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rface dielectric disorder on
interlayer excitons in mixed binary/ternary TMD
heterostructures†

Mohammed Adel Aly, ‡ab Emmanuel Oghenevo Enakerakpor,a Hilary Masenda ac

and Martin Koch*a

In this paper, we study the excitonic linewidths and peak energies in two transition metal dichalcogenide

heterostructures of Mo0.5W0.5Se2 and its binary counterparts, MoSe2 and WSe2. We observe spectra

composed of several individual excitonic transitions in temperature-dependent photoluminescence

measurements. Among these are transitions of neutral excitons and trions from the binary layers and the

interlayer excitons from the heterostructures. The luminescence linewidth of the interlayer excitons is

significantly broader than the linewidths of the excitonic transitions from the binary layers. We attribute

this additional line broadening to dielectric disorder caused by spatial inhomogeneity at the interface.
1 Introduction

Transition metal dichalcogenides (TMDs) as a class of materials
have received much attention in recent years, especially in the
form of monolayer thin lms.1–9 Proposed devices based on
TMDs include circuits with gate controllable exciton transport,
vertical eld-effect transistors, infrared photodetectors, and
spin-ltering devices.10–12 Recently, a large-scale integrated
vector–matrix multiplication processor based on monolayer
molybdenum disulde memories was demonstrated.13

Typical representatives of this class of materials are Group
VIB TMDs. They are indirect bandgap semiconductors in their
bulk form, but become direct bandgap semiconductors when
the lm thickness drops to a monolayer.1,14 Of central impor-
tance in these materials are excitons. In TMDs, these bound
electron–hole pairs have much higher binding energies than
their counterparts in III–V semiconductors; a material class
which has been used technologically for a long time.15–19 Studies
on TMDs show that binding energy values for neutral excitons
can vary widely from 320 to 720 meV,3,20–31 inuenced by the
surrounding dielectric environment. In contrast, GaAs and GaN
quantum wells exhibit much lower binding energies for neutral
excitons, typically between 6 and 30 meV.32–35 This difference
s Center, Philipps-Universität Marburg,

martin.koch@physik.uni-marburg.de;

in Shams University, 11566 Cairo, Egypt

rsrand, 2050 Johannesburg, South Africa.

tion (ESI) available. See DOI:

Center for Nanotechnology, University

the Royal Society of Chemistry
highlights the unique electronic and optical properties of TMDs
compared to III–V semiconductors. Due to the high binding
energy, excitons in TMDs are still present at room temperature.
Therefore, the Coulomb interaction must always be considered
in the design of future TMD-based devices.

In theory, crystalline materials can be considered perfect, i.e.
they can be perfectly ordered within their crystalline structure
in a completely uniform dielectric environment. In reality,
however, disorder plays a crucial role. In the case of TMDs,
a monolayer can be largely perfect, i.e. have only a few lattice
defects. However, the substrate and, hence, the dielectric envi-
ronment can have unevenness and impurities. This type of
disorder has already been reported for TMDs and is called
dielectric disorder.36

Binary TMDs are the most extensively studied. Yet, of course,
their alloys are also possible in the form of ternary or quaternary
compounds with element mixing on either transition metal and
chalcogen or both, respectively. In this case, alloy disorder is
inevitable. This stems from the uneven random spatial distri-
bution of elemental species. In III–V semiconductors, the
impact of alloy disorder on the electronic and optical properties
has already been studied intensively.37–39 The disorder then
leads to the localization of electronic states as well as homo-
geneous and inhomogeneous line broadening. Besides, the
magnitude of the Stokes shi depends on the energy scale of the
disorder potential.40 Also, for TMDmonolayers, the inuence of
alloy disorder on the excitonic properties has been studied.41

Almost all electronic and optoelectronic components are
made up of several materials. Hence, they contain interfaces,
which are pivotal in determining device performance. They
inuence charge carrier dynamics, energy band alignment,
recombination processes, and quantum effects. Electrons or
holes must pass across an interface when transferring between
Nanoscale Adv., 2025, 7, 5337–5345 | 5337
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materials. For the operation of some devices like solar cells, the
optically generated electrons and holes must be separated from
each other, i.e. directed to move in different directions. A band
structure alignment in which this occurs is called the type II
structure.42–44 Aer charge separation, electrons and holes in
two different materials still feel the Coulomb attraction to each
other and form so-called charge-transfer states, and, if the
temperature is low enough, they form charge transfer excitons
(CTX); commonly referred to as interlayer excitons (ILX) in low-
dimensional heterostructures. Only in extreme cases can ILX be
observed in an absorption spectrum,45,46 usually they are
observed only in the luminescence spectrum.31,47,48

The question now is how alloy disorder affects the optical
properties of these ILX in a mixed binary/ternary TMD hetero-
structure? What would we expect? In a binary semiconductor,
thus also in a binary TMD monolayer, the optical band-to-band
transition is not innitely sharp but spectrally broadened. On
the one hand, there is a homogeneous line broadening related
to the so-called dephasing time.49,50 This homogeneous line
broadening increases with temperature as the dephasing time
decreases due to carrier–phonon scattering. Secondly, one has
an inhomogeneous broadening due to material defects or
dielectric disorder resulting from inhomogeneity of the
substrate or an inhomogeneous coupling of the 2D layer to the
substrate. Electronic states in the valence and conduction
bands oen follow a Gaussian distribution. Fig. 1 illustrates this
schematically. Starting the discussion with the le portion,
which shows the distribution of energy states in a binary 2D
material. Energy variations in the valence and conduction
bands are assumed to be connected. This means that if the
conduction band states decrease, the valence band states will
increase. The result is a distribution of transition energies
indicated by the yellowish gold/dark gray vertical arrows in
Fig. 1.
Fig. 1 Schematic illustration of optical possible transitions in
a Mo0.5W0.5Se2/MoSe2 heterostructure.

5338 | Nanoscale Adv., 2025, 7, 5337–5345
In this gure, the inuence of the Coulomb interaction,
which leads to excitonic states, is not yet considered. Recom-
bination will typically occur out of the 1s exciton, further
lowering the transition energies. Although disorder effects can
also cause somewhat spatially varying excitonic binding ener-
gies, the picture that there is a distribution of transition ener-
gies over the sample area remains correct.

In the case of a ternary material, one has the same situation,
but here the alloy disorder adds to the line broadening.51–57 This
is indicated by the somewhat broader Gaussian distributions in
the right part of Fig. 1. If a type II structure is present, as shown
in Fig. 1, electrons and/or holes will be transferred to the
neighbouring material layer. ILX are formed, which can
subsequently decay radiatively. The oblique violet arrows indi-
cate the recombination process that results from these states. In
our schematic, the ILX forms from electron states in the binary
material and hole states in the ternary material. However, the
energetic broadening of these states forming the ILX is
different. The energetic distributions of the resulting interlayer
excitonic transitions in a binary–ternary heterostructure should
be smaller than those of intralayer excitons in the ternary
monolayer, where excitons form from two energetically broad
electronic distributions due to the presence of compositional
disorder. However, these interlayer energetic distributions will
be broader than intralayer excitonic transitions in the binary
monolayer, where the additional broadening of the electron and
hole states is negligible. This stems from the absence of alloy
disorder, which is present in the ternary system. Therefore, the
broadening of the excitonic transition in the binary–ternary
interlayer system will be less than that of intralayer excitonic
transitions in the ternary monolayer but higher than that of
intralayer excitonic transitions in the binary monolayer. In
other words, the inhomogeneous linewidth ILX in a hetero-
structure of TMD monolayers, where one monolayer contains
a ternary material, should be in between the inhomogeneous
linewidth of the binary material and that of the ternary material.

In this paper, we investigate if this expectation can be
conrmed experimentally. Studies on binary–ternary hetero-
bilayers from Mo0.5W0.5Se2 and its binary counterparts, MoSe2
and WSe2 were undertaken. The samples were fabricated by
micro-mechanical exfoliation followed by a dry transfer and
stacking technique. We perform temperature-dependent pho-
toluminescence (PL) measurements on these structures. It is
found that the PL linewidth of the ILX is signicantly larger
than that of the excitons present in only the binary or only the
ternary material layers. This is in contrast to our expectations.

2 Experimental details
2.1 Sample fabrication

The studied transition metal dichalcogenides (TMDs) hetero-
structures based on Mo0.5W0.5Se2/MoSe2 and Mo0.5W0.5Se2/
WSe2 were fabricated through micro-mechanical exfoliation of
commercially available bulk crystals. MoSe2 was obtained from,
HQ Graphene (The Netherlands), while WSe2 and Mo0.5W0.5Se2
were obtained from 2D Semiconductors Inc (USA). The exfoli-
ated akes were transferred onto a polydimethylsiloxane
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Microscope image of the Mo0.5W0.5Se2/MoSe2 hetero-
structure under white light illumination (b) PL measurement on the
Mo0.5W0.5Se2/MoSe2 sample collected from the HS spot at 10 K. (c)
Microscope image of the Mo0.5W0.5Se2/WSe2 sample. (d) PL
measurement on the Mo0.5W0.5Se2/WSe2 sample collected from the
HS spot at 10 K.
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(PDMS) gel placed on a glass slide for monolayer identication.
We distinguished monolayers (MLs) from akes of different
thicknesses by their optical contrast. To ensure an atomically
clean surface and homogenous dielectric environment for our
heterostructure system, a few layers of hBN were transferred
onto the target substrate (SiO2/Si). The identied TMDs
monolayers were transferred on top of hBN akes of several
layers using the viscoelastic stamping technique. Subsequently,
the PDMS was slightly lied, leaving the MLs attached to the
hBN ake. Laturia et al.58 found that 4–5 layers of hBN are
usually sufficient for the dielectric constant to saturate in the
out-of-plane direction. Thus, adding more layers beyond this
does not signicantly change the dielectric constant, as the
properties start to resemble those of bulk hBN. Fig. 2(b) and (d)
show a schematic representation of the prepared Mo0.5W0.5Se2/
MoSe2 and Mo0.5W0.5Se2/WSe2 van der Waals heterostructures
(vdW HSs), while Fig. 3(a) and (c) present the corresponding
optical microscope images. During the fabrication and stacking
of the monolayers, adsorbents and residuals may present at the
interface between layers, potentially affecting the excitonic
properties. To resolve this issue, a multi-stage sequential
vacuum thermal annealing process was employed to minimise
residuals and adsorbents. The as prepared samples were
annealed under vacuum (∼10−6 mbar) at 150° for 4 hours. An
additional annealing step at 300° for 4 hours was implemented
to enhance the interlayer coupling between layers.
2.2 Optical characterization

Micro-photoluminescence (m-PL) spectroscopy measurements
were conducted using a home-built confocal microscope setup
Fig. 2 Schematic representation of estimated band alignment in
binary–ternary heterostructures and structure of the fabricated het-
erostructure systems. Mo0.5W0.5Se2/MoSe2 is shown in (a and b) and
Mo0.5W0.5Se2/WSe2 is shown in (c and d).

© 2025 The Author(s). Published by the Royal Society of Chemistry
equipped with a nitrogen-cooled charge-coupled device (CCD)
Si camera attached to the imaging monochromator (Princeton
Instruments Acton SP2300). Additional details regarding the
optical setup can be found in the ESI.† A frequency-doubled
Nd–YAG continuous wave laser operating at 532 nm was
employed as the optical excitation source. A set of mirrors
directed the laser beam through a 70 : 30 beam splitter before
being focused by a 40× microscope objective (NA = 0.6) into
a tight Gaussian spot with a radius of approximately 2.5 mm.
Furthermore, the laser power was xed at 360 mW to prevent
nonlinear processes such as exciton–exciton annihilation. The
same microscope objective collected the emitted PL signal and
directed it to the detection path. A 550 nm long-pass lter was
placed in the detection path to lter out the laser from the PL
signal. Furthermore, a CMOS camera and a ip mirror were
incorporated into the detection path for optical control and
imaging of the monolayers. For temperature-dependent
measurements, the samples were mounted in liquid-helium
ow microscopy cryostat (CryoVac) to control the temperature
within the range from 10 to 300 K. To ensure seamless
measurements, the microscope objective correction collar was
set to a value of 1.5 mm to minimise aberrations caused by the
cryostat's thick glass window (1.5 mm).
3 Results and discussion

An understanding of band offsets is crucial in the design of
heterostructures employed in semiconductor devices. Band
offsets inuence the ow of charge carriers and are a key design
parameter when selecting semiconductingmaterials for specic
Nanoscale Adv., 2025, 7, 5337–5345 | 5339
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Fig. 4 Photoluminescence of the (a) Mo0.5W0.5Se2/MoSe2 hetero-
structure as function of temperature. (b) Zoom of the spectral emis-
sion form the Mo0.5W0.5Se2/MoSe2 heterostructure in the ILX region.
(c) Mo0.5W0.5Se2/WSe2 heterostructure. (d) Zoom of the spectral
emission form the in Mo0.5W0.5Se2/WSe2 heterostructure in the ILX
region.
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applications. Fig. 2 shows the energy level diagram and the
structure of the two heterostructures studied. The energy level
positions were adopted from Zhou et al.59 The upper part
displays the situation for Mo0.5W0.5Se2/MoSe2. In this case,
electrons are expected to be transferred from the ternary
material into the binary material aer optical excitation. In the
lower part the situation for Mo0.5W0.5Se2/WSe2 is shown. In this
case, the electrons will tunnel from the binary to the ternary
material.

Microscope images of the two heterostructures produced are
shown in Fig. 3(a) and (c). In Fig. 3(a) the MoSe2 and the
Mo0.5W0.5Se2 monolayers are each outlined with dashed lines.
The region of the Mo0.5W0.5Se2/MoSe2 heterostructure can be
seen approximately centered in this image. Similarly, the
Mo0.5W0.5Se2/WSe2 heterostructure can be seen slightly to the
le of the center in Fig. 3(c). Fig. 3(b) and (d) show the low-
temperature photoluminescence spectra of the two hetero-
structures. In both cases, a rich excitonic spectrum is observed.
Detailed data analysis and the assignment of individual peaks
to specic excitonic transitions are discussed in.60 Our assign-
ment is consistent with other studies.61–67 The spectrum can be
well described by a superposition of several excitonic peaks. The
line shape assumed to t the individual transitions is a Lorentz
shape; following the approach from several reports68–73 in liter-
ature. Yet, with this approach, it is possible to determine the
energetic position and spectral width of the individual excitonic
transitions.

The luminescence signatures shi spectrally and experience
a line broadening with increasing temperature. This is shown in
Fig. 4(a) and (c) for the Mo0.5W0.5Se2/MoSe2 and Mo0.5W0.5Se2/
WSe2 structure, respectively. Correspondingly, Fig. 4(b) and (d)
show an enlarged view of the areas in which the luminescence
of the interlayer exciton (ILX) is observed. The ts of the spec-
trum can be used to reveal changes in the energetic positions
and linewidths of the individual excitonic peaks. The obtained
values are plotted in Fig. 5 and 6. Fig. 5 shows in the upper part
the energetic positions of the neutral exciton and the trion in
the two 2D layers (MoSe2 and Mo0.5W0.5Se2). In addition, the
energetic positions of the ILX, which is formed by charge
carriers in both layers, is shown on the right. The corresponding
linewidths of these excitonic transitions are shown in the lower
part of the gure.

First, we discuss the shiing of the excitonic transition
energies. The symbols represent the values obtained from the
experimental data using the ts. The solid lines shown in Fig. 5
and 6 are based on Varshni74 and Rudin–Reinecke75 tting
functions for temperature-dependant PL peak position and
linewidth respectively. A redshi with increasing temperature is
observed for all excitonic transitions. This is the known
behaviour, which can be explained by the Varshni function.74

In the case of the exciton in the ternary Mo0.5W0.5Se2, a clear
“S-shape”57,76–82 is observed in the dependence of its energetic
position on temperature. We attribute this effect primarily to
alloy disorder. This observation is consistent with previous
studies on 2D ternary materials.41 Also the ILX shows a clear “S-
shape”; a sign of the presence of a pronounced disorder. Of
interest, however, are the values determined for the associated
5340 | Nanoscale Adv., 2025, 7, 5337–5345
linewidths. The line width of all excitonic transitions increases
with temperature. This behaviour is also known and expected
and can be described within the framework of Rudin and
Reinecke model.75 More details about analysis, employed
models and extracted tting parameters can be found in the
ESI.†

The linewidth of the neutral exciton in the binary material is
in the range of 5 meV for low temperatures, i.e. it is relatively
small. The linewidth increases signicantly with temperature to
a value of over 40 meV at room temperature. The values of the
trionic transitions are slightly higher. In the ternary material,
the linewidths of neutral excitons are signicantly larger and
amount to about 17 meV at low temperatures. We attribute this
larger value compared to the binary material to alloy disorder.

It is interesting to note that the linewidth of the ILX is not
between these two values, as we expected based on our initial
considerations. Still, the linewidth of the ILX is considerably
larger. At low temperatures, a value of 42 meV is determined. As
the temperature increases, this value rises to above 100 meV.
The same behaviour is observed for the second sample con-
sisting of Mo0.5W0.5Se2 and WSe2. The corresponding data are
shown in Fig. 6. For excitons and trions in the binary layer we do
not observe an S-shape, but the excitons and trions in the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Photoluminescence peak position and linewidth as a function of temperature for the Mo0.5W0.5Se2/MoSe2 heterostructure. (a)
Temperature-dependent MoSe2 PL peak energy of the exciton (red squares) and the trion (blue triangles). (b) Temperature-dependent
Mo0.5W0.5Se2 PL peak energy of the exciton (red squares) and the trion (blue triangles). (c) Temperature-dependent PL peak energy of the
interlayer exciton (violet squares). The solid lines represent the fits using the Varshni model. (d) Temperature-dependent MoSe2 linewidth of the
exciton (red squares) and the trion (blue triangles). (e) Temperature-dependent Mo0.5W0.5Se2 linewidth of the exciton (red squares) and the trion
(blue triangles). (f) Temperature-dependent interlayer exciton linewidth (violet squares). The solid lines represent the fits using the Rudin model.
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ternary layer and the ILX show a hint of an S-shape. Again, the
linewidth of the excitons and trions in the binary layer is the
smallest while the ILX has the highest linewidth. The effect
observed is therefore the same.

It is worth noting that very similar results were obtained by
Nagler and coworkers on binary heterostructures of MoSe2 and
WSe2 monolayers.82 Nagler et al. also found an S-shape in the
energetic position of the ILX in temperature-dependent lumi-
nescence measurements. They, too, attributed this feature to
disorder resulting from contaminations and inhomogeneities
at the sample interfaces. They also reported linewidth values for
excitons in the two binary layers and for the ILX. The low-
temperature linewidth of the ILX was signicantly larger than
that of the excitons in the two binary layers, which agrees with
our ndings. Hence, the paper by Nagler et al. fully supports our
conclusion.

Moreover, comparing Fig. 5b, c, 6b and c reveals that the S-
shape is more pronounced in the WSe2-based heterostructure
than in the MoSe2-based system. The effect of alloy disorder is
the same for both structures since Mo0.5W0.5Se2 is the common
monolayer. An energy scale of∼2 meV is expected for x= 0.5, as
reported by Baranovskii et al.83 Thus, the more prominent S-
shape effect in the WSe2-based heterostructure can be
© 2025 The Author(s). Published by the Royal Society of Chemistry
attributed to more signicant spatial interfacial inhomogeneity
than the MoSe2 system. This results in a substantial additional
contribution to the energy scale of the disorder potential.

The additional line broadening of the ILX observed here
compared to the excitons in the 2D layers can only be caused by
a dielectric disorder associated with the interface. The
connection between the two layers of material is obviously not
homogeneous, but exhibits inhomogeneities, e.g. small gaps or
tiny impurities that have arisen during the sample production
process. These ndings show that the production of TMD het-
erostructures requires very clean work in order to minimise the
disorder caused by the interface between the TMD monolayers.
However, it is doubtful that this disorder can be completely
avoided in TMD heterostructures produced by exfoliation.
4 Conclusions

In conclusion, we have performed temperature-dependent
photoluminescence measurements on two binary–ternary het-
erolayers. The samples are composed of Mo0.5W0.5Se2 mono-
layers and monolayers of their binary counterparts, MoSe2 and
WSe2. We can show that in both samples the PL linewidth of the
ILX is signicantly larger than that of the excitons existing only
Nanoscale Adv., 2025, 7, 5337–5345 | 5341
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Fig. 6 Photoluminescence peak position and linewidth as a function of temperature for the Mo0.5W0.5Se2/WSe2 heterostructure. (a) Temper-
ature-dependent WSe2 PL peak energy of the exciton (red squares) and the trion (blue triangles). (b) Temperature-dependent Mo0.5W0.5Se2 PL
peak energy of the exciton (red squares) and the trion (blue triangles). (c) Temperature-dependent PL peak energy of the interlayer exciton (violet
squares). The solid lines represent the fits using the Varshni model. (d) Temperature-dependent WSe2 linewidth of the exciton (red squares) and
the trion (blue triangles). (e) Temperature-dependent Mo0.5W0.5Se2 linewidth of the exciton (red squares) and the trion (blue triangles). (f)
Temperature-dependent interlayer exciton linewidth (violet squares). The solid lines represent the fits using the Rudin model.
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in the binary or only in the ternary material layers. This is in
contrast to what one would generally expect. This leads us to the
conclusion that additional disorder is present here. We attri-
bute this line broadening to dielectric disorder caused by
spatial inhomogeneity in the interface. Of course, it may be that
encapsulating the heterostructure with hBN or producing the
structure in a cleaner environment under an inert atmosphere
can reduce these disorder effects, perhaps even signicantly.
However, no real sample will be completely free of disorder, so
this effect will always be present, albeit reduced, even with
a modied fabrication procedure. Thus, an understanding and
a precise control of the interface quality and engineering at the
nanoscale is vital to achieve high performance devices.
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J. Kern, J. A. Preuß, R. Schneider, S. M. de Vasconcellos,
R. Bratschitsch and E. Malic, Nat. Commun., 2021, 12, 7221.

6 C. Qian, V. Villafañe, P. Soubelet, A. Hötger, T. Taniguchi,
K. Watanabe, N. P. Wilson, A. V. Stier, A. W. Holleitner and
J. J. Finley, Phys. Rev. Lett., 2022, 128, 237403.

7 F. Shao, S. Y. Woo, N. Wu, R. Schneider, A. J. Mayne, S. M. de
Vasconcellos, A. Arora, B. J. Carey, J. A. Preuß, N. Bonnet,
M. Och, C. Mattevi, K. Watanabe, T. Taniguchi, Z. Niu,
R. Bratschitsch and L. H. G. Tizei, Phys. Rev. Mater., 2022,
6, 074005.

8 K. Wagner, Z. A. Iakovlev, J. D. Ziegler, M. Cuccu,
T. Taniguchi, K. Watanabe, M. M. Glazov and
A. Chernikov, Nano Lett., 2023, 23, 4708–4715.

9 R. Rosati, I. Paradisanos, L. Huang, Z. Gan, A. George,
K. Watanabe, T. Taniguchi, L. Lombez, P. Renucci,
A. Turchanin, B. Urbaszek and E. Malic, Nat. Commun.,
2023, 14, 2438.

10 D. Unuchek, A. Ciarrocchi, A. Avsar, K. Watanabe,
T. Taniguchi and A. Kis, Nature, 2018, 560, 340–344.

11 Z. Sun, A. Ciarrocchi, F. Tagarelli, J. F. Gonzalez Marin,
K. Watanabe, T. Taniguchi and A. Kis, Nat. Photonics, 2021,
16, 79–85.

12 S.-J. Liang, B. Cheng, X. Cui and F. Miao, Adv. Mater., 2020,
32, 1903800.

13 G. Migliato Marega, H. G. Ji, Z. Wang, G. Pasquale,
M. Tripathi, A. Radenovic and A. Kis, Nat. Electron., 2023,
6, 991–998.

14 A. Splendiani, L. Sun, Y. Zhang, T. Li, J. Kim, C.-Y. Chim,
G. Galli and F. Wang, Nano Lett., 2010, 10, 1271–1275.

15 J. Bowers, P. Morton, A. Mar and S. Corzine, IEEE J. Quantum
Electron., 1989, 25, 1426–1439.

16 L. A. Coldren, G. A. Fish, Y. Akulova, J. S. Barton,
L. Johansson and C. W. Coldren, J. Lightwave Technol.,
2004, 22, 193.

17 G. Agrawal and N. Dutta, Semiconductor Lasers, Springer, US,
2013.

18 M. A. Gaafar, A. Rahimi-Iman, K. A. Fedorova, W. Stolz,
E. U. Rafailov and M. Koch, Adv. Opt. Photon, 2016, 8, 370–
400.

19 R. B. Kohlhaas, A. Rehn, S. Nellen, M. Koch, M. Schell,
R. J. B. Dietz and J. C. Balzer, Opt. Express, 2017, 25,
12851–12859.
© 2025 The Author(s). Published by the Royal Society of Chemistry
20 J. Feng, X. Qian, C. W. Huang and J. Li, Nat. Photonics, 2012,
6, 866–872.

21 K. Fai Mak, K. He, C. Lee, G. H. Lee, J. Hone, T. F. Heinz and
J. Shan, Nat. Mater., 2013, 12, 207–211.

22 M. M. Ugeda, A. J. Bradley, S. F. Shi, F. H. D. Jornada,
Y. Zhang, D. Y. Qiu, W. Ruan, S. K. Mo, Z. Hussain,
Z. X. Shen, F. Wang, S. G. Louie and M. F. Crommie, Nat.
Mater., 2014, 13, 1091–1095.

23 K. He, N. Kumar, L. Zhao, Z. Wang, K. F. Mak, H. Zhao and
J. Shan, Phys. Rev. Lett., 2014, 113, 026803.

24 Z. Ye, T. Cao, K. O'Brien, H. Zhu, X. Yin, Y. Wang, S. G. Louie
and X. Zhang, Nature, 2014, 513, 214–218.

25 A. R. Klots, A. K. M. Newaz, B. Wang, D. Prasai,
H. Krzyzanowska, D. Caudel, N. J. Ghimire, J. Lin,
D. Caudel, N. J. Ghimire, J. Yan, B. L. Ivanov,
K. A. Velizhanin, A. Burger, D. G. Mandrus, N. H. Tolk,
S. T. Pantelides and K. I. Bolotin, Sci. Rep., 2014, 4, 6608.

26 G. Plechinger, P. Nagler, J. Kraus, N. Paradiso, C. Strunk,
C. Schüller and T. Korn, Phys. Status Solidi RRL, 2015, 9,
457–461.

27 J. Huang, T. B. Hoang and M. H. Mikkelsen, Sci. Rep., 2016,
6, 1–7.

28 N. R. Wilson, P. V. Nguyen, K. Seyler, P. Rivera, A. J. Marsden,
Z. P. Laker, G. C. Constantinescu, V. Kandyba, A. Barinov,
N. D. Hine, X. Xu and D. H. Cobden, Sci. Adv., 2017, 3,
e1601832.

29 G. Wang, A. Chernikov, M. M. Glazov, T. F. Heinz, X. Marie,
T. Amand and B. Urbaszek, Rev. Mod. Phys., 2018, 90, 021001.

30 M. R. Molas, A. O. Slobodeniuk, K. Nogajewski, M. Bartos,
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