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The impulsive excitation of ensembles of excitons or color centers by a high-energy electron beam
results in the observation of photon bunching in the second-order correlation function of the cathodolu-
minescence generated by those emitters. Photon bunching in cathodoluminescence microscopy can be
used to resolve the excited-state dynamics and the excitation and emission efficiency of nanoscale
materials, and it can be used to probe interactions between emitters and nanophotonic cavities.
Unfortunately, the required integration times for these measurements can be problematic for beam-sen-
sitive materials. Here, we report substantial changes in the measured bunching induced by indirect elec-
tron interactions (with indirect electron excitation inducing g2(0) values approaching 10%). This result is
critical to the interpretation of gz(r) in cathodoluminescence microscopies, and, more importantly, it pro-
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1 Introduction

Cathodoluminescence (CL) microscopies have become workhorse
tools for the characterization of nanomaterials with spatial resolu-
tion well beyond the optical diffraction limit."® As a result of
near-field, high-energy, electron interactions, CL provides access
to excitation pathways not accessible in conventional optical
microscopies.” Furthermore, time-resolved CL has emerged as a
crucial tool for probing ultrafast dynamics of excited states in
nanoscale materials.>® Time-resolved CL can rely on pulsed elec-
tron beams generated with electrostatic beam-blankers'® or
pulsed-laser excitation of the electron gun,'* but both of these
approaches reduce the spatial resolution of the microscope and
add to the complexity of the microscope column design. Ultrafast
beam blankers in scanning electron microscopes (SEMs) limit
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vides a foundation for the nanoscale characterization of optical properties in beam-sensitive materials.

the temporal resolution to ~100 picoseconds and provide spatial
resolution of ~50 nm."” Pulsed laser excitation of the emitter
leads to sub-ps electron pulses at the expense of poor spatial
resolution."***

Measures of the CL second order correlation function g*(7)
in electron microscopes with continuous wave electron beams
can provide access to nanoscale dynamics without recourse to
pulsed electron sources.”>™*® Moreover, spatially resolved
measurements of g*(r) can be used to extract the excitation
and emission efficiency with few-nanometer resolution."®

CL bunching is typically understood as a result of high
energy electron excitation of bulk plasmons, each of which can
excite multiple defect centers within a sub-picosecond
window.’ In diamond, for example, high energy electrons can
efficiently excite a 30 eV bulk plasmon mode.”® However, the
indirect excitation mechanisms involved in the generation of
bunched photons have not been investigated in detail so far.
While bulk-plasmon mediated CL bunching has been explored
carefully, CL bunching for electron-beams incident on a sub-
strate at some distance from color centers or excitons of inter-
est has not been explored carefully. Similarly, the effect of
aloof excitations and secondary electron excitations on CL
bunching has not been described until now.

In this article, we study the effect of bulk plasmons and sec-
ondary and aloof electron excitations on the measured CL
bunching for nitrogen vacancy (NV) centers in nanodiamonds
using g*(r) CL mapping supported by Monte-Carlo simulations
and analytical modeling. We show that indirect excitation
pathways can substantially modify the measured photon
bunching, and we observe an exponential increase in g*(0) as

This journal is © The Royal Society of Chemistry 2023
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the electron beam moves away from the nanodiamond, reach-
ing values approaching g*(0) ~ 10000, hundreds of times
greater than the g*(0) measured for the same electron beam
directly incident on the nanodiamond. We study the role of
the substrate on the measured photon bunching and compare
g%(z) for nanodiamonds deposited on metallic (aluminum) and
insulating (SiO,) films. We also probe aloof excitation path-
ways directly with nanodiamonds suspended over holes in a
SiN membrane.

2 Experimental methods

Fluorescent nanodiamonds (Adamas Nano) with an average
particle size of 140 nm were dropcast on a SiN membrane and
on a patterned sample comprising 50 nm thick aluminum
pads on a continuous 300 nm thick SiO, film on a silicon sub-
strate (which allowed for direct comparison of the NV CL
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photon statistics on Al and on SiO, under identical imaging
conditions). Each nanoparticle contains ~1200 NV° centers;
this defect density is high enough to suppress any spatial het-
erogeneity in the CL emitted from the nanodiamond, consist-
ent with other reports in the literature.>'

CL microscopy was performed in a FEI Quattro SEM with a
Delmic Sparc CL collection system. The electron beam excites
the sample through a hole in a parabolic mirror. The mirror
collimates the CL emission, which is sent to an Andor Kymera
spectrometer for spectrum mapping or to a Hanbury Brown-
Twiss interferometer for g*(zr) measurements. The Hanbury
Brown-Twiss interferometer comprises a fiber beamsplitter
and a pair of Quantum Opus large area superconducting nano-
wire single photon detectors (SNSPDs), as shown in Fig. 1(a).
Detected photons are time tagged by a HydraHarp 400 time-
interval analyzer with 128 ps bin sizes. The secondary electron
(SE) signal is simultaneously measured on an Everhart-
Thornley detector.
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Fig. 1 (a) Schematic of CL collection in an SEM, where CL spectrum imaging is performed with a CCD spectrometer and g2(r) measurement is per-
formed using a beam splitter and two SNSPDs. A time correlator is used to time tag each detected photon. (b) g(z) traces taken with electron beam
parked on a nanodiamond crystal containing an ensemble of NV centers, showing decreasing bunching with increasing electron beam energy and
4.8 pA current. The inset shows a typical CL spectrum with a peak at 575 nm associated with the NV° zero-phonon line and a broad phonon side-
band at longer wavelengths. No other color centers were observed in any of the CL spectra. (c) Hyperspectral CL as a function of distance from a
nanodiamond on an aluminum film at 5 kV and 7 pA. (d) Intensity slice at 625 nm from CL spectra of nanodiamonds on Al and SiO, and nanodia-
monds suspended on a TEM membrane as a function of distance from the nanodiamond (all at 5 kV and 7pA). The inset shows a nanodiamond
cluster at the edge of a hole in a SIN membrane.
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3 Results

The inset in Fig. 1(b) shows a typical CL spectrum from the
nanodiamond, with the distinctive NV° peak at 575 nm and a
broad phonon sideband at longer wavelengths. The NV~ peak
is suppressed under electron-beam excitation due to beam-
induced charge-state conversion.>” No other color centers were
observed in any CL spectra. The change in measured bunching
as a function of electron-beam energy is shown in Fig. 1(b) for
a single nanodiamond crystal on the aluminum film. The
bunching decreases with increasing energy at constant 7 pA
current, as previously observed in literature.>® The changes in
2%(0) can be analytically modeled to assign an effective exci-
tation efficiency as a function of electron beam distance from
the nanodiamond. An analytical model developed by Sola-
Garcia et al. has been previously used to describe g*(7) as a
function of current, lifetime and excitation efficiency.'”” We use
that framework here with the assumption that g*(z) can be fit
to a single exponential decay, and we model the second order

correlation function as:
q b+1
—( (1)
21 X Temitter b

where g is the electron charge, I is the current, zemicer iS the
emitter lifetime, and b is the expected number of bulk plas-
mons excited per electron. The bulk plasmon excitation
efficiency, y can be defined as:'”

g0 =1+

y=1-e? (2)

The energy-dependent bunching seen in Fig. 1(b) can then
be understood to result from increasing bulk plasmon exci-
tation efficiency with increasing beam energy, yielding
reduced bunching in eqn (1).

We next examine the CL response of a nanodiamond on an
aluminum film when the electron beam is not directly inci-
dent on the nanodiamond as shown in Fig. 1(c) (where zero
distance is defined as the edge of the nanodiamond). The CL
intensity decays uniformly over a distance of several hundred
nanometers, consistent with a combination of well-understood
indirect excitation pathways, including secondary electron exci-
tation, aloof excitation and surface-plasmon-polariton (SPP)-
mediated excitation. The efficiency with which Al SPPs directly
excite NV centers is expected to be small compared with sec-
ondary-electron excitation efficiency, but SPPs do modify the
photonic local density of states around the nanodiamond, and
can thus introduce a Purcell enhancement of the NV center
recombination rate, which should appear as brighter emission
and faster recombination rates for nanodiamonds on Al, com-
pared with nanodiamonds on SiO,. The normalized CL inten-
sity at a wavelength of 625 nm is plotted as a function of dis-
tance for nanodiamonds on Al and SiO, films and a holey SiN
membrane in Fig. 1(d). The inset shows suspended nanodia-
monds on a holey SiN membrane. The length scales for aloof
excitations over a SiN hole are substantially smaller than those
for secondary-electron mediated excitation, but in each case,
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substantial CL intensity can be measured with indirect elec-
tron-beam excitation.

We investigate the spatially resolved bunching dynamics in
a similar fashion, i.e. as a function of electron-beam distance
from the nanodiamond. The second order correlation func-
tions measured over a 120 seconds integration time at 4(6)
spots for nanodiamonds on Al (SiO,) are shown in Fig. 2(a and
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Fig. 2 Measured NV CL g?(z) for various positions on (a and c) Al and (b
and d) SiO; films. The magnitude of g%(0) dramatically increases as the
beam moves away from the nanodiamond in both cases. (c) and (d)
Show the 2D bunching map collected with 10 s integration per pixel and
a 25 nm pixel size, including the panchromatic CL intensity (top panels),
the measured CL bunching (middle panels) and the measured bunching
time constant (bottom panels). All data was acquired with a 5 kV, 7 pA
electron beam.
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b). In both cases, we observe a dramatic increase in g*(0) with
increasing distance from the nanodiamond. The NV center
lifetime, obtained by fitting each g*(z) curve with a single expo-
nential decay,"” exhibited no statistically significant depen-
dence on position, with an average value of 25 + 1 ns on Al
and 43 + 1 ns on SiO,. The lifetimes are similar to those
observed previously in literature (NV° is known to exhibit a
longer lifetime than NV™)***® and the faster lifetime on the
aluminum substrate can be attributed to either a SPP-
mediated Purcell enhancement®®*” or to hot-electron transfer
between the diamond and the metallic film.?®?° We also col-
lected 2D bunching maps with 25 nm pixel resolution and 10 s
per pixel integration times. As shown in Fig. 2(c and d), g*(0)
increases exponentially with increasing distance from the
nanodiamond (middle panel) and little change was observed
in the time constant (lower panel). At electron-beam positions
far from the nanodiamond where the total CL counts were too
low to reconstruct g*(z) with sufficient statistical confidence,
we left the map blank. The nanodiamonds are located at the
bright spots in the panchromatic CL images shown in the top
panel of Fig. 2(c and d). Additional g*(z) maps for nanodia-
monds located near the edge of the aluminum film are
included in the ESL} Maps of g*(7) for aloof nanodiamond CL
were more challenging to acquire because of the limited
spatial extent over which aloof CL can be acquired, but a com-
parison of the measured bunching in an aloof configuration
and under direct electron-beam excitation is also included in
the ESL.}

The top panel of Fig. 3 illustrates the position dependence
of NV CL bunching extracted from exponential fits to the g*(7)
shown in Fig. 2(a and b). A least squares fit to the extracted
bunching illustrates the exponential growth in the measured
bunching as a function of distance from the nanodiamond.
On the other hand, the photon counts recorded by the SNSPDs
exhibit an exponential decay as shown in the bottom panel of
Fig. 3. The position dependent excitation efficiency is calcu-
lated from eqn (1) and (2) using the measured bunching and
plotted in the inset of Fig. 3 (top panel), demonstrating a clear
exponential decay of excitation efficiency with distance. To
obtain further insight into the indirect excitation mechanisms,
a Monte-Carlo simulation is performed in CASINO to model
the density of secondary electrons as a function of distance
from the point of excitation.’® The inset in the bottom panel
of Fig. 3 depicts the electron trajectories in the simulation.
The red trajectories are the electrons that can escape the sub-
strate and excite the nanodiamond. The extracted number of
electrons are plotted in grey and scaled to match the counts at
40 nm distance. The position dependence of the number of
secondary electrons that interact with the nanodiamond is
qualitatively consistent with the position dependence of the
NV CL counts. A comparison of the CASINO simulations for
electron interactions in both Al and SiO, substrates is included
in the ESIL.} Critically, we see a greater number of secondary
electrons reach the nanodiamond on the SiO, for a given dis-
tance from the nanodiamond (compared with nanodiamonds
on the Al film). This increase in effective electron beam

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (Top panel) g%(0) as a function of distance from nanodiamonds

on Al and SiO, substrates. The inset shows the excitation efficiency, y
calculated from the measured bunching using eqn (1) and (2). (Bottom
panel) Single channel CL counts per s. The solid lines are exponential
fits. (Inset of bottom panel) Electron trajectories in SiO, from CASINO
Monte-Carlo simulation, where red trajectories illustrate the escaping
secondary electrons. The number of escaping electrons (scaled) as a
function of distance is shown in grey, with a fit to the modeled data
again shown with a solid line. All data was acquired with a 5 kV, 7 pA
electron beam.

current on the SiO, substrate is consistent with the reduced
bunching seen in Fig. 3.

Finally, we investigated the current and voltage dependence
of g%(¢) for an electron beam parked at a fixed distance of
30 nm from the nanodiamond on the SiO, substrate. We
found increasing g*(0) with decreasing current (Fig. 4(a)), as
observed previously in literature, and consistent with the
understanding that, at high currents, the CL photon statistics
are dominated by the Poissonian electron distribution while at
low currents, the CL photon statistics are dominated by the
impulsive excitation of ensembles of emitters by each electron.
However, we also observed increasing g*(0) with increasing
voltage (Fig. 4(b)), in marked contrast to previous reports in
the literature and to measurements reported here with the
electron-beam directly incident on the nanodiamond, as
shown in Fig. 1(b)."°

This seemingly anomalous scaling can be considered separ-
ately for the aloof-excitation regime and for the secondary-elec-
tron excitation regime. When a nanodiamond is directly irra-
diated by high energy electrons, its bulk plasmon mode exhi-
bits a large cross section for excitation through momentum-
transferring inelastic scattering processes between the incident

Nanoscale, 2023,15, 9738-9744 | 9741
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Fig. 4 (a) Current dependence at 5 kV accelerating voltage and (b)
accelerating voltage dependence at ~10 pA of g2(z) for electron beam
parked at 30 nm distance from the nanodiamond on the SiO, substrate.

electron and the nanodiamond-bound electrons. The excited
bulk plasmon mode will decay by way of inelastic scattering
processes between the electrons associated with the plasmon
mode and the other electrons (and nuclei) comprising the
nanodiamond. In this way, plasmons excited in the nanodia-
mond due to the passage of external electrons through their
bulk excite ensembles of NV centers, which can then decay
radiatively through CL. The same plasmon-mediated NV-cen-
tered excitation pathway can also occur when the external elec-
trons that traverse the interior of the nanodiamond are not the
primary electrons comprising the beam, but are instead sec-
ondary electrons ejected from the substrate in the direction of
the nanodiamond. The excitation of plasmons by these sec-
ondary electrons is, for example, responsible for the behavior
observed in Fig. 1(d) for the position-dependent CL intensity
from substantially identical nanodiamonds deposited onto
continuous substrates versus those suspended over a hole in a
TEM membrane. This secondary electron excitation mecha-
nism is phenomenologically comparable to the existing
plasmon-mediated excitation process described in eqn (1) and
(2), but the effective electron-beam current at the nanodia-
mond falls off with increasing distance.

9742 | Nanoscale, 2023,15, 9738-9744
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In contrast to the case presented above where a sufficiently-
energetic primary/secondary electron penetrates the volume of
the nanodiamond, the so-called “optical” (i.e., zero momen-
tum transfer limit) selection rules for electronic excitations
take effect when primary/secondary electrons pass outside of
the volume of the nanodiamond. Under these conditions, exci-
tation of the diamond bulk plasmon mode is forbidden.
However, NV centers can still be directly excited in this case by
the evanescent electric field from a primary/secondary electron
passing outside of the nanodiamond, with the probability of
inducing a given excitation (within the electric-dipole approxi-
mation®") proportional to the squared modulus of the inner
product between its associated transition dipole moment and
the electric field emanated by the distant beam. The aloof exci-
tation efficiency is expected to be most prominent for primary
and secondary electrons incident within 10-20 nm of the
nanodiamond, so the position-dependent excitation efficiency
illustrated in Fig. 1(d) for nanodiamonds adjacent to a hole in
a SiN membrane is determined by this aloof excitation mecha-
nism, while the nanodiamonds on bulk substrates are excited
by a combination of aloof excitation from primary and second-
ary electrons and from secondary electrons that hit the nano-
diamond and excite the bulk plasmon directly. Because of the
excitation efficiency of bulk plasmons and the diameter of the
nanodiamonds relative to the aloof interaction cross-section,
we assume that “direct” secondary-electron excitation is the
primary contribution to the NV center CL seen for nanodia-
monds on bulk substrates when the electron beam is not
directly incident on the nanodiamond.

With the distance dependence of the relative contribution
of different pathways for exciting the NV-center transitions
established, we are equipped to rationalize the behavior of
2°(0) with increasing beam energy observed in Fig. 4(b). An
increase in total CL intensity from an ensemble of quasi-
impulsively excited color centers will be observed with increas-
ing aloof beam energy due to the electric field emanated by
the beam electrons becoming stronger in the directions trans-
verse to their motion (a consequence of relativistic length con-
traction that is described for a charged particle undergoing
uniform motion within the Liénard-Wiechert formalism??).
Since higher-energy aloof electron beams will excite an ensem-
ble of color centers in a nearby nanodiamond with greater
efficiency (due to the increased beam-matter interaction
strength described above), and more concurrently (due to the
increasingly local-in-time nature of the perturbation) than
lower-energy ones, brighter and increasingly bunched CL can
be anticipated a priori for higher-energy aloof irradiation. On
the other hand, secondary electrons that hit the nanodiamond
“directly” after being excited in the substrate some distance
from the nanodiamond can excite diamond bulk plasmon
modes, but the effective current at the nanodiamond will
decay exponentially with increasing beam energy, as shown in
the ESLI It then follows directly that the bunching expected in
eqn (1) will climb exponentially with increasing beam energy
as a result of the decay in the effective electron-beam current.
This model treats the secondary-electron energy dependence

This journal is © The Royal Society of Chemistry 2023
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of the plasmon excitation efficiency as a second order effect,
but such effects could be included for a more quantitative
picture of the spatially dependent bunching generated by
indirect electron-beam excitation.

4 Conclusion

In conclusion, a clear understanding of indirect electron-beam
excitation processes is critical to the understanding of CL g*()
microscopies. We found that the measured bunching increases
exponentially as the electron beam is moved away from an
ensemble of emitters, with a corresponding exponential
decrease in the total number of counts measured. The distance
dependence of the bunching is consistent with a reduced
effective electron-beam current for secondary electrons that hit
the nanodiamond after scattering in the substrate, though
aloof interactions introduce a similar effect at shorter length
scales. Cathodoluminescence microscopies have become
increasingly critical tools for probing beam-sensitive 2D
materials®*?* and perovskite films.>*® The ability to probe
nanoscale excited state dynamics in these materials without
direct electron-beam excitation will enable new CL imaging
modalities that would otherwise introduce unmanageable
beam-induced damage due to excessive dwell times.
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