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Introduction

Solid state physics (or condensed matter physics) is one of the most active and versatile branches
of modern physics that have developed in the wake of the discovery of quantum mechanics. It
deals with problems concerning the properties of materials and, more generally, systems with
many degrees of freedom, ranging from fundamental questions to technological applications. This
richness of topics has turned solid state physics into the largest subfield of physics; furthermore,
it has arguably contributed most to technological development in industrialized countries.

Figure 1: Atom cores and the surrounding electrons.

Condensed matter (solid bodies) consists of atomic nuclei (ions), usually arranged in a regular
(elastic) lattice, and of electrons (see Figure 1). As the macroscopic behavior of a solid is
determined by the dynamics of these constituents, the description of the system requires the use
of quantum mechanics. Thus, we introduce the Hamiltonian describing nuclei and electrons,

bH = bHe + bHn + bHn�e, (1)
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where bHe ( bHn) describes the dynamics of the electrons (nuclei) and their mutual interaction and
bHn�e includes the interaction between ions and electrons. The parameters appearing are

m free electron mass 9.1094 ⇥ 10�31kg
e elementary charge 1.6022 ⇥ 10�19As
Mj mass of j-th nucleus ⇠ 103 � 104⇥m
Zj atomic (charge) number of j-th nucleus

The characteristic scales known from atomic and molecular systems are
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processing. For instance, according to inducing light emission from dark excitons 
in monolayer WSe2, it is possible to selectively control spin and valley, making dark 
excitons possible to encode and transport information on a chip [28, 29].

Because of the significant Coulomb interactions in 2D materials, exciton can 
capture an additional charge to form charged exciton known as trion, a localized 
excitation consisting of three charged quasiparticles (Figure 2(c)). Compared to 
exciton, a neutral electron–hole pair, trion can be negative or positive depend-
ing on its charged state: a negative trion (negative e–e-h) is a complex of two 
electrons and one hole and a positive trion (negative e–e-h) is a complex of two 
holes and one electron. Trion states were predicted theoretically [30] and then 
observed experimentally in various 2D materials, by means of temperature-
dependent photoluminescence (PL) [31] and nonlinear optical spectroscopy 
[32], and scanning tunneling spectroscopy [33]. Trions play a significant role in 
in manipulating electron spins and the valley degree of freedom for the reasons 
below. First, the trion binding energies are surprisingly large, reaching to about 
15–45 meV in monolayer TMDs [34–36] and 100 meV in monolayer phosphorene 
on SiO2/Si substrate [37]. In addition, trions possess an extended population 
relaxation time up to tens of picoseconds [38, 39]. Finally, trions have an impact 
on both transport and optical properties and can be easily detected and tuned 
experimentally [40]. As a consequence, the electrical manipulation and detec-
tion of trion, as well as its enhanced stability, make it promising for trion-based 
optoelectronics.

Biexcitons, also known as exciton molecules, are created from two free 
excitons. Biexciton configurations can be distinguished from unbound or 
bound biexciton cases (Figure 2(d)). The bound biexciton is considered as a 
single particle since Coulomb interaction is dominant in this complex; while the 
unbound biexciton is regarded as two-exciton isolated from each other because 

Figure 2. 
Different exciton types in atomically thin nanomaterials and related heterostructures. (a) The schematic for the 
energy level. (b) Excitons are coulomb-bound electron hole pairs (ovals in the picture): Bright excitons consist 
of electrons and holes with antiparallel spins, while dark excitons consist of electrons and holes with parallel 
spins. (c) Trions emerge when an additional electron (hole) joins the exciton. (d) Biexcitons are created from 
two free excitons with different total momenta. (e) Interlayer excitons appear when electrons and holes are 
located in different layers.
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Giant enhancement of exciton diffusivity in  
two-dimensional semiconductors
Yiling Yu1, Yifei Yu1, Guoqing Li1, Alexander A. Puretzky2, David B. Geohegan2, Linyou Cao1,3,4*

Two-dimensional (2D) semiconductors bear great promise for application in optoelectronic devices, but 
the low diffusivity of excitons stands as a notable challenge for device development. Here, we demon-
strate that the diffusivity of excitons in monolayer MoS2 can be improved from 1.5 ± 0.5 to 22.5 ± 2.5 square 
centimeters per second with the presence of trapped charges. This is manifested by a spatial expansion of 
photoluminescence when the incident power reaches a threshold value to enable the onset of exciton 
Mott transition. The trapped charges are estimated to be in a scale of 1010 per square centimeter and do 
not affect the emission features and recombination dynamics of the excitons. The result indicates that 
trapped charges provide an attractive strategy to screen exciton scattering with phonons and impurities/
defects. Pointing towards a new pathway to control exciton transport and many- body interactions in 2D 
semiconductors.

INTRODUCTION
The transport of charge carriers such as electrons, holes, and excitons 
consists of the foundation of semiconductor electronic and photonic 
devices. Therefore, improving the transport of charge carriers in 
semiconductors is of paramount importance for device development. 
This is particularly compelling for atomically thin two-dimensional 
(2D) semiconductors such as MoS2, WS2, MoSe2, and WSe2. These 
materials provide an attractive platform for the development of next- 
generation electronic and photonic devices (1, 2). For instance, they 
present a remarkable exciton system, as manifested by exotic excitonic 
properties, including electrically tunable optical response (3, 4), ex-
citon phase transition and condensation (5, 6), strong valley-spin 
coupling (7, 8), room-temperature exciton transistors (9), and quan-
tum emission (10). However, the atomically thin dimension tends 
to give rise to inefficient exciton transport, such as low exciton dif-
fusivity, and this represents a significant challenge for the develop-
ment of novel optoelectronic devices by leveraging on the unique 
excitonic properties of 2D semiconductors.

Fundamentally, the diffusivity of excitons is dictated by the scatter-
ing of excitons with scattering sources including acoustic phonons 
(via piezoelectric interaction and deformation potential), optical 
phonons, impurities/defects, and surface roughness (11–13). Previous 
studies have extensively demonstrated that the diffusivity of excitons 
in 2D semiconductors can be improved by reducing the scattering 
of excitons with substrate-borne scattering sources, for instance, us-
ing 2D materials with atomically smooth surfaces such as hexagonal 
boron nitride as substrates (12–15). In contrast, the studies to miti-
gate the exciton scattering with the intrinsic scattering sources in 
semiconductor materials remained much more limited (16). Here, 
we demonstrate a giant improvement in the diffusivity of excitons 
at monolayer MoS2 by one order of magnitude due to the screening 
of exciton scattering with intrinsic scattering sources. To eliminate 
the effect of substrates, we performed this study using suspended 

monolayer MoS2. The improvement of exciton diffusivity is realized 
with the presence of trapped charges. This is evidenced by a sub-
stantial spatial expansion of photoluminescence (PL) when the inci-
dent laser power is comparable to or higher than the threshold power, 
enabling the onset of exciton Mott transition (EMT). We also demon-
strate that the emission features and dynamics of the excitons are 
preserved with the presence of the trapped charges. The results 
indicate that trapped charges can screen the scattering of excitons 
with phonons and impurities/defects. We also roughly estimate that 
the density of the trapped charges is in scale of 1010 cm−2.

RESULTS
Spatial expansion of PL at the onset of EMT
We examine the PL of suspended single-crystalline monolayer MoS2 
as a function of incident laser power. The flakes were grown on 
SiO2/Si substrates using a well-established chemical vapor deposition 
process (17) and then transferred to quartz substrates prepatterned 
with micrometer-scale holes for PL measurement in an Ar environ-
ment (see fig. S1 for optical image of the suspended monolayers) 
(18). Figure 1 (A and B) shows typical 2D PL spatial images and 1D 
PL spatial profiles collected from the monolayer under the incidence 
of a focused 532-nm laser with different powers. Significantly, whereas 
the size of the focused laser spot was kept unchanged during the 
measurement (the gray curve in Fig. 1B), the luminescence area shows 
a threshold-like expansion at the incident power around 8.0 kW/cm2. 
The luminescence area does not change much with variation of the 
incident power when the power is way lower than 8.0 kW/cm2, but 
it substantially expands when the power is increased to be close to 
8.0 kW/cm2 or higher (Fig. 1, A to C). This threshold-like spatial 
expansion of PL is very reproducible and was observed for every sam-
ple studied (more results can be found in fig. S2). Similar threshold- 
like spatial expansion of PL was also observed at the monolayer MoS2 
supported on substrates, although the threshold power required to 
enable the expansion is much higher (~30 kW/cm2; see fig. S3).

The incident power can enable a temperature increase and also 
induce possible defect generation at the monolayer. However, our 
experimental results indicate that neither the temperature increase 
nor the generation of defects is responsible for the observed spatial 
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Coherence and Density Dynamics of Excitons
in a Single-Layer MoS2 Reaching the
Homogeneous Limit
Tomasz Jakubczyk,*,†,∥ Goutham Nayak,† Lorenzo Scarpelli,‡ Wei-Lai Liu,† Sudipta Dubey,†
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‡School of Physics and Astronomy, Cardiff University, The Parade, Cardiff CF24 3AA, United Kingdom
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ABSTRACT: We measure the coherent nonlinear response of
excitons in a single layer of molybdenum disulfide embedded in
hexagonal boron nitride, forming a h-BN/MoS2/h-BN hetero-
structure. Using four-wave mixing microscopy and imaging, we
correlate the exciton inhomogeneous broadening with the
homogeneous one and population lifetime. We find that the
exciton dynamics is governed by microscopic disorder on top of
the ideal crystal properties. Analyzing the exciton ultrafast
density dynamics using amplitude and phase of the response, we
investigate the relaxation pathways of the resonantly driven
exciton population. The surface protection via encapsulation provides stable monolayer samples with low disorder,
avoiding surface contaminations and the resulting exciton broadening and modifications of the dynamics. We identify
areas localized to a few microns where the optical response is totally dominated by homogeneous broadening. Across the
sample of tens of micrometers, weak inhomogeneous broadening and strain effects are observed, attributed to the
remaining interaction with the h-BN and imperfections in the encapsulation process.
KEYWORDS: MoS2, 2D materials and heterostructures, coherent nonlinear spectroscopy, microscopy, four-wave mixing,
exciton dephasing and disorder, ultrafast dynamics

Transition-metal dichalcogenides (TMDs) are lamellar
compounds held together by van der Waals interlayer
interactions. For this reason, they can be exfoliated

down to a single layer (SL), similar to graphene obtained from
graphite. Even though the interlayer interactions are weak, they
have an important effect on the band structure of TMDs, moving
them toward an indirect band gap. When thinning bulk crystals
down to SLs, many TMDs can be converted to a direct band gap
semiconductor, as first shown for MoS2. The discovery of
efficient emission and absorption of light in SLTMDs, facilitated
by creation of excitons (EXs) of high binding energy and their
fast radiative recombination,1,2 made two-dimensional TMDs
candidates for next generation optoelectronics. Additionally, the
symmetry and chemical composition of the atomic lattice of
TMDs enable, besides their flexibility and partial transparency, a
wealth of innovative application concepts.3−7

Among semiconducting TMDs, MoS2 has been the most
studied because of its expected superior stability in atmospheric

conditions. Several recent observations nevertheless challenge
this expectation. The measured EX line width has been on the
order of several tens of millielectronvolts, even at low
temperatures.4,6−12 These high values indicate an inhomoge-
neous broadening (σ) of the EX transitionmore than an order of
magnitude above the homogenenous broadening (γ) expected
in the millielectronvolt (meV) range.13 The dominating
inhomogeneities (σ ≫ γ) in SL MoS2 conceal the intrinsic
properties of the EXs resulting from the underlying band
structure, which is still under debate.14−16 Presumed origins of σ
observed in the experiments down to low temperature are
adsorbed impurities and crystal defects such as vacancies,
strongly affecting the quantum yield.17,18 Another source of
inhomogeneous broadening is the substrate onto which the two-
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Probing the Nature of Single-Photon Emitters in a WSe2 Monolayer
by Magneto-Photoluminescence Spectroscopy
Caique Serati de Brito, Bárbara L. T. Rosa, Andrey Chaves, Camila Cavalini, César R. Rabahi,
Douglas F. Franco, Marcelo Nalin, Ingrid D. Barcelos, Stephan Reitzenstein, and Yara Galvaõ Gobato*

Cite This: Nano Lett. 2024, 24, 13300y13306 Read Online
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ABSTRACT: Monolayer transition metal dichalcogenides
(TMDs) have emerged as promising materials to generate single-
photon emitters (SPEs). While there are several previous reports in
the literature about TMD-based SPEs, the precise nature of the
excitonic states involved in them is still under debate. Here, we use
magneto-optical techniques under in-plane and out-of-plane
magnetic fields to investigate the nature of SPEs in WSe2
monolayers on glass substrates under di,erent strain profiles. Our
results reveal important changes on the exciton localization and,
consequently, on the optical properties of SPEs. Remarkably, we
observe an anomalous PL energy redshift with no significant
changes of photoluminescence (PL) intensity under an in-plane
magnetic field. We present a model to explain this redshift based on
intervalley defect excitons under a parallel magnetic field. Overall, our results o,er important insights into the nature of SPEs in
TMDs, which are valuable for future applications in quantum technologies.
KEYWORDS: Two-Dimensional Materials, Transition Metal Dichalcogenides, Strain Engineering, Single-Photon Emitters,
Magneto-Optics

Two-dimensional (2D) transition metal dichalcogenides
(TMDs) are a fascinating class of materials with unique

physical properties, possessing potential applications in
optoelectronics, spintronics, and quantum technology.1−8

Recently, there has been increasing interest in using 2D
materials as solid-state sources of single-photon emitters
(SPEs), because of their advanced properties and easy
integration with photonic systems.9−23

Despite several experimental reports of SPEs in WSe2
monolayers,9−12,16,17,21,24−26 the fundamental mechanisms
driving this phenomenon are still under investigation. Usually,
two main requirements are suggested for the observation of
SPEs in WSe2: (i) the presence of local strain and (ii) a
significant density of defects such as Se vacancies.22,27,28 The
presence of strain localizes dark excitons and allows their
hybridization with defect levels.29 These e,ects create a new
electron−hole pair configuration known as an intervalley
defect bright exciton, resulting in an efcient radiative decay.27
Furthermore, the emission from these defect-bound excitons
occurs in pairs (doublets) with orthogonal linear polar-
izations.10,25,30,31 However, further studies are necessary to
confirm the intervalley excitons model27 as the source of SPEs
in WSe2.
Magneto-photoluminescence (magneto-PL) has turned out

to be a useful technique to investigate the exciton and valley

properties of 2D materials32 and could be used to probe the
nature of SPEs.9,11,12,18,25,33 In fact, under a perpendicular
magnetic field, a Zeeman splitting of the electronic and
excitonic states is expected, where the associated g-factors
depend on the nature of the emission peaks.34,35 For example,
their values are around −4 for bright excitons, −8 for spin-
forbidden dark excitons, and −13 for momentum-forbidden
dark excitons.34−36 Under parallel magnetic field, the situation
is quite di,erent, as the magnetic field is expected to induce a
mixing of the spin-up and spin-down states of electrons and
holes.35 Furthermore, the parallel magnetic field also induces a
splitting between the bright and dark excitons, which has been
predicted and observed for MoSe2.37,38 On the other hand, no
significant change on the PL peak energy has been detected for
WSe2 monolayers under a parallel magnetic field39,40 up to
≈30 T, since the splitting of dark and bright excitons under a
parallel magnetic field is expected to be inversely proportional
to the zero-field separation of bright and dark excitons, which
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ABSTRACT: Monolayer 2D semiconductors, such as WS2,
exhibit uniquely strong light−matter interactions due to exciton
resonances that enable atomically thin optical elements. Similar to
geometry-dependent plasmon and Mie resonances, these intrinsic
material resonances oHer coherent and tunable light scattering.
Thus far, the impact of the excitons’ temporal dynamics on the
performance of such excitonic metasurfaces remains unexplored.
Here, we show how the excitonic decay rates dictate the focusing
ewciency of an atomically thin lens carved directly out of exfoliated
monolayer WS2. By isolating the coherent exciton radiation from
the incoherent background in the focus of the lens, we obtain a
direct measure of the role of exciton radiation in wavefront
shaping. Furthermore, we investigate the influence of exciton−
phonon scattering by characterizing the focusing ewciency as a function of temperature, demonstrating an increased optical
ewciency at cryogenic temperatures. Our results provide valuable insights into the role of excitonic light scattering in 2D
nanophotonic devices.
KEYWORDS: atomically thin optical element, excitonic resonance, metasurface, 2D semiconductors, transition metal dichalcogenides,
wavefront manipulation

Optical metasurfaces are dense arrays of resonant
nanostructures that collectively manipulate the flow of

light to perform an optical function. Careful engineering of the
nanostructure design and spatial arrangement aHords
(near-)arbitrary control over the phase and amplitude of the
scattered light with subwavelength spatial resolution, enabling
flat optical elements with functionalities beyond conventional
bulk optical components.1 The functionality of optical
metasurfaces most commonly relies on light scattering by
plasmon or Mie resonances in metallic and dielectric
nanostructures, respectively. More recently, excitons in 2D
semiconductors such as monolayer transition metal dichalco-
genides (TMDs), have emerged as new type of resonance that
can be leveraged to realize mutable, flat optics.2,3 Due to
quantum confinement and reduced dielectric screening,4
excitons in monolayer TMDs significantly impact the optical
behavior of the material, even at room temperature.5 The
resulting strong and tunable light-matter interaction and
atomic thickness oHer a new playground for the design of
next-generation metasurfaces. The intrinsic nature of exciton
resonances in 2D-TMDs renders their spectral properties most
notably dependent on the band structure of the material, as
opposed to the geometry, as with plasmon and Mie-resonators.
This allows for their facile integration in more complex

architectures.6,7 Furthermore, light scattering by these
resonances can be largely and reversibly manipulated via
electrostatic free carrier injection,7−9 temperature,7,8
strain,10−12 and external fields,13 enabling actively tunable
nanophotonic devices.
In most of the initial work on 2D semiconductors, a strong

excitonic response is obtained in mechanically exfoliated,
single-crystal flakes, limited to lateral sizes of a few tens of
microns. These high-quality monolayers are typically inte-
grated in multilayered and complex photonic structures that
collectively govern the device’s optical functionality. At the
same time, the strong light−matter interaction within a single
TMD monolayer poses an intriguing opportunity to realize
atomically thin optical elements. In the limit of single layer
metasurfaces, the optical function is dictated by the nano-
patterned monolayer only, without influences of external (van-
der-Waals heterostructure) cavities,7,8 or plasmon resonances
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Excitons in mesoscopically reconstructed 
moiré heterostructures

Shen Zhao    1,10  , Zhijie Li1,10, Xin Huang1,8,9,10, Anna Rupp1,10, Jonas Göser    1, 
Ilia A. Vovk    2, Stanislav Yu. Kruchinin    3,4, Kenji Watanabe    5, 
Takashi Taniguchi    6, Ismail Bilgin1, Anvar S. Baimuratov    1    
& Alexander Högele    1,7 

Moiré e!ects in vertical stacks of two-dimensional crystals give rise to 
new quantum materials with rich transport and optical phenomena that 
originate from modulations of atomic registries within moiré supercells. 
Due to "nite elasticity, however, the superlattices can transform from 
moiré-type to periodically reconstructed patterns. Here we expand the 
notion of such nanoscale lattice reconstruction to the mesoscopic scale of 
laterally extended samples and demonstrate rich consequences in optical 
studies of excitons in MoSe2–W Se 2 h et er os tr uc tures with parallel and 
antiparallel alignments. Our results provide a uni"ed perspective on moiré 
excitons in near-commensurate semiconductor heteros 
tructures with small twist angles by identifying domains with exciton 
properties of distinct e!ective dimensionality, and establish mesoscopic 
reconstruction as a compelling feature of real samples and devices with 
inherent "nite size e!ects and disorder. Generalized to stacks of other 
two-dimensional materials, this notion of mesoscale domain formation with 
emergent topological defects and percolation networks will instructively 
expand the understanding of fundamental electronic, optical and magnetic 
properties of van der W aa ls h et erostructures.

Vertical assemblies of twisted or lattice-mismatched heterobilay-
ers of two-dimensionaltransition metal dichalcogenides (TMDs) 
with moiré-modulated interlayer coupling give rise to correlated 
Hubbard-model physics1—exhibiting signatures of collective phases 
in both transport2–5 and optical experiments6–9. Periodic moiré interfer-
ence patterns have profound effects on the electronic band structure 
due to formation of flat mini-bands that enhance many-body cor-
relations, and induce emergent magnetism6, correlated insulating 

states2–4,7–9 or Wigner crystals7. Moiré effects also result in rich optical 
signatures of intralayer10 and interlayer11–14 excitons that are formed 
by Coulomb attractions among layer-locked and -separated electrons 
and holes, with angle-controlled exciton valley coherence and dynam-
ics15,16, optical nonlinearities17 or correlated excitonic insulating states18.

Despite the extensive optical studies of moiré effects in TMD het-
erobilayers such as MoSe2–WSe2 (ref. 19), a consolidated picture of the 
rich experimental features remains elusive20. The experimental results 
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Transition metal dichalcogenides (TMDs) constitute a versa-
tile platform for atomically thin optoelectronics devices and 
spin–valley memory applications. In monolayer TMDs the 
optical absorption is strong, but the transition energy cannot 
be tuned as the neutral exciton has essentially no out-of-plane 
static electric dipole1,2. In contrast, interlayer exciton transi-
tions in heterobilayers are widely tunable in applied electric 
fields, but their coupling to light is substantially reduced. In 
this work, we show tuning over 120!meV of interlayer exci-
tons with a high oscillator strength in bilayer MoS2 due to 
the quantum-confined Stark effect3. We optically probed the 
interaction between intra- and interlayer excitons as they 
were energetically tuned into resonance. Interlayer excitons 
interact strongly with intralayer B excitons, as demonstrated 
by a clear avoided crossing, whereas the interaction with 
intralayer A excitons is substantially weaker. Our observa-
tions are supported by density functional theory (DFT) calcu-
lations, which include excitonic effects. In MoS2 trilayers, our 
experiments uncovered two types of interlayer excitons with 
and without in-built electric dipoles. Highly tunable excitonic 
transitions with large in-built dipoles and oscillator strengths 
will result in strong exciton–exciton interactions and therefore 
hold great promise for non-linear optics with polaritons.

The optical properties of TMDs, such as MoS2 and WSe2, are 
governed by excitons, Coulomb-bound electron–hole pairs4,5. 
High-quality van der Waals heterostructures (vdWHs) show 
close-to-unity, gate-tunable reflectivity of a single MoSe2 layer6,7, 
variation of the transition energies of interlayer excitons over a 
broad wavelength range in heterobilayers8,9 and valley polarized 
exciton currents10.

In heterobilayers, the interlayer exciton is formed with the elec-
tron either in the top or in the bottom layer depending on the ini-
tial stacking8. Reports on interlayer excitons in heterobilayers rely 
mostly on photoluminescence emission8–12 as the interlayer absorp-
tion is very weak. In 2H-stacked MoS2 homobilayers, the situation 
is different. First, a strong feature in the absorption up to room tem-
perature was observed in earlier studies on MoS2 bilayers13–17 and 
interpreted as an interlayer exciton, as theoretically predicted by 
Deilmann and Thygesen18. It was proposed that the strong oscillator 
strength of the interlayer exciton originates from a strong admix-
ture with the B-intralayer transition (see Fig. 1a, Supplementary 
Fig. 1 and the discussion in previous calculations15,18). Second, in 
principle, two energetically degenerate interlayer excitons can form 
in which the electron resides in either the top or the bottom layer19, 
whereas the hole is delocalized20.

In this letter, we investigate excitons in bilayer MoS2 with both 
a strong light–matter interaction and a high tunability in exter-
nal electric fields. Our experiments focused on momentum-direct 
intralayer and interlayer excitons that originate from valence and 
conduction bands (VBs and CBs, respectively) around the K point. 
We integrated the MoS2 bilayers in devices 1 and 2 with top and 
bottom gates to apply a static out-of-plane electric field Fz (Methods 
and Supplementary Sections II and IV). Figure 1e shows the colour 
map of typical absorption spectra as a function of the electric  
field Fz, recorded on device 1 (Fig. 1b shows a three-dimensional 
schematic of the device). Three prominent transitions can be clearly 
identified at zero electric field (Fz = 0 MV cm–1): the intralayer A and 
B excitons (A:1s and B:1s) near 1.93 eV and 2.10 eV, respectively, 
and the interlayer A exciton (IE) at 2.00 eV (ref. 15). On applying 
an external electric field Fz, the IE splits into two well-separated 
branches, as shown in Fig. 1c for Fz = −0.5 MV cm–1. Using the area 
under the peaks in Fig. 1c as a rough measure of the relative absorp-
tion strength (we take A:1s as 100%), we see that at Fz = 0 MV cm–1, 
the IE is about 30% compared with the intralayer A:1s. Remarkably, 
at finite electric field, Fz = −0.5 MV cm–1, the absorption strength 
does not vanish but remains rather strong, with a combined 24% 
from IE1 + IE2 relative to the A:1s. Our experiments clearly show 
that the absorption peak IE, initially at 2.00 eV, corresponds to 
interlayer exciton resonances with out-of-plane-oriented electric 
dipoles: the carriers clearly do not reside within the same layer. For 
the intralayer excitons, however, the energy shift with an applied 
electric field is negligible, as in the case for excitons in monolayers1,2.  
As Fz is increased, the energy difference between the IE1 and IE2 
states reaches a value of ~120 meV, which covers a wide spectral 
range that spans the entire energy range between the intralayer A 
and B excitons.

For small-to-moderate electric fields, before a noticeable inter-
action between the interlayer states and the A and B excitons, we 
observed a linear energy shift with Fz for both peaks, IE1 and IE2, 
which suggests a first-order Stark shift caused by the static electric 
dipole moments across the MoS2 bilayer (Fig. 1d,e). In Fig. 1f we 
plot the transition energies extracted from Fig. 1e as a function of 
the applied field Fz and show a linear fit. We extract large dipole 
moments of μIE1 ¼ ð0:47 ± 0:01Þ

I
 e nm and μIE2 ¼ ð#0:39 ± 0:01Þ

I
 

e nm with e being the electron charge. Applying higher electric 
fields in our experiment, we discovered that the shifts deviate from 
a simple linear Stark shift, which reflects, as discussed below, very 
different interactions of the interlayer excitons with the A- and 
B-intralayer excitons. For the analysis of device 2, shown in Fig. 1d,  
we extracted a dipole value with a lower bound of about 0.3 e nm.  

Giant Stark splitting of an exciton in bilayer MoS2
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One of the most dramatic successes in the early history of 
quantum mechanics was the understanding of the spectra 
of simple atoms such as hydrogen. Twenty years later, it 

was proposed that charge excitations in a semiconductor can lead 
to the formation of bound quasiparticles known as excitons with 
quantum states akin to the hydrogen atom. However, the small 
value of the exciton binding energy found in most bulk semicon-
ductors has limited the study and utilization of exciton physics to 
very low temperatures. The discovery of two-dimensional (2D) 
semiconducting transition metal dichalcogenides (TMDCs) with an 
exciton binding energy exceeding the room-temperature thermal 
energy is now transforming this scenario. The unique dependence 
of the photo-physical properties of 2D TMDCs on the electrostatic 
doping1,2, the dielectric environment3–5 and stacking sequences of 
materials assembled in so-called van der Waals heterostructures is 
now underpinning a plethora of novel discoveries. This includes 
the observation of long-lived IL excitons consisting of spatially 
separated electron–hole pairs in 2D heterostructures6, moiré exci-
tons7, a high-temperature macroscopic state corresponding to the 
condensation of IL excitons akin to a condensate of atoms8 and the 
electric-field control of IL excitons in heterostructures9,10. Crucial 
to all these discoveries is the need to precisely control the rotational 
angle between two distinct monolayer TMDCs whilst retaining a 
high-quality interface11–13.

The naturally formed homobilayer consisting of 2H-bilayer 
TMDCs, in which the top and bottom layers are rotated by 180° 
restoring the inversion symmetry14, should provide a considerably 
simpler system to explore the physics of IL excitons15–20. Recent 
theoretical work has predicted that the IL excitons in bilayer MoS2 

should in fact be hybrids of pure charge-transfer states (of A exci-
ton character) and intralayer states (of B exciton character)15. These 
mixed IL excitons should possess a larger oscillator strength com-
pared with pure IL excitons in heterobilayers15, enabling their direct 
optical observation at room temperature17,21. Whilst an intralayer 
exciton is only weakly sensitive to an applied electric field owing 
to the lack of a built-in dipole moment, an IL exciton consists of an 
electron and a hole confined in spatially separated layers and thus 
possesses an out-of-plane electric dipole. Hence, hybrid intralayer–
IL excitons in 2D homobilayers are ideal candidates for realizing 
room-temperature electric-field control and manipulation of opti-
cally accessible charge excitations22.

Room-temperature optical characterization of IL excitons. 
Figure 1a,b shows the encapsulated device and the circuit used to 
investigate the electric field (F) dependence of the IL excitons in 
homobilayer MoS2 with narrow excitonic lines23. The Fz = 0 V nm−1 
derivative of the reflectance contrast (Rc) spectrum at room temper-
ature (see Methods) shows two prominent features at 1.87 eV and 
2.05 eV corresponding to the A and B intralayer excitons arising 
from direct optical transitions in the spin–orbit split bands24 (see 
Fig. 1c). In addition, we observe a strong spectral feature at 1.93 eV, 
that is above the A exciton, attributed to the formation of the IL 
exciton17,18. In the case of intralayer A and B excitons, electrons and 
holes reside mostly within the same layer and their energy differ-
ence is about 130 meV owing to spin–valley coupling at the valence 
band and IL hybridization25. By contrast, the IL exciton is formed by 
a hole in the valence band of layer 1 and an electron in the conduc-
tion band of layer 2 with the same spin (Fig. 1c inset). A spin-down 

Electrical tuning of optically active interlayer 
excitons in bilayer MoS2

Namphung Peimyoo1, Thorsten Deilmann! !2, Freddie Withers1, Janire Escolar1, Darren Nutting1, 
Takashi Taniguchi! !3, Kenji Watanabe! !3, Alireza Taghizadeh! !4,5,6, Monica Felicia Craciun1, 
Kristian Sommer Thygesen! !5,6 and Saverio Russo! !1 ✉

Interlayer (IL) excitons, comprising electrons and holes residing in different layers of van der Waals bonded two-dimensional 
semiconductors, have opened new opportunities for room-temperature excitonic devices. So far, two-dimensional IL excitons 
have been realized in heterobilayers with type-II band alignment. However, the small oscillator strength of the resulting IL 
excitons and difficulties with producing heterostructures with definite crystal orientation over large areas have challenged the 
practical applicability of this design. Here, following the theoretical prediction and recent experimental confirmation of the 
existence of IL excitons in bilayer MoS2, we demonstrate the electrical control of such excitons up to room temperature. We 
find that the IL excitonic states preserve their large oscillator strength as their energies are manipulated by the electric field. 
We attribute this effect to the mixing of the pure IL excitons with intralayer excitons localized in a single layer. By applying an 
electric field perpendicular to the bilayer MoS2 crystal plane, excitons with IL character split into two peaks with an X-shaped 
field dependence as a clear fingerprint of the shift of the monolayer bands with respect to each other. Finally, we demonstrate 
the full control of the energies of IL excitons distributed homogeneously over a large area of our device.
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Ultrafast exciton fluid flow in an atomically 
thin MoS2 semiconductor

Andrés Granados del Águila    1,12  , Yi Ren Wong    1,12, Indrajit Wadgaonkar1, 
Antonio Fieramosca    1, Xue Liu2, Kristina Vaklinova3, Stefano Dal Forno    1, 
T. Thu Ha Do4, Ho Yi Wei    3,5, K. Watanabe    6, T. Taniguchi    6, 
Kostya S. Novoselov    3,7, Maciej Koperski    3,7, Marco Battiato    1  
& Qihua Xiong    8,9,10,11 

Excitons (coupled electron–hole pairs) in semiconductors can form 
collective states that sometimes exhibit spectacular nonlinear properties. 
Here, we show experimental evidence of a collective state of short-lived 
excitons in a direct-bandgap, atomically thin MoS2 semiconductor 
whose propagation resembles that of a classical liquid as suggested by 
the nearly uniform photoluminescence through the MoS2 monolayer 
regardless of crystallographic defects and geometric constraints. The 
exciton !uid !ows over ultralong distances (at least 60 µm) at a speed 
of ~1.8 × 107 m s−1 (~6% the speed of light). The collective phase emerges 
above a critical laser power, in the absence of free charges and below a 
critical temperature (usually Tc % 150 K) approaching room temperature in 
hexagonal-boron-nitride-encapsulated devices. Our theoretical simulations 
suggest that momentum is conserved and local equilibrium is achieved 
among excitons; both these features are compatible with a !uid dynamics 
description of the exciton transport.

Exciting collective states of electronic quantum matter that mimic the 
behaviour of a classical fluid requires pronounced many-body interac-
tions. Observing such hydrodynamic flows in solids is extremely chal-
lenging as it requires the scattering time characterizing the collisions 
between electronic excitations to occur on the shortest time scale 
among all scattering channels. If this condition is satisfied, momen-
tum is conserved (unlike with diffusive transport), giving rise to the 
collective transport of the electronic density similar to the liquid-like 
motion of molecules in a classical fluid. Strikingly, electron fluids have 
recently been realized in high-quality graphene1–3 and PdCuO2 (ref. 4).

Collective phases of strongly interacting coupled electron–hole 
pairs (excitons) have been sparsely investigated in direct-bandgap 
semiconductors5–11. Realization of hydrodynamic (liquid-like) exciton 
flow may be expected to be more complex than in the case of elec-
trons, because besides the typical scatterings due to lattice vibrations, 
many-body interactions among excitons also compete with their radia-
tive recombination and the formation of other complexes12–14, such as 
charged states (trions), molecules (biexcitons) or electron–hole drop-
lets15. Therefore, it is crucial to search for materials with strong exci-
ton–exciton interactions to overcome the severe limitations imposed 
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FIG. 2. (a) PL spectrum of device D1 and its fitting under zero gate voltage. (b) Contour plot of the 
PL spectra as a function of photon energy (bottom axis) and 𝐸𝑧 (left axis). 𝑛0 remains unchanged. 
(c) First-order energy derivative of (b). Spatially indirect intervalley excitons are labelled as  𝑋𝑄K 
(𝑋𝑄𝛤), 𝑋𝑄𝐾

1  (𝑋𝑄𝛤
1 ) and 𝑋𝑄𝐾

2  (𝑋𝑄𝛤
2  and 𝑋𝑄𝛤

3 ) in sequence of decreasing emission energy. (d) Extracted 
emission energy as a function of 𝐸𝑧  from (c) with red (𝑋𝑄𝐾  and 𝑋𝑄𝐾

1,2 ) and blue (𝑋𝑄𝛤  and 𝑋𝑄𝛤
1−3 ) 

dashed lines. 
 

intralayer exciton X from the reflection contrast measurements
(Supplementary Figure S4) shows a weak dependence on ΔV,
in agreement with earlier reports.21,32 This comparison suggests
that XI emission arises from interlayer (i.e., spatially indirect)
excitons.33 In the absence of ΔV, the electronic bands of WSe2
bilayers are layer degenerate, and the electron−hole (e−h)
wave functions are a superposition of the layer eigenstates.
Under a finite ΔV, the layer degeneracy is lifted (Figure 1d).
The PL corresponds to the lowest-energy e−h recombination
with the electron and hole wave functions confined in separate
layers17−19 (Figure 1a). The exciton dipole orientation is
controlled by the direction of the applied field and the exciton
emission redshift is given by the amplitude of ΔV. We refer to
the effect as the quantum-confined Stark effect similar to that in
semiconductor quantum wells.34 Figure 2b summarizes the
Stark effect under different doping densities (positive n for
electron doping and negative n for hole doping). Near the
charge neutrality point, the Stark effect emerges immediately
with ΔV, whereas for a finite doping density, an appreciable
effect is observed only for ΔV beyond a threshold value ΔV0.

Our results show that ΔV0 increases with doping density, and
the exciton energy redshift rate is nearly doping independent
(symbols, Figure 2c).
The observed strong Stark effect and the existence of a

threshold gate voltage difference can be understood in the
following picture. In the presence of doping, free carriers are
equally distributed between the two layers if the interlayer
potential difference ϕ = 0 (ΔV = 0). When ΔV increases, more
and more carriers are shifted into one of the layers, but ϕ
remains small due to the large density of states or quantum
capacitance of the constituent monolayers in bilayer WSe2.
Until ΔV reaches the threshold value ΔV0, at which all free
carriers are located in one layer, the interlayer potential
difference starts to rise rapidly. (The threshold can be thought
of as an offset in the applied field by the field produced by the
shift of carriers.) We express the interlayer potential difference
based on a simple parallel-plate capacitor model (Supple-
mentary section 1 and Figure 1b) for ΔV > 0 as

Figure 2. Quantum-confined Stark effect. (a) Contour plot of the interlayer exciton emission intensity as a function of photon energy (bottom axis)
and gate voltage difference ΔV (left axis). The total electron density in the bilayer is fixed at 1.3 × 1012 cm−2. (b) Interlayer exciton emission energy
as a function of gate voltage difference ΔV for differing doping densities. (c) Threshold gate voltage difference ΔV0, beyond which the large Stark
effect is observed, and the corresponding redshift rate of the interlayer exciton energy as a function of doping density. The dashed lines in panels b
and c are predictions of eq 1.
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Figure S12. Log scale plot of the PL spectra of XI in twisted bilayer WSe2 as a function of doping density n 
under Δ = 0. 

 

 
Figure S13. PL spectra of XI in twisted bilayer WSe2 as a function of the voltage difference Δ	at three 
different doping densities. All plots are in log scale. 

 

The gate dependence of the PL spectra of the twisted bilayer with a fixed doping 
density is also very similar to that in the natural bilayers (Fig. 2a in the main text and Fig. 
S11). In particular, the emission features red shift linearly with Δ and are independent 
of the sign of Δ. As the doping density increases, significant redshift of the emission 
features can only be seen when Δ goes beyond a threshold value Δ. The threshold 
value increases with doping density, consistent with Eqn. (S7).   
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forces. To delve into the many-body picture of strongly interacting 
dipolar gases, we developed a microscopic theory that accounts for 
the two main components driving excitonic transport in hybrid forms. 
We studied hIX interactions by deriving a hybrid exciton–exciton 
interaction Hamiltonian that we used to disentangle the main con-
tributions to the density-dependent exciton energy renormalization 
(Supplementary Note 5):
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′). In Fig. 2c,d, we show that the 
density-dependent energy normalization for hIXs in WSe2 homobilay-
ers is highly dependent on the vertical electric field as the hybrid exci-
ton–exciton interaction crucially depends on the interlayer mixing 
coefficients. We have calculated the energy shifts for layer-hybridized 
excitons in undoped WSe2 homobilayers by solving a hybrid exciton 
eigenvalue problem that accounts for mixing between intra- and inter-
layer exciton states18 (Supplementary Note 2).

The deff of the hIXs was extracted by fitting a linear function to the 
energy shift ΔEξ = n
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 is the vacuum permit-
tivity and ϵ
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 is the out-of-plane component of the dielectric tensor of the 
TMDC. The tunable effective out-of-plane dipole length of the exciton 
species is directly related to the level of layer hybridization, with 
dIX = 0.5 nm for purely interlayer states. For the simulated ideal energy 
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Ez = 300 mV nm−1), we predicted deff = 0.32 nm. The calculated value is 
consistent with our measured values ranging from 0.24 nm to 0.41 nm in 
the presence of intrinsic doping. While excitons with a negligible inter-
layer component show no density-dependent shift in energy, as discussed 
in Supplementary Note 5, species with sizeable net out-of-plane dipole 
lengths show an increase in the magnitude of the blueshift at higher 
vertical electric fields. We characterized the measured renormalization 
shifts from high-d (0.41 nm) and low-d (0.24 nm) ensembles by observing 
a linear blueshift at low optical excitation intensity (Pin < 150 µW) followed 
by ∆E saturation. We ascribed this saturation to lattice heating at high 
exciton densities, as previously observed with spatially indirect excitons 
in double quantum well systems (Supplementary Note 6).

Radiative recombination of hIXs with a power-independent 
quantum yield
Spatially separated exciton species are characterized by longer radiative 
lifetimes with respect to their intralayer counterparts as their electron 
and hole wavefunctions feature a smaller overlap and, consequently,  
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Fig. 1 | Electrically tunable interlayer dipolar ensembles in a van der Waals 
homobilayer. a, Schematic band structure of a natural WSe2 homobilayer  
that hosts different dominant intervalley transitions depending on  
Ez (Supplementary Note 2). With a positive Ez, the main favourable transition 
shifts from KΛ to KΛ′, with increasing interlayer mixing and sizeable out-of-
plane dipole moments. b, A double-gated fully hBN-encapsulated natural 
homobilayer WSe2 device with graphical representations of intralayer (left), 
hybrid (centre) and purely interlayer (right) exciton species. VT and VB indicate 
the applied top and bottom gate voltages, respectively, and GND indicates 
ground. c, Atomic force microscopy image of device A, with a large clean area 
(>80 µm2) that exhibits uniform height (greyscale bar) and excitonic properties 
(Supplementary Note 1). The WSe2 homobilayer edge is highlighted by a 

white solid line. d, PL spectra acquired for different electric fields in device A, 
featuring the emission from hIX phonon replicas. The labels indicate dominant 
exciton transitions. e, PL spectra as a function of the applied vertical electric 
field. Low (|Ez| < 200 mV nm−1) and high (|Ez| ≥ 200 mV nm−1) field regions 
are related to predominant KΛ/K′Λ′ and KΛ′/K′Λ transitions, respectively. 
f, Extracted energy of the highest intensity PL peak from the PL spectra as a 
function of Ez in the WSe2 homobilayer (HB). The energy shift as a function 
of the electric field is fitted to a line in low- and high-field regimes, revealing 
variable dipole moments. In particular, larger dipole lengths (d > 0.2 nm) are 
related to high-field regions dominated by KΛ′ and K′Λ transitions, which are 
characterized by high interlayer mixing (Supplementary Note 2) .
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4 ABSTRACT: Interlayer excitons in van der Waals heterostruc-
5 tures exhibit rich tunability, with the electric-field response
6 governed by layer localization. Here, in the case of bilayer WSe2,
7 we reveal how the layer localization of excitons governs their
8 response to an external electric field. Using Many-Body
9 Perturbation Theory, we calculate the exciton dispersion for
10 di.erent stacking symmetries under electric field and/or strain to
11 map the landscape of competing low-energy excitons in four
12 distinct finite-momentum valleys. While intralayer excitons are not
13 a.ected by the electric field, some interlayer excitons exhibit a
14 nonlinear Stark shift that becomes linear after a critical threshold.
15 The degree of nonlinearity is a direct measure of the layer hybridization of the electronic subcomponents of the exciton. Our results
16 clarify recent experimental observations, including nonlinear Stark shifts, (anti)symmetric spectral behavior near zero field, and
17 dipolar exciton sensitivity to perturbations. These insights are crucial for engineering excitonic condensates, optoelectronic devices,
18 and quantum emitters.
19 KEYWORDS: TMD, Interlayer Exciton, Nonlinear exciton Stark shift, Momentum-forbidden excitons, GW, BSE

20 Layered two-dimensional transition-metal dichalcogenides
21 (TMDs) can host spatially separated interlayer (IL)
22 excitons where Coulomb-bound electrons and holes reside on
23 di.erent layers.1 Recent studies report IL exciton lifetimes
24 reaching up to a microsecond in bilayer/heterobilayer
25 TMDs,2−16 due to weak electron−hole wave function overlap.
26 These discoveries have sparked interest in using these systems
27 to explore quantum many-body phenomena such as quantum-
28 confined Stark e.ect,16,17 exciton Bose−Einstein condensa-
29 tion,18−20 superfluidity at high temperature,19 and excitonic
30 insulator states.21,22 Among TMDs, bilayer (BL) WSe2 stands
31 out for investigating IL excitons with finite center-of-mass
32 (COM) momentum, leading to momentum-indirect, phonon-
33 assisted spectral emission peaks.15,16 To identify the origin of
34 photoluminescence (PL) fine structure peaks, magnetic-field-
35 dependent studies have been conducted exploiting the spin-
36 dependent Zeeman energy splitting in electronic valleys,23,24
37 while IL exciton symmetries including selection rules for spin-
38 flip, phonon-mediated processes can be studied with group-
39 theoretical methods.25,26
40 Lately, Huang et al.15 conducted a rigorous experimental
41 investigation of these excitons using electric field-dependent
42 (PL) measurements (the field Ez being along the out-of-plane
43 direction of the WSe2 BL). Their findings revealed the
44 formation of several IL exciton states attributed to electron−
45 hole transitions taking place across distinct valleys, such as Λ-K
46 and Λ-Γ. This improved upon the original measurement of the
47 quantum-confined Stark e.ect by Wang et al.,16 where only

48one IL exciton type was assumed. Notably, the PL measure-
49ments confirm the slight energy di.erences among band gaps
50between di.erent valleys, while also demonstrating two
51particularly significant e.ects: (i) an apparent crossing in the
52lowest-energy exciton levels induced by the electric field and
53(ii) the signature of two distinct regimes in the quantum-
54confined Stark e.ect undergone by some IL excitons, a
55nonlinear Stark shift at small Ez transitioning into a linear Stark
56shift at large Ez. Furthermore, they successfully measured the
57electric-field-independent intralayer (in-plane, IP) direct exciton
58energy, this state originating from vertical electron−hole
59transitions around the K point. As already mentioned, the
60quantum-confined Stark e.ect involving IL excitons had
61previously been demonstrated for the same material by
62di.erent research groups within a similar exciton energy
63window.16,27,28 In fact, Wang et al.16 made similar predictions
64regarding the presence of two distinct regimes for the Stark
65shift and attributed it to the doped carriers requiring a
66threshold electric field in order to fully localize within one
67layer. Lately, Tagarelli et al.29 conducted analogous measure-
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FIG. 2. (a) PL spectrum of device D1 and its fitting under zero gate voltage. (b) Contour plot of the 
PL spectra as a function of photon energy (bottom axis) and 𝐸𝑧 (left axis). 𝑛0 remains unchanged. 
(c) First-order energy derivative of (b). Spatially indirect intervalley excitons are labelled as  𝑋𝑄K 
(𝑋𝑄𝛤), 𝑋𝑄𝐾

1  (𝑋𝑄𝛤
1 ) and 𝑋𝑄𝐾

2  (𝑋𝑄𝛤
2  and 𝑋𝑄𝛤

3 ) in sequence of decreasing emission energy. (d) Extracted 
emission energy as a function of 𝐸𝑧  from (c) with red (𝑋𝑄𝐾  and 𝑋𝑄𝐾

1,2 ) and blue (𝑋𝑄𝛤  and 𝑋𝑄𝛤
1−3 ) 

dashed lines. 
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intralayer exciton X from the reflection contrast measurements
(Supplementary Figure S4) shows a weak dependence on ΔV,
in agreement with earlier reports.21,32 This comparison suggests
that XI emission arises from interlayer (i.e., spatially indirect)
excitons.33 In the absence of ΔV, the electronic bands of WSe2
bilayers are layer degenerate, and the electron−hole (e−h)
wave functions are a superposition of the layer eigenstates.
Under a finite ΔV, the layer degeneracy is lifted (Figure 1d).
The PL corresponds to the lowest-energy e−h recombination
with the electron and hole wave functions confined in separate
layers17−19 (Figure 1a). The exciton dipole orientation is
controlled by the direction of the applied field and the exciton
emission redshift is given by the amplitude of ΔV. We refer to
the effect as the quantum-confined Stark effect similar to that in
semiconductor quantum wells.34 Figure 2b summarizes the
Stark effect under different doping densities (positive n for
electron doping and negative n for hole doping). Near the
charge neutrality point, the Stark effect emerges immediately
with ΔV, whereas for a finite doping density, an appreciable
effect is observed only for ΔV beyond a threshold value ΔV0.

Our results show that ΔV0 increases with doping density, and
the exciton energy redshift rate is nearly doping independent
(symbols, Figure 2c).
The observed strong Stark effect and the existence of a

threshold gate voltage difference can be understood in the
following picture. In the presence of doping, free carriers are
equally distributed between the two layers if the interlayer
potential difference ϕ = 0 (ΔV = 0). When ΔV increases, more
and more carriers are shifted into one of the layers, but ϕ
remains small due to the large density of states or quantum
capacitance of the constituent monolayers in bilayer WSe2.
Until ΔV reaches the threshold value ΔV0, at which all free
carriers are located in one layer, the interlayer potential
difference starts to rise rapidly. (The threshold can be thought
of as an offset in the applied field by the field produced by the
shift of carriers.) We express the interlayer potential difference
based on a simple parallel-plate capacitor model (Supple-
mentary section 1 and Figure 1b) for ΔV > 0 as

Figure 2. Quantum-confined Stark effect. (a) Contour plot of the interlayer exciton emission intensity as a function of photon energy (bottom axis)
and gate voltage difference ΔV (left axis). The total electron density in the bilayer is fixed at 1.3 × 1012 cm−2. (b) Interlayer exciton emission energy
as a function of gate voltage difference ΔV for differing doping densities. (c) Threshold gate voltage difference ΔV0, beyond which the large Stark
effect is observed, and the corresponding redshift rate of the interlayer exciton energy as a function of doping density. The dashed lines in panels b
and c are predictions of eq 1.
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4 ABSTRACT: Interlayer excitons in van der Waals heterostruc-
5 tures exhibit rich tunability, with the electric-field response
6 governed by layer localization. Here, in the case of bilayer WSe2,
7 we reveal how the layer localization of excitons governs their
8 response to an external electric field. Using Many-Body
9 Perturbation Theory, we calculate the exciton dispersion for
10 di.erent stacking symmetries under electric field and/or strain to
11 map the landscape of competing low-energy excitons in four
12 distinct finite-momentum valleys. While intralayer excitons are not
13 a.ected by the electric field, some interlayer excitons exhibit a
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20 Layered two-dimensional transition-metal dichalcogenides
21 (TMDs) can host spatially separated interlayer (IL)
22 excitons where Coulomb-bound electrons and holes reside on
23 di.erent layers.1 Recent studies report IL exciton lifetimes
24 reaching up to a microsecond in bilayer/heterobilayer
25 TMDs,2−16 due to weak electron−hole wave function overlap.
26 These discoveries have sparked interest in using these systems
27 to explore quantum many-body phenomena such as quantum-
28 confined Stark e.ect,16,17 exciton Bose−Einstein condensa-
29 tion,18−20 superfluidity at high temperature,19 and excitonic
30 insulator states.21,22 Among TMDs, bilayer (BL) WSe2 stands
31 out for investigating IL excitons with finite center-of-mass
32 (COM) momentum, leading to momentum-indirect, phonon-
33 assisted spectral emission peaks.15,16 To identify the origin of
34 photoluminescence (PL) fine structure peaks, magnetic-field-
35 dependent studies have been conducted exploiting the spin-
36 dependent Zeeman energy splitting in electronic valleys,23,24
37 while IL exciton symmetries including selection rules for spin-
38 flip, phonon-mediated processes can be studied with group-
39 theoretical methods.25,26
40 Lately, Huang et al.15 conducted a rigorous experimental
41 investigation of these excitons using electric field-dependent
42 (PL) measurements (the field Ez being along the out-of-plane
43 direction of the WSe2 BL). Their findings revealed the
44 formation of several IL exciton states attributed to electron−
45 hole transitions taking place across distinct valleys, such as Λ-K
46 and Λ-Γ. This improved upon the original measurement of the
47 quantum-confined Stark e.ect by Wang et al.,16 where only

48one IL exciton type was assumed. Notably, the PL measure-
49ments confirm the slight energy di.erences among band gaps
50between di.erent valleys, while also demonstrating two
51particularly significant e.ects: (i) an apparent crossing in the
52lowest-energy exciton levels induced by the electric field and
53(ii) the signature of two distinct regimes in the quantum-
54confined Stark e.ect undergone by some IL excitons, a
55nonlinear Stark shift at small Ez transitioning into a linear Stark
56shift at large Ez. Furthermore, they successfully measured the
57electric-field-independent intralayer (in-plane, IP) direct exciton
58energy, this state originating from vertical electron−hole
59transitions around the K point. As already mentioned, the
60quantum-confined Stark e.ect involving IL excitons had
61previously been demonstrated for the same material by
62di.erent research groups within a similar exciton energy
63window.16,27,28 In fact, Wang et al.16 made similar predictions
64regarding the presence of two distinct regimes for the Stark
65shift and attributed it to the doped carriers requiring a
66threshold electric field in order to fully localize within one
67layer. Lately, Tagarelli et al.29 conducted analogous measure-
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FIG. 2. (a) PL spectrum of device D1 and its fitting under zero gate voltage. (b) Contour plot of the 
PL spectra as a function of photon energy (bottom axis) and 𝐸𝑧 (left axis). 𝑛0 remains unchanged. 
(c) First-order energy derivative of (b). Spatially indirect intervalley excitons are labelled as  𝑋𝑄K 
(𝑋𝑄𝛤), 𝑋𝑄𝐾

1  (𝑋𝑄𝛤
1 ) and 𝑋𝑄𝐾

2  (𝑋𝑄𝛤
2  and 𝑋𝑄𝛤

3 ) in sequence of decreasing emission energy. (d) Extracted 
emission energy as a function of 𝐸𝑧  from (c) with red (𝑋𝑄𝐾  and 𝑋𝑄𝐾

1,2 ) and blue (𝑋𝑄𝛤  and 𝑋𝑄𝛤
1−3 ) 

dashed lines. 
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Figure S12. Log scale plot of the PL spectra of XI in twisted bilayer WSe2 as a function of doping density n 
under Δ = 0. 

 

 
Figure S13. PL spectra of XI in twisted bilayer WSe2 as a function of the voltage difference Δ	at three 
different doping densities. All plots are in log scale. 

 

The gate dependence of the PL spectra of the twisted bilayer with a fixed doping 
density is also very similar to that in the natural bilayers (Fig. 2a in the main text and Fig. 
S11). In particular, the emission features red shift linearly with Δ and are independent 
of the sign of Δ. As the doping density increases, significant redshift of the emission 
features can only be seen when Δ goes beyond a threshold value Δ. The threshold 
value increases with doping density, consistent with Eqn. (S7).   

 

2.9 Initial decay of time-resolved PL dynamics 

AB band structure

157 The energy ordering between the IP and IL states is reversed
158 in the AB case. The very high degree of segregation of
159 electrons and holes at the K point in di.erent layers in the
160 DXIL

KK case results in weaker Coulomb binding. In addition, the
161 change in interlayer interaction due to the shifted atomic
162 planes causes a significant splitting of the IP states. We point
163 out that while the AB system loses inversion symmetry, it
164 retains the C3 rotations of the C3v group, so that each IP and IL
165 exciton state remains doubly degenerate (E representation)
166 like in the AA′ case. Although the electronic transitions K−K
167 and Λ-K have nearly the same energy, the IDXHIL

KΛ exciton has a
168 12 meV stronger binding energy than the direct IL exciton,
169 making this system a rare example of (quasi-)direct single-
170 particle band gap (probed by photoemission) featuring an
171 “indirect” neutral excitation spectrum (probed by linear optical
172 absorption and emission). The experiment by Tagarelli et al.29
173 supports our findings, as the energetically lowest state was
174 reported to be the same HIL exciton, possessing higher
175 radiative decay rates and e.ective dipole lengths. The reason
176 why we consider their sample to be in the ABrather than
177 AA′stacking will be clarified below. Note that due to the
178 asymmetric hybridization level of the constituting electron−
179 hole pair (layer-segregated hole at K and layer-delocalized
180 electron at Λ), the finite-Q IDXHIL

KΛ state is referred to as a HIL
181 exciton. We will see that hybrid-IL excitons in bilayer WSe2
182 correspond to “quadrupolar” excitons displaying nonlinear
183 Stark shifts. For both stacking arrangements, the exciton
184 binding energies were calculated between 600−650 meV (we
185 define the binding energy as the di.erence between the
186 minimum single-particle transition and the exciton energy with
187 the same momentum transfer Q). We note that the literature
188 showcases a variety of experimental estimations, spanning both
189 lower and higher values.70−73

190 In Figure 2(c) and (d), we illustrate the change in the
191 exciton dispersions when an electric field Ez along the out-of-
192 plane direction is applied. We immediately notice that the IL

193states now become the lowest ones in the AA′ case (Ez = 2 V/
194nm), while in the AB case (Ez = 1 V/nm), the minima of the
195exciton dispersion also lie at the Γ and K valleys. Thus, the
196exciton bandwidth undergoes both internal state reordering
197and an overall redshift. In order to investigate this further, we
198studied the exciton energies variation as a function Ezsee
199 f3Figure 3, the labeling of the excitonic states being consistent
200with Figure 2for both stackings.(1) The left plots show the
201behavior of the bright Q = 0 excitons for both stackings, while
202the right plots are concerned with the finite-Q states in the
203other excitonic valleys. Due to the breaking of inversion
204symmetry along the z-direction, which splits the exact band
205alignment of the constituent layers as shown in Figure 1(b),
206the electric field response of the AB stacking is not symmetric
207around zero field but centered around −1 V nm−1.(2) In fact,
208Tagarelli et al. attributed the asymmetric field dependence
209observed in their experiment to intrinsic doping in the WSe2
210BL.29 However, this observed feature follows a trend similar to
211our calculation results, as seen in Figure 3 (c) and (d).
212Therefore, we propose that the sample in this experiment was
213actually an AB-stacked WSe2 BL. We remark that the
214asymmetry in the Stark shift may provide a field-mediated
215determination of competing stacking arrangements in TMD
216layered structures.
217Remarkably, our predictions regarding the impact of Ez on
218exciton energies agree with the recent experimental findings
219about the quantum-confined giant Stark e.ect.15,16,19,74 As
220depicted in Figure 3 (a) and (b), the phenomenology of the
221Stark e.ect varies significantly depending on the specific
222exciton type. The distinct behaviors primarily depend on the
223degree of layer hybridization of the electron−hole pairs which
224make up the various exciton states. The behavior of the K and
225Λ conduction band valleys with respect to the external field is
226depicted for the AA′ in Figure 2(c), showing, among other
227things, a linear decrease of the direct (K−K) band gap with the
228field. Because of field-induced symmetry breaking, the

Figure 3. Quantum-confined Stark e.ect. Variation of the calculated exciton energies with respect to the external out-of-plane electric field Ez for
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calculated indirect minimum energy exciton between Λ-K, and XIL: the calculated direct IL minimum energy exciton.
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170 particle band gap (probed by photoemission) featuring an
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4 ABSTRACT: Interlayer excitons in van der Waals heterostruc-
5 tures exhibit rich tunability, with the electric-field response
6 governed by layer localization. Here, in the case of bilayer WSe2,
7 we reveal how the layer localization of excitons governs their
8 response to an external electric field. Using Many-Body
9 Perturbation Theory, we calculate the exciton dispersion for
10 di.erent stacking symmetries under electric field and/or strain to
11 map the landscape of competing low-energy excitons in four
12 distinct finite-momentum valleys. While intralayer excitons are not
13 a.ected by the electric field, some interlayer excitons exhibit a
14 nonlinear Stark shift that becomes linear after a critical threshold.
15 The degree of nonlinearity is a direct measure of the layer hybridization of the electronic subcomponents of the exciton. Our results
16 clarify recent experimental observations, including nonlinear Stark shifts, (anti)symmetric spectral behavior near zero field, and
17 dipolar exciton sensitivity to perturbations. These insights are crucial for engineering excitonic condensates, optoelectronic devices,
18 and quantum emitters.
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20 Layered two-dimensional transition-metal dichalcogenides
21 (TMDs) can host spatially separated interlayer (IL)
22 excitons where Coulomb-bound electrons and holes reside on
23 di.erent layers.1 Recent studies report IL exciton lifetimes
24 reaching up to a microsecond in bilayer/heterobilayer
25 TMDs,2−16 due to weak electron−hole wave function overlap.
26 These discoveries have sparked interest in using these systems
27 to explore quantum many-body phenomena such as quantum-
28 confined Stark e.ect,16,17 exciton Bose−Einstein condensa-
29 tion,18−20 superfluidity at high temperature,19 and excitonic
30 insulator states.21,22 Among TMDs, bilayer (BL) WSe2 stands
31 out for investigating IL excitons with finite center-of-mass
32 (COM) momentum, leading to momentum-indirect, phonon-
33 assisted spectral emission peaks.15,16 To identify the origin of
34 photoluminescence (PL) fine structure peaks, magnetic-field-
35 dependent studies have been conducted exploiting the spin-
36 dependent Zeeman energy splitting in electronic valleys,23,24
37 while IL exciton symmetries including selection rules for spin-
38 flip, phonon-mediated processes can be studied with group-
39 theoretical methods.25,26
40 Lately, Huang et al.15 conducted a rigorous experimental
41 investigation of these excitons using electric field-dependent
42 (PL) measurements (the field Ez being along the out-of-plane
43 direction of the WSe2 BL). Their findings revealed the
44 formation of several IL exciton states attributed to electron−
45 hole transitions taking place across distinct valleys, such as Λ-K
46 and Λ-Γ. This improved upon the original measurement of the
47 quantum-confined Stark e.ect by Wang et al.,16 where only

48one IL exciton type was assumed. Notably, the PL measure-
49ments confirm the slight energy di.erences among band gaps
50between di.erent valleys, while also demonstrating two
51particularly significant e.ects: (i) an apparent crossing in the
52lowest-energy exciton levels induced by the electric field and
53(ii) the signature of two distinct regimes in the quantum-
54confined Stark e.ect undergone by some IL excitons, a
55nonlinear Stark shift at small Ez transitioning into a linear Stark
56shift at large Ez. Furthermore, they successfully measured the
57electric-field-independent intralayer (in-plane, IP) direct exciton
58energy, this state originating from vertical electron−hole
59transitions around the K point. As already mentioned, the
60quantum-confined Stark e.ect involving IL excitons had
61previously been demonstrated for the same material by
62di.erent research groups within a similar exciton energy
63window.16,27,28 In fact, Wang et al.16 made similar predictions
64regarding the presence of two distinct regimes for the Stark
65shift and attributed it to the doped carriers requiring a
66threshold electric field in order to fully localize within one
67layer. Lately, Tagarelli et al.29 conducted analogous measure-
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forces. To delve into the many-body picture of strongly interacting 
dipolar gases, we developed a microscopic theory that accounts for 
the two main components driving excitonic transport in hybrid forms. 
We studied hIX interactions by deriving a hybrid exciton–exciton 
interaction Hamiltonian that we used to disentangle the main con-
tributions to the density-dependent exciton energy renormalization 
(Supplementary Note 5):
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′). In Fig. 2c,d, we show that the 
density-dependent energy normalization for hIXs in WSe2 homobilay-
ers is highly dependent on the vertical electric field as the hybrid exci-
ton–exciton interaction crucially depends on the interlayer mixing 
coefficients. We have calculated the energy shifts for layer-hybridized 
excitons in undoped WSe2 homobilayers by solving a hybrid exciton 
eigenvalue problem that accounts for mixing between intra- and inter-
layer exciton states18 (Supplementary Note 2).

The deff of the hIXs was extracted by fitting a linear function to the 
energy shift ΔEξ = n
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 is the vacuum permit-
tivity and ϵ
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 is the out-of-plane component of the dielectric tensor of the 
TMDC. The tunable effective out-of-plane dipole length of the exciton 
species is directly related to the level of layer hybridization, with 
dIX = 0.5 nm for purely interlayer states. For the simulated ideal energy 
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Ez = 300 mV nm−1), we predicted deff = 0.32 nm. The calculated value is 
consistent with our measured values ranging from 0.24 nm to 0.41 nm in 
the presence of intrinsic doping. While excitons with a negligible inter-
layer component show no density-dependent shift in energy, as discussed 
in Supplementary Note 5, species with sizeable net out-of-plane dipole 
lengths show an increase in the magnitude of the blueshift at higher 
vertical electric fields. We characterized the measured renormalization 
shifts from high-d (0.41 nm) and low-d (0.24 nm) ensembles by observing 
a linear blueshift at low optical excitation intensity (Pin < 150 µW) followed 
by ∆E saturation. We ascribed this saturation to lattice heating at high 
exciton densities, as previously observed with spatially indirect excitons 
in double quantum well systems (Supplementary Note 6).

Radiative recombination of hIXs with a power-independent 
quantum yield
Spatially separated exciton species are characterized by longer radiative 
lifetimes with respect to their intralayer counterparts as their electron 
and hole wavefunctions feature a smaller overlap and, consequently,  
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Fig. 1 | Electrically tunable interlayer dipolar ensembles in a van der Waals 
homobilayer. a, Schematic band structure of a natural WSe2 homobilayer  
that hosts different dominant intervalley transitions depending on  
Ez (Supplementary Note 2). With a positive Ez, the main favourable transition 
shifts from KΛ to KΛ′, with increasing interlayer mixing and sizeable out-of-
plane dipole moments. b, A double-gated fully hBN-encapsulated natural 
homobilayer WSe2 device with graphical representations of intralayer (left), 
hybrid (centre) and purely interlayer (right) exciton species. VT and VB indicate 
the applied top and bottom gate voltages, respectively, and GND indicates 
ground. c, Atomic force microscopy image of device A, with a large clean area 
(>80 µm2) that exhibits uniform height (greyscale bar) and excitonic properties 
(Supplementary Note 1). The WSe2 homobilayer edge is highlighted by a 

white solid line. d, PL spectra acquired for different electric fields in device A, 
featuring the emission from hIX phonon replicas. The labels indicate dominant 
exciton transitions. e, PL spectra as a function of the applied vertical electric 
field. Low (|Ez| < 200 mV nm−1) and high (|Ez| ≥ 200 mV nm−1) field regions 
are related to predominant KΛ/K′Λ′ and KΛ′/K′Λ transitions, respectively. 
f, Extracted energy of the highest intensity PL peak from the PL spectra as a 
function of Ez in the WSe2 homobilayer (HB). The energy shift as a function 
of the electric field is fitted to a line in low- and high-field regimes, revealing 
variable dipole moments. In particular, larger dipole lengths (d > 0.2 nm) are 
related to high-field regions dominated by KΛ′ and K′Λ transitions, which are 
characterized by high interlayer mixing (Supplementary Note 2) .
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30 insulator states.21,22 Among TMDs, bilayer (BL) WSe2 stands
31 out for investigating IL excitons with finite center-of-mass
32 (COM) momentum, leading to momentum-indirect, phonon-
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34 photoluminescence (PL) fine structure peaks, magnetic-field-
35 dependent studies have been conducted exploiting the spin-
36 dependent Zeeman energy splitting in electronic valleys,23,24
37 while IL exciton symmetries including selection rules for spin-
38 flip, phonon-mediated processes can be studied with group-
39 theoretical methods.25,26
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41 investigation of these excitons using electric field-dependent
42 (PL) measurements (the field Ez being along the out-of-plane
43 direction of the WSe2 BL). Their findings revealed the
44 formation of several IL exciton states attributed to electron−
45 hole transitions taking place across distinct valleys, such as Λ-K
46 and Λ-Γ. This improved upon the original measurement of the
47 quantum-confined Stark e.ect by Wang et al.,16 where only

48one IL exciton type was assumed. Notably, the PL measure-
49ments confirm the slight energy di.erences among band gaps
50between di.erent valleys, while also demonstrating two
51particularly significant e.ects: (i) an apparent crossing in the
52lowest-energy exciton levels induced by the electric field and
53(ii) the signature of two distinct regimes in the quantum-
54confined Stark e.ect undergone by some IL excitons, a
55nonlinear Stark shift at small Ez transitioning into a linear Stark
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58energy, this state originating from vertical electron−hole
59transitions around the K point. As already mentioned, the
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61previously been demonstrated for the same material by
62di.erent research groups within a similar exciton energy
63window.16,27,28 In fact, Wang et al.16 made similar predictions
64regarding the presence of two distinct regimes for the Stark
65shift and attributed it to the doped carriers requiring a
66threshold electric field in order to fully localize within one
67layer. Lately, Tagarelli et al.29 conducted analogous measure-
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Optical properties of metallic MXene multilayers through advanced first-principles calculations
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Having a strong electromagnetic absorption, MXene multilayers are readily envisaged for applications in
electromagnetic shields and related prospective technology. However, an ab initio characterization of the optical
properties of MXenes is still lacking, due in part to major difficulties with the treatment of metallicity in
the first-principles approaches. Here we addressed the latter challenge, after a careful treatment of intraband
transitions, to present a thorough analysis of the electronic and optical properties of a selected set of metallic
MXene layers based on density functional theory (DFT) and many-body perturbation theory calculations. Our
results reveal that the GW corrections are particularly important in regions of the band structure where d and p
states hybridize. For some systems, we show that GW corrections open a gap between occupied states, resulting
in a band structure that closely resembles that of an intrinsic transparent conductor, thereby opening an additional
line of prospective applications for the MXenes family. Nevertheless, GW and Bethe-Salpeter corrections have
a minimal influence on the absorption spectra, in contrast to what is typically observed in semiconductor layers.
Our present results suggest that calculations within the independent particle approximation (IPA) calculations
are sufficiently accurate for assessing the optical characteristics of bulk-layered MXene materials. Finally, our
calculated dielectric properties and absorption spectra, in agreement with existing experimental data, confirm the
potential of MXenes as effective infrared emitters.

DOI: 10.1103/PhysRevMaterials.8.075201

I. INTRODUCTION

MXenes, a large family of layered crystals that provide ma-
terials engineering with controllable surface functionalization,
have been extensively explored for a wide range of technologi-
cal applications [1–3], including sensors [4–8], energy storage
[9–11], generation [12,13], and catalysis [14]. These primar-
ily metallic materials have also proven to be well-suited for
electromagnetic interference shielding, and transparent con-
ductive and antireflection coatings [15–21]. Additionally, they
show unique optical characteristics such as surface plasmon
resonances that enhance absorption in the visible and near-
infrared regions. The absorption efficiency depends, however,
on their composition and surface functionalization [22,23], as
confirmed by calculations at the independent particle level for
Ti2CT 2 and Ti3C2T2 crystals [24–26].

The optical response of this extensive family of materi-
als is interesting and can be explored from first-principles
calculations. Nonetheless, the precise first-principles opti-
cal characterization often requires the use of many-body-
perturbation-theory (MBPT) approaches, such as G0W0 [27]
and the Bethe-Salpeter equation (BSE) [28], which account
for electron-electron correlation effects and quasiparticle (QP)
energies beyond conventional density functional theory (DFT)
calculations. Many-body corrections are known to have a
strong influence on both band gap and quasiparticle energies

*Contact author: claudia.cardoso@nano.cnr.it
†Contact author: cem.sevik@uantwerpen.be

of various layered semiconductors [29–37]. Yet, such cor-
rections have been less explored in metallic layers. This
is partially due to the fact that in standard bulk three-
dimensional (3D) systems, the metallic screening makes the
many-body corrections ineffective, leaving the energy of the
quasiparticle states unchanged with respect to the DFT refer-
ence values. Moreover, the inclusion of the metallic screening
in the framework of MBPT calculations is not straightforward
and methodologically challenging.

In fact, an accurate use of the G0W0 and BSE approxi-
mations in systems with metallic screening requires a good
description of the frequency dependency of the polarizability,
which may in turn require going beyond the plasmon pole
approximation (PPA), significantly enhancing computational
cost. Moreover, in metals one needs to account for intraband
transitions at long wavelengths, where the intraband contri-
bution to the dielectric function in the q → 0 limit becomes
critical [38–40]. The intraband contribution to the optical
transitions is particularly relevant for energies below 1 eV,
however this term is often not included in the most common
implementations, originally developed for semiconductors. A
common approach to include the missing intraband contribu-
tion, both at the GW and BSE levels, relies on the use of a
phenomenological Drude-like term that depends on a plasma
frequency ωD and a damping factor γ [41]. In principle, these
parameters can be determined fully ab initio, however the
computational methods can become computationally expen-
sive [39,41–48]. Alternatively, experimental values can be
used when available, which is not the case for the systems
under study. There are also some alternative analytical models

2475-9953/2024/8(7)/075201(10) 075201-1 ©2024 American Physical Society

Intrinsic Control of Interlayer Exciton Generation in Van der Waals
Materials via Janus Layers
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ABSTRACT: We demonstrate the possibility of engineering the optical properties of transition metal dichalcogenide heterobilayers
when one of the constitutive layers has a Janus structure. We investigate diTerent MoS2@Janus layer combinations using first-
principles methods including excitons and exciton−phonon coupling. The direction of the intrinsic electric field from the Janus layer
modifies the electronic band alignments and, consequently, the energy separation between dark interlayer exciton states and bright
in-plane excitons. We find that in-plane lattice vibrations strongly couple the two states, so that exciton−phonon scattering may be a
viable generation mechanism for interlayer excitons upon light absorption. In particular, in the case of MoS2@WSSe, the energy
separation of the low-lying interlayer exciton from the in-plane exciton is resonant with the transverse optical phonon modes (40
meV). We thus identify this heterobilayer as a prime candidate for e,cient generation of charge-separated electron−hole pairs.
KEYWORDS: interlayer exciton, TMDC, first-principles calculations, exciton−phonon coupling

The weak dielectric screening of two-dimensional semi-
conductors allows for the formation of strongly bound

electron−hole pairs (excitons) upon light absorption, leading
to remarkable optical properties such as discrete excitonic
peaks with strong photoluminescence response and layer-
dependent exciton modulation.1−4 In this regard, two-dimen-
sional transition metal dichalcogenides (TMDs) are exemplary
since, due to the quasi-2D confinement and weak dielectric
screening, they host excitons with binding energies of
hundreds of meV.5−8 Therefore, this class of materials
represents an important testbed for the physics of light−
matter interaction,8−11 the realization of advanced optoelec-
tronic and nanophotonic devices,12−16 and valleytronics.17,18
Heterobilayer (HBL) structures with diTerent TMD layers

generally host interlayer (IL) excitons (where electron and
hole forming the exciton reside in diTerent layers) with a static
electric dipole moment. Earlier reports showed that the type-II
band alignment of the constituent monolayers causes the IL
exciton to be the lowest-energy excitation in the HBL
absorption spectrum despite having smaller binding energy
than in-plane (intralayer, IP) excitons, where electron and hole
reside in the same layer.19−23 These IL excitons have a lifetime
almost 100 times longer than the more commonly observed IP
ones24,25 and are also at the forefront of current research. For
example, their ultrafast formation dynamics is investigated,26,27
along with their role in valleytronics28,29 and charge transfer.

Ovesen et al.30 have suggested a scenario for the formation
of the IL excitons in HBL TMDs: the excitation of the IP
exciton due to light absorption is followed by the tunneling of
holes into a finite-momentum state of the opposite layer which
can then relax to the ground state of the IL exciton via phonon-
scattering. Therefore, the energy-momentum dependence and
exciton energy oTsets in bilayer structures are crucial for the
formation of IL excitons in HBLs. These excited-state features
also strongly depend on structural degrees of freedom such as
layer separation and stacking. By these means, the engineering
of optical transition strengths, energies, and selection rules
have been previously demonstrated,31−35 notably by the
application of external electric fields.21,36−38

However, the electric field does not need to be external: the
addition of a so-called “Janus” layer39 can provide a strong
intrinsic electric field. Janus monolayers have been exper-
imentally demonstrated in samples with high structural and
optical quality.40 A first theoretical prediction of the impact of
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57 In addition to experimental studies, first-principles calculations
58 have been widely used to predict the thermal conductivity of these
59 materials.13,14 The combination of density functional theory (DFT)
60 with the Peierls–Boltzmann transport equation (PBTE) has become
61 the standard computational framework for such investigations.
62 However, the resulting predictions exhibit substantial variation across
63 the literature, largely due to methodological differences. Key contribut-
64 ing factors include the choice of exchange-correlation functional,
65 supercell size, Brillouin zone sampling density, treatment of anhar-
66 monic force constants, and convergence criteria. For monolayer MoS2,

67DFT-BTE-based estimates of j range from approximately 25 to more
68than 150Wm!1K!1, depending on the computational parameters
69employed. Similarly, the theoretical predictions for MoSe2 vary
70between 17 and 70Wm!1K!1 (see Table I).
71Complementary molecular dynamics (MD) simulations have also
72been applied to study the thermal transport in these materials.15–25

73However, the variability in the reported results is often as large as or
74greater than that seen in first-principles studies. For monolayer MoS2,
75room-temperature values of j from MD simulations range from
761:35Wm!1K!1 (Ref. 20) to 531Wm!1K!1,24 while values for MoSe2

TABLE I. Room-temperature lattice thermal conductivity values of monolayer MoS2 and MoSe2 collected from the literature, based on first-principles, molecular dynamics, and
experimental studies. All reported values have been rescaled according to the out-of-plane lattice constants used in this work: 6.15 Å for MoS2 and 6.47 Å for MoSe2. Italicized
values indicate that the original source did not provide an explicit out-of-plane lattice constant.

First-principles

MoS2 MoSe2

Method j (Wm!1K!1) Method j (Wm!1K!1)

DFT-BTE58 151.36 DFT-BTE59 54.13
DFT-BTE60 135.20 DFT-BTE61 " 70
DFT-BTE62 130.20 DFT-BTE63 " 60
DFT-BTE64 130.00 DFT-BTE65 54
DFT-BTE65 103.00 DFT-BTE66 46.2
DFT-BTE67 81.42 DFT-DFPT-Slack Model68 17.6
DFT-BTE59 89.56
DFT-DFPT-NEGF69 24.52
DFT-BTE (3ph, 3phþ4ph)70 133.5, 27.7
DFT-BTE66 82.2
DFT-BTE63 " 75
DFT-DFPT-Slack Model68 33.6
DFT-DFPT-Umklapp Model71 29.2
Molecular Dynamics
REBO-LJ-HNEMD24 123.66 SW-NEMD25 24.80
(SW13, SW13E, SW16)-HNEMD24 535.85, 203.98, 290.65 SW-EMD-Green-Kubo19 40.19
TB-(EMD-NEMD)20 0.97, 1.22 SW-NEMD-(AC, ZZ)21 17.76, 18.93
SW-NEMD25 32.89 SW-NEMD-(AC, ZZ)16 43.88, 41.63
SW-RNEMD-(AC, ZZ)23 32.95, 53.91 MLFF-NEP-HNEMD17 77.73
SW-EMD-Green-Kubo19 90.00 SW-SED22 29.18
SW-EMD-Green-Kubo18 116.99
SW-NEMD-(AC, ZZ)16 101.39, 110.26
SW-NEMD15 19.95
MLFF-NEP-HNEMD17 161.62
SW-SED22 89.4
Experimental
Raman (Heat Diff. Modeling)3 36.46 Mech.Exf.-Raman (vacuum, air)10 (20, 250)
Raman (Heat Diff. Modeling)72 70.80 Mech.Exf.-Raman6 59
CVD-RTD73 30
Mech.Exf.-Raman6 84
CVD-Opt. Mod.74 19.8
CVD-LHD60 13.3
CVD-MJH12 24–100
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301 In all comparative j calculations presented in Fig. 2, phonon
302 interactions were considered up to the 13th NN shell, and the atomic
303 displacement magnitude in the finite displacement method was set to
304 0.03 Å for both second- and third-order force constant evaluations. All

305computations were performed using a 8! 8! 1 supercell containing
306192 atoms. For the combined three-phonon and four-phonon
307(3phþ4ph) scattering processes, convergence tests—performed as
308strongly recommended in Ref. 75—resulted in the use of a 0.04 Å

FIG. 1. Comparison of MLFF-predicted atomic forces with DFT reference values for monolayer MoS2 and MoSe2 on an independent test set.

FIG. 2. Lattice thermal conductivity of
MoS2 and MoSe2 as a function of temper-
ature (200–800 K), calculated considering
(i) three-phonon interactions up to the
13th nearest neighbors, and (ii) combined
three-phonon (13th nearest neighbors)
and four-phonon (6th nearest neighbors)
interactions. The bottom panels show the
relative errors of MLFF-predicted three-
phonon thermal conductivities with respect
to DFT values for both materials.
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Gaussian approximation potentials for accurate
thermal properties of two-dimensional materials†

Tuğbey Kocabaş, *a Murat Keçeli, *b Álvaro Vázquez-Mayagoitia *b and
Cem Sevik *c,d

Two-dimensional materials (2DMs) continue to attract a lot of attention, particularly for their extreme

flexibility and superior thermal properties. Molecular dynamics simulations are among the most powerful

methods for computing these properties, but their reliability depends on the accuracy of interatomic

interactions. While first principles approaches provide the most accurate description of interatomic forces,

they are computationally expensive. In contrast, classical force fields are computationally efficient, but

have limited accuracy in interatomic force description. Machine learning interatomic potentials, such as

Gaussian Approximation Potentials, trained on density functional theory (DFT) calculations offer a com-

promise by providing both accurate estimation and computational efficiency. In this work, we present a

systematic procedure to develop Gaussian approximation potentials for selected 2DMs, graphene,

buckled silicene, and h-XN (X = B, Al, and Ga, as binary compounds) structures. We validate our approach

through calculations that require various levels of accuracy in interatomic interactions. The calculated

phonon dispersion curves and lattice thermal conductivity, obtained through harmonic and anharmonic

force constants (including fourth order) are in excellent agreement with DFT results. HIPHIVE calculations,

in which the generated GAP potentials were used to compute higher-order force constants instead of

DFT, demonstrated the first-principles level accuracy of the potentials for interatomic force description.

Molecular dynamics simulations based on phonon density of states calculations, which agree closely with

DFT-based calculations, also show the success of the generated potentials in high-temperature

simulations.

1. Introduction
Accurate calculation of interatomic forces is critical for esti-
mating reliable thermal and thermodynamic properties of
crystalline and amorphous materials through large-scale mole-
cular dynamics simulations. First-principles methods based
on density functional theory (DFT) offer the most reliable
approaches for calculating interatomic interactions, but the
increased computational cost has been a limiting factor that
hinders the study of realistic systems with defects and anhar-

monicity at scale.1 An alternative approach, classical force
fields (FFs) constructed with parameterized functions, is a
computationally efficient solution, but its accuracy in evaluat-
ing interatomic forces is limited compared to DFT.2

To address the challenge of studying realistic systems with
high accuracy and reasonable computational cost, emerging
techniques such as machine learning (ML) have gained wide-
spread adoption in the materials science community in the
last ten years.3,4 ML-based interatomic potentials (MLIPs) offer
the potential to achieve a desired level of accuracy at orders of
magnitude lower computational cost compared to ab initio
molecular dynamics (AIMD).4 One key difference between
MLIPs and FFs is the functional form used to represent the
interaction potential. While FFs have a fixed functional form,
MLIPs do not make assumptions about the form of the poten-
tial, except for some physical constraints such as smoothness
of the function and a cutoff distance for interactions. This flex-
ible functional form allows MLIPs to achieve the accuracy of
the calculations used for training within an arbitrary error.
However, the evaluation of forces from MLIPs can be more
computationally expensive than FFs due to the complexity of
the model, but this cost is still orders of magnitude lower than

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3nr00399j

aDepartment of Materials Science and Engineering, Institute of Graduate Programs,
Eskisehir Technical University, Eskişehir TR 26555, Türkiye.
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Groenenborgerlaan 171, B-2020 Antwerp, Belgium.
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dDepartment of Mechanical Engineering, Eskisehir Technical University, Eskişehir TR
26555, Türkiye
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ABSTRACT
17 Group-VI transition metal dichalcogenides (TMDs), MoS2 and MoSe2, have emerged as prototypical low-dimensional systems with distinc-
18 tive phononic and electronic properties, making them attractive for applications in nanoelectronics, optoelectronics, and thermoelectrics.
19 However, their reported lattice thermal conductivities (j) remain highly inconsistent, with experimental values and theoretical predictions
20 differing by more than an order of magnitude. These discrepancies stem from uncertainties in measurement techniques, variations in compu-
21 tational protocols, and ambiguities in the treatment of higher-order anharmonic processes. In this study, we critically review these inconsis-
22 tencies, first by mapping the spread of experimental and modeling results, and then by identifying the methodological origins of divergence.
23 To this end, we bridge first-principles calculations, molecular dynamics simulations, and state-of-the-art machine learning force fields
24 (MLFFs), including recently developed foundation models. We train and benchmark GAP, MACE, NEP, and HIPHIVE against density func-
25 tional theory and rigorously evaluate the impact of third- and fourth-order phonon scattering processes on j. The computational efficiency
26 of MLFFs enables us to extend convergence tests beyond conventional limits and to validate predictions through homogeneous nonequilib-
27 rium molecular dynamics as well. Our analysis demonstrates that, contrary to some recent claims, fully converged four-phonon processes
28 contribute negligibly to the intrinsic thermal conductivity of both MoS2 and MoSe2. These findings not only refine the intrinsic transport lim-
29 its of 2D TMDs but also establish MLFF-based approaches as a robust and scalable framework for predictive modeling of phonon-mediated
30 thermal transport in low-dimensional materials.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0300627

31 I. INTRODUCTION
32 Efficient thermal management has become a critical constraint in
33 the design and operation of modern nanoelectronic, optoelectronic,
34 and thermoelectric devices for energy conversion. As device dimen-
35 sions continue to shrink and power densities increase, the ability of
36 materials to dissipate heat effectively is essential to ensure optimal per-
37 formance, stability, and long-term reliability. In this context, the lattice
38 thermal conductivity (j) has emerged as a key figure of merit for the
39 selection and optimization of functional materials.1,2

40 Among emerging low-dimensional systems, two-dimensional (2D)
41 materials, particularly group-VI transition metal dichalcogenides
42 (TMDs), such as molybdenum disulfide (MoS2) and molybdenum dise-
43 lenide (MoSe2), have attracted considerable attention due to their unique

44thermal, electronic, and optoelectronic properties.3–9 Significant experi-
45mental efforts have focused on quantifying their thermal conductivity
46using techniques such as Raman thermometry and optothermal
47methods.6,10 However, even for the prototypical case of monolayer
48MoS2, experimental values of j remain widely scattered. Reported
49room-temperature measurements range from 13Wm!1K!1, based
50on early Raman studies on suspended flakes,11 to 84Wm!1K!1,
51using refined optical calibration techniques.6 Additional reports that
52account for anisotropic effects further extend the range from 24 to
53100Wm!1K!1.12 Similar variability is observed for MoSe2,

10 albeit
54with consistently lower values, often attributed to its heavier chalco-
55gen atom and reduced phonon group velocities. The reported con-
56ductivities for MoSe2 range from 20 (Ref. 10) to 59Wm!1K!1.6

J_ID: APRPG5 DOI: 10.1063/5.0300627 Date: 9-December-25 Stage: Page: 1 Total Pages: 17

ID: Ayyanar.ranganathan Time: 20:53 I Path: C:/Users/ayyanar.ranganathan/Desktop/New folder/AI-ARE#250221

Appl. Phys. Rev. 12, 000000 (2025); doi: 10.1063/5.0300627 12, 000000-1

Published under an exclusive license by AIP Publishing

Applied Physics Reviews ARTICLE pubs.aip.org/aip/are



HPC

Tier – 1

- PWSCF

- YAMBO

- VASP

- ABINIT

Tier – 2

- PWSCF

- YAMBO

- VASP

- ABINIT

- ML

   Ghent (CPU)

   Ghent (GPU)

GPU

- PWSCF

- YAMBO

   BSE (Limited)

CPU

- PWSCF

- YAMBO

GPU

- PWSCF

- YAMBO

Screening

GW



HPC

Tier – 1

- PWSCF

- YAMBO

- VASP

- ABINIT

Tier – 2

- PWSCF

- YAMBO

- VASP

- ABINIT

- ML

   Ghent (CPU)

   Ghent (GPU)

GPU

- PWSCF

- YAMBO

   BSE (Limited)

CPU

- PWSCF

- YAMBO

GPU

- PWSCF

- YAMBO

Screening

GW

12 MONTHS 12 MONTHS12 MONTHS



THANK YOU


