field enhancement spectra for Au
nanorod arrays with 200 nm x 100 nm pitch (200 nm along the nanorod and 100 nm perpendicular
to the nanorod) and 200 nm x 200 nm pitch. Both measurement and simulation results indicate
denser array leads to lower surface plasmon intensity, caused by near-field coupling. For the 200
nm x 100 nm pitch array, the surface plasmon spectral position is also slightly blue-shifted due to
near-field coupling. Therefore, although in general a dense emitter array will produce more charge,

this is no longer true when the array pitch becomes very small, as near-field coupling between

nanorods suppresses field enhancement and dramatically reduces charge yield per nanorod.
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Figure 2.5. Surface plasmon of Au nanorod arrays with different pitches. (a) Measured extinction
spectra, and (b) simulated field enhancement spectra of Au nanorod arrays with 200 nm x 100 nm
pitch and 200 nm x 200 nm pitch.

25 Photoemission measurement

Photoelectron emission from Au nanorod arrays was triggered by 35 fs laser pulses from a
Ti:sapphire laser with 800 nm central wavelength?. The light was normally incident on the nanorod
array and linearly polarized along the nanorod long axis. The light was focused to a 90 um full-
width-at-half-maximum spot on the nanorod arrays. The nanorod samples were mounted in a high
vacuum chamber (102 Torr), and the photoemission current was collected by an aluminum ring-

anode placed on the sample chip with a 60-um-thick mica insulating spacer.

The mechanisms of photoelectron emission can be characterized by the Keldysh parameter,
Y = {®/(2Uy0,), Where @ is the work function for the material (or the ionization energy for

photoelectron emission from atoms) , and Uy, = e?E?/(4myw?) is the ponderomotive energy,

! Photoemission measurement was performed by Dr. Richard Hobbs at Massachusetts Institute of Technology.
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which is the cycle-averaged kinetic energy of an electron in an electromagnetic field with electric
field amplitude E at frequency w. For y > 1, the photoemission is in the multiphoton regime,
while for y « 1, the photoemission is in the optical field regime. A full theoretical treatment of
the multiphoton and optical field emission regimes, together with the transition between the two
regimes, requires solving the time-dependent Schrodinger equation and evaluating the dipole
transition rate from the initial free electron gas states in the metal to the final VVolkov states in free
space with an oscillating field [34,35]. With an increasing laser pulse energy, the time-averaged
ponderomotive potential of the laser field increases, and it creates a higher potential step in excess
of the work function of Au. Hence, more photons are required to be absorbed for electron emission
to occur. This requirement leads to the closing of multiphoton emission channels with low photon
numbers, while the sum of photoemission in the remaining multiphoton channels reproduces the
Fowler-Nordheim tunneling formula that governs the optical field emission regime [35]. When
plotting the photoemission current against the laser pulse energy, the transition from the
multiphoton regime to the optical field regime leads to a soft kink in the scaling of photocurrent

with pulse energy [36].

Figure 2.6 shows the photoemission current versus laser pulse energy for Au nanorod
arrays with and without the Ti adhesion layer. At low pulse energy, the photocurrent scales with
the 3" power of pulse energy, suggesting the photoemission is in the multiphoton regime with a
3-photon process. We observed higher photocurrent from the nanorod array without the Ti layer,
consistent with the optical characterization and electromagnetic simulation. At 12.1 nJ pulse
energy (Keldysh parameter y ~ 4.5 considering a plasmonic field enhancement of 20x), the
photoemission current from the Au nanorod array is 26 times that of the Au/Ti nanorod array.

Being a 3-photon process, the 26-fold increase in photoemission corresponds to a 1.7 times
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stronger field enhancement for the Au nanorods compared to Au/Ti nanorods, in agreement with
the 1.9 times stronger field enhancement observed in simulation. At a high pulse energy such as
100 nJ, the calculated Keldysh parameter y is about 1.5, indicating the emitters operate in the
transition region between the multiphoton regime and the optical field regime. This transition
partly contributes to the kink of the photocurrent scaling with pulse energy in Figure 2.6.

Additionally, the space-charge effect also limits the photocurrent from the emitter arrays [11].

26x% C
10 E /‘if/'/ o Au
: 1 o TilAu
10 100

pulse energy (nJ)

Figure 2.6. Photoelectron emission current for various optical pulse energies. Measurements from
Au nanorod samples with and without a Ti layer are shown. At 12.1 nJ pulse energy, the
photoemission current from the Au nanorod array is 26 times that of the Au/Ti nanorod array. The
applied anode bias is 1 kV, and the nanorod array pitch is 400 nm.

In this work, the typically measured photocathode quantum efficiency (QE) is 1.2 x 10°°
for Au nanorod arrays illuminated with 800 nm wavelength light. This QE is comparable to the
4.7 x 10 QE for Au illuminated with 266 nm wavelength UV light [37]. Taking into account the

light transmissivity of ~90%, the internal QE of the nanorod arrays is about 1.2 x 10, When

further considering a 10% power conversion efficiency from 800 nm wavelength light to 266 nm
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wavelength light by 3™ harmonic generation, and a factor of 3 difference in photon energy, the
plasmonic Au nanorod arrays triggered by 800 nm wavelength light is ~100 times more efficient
than UV-triggered Au photocathodes. This efficiency can be further improved by applying a strong

static bias voltage to reduce the space-charge effect.

2.6 Summary

To summarize, we demonstrated Au nanorod arrays as optical field emitters. We used surface
plasmon resonance to enhance the optical near-field and photoelectron emission yield. The
quantum efficiency of our Au nanorod optical field emitters triggered by near-infrared optical
pulses is higher than that of UV-triggered Au photocathodes. We also investigated the effect of
the dielectric environment, including the substrate and the adhesion-promotion layer used in device
fabrication, on the plasmonic resonance and photoelectron emission. Moreover, the Au nanorod
optical field emitters can operate in the optical field photoemission regime, which may enable the
production of ultra-short electron pulses, and optical-field-driven, ultrafast optoelectronic devices.
The high-yield ultrafast optical field emitter arrays could find applications in the development of
efficient and bright FEL, as well as time-resolved electron microscopy and spectroscopy

experiments.
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Chapter 3
Carrier-envelope phase detection with on-chip

electrically connected nanoantenna arrays

Optical-field-driven, ultrafast light-matter interactions can be used in metrology and spectroscopy
tools, as well as electronic and photonic devices for signal processing in the petahertz regime [38].
Specifically, the detection and control of carrier-envelope-phase (CEP) is important in attosecond
science and optical frequency comb applications. Conventionally, CEP can be detected via
interferometric techniques in the frequency domain, or above threshold ionization (ATI) in the
time domain. The interferometric methods typically require a broadband optical spectrum
spanning an octave in frequency, while the ATl methods usually require complicated and bulky
vacuum apparatus. Recent reports have demonstrated time-domain CEP detection with optical-
field-driven solid-state devices. However, the scaling and on-chip integration of these devices have
yet to be shown. In this chapter, we develop CEP detectors using electrically connected bow-tie
plasmonic nanoantenna with an array configuration on a chip. Optical-field-driven, CEP-sensitive
photoelectron emission is enhanced by surface plasmon resonance. On-chip photoelectron
emission and collection across a nanoscale gap leads to a high readout speed and permits high
bandwidth operation. Symmetric, balanced detection with the nanoantennas removes the CEP-
insensitive photoemission current, enabling high amplifier gains in photocurrent detection and
reducing the noise caused by optical pulse energy fluctuation. The nano-gap emitter-collector

configuration and distributed electrical connection to individual device relieve the need of a

35



conductive film (e.g. indium tin oxide) and its associated fabrication complexity, and potentially
enable multiplexed functions on a chip by using a different interconnect configuration. Our work
takes a step towards compact on-chip integration of attosecond science experiments in ambient
conditions, as well as future chip-scale integrated, optical-field-driven optoelectronic devices in

the petahertz regime.

This chapter is organized as follows. In Section 3.1, we introduce the detection techniques
of the carrier-envelope-phase (CEP), and briefly describe our solid-state CEP detectors based on
electrically connected nanoantenna arrays. In Section 3.2, we describe the fabrication of the
nanoantenna arrays, and demonstrate selective removal of short-circuit with an electromigration
process. In Section 3.3, we discuss the design and electromagnetic simulation of the nanoantenna
arrays. In Section 3.4, we present the detection of CEP with photoemission in the nanoantenna
arrays, and show device degradation during the measurement. Finally, Section 3.5 summarizes our

results.

3.1  Carrier-envelope phase detection with solid-state devices

The absolute phase of light is normally not important in continuous-wave optics, but it has vital
importance in short optical pulses, for which the slowly varying envelope approximation breaks
down. Carrier-envelop-phase (CEP) is the phase delay between the optical-frequency carrier wave
and the intensity envelope of an ultrafast optical pulse. CEP is important in nonlinear optical
processes. In the time domain, CEP determines the waveforms of ultrashort pulses together with
the carrier wave frequency and pulse duration. CEP is crucial for attosecond physics including

atom and molecule ionization [39,40], high-harmonic generation [41], and attosecond pulse
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generation [42,43]. In the frequency domain, periodic pulse train forms a frequency comb. The
carrier-envelop-offset (CEO) frequency, the frequency at which the CEP is oscillating,
corresponds to an offset of the frequency comb and is important in optical frequency comb
applications such as optical frequency synthesis [44,45], high-resolution metrology [46], and

quantum information science [47].

CEP detection can be achieved with interferometric techniques in the frequency
domain [45,48]. For instance, an f-2f interferometer measures the CEO frequency from the beats
between the second harmonic of a low frequency (f) part of the spectrum and a high frequency (2f)
part of the spectrum. However, the interferometric techniques requires spectral broadening to
achieve an optical octave with a spectrum spanning a factor of 2 in frequency, and nonlinear optical
processes for second harmonic generation. Furthermore, the frequency-domain methods require
multiple optical elements to perform interferometry. CEP has also been measured with time-
domain interferometric methods [49]. However, only the relative change of CEP can be measured,
and there is a lack of active feedback and control of the CEP. Additionally, CEP measurement can
be performed via photoelectron emission [50-52]. However, complicated and bulky vacuum

apparatus is usually needed.

Solid-state devices that can be used for time-domain CEP detection have been reported
recently [53-55]. These devices enable time-domain CEP measurement in ambient conditions.
Optical-field-induced current in a solid dielectric was used for CEP detection [53]. On-chip
photoelectron-emission devices based on a single pair of bow-tie nanoantenna [54] and an array
of plasmonic nanoparticles [55] also enable CEP detection. However, the scaling and large-scale
on-chip integration of these solid-state devices have yet to be shown. In this chapter, we

demonstrate CEP detection using electrically connected bow-tie plasmonic nanoantenna with an
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array configuration. Photoelectron emission is assisted by the strong optical-field enhancement
induced by plasmonic resonance. On-chip electron emission and collection across a nanoscale gap
leads to a high readout speed and permits high bandwidth operation. Symmetric, balanced
detection with the bow-tie nanoantennas removes the CEP-insensitive photoemission current,
enabling high amplifier gains in photocurrent detection and making the CEP detectors robust
against optical pulse energy fluctuation [56]. The nano-gap emitter-collector configuration and
distributed electrical connection to individual devices remove the need of a conductive film (e.g.
indium tin oxide) and its associated fabrication complexity, and potentially enable multiplexed
functions on a chip by using a different interconnect configuration. Our work takes a step towards
compact on-chip integration of attosecond science experiments in ambient conditions, as well as

future chip-scale integrated, optical-field-driven optoelectronic devices in the petahertz regime.

The nanoantenna device is schematically shown in Figure 3.1. An array of plasmonic bow-
tie nanoantennas are supported by a transparent insulating substrate. Each bow-tie nanoantenna
consists of a pair of nano-triangles. In the current configuration, all left nano-triangles of the bow-
ties are electrically connected to a contact pad, while all right nano-triangles are electrically
connected to another contact pad, and the device is a parallelized array of the photoelectron
tunneling device previously reported [54]. The nanoantenna array is illuminated with an ultrafast
optical pulse with a polarization along the bow-tie long-axis, which induces photoelectron
emission from nano-triangles on one side to nano-triangles on the other side. For a bow-tie
nanoantenna, the two nano-triangles are the cathode and anode for photoelectron emission and
collection. Both the anode and the cathode are integrated on a single device chip, with a small
separation on the order of 10 nm. The two contact pads are connected to an external circuit in

which the photocurrent is measured. The CEP ¢k of the pulse affects the photocurrent measured
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in the external circuit. For ¢cg = 0 (blue trace in Figure 3.1), the pulse has two symmetric optical
half cycles, and the photocurrent in the two opposite directions cancel each other, leading to zero
net photocurrent. For ¢cg = m/2 (red trace in Figure 3.1), the pulse has only one strong optical
half cycle, and a net photocurrent can be measured. In the experiment discussed later in this chapter,
¢cg IS modulated by a signal oscillating at a carrier-envelope-offset (CEO) frequency fcgo. This

CEO frequency can be measured from the photocurrent spectrum.
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Figure 3.1. Schematic of the nanoantenna devices. An array of plasmonic bow-tie nanoantennas
are fabricated on an insulating substrate. All left nano-triangles of the bow-ties are electrically
connected to a contact pad, while all right nano-triangles are electrically connected to another
contact pad. The nanoantenna array is illuminated with an ultrafast optical pulse, which induces
photoelectron emission from nano-triangles on one side to nano-triangles on the other side. The
CEP ¢ of the pulse affects the photocurrent measured in the external circuit. For ¢cg = 0 (blue
trace), the pulse is has two symmetric optical half cycles, and the photocurrent in the two opposite
directions cancel each other, leading to zero net photocurrent. For ¢cg = /2 (orange trace), the
pulse has only one strong optical half cycle, and a net photocurrent can be measured. In the
experiment discussed later in this chapter, ¢cg is modulated by an oscillating signal with
frequency fcgo. This CEO frequency can be measured from the photocurrent spectrum.
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3.2 Sample fabrication

The plasmonic bow-tie nanoantenna arrays were fabricated on 10 mm x 10 mm glass (BK7)
substrates with electron beam lithography (EBL) and a metal liftoff process. A ~70 nm film of
PMMA was spin-coated onto the substrate and then soft-baked at 180 °C. A thin layer of Espacer
was then spin-coated for charge dissipation during electron beam lithography. Bow-tie
nanoantenna and electrical connection contact wire patterns were produced by an Elionix F-125
electron beam lithography system using an accelerating voltage of 125 kV and a beam current of
500 pA. The bow-tie nanostructures and electrical connection contact wires were defined and
fabricated in one EBL step instead of two aligned EBL steps. Fabrication of the two structures
together ensured good alignment accuracy between the bow-ties and the contact wires, which is
critical for tuning the optical response of the nanoantenna arrays as shown later in this chapter.
After exposure, Espacer was removed with 60 s DI water rinse. Exposed PMMA was developed
in 3:1 IPA:MIBK at 0 °C for 30 s and then dried with flowing nitrogen gas. Metal layers of 2 nm
Tiand 20 nm Au were then deposited via electron-beam evaporation. Metal lift-off was performed
in NMP at 60 °C for approximately 60 min during which the sample was gently rinsed with flowing
NMP. The lift-off was finished with 15 min sonication. No damage to the nanostructures was
observed after sonication, in contrast to the nanorods arrays discussed in Chapter 1. The union of
multiple connected bow-ties formed a larger structure compared to the isolated nanorods, making
the bow-ties unaffected by sonication. After lift-off, the sample was rinsed with acetone and IPA.
Finally, gentle oxygen plasma ashing (50 W, 60 s) was applied to remove residual resist and

solvents.

The contact pads were fabricated via a subsequent photolithography step. Positive-tone

photoresist S1813 was spin-coated and soft-baked at 110 °C for 4 min. Photolithography was
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performed with a Heidelberg uPG 101 direct laser writing system. After exposure, the samples
were developed in Microposit MF-321 developer for 90 s and in DI water for 15 s. Metal layers of
20 nm Ti and 80 nm Au were then deposited via electron-beam evaporation. Lift-off was

performed by soaking the samples in acetone for ~30 min followed by 3 min sonication.

Figure 3.2 shows the SEM images of the nanoantenna arrays. Figure 3.2a&b shows the
nanoantennas fabricated on silicon substrates, which are conductive and free from charging issues,
under the same conditions for nanoantenna fabrication with glass substrates. The nanoantenna
array consists of 24x12 or 24x24 pairs of bow-ties. The array pitch was 800 nm in the x-direction
(the direction of the bow-tie long axis), and 800 nm or 400 nm in the y-direction (the direction of
the bow-tie short axis), with the full array covering an area of about 20x10 pm?. The bow-tie gap
size was tuned by changing the EBL dose, with the smallest average gap size below 20 nm. Figure
3.2c shows a nanoantenna array fabricated on a glass (BK7) substrate. The image artifacts

(distortion, blurring, and varying contrast) are caused by charging during imaging.
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Figure 3.2. SEM images of the plasmonic nanoantenna arrays. (a) A plasmonic bow-tie
nanoantenna array and two contact pads on silicon substrate. (b) A pair of plasmonic bow-tie
nanoantenna with a 28 nm gap on silicon substrate. (c) A plasmonic bow-tie nanoantenna array on
a glass (BK7) substrate. The image artifacts (distortion, blurring, and varying contrast) are caused
by charging during imaging.
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The fabricated bow-tie nanoantenna gap size varied from the nominal size due to process
variations. If the two nano-triangles of a bow-tie were connected, they would electrically short the
cathode and anode, making the whole array unresponsive for CEP detection. We used
electromigration to remove these shorted devices by breaking their contact wires (Figure 3.3). In
the electromigration process, a bias voltage was applied to the nanoantenna array connected in
series with a 2.5 Q resistor. The shorted devices had a low resistance and hence a high current,
which broke the contact wires of these devices via electromigration. The normal devices had a
large resistance and negligible current, and remained intact after electromigration. Figure 3.3a
shows the voltage and current across a nanoantenna array during electromigration. The applied
voltage (across the array and the resistor) was kept at 1 V for 50 s, and then increased to 1.25 V.
Initially, the nanoantenna array was shorted, with a resistance of 15 Q. Electromigration process
started at 50 s, showing a decrease of the current, which indicates an increase resistance. At 250 s,
the current dropped to zero, implying the array was transformed into an open circuit. At the start
of electromigration, the average current in one contact wire is ~1 mA, with a current density of ~1
A/um?, consistent with previous reports [57,58]. Figure 3.3b shows the SEM image of a shorted
nanoantenna array after electromigration. The contact wires were broken by electromigration.
Figure 3.3c&d show two columns of bow-tie nanoantennas from an array. If all bow-ties along the
column were disconnected (Figure 3.3c), the column was an open-circuit and the contact wires
were not broken. However, if there were connected bow-ties along the column (Figure 3.3d), the
column was shorted and the contact wires were broken by electromigration. Hence, the

electromigration process is a surgical tool that selectively removes shorted devices from an array.
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Figure 3.3. Electromigration of the plasmonic nanoantenna array. (a) Applied voltage and current
across a plasmonic nanoantenna array during the electromigration process. Electromigration
transformed a shorted array into an open-circuit array. (b) An SEM image of a connected
plasmonic nanoantenna array after electromigration. The electrical contact wires were broken and
disconnected during electromigration. Inset: zoomed-in image of the connected bow-tie antenna
and the broken contact wire. (c) For an unbroken wire, the bow-tie nanoantennas along the wire
are all disconnected. (d) For a broken wire, there is usually a short circuit caused by connected
bow-tie nanoantennas (red dashed circles).

3.3  Electromagnetic simulation

We simulated the optical response of the plasmonic nanoantenna arrays with a finite element
method electromagnetic solver (COMSOL Multiphysics). The modeled nanoantenna geometry was
taken from SEM images of fabricated nanostructures. The 20-nm-thick Au nanoantenna was
placed on the interface between vacuum and a glass (BK7) substrate, with a 2-nm-thick Ti adhesion
layer in between. The optical properties of Au and Ti were taken from the work by Johnson and
Christy [32] describing optical constants of the metals fabricated under similar conditions to ours
(vacuum-evaporated polycrystalline thin films). The refractive index of glass was fixed at 1.5 as
its dispersion was negligible in the wavelength range of interest. Periodic boundary conditions
were applied to the simulation domain boundaries to model a periodic array of nanoantennas. The
array pitch was 800 nm in the bow-tie long-axis direction and 400 nm in the bow-tie short-axis

direction. The light was incident normally with a linear polarization along the bow-tie long-axis to
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excite the plasmonic mode. Perfect matched layers were added to the top and bottom of the
simulation domain to absorb outgoing electromagnetic waves and model semi-infinite vacuum and

substrate.

Figure 3.4 shows the simulated optical response of a nanoantenna array. Figure 3.4a&b
show the extinction and field enhancement spectra. The extinction is defined as —10log,(T/Ty),
where T is the power transmissivity when the nanoantenna is present, and T, is the power
transmissivity when the nanoantenna is absent (but the substrate is still present). Both power
reflection and absorption were considered in the model. The field enhancement is defined as the
ratio of the optical near-field at the bow-tie tip, averaged over the curved surface defined by the
tip radius of curvature and gold thickness, to the optical field of the incident light. It can be seen
that the extinction spectrum shows a double-peak feature with one peak at ~1100 nm wavelength
and another peak at ~1300 nm wavelength, while the field enhancement spectrum shows a single
peak at 1100 nm wavelength. The optical near-field around the nanoantenna is plotted at 1100 nm
(Figure 3.4c) and 1300 nm (Figure 3.4d) wavelengths. For the peak around 1100 nm, the optical
field is localized at the bow-tie tip, indicating this peak shows the plasmonic resonant mode of the
bow-tie nanoantenna, and we named this mode as the “bow-tie mode”. For the peak around 1300
nm, an enhancement optical field is found around the bow-tie nanoantenna as well as the contact
wires, indicating a plasmon mode propagating and resonating along the wires, and we named this
mode as the “wire mode”. For photoelectron emission, the bow-tie mode is desired, as it produces
a high field enhancement and a strong field localization at the tip. The field enhancement spectrum
shows a broadband enhancement, which preserves the ultrafast characteristics of the optical pulse

to induce CEP sensitive photoelectron emission.
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Figure 3.4. Electromagnetic simulation of electrically connected bow-tie nanoantenna arrays.
Simulation of an array is achieved by using periodic boundary conditions. (a) Simulated extinction
spectrum of the bow-tie array. (b) Simulated field enhancement (at the bow-tie tip) spectrum of
the bow-tie array. (c,d) Simulated optical near field profile of the bow-tie nanoantenna at 1100 nm
wavelength (c) and 1300 nm wavelength (d).

To further investigate the effect of the electrical connection contact wire on the
nanoantenna optical response, we performed simulations with different contact wire positions
(Figure 3.5). For comparison, we also include the spectra for the bow-tie nanoantenna without
contact wires. Bow-tie without wires shows a single-peak extinction and field enhancement spectra.
When the contact wires are added, the extinction peak is split into two peaks, corresponding to the
aforementioned bow-tie and wire modes. It is observed that the spectral separation of the two peaks
is small if the contact wire position is near the center of the nano-triangle (e.g. wire is 100 nm or
150 nm from the bow-tie center). The spectral separation of the two peaks increases, with the bow-
tie mode being blueshifted and the wire mode being redshifted, when the contact wire position is
close to the nano-triangle tip (e.g. wire is 50 nm from the bow-tie center) or nano-triangle base
(e.g. wire is 200 nm from the bow-tie center). For the field enhancement spectra, the single peak
is preserved if the wire position is near the nano-triangle center (e.g. wire is 100 nm from the bow-
tie center), and double peaks show up when the wire moves towards the nano-triangle tip or base.

These extinction and field enhancement spectra indicate that the bow-tie plasmonic mode is least
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disturbed when the contact wire is close to the nano-triangle center. For the bow-tie plasmonic
mode, the nodes of the optical-near field distribution are close to the nano-triangle center. Placing
the contact wires at these nodes leads to a minimal perturbation to the bow-tie plasmonic

mode [59,60].
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Figure 3.5. Simulated extinction and field enhancement spectra of the plasmonic bow-tie
nanoantennas with different contact wire positions (the distance from the bow-tie center to the wire
inner edge is 200 nm, 150 nm, 100 nm, and 50 nm, respectively). For comparison, we also include
the spectra for the bow-tie nanoantenna without contact wires.

3.4  Optical characterization and photoemission measurement

Optical extinction and photoelectron emission of the plasmonic nanoantenna arrays were measured
under the illumination of an optical pulse train®. The optical pulses had a center wavelength of
1177 nm, near the resonance wavelength of the plasmonic nanoantennas. The center wavelength
and the plasmonic resonance wavelength do not need to be identical, as it was suggested that the

overlapping of the plasmonic resonance with the pulse spectrum would lead to a broadened near-

1 Optical and photoemission measurement was performed together with Dr. Phillip Keathley and Marco Turchetti
at Massachusetts Institute of Technology.
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field pulse after enhancement and a decreased CEP sensitivity [54,55]. The average pulse duration
was ~10 fs (~2.5 optical cycles), the maximum pulse energy was ~190 pJ, and the repetition rate
was 78 MHz. For photoemission measurement, the CEO frequency fcgo Of the pulse train was
locked to 100 Hz. The photocurrent was first amplified by a transimpedance amplifier and then

detected by a lock-in amplifier.

We measured the CEP sensitive photoelectron emission from the electrically connected
plasmonic nanoantenna arrays. Figure 3.6a shows a typical photoemission current spectrum, with
a CEP sensitive photocurrent of 4.7 pA and a signal-to-noise ratio of 16. From several tested
devices, we measured up to 5 pA CEP sensitive current when illuminating ~12 bow-tie
nanoantennas with a 2.25 um x 4.1 um beam spot size. The average photocurrent per nano-triangle
emitter was about 0.2 pA. The averaged photocurrent was roughly the same as the reported
result [54] using a single bow-tie nanoantenna and shorter optical pules, and was 4x the
photocurrent in another report [55] using nanoparticle arrays under similar operation conditions to

our devices.

We further confirmed the CEP sensitivity by inserting a barium fluoride (BaF2) wedge in
the optical beam path to shift the CEP (Figure 3.6b). Due to the mismatch between group velocity
and phase velocity, the BaF, wedge can shift the CEP of an optical pulse traversing the wedge.
The BaF> wedge was step-wise inserted by 10 mm every 20 s, and the expected CEP shift per step
was 58°. We measured the phase between the photocurrent signal oscillating at fcgo and the local

oscillator signal used to lock fcgo, and this phase shows a step-wise change of 55° per step.
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Figure 3.6. Measured photoemission from the nanoantenna array. (a) Spectrum of the
photoemission current while the ¢ is oscillating at 100 Hz. (b) Phase of the photoemission
current when a BaF, wedge is step-wise inserted into the optical beam path every 20 s.

As our device is an electrically connected parallelized array, we also investigated the CEP
sensitive photocurrent response from an entire array (Figure 3.7). The magnitude and phase of the
photocurrent was measured by scanning the optical beam spot across a nanoantenna array. The
photocurrent magnitude varies across the array, which is caused by the variation of the bow-tie
nanoantenna geometry and hence the field enhancement responsible for photoemission. However,
the photocurrent phase is relatively uniform across the array with 0.14n rad standard deviation,
indicating the photoemission from the entire array is sensitive to the CEP and can be used for CEP
detection. The uniform phase response indicates the CEP detection device is robust against optical

pulse energy fluctuations and fabrication process variations.
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Figure 3.7. CEP-sensitive photoemission from an entire nanoantenna array. Magnitude (a) and
phase (b) of the photoemission current are measured while scanning the optical beam across the
array.

We observed a decrease of the CEP sensitive photocurrent in the first few seconds of
exposing the nanoantenna arrays with the optical pulses. We ascribed this effect to laser-induced
reshaping of the plasmonic nanoantennas. Figure 3.8 shows the SEM image of a nanoantenna array
before (Figure 3.8a) and after (Figure 3.8b) photoemission measurement. The average gap size of
the bow-tie nanoantennas increased from 39 nm to 62 nm. The increased bow-tie gap size led to a
decreased field enhancement, and hence a decreased photoelectron emission current. This decrease
saturated after a few seconds exposure time, as the increased gap size and decreased field

enhancement eventually led to a condition below the threshold of laser-induced reshaping.
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Figure 3.8. SEM images of a nanoantenna array before (a) and after (b) photoemission
measurement. The contrast variation was caused by charging effect of the insulating substrate.

We performed optical extinction measurement on the nanoantenna arrays. Figure 3.9 shows
the simulated and measured extinction spectra from an array before and after photoemission
measurement. The simulation used geometries extracted from SEM images of the array. The
double-peak feature of the spectra was obtained in both simulation and measurement, with the
bow-tie mode around 1050 nm wavelength and the wire mode around 1250 nm wavelength. The
wire mode was stronger in simulation than in measurement, since the simulation used periodic
boundary conditions and assumed the wires were infinitely long, whereas the fabricated devices
consisted of finite arrays and wires. The bow-tie mode was associated with individual
nanoantennas and less affected by the finite array size, while the wire mode was associated with

plasmons propagating and resonating along the wires and affected by the finite wire length.

Several other features of the extinction spectra were well reproduced in simulation and
measurement. The exposure to optical pulses led to a larger spectral separation between the two
peaks. The bow-tie mode was slightly blueshifted, with a decrease in its intensity, while the wire
mode was slightly redshifted, with an increase in its intensity. The change of the extinction spectra

before and after photoemission measurement is caused by a combined effect of laser-induced
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reshaping of the bow-ties and the change of the relative position between the wires and the nano-

triangles (see earlier discussions) as a result of the reshaping.
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Figure 3.9. Simulated and measured extinction spectra of a nanoantenna array before and after
laser illumination and photoemission measurement.

3.5 Summary

Based on the optical-field-driven photoemission, we demonstrate CEP detection using electrically
connected plasmonic nanoantenna arrays. We fabricated electrically connected nanoantenna arrays
with a nano-gap size down to sub-20 nm. Symmetric, balanced detection with the nanoantennas
removed the CEP-insensitive photoemission current, enabling high amplifier gains in photocurrent
detection and reducing the noise caused by optical pulse energy fluctuation. Distributed electrical
connection to individual nanoantenna removed the need for a conductive layer and associated
fabrication complexity, and could potentially permit multiplexed functions. Nanoscale separation

between the emitter and collect, with an extracted RC constant of 0.3 fs for a nanoantenna, enabled
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high speed readout and high bandwidth operation. We used electromigration to selectively remove
shorted devices caused by fabrication process variations. We performed electromagnetic
simulations to design the nanoantenna with the desired plasmonic resonance mode to enhance the
optical field and assist photoelectron emission. We also investigated the effect of the connection
wire on the plasmonic mode. We detected CEP with the nanoantenna device, which produced a
higher photocurrent and outperformed previously reported on-chip devices. Uniform phase
response from the nanoantenna array was demonstrated. Furthermore, damage induced by
exposure to ultrafast optical pulses was shown. In order to operate the CEP detectors at higher
power without device degradation, alternative plasmonic materials, such as refractory plasmonic
materials [61], are preferred. Our work demonstrates on-chip integration of multiple optical-field-
driven optoelectronic devices with distributed electrical interconnection, and represents a step
towards integrated ultrafast electronic and optoelectronic devices with petahertz operation

frequencies.
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Chapter 4
Electron-energy loss study of plasmonic modes in

aluminum nanodisks

Surface plasmons are collective oscillations of electrons in a material coupled to electromagnetic
fields, and are commonly used to confine light at the nanoscale and enhance light-matter
interactions. Aluminum is a plasmonic metal capable of supporting high-energy surface plasmons
in the ultraviolet (UV), thanks to its low optical loss and high bulk plasmon energy. Electron
energy loss spectroscopy (EELS) has recently emerged as an alternative technique to optical
characterizations for probing the surface plasmons of nanostructures with a high spatial resolution
and the ability to excite dark plasmonic modes that do not couple efficiently to free space radiation.
In this chapter, we investigate the electron energy loss spectroscopy of surface plasmon modes in
aluminum nanodisks. We demonstrate the excitation of multipolar edge modes and breathing
modes, depending on the electron beam positions. These modes are tunable in the UV region by
varying the nanodisk size. We calculate the dispersion relations with both full wave
electromagnetic simulations and simple intuitive models using the effective wavelength theory,
and model the multipolar modes as ring-resonator modes at the periphery and the breathing modes
as two-dimensional cavity modes. Furthermore, we theoretically investigate the surface plasmon
modes for nanodisks of which the diameter is comparable to the thickness. We find some surface

plasmon modes carry a polar nature and cannot be simply categorized as radial breathing modes
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or angular (azimuthal) multipolar edge modes. Part of the content in this chapter was derived from

the work in [62].

This chapter is organized as follows. In Section 4.1, we introduce the EELS technique for
the characterization of plasmonic nanostructures. In Section 4.2, we describe the fabrication of
aluminum nanodisks on a thin supporting membrane for EELS measurement. In Section 4.3, we
discuss the experimental EELS measurement of the nanodisks. In Section 4.4, we present the
theoretical analysis of EELS and the plasmonic modes of aluminum nanodisks. Finally, Section

4.5 summarizes our results.

4.1  EELS for plasmonics

Surface plasmons are collective oscillations of electrons in a material coupled to electromagnetic
fields, and are commonly used in light manipulation at deep-subwavelength scale [63]. The strong
field enhancement and tight mode confinement of surface plasmon resonance enable its
applications in  spectroscopy [20,64,65], sensing [25,26,66-68], photodetection [69,70],
photovoltaics [71,72], and metamaterials [22,23]. Conventional plasmonic materials are mostly
noble metals such as gold and silver. Recently, aluminum has attracted a growing interest as a
novel plasmonic metal [73—79]. Aluminum nanostructures support high energy surface plasmon
resonances at visible to ultraviolet and deep-ultraviolet wavelengths, due to the low optical loss
and high bulk plasmon energy (15 eV) of aluminum. Moreover, aluminum is cheap, naturally
abundant, and CMOS-compatible. These properties make aluminum a promising candidate

plasmonic material for large scale manufacturing and commercial applications.

54



Recently, electron energy loss spectroscopy (EELS) has emerged as an alternative
technique to optical characterizations for probing the surface plasmon properties of
nanostructures [80-93]. EELS is typically performed in a scanning transmission electron
microscope (STEM), in which a focused electron beam induces surface plasmons in the
nanostructure. The surface plasmon energy can be obtained by measuring the energy loss of the
electrons, and the surface plasmon mode profile can be retrieved from the EELS map by scanning
the electron beam around the nanostructure. Due to the tight focus of the electron beam, EELS has
a high spatial resolution. Furthermore, EELS can probe the dark plasmonic modes which do not
couple efficiently to free space radiation, in contrast to the far-field optical techniques that only

access the bright modes.

Theoretical modeling is import to understand and analyze the experimental EELS data, as
well as to assist the design of plasmonic nanostructures. Full wave electromagnetic calculations
can accurately resolve the plasmonic properties of nanostructures, while simple intuitive models
are also required to further the understanding of these properties and to better design the plasmonic
nanostructures in various applications. Nanostructures prepared with lithographic techniques for
EELS measurement typically possess a flat geometry with their lateral dimensions much larger
than the thickness. In an intuitive picture, the surface plasmon modes of the flat nanostructure have
been categorized into the multipolar edge modes, which are bound to the periphery of the
nanostructure, and the breathing modes, which are confined within a two-dimensional cavity
formed by the nanostructure [83]. The dispersion relation of the antisymmetric film plasmon mode
can fit the dispersion of the breathing modes very well. However, the dispersion of the multipolar
edge modes usually deviates from this dispersion relation. Sometimes additional nanostructures

have to be experimentally fabricated and measured to reproduce the dispersion of the edge
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modes [91,92]. Moreover, advanced nanolithography produced nanostructures with a lateral
dimension similar to the thickness, and for these nanostructures, it is not fully clear how these

modes behave and couple to the excitation electron beam.

In this chapter, we investigate the electron energy loss spectroscopy of surface plasmon
modes in aluminum nanodisks. We experimentally observed the expected multipolar edge modes
and breathing modes, with their excitations depending on the electron beam position. The resonant
energies of these modes were tunable in the UV spectral range by changing the nanodisk diameter.
We theoretically reproduced the dispersion relation of the breathing modes and especially the
multipolar edge modes, for which we calculated the effective wavelength from a two-dimensional
mode solver. Furthermore, we theoretically investigated the surface plasmon modes for nanodisks
of which the diameter is comparable to the thickness. In this situation, the assumption of flat
nanostructures is no longer valid, and we found the surface plasmon modes cannot be simply
categorized as radial breathing modes or angular (azimuthal) multipolar edge modes. Some modes
carry a polar dependence, and specifically, the polar nature of the breathing modes creates a net

dipole moment in the vertical direction, suggesting these modes are bright.

4.2  Sample fabrication

The aluminum nanodisks were fabricated on a thin silicon nitride membrane (Figure 4.1) with
electron beam lithography and a lift-off process. We started from a silicon nitride membrane TEM
grid (SiMPore Inc.) with a 5 nm nominal membrane thickness. A 60 s oxygen plasma ashing was
used to clean the grid and promote resist adhesion. The grid was then stuck to a sacrificial silicon

chip for spin-coating a PMMA thin film resist with approximately 70 nm thickness. Resist soft-

56



baking was performed at 180 °C for 2 min. The nanodisk pattern was defined by electron beam
lithography via an Elionix F-125 system using 125 keV electrons. After exposure, cold
development was performed at 0 °C in 3:1 IPA:MIBK. Aluminum thin film with a 15 nm thickness
was deposited via electron-beam evaporation. The evaporation was performed at room temperature
with a chamber pressure below 2 x 10~° Torr and a deposition rate of 5 A/s. The lift-off was

performed in ~60 °C NMP by soaking the sample for ~120 min without sonication.

2.6 nm native oxide

(Al,05) coating ~— J

15 nm

SiN m

!
5n
i

Figure 4.1. Schematic of the aluminum nanodisk structure. The nanodisk thickness is 15 nm, and
is supported by a silicon nitride film with 5 nm thickness. The aluminum core is surrounded by a
2.6-nm-thick native oxide coating.

Aluminum nanodisks with diameters from 3 nm to more than 100 nm were fabricated. In
ambient conditions, aluminum forms a native oxide (alumina) layer on its surface. The thickness
of the native oxide is about 2.6 nm, measured from both the EELS mapping of aluminum nanodisks
as well as the optical ellipsometry of aluminum films. Figure 4.2a shows a bright field TEM image
of an aluminum nanodisk with a 6 nm diameter (including the native oxide on the surface). Figure
4.2b shows a high-angle-annular-dark-field (HAADF) image of an aluminum nanodisk with a 17

nm diameter.
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Figure 4.2. TEM images of aluminum nanodisks. (a) A bright field TEM image of an aluminum
nanodisk with a 6 nm diameter. The image is acquired in a JEOL 2010 TEM operating at 200 kV
acceleration voltage. (b) A high-angle-annular-dark-field (HAADF) image of an aluminum
nanodisk with a 17 nm diameter. The image is acquired in a Hitachi 2700C STEM operating at
200 kV acceleration voltage.

4.3  Experimental EELS of aluminum nanodisks

The EELS measurement was performed in a Hitachi 2700C STEM*. The electron probe current is
~20 pA. The acceleration voltage was 200 kV and the electron beam energy spread was 0.4 eV.
The EELS was acquired with a dispersion of 0.05 eV/channel and a step size of 1 nm. Figure 4.3a
shows an example of the acquired EEL spectra. The zero loss peak represents the collected
electrons with the initial beam energy (200 keV) and no energy loss. The peak at around 15 eV
demonstrates the bulk plasmon of aluminum. A series of peaks show up in the 2-8 eV range, and

they correspond to various surface plasmon modes of the aluminum nanodisks.

Figure 4.3b&c shows the resonant energies of plasmonic modes for nanodisks with various

diameters, acquired by placing the electron beam at the nanodisk edge (Figure 4.3b) or the

1 EELS measurement was performed together with Dr. Lihua Zhang at Brookhaven National Lab.
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nanodisk center (Figure 4.3c). The theoretical EELS data is also illustrated, and we will discuss it
later in details. To get the experimental surface plasmon energy, the background contributions
from the zero loss peak and bulk plasmon peak were first subtracted, and then the spectra were
fitted with several Gaussian peaks®. The plasmon energies were extracted as the center of the
Gaussian peaks. Data points with different colors and symbols represent different plasmonic
modes, with open squares showing the experimental data and solid symbols showing the
simulation data. Mode assignment to the experimental data is performed by comparing to the

nearest simulation data.

Several surface plasmon modes were observed in the aluminum nanodisks. To differentiate
between electron-beam configurations, we named the modes as surface plasmon (SP) modes for
electron-beam at the edge surface, and center plasmon (CP) modes for electron-beam at the
nanodisk center. The SP modes were excited when the electron beam is at the nanodisk edge, while
the CP modes were excited when the electron beam is at the nanodisk center, with the exception
of SP1 modes which were excited in both configurations. The excitation of SP1 for electron beam
at the center could be caused by symmetry-breaking due to the deviation of the fabricated
nanodisks from a perfect cylinder, as well as the deviation of the electron beam from the center in
EELS measurement. The SP1-3 modes are multipolar edge modes, including the dipole mode
(SP1), quadrupole mode (SP2), and the hexapole mode (SP3). The CP1-2 modes are the first and
second order breathing modes. The peaks around 7 eV (SP4, SP5, CP3) corresponds to the plasmon
of an aluminum thin film [92]. We will discuss the surface plasmon mode profiles and dispersion
relations with theoretical study later in this chapter. There is a slight blueshift (0.3 eV on average)

of the experimental peaks from the simulated peaks, which could be due to variations of the

! Data fitting was performed by Sarah Goodman at Massachusetts Institute of Technology.
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aluminum thickness and optical constants. By changing the aluminum nanodisk diameter, the

plasmonic modes can be tuned from visible to vacuum ultraviolet spectral range.
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Figure 4.3. Surface plasmon for aluminum nanodisks probed with EELS. (a) A typical
experimental EEL spectrum. The zero loss peak, the surface plasmon peaks, and the bulk plasmon
peak are labeled. (b,c) Measured and simulated surface plasmon energies for aluminum nanodisks
with different diameters (20 nm — 120 nm). The electron beam is placed at the nanodisk edge (b)
or the nanodisk center (c). Data points with different colors and symbols represent different
plasmonic modes, with open squares showing the experimental data and solid symbols showing

the simulation data. Mode assignment to the experimental data is performed by comparing to the
nearest simulation data.

4.4 Theoretical EELS of aluminum nanodisks

The structure under theoretical investigation was an isolated aluminum nanodisk supported by a
silicon nitride thin film (Figure 4.1). This configuration was commonly used in EELS experiments
studying surface plasmons of nanoparticles. The nanodisk thickness was 15 nm, and its diameter
was varied to study the geometry-dependent plasmonic resonances. The sharp edges of the
nanodisk were rounded with a 3 nm curvature to avoid singularities and to better represent
experimentally fabricated nanostructures. We included a 2.6-nm-thick native oxide (alumina)

coating surround the aluminum core [77]. The silicon nitride film thickness was 5 nm.
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The electron beam was considered as a linear current induced by an electron moving in the
vertical Z direction with a constant energy. This assumption is valid as the energy loss (~ eV) is
much less than the electron energy (100 keV in our model). The theoretical treatment was
previously reported [86,94] and we give a brief outline here. The spectral current density and

electron energy loss probability can be expressed as

j(z, w) = —e@8[r, — Ryle'“?/” (4.1)

ve I 4.2
[gers(w) = Mf dz Re[e7*/"Z - Eiy(z, w)] 4.2

Here, j(z, w) is the current density as a function of position and (angular) frequency, e is the
electron charge, 7 is the reduced Planck constant, v is the scalar velocity of the electron, r, =
(x,y) is the transverse position, Ry = (x,, Vo) describes the transverse position of the electron

beam, and E;,(z, w) is the electric field induced by the linear current.

The induced field was calculated by a finite-element electromagnetic solver (COMSOL
Multiphysics) using the linear current excitation. Excitation electron beam was modeled by a long
cylinder carrying the linear current. The cylinder diameter was 1 nm, representing a finite beam
spot size. For the numerical simulation results shown in this chapter, the electron beam current
density was assumed to be constant in the transverse (x, y) plane of the cylinder. Instead of an
infinitely narrow line, using a finite diameter cylinder avoids singularities in the calculation,
improves the meshing quality, and allows for the implementation of arbitrary current distribution
in the transverse plane. The optical properties for aluminum were taken from Raki¢ [95] with linear
interpolation. The refractive index of alumina and silicon nitride were fixed at 1.88 and 2.4,
respectively, as the dispersion of both materials were negligible within the spectral range of interest.

Small variations in the dielectric refractive indices could lead to a small shift in the plasmonic
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mode energy, but would not affect the mode profile. The full calculation domain was encapsulated
in a 50-nm-thick spherical perfect matched layer (PML) to absorb outgoing electromagnetic waves
without undesired reflection at the domain boundary. Due to the many different length scales in
the model (electron beam diameter of 1 nm, Al nanostructure on the order of 10 nm, calculation
domain on the order of 100 nm), entities in the model were meshed adaptively with highly
nonuniform tetrahedral discretization elements to ensure a high quality meshing. EELS was
simulated in the energy range of 2 eV to 8 eV with a 0.05 eV energy step. Maxwell’s equations
were solved in the frequency domain using the multifrontal massively parallel sparse (MUMPS)

direct solver.

Figure 4.4 shows the simulated electron energy loss spectra and plasmonic mode profiles
of an aluminum nanodisk with 120 nm diameter. Two configurations with different electron-beam
positions were considered: one at the nanodisk edge and the other at the nanodisk center. Multiple
EELS peaks corresponding to various plasmonic modes were observed in both configurations
(Figure 4.4a). We labeled the three lowest modes (SP1 at 2.5 eV, SP2 at 3.4 eV, and SP3 at 4.0
eV) for electron-beam at the edge, and the two lowest modes (CP1 at 4.7 eV and CP2 at 5.7 eV)
for electron-beam at the center. Figures 4.4b&c demonstrate the surface normal electric field
profiles of the modes for the two electron-beam configurations. For the case with the electron-
beam at the edge (Figure 4.4b), the mode profiles show the three modes are multipolar edge modes:
dipole mode (SP1), quadrupole mode (SP2), and hexapole mode (SP3). For the case with the
electron-beam at the center (Figure 4.4c), the mode profiles show the two modes are 1% (CP1) and
2"d (CP2) order breathing modes. The electron beam excitations of multipolar and breathing modes

shown here are consistent with previous reports [82,83,96].
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Figure 4.4. Simulated electron energy loss spectra and plasmonic mode profiles of the aluminum
nanodisk. (a) Normalized electron energy loss spectra of an aluminum nanodisk with 120 nm
diameter. The electron beam is either at the edge (blue) or at the center (orange) of the nanodisk.
The labeled peaks correspond to three lowest modes (SP1, SP2, SP3) for electron-beam at the edge
and two lowest modes (CP1, CP2) for electron-beam at the center. (b) Surface normal electric field
profiles of the three lowest modes for electron-beam at the edge. According to the mode profiles,
SP1 is the dipole mode, SP2 is the quadrupole mode, and SP3 is the hexapole mode. (c) Surface
normal electric field profiles of the two lowest modes for electron-beam at the center. According
to the mode profiles, CP1 is the 1% order breathing mode, and CP2 is the 2" order breathing mode.
In b and c, the color scale is saturated to better visualize the mode profiles.

We studied the plasmonic modes of aluminum nanodisks with diameters ranging from 120
nm down to 20 nm. Figure 4.3b&c shows the plasmonic mode resonant energies for these
nanodisks. As expected, the multipolar and breathing modes were blue shifted with decreasing
nanodisk diameter. For instance, the SP1 mode was shifted from 2.5 eV (corresponding to 496 nm
free space wavelength) for a 120-nm-diameter nanodisk to 5.2 eV (corresponding to 238 nm free
space wavelength) for a 20-nm-diameter nanodisk, and the CP2 mode was shifted from 5.7 eV
(corresponding to 218 nm free space wavelength) for a 120-nm-diameter nanodisk to 6.7 eV (185
nm free space wavelength) for a 40-nm-diameter nanodisk. By changing the aluminum nanodisk

diameter, the plasmonic modes can be tuned from visible to vacuum ultraviolet spectral range.
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We note the plasmonic modes for a 20-nm-diameter nanodisk behave unexpectedly. For
the case with the electron-beam at the nanodisk edge, the second plasmonic mode at 6 eV is in fact
the 1% order breathing mode (CP1) rather than the quadrupole mode (SP2) by inspecting the mode
profile. However, the energy of this mode does not follow the trend of other CP1 modes for the
nanodisks with a diameter ranging from 120 nm to 40 nm, as it is red shifted compared to the CP1
mode of a 40-nm-diameter nanodisk. For nanodisks with small diameters, the assumption of “flat
nanostructures” [83] is no longer valid, causing the unexpected mode energy. We will also discuss

it later for a 12-nm-diameter nanodisk.

The dispersion relation of plasmonic modes can be obtained by scaling the modes to
surface plasmon polariton (SPP) modes propagating at an extended thin film or at the edge of a
thin film [82-84,90,92]. Specifically, the multipolar modes of plasmonic nanoparticles can be
considered as surface plasmon edge modes propagating and resonating at the periphery of the
nanoparticles, while the breathing modes can be considered as thin film SPP modes confined in a
two-dimensional cavity defined by the nanoparticle geometry. We show the dispersion relation of
aluminum nanodisk plasmonic modes in Figure 4.5. The breathing modes can be considered as the
thin film SPP modes confined in the nanodisk cavity, with the surface plasmon wavenumber k

satisfying the following relation

k,D =2nm — ¢ 4.3)
Here, n is the mode order, D is the nanodisk diameter, and ¢ is the nontrivial phase shift upon
reflection at the nanodisk boundary [92,97,98]. Figure 4.5a shows the dispersion relation for the
antisymmetric SPP modes of an extended thin film stack consisting of 15 nm aluminum and 5 nm

silicon nitride, as well as the dispersion relation of the first and second breathing modes interpreted
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as nanodisk cavity modes. To fit the breathing modes and SPP mode dispersion relation, a phase

shift ¢ = 0.6 was used.

The dispersion relation for the multipolar edge modes can be calculated considering the

surface plasmon edge mode is circulating at the nanodisk periphery:

k,nD = 2nm (4.4)
Here, we dropped the phase shift term as we argue that no reflection boundary is encountered when
the edge mode is circulating at the periphery. The dispersion relation of multipolar modes usually
deviates slightly from the antisymmetric SPP mode [83,92]. This deviation is caused by the
different effective wavelength (and hence wavenumber) of the surface plasmon edge mode
compared with the antisymmetric SPP mode, as they are associated with different geometries. The
SPP mode is associated with an extended thin film stack, while the edge mode is associated with
the edge of a semi-infinite metallic film. To get a better fitting of the multipolar modes, we
numerically calculated the exact dispersion relation of the surface plasmon edge mode via a two-
dimensional (2D) mode solver in COMSOL. Figure 4.5b shows the dispersion relation for the
surface plasmon edge mode, as well as the first, second, and third multipolar modes of the nanodisk.
It can be seen that the dispersion relation of the surface plasmon edge mode serves as a better fit
for the multipolar modes compared to the dispersion relation of antisymmetric SPP mode. Figure
4.5¢&d shows the electric and magnetic field profiles of the fundamental surface plasmon edge
mode supported by a semi-infinite aluminum thin film with 15 nm thickness on a 5-nm-thick
silicon nitride film. The semi-infinite aluminum film on a silicon nitride film forms a plasmonic
edge waveguide. The field penetration depth is on the order of 10 nm, which is comparable to the
nanodisk diameter, suggesting the coupling of charges across the nanodisk causes the minor

deviation of the multipolar modes dispersion relation from the edge mode dispersion relation. The
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accurate modeling of the multipolar edge modes as waveguide modes is consistent with previous

reports [91,92].
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Figure 4.5. Simulated dispersion relation of plasmonic modes. (a) Dispersion relation of the
breathing modes (CP1: navy blue left-pointing triangles, CP2: purple right-pointing triangles). The
dashed black curve (SPP) shows the dispersion relation of the surface plasmon polariton
(antisymmetric mode) of a thin film stack consisting of 15-nm-thick aluminum and 5-nm-thick
silicon nitride. The fitting considers a 0.6x phase shift upon reflection at the nanodisk boundary.
(b) Dispersion relation of the multipolar modes (SP1: black squares, SP2: red circles, SP3: blue
triangles). The solid black curve shows the dispersion relation of the fundamental surface plasmon
edge mode propagating along the edge of a semi-infinite 15-nm-thick aluminum film on a 5-nm-
thick silicon nitride film. The dashed black curve shows the dispersion relation of the SPP mode
as shown in (). (c) & (d), electric and magnetic field profiles of the fundamental surface plasmon
mode propagating along the edge.

We further investigated the surface plasmon modes of a nanodisk with a small diameter
(Figure 4.6). The nanodisk diameter is 12 nm, comparable to its thickness (15 nm). Figure 4.6
shows the simulated electron energy loss spectra of the nanodisk with different electron-beam
positions. Spectra with different colors correspond to different electron-beam positions illustrated
in the inset showing the top-view of the nanodisk and the electron-beam positions. The coupling

between the electron-beam and the surface plasmon modes depends on the beam position.

Therefore, changing the beam position leads to various excitation intensities of the plasmon modes.
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In Figure 5, we identified four modes of the nanodisk: first order breathing mode at 4.7 eV, dipole

mode at 6 eV, second order breathing mode at 6.5 eV, and a higher order mode at 6.8 eV.

For the nanodisk with a diameter similar to its thickness, the assumption of flat
nanostructures is no longer valid, and we found the surface plasmon modes cannot be simply
categorized as radial breathing modes or angular (azimuthal) multipolar modes. A polar order is
required to describe these modes. The first order breathing mode at 4.7 eV (mode 1) can be viewed
as a polar mode, with opposite charge polarity at the top and bottom of the nanodisk. This mode
carries a net dipole moment in the vertical direction, suggesting it is no longer a dark mode and
can be accessed via far field optical excitation. Due to the polar nature of this mode, it can always
be excited by an electron beam in the vertical direction, regardless of the horizontal position of the
electron beam. Similar to the nanodisks with a larger diameter, the dipole mode at 6 eV (mode I1)
can only be excited when the electron beam is away from the nanodisk center, as the mode has an
antisymmetric charge distribution in the horizontal plane. Since the mode is bound to the nanodisk
edge, the excitation of the dipole mode is strongest when the electron beam is close to the edge of
the nanodisk. The polar dependence of the plasmon modes is further manifested by mode 111 at 6.5
eV and mode IV at 6.8 eV. The mode profile of mode 111 shows a radial dependence of breathing
modes in the horizontal plane, together with a polar dependence in the vertical direction. This
mode is accessible only when the electron beam is close to the nanodisk center. The mode profile
of mode 1V shows an angular dependence similar to the dipole mode in the horizontal plane, but
also a polar dependence in the vertical direction. This mode is accessible when the electron beam

is away from the nanodisk center.
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Figure 4.6. Simulated electron energy loss spectra and plasmonic mode profiles for an aluminum
nanodisk with 12 nm diameter. Spectra with different colors correspond to different electron-beam
positions, as illustrated by the inset showing the top-view of the nanodisk and the electron-beam
positions. The black dashed lines indicate the mode energies for four plasmonic modes: 1% order
breathing mode (mode 1), dipole mode (mode I1), 2" order breathing mode (mode I11), and a higher
order mode (mode 1V).

45  Summary

In summary, we have studied the electron energy loss caused by the excitation of surface plasmon
modes of aluminum nanodisks. Surface plasmon energies for nanodisks with diameters ranging
from 20 nm to 120 nm are measured with EELS and compared to numerical simulations. The
plasmon modes can be characterized as the multipolar modes and the breathing modes. The
breathing modes are modeled as cavity modes formed by confinement of the thin film
antisymmetric surface plasmon polariton modes in the nanodisk, with a 0.6m phase shift upon
reflection at the nanodisk boundary. The multipolar modes are modeled as ring-resonating modes
bound to the nanodisk edge, with the dispersion relation accurately reproduced from a

computationally less demanding 2D mode solver. For nanodisks with a diameter comparable to
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the thickness, the assumption of flat nanostructures is no longer valid. Besides the radial and
angular dependence of the breathing and multipolar modes, the plasmon modes of a small nanodisk
possess a polar nature. Our work demonstrate the plasmonic modes of aluminum nanodisks can be
tuned from visible to vacuum ultraviolet spectral range, potentially benefiting UV applications.
We showed both full wave electromagnetic simulations as well as simple intuitive models for
theoretical investigation of the electron energy loss spectroscopy of the nanodisks. Being able to
accurately reproduce the dispersion relation of plasmon modes calculated with three-dimensional
full wave electromagnetic simulation, the intuitive model based on the 2D mode solver provides
an alternative, less computationally intensive method to resolve the plasmon modes of
nanostructures. This method could be especially useful for nanostructures of which simple
analytical approach is not available due to the presence of substrates or complex geometries.
Furthermore, for the breathing modes that are “dark™ considering only the horizontal symmetries,
the polar nature makes these modes bright, potentially accessible via far-field optical excitation
and detection, which previously was only possible for large disks [96]. The theoretical treatment
presented in this chapter is based on classical electromagnetics while neglecting the change of the
state of the probing electron. To further investigate few-nanometer-sized metallic nanostructures
and dielectric layers, classical electromagnetic treatment has to be augmented with quantum
confinement [99], nonlocal effect [100—103], and electron tunneling [104-106]. For more accurate
analysis, the change of the state of the probing electron also needs to be considered. Experimental
study of small-diameter nanodisks, however, are prohibited by the weak surface plasmon EELS
signals and a large fitting error, potentially due to a reduced structure thickness and a stronger
oxidation effect caused by a large surface-to-volume ratio. To overcome these difficulties,

alternative plasmonic materials and monochromated EELS measurement are preferred.
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Chapter 5
Polarization-tunable light emission from free-electron-

driven metasurfaces

Swift electrons in free space carry evanescent near field in a broad spectral range. When interacting
with a certain electromagnetic environment, this near field can be converted to far field radiation,
which is often utilized to construct free-electron light sources. As an example, free-electron lasers
(FELs) use the interaction between free electrons and magnetic undulators to generate intense
coherent radiation with a tunable frequency ranging from microwaves to X-rays, and are
commonly used in materials science, chemical technology, biomedical research, and solid-state
physics. However, FELs require large facilities and their availability is limited at few accelerator
facilities around the world. For applications that do not require the high intensity and coherence
provided by FELs, a lab-scale or table-top free-electron light source is more desirable. Recently,
there has been a growing interest in generating optical-frequency electromagnetic radiation from
free electrons with modest to low energies interacting with nanoscale structures, facilitating the
development of compact and tunable light and surface plasmon sources driven by electricity.
However, the polarization of free-electron-induced radiation strongly depends on the electron
beam direction and is usually hard to control. In this chapter, we demonstrate polarization-tunable
light emission from free-electron-driven metasurfaces. The metasurfaces consist of unit cells of C-
shaped aperture nanoantennas. By changing the orientation of the nanoantennas, the polarization

of the free-electron light emission can be controlled. Our work takes a step towards compact and
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tunable free-electron-driven light sources with potential applications in nanophotonics research,
on-chip integrated light sources, charged particle detectors and beam diagnostics, biomedical

imaging and diagnostics.

This chapter is organized as follows. In Section 5.1, we introduce the metasurface
technique for tuning the polarization of free-electron light emission. In Section 5.2, we describe
the fabrication of metasurfaces. In Section 5.3, we experimentally demonstrate polarization-
tunable light emission from the metasurfaces driven by free electrons. Finally, Section 5.4

summarizes our results.

51  Metasurface free-electron light sources with a tunable polarization

Free electrons carry evanescent near field that induces electromagnetic excitations when
interacting with a certain dielectric environment, such as interfaces, slow-light media, nanoscale
resonators, and periodic structures [86]. Such effects are often utilized to construct free-electron
radiation sources. These sources have great tunability, as one can tune the radiation wavelength by
changing the electron energy or the dielectric environment. Early experiments on free-electron
radiation sources focused on generating electromagnetic waves in the microwave and THz
regimes [107-114], as well as the optical frequency using high-energy electrons [115-118]. In
particular, free electrons moving in close proximity to a periodic structure generate far field
electromagnetic radiation, referred to as Smith-Purcell radiation [115]. In the Smith-Purcell effect,
spontaneous emission is observed when free electrons propagate parallel to the surface at close
proximity, inducing a periodic motion of charge or dipole oscillation that emit coherently. Taking

such configurations allows one to minimize heating effects and opens the possibility of recycling
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the free electron energy with a depressed collector [119]. Furthermore, free electron bunching
effects can lead to highly efficient superradiant Smith-Purcell emission [120], a well-known
mechanism accounting for gain in free-electron lasers [121]. Recently, there has been a growing
interest in generating optical-frequency electromagnetic radiation from free electrons with modest
to low energies interacting with nanoscale structures [86,122-131]. Light emission from
nanostructures driven by free electrons facilitates the development of compact and tunable light
and surface plasmon sources driven by electricity. These light sources could find applications in
nanophotonics research [80], on-chip integrated light sources [124], charged particle detectors and

beam diagnostics [132], and biomedical imaging and diagnostics [133].

Polarization is a fundamental property and degree of freedom of electromagnetic waves,
and hence it is desirable to have the ability to control the polarization of light emission. However,
the polarization of free-electron-induced radiation strongly depends on the electron beam direction
and is usually hard to control. In Smith-Purcell-like processes the polarization is always parallel
to the electron velocity. This limitation restricts the potential of such sources. This chapter attempts

to bypass this limitation.

The electron beam excitation can typically be estimated by one or several electric dipoles
oscillating in the electron beam direction, hence leading to predefined radiation patterns and
polarization properties. There have been some reports on manipulating the polarization of free-
electron light emission based on artificial structures [127,134-137]. However, very few
experiments have paid attention to the polarization control of Smith-Purcell radiation, mainly due
to the difficulties in manipulating the polarization given the fixed geometrical configuration in the
experiments, as illustrated in Figure 5.1a. Smith-Purcell radiation is generated when free electrons

interact with a periodic structure, such as a grating, along their moving direction, so that the grating
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lines are perpendicular to the beam direction (in oblique incidence, there is an “effective grating”
with its lines perpendicular to the beam direction). The spatially modulating image charges inside
the grating — induced by the free electrons — give a preferential polarization to the generated
radiation. As a result, the induced far-field radiation has a transverse magnetic (TM) polarization,
with its electric field perpendicular to the grating lines and magnetic field parallel to the grating

lines.

Metasurfaces are artificial media consisting of subwavelength structures patterned on a
surface [138-140]. Metasurfaces usually possess electromagnetic properties unattainable in
natural materials and thin films, and have been used to control electromagnetic wave properties
including amplitude, phase, wave vector, polarization, spectral shape, spatial distribution, and
orbital angular momentum [141]. There have been several reports on free-electron light emission
from complex artificial structures [124,125,127,130,131,142—-145]. Specifically, in the context of
Smith-Purcell radiation, the requirement of periodic structures is conveniently met by the periodic
nature of metasurfaces. By changing the line structure unit cell of gratings used in conventional
Smith-Purcell radiation to a complex unit cell structure, the radiation properties can be tailored
according to the metasurface designs. However, no previous experiment has shown a control of
the polarization of the Smith-Purcell radiation, which is widely considered as inherently fixed
(parallel to the electron velocity). A recent theory proposal [146] suggested how this can be done

with a novel metasurface design.

In this chapter, we demonstrate a tunable polarization metasurface free-electron light
source based on Smith-Purcell radiation. The light source has not only a tunable wavelength
achieved by varying the electron energy and the grating pitch, but also a tunable polarization

direction that has never been demonstrated in Smith-Purcell radiation experiments.
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The polarization of free electron light emission can be tuned by designed metasurfaces.
Polarization control of Smith-Purcell radiation with Babinet metasurfaces has been theoretically
proposed in the THz regime [146]. This concept is illustrated in Figure 5.1. Figure 5.1b shows the
interaction between free electrons and a periodic metasurface, of which each unit cell is a C-shaped
aperture (abbreviated as C-aperture in the following) in a metallic film. The C-aperture structure
possesses an effective out-of-plane electric dipole in the x-direction, and an effective magnetic
dipole across the C-opening in the y-direction. The electric and magnetic dipole resonances can be
understood intuitively by applying the Babinet principle to its complementary structure, a C-ring
structure, which possesses an electric dipole across the gap of the C-ring and an out-of-plane
magnetic dipole. When the metasurface is driven by an electron beam, the x-component of the
electron near field directly induces the out-of-plane electric dipole. The in-plane magnetic dipole
is excited via antenna resonance that couples the electric and magnetic dipoles. As a result, the
subsequent radiation from the dipole resonances has a transverse magnetic (TM) polarization, with
the magnetic field in the y-direction (parallel to the metasurface and perpendicular to the electron
beam direction) and the electric field in the x-z plane. This polarization of emitted light is the same
as that of conventional Smith-Purcell radiation shown in Figure 5.1a. However, the situation can
be changed via the metasurface design, as demonstrated in Figure 5.1c, by rotating the C-aperture
structure. If the C-opening is facing the y-direction, the out-of-plane electric dipole remains in the
x-direction, whereas the in-plane magnetic dipole is rotated to the z-direction. The emitted light
then has a transverse electric (TE) polarization, with the electric field in the y-direction (parallel
to the metasurface and perpendicular to the electron beam direction) and the magnetic field in the
x-z plane. The polarization control mediated by metasurface design is able to produce radiation

with its electric field polarized perpendicular to the electron beam, which is previously
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unattainable in regular Smith-Purcell radiation. Here we experimentally demonstrated tunable
polarization light emission from free-electron-driven metasurfaces, and extended the operating
frequency to the optical regime. We effectively developed a tunable nanoscale free-electron light

source integrated with an adjustable polarizer.
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Figure 5.1. Free electron light sources based on periodically structured surfaces. (a) Schematic of
light emission from the interaction of free electrons and a grating. When an electron beam (white
dashed line) passes parallel to a metallic grating, the grating can diffract the near-field (black glow)
of the electron beam into far-field radiation, named as the Smith-Purcell radiation. The underlying
mechanism is electron-induced dipoles in each grating line (blue arrow) that radiate constructively
in a certain direction (green wavy arrows with an angle 6 from the direction of the electron beam).
Since the induced dipole is oriented in the electron beam direction (z-direction), the radiated light
has a transverse magnetic (TM) polarization, with the electric field in the x-z plane (perpendicular
to the grating lines) and the magnetic field in the y-direction (parallel to the grating lines). (b,c)
Schematic of light emission from the interaction of free electrons and a metasurface consisting of
C-aperture antennas with the C-opening oriented in the z(y)-direction. The unit cell of this
metasurface is a C-aperture antenna, which has an effective electric dipole in the x-direction (out-
of-plane direction), and an effective magnetic dipole in the y(z)-direction (across the C-opening).
The electron beam directly induces the out-of-plane electric dipole, which then excites the
magnetic dipole via antenna resonance coupling. As the magnetic dipole is oriented in the y(z)-
direction, the radiated light again has a TM (TE) polarization, of which the electric field is in the
x-z plane (y direction) and the magnetic field is in the y-direction (x-z plane).
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5.2  Sample fabrication

We fabricated metasurfaces consisting of C-shaped nanostructures, and measured light emission
from the metasurfaces driven by an electron beam. The metasurface fabrication process is
illustrated in Figure 5.2a. The pattern of the metasurface was defined via electron beam lithography
(EBL) in a thin layer (~ 40 nm) of hydrogen silsesquioxane (HSQ), a negative tone electron-beam
resist, spin-coated onto a silicon substrate. Metasurface patterns were defined using electron beam
lithography with a 125 keV electron beam (Elionix F-125). After exposure, the samples were
developed in salty developer (1% NaOH and 4% NaCl in de-ionized water) and rinsed with water
and IPA. Residual solvents were removed by oxygen plasma ashing. EBL and development
produced C-shaped nanostructures made of cross-linked HSQ. Then a 30 nm gold layer was
evaporated to form the metasurface. Figure 5.2b shows a low magnification SEM image of a
fabricated metasurface. The metasurface is a periodic array of C-shaped nanostructures with 150
nm pitch in both vertical and horizontal directions. The patterned metasurface typically covers a
50 um x 100 um area on the substrate. We fabricated metasurfaces with different orientations of
the C-shaped nanostructures, with two examples illustrated in the SEM images shown in Figure

5.2c and Figure 5.2d.
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Figure 5.2. Metasurface structures and experimental setup. (a) Fabrication process flow of the
metasurfaces. Starting from a silicon substrate, a thin layer (~ 40 nm) of HSQ, a negative tone
electron-beam resist, is spin-coated onto the substrate. The patterns of the C-shaped nanostructures
are defined via electron beam lithography. After development, a 30 nm gold layer is evaporated to
form the metasurface. (b) An SEM image of a metasurface. The metasurface is a periodic array of
C-shaped nanostructures. The array has 150 nm pitch in both horizontal and vertical directions.
(c,d) Zoom-in SEM images of two metasurfaces with the C-shaped nanostructures oriented in
orthogonal directions: the opening of the C-shaped nanostructure is facing the horizontal direction
(c) or the vertical direction (d). () Experimental setup to measure the light emission from the
metasurfaces. The metasurface is placed in an SEM chamber and is almost parallel to the electron
beam of the SEM. Interaction between the electron beam and the periodic metasurface generates
light emission (the Smith-Purcell radiation), which is collected by an objective lens and coupled
out of the chamber through a transparent viewport. Via a beam splitter, part of the light is sent to
a camera for imaging and alignment, and the other part is filtered by a polarizer and sent to a
spectrometer.

5.3  Free-electron light emission from the metasurfaces
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We measured the light emission from metasurfaces driven by an electron beam?. Figure 5.2e shows
the experimental setup. A modified SEM provides the electron beam and the optical out-
coupling [131]. The metasurface sample was mounted vertically on the SEM stage so that the
electron beam was almost parallel to the metasurface. An objective lens collected light emitted in
the normal direction to the metasurface and coupled light out of the SEM chamber via a transparent
viewport. A beam splitter divided the emitted light and enabled both spatial imaging and spectral

measurement.

The fabricated metasurfaces consist of C-aperture antennas similar to the theoretically
proposed designs [146]. The C-shapes in the SEM images (Figure 5.2b-d) correspond to the
metallic structures on top of the C-shaped HSQ nanostructures. In addition, the metallic film is
covering the whole metasurface, as illustrated in the fabrication process (Figure 5.2a). The
background metallic film appears dark in the SEM images due to low secondary electron emission.
The optical property of cross-linked HSQ is very similar to that of silicon dioxide. Therefore, the
fabricated nanostructures are essentially C-aperture antennas in the optical frequency, with

dielectrics (HSQ) filled in the aperture gap.

Smith-Purcell radiation stems from the collective excitation of a periodic structure, and the
radiation wavelength depends on the electron energy and the structure pitch. Figure 5.3 shows the
measured Smith-Purcell radiation from the metasurfaces driven by free electrons. Background
cathodoluminescence, measured by positioning the electron beam at an unstructured area on the
sample, was subtracted from the raw emission spectra data. Figure 5.3a shows the light emission

spectra of a metasurface driven by 18 keV electrons and 20 keV electrons. The opening of the C-

1 Free-electron light emission measurement was performed together with Charles Roques-Carmes, Dr. Ido
Kaminer, and Dr. Steven Kooi at Massachusetts Institute of Technology.
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shaped nanostructure of this metasurface is facing the vertical direction. The emitted light is
collected without a polarizer. For Smith-Purcell radiation, the emission wavelength decreases with
increasing electron beam energy. The emitted light has a peak wavelength around 603 nm and 582
nm for electrons with a kinetic energy of 18 keV and 20 keV, respectively, in good agreement with
the Smith-Purcell formula [115]. The emission wavelength is not pinned by the individual antenna
resonance, but dependent on the collective behavior of the periodic metasurface that generates

Smith-Purcell radiation.

For the metasurfaces driven by free electrons, the polarization of emitted light follows the
orientation of the C-shaped nanostructures. Polarization resolved light emission was measured by
inserting a polarizer before the spectrometer. Figure 5.3b-d presents the light emission spectra
from metasurfaces with different orientations of the C-shaped nanostructures. The C-opening is
facing the vertical direction (Figure 5.3b), 45° to the vertical direction (Figure 5.3c), and the
horizontal direction (Figure 5.3d). The electron beam energy is 18 keV (Figure 5.3b-c) or 20 keV
(Figure 5.3d). Light emission spectra in two orthogonal polarizations are shown: one is along the
C-opening direction, and the other is perpendicular to it. As shown in Figure 5.3b-d, the emitted
light is strongly polarized in the direction of the C-opening. Figure 5.3e shows the normalized light
emission peak intensity with a polarization angle from 0° to 180° (measured from the electron
beam direction) for metasurfaces with different orientations of the C-shaped nanostructures. Light
emission data for different metasurfaces is vertically shifted for better visualization. It can be seen
the light emission polarization follows the orientation of the C-shaped nanostructures. By
designing the metasurface with C-shaped nanostructures in certain orientation, light emission
polarized in that direction can be achieved. Specifically, as presented in Figure 5.3d, when the C-

opening is facing horizontally, the emitted light is polarized in the horizontal direction, even with
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the electron beam in the vertical direction. This is in stark contrast to conventional Smith-Purcell

radiation, where the radiation is strongly polarized in the direction of the electron beam [115].
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Figure 5.3. Measured Smith-Purcell radiation with tunable polarization from the metasurfaces
driven by free electrons. (a) Free-electron-driven light emission spectra of the metasurface
consisting of C-shaped nanostructures with the opening facing the vertical direction. The
metasurface is driven by free electrons with 18 keV (red) and 20 keV (blue) energy. The emission
is blueshifted with increasing electron energy, as predicted by the theory of Smith-Purcell radiation.
(b,c,d) Free-electron-driven light emission spectra in orthogonal polarizations from metasurfaces
consisting of C-shaped nanostructures with the opening facing the vertical direction (b), 45° to the
vertical direction (c), and the horizontal direction (d). The free electron energy is 18 keV (red and
light red) or 20 keV (blue and light blue). Each figure shows the spectra in two polarizations: one
is in the C-opening orientation (red and blue), and the other is orthogonal to it (light red and light
blue). (e) Normalized light emission peak intensity for different metasurfaces and different
polarization angles (measured from the electron beam direction). Light emission data is recorded
for three metasurfaces, with the C-opening facing the vertical direction (blue), 45° to the vertical
direction (orange), and the horizontal direction (yellow). The data points for different metasurfaces
are shifted vertically for better visualization. Insets: the C-shaped nanostructure orientation, the
electron beam direction, and the polarizations of the spectra.

54 Summary
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To summarize, we demonstrated polarization-tunable light emission from free-electron-driven
metasurfaces. Visible light emission was obtained in the form of Smith-Purcell radiation when
driving the periodic metasurfaces with an electron beam. The unit cell of the metasurfaces
consisted of a C-shaped aperture nanoantenna, with its orientation controlling the polarization
direction of the emitted light. Designed metasurfaces provided a solution to manipulate the
polarization of free-electron radiation, which was widely considered to be fixed by the electron
beam direction. We effectively developed a tunable nanoscale free-electron light source integrated
with an adjustable polarizer. The combination of the spectral tunability of free-electron radiation
with the metasurface-mediated polarization control could be particularly useful in the spectral
range where conventional light sources and polarizers are inefficient or nonsexist. Our work takes
a step towards compact and tunable free-electron-driven light sources with potential applications
in nanophotonics research, on-chip integrated light sources, charged particle detectors and beam
diagnostics, biomedical imaging and diagnostics. Future work might involve a better
understanding of the optical response of the nanoantenna, metasurface designs that enable a full
control of the polarization states including circular and elliptical polarizations, as well as material

choices and structural engineering that push the operating frequency to shorter wavelengths.
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Chapter 6

Nanostructured-membrane electron phase plates

Nanostructured material phase plates can impose designed phase modulations onto electron beams.
These phase modulations can enable electron wavefront shaping and benefit electron microscopy,
spectroscopy, lithography, and interferometry. Despite great flexibility in the phase plate design,
this technique lacks tunability, as one phase plate can usually provide only one phase modulation,
predetermined by its structure. In this chapter, we demonstrate that, by changing the electron
energy, adjustable functions such as tunable diffraction efficiency can be achieved by a phase plate.
We fabricate large-area mesh-shaped electron phase plates in a thin membrane with electron beam
lithography and reactive-ion-etching. The phase plates are characterized by electron diffraction in

a TEM with various electron energies, as well as diffractive imaging in an SEM.

This chapter is organized as follows. In Section 6.1, we introduce the electron phase plates,
and briefly describe our nanostructured-membrane phase plates. In Section 6.2, we discuss the
fabrication of the membrane phase plates. In Section 6.3, we show the characterization of the phase
plates with electron diffraction in a transmission electron microscope (TEM). In Section 6.4, we
show the phase plate achieves diffractive imaging in a scanning electron microscope (SEM).

Finally, Section 6.5 summarizes our results.

6.1  Electron phase plates
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Electron phase control, wavefront engineering and beam shaping are of vital importance in
applications including electron microscopy, spectroscopy, and lithography. Conventionally,
electron phase control is achieved via electric and magnetic fields, implemented by electron optics
devices such as lenses and multipoles. Recently, phase plates have attracted a growing interest as
a method to engineer the wavefront of electron beams. These phase plates are typically
nanostructured electron-transparent membranes that impose certain phase modulations onto an
incident electron beam. The phase plates have created a rich set of phase profiles in electron beams,
including electron vortex beams [147-149], Airy beams [150], helicon beams [151], and
arbitrarily sculptured wavefronts [152]. Although phase plates have great flexibility as various
phase profiles can be created by changing the nanostructure patterns, one phase plate can usually
provide only one phase modulation, predetermined by its structure, which cannot be changed once
the phase plate is fabricated. A notable exception is a programmable phase plate of which pixelated
phase modulation is achieved by micro-fabricated electrostatic-elements [153]. The static nature
of the phase plates rendered their application inconvenient, as a new phase plate has to be
fabricated and swapped into the electron beam path whenever a new functionality is required. For
instance, in the electron beam shaping based on diffraction holograms, a specific diffracted beam
is useful, and the surface profile of the phase plate needs to be carefully controlled to achieve the
desired diffraction efficiency distribution for the diffracted beams [154]; but a new phase plate is
required each time a different diffraction efficiency distribution is needed. Moreover, the
diffraction efficiency can be different from the optimal design due to phase plate fabrication
process variations, and it is desired to have an additional knob to fine tune the diffraction efficiency
from a phase plate. Here, we demonstrate different phase modulation amplitudes can be created

on one phase plate with a fixed structure by adjusting the electron energy. Indeed, this technique
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does not provide arbitrary phase profiles from one phase plate. But it does provide an alternative
route towards the creation of electron phase plates with adjustable functions, such as the tunable
diffraction efficiency shown in this chapter. We also employ electron beam lithography [151],
rather than the more typically used focused ion beam milling [147,149,150,152,155], in the
fabrication of these electron phase plates. Lithographic patterning enables high-throughput
fabrication of a large-area nanostructured membranes with a small feature size and high density.
Besides electron phase plates, these membrane nanostructures could also find a wide range of
applications including diffractive elements for atoms [156], molecules [157], and X-rays [158],
nanophotonic devices based on photonic crystals [159], separation processes based on nanoporous

membranes [160], and nanopore single molecule sensing [161].

In this chapter, we discuss a mesh grating phase plate schematically illustrated in Figure
6.1. The mesh grating consists of a two-dimensional array of nano-holes patterned in a thin
membrane. This mesh phase plate imposes a two-dimensional periodic phase shift to an incident
electron beam. The electron beam passing through the mesh phase plate will be diffracted into
multiple beams, with the direct beam (blue) and first-order diffracted beams (red) highlighted in
Figure 6.1. The greyscale image at the bottom of Figure 6.1 is an electron diffraction pattern from

a nanofabricated mesh phase plate experimentally measured in a transmission electron microscope.
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Figure 6.1. Electron diffraction from a mesh grating phase plate. The direct beam (blue) and four
first-order diffracted beams (red) are shown in the schematic. The beam cross section image at the
bottom is an electron diffraction pattern measured experimentally in a JEOL 2010F TEM with 200
keV electrons. The electron optics for focusing, diffraction, and imaging are not shown here.

6.2  Sample fabrication

We employed electron beam lithography and a reactive-ion-etching process to fabricate the mesh
phase plates (Figure 6.2). We started from a silicon nitride membrane TEM grid (SiMPore Inc.),
which had a 10 + 0.5 nm nominal membrane thickness and was supported by a silicon frame with
250-um-by-250-pm windows. A 25 s oxygen plasma ashing was used to clean the grid and
promote resist adhesion. The grid was then stuck to a sacrificial silicon chip with carbon tapes for
spin-coating. A PMMA thin film, a positive-tone electron-beam resist, was spin-coated with

approximately 70 nm thickness. Resist soft-baking was performed at 180 °C for 2 min. The
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nanostructure pattern was defined by electron beam lithography via an Elionix F-125 system using
125 keV electrons. The exposure dose was 4800 ~ 6400 pC/cm? (300 ~ 400 e/nm?). After exposure,
cold development was performed at 0 °C in 3:1 IPA:MIBK. CF4 reactive-ion-etching transferred
the pattern into the membrane by etching through-holes. After etching, PMMA resist was stripped
via a 90 s oxygen plasma ashing. After resist stripping, a metallic film was evaporated onto the
sample. Metallization was performed by electron-beam evaporation of gold or aluminum with 10
nm nominal thickness. The purpose of the metallization is twofold: (i) the metal film reduces
charging effects in the electron beam imaging and diffraction experiments; and (ii) this additional

film gives us the ability to control the electron phase shift by varying the film composition and

thickness.
a
SiN, membrane
4 -
O
spin coating
PMMA
4 -
O
electron beam
lithography
|4 -
o
reactive ion
etching
4 -
U
resist stripping
4 -
U
metal evaporation &
4 -

Figure 6.2. Fabrication of mesh phase plates. (a) Fabrication process flow. (b) A TEM image of
the mesh phase plate. The image was acquired in a FEI Tecnai G2 TEM with 80 keV electrons.
Inset: a TEM image of the nanostructured membrane at a higher magnification.

Figure 6.2b shows a TEM image of a typical nanofabricated mesh phase plate. The

nanoscale through-holes in the membrane form a square-lattice with 50 nm pitch. There are 2-um-
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wide supporting bars in the horizontal and vertical directions to maintain the mechanical strength
of the membrane. Figure 6.3 illustrates the function of the supporting bars. Without the supporting
bars, the defects (connected nano-holes) in the mesh can lead to a tearing of the nanostructured
membrane. The supporting bars divide the nano-hole mesh into 5-um-by-5-um square regions.
With the supporting bars, the defects are confined within the square regions, and the membrane is
not broken. The patterned mesh covers a total area of 100-um-by-100-pm on the membrane. We
also fabricated nanostructured membranes with line grating patterns. However, for membrane
gratings, the grating lines with a high aspect-ratio tended to stick together, making it difficult to
fabricate large area phase plates (Figure 6.4). The mesh phase plates were free from this issue

(Figure 6.5).

tearing of the
membrane

Figure 6.3. TEM images showing supporting bars maintain the mechanical strength of the
nanostructured membrane. (a) Defects in the nanostructured membrane can occur along a line. (b)
Without supporting bars, these defects eventually lead to a tearing of the nanostructured membrane.
(c) With supporting bars, the defects are confined within the patterned area, and the membrane is
not broken even with the presence of defects.
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Figure 6.4. TEM images of line grating nanostructures in a membrane. (a-d) Gratings with 2-um-
long lines and various widths and hence aspect-ratios. For the grating with narrow and high aspect
ratio lines (d), the adjacent grating lines tend to stick together. (e) A larger area grating with 6-pm-
long lines. The grating lines have a high aspect-ratio and adjacent lines tend to stick together.

Figure 6.5. TEM images of mesh nanostructures in a membrane. (a-d) 2-um-by-2-pm meshes with
various sized nano-holes. (e) A larger area 6-um-by-6-pm mesh. In contrast to line gratings, the
meshes are free from defects.
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We demonstrated lithographic pattern definition with electron beam lithography (EBL),
followed by a pattern transfer step, is an alternative approach to typically used direct milling
method with focused ion beam (FIB) in the fabrication of electron phase plates. Additive
manufacturing of electron phase plates with EBL and a metal lift-off process was demonstrated in
an earlier work [151] (the fabricated structure was considered as an amplitude mask in the work).
We add capabilities to the EBL fabrication of electron phase plates by demonstrating subtractive
manufacturing with a dry-etching step. Parallel pattern transfer with EBL enables a high
throughput and is beneficiary to the production of large-area phase plates favored in shaping
electron beam probes with a tight focus. Furthermore, by using an intermediate resist layer and a
follow-up pattern transfer step, various materials can be patterned, including those that are hard to
mill, and both additive and subtractive pattering techniques can be employed, enabling the
production of phase plates with diverse materials and structures. We want to point out the same
FIB tools used in direct milling can perform ion-beam lithography similar to EBL, demonstrating

the wide applicability of the lithographic methods in various pattern generation tools.

6.3 Electron diffraction

The nanostructured electron phase plate was characterized with electron diffraction measurement
using 200 keV electrons (JEOL 2010F TEM). Figure 6.6 shows the electron diffraction pattern as
well as the high-dispersion electron diffraction pattern from the nanostructured mesh phase plate.
A typical polycrystalline electron diffraction pattern was observed, with a central direct beam and
several concentric rings. This diffraction pattern arose from the evaporated polycrystalline gold
film. Given the pitch of the mesh nanostructure (50 nm) and the wavelength of 200 keV electrons

(2.5 pm), the diffracted beams from the mesh phase plate should have a small angle (~50 prad)
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and be located very close to the direct beam (~0.02 nm™). In order to observe the diffraction from
the mesh phase plate, a high-dispersion electron diffraction pattern was taken (inset of Figure 6.6)
in the low-magnification mode, in which the TEM objective lens was turned off. The electron
beam illuminated a full window in the silicon nitride TEM grid containing the patterned mesh
nanostructure. The electron diffraction pattern was recorded with a camera length of 80 m. In the
high-dispersion electron diffraction pattern, a square lattice of diffraction spots was observed in
the reciprocal space, corresponding to the mesh nanostructure in the real space. The diffraction
spots were labelled according to crystallography conventions. The distance between the diffraction
spots (0.02 nm™) was also commensurate with the pitch (50 nm) of the mesh phase plate. The
periodic mesh nanostructure can be considered as an “artificial crystal” that produces an electron

diffraction pattern with a well-defined lattice structure.

0.1 1/nm

Figure 6.6. Electron diffraction patterns of the mesh phase plate. The electron-beam energy was
200 keV. The diffraction pattern consists of a bright spot in the center representing the direct beam
and a series of concentric rings coming from electron diffraction by the polycrystalline gold film.
Inset: high-dispersion electron diffraction pattern of the nanostructured membrane. Note the focus
and stigmation were re-adjusted to obtain the high-dispersion electron diffraction pattern. The
square lattice in the reciprocal space corresponds to the mesh structure in the real space. The
diffraction spots were labeled according to crystallography conventions.
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Changing the phase profile of a phase plate can modify its diffraction pattern. We changed
the phase profile of the mesh phase plate by adjusting the electron-beam energy, thus modulating
the intensities of different diffraction orders. The electron diffraction experiment was conducted
in a FEI Tecnai G2 TEM with its beam energy adjustable from 20 keV to 120 keV. Figure 6.7
shows the TEM image of the mesh phase plate and its selected-area electron diffraction patterns
at various electron-beam energies. In order to resolve the diffraction pattern from the mesh phase
plate, the incident electron beam was spread out to ensure a small convergence angle and hence
small spots in the diffraction pattern. A selected-area aperture selected a region on the mesh phase
plate without supporting bars so that the diffraction came from only the mesh structure. The
electron diffraction patterns were recorded with a camera length of 4.2 m. In the diffraction
patterns, the zeroth ({000}), first ({100}), and second ({110}) diffraction orders are most visible.
Higher diffraction orders are much weaker, consistent with theoretical calculation. The diffraction
efficiency, namely the relative intensity of different diffraction orders, was modulated by the beam
energy. The diffraction efficiency modulation was most obvious in the diffraction pattern from 60
keV electrons, where the direct beam was suppressed compared to first-order and second-order
diffracted beams (Figure 6.7c). The modulation of diffraction intensities by changing the beam
energy (and hence the phase shift) is analogous to oscillations of diffraction intensities with sample
thickness (and hence the phase shift) in crystal diffraction. We interpret this diffraction intensity

modulation as an effective Pendellosung effect [162] in an artificial nanostructure.
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Figure 6.7. Selected-area electron diffraction patterns from the nanostructured membrane using
electron beams with various energies. (a) A TEM image of the nanostructured membrane and the
selected-area aperture. (b-f) Selected-area electron diffraction patterns with a 40 keV (b), 60 keV
(c), 80 keV (d), 100 keV (e), and 120 keV (f) electron beam.

For a quantitative comparison of the mesh phase plate electron diffraction patterns at
different electron energies, we measured the intensity ratio between the direct beam (lo) and the
first-order diffracted beam (l1) (averaged from the four first-order diffracted beams: (100), (100),
(010), (010)) (Figure 6.8). The beam intensity was measured from the diffraction pattern by first
subtracting the background and then integrating the intensity around the corresponding diffraction
spot. To minimize the artifacts of the TEM image recording system, we took the same diffraction
pattern with several different exposure times. For one phase plate at one electron energy, the beam-
intensity ratio should be constant. We only used diffraction patterns with an intermediate exposure
time and they produced similar beam-intensity ratios. Diffraction patterns with a low exposure
time was susceptible to noise, while diffraction patterns with a high exposure time suffered from
camera saturation. At the intermediate exposure time, 6-16 electron diffraction patterns (varies for
different electron energies) were used to produce the average value and the standard deviation of
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one experiment data point showing the beam intensity ratio in Figure 6.8. In Figure 6.8, it was
confirmed that, by changing the electron energy, and hence the phase profile of the mesh phase

plate, the intensities of diffracted beams could be modulated.
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Figure 6.8. Experimental and theoretical beam-intensity ratio between the direct beam (lo) and the
first-order diffracted beam (I1) as a function of electron-beam energy. Each of the experimental
data point was obtained by measuring the beam-intensity ratio from electron diffraction patterns
taken at 8-15 (varies for different electron energies) different exposure times, with the error bars
showing the standard deviations.

The measured beam-intensity ratio was verified by theoretical modeling of electron
diffraction from the mesh phase plate. The mesh phase plate was modeled as a uniform film with
a periodic hole array in it. The mesh was considered as a mixed amplitude and phase plate. When
a free electron passes through a thin film, the phase shift (relative to propagation in free space) can

be described as [163]
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2ne(E + Ey) . (6.1)
AE(E + 2E,) MIP™0

Ay = CoVmipto =
where C, is a constant depending on electron energy, Vyp is the material mean inner potential
(MIP), t, is the material thickness, e is the electron charge, A is the electron wavelength, E is the
electron kinetic energy, and E, is the electron rest energy. Thus, the phase plate is binary, with 0
phase shift in the holes and 4¢, phase shift in the membrane structure. Note the A¢, phase shift
is electron-energy dependent as well as material dependent. For the amplitude modulation, a
constant transmission factor a was applied to the electron wave passing through the material phase

plate. The electron diffraction pattern was calculated as the Fourier transform of the mesh phase

plate. The analytical Fourier coefficients are

. sin(mm) sin(nm) ra iag0) 1d? ], (mdVvm?2 + n2 /p) (6.2)
—ae

Cmn = aei4?
where integer pair (m, n) denotes the diffraction order, d is the hole diameter, p is the array pitch,

and J; is the Bessel function of the first kind with order 1. The diffraction intensity is hence I,,,,, =

|cm,n|2. The Fourier transform was also calculated numerically, producing the same results as the
analytical analysis. The hole diameter d = 28 nm was measured from a typical TEM image of the
phase plate by averaging over ~200 nano-holes. The calculated beam-intensity ratio between the
first-order diffracted beam and the direct beam is shown in Figure 6.8. The best fit between
theoretical and experimental diffraction beam-intensity ratios was obtained by setting the MIP-
thickness product to 276 V- nm and the amplitude transmission factor to 0.41. The fitted MIP-
thickness product appears smaller than the estimated value assuming 10 nm thickness for both Au
and SizN4, and 21 VV MIP for Au [163] and 14 V MIP for SizN4 [155]. We attribute this discrepancy

to the following potential causes: (i) beam-energy-dependent inelastic scattering and high-angle
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diffraction from the phase plate are not considered in the theoretical model; (ii) the actual material
thicknesses are different from the nominal thicknesses; (iii) the material density and composition
can vary depending on the fabrication conditions and material thickness (e.g. the Au film was only
~10 nm thick and could be different from the bulk Au, resulting in a lower MIP); and (iv) the

pattern of the fabricated phase plate can be different from the ideal circular hole arrays.

The intensity ratio between the second-order diffracted beam (12) (averaged from the four
second-order diffracted beams: (110), (110), (110), (110)) and the first-order diffracted beam
(1) was also experimentally measured and theoretically calculated (Figure 6.9). In theory, the
intensity ratio 12/11 is a constant. This constant intensity ratio between diffracted beams is a direct
result of the binary phase modulation imposed by the phase plate, and this constant only depends
on the phase plate pattern and the diffraction orders, free from any fitting parameters (see Equation
(6.2)). In experiments, the intensity ratio 12/11 slightly increases with a decreasing electron energy.
This increase could be caused by the fact that electrons with a lower energy are subject to a stronger
scattering by the phase plate material, leading to a higher relative intensity of the second-order

diffracted beams as they have a larger scattering angle.

98



1.5 T T T T I

—theory
-J-experiment

intensity ratio 12/11
o
u
T
|

| -
- | | : 1 1
20 40 60 80 100 120 140

electron energy (keV)

Figure 6.9. Experimental and theoretical beam-intensity ratio between the second-order diffracted
beam (I2) and the first-order diffracted beam (I1) as a function of electron-beam energy. Each of
the experimental data point was obtained by measuring the beam-intensity ratio from electron
diffraction patterns taken at 8-15 (varies for different electron energies) different exposure times,
with the error bars showing the standard deviations. In theory, the intensity ratio I2/11 is a constant,
since the phase plate impose a binary phase modulation. In experiments, the intensity ratio I/l
slightly increases with a decreasing electron energy. This increase could be caused by the fact that
electrons with a lower energy are subject to a stronger scattering by the phase plate material,
leading to a higher relative intensity of the second-order diffracted beams as they have a larger
scattering angle.

The phase profile of the phase plate could also be changed by using different material
compositions. We fabricated mesh phase plates with an aluminum film instead of a gold film on
top of the silicon nitride membrane. The selected-area electron diffraction patterns for various
electron energies are shown in Figure 6.10. The intensity distribution among diffraction orders of
an aluminum-coated mesh phase plate is different from that of a gold-coated mesh phase plate. For

instance, the direct beam was never suppressed for all the electron energies tested.
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Figure 6.10. Selected-area electron diffraction patterns from an Al-coated nanostructured
membrane. The electron-beam energy is 20 keV (a), 40 keV (b), 60 keV (c), 80 keV (d), 100 keV
(e), and 120 keV ().

For the aluminum-coated mesh phase plates, the measured and calculated beam-intensity
ratios (lo/lI1 and I2/11) are shown in Figure 6.11. The best fit between theoretical and experimental
diffraction beam-intensity ratios was obtained by setting the MIP-thickness product to 200 V - nm
and the amplitude transmission factor to 0.68. Both a lower MIP-thickness product and a higher
amplitude transmission factor are expected by changing the Au film to the Al film. The aluminum-
coated mesh phase plates also presented a constant intensity ratio 12/11 that was well reproduced in
the theory. Compared with gold-coated phase plates, the closer fitting of 12/11 between theory and

experiments could be a result of weaker energy-dependence of the electron scattering.
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Figure 6.11. Experimental and theoretical beam-intensity ratios (lo/l11 and I2/11) for the Al-coated
nanostructured membrane. Each of the experimental data point was obtained by measuring the
beam-intensity ratio from electron diffraction patterns taken at 14-20 (varies for different electron
energies) different exposure times, with the error bars showing the standard deviations. The best
fit between theoretical and experimental diffraction beam-intensity ratios was obtained by setting
the MIP-thickness product to 200 V - nm and the amplitude transmission factor to 0.68 (due to the
almost linear behavior of the experimental data, similar goodness of fit was also obtained by using
a slightly smaller MIP-thickness product and a slightly larger amplitude transmission factor, or
using a slightly larger MIP-thickness product and a slightly smaller amplitude transmission factor).
Both a lower MIP-thickness product and a higher amplitude transmission factor are expected by
changing the Au film to the Al film.

6.4  Diffractive imaging

We further performed diffraction experiments using the large-area nanostructured phase plates to
produce diffractive images in a scanning electron microscope (SEM) [164]. Diffractive imaging
was performed in a modified Zeiss LEO 1525 SEM. The electron energy was 20 keV. Figure 6.12a

shows the experimental setup. The mesh phase plate is inserted in the beam path of the SEM and
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functions as a diffraction grating. The beam spot size on the phase plate was estimated by using
the edges of the window in the silicon frame as knife edges (Figure 6.12b), and measuring the
image grayscale along a line-scan across the knife edge. The estimated beam spot size was 57 um
on the phase plate. While the SEM electron beam is scanning across the sample, multiple diffracted
beams are also scanning across the sample and generating multiple superimposed images with
small offsets. Figure 6.12b is a low magnification SEM image showing the sample to be imaged
as well as the membrane TEM grid with the mesh phase plate (opaque region is the silicon frame
and transparent region is the membrane). The sample contained Sn nanoparticles with various sizes,
with the SEM image (without the diffraction grating) shown in Figure 6.12c. A PELCO STEM
imaging holder (Ted Pella Inc.) was used to hold both the nanostructured membrane phase plate
and the Sn nanoparticle sample with ~18 mm separation. The electron beam was focused at the Sn
nanoparticles and diffractive imaging was acquired from the secondary electron signal at the
Everhart-Thornley detector of the SEM. Figure 6.12d illustrates a diffractive image of the sample,
showing multiple superimposed and displaced images of the nanoparticles. A fast Fourier
transform (FFT) of the diffractive image is also shown, with its spatial frequency components

resembling the electron diffraction pattern of the mesh phase plate.
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Figure 6.12. SEM diffractive imaging with the nanostructured membrane. (a) Experimental setup
of diffractive imaging. The nanostructured membrane diffraction grating is inserted into the beam
path between the SEM column and the sample. The estimated beam spot size was 57 um on the
phase plate. The SEM electron beam is diffracted by the membrane into multiple beams focused
at the sample. As these beams scan across the sample, multiple superimposed and displaced images
are generated. (b) An SEM image of diffractive imaging of Sn nanoparticles, showing the
nanostructured membrane (transparent square region) and its Si supporting frame (opaque region).
(c) A regular SEM image (without the diffraction grating) of Sn nanoparticles used as the sample
for diffractive imaging. (d) A diffractive SEM image of the Sn nanoparticles. Inset: a fast Fourier
transform (FFT) of the image.

6.5 Summary

To summarize, we demonstrated adjustable phase modulation and diffraction efficiency from an

electron phase plate by changing the electron energy. The phase plate was fabricated with electron
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beam lithography and reactive-ion-etching, and covered a large area on an electron-transparent
membrane. We characterized the phase plate with electron diffraction in TEMs as well as
diffractive imaging in an SEM. This work provides an alternative route towards the creation of
electron phase plates with adjustable functions, such as tunable diffraction efficiency. The concept
shown here can be applied to, for example, improving diffraction efficiency for beam shaping
using diffractive hologram phase plates, of which the diffracted beams, rather than the direct beam,

are desired.
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Chapter 7
Efficient two-port electron beam splitters via quantum

interaction-free measurement

A beam splitter is a device that splits one beam of wave, such as electromagnetic wave and matter
wave, into two beams. Beam splitters are crucial parts of both classical and quantum experiments.
Many of these experiments require a coherent and efficient two-port beam splitter. In light optics,
efficient two-port beam-splitting can be achieved by devices such as a half-silvered mirror, a
waveguide coupler, or a fiber switch. However, for electron optics, coherent and efficient two-port
splitting cannot be readily achieved. In this chapter, we propose a design of an efficient two-port
electron beam splitter using the concept of quantum interaction-free measurement (IFM). Our
design combines an electron resonator and a weak phase grating. We use a scattering matrix
method to analyze the performance of the beam splitter. High-order diffraction from the grating
leads to intensity loss in the two-port beam splitter. We employ an aperture to block high-order
diffraction while minimizing loss and improving efficiency by invoking the concept of quantum
IFM. This design can be generalized to beam splitters for not only electrons, but also photons,
neutrons, atoms, and other quantum mechanical systems. Part of the content in this chapter was

derived from the work in [165].

This chapter is organized as follows. In Section 7.1 and Section 7.2, we introduce the
electron beam splitters and the quantum interaction-free measurement, respectively. In Section 7.3,

we introduce the scattering matrix method for theoretical calculation, and analyze the working
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principle of the beam splitter under the simplest scenario—the two-beam condition—Dby
considering only two beams in the case of crystal diffraction. In Section 7.4, we analyze the beam
splitter by taking into account high-order diffracted beams in the case of a nanofabricated grating,
and propose to reduce the intensity loss due to high-order beams with a beam-blocking aperture.
In Section 7.5, we show the aperture performs quantum IFM on the electron, evaluate the total
intensity loss of the beam splitter, and discuss the effect of electron inelastic scattering. Finally,

Section 7.6 summarizes our results.

7.1  Electron beam splitters

Electron beam splitters divide an input electron beam into multiple output beams, and are
commonly used in applications including electron interferometry [166], holography [167],
imaging [168], and spectroscopy [147]. Many of these applications require a coherent two-port
electron beam splitter with minimal loss of the beam intensity. Existing electron beam splitters can
split incident electron beams, but can hardly split the beam into only two beams without beam

intensity loss.

Several types of electron beam splitters have been developed, including biprisms [169],
thin crystals [170], optical standing waves [171], and nanofabricated gratings [149,154,172,173].
Electron biprisms are commonly used electron beam splitters for electron interferometry and
holography. Biprisms split the input electron beam into two output beams by the electrostatic force
of a charged wire. However, a biprism placed in the beam inevitably blocks part of the beam and
causes diffraction around the wire edges, which leads to beam intensity loss. Furthermore, biprisms

are wavefront-division beam splitters, which divide the wavefront of the input beam. Wavefront-
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division beam splitters require a high-spatial-coherence electron beam [174]. Also, this type of
beam splitters cannot split a beam with a pattern (such as certain spatial profiles achieved by
amplitude or phase modulation) in it, and hence cannot be applied to some emerging electron beam
technologies that use quantum mechanical effects [168,175]. Thin crystals have been used as
amplitude-division electron beam splitters. This type of beam splitters has a less stringent
requirement on the coherence of input beam, leading to a higher beam intensity by using extended
sources and a larger interference field [174]. However, electron diffraction from crystals results in
multiple diffracted beams. In order to achieve a two-port beam splitter, high-order diffracted beams
need to be blocked, leading to intensity loss. Optical standing waves can diffract electron beams
based on the Kapitza-Dirac (KD) effect [171]. The advantage of beam splitter based on the KD
effect is that electrons do not go through or near materials, and as a result, decoherence caused by
inelastic scattering can be minimized. However, the KD effect requires high quality laser beams
and good alignment, and high-order diffracted beams still exist. Recently, nanofabricated gratings
have been proposed as electron beam splitters [149,154,172,173]. These beam splitters are
amplitude-division beam splitters. Additionally, nanofabrication enables the production of
arbitrary patterns to impose spatial modulations onto the input beam, inspiring novel applications
such as vortex beam generation [147,149,154]. For electron energies typically used in electron
microscopy, thin membrane nanofabricated gratings are electron-transparent with small intensity
loss caused by inelastic scattering. However, similar to other diffraction-based electron beam
splitters, high-order diffracted beams still causes beam intensity loss. For instance, it has been
reported a silicon nitride membrane grating shows ~34% maximal diffraction efficiency for the

first order beam [154].
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Several attempts have been made to improve the efficiency of existing electron beam
splitters. For biprisms, selection of a small-diameter wire reduces the intensity loss [173]. For thin
crystals and optical standing waves, the Bragg regime can be achieved by tilting the beam splitters
with respect to the input beam, so that only two beams (the direct beam and one diffracted beam)
are strongly excited (the “two-beam” condition). However, even in the Bragg regime, there are
finite intensities in high-order diffracted beams. For instance, it has been reported that, in the Bragg
regime (for (+1)-order diffracted beam) of optical standing wave electron diffraction, the (-1)-
order and (+2)-order diffracted beams are clear visible in both theory and experiment, and the
intensity in the (-1)-order diffracted beam is about half of the intensity of the (+1)-order [176]. For
nanofabricated gratings, the diffraction efficiency can be increased by moving from amplitude
gratings to phase gratings by using thinner membranes and lower-atomic-number materials, as
well as controlling the surface profiles of the gratings [154]. All of these efforts help improve the
efficiency of various types of electron beam splitters, but the intensity loss has never been

eliminated.

7.2  Quantum interaction-free measurement

Quantum mechanical interaction-free measurement (IFM) was first proposed by Elitzur and
Vaidman as a method of detecting an object without interacting with it [177]. In quantum IFM, a
single probe particle (e.g. a single photon) is sent to a Mach-Zehnder interferometer (MZI). The
object (if there is any) is placed in one of the two arms of the MZI. The object fully blocks the
probe particle if the particle hits the object. The presence of this object changes the output state of
the MZI, and in principle it is possible to detect the object without particle-object interaction,

namely, the particle is not blocked by the object. The quantum IFM has been further developed by
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adding the quantum Zeno effect [178]. By cascading multiple stages of MZIs and using
asymmetric beam splitters, efficient quantum IFM can be realized. The IFM efficiency can
approach unity by repeatedly interrogating the object with a small fraction of the probe particle
wavefunction, while the probability of particle-object interaction simultaneously tends to zero.
While early reports on quantum IFM use photons as the probe particles, recent works have

proposed quantum IFM with electrons to reduce sample damage in electron imaging [168,175].

In this chapter, we propose a highly efficient two-port electron beam splitter using the
guantum IFM concept. The beam splitter is based on electron diffraction, while the high-order
diffracted beams are suppressed with minimal intensity loss. In theory, the beam splitter efficiency

can be made arbitrarily close to unity.

7.3  Case study: a thin crystal grating

In this section, we will introduce the proposed beam splitter design, and analyze it in the case of
using a thin crystal as a component of the beam splitter. Our beam splitter design consists of a
weak phase grating placed in a resonator (Figure 7.1(a)). The beam splitter has one input port and
two output ports. The beam splitter works with a pulse electron beam, and the input and output
ports have gates to control the entrance and exit of the electron. The input electron enters the
resonator through the input port, after which the input port gate is closed and the electron starts to
bounce back and forth in the resonator (the output port gates remain closed). We assume the weak
phase grating imposes a pure phase modulation onto the electron beam without amplitude
modulation. The electron passes through the grating multiple times when it is resonating, and is

diffracted by the grating.
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In this section, we consider the two-beam condition and assume there is only one diffracted
beam. Before interacting with the grating, the electron is in the direct beam with unity probability.
After each pass through the grating, a small fraction of the electron wavefunction is diffracted into
the diffracted beam. This fraction is small as a weak phase grating is used. With the electron
passing through the grating multiple times, the probability of the electron occupying the diffracted
beam builds up. After a certain number of passes, the output port gates open and the direct and
diffracted beams exit via the output ports. The beam splitting ratio (the relative intensity between

the two output beams) can be tuned by changing the number of passes through the grating.
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Figure 7.1. Electron beam splitter design in the two-beam condition. (a) Schematic of the beam
splitter design. The beam splitter has one input port and two output ports. The input electron enters
a resonator with a weak phase grating in it. The electron is diffracted by the weak phase grating.
After a certain number of round-trips in the resonator and passes through the grating, the electron
leaves the resonator. The output ports 1 and 2 corresponds to the direct (blue) and diffracted (red)
beams, respectively. The schematic leaves out details of the electron source, lenses, deflectors, and
detectors. (b) Calculated beam intensities of the direct and diffracted beams as a function of
number of passes through the weak phase grating made by a thin crystal. The crystal thickness is
1% of the extinction distance. The beam splitting ratio, i.e. the relative intensity between the two
output beams, can be tuned by changing the number of passes through the crystal.

We analyze the beam splitter with a scattering matrix method. We first consider a thin
crystal as the weak phase grating, and it is tilted in the two-beam condition so that only one

diffracted beam is strongly excited (Figure 7.1(a)). We treat the direct and diffracted beams in free
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space as two plane waves: e?™*oT (the direct beam) and e?™ks™ (the diffracted beam), where kg

and k, are the corresponding momenta with the following relation

kg = ko +g (71)
Here g is the change of momentum introduced by the periodic crystal potential. Before entering

the crystal, the electron wavefunction is a superposition of the two plane waves

Lpin — alezmko-r + azeZTEikg-r (7_2)
When the electron is in the crystal, the wavefunction is a superposition of two Bloch waves (in the

two-beam condition) [179,180]

Werystal = €1B1 + €28, (7.3)
B, = eZn’ikl-r(l + eZn'ig-r) (74)
BZ — eZnikz-r(l _ eZnig-r) (7_5)

After exiting the crystal, the electron wavefunction is again the superposition of two plane waves

Lpout — bleZn'iko-r 4+ bZeZn'ikg-r (76)
Therefore, the crystal can be mathematically modeled as a scattering matrix S that relates the plane

wave amplitudes of the input and output beams

z;] _g [Z;] (7.7)

The scattering matrix can be determined by matching the boundary conditions at the entrance and

exit of the crystal

cos(mt/&,) 1-sin(mt/E,) (7.8)
li -sin(mt/E,)  cos(mt/&,) l
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Here, &, is the crystal extinction distance for electron diffraction. It can be shown the scattering

matrix is unitary, hence the total intensity of the electron beam is conserved as expected. The final

input-output relation after multiple passes through the crystal is

Yourpur = SNlpINPUT (7-9)

Here, W is the vector representation of the electron wavefunction where the first (second) element

is the amplitude coefficient of plane wave e2™koT (g2mikgT),
The electron starts in the direct beam so that

1] (7.10)

WYinpuT = [O

The final intensities of the direct and diffracted beams can be calculated

Iy = [¥ourpur(D? (7.11)

Iy = [ourpur(2)|? (7.12)
Here, the index 1 and 2 is referring to the first and second element of the wavefunction vector,
respectively. We calculated the beam intensities for a crystal, of which the thickness is 1% of the
extinction distance, as the electron passes through the crystal multiple times (Figure 7.1(b)). After
each pass, a small fraction of the beam intensity will be split into the diffracted beam, which
eventually leads to the intensity transfer from the direct beam to the diffracted beam after a certain
number of passes (N = 50 in Figure 7.1(b)). We call this number of passes for a complete intensity
transfer “the switch point”. The switch point is determined by the phase modulation of the weak

phase grating. A weaker phase modulation will lead to a larger switch point.

A desired beam splitting ratio between the two output beams can be achieved by opening

the output port gates after the electron passes through the weak phase grating a certain number of
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times. This ratio is tunable from zero to unity, depending on the number of passes. It can be seen
that this electron beam splitter design bears a resemblance to microwave and photonic directional

couplers [181].

7.4  Case study: a nanofabricated grating

Electron beam splitters based on electron diffraction will inevitably produce multiple diffracted
beams (Figure 7.2(a)). In the previous section, we limit our analysis in the two-beam condition
without considering higher-order beams. In this section, we will study the case of using a nano-
grating as the weak phase grating in our beam splitter design, and take high-order diffraction into

consideration.
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Figure 7.2. Electron beam splitters with multiple diffracted beams. (a) Schematic of the beam
splitter similar to Figure 7.1(a), with the addition of high-order diffracted beams (light blue). These
high-order diffracted beams do not contribute to the output beams. (b) Calculated beam intensities
of the direct and 1%*-order-diffracted beams as a function of number of passes through the weak
phase grating made by a nano-grating. The nano-grating is a one-dimensional sinusoidal phase
grating with 0.02x phase amplitude.

We use the scattering matrix method developed in the previous section to analyze the beam

splitter. As high-order diffracted beams are considered, a matrix with dimension M > 2 is used.
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In theory, there are infinitely many diffracted beams, while in practice, the very-high-order
diffracted beams are weak and negligible. In our calculation, we choose M = 100 to get a

reasonably accurate result.

We consider a one-dimensional sinusoidal phase grating is used as the weak phase grating.

The grating modulation of the transmission for one period is

= A X P (7.13)
go(x) = exp [lESln (27‘[;)] x| < 5

Here, A is the phase amplitude of the grating, and P is the grating pitch. The transmission

modulation function of the full grating is

g(x) = go(x) * Z 5(x — nP) (7.14)

This modulation function can be cast into a Fourier series

g(x) = i I (%‘) exp (i thx) (7.15)

n=—oo
The Fourier coefficients are Bessel functions of the 1% kind. As a result, the scattering matrix S of
the weak sinusoidal phase gratingisa (2M + 1) X (2M + 1) matrix (note there are positive orders,

negative orders, and 0™ order) with matrix elements

Sij = Jg- (g) (7.18)

If WinpuT and WoytpyT are (2M + 1)-dimensional vectors representing the input and output
electron wavefunctions including high-order diffracted beams, we get the input-output relation

after N passes

114



Yourpur = SV PinpuT (7.17)
The intensity of one diffraction order is hence the squared magnitude of the corresponding element
in the wavefunction vectors. We calculated the beam intensities for a beam splitter using a
sinusoidal phase grating with a phase amplitude A = 0.02m (Figure 7.2(b)). This phase amplitude
can be obtained from a 1-nm-thick amorphous carbon film for 200 keV electrons. The two output
beams are the direct (O-th-order) beam and the (+1)-st-order diffracted beam. An intensity transfer
between the two beams are observed as the number of passes increases from zero to the switch
point. However, in contrast to the two-beam condition in Figure 7.1(b), the sum of the intensities
of the two output beams is always below unity. When the intensity of the direct beam drops to
zero, the intensity of the (+1)-st-order diffracted beam does not increase to one; namely, a complete
intensity transfer between the two output beams cannot be achieved. This intensity loss is due to
the higher-order diffracted beams. As the electron is diffracted by the phase grating, there is always
some finite intensity in the high-order diffracted beams. When used as a two-port beam splitter,

this intensity loss means imperfect efficiency.

We use the quantum IFM concept to reduce the intensity loss associated with high-order
diffracted beams and improve the beam splitter efficiency. The schematic is shown in Figure 7.3(a).
A beam-limiting aperture is added to the design. The aperture allows the direct (0-th order) and
(+1)-st-order diffracted beams to pass through, while blocking all other diffracted beams. Each
time the electron passes through the weak phase grating, a fraction of the intensity will be
diffracted into the higher-order beams. The aperture blocks these higher-order beams in every

round trip and prevents intensity build-up in these beams.
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Figure 7.3. Beam splitter design using quantum IFM to suppress the high-order diffracted beams.
(a) Schematic of the beam splitter similar to Figure 7.2(a), with the addition of a beam-limiting
aperture (black) placed in the resonator. The aperture allows the direct (0-th order) and (+1)-st-
order diffracted beams to pass through, while blocking other diffracted beams. (b) Calculated beam
intensities of direct (0O-th order) and (+1)-st-order diffracted beams as a function of number of
passes through the weak phase grating. The grating is a one-dimensional sinusoidal phase grating
with 0.02x phase amplitude.

In the scattering matrix method, the operation of the aperture can be represented by the

matrix

Saper = diag(---,0,1,1,0,--+) (7.18)
This is a diagonal matrix with only two nonzero elements corresponding to the direct and (+1)-st-
order diffracted beams that are not blocked by the aperture. The input-output relation for the

electron passing through the weak phase grating and the aperture N times is

Woutpur = (SSaper)” WinpuT (7.19)
We calculated the beam intensities for a beam splitter using a sinusoidal phase grating with a phase
amplitude A = 0.02r (Figure 7.3(b)). In contrast to the beam splitter without the aperture, a
complete intensity transfer can be achieved at the switch point, and the sum of the intensities of

the two output beams is near unity (the sum approaches but never equals to unity; we will discuss
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this in a later section). The beam splitter performs similarly to the one in the two-beam condition
(Figure 7.1), even though higher-order diffracted beams are considered. The aperture prevents
intensity build-up in those higher-order diffracted beams, thus reducing intensity loss. With

minimal intensity loss, a highly efficient, two-port electron beam splitter can be achieved.

7.5  Evaluation of intensity loss

It seems paradoxical that intensity loss due to high-order diffracted beams can be eliminated by
blocking these beams. When these beams are blocked, their intensities would be lost and one would
naively expect the total intensity loss to remain the same, if not increase. However, the combination
of quantum IFM and quantum Zeno effect provides a counterintuitive way to eliminate the
intensity loss caused by higher-order diffraction. In quantum IFM, an opaque object can be
detected by a probe-particle without particle-object interaction, and the IFM efficiency can be
improved via quantum Zeno effect by repeatedly interrogating the object with a small fraction of
the particle wavefunction split from an asymmetric beam splitter. Our design of an efficient, two-
port electron beam splitter is indeed performing a quantum IFM enhanced with quantum Zeno
effect: the electron is the probe particle; the weak phase grating acts as the asymmetric beam
splitter, the undesired higher-order diffraction is analogous to the small fraction of the
wavefunction; the beam-limiting aperture is the opaque object; and the resonator effects the
repeated interrogation via quantum Zeno effect. As quantum IFM minimizes particle-object
interaction, our beam splitter design minimizes electron-aperture interaction and removes

undesired diffraction modes with minimal intensity loss.
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We want to mention that the intensity loss of the proposed beam splitter can be made
arbitrarily close to zero, but not equal to zero. We calculated the beam intensity loss at the switch
point for the beam splitter design with different switch points (Figure 7.4). It can be seen that there
is always a finite intensity loss, and the intensity loss approaches zero with an increasing switch
point. For a switch point higher than 230, the intensity loss can be made below 1%. The switch
point increases with a decreasing phase modulation of the weak phase grating, and in theory, there
is no upper limit for the switch point. Hence, the beam splitter can be designed with an arbitrarily
low intensity loss. In practice, however, the switch point is limited by the implementation of the
weak phase grating. For instance, if the weak phase grating is a nanofabricated grating, the
minimum phase modulation is limited by the minimum achievable material thickness. For 200 keV
electrons, a nano-grating made from graphene imposes the minimum phase modulation (among
carbon-based materials) of ~0.007x. This phase modulation leads to a switch point of 871.
Alternatively, if the weak phase grating is made from optical standing waves, a weak phase
modulation can be made by using a low light intensity, and hence there is no limit to the switch

point.
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Figure 7.4. Intensity loss at the switch point for beam splitter designs with different switch points.
The intensity loss approaches zero with an increasing switch point. Inset: the same plot in linear
scale.

Besides undesired diffraction modes, intensity loss can also be caused by inelastic
scattering if a material-based weak phase grating is used. Inelastic scattering is a non-unitary
evolution of the system described by a non-Hermitian Hamiltonian. It has been shown non-
Hermitian processes cannot be suppressed by a combination of quantum IFM and quantum Zeno
effect [182,183]. To treat inelastic scattering, we consider a nano-grating is used, and the grating
imposes both phase modulation and amplitude modulation onto the electron beam. The amplitude
modulation is essentially attenuation caused by inelastic scattering, and can be modeled by the

transmission probability

T = e-t/A (7.20)
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Here, t is the material thickness, and A is the inelastic mean free path (MFP) of the material. We
incorporated this transmission probability into the scattering matrix method, and calculated the
beam intensities for a beam splitter using a weak sinusoidal phase grating with 0.021 phase
amplitude. For 200 keV electrons, we chose 1-nm-thick amorphous carbon film as the grating
material. The inelastic MFP of amorphous carbon for 200 keV electrons is 160 nm [184]. Figure
7.5(a) shows the calculated beam intensities for the 0-th order and (+1)-st order beams. Inelastic

scattering leads to a non-ideal efficiency. At the switch point, the efficiency is ~55%.

The effect of inelastic scattering depends on the nano-grating materials. For comparison
with the amorphous carbon film, we also consider a nano-grating made from 1-nm-thick gold foil.
For 200 keV electrons, the phase amplitude is 0.0587, and the inelastic MFP is 84 nm. Figure 7.5(b)
shows the calculated beam intensities for the 0-th order and (+1)-st order beams. At the switch
point, the efficiency is ~63%. For nano-gratings, the phase amplitude is related to the material
mean inner potential (MIP). To achieve a certain beam splitting ratio, the material needs to impose
a certain phase shift Ag, to the electron beam, which requires a certain material thickness t,

according to

Apy = CoVmipto (7.21)

Here, Vup is the material MIP, and C, is a constant. The beam splitter efficiency can be calculated

as the intensity transmission probability

A¢
TO = e_to//1 = e_CQVM(l)pﬂ (722)

It can be seen that materials with a large MIP-MFP product (VypA) are preferred for a high

efficiency beam splitter. Figure 7.5(c) shows the reported MIP and MFP values for several
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materials [184-189]. The three red dashed lines indicate three contours of constant MIP-MFP

value.
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Figure 7.5. The effect of inelastic scattering. (a) Calculated beam intensities of the direct and
diffracted beams as a function of number of passes through a weak sinusoidal phase grating made
from a 1-nm-thick amorphous carbon film. The phase amplitude of the grating is 0.02x for 200
keV electrons. At the switch point, the efficiency is ~55%. (b) Calculated beam intensities of the
direct and diffracted beams as a function of number of passes through a weak sinusoidal phase
grating made from a 1-nm-thick gold foil. The phase amplitude of the grating is 0.058x for 200
keV electrons. At the switch point, the efficiency is ~63%. (c) MIP and MFP data for several
materials [184-189]. Red dashed lines are contours with constant MIP-MFP products.
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7.6 Summary

In this chapter, we propose the design of a highly efficient, two-port electron beam splitter based
on quantum IFM and quantum Zeno effect. The beam splitter consists of a resonator and a weak
phase grating. The input electron enters the resonator and is diffracted multiple times by the grating.
The electron exits via the two output ports after some number of round trips to achieved the
targeted beam splitting ratio. The beam splitter operates like a directional coupler for electron
beams. The higher-order diffracted beams are suppressed by a beam-limiting aperture in the
resonator, and quantum IFM ensures the intensity loss caused by blocking the high-order

diffraction is minimized.

In practice, most of the components (electron sources, mirrors, phase gratings, apertures,
and detectors) required to build such a beam splitter have been developed. In the meantime, a timed
gate that allows the electron to enter and exit the resonator is under active development [168].

Hence, the experimental implementation of the proposed beam splitter is feasible.

The efficient, two-port electron beam splitter can benefit various electron beam
technologies, especially the emerging techniques that bear a resemblance to quantum optics
experiments [168,175]. Additionally, the beam splitter can be used to improve the efficiency of
electron beam shaping and wavefront engineering based on diffractive holograms [147-150,155].
Finally, we want to mention this design can be applied to beam splitters for not only electrons, but

also photons, neutrons, atoms, and other quantum mechanical systems.
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Chapter 8

Conclusion and Outlook

We have developed several nanoscale structures and devices for vacuum optoelectronic
engineering, including ultrafast photoelectron emission from nanostructures, free-electron-driven
plasmon and photon emission from nanostructures, and manipulation of free electrons with

nanostructures.

In Chapter 2, we demonstrated Au nanorod arrays as high-yield, ultrafast optical field
emitters. The optical near-field and charge yield were enhanced by surface plasmon resonance.
We designed, fabricated, and spectroscopically characterized the nanorod arrays to match the
plasmonic resonance with the driving laser wavelength. We also investigated the effect of the
dielectric environment, including the substrate and the metal adhesion layer, on the plasmonic
resonance and photoemission yield. The high-yield ultrafast optical field emitter arrays could find
applications in the development of efficient and bright free-electron lasers (FELS), as well as time-

resolved electron microscopy and spectroscopy experiments.

The ultrafast nature of optical-field-driven photoemission provides a route to resolving the
optical field that is oscillating at petahertz (PHz) frequency. In Chapter 3, we demonstrated the
detection of carrier-envelope phase (CEP) using electrically connected plasmonic nanoantenna
arrays. We designed and fabricated connected bow-tie nanoantenna arrays. We used
electromigration to selectively remove short-circuit caused by fabrication process variations. We

detected the CEP of ultrafast optical pulses by measuring the photocurrent from the nanoantenna
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array. Our work demonstrated on-chip integration of multiple optical-field-driven optoelectronic
devices with distributed electrical interconnection, and represented a step towards integrated

ultrafast PHz electronic and optoelectronic devices.

Electron beams can induce surface plasmon emission in plasmonic nanostructures, and this
phenomenon has been used for nanoscale characterization of plasmonic modes in a scanning
transmission electron microscope (STEM) using electron-energy-loss spectroscopy (EELS). In
Chapter 4, we demonstrated the study of aluminum nanodisk plasmonic modes using STEM-EELS.
We fabricated lithographically defined aluminum nanodisks on a supporting silicon nitride
membrane. We showed the excitation of multipolar edge modes and breathing modes, and
theoretically reproduced their dispersion relations. These modes were tunable in the ultraviolet
(UV) region by changing the nanodisk size. We also discovered that, when the nanodisk size was
small and comparable to its thickness, the assumption of flat nanostructures was no longer valid,
and the surface plasmon modes possessed a polar dependence. Our work developed nanostructures
supporting surface plasmons in a wide spectral range from 2 eV to 8 eV and enabling potential UV
applications. Our theoretical analysis also deepened the understanding of the nanodisk plasmonic

modes.

Similar to plasmon emission, electron beams can also induce photon emission when
interacting with nanostructures. In Chapter 5, we demonstrated light emission in the form of Smith-
Purcell radiation from free-electron-driven nanophotonic metasurfaces. The polarization of the
emitted light were tuned by the metasurface design, in stark contrast to the conventional grating-
based Smith-Purcell radiation, of which the polarization was predetermined by the electron-beam

direction. Our work took a step towards compact and tunable free-electron-driven light sources
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with potential applications in nanophotonics research, on-chip integrated light sources, charged

particle detectors and beam diagnostics, biomedical imaging and diagnostics.

Nanostructured material phase plates can impose designed phase modulations onto electron
beams. In Chapter 6, we demonstrated large-area mesh-shaped electron phase plates in a thin
silicon nitride membrane. We fabricated the phase plates with electron beam lithography and
reactive-ion-etching. The phase plates were characterized by electron diffraction in a transmission
electron microscope (TEM) with various electron energies, as well as diffractive imaging in a
scanning electron microscope (SEM). Our work provided an alternative route towards the creation
of electron phase plates with adjustable functions, such as tunable diffraction efficiency, by

changing the electron energy.

Diffractive electron phase plates can be used as electron beam splitters; however, these
beam splitters are inefficient two-port splitters due to the presence of high-order diffracted beams.
In Chapter 7, we theoretically proposed a design for efficient, two-port electron beam splitters.
This design combined an electron phase grating and an electron resonator. High-order diffraction
from the grating was removed by a beam-limiting aperture, while the beam intensity loss was kept
close to zero by invoking quantum interaction-free measurement and quantum Zeno effect. Our
beam splitter design could benefit various electron beam technologies, especially the emerging
techniques that bear a resemblance to quantum optics experiments and require a two-port electron

beam splitter.

In line with the topics discussed in this thesis, there comes some other interesting scientific
questions and further technological development. These potential future works are based on the

extension of one topic, or the combination of several topics, in this thesis.
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The ultrafast photoelectron-emission devices could benefit from new materials and device
architectures. We observed device degradation in photoemission measurement, which was induced
by laser-reshaping of the plasmonic gold nanostructures. By switching to alternative refractory
plasmonic materials such as tungsten, tantalum, and transition metal nitrides, the damage threshold
of the optical field emitters could be increased [61]. Additionally, the nano-gap dimension of our
plasmonic bow-tie nanoantennas was sensitive to fabrication process variations, and the smallest
achievable gap size was limited by lithographic resolution. By switching from in-plane nano-gaps
defined by lithography to vertical nano-gaps defined by material thickness, we could achieve
extremely thin and uniform nano-gaps by using self-assembled monolayers, atomic-layer-
deposited dielectrics, and two-dimensional materials [190]. Furthermore, our on-chip connected
nanoantenna arrays performed CEP detection with the current interconnect configuration. By
designing other interconnect configurations, we could achieve multiplexed functions and

demonstrate more complex integrated circuits of PHz optoelectronic devices.

The free-electron-driven plasmon and photon emission devices could benefit from
engineering the nanostructures as well as the electron beams. Besides polarization control,
properly designed metasurfaces could enable the control of other properties of free-electron
radiation, such as phase, wave vector, spatial distribution, and orbital angular momentum.
Additionally, by integrating nanoscale gratings and metasurfaces with on-chip electron emitters,
an all-on-chip free-electron light source could be demonstrated. This electrically-driven on-chip
light source could be fully tunable in terms of both spectral content and intensity, while other
properties of the emitted light could be controlled by designed metasurfaces. Moreover, Smith-
Purcell radiation has been demonstrated in the superradiant regime, where collective effects in the

electron beam can structure the beam into electron bunches that radiate in-phase to produce high-
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power, coherent electromagnetic radiation [120,191,192]. By optimizing the nanostructure design
and using a high beam current or a pre-bunched beam, FEL-like superradiant Smith-Purcell
radiation in the optical frequency could potentially be demonstrated. Furthermore, it would be
interesting to investigate free-electron radiation from tailored electron wavefunctions, which could
be achieved with electron phase plates. This investigation could shed light upon the mechanism of
the interaction between free electrons and nanophotonic structures, and provide additional degrees
of freedom to tune the free-electron light emission. Tailored electron wavefunction could also

enable the study of the temporal and quantum statistical properties of the emitted light.
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