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INTRODUCTION

Glass is transparent, metal is reflective, and the sky is blue. At first, the material
world would appear straightforward, however, none of these observations are triv-
ial. To truly understand the age-old question of why the sky is blue requires an
understanding of Rayleigh scattering[1], which describes how the scattering cross-
section of sub-wavelength particles is strongly dependent on wavelength(2], with
shorter (blue) wavelengths scattering more efficiently than longer (red) wavelengths.
The same laws of electromagnetism also define the field of nanophotonics, the
study of nanoscale light-matter interactions. Small variations in geometry on the
order of nanometers can drastically affect a materials’ optical response. These prop-
erties have been harnessed unintentionally for centuries, as in the case of stained
glass windows whose colours are a result of light absorption and scattering from
embedded metal nanoparticles. Today, we can intentionally exploit these proper-
ties, applying them to highly relevant technologies such as lighting, lasers, sensors,
photovoltaics, and electronics on the basis of both plasmonic [3] and, as is of par-
ticular interest in this thesis, semiconductor nanomaterials [4]. Yet as our devices
shrink and our performance demands grow, we face increasing bottlenecks and
sensitivity to defects in our materials, that necessitate the study of further advanced
semiconductor systems and fabrication methods. At the heart of these efforts sits
microscopy, a way to measure the physical processes governing these materials and
revealing phenomena that are all far from trivial.

Besides the imaging of microstructures, optical microscopy is a versatile plat-
form for probing various material properties, that can be selected using different
detection schemes and the properties of the illuminating light. Techniques such as
absorption and reflection, luminescence spectroscopy, Fourier space imaging, and
Raman spectroscopy can be used to study chemical composition, electronic band-
structure, emission directivity, optical and vibrational modes, and more. These
measurements are ultimately linked to the refractive index of the material, that
is central to why different materials interact with light so differently. Glass has a
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smooth surface leading to minimal scattering at the interface, and the insulating
nature means that light in the visible wavelengths doesn’t have enough energy to
excite electrons into the conduction band, leading to minimal losses and trans-
parency of glass. In contrast, metals are effective conductors with a sea of free
electrons in the material, that can oscillate in response to incident electromagnetic
fields, and re-emit that energy as light. While these are powerful measurements
to understand the properties of materials, the spatial resolution of conventional
optical microscopy is fundamentally limited to approximately half the wavelength
of light used in the medium, typically on the order of hundreds of nanometers|(5].
This so-called diffraction or Abbe limit is insufficient to characterize many mod-
ern materials, such as probing quantum confined nanostructures, although sev-
eral advanced optical techniques have been able to beat this limit in some sys-
tems, notably stimulated emission depletion microscopy[6] and scanning probe
microscopy|7].

Alternatively, accelerated electron beams used in electron microscopy also en-
able the study of matter with high spatial resolution. The de Broglie wavelength of
an electron at 20 keV is < 0.1 A, however, in practice the spatial resolution of electron
microscopes (0.5 - 300 keV) is restricted by electron optics and beam abberations(8],
resulting in sub-nanometer and nanometer spatial resolutions for transmission elec-
tron microscopes (TEMs) and scanning electron microscopes (SEMs) respectively.
When a swift electron interacts with a material, as depicted schematically in Fig-
ure 1.1, it gives rise to distinct signals that are the basis for different imaging tech-
niques. For sufficiently thin samples, as studied in TEMs, electrons transmitted
through the sample can be used to reconstruct real and reciprocal space images
of the atomic structure, or measure electron energy loss spectra (EELS) to quantify
electron-excited transitions in the material. In SEMs, inelastic interactions at the
sample surface generate secondary electrons (SE) that are used to image surface
morphologies. Elastic scattering produces back-scattered electrons (BSEs), sen-
sitive to atomic mass and used to measure material composition, and the crystal
structure through electron back-scatter diffraction (EBSD). A complementary sig-
nal that is emitted is cathodoluminescence, that forms a powerful bridge between
electron and optical microscopy.

1.1. CATHODOLUMINESCENCE MICROSCOPY

Cathodoluminescence (CL) is the light that is emitted into the far-field when a ma-
terial is excited with a swift electron. It was first observed in the late 19 cen-
tury, when electrical currents in vacuum tubes produced so called "cathode rays",
leading to the discovery of the electron[9]. Throughout the 20% century, cath-
ode ray tubes were commercialized and widely utilized in TV displays, and later
adopted as a research tool in the fields of geology, for the characterization of min-
eral samples[10, 11], and semiconductor science[12, 13]. With the advances in elec-
tron microscopy and nanophotonics, CL has become a ubiquitous method to study
light-matter interactions at the nanometer scale. This technique effectively enables
optical microscopy methods, such as the study of photon statistics (g'? (r))[14],
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Figure 1.1: Schematic of electron-matter interactions upon electron irradiation of a semiconductor ma-
terial. The incoming electron beam inelastically scatters as it propagates through the material, exciting
bulk plasmons that decay into a cascade of charge carriers. These carriers can diffuse and recombine
directly or through a radiative defect producing cathodoluminescence. Simultaneously, the incident
electron annihilates with its image charge generating transition radiation. The electron beam can be
transmitted through the sample, allowing for EELS or (S)TEM measurements, or generate secondary
electrons as well as back-scattered electrons that can be used to study surface morphology.

time-resolved luminescence[15], temperature[16], phase[17], and polarization- and
energy- resolved Fourier microscopy[18, 19], with the spatial resolution of the elec-
tron beam. Cathodoluminescence emission is commonly divided into two subcat-
egories, coherent and incoherent depending on whether or not the emitted light
has a fixed phase in relation to the incident electron beam.

1.1.1. COHERENT CL

Coherent emission is excited as a result of the polarization of a material in response
to the electric field of the swift electron, and thus has a fixed phase in relation to the
incident electron beam[20]. Importantly, coherent CL is analogous with photon-
induced near-field microscopy (PINEM), as the electron probes near-field excita-
tions that lead to the loss, gain, or emission of photons[21, 22]. Coherent CL is an
umbrella term for a wide range of different emission mechanisms, one of which
being transition radiation (TR). TR is emitted whenever an electron crosses the
boundary between two media[23]. It can be understood as the annihilation of the
electron with it’s effective image charge in the metal that creates an effective dipole,
and leads to far-field radiation with a dipolar emission pattern.

Another major source of coherent CL is the excitation of surface plasmon po-
laritons (SPPs), propagating electromagnetic waves confined to the metal-vacuum
interface. The excitation of SPPs using light requires the use of phase matching
techniques such as diffraction gratings or prisms, due to their momentum mis-
match with light in free space. In contrast, the tight confinement of the electric
fields carried by the electron in both space and time, contain broadband Fourier
components[24] that can directly couple to SPPs, and resonant transitions in both
plasmonic and dielectric nanostructures[25, 26]. In this case, the electron beam
does not need to impinge the material directly, but can polarize it in an aloof con-
figuration. A further example of this is Smith-Purcell radiation, that is generated
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by an electron beam grazing a periodic grating[27, 28]. The interference of dipole-
like emission from each grating element leads to radiation with a strong angular
and wavelength dependence. The signature for coherent CL is the ability of these
sources of CL emission to interfere, a property that has opened a pathway towards
CL tomography for nanoscale metrology[29].

1.1.2. INCOHERENT CL

Incoherent CL has no fixed phase relation to the incoming electron beam, as it orig-
inates from spontaneous, stochastic emission processes in the material. Here, the
electron beam can be primarily regarded as a source of energy that is transferred
to the material through inelastic collisions. This generates a cascade of charge car-
riers, in a process analogous to photoluminescence (PL) excitation, although here
the free carriers and excitons are excited indirectly. The electron beam is gener-
ally understood to excite bulk plasmons in the material (oscillations of the valence
electrons with energies in the 5-35 eV range, depending on the material) which sub-
sequently decay into electron-hole pairs[30-33]. These carriers are excited above
the bandgap energy of the material, and consequently thermalize to the band edge
emitting excess energy through phonons in the process. Thus, although much of
the incident energy from an electron beam is lost through heat, a single electron
can excite multiple electron-hole pairs[34] (the carrier generation rates of electron
and laser beams will be discussed further in Chapter 2). As depicted in Figure 1.1,
these carriers can then diffuse through the material, and recombine leading to the
emission of intrinsic bandgap radiation, or become trapped in defects or colour
centres, leading to the emission of extrinsic radiative recombination [13]. Addition-
ally, the momentum of the electron beam allows it to access forbidden transitions
that are inaccessible with plane wave excitation [35].

A particularly relevant feature of incoherent CL microscopy is the high-energy
of the electron beam, which enables the excitation of wide-band gap semiconduc-
tors without the need for deep-UV laser sources. Consequently, among other ma-
terials, CL has become an indispensable tool for the study of ITI-V semiconductors,
that form the basis of many 215t century technologies.

1.1.2.i. III-V SEMICONDUCTORS

Compound semiconductors composed of group III (Al, In, Ga) and group V (N, P,
As) elements of the periodic table are key semiconductor materials powering mod-
ern technology, second only to silicon. Many III-Vs possess highly sought after
features, including direct bandgaps, enabling efficient light absorption and emis-
sion, bandgap tunability through the infrared to UV spectral ranges, and high car-
rier mobilities, enabling fast (opto)electronic devices[36]. Together these proper-
ties make III-V semiconductors central to applications ranging from light-emitting
diodes, lasers, solar cells, and photodetectors, to, importantly, the field of power
electronics. Silicon transistors have limitations in performance for some applica-
tions as computing devices continue to shrink, due to effects of temperature and
high-voltage operation[37]. In contrast, the high III-V mobility can help overcome
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these issues[38]. Modern devices are composed of sophisticated heterostructures,
for example photonic crystals, quantum dots, quantum wells, that can further be
integrated into microrods, improving performance but increasing device complex-
ity and sensitivity to defects.

Together with electron-beam induced current (EBIC) analysis, CL microscopy
has the unique ability to both excite wide-bandgap III-V materials, and probe them
at nanometer spatial resolution. This provides a means to directly identifying de-
fects such as dislocations, stacking faults, point defects, strain variations, and the
characterization of the heterostructure interfaces[34, 39, 40]. Steady-state CL pro-
vides valuable information on the spatial distribution of the material properties,
but ultimately the device performance depends on dynamic processes. Under-
standing how carriers are generated, diffuse, trapped, and recombine in time mo-
tivates the use of time-resolved CL (TR-CL).

1.2. TIME-RESOLVED CL MICROSCOPY

The measurement of dynamic material properties with CL can be done in several
different ways: in a continuous electron excitation regime using measurements of
the second order autocorrelation function, g(Z) (7)[41, 42], or in a pulsed excitation
regime using streak cameras that enable multi- and single- shot measurements[43],
or using time-correlated single photon counting (TCSPC) to build an arrival time
histogram by correlating the detection time of the CL on a photodetector with the
known excitation time of the sample. In all these approaches, the recombination
dynamics of excited carriers are measured. The radiative decay rate, y, and cor-
responding decay lifetime, 7, are determined by the oscillator strength and the
local density of optical states (LDOS). In practice, the effective lifetime is limited
by non-radiative recombination processes, that depend on the trap density, trap
cross-section, and carrier mobility.

Measuring the lifetime as a function of position on the sample can map the ma-
terial quality, as regions with defects typically exhibit a shorter effective lifetime due
to the increased contribution of non-radiative recombination channels. In prac-
tice, the rate equation model describing CL emission is much more complex than
described above and has to be tailored to the material studied. For instance, sam-
ples with multiple emitters could result in a decay described by a sum of exponen-
tials with different lifetimes, while disordered materials would exhibit a stretched
exponential distribution[44]. It is also important to account for carrier generation
and transport within a material, which can influence the dynamics and necessi-
tate that drift-diffusion equations are included into the model[45]. In doped semi-
conductors, it may be important to distinguish the rate equation for minority and
majority carriers. As some recombination mechanisms scale nonlinearly with car-
rier density, such as monomolecular (trap-assisted), bimolecular (near-band edge),
and Auger (three-body) recombination[46], it is important to consider the impact
of excitation density on recombination. Furthermore, effects such as defect density,
defect saturation, and photon recycling may need to be considered as well[47-49].

Hence, TR-CL can capture the dynamics of a wide range of different recombi-
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Figure 1.2: Schematics of pulsed electron beam generation techniques, adapted from [53]. (a) Electron
pulse generation using an electrostatic beam blanker. The electron beam is focused between the blank-
ing plates by adjusting the voltage of the second condensor lens (C2). A square wave voltage pulse is
applied across the plates, deflecting the electron beam across an aperture inserted below the pole piece.
(b) Electron pulse emission using photoemission. A pulsed laser beam is focused onto the electron cath-
ode of the microscope, generating electron pulses. (c) Graph plotting on the left side, the Fermi-Dirac
distribution of electrons at 0 and 1800 K. The electron energy barrier as a function of distance to the
cathode/vacuum interface in the presence of different applied external electric fields. Figure adapted
from ref [54].

nation processes and is an important tool for (semiconductor) material character-
ization [50-52]. Implementing TCSPC-based TR-CL in the SEM, however, requires
that the electron beam is operated in a pulsed rather than continuous regime to
have a precise time zero of excitation.

1.2.1. BEAM-BLANKED AND PHOTOEMISSION ELECTRON PULSES
There are two main strategies to generate a pulsed electron beam in electron mi-
croscopes, as schematically depicted in Figure 1.2.

The first strategy is beam-blanking, in which the continuous beam is chopped
into pulses. This is achieved by focusing the electron beam between two electro-
static plates across which a periodically modulated voltage is applied, resulting in
a periodic deflection of the electron beam. By placing an aperture below the beam
blanker, the electron beam is chopped as it is swept over the aperture. This is a con-
venient approach as the repetition rate and duty cycle can be easily varied by tai-
loring the voltage waveform applied to the beam blanker, and the microscope can
be readily switched between continuous and pulsed regimes. However, the tempo-
ral resolution of the electron pulses is limited by both the electronics and electron
beam energy. In our system, we achieve pulse duration of about 30 picoseconds at
5keV[53] by optimizing the blanker geometry (sub-millimeter plate spacing, fast
voltage edge times, and tight apertures). At higher electron beam energies, the
deflection efficiency is reduced leading to pulse lengths of hundreds of picosec-
onds. It is worth noting that sub-picosecond electron pulses can be achieved us-
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ing radio-frequency (RF) cavities and micro-electro-mechanical-systems (MEMS) u
deflectors[55]. However, these methods are technically demanding[56] and are rarely
implemented in SEMs.

The second strategy for generating electron pulses is by photoemission, achieved
by direct femtosecond pulsed laser triggering of the electron cathode. In this con-
figuration, photon absorption excites electrons above the energy barrier of cath-
ode, generating electron pulses. This method has been shown to generate sub-
picosecond electron pulses in ultrafast TEMs (UTEMs)[57-59], as well as in ultra-
fast SEMs (USEMs)[60, 61]. In addition to high temporal resolution, this method
can generate multiple electrons per pulse, that can be interesting for studies on
correlated electron number states[62], studies requiring high currents, or variable
excitation densities to study non linear material properties such as carrier recombi-
nation dynamics (see section 1.2). However, due to the Coulomb repulsion between
electrons in pulses containing more than one electron, this comes with a tradeoff
in energy and temporal resolution.

To understand how photoemission in USEMs works, it is useful to review the
physics of Schottky FEGs. USEMs are typically equipped with a zirconium oxide-
coated tungsten cathode (Zr/W). The material of the cathode defines the amount of
work it takes to free an electron into vacuum, i.e. the work function ¢. In a contin-
uous mode, the cathode is resistively heated by applying a DC current through the
tip (filament current). The heating increases the thermal energy of the electrons,
redistributing their energy occupation according to the Fermi-Dirac distribution
f(E), as plotted in Figure 1.2 c. A fraction of the electrons have sufficient energy
to overcome the work function[54]. Additionally, the presence of a strong external
electric field, generated by an extractor plate about 500 ym away from the cathode,
lowers the height of the potential barrier with distance via the Schottky effect and
accelerates the electrons into the gun column. The potential energy of an electron
at a distance z from the surface is given by[63],

2

U(z) = Ep+ ¢ — —eFz (1.1)

167megz

where Er is the Fermi energy, e? the elementary charge, ey the permittivity of
vacuum, and F the applied external electric field. As plotted in Figure 1.2 c, in-
creasing F from 0 to 3 V/nm reduces the effective work function and narrows its
width, thus increasing electron emission not only through thermal energy but also
through tunneling. In addition to the extractor plate, the electron gun also includes
a suppressor electrode positioned above the cathode, biased at -500 V. Its role is to
prevent electrons from being emitted along the length of the cathode and confine
emission to the tip of the cathode, thereby improving coherence.

To achieve photoemission, the tip temperature is reduced to suppress contin-
uous thermionic emission. In our microscope, this is done by decreasing the fil-
ament current from 2.41 to 1.2 V, corresponding to a tip temperature of < 1200
K[64]. However, the reduction in thermionic emission is not immediate and the
tip requires on the order of an hour to cool during which the emission gradually
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Figure 1.3: Number of electrons per pulse generated by photoexcitation of the Schottky FEG cathode
with a 50 ym aperture as a function of laser pulse energy at four extractor voltage and C1 settings, for
excitation with photon energies of (a) E,,, = 3.59 eV (3™ harmonic of a 1034 nm laser) and (b) E, hy =4.82
eV (4th harmonic of a 1034 nm laser). (c) and (d) show the corresponding dependence of number of
electrons/pulse on extractor voltage, measured at a fixed laser pulse energy of 2.1 and 2.2 nJ respectively.

decreases. A way to instantaneously suppress thermionic emission is to decrease
the extractor voltage, increasing the effective work function. In our microscope,
decreasing the extractor voltage from its nominal value 4155 V to 3200 V cuts the
thermionic emission. Changing the extractor voltage requires a realignment of the
gun column optics by changing the voltage of the first condensor lens (C1) and
adjusting the gun shift/tilt to refocus the beam through the gun aperture and max-
imize the current at the sample. At a high extractor voltage of 4155V, the current
is maximized by optimizing the C1 setting from 1305 to 1100 V. At 3200 V, C1 is
set to 930 V, and at a low extractor voltage of 650 V, C1 is adjusted to 530 V. In the
cold-tip regime, the energy required to overcome the work function is supplied by
the absorption of photons rather than thermal energy. When a femtosecond laser
of photon energy Ej,, is focused on the cathode, synchronized ultrashort electron
pulses are emitted.

Figures 1.3 a & b, show the number of emitted electron per pulse as a function
of laser pulse energy for cathode excitation using the 3" harmonic of a 1034 nm
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laser (Ej, = 4.82 eV) and 4™ harmonic (Epy = 3.59 eV) respectively, measured us-
ing a 50 um aperture for the four extractor configurations in our USEM. In all cases,
the current increases linearly with laser pulse energy, consistent with single-photon
absorption. For excitation with the 3" harmonic, the limited excess photon energy
above the work function results in a low emission efficiency, with only 1-2 electrons
emitted per pulse. In contrast, excitation with the 4™ harmonic results in signifi-
cantly higher number of electrons emitted per pulse, with ~ 10 electrons per pulse
at high extractor voltages. Decreasing the extractor voltage to 650 V increases the
number of electrons per pulse to about ~100 electrons per pulse at the same laser
pulse energies. Figures 1.3 ¢ & d illustrate the dependence of current on extractor
voltage. Exciting with the 4™ harmonic, the current is constant over most of the
extractor voltage range but it increases sharply as the extractor approaches 650 V.
This rise is attributed to a focusing of the generated electrons through the extractor
aperture as the voltage approaches the potential of the suppressor[65]. In contrast,
for 3" harmonic excitation the current decreases with decreasing extractor voltage.
We attribute this to the limited excess photon energy above the work function, mak-
ing emission strongly reliant on the lowering of the energy barrier by the extractor
through the Schottky effect.

Thus, generating pulsed electron beams by photoemission opens the door to
time-resolved electron microscopy techniques such as TR-CL, discussed earlier, as
well as pump-probe microscopy.

1.2.2. PUMP-PROBE CL

Optical pump-probe experiments are a powerful, widely used time-resolved tech-
nique to investigate material dynamics. Such experiments involve the use of a
short initial laser pulse to excite a sample (the pump), and a second time-delayed
laser pulse to monitor the state of the excitation (the probe). By systematically
varying the delay between the pump and probe, the evolution of the excitation
in time is measured, with the temporal accuracy limited by the pulse lengths and
the precision of their relative arrival times. Variants of pump probe, such as tran-
sient absorption, have been reliably used to study carrier dynamics in semicon-
ductors [66, 67], phase transitions[68], and molecular vibrations[69], among many
other processes. Unlike conventional time-resolved luminescence measurements,
the pump-probe technique can measure ultrafast processes on femtosecond[70] or
even down to attosecond time scales [71], surpassing the limits of the fastest pho-
todetectors such as streak cameras, that achieve picosecond temporal resolutions.

Through the development of UTEM, configurations using a laser pump and
electron probe have also emerged, combining the temporal resolution of the tech-
nique with the high spatial resolution of electron beams[58, 72]. Importantly, syn-
chronization between the pump and probe beams is made possible by splitting
a single laser into two paths; one path is used to photo-excite the electron cath-
ode, while the other optically pumps the sample, thereby eliminating the need for
electronic synchronization that would otherwise introduce additional timing jitter.
Pioneering work used transmitted electrons to study spatially resolved magnetiza-
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tion dynamics [73], defect and nanoparticle-assisted phonon modes [74, 75], lattice
relaxations[76], and charge density waves[77]. Pump-probe approaches have also
been implemented in USEMs, primarily through the analysis of secondary electron
contrast to study photo-carrier relaxation [78-82].

Our group has developed a novel pump-probe cathodoluminescence (PP-CL)
instrument based on an USEM. The instrument employs synchronized femtosec-
ond light pulses and picosecond photoemission electron pulses, to measure the
temporal evolution of the emitted luminescence signals, either PL or CL, to study
material dynamics. The set-up can be used in two configurations by adjusting the
delay scanning range, one where the electron is used as the pump, and one where
the electron is used as a probe. In the former, where the electron is the pump, the
electron charge can be exploited to induce transitions inaccessible to laser pulses,
as was demonstrated by Sola-Garcia et al. in ref. [83] to measure the state conver-
sion dynamics of diamond NV centers. The latter configuration, where the electron
is the probe, can enable the exploitation of the high spatial resolution of the elec-
tron beam to measure PP-CL maps, as well as access to carrier injection regimes
with laser excitation that are unachievable with the electron beam alone.

1.2.3. PHOTON-INDUCED NEAR-FIELD ELECTRON MICROSCOPY
Alternatively, rather than analyzing luminescence signals, the instrument can be
used for a different class of pump-probe experiments, photon-induced near-field
electron microscopy (PINEM). In this configuration, a laser pulse is used for opti-
cal near-field excitation, which is then probed by a synchronized electron pulse. In
the previous sections, the electron was described as a localized, charged point par-
ticle, in contrast, PINEM exploits its dual wave-particle nature. As a consequence
of interaction with the near-field, the electron coherently exchanges energy with
the optical field via simultaneous stimulated emission and absorption of photons,
leading to a modulation of the electron wavefunction into quantized energy side-
bands spaced by the photon energy[84, 85]. Measuring the relative redistribution
of the electron energy provides a direct measure of the interaction strength, that
is defined by the time-varying longitudinal component of the electric near field.
As a result, PINEM has been used to map the near field distribution in a variety of
nanostructures[21, 58, 86-88].

Beyond near-field mapping, the electron-light interaction facilitated by the near
field enables the tailoring of the electron wavefunction. Several geometries have
been explored theoretically and experimentally in UTEMs, with proposed appli-
cations in quantum communication[89] and attosecond electron pulse train gen-
eration [90-92]. The increasing complexity of such experimental configurations
would benefit from the larger vacuum chamber of USEMs, compared to UTEM,
so that advanced light incoupling and correlative CL measurements can be per-
formed. In addition, access to the slower electron regime[93] can have the advan-
tage of stronger electron-light coupling. In practice, this requires the integration of
an electron spectrometer into the microscope, as will be demonstrated in Chapter
5 of this thesis.
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1.3. THESIS OUTLINE

To summarize, CL is a powerful method for studying materials with the nanometer
spatial resolution of the electron beam and the flexibility of optical spectroscopy.
Beyond this, electron-light interaction through PINEM can be used to measure the
near-field distribution of nanophotonic systems as well as restructure the electron
wavefunction. The developments of time-resolved electron microscopy through
beam blanking at photoemission has enabled the study of dynamic material prop-
erties, that can be further expanded by incorporating laser incoupling to perform
pump-probe measurements. This thesis explores how different experimental modes
of our USEM instrument can be used to study dynamic processes, with a particular
emphasis on III-V semiconductors, and plasmonic and dielectric near fields.
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In Chapter 2, we introduce our USEM instrument, and utilize PP-CL with the
electron beam as a probe to study carrier recombination dynamics in Cu,ZnSnS,,
a semiconductor of interest for thin film photovoltaics using earth-abundant mate-
rials. We develop an analytical model describing the material response and extract
the recombination rates of both radiative and non-radiative defects in the material.

In Chapter 3, we combine correlative CL spectroscopy and TR-CL using pulsed
electron beams generated via electrostatic beam blanking, to investigate an In-
GaN/GaN quantum well (QW) structure before and after lamella preparation using
focused ion beam (FIB) milling. While FIB is a popular method of sample thin-
ning for TEM studies, we demonstrate how the optical properties of InGaN/GaN
are significantly impacted. We find that despite measures taken to circumvent ion-
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induced damage, QW luminescence is quenched and its emission lifetime reduced.

In Chapter 4, we use the light-incoupling capabilities of the PP-CL instrument
to investigate the lasing properties of individual GaN nanowires (NWs). We study
thelasing dependence on the single nanowire morphology, accessed using SE imag-
ing, and intrinsic material properties, accessed with CL spectroscopy and TR-CL
over a range of temperatures. We find that the lasing threshold is strongly depen-
dent on the substrate and aspect ratio, and that recombination is limited by surface
defects.

Finally, in Chapter 5, we reconfigure the pump-probe microscope to incorpo-
rate a home-built electron energy spectrometer based on a retarding field analyzer
(RFA), enabling PINEM and EELS measurements in the USEM in the strong cou-
pling regime. We describe the technical implementation of the set-up and align-
ment procedures, and demonstrate near-field mapping of a dielectric metasurface.
We then use PINEM cross-correlation measurements and energy filtering with the
RFA to measure the electron pulse lengths and energy spread as a function of differ-
ent gun parameters. We find a lower limit of the electron energy spread of 0.3 +0.03
eV, and a lower limit of the pulse length of 0.5 ps.

In summary, this thesis demonstrates how our USEM based PP-CL instrument
can probe the dynamics of a variety of semiconductor and dielectric geometries at
the nanoscale, enabling direct exploration of their LDOS and carrier recombination
pathways. We expand the capabilities of the instrument by incorporating electron
energy spectroscopy, and demonstrating PINEM in the SEM. This new geometry
constitutes a powerful method of near-field microscopy in which single-electron
counting provides a direct measure of the optical near-field at a resolution set by
the electron beam. Together, these advances enable a new range of studies of fun-
damental electron-light-matter interactions.
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Our group has developed a novel pump-probe cathodoluminescence (PP-CL) mi-
croscopy instrument, enabling the study of nanoscale material dynamics and electron-
light interactions. The set-up utilizes synchronized femtosecond light pulses and fo-
cused picosecond electron pulses with energies between 2 to 30 keV that are gener-
ated through pulsed laser induced photoemission in an ultrafast scanning electron
microscope. In this configuration, the spatial resolution of the electron beam can
be combined with the versatility and temporal resolution of optical pump probe ex-
periments. We demonstrate the suitability of this instrument to study the carrier re-
combination dynamics in Cup ZnSnS, (CZTS), a promising semiconductor for photo-
voltaic applications. We observe that the excitation of CZTS with increasingly higher
laser powers leads to a blue-shift as well as a saturation in the peak energy of the pho-
toluminescence spectrum, which we ascribe to the filling of shallow defect states near
the valence band. Using PP-CL, we measure and extract the nanosecond lifetimes of
these shallow radiative defects, as well as non-radiative defects in the material, and
present an analytical model describing the system. We conclude with a discussion
on the limitations of the technique and suggestions for the design of future PP-CL
experiments.

13
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2.1. INTRODUCTION

In this work, we use our novel pump-probe cathodoluminescence (PP-CL) instru-
ment to study the carrier recombination dynamics of Cu,ZnSnS4 (CZTS), a promis-
ing semiconductor material for photovoltaic (PV) applications. With a direct bandgap
of ~ 1.5 eV, which is furthermore tuneable through alloying, it is a favourable ma-
terial for standalone, thin film, and multi-junction tandem solar cells[94]. Unlike
most perovskites, which are currently the forerunner in PV research, CZTS is non-
toxic, and compared to its direct competitor Culn,Ga;_,Se; (CIGS), it is entirely
composed of earth-abundant materials. Despite these advantages, state-of-the-art
CZTS solar cells perform relatively poorly in efficiency, well below the 32.1% of the
detailed balance limit[95]. This performance gap comes as a result of the mate-
rial’s complex atomic structure and narrow thermodynamic stability window[96],
making high-quality single-phase CZTS challenging to grow and prone to high de-
fect densities. The most common defect has been identified as Zn on Cu anti-site
defects, that have been shown in literature to form shallow trap states and intrin-
sic p-doping [97]. Nonetheless, after a long period without major developments,
a new record efficiency of 13.2%[98] was recently achieved. Advancing further re-
quires the careful study of the defects in the material, highlighting the importance
of understanding defect mechanisms and recombination dynamics further.

Pump-probe techniques offer a powerful way to access such dynamic informa-
tion by exciting a material with a initial excitation pulse (the pump) and probing the
dynamics of the excited state with a time delayed second pulse (the probe). While
most pump-probe studies rely on two laser pulses, our PP-CL instrument uses syn-
chronized electron and laser pulses. This approach combines the temporal reso-
lution of the technique with the spatial resolution of the electron beam. In this
chapter, we investigate the configuration where the laser serves as the pump and
the electron beam as the probe, allowing us to measure the de-trapping dynamics
of defects in CZTS, with CL as the signature.

2.2. EXPERIMENTAL SET-UP

Our experimental set-up, including detailed characterization and alignment pro-
cedures, is described in [99], and a schematic of the geometry is shown in Figure
2.1. In brief, the set-up is based on a modified SEM (Thermo Fisher Quanta 250),
integrated with a Yb-doped fiber oscillator/amplifier laser (Clark MXR Impulse).
The laser delivers 250 fs pulses with a tunable repetition rate between 200 kHz -
25.19 MHz. Its fundamental output at A = 1034 nm is up-converted using a har-
monic generator consisting of a series of beta barium borate crystals to generate
the 204, 31 and 4™ harmonics, corresponding to A =517, 345, and 257 nm respec-
tively. The 3" and 4™ harmonics can be focused onto the electron cathode of the
SEM to directly generate electrons by photoemission, although the 29 harmonic
can also be used to generate photoelectrons through two-photon absorption. In
parallel, the fundamental or any of the harmonics can be routed through a delay
stage (Newport M-IMS600PP), coupled into the SEM chamber via a vacuum win-
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Figure 2.1: Schematic of the pump-probe CL setup. The Srd, or 4 harmonics (A = 345,258 nm) of a
250 fs laser are modulated using an optical chopper and focused onto the electron cathode of an SEM to
photo-induce picosecond electron pulses that are focused onto the sample. A parallel laser path, of the
fundamental output or any up-converted harmonic, is coupled into the SEM chamber via a parabolic
mirror to synchronously photo-excite the sample. The arrival time of the laser pulse with respect to the
electron pulse is controlled via a delay stage. The emitted CL and PL is collected and directed to an

optical set-up.
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Figure 2.2: (a) Secondary electron image of the CZTS sample, with (b) the corresponding CL intensity
map integrated over A, =920+ 25 nm.

dow, and focused onto the sample for photo-excitation by a parabolic aluminium
mirror (acceptance angle 1.467 sr, focal distance 0.5 mm). This mirror also collects
the emitted luminescence, either CL or photoluminescence (PL), from the sam-
ple and redirects the collimated beam out of the SEM to an optical detection set-
up. The available detection schemes include a CCD camera for mirror imaging and
sample alignment, and other photodetectors such as a multi-pixel photon counter
(MPPC, Hamamatsu C14455-3050GA), fibre-coupled spectrometer (Princeton In-
struments Specl0), and a time-correlated single photon counting module (Pico-
quant PicoHarp 300). The stability of the laser paths are maintained using an active
beam stabilizer system (TEM Messtechnik Aligna), ensuring reproducibility of the
alignment while scanning over the delay stage.

2.3. PLAND CL CHARACTERIZATION

The CZTS sample investigated in this study was fabricated in the group of Prof. Xi-
aojing Hao at the University of New South Wales, Australia, using a method similar
to that described by Yan et al. in [100]. In brief, sample precursors were deposited
via sputter coating onto a Mo/glass substrate, followed by rapid annealing in vac-
uum. This process yielded a CZTS layer of approximately 800 nm thickness, which
was further passivated with a roughly 3 nm thick layer of Al,O3. A secondary elec-
tron image of the sample is shown in Figure 2.2a, with a concurrent CL map inte-
grated between 895 and 945 nm shown in Figure 2.2b. The CL map was acquired
under excitation with a 10 keV continuous electron beam. These figures reveal that
the sample consists of grains on the order of microns in size, and that there is a
notable decrease in CL intensity at the grain boundaries. Such reduction in inten-
sities are commonly attributed to non-radiative recombination caused by concen-
trated defect states localized at the grain boundaries[101], however, recent work
has shown that reduced out-coupling efficiency associated with the morphology of
the grain can play a significant role as well[102].

To investigate the effect of excitation density on radiative recombination, the
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Figure 2.3: (a) PL spectra obtained by exciting a bulk CZTS sample with a A = 517 nm pulsed laser beam
of increasing pulse energy (28 pJ to 323 p]J per pulse). (b) CL spectra obtained via excitation with a 10
keV pulsed electron beam with increasing number of electrons per pulse (3 to 299 electrons per pulse).
(c) Normalized peak intensities of the PL (purple) and CL (blue) spectra as a function of increasing exci-
tation densities.

CL spectrum from the sample was measured under pulsed electron-beam excita-
tion as a function of the number of electrons per pulse, as shown in Figure 2.3b.
The electron current was controlled by varying the power of the 4™ harmonic laser
(A = 257 nm, repetition rate = 25.19 MHz) used to drive the electron cathode, with
an open aperture and low extractor voltage (Vext = 650 V). For comparison, the PL
spectra were measured as a function of excitation pulse energies using the 2°¢ har-
monic laser beam (A = 517 nm, repetition rate = 25.19 MHz), as shown in Figure
2.3a. Although a long pass 532 nm filter was used to block scattered laser light from
reaching the spectrometer, a small peak at 1034 nm is observed in the spectra as a
result of second-order diffraction from the spectrometer grating. The penetration
depth of the laser light within the sample can be estimated using the Beer-Lambert
law. CZTS is a strong absorber with an absorption coefficient >10* cm™! through
the visible, and @ ~ 7.1 x 10*cm™! at A = 517 nm[100], corresponding to a 1/e pen-
etration depth of the laser of 141 nm, as plotted in Figure 2.4b. To maintain a simi-
lar excitation volume within the sample during electron excitation, CASINO Monte
Carlo[103] simulations of the electron beam were performed, as plotted in Figure
2.4a, which showed that 10 keV electrons provide a comparable penetration depth.

At low excitation densities, both the CL and PL spectra are centered at around
920 nm, consistent with radiative recombination from shallow tail states near the
valence band[67, 104]. Upon increasing excitation pulse energies, around 30 to
300 pJ per pulse, the PL spectra exhibit a blue-shift with an apparent saturation
of the emission intensity. This behaviour is consistent with the Moss-Burnstein ef-
fect, that is commonly observed in intrinsically doped semiconductors with a high
density of shallow trap states, and has been reported previously in literature on
CZTS[67, 104]. In the weak excitation regime, monomolecular radiative recombina-
tion from these trap or tail states has a linear dependence on excitation density. As
the tail states are progressively filled, this recombination channel saturates[105]. At
high carrier densities, recombination shifts to bimolecular band-to-band recombi-
nation, which scales quadratically with carrier density, and results in the observed
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Figure 2.4: Electron- and laser- deposited energy densities (top row) and carrier generation rate in CZTS
under pulsed excitation (bottom row). (a) CASINO Monte Carlo simulations of 10 keV electrons with
a beam diameter of 5 nm, planarly incident on CZTS (density = 4.33 g/cm®). The simulation volume
was divided into cubic bins of 10 nm side length, to calculate the deposited energy density per electron.
(b) Calculated deposited energy density by incident laser beam with A = 517 nm and a beam of 10 pm
diameter incident on CZTS (absorption coefficient & = 7.1 x 104cm™1 [100]) using the Beer-Lambert law.
The laser power was scaled such that a total of 10 keV energy was deposited into the sample. (c) Calcu-
lated carrier generation rate by a 5 ps electron pulse containing 300 electrons and focused to a 900 nm
diameter (d) Calculated generation rate by a 300 yJ laser pulse of 250 fs duration.
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blue-shift. The reduced relative efficiency of bimolecular recombination compared
to monomolecular leads to the intensity saturation.

In contrast, the CL spectra do not show any blue-shift or intensity saturation
as the excitation density is increased from ~3 to 300 electrons per pulse. While
the CASINO Monte Carlo simulations in Figure 2.4 demonstrate that the electron
beam deposits a much higher peak energy density than the laser (on the order of
10' eV/cm? per electron compared to 10 eV/cm? for laser excitation with the
same total energy), it should be noted that the deposited energy does not translate
into carrier generation rate in the same way for electron and laser pulses. More-
over, for electron beams in the regime of hundreds of electrons per pulse, the fo-
cal spot degrades from the simulated 5 nm beam diameter to around 900 nm un-
der experimental conditions[53], as a result of Coulomb repulsion[106]. Under
electron-beam excitation, carriers are excited indirectly. The electron beam inter-
acts with the sample through multiple inelastic collisions. The deposited energy
results in the generation of bulk plasmons (estimated as 16 eV for CZTS using the
Drude plasma frequency relation) that subsequently decay into several electron-
hole pairs[31, 33]. In contrast, each absorbed photon with an energy above the
band gap in a direct band gap semiconductor excites an electron-hole pair. There-
fore, the carrier excitation efficiency per deposited energy density is greater for the
laser beam than for the electron beam. Additionally, high current electron pulses
have durations on the order of picoseconds, rather than the hundreds of femtosec-
onds for the laser, which reduces the instantaneous generation rate even further.
The instantaneous carrier generation rates for an electron pulse of 300 electrons
and laser pulse of 300 yJ are plotted in Figure 2.4 ¢ & d respectively, with the cal-
culation procedure described in Supplementary 2.6.1. From these calculations,
we find generation rates on the order of 103! cm™3s~! for the electron beam, and
1038 cm™3s7! for the laser. These results explain why, even at the highest electron-
beam currents used, CL doesn’t reach carrier densities sufficient to saturate tail
states or induce a Moss-Burnstein shift, highlighting the electron beam’s suitability
as a stable probe in PP-CL.

2.4. PP-CL CHARACTERIZATION

In a pump-probe configuration, both PL and CL signals are detected simultane-
ously. As the PL signal intensity was so much stronger than the CL, phase sensitive
lock-in detection was necessary to isolate the weaker CL signal above the PL back-
ground. Lock-in detection also serves to suppress noise arising from fluctuations
in the laser intensity. For this purpose, the laser beam exciting the electron cathode
was chopped at a frequency of 287 Hz, leading to a modulation of the electron pul-
ses and the resulting CL emission at the same frequency. This frequency was cho-
sen to avoid interference from the 50 MHz mains current and its harmonics. The
chopper was used as a reference signal for the lock-in amplifier (Stanford Research
Systems RS830 DSP), while the CL and PL signals were collected, filtered with a long
pass 532 nm filter, and redirected towards the multi-pixel photon counter (MPPC,
Hamamatsu C14455-3050G). The luminescence signals were additionally filtered
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using neutral density filters to keep to MPPC output voltage < 550 mV and avoid
the repetition-rate dependent saturation levels of the MPPC[99]. Despite the use
of lock-in detection to improve sensitivity, the CL intensity still needed to be suffi-
ciently strong, requiring operation at high laser repetition rates, and high currents
of ~ 320 electrons per pulse.

We performed PP-CL measurements as a function of the relative delay between
electron and laser pulses, At. For each delay point, two signals were recorded: (i)
the PP intensity, the CL intensity with both the electron and laser beams exciting
the sample, and (ii) a reference CL intensity, with only electron beam excitation.
The results of our PP-CL measurements are plotted in Figure 2.5. On the y-axis,
we report the relative change (as a percentage) of the CL intensity as a result of
laser excitation, compared to the reference CL signal without laser excitation. This
metric is defined as,

PP-CL
ACL = —— x 100, (2.1)
CL

where PP is the MPPC output voltage with both the electron and laser beams
exciting the sample, and CL is the output voltage with only electron beam exci-
tation. A positive ACL corresponds to CL enhancement, while a negative value
indicates CL suppression as a result of laser excitation. A negative delay, At <0,
corresponds to the electron pulse arriving at the sample before the laser pulse, a
positive delay, At > 0, corresponds to the electron arriving after the laser pulse, and
at At = 0 the two pulses are coincident. To avoid artifacts as a result of sample
damage, the delay positions are randomized during the scan. Owing to the strobo-
scopic nature of the measurements, each data point corresponds to the average of
~7.5x 108 pump-probe cycles (25.19 MHz repetition, 30 seconds integration time).
Each data point is furthermore measured 4 times, with the standard deviation be-
tween measurements represented by the error bars. The reproducible observation
of a delay-dependent PP-CL signal demonstrates that no progressive beam dam-
age under these conditions, otherwise the signal contrast would be lost in averag-
ing. Because the electron cathode is kept cold during the measurement to generate
photoemission pulses, the zirconium oxide coating that enhances electron emis-
sion gradually depletes within less that an hour, leading to areduced beam current.
To maintain a stable emission current over long acquisitions, each delay scan is di-
vided into two halves with an intermediate flashing of the tip to restore the coating.
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Figure 2.5: Relative change in CL signal with respect to the reference CL signal as a result of laser beam
excitation as a function of delay between the laser and electron pulses, measured for different laser
energies in the range of 3 - 77 pJ/pulse. A negative delay corresponds to the electron pulse arriving
before the laser pulse.
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Figure 2.6: Visualization of the rate equation model describing the carrier dynamics probed with PP-CL.
Each laser pulse generates free electrons and holes with carrier concentrations n and p, which can (i)
undergo bimolecular radiative recombination, (ii) trapping at shallow trap states that recombine radia-
tively, or (iii) trapping at non-radiative defects.

Atlow laser pulse energies, shown in Figure 2.5 (a), we observe that the CL signal
is enhanced by up to ~17% when the laser and electron beams are both coincident
temporally on the sample, at At = 0. This enhancement decays rapidly and the CL
signal reverts back to its reference intensity at later delays. With increasing laser
pulse energy, as plotted in Figure 2.5 (b), the CL enhancement at zero delay in-
creases to ~ 22% at zero delay, however, as the delay increases the signal no longer
relaxes fully to it’s reference intensity but exhibits a small suppression of around
—10%. Finally, at higher excitations, Figure 2.5 (c-d), the maximum enhancement
reaches up to~30%, and the, CL suppression becomes even stronger, reaching be-
low ~50% at later delays.

These dynamics are well described by a standard rate equation model, similar
to that in ref. [105], which is summarized schematically with a rate equation dia-
gram in Figure 2.6. In the model, each laser pulse excites free electron-hole pairs in
the material, with concentrations n and p respectively. These charge carriers can
subsequently recombine through three competing pathways. Firstly, they can un-
dergo direct bimolecular recombination, producing luminescence with intensity
Ig = Bnp, where f is the bimolecular decay coefficient. Secondly, the charge car-
riers can be trapped in shallow trap states located near the band edge. We assume
that these are the same states to those observed in the PL vs. excitation density
measurements in Figure 2.3 (a), where the progressive filling of the traps leads to a
blue-shift of the emission peak. The capture rate is proportional to the carrier den-
sity and the density of trap states in the ground state, k;n(Np , — N;), where k; is the
capture coefficient, Ny the nominal trap density, and N; the density of filled trap
states. Once trapped, the carriers radiatively recombine at a rate N;/7;. Thirdly, the
charge carriers can be trapped within non-radiative defects that exist within the
sample, with a capture rate kp;7(Nonr — Nnr), Wwhere Ny 5r is the nominal density of
non-radiative defects, Ny is the density of filled non-radiative defects, and ky; is
the capture coefficient, after which they recombine at a rate Ny /7.

The PP measurements could be understood in terms of how the laser pulse
modifies the availability of non-radiative and radiative defect channels for the elec-
tron - induced carriers. When the carriers excited by the laser beam populate the
non-radiative defects in the material, their capture probability is reduced, prevent-
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ing carriers injected by the electron beam from capture. As a result, a greater frac-
tion of the carriers recombine radiatively and the CL intensity is enhanced relative
to the reference intensity. At the same time, the laser also fills the shallow radiative
trap states. Because these monomolecular radiative traps normally provide a fast
radiative recombination pathway, their progressive saturation at higher pulse en-
ergies forces electron-excited carriers into slower bimolecular recombination. As a
result, the CL intensity becomes suppressed relative to the reference intensity. This
also indicates that non-radiative recombination is one of the dominant channels
in the materials, as even when the shallow radiative traps are simultaneously sat-
urated, the CL intensity is still enhanced. The measurements effectively probe the
de-trapping kinetics of both the non-radiative and radiative defects. Accordingly,
the experimental data at positive delays could be fitted using the equation,

ACL(#) = Nyr(0)e™//or — N,(0) e~ /™ 2.2)

A global least-squares fitting of equation 2.2 was performed on the four data
sets in Figure 2.5, resulting in a non-radiative defect recombination rate with an
associated lifetime of 7,y = 1.68 £ 0.78 ns. Due to the limited experimental delay
window and slow recombination rate of the shallow traps, 7;, a precise fit could
not be reliably extracted. To estimate a lower bound on 7, we scanned the fitting
over fixed values of 7, and examined the resulting y?, which plateaued beyond ap-
proximately 43 ns, indicating that the data is no longer sensitive to increases in ;.
Therefore, we report alower bound of 7, = 43 ns and note that the actual decay time
may be longer. Important to note is that this lower bound exceeds the time between
laser/electron pulses (39.7 ns at repetition rate of 25.19 MHz), suggesting that these
long-lived defect states do not completely relax back to their ground state between
pulses which leads to some degree of cumulative offset of the CL over many pump-
probe cycles. However, 7, cannot be arbitrarily long, as otherwise its contribution
would appear as a flat background offset, inconsistent with the observed dynamics.
To confirm this model, it would be desirable to perform spectrally resolved PP-CL
measurements, however, filtering the already weak CL signal led to too strong a re-
duction of signal-to-noise.

2.5. CONCLUSIONS

We demonstrated PP-CL on CZTS and highlight how the technique can be used
to probe recombination pathways and their dynamics. Due to the low carrier in-
jection, the electron beam is a suitable probe that can distinguish between non-
radiative and radiative recombination dynamics which are not directly accessible
with TR-CL and hyperspectral measurements. However, several limitations of the
PP-CL techniques appear. Under the high current conditions required for PP-CL,
the spatial resolution of the electron beam degrades to hundreds of nanometers[53].
This compromises one of the advantages of using electrons in a pump-probe exper-
iments compared to standard laser-laser based methods. Although a high spatial
resolution can in principle be recovered in the limit of <1 electron per pulse, in this




24 2. PUMP-PROBE CL ON CU2ZNSNS4

regime the CL signal would not be recoverable above the PL background. Conse-
quently, it was unfeasible in the present experiment to map the PP-CL signal across
grains to investigate spatially varying decay dynamics.

Nonetheless, this provides useful insights for important design considerations
of future PP-CL experiments. Since the biggest challenge of the technique is iso-
lating the weak CL signal over the stronger PL background, future implementa-
tions of spatially-resolved PP-CL should avoid a spectral overlap between the CL
and PL signals. This would enable the use of low electron currents and maintain
a high spatial resolution of the electron beam. An approach to achieve this would
be to design an experiment where it is possible to engineer a spectral separation
between the PL and CL, for example, by studying resonant nanostructures and tun-
ing the CL-excited (Mie) resonances away from the PL band. Another approach is
by employing laser excitation wavelengths that do not excite PL at all, but instead
pump the sample into a different state, for instance, via heating the sample which
would enable studies of phase-transformations at high spatial resolution. Finally,
PP-CL sensitivity may also be improved by reducing the effective laser-excited lat-
eral area such that the total PL background intensity is reduced while the CL inten-
sity is maintained. This can be achieved by studying patterned or nanostructured
semiconductors as opposed to bulk semiconductor materials. However, it is impor-
tant to keep in mind that the measurement procedure is time-intensive and a single
delay scan can require more than one hour of measurement time. This should be
considered when planning high spatial resolution PP-CL mapping requiring pixel
by pixel measurements.
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2.6. SUPPLEMENTARY
2.6.1. CARRIER GENERATION RATE CALCULATION

To calculate the carrier generation rate under electron excitation, the bulk plasmon
energy of CZTS was first estimated using,

Ne?
wp = 2.3)
€oMe

where N is the valence electron density, e is the elementary charge, m, is the
electron mass, and €y is the vacuum permittivity[30]. For CZTS, we obtain a plas-
mon energy of approximately 16 eV. The deposited energy density per electron was
calculated using CASINO Monte Carlo simulations of a 10 keV electron beam fo-
cused to a diameter of 900 nm. Dividing the deposited energy density by the plas-
mon energy gives the corresponding plasmon density. The number of excited car-
riers per plasmon was then estimated using the pair-creation energy for compound
semiconductors, € given by,

€ =2.73Eg +0.55¢V (2.4)

where E is the bandgap of CZTS[33]. Thus the number of electron-hole pairs
generated per plasmon is given by /iw,/¢. Finally, scaling this value by the number
of electrons per pulse and dividing by the electron pulse duration (estimated as
2.5 ps, see Chapter 5) yields the instantaneous carrier generation rate in units of
cm 3571,
For laser excitation, the carrier generation was calculated using the Beer-Lambert

law. The fluence assuming a Gaussian beam distribution was calculated using,

2 2

2E 2x2
Flx) = 2P on |22 2.5)
ﬂwo wo

where E)se is the pulse energy, and wy is the beam waist. The absorbed energy
density as a function of depth was then calculated using the Beer-Lambert law,

E(x,z) = aF(x)e %* (2.6)

where a is the absorption coefficient of CZTS. The carrier density was then cal-
culated by dividing the absorbed energy by Eg, assuming unity efficiency of the
photon to carrier conversion, and further divided by the laser pulse duration (250

fs) to obtain the carrier generation rate in cm=3s71.







EFFECTS OF LAMELLA
PREPARATION ON INGAN QW
LUMINESCENCE

Despite it being a popular sample preparation technique, the optoelectronic effects
of thinning bulk samples into lamella using a Ga-based focused ion beam (FIB),
as is commonly performed for studies in a transmission electron microscope, have
been seldom studied systematically. In this work, we confront this using correla-
tive cathodoluminescence (CL) spectroscopy, to investigate the optical properties of
high In content c-plane InGaN/GaN quantum wells, fabricated including a growth
interrupting step that forms regions of quantum disc InGaN islands that behave as
localized emitters and furthermore reduce the strain-induced quantum Stark effect
present in majority of such heterostructures. Using picosecond electrostatically beam
blanked electron pulses, we measured the decay transients as a function of position
and wavelength. The sample was studied before and after undergoing preparation as
lamella, demonstrating that FIB preparation affects both the spectral and temporal
luminescence properties despite measures undertaken to protect the sample during
fabrication. Non-radiative defects introduced by the ion beam quenched the lumi-
nescence as well as reduced the lifetime of emission, with the quantum well lumines-
cence component particularly affected, due to the emission being weakly localized
and hence allowing carriers to migrate to defect areas. These findings underscore the
importance of correlating bulk and lamella properties to accurately interpret optical
measurements.

27
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3.1. INTRODUCTION

Lamella preparation using focused ion beam (FIB) milling is a powerful technique
in material science, enabling the fabrication of electron-transparent and site-specific
samples for atomic-scale analysis within a transmission electron microscope (TEM).
This method has been applied to understand the structural and chemical features
of a variety of material systems, including group III/V semiconductors. Due to its
nanoscale spatial resolution and keV energy regime, cathodoluminescence (CL)
has emerged as an ideal tool for optical characterization of high-energy bandgap
materials, such as GaN, far beyond the optical diffraction limit [107-109]. Such
measurements are routinely performed in TEMs on GaN devices [110-114], as well
as other materials [115, 116]. These CL-TEM studies enable the correlation of ra-
diative properties and defect-related emission with the structure of the material at
the nanoscale. However, it is well-known that FIB lamella preparation can also in-
troduce artefacts. The ion beam has been shown to cause localized damage such
as ion implantation, sputtering, amorphization and point defect creation, includ-
ing vacancies, and damage from thermal effects. As these artefacts are linked to the
interaction volume of the ion beam within the material, the FIB leaves a damaged
layer of several tens of nm thick[117], depending on the energy of the ion beam
[118]. Hence, a large body of work has been performed to mitigate these issues
and optimize the FIB parameter space[119]. This includes reduction of ion beam
energy[120], thereby reducing the collision cascade, the deposition of platinum or
tungsten protective layers, utilization of chemically inert plasma beams such as
Xe[121], post-thinning annealing to restore the crystal structure[122], and research
is ongoing. Nonetheless, some studies are emerging indicating that despite the
measures undertaken to mitigate ion-induced damage, FIB lamella often do not
replicate the radiative emission characteristics of their bulk counterparts[123, 124].
These differences cannot be attributed solely to the reduction of the material di-
mensions via thinning, that can possibly modify strain. While the implications of
this research are crucial for TEM-based CL studies, where conclusions about the
bulk material may be deduced from optical measurements on lamella, to the best
of the authors knowledge, correlative measurements on the same material in both
configurations are yet to be demonstrated. In this work, we use scanning electron
microscope (SEM)-CL, to investigate the optical properties of the same region of
an InGaN/GaN quantum well heterostructure in both its bulk form and as a FIB-
prepared lamella. The heterostructure in our case study is composed of single
quantum well (QW) and quantum disc (QD) active regions, resulting in a significant
spectral variation of the CL signal with position across the sample and enabling the
identification of the same region at the nanoscale before and after lamella prepa-
ration. By employing hyperspectral CL, we capture the spatially resolved emission
spectra to evaluate changes in radiative spectral properties, while time-resolved CL
(TR-CL) provides insight into recombination dynamics. We find that FIB prepara-
tion affects both these properties, emphasizing the need to clearly understand its
impact to be able to retrieve the bulk properties from TEM-CL study.



3.2. SAMPLE PREPARATION 29

3.2. SAMPLE PREPARATION

The sample was grown, as demonstrated graphically in Figure 3.1a, by metalor-
ganic vapor phase epitaxy (MOVPE) on a (001) sapphire substrate using a custom
Dragon family horizontal-flow episystem with an inductively heated susceptor and
standard precursors[125]. Growth started from a low-temperature GaN nucleation
layer followed by thick high-temperature GaN growth to reduce dislocation den-
sity. Subsequently, the temperature was lowered and a 4 nm layer of In,Ga;_N,
where x = 25 — 30%, was deposited in hydrogen-free ambient. Prior to overgrowth
with GaN, the InGaN was subjected to a growth-interruption (GI) step using ex-
posure to a hydrogen-containing atmosphere. The details of the procedure on a
similar growth and the resulting impact expected on the external quantum effi-
ciencies (EQEs) have been described by Tsatsulnikov et al.[125]. The stoichiome-
try of the sample was calculated using strain-state analysis (Supplementary Figure
3.1) of (1100) cross-sectional high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images which were corrected for distortion
and calibration errors by applying AbStrain procedure[126-128]. As a result of the
GI step, the InGaN layer is etched, transforming the homogenous layer into areas
of 2D InGaN QWs, as shown in the HAADF-STEM image in Figure 3.1bi, and 3D
InGaN QDs with a lateral confinement on the order of tens of nm, Figure 3.1bii. Al-
though this is larger than the Bohr radius of excitons in InGaN (which, depending
on the stoichiometry, is between the approximately 3 nm for GaN[129] and 8 nm
for InN[130]), InGaN QDs of similar length scales have demonstrated blue shifting
due to lateral confinement[131, 132]. This fabrication approach was originally de-
veloped to promote confinement of carriers within QD regions of the sample, mit-
igating carriers from migrating in the QW plane to defects and dislocations[133],
and ensuring a higher EQE of resulting devices. However, it additionally prevents
indium phase segregation[134], and reduces the strain-induced quantum confined
stark effect (QCSE) present in majority of such structures (as will be evidenced in
data shown later in the manuscript).

After full optical characterisation of two identified areas on the bulk sample, we
extracted two lamellae from these areas: one in cross-section and another in plan-
view. These preparations were carried out using a gallium ion source on a Ther-
moFisher Helios Nanolab 600i dualbeam FIB/SEM microscope at 2 x 10~® mbar.
To protect the surface of the samples, two layers of carbon and platinum (a few
hundred nanometres thick) were deposited by focused electron beam induced de-
position (FEBID). Then a thicker layer of about 1 ym of platinum was deposited by
focused ion beam induced deposition (FIBID). The still thick lamellae were then cut
and extracted using a microtip (Omniprobe 200 micromanipulator) and mounted
on a TEM grid. Final thinning to a thickness of around 200 nm was performed us-
ing a graded voltage procedure, to reduce the damage caused by the FIB. The Ga
beam acceleration was sequentially reduced: initially at 30 keV and 430 pA ata +1°
angle, followed by 16 keV at 50 pA (+ 2°), 8 keV at 20 pA (+ 3°), 5 keV at 15 pA (+ 3°),
and finally 2 keV at 20 pA (+ 4°). Each milling step was monitored live using SEM
imaging and was stopped once the lamella reached desired thickness and several




30 3. EFFECTS OF LAMELLA PREPARATION ON INGAN QW LUMINESCENCE

tens of nm of material were removed. For the lamellae in plan-view, the protective
layers previously deposited on the surface were milled using the FIB.

3.3. HYPERSPECTRAL CL MEASUREMENTS

A 2 x 2 um? region of the bulk sample was characterized using cathodolumines-
cence experiments performed within a SEM equipped with a parabolic mirror for
high-NA light collection and redirection to an optical spectrometer (see Supple-
mentary Methods). The SEM was operated at 5 keV to minimize the penetration
depth and the size of the electron cascade within the sample, thereby achieving a
higher spatial resolution (see Supplementary Figure 3.2 for CASINO Monte-Carlo
simulations[135]). The electron beam current was set to 10 pA to mitigate damage
by the electron beam.

Figure 3.1c shows the measured CL map centered at A, = 500 £ 37.5 nm, fitted
to false-colour RGB values by splitting the wavelength range into three 25 nm chan-
nels. The spectra in Figure 3.1d corresponding to the highlighted pixels in the RGB
map consistently form two discrete bands, resulting from quantum confinement
effects in the inhomogeneous InGaN layer. For A1, < 500 nm, we observe spatially
localized emission visible by the blue region in Figure 1di that we associate with the
QDs. Despite their physical size, the emission from the QDs is localized to emission
spots of around hundred nanometres in diameter, limited by the size of the electron
cascade and charge carrier diffusion (Supplementary Figure 3.2). For A, > 500 nm,
the broader, less localized features shown in green and red colours in Figure 3.1dii
and iii, are associated to the QW emission.

The strong localization of the 1, < 500 nm band is more clearly observable
in STEM-CL measurements on a cross-sectional lamella from the same sample
growth, plotted in Figure 3.2. These measurements were performed in a dedicated
STEM Nion at 60 keV and liquid nitrogen temperature, that achieve higher spatial
resolution that SEM-CL. The position-dependent CL spectra in Figure 2a feature
the same two bands observed in SEM-CL, and the CL maps filtered for 1, =425+5
nm and (d) A. =500 + 50 nm in Figure 3.2c and 3.2d clearly show the spatial sepa-
ration of the two bands. Furthermore,the lack of band-bending related red-shifting
under electron beam excitation away from the QW[136], resulting in a lower ex-
ciation density, suggests that the QCSE are minimal, and, that any internal elec-
tric fields are largely unscreened and don't dominate the recombination dynamics.
More hyperspectral measurements at room temperature and time-resolved mea-
surements in the TEM for direct comparison to subsequent SEM-CL results are
available in Supplementary Figure 3.3.

Next, we repeat the SEM-based hyperspectral CL experiments on the lamella
sample; the SEM was now operated at 30 keV to achieve the highest spatial reso-
lution, and a current of 10 pA was maintained. A representative false-colour RGB
CL map is shown in Figure 3.3b with corresponding spectra in Figure 3.3c. These
measurements show that the InGaN layer remains luminescent after lamella prepa-
ration, however, the integrated count rate has been significantly reduced. This is an
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Figure 3.1: (a) Graphic demonstrating InGaN/GaN QW/QD fabrication. (b) High resolution 200 keV
HAADF-STEM depicting QW (top) and QD (bottom) regions of the sample. (c) RGB SEM-CL map with
pixel size 10 nm at A = 500 + 37.5 nm of bulk sample. (d) CL spectra corresponding with measurement
areas marked in (c). The insets show CL maps filtered for the three false color RGB bands, centered at

A¢ = (i) 475 (ii) 500 and (iii) 525 nm, and bandwidth 25 nm.
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Figure 3.2: Hyperspectral TEM-CL measurements on cross-sectional lamella at 60 keV. (a) CL spectra
from different positions along InGaN layer, as seen in dark field TEM image in (b), with CL measurement
positions marked in the inset. (c) CL map with 0.6 nm pixel size at A, =425+5 nm and (d) A, =500+ 50
nm. The dotted lines indicate the position of the InGaN layer within the heterostructure.



3.4. TIME-RESOLVED CL MEASUREMENTS 33

anticipated feature considering that the energy deposited per electron changes by
an order of magnitude as most electrons are being completely transmitted through
the sample (3.2). However, the counts still drop by an additional five orders of mag-
nitude, indicating that quenching due to defect creation has occurred. The spectra
show that it is predominantly the QW emission component that has been affected
and strongly optically quenched.

Due the the rich hyperspectral variation across the sample, the hyperspectral
maps centered at A, = 430 £ 5 nm in bulk and lamella, as seen in Figures 3.3d &
3.3e respectively, provided a unique spatially resolved signature that enables cor-
relation before and after lamella preparation. The spectra from the same position
in the two sample configurations are plotted in Figures 3.3f & 3.3g. This reveals the
same trend that the QW emission is quenched and the QD emission is largely pre-
served. We also observe in the CL map of the lamella in Figure 3.3e, that some of
the localized QDs over the scan area have dissapeared. This may be a result of the
FIB milling away the platinum protective layer at an angle subsqeuntly leaving the
sample partically covered with platinum, and partially milling into the InGaN layer.

3.4. TIME-RESOLVED CL MEASUREMENTS

The optical quenching observed, and thus the decrease of the quantum yield is
intrinsically linked to the recombination rates of both radiative and non-radiative
transitions in the material[105]. Moving from steady state to TR-CL experiments

enables the study of excitation and recombination dynamics of carriers in a system[137,

138]. To measure TR-CL in our SEM, the electron beam was blanked using an elec-
trostatic beam blanker resulting in pulses of about 30 ps (5 keV electron beam) and
100 ps (30 keV beam) widths[53]. The collected luminescence is directed towards a
time-correlated single photon counting (TCSPC) module that builds an arrival time
histogram.

The measurements on the bulk sample are shown in Figure 3.4a, where plots i
and ii are the TR-CL maps filtered for QD and QW emission respectively. The pulsed
measurements have a coarser spatial resolution, because of increased astigmatism
from adjusting the gun column parameters to align the crossover position between
the blanking plates[53]. However, the same trends we observed in Figure 3.1c are
present - the maps filtered for the two bands are complementary, with the QD emis-
sion mostly occupying the perimeter of the scan and the QW emission localized to
the centre of the scan window. Figure 3.4a iii shows the decay trace associated at
the same sample position for both maps. The decay trace from the QDs can be
fitted with a single exponential decay, convolved with a Gaussian to account for
the instrument response function (IRF), limited by the response of the avalanche
photodiodes and the electron pulse width. From our fits we extract that the bulk
QD lifetime is 433 + 1 ps. The decay of the QW emission on the other hand is fit
with a biexponential equation, with a rise time, 7,5, and two decay components
of recombination rates 7; and 75,
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Figure 3.3: (a) SEM image of the plan view lamella sample. (b) False color RGB SEM-CL map with A, =
500 + 37.5 nm, with spectra corresponding to marked positions plotted in (c). (d & e) CL maps with
Ac¢ =430+ 5 nm of bulk and lamella sample respectively, with pixel sizes 10 and 25 nm. The orange box
in (d) indicates the scan area in (e). The spectra from the same two positions of the sample in bulk and
lamella configuration are plotted in (f) and (g).
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Figure 3.4: Comparing SEM-CL lifetime measurements of sample in (a) bulk and (b) lamella configu-
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The results of the fits give 7,5, = 125+ 3 ps, 71 = 1.864 £ 0.031 ns, and 7, =
7.495 +0.136 ns. The QW decay additionally has a high background because of the
contribution from the yellow band emission tail of GaN, which has a lifetime in the
us range[139]. As a repetition rate of 10 MHz was used to maintain a high CL signal,
the yellow band does not fully relax into its ground state and manifests as a back-
ground. Most studies fit InGaN QW recombination with a bimolecular function
with a fast and slow decay, each associated with the recombination of free or weakly
localized excitons, and strongly localized excitons respectively[140-142]. Similarly,
the rise time of the QW peak has been previously attributed to carrier transport
from weak localized states to stronger localized states[143, 144]. Our time-resolved
measurements performed at liquid nitrogen temperatures (Supplementary Figure
3.4) also show that the lifetimes of both the fast and slow decay components in-
crease, and by extension the risetime. The monomolecular QD emission imply
a more uniform localization of carriers, with their smaller size increasing the e-h
overlap and possibly leading to a reduction in the radiative lifetime[46, 145]. Con-
versely, the increased influence of the GaN surface in QDs, that has been demon-
strated as a source of non-radiative defects, may also play a role in increasing the
recombination rate of the QD[146].

The time resolved measurements following lamella preparation, filtered for QD
and QW emission, are plotted in Figure 3.4b i and ii, with corresponding decay
traces plotted in iii. The QD emission can still be fitted with a single exponen-
tial decay, and shows a reduction of lifetime to 320 + 20 ps. The rise time of the
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QW emission was reduced below the time-resolution of the experiment, and there-
fore could be fitted with a standard biexponential, resulting in fit parameters of
about 79 = 111+ 7 ps and 72 = 550 + 113 ps . The decrease in lifetimes of both
emission components is indicative of the introduction of non-radiative defects that
quench and decrease the decay time of excited-state populations. FIB is known
to introduce point defects, such as vacancies and interstitials, that are believed to
generate deep-level trap states that promote non-radiative Shockley-Read-Hall re-
combination and quench luminescence[147]. The more pronounced quenching
of QW emission, compared to QDs, can be attributed to different carrier confine-
ment characteristics. QWs allow for lateral carrier diffusion, enabling carriers to mi-
grate into nearby FIB-induced non-radiative recombination centres, and QDs ex-
hibit three-dimensional confinement, localizing carriers and shielding them from
defects. Despite the overall reduction in lifetime, these values still vary along the
sample as can be seen in the fitted lifetime maps in Supplementary Figure 3.5.

Considering most lamellae are prepared from cross-sections of samples, we re-
peated our measurements on a cross-sectional lamella and tested if the optical
properties are further influenced by the GaN/vacuum interface. By directly com-
paring the same area before and after lamella preparation (Supplementary Figure
3.6) we observed consistent results, with both plan- and cross-view configurations
demonstrating the similar suppression of the QW component in hyperspectral CL
measurements as well as comparable reduction in lifetime of both QD and QW
emission components. However, nominally identical FIB parameters do not always
exhibit identical changes in optical properties. Another plan-view lamella prepared
from the same InGaN heterostructure under the same target environmental condi-
tions, milling angles, and beam settings, showed less quenching of the QW emis-
sion, and different average recombination lifetimes (Supplementary Figure 3.7).
This discrepancy highlights the sensitivity to subtle, uncontrollable factors, primar-
ily the precision of sample and milling box alignment by FIB operators[148], and
drift caused by beam and vacuum instability and sample charging effects. Inter-
estingly, time-resolved photoluminescence (TR-PL) measurements on the lamella
also filtered for QD and QW emission (Supplementary Figure 3.8) show a shorter
lifetime than measured using CL. This discrepancy likely arises from differences in
the excited carrier densities; the electron beam excites carriers throughout the GaN
bulk that diffuse into the InGaN[149], whereas TR-PL at A = 397 nm excites carriers
directly within the InGaN.

3.5. CONCLUSIONS

In conclusion, this study demonstrates a nanoscale correlation of spectral, and
time-resolved luminescence properties of an InGaN/GaN quantum well sample
in both its bulk configuration and as FIB-lamellae. We observed that the spectra
from bulk demonstrate two emission components, arising from the QWs and QD
structures formed by the etching of the InGaN layer during fabrication. Our mea-
surements demonstrated that while the QD emission is largely preserved, the QW
emission is strongly quenched by lamella preparation, with a significant reduction
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in lifetime. This effect is attributed to non-radiative defects introduced by the ion
beam, which predominantly affect the QW emission due to the weak localization of
carriers. Our further analysis of other lamellae prepared under nominally identical
conditions of the same bulk sample reveal variable levels of optical quenching, em-
phasizing the irreproducibility of the artifacts introduced by the FIB. Future work
should be wary of optically characterizing materials prepared as lamella without
comparison to their bulk properties.
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Supplementary Figure 3.1: Strain maps. (a) Normal strain component €, in the z-direction, calculated
using “Absolute strain” analysis from the 200 keV HAADF-STEM images in the inset. (b) €5 as a function
of depth along three crosscuts through the InGaN layer, as indicated by the arrows in (a). (c) Indium
composition as a function of €5, calculated by applying Vegard’s law.
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Supplementary Figure 3.2: V2.51 CASINO Monte Carlo simulations of (a) 5 keV and (b) 30 keV electron
beams with beam waist of 5 nm diameter, planarly incident onto GaN (density = 6.15 g/cm®) bulk and
200 nm thin film respectively. The simulation in (c) is of a 5 keV electron beam with beam waist of 100
nm diameter. The simulation volume was divided into cubic bins with side length of 2.5 nm, to calculate
the energy deposited by unit volume per electron.



40 3. EFFECTS OF LAMELLA PREPARATION ON INGAN QW LUMINESCENCE

Cathodoluminescence Time-Resolved Cathodoluminescence
60 keV, Room Temperature 150 keV, Room Temperature
S 7 = 425 + 25 nm |\ = 475 £ 25 nm
£ e 5 |0 Amplitude Lifetime
X ‘ 2 1.50
8 . g 1.25
500 nm 1.00 g
= = =
A=525%£25nm fA=575+25nm 075
2 g 0.50
5 40 o
3 3
o = d)
500 nm 10° 4
—
b)
400+ 510'3
”
E
», 300 3
2 1072
O 200
100
A . ! Delay (ns)

350 400 450 500 550 600 650 700
Wavelength (nm)

0
300

Supplementary Figure 3.3: Study of another plan view lamella from the same growth using transmission
electron microscopy. (a) CL map in a scanning transmission electron microscope (STEM) at 60 keV and
room temperature. We identified the two same emissions than in the main text. (b) Spectra extracted
from the CL map, the pixels are represented by coloured point and arrows in (a). (c) and (d) Lifetime
measurement in an ultrafast STEM at 150 keV at Room Temperature. The area studied is marked by a
white square in (a). The decay traces have been fitted with the convolution of a Gaussian representing
the IRF and a mono-exponential. The decay traces correspond to the two areas marked by coloured
squares in (c).
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Supplementary Figure 3.4: Temperature dependent decay traces optically filtered for QD emission (left)
and QW emission (right) using 40 nm bandpass filters centered at 450 and 550 nm respectively. The
decay traces are averaged over several micron areas, at a different location on the bulk sample to mea-
surements performed in the main text.
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Supplementary Figure 3.5: Fitted TR-CL maps of plan view lamella sample filtered for (top) QD emission,
where (i) plots the amplitude of the peak of the decay trace, and (ii) the recombination lifetime in ns. The
same is plotted for QW filtered emission, with (i & ii) plotting the amplitude of the fast and slow decay
components, and (iii & iv) plotting their respective recombination rates.
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Supplementary Figure 3.6: Measurements on cross section view lamella. (a) SEM image of cross-section
lamella sample. (b & c) CL maps with A = 430+ 5 nm of bulk and lamella sample respectively, the dashed
white box in (b) indicates the rough position where the sample was sliced into the cross-section in (c).
The spectra from the same two positions of the sample in bulk and lamella configuration are plotted
in (d) and (e). Average decay traces of (f) QD filtered emission and (g) QW filtered emission from plan
view (PV) and cross section (CS) sample, demonstrating comparable levels of quenching in both lamella
configurations.
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Supplementary Figure 3.7: Measurements on another plan view lamella with nominally identical FIB
preparation. (a) Hyperspectral CL map centered at A = 500 + 37.5 nm of plan view InGaN lamella fitted
to RGB values, with spectra associated with each marked position plotted in (b). (c) Average decay traces
filtered for QD and QW emission from this sample.
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Supplementary Figure 3.8: Time-resolved photoluminescence lifetime measurements from plan view
lamella studied in S7. (a) filtered at A = 450 +20 nm at 275 K; filtered at A = 550 + 20 nm (b) at 275 K and
(c) at 80 K. The IRF of our TR-PL setup using a streak camera are also plotted with a solid black line and
differ as a function of the time window used.
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Supplementary methods

(Time-resolved) SEM-CL:

The SEM-CL measurements were performed on a modified Thermo Fisher Quanta
650, equipped with a Schottky field emission gun and a Delmic SPARC optical de-
tection system. Light was collected via a parabolic aluminium mirror with accep-
tance angle of 1.467 sr. For measurements on the lamella, a custom sample holder
was used to minimize CL back-reflection from the holder. The spectra were cor-
rected for the system’s collection efficiency, which was measured by acquiring the
transition radiation spectrum of aluminium and comparing it to its theoretically
derived spectrum [150]. TR-SEM-CL measurements were performed by pulsing the
electron beam using an electrostatic beam blanker. The blanking plates, spaced
0.25 mm apart, were driven by a square wave signal of 10 V, and 10 MHz repetition
rate or 5V, and 5 MHz repetition rate for a 30 and 5 keV electron beam respectively.
For fully pulsed operation, the electron beam crossover was positioned between
the blanking plates by adjusting the condenser lenses, resulting in pulses of about
35 ps (5 keV electron beam) and 175 ps (30 keV beam) widths. The luminescence
was collected by the Delmic Sparc system, focused onto a 100 pm diameter multi-
mode fibre, and guided to a time correlated single photon counting (TCSPC) mod-
ule. Detection is performed with a PicoQuant PDM series avalanche photo diode
(APD) and correlated using a PicoQuant PicoHarp 300 correlator, using the beam
blanking signal as a trigger. To avoid pile up effects, the counts on the detector
were limited to 0.001 photons per electron pulse using a neutral density filter.

TEM-CL:

CL-STEM experiments were performed on a Nion Hermes scanning transmission
electron microscope operated at 100 keV, using an Attolight Ménch light collec-
tion/injection system, which uses an aluminium parabolic mirror. The vacuum-
to-air interface in the optical system is made through a SiOx window. For optical
spectroscopy, a Princeton Instrument Acton Series SP-2300 spectrometer (300 mm
focal length) with a 150 lines/mm grating blazed at 500 nm was used. Light was
coupled to the spectrometer a bundle of 100 um core fibres and detected with a
UV-enhanced ProEM EMCCD with 1600x200 pixels. Wavelength calibration was
performed using an Ar/Hg standard lamp. The collection efficiency of the whole
system as a function of wavelength was not calibrated. Samples for CL-STEM were
cooled to approximately 100 K using a HennyZ single-tilt, liquid-nitrogen-cooled
holder. For the CL-STEM experiments, the electron beam convergence angle was
25 mrad. The typical electron beam current was between 10 and 200 pA.

Time-resolved TEM-CL:

TRCL-STEM experiments were performed using an Ultrafast Transmission electron
microscope, based on a modified Cold-FEG HF2000[151]. The tungsten tip was ex-
cited with a femtosecond laser to generate a pulsed electron beam by photoemis-
sion. The electron pulse width was approximately 400 fs, with a repetition rate of 2
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MHz to allow complete relaxation of the system between pulses. The electron probe
size was below 5 nm, and the current at the sample position was about 100 fA. The
UTEM was operated at 150 keV. Cathodoluminescence signals were collected by a
parabolic mirror and focused into a 600 pm diameter multimode fibre. The light
was guided to an avalanche photo diode (Excelitas) and correlated using a Pico-
Quant TimeHarp260 PICO, using the laser output signal as a trigger. The count rate
on the photo detector was approximately 50 cts/s. Five 1-hour scans were aligned
and summed to obtain the dataset presented in Supplementary Figure 3.3. The IRF
of the experiment is limited mostly by the detector time resolution (450 ps) and the
modal dispersion in the optical fibre.

Time-resolved PL:

Time-resolved photoluminescence (TR-PL) experiments were performed on the
lamella sample placed inside a low-vibration closed cycle He cryostat to adjust the
temperature from T = 10 to T = 300 K. The sample was excited by a frequency-
doubled mode-locked Ti:sapphire oscillator with ~ 1.5 ps pulses and a wavelength
of 397 nm. A pulse picker was used to reduce the repetition rate down to 4 MHz.
The typical size of the excitation/detection spot in the micro-TR-PL experiments
is 1 mm. The time-resolved spectra and kinetics are recorded with a Hamamatsu
S20 photocathode streak camera coupled to a spectrometer. The streak was used
either in triggered mode with an overall instrument response time resolution (IRF)
of ~ 1 ns or in synchroscan mode to achieve an overall instrument response time
resolution (IRF) of ~ 20 ps.



NANOSCALE CL STUDY OF GAN
NANOWIRE LASING

In this work, a scanning electron microscope (SEM) combining time-resolved cathodo-
luminescence (TR-CL), secondary electron imaging, and optically pumped lasing
measurements enables comprehensive characterization of individual GaN nanowires
in a single microscope. Temperature-dependent CL and TR-CL using 30 keV elec-
trons is first used to provide direct insight into the optical properties of the gain
medium. These measurements reveal non-monotonic spectral shifting and temper-
ature -independent lifetimes, demonstrating that recombination is limited by non-
radiative surface defects and that exciton localization to shallow defects impact emis-
sion. It was then investigated how cavity gain influences the lasing threshold. When
transferred onto a uniform Si substrate, nanowires with a larger length/width as-
pect ratio exhibited systematically lower thresholds. In contrast, nanowires on a
nonuniform lacey carbon TEM grid exhibit no systematic dependence on geometry,
highlighting how local substrate/environment conditions strongly affect the lasing
threshold and can dominate over nanowire geometry. Finally, the impact of electron
beam irradiation on the lasing characteristics of the nanowires was examined. While
the lasing threshold of the primary mode remained unchanged upon 30 keV electron
irradiation, the number and relative intensity of higher order modes were altered,
suggesting that the electron beam perturbs local gain and reshapes mode competi-
tion. Together, these results demonstrate how an integrated SEM-CL platform can
provide fundamental insights into semiconductor nanowire lasers at the nanoscale.
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4.1. INTRODUCTION

Semiconductor nanowire (NW) lasers, where the nanowire functions as both the
gain medium and a Fabry-Perot type cavity, have gained significant attention for
applications in miniaturized integrated optoelectronic devices. Breakthrough work
using ZnO[152], followed closely by work on GaN[153] NWs, showed how the NW
geometry supports strong optical confinement, using the high reflectivity due to
the refractive index contrast between the semiconductor and free space at the end
facets to create an effective cavity. While ZnO remains an important material for
nanolaser studies, the relative ease of integrating I1I-V semiconductors with Si tech-
nology make GaN a particular material of interest[154] as well. Since the first proof
of principle, research has explored a wide range of architectures including single-
mode GaN lasers[155-157], electrical modulation of GaN NWs[158], and InGaN/GaN
electrically pumped nanolasers[159]. Despite the demonstration of these elegant
devices, large-scale measurements on III-V NW-based lasers show that there are in-
homogeneities in geometry and material composition of individual NWs[160-162].
Given that lasing properties are directly related to these properties, as well as their
local environment, studying individual GaN NWs offers valuable insights.

The GaN NWs used in this study were prepared by B. Damilano from CREHA us-
ing a top-down fabrication method described in ref [163, 164]. Bulk GaN was grown
on a (0001) sapphire substrate using metalorganic chemical vapor deposition
(MOCVD). This was done in two phases to optimize the nucleation of the GaN to
the substrate. First, 2 um of unintentionally doped GaN was grown, followed by
5 um of a Si-doped (5 x10'® cm™3) GaN layer. The GaN was then patterned with
a nanoscale mask of SiO, nanodots using displacement Talbot photolithography
through an optical mask of hexagonally arranges holes. By controlling the mask di-
mension and dose, the diameters of the SiO, nanodots could be varied. The sample
was then etched using selective-area sublimation (SAS), i.e. exposure to a high-
vacuum and high-temperature oven that sublimates the material, forming hexag-
onal arrays of vertical 7 um long GaN NWs, as depicted in Figure 4.1a. The main
benefit of top-down fabrication with SAS is the precise control of geometry over
large areas, which can be directly applied to high-quality bulk GaN without having
to develop new bottom-up growth methods. Moreover, SAS is low-cost, easily scal-
able, and because it relies on sublimation rather than ion-based etching, it avoids
ion-induced damage to the NW surface. The NW samples have been shown to lase
at room temperature[163] under optical pumping, however, the reported PL spec-
tra measurements represent ensemble-averages over large areas of the array. While
this provides useful information about device performance, it obscures variability
between individual NWs. This measurement can be achieved by first transferring
the NWs to a substrate, imaging, isolated NWs using electron microscopy, and then
transporting them to an optical set-up for PL measurements, as demonstrated in
Figure 4.1b. Besides the lasing spectrum, a key lasing property is the lasing thresh-
old, the pump power density at which a sharp increase in emission intensity and
narrowing of emission linewidth occurs, signaling the transition from spontaneous
to stimulated emission. This threshold can be determined from the characteristic
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Figure 4.1: (a) SE image at a 45 °tilt of a crosscut of the bulk GaN nanowire sample fabricated using SAS.
(b) Lasing photoluminescence spectra from the shaved NW depicted in the SE inset image, at different
optical pumping energies ranging from 28 to 562 p]J. The experiments were performed by C. Santini in
p-PL set up in the group of T. Guillet at the Laboratoire Charles Coulomb in Montpellier, using a pulsed
laser source with A = 355 nm, pulse length of 4 ns, repetition rate of 7 kHz, and a spot diameter between
1.1 - 1.6 um. Inset: SEM image of the single NW. (c) Fitted amplitude of the main lasing peak in (b) as a
function of pumping energy.

S-shaped curve in a log-log plot of emission intensity as a function of pump power,
as depicted in Figure 4.1c.

However, characterizing individual nanolasers using electron microscopy for
structural analysis followed by optical measurements in a separate PL set up is te-
dious and can introduce alignment errors or environmental changes. In this work,
we exploit the light-incoupling capabilities of our time-resolved SEM-CL set-up to
perform hyperspectral CL, TR-CL, and PL measurements on the same sample. This
approach allows us to directly visualize NW geometries at nanoscale spatial reso-
lution, link this to macroscopic lasing behaviour, and gives us access to nanoscale
spontaneous emission properties using CL to characterize the material.

4.2. TEMPERATURE-RESOLVED CL ON A SINGLE NANOWIRE

The performance of a NW laser is fundamentally governed by the gain coefficient of
the semiconductor, that is determined by the electronic band structure of the ma-
terial [165, 166]. Although manipulating the gain coefficient is not an option for op-
timizing devices, the quantum efficiency of a given nanowire is strongly influenced
by the presence of defects of which the nature and density can vary depending on
fabrication methods. As defect-assisted non-radiative recombination channels in
a material directly compete with radiative processes, this can reduce the net mate-
rial gain. Thus, it is essential to probe the emission properties of individual NWs
to assess their variability. By employing hyperspectral CL, we can study radiative
spectral properties such as band edge emission and defect related radiative chan-
nels, whereas TR-CL adds dynamic information about carrier lifetimes.
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Figure 4.2: 30 keV CL spectra at different temperatures for a single nanowire. (a) SE image of the
nanowire on a lacey carbon membrane with (b) a concurrent room-temperature CL map at A =369 +5
nm fitted to false color RGB values. (c) CL spectra as a function of temperature at position 1 indicated
on (a).

4.2.1. HYPERSPECTRAL

We first characterized an individual GaN NW shaved from the bulk sample onto a
lacey carbon TEM grid using hyperspectral CL for different temperatures, as sum-
marized in Figure 4.2. Temperature-dependent optical studies provide insights into
band structure, exciton dynamics, and the role of defects in recombination. Typi-
cally atlow temperatures, phonon interactions are suppressed, leading to enhanced
excitonic emission with narrow linewidths, while defect-related non-radiative path-
ways are deactivated[167]. Our measurements were performed using a 30 keV elec-
tron beam, for maximal spatial resolution, and a liquid-nitrogen cooled stage with
the sample thermally coupled to the stage using silver paste. The stage tempera-
ture is read with a precision of +1 K, and the sample was left to equilibrate for ~ 15
minutes at each temperature before acquisition. Figure 4.2a shows the SE image of
the nanowire positioned on the lacey carbon support, with the concurrent, room-
temperature false-color RGB CL map with A = 369 £ 5 nm in Figure 4.2b. Due to
the high acceleration voltage of the electron beam, we can image the support film
through the NW. The CL map demonstrates that the carbon optically quenches part
of the CL emission, attributed to carbon adsorption-induced surface recombina-
tion [168]. Furthermore, the right-end side of the NW shows a small relative red-
shift of approximately 0.35 eV that we attribute to the variation in doping during
growth[169].

Figure 4.2c shows temperature-dependent CL spectra recorded at a fixed po-
sition labeled Pos. 1 in Figure 4.2a, recording the evolution of the emission from
room to liquid nitrogen temperature. Interestingly, the peak energy of the emission
from this nanowire does not monotonically blueshift with decreasing temperature
(as anticipated for semiconductors due to the contraction of the lattice, described
by Varshni’s equation[170]). At 293 K, the emission is centered at approximately
3.37 eV. As the temperature is reduced to 244 K, the emission blueshifts to 3.4 eV,
consistent with bandgap shrinkage due to lattice contraction. Further cooling to
228 K yields no shift in peak energy, however, the emission intensity is reduced by
70%. To a degree, this can be influenced by variations in system alignment between
measurement sessions, however, these variations typically do not exceed 30% [171].
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As the temperature is decreased to 219 K, the peak energy redshifts to 3.39 eV with
a further decrease in amplitude. Cooling further to 212 K produces a steep inten-
sity increase, and finally at 80 K the spectrum blueshifts to 3.45 eV. This irregular
progression in the emission energy indicates the presence of multiple competing
radiative channels that are strongly temperature dependent. In GaN, it is well es-
tablished that below ~ 50 K, emission originates from donor-bound excitons that
then transition to free exciton emission at higher temperatures[172, 173], a feature
also observed in Si-doped GaN[174]. While our cooling stage cannot access those
cryogenic temperatures, further measurements plotted in Figure 4.3 point to exci-
tons localized to another defect state in this nanowire. Notably, previous studies
from our lab on similar nanowires showed a strictly monotonic blueshift with de-
creasing temperature, consistent with Varshni’s model [16].

Evidence for such a defect-related radiative channel emerges from the hyper-
spectral measurements performed at 212 K and 219 K. Figure 4.3a shows the spec-
trum acquired at the position labeled Pos. 2 on the NW depicted in the SE image
in Figure 4.3b. Compared with spectra from other positions and temperatures, this
spectrum exhibits an additional emission peak, that is found by fitting the spectrum
with a sum of three pseudo-Voigt functions. We attribute Peak 3 to the near-band
edge (NBE) free exciton emission [175] that shifts with position along the nanowire,
and Peak 1 to its phonon wing[176, 177]. Peak 2 is the additional peak that we ob-
serve, that we attribute to a shallow defect within the bandgap. To examine the
spatial distribution of each component, the three-peak fitting model was applied
to every pixel in the hyperspectral CL dataset. The resulting amplitude maps of
each peak are plotted in Figure 4.3(c-e). These maps reveal that a radiative defect is
localized to the central region of the nanowire. As this defect is absent in previous
measurements of the nanowires, it indicates it is not a universal feature of the ma-
terial. One explanation is that it arises from the growth of the GaN material in two
different doping phases, that could introduce point defects at the interface. Further
research is needed to investigate this.

4.2.2. LIFETIME MAPPING

To determine whether the thermally activated radiative defect (peak 3) resulted in
changes in carrier recombination dynamics, we performed TR-CL measurements
on the same nanowire as a function of temperature using the electrostatically beam-
blanked set up described in Chapter 3. Figure 4.4(a-c) shows lifetime maps at three
representative temperatures: 293 K, 200 K, and 80 K. The decay traces were fit-
ted with a sum of two exponential decays convolved with a Gaussian instrument
response function (IRF), consisting of a dominant fast component of 65 - 75 ps,
and a weak longer component of 200 - 300 ps. At each temperature in Figure 4.4,
we plot (i) the short lifetime component and CL intensity as a function of posi-
tion along the length (x-axis) of the NW, (ii) the CL intensity map and (iii) the fit-
ted short lifetime map. Despite the substantial spectral changes observed in the
spectral data, the measured lifetimes remain essentially unchanged across all tem-
peratures. We note, however, that the extracted lifetimes are comparable to the
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Figure 4.3: (a) Normalized CL spectrum at T = 212 K at position 2 indicated on SE image of nanowire
in (b), with fitted Pseudo-Voigt emission components. (b) SE image of the NW on a lacey carbon mem-
brane, the same NW as studied in Fig 4.2. (c-e) Maps of fitted amplitudes of the three emission compo-
nents indicated in (a).

IRF of our set up, which is determined by the timing resolution of the avalanche
photodiode used. Although it is often quoted that lifetimes as short as 1/10 of the
IRF full-width-half-maximum (FWHM) can be recovered through fitting the con-
volution function[178, 179], a variation of the lifetime may still not be resolvable in
our measurements due to limited signal to noise. Nevertheless the lack of lifetime
increase with decreasing temperature, behavior typically observed in semiconduc-
tors as non-radiative channels become inactive due to a thermal barrier, suggests
that the recombination is limited by temperature-independent non-radiative sur-
face defects as has been reported in GaN previously [146, 180].

To test whether the recombination was limited by surface states, we measured
the average decay transients as a function of NW diameter, as plotted in Figure 4.5a.
An example of the decay trace with a bi-exponential decay fit is plotted in Figure
4.5b. As is clear in Figure 4.5c¢, thinner wires display systematically shorter lifetimes
than thicker wires. This inverse dependence on diameter is the signifier of surface
limited recombination[181], as the thinner the NW, the larger the surface to volume
ratio and effect of surface defects. In the following section, we examine how these
same NWs perform as optical gain media by studying their lasing characteristics
under optical pumping.

4.3. LASING UNDER OPTICAL PUMPING

4.3.1. ASPECT RATIO

As mentioned previously, each NW functions as a Fabry-Perot cavity, with the end
facets acting as partially reflecting mirrors. In such a cavity, the lasing threshold is
reached when the modal gain, gn0qa1, experienced by light propagated by the cavity
exceeds the round-trip losses[182],
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Figure 4.4: TR-CL measurements on the same single GaN NW at different temperatures. (a) T = 293 K,
(b) T =200 K and (c) T = 80 K. For each temperature we plot maps of (ii) the normalized CL intensity
integrated over all wavelength of the bandpass filter (A = 370 + 18 nm), and (iii) the fitted decay lifetime
maps. The lifetime was only derived at positions with sufficient CL intensity. In (i), we plot the average
lifetime and CL intensity as a function of position along the length of the same nanowire studied in
Figure 4.2. The scale bars in the plots correspond to 1 um.
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Figure 4.5: (a) Average decay transients of seven different nanowires of increasing diameter from d =
53.5+28.5 nm to d = 594 +40 nm. (b) Measured decay trace from NW with d = 594 + 40 nm, with
bi-exponential decay fit and extracted fast and slow lifetime components indicated. (c) Lifetime (fast

component) as a function of NW diameter.

8modal > @mirror T Xloss = Zln(m) + Qloss (4.1)

where amirror represents the mirror losses, ajossthe material absorptivity, L the
length of the cavity, and R; and Ry the reflectivities of the end facets. From this
equation, it follows that increasing NW length decreases the lasing threshold. The
cavity length also controls the longitudinal mode spacing, AA, defined as[154],

AZ
= 4.2
2NegL (4.2

where ng¢ is the effective refractive index. As alonger NW leads to smaller mode
spacing, this allows more modes to fit within the gain spectrum, which can further
decrease the lasing threshold. However, there is a trade off in cavity. Ultimately, if
L gets too long then material propagation losses start to dominate and increase the

AL

lasing threshold again.
The NW diameter, d, influences the lasing threshold in three ways. Firstly, a

larger diameter increases the fraction of the optical mode overlapping with the gain
medium, I'y. This in turn increases the optical confinement factor, I', and therefor

8modal, according to the relation[183],
ng
8modal = I' X &material = n_b Ty X gmaterial (4.3)

where gnmaterial is the material gain, ng is the group index, and n, is the refractive
index of GaN. At larger diameters, the optical mode is better confined to the mate-
rial, thereby decreasing the lasing threshold. Secondly, a larger diameter reduces
optical diffraction at the end facets and increases reflectivity, lowering the mirror
loss term in Equation 4.1[184]. Thirdly, efficient optical excitation of the cavity re-
quires a good overlap between the pump beam and NW cross-section. For small
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diameters, a significant fraction of the pump light is not coupled into the NW and
reduces the carrier density generated per unit of power. However, if the NW diame-
ter becomes much larger than the pump wavelength, the excitation of higher-order
transverse modes and mode hopping may become significant.

To investigate how geometry influences optical gain in our GaN NWs, we mea-
sured the optically pumped lasing threshold of the same NWs studied in Figure 4.5.
The NWs were transferred onto a Si substrate to maintain a uniform dielectric envi-
ronment, and are depicted in the SE images in Figure 4.6(a-f) in order of decreasing
aspect ratio (diameter/length). Because the NWs are slightly tapered, their diame-
ters were defined as the average between the diameter of the two end facets. The
optical pumping and detection measurements were performed using an optical set
up integrated with our SEM-CL system in Figure 2.1. The same Al parabolic mir-
ror used for CL outcoupling was employed to incouple and focus the pump beam
from a frequency-tripled Nd:YAG laser (InnoLas Picolo, A = 355 nm, 1.4 ns pulse
width, 1 kHz repetition rate) to a spot size of ~ 10 um diameter on the sample[99].
The incident pump energy was varied between 0 to 30 uJ per pulse using a gradient
neutral-density filter. The emission from the NWs was collected by the parabolic
mirror, collimated, and focused into a 550 ym core multimode fibre, which guided
the signal to a Czerny-Turner spectrograph (Princeton Instruments Specl0, 1200
lines/mm, blaze 500 nm). A A > 355 nm long-pass filter was inserted to block scat-
tered pump laser light. For each nanowire, emission spectra were recorded as a
function of pump power to determine the lasing threshold. This procedure was
performed for all NWs, however, Figure 4.6 plots representative results for three
of the NWs depicted in panels (a), (d), and (f). In Figure 4.6 (g), emission spec-
tra are plotted for increasing pump powers on a linear intensity scale, in (h) on a
log-log scale, and (i) presents the fitted amplitude of the dominant lasing peak as
a function of pump power. Because the pump power steps were relatively coarse
compared to a dedicated u-PL set-up, the resulting amplitude power plots do not
allow precise S-curve fitting. Instead, the lasing thresholds were estimated from the
pump level at which the emission linewidth narrowed and peak intensity increased
sharply. Despite the coarse sampling of pump powers, the estimated lasing thresh-
old plotted as a function of aspect ratio in Figure 4.7(c), shows a clear trend. NWs
with a larger aspect ratio (d/L) exhibit systematically lower lasing thresholds. To
separate the contributions of diameter and length we examined the threshold as a
function of each parameter individually. This comparison showed that the trend
is correlated with diameter (Figure 4.7b), confirming the geometric dependence
anticipated from theory, as increasing diameter enhances the optical confinement
and pump incoupling, thereby decreasing the threshold. In contrast, no correlation
is found for the threshold and NW length (Figure 4.7a). Within the geometry range
studied we do not reach the regime where further increase in size would lead to
higher thresholds. The single apparent outlier in Figure 4.7, is the data point with
the largest aspect ratio, shown in red and corresponding to the NW in panel (a).
Upon closer inspection, this sample actually consists of two NWs stacked together,
effectively increasing scattering, reducing cavity quality. This explains why its high
lasing threshold is an anomaly compared to the trend.
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Figure 4.6: (a-f) SE images of shaved GaN NWs on a Si substrate, in order of decreasing aspect ratio.
Lasing spectra of three nanolasers depicted in (a), (d), and (f) respectively are plotted on a (g) linear
scale, (h) log scale, and as (i) fitted peak intensities. Prior to fitting, the spectra were converted from
wavelength to energy (eV) scale by applying the Jacobian transformation[185]. The lasing wavelengths
are indicated in (i).
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Figure 4.7: Lasing threshold as a function of nanowire (a) length, (b) diameter, and (c) aspect ratio (di-
ameter/length) of each NW depicted in Figure 4.6. The red data point corresponds to two NWs stacked
together.

This result hints that beyond the importance of nanowire geometry in deter-
mining the lasing threshold, the surrounding environment also has a strong influ-
ence. In realistic device configurations, the NWs are not isolated in vacuum or air
but are embedded in or in contact with another medium, strongly influencing their
optical properties as will be discussed in the next subsection.

4.3.2. SUBSTRATE

The influence of the substrate on NW lasing can be understood using the same cav-
ity theory introduced previously, as the surrounding medium of the cavity affects
both the the mirror losses, @mirror, and confinement factor, I'. As reflectivity on the
end facets depends on the excited mode and the refractive index contrast between
GaN and the external medium[184]. A low-index surrounding confines the mode
more strongly, whereas higher-index or metallic substrates allow the optical field to
leak into the substrate and reduces the overlap of the mode with the gain medium,
which in turn reduces the end facet reflectivity [154]. Absorption of the evanescent
fields can furthermore introduce additional non-radiative losses.

Therefore, we also studied NWs shaved onto a lacey carbon TEM grid, where
individual wires rest either on the carbon support film or uneven copper regions.
SE images of the individual NWs are plotted in order of decreasing aspect ratio in
Figure 4.8(a-h). As previously, the emission spectra as a function of pump power
were recorded for each NW, however, we plotted the results for two representative
NWs from Figure 4.8 (a) and (g) respectively. In Figure 4.8 (i) emission spectra are
plotted for increasing pump power on a linear scale. In (j) on a log-log scale, and
(k) shows the fitted amplitude of the dominant lasing peak as a function of power.
As for the NWs on the Si substrate, the lasing threshold was estimated from the ex-
citation level at which emission linewidth narrowed and peak intensity increased
sharply. For two of the NWs, in panels (e) and (h), the lasing threshold was not
reached before laser induced damage took effect. The lasing threshold of the re-
maining NWs was plotted as a function of aspect ratio in Figure 4.9. Unlike in the
case of the NWs on Si, the lasing threshold shows no systematic dependence on as-
pect ratio. This absence of geometric trend indicates that the additional losses in-
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troduced by the substrate dominates the effects of the NW aspect ratio. Even among
the NWs located entirely on copper, no trend is observed. This suggests that the de-
gree of optical coupling to the metallic substrate varies from wire to wire, likely due
to differences in local contact area/surface roughness, which produces variation in
threshold.
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Figure 4.8: (a-h) SE images of shaved GaN NWs on a lacey carbon TEM grid, in order of decreasing aspect
ratio. Lasing spectra of two nanolasers depicted in (a) and (g) respectively are plotted on (i) linear scale,
(j) log scale, and as (k) fitted peak intensities. Prior to fitting, the spectra were converted to an eV scale
by applying the Jacobian. The lasing wavelengths are indicated in (k).
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Figure 4.9: Lasing threshold as a function of aspect ratio (diameter/length) of each NW depicted in Fig-
ure 4.8.

4.3.3. TAILORING MODE STRUCTURE WITH THE ELECTRON BEAM

Finally, we investigated how prolonged electron beam exposure can alter the las-
ing behaviour of the GaN NWs. Electron beams are not only powerful tools for
nanoscale imaging and material characterization (for example, through CL), but
also offer a platform for in situ engineering of nanomaterials. The high energy
electron beams used in electron microscopes can inadvertently generate defects
and other undesirable artifacts in studied specimen. Such effects can sometimes
be mitigated through the use of low beam currents, reduced acceleration voltage,
pulsed electron beam operation, randomized scanning patterns, or cryogenic tem-
peratures. However, several studies have demonstrated that the focused electron
beam can instead be harnessed as a tool for controlled material modification. For
example, electron irradiation can induce phase transformations in Sn
nanowires[186], electron beam milling of metallic nanowires optimizes plasmon-
phonon coupling[187], or can create color centers in hBN[188].

Building on this, we performed experiments to directly test whether sustained
electron beam irradiation modifies the lasing characteristics of GaN NWs. Two
representative NWs, imaged with SEs in Figure 4.10 (a-b), were first characterized
under optical pumping by recording their emission spectra as a function of pump
power. The spectra are plotted in Figures 4.10 (c-i) and (d-i) for the NWs depicted
in (a) and (b) respectively. After these reference measurements, the centers of each
nanowire were irradiated using a focused electron beam at 30 keV and a current of
65 nA for 5 minutes, before repeating the lasing measurements that are plotted in
Figure 4.10 (c-ii) and (d-ii). This irradiation current is orders of magnitude higher
than the standard currents used in CL experiments (typically tens to hundreds of
pA).

We observe that following electron beam irradiation, the dominant lasing peak
threshold and wavelength remains essentially unchanged. This indicates that the
overall cavity quality and available optical gain are largely unaffected by the five-
minute exposure. Follow up measurements (data not shown) have demonstrated
that the CL spectrum are also unchanged. However, the multi-mode behaviour is
clearly modified: the number of secondary lasing peaks, their relative intensities,
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Figure 4.10: (a) and (b) SE images of shaved GaN NWs onto lacey carbon TEM grid that were irradiated
with 65 nA of 30 keV electrons for 5 minutes at the centre of the nanowire. Columns (i) and (ii) show the
lasing spectra before and after electron beam irradiation for (c) NL depicted in (a) and (d) NL depicted
in (b).
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and lasing wavelengths, are altered after electron beam exposure. This suggests
that while the Fabry-Perot resonance condition is preserved, the electron beam
perturbs the NW locally. This can occur through the creation of point defects in
the irradiated region, increasing local losses that selectively modify certain cavity
modes. Although these changes do not strongly impact the threshold of the domi-
nant mode, they are sufficient to modify the higher-order modes, effectively acting
as ameans of mode selection. This raises an intriguing possibility of using electron-
beam exposure as a tool for tailoring mode structure in nanowire lasers.

4.4. CONCLUSIONS

In conclusion, this study demonstrates how an integrated SEM-CL microscope,
combining temperature resolved CL, TR-CL, SE imaging and PL can be used to
probe the material and cavity gain properties of individual nanowires. CL and TR-
CL experiments on GaN NWs revealed that non-radiative surface defects affect re-
combination dynamics, providing an important constraint on nanowire laser per-
formance. Lasing measurements on NWs on a uniform Si substrate showed that
the threshold reduction correlates strongly with increasing aspect ratio and pri-
marily NW diameter which enhances the optical confinement, pump coupling,
and reduces diffraction losses. In contrast, measurements of NWs deposited on
lacey carbon TEM grids revealed no clear dependence of lasing threshold on ge-
ometry, demonstrating that local variations of environment introduce additional
optical losses that outcompete the effects of the cavity geometry. Finally, lasing
measurements before and after electron beam irradiation showed that introduc-
ing local defects with the electron beam did not alter the lasing properties of the
dominant mode, but perturbs the modal distribution, opening the potential to use
electron beams for mode selection.

While these results elucidate the effects of cavity gain, substrate, and electron
beam irradiation on the far-field properties of NW lasers, they do not directly mea-
sure the underlying light-matter interactions at nanometer and femtosecond scales.
The opportunity to access the near field of optically pumped nanolasers is provided
by photon-induced near-field electron microscopy (PINEM)[189]. By coupling ul-
trafast electron pulses to the optical near field, PINEM would enable the spatiotem-
poral mapping of the lasing modes, allowing clear assignment of modes to spectral
energies, and offering new insights into the impact of defects, exciton localization,
and exciton-polariton coupling[190, 191]. Future PINEM studies will be continued
by C. Santini and S. Meuret at CEMES.







PINEM IN THE SEM

Photon-induced near-field electron microscopy (PINEM) is a powerful technique for
probing light-matter interactions at nanometer length and femtosecond time scales.
Due to the lack of commercially available electron energy spectrometers for scan-
ning electron microscopes (SEMs), PINEM has been almost exclusively implemented
in ultrafast transmission electron microscopes (UTEMs). In this chapter, we demon-
strate how PINEM can be implemented in a USEM using a retarding field analyzer
(RFA) to measure the electron energy. This development makes PINEM more acces-
sible, and offers advantages such as lower electron velocities to enhance near-field
coupling strengths, and the flexibility of a larger vacuum chamber which enables the
combination with advanced geometries for light incoupling and CL capabilities. We
outline the implementation and realization of PINEM in the USEM, and validate the
technique by performing near-field mapping of a silicon metasurface. We observe a
broad distribution of coupling strengths, with electrons that gained up to 24 energy
sidebands. Furthermore, we show how the combination of PINEM and energy mea-
surements with the RFA can be used to characterize the energy spread and temporal
profile of photoemitted electron pulses as a function of different electron gun pa-
rameters. By decreasing both the photon energy of the laser trigger and the extractor
voltage, an electron energy resolution of AE = 0.3 +0.03 eV can be achieved. Together
these results demonstrate the feasibility of PINEM in the SEM and demonstrate it’s
potential as a tool for near-field mapping and ultrafast electron beam characteriza-
tion.

63
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5.1. INTRODUCTION

In free-space, electrons and light do not interact due to their fundamental energy-
momentum mismatch. This can be rectified by localizing the optical field using a
resonant nanostructure. Confinement of the light into an evanescent mode, cor-
respondingly delocalizes it in momentum space, producing a wide range of mo-
menta. Some momentum components can match the given electrons momentum,
thereby satisfying conservation laws and enabling electron-light coupling and the
coherent exchange of energy. The quantum nature of this interaction manifests as
electrons undergo quantized energy-gain and energy-loss interactions, spaced by
the photon energy, fiw. The interaction strength is described by the dimension-
less electron light-coupling factor, g, which is proportional to the amplitude of the
longitudinal component of the electric field, E,, along the electron propagation di-
rection z, and given by the expression[192]

e o0 "
gR) = %f E,(R,z)e 'v?dz, (5.1
—00

where R is the transverse electron position, and v is the electron velocity. This
exchange of energy is not stochastic, as if electrons were to randomly gain or lose
photons the resulting distribution would simply average to the initial energy |Ep>.
Instead, the process is coherent and can be understood as a quantum walk[193] in
energy, where electron wavefunction evolves into a superposition of energy states
|Eo + Nhw>. The probability of populating the N™ sideband, Py, can be derived by
considering the action of the scattering operator on these states,

S=e8d-8"a (5.2)

where a' and * a are the photon absorption and loss operators respectively[85].
Solving the Hamiltonian evolution yields the result

Py =J%2lgl), (5.3)

where Jy is the Bessel function of the first kind. The same result can be derived
semi-classically and using the time-dependent Schrodinger equation[194, 195].

With PINEM effectively being a form of pump-probe (PP) microscopy, where
the optical near field is pumped by the laser and electron beam probes the exci-
tation, the development of ultrafast transmission electron microscopes (UTEMs)
provided the first experimental platform of exploiting the inelastic coupling of elec-
trons and light for photon-induced near-field electron microscopy (PINEM)[84],
which is now an established technique to probe the near-fields of material exci-
tation on the nanometer length and femtosecond time scales[196-199]. Beyond
near-field mapping, PINEM has opened exciting possibilities for reconstructing the
quantum state of the electron wavefunction[90], wavefunction shaping[200], and
attosecond electron pulse generation[91].

An underexplored platform for PINEM is the ultrafast scanning electron micro-
scope (USEM), that gives access to slower electrons with energies of 500 eV to 30
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keV. Compared to UTEM, such systems are relatively more affordable and commer-
cially available. Importantly, reducing the electron velocity in equation 5.1 can lead
to a large increase of the electron-light coupling strength[21, 201]. Additionally,
the larger vacuum chamber size of the SEM offers more flexibility for integration of
complex experimental geometries, such as implementing two or more subsequent
PINEM interactions for wavefunction engineering. Finally, because electron micro-
scopes are already established tools for cathodoluminescence (CL) microscopy;, it
gives the opportunity to perform correlative PINEM-CL experiments[202].

In this work, we demonstrate how PINEM can be integrated into our existing
USEM-based PP-CL system using a retarding field analyzer as an electron energy
spectrometer. We discuss the technical details of the set-up as well as the alignment
procedures, and then demonstrate PINEM on a Si metasurface that was used as a
dielectric laser accelerator (DLA) structure in earlier work in by Shiloh et al [203,
204]. Despite the limited energy resolution of the system, we are able to observe
electron gain-sidebands and fit a coupling strength parameter of g = 0.43 +0.05 eV.
We use PINEM to map the near field of the DLA as a function of electron energy
gain, to calculate the local coupling strength. Finally, we use the RFA and PINEM
to study the electron energy resolution and electron pulse lengths as a function of
different microscope parameters.

5.2. EXPERIMENTAL IMPLEMENTATION OF PINEM

5.2.1. RETARDING FIELD ANALYZER

The major challenge in the implementation of PINEM in an USEM is the lack of
commercially available adapted electron energy spectrometers, and particularly
ones with sufficient sensitivity and energy resolution. Such technology is widely
available in (S)TEMs that operate with high energy electrons, and are routinely used
for PINEM measurements and electron energy loss spectroscopy (EELS). These EELS
spectrometers typically are high-resolution magnetic deflection analyzers, where
depending on the energy of the electrons beam the Lorentz force applied by the
magnetic field deflects the electron at a different angle. This dispersion is exploited
to measure the electron beam energy with meV resolution[30]. The lack of develop-
ment of EELS spectrometers in SEMs is precipitated by the fact that the slow elec-
trons can only be transmitted through ultra-thin specimens, restricting the range
of applications. Despite this, recent progress has been demonstrated using cus-
tom built SEM-EELS spectrometers with different approaches. One example is a
home-built magnetic deflection spectrometer, based on half an Omega filter, used
to study PINEM in the SEM at 10.4 keV[93]. Another employs cylindrical electro-
static deflection analyzer used to study EELS from 2D materials in the strong cou-
pling regime[205]. Similar to magnetic analyzers, electrostatic deflectors rely on an
angular dispersion of electron trajectories, due to an energy/velocity-dependent
centripetal force, and are routinely used in low-energy electron microscopes
(LEEM)[206]. It is noteworthy to mention that at low energy regimes <« 500 eV, it be-
comes plausible to measure electron energy using changes of flight time, although
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typically this method is used for ion energy measurements[206]. Finally, it is also
worth noting that PINEM mapping of optical near-fields is possible without the use
of an electron spectrometer, by measuring the electron deflection as a result of the
Lorentz force of the near-field acting on slow electrons, and has been demonstrated
in both SEM and LEEM (207, 208].

Our solution to measure the electron energy in the SEM uses a retarding field
analyzer, based on the design described in ref. [209]. The operating principle be-
hind such an energy analyzer is the use of a retarding electrode as a high pass filter
of the electron energy. Scanning this electrode over a voltage range generates an
energy-dependent transmission function of the electron beam. Our RFA device,
shown in cross-section in Figure 5.1 a, consists of four electrodes at different po-
tentials. Grounded electrodes are positioned at the entrance and exit, for electron
beam deceleration upon entering the RFA, and re-acceleration upon exit. At the
centre sits the 400 ym diameter scanning (retarding) electrode, Uscanning, Which
acts as the electron energy filter. It is biased at a threshold voltage, Uy,, slightly be-
low the primary energy of the electron beam. On top of this threshold voltage, an
additional step-wise voltage is applied, AU, that increases the Couloumb barrier
and incrementally repels lower-energy electrons. Above the retarding electrode is
the focusing electrode, Utocusing, held at 98% of the threshold voltage. This electrode
further decelerates the electron beam and focuses it into the retarding electrode. As
there is a dispersion of the retarding potential across the scanning electrode (char-
acterized in detail in ref. [210]), focusing the electrons beam into the centre of the
electrode guarantees the optimum energy resolution.

Itis important that, in contrast to the design in ref. [209], no additional focusing
electrode was included beneath the scanning electrode. This choice was made be-
cause the MiniPix electron detector that is integrated with the RFA can suffer from
pile-up effects in the regime of more than one electrons per pulse. As each pixel of
the detector can register a single electron, and the dead time of the sensor exceeds
electron pulse duration, the detection efficiency decreases at high currents[210]. To
mitigate this, the electron beam is deliberately defocused onto the MiniPix sensor,
diminishing pile-up.

In Figure 5.1 b, we show an example energy scan of the continuous electron
beam (5 keV, spot 1.5, and 20 um objective aperture) acquired with the RFA. The
transmitted electrons are detected using a Timepix3 single-electron detector (Ad-
vacam MiniPix), and the count rate is recorded as a function of potential energy of
the retarding electrode. For this measurement, the threshold voltage is set to Uy, ~
4.997 kV and the scanning range is AU = 5.2 V. The resulting transmission curve can
be fit with the cumulative distribution function (CDF) of a pseudo-Voigt function,
defined as

I(U; Uy, w) = k Lepr(U; Ug, w) + (1 = k) Gepr (U Up, w),

= k[—@arctan(U_Uo)wL@] +(1—k)@ l—erf(\/ln(Z)U_Uo)],
b4 w 2 2 w
(5.4)
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Figure 5.1: Electron energy measurements in the SEM with a RFA. (a) Schematic of the RFA cross-section
with the focusing, scanning, entrance, and exit electrodes depicted. (b) Energy spread measurement of
the 5 keV continuous electron beam. The retarding potential in the RFA is scanned around a voltage of 5
keV and the transmitted electron current is measured. The data is fitted with a CDF (Eq. 5.4). The inset
figure plots the corresponding PDF (Eq. 5.6) of the fit.

where Lcpg(U; Uy, w) and Gepg(U; Uy, w) are the Lorentzian and Gaussian CDFs
respectively, U is the applied potential, Uy the central electron energy, w the half-
width half maximum (HWHM), and k controls the weight of the Gaussian and
Lorentzian contributions. Since the CDF in Eq. 5.4 is the integral of the underly-

ing probability density function (PDF), the corresponding PDF of the pseudo-Voigt
distribution is

fU; Uy, w) = k Lppr(U; Up, w) + (1 = k) Gppr (U; Uy, w)

_ 2
=k 1) 1 AR k) @ _ln(2) exp [—ln(Z) ( v UO) ] ,
2nw 1+((U—UO)) 2w T w

w

(5.5)

where Lppg(U; Uy, w) and Gppg(U; Uy, w) are the Lorentzian and Gaussian PDFs
respectively. This PDF represents the energy distribution of the electron beam,
from which we can extract Uy, the primary electron energy, and the FWHM en-
ergy spread of the electron beam, AU = 2w. This is analogous to the zero loss
peak (ZLP) in EELS. The fit of the dataset in Figure 5.1b yields an energy spread of
AU =0.74 +0.05 eV, which is consistent with the typical energy spread anticipated
from a Schottky field emission gun (FEG) source at 1800 K[54].

5.2.2. INTEGRATION INTO THE SEM

Although it is possible to mount the RFA onto a standard SEM stage [64, 210, 211],
PINEM requires that a sample is properly aligned above the RFA, and furthermore
requires optics in order to optically pump the sample. To accommodate for these
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Figure 5.2: Depictions of the experimental PINEM set-up both inside and outside the SEM chamber.
(a) Photographic and (b) schematic representation of the modified SEM chamber. The SEM stage is re-
placed with an optical breadboard and a custom door is installed. The RFA is mounted onto the bread-
board with a home-built hexapod and automated stages for sample alignment into the laser focal point
and positioning above the retarding electrode of the RFA. The MiniPix electron detector is cooled by
Peltier elements coupled to the SEM stage and shielded with a hollow cage. A magnet is used to de-
flect the electron beam, preventing it from overlapping with pixels where scattered laser light also co-
propagates. (c) Photographic and (d) schematic view of the optical set-up outside the SEM chamber. A
telescope of two lenses matches the acceptance angle of the final focusing lens inside the SEM chamber.
A flip-mounted lens allows switching between tight focusing for PINEM and defocused illumination,
enabling both laser focus alignment and wide-area sample imaging with a camera.
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requirements, and allow for maximum flexibility of the set-up for future experi-
ments, the experimental pump-probe set up based on the USEM (ThermoFischer
Quanta 250) described in Chapter 2, was redesigned. The original SEM door unit as
well as the sample stage unit were removed and replaced with a custom door with-
out a stage. An optical breadboard was mounted inside the SEM chamber, onto
which the experimental set-up was installed. Building on the pump-probe set up
(chapter 2, the same optical delay stage, harmonic generation and electron cath-
ode excitation schemes were retained, while the laser was replaced with a system
producing 300 fs pulses of A = 1034 nm (Coherent Monaco 1035).

Figure 5.2 (a-b) demonstrates a schematic of the set-up within the SEM cham-
ber. The RFA is mounted onto the breadboard atop of a mechanical x-y stage (Thor-
labs DTS25V/M) and an automated z-stage (Thorlabs PDXZ1/M, with the PDXC2
piezo controller). The z-stage positions the RFA and sample relative to the focal
point of the optical lens (focal length 50 mm) that focuses the pump laser onto the
sample. To maintain alignment even at low current, pulsed conditions, the RFA is
positioned beneath the pole piece using the mechanical x-y stage, such that the re-
tarding electrode under high tension corresponds to a zero-deflection position of
the electron beam at the pole piece exit. The sample is mounted onto a flange that
is attached to a home-built hexapod stage, allowing independent movement rela-
tive to the RFA. This enables precise alignment of the sample with respect to the
electron propagation axis, and positioning of the sample above the retarding elec-
trode. The hexapod is composed of stages that move in x- and y- (Mechonics x-y
mounted MS15) as well as along two tilt axes (Mechonics MT25), driven indepen-
dently by piezo controllers (Mechonics, CF30). Beneath the RFA sits the MiniPix
electron counter, cooled by three Peltier elements connected in series. The SEM
stage serves as a heat sink of the Peltier cooling system, allowing stable operation
of the MiniPix at 20°C for many hours. Surrounding the MiniPix sensor is a hol-
low shielding cage, that suppresses noise from stray, scattered high-voltage (HV)
electrons.

Depending on the sample, scattered laser light can co-propagate with the elec-
tron beam and impact the same MiniPix pixels. Although the sensor threshold volt-
age is set above the photon energy, the high peak powers required for PINEM can
still overshadow counts from the electron beam on the sensor. To avoid this, a dis-
assembled hard-disk drive magnet is placed adjacent to the HV shielding to deflect
the electron beam path. The magnet was oven-baked at ~ 500 K to deliberately re-
duce it's magnetic field strength. To enable the operation of all the electronics in
the SEM, we integrated several electrical feedthroughs: a USB connection for the
MiniPix, feedthroughs for three RS232 ports for control of the positioning stages,
and a HV feedthrough for the RFA. For operation up to 5 kV, the electrodes are pow-
ered by a high resolution power supply (FuG Elektronik GmbH, HCN-35-6500), and
for higher voltages up to 13 kV, a different power supply is used (FuG Elektronik
GmbH, HCL-35-12500).

To focus the pump laser onto the sample with lenses rather than the parabolic
mirror, the optical set-up outside of the SEM was updated with respect to the pump-
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probe configuration, as depicted in Figure 5.2 (c-d). To match the acceptance angle
of the 50 mm lens within the SEM chamber, a telescope was built using a pair of 75
mm and 125 mm focal point lenses to adjust the beam diameter before it is cou-
pled into the chamber using a beam splitter. The laser focus on the sample can be
imaged through an imaging lens with a CMOS camera (the Imaging Source, DMK
33UX183). Additionally, a 400 mm lens mounted on a flip mount provides the op-
tion of insertion into the beam path to create a defocused spot. In this configura-
tion, the defocused beam enables the illumination of a larger area of the sample
and optical imaging of the sample with the camera. Finally, a half-wave plate is
also installed into the beam path to adjust the laser polarization for more efficient
coupling to the nanostructured samples described in the next section.

5.2.3. DIELECTRIC LASER ACCELERATOR STRUCTURE

To simplify the alignment of the electron-laser spatial and temporal overlap, it is
important to boost the coupling strength between the electrons and the optical
near-field, using many subsequent interactions over an extended interaction length.
This can be achieved using a phase-matched metasurface, such as an optical grat-
ing. Phase matching ensures that the electron velocity is synchronized with the
phase velocity of the optical mode co-propagating with the electron along the meta-
surface, enabling energy transfer over multiple optical cycles. One way to achieve
this is with a dielectric laser accelerator (DLA), originally designed for compact
electron acceleration[212]. The DLA operates using periodic dielectrics features
(i.e. gratings or metasurfaces) that support optical near fields. When illuminated
with a laser, the periodic structure generates evanescent fields with a phase velocity
that can be engineered to match the electron velocity by adjusting the periodicity
of the grating. Under these conditions, the swift electron grazing the structure is
accelerated by each successive optical cycle, leading to efficient energy exchange.
This is effectively the same principle behind conventional linear radio-frequency
particle accelerators, however dielectric materials exhibit a much higher break-
down threshold than metals. As a result, DLAs can achieve extremely high acceler-
ation gradients on the order of GeV/m [213]. This can also be viewed as the inverse
Smith-Purcell effect, but with the energy transfer direction reversed. Employing a
DLA structure as the PINEM sample thus ensures strong coupling to the electron
beam and increases the probability of observing an electron energy modulation
and finding a precise laser-electron overlap.

Our DLA structures were designed and fabricated in the Hommelhoff group
based at the Friedrich Alexander University of Erlangen-Niirnberg, as described in
ref. [203, 204], and are depicted in the SEM image in Figure 5.3b. The samples are
composed of two symmetric columns of Si nanocylinders separated by a 225 nm
channel, with target diameters of 400 nm, a periodicity of 600 nm over 40 periods,
and nanocylinder heights of 2.7 ym. The dual-nanocylinder channel is surrounded
by ten distributed Bragg reflectors on either side of the structure. The purpose of
the Bragg mirrors is to increase the efficiency of out-of-plane illumination of the
structures (as in our geometry), which has been shown in ref. [203]. However, as
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Figure 5.3: Lumerical FDTD simulation of DLA structure. (a) Real component of simulated electric field,
normalized to the amplitude of the plane wave excitation, with an additional zoomed in panel show-
ing the nanocylinder geometry and the electron injection axis. (b) SEM image of the fabricated DLA,
consisting of two parallel rows of Si nanocylinders separated by a 225 nm channel and surrounded by
Bragg reflectors. (c) Calculated normalized synchronous field amplitude at the centre of the nanocylin-
der channel as a function of electron beam energy. Inset: zoomed in view of the coupling to the third
spatial mode at 10.6 keV, corresponding to the operating energy used in this work.
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these reflectors were designed for 1.93 ym wavelength illumination, within our set
up the Bragg reflectors play no role. The samples were fabricated using electron
beam lithography from 1 - 5 Q-cm doped, <100> silicon substrates. The patterns
were printed onto a 400-nm-thick negative resist (ma-N 2405) using a 100 keV elec-
tron beam writer (Raith EBPG 5200). Following resist development, the sample was
etched using cryogenic reactive ion etching (Oxford Instruments Plasmalab100) to
the target height of the sample, followed by resist removal using acid piranha solu-
tion.

A Lumerical 2D FDTD simulation of the DLA structure in frequency domain
is depicted in Figure 5.3. Due to the 2D nature of the simulation, the simulation
was driven by two counter propagating plane waves from opposite sides of the
structure, incident from above and below the nanocylinders, each at a frequency
of w = 290.5 THz (corresponding to A = 1034 nm). For simplicity, the Bragg mir-
rors were omitted, however, it has been shown that out-of-plane illumination will
result in about a 35% reduction of the resulting acceleration gradient created by the
structure[203]. The phase of the simulation output was rotated such that the elec-
tric field at the centre of the structure was completely real, to maximize the elec-
tric field and ensuring that no electric field amplitude was hidden in the complex
component. The input plane waves were then subtracted from the results, possible
because they are not phase-matched with the electrons and do not meaningfully
interact, and the resulting real component of the electric near field is plotted in Fig-
ure 5.3a. To quantify the coupling between the electrons and the simulated near
field, a crosscut of the complex electric field along the centre of the nanocylinder
channel was extracted and evaluated for electrons of different energies. The energy-
dependent electron velocity determines the parallel wave vector kj = fj—’; where § is
the electron velocity relative to the speed of light,  =v/c, 0 < f < 1. For each elec-
tron velocity, the E, field was multiplied by the phase factor exp~:¥I¥, representing
the phase accumulated by an electron traveling along the x direction through the
channel. The integral of this product along the electron trajectory, equivalent to
taking the Fourier component of the field with the parallel wave vector, yields the
amplitude of the mode that phase matched with the electron. The resulting ampli-
tude as a function of electron energy is plotted in Figure 5.3c.

As the sample was designed for illumination with a 1.93 um laser, adjusted for
the fundamental output of our laser at 1034 nm, the amplitude peaks at ~ 129, 24.7,
and 10.6 keV, corresponding to the first, second, and third order spatial modes re-
spectively. Because the current design of our RFA is limited to 13 kV, the work in
the following sections all operated at an electron beam energy of 10.6 keV, cou-
pling to the third spatial harmonic of the DLA. This result illustrates that designing a
structure specifically for our experimental electron energies and laser wavelengths
would enhance the coupling by several orders of magnitude.

An important experimental consideration is the grazing length of the electron
beam. Because of the high convergence angle of the electron beam in the SEM,
combined with the transverse broadening of the electron beam that occurs after
the PINEM interaction[214], a grating that is too long or positioned too close to the
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Figure 5.4: (a) Camera image of the sample with the defocusing lens inserted, showing a wide field of
view and five labeled 80 um long DLA structures illuminated. (b) Camera image of the tightly focused
laser spot with defocusing lens removed.

substrate surface, will cause many of the interacted electron to be deflected into the
substrate instead of transmitted. To avoid this, it is essential to fabricate either deep
grating elements, or fabricating gratings on raised mesa structures. In our case, the
DLA length was limited to 24 ym and the nanocylinders had heights of 2.7 um.

5.2.4. SPATIOTEMPORAL ALIGNMENT

To align the laser spot on the sample, we iteratively flip the defocusing lens in and
out of the optical path. When inserted (Figure 5.4 a), the beam is expanded to il-
luminate a large field of view, which allows for clear imaging of the sample surface
and identification of multiple DLA structures. Removing the defocusing lens (Fig-
ure 5.4 b), focuses the laser tightly on the sample. This procedure enables accurate
alignment of the focused spot directly over a target DLA structure. The laser spot
size was estimated by first calibrating the pixel-to-micrometer conversion from Fig-
ure 5.4a, using the known dimensions of the DLA structure. The intensity profile
across the laser spot in Figure 5.4 b was then fitted with a Gaussian to approximate
the FWHM intensity distribution. The resulting value, converted using the pixel
calibration, corresponds to a spot diameter of approximately 15 ym.

The electron-laser temporal overlap was coarsely aligned within a ~100 ps win-
dow, using an uncapped fast photodiode with a 35 ps rise time (Thorlabs FDS015)
that was mounted onto the sample flange at an angle, and electrically connected
to an oscilloscope via a BNC feedthrough. The oscilloscope was triggered by the
RF output of the laser, and signals generated separately by incident laser pulses
and by incident 10.6 keV electron pulses were recorded. The electron pulses were
generated by triggering the cathode with the third harmonic (TH) of the laser. As
described in Chapter 1, by adjusting the first condensor lens (C1) the beam cur-
rent was boosted such that illumination with ~2 nJ of the TH at a high extractor
voltage (4155 V) produced on the order of 1 electron per pulse compared to the
sub 0.1 electron/pulse regime used for high-resolution imaging. Although this re-
duced the spatial resolution of the beam, the signal-to-noise ratio was greatly im-
proved, which facilitated the identification of the electron pulse on the photodiode.
By comparing the relative arrival times of the electron and laser signals on the os-
cilloscope, the optical delay stage could be adjusted to achieve a coarse temporal
overlap. It is important to note that changing the C1 voltage changes the arrival
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time of the electron beam on the sample.

It is advantageous to perform this overlap search at the highest available elec-
tron energy. Although in some cases slower electrons in the SEM exhibit higher
coupling strength, they couple more efficiently to higher spatial-frequency com-
ponents of the evanescent near-fields, which decay with distance proportionally
to e~'%+* Considering an electron beam traveling along z and an infinite grating
along y, the decay constant of such a field can be written as I' = ik,. Using the
wave equation, and noting that in this scenario ky is zero, and k, corresponds to
the momentum of the co-propagating mode (k, = %), the decay constant can be
expressed in terms of electron velocity. By rewriting the velocity as a fraction of
the speed of light, 8, and including relativistic corrections via the Lorentz factor,

L__ the relation becomes[215]

T

r= w
Byc

This expression shows that as the electron velocity decreases, the interaction is
dominated by increasingly strongly confined near-field components with shorter
decay lengths. In the case of a structure confined in both transverse directions, k) #
0, and the decay length further shortens. Consequently, PINEM measurements at
low electron energies become highly sensitive to the electron beam position and to
drift. Using higher-energy electron for alignment minimizes the spatial uncertainty
to optimize in time.

(5.6)

After establishing the spatial alignment of the laser on the DLA sample, the tem-
poral overlap was achieved. For this measurement, the electron beam was posi-
tioned within the nanocylinder channel, as shown in the SEM image of a side view
of the channel in Figure 5.5 a (note that this image was recorded with a continu-
ous electron beam). At the higher current but poor spatial resolution settings de-
scribed above, the beam position within the channel was less sensitive to spatial
drift, which made the overlap search more robust. The position of the optical de-
lay stage was then scanned over 100 ps window around the coarse alignment posi-
tion determined with the photodiode/oscilloscope method. During the delay scan,
the threshold voltage of the RFA was set several volts above the ZLP of the electron
beam, ensuring that mostly energy-gain electrons were transmitted. The electron
count rate on the MiniPix was recorded as a function of delay. The onset of a pro-
nounced increase in counts revealed the formation of PINEM gain sidebands, and
that the electron and laser pulses were overlapped spatiotemporally.

5.2.5. PINEM MEASUREMENTS

After confirming the temporal overlap through PINEM, the electron beam settings
were returned to the standard C1 voltage and operated in the low-current regime
to maximize the spatial resolution. Spatially resolved PINEM measurements were
then performed to map the near-field distribution on the nanocylinders. The elec-
tron beam was raster scanned across the same sample depicted in Figure 5.5 a,
while keeping the RFA fixed at a threshold voltage corresponding to energy-gain



5.2. EXPERIMENTAL IMPLEMENTATION OF PINEM 75

Figure 5.5: (a) SEM image of the side profile of a 25 um long DLA structure. The two central features
correspond to the side profile of the nanocylinders, surrounded by the Bragg reflectors on either side. (b)
Spatially resolved PINEM map showing the count rate of gain electrons recorded while raster scanning
the electron beam along the DLA. The resulting map reflects the local optical near field distribution.

electrons. At each beam position, the transmitted count rate was recorded, yield-
ing a two-dimensional map of the gain electron signal, as plotted in Figure 5.5 b.
Since the gain probability is directly related to the strength of the optical near field,
such maps provide the basis for reconstructing the electric fields. The resulting
map reveals that the near-field is excited along the length of the nanocylinder as
well as across it’s front facet.

Unlike PINEM mapping performed with an EELS spectrometer in UTEMs, where
both the spatial map and the corresponding energy spectrum can be acquired si-
multaneously, using the RFA the threshold voltage must be scanned for each pixel
position in the map in order to reconstruct the energy spectrum. Figure 5.6 shows
the energy spectrum obtained by parking the electron beam at the centre of the
DLA channel and recording the electron count rate on the MiniPix detector as a
function of retarding potential of the RFA. This was performed when laser excita-
tion of the sample was temporally unsynchronized (blue curve) with the electron
pulse, meaning that they did not overlap at the sample, corresponding to the ZLP
of the electron beam, and laser synchronization (red curve), producing the PINEM
spectrum characterized by sidebands from having gained and lost quanta of energy.

The ZLP (blue curve) of the electron beam can be fitted with eq. 5.4, resulting
in an energy spread of 1.1 + 0.08 eV. The influence of the electron beam settings on
the energy spread will be discussed in section 5.3, but we note here that the energy
resolution of our PINEM measurements are limited by the high-voltage power sup-
ply required for 10.6 keV operation, that has a voltage ripple of ~0.58 eV. Together,
the energy resolution is not sufficient to resolve individual PINEM sidebands, how-
ever, the PINEM spectrum (red curve) does show a clear modulation of the electron
transmission spectrum, evidence of strong electron-photon coupling.

To analyze this spectrum, the transmission curve was fitted with a modified
CDF composed of a sum of 2N+1 pseudo-Voigt functions, each separated by the
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Figure 5.6: Transmission spectrum of the 10.6 keV electron beam positioned at the center of the
nanocylinder channel, recorded with (blue curve) and with (red curve) synchronized 1.1991 eV laser
excitation of the sample (pulse energy = 70 nJ). The RFA transmission curves are fitted with CDF dis-
tribution functions, from which the corresponding PDFs representing the energy spectra are extracted
and plotted in the inset.

photon energy of the laser (1.1991 eV) and constrained to share the same energy
spread as the ZLP. The relative intensities of the sidebands were determined ac-
cording to eq. 5.3, which gives the probability of populating the N sideband as
a function of the coupling factor, g, through Bessel functions. The corresponding
PDF of the fit reconstructs the PINEM sidebands, that are barely resolved given our
energy resolution, and fits the coupling strength, g = 0.43 + 0.05 eV. It should be
noted, however, that the extracted g does not correspond to a single, well-defined
value for all electrons in the measurements. The measured energy spread indicates
that the initial electron distribution is impacted by incoherent fluctuations, and in
addition the PINEM spectrum represents an average over both space and time. As
aresult, g would be more accurately represented by a distribution with uncertainty
Ag rather that a single parameter[21, 216], as from the total number of electrons
grazing the sample, some will not interact at all, while others will gain many quanta
of energy.

This becomes apparent when examining PINEM maps recorded as a function of
RFA voltage, as depicted in Figure 5.7. For these experiments, a different DLA struc-
ture was employed, as shown in the secondary electron (SE) image of Figure 5.7
a. The corresponding electron energy spectrum, recorded with the electron beam
parked in the center of the nanocylinder channel and synchronized with the laser
is plotted in Figure 5.7 b. Here the ZLP exhibited an energy spread of 3.7 + 0.11 eV
and the fitted coupling strength is g = 0.68 + 0.43 eV. Such a coupling value would
only be expected to significantly populate the first energy sidebands. However, as
the RFA voltage, AU, is progressively increased from 1 V to 34 V above the thresh-
old voltage, Uy, a small but distinct fraction of electrons focused through the DLA
channel experience gain. Since a retarding potential of ~5 V corresponds to the
ZLP of the electron beam, electrons detected at AU = 34 V must have gained ~29
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Figure 5.7: (a) SE image of the DLA structure. The electron beam was positioned in the center of the
nanocylinder channel to measure the corresponding (b) electron energy spectrum under laser synchro-
nization. The ZLP has an energy spread of 3.7 + 0.11 eV, and the curve is fit with the modified CDF
including Pseudo-Voigt sidebands, resulting in a fitted coupling strength of g = 0.68 + 0.43. The corre-
sponding PDF representing the energy spectrum in plotted in the inset. (c) PINEM maps acquired as a
function of additional voltage applied to the RFA, AU =1-34 V.
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eV, approximately corresponding to the 24 sideband for a photon energy of 1.1991

eV. Although the relative population of this sideband is only about 1% of the total
electrons, its presence indicates that a subset of electron have experienced a local
coupling strength of the order of g ~ 11.4, at the minimum. This highlights that the
interaction involves a wide range of coupling strengths, that cannot be captured by
a single effective g, primarily because of the mismatch in electron and laser pulse
lengths.

5.3. ELECTRON PULSE CHARACTERIZATION

Having established the advantages of performing PINEM experiments in the SEM,
it'simplementation, and demonstrated it’s capability of mapping optical near fields,
we now turn to using the RFA in combination with PINEM to characterize the en-
ergy spread and temporal profiles of electron pulses generated by photoemission
in the USEM. Accessing a narrow energy spread is essential to achieving the high
energy resolution required for PINEM and EELS measurements. Equally impor-
tant, controlling the initial electron pulse length is a requirement for wavepacket
shaping and attosecond pulse generation. Pulse lengths on the order of tens of pi-
coseconds can be characterized using time-resolved cathodoluminescence mea-
surements (TR-CL) using time-correlated single-photon counting [53], or streak
cameras[217]. In contrast, shorter pulses achievable via photoemission are more
challenging to characterize directly and PINEM offers one of the few methods to
measure them. While the characterization of energy, pulse length, and spatial co-
herence of photoemitted electron pulses in UTEMs has been reported in several
studies[218-222], such measurements in USEM are limited[64], with earlier work
focused on spatial resolution[53], and only more recent studies addressing pulse

durations[60]. Importantly, the focus of these publications is not on the intrin-
sic photoemission mechanisms dictated by the cathode source, which in our case
is a Schottky field-emission-gun (FEG) with a ZrO/W tip. While factors such as
the emitting facet, tip size, and material are all critical and differ slightly between
thermionic, Schottky, and cold FEG regimes, our focus is on the usable, apertured
electron beam at the sample plane, and it’s dependence on SEM gun parameters.

5.3.1. ENERGY SPREAD MEASUREMENTS

Firstly, Figure 5.8 compares the transmission spectra of continuous, thermally emit-
ted electrons (blue curve), and electrons generated via photoemission (red curve).
For this measurement, the filament current was decreased from 2.41 Ato 1.2 A and
its was left to cool for around 50 min, effectively decreasing the current. The extrac-
tor voltage was kept at its standard high value of 4155 V. The tip was then laser trig-
gered using the fourth harmonic (FH, A = 257 nm) at a low pulse energy of 100 nJ.
These conditions enabled the simultaneous observation of the two emission chan-
nels, resulting in two separate peaks in the photoemission spectrum (red curve).
Fitting the transmission spectra with a standard CDF for the thermal spectrum, and
the CDF of a sum of two Pseudo-Voigt functions for the photoemission spectrum,
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Figure 5.8: Transmission spectra of the thermally emitted electrons (blue curve) and the combined ther-
mal and photoemitted electrons at 10.6 keV accelerating voltage from the Schottky ZrO/W FEG. The
spectra were fitted with a CDF corresponding to a single or sum of two Pseudo-Voigt function for the
thermal electrons and combination of thermal and photoemission electrons respectively, and with the
corresponding PDFs of the fits plotted in the inset.

allowed for the extraction of the corresponding PDFs (plotted in the inset). The en-
ergy difference between the two peaks was determined as AE = 2.88 £ 0.07 eV. This
difference corresponds to the excess energy of the photoemitted electrons relative
to the thermally emitted population. By subtracting this value from the photon en-
ergy of the laser trigger (4.82 eV), the effective work function of the tip can be esti-
mated as @r = 1.94 eV. A ZrO/W cathode typically has a work function in the range
of ® ~ 2.8—2.9 eV [223] with some temperature dependence, which suggests that an
external electric field generated by the extractor voltage must lower the barrier by
approximately 0.645 V/nm to reduce to effective work function from 2.9 eV to 1.94
eV. We note that additional factors may also contribute to the reduction of the work
function, for instance, energy losses due to surface adsorbates on the tip[224, 225].

Next, the effect of laser triggering on the energy spread of the electron pulses
was measured, together with the influence of varying the extractor voltage. Figure
5.9 a, shows the energy spread of the photoemitted electron pulses as a function
of laser pulse energy on the electron cathode. For these measurements, the FH
was used, with the laser polarization aligned with the axis of the cathode using a
half-wave plate to maximize the emission efficiency. The SEM was operated with
a cold tip, achieved by reducing the filament current from 2.41 Ato 1.2 A, and a 50
pm aperture. Four extractor voltage settings were investigated, matching the con-
ditions previously used for electron current measurements as a function of laser
pulse energy (Chapter 1, Figure 1.3 b). At the standard, high extractor voltage of
4155V, two condenser lens (C1) voltages were compared. First, the standard C1,
1305 V, configuration yielding a modest current and a high spatial resolution, and
secondly an optimized C1 voltage, 1100 V, maximizing the current. The later results
in an increased energy width as fewer electrons are cropped by the aperture. This
comparison is important, as for all other extractor voltages, the C1 setting was al-
ways optimized for current. Measurements were also performed at an intermediate
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Figure 5.9: (a) Energy spread of photoemitted electron pulses at 10.6 keV as a function of laser pulse
energy, extracted from transmission spectra of the electron beam through the RFA. The SEM was oper-
ated with a 50 um aperture and four extractor voltage settings, 4155 V standard C1 (orange curve), 4155
V optimized C1 (red curve), 3200 V (pale blue curve) and 650 V (dark blue curve). (b, ¢) Transmission
spectra recorded with the RFA at 4155 V standard C1, and 650 V respectively for low, intermediate and
high laser pulse energy. Insets shows the corresponding energy spectra (PDFs) derived from CDF fits.
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extractor voltage of 3200V, corresponding to the setting at which the thermal emis-
sion of electrons is completely quenched, and at a low extractor voltage of 650 V,
where strong focusing effects increase collection of electrons through the extractor
aperture leading to very high currents at the sample plane([65]. Despite this increase
in current, the energy spread as a function of laser pulse energy remains compara-
ble to that obtained at 3200 V and 4155 V (optimized C1). In all four cases, the
energy spread increases linearly with pulse energy. This behavior, observed previ-
ously in TEM studies[219, 221, 222], is attributed to the Boersch effect as a result
of Coulomb interactions between the electrons in the pulse, that becomes more
significant as the number of electron per pulse increases.

Figure 5.9 b & c, show example transmission spectra from the data set mea-
sured with the RFA at extractor voltages of 4155 V (standard C1) and 650 V, respec-
tively. For each setting, the spectra are displayed at three laser pulse energies (in the
range of 30 pJ/pulse to 2 nJ/pulse). The data are fitted with CDF functions, while the
derivative of these fits, representing the PDEF are plotted in the insets. In both cases,
a clear broadening of the energy distribution is observed with increasing laser pulse
energy. However, at 650 V the energy distribution not only broadens, but also splits
into two distinct peaks. This splitting is a result of pronounced space-charge ef-
fects, where the high electron density leads to the separation of the pulse into two
bunches of accelerated and decelerated electrons[106, 222, 226]. For most mea-
surements, the energy width is reported as the full width at half maximum (FWHM)
of the PDE However, at high laser pulse energies where the splitting becomes ev-
ident, the CDF is best described by a sum of two Pseudo-Voigt functions. In such
cases the effective energy width is calculated using the weighted FWHM of the two
peaks,

AE = 235500, = 2.355\/ w103 + w203 + wy w(Ey — Ep)?, (5.7)

where Ej, E, are the central energies of the two peaks, 01, 0, are their standard
deviations, and w;, wy the relative weighted amplitudes.

The measurements at 10.6 keV electron energy provide important insight into
the range of experimental settings usable for PINEM experiments with the avail-
able DLA sample. However, the limited energy resolution of the high-voltage power
supply constrains the precision with which the lower limit of the intrinsic electron
pulse width can be determined. Energy spread measurements at a lower electron
acceleration voltage of 5 keV that use a higher resolution power supply for the RFA,
can overcome this limitation. In this configuration, a Faraday cup beneath the RFA
was used to count the electrons instead of the MiniPix, and a 1 mm aperture was
used to maximize electron collection.

In these measurements, plotted in Figure 5.10, both fourth harmonic (FH, A =
257 nm) and third harmonic (TH, A = 345 nm) excitation was used, to compare the
effect of photon energy on the energy spread. No waveplate was employed to adjust
the polarization of the excitation laser. Two extractor voltage settings were investi-
gated, a low extractor voltage of 650V, and a standard setting 4550 V with optimized
C1. The high value of the standard extractor voltage, compared to 4155V used in the
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Figure 5.10: (a) Energy spread of photoemitted electron pulses at 5 keV as a function of laser pulse en-
ergy, extracted from transmission spectra of the electron beam through the RFA using a Faraday cup
detector and a 1 mm aperture. Both FH and TH excitation were used and measurements were per-
formed at two extractor voltage settings, 4155 V optimized C1, and 650 V. (b,c) The same data plotted as
a function of number of electrons per pulse for FH and TH excitation respectively.

10.6 measurements, is due to the fact that these experiments were performed on a
different electron cathode. Figure 5.10 a plots the measured FWHM of the energy
spread as a function of laser pulse energy focused to the tip. Figure 5.10 b & ¢ show
the same data, but plotted as a function of the number of electrons per pulse for
FH and TH excitation respectively. In all cases, the energy spread increases linearly
with pulse energy, consistent with the Boersch effect. With the increased energy
resolution of this set up, it is evident that TH excitation systematically produces a
narrower energy spread than FH excitation. This is a consequence of lower excita-
tion efficiency of the TH photons, as their energy lies closer to the work function
of the cathode, lowering the excess energy of the electrons that are excited over the
barrier[227].

Notably, these measurements reveal the narrowest energy width of the electron
beam obtained in this study, AE = 0.3 +0.03 eV, under TH excitation and an ex-
tractor voltage of 650 V. A systematic decrease in energy spread is observed when
reducing the extractor voltage from 4550 V to 650 V. For TH excitation the minimum
energy width decreases from 1.38 £ 0.17 eV at 4550 Vt0 0.3 + 0.03 eV at 650 V. A sim-
ilar trend is observed for FH excitation, where the minimum width is reduced from
1.57 £ 0.08 eVto 0.65 + 0.19 eV. This reduction is attributed to the increase in the ef-
fective work function of the tip at lower extractor fields. An increased energy barrier
reduces the excess energy of the electrons resulting in a narrower energy spread.

These results demonstrate that by controlling both the trigger laser wavelength
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and the extractor voltage, the lower limit of the electron energy resolution can be
improved to AE = 0.3 eV. This resolution is sufficient to resolve discrete energy side-
bands in future PINEM experiments. Nevertheless, it must be noted that while the
measurements of the minimum energy width provide meaningful insight into the
intrinsic resolution of the source, the broadening observed at high laser pulse en-
ergies, when many electrons per pulse are not only generated at the tip but also ar-
riving at the RFA, may not fully reflect the initial energy distribution of the electron
pulse. Instead, additional broadening may occur from Coulomb repulsion inside
the RFA, as electrons are decelerated and focused into the scanning electrode. The
magnitude of this effect is not yet known and will require simulations to disentan-
gle contributions of space-charge interactions within the RFA from intrinsic energy
distributions.

The next step is to examine the temporal profile of the electron pulses using
PINEM. The energy spread and pulse duration of electron beams are intrinsically
linked with a negative chirp[228], as electrons with different energies propagate at
different velocities, leading to a temporal broadening of the pulse. Measuring the
pulses in time can therefore not only characterize the intrinsic pulse length but also
help assess whether Coulomb repulsion inside the RFA contributes significantly to
the measured energy width.

5.3.2. PULSE LENGTH MEASUREMENTS

To measure the temporal spread of the electron pulses, PINEM was employed to
measure the cross-correlation between the electron beam and the laser pumped
optical near field. In this approach, the relative delay between the electron pulse
and the femtosecond laser pulse is scanned in time, and the strength of the PINEM
interaction, quantified by the number of gain electrons, is recorded as a function
of delay, At. The electron pulse duration can be deconvoluted from the measured
envelop under the assumption of a Gaussian laser pulse, as the efficiency of the
electron-photon coupling depends on their temporal overlap.

Pulse length measurements using PINEM (Figure 5.11, left column) were per-
formed under the same operating conditions as the 10.6 keV current measurements
(Figure 1.3) and energy spread measurements (Figure 5.9). Additionally, experi-
ments performed with TH excitation are plotted in Figure 5.11 (right column). For
the TH measurements, only 4155 V (optimized C1) and 3200 V configurations were
explored. To distinguish the gain electrons generated by PINEM, the RFA voltage
was set several volts above the ZLP of the electron beam, and the electron count rate
was recorded. The delay, At, between the laser and electron pulses was scanned,
where negative delays (At < 0) correspond to the laser arriving before the electron
beam and probing the head of the electron pulse, while positive delays (At > 0)
correspond to the laser arriving after the electron and probing the tail. These mea-
surements were repeated as a function of laser pulse energy to the tip, ranging from
regimes were space-charge effects are negligible to high excitation energies where
they become significant.

The time traces in Figure 5.11 a & ¢ demonstrate that under FH excitation and
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and laser pulses for different laser pulse energies. (a-c) correspond to FH excitation at extractor voltages
of 3200 V and 4155 V standard C1, respectively, while (b-d) correspond to TH excitation at 3200 V and
4155V optimized C1. (e,f) Extracted pulse lengths (2 xRMS) after deconvolution of the 300 fs laser pulse
for the FH and TH.



5.3. ELECTRON PULSE CHARACTERIZATION 85

extractor voltages of 3200 V and 4155 V respectively, the electron pulses broaden
with increasing laser pulse energy. A similar trend is observed for TH excitation
in Figures 5.11 b & d. For each decay trace, the root-mean-square (RMS) devia-
tion was extracted and deconvoluted from the laser pulse duration (300 fs). The
resulting pulse lengths, defined as 2 x RMS, are plotted in Figures 5.11 e & f. The
RMS approach was used because at high laser pulse energies the temporal profiles
are no longer well described by a single Gaussian, as the strong space charge effects
cause the electron pulses to split into two bunches, as observed previously[60, 221].
Interestingly, the measured pulse width does not show a strong dependence on the
extractor voltage, even when changing the C1 settings. This indicates that the tem-
poral broadening occurs predominantly at the cathode tip and is not significantly
influenced by clipping at the aperture, consistent with earlier findings in ref [60].
Additionally, excitation with the TH consistently produces shorter electron pulsed
compared to FH, reflecting both the limited number of electrons per pulse in the
TH, suppressing space-charge effects and resulting in a narrower energy and tem-
poral profile.

It must be noted that, due to the nature of the RFA measurement, the lower-
energy electrons must be filtered by the scanning electrode in order to resolve the
gain electrons resulting from the PINEM interaction. Depending on the RFA thresh-
old voltage, the filtering of the low-energy tail electrons may lead to an artificial
reduction in the measured pulse duration, which can be a significant fraction of
the total pulse, as demonstrated in Supplementary 5.5.1. A rigorous calculation of
the electron pulse lengths would require to perform the measurement at a range of
different RFA voltages, in order to reconstruct the full temporal profile.

Despite this limitation, it is a useful exercise to analytically calculate the es-
timated pulse lengths from the previously measured energy spreads, to compare
them with the measurements.

5.3.3. ANALYTICAL CALCULATION
To analytically estimate the pulse lengths of the electron beam, we follow the ap-
proach outlined in ref [229], which solves the equations of motion to calculate the
temporal broadening of the electron pulse, Af,yival, based on an initial uncertainty
in kinetic energy, AE;. In this model, electron propagation through the microscope
is divided into three regions: (A) the first acceleration region from the cathode at 0 vV
to the extractor voltage, Vey(, with a distance dey:, (B) the second acceleration region
of length d,. between the extractor and the anode, where the electrons are accel-
erated to their final energy V,c, and (C) the drift region, where electrons propagate
with their final energy over a distance [ to the sample without further acceleration.
For the electron propagating in either the extractor and acceleration regions,
the time of flight can be expressed as



86 5. PINEM IN THE SEM

dext/ acc
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where E;?Xt/ act and E;Xt/ ace - E?Xt/ €} ¢ Vext/ace are the initial and final kinetic
energies of the electron. The time spent in the drift region is given by

l Ef(Ef+2mc®) + m2ct

fee = —
it = Ef(Ef +2mc?)

(5.9)

The arrival time of the electron beam at the sample, #,;1jva1 is thus the sum over
these three regions, convolved with the temporal distribution of the laser exciting
the cathode. By taking the derivative of this expression, the probability density
function of the electron arrival time given a probability density function of energy
can be calculated through

dE
P(t) = P(E)—. (5.10)
dt

This model operates under several assumptions. Firstly, the electrons energies
are considered relativistic, such that electrons of any kinetic energy can be directly
substituted into the calculation. Secondly, the initial energy distribution is applied
at a distance dgar from the tip, rather than a gradually accumulated along it’s tra-
jectory from Coulomb interactions. Thirdly, the effects of propagation angle and
focusing lenses in the microscope are neglected. In our calculations, we use the
energy spread data from the 3200 V measurements in Figure 5.9 a as the initial en-
ergy distribution. Accordingly, we set Vext = 3200V, Vaeo = 10600 V, and 0 jager = 127
fs. Since the detailed geometry of the electron gun column is unavailable, we eval-
uate an envelop of pulse lengths by varying the distances of each region over real-
istic ranges, with dgart =5 — 500 um, dext = 400 — 600 um, dyec = 10 — 40 mm, and
! =0.3 — 0.5 m. Each distance parameter was varied independently over its range,
while other distances were fixed at their average values. The results of these calcu-
lations are plotted in Figure 5.12.

Remarkably, these results show that the position of dgrt, Wwhere the electrons
acquire their initial energy spread, can have a substantial effect on the temporal
distribution, as the electrons still have very low velocities in the extractor region.
Onto the same graph we project the measured electron pulse lengths from Figure
5.11 e, with a one sided error bar of 50% that we consider a reasonable correction
factor to account for the energy filtering introduced with the RFA (Supplementary
5.5.1). From this comparison, we conclude that the measurements and the analyt-
ical calculation are in good agreement, yielding pulse lengths of the same order of
magnitude. Furthermore, as the measured and calculated temporal spreads share
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Figure 5.12: Calculated temporal distribution of electron pulses based on the measured energy spread
data. The calculation divides the electron propagation into three regions, the extractor region, accelera-
tion region, and drift region, with distances dext, dacc, and ! respectively. The envelop of the pulse length
is obtained by sweeping the distances of each region over a range of reasonable values. The measured
pulse lengths at the same experimental settings are projected onto the graph, with one-sided error bars
of 50%, which we estimate as a correction factor to account for the effect of energy filtering with the RFA.

a similar slope, this suggests that the energy spread measured with the RFA are not
dominated by Coulomb repulsion effects within the analyzer.

5.4. CONCLUSIONS

In this chapter, we have demonstrated for the first time that PINEM measurements
can be successfully implemented in an USEM using an RFA. This achievement ex-
tends the capabilities of PINEM to a more affordable and accessible microscope,
with unique advantages such as lower electron velocities that can enhance coupling
efficiency, and the flexibility of a larger vacuum chamber enabling more complex
light incoupling geometries and correlation with CL experiments. The implemen-
tation and alignment procedure required to perform PINEM in the SEM were out-
lined, and its capabilities were demonstrated through the near-field mapping of a
DLA structure.

Furthermore, we showed that the RFA in combination with PINEM can be used
to characterize the energy spread and temporal profile of the electron pulses, giv-
ing insights into how different gun parameters affect the pulse properties and may
be optimized for high-resolution PINEM and EELS. At the same time, we identified
that there are still significant uncertainties arising from Coulomb repulsion within
the RFA, that can artificially broaden the measured energy distribution, and en-
ergy filtering by the RFA, that can artificially shorten the measured pulse length.
These effects can be quantified and corrected in future work, through simulations
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of the electron interactions inside the RFA and through voltage-dependent delay
measurements.

Overall, the results presented in this chapter broaden the scope of studies of
electron-light interaction in the SEM, providing a route to quantitative near-field
mapping of photonic nanostructures, as well as electron wavepacket shaping.
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5.5. SUPPLEMENTARY
5.5.1. EFFECT OF RFA FILTERING ON PULSE LENGTH MEASUREMENT

To investigate the artifacts introduced by the retarding field analyzer (RFA) when
extracting electron pulse lengths using PINEM cross-correlation measurements, we
performed a simple numerical calculation.

The electron beam was initialized using experimentally measured energy dis-
tributions from the Vg = 650 V data set in Figure 5.9. The first case (Figure 5.1 a)
was representative of a low-current electron pulse, with a single Gaussian peak of
2.7 eV FWHM. The second case (Figure 5.1 d) was representative of a high-current
electron pulse with strong space-charge effects forming two energy bunches with
FWHM 5.4 and 8.6 respectively. The initial temporal spread of the electron beams
was assumed Gaussian and matched the FWHM of the laser excitation pulse. For
the case of the double peaked spectrum, a 100 fs temporal offset was introduced be-
tween the two bunches. The electrons were then propagated along a 40 cm length,
generating an arrival time distribution at the sample plane through velocity dis-
persion (Figure 5.1 b & e). A PINEM interaction was simulated by modifying the
energy distributions into photon sidebands according to equation 5.3, using cou-
pling strengths of g = 0.7 and 5 respectively to illustrate weak and strong coupling.
Cross-correlation with laser induced near-field was simulated by scaling the cou-
pling strength as a function of electron-laser overlap and calculating the energy
modulation as a function of relative delay. To model the RFA, a threshold voltage
Vin with a Gaussian uncertainty of 0.6 eV was applied after the PINEM interaction,
to filter electrons with an energy of E < V4. The effective pulse lengths were then
extracted by calculating the RMS width from the energy modulation as a function
of delay curves, for both the energy filtered and unfiltered cases (Figure 5.1 ¢ & f).
The contribution of the laser pulse was removed via deconvolution.

These calculations show that filtering above the ZLP systematically shortens the
measured pulse duration, with progressive shorting of the measured pulse length
with increasing threshold voltage. This effect becomes especially pronounced in
the case of high-current electron beams due to strong chirping. Based on these
calculations, filtering several volts above the ZLP requires a correction factor when
interpreting experimentally measured values of at least 50% when interpreting ex-
perimentally measured pulse durations.
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beam respectively.
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SUMMARY

Cathodoluminescence (CL) microscopy is a powerful technique for probing optical
properties of materials with the nanoscale spatial resolution of an electron beam.
The development of ultrafast scanning electron microscopes (USEMs), capable of
generating picosecond pulsed electron beams, has further extended this approach
into the time domain, making it possible to study dynamic processes. These ad-
vances have made CL a quintessential tool for investigating, among others, III-V
semiconductor materials that form the basis of many modern technologies such
as optoelectronics and renewable energy. With the addition of laser incoupling
and electron energy spectroscopy, the ultrafast SEM can be further expanded into
pump-probe schemes, providing a versatile platform to explore fundamental inter-
actions between electrons, light, and matter.

In Chapter 2 we introduce our USEM based pump-probe cathodoluminescence
(PP-CL) instrument, that combines femtosecond laser pulses and picosecond elec-
tron pulses generated by photoemission to measure dynamic material properties.
We apply this technique to study the carrier recombination dynamics in Cu,ZnSnS;.
With increasing laser excitation, we observe a blue-shift of the photoluminescence
(PL) peak energy as well as a saturation of its intensity. This behavior is attributed to
the filling of shallow radiative defect states near the valence band, as is commonly
observed in doped semiconductors. However, this behavior is not observed un-
der electron beam excitation with increasing electron current. We compare carrier
generation mechanisms under electron-beam and laser-beam excitation. Because
electron excitation occurs indirectly, the resulting carrier generation gradient is
much smaller under our experimental conditions, highlighting the suitability of the
electron beam as a probe in PP-CL. By performing PP-CL experiments, we observe
that the CL signal is enhanced relative to its reference value, which we attribute to
laser passivation of non-radiative defects in the sample. By fitting the PP-CL data,
we directly extract the recombination rate, which cannot be directly measured with
time-resolved CL (TR-CL), and measure a characteristic lifetime of 1.68 + 0.78 ns.
Under increased laser excitation, the CL intensity is suppressed, which we again
attribute to the saturation of the shallow radiative defects. Because of the high rep-
etition rate used for experiments, we could fit only a lower bound of 43 ns for the
lifetime of these radiative defect states.

In Chapter 3, we use hyperspectral and TR-CL to study an InGaN/GaN quan-
tum well (QW) sample before and after preparation as a lamella using focused ion
beam milling (FIB). The accelerated ions in the FIB are known to introduce defects
into the sample. To mitigate damage, strategies such as using low energy ions, tilted
milling angles, and protective layer deposition are commonly employed. This has
enabled FIB milling as a widely used method to prepare electron transparent sam-
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ples for measurements in the transmission electron microscope (TEM), including
CL studies. Nevertheless, the effect of the FIB on the luminescence properties of
materials has seldom been systematically studied. Our sample underwent a growth
interruption step during fabrication that etched the InGaN layer into regions con-
taining 2D-confined quantum wells, and 3D-confined quantum discs (QD), result-
ing in a rich hyperspectral landscape with CL emission peaks ranging between 450
and 550 nm, due to varying degrees of quantum confinement. Lifetimes were mea-
sured for both the QD emission and QW emission by filtering with 450 and 550
nm bandpass filters. The QD emission followed a single exponential decay with a
lifetime 0of 433 +1 ps, whereas the QW emission was best described by a biexponen-
tial decay with components of 1.864 + 0.031 ns and 7.495 £ 0.136 ns, correspond-
ing to recombination of weakly and strongly localized excitons respectively. The
hyperspectral- and TR-CL measurements were repeated following the preparation
of the sample as a FIB lamella. Due to the rich luminescence features of the sample,
the same sample region could be identified, enabling direct correlation of the bulk
and lamella measurements. Hyperspectral CL revealed strong quenching of the lu-
minescence, primarily affecting the QW emission, that could not be explained by
the increased transparency of the sample to the electron beam. TR-CL showed that
the lifetime of the QD emission was decreased to 320+20 ps, while the fast and slow
recombination components of the QW emission were shortened to 111 + 7 ps, and
550 + 113 ps respectively. These decreases are characteristic of the introduction of
non-radiative defects in the material by the FIB. The more pronounced suppression
of QW emission is attributed to lateral carrier diffusion in QWs, enabling carriers
to recombine non-radiatively at defects. In contrast, carrier confinement in QDs
shields carriers from migrating to and recombining at defect sites.

In Chapter 4, we use the light-incoupling capabilities of the PP-CL microscope
to study the lasing properties of GaN nanowire (NW) lasers. Combined with tem-
perature -resolved hyperspectral CL, TR-CL and secondary electron imaging, we
correlate the optical and structural properties of individual NWs. CL measurements
are used to characterize the gain medium itself, revealing temperature-independent
but diameter-dependent lifetimes, demonstrating that recombination is limited by
non- radiative surface defects. Furthermore, non-monotonic spectral peak shifting
with decreasing temperature points to exciton localization at shallow radiative de-
fects that influence the emission. We then investigate the lasing properties of single
NWs transferred onto a planar Si substrate, and determine the lasing threshold as
a function of NW geometry. The lasing thresholds systematically decrease with in-
creasing NW aspect ratio (diameter/length). In contrast, NWs dispersed onto a car-
bon TEM grid showed no systematic dependence of the lasing threshold on aspect
ratio, highlighting the strong influence of the local dielectric environment on lasing.
Finally, we show how electron beam irradiation of the NWs can be used to influence
lasing. While the lasing threshold remained unchanged, the modal distribution is
modified, opening possibilities for using electron beams for mode selection.

Finally, in Chapter 5, we reconfigure the PP-CL set-up from Chapter 2 to in-
tegrate an electron energy spectrometer, enabling photon-induced near-field mi-
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croscopy (PINEM) experiments and measure optical near-fields at the

nanometer scale. Implementing PINEM in an SEM offers the advantages of using
slower electron velocities that can boost electron-light coupling, as well as the flex-
ibility of combining PINEM and CL and advanced light incoupling configurations
enabled by the larger vacuum chamber of the SEM. To overcome the lack of com-
mercially available electron energy spectrometers, we use a retarding field analyzer
(RFA) equipped with an Advacam MiniPix electron detector. We describe the tech-
nical integration and the alignment procedures for PINEM. As a sample, we use a
dielectriclaser accelerator (DLA) structure consisting of a dual silicon nanocylinder
metasurface channel. This geometry enhances the electron-light coupling strength,
quantified by the factor g, as the electron interacts with a phase-matched optical
mode co-propagating along the metasurface over multiple optical cycles, thereby
simplifying the temporal overlap procedure. Under 1034 nm illumination, a 10.6
keV electron beam couples to the third spatial harmonic of the structure. As aresult
of the PINEM interaction, the electron energy spectrum gains additional sidebands
of energy, and the energy modulation is exploited to map the near-field. From spec-
tral fitting, we extract an average coupling strength of g = 0.68 + 0.43, although we
note that there is a large distribution of Ag due to averaging over both space and
time. In some cases, electrons gain up to 24 energy sidebands. Using the RFA and
PINEM cross-correlation measurements, we then characterize the energy spread
and pulse length of the photoemitted electron pulses as a function of different gun
parameters. By decreasing the extractor voltage, lowering the laser trigger photon
energy, and operating in a regime with strictly < 1 electron per pulse (avoiding Cou-
lomb repulsion), the energy resolution of the electron beam is decreased from the
standard AE = 0.74 £ 0.05 eV (typical for a continuous 1800 K Schottky field emis-
sion gun) to AE = 0.3 +0.03 eV. Using PINEM cross-correlation, we measure the
electron pulse lengths of a 10.6 keV electron beam as a function of laser trigger
pulse energy, finding durations of 0.5 ps to 2.3 ps, broadened by the velocity disper-
sion of electrons as a result of Coulomb interactions. We discuss the uncertainties
introduced due to electron interaction within the RFA and due to energy filtering,
noting that these can be improved through modeling of the set-up.

This thesis demonstrates how USEMs with light incoupling capabilities form
a powerful and versatile platform for investigating the optical, electronic, and dy-
namic properties of a range of material systems. Using PP-CL we directly probed
non-radiative recombination dynamics, employed correlative CL measurements to
reveal how the standard practice of FIB lamella preparation alters the luminescence
properties of materials, and correlated nanowire lasing properties to material and
geometric characteristics. We further expanded the PP-CL USEM with the inte-
gration of an electron energy spectrometer, enabling PINEM experiments within
the USEM. This advancement allows the study of optical near-fields and probing
electron-light interactions with enhanced coupling strength and flexibility for inte-
gration with CL experiments. Together, these results extend the reach of ultrafast
scanning electron microscopy into new regimes for material science and nanopho-
tonics.






SAMENVATTING

Cathodoluminescentie (CL) microscopie is een krachtige techniek om optische eigen-
schappen van materialen te onderzoeken met de nanometerschaal ruimtelijke res-
olutie van een elektronenbundel. De ontwikkeling van ultrasnelle scanning elektro-
nen microscopen (USEMs), die picoseconde gepulste elektronenbundels kunnen
genereren, heeft deze methode verder uitgebreid naar het tijdsdomein, waardoor
het mogelijk is dynamische processen te bestuderen. Deze vooruitgangen hebben
CL tot een essentieel instrument gemaakt voor het onderzoeken van onder andere
III-V halfgeleidermaterialen, die de basis vormen van veel moderne technologieén
zoals opto-elektronica en hernieuwbare energie. Met de toevoeging van laserin-
voer en elektronen-energie spectroscopie kan de ultrasnelle SEM verder worden
uitgebreid naar pump-probe schema’s, wat een veelzijdig platform biedt om fun-
damentele interacties tussen elektronen, licht en materie te verkennen.

In Hoofdstuk 2 introduceren we ons USEM-gebaseerde pump-probe cathodo-
luminescentie (PP-CL) instrument, dat femtoseconde laserpulsen en picoseconde
elektronenpulsen, gegenereerd door foto-emissie, combineert om dynamische ma-
teriaaleigenschappen te meten. We passen deze techniek toe om de ladingdrager-
recombinatie dynamica in CupZnSnS, te bestuderen. Bij toenemende laser-excitatie
observeren we een blauwverschuiving van de fotoluminescentie piekenergie en
een verzadiging van de intensiteit. Dit gedrag wordt toegeschreven aan de vulling
van ondiepe radiatieve defecten nabij de valentieband, zoals vaak wordt waargenomen
in gedoopte halfgeleiders. Onder elektronenbundel-excitatie met toenemende stroom
wordt dit gedrag niet gezien. We vergelijken de ladingsgeneratiemechanismen on-
der elektronen- en laser-excitatie. Omdat elektronen-excitatie indirect plaatsvindt,
is de resulterende ladingsgeneratiegradiént veel kleiner onder onze experimentele
omstandigheden, wat de geschiktheid van de elektronenbundel als probe in PP-CL
benadrukt. Door PP-CL experimenten uit te voeren, observeren we dat het CL-
signaal wordt versterkt ten opzichte van de referentiewaarde, wat we toeschrijven
aan laser-passivatie van niet radiatieve defecten in het monster. Door de PP-CL
data te fitten, extraheren we rechtstreeks de recombinatiesnelheid, die niet direct
kan worden gemeten met tijdsopgeloste CL (TR-CL), en meten we een karakter-
istieke levensduur van 1.68 + 0.78 ns. Bij verhoogde laser-excitatie wordt de CL-
intensiteit onderdrukt, wat opnieuw wordt toegeschreven aan de verzadiging van
de ondiepe radiatieve defecten. Vanwege de hoge herhalingsfrequentie van de laser
konden we slechts een ondergrens fitten van 43 ns voor de levensduur van deze ra-
diatieve defecten.

In Hoofdstuk 3 gebruiken we hyperspectrale en TR-CL metingen om een In-
GaN/GaN kwantumput (KP) monster te onderzoeken, voor en na preparatie als
lamel met behulp van een gefocuste ionenbundel (FIB) frezen. De versnelde ionen
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in de FIB staan erom bekend defecten in het monster te introduceren. Om schade
te beperken worden strategieén toegepast zoals lage energie ionen, gefreesde hoeken
en beschermende lagen. Dit heeft FIB-frezen mogelijk gemaakt als een veelge-
bruikte methode om elektronen-transparante monsters te fabriceren voor transmissie-
elektronenmicroscopie (TEM), inclusief CL-studies. Toch is het effect van FIB op de
luminescentie-eigenschappen zelden systematisch bestudeerd. Ons monster on-
derging een groeionderbreking tijdens de fabricatie, waarbij de InGaN-laag werd
geétst in regio’s met 2D-opgesloten kwantumputten (KP, "quantum wells") en 3D-
opgesloten kwantumdeeltjes (KD, "quantum dics"), wat resulteerde in een rijke hy-
perspectrale structuur met CL-emissiepieken tussen 450 en 550 nm, als gevolg van
verschillende gradaties van kwantumconfinment. De levensduren werden geme-
ten voor zowel de KD-emissie als de KP-emissie met banddoorlaatfilters van 450 en
550 nm. De KD-emissie volgde een enkelvoudig exponentieel verval met een lev-
ensduur van 433 + 1 ps, terwijl de KP-emissie het best werd beschreven door een
dubbel exponentieel verval met componenten van 1.864 +0.031 ns en 7.495+0.136
ns, overeenkomend met recombinatie van respectievelijk zwak en sterk gelokaliseerde
excitonen. Hyperspectrale- en TR-CL-metingen werden herhaald na FIB-preparatie.
Vanwege de rijke luminescentiekenmerken kon dezelfde regio worden geidenti-
ficeerd, waardoor directe correlatie mogelijk was. Hyperspectrale CL onthulde sterke
quenching van de luminescentie, vooral in de KP-emissie, die niet kon worden
verklaard door de verhoogde transparantie van het monster voor de elektronen-
bundel. TR-CL toonde dat de levensduur van de KD-emissie werd verkort tot 320 +
20 ps, terwijl de snelle en langzame recombinatiecomponenten van de KP-emissie
werden verkort tot respectievelijk 111 +7 ps en 550+ 113 ps. Deze afnames zijn ken-
merkend voor de introductie van niet radiatieve defecten door FIB. De meer uitge-
sproken onderdrukking van KP-emissie wordt toegeschreven aan laterale ladings-
diffusie in KP’s, waardoor ladingsdragers niet radiatief recombineren bij defecten.
Daarentegen beschermt confinering in KD’s ladingsdragers tegen migratie en re-
combinatie bij defectplaatsen.

In Hoofdstuk 4 gebruiken we de lichtinvoer mogelijkheden van de PP-CL mi-
croscoop om de lasingeigenschappen van GaN nanodraad (NR) lasers te bestud-
eren. In combinatie met temperatuurafthankelijke hyperspectrale CL, TR-CL en se-
cundaire elektronenbeeldvorming correleren we de optische en structurele eigen-
schappen van individuele NR’s. CL-metingen worden gebruikt om het versterk-
ingsmedium zelf te karakteriseren, waarbij temperatuuronathankelijke maar di-
ameterafhankelijke levensduren worden onthuld. Dit toont aan dat recombinatie
wordt beperkt door niet radiatieve oppervlakte-defecten. Verder wijst een niet-
monotone spectrale piekverschuiving bij dalende temperatuur op excitonlokalisatie
aan ondiepe radiatieve defecten die de emissie beinvloeden. We onderzoeken ver-
volgens de lasingeigenschappen van afzonderlijke NR’s die op een Si-substraat zijn
geplaatst, en bepalen de drempelwaarde als functie van de NR-geometrie. De lasing
drempels nemen systematisch af bij toenemende NR-aspectratio (diameter/lengte).
Daarentegen vertoonden NR’s op een koolstof TEM-raster geen systematisch ver-
band tussen drempel en aspectratio, wat het sterke effect van de lokale diélek-
trische omgeving benadrukt. Tot slot tonen we aan dat elektronenbundelbestral-
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ing kan worden gebruikt om het lasinggedrag te beinvloeden. Hoewel de drempel
onveranderd bleef, werd de modale verdeling gewijzigd, wat mogelijkheden opent
voor elektronenbundel-gebaseerde modusselectie.

In Hoofdstuk 5 herconfigureren we de PP-CL opstelling uit Hoofdstuk 2 om een
elektronen-energiespectrometer te integreren, waarmee foton-geinduceerde nabi-
jeveld elektronenmicroscopie (FINEM) experimenten mogelijk worden en optische
nabijvelden op nanometerschaal gemeten kunnen worden. Het implementeren
van FINEM in een SEM biedt voordelen zoals tragere elektronen, die de koppel-
ing met licht versterken, en de flexibiliteit om FINEM en CL te combineren dankzij
de grotere vacuiimkamer van de SEM. Om het gebrek aan commerciéle elektronen-
energiespectrometers te omzeilen, gebruiken we een retarding field analyzer (RFA)
met een Advacam MiniPix detector. We beschrijven de technische integratie en
uitlijnprocedures. Als monster gebruiken we een diélektrische laseraccelerator (DLA)
structuur bestaande uit een dubbele silicium-nanocilinder metasurface-kanaal. Deze
geometrie versterkt de elektronen-licht koppeling, gekwantificeerd door de factor
g, doordat de elektron interacteert met een fase- gematchte optische mode die
langs de metasurface co-propageert over meerdere optische cycli. Onder 1034 nm
belichting koppelt een 10.6 keV elektronenbundel aan de derde ruimtelijke har-
monische van de structuur. Als resultaat van de FINEM-interactie ontstaan er ex-
tra zijbanden in het elektronen-energiespectrum, en de energiemodulatie wordt
benut om het nabijveld in kaart te brengen. Uit spectrale fits extraheren we een
gemiddelde koppelingsterkte van g = 0.68 + 0.43, hoewel we noteren dat er een
grote spreiding in Ag is. In sommige gevallen verkrijgen elektronen tot wel 24
energie-zijpanden. Met behulp van de RFA en FINEM-crosscorrelatie meten we de
energieverdeling en pulsduur van de foto geémitteerde elektronenpulsen als func-
tie van verschillende parameters. Door de extractor-spanning te verlagen, de fo-
tonenergie van de trigger-laser te reduceren en te werken in een regime met strikt
< 1 elektron per puls (zonder Coulomb-repulsie), kon de energie-resolutie worden
verbeterd van AE = 0.74+0.05 eV (standaard bij een continue 1800 K Schottky bron)
naar AE = 0.3 £0.03 eV. Met FINEM-crosscorrelatie maten we pulsduurtes van 0.5
ps tot 2.3 ps, verbreed door snelheidsdispersie als gevolg van Coulomb-interacties.

Dit proefschrift demonstreert hoe USEM’s met lichtinvoer een krachtig en veelz-
ijdig platform vormen voor het onderzoeken van optische, elektronische en dy-
namische eigenschappen van diverse materiaalsystemen. Met PP-CL hebben we
niet radiatieve recombinatiedynamica direct onderzocht, correlatieve CL-metingen
uitgevoerd die aantoonden hoe standaard FIB-lamel-preparatie de luminescentie-
eigenschappen verandert, en nanodraad-lasingeigenschappen gekoppeld aan ma-
teriaal en geometriekenmerken. We hebben de PP-CL USEM verder uitgebreid met
een elektronen-energiespectrometer, waarmee FINEM-experimenten binnen de
USEM mogelijk zijn. Deze uitbreiding maakt het mogelijk optische nabijvelden te
bestuderen en elektron-licht interacties te onderzoeken met verbeterde koppeling
en integratie met CL-experimenten. Samen breiden deze resultaten het bereik van
ultrasnelle scanning-elektronenmicroscopie uit naar nieuwe domeinen in de ma-
teriaalwetenschappen en nanofotonica.
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