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Cathodoluminescence excitation spectroscopy: Nanoscale imaging of excitation
pathways

We report on time correlation experiments between energy absorption from an electron and photon
emission from a sample. The correlated electron-photon events give rise to a spectrum, which we call
cathodoluminescence excitation (CLE) spectrum. 1t is different from an electron energy loss spectrum
(EELS), as only those electrons leading to light emission, or cathodoluminescence (CL), are counted.
The ratio of CLE to EELS spectra is a measurement of the material relative quantum efficiency for light
emission, which can be mapped with nanometer spatial resolution.!

Coincidences and relative quantum efficiency measurement

Electron scattering in matter leads to light emission through different processes, extending in wide
energy (from millielectron to kilo—electron volt) and time (from femtosecond to microsecond) ranges.
In Figure 1, optical transitions are represented by vertical arrows and relaxation pathways by black
arrows, with qualitative temporal axis from left to right. To understand CLE, it is necessary to know
how EELS and CL spectra relate to the processes described in Figure 1. Every inelastically scattered
electron must undergo a first excitation (purple arrow in Figure 1) that can be measured with EELS.
This encompasses transition radiation (TR), near-band-edge (NBE) excitations, core-level excitations?,
bulk® and surface* plasmon excitations, phonon excitations>®, and exciton excitations’. TR occurs when
a relativistic electron crosses a dielectric discontinuity and is often missed in the presence of other
excitations in the same energy range, because of its small oscillator strength. The NBE of
semiconductors is easily detected in EELS, especially with modern electron monochromator
technologies®. Core-electron spectroscopy is widely used for chemical mapping and allotrope
identification’ down to the atomic scale®.
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Figure 1: Excitation and decay pathways. Different excitations can be created in materials under electron (purple)
irradiation. These excitations can eventually decay into photons (orange). As these events are linked in time,
electron-photon time coincidences tell us, which energies are more efficient for photon generation.

After having been created through the above-detailed absorption process revealed by EELS, these
distinct excitations over a wide range of energies can lead to photon emission, detected with CL in the
infrared-ultraviolet range, through different relaxation pathways, some of which are still not understood.
TR and SP are typical of photonic materials, characterized by a phase-locked emitted photon relative to
the exciting electrons’. Therefore, extinction (EELS) and emission (CL) spectra are similar, with only
slight shifts expected!?, and therefore, we expect a CLE spectrum to closely resemble a CL spectrum. In
luminescent materials, absorption and decay pathways are expected to be more complex upon electron
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excitation. As depicted in Figure 1, NBE, bulk plasmons, core-level excitations, or direct excitations can
lead to the emission of light, and we expect the CLE to be quite different from the EELS. A microscopic
description of the weight of each of the energy transfer processes is still not available.

An emission (CL) event is necessarily preceded by an absorption or extinction event at a given energy
(EELS). This relation is temporal in nature and lost in commonly time-averaged EELS spectra, where
all potential EELS events corresponding to the same emission are summed. It is, however, stored in the
probability of each electron scattering event and photon emission. This can be retrieved by generating
coincidence histograms of electron energy-loss and photon emission events (described in what follows;
in Figure 2A and B). Coincidence electron spectroscopy and microscopy have been performed in the
past, for example, coincidence of EELS with secondary electron or x-ray emission''™'3, EELS-CL
coincidence has been performed for discrete selected EELS energy ranges'*!, but the relative QE as a
function of energy and its spatial dependence has not been measured. To achieve CLE, a temporal
resolution below the time interval between events, given by the electron current (typically 1 electron
every 16 ns for 10 pA), is needed for all energy-loss events of interest.
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Figure 2: Experimental setup and CLE. (4) The CLE experiment was setup in a STEM equipped with a light
injector/collector for photons (CL) detection (orange) and an EELS spectrometer (purple). Electrons and photons
were detected using nanosecond-resolved detectors. (B) Electron-photon coincident pairs were sought in list of
events using a search algorithm. (C) From these, time-delay and energy 2D histograms are constructed. (C-D) An
EELS spectrum is measured by integrating all electrons detected, while the CLE spectrum only contains those
separated by a short time from a photon.

With this in mind, we implemented an EELS-CL setup in a STEM, displayed in Figure 2A. In Figure 2,
we illustrate the principle of CLE on the simplest case of the plasmonic particles. For EELS, a Timepix3
detector was used'®. The detector supplies sub—10-ns time resolution over arbitrary energy ranges
decided by the resolution power of the electron spectrometer and the Timepix3 pixel size. In addition,
the detector used (CheeTah, from Amsterdam Scientific Instruments) has two time-to-digital converters
(TDCs), allowing to append timestamps from external signals into the original electron data flow.
Photon emission events were detected with a photomultiplier tube (PMT) working in the 2.0- to 5.0-eV
energy range. The PMT output is directly connected to one of the Timepix3 TDC lines. Electron and
photon arrival times were stored in a list, along with the electron energy loss. The response time of the
detection scheme is =5 to 25 ns. We used a search algorithm (the code available at Zenodo!”) to find
electrons that are within £25 ns of a detected photon, from which a 2D histogram of time delay versus
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electron energy loss is reconstructed (Figure 2C). This 2D histogram shows the temporal evolution of
the loss spectrum as a function of delay to a detected photon.

From these, we reconstructed a 2D histogram of electron energy-loss events as a function of time delay
to a photon emission (Figure 2C). Because of the typical lifetimes of the CL events (SP and TR in sub-
picoseconds and defect emission in sub-nanoseconds), the CLE spectrum is extracted from the shortest
time delays given the time response of the experiment (5 ns), within which coincidence above the long
delay limit was seen. For longer lifetimes, larger time integration should be considered. The CLE
spectrum resembles an EELS spectrum but weighted by the photon emission probability (Figure 2D).
Last, the ratio of the CLE and the non-coincidence EELS therefore provides the relative QE of different
absorption processes (Figure 3). It highlights differences between competitive radiative and nonradiative
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Figure 3: Relative quantum efficience. (A-B) The relative quantum efficiency (QE) is given by the ratio of the
CLE and EELS spectra. Energy losses close to.the NBE of h-BN (~6 eV) are efficient towards light emission. The
current signal-to-noise ratio prevents the observation of fine structures for core-losses (B).

Now that the principle of the CLE is established, we turn to the possibility of mapping the different
pathways directly in real space. The proposed spectroscopy scheme allows for coincidence mapping, of
which more details are reported elsewhere (35). The 4.1-eV emission in A-BN is known to arise from
single point defects (24). For each single defect, the CL excitation area forms an intensity spot of =80 x
80 nm? wide. We performed CLE mapping by rastering a nanometer-sized beam on the sample and
collecting a full CLE spectrum corresponding to emission in the 3.65- to 4.13-eV range at each pixel of
the scan. From this, CLE maps can be created by filtering over different absorption (EELS) ranges.

These time-resolved maps permit disentangling the different decay pathways in space and energy, with
a 32-nm spatial sampling. The two bright features in the image are separated by 125 nm. The CLE map
filtered above 6.5-¢V energy loss shows two sharply localized intensity spots consistent with the obser-
vation of 4.1-eV localized defects (Figure 4A). On the contrary, the CLE map filtered between 2 and 5
eV (Figure 4B), on the peak linked to TR, shows that both the #-BN flake and the thin amorphous carbon
support exhibit coincidence events distributed in a relatively uniform manner. We note that we could
not identify any specific absorption signature of the defects at their absorption energy. Coincidence
measurements with better EELS spectral resolution might reveal it in the future.

Also, the spatial resolution is essentially dependent on that of the CL, which is limited by the diffusion
lengths in the materials. One can expect a few nanometers of spatial resolution in other materials, such
as III-N heterostructures'®.
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Figure 4: Spatially resolved CLE maps in #-BN. (A) CLE energy-filtered map above 6.5 eV, the NBE energy,
showing multiple localized absorption maxima that lead to the emission of the 4.1-eV defect. (B) CLE energy-
filtered map between 2 and 5 eV, showing where TR occurs. Both the #-BN thin flake and the amorphous carbon
support (bottom right, which is the support for #-BN in the TEM sample) show absorption leading to photon
emission. (C and D) CLE spectra of regions marked 1 and 2 in (A) and (B), with marked integrated ranges for
maps A and B, respectively

Methods

Coincidence EELS-CL experiments were performed on a modified Vacuum Generator (VG) HB501
STEM (Scanning Transmission Electron Microscope) equipped with a cold field-emission source, an
Attolight Monch light collection system, a liquid nitrogen—cooled sample stage, and a Cheetah Timepix3
(manufactured by Amsterdam Scientific Instruments) event-based direct electron detector. More details
about the experimental setup and event-based detection can be found in the work of Auad et al.'®. The
beam current in coincidence measurements was typically from 1 to 10 pA, and a convergence half-angle
of 7.5 mrad was used.

Conclusion and Perspective

In conclusion, we showed spatially resolved CLE, which encompasses the main advantages of
photoluminescence excitation (PLE) spectroscopy (high-sensitivity measurement of the relative QE and
consequent insight between multiple light emission decay pathways) with that of electron spectroscopies
(wide energy range and nanometer-scale spatial resolution). Numerous applications of CLE are expected
for nanomaterials, ranging from the optimization of single-photon sources'®, the unveiling of the role of
nanometer- to atomic-scale features on the optical properties of transition metal dichalcogenide
monolayers by mapping the excitons’ binding energy***!, to the characterization of previously unknown
optical materials such as hybrid perovskites*> and others yet to be found and understood. The
spectromicroscopy scheme described requires only time-resolved electron and photon detectors, being
implementable in any electron microscope. Therefore, it applies to any object compatible with STEM
observation, should they be photonic (plasmonics systems, photonic bandgap materials and waveguides)
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or luminescent (quantum wells, quantum dots, and single-photon emitters)'®*. The current applications
of the setup in the time domain are limited by the electron detector temporal resolution. Improvements
are expected with the new Timepix4 detector’* soon, with fast deflectors or with the use of pulsed
electron guns®?’. Photon and electron energy-resolved experiments in the core-level range with better
temporal resolution should give further hints on the microscopic physics behind the relaxation pathways.
In addition, as the number of emitted photons per electron per energy is lost using single-pixel detectors,
the use of multiple PMTs or 2D arrays of detectors solves this, giving access to excitation energy—
resolved Hanbury Brown and Twiss interferometry?® for energy-resolved retrieval of quantum statistics,
energy efficiency for total photon yield, and excited energy-resolved bunching experiments®. As for
PLE, this technique resolved in emission and absorption energy will allow one to assign specific energy
bands to each observed transition but now with nanoscale spatial resolution. Last, polarization-
dependent EELS**3! and CL will give us an almost ideal nano-optics to probe excitation symmetries.
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