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ABSTRACT: Two-dimensional semiconductors, in particular
transition metal dichalcogenides and related heterostructures,
have gained increasing interest as they constitute potential new
building blocks for the next generation of electronic and
optoelectronic applications. In this work, we develop a novel
nondestructive and noncontact technique for mapping the
absorption properties of 2D materials, by taking advantage of
the underlying substrate cathodoluminescence emission. We map
the quantitative absorption of MoS, and MoSe, monolayers,
obtained on sapphire and oxidized silicon, with nanoscale
resolution. We extend our technique to the characterization of
the absorption properties of MoS,/MoSe, van der Waals
heterostructures. We demonstrate that interlayer excitonic phenomena enhance the absorption in the UV range. Our
technique also highlights the presence of defects such as grain boundaries and ad-layers. We provide measurements on the
absorption of grain boundaries in monolayer MoS, at different merging angles. We observe a higher absorption yield of
randomly oriented monolayers with respect to 60° rotated monolayers. This work opens up a new possibility for characterizing
the functional properties two-dimensional semiconductors at the nanoscale.
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Atomically thin semiconductors hold the promise of
complementing graphene in many different applications,
where the lack of a band gap hampers its use. Single-layer
transition metal dichalcogenides (TMDs) are the most studied
class of 2D semiconductors to date.'”* They have been
successfully applied in nanoelectronic devices like field-effect
transistors,” nonvolatile memories,’ or logic circuits.”® The
direct gap of single-layer TMDs, in the visible and near-
infrared ranges of the electromagnetic spectrum,”'® has also
triggered the interest in its optical properties with the
perspective of a new generation of optoelectronic devices."'
Looking beyond the study of a single material, isolated
atomic planes can also be assembled into heterostructures,
often referred to as “van der Waals” (vdW) heterostructures
made layer by layer in a precisely chosen sequence without the
constraints imposed by epitaxy such as crystal-lattice match or
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chemistry compatibility.'”> The combination of 2D materials
offers a truly unprecedented potential to discover new physical
phenomena or to engineer novel electronic or optical
functionalities.'” For instance, it has been shown that the
encapsulation of MoS, and MoSe, monolayers by h-BN results
in a significant improvement of the optical yield and in the
narrowing of the excitonic emission line width.'>"*

The combination of single-layer TMDs provides new
electronic and optoelectronic functionalities, such as the
formation of atomically thin p—n junctions' and ultrafast
charge separation.'® The interlayer interaction in TMD-based
vdW heterostructures has resulted in a manifold of novel
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Figure 1. (a) Sketch of the working principle of the technique. Step 1, a focused electron beam rasters the sample surface; step 2, the electron beam
excites cathodoluminescence emission of both the substrate and the flake; due to the limited interaction volume, the emission from the flake is too
weak, and it is not detected; step 3, the flake absorbs part of the substrate CL emission, which results in the QNAM contrast between bare and ML
covered regions of the substrate. (b, c) Scattering events (as percentage on the total) in MoS, and MoSe,, respectively, as a function of the layer

thickness and for the accelerating voltage of 2 and 5 kV.

optical phenomena. For instance, a new type of exciton where
the electron and the hole are spatially located in different
layers, named interlayer exciton, has been demonstrated.'” >
The possible formation of the interlayer exciton is promoted
by the staggered band alignment of the TMD semiconducting
single layer.'””" These properties have already been success-
tully applied to optoelectronic devices for light emission or
absorption.””

Recently, the effect of the twist angle between the different
single layers on the interlayer exciton energy and yield has
been reported.”> As an example, the interlayer coupling of
excitons in MoS, bilayers is strongly dependent on the twist
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angles between the two monolayers (MLs).”* In MoS,/MoSe,
heterostructures, the characteristics of the intralayer excitons
strongly depend on the details of the Moiré pattern. The
potential fluctuations resulting from the locally different atomic
registries split the trion and exciton transitions of MoSe, and
MoS, into two peaks related to optically active local minima of
the Moiré potential.”*>°

Scanning confocal spectroscopic techniques, namely, photo-
luminescence and absorption spectroscopies, have provided
important insights on the optical properties of TMD single
layers and related vdW heterostructures at the micrometric
scale. In particular, scanning PL spectroscopy has unveiled
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quantum confinement induced direct-to-indirect band gap
transition,”'’ photoluminescence emission from charged
excitons,”””® and valley-polarized photoluminescence
yield.”*~*" In addition, scanning confocal photoluminescence
spectroscopy has elucidated the presence of grain bounda-
ries.”> However, photoluminescence spectroscopy is an
inefficient technique to study the optical properties of indirect
band gap few-layer TMDs. Finally, spatially resolved
absorption mapping has mainly demonstrated the evolution
of the absorption properties of TMDs increasing the number
of layers in exfoliated flakes.’***

These characterization techniques are limited to a spatial
resolution of few hundred nanometers at least. In order to
overcome the diffraction limit, the near-field regime is
required. Near-field photoluminescence imaging of transition
metal dichalcogenides has been mainly employed to study the
optical properties of nanometric features of monolayers, as
extended defects. Near-field photoluminescence imaging is, for
instance, employed in the analysis of pyramidal ad-layer defects
and disordered edges in ML MoS,, showing a similar behavior
as an intensity decrease and concurrent red-shift of the PL
emission.”>*°

A particular class of near-field optical techniques is the tip-
enhanced PL spectroscopy (TEPS), which merges a scanning
probe system with an optical spectrometer. TEPS allows
mapping of photoluminescence with spatial resolution in the
order of tens of nanometers.”” This high spatial resolution is
possible due to the amplification of the optical signal by means
of a plasmonic metal tip of the scanning probe system. The
main inconvenience of this technique is the long acquisition
times. TEPS experiments are mainly employed to study the
optical properties at the nanoscale, such as the PL yield in
MoS, bilayer terraces or strain in WSe,.***”

Cathodoluminescence (CL) is the light emission of a
material excited by an electron beam. Although CL spectros-
copy and mapping have been employed to explore the light
emission properties of ML TMDs, this technique suffers from
some limitations in the study of two-dimensional materials due
to the limited interaction volume of the primary electron beam
with an atomically thin sample. In fact, the direct CL emission
of TMDs has been only reported in the case of multilayer
MoS, flakes™ and TMD single layers encapsulated in h-BN
flakes that act as a reservoir of charges injected in the TMD
single layer."!

In this work, we propose a novel noncontact and
nondestructive optical technique for the study of 2D materials
at the nanoscale, named quantitative nanoscale absorption
mapping (QNAM). The particular approach of QNAM is to
probe the absorption properties of a 2D material using the CL
emission of the underlying substrate as the light source. Figure
la shows the functioning principle of QNAM. A bulk substrate
topped with a two-dimensional layer is excited by an electron
beam. The substrate emits light via a cathodoluminescence
process. The emitted light is partially absorbed by the 2D
material, and it is collected by a state-of-the-art CL system. A
direct mapping of the substrate CL provides information on
light absorption by the 2D crystal with nanoscale resolution. A
video summarizing the physical process is shown in the
Supporting Information. The result is a two-dimensional map
of the absorption that can reveal features difficult to detect
using other electron microscopy or scanning confocal optical
techniques. The main limitation to the spatial resolution is the
interaction volume of the electron beam with the substrate.

569

In addition to the straightforward generation of absorption
maps of TMDs with nanoscale spatial resolution, QNAM
experiments can be carried out on the growth substrate,
without any transfer procedure. Transferring may not only
introduce strain or even damage the TMD flake but also alter
the surrounding dielectric environment to which 2D materials
are highly sensitive.*” In order to develop this novel technique,
we carried out preliminary experiments on MoS, and MoSe,
single layers grown by chemical vapor deposition on different
substrates, namely, SiO,/Si and sapphire. Besides a qualitative
mapping, QNAM also allows the extraction of quantitative
information. We therefore studied in quantitative terms the
absorption properties of the grain boundaries of MoS, single
layers with different misorientation angles. In particular,
QNAM reveals that the absorption contrast of the MoS,/
MoSe, vdW heterostructure is 4 times higher with respect to
the single layers, demonstrating a strong interlayer interaction.

Results and Discussion. The two main requisites for
QNAM are a relatively weak interaction of the two-
dimensional material with the primary electron beam and a
significant CL emission of the substrate which should overlap
with the absorption of the 2D material. In addition, point-
defects related CL emission are preferable in order to avoid
possible interactions between the substrate and the monolayer.
We carried out Monte Carlo simulations in order to evaluate
the interaction of the primary electron beam with monolayers
MoS, and MoSe,. Monte Carlo simulations provide sample-
specific electron penetration depth and interaction volume by
modeling the probability of each scattering event of the
primary electrons in the sample. For instance, in the case of a
MoS, or MoSe, monolayer grown on sapphire, it is possible to
evaluate the ratio of electron scattering events in the two-
dimensional crystal and in the substrate, respectively. Figure
1b,c, respectively, shows the probability of scattering events in
MoS, and MoSe, as a function of the number of the layers and
for accelerating voltages of 2 and 5 kV. The probability of
scattering events in the TMD is expressed as a percentage of
the total, that is, as a fraction of the sum of scattering events in
both the 2D-crystal and the substrate The accelerating voltage
is an important parameter for CL because it drastically changes
the electron penetration depth. However, at both 2 and S kV
the simulations demonstrate that the interaction of the primary
electron beam with the two-dimensional crystal is negligible
compared to the interaction with the substrate. As a
consequence, also the CL intensity from the TMDs is
negligibly weak. For instance, at 2 kV the percentage of
scattering events in both MoS, and MoSe, is still less than
0.01% for a relatively thick TMD trilayer. Further details on
the electron beam penetration are reported for 1 and S MoS,
layers in Figures S1 and S2 of the Supporting Information.

In this section, we will provide the QNAM measurements
and analysis on MoS, and MoSe, MLs on sapphire substrates
carried out with an accelerating voltage of S kV. Sapphire is
chosen as the TMD growth substrate because it provides a
route to control the orientation of TMD domains, with the
potential to achieve high-quality TMD MLs."> Moreover, it is
well-established that single crystalline sapphire has an intense
CL peak in the UV range (332 nm, 3.84 eV), ascribed to the
emission of the F* center, an oxygen vacancy with a single
trapped electron.**** The UV emission allows the study of the
optical absorption of TMDs in the UV range, which would be a
rather challenging analysis to perform with traditional
spectroscopy approaches due to technical limitations, like the
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Figure 2. (a) Secondary electron image at S kV of MoS, ML on sapphire substrate. (b) QNAM map of MoS, ML. (c) CL spectra from the bare
substrate and from the MoS, ML area. (d) Secondary electron image at S kV of MoSe, flake on AL O;. (e) QNAM map of the MoSe,. (f) CL
spectra from the bare substrate and from the MoSe, ML area ML. (g) Secondary electron image at 5 kV of a van der Waals heterostructure
composed of MoSe, ML (larger) and several MoS, MLs (smaller) on sapphire. (h) QNAM map of the vdW heterostructures. (i) CL spectra of
bare substrate, MoS, ML, MoSe, ML, and MoS,—MoSe, vdW heterostructures.

light absorption from the substrate or from the cuvette in the
case of single flakes®* or exfoliated TMDs solutions,*’
respectively. Normally the high energy absorption of TMDs
has been analyzed by means of spectroscopic ellipsometry in
order to study the real and imaginary parts of the dielectric
constant.”” Figure 2a shows the SEM image of MoS, flakes
synthesized on sapphire. The SE image does not show
particular features in the flake area. The QNAM contrast
map of the MoS, monolayer is homogeneous throughout the
flake except for the presence of nanometric features, not
detected in the SE image, with a higher local absorption. These
features can be related to nanoscale terraces of additional
layers or to pyramidal ad-layer defects. Figure 2c reports the
CL spectra of the sapphire emission acquired over the area
topped with MoS, MLs (blue line) and over the bare regions
(red curve). The comparison of the integrated intensities
allows the evaluation of the QNAM contrast. The method for
the evaluation of the QNAM contrast is reported in the
Methods section. The QNAM contrast of a MoS, single layer
in the UV range is 7.2%. In order to compare the absorption
and emission properties, the confocal PL intensity map of a
MoS, single-layer is reported in the Supporting Information,
Figure S3. In order to prove the versatility of QNAM we also
analyze MoSe, monolayers, a two-dimensional semiconductor
with narrower band gap (1.58 eV, 785 nm)*® compared with
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MoS,. Figure 2d shows the SEM image of a MoSe, flake
synthesized on a sapphire substrate. Similarly to the case of
MoS,, the QNAM map of MoSe,, reported in Figure 2e, shows
a homogeneous contrast in the monolayer area. Nevertheless,
it highlights a micrometric bilayer terrace at the center of the
flake and additional pyramidal ad-layer defects with higher
absorption contrast. Figure 2f shows the CL spectra of the area
topped with the flake (green line) and of the bare substrate
(red line). We detect a similar QNAM contrast of MoSe,
monolayer, 7.4% in comparison with MoS,, indicating
comparable absorption efficiency of MoSe, monolayers.

The optical properties of TMD-based vdW heterostruc-
tures'’'® have demonstrated the peculiarity of interlayer
phenomena. Here, we show the potential of QNAM in the
analysis of vdW heterostructures and related interlayer
phenomena by mapping the stacking of MoS, MLs on top of
MoSe, monolayers. Figure 2g shows the SEM images of a
MoS,/MoSe, heterostructure on sapphire substrate. The MLs
with an average lateral size of 5 ym are the MoS, flakes, while
the larger flakes are MoSe, MLs (average lateral size 40 ym).
The MoS, MLs are transferred with a standard polymer-
assisted process, as described in the Methods section. The
corresponding QNAM map is reported in Figure 2h and shows
higher absorbance in the heterostructure areas with respect to
the areas covered by only one kind of TMD. QNAM allows a
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clear imaging of the flakes without any possible artifact due to
charging effect of the substrate, as made evident in the SE
image of the vdW heterostructure reported in Figure 2g. Figure
2i reports the CL spectra from different areas of the map. The
comparison of the CL spectra further corroborates that the
absorption is higher through the vdW heterostructure than
through the single MoS, and MoSe, monolayers. The QNAM
contrast in the case of the MoS,/MoSe, heterostructure is
19.2%, while the contrasts of the single MLs are 7.4% and 7.3%
for MoS, and MoSe,, respectively. This demonstrates that the
absorption in the UV range is deeply affected by interlayer
phenomena causing the unexpected increase of the absorption
yield of more than 2 times. This increase of the absorption
yield could be related with the interlayer effect of high-energy
excitonic states (i.e., the C exciton or E states in MoS, and
MoSe,).*”*’ The C exciton absorption occurs at 428—442 nm
(2.9—2.8 eV) and at 478—496 nm (2.5—2.6 eV) in the case of
MoS, and MoSe, MLs, respectively.’”>" The comparison with
the sapphire F+ emission, centered at 323 nm (3.8 eV), reveals
that the enhanced absorption can be due to high energy states,
as the E, reported in the case of MoS, MLs by spectral
ellipsometry.*’

Grain boundaries in monolayer TMDs have unique atomic
defect structures and band dispersion relations that depend on
the interdomain misorientation angle. Different works have
demonstrated the importance of the angle dependency on the
optical and electrical transport properties at grain boundaries
in monolayer MoS,.”***>* In order to evaluate the UV
absorption properties of grain boundaries in monolayer MoS,
as a function of different orientation angles, we perform the
QNAM measurements directly on a sapphire substrate. In
Figure 3 we show the comparison between QNAM maps of
grain boundaries in MoS, MLs with two misorientation angles,
namely, 29° and 60°. Aberration-corrected high-resolution
TEM (HRTEM) studies have previously reported that a
misorientation angle of 60° gives rise to mirror twin
boundaries (MTBs); meanwhile, lower misorientation angles

T

Figure 3. (a) SE image and (b) QNAM map; the red arrow highlights
the QNAM contrast of the tilted grain boundaries between MLs with
a misorientation angle of 25°. (c) SE image and (d) QNAM map of
two MoS, MLs with a misorientation angle of 60° on sapphire
substrate.
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cause tilted boundaries (TBs) between the single crystalline
MoS, domains. The tilted boundaries can be classified in a low
(high) angle in the case of a misorientation angle lower
(higher) than 13°. The SE image of two MoS, MLs with a
misorientation angle of 25° is shown in Figure 3a, and the
corresponding QNAM map is reported in Figure 3b. The
QNAM map reveals that the grain boundary between the two
flakes (highlighted with a red arrow) has a local higher
absorption yield with a QNAM contrast of 7.7%. A high-
resolution line profile analysis of the tilted grain boundaries is
reported in Figure S4 of the Supporting Information. The
average QNAM contrast of the MoS, MLs is 7% in agreement
with the results reported in Figure 2. The QNAM analysis
reveals the presence of micrometric bilayer terrace with a
QNAM contrast of 9%, at the center of each MoS, monolayers,
not detected by the SE imaging. An additional QNAM analysis
of 25° misoriented MoS, monolayers is presented in Figure SS
of the Supporting Information. Even if the misorientation angle
is similar, the coalescence of the MLs occurs at lateral edges
instead of the triangle vertex, as reported in Figure 3. We turn
now to the direct comparison of the QNAM analysis in the
case of two MoS, single crystalline domains with a
misorientation angle of 60° (Figure 3f). The QNAM map
does not show any optical contrast in correspondence of the
mirror twin boundaries.

Atomic force microscopy analysis and confocal PL mapping
of MLs with similar misorientation angles are reported in
Figures S6 and S7. All the CL spectra for the QNAM contrast
evaluation are reported in the Supporting Information, Figure
S8. The main difference between the mirror twin boundaries
and tilted boundaries is the crystalline structure of the different
defects. Both classes of grain boundaries are formed by aligned
dislocation cores along the [11—20] direction. However,
mirror twin boundaries consist of sequences of rings with 8
and 4 alternated Mo and S atoms.”> Meanwhile, the structures
of tilted boundaries are based on 5—7 rings of Mo and S atoms
with the peculiar formation of a S—S bond at the center of the
ring structure.”” As 5previously elucidated by density functional
theory simulations,”* mirror twin and tilted grain boundaries
modify the band structure of ML MoS,. Typically, the localized
deep-level states related to tilted boundaries act as sinks for
carriers, while the mirror twin boundaries have metallic
conductivity. Unfortunately, there are currently no calculations
on the modification of the band structure at energies in the
spectral range analyzed in this work (about 4 eV).

In order to explore the use of QNAM in different spectral
ranges, we carry out QNAM experiments with other substrates.
300 nm thick SiO,/silicon is the most commonly used growth
substrate for the synthesis of TMD monolayer by different
techniques.” In this case, the growth results in randomly
oriented MoS, monolayer domains due to the amorphous
nature of thermal SiO, and its relatively high surface
roughness. Nevertheless, SiO, substrates have an intense CL
emission due to several-point-defects-related radiative recom-
bination. The standard CL emission spectrum of amorphous
silicon dioxide is well-established.”® Three peaks can be
identified in the emission spectrum: oxygen-deficiency center
(ODC 1I, =Si—Si=) centered at 460 nm (2.7 eV), self-
trapped exciton located at 540 nm (2.3 eV), and nonbridging
oxygen hole center, NBOHC (=Si—O%*), with the peak
positioned at 652 nm (1.9 eV). We mainly concentrate on the
540 and 652 nm peaks, because these two emissions are close
in energy with the MoS, B and A excitons, respectively.’*
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Figure 4. (a) Secondary electron image at S kV of a MoS, flake on SiO,/Si substrate. (b) Panchromatic QNAM map. (c) Comparison between the
CL emission spectra of the bare substrate (red curve) and the MoS, ML (blue curve). (d, e) QNAM monochromatic maps at, respectively, 540 and
652 nm with a 20 nm bandwidth; the chosen wavelengths and their bandwidth are indicated in part c.
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Figure S. (a) Secondary electron image at S kV of superimposed Mo$, flake SiO,/Si substrate. (b) Corresponding absorption map at 540 and 650
nm (20 nm bandwidth for each wavelength). The dashed lines are guides to the eye of the superimposed layers; the arrows indicate the areas where
the CL spectra (Figure S11) are acquired for the QNAM contrast evaluation. In particular, the bare substrate and the MoS, ML are indicated by a
black (I) and red (II) arrow, respectively. 0° and 60° twisted MoS, bilayer homostructures are indicated by cyan (III) and green (IV) arrows,
respectively. The trilayer terraces, twisted by 0° and 60°, are highlighted by purple (V) and blue (VI) arrows.

Because of the presence of distinct peaks in the case of the
SiO,/Si substrate, the QNAM analysis can be carried out in
two different modes. In the panchromatic mode the QNAM
map is obtained by the CL signal integration over the whole
spectral range, i.e., from 350 to 850 nm. In the monochromatic
mode, the QNAM map is obtained by integrating the CL
signal of a narrower spectral region, corresponding to the
position of a single peak (for further details see the Methods
section).

Figure 4a shows the SEM image of an ML MoS, obtained on
a SiO,/Si substrate. The bright contrast feature at the center of
the flake is due to an ad-layer defect indicating the seeding
point of a further monolayer. Figure 4b shows the
corresponding QNAM panchromatic map of the MoS,
monolayer performed with an accelerating voltage of 5 kV.
QNAM measurements performed with a 2 kV on MoS, ML on
SiO,/Si is reported in the Supporting Information, Figure S9.
The QNAM panchromatic map reports a homogeneous
contrast for the MoS, monolayer except for the center of the
map where there is evidence of bilayer terraces with a slightly
darker contrast in comparison with the ML, close to the 3-
dimentional seed of the MoS, crystal. The comparison
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between the CL spectra obtained on the bare substrate and
on the flake area is reported in Figure 4c, highlighting the two
bands of interest. The MoS, absorption of the substrate CL
affects all the analyzed range of wavelength. Moreover, there is
a different absorption yield for the emission at 540 nm and at
652 nm. This is confirmed by the evaluation of the QNAM
contrast. In this regard, the QNAM contrast of the MoS, ML
at 540 nm is 2.2%, and it decreases drastically to 0.2%
considering the CL emission at 652 nm. The fainter contrast at
the 652 nm emission in comparison with the 540 nm is
demonstrated by the comparison of the monochromatic
QNAM maps reported in Figure 4d,e where the MoS, ML
contrast is more evident in the 540 nm QNAM map than in
652 nm. It is worth noting that the bilayer terraces, visible in
the panchromatic map, are also made evident in the 540 nm
map, but they do not appear in the 652 nm map. The
difference of the CL spectra is reported in Figure S10, revealing
the appearance of the absorption of MoS, ML related to the A
and B excitons.

We demonstrate now how QNAM can also be employed to
characterize the optical properties of rotational homostruc-
tures. Figure 5 reports the high-resolution analysis carried out
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on MoS, 0° and 60° rotated bilayers and trilayer terraces.
Figure Sa shows the SE image of the analyzed area, in which
the presence of MoS, ML is clear (red arrow, number II). 0°
and 60° twisted MoS, homostructures are indicated by cyan
(1II) and green (IV) arrows, respectively. The trilayer terraces,
twisted by 0° and 60°, are highlighted by purple (V) and blue
(VI) arrows. For trilayer terraces, the twisting angles refer to
both the second and third layers. The combined QNAM map
of 540 and 650 nm CL emissions is reported in Figure Sb.
QNAM allows the comparison of the absorption yield of the 0°
and 60° bilayer and trilayer terraces. As expected and
previously reported,”* increasing the number of layers results
in an enhanced absorption of the two-dimensional semi-
conducting materials. Interestingly, it is possible to quantify the
absorption by means of the QNAM contrast. In the case of the
0° and 60° rotated bilayer terrace the QNAM contrast at 540
nm is 3.2% and 2.8%, respectively. Meanwhile the QNAM
absorption at 652 nm is exactly 0.5% for both the bilayer
terraces. In the case of the trilayer terraces, the QNAM
contrast at 540 nm is 4% and 3% for a rotation angle of 0° and
60°, respectively. The CL spectra of the different areas
indicated by the arrows are reported with the same color code
in Figure S11 of the Supporting Information. This analysis
demonstrates that 0° rotated bilayer and trilayer terraces have
slightly higher absorption yield in comparison with the 60°
rotated ones; this can be due to the stronger spin—orbit
coupling induced band splitting in 0° twisted structures.”’
Previous work™® has also predicted the modification of the
electronic and the optical properties of MoS, bilayer changing
the twisting angle, mainly due to the modification of the
interlayer distance of the monolayers, with a maximized effect
at 0° and 60° twisting angles.

In conclusion, we have developed a novel nondestructive
and noncontact technique for mapping the absorption
properties of 2D materials employing the CL emission of the
underlying substrate. One important advantage of this
technique is that different substrates have CL emission in
different spectral ranges, allowing the quantitative absorption
evaluation in such ranges. For instance, sapphire provides
information in the deep UV range due to emission of the
oxygen vacancy at 323 nm (4.3 €V); meanwhile, SiO,/Si
substrate gives information on the whole visible range due to
defect-related CL emissions (1.5—2.7 eV). The quantitative
nanoscale absorption mapping proves to be versatile in
analyzing two different 2-dimensional semiconducting materi-
als, as MoS, and MoSe, monolayers on sapphire substrate.
Moreover, it has been shown that QNAM can elucidate
important novel aspects of 2D material optical phenomena, as
the interlayer interaction in van der Waals heterostructures.
First, QNAM demonstrates that the UV absorption is
enhanced in MoSe,/MoS, vdW heterostructures. Second, it
shows the UV absorption enhancement at tilted grain
boundaries with high misorientation angles with respect to
mirror twin boundaries. When QNAM is carried out
employing SiO,/Si as a substrate, it gives insights about the
TMD optical properties in the visible range, such as the
absorption of MoS, at different wavelengths. In this case,
QNAM allows also the demonstration of the higher absorption
yield of the 0° twisted MoS, homostructures with respect to
the ones with 60° twisting angle.

Methods. MoS, and MoSe, Monolayers on Sapphire
Substrates. The monolayer molybdenum disulfide (MoS,)
and molybdenum diselenide (MoSe,) samples have been
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obtained by the CVD method on highly polished sapphire
substrates.”® Prior to the growth, the substrates were cleaned
by acetone/isopropanol/DI water and further annealed at
1000 °C in air for 1 h (DI, deionized). The growth process is
based on the gas-phase reaction between MoO; (>99.998%
purity, Alfa Aesar) and sulfur/selenium evaporated from solid
phase (>99.99% purity, Sigma-Aldrich). A crucible, containing
~5 mg of MoO; with the sapphire substrates placed facedown
above it, was loaded into a 32 mm outer diameter quartz tube
placed in a three-zone furnace. A second crucible located
upstream from the growth substrates contained 350 mg of
sulfur or 150 mg of selenium. Ultra-high-purity argon (Ar) was
used as the carrier gas, and CVD growth was performed at
atmospheric pressure. The recipe for the MoS, growth is as
follows: ramp the temperature to 300 °C (200 sccm of Ar
flow) and set at 300 °C for 10 min; ramp to 700 °C with a 50
°C/min rate (10 sccm of Ar) and set at 700 °C for 10 min,
cool down to 570 °C, and open the furnace for rapid cooling
(increase the Ar flow to 200 sccm). For MoSe,, in addition to
10 sccm of Ar, 3 sccm of H, was introduced during 10 min of
growth at 700 °C. More details concerning the growth can be
found in the Supporting Information of ref 43.

Transfer Process for vdW Heterostructures. The sample
with MoS,/MoSe, vdW heterostructures was obtained by two
separate transfer steps using a wet transfer KOH method. First
of all, the upper-MoS, was transferred onto the as-grown
MoSe, monolayer on sapphire.””** For the transfer, sapphire
chips were first spin-coated with PMMA 950 at 1500 rpm for
60 s and baked at 180 °C for S min. The films were detached
in KOH (30%) at moderate temperatures (70 °C), washed
three times in deionized water, transferred onto sapphire, and
dried at 50 °C for 30 min. The PMMA was removed by
dipping the sample in acetone for 12 h, followed by rinsing
with isopropanol and drying in a N, flow. Such a method
provides a polymer clean interface of stacks and minimal
damage of material caused by the transfer process.

MoS, Monolayers on SiO,/Si Substrates. Monolayers of
MoS, were grown by CVD on a p-type Si substrate with a 300
nm thick SiO, layer at a temperature of ~715°C. The
substrate was placed face-up at the center of a tube furnace on
a combustion boat with 10 mg of MoO; powder spread along
the bottom. An identical boat containing 1g of sulfur was
placed at a position upstream at the opening of the furnace
such that the maximum temperature at that position was
250 °C. After the tube was sealed, ultra-high-purity argon gas
was allowed to flow at room temperature for 10 min in order
to purge any remaining oxygen. The furnace was then heated
to 715°C over a period of 25 min at which point the
temperature was held constant for an additional 15 min. The
furnace was then allowed to cool back to room temperature
naturally over a period of ~90 min. During the entire growth,
Ar was flowed at a rate of 50 sccm. For the postgrowth
annealing experiments, one sample was subdivided into three,
and they were then placed on quartz slides in a tube furnace
and annealed at 150, 200, and 250 °C, separately, for 1 h in Ar
flowing at 50 sccm. The samples were cooled naturally to room
temperature following the annealing.

Monte Carlo Simulation. The Monte Carlo simulations are
carried out with the CASINO software.”® The simulated beam
consists of 1 X 10* electrons with a spot size of 25 nm for an
accelerating voltage of 2 and 5 kV. In order to evaluate the
beam interaction, the single layer thickness is set to 0.7 nm.
The density of MoS, and MoSe, is p = 5.06 g/cm® and p = 6.9
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g/cm®, respectively. The total of the scattering events,
employed in the calculation of the percentage of Figure 1b,c,
is 1 X 10° In the Monte Carlo simulation the two substrates,
employed in this study, i.e., SiO,/Si and sapphire, are taken
into account. The different density of these materials (SiO, p =
2.65 g/cm?, sapphire p = 3.99 g/cm’®) does not affect the
interaction of the primary beam with the two-dimensional
crystal.

Quantitative Absorption Mapping in QNAM. An Attolight
Rosa SEM-CL microscope was used for the QNAM experi-
ments. The QNAM experiments are standard CL maps, where
the CL signal is employed to evaluate the absorption of the
two-dimensional material on top of the light emitting substrate.
In the QNAM maps, the CL signal is renormalized in order to
maximize the contrast, setting as zero the maximum CL signal
coming from the substrate, while the darkest point of the map
is set to unity (maximum absorption).59 For a quantitative
comparison between different areas of the sample, such as
between bare and coated substrate regions, the intensity is
normalized over the number of pixels that composes each area.
All the QNAM maps were obtained at room temperature
under UHV conditions. The e-beam current is about 1 nA with
an accelerating voltage of 2 or 5 kV. The CL signal is sent to a
spectrometer with 32 cm of focal length by means of an
objective (numerical aperture, N.A. 0.71) placed in the
electron microscope. The system is equipped with a Peltier-
cooled charge-coupled device (CCD) and 600 I/mm
diffraction grating. The panchromatic QNAM maps are
obtained by integrating the CL signal on the whole wavelength
range, while the analysis of the absorption at a certain
wavelength, namely, monochromatic QNAM maps, was
obtained by means of the integrated intensity of each the CL
peak evaluated by Gaussian deconvolution. It is worth noting
that this difference stands only in the case of multipeak CL
emission, as in QNAM analysis of MoS, on silicon oxides. In
fact, in the case of a single peak CL emission, like QNAM
analysis on sapphire substrate, panchromatic and monochro-
matic analyses give exactly the same results.

The quantitative analysis of the flake absorption is carried
out by evaluating the contrast between the substrate and the
flake. The contrast is calculated by means of formula 1. The
formula is similar to the one employed in the electron-beam-
induced current technique for calculating the carrier
recombination of extended defects.*’

I -1
C= _( ﬂakeI substrate] % 100

substrate

(1)

In this particular case Iy and Ig,. are the integrated
intensity of the CL signal on the bare substrate and on the
flake, respectively. In the case of the analysis on sapphire
substrate, the integrated intensity is evaluated by performing
the Gaussian deconvolution of each CL emission for both
sapphire and SiO,/Si analyses. The uncertainty of the QNAM
contrast is evaluated to be 0.1% when it is calculated by means
of the integrated intensity of the peak due to the high signal-to-
noise ratio of the CCD detector employed in the analysis. All
the QNAM contrast values obtained throughout this Letter are

summarized in Table SI of the Supporting Information.
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