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ABSTRACT

Cathodoluminescence, i.e., the radiation caused by the interaction of high-energy electron beams with matter, has gained a major
interest in the analysis of minerals, semiconductors, and plasmonic resonances in nanoparticles. This radiation can either be
coherent or incoherent, depending on the underlying interaction mechanism of electrons with nanostructured matter. Thanks to
their high spatial resolution and large spectral excitation bandwidth, the evanescent near-field of a moving electron in a scanning
electron microscope is used to probe locally photonic modes at the nanoscale, e.g., exciton or plasmon polaritons. The properties of
these excitations can be analyzed through both spectral and temporal statistics of the emitted light. Here, we report on the technical
design and implementation of a novel fiber-based cathodoluminescence detector for a scanning electron microscope. Moreover,
we present first characterization measurements to prove the ability for raster scanning the cathodoluminescence emission using
optical fibers with 3D printed micro-optics. The functionality and flexibility of this fiber-based detector is highlighted by resolving
the spatial far-field distribution of the excited light, as well as cathodoluminescence spectroscopy and time-correlated single
photon counting. Our findings pave the way for a better understanding of the characteristic of the light emitted from electron
beams interacting with nanostructures and 2D materials.

mutually incoherent or coherent with respect to the evanescent
field of the incoming electron [11-14].

1 | Introduction

Electron microscopy and spectroscopy have merged to a versatile

measurement technique for the investigation of excitons and
bandgap excitations in semiconductors [1-5]. Due to the high
spatial resolution of the electron microscopes and the large
spectral bandwidth of the near-field of the moving electron
interacting with matter, such material excitations are generally
explorable at the nanoscale and within a broad spectral range,
where the latter is mainly defined by the bandwidth of the
analyzing path rather than the excitation mechanism itself.
Depending on the underlying material excitations, light is emitted
by the sample when electrons impact and interact with matter
[6-10]. This so-called cathodoluminescence (CL) can either be

The spatio-temporal coherence properties of the radiation from
electron beams interacting with matter are linked to the type
of material excitations. In the case of metals, the accompanying
evanescent field of the moving electrons polarizes the metal and
induces an image charge inside, which forms a time-varying
dipole while the electron is approaching [15]. After the electron
passes the interface and the dipole is annihilated, coherent CL
in the form of transition radiation is emitted, which exhibits
a dipolar-like radiation profile in the far-field. Furthermore,
electrons can couple to coherent collective modes, e.g., exciting
propagating surface plasmon polaritons (SPP) [6, 16]. SPP gen-
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erally do not contribute to the radiation, otherwise they interact
with defects or other types of scatterers, where the distribution of
such scatterers can be controlled for realizing coherent electron-
driven photon sources [17, 18]. Generally, the primary electron
enters the material and losses energy through a cascade of inelas-
tic scattering interactions. Particularly in semiconductors, the
secondary and backscattered electrons result in the excitation of
bulk plasmons, phonons, electron-hole pairs in defect centers and
excitons [19-23]. These excitations decay over time or recombine
by emitting a photon, resulting in the emission of incoherent
CL with a diffuse Lambertian radiation profile [12]. Nevertheless,
strong coupling between excitons and cavity photons, for example
in the case of self-hybridized exciton polaritons, exhibit coherent
radiation properties as well, as shown recently via a sequential CL
spectral interferometry technique [5, 24].

For gathering emitted photons, inside transmission or scanning
electron microscopes a parabolic mirror is usually installed near
to the sample to collect the generated CL radiation and redirect it
out of the electron microscope to a spectrometer or CCD camera
for spectral and angular analysis [25-27]. The parabolic mirror
features a solid acceptance angle for gathering the luminescence
with a large collection efficiency. It is worth mentioning, that
a few experiments already combine the mirror-based collection
with optical fibers [28-30], by focusing the gathered light into the
fiber for further analysis, e.g., the Vulcan system from Gatan as
a commercial application. However, the emitted luminescence is
generally collected entirely by collimating the entire radiation,
the exact places in the samples where the CL radiation are
originated from remain unknown. It has been noted by Matsukata
et al. [31], that this limitation can be circumvented by directly
acquiring the emission image versus the electron beam position,
where the resolution in determining the origin of the emission
is given by the resolving power of the emission collection
system.

Here, a novel fiber-based CL detector is developed by us to enable
more selectivity in analyzing the origin of the emission from the
sample. To further increase the numerical aperture, and thus the
collection efficiency of the fiber, we 3D printed a lens onto its
front side. Since the resolving power is related to the lens aperture
size, exploiting a microlens with a significantly reduced aperture
size enhances the collection efficiency. Compared to free-space
optics, fiber-optic collection in CL offers improved mechanical
stability, compactness, and alignment simplicity by avoiding
free-space optics connected to the chamber of the microscope,
which is especially beneficial in the constrained environment of
electron microscopes.

Here, we provide the first proof-of-concept experiments, that
demonstrate the efficiency of our fiber-based detector for per-
forming spectroscopy and examining the radiation profile of the
emission from sample, but also acquiring the photon statistics.
This method provides us with multiple degrees of freedoms in
analyzing the CL emission; namely, the scanning position of the
electron beam (x,, y. ), the scanning position of the fiber (x;, y;, z),
the spectral distribution, as well as temporal statistics, where the
latter is enabled by using the Hanbury-Brown and Twiss (HBT)
effect. All together the system provides a multidimensional data
cube to analyze several aspects of the CL signal. To demonstrate
the modularity and robustness of our fiber-based detection

system, we extended our measurements beyond spectral imaging
to include both the CL intensity dependence on electron beam
current and second-order photon correlation g® statistics. These
measurements confirm that our system can reliably capture
photon statistics in line with expected behaviors, such as photon
bunching and current-dependent emission dynamics, as reported
in prior studies. This versatility underscores the system’s suitabil-
ity for a wide range of advanced CL experiments, including those
involving quantum and time-resolved photonic phenomena. Our
findings and developments pave the way toward a robust CL
analyzer for exploring charge and energy transfer mechanisms in
semiconductors, 2D materials, and hybrid systems.

2 | Results and Discussion

For the investigation of the material and its optical response, CL
spectroscopy is performed by gathering the emitted radiation,
in our case with a lensed optical multimode fiber (Figure 1a),
and directing it to an analyzing path. In our experimental
setup, we implemented a fiber-based CL detector inside the
sample chamber of a scanning electron microscope (SEM). The
multimode fiber has a core diameter of 400 um and is fixed to a
holder, that keeps the fiber at an inclination angle of 35° with
respect to the sample stage, mounted onto a 3-axis piezo stage for
precise positioning. The inclination angle of the fiber was selected
largely due to technical reasons of spacing and positioning
inside the sample chamber of the SEM, especially while using
a working distance of 10 mm between the pole piece and the
sample. Both the sample stage and the fiber can be positioned
individually by using their respective stages, thereby our setup
features noteworthy six degrees of freedom for movement. On top
of this, the position of the electron beam and its spot size is further
controlled via electron optics.

For a first functionality test, the CL spectrum of a cerium-doped
YAG sample (Ce:YAG), that exhibits a bright luminescence, was
measured with a cleaved multimode fiber and compared to the
spectral shape of the fluorescence provided by the manufacturer
(Figure 1b) (Litec-LLL). The reference spectrum was obtained
under broadband optical excitation, whereas our measurements
are based on localized electron beam excitation. This difference
in excitation mechanism can lead to slight spectral variations
due to local heterogeneities and the selective excitation of
fewer emitters. Nevertheless, the overall agreement in spectral
shape confirms the expected luminescence characteristics of
the Ce:YAG sample. Ce:YAG has the molecular structure of
Y;AL;0,, in the form of a cubic crystal and is provided in
powder. The chemical stability of this material upon electron
beam irradiation and its strong luminescence made it a proper
candidate for aligning and testing our CL apparatus. Ce:YAG
with the bandgap of 4.7eV [32] belongs to the class of large
bandgap semiconductors with applications in optoelectronics
and light-emitting diodes [33]. The measured CL spectrum from
this sample matches well with the reference, despite having a
broader emission maximum around 550 nm. The emission peak
at 550 nm is attributed to the 5d — 4f emission of Ce®" ion [34]
and has been shown to be strongly influenced by the phase of
the material, namely being in the crystalline or glass phases [35].
This slight difference between the measured CL spectrum and
the provided fluorescence by the manufacturer is attributed to

20f10

Advanced Quantum Technologies, 2026

85UB017 SUOLULLOD AIIRID 3ceol dde ay) Aq peusenob a.e sajofe YO ‘8sn JO Sa|n. 1oy Akeuq 18Ul UO /8|1 U (SUONIPUOD-PUR-SUIB)WI0D A8 1M A eIq 1[Bul [UO//SdIY) SUORIPUOD PUe SWLB | 8u) 88S *[9202/70/0€] U0 Akeiqiauliuo Ao |im “HeBums spyiol(qigseIseAIUN AQ 688005202 @INb/Z00T OT/I0P/W00" A8 1M AleIq 1 [pul [UO'peoUeARe//SANY WO} pepeolumoa v ‘9202 ‘vh06TTSZ



Fiber

Interaction
volume

104 ¢ \

103

10?

CL intensity (arb. units)

10t :
400 500 600 700 800
Wavelength (nm)

Reference

Detected CL

CL intensity norm. (arb. units)

500 600 700

Wavelength (nm)

)
S 100 1
2
&
= 103
‘B
C
[J]
€ 102
© FGA400AEA ~

10!

400 500 600 700 800
Wavelength (nm)

FIGURE 1 | Schematic of the experimental setup for a fiber-based cathodoluminescence (CL) detection. (a) An electron (e~) with the kinetic

energy of eU,. excites a variety of quasiparticles and collective excitations, e.g., excitons and surface plasmon polaritons, and generates CL emission. A
multimode optical fiber with a core diameter of 400 um is connected to a 3-axis piezo stage allowing for a precise positioning of the fiber collector with
respect to the sample. The two insets on the right are showing an image of the uncoated multimode fiber and its positioning with respect to the sample as
aside view. At the front face of the fiber, a lens is printed to improve the numerical aperture from NA = 0.22 up to NA = 0.36 for enhancing the collection
efficiency of the emitted CL radiation. (b) Comparison of the measured CL spectrum of the cerium-doped YAG sample (Ce:YAG) with its referenced
emission spectrum for U,.. = 30kV. The insert on the left shows the secondary electron image of the particles and the visible bright luminescence of
the Ce:YAG sample. (c) Measured CL spectrum taken with a flat cut multimode fiber. (d) Measured CL spectrum taken with a multimode fiber with 3D
printed micro-optics, which has a circa ten times higher intensity count compared to the flat cut. The inset shows a sketch of the optical multimode fiber
(Thorlabs FG400AEA) and its 3D printed lens, which was printed onto the facet of the fiber’s core with diameter of 400 pum. At the center, the lens has
a thickness of roughly 160 um and a focal length of 400 wm. This improves the light collection efficiency and the angular detection range was increased

from 25.4° up to 42.2°.

inhomogeneous broadening associated with the efficient excita-
tion of different classes of defects in this material with electron
beams [36].

To improve the collection efficiency of the fiber, a micro-optic lens
was 3D printed on its apex, increasing the numerical aperture of
the fiber from NA = 0.22 up to NA = 0.36. With the lens at the
interface, the fiber now has a working distance (i.e., the distance
from the lens apex to the focus) of approximately 400 um and a
total acceptance angle of 6 = 42.2°, resulting in an improvement
of ten times higher measured CL intensities for the same electron
beam settings (Figure 1c,d). For both measurements, the focal
point of the fiber was fixed to the impact position of the electron
beam, where the lateral position along the x and y-axes was
aligned by measuring the distance using the secondary electron
detector of the electron microscope, and the vertical position
was aligned by measuring the position at which the CL exhibits
maximum intensity. Since the fiber is positioned at a distance
of 400 um away from the sample, hence the far-field radiation
pattern is recorded.

After this initial setup and alignment of the fiber-based CL
detector, the optical properties of the transition-metal dichalco-
genide (TMDC) semiconductor WSe, was investigated, since it
exhibits exciton excitations at room temperature [24, 37-41]. First,
the CL spectrum of a WSe, flake was measured, by collecting
the radiation with the lensed fiber (Figure 2a) and directing
the radiation toward a grating-based spectrograph (Teledyne,
Princeton Instrument) and projecting it onto a nitrogen-cooled
CCD sensor. The spectrum features two dips at the wavelengths
of approximately 750 nm and 860 nm, and a shallow peak at the
wavelength of 590 nm, where the latter is due to the excitation
of B excitons. The prominent dip at the wavelength of 750 nm
is associated with the A exciton excitations of multilayer WSe,
films, well agreeing with the observations reported elsewhere
[42-44]. The second prominent spectral dip at the wavelength
of 860nm is attributed to the excitation of momentum-dark
excitons at the onset of Q and T transition [45]. Notably,
the large momentum transfer from the electron beams to the
bound electrons has the potential to further excite and explore
momentum-dark excitons in van der Waals materials and semi-
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FIGURE 2 | Spectral CL measurements and the emission profile of a WSe, flake. (a) CL intensity spectrum of the WSe, flake acquired with the
lensed fiber collector. The inset depicts a secondary electron image of the measured WSe, flake, where the x marks the position of the electron beam

excitation. The acceleration voltage of the electron beam was set to U,.. = 30 kV. The WSe, flakes were exfoliated onto an adhesive carbon film. (b) The
total CL intensity plotted versus the electron beam current I, at the specimen location for different accelerations voltages U, of the electrons. (c)
1D CL position scans of the optical fiber along its three movement axes. The collected CL intensity decreases after the fiber is shifted out of the initial

focus position (zero point). The intensity decrease shows a symmetric Gaussian shape in the y-direction, whereas an asymmetric behavior in x- and

z-directions. (d) 2D CL mapping by moving the fiber in the xy-plane (left) or xz-plane (right) to illustrate the CL radiation profiles of WSe,. The initial

focus position of the fiber refers to the origin of coordinates.

conductors. Due to the large background permittivity of WSe,
(&, = 18) Cherenkov radiation takes place for all acceleration
voltages above 14kV, as demonstrated in reference [46]. Instead
of producing a luminescence peak, the exciton energies in WSe,
appear as dips in the CL spectra due to resonant absorption
of broadband Cherenkov radiation and photonic modes by the
excitons. This interaction can range from weak to strong coupling,
forming exciton-polariton states, and is strongly dependent on
both the flake thickness and the acceleration voltage of the
electron beam [24, 46]. Overall, the excellent agreement between
the CL measurements here and our previously acquired CL
spectra using a commercial apparatus, highlights the accuracy
of our fiber-based CL detector for characterizing the materials
excitations.

Second, the electron beam parameters were altered to study their
influence on the measured CL intensity by changing the electron
beam current and the acceleration voltage of the electrons
(Figure 2b). For these measurements, the emitted photons were
collected by the fiber and guided toward single-photon detec-
tors (Hybrid Photomultiplier Detector Assembly, PicoQuant).
The detector has a bandwidth of 450nm (total spectral range
from 450 nm to 900 nm), gathering the entire spectral range of
interest for exciton excitations in WSe,. The measurement for
each acceleration voltage indicates, that the total measured CL

intensity Icy o follows a power function of the form

ICL,total(Ibeam) = CISeam (1)

with respect to the electron beam current I, at the specimen
location. Here c is a constant and the n value depends on
the acceleration voltage and ranges from n = 0.58 to n = 0.70
for the acceleration voltage changing from 15kV up to 30kV,
respectively. The strong nonlinear dependence of the CL intensity
on the electron beam current predominantly demonstrates the
role of cascaded secondary interactions on the excited CL signal.
The CL intensity as well demonstrates a strong dependence on
the acceleration voltage. For higher acceleration voltages, the
electron beam penetrates deeply inside the material and initiates
even more cascaded inelastic interactions and therefore causes a
higher number of emitted photons, as demonstrated also using
Monte-Carlo simulations [46].

Third, the optical multimode fiber can be moved along the three
spatial directions with respect to the sample stage. To begin with,
the CL intensity was measured while scanning the fiber along its
three movement axes separately (Figure 2c), where the collected
CL intensity decreases while the fiber is shifted out of its initial
focus position. Scanning along the y-direction, the CL intensity
shows a symmetric Gaussian shape, whereas along the x- and
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FIGURE 3 | Spectral CL measurements and emission profile imaging of a gold film with a thickness of 40 nm, deposited on a stub. (a) CL intensity

spectrum of the gold sample. The insert depicts a SEM image of the gold sample, where the x marks the position of the electron beam excitation. The
acceleration voltage of the electron beam was set to U,.. = 30kV. (b) 2D CL mapping by moving the fiber in the xy-plane (left) or xz-plane (right) to
illustrate the CL radiation profiles of gold. The initial focus position of the fiber refers to the origin of coordinates.

z-direction there is an antisymmetric behavior visible, which is
proven by fitting either a Gaussian or else a pseudo-Voigt function
in form of

f(r,a) =m- Gauss(r - p(r,a)) + (1 — m) - Lorentz(r - p(r,a))

©))
to the respective data points. Here, m is the contribution of the
Gaussian function (0 < m < 1), a is the asymmetry parameter
and p(r,a) is an additional perturbation term with a damped
sigmoidal shape [47]. All three fits exhibit values for m = 0.999
or higher and therefore indicating a CL intensity shape that is
dominated by the Gaussian function, but with different asym-
metry parameters for each 1D scan. The fit for scanning along
the y-direction has a relatively vanishing asymmetry parameter of
a =8.3x107*, whereas a = —0.33 and a = —0.39 for the x- and
z-direction, respectively. The sign of the asymmetry parameter
refers to the inclination toward the right or left side of the
movement axes.

The main interest is to scan the optical fiber along multiple
dimensions to reveal the CL radiation profiles. Notably, the fiber-
based CL detector collects far-field radiation emitted from the
electron beam excitation spot, and by raster-scanning the fiber,
it records the spatial distribution of the radiation pattern. In the
case of semiconductors with sub-micrometer exciton diffusion
lengths, the CL maps effectively represent the angular emission
profile of a point-like source. This enables direct imaging of
the radiation pattern in Fourier space, rather than a real-space
image or diffusion map. For WSe, the CL radiation profiles in
the xy-plane and xz-plane are illustrated (Figure 2d). The profile
in the xy-plane displays an elliptical shape, whereas the xz-
plane displays a spherical shape which can be connected to the
expected pseudo-Lambertian radiation profile of a semiconductor
like WSe,. The radiation profile deviates from a pure Lambertian
form due to the coexistence of coherent and incoherent radiation
mechanisms [12].

To explore the radiation profile of transition radiation, another
sample consisting of a thin 40 nm gold layer was prepared. Again,
the CL spectrum was measured, indicating a broad emission
inside the visible spectrum from 500 nm to 650 nm (Figure 3a),
attributed to the transition radiation [44]. For a comparison

between the semiconductor WSe, and the metallic gold layer, the
CL radiation profile was measured by scanning the fiber in the
2D xy-plane and xz-plane (Figure 3b). In the xy-plane the CL
radiation profile of the metallic sample looks similar compared
to the elliptical shape of the semiconductor. But in case of the xz-
plane scans, the CL radiation profile changes and now looks like
a cut through the expected toroidal shape.

For further investigating the decay time of the excitation explored
here, a fiber-based HBT intensity interferometer was constructed,
which consists of a multimode fiber-based beam splitter and
two photomultiplier tubes, connected to an electronic correlator
(qQuTAG standard time tagger with 10 ps timing jitter). Using this
setup, we perform time-correlated single photon counting and
measure the second-order autocorrelation function g(CZL)(r) of the
measured CL intensity signal I () [48-51]. This gives an insight
into the interaction of high-energy electrons with matter and the
coherent and incoherent processes behind them. Each electron
excites multiple quantum states in an extremely short interaction
time of less than 1fs. This short interaction time establishes an
inherent time synchronization between the emitter, hence result-
ing in an observed bunching effect. Especially for incoherent CL,
incoming electrons can excite intermediate particles, such as exci-
tons, plasmons or secondary electrons, which will then diffuse
and recombine radiative over time [52, 53]. Therefore, the second-
order autocorrelation function features a photon bunching effect
atzero delay (g(czﬁ(o) > 1) in CL experiments, within the available
temporal resolution of the HBT setup explored here. The radiative
lifetime of the ensembles of the emitters can be determined by
the decay rate of the bunching peak. Here, the second-order
autocorrelation functions of the previously explored materials,
namely a WSe, flake and a thin gold layer, and ytterbium oxide
(Yb,0;), were measured (Figure 4). The latter one has a narrow
resonance in the infrared range around 975nm. During the
measurement the exciting electrons have a fixed acceleration
voltage of 30 kV, whereas the beam current I, at the specimen
location was altered to demonstrate the enhancement of the
bunching amplitude at lower currents [54, 55]. For each sample
and beam current, the model function

g =1+g, - exp(~Itl/7y) )

Advanced Quantum Technologies, 2026

50f10

85UB017 SUOLULLOD AIIRID 3ceol dde ay) Aq peusenob a.e sajofe YO ‘8sn JO Sa|n. 1oy Akeuq 18Ul UO /8|1 U (SUONIPUOD-PUR-SUIB)WI0D A8 1M A eIq 1[Bul [UO//SdIY) SUORIPUOD PUe SWLB | 8u) 88S *[9202/70/0€] U0 Akeiqiauliuo Ao |im “HeBums spyiol(qigseIseAIUN AQ 688005202 @INb/Z00T OT/I0P/W00" A8 1M AleIq 1 [pul [UO'peoUeARe//SANY WO} pepeolumoa v ‘9202 ‘vh06TTSZ



a 12 — b 180 " : c7 ol
0l wse, | ool Au 6l (20+2; aA,
N I +2) pA |
8 (53501 PA 20 | (48t1)pA | S (6025) pA
E 4 5550 0 \ T
L“O—D 6 90 3! Wavelength (nm)
4+ ‘ 60 2 I
2 & 30| 1F
0 | of : R 0 Sl
-200 -100 0 100 200 -200 -100 0 100 200 -10 -5 0 5 10
Delay t (ns) Delay t (ns) Delay t (ns)

FIGURE 4 | Second-order autocorrelation function g(CZL)(T) measurements of the CL intensity I (¢) for the WSe, flake (a), a thin evaporated gold
layer (b), and ytterbium (III) oxide (Yb,03) (c). In each measurement, the acceleration voltage of the electron beam was fixed at U,.. = 30kV, whereas

the beam current I, at the specimen location was altered to demonstrate the enhancement of the bunching amplitude at lower currents. The insert

illustrates the measured CL spectrum of the Yb, 03 sample and its narrow resonance in the infrared range around 975 nm.

TABLE 1 | Decay time and bunching peak of the electron-induced
optical emission process in different materials.

Material WSe, Au Yb,0;

Current I, (pA) 53 155 48 127 415 20 60 105
Decay time 74 (ns) 49.8 49.1 49.2 50.9 53.6 0.28 0.29 0.32
Bunching peak g, 8.0 1.3 120 819 335 54 25 14

was fitted to the experimental data, where g, represents the
amplitude of g(CZE at the delay of 7 = 0 and 74 is the decay time
of the excited state, or its lifetime respectively. The extracted
lifetimes associated with each measurement are shown at Table 1.
In all the explored materials, the bunching peak is enhanced for
lower electron beam currents. To be more precisely, the bunching
peak amplitude g, is inversely proportional to the electron beam
current, as previous works already showed [52, 55, 56]. When the
beam current is decreased, the time between impinging electrons
arriving at the sample increase, leading to a increased separation
in time of the emitted photon bunches and thus resulting in
a stronger bunching peak [49, 51]. Surprisingly, the emission
from the gold film exhibits the largest bunching peak, even
larger than semiconductors and a luminescence material like
Yb,0;. This effect demonstrates the role of SPP and perhaps
bulk plasmons in further synchronizing the emissions over a
temporally short time scale, associate with the decay time of bulk
plasmons. Although the intrinsic relaxation times of transition
radiation and SPP are in the femtosecond regime and beyond the
temporal resolution of our g(CZL) measurements, the electron beam
also excites longer-lived interband and intraband transitions in
the gold film, resulting in an ensemble of secondary emitters that
dominate the measured CL signal at longer timescales.

Moreover, by scanning the sample laterally by moving the fiber
at a fixed height with respect to the sample, the system can also
detect secondary emission centers, providing insights into exciton
energy transfer and in general energy transport in complex het-
erostructures. For this investigation, we realized heterostructures
composed of Ruddleson-Popper perovskites (RPP) encapsulated
by a layer of hexagonal boron nitride (hBN) [57]. The RPP features
a stacked 2D quantum-well crystal structure with an exciton
binding energy of a few hundred meV at room temperature [58,
59], which show promising optical properties for optoelectronic

and photonic applications [60-64]. Apart from that, hBN hosts
defect centers acting as room temperature single-photon emitters
in the visible spectral range [65-67]. Additionally, the hBN flakes
acts as a cover to significantly reduce the radiation damage and
degradation of the RPP crystals caused by the electron beam.
Together they form a heterostructure, where the excited excitons
of the RPP couple to electronic transitions of the localized
defects inside the hBN resulting in an energy transfer mechanism
through the sample.

Next, we investigated the optical response of the individual RPP
and hBN flakes and also their combined heterostructure by
utilizing the fiber-based CL spectroscopy, as depicted in Figure 5.
The secondary electron SEM image of the flakes, exhibiting an
acceptable size and a plain surface are shown in Figure 5a, and
the measured CL spectra of them are depicted in Figure 5b,d.
In comparison, the pure RPP crystal shows a broad excitonic
peak at the central wavelength of 530nm with a FWHM of
25 nm, whereas the pure hBN flake features a weaker but sharper
CL signal at 535nm with a FWHM of 7nm (yellow and blue
spectra in Figure 5b, respectively). Then, the fiber’s focal point
was laterally moved away from the spot of the electron beam
excitation to measure the CL spectra of both pure samples
along the scanning path and determine their spatially decaying
behavior (see Figure 5¢). A simple exponential function in form
of A -exp(—p/9) is fitted to the measured data sets, where A is
an intensity amplitude, p is the fiber’s position relative to the
electron beam spot and § is the decay coefficient, representing
the transfer length. The decay length of the pure RPP crystal
Srpp = 17 pm is rather short compared to the one of the hBN flake
with &gy = 71 um, indicating a spatially longer energy transfer
through the hBN flake. In case of the hBN/RPP heterostructure,
the measured CL spectrum of the excitonic resonance at 535 nm
with a FWHM of 10nm shows a slight signal enhancement
(Figure 5d) and a narrower bandwidth compared to RPP. The CL
decay measurement of the heterostructure shown in Figure 5e
features two discontinuities in the measured CL intensity, while
the sample was scanned. The positions of these discontinuities
are matching well with the edge of the RPP crystal underneath
the hBN flake and the inhomogeneity of the underlying carbon
substrate, visible in the SEM image of the heterostructure.
Also, the decay length of each section varies from 6um, to
approximately 2.5 mm and 111 um, sequentially going away from
the excitation spot. The latter area section features a larger decay
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Spatial-resolved CL spectroscopy of the hBN/RPP heterostructure via scanning the fiber. (a) Secondary electron SEM images of the

investigated materials, namely Ruddlesden—Popper perovskites (RPP), hexagonal boron nitride (hBN) and the stacked hBN/RPP heterostructure. The

cross indicates the fixed electron beam position for excitation, while the fiber is scanned along the arrow across the excited sample structure. (b,d) The
measured CL spectra of the different samples with the fiber’s focal point positioned closely to the excitation spot. (c,e) Attenuation of the measured
excitonic peak versus the distance between the fiber and the electron excitation spot for each sample. An exponential function is fitted to the acquired

data sets to extract a decay length of the emitted CL radiation.

length over 100 um with an enhanced CL signal, indicating a
more efficient and long-range exciton energy transfer through
the overlying hBN flake via exciton-defect coupling. These results
demonstrate as well, that our fiber-based CL spectroscopy setup
is capable of resolving local inhomogeneities.

The measurements provided here demonstrate a unique feature
of the fiber-based CL setup. In contrast with mirror-based CL
acquisition techniques, the fiber-based CL setup allows to resolve
the energy transfer mechanisms with non-local measurements,
by scanning the surface of the sample using the fiber. In this
way, the unambiguity in resolving the position from which the
radiation is originated is resolved.

3 | Methods

3.1 | Optical Fiber and 3D Printed Micro-Optics

For our experiments we were using the optical multimode
fiber FG400AEA from Thorlabs with a silica core diame-
ter of 400 + 8um and a broad spectral operation range from
180 nm to 1200 nm. The pristine fiber with a flat cross section has
anumerical aperture of 0.22 + 0.02. For improving the numerical
aperture, and therefore the collection efficiency, a lens was 3D
printed onto the face of the multimode fiber. We employed a
two-photon polymerization 3D printing process [68, 69] utilizing
the machine Nanoscribe QuantumX and a photopolymer IP-S
(Nanoscribe GmbH). We used the grayscale printing mode with

a 25x objective, which provides especially smooth surfaces and
thus enhances the performance of the micro-optics [70]. After
printing, the fiber with the lens was developed for 15 min in mr-
Dev600 (micro resist technology GmbH) and rinsed for 3 min in
IPA. We also UV-cured the optics [71] to ensure complete poly-
merization and hence the homogeneity of the optical properties of
the lens. With this micro-optic the numerical aperture of the fiber
was increased to 0.36 and resulting in a working distance of ca.
400 um. On the downside, the additional printed lens decreased
the transmission efficiency in the spectral range of 400 nm up
to 450 nm to less than 30 %, but across the visible spectral range
above the transmission efficiency remained at approximately
95 %.

3.2 | Cathodoluminescence spectroscopy

All the measurements shown here were performed using the
Thermo Fisher Quattro S field-emission scanning electron micro-
scope (FE-SEM). Throughout the experiments, the acceleration
voltage and the current of the electron beam was altered as
specified in the main text. The sample stage of the SEM is
connected to an in-built amperemeter to measure the effective
beam current at the specimen location. On the inside of the SEM,
the optical multimode fiber was mounted on a system of three
linear piezo stages from SmarAct, which feature an accuracy
of 1 nm in step size. Hence, the fiber is movable independently
from the sample stage along three axial degrees of freedom,
including a total dynamic range of 83 mm along the x-axis and
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35mm along y- and z-axis, for a precise spatial collection of
the cathodoluminescence (CL) radiation. Thanks to its flexibility,
the fiber cable will guide the collected CL radiation toward
a spectrometer or photomultiplier tubes, respectively. Initially
we used the Avantes AvaSpec-ULS4096CL-EVO spectrometer
for measuring the luminescent Ce:YAG sample, which provides
a wavelength range of 200nmto1100nm, groove density of
300 mm™!, blaze wavelength of 300 nm and a resolution of 0.6 +
0.1 nm. Afterwards, the setup was upgraded with the Teledyne
Princeton Instruments HRS-500 spectrograph attached with the
PyLoN 100BRX liquid-nitrogen-cooled CCD camera. This spec-
trograph is equipped with three gratings, which all have a groove
density of 1200 mm~! with a spectral resolution of 0.1 nm and
blaze wavelengths of 300 nm, 500 nm, and 750 nm, respectively.

3.3 | Time-Correlated Single Photon Counting

Additionally, an assembly consisting of two PMA Hybrid 50
photomultiplier tubes from PicoQuant and the quTAG time-to-
digital converter from qutools is built up for measuring the CL
count rate. By using the TT400R5F1B 1x2 multimode fiber coupler
from Thorlabs with a 50:50 splitting ratio, this assembly operates
as a Hanbury Brown-Twiss intensity interferometer for perform-
ing time-correlated single photon counting and measuring the
second-order autocorrelation function g(CZL)(r) of the emitted CL
intensity signal.

3.4 | Sample Preparation

The erium-doped YAG sample (Ce:YAG) was purchased from
Litec-LLL and put onto an adhesive carbon tape. The WSe, flakes
were grown via the standard chemical vapor transport method
and then mechanically exfoliated onto an adhesive carbon tape.
The gold sample was made by the thermal evaporation of gold
onto a commercial SEM stub in a PVD chamber. Here, the
evaporated gold layer has a thickness of roughly a few tens of
nanometers. Lastly, a shard of the yterbium (III) oxide (Yb,0;)
sample was glued on carbon tape.

For the fabrication of 2D RPP (n=1) bulk crystals n-
butylammonium iodide (BAI) was initially synthesized by
adding 25mL 57 % w/w aqueous hydoriodic acid (HI) to 5mL
n-butylamine (BA) within an ice bath and stirring for 4 h. Then,
500 mg of PbO powder are dissolved inside a mixture of HI (57 %,
3mL) and H;PO, (50 %, 850 uL) solution, while heating up to
120°C and stirring for 5min, until it becomes a bright yellow
solution of Pbl,. 1.5mL of the synthesized n-CH;(CH,),NH,I
(BAJ) is then added to the prepared Pbl, solution, producing a
transient black precipitate, which is dissolved by keeping the
temperature at 120°C. After 5min, the solution was led cool
down to room temperature, resulting in the formation of orange
bulk crystalline BA,Pbl,, which are separated using vacuum
filtering and dried during a few days. After that, BA,Pbl, crystals
were mechanically exfoliated on to a double-sided adhesive
carbon tape. The hBN flakes, purchased from the company HQ
Graphene, have been transferred onto the carbon tape with
the RPP crystals via mechanical exfoliation. The van der Waals
hBN/RPP heterostructures were achieved by overlapping large
hBN flakes on the underlying RPP crystals.

4 | Conclusion

In conclusion we have shown first proof-of-concept experiments,
that demonstrate the functionality and flexibility of our developed
fiber-based cathodoluminescence detector. Its versatility is high-
lighted by resolving the far-field spatial distribution of the emitted
light, as well as performing cathodoluminescence spectroscopy
and time-correlated single photon counting. Moreover, we could
increase the light collection efficiency of the optical multimode
fiber by 3D printing a micro-optic lens on its front side. Using
this cathodoluminescence detector, certain emission sites on the
sample can be selectively located and their diffusion properties be
tracked over space.
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