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2D-semiconductors with strong light—matter interaction are attractive
materials for integrated and tunable optical devices. Here, we demon-
strate room-temperature wavelength multiplexing of the two-primary
bright excitonic channels (A,-, By,-) in monolayer transition metal
dichalcogenides (TMDs) arising from a dark exciton mediated transi-
tion. We present how tuning dark excitons via an out-of-plane electric
field cedes the system equilibrium from one excitonic channel to the
other, encoding the field polarization into wavelength information. In
addition, we demonstrate how such exciton multiplexing is dictated
by thermal-scattering by performing temperature dependent photo-
luminescence measurements. Finally, we demonstrate experimentally
and theoretically how excitonic mixing can explain preferable decay
through dark states in MoX; in comparison with WX, monolayers.
Such field polarization-based manipulation of excitonic transitions
can pave the way for novel photonic device architectures.

Introduction

Excitons are fundamental optically excited, Coulomb-bound
electron-hole pairs in semiconductors. Ever-present, excitons
play a major role in the optical properties of reduced
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Bright excitonic multiplexing mediated by dark
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New concepts

In this work, we demonstrate strong wavelength multiplexing of the two-
primary bright excitonic channels in MoX, based monolayers, exploiting
the dark excitation of the Ag-transition. This is realized by control over the
out-of-plane component of the excitation electric field, encoding the
polarization information into the two bright spectral channels at room
temperature. Particularly, substantial out-of-plane excitation is used to
generate high energy Ag-excitons, which leads to dominant B,-emission.
In contrast, purely in-plane dipole excitation results in a predominant A-
emission. We further establish the pivotal role of thermal energy and CB
ordering in supporting or suppressing the multiplexing for MoX, and
WX,, respectively. Finally, state of the art ab initio GW-BSE calculations
were carried out demonstrating a rich excitonic exchange interaction that
strongly support the presented PL multiplexing phenomena, temperature
dependent PL spectra and the observed deviation between Mo- and W-
based TMDCs. Our new findings shine light on the fundamental optical
properties of monolayer TMDs, while paving a novel route for TMDs
based photonic devices, e.g. spectral bits for optical computing,
multifunctional light sources and more.

dimensionality semiconductors such as quantum wells (1D and
2D) and monolayer transition-metal dichalcogenides (TMDs), due
to their reduced dielectric screening and significant spatial
confinement." ™ In particular, in comparison with other 2D semi-
conductors, monolayer TMDs feature robust bound excitons with
exceptionally large binding energy,>* making monolayer TMDs an
attractive platform for adequate light-matter interaction investiga-
tions and nanophotonic applications at room temperature.®
Monolayer TMDs, typically presented as MX, (where M = Mo,
W; X = S, Se), have non-centrosymmetric hexagonal crystal
structure, resulting in a direct bandgap at the +K valley.>"°
In addition, strong spin-orbit coupling (SOC) removes the
valence band (VB) and conduction band (CB) spin
degeneracy."" For the former, the spin splitting is on the order of
hundreds of meV, spectrally separating two distinct excitonic
channels generated from the higher and lower VB, termed the
A- and B-excitons, respectively.'> Compared with its VB counterpart,
the CB splitting is considerably smaller- on the scale of a few
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Fig. 1 Photoluminescence selection of A,- and By-exciton in monolayer MoS, induced by in- and out-of-plane excitation. (a) — Electronic band
structure of monolayer MoS; at the K valley. Bands color code represents the spin degree of freedom. The colored (dashed) arrows represent bright (dark)
exciton transitions, respectively. (b) Schematic illustration of the A,- and By-exciton wavelength multiplexing in monolayer MoS, on Si/SiO, substrate.
The method is based on tuning the out-of-plane component of the exciting electric field to select exciton channel. (c) In-plane excitation (marked by
dashed line Ap) followed by emission from the A,-excitonic channel marked by the red arrow. On the left, an illustration of an in-plane dipole transition
(Ap-) with its radiation profile excited by in plane polarized field. (d) Photoluminescence spectra of MoS, excited by mostly in-plane polarized light
showing a predominant emission of the A,-excitonic channel marked by 1;. (e) Out-of-plane excitation (marked by the dashed line Ay) followed by By,-
excitonic channel marked by the orange arrow. On the left an illustration of an out-of-plane dipole (A4-) transition with its radiation profile excited by an
out-of-plane polarized field. (f) Photoluminescence spectra of MoS, excited through dark exciton results in the predominant emission of the By, excitonic
channel marked as 4.

meV.'>"* While small, this splitting governs the optical selec- selection rules as extensively discussed before for this class of
tion rules, separating the excitonic transition into distinct materials.*®*®
bright and dark channels with orthogonal transition dipole Bright excitons correspond to optically-allowed electron-hole

orientations.'®'® Thus, the associated excitonic transitions can transitions with the same spin orientation. These transitions
be classified as either optically bright Ay-, By- or optically dark strongly couple to light via in-plane (x-y direction) dipoles,"®
Ag-, Bg- excitons (Fig. 1a). Note that the brightness of these making the Ay, B,-channels the dominant features in conven-
states is also determined by symmetry and momentum tional photoluminescence (PL) spectrum. Interestingly, the main
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PL emission channel in TMDs arises from the A,-exciton,>*° where
to date, limited increase of the By-exciton emission signal was
realized by several factors such as pump intensity,”" substrate,*
sample quality,® and bright-to-bright exciton mixing** (see ESIt
note 1). Nonetheless, an all-optical way enabling strong modulation
between the two bright excitonic channels can pave the way for
exciting tunable multi-wavelength devices.

The two low-lying and spin-split dark excitons, Ag- and By, are
commonly considered optically forbidden due to the implied
violation of the spin selection rule. However, while the Bg-, is
noncontroversial strictly dipole forbidden,"**” recent group theory
analysis suggests that the restriction upon Ag4- can be dismantled
by considering out-of-plane dipole transitions."*'®**” This dark
channel was experimentally demonstrated in various ways, such as
surface plasmons polaritons coupling®®*® and applied in-plane
magnetic fields mixing.*** Yet, due to the limited strength of its
out-of-plane (z-direction) dipoles, it does not yield significant PL at
room temperature in comparison with its bright counterparts.
Nevertheless, the existence of these dark excitonic states has an
acute implication on the material optical signature, arising from
the different ordering between the A4 and A~ excitons.**™® For
example, in different TMDs with chemical compound such as
Mo- (W-), the PL is quenched (enhanced) at elevated temperature
due to the thermal-population of the dark (bright) excitonic
state.*®*” Although the delicate thermal stabilization and the Ay,
Bp-exchange interaction has been studied in different TMDs, the
possible coupling between the Ag-channel to the By-excitonic
channel was not demonstrated.

In this work, we report a novel approach to manipulate the
bright excitonic channels in MoX,-based monolayers, exploit-
ing the excitation of the A4-state at room temperature. Through
control over the out-of-plane component of the excitation
electric field, one can select whether to uplift the excitonic
population of either the Ap- or the By-states, ultimately, encoding
the polarization information into the two bright spectral channels
(Fig. 1b). Particularly, substantial out-of-plane excitation is used to
generate Ag-excitons (Fig. 1e), followed by a surprisingly strong By,-
emission (Fig. 1f) mediated by an ascribed excitonic exchange
interaction. In contrast, purely in-plane dipole excitation
populates mostly the A,-excitonic state (Fig. 1c), resulting in its
predominant emission (Fig. 1d). By combining the robust optical
excitation, thermal role and inherent excitonic exchange inter-
actions, we accomplish polarization information multiplexing
into the spectral A,- and By-excitonic channels. Finally, we deduce
by ab initio calculations and experimental observation exciton
mixing of high-energy A4- and low-lying By-states, explaining
the higher probability for their coupling in monolayer MoSe,
compared to WSe,, which enables (inhibits) the multiplexing
operation in Mo- (W-) based monolayer TMDs.

Results and discussion
Emergence of By-exciton mediated by dark excitonic transition

The dark excitonic transition depicts the selective excitation of
Ag-excitons through the application of out-of-plane polarization.

This journal is © The Royal Society of Chemistry 2022
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In monolayer MoX,, the formation of this dark exciton mediates
the recombination of the By-channel, which we theoretically
rationalize by an efficient intravalley exciton exchange interactions,
based on ab initio calculations of the electron-hole transitions,
within the GW and Bethe Salpeter equation (GW-BSE) approach
and as recently shown for bright A-B exciton coupling.”*
Realization of substantial electric field polarization in the
z-direction (propagation axis) can be achieved by employing a
high numerical aperture (NA) in a high-confocal microscope.
Here, the electrical field spatial distribution of the in- and out-of-
plane polarizations varies significantly along the propagation
axis (Fig. 3a and b), promoting a focal plane based selective
excitation of in- and out-of plane dipoles, generating bright and
dark excitons, respectively.’®*° To experimentally demonstrate
the principle of the mechanism, a CVD grown MoS, monolayer
was transferred onto a 300 nm SiO,/Si substrate. Continuously
excited by an off-resonance 532 nm linearly polarized laser, PL
measurements were carried using a high NA objective of 0.75 at
different focal planes in a confocal microscope. As a result, a
significant wavelength multiplexing of the measured PL spectra
(i.e. anti-correlated change in the magnitude of the two predo-
minant peaks at around 670 and 620 nm) involving the Ay- and
Bp-channels, was achieved by the continues change in the focal
plane (Fig. 2a). In comparison, for a low NA objective of 0.25,
where the electric field polarization in the z-direction is con-
siderably lower, the transition between the two excitonic states
was not observed (Fig. 2b). This implies that the multiplexing
occurs due to the alteration of selective excitation of the in- and
out-of plane dipoles.

To demonstrate the connection between the dark exciton
transition and the Byp-emission, we calculated the spatial dis-
tribution of the electric field by numerically solving the Debye-
Wolf integral for a linearly x-polarized Gaussian beam.*® The
electric field amplitude components of |E,| and |E,| for NA of
0.75 are depicted in Fig. 3a and b respectively, showing a ratio
of 3:1 for the max amplitude of |E,|:|E,| at the focal point.
For comparison, the same simulation was performed for NA of
0.25 (Fig. 3c and d), exhibiting a significantly higher ratio of
10:1 between the electric fields of |E,| and |E,|. The relation
between the integrated z-field intensity I, of an area of 24
around the optical axis and the By-exciton emission (integrated
fitted Gaussian By-exciton PL peak, normalized to the integrated
maximum of the set) at different focal planes are presented in
Fig. 3e. A clear correlation between the out-of-plane electric field
polarization and the By-exciton emission is demonstrated, where
the maximum signal of the By-exciton is achieved at the
focal plane.

Considering that the dark transition prompts the population
of the Ag-excitonic state, the relation to the observed B-emission
feature can be explained by several excitonic interaction routs,
which occur on a faster timescale than the Ag-lifetime,*® such as
intravalley excitonic exchange,” intervalley momentum-
forbidden excitonic interaction®® and the formation of charged
excitons.**™* The latter, however, can be excluded due to the
lack of alteration in the B-signal under gate bias (see ESI note
2); while an interplay between the neutral and charged excitons
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Fig. 2 In-plane and out-of-plane PL dependent excitation. (a) Measured PL spectra of MoS; for different focal planes, taken with high NA (0.75) objective
showing a clear transition between A,- and B,-emission as function of the focal plane position. (b) Measured PL spectra of MoS, for different focal planes,
taken with a low NA (0.25) objective showing no excitonic transition. (c) Schematic illustration of the experimental setup, the objective is moved to
different focal planes (dashed red line), where the z-axis origin is determined to be at the focal plane overlapping with the MoS, monolayer.
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Fig. 3 PL dependence on In-plane and out-of-plane excitation. (a and b) Calculated electric field in the xz-plane of a propagating Gaussian beam for a
high NA of 0.75 objective. The max amplitude ratio received for |E,|:|E,| is approximately 3:1 indicating that a significant contribution to out-of-plane
dipole excitation is feasible. The white lines indicate the spatial amplitude distribution at different focal planes. (c and d) Similar calculated electric fields
for a low NA of 0.25 objective. Here, we find a considerably lower ratio between the |E,|:|E,| of around 10:1. (e) Correlation between the integrated
z-field intensity [, for an area of 24 around the optical axis and the By,-excitonic contribution (integrated Gaussian signal) from the general spectrum. Both
I, and the By-contribution were normalized to the set value at z = 0. We note that the B,-contribution set was slightly shifted by 0.17 (um) to have better
overlapping with the field intensity.

can be observed for the A-exciton regime. Additionally, the
population of the Ay,- seems to increase by the application of
positive voltage with no apparent change of the B-emission,
indicating a less effective bright-to-bright intravalley excitonic
exchange.”®** While intervalley interaction has been shown to be
prudent in the optical behavior of monolayer TMDs, it is mostly
emphasized in the context of the By-bleaching.**** Thus, we

1092 | Mater. Horiz., 2022, 9,1089-1098

connect the increase of the B-emission feature to the By-exciton
via an unexplored dark mediated excitonic transition, as will be
shown below.

As aforementioned, out-of-plane excitation promotes the exci-
tonic population of the higher energetic dark state in monolayer
MoS,, which is followed by the strong By-excitonic emission.
Nonetheless, such dark states can decay non-radiatively through
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intravalley scattering, leading to the bleaching of the By-excitonic
state and increase in Ay-emission.>******” Since the intravalley
scattering time 1,4 occurs on a faster time scale than the radiative
recombination Tpg < Tad, Tapy Teb, > thermal equilibrium has a
major role in determining the population distribution within the
excitonic levels. We therefore expect that at low (high) tempera-
tures, a strongly populated lower (higher) excitonic level, will
result in strong Ay- (By-) exciton emission. Evidently, strong Ay-
exciton emission was recently observed in monolayer MoSe, at
low temperatures, albeit excitation was induced by out-of-plane
polarization.>

Thermal dependent photoluminescence

To study the thermal dependency of the above excitonic multi-
plexing, we conducted PL measurements at temperatures range
of 125-298 K using a THMS600 cooling system (LinKam Ltd.)
and an objective with NA of 0.45 to account for the increased
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working distance. Fig. 4a and b present the PL measurements
at different focal planes for the two temperatures extrema i.e. at
298 K and at 125 K, showing a substantial reduction in the
Bp-excitonic emission channel at low temperature. We first
consider a simplified excitonic picture, which does not include
exchange interactions between the A and B transitions, where
both the A4- and By-excitonic energy levels lie above the Ap- and
Bg-levels, respectively; thus, thermal scattering may impose
higher populations of the By,- and Ag4-states, as schematically
demonstrated in Fig. 4c (see ESIt note 3). However, such
simplified explanation is not enough to understand the origin
of the modulation without an exchange-driven interaction, as
we further explore below, since thermal energy alone cannot
surpass the 150 meV energetic barrier between the excitonic
species (Fig. 4c). With that in mind, the ratio between the
Bp- and Ap-emission can be naively described by an Arrhenius
relation for the intravalley scattering between the A- and B-states.
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Fig. 4 Temperature dependent PL modulation. Measured normalized PL colormap of monolayer MoS, taken with a NA of 0.45 for different focal planes
at 298 K (a) and 125 K (b). The spectra were normalized for the maximum value of the measurement set at a given temperature. The thermal energy kgT is
marked on the bottom right in each spectrum. The B,-excitonic emission is observed at high temperatures, whereas at low temperatures the exciton
emission is quenched. (c) Schematic of intravalley non-mixed excitonic states in MoS,. Dashed lines represent dark transitions, band color represent
correlating CB band transition (upper CB-orange; lower CB- green). Here the Ko, depicts the excitonic mixing of the dark (Ag4)-to-bright (B,-) exchange.
(d and e) Relative PL integrated intensity between the A,- and By-excitonic emission for MoS, and MoSe,, respectively. The intensities are taken in a
natural logarithm as a function of (kgT)~* marked by the black squares. The results were fitted with the thermal scattering model presented in the text
marked by the red line with a slope of A >~ 15 and A =~ 20 (me V) for MoS, and MoSe,, respectively.
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Here, under an assumption that the Ag- emission is negligible
with respect to the intravalley scattering, the excitonic population
ratio can be represented as B/A oc exp(—A/kgT). Where A is the
thermal activation energy, kg is the Boltzmann constant and A and
B correspond to the population of the Ap- and By-excitonic
population, respectively. This relation corresponds to the linear
behavior between In(By/Ap) (integrated intensities of the By- and
Ap-emission) taken at z = 0 and 1/kgT (Fig. 4d). Indeed, the
extracted activation energy of ~15 meV is not sufficient to
explain direct transitions between the A and B exciton onset,
and demands a more complicated dynamical effects, as we
elaborate below.

To examine the generality of this phenomenon, similar
temperature dependent PL measurements were conducted for
monolayer MoSe, placed on a 300 nm SiO,/Si substrate (see
ESIt note 3). Similar multiplexing of the By,- and Ap-channels
was observed, while MoSe, presented larger B,/A, excitonic
emission ratio that can be attributed to its rapid valley
depolarization, stronger B,-momentum dipole transition® and
comparable stronger mixing rates.”* Additionally, the temperature
dependent PL spectra of MoSe, are in correspondence with the
Arrhenius relation of A ~ 20 me V (Fig. 4e). These results
demonstrate the importance of thermal energy for realizing
strong By-excitonic emission mediated by the dark exciton transi-
tion. The discrepancy between the observed thermal barrier of
~10-20 meV and the significantly larger energy difference
between the A4 and the B, energies (>100 meV) suggest that
the excited A4 excitons involve high energetic level states, i.e. X2,
corresponding to the broadband excitation in our setup (2.33 eV).
Such high energetic excitation is sufficient to directly populate A4

View Article Online
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excitons with high enough energy to mediate the strong B,
emission, as will be shown below. We also note that the similar
observed response for different MoX, monolayers suggests a
common mechanism that originates from their profound exciton
mixing, as we show in the next sections. It is also important to
note that similar trend in modulation of By/A;, exciton emission
ratio is expected due to chromatic aberration, which similarly
separates frequencies into different focal plains.>' Importantly,
the chromatic aberration in the spectral range of the A,- and By-
was found to be minor in our setup (see ESIT note 5).

We further compare between PL measurements of MoSe,
(Fig. 5a) and WSe, (Fig. 5b), both placed on a 300 nm SiO,/Si
substrate and measured with a NA of 0.75. Interestingly, a
significantly weaker multiplexing of the By,/A}, ratio is observed
for WSe, in comparison with MoSe,. These findings point to
exciton coupling mechanisms that depend in both the energy
and the coupling probabilities between the participating excitons,
as we discuss below.

Dark-to-bright exciton mixing in MoSe, and WSe,

To understand the mechanism dominating the observed dark-
to-bright exciton transitions, we analyze plausible exciton inter-
action mechanisms. First, we consider single-exciton state
coupling due to intravalley exchange interactions, as was recently
demonstrated in MoS,.>* We preformed many-body perturbation
theory calculations within the GW-BSE approximation, while
explicitly including spinor wavefunctions of the electron and
hole states. This method allows a close inspection of the various
electron-hole transitions contributing to the excitonic states in
the energy range of the explored A and B peaks. In particular, we
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Fig. 5 Excitonic mixing in TMDCs and PL excitonic modulation. (a and b) Room temperature PL spectra taken with a NA of 0.75 at different focal planes
for MoSe, and WSe,, respectively. The observed excitonic modulation is profound in MoSe,, while very small in WSe,. (c—f) Computed GW-BSE
absorption spectra and the respective contributing exciton transitions for MoS,, MoSe,, WS,, and WSe, monolayers, respectively. Different colors
represent the fraction of the normalized contributions from Ay-, Ag-, Bp-, Bg-transitions as defined in the text. Comparing between the examined
systems, MoS, and MoSe; (c and d) have significantly larger mixing between bright and dark transitions than WS, and WSe, (e and f), where hardly any
mixing occurs. In addition, while in the Mo-based monolayers the By-state appears close in energy and slightly below the second A excitation, in the
W-based systems they appear around higher A excitations, reducing the probability to be occupied by optically excited A states.
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study the exciton mixing level of the Ay, Aq4, By, and By states, for
MoS,, MoSe,, WS,, and WSe, (Fig. 5¢c-f). For MoS, and MoSe, we
find that A exciton states strongly mix dark and bright electron-
hole transitions, and slightly mix with B states, in good corre-
spondence with previous observations.”® Importantly, higher-
energy mixed (dark-bright) A exciton states are also found
slightly above the spin-split bright B peak in both systems (full
data of state mixing is given in the ESI{ note 6). Our results point
to possible decay channels which can eventually explain the
modulated B, emission. In this scenario, in both MoS, and
MoSe,, excited-state absorption can populate mixed Ay4- and Ap-
exciton states, which in turn couple to mixed B4- and By-states.
Such coupling is allowed due to intervalley exchange mixing, as
shown by Guo et al.>* and in our present calculations. In stark
contrast, the excitonic picture in WSe, and WS, reveals a very
different mixing nature: the computed low-energy A excitations
are well separated and do not mix dark and bright nature.
In addition, due to the large SOC energy split, the B}, exciton
energetically coincide with much higher excited A states, low-
ering the decay probability to the low-energy By-exciton.
Considering the relatively low effective thermal barrier that is
extracted from the temperature dependent PL measurements, it
is plausible that excited-state A excitons thermally couple to low-
lying B excitons via absorption or emission of phonons with
energies at the scale of ~10-60 meV before they optically decay.
Such relaxation mechanism can be associated with previously-
observed phonon-assisted dark exciton decay processes®*>>~>*
with exciton coupling allowed due to exchange mixing. A second
scenario, although less plausible, involves an upconversion
mechanism from the lowest, X; exciton state, partially domi-
nated by A4 transitions, to the higher X, exciton state, dominated
by By, transitions. Such exciton-exciton coupling must overcome
energy differences at the order of 150 meV in Mo-based mono-
layers, and 300 meV in the W-based ones. This channel may be
associated to a recently-suggested upconversion process between
bright A and B states in WSe,, observed in PLE measurements,
and related with non-linear processes such as phonon-assisted
Auger recombination.’® To explore this further, PL resonant
excitation measurements were carried out with monolayer
MoS, (ESIt Fig. S8). Here, under excitation of 633 nm at different
focal planes the B-excitonic signal was not observed, making the
upconversion process a less plausible exchange route compared
to the coherent exchange interaction in the 2s region. This
indicates the pivotal role of the exchange interaction and speci-
fically, the part of the dark-to-bright exchange channels, arising
from out-of-plane excited Aq4-related states for the amplification
of the By-signal. We thus attribute these bright-to-dark exchange
channels as the predominant mechanism for the multiplexing
action in MoX, TMDs monolayers. The computed exciton mixing
is much weaker for the case of WS,/WSe,, offering a possible
explanation for our experimental findings of reduced By/A,
transition probabilities (Fig. 5b). Finally, there are still several
key questions that one has to address in order to get a quanti-
tative understating regarding the quantum efficiency of such
dark to bright excitonic transition. In particular, the selective
high-energy excitonic absorption (dark and bright) as a function
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of light polarization (longitudinal vs. transverse) and their
correlation with the resulting PL emission.

Conclusions

In summary, we demonstrate a new approach for bright exci-
tons multiplexing of the A,- and By-excitonic channels in
monolayer TMDs at room temperature. As a proof of concept,
dark excitonic mediated transitions were realized by a confocal
microscope with high NA. Thus, selective excitation of high
energy Ag-excitons were observed at different focal planes,
mediating the emission of the By-exciton channel via dark-to-
bright exchange interactions. Furthermore, we establish the
important role of excitonic thermal scattering and excitonic
ordering. Finally, GW-BSE calculations were employed to unveil
profound exciton state mixing and coupling in MoX, compared
with WX,, which ultimately enables the multiplexing operation.
These findings shed light on the fundamental optical properties
of monolayer TMDs, while paving a novel route for TMDs based
photonic devices, e.g. spectral bits for optical computing, multi-
functional and tunable light sources and more.

Materials and methods

Sample preparation

MoS, and MoSe, monolayers were grown by a space confined
CVD approach, as previously reported.>>>° In a typical growth
process, MoOj3 (99.5%, Sigma Aldrich) and Sulfur (or Selenium)
powders (99.95%, Sigma Aldrich) were used as the metal and the
chalcogen precursors, respectively. A ceramic boat containing
(~3.5 mg) of MoO; powder was placed at the center of a 1-inch
diameter CVD furnace. A piece of 300 nm thermally grown SiO,
coated Si substrate was mounted on top of the same boat with its
polished surface facing upwards. Few small pieces of mica
sheets were cut and placed above the target substrate. The Sulfur
(or Se, ~350 mg) boat was placed ~22 cm upstream from the
MoO; source-growth substrate. The quartz tube was initially
purged with ~ 250 sccm of highly pure Ar (5N) carrier gas for
10 minutes. Thereafter, the furnace temperature was ramped to
750 °C at 15 °C per minute with 30 sccm of Ar flow and the
calchogen was separately heated to 150 °C or 240 °C, for S and Se,
respectively. The growth time was kept for 5-10 minutes at
750 °C. MoS, and MoSe, samples were then wet-transfer to the
SiO,/Si substrate: The TMDs monolayers where spin coated with
0.5 wt% polystyrene (PS) for 60 seconds at 4000 rpm, followed
with two baking steps at 90 °C for 35 minutes and 120 °C for
15 minutes. The samples were then placed in DI for 5 minutes
until the PS-TMDs film was malleable enough to peel from the
substrate. The film was taken out with the Si/SiO, substrate and
baked with the same previous conditions. Finally, toluene was
used to dissolve the PS film. The highly crystalline grown CVD
WSe, sample was commercially acquired (2D semiconductors)
and was mechanically transferred to a SiO,/Si substrate.
Optical measurements. PL measurements were conducted
using a WITec alpha 300R confocal Raman microscopy system;
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with excitation power intensity of 0.5 mW from a single fiber
mode 532 nm linear polarized laser. The PL was acquired using
a 600 ¢ mm ' grating. Measurements at different focal planes
were conducted by moving the objective position in z-axis. The
objectives used in the experiment include: 10x/0.25, 50x/0.75 by
Zeiss and 50x/0.45 by Olympus. Thermal measurements were
conducted using a LinKam THMS600 temperature-controlled
chamber. For convenience, the experimental zero position of
the focal plane is set according to the strongest received By-
exciton signal (Fig. 2c).

Theoretical calculations

We obtain the starting point electron and hole wavefunctions
from density functional theory (DFT)*” calculations within the
PBE approximation,®® using the Quantum Espresso package.”
We use a 2D periodic unit cell with lattice vectors of 3.29 A for
MoSe, and WSe, and 3.16 A for MoS, and WS,, with a 15 A
distance between repeating unit cells in the out-of-plane
direction. We apply a plane-wave basis and norm-conserving
pseudopotentials. A 30 x 30 x 1 k-point grid was used to calculate
the self-consistent charge density with a 70 Ry wave function
cutoff. Spin polarization was included using fully-relativistic
corrections. We compute the quasiparticle band structure using
the GW method within the BerkeleyGW software®® using the
Hybertsen-Louie generalized plasmon-pole (HL-GPP) model.®*°"
We used a screening energy cutoff of 25 Ry for the reciprocal
lattice components of the dielectric matrix and included 4000
spinor bands in the summation. We employed the nonuniform
neck subsampling (NNS) scheme®” to sample the Brillouin zone.
In this scheme, we use a 6 x 6 x 1 uniform g-grid and include an
additional set of 10 g-points in the Voronoi cell around g = 0.
A truncated Coulomb interaction was used to prevent spurious
interactions between periodic images of the 2D sheet.%> We solve
the Bethe Salpeter equation (BSE) for the spinor electron and hole
wavefunctions within the Tamm-Dancoff approximation (TDA),
as implemented in the BerkeleyGW code.®”®" The BSE matrix
elements were calculated on a uniform 24 x 24 x 1 k-grid and
then interpolated to a 48 x 48 x 1 fine k-grid, with 6 empty and 6
occupied bands included in the transition matrix.
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The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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