Published on 14 March 2022. Downloaded on 2/20/2026 8:21:11 PM.

Nanoscale

7 ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Nanoscale, 2022, 14, 7569

Received 8th December 2021,
Accepted 12th March 2022

DOI: 10.1039/d1nr08082b

rsc.li/nanoscale

Introduction

Optimizing cathodoluminescence microscopy
of buried interfaces through nanoscale
heterostructure designt

Luca Francaviglia, & *® Jonas Zipfel,? Johan Carlstroem,? Sriram Sridhar,*®
Fabrizio Riminucci, & < Daria Blach,* Ed Wong,? Edward Barnard, {2
Kenji Watanabe, ) © Takashi Taniguchi,” Alexander Weber-Bargioni,?

D. Frank Ogletree, 22 Shaul Aloni® and Archana Raja & *

Mapping the optical response of buried interfaces with nanoscale spatial resolution is crucial in several
systems where an active component is embedded within a buffer layer for structural or functional
reasons. Here, we demonstrate that cathodoluminescence microscopy is not only an ideal tool for visua-
lizing buried interfaces, but can be optimized through heterostructure design. We focus on the proto-
typical system of monolayers of semiconducting transition metal dichalcogenide sandwiched between
hexagonal boron nitride layers. We leverage the encapsulating layers to tune the nanoscale spatial resolu-
tion achievable in cathodoluminescence mapping while also controlling the brightness of the emission.
Thicker encapsulation layers result in a brighter emission while thinner ones enhance the spatial resolution
at the expense of the signal intensity. We find that a favorable trade-off between brightness and resolution
is achievable up to about ~100 nm of total encapsulation. Beyond this value, the brightness gain is mar-
ginal, while the spatial resolution enters a regime that is achievable by diffraction-limited optical
microscopy. By preparing samples of varying encapsulation thickness, we are able to determine a surpris-
ingly isotropic exciton diffusion length of >200 nm within the hexagonal boron nitride which is the domi-
nant factor that determines spatial resolution. We further demonstrate that we can overcome the exciton
diffusion-limited spatial resolution by using spectrally distinct signals, which is the case for nanoscale
inhomogeneities within monolayer transition metal dichalcogenides.

emergent properties that are greater than the sum of the
parts.’ This approach continues to yield discoveries of intri-

Over the past decades, the library of available nanoscale
materials has seen a vast growth in terms of their functional-
ities, chemistries and dimensionalities. Such rapid progress
has expedited the use of these materials as nanoscale building
blocks that can be assembled into novel heterostructures with
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guing physical phenomena by using such heterostructures as
model systems for fundamental research, opening up new pos-
sibilities for applications in future technologies.

Often the functional units of such nanoscale hetero-
structures are buried for reasons ranging from improving
chemical stability>” to reducing heterogeneities in the local
environment'® which can strongly influence structure and
function. Given the typically enhanced light-matter coupling at
the nanoscale,” far-field optical microscopy has been a
method of choice to probe these systems. However, the resolu-
tion achieved with far-field optics is typically greater than the
dimensions of interest in the nanostructure due to the diffrac-
tion limit of light.

Cathodoluminescence (CL) is a technique that allows resol-
ving light emission beyond the fundamental limits of optical
diffraction by focusing an electron beam (e-beam) into a nano-
scale probe on the order of 10 nm and detecting the optical
emission in the far field. CL combines the advantages of far-
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field optics with high spatial resolution in excitation and has
therefore been established as a standard technique to map the
nanoscale composition of minerals,® as well as disorder in
solid-state  heterostructures”®  and  semiconductor
nanostructures.'"'* Furthermore, CL performed in a scanning
electron microscope (SEM) can easily span fields of view from
the nano- to the microscale. Compared to far-field photo-
luminescence (PL), CL can thus achieve spatial resolution
beyond the diffraction limit while utilizing the broadband exci-
tation of the e-beam that enables the study of even wide-
bandgap semiconductors and insulators without the need for
deep UV light sources.?

Here, we focus on the application of SEM CL for the study
of transition metal dichalcogenides (TMDCs) encapsulated in
hexagonal boron nitride (hBN). TMDC monolayers (MLs) have
shown unique optoelectronic properties of great interest to the
discovery of fundamental physical phenomena'*™” and poten-
tial practical applications.'®>° Moreover, the deterministic
stacking of TMDC MLs within van der Waals heterostructures
has led to the emergence of novel physical phenomena, such
as Moiré superlattices where the relevant length scales are on
the order of 10 nm or less."”*'>* While these systems serve as
a prototypical platform for our study of enhanced optical
resolution through systematic CL mapping, our approach
should be universally applicable to any other optically active
nanomaterial system. hBN encapsulation of nanoscale semi-
conductors has recently become a common practice to
increase their chemical stability, like in the case of perovs-
kites,>* or to passivate their surface, like in the case of solar
cells.”>?° In the case of TMDC heterostructures, hBN encapsu-
lation is used to access intrinsic properties.?””*® This reduces
the impact of nanoscale variations in electronic properties
arising from the high sensitivity of monolayer TMDCs to the

surrounding environment.**?%3°
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The hBN encapsulation layer provides a convenient way to
dramatically increase the efficiency of CL for such low dimen-
sional systems, as already demonstrated for a few different TMDC
materials.***> While low-voltage SEM CL can, in principle, be
applied as a technique to map ML light emission with nano-
scale spatial resolution, this does not work well in practice
because of minimal direct interaction between an e-beam and
a bare TMDC ML. The resulting excitation density and emitted
CL is generally rather low due to the fact that only very few
electron scattering events happen across an atomically thin
TMDC layer.*’ Here, one can then take advantage of the
additional thickness of the hBN encapsulation to increase the
excitation cross section in the sample and generate a highly
enhanced CL signal, while avoiding deleterious effects on
the sample through direct electron bombardment. The hot
electron-hole (e-h) pairs that are efficiently excited inside
the wide-bandgap hBN layer (~6 eV®?), diffuse through the
material before transferring into the TMDC ML, where they
can then radiatively recombine.**° At the same time, the hBN
encapsulation does not prevent the detection of other forms of
signal generated in the electron microscope, enabling a power-
ful correlation between light emission and, e.g.,, maps of
atomic composition or chemical bonding.>¢

While both the e-beam focal point size and the electron
interaction volume in the sample material play a role in the
overall spatial resolution of CL, it is the characteristic length of
exciton diffusion in hBN that gives the dominating contri-
bution to the achieved resolution.’” However, a systematic
study of the diffusion-limited spatial resolution of TMDC CL is
still lacking as well as methods to control it. Moreover, the
diffusion length of excitons in hBN is unknown, which
hinders a deeper understanding of charge-carrier dynamics in
hBN*® and their role in the generation of the TMDC CL signal.

Here, we systematically study the effect of exciton diffusion
on spatial resolution in CL and provide a new approach to opti-
mize the microscopy of buried interfaces through nanoscale
heterostructure design. We experimentally explore how the
thickness of the encapsulating hBN controls CL brightness
and spatial resolution. While we restrict our discussion to CL
maps of MoSe, MLs at 3 kV as an illustrative experimental
system, our approach can be extended to different materials
and voltages. Surprisingly, we find experimental evidence for
nearly isotropic exciton diffusion with identical efficiencies for
in-plane and out-of-plane directions. Finally, we provide a com-
prehensive metric to identify an optimal working range of
parameters to design hBN-TMD-hBN heterostructures for CL
imaging. We conclude with the demonstration that spectral
information can further improve the spatial resolution, similar
to other optical super-resolution techniques.**™*'

Results and discussion
Sample configuration and cathodoluminescence excitation

An intuitive and direct method to estimate the spatial resolu-
tion of an instrument is to measure its edge response;*>** that
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is, determining how it records a sharp and straight discontinu-
ity or edge. As any recorded feature is effectively convolved
with the spatial resolution of the system, the magnitude of the
resulting blurring of an actually sharp edge gives a measure-
ment for the achieved spatial resolution. Here, the edges of
TMDC flakes provide a perfect edge as they are atomically
sharp and one can easily find straight edges cleaved along a
crystallographic axis.

Fig. 1a schematically illustrates the expected interaction of
a focused e-beam with hBN-encapsulated TMDCs. The e-beam
defines a nanoscale spot on the sample surface from which
electrons travel into the underlying material by successive scat-
tering events. The sum of all the electron paths forms the elec-
tron interaction volume (dark green in Fig. 1a), and its size
depends on the initial acceleration of the incident e-beam as
well as the sample material. At the same time, the inelastic
scattering events generate e-h pairs in semiconductors and
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Fig. 1 (a) Top: Sketch of the cross-sectional side view of a TMDC ML
encapsulated in hBN. The interaction volume of the incident electrons is
in dark green and the charge carrier diffusive zone is in lighter green.
Bottom: Sketch plot of the intensity of the CL signal as a function of the
e-beam position across the TMDC edge (TMDC CL edge response). The
dashed step function is the ideal profile of a perfect probe, while the
orange smooth sigmoid depicts the broadening of the edge response in
the presence of electron and exciton diffusion. (b) Detailed view of the
circled region in (a). The cartoon highlights the random path of an inci-
dent electron as a consequence of multiple electron scattering events;
one of these events is shown to generate an e—h pair or exciton that
diffuses beyond the electron interaction volume and can excite the
TMDC, even though the e-beam does not directly interact with it. (c)
Counterclockwise order from upper left: 3 kV scanning electron micro-
graph, hBN CL (>3.032 eV), and MoSe, CL (<1.687 eV) maps at 20 K and
cross-section scheme of a typical sample. (d) Cross-sectional view of
the radially-averaged energy deposition by a 3 kV e-beam in hBN,
according to a Monte Carlo simulation using the software CASINO.*
The dashed line is indicative of the range of exciton diffusion, exceeding
several times the electron interaction volume.
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insulators, which then diffuse across the material beyond the
limits of the electron interaction volume.

We note that the high charge-carrier binding energy in
hBN**** suggests that e-h pairs form tightly bound excitons.
The e-h pair or exciton diffusion volume is schematically indi-
cated by the light green area in Fig. 1a.

Fig. 1b shows a zoomed-in representation of the events of
electron scattering in the electron interaction volume, includ-
ing e-h generation and the subsequent diffusion process up to
the TMDC interface. It is of specific interest in our study that
diffusive excitons can reach the TMDC even if the e-beam is
still far from the TMDC edge. We note that due to the lower
TMDC bandgap, it acts as an efficient sink for the excitons
reaching the interface, leading to exciton generation inside the
TMDC. The radiative recombination of the excitons is then
used as a probe to quantitatively monitor the amount of exci-
tons reaching the interface, where exciton diffusion in the
TMDC itself can be neglected due to their lifetimes being
limited to a few picoseconds by fast radiative decay at low
temperatures.’®™*® Therefore, there are three contributions, as
shown in Fig. 1a and b, that define the effective finite size of
the probe and thus the resolution of CL: the size of the
focused e-beam, the electron interaction volume, and the
diffusion volume. In this work, we demonstrate that the length
scale of exciton diffusion in hBN exceeds the size of the
e-beam and the electron interaction volume by at least an
order of magnitude, making it by far the dominating factor in
determining the spatial resolution of CL of hBN-encapsulated
TMDCs.

Fig. 1c shows an SEM image of a typical hBN-encapsulated
sample. The general sample configuration is shown in the
sketch at the upper right corner of Fig. 1c. A silicon substrate
with ~2 nm of native oxide is used to limit the charging effect
during the CL scans. At the bottom in Fig. 1c, we report the
hBN and MoSe, CL emission at 20 K (energies above 3.032 eV
and below 1.687 eV, respectively) from the same scan. The hBN
band-edge emission is strongly quenched in the presence of
the MoSe, flake. This confirms a very efficient transfer of exci-
tons from the hBN to the TMDC, which is the working prin-
ciple of TMDC CL valid across all TMDC materials. At the
same time, the bright signal from both the hBN and the
TMDC, suggests that possible non-radiative recombination at
the hBN surface or at the interface is dominated by the radia-
tive recombination rate in both the hBN and the TMDC.

Fig. 1d shows a cross-sectional view of the energy that the
incident electrons retain as a function of their position in
hBN. The view sums all the contributions along the direction
perpendicular to the cross-section plane. We obtained this
result by a Monte Carlo simulation of one million electrons at
a 3 kV acceleration voltage using the software CASINO.** The
incident electrons deposit 95% of their energy in hBN within a
46 nm radius around the incident spot and a depth of 128 nm
from the surface. We use these dimensions to define the elec-
tron interaction volume,*® although Fig. 1d clarifies that the
e-beam deposits most of its energy in a smaller volume on the
order of 10 nm. The dashed line already qualitatively indicates
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that the exciton diffusion length can easily exceed the size of
the electron interaction volume, depending on the hBN thick-
ness. This dependence of the hBN exciton diffusion length is
discussed in detail in the following section.

Effect of hBN thickness on the spatial resolution in
cathodoluminescence

In this study, we focused on low-temperature CL because
several TMDC excitonic complexes, not observed at room
temperature, appear and become spatially localized. Yet, we
have confirmed that the CL edge response on the same
samples used here are identical at room temperature (see
section S12 in the ESI for detailst). Fig. 2b shows a CL map of
an MoSe, ML fully encapsulated in hBN. The white dashed
lines are a guide to the eye of the ML edges. The total thick-
ness of 43 + 2 nm was obtained by atomic force microscopy
(AFM, see section S5 in the ESI for illustrative AFM profilest).
We acquired the TMDC signal at 20 K by means of a photo-
multiplier tube (PMT) and selectively detected only the MoSe,
emission using a long-pass filter. We show illustrative micro-
PL and CL spectra of the MoSe, emission at low temperature
in Fig. 2a. The two techniques show very similar emission
peaks, with only minor differences due to the specific position
within the same ML at which the spectra were acquired. The cut-
off wavelength is indicated by the gray area in the spectra in
Fig. 2a (we discuss peak assignment in more detail in the last
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Fig. 2 (a) PL (top) and CL (bottom) spectra of hBN-encapsulated MoSe,
MLs at 6 K and 20 K, respectively. The solid lines are Gaussian fits to
data. The gray bands show the wavelengths discarded by a long-pass
filter (edge at 1.687 eV) used for MoSe, imaging. (b) Normalized CL
intensity raster scan of MoSe, ML encapsulated in 43 + 2 nm of hBN.
The dashed white lines are a guide to the eye of the MoSe, flake edges
derived from the TMDC CL map. (c) CL intensity vs position along the
arrow in (b). The solid line is a logistic fit to the data. The dashed-dotted
lines mark the 10-90% intensity range used to measure the edge
response. (d) Average values of the MoSe, CL edge response as a func-
tion of the total hBN thickness. The inset zooms into an interval of
thinner hBN. The error bars are the standard deviation of the data sets;
the dashed line is a linear fit to the data.
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section). We prepared multiple MoSe, ML samples fully encapsu-
lated in hBN with varying thicknesses of the top hBN layer. The
edge response was extracted at multiple different positions in
each CL map of MoSe, MLs acquired with an acceleration voltage
of 3 kV. To better study the effect of the hBN thickness, we limit
this work to CL maps acquired at 3 kV. Moreover, we observe that
changing the electron acceleration voltage has a negligible role in
controlling the edge response (section S7 in the ESIY).

Fig. 2c reports a prototypical edge response (gray dots)
corresponding to a line scan along the white arrow in Fig. 2b.
In order to obtain a metric for the TMDC CL spatial resolution,
we measured the width of the edge response as the distance
between the two positions where CL intensity is 10% and 90%
of the amplitude A, as obtained from the fit of each curve with
the function:

Yo +Am
where y, accounts for the background signal, yx is the inflection
point and o describes the steepness of the edge slope. The
solid black line in Fig. 2c is the logistic fit of the data, which
gives an edge response of 141 + 7 nm. From the edge
responses of every sample, we calculated the average value as a
function of the sum of top and bottom hBN thickness, ranging
from less than 50 nm to more than 350 nm. The hBN thick-
ness value is thereby given as the average from a few AFM
height profiles acquired on each sample (see section S5 in the
ESIT for illustrative AFM profiles). We report these results in
Fig. 2d; both horizontal and vertical error bars are the stan-
dard deviations of each AFM-thickness and CL-edge-response
data set, respectively. For clarity, the inset in Fig. 2d zooms
into the range of thinner hBN thickness values. The dashed
line in Fig. 2d is a linear fit of the data directly weighted by
their standard deviations as errors: according to the fit, for an
increase of 1 nm of hBN, the CL edge response increases by
2.6 + 0.1 nm. The good fit (Pearson’s r equal to 0.996) with the
experimental data is indicative of a linear increase in the CL
edge response for increasing hBN, at least up to the thickness
values here considered.

We also measured the secondary electron (SE) edge
response of our microscope using a 3 kV electron beam as a
function of hBN thickness (section S6 in the ESIf). We
observed that the SE response increases in thicker hBN layers,
but it is always at least one order of magnitude smaller than
the CL edge response. Therefore, the SE edge response is
largely negligible in contributing to the CL edge response at a
given hBN thickness.

Effective exciton diffusion length in hBN after e-beam
excitation

We now turn to a method to measure the exciton diffusion
length in hBN, which is inherently linked to the width of the
CL edge response. As previously mentioned, we assume that
(1) MoSe, is a perfect sink for mobile carriers in hBN and (2)
the radiative transfer rate at the MoSe, layer is significantly
higher than the non-radiative recombination rate at the hBN

This journal is © The Royal Society of Chemistry 2022
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surface. This assumption is supported by the strong quench-
ing of the hBN luminescence on top of the TMDC (Fig. 1c). It
also suggests that most excitons cannot travel a long distance
in the hBN on top of the TMDC: therefore, while the probe
approaches the TMDC, we can simply assume that the majority
of the exciton transfer happens near the TMDC edge. Under
these assumptions, the intensity of the MoSe, emission is pro-
portional to the exciton concentration reaching the ML and
the spatial distribution of excitons directly depends on their
diffusion in the hBN layer. Among different experimental strat-
egies to measure charge-carrier diffusion lengths by a scan-
ning probe,**" our experimental configuration facilitates the
implementation of a simple method based on measuring how
steeply the CL signal rises while the probe approaches the
sharp onset of a light emitter.”® The density of excitons
decreases with increasing distance from the electron inter-
action volume; therefore, while the e-beam approaches the
TMDC, an increasingly larger number of excitons can reach
and excite the TMDC. A steep increase in the response indi-
cates short diffusion lengths while a more gradual increase is
indicative of dominant contributions from diffusion with
longer average diffusion lengths. Importantly, this method
measures the exciton diffusion in hBN regardless of the conse-
quent diffusion inside the TMDC. Under a wide range of
experimental conditions, the spatial profile of the lumine-
scence intensity due to diffusive charge carriers is well
described by an exponential function*®>" derived by Fick’s law
in the form:

Yo + Ae¥/tw

where y, accounts for the background signal, A for the bright-
ness of the system with respect to the background signal, and
Ly, corresponds to the in-plane charge-carrier diffusion length
in the material. As already observed in comparatively complex
systems,’® this simple exponential already captures the funda-
mental dynamics of exciton diffusion, including the effect of
defect states that simply alter the average exciton lifetime in
the frame of Fick’s law.

We performed our analysis on the same data set used in
Fig. 2. The inset in Fig. 3a shows the same experimental curve
also presented in Fig. 2c. The dashed line goes through the
inflection point of the curve logistic fit, that we use as a sys-
tematic definition of the position of the MoSe, edge which is
not visible by SEM imaging during the CL acquisitions. The
main graph in Fig. 3a presents the lower part of the curve
together with its exponential fit (solid curve) to obtain the
parameter Ly, Through the same procedure, we extracted the
diffusion length L., as a function of the hBN thickness for all
measurements shown in Fig. 2d, as presented in Fig. 3b. The
graph shows that the in-plane diffusion length L,, increases
linearly with an increasing hBN thickness; interestingly, the
slope of the linear fit (dashed line in Fig. 3b) is almost one
(0.91 + 0.02 nm), suggesting an increase of 1 nm in thickness
corresponds to an increase of about 1 nm in Ly,.

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

a) b)
o - w,] < _ 400
5 yERrA B L @2k
8] 2< 300
0 5>
g o 200 T

€ 55 A

S 25 100
2 m B

0 50 100 150 200 250 %760 200 300

Distance (nm) hBN thickness (nm)

Fig. 3 (a) Onset of the CL intensity edge response as a function of hBN
thickness from Fig. 2c (reported in the inset). The dots are experimental
data, the line is the exponential fit to the data according to the equation
in the plot. (b) Average values of the effective diffusion length L,
derived from exponential fit like in (a) as a function of the total hBN
thickness. The error bars are the standard deviations of the data.

All data in Fig. 3 are shown for the 20 K measurements, but
room-temperature data lead to similar results and in particular
an almost identical one-to-one linear relation of L,, and hBN
thickness (see sections S12 and S13 in ESIf). This diffusion-
thickness correlation is analogous to the resolution-thickness
correlation of Fig. 2 and corroborates the hypothesis that the
hBN thickness controls the CL spatial resolution by limiting
exciton diffusion.

Moreover, the negligible change in edge response in thick
hBN as a function of the acceleration voltage (S7 in the ESIf)
suggests that exciton diffusion controls the edge response
rather than the acceleration voltage. This observation supports
that we can neglect the effect of the voltage-dependent size of
injection volume for determining the diffusion volume.

To give an intuitive interpretation for the behavior of
spatial resolution and diffusion as a function of the hBN thick-
ness, we consider the out-of-plane L, and in-plane L,, com-
ponents of the exciton diffusion length in hBN. Their vectorial
sum gives the total three-dimensional diffusion length L. We
do not have direct access to this total diffusion length; yet, we
know that the fundamental limit for the out of plane diffusion is
simply given by the layer thickness of the hBN. In general, we do
not observe a significant decrease of CL intensity when the hBN
is thicker than the depth of the electron interaction volume (data
not shown). We thus infer that the majority of the excitons can
diffuse deep enough from the electron interaction volume to
reach the TMDC layer, at least in the investigated thickness
range. This suggests that the diffusion length is larger than the
distance between the interaction volume and the TMDC even in
the thickest sample, setting a lower limit to the diffusion length.
Since the thickest top hBN is 340 + 8 nm and we calculate that
95% of electron energy is lost within 128 nm from the hBN
surface, we can therefore estimate that the exciton diffusion
length in hBN is at least 212 + 8 nm in the out-of-plane direction.

With the out of plane diffusion length thus given by the
hBN thickness, we can take a very simple approximation,
where the linear, almost one-to-one behavior of hBN thickness
(=L;) and L,, then suggest that excitons in hBN diffuse with
very similar efficiencies in the in-plane and out-of-plane direc-
tions. We note that this analysis does not take into account the
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anisotropic electron injection profile. Given the layered nature
of the material, indications for almost isotropic exciton
diffusion constitutes an intriguing observation.

Optimization of CL intensity by varying hBN thickness

We now focus on the control of the CL brightness. While a
more general discussion is available in section S10 the ESL ¥
here we focus on factors that we can control through the hBN
thickness: the fluence G of excitons generated in hBN, and the
coefficient of absorption f, and reflection and f; that affect the
transmission of the light emitted by the buried TMDC, so that
the CL intensity, Icy, ~ Gfafx-

G directly scales with the fraction of the e-beam energy de-
posited into hBN: if the hBN is thinner than the electron inter-
action volume in bulk hBN, part of the e-beam energy is lost
and cannot generate excitons in hBN.

Fig. 4a shows the percentage of energy released from a 3 kV
e-beam into hBN as a function of the increasing hBN thickness
(Monte Carlo CASINO** simulations of 1 million electrons):
the curve increases almost linearly from 0% to 100% with
increasing hBN thickness until about 130 nm where it pla-
teaus. Therefore, for a given e-beam energy, we can set the exci-
tation power by changing the hBN thickness; conversely, for a
given hBN thickness, we can tune the e-beam acceleration to
control the energy proportion deposited in hBN. Simulations
on the energy absorption as a function of the e-beam accelera-
tion are available in section S7 in the ESI.j Using three-dimen-
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Fig. 4 (a) Energy deposited in hBN by a 3 kV e-beam as a function of
the hBN thickness (Monte Carlo simulations). 100% corresponds to the
whole e-beam energy deposited in hBN. (b) Three-dimensional
Lumerical simulation of light transmission through top hBN as a function
of the top hBN thickness between 10 nm and 500 nm (bottom hBN
fixed at 20 nm). (c) Right axis: Transmission at 1.658 eV from the simu-
lation in (b) as a function of the total hBN thickness (top and bottom).
Left axis: CL intensity as a function of total hBN thickness obtained com-
bining the curve in (a) with the transmission at 1.658 eV. (d) Inset: CL
intensity from (c) (right axis) and the inverse of the edge response (left
axis). Main: CL intensity from (c) divided by the edge response (linear fit
in Fig. 2d) as a function of the total hBN thickness (bottom axis) and
edge response (top axis). The blue shadowing indicates the range of
optimization for brightness and resolution.
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sional finite-difference time-domain Lumerical simulations
(details in section S11 in the ESI}), we also calculate the trans-
mission of light across the top hBN layer of hBN-MoSe,-hBN
structures on Si substrates, which we show in the contour plot
in Fig. 4b as a function of wavelength and top hBN thickness
(bottom hBN at a constant thickness of 20 nm). At the emis-
sion energies of the MoSe, room- and low-temperature lumine-
scence (1.568 eV and 1.658 eV, respectively, marked by the
dashed lines in Fig. 4b) the first transmission maxima happen
for a top hBN thickness of about 104 nm and 93 nm,
respectively.

In Fig. 4c (right Y axis) we show the transmission coefficient
at 1.658 eV extracted from Fig. 4b as a function of the total
(top and bottom) hBN thickness. We then multiply this trans-
mission coefficient by the curve in Fig. 4a to obtain the inten-
sity factor Ig;, ~ fafrG. On the left axis of Fig. 4c, we report Iy,
as a function of the total hBN thickness. From the curve in
Fig. 4c, we observe that increasing the total hBN thickness
increases the CL brightness up to about 125 nm. For thicker
hBN, Fig. 4c shows a slightly modulated, almost constant
intensity.

On the contrary, we observed in Fig. 2d that the CL spatial
resolution decreases with increasing hBN thickness. We high-
light the opposing behavior of brightness and resolution vs.
hBN thickness in the inset in Fig. 4d where we report the
product of I, ~ fofrG and 1/A (where A is the edge response fit
from Fig. 2d) as a function of the total hBN thickness. In the
main graph in Fig. 4d, we multiply the two curves in the inset
to obtain Ig/A. The dashed part of the curve indicates an
extrapolation beyond experimental data. Ic /A is a concise
metric of the CL brightness normalized by resolution, which
helps visualize that a practical trade-off between brightness
and resolution is achievable up to about 100 nm of total hBN;
beyond this value, the CL intensity only slightly increases,
while the spatial resolution quickly worsens into values easily
achieved by diffraction-limited optical microscopy. The blue
shading in Fig. 4d indicates the resulting optimal range of
hBN thickness. Generally, for an increase of signal intensity a
value close to 100 nm should be chosen, whereas smaller
values of hBN thicknesses result in lower CL intensity but
spatial higher resolution: for instance, with 40 nm of hBN the
edge response is as narrow as 104 nm (top axis in Fig. 4d), but
the TMDC CL intensity decreases to 25% of the maximum.
This metric can be adapted for any given system and the top
layer thickness can then be adjusted to the experimental
needs. We derived similar conclusions also from room-temp-
erature measurements, shown in section S14 in the ESL.}

Hyperspectral maps reveal complex heterogeneity resolved
beyond the diffusion-limited spatial resolution

We now turn to CL hyperspectral maps where we show that
locally and spectrally separable emission features can help to
improve resolution below the exciton diffusion limit. Fig. 5a is
a 20 K hyperspectral CL map of the emission (1.569 eV to
1.675 eV shown) from MoSe, ML encapsulated in total 263 +
9 nm of hBN. The ML is to the right of the dashed line. The
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Fig. 5 (a) Hyperspectral CL map of a MoSe, ML encapsulated in hBN of
total thickness of 263 + 9 nm over the energy range of 1.569-1.675 eV
obtained at 20 K. The white dashed line indicates the MoSe2 edge. (b)
Plot of the spectra along the black arrow in (a). (c) CL spectra extracted
from (b) at the positions I, II, Ill indicated by the vertical dashed lines. (d)
Same hyperspectral map as in (a) that shows intensity within narrower
10 meV bands centered at 1.588 eV (1), 1.607 eV (2), 1.628 eV (3), and
1.659 eV (4) indicated by blue shadowing in the bottom spectrum of the
whole map emission. The scale bars are 1 uym. (e) Normalized CL inten-
sity as a function of distance along the green arrows in the maps 1 and 2
in (d) together with logistic fit (solid lines). Data offset to center the
inflection points.

map shows significant variations of the intensity of the MoSe,
emission at different sub-micron length scales. In Fig. 5b, we
show a plot of the emission spectra along the horizontal black
arrow in Fig. 5a, covering more than 3 pm from beyond the
MoSe, edge into the flake, with observed variations in both
emission energy and intensity. Fig. 5¢ shows three normalized
spectra 1, II, and III from positions indicated by the dashed
lines in Fig. 5b. By fitting the low-energy peak, we observe a
redshift of about 15 meV, from 1.609 eV to 1.594 eV, between
the spectra I and III. At the same time, the peak maintains a
similar FWHM of slightly less than 9 meV. The high-energy
peak is spectrally stable at 1.635 eV, with a FWHM of about
8 meV in spectrum I and a slight broadening towards the
MoSe, edge (not shown in Fig. 5c¢, but already visible in the
plot in Fig. 5b). By comparison with literature and with the
support of temperature-dependent CL spectra (shown in
section S15 in the ESIf), the high-energy peak matches the
neutral MoSe, exciton emission whereas the low-energy one
would match the reported energy range of charged exciton
emission.’>%?

In the lower panel in Fig. 5d, we show the normalized emis-
sion spectrum from the whole map in Fig. 5a. Together with
the two peaks assigned to the neutral and charged excitons of
MoSe,, here further peaks are visible. Although we do not
study the origin of these peaks, they may be associated with
excitonic complexes affected by spectral shifts in different posi-
tions of the map due to local structural defects or strain, as
reported in similar TMDC systems.’®* In the spectrum in
Fig. 5d, the blue bands highlight the four 10 meV-wide energy
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bands that we show in the four top panels in Fig. 5d. These
bands are centered at 1.588 eV (1), 1.607 eV (2), 1.628 eV (3),
and 1.659 eV (4).

The corresponding four maps show that different emission
peaks dominate spatially distinct sub-micron regions. Fig. 5e
shows the intensity profile along the short green lines in
Fig. 5d (1) and (2). These intensity profiles are directly
obtained from the spectrally filtered hyperspectral maps in (1)
and (2). By the same logistic fit used for the edge responses of
Fig. 2 (solid lines in Fig. 5¢) we obtain an edge response of 936
+27 nm and 54 + 6 nm for the lines in (1) and (2), respectively.
The first edge is comparable to the average edge response
measured in Fig. 2 (about 600 nm) for a sample of this hBN
thickness, but the second edge is one order of magnitude nar-
rower than the expected edge response. We believe that this
effect is due to the presence of a highly localized emission,
which we can distinguish it from the surroundings by a
narrow spectral selection.'> This is similar to implemen-
tations of super-resolution microscopy in optics and similar to
other reports of highly-resolved TMDC CL.*° In the same flake,
we observe even narrower features (edge response of 27 nm in
section S16 of the ESIt) as well as wider ones, like edge (1).
The enhancement of spatial resolution through spectral filter-
ing of hyperspectral maps offers an additional degree of
freedom to enhance the resolution together with the reduction
of the hBN thickness that we have discussed in the previous
sections. To discern what phenomena account for the
observed formation,’® localization,” or energy shift’®®” of
specific emission peaks in our sample, dedicated experiments
(like morphological correlations, control of the Fermi level,
etc.) are necessary and are beyond the scope of our current dis-
cussion. In this section we have highlighted how spectrally
resolved CL mapping can be utilized to achieve truly nanoscale
imaging despite otherwise longer diffusion-limited resolution.

Conclusions

In conclusion, we have demonstrated the optimization of cath-
odoluminescence microscopy of buried interfaces through
nanoscale heterostructure design. We focused on prototypical
hBN encapsulated monolayer TMDC systems and delineated
the prominent role of exciton diffusion in hBN to define the
spatial resolution of CL. Surprisingly this diffusion was found
to be nearly isotropic and we determined for the first time the
out-of-plane hBN exciton diffusion length to be >200 nm. We
find that the spatial resolution monotonically decreases for
increasing hBN thicknesses and we correlate this observation
with the associated linear increase of the in-plane diffusion
length in thicker hBN. This observation will enable a deeper
understanding of charge-carrier phenomena in hBN, such as
exciton annihilation.”® We further demonstrated that the
thickness of the hBN encapsulation is an easily tunable para-
meter that allows us to control the brightness of the TMDC CL
signal. We combine our study of CL resolution and brightness
to define a practical range of hBN thicknesses below 100 nm
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within which thicker layers favor a brighter emission and
thinner ones enhance the spatial resolution at the expense of
the signal intensity.

Finally, we show that we can leverage hyperspectral
CL maps to spectrally  distinct nanoscale
features beyond the spatial resolution set by the diffusion of
carriers. The use of hBN as an indirect excitation medium is
generalizable to other nanoscale semiconductors, beyond the
prototypical case study of TMDC MLs. We envision hBN-
mediated CL as a flexible characterization technique that can
also benefit delicate, beam-sensitive structures.

resolve

Experimental
Sample preparation

All the samples used in this manuscript were obtained by suc-
cessive picking-up of exfoliated hBN and TMDC MLs using a
PC film and subsequent stamping onto Si substrates, followed
by cleaning in CHCl; for few hours, rinsing in isopropyl
alcohol and drying under a gentle nitrogen flux.

Atomic force microscopy. We measured the thickness of
each hBN layer in a Park NX10 microscope in non-contact AFM
mode with PPP-NCHR probes manufactured by Nanosensors
(nominal resonance of 330 kHz, nominal stiffness of 42 N
m™).

Cathodoluminescence. The setup diagram is available in
section S1 in the ESL{ We performed CL experiments in a
Zeiss Gemini SUPRA 55 SEM and collected light by an alumi-
num diamond-turned parabolic mirror (1.3n solid angle),
which sends the signal to a PMT after spectral selection by a
long-pass filter or to a UV-enhanced Silicon CCD (Andor
Newton 970-UVB) mounted on a fiber-coupled spectrometer
with a 300 mm focal length equipped with a 300 lines per mm
grating. We used an acceleration voltage of 3 kV and a current
of 197 pA in all our measurements. We performed low-temp-
erature measurements at 20 K using a cold-tip Janis cryostat
for SEM operated with liquid Helium. For microscope control
and data acquisition, we used ScopeFoundry, the home-built
software platform of the Molecular Foundry at Lawrence
Berkeley National Laboratory.

We adjusted the acquisition times in each map to ensure
that the signal clearly overcomes the detector noise. However,
we observed that an increasing noise level simply degrades the
quality of the logistic fit but does not introduce any systematic
error towards either the narrowing or broadening of the fit-
derived width of the edge response (demonstrated by simu-
lations reported in section S9 in the ESI{). We also kept the
e-beam current at 197 pA to keep the concentration of the
charge carriers generated in hBN low. Large charge-carrier con-
centrations would lead to significant exciton-exciton annihil-
ation, also known as Auger recombination. However, from the
work by Plaud et al.,*® we infer that current values below 200
PA largely mitigate Auger effects. These processes would other-
wise lead to the loss of excitons that would not contribute to
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the CL emission and may also affect the diffusion dynamics by
shortening the charge-carrier lifetimes.®

While measuring the CL edge response, we used a density
of pixels high enough to ensure that they do not limit the CL
spatial resolution; that is, the pixel size is several times
smaller than the edge response width.

Photoluminescence. We acquired PL spectra by exciting the
sample using a diode laser with wavelength of 532 nm and
collecting light through a spectrometer equipped with a
300 lines per mm grating. For low-temperature measurements,
we focused the laser down to a diffraction-limited spot at low
fluences with a 40x objective though the window of a Janis
cryostat operated at 6 K with liquid Helium, ensuring we oper-
ated in the linear regime. We used ScopeFoundry also for
running the PL microscope and acquiring PL data.
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