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Abstract

Hexagonal boron nitride (hBN), sometimes referred to as white graphene, receives growing
interest in the scientific community, especially when combined into van der Waals (vdW) homo-
and heterostacks, in which novel and interesting phenomena may arise. hBN is also commonly
used in combination with two-dimensional (2D) semiconducting transition metal
dichalcogenides (TMDCs). The realization of hBN-encapsulated TMDC homo- and
heterostacks can indeed offer opportunities to investigate and compare TMDC excitonic
properties in various stacking configurations. In this work, we investigate the optical response at
the micrometric scale of mono- and homo-bilayer WS, grown by chemical vapor deposition and
encapsulated between two single layers of hBN. Imaging spectroscopic ellipsometry is
exploited to extract the local dielectric functions across one single WS, flake and detect the
evolution of excitonic spectral features from monolayer to bilayer regions. Exciton energies
undergo a redshift by passing from hBN-encapsulated single layer to homo-bilayer WS,, as also
confirmed by photoluminescence spectra. Our results can provide a reference for the study of
the dielectric properties of more complex systems where hBN is combined with other 2D vdW
materials into heterostructures and are stimulating towards the investigation of the optical
response of other technologically-relevant heterostacks.
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1. Introduction

The family of van der Waals (vdW) materials offers a wide
range of two-dimensional (2D) atomic crystals with diverse
electronic properties [1, 2]. Regarding optoelectronics and
photonics applications, group VI semiconducting transition
metal dichalcogenides (TMDCs) show great potential due to
their indirect-to-direct bandgap crossover at the single-layer
limit, with optical bandgap values falling in the visible and
near-infrared energy range [3-6]. The optical properties of
mono- and few-layer TMDCs are dictated by tightly bound
excitons [7-13], Coulomb-correlated electron—hole pairs. The
quantum confinement of the exciton wavefunction and the
reduced dielectric screening from the environment result in
excitonic binding energies of the order of 500 meV [14,
15], which is one to two orders of magnitude larger than
conventional quantum-well structures used for optoelectronic
devices.

However, the three-atom-thick semiconducting TMDCs
absorb approximately only 10% of incident photons in cor-
respondence with the bandgap excitonic resonance [4]. This
is, in absolute terms, too low to satisfy the requirements for
the realization of efficient devices. An effective strategy to
engineer light-matter interaction in 2D TMDCs, while pre-
serving the benefits arising from their reduced dimensionality,
is their integration with other materials in metamaterials or
superlattices [16—19]. By exploiting sequential layer-by-layer
assembly, homo- and heterostacks of 2D atomic crystals can
be obtained, opening new opportunities for the design and
realization of high quality, and, possibly, wafer-scale devices
with singular properties [2, 17, 20, 21]. Accordingly, sev-
eral stacking configurations with various functionalities were
recently addressed, such as homo-bilayer TMDCs with dif-
ferent stacking order, i.e. 2H or 3R, to explore interlayer
excitons [22-24], MoS,/WS, heterostructures to investigate
ultrafast charge transfer [25], various TMDC twisted het-
erostructures with lateral superlattices with the emergence
of Moiré excitons [26-28]. In addition, nanohybrid systems
involving 2D TMDCs, such as MoS,/TiO, [29] or In,S3/MoS,
[30], proved efficient for photocatalytic applications showing
an increased photodegradation capability over the pure pho-
tocatalysts (e.g. TiO; or In;S3) [29-31].

When dealing with such kind of systems, it is crucial to
consider how the excitonic response of 2D TMDCs, acting
as building blocks of the vertical stack, are modified by the
presence of adjacent layers, in comparison to the freestand-
ing case. As an example, the encapsulation of TMDCs in
hexagonal boron nitride (hBN) provides surface protection
from contaminants, atomic flatness of the substrate surface,

and prevents doping from the substrate underneath [32-34].
Vertical stacks, in which hBN was integrated with TMDCs
materials have been extensively investigated in the literat-
ure. Cadiz et al [33] showed that the encapsulation of mono-
layer (ML) TMDCs in hBN can suppress the inhomogeneous
contribution to the exciton linewidth [35]. Interlayer excitons
were observed in hBN-encapsulated 2H homobilayer MoS,
by means of reflectivity measurements in the temperature
range T = 4-300 K [22]. The improvement of the optical
quality of TMDC flakes grown by chemical vapor deposition
(CVD) via hBN-encapsulation made also possible to study
the effect of stacking (2H or 3R) on the excitonic proper-
ties of homobilayer MoS, [23]. More in general, in the last
years, hBN-encapsulation of 2D materials was adopted as an
effective tool to obtain high quality samples and devices with
the desired properties. TMDCs sandwiched between hBN lay-
ers were fabricated to shed light on their ultrafast exciton
dynamics [36], they were integrated as functional parts of nan-
ophotonic architectures [37], and they were directly patterned
via top-down lithography for nanoscale optoelectronics [38].
These examples just give the taste of the growing interest in
such kind of systems of the scientific community. The hBN has
not only the role of encapsulating material. Recently, parallel-
stacked bilayer hBN was used as a testbed to demonstrate
the concept of interfacial ferroelectricity [39—42]; in another
work, hBN was integrated with TMDCs to realize a large area
vdW superlattice stacked on a gold back reflector supporting
strongly coupled exciton-polaritons at room temperature [19].
In general, when dealing with the design of optical metama-
terials from atomically thin layers, thorough knowledge of the
optical properties of the constituent layers in the heterostack
is pivotal for the optimization of such kind of systems.

Recent works showed that the combination of optical tech-
niques with a micrometric lateral resolution, such as ima-
ging spectroscopic ellipsometry (ISE) and photoluminescence
(PL) spectroscopy, is effective to study the light absorption
and emission-related properties of ML-TMDCs by probing,
respectively, their dielectric function and the PL [43-49].

By following a similar approach, here we exploit ISE
and PL to investigate with a spatial resolution at the micro-
metric scale the optical properties of WS, flakes grown by
CVD and sandwiched between two single layers of hBN. The
local dielectric functions of the building blocks of a three-
layer (hBN/ML-WS,/hBN) and a four-layer stack (hBN/BL-
WS,/hBN) were extracted. Additionally, the PL spectroscopy
characterization coupled with the ISE results provided a com-
plete picture of the optical response of the heterostructures,
since they allowed also tiny variations in the excitonic features
to be detected by passing from ML to BL-WS,, or by varying


http://doi.org/10.1088/1361-648X/acc918

J. Phys.: Condens. Matter 35 (2023) 274001

M Ferrera et al

the dielectric environment surrounding the semiconducting
WS, (presence or absence of hBN encapsulating layers). The
method presented here is general and applicable to a wide
range of systems, where hBN is combined with other 2D
atomic crystals to form even more complex structures than
the one investigated here. The possibility to easily access to
the optical properties of vdW heterostacks is a prerequis-
ite in view of their exploitation for technologically relevant
applications.

2. Experimental section

2.1. Materials

In the present study, the local properties of WS, flakes encap-
sulated by hBN were analyzed. The flakes were grown on
Si/Si0, substrate via liquid precursor chemical vapor depos-
ition (LgP-CVD) in a two-zone horizontal furnace (Lenton)
[43, 44, 50-52]. The growth mechanism of the LqP-CVD pro-
cess was reported in detail in [50], and here the main steps
are summarized. An aqueous solution containing a tungsten
precursor (ammonium metatungstate hydrate, AMT, Sigma-
Aldrich, 463922, 0.2 g in 20 ml of deionized (DI) water)
was mixed with an aqueous solution with the growth pro-
moter (NaOH, Sigma-Aldrich, S8045, 0.2 g in 20 ml of DI
water). A small amount of a density gradient (iodixanol, OPTI,
OptiPrep'™, Sigma-Aldrich, D1556) was also added to the
aqueous solution to increase the viscosity and improve the
adhesion of the solution to the substrate. The obtained solu-
tion was spin-coated on the SiO,/Si substrate, which was pre-
viously sonicated in acetone and isopropanol and treated with
an oxygen plasma. The spin-coated substrate was placed in
the high temperature region of the reactor and heated in atmo-
spheric pressure at 800 °C over a time interval of 6 min under
constant Ar/H, (Hy 3%) flux, while sulfur pellets were main-
tained at 180 °C-210 °C to induce their sublimation. After the
growth, a constant Ar flux naturally cooled down the reactor.
In the ramp-up, above 550 °C the AMT is thermally decom-
posed in the W precursor WOj3. Sodium hydroxide is used
as promoter to facilitate the adhesion of the precursor on the
Si0; substrate by forming clusters of intermediate compounds
(Na;WQ,), thus increasing the wettability of W to improve
the lateral growth of the WS, flakes by acting as an additional
source of W. Following S sublimation, WS, flakes are grown
from the S vapor reaction with both the WOj3 precursor and
the previously formed intermediated compounds. The relative
ratio of Na/W in the aqueous solution was varied to find the
best growth uniformity and flake dimension. By optimizing
the mixed solution (ratio 1.5:2:1:2 (AMT:NaOH:OPTI:DI)),
the heating temperature and the dwelling time, large-scale tri-
angular monolayer WS, flakes were successfully grown. 2H
and 3R stacked bilayer WS, crystals were also randomly dis-
tributed inside the sample. Unlike crystalline bulk and 2D sub-
strates, such as a-Al, O3 (0001) and graphene, which allow for
the epitaxial growth of WS, via low-pressure CVD and metal-
organic CVD [53-55], the non-crystalline nature of the SiO,

substrate did not allow an epitaxial orientation of the flakes to
be obtained.

For the heterostructure preparation, a semidry transfer
approach was used [34, 56-58]. The sample extracted from
the CVD reactor was covered by a double-layer polymeric
membrane of polymethylmethacrylate (PMMA AR-P 679.02,
Allresist) and 15% polypropylene carbonate in anisole (PPC,
Sigma-Aldrich), which were sequentially spun and baked at
90 °C for 2 min.

The sample was then covered with a few-millimeter-
thick polydimethylsiloxane frame, and immersed in NaOH
1 M solution at 70 °C, until the membrane was completely
detached. By using a transfer setup, the WS, flakes were
deterministically transferred from the growth substrate to a
hBN/SiO,/Si target sample. The hBN was previously trans-
ferred on the 300 nm Si0,/Si substrate via electrochemical
delamination of commercially available hBN from a copper
substrate (Graphene Supermarket). The CVD-grown hBN had
a nominal monolayer thickness [34, 59, 60] and was directly
used as received. To complete the heterostack, another layer
of hBN was vertically stacked on top of the heterostructure,
by repeating the same transfer procedure. At the end of each
transfer, the polymeric membrane was removed in acetone and
isopropanol.

2.2. Methods

2.2.1 ISE. The optical properties of the vdW heterostruc-
tures at the microscale were investigated by using a nano-
film_ep4 from Accurion GmbH. In ellipsometry, the variation
of light polarization upon reflection from the sample is quan-
tified by two angles, ¥ and A, defined as:

tanWel® = Mei(‘s"_‘sf)

|r s

in which Irypl and d;, are the amplitudes and phases of the
Fresnel coefficients r,, respectively [61]. The ellipsometry
data were acquired in the nulling mode. The measurements
were performed with a 20x objective. The spectra were col-
lected from different regions of interest (ROIs) in the 400—
800 nm wavelength range (1.5-3.1 eV energy range), with a
step of 5 nm. The angle of incidence spanned from 45° to 70°,
with a step of 5°.

2.2.2. Raman and PL spectroscopies. =~ For Raman and PL
measurements a LabRam HR800 (Horiba Jobin Yvon GmbH,
Bensheim, Germany) with an optical microscope Olympus
BX40 (Olympus Corporation, Hamburg, Germany) was used.
An incident laser beam with a wavelength of 514.7 nm and
a power of 100 ©W was directed onto the sample through a
100 x objective (numerical aperture NA = 0.9). The laser spot
size was approximately 1 pm in diameter. Light was collected
in the back-scattering geometry. The PL. and Raman signals
were detected by a liquid-nitrogen-cooled back-illuminated
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charge-coupled device. The spectral resolution was 2.5 cm™!

for Raman and 1.2 meV for PL, respectively.

3. Results and discussion

The investigated system is shown in the optical micrograph
of figure 1(a). The CVD-grown WS, flake is characterized by
a typical triangular shape and a monolayer thickness extend-
ing for hundreds of microns across [43, 44, 52]. At the center
of the flake, a bilayer region with a 0° twist angle is present
(3R stacking). 3R together with 2H (60° twist angle) stack-
ings correspond to the most stable configurations of TMDC
homobilayers, and can naturally occur during the CVD growth
of the flakes [23, 62]. The hBN regions can be visualized in
the optical image as bluish areas, thanks to the optical contrast
provided by the 300 nm-thick SiO,/Si substrate [63]. Some
impurities, which typically occur at the edge of the hBN film
[59], can facilitate the recognition of the area, where both the
top and bottom layers of hBN are present (white dotted line in
figure 1(a)).

A scheme of the heterostructures is shown in figure 1(b).
Both three-layer (hBN/ML-WS,/hBN) and four-layer
(hBN/BL-WS,/hBN) vertical stacks were considered.

Further confirmation of the thickness of different regions
of the WS, flake was provided by Raman and PL spectro-
scopy. In figure 1(c) representative Raman spectra acquired
with 514.7 nm laser excitation are shown. The main WS,
Raman peaks can be recognized: the first order modes at the
Brillouin zone center, Elzg(I‘) and A ¢(I"), and the second-order
longitudinal acoustic mode at the M point, 2LA(M). From
the fitting of the Raman spectra (see figure S1(a) in the sup-
plementary data), the Raman shift of the main modes was
extracted. For ML-WS,, the 2LA(M) the Elzg(I‘) and A(I")
modes fall at 352.5 4+ 0.2 cm~! and 356.9 + 0.2 cm~! and
418.9 + 0.2 cm™!, respectively. By passing from monolayer
(red line) to bilayer (blue line) regions a hardening (blue-
shift) of A¢(I") mode occurs, from approximately 419 cm~ -
420 cm™!, in agreement with the literature [64, 65]. The
Elzg/A] ¢ Raman mode intensity ratio is approximately 2 for
ML-WS,, while it approaches unity for the BL region, in line
with previous results [53, 66, 67]. In addition, a stiffening of
the Ay mode can be observed when a hBN layer is inter-
calated between the WS, flake and the substrate (see figure
S1(b) in the supplementary data, where Raman spectra of ML-
WS,/810,/Si and hBN/WS,/hBN/SiO,/Si are reported). The
presence of the hBN layer between the SiO, and the WS, can
indeed reduce the level of electron doping from SiO, substrate,
thus affecting the A, mode frequency [68—70]. The strong PL
signal from ML-WS,; peaking at 2.0 eV (red line) in figure 1(d)
and the very weak redshifted PL signal coming from the BL-
WS, (blue line) is a fingerprint of the direct-to-indirect band
gap transition, which takes place in the single layer limit. Both
the Raman and PL properties were homogeneous across the
inner triangular regions of the ML-WS, flake [43], as shown
by the PL map and the Raman spectra acquired from different

hBN o0 ¢c0 0000
ML-WS.0 0 © © © ©

hBN o0 0000 0c00

si/sio,
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: 7
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Figure 1. (a) Optical micrograph of a hBN-encapsulated WS, flake
grown by CVD. At the center of the flake, a bilayer region (3R
stacking) is present; the remaining area is a monolayer. The dotted
white line delimits the area, where the top and bottom hBN layers
are present. (b) Schemes of the investigated vdW heterostructures,
hBN/ML-WS,/hBN and hBN/3R BL-WS,/hBN on SiO,/Si
substrate. (c) Raman spectra of hBN-encapsulated ML-WS; (red)
and BL-WS; (blue). The main WS, Raman modes are labeled. The
corresponding frequencies are indicated by the gray arrows. (d) PL
spectra of hBN-encapsulated ML-WS; (red) and BL-WS; (blue).

spots across the hBN-encapsulated WS, flake (figures S2(a)
and (b) in the supplementary data).

The layer dielectric functions within the vdW heterostack
were investigated by means of ISE. Angle-dependent (U,
A) spectra were collected with a micrometric spatial res-
olution for the hBN/ML-WS,/hBN/SiO,/Si (red curves of
figure 2(a)) and hBN/BL-WS,/hBN/SiO,/Si (blue curves of
figure 2(b)). Each set of (¥,A) spectra in the graphs is com-
posed of (¥,A) values averaged across the corresponding
ROL. In the left part of figure 2, each ROI is delimited by a
white dashed line. Angle-dependent (¥,A) spectra were also
acquired for the hBN/Si0,/Si system, as shown in figure S3(a)
in the supplementary data.

To interpret the ellipsometric data, we set up an optical
model of each heterostack using a multi-step approach. The
model consists of a series of optical layers, each charac-
terized by its own thickness and complex dielectric func-
tion. The interfaces between the layers were assumed to be
sharp and planar, and characterized by Fresnel boundary con-
ditions. We started by modeling the simplest system, i.e.
hBN/SiO,/Si and gradually increased the model complex-
ity up to hBN/ML-WS,/hBN/SiO,/Si and, then, hBN/BL-
WS,/hBN/Si0,/Si. Finally, the dielectric functions of ML-
and BL-WS; in the heterostructures were extracted by means
of a best-fit procedure.
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Figure 2. Angle-dependent experimental (¥, A) spectra acquired for (a) hBN/ML-WS,/hBN/SiO,/Si (red curves) and (b) hBN/BL-WS;
/hBN/Si0,/Si (blue curves) heterostructures. The data were collected from the ROIs delimited by the dashed white lines in the optical
images on the left side. The scheme of the optical model used for each layered stack is also shown on the left side. The dashed black lines in

the graphs correspond to the best fitting curves.

First, micro-SE data acquired on the hBN/Si0O,/Si system
were independently modeled, in order to have an independent
assessment of the hBN thickness. To this end, the dielectric
functions of SiO, and Si were taken from the WVASE soft-
ware libraries [71] and a thickness of 288.43 + 0.03 nm was
extracted for the SiO; film on top of Si. For the hBN layer, we
employed the hBN optical constants reported in a recent work
[72], similar to other recently reported literature values [73—
75]. We obtained a hBN thickness of 0.65 £ 0.01 nm, in good
agreement with the expectations for a two-layers hBN system
(figure S3(a) in the supplementary data), where each layer has
a nominal thickness of less than 0.420 nm [59] (see section 2.1
for more details).

The information obtained from this fit was fed in the optical
model of the hBN/ML-WS,/hBN/Si0,/Si system. Here, the
thickness of ML-WS, was set to 0.62 nm [44, 76] and
the ML-WS, optical properties were modeled by superim-
posing Herzinger-Johs PSEMI and Tauc-Lorentz oscillators
[77-79], as reported in the literature for other ML-TMDC
systems [43, 44, 49, 80]. In the fit, given the large num-
ber of potentially free parameters, we only allowed the amp-
litudes and energies of the oscillators of the WS, layer
to be varied. We point out that few-layer vdW materials
are naturally characterized by strongly anisotropic optical
properties [81]. Indeed, in the out-of-plane direction there is
a complete lack of translational symmetry, hence no elec-
tronic band structure can be defined. From the experimental
point of view, however, in presence of mono- and few-layer-
thick flakes, the sensitivity of angle-resolved spectroscopic

ellipsometry to the out-of-plane component of the dielectric
tensor almost drops to zero. As a consequence, atomically
thick TMDCs are usually treated as optically-isotropic sys-
tems, even though this is not, in principle, a correct phys-
ical representation. The extracted dielectric function repres-
ents, with very good approximation, their in-plane optical
properties.

The model employed for the ML-WS;-based heterostruc-
ture was then adapted for the hBN/BL-WS,/hBN/SiO,/Si
stack. Also here, only the amplitudes and energies of the
oscillators of the WS, film were left free to vary in the fit,
while all the other parameters were kept fixed. The best fit-
ting curves are shown in the graphs of figures 2(a) and (b)
as the black dashed lines overlapped to the experimental
data.

From the analysis of micro-SE data, the local dielectric
functions (¢: = €| + iep, with 1 (&;) real (imaginary) part)
of ML- and BL-WS, sandwiched between hBN layers were
extracted, as shown, respectively, by the red and blue curves
of figure 3. The dielectric function of a ML-WS, flake dir-
ectly transferred onto SiO,/Si substrate (with no hBN encap-
sulation) was also obtained from ISE data (see figure S3(b)
in the supplementary data), and is shown here as a reference
(dashed black line). In general, the complex dielectric func-
tion of WS, in the investigated spectral range exhibits reson-
ances ascribed to the presence of the so-called A, B, and C
excitons [15, 82]. In correspondence to each excitonic trans-
ition, a wiggle (peak) appears in the real (imaginary) part of
the dielectric function. For ML-WS, (red line), the extracted
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Figure 3. Real (top, £1) and imaginary (bottom, €) parts of the
dielectric function of hBN-encapsulated ML-WS; (red curves) and
3R BL-WS; (blue curves). For comparison, the dielectric function
of ML-WS; on SiO,/Si substrate without hBN encapsulation is
shown (dotted black curve).

exciton energies are 2.022 4+ 0.003 eV, 2.397 £ 0.003 eV,
and 2.785 £ 0.003 eV. In ML-TMDCs, A excitons are the
lowest-energy bright-valley excitons, and, together with B
excitons, are related to the optical interband transitions at the
K point of the Brillouin zone [83]. The energy separation
between A and B excitonic features of approximately 375 meV
can be used to experimentally determine the value of the spin-
splitting in the valence band. The strong absorption due to the
C excitonic feature can be ascribed to the phenomenon of band
nesting between the I' and K symmetry points in the Brillouin
zone.

The dielectric function of BL-WS, is analogous
to the single-layer, with some variations occurring in
correspondence to the resonance features. The excitonic
peaks of BL-WS, (blue line) undergo a redshift compared

to the single-layer case, with values of 1.996 + 0.008 eV,
2.372 4+ 0.008 eV, and 2.757 + 0.003 eV for A, B, and C
excitons, respectively.

In line with our recent investigation [44], the 3R stacked
homobilayer shows a relative shift of the A exciton with
respect to the single layer of approximately 26 meV. This trend
is also confirmed by PL results shown in figure 1(d). A slight
intensity drop can also be observed. Variations in the dielectric
function of WS, which depend on the number of layers, can be
explained by considering the effects of quantum confinement
in the band structure [82].

In general, the dielectric properties of the environment,
which surrounds mono- and few-layer TMDCs, can signi-
ficantly influence their optical response [35, 82, 84]. In our
case, the presence of hBN slightly affects both the energies
and amplitudes of WS, excitons at room temperature, as can
be observed by comparing the red and dashed black curves
acquired for ML-WS,, respectively with and without hBN
encapsulation. Our findings are in line with the literature,
where a small redshift of 20-30 meV is reported for the neut-
ral exciton at low temperatures in the presence of hBN-capped
WS, flakes compared to the uncapped ones [33]. The results
shown in this work are complementary to the ones reported in
[44] since they can be used as a reference when dealing with
vdW heterostacks, where hBN is combined with TMDCs and
other 2D materials.

In general, when dealing with vdW heterostructures it is
fundamental to take into account that dielectric screening
affects the electron-hole Coulomb interaction and results in
a considerable modification of the quasiparticle bandgap and
exciton binding energies, which both contribute to the shift
of excitonic resonances. As a consequence, the use of hBN
as encapsulating material is instrumental to control the local
dielectric homogeneity and to fabricate high-quality vdW
homo- and heterostructures [33, 35]. We believe that the deep
knowledge of the optical properties (i.e. dielectric function
and PL) of hBN-encapsulated vdW homo- and heterostacks
by means of spectroscopies with a resolution at the micro-
and nanoscale [85, 86] is pivotal for their exploitation in novel
devices.

4. Conclusion

In this work, we reported the optical response of ‘free’ and
hBN-encapsulated WS, on a SiO,/Si substrate. The WS,
flakes were grown via LqP-CVD process and sandwiched
between two layers of hBN by using a semidry transfer
approach. We studied a three-layer (h(BN/ML-WS,/hBN) and
a four-layer (hBN/3R BL-WS,/hBN) stack by means of ISE,
PL and Raman spectroscopies. ISE enabled us to extract
the complex dielectric functions across one single hBN-
encapsulated WS, flake and locally evaluate the evolution of
A, B, and C excitonic spectral features by passing from mono-
to bilayer areas. In correspondence of 3R stacked homobilayer
WS, aredshift of the exciton resonance energies was observed
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(approximately 26 meV in correspondence of A exciton),
together with a slight intensity drop, in line with recent results
[44]. These findings were corroborated by PL spectra. In addi-
tion, by comparing the dielectric function of hBN-capped and
uncapped WS,, we found that hBN layers have a slight influ-
ence on the energies and amplitudes of WS, excitons at room
temperature. The stiffening of the A mode in the Raman
spectra confirmed that the hBN intercalation between the WS,
and the Si0,/Si substrate can reduce the level of electron dop-
ing from SiO;.

More in general, vertical stacks, in which hBN altern-
ates with TMDC layers, have already proved interesting for
engineering their own optical properties. We believe that thor-
ough investigations of the local optical response of hBN-
encapsulated 2D crystals with high optical quality by com-
bining various optical techniques, such as ISE and PL, are
required for the exploitation of the single 2D layers as building
blocks of more complex and, possibly, technologically relev-
ant, vdW homo- and heterostacks.
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