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VAN DER WAALS MATERIALS

the energy degeneracy at the K and K’ valleys and prevents a
bandgap from opening. That degeneracy can be li!ed by
breaking the la"ice’s inversion symmetry. For example, in 
h-BN, shown in figure 2c, the two carbon atoms in the graphene
unit cell are replaced by boron and nitrogen, and the inversion
symmetry is broken. As a result, a large energy gap opens 
at the valleys, making h-BN an extremely good insulator and
dielectric.

The TMDs are a particularly interesting class of 2D materi-
als. Their crystal structure, shown in figure 2d, consists of one
layer of a transition metal M, such as molybdenum or tungsten,
sandwiched between two layers of a chalcogen X, such as sul-

fur, selenium, or tellurium. A single 2D
unit consisting of those three atomic lay-
ers is about 6–8 Å thick. The TMDs have
no inversion symmetry, and most of them
have nonzero bandgaps. But their band
structure is complicated by strong spin–
orbit coupling, which arises from the high
orbital velocities in the relatively heavy 
M atoms’ partially filled d subshells. That
spin–orbit coupling splits the TMDs’ va-
lence bands into two spin-polarized bands.
Time-reversal symmetry requires the spin
and momentum degrees of freedom to be
coupled such that the K and K’ valleys
carry opposite spin polarizations. That
unique spin and valley texture causes elec-
trons to experience a pseudo-magnetic
field, which gives rise to a so-called valley
Hall effect even in the absence of an 
applied field. Furthermore, by applying

circularly polarized light, researchers can control both the elec-
trons’ spin and the momentum valley they occupy.3

Quantum confinement and the lack of bulk dielectric
screening have profound effects on the optical properties of
semiconducting TMDs. For example, many bulk TMDs have
indirect bandgaps: The valence-band maximum and conduction-
band minimum are characterized by different wavevectors. 
But in monolayer form, the materials undergo a transition to 
a direct bandgap, which results in stronger optical absorption
and more efficient radiative recombination. Figure 3a shows
the effect for MoS2. Additionally, excitons—electron–hole 
pairs created by single-photon absorption—can have large
binding energies in 2D TMDs due to the lack of bulk dielectric
screening.

Black phosphorus (BP), or phosphorene, a layered allotrope
of elemental phosphorus, has some interesting properties that
arise from its inherent in-plane anisotropy. As shown in figure 1,
BP layers take the form of puckered sheets. Consequently, the
material has an anisotropic band structure, and its charge car-
riers have anisotropic effective mass. As figure 3b shows, the

FIGURE 1. THE WORLD OF TWO-DIMENSIONAL MATERIALS
includes graphene and its analogues, such as hexagonal boron 
nitride; black phosphorus (BP) and its analogues; the III–VI family of
semiconductors; and the transition-metal dichalcogenides (TMDs).
Together they span the full range of electronic properties. The four
corner diagrams show the materials’ cross-sectional structures—
most are not strictly planar.

FIGURE 2. LATTICE STRUCTURES and band structures at the corners of the first Brillouin zone for (a) monolayer graphene, (b) bilayer
graphene, (c) hexagonal boron nitride, and (d) the transition-metal dichalcogenides (TMDs). The dashed lines in the lattice diagrams indicate
unit cells. Because of their inversion symmetry, monolayer and bilayer graphene have no bandgap. Due to spin–orbit coupling, the TMDs’ 
valence band is split into two spin-polarized bands, marked by the red and blue arrows.

2D Materials...



MoS2 Molybdenum disulfide :
Natural occurance as mineral Molybdenite

current Applications
• lubricant up to 350 °C 
• Nylon, Teflon, ski wax 
• catalyst in petroleum refineries
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M
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6.8 Å
similar to graphite: 
multilayers connected by
van der Waals bonding

Transition Metal Dichalcogenides (TMD) : 
MoS2, MoSe2, WS2, WSe2…



àOriginal proper,es of these heterostructures with op,cal and 
electronic  proper,es dis,nct from its components

à Band structure engineering

Two Two-Dimensional Materials are better than one… 

Van der Waals Heterostructures

Multilayers of weakly coupled
two-dimensional crystals 

Nature 499, 419 (2013)
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Van der Waals heterostructures
A. K. Geim1,2 & I. V. Grigorieva1

Research on graphene and other two-dimensional atomic crystals is intense and is likely to remain one of the leading
topics in condensed matter physics and materials science for many years. Looking beyond this field, isolated atomic
planes can also be reassembled into designer heterostructures made layer by layer in a precisely chosen sequence. The
first, already remarkably complex, such heterostructures (often referred to as ‘van der Waals’) have recently been
fabricated and investigated, revealing unusual properties and new phenomena. Here we review this emerging
research area and identify possible future directions. With steady improvement in fabrication techniques and using
graphene’s springboard, van der Waals heterostructures should develop into a large field of their own.

G raphene research has evolved into a vast field with approxi-
mately ten thousand papers now being published every year
on a wide range of graphene-related topics. Each topic is covered

by many reviews. It is probably fair to say that research on ‘simple
graphene’ has already passed its zenith. Indeed, the focus has shifted
from studying graphene itself to the use of the material in applications1

and as a versatile platform for investigation of various phenomena.
Nonetheless, the fundamental science of graphene remains far from
being exhausted (especially in terms of many-body physics) and, as
the quality of graphene devices continues to improve2–5, more break-
throughs are expected, although at a slower pace.

Because most of the ‘low-hanging graphene fruits’ have already been
harvested, researchers have now started paying more attention to other
two-dimensional (2D) atomic crystals6 such as isolated monolayers and
few-layer crystals of hexagonal boron nitride (hBN), molybdenum
disulphide (MoS2), other dichalcogenides and layered oxides. During
the first five years of the graphene boom, there appeared only a few

experimental papers on 2D crystals other than graphene, whereas the
last two years have already seen many reviews (for example, refs 7–11).
This research promises to reach the same intensity as that on graphene,
especially if the electronic quality of 2D crystals such as MoS2 (refs 12, 13)
can be improved by a factor of ten to a hundred.

In parallel with the efforts on graphene-like materials, another
research field has recently emerged and has been gaining strength over
the past two years. It deals with heterostructures and devices made by
stacking different 2D crystals on top of each other. The basic principle is
simple: take, for example, a monolayer, put it on top of another mono-
layer or few-layer crystal, add another 2D crystal and so on. The resulting
stack represents an artificial material assembled in a chosen sequence—as
in building with Lego—with blocks defined with one-atomic-plane pre-
cision (Fig. 1). Strong covalent bonds provide in-plane stability of 2D
crystals, whereas relatively weak, van-der-Waals-like forces are sufficient
to keep the stack together. The possibility of making multilayer van
der Waals heterostructures has been demonstrated experimentally only

1School of Physics and Astronomy, University of Manchester, Manchester M13 9PL, UK. 2Centre for Mesoscience and Nanotechnology, University of Manchester, Manchester M13 9PL, UK.
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Figure 1 | Building van der Waals
heterostructures. If one considers
2D crystals to be analogous to Lego
blocks (right panel), the construction
of a huge variety of layered structures
becomes possible. Conceptually, this
atomic-scale Lego resembles
molecular beam epitaxy but employs
different ‘construction’ rules and a
distinct set of materials.
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How to isolate a monolayer:  exfoliation...

Same Procedure as Graphene
Novoselov/Geim : Nobel Prize 2010 
Proc. Natl.Acad. Sci. U.S.A 102, 1045 (2005).

‘scotch tape method’ works for:
- Graphene
- MoS2 monolayers
- …. 5 µm



Growth of TMD monolayers  

Nanolett. 14, 3185 (2014); Berkeley
SST 29 064008 (2014); 
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IPA rinse followed by a piranha etch (3 parts sulfuric acid
to 1 part hydrogen peroxide(30%)) for 1 hr. The center
zone of the furnace is heated to 700◦ C, as measured by a
type-K thermocouple at the outer surface of the process
tube, in 43 minutes while the sulfur is simultaneously
heated to ∼ 200◦ C (due to the temperature gradient
from center heated zone) and is held for at this tempera-
ture for 10 minutes. Subsequently, the furnace is turned
off and allowed to naturally cool to 500◦ C. Compressed
air is then used to rapidly cool the furnace to room tem-
perature. This procedure yields samples as shown in
Fig. 1(a), where a deposition of material is clearly vis-
ible on a 10 mm wide strip along the center of the sub-
strate. Optical microscopy reveals regions of uniform ap-
parent color, indicating a constant MoS2 layer thickness,
which are about 300 µm wide, at the edges of this strip,
see Fig. 1(b). The long axis of these regions is aligned
along the nitrogen flow orientation during growth. We
will show below that a pronounced photoluminescence
emission corresponding to single-layer MoS2 is observed
in these regions. At the edge of these regions, the con-
tinuous MoS2 layer transitions to a disordered array of
individual islands, which are mostly triangular in shape
and show the same apparent color (Fig. 1(c)).
The MoS2 flakes used for comparison to the CVD-

grown film are prepared using the mechanical exfolia-
tion method well-established for graphene, from natu-
ral MoS2. A p-doped silicon wafer with 300 nm SiO2

layer and lithographically defined metal markers is used
as a substrate. An optical microscope is used to identify
flakes that contain single or few layer-regions based on
the optical contrast7,16, the thickness of individual ex-
foliated flakes is determined with Raman spectroscopy
based on the frequency difference of the characteristic
Raman modes E1

2g and A1g
17,18. The mechanical exfolia-

tion yields a small number of single- and few-layer MoS2
flakes with a size of several micrometers. Fig. 1(d) shows
a typical optical microscope image of flakes prepared by
mechanical exfoliation, the larger-magnification image in
Fig. 1(e) contains a flake with a single-layer region.

B. Optical spectroscopy

Raman spectroscopy measurements are performed at
room temperature. For this, we utilize a microscope
setup, in which a 532 nm cw laser is coupled either into a
100x (1 µm laser spot size) or a 20x (3 µm laser spot size)
microscope objective, which also collects the scattered
light in backscattering geometry. The scattered light is
recorded using a grating spectrometer equipped with a
cooled charge-coupled device (CCD) sensor. A longpass
filter is placed at the entrance of the spectrometer to
suppress elastically scattered laser light. The sample is
mounted on a motorized XY table and scanned under the
microscope. Room-temperature PL measurements are
performed using the same setup. For low-temperature
PL measurements, the samples are mounted in vacuum

(a)

50 µm

10 mm

10 µm

(d) (e)

300 µm

(b)

(c)

50 µm

FIG. 1: (a) Photograph of sample after CVD growth. (b) Op-
tical micrograph of red area indicated in (a) showing mono-
layer MoS2 region. (c) High-magnification micrograph of
green area in (b) showing transition from individual islands
to monolayer. (d) Optical micrograph of MoS2 flakes pre-
pared by mechanical exfoliation on a SiO2/Si wafer. (e) High-
magnification micrograph of orange square area in (d). The
bottom part of the flake (light blue color) is a monolayer.

on the cold finger of a small He-flow cryostat, which can
also be scanned under the microscope. In PL and Ra-
man scanning experiments, full spectra are collected for
sample positions defined on a square lattice. For all the
scans performed on the CVD-grown sample, the 20x mi-
croscope objective was utilized. In order to extract infor-
mation from these spectra, an automated fitting routine
is employed, which yields the integrated intensity, spec-
tral position and full width at half maximum (FWHM)
of the characteristic PL and Raman spectral features.
To study valley polarization effects, near-resonant exci-
tation is employed in the PL setup. For this, a tunable,
frequency-doubled pulsed fiber laser system is utilized.
Its center wavelength is tuned to 633 nm. This laser is
circularly polarized by a quarter-wave plate and coupled
into the microscope system. A longpass filter is utilized
to suppress scattered laser light, and the circular polar-
ization of the PL is analyzed using a second quarter-wave
plate and a linear polarizer placed in front of the spec-
trometer.

III. RESULTS AND DISCUSSION

A. Photoluminescence

First, we discuss the PL spectra of the CVD-grown
films and compare them to those of exfoliated MoS2. Pro-
nounced PL is only observed in single-layer MoS2 flakes,

MBE
Nanoscale 7, 7896 (2015) ; Athens&Leuven
ACS Nano 12, 2319 (2018) ; Grenoble
APL 125, 053102 (2024); Grenoble&Toulouse

The HRTEM image of Fig. 3b shows 3 layers of MoSe2
imaged along the [11–20]AlN zone axis. The corresponding
simulated image (thickness 15 nm along the electron beam,
defocus −70 nm) superimposed on the right side confirms
that the [11–20] directions of the AlN and MoSe2 lattices are
aligned in agreement with the RHEED data in Fig. 1. The
intense bright rows correspond to the space between the
MoSe2 layers (Se atoms appear dark), whilst Mo atoms are rep-
resented by the bright dotted rows in between (see also ESI,
Fig. S1b†). Fig. 3c shows the same sample imaged along the
[1–100]AlN zone axis. Similarly, the dark rows correspond to the
MoSe2 layers and bright areas to the space between them.
Because of the dense atom configuration along this direction
(see also ESI, Fig. S1c†), no atoms are resolved in the dark
areas in contrast to Fig. 3b. Fig. 3d and 3e show 2 ML of
MoSe2 grown on top of 5 QL epitaxial Bi2Se3 buffer, and 2 ML
of MoSe2 sandwiched between two Bi2Se3 layers, each 3 QL
thick, respectively. The corresponding image simulation is
shown as an inset in Fig. 3e (thickness 8.5 nm, defocus
−70 nm), in which the bright dotted rows correspond to Mo
atoms. In summary, the data in Fig. 3 (combined with the
RHEED data) show that high-quality epitaxial MoSe2 and
MoSe2/Bi2Se3 multilayers can be grown on AlN substrates with
flat surface morphology and clean, crystalline interfaces.

Fig. 2 (a) Room temperature high resolution STM image of 3 ML MoSe2
on AlN(0001) (Ubias = 0.7 V, I = 0.9 nA), showing a honeycomb structure.
The bright corners in the honeycomb configuration are attributed to Se
atoms occupying the three corners of the topmost hexagon. (b) Stick
and ball model of MoSe2 honeycomb structure along the [0001]MoSe2

axis showing the Se and Mo atom positions. The Se atoms reside on the
three corners of the top hexagon while Mo occupies the three corners
of a hexagon located 1.67 Å below the top one. (c) Profile along line 1 in
image (a) showing the estimated distance of 3.3 Å between Se atoms, in
good agreement with the MoSe2 lattice constant aMoSe2 = 3.299 Å. (d)
Profile along line 2 in image (a) showing the buckling between Se and
Mo atoms and their estimated lateral distance of 2 Å, close to the
theoretical value of 1.9 Å.

Fig. 3 (a–c) Cross section HRTEM images of 3 ML MoSe2 grown on AlN
(0001), viewed in low magnification (a) along [11–20]AlN, with the corres-
ponding simulated image as an inset in (b), and along [1–100]AlN in (c). In
(b) and (c), MoSe2 is located in the darker contrast areas, while the very
bright rows, more pronounced in (c), show the separation between the
MoSe2 layers. In (c) a crystalline MoSe2/AlN interface is shown with the
corresponding absorption contrast profile (left side) showing lattice
fringes. The fringe spacing of the top three AlN layers increases gradually.
The Fast Fourier Transform (FFT) (right side), calculated from the HRTEM
image, is presented showing the points that represent the spatial frequen-
cies contained. (d) HRTEM images of 2 ML MoSe2 deposited on a 5 QL
Bi2Se3 buffer layer grown on AlN(0001), viewed along [11–20]AlN. (e) 3 QL
Bi2Se3/2 ML MoSe2/3QL Bi2Se3 heterostructure deposited on AlN(0001) at
300 °C, viewed along [11–20]AlN (inset, the corresponding MoSe2 simu-
lated image). (b–e) show that MoSe2 grows epitaxially with high crystalline
quality on both AlN and the Bi2Se3 buffer layer on AlN. The MoSe2 films
grown on AlN show a smooth surface and interface morphology.
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CVD

MOCVD

shown in the inset) with multiple electrodes for the four-probe mea-
surements (except for a channel length L of 34mm). It includes several
curves for different L ranging between 1.6 and 34mm (shifted from the
bottom curve for clarity), all of which show nearly identical beha-
viours, including the n-type conductance, carrier concentration
(,4 3 1012 cm22 at VBG 5 0 V) and high field-effect mobility (mFE).
Figure 3b further plots mFE measured from five such devices, fabricated
at random locations and separated by up to 3.3 mm on a single chip.
All the devices show similar mFE near 30 cm2 V21 s21, independent of L
and device location, with similarly uniform s%–VBG curves (shown in
Supplementary Fig. 10), suggesting the spatial homogeneity of the

electrical properties of the MoS2 film at length scales ranging from
micrometres to millimetres.

The distribution of mFE of our devices is compared with the results of
multiple devices from two previous reports, each measured from indi-
vidual grains of exfoliated7 or CVD-grown21 MoS2 samples. We find
that mFE measured from our MOCVD film is similar to the median mFE

(denoted by a star) of exfoliated samples (and several times higher than
the CVD results) and has a much narrower distribution. In addition, the
temperature dependence of mFE (Fig. 3c) measured from the same device
in Fig. 3a shows higher mFE at lower temperatures (92 cm2 V21 s21 at
100 K) and intrinsic, phonon-limited electron transport similar to the
behaviours previously observed in exfoliated samples (data from ref. 6
shown in Fig. 3c) but different from those observed from a CVD sample
with stronger effects from defects30. Specifically, our data show that the
temperature dependence of mobility follows a power law of mFE < T2c

with exponent c 5 1.6 for temperatures between 150 and 300 K, close to
the value (1.69) predicted by theory5 and consistent with results from
previous experiments (average value ranging between 0.6 and 1.7)6–9 for
a similar temperature range. Finally, Fig. 3d shows a high-performance
MoS2 FET fabricated with an individual top-gate electrode (VTG). It has
a high on/off conductance ratio (,106), current saturation at relatively
low bias VSD (lower inset to Fig. 3d), high field-effect mobility
(,29 cm2 V21 s21) and large transconductance (,2mSmm21), all of
which are comparable to the best reported results6–8. We note that our
devices studied in Fig. 3a–d were fabricated at random locations using a
polycrystalline monolayer MoS2 film, unlike the devices with single-
grain samples used for comparison. In addition, the electrical properties
measured from a separate monolayer MoS2 film with a larger average
grain size of 3mm (instead of 1mm in Fig. 3) have almost identical
characteristics, including the channel-length independence of mFE and
the phonon-limited transport at T . 150 K (see Supplementary Fig. 11;
with the low-temperature mobility as high as 114 cm2 V21 s21 at 90 K).
Taken together, our data confirm the spatial uniformity and high elec-
trical performance of our MoS2 FETs independent of the average grain
size, which suggests that the intergrain boundaries in our film do not
significantly degrade their electrical transport properties. This is prob-
ably due to the formation of well-stitched intergrain boundaries with a
low level of defects, an explanation also supported by the ADF-STEM
(Fig. 2f) and X-ray photoelectron spectrum data (Supplementary Fig. 2)
discussed above. Our data therefore lead us to conclude that our opti-
mized MOCVD growth provides an electrically homogeneous mono-
layer MoS2 film. Moreover, we successfully fabricated and measured 60
FETs by using a monolayer WS2 film. Even though the growth of
monolayer WS2 was not carefully optimized, these devices showed
excellent electrical properties, with their mFE as high as 18 cm2 V21 s21

at room temperature (Fig. 3e) and a median mFE close to 5 cm2 V21 s21.
In addition, the WS2 device in Fig. 3e showed a high on/off ratio of 106

and the current saturation behaviour (inset to Fig. 3e) as in our MoS2

devices. (See Supplementary Fig. 12 for data from additional monolayer
WS2 FET devices).

The structural and electrical uniformity of our MoS2 film enables
the wafer-scale batch fabrication of high performance FETs as demon-
strated in Fig. 3f, g. Figure 3f shows a photo of 8,100 MoS2 FETs with a
global back gate, which were fabricated on a 4-inch SiO2/Si wafer with
a standard photolithography process. The middle and bottom insets
to Figure 3f show colour-scale maps of s% measured from 100 MoS2
FETs in one square region at VBG 5 150 V and 250 V, respectively;
the top inset to Fig. 3f shows an enlarged optical image of the devices.
We observed an almost perfect device yield of 99%; only two out of 200
FETs that we characterized (including data from an adjacent region)
did not conduct. Our data also confirm the spatially uniform n-type
transistor operation (larger s% for positive VBG) with similar VBG
dependence for all our devices and high on-state device conductance.
We further observed similarly uniform VBG dependence from FET
devices fabricated using monolayer MoS2 films with different average
grain sizes, as characterized by the histograms of the threshold voltages
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Figure 2 | MOCVD growth of continuous monolayer MoS2 film. a, Diagram
of our MOCVD growth setup. Precursors were introduced to the growth setup
with individual mass flow controllers (MFCs). Red, Mo or W atom; yellow,
S atom; white, carbonyl or ethyl ligand. b, Optical images of MOCVD-grown
MoS2 at the indicated growth times, where t0 was the optimal growth time
for full monolayer coverage. Scale bar, 10mm. c, Coverage ratio for monolayer
(h1L, green) and multi-layer (h$2L, purple) regions as a function of growth time.
d, Grain size variation of monolayer MoS2 depending on the hydrogen flow
rate; from left to right, 5 standard cm3 min21 (sccm) (SEM image shown),
20 sccm (SEM) and 200 sccm (TEM). e, False-colour DF-TEM image showing a
continuous monolayer MoS2 film. Scale bar, 1mm. f, ADF-STEM image of a
laterally stitched grain boundary in a monolayer MoS2 film, with red and yellow
dots representing the Mo and S atoms, respectively. Scale bar, 1 nm.
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Fig. 2b shows optical images at different growth times, revealing the
initial nucleation on the SiO2 surface (t 5 0.5t0), subsequent mono-
layer growth near (0.8t0) and at the maximum monolayer coverage
(t0), followed by nucleation mainly at grain boundaries (1.2t0) and
bilayer growth (2t0). We observed no nucleation of a second layer
while the first layer was forming (h$2L < 0 when t , t0), producing
an optimal growth time t0 near full monolayer coverage (h1L < 1).
Additional photoluminescence and electron microscope images taken
after different growth times further suggested that the edge attachment
was the main mechanism for the monolayer growth after nucleation
and that the neighbouring monolayer grains were uniformly con-
nected by tilt grain boundaries with enhanced photoluminescence19

at t 5 t0 (see Supplementary Notes and Supplementary Figs 3 and 4).
The standard thin-film growth model27 suggests that this growth mode
is effective below a certain deposition rate of the growth species, above
which it suggests a different mode that forms thicker islands. Indeed,
the layer-by-layer growth of MoS2 film was observed only when we
applied a low partial pressure (PMo < 1024 Torr in Fig. 2b, c) of Mo
vapour (produced by the thermal decomposition of Mo(CO)6; see
Supplementary Notes and Supplementary Fig. 5) in the presence of
excess (C2H5)2S. In contrast, the growth at a higher PMo was no longer
in the layer-by-layer growth mode, instead simultaneously producing
a mixture of monolayer, multilayer and no-growth regions
(Supplementary Fig. 6). For the uniform monolayer growth over a
large substrate, it is thus important to maintain a low PMo constantly
over the entire growth region and over time, the key technical capabil-
ity provided by our MOCVD setup (see Supplementary Fig. 7 for the
spatially homogeneous monolayer nucleation on a multi-inch scale).

Second, the grain structure of our MoS2 film, including the average
grain size and the intergrain connection, depends sensitively on the
concentrations of H2, (C2H5)2S as well as residual water. As a repres-
entative example, Fig. 2d shows the two main effects of H2, whose
presence is necessary for removing carbonaceous species generated
during the MOCVD growth: the average grain size increases from
hundreds of nanometres to more than 10mm with decreasing H2 flow,
and the MoS2 grains grown under higher H2 flow (Fig. 2d, right image)

have mostly perfect triangular shapes without merging with neighbour-
ing grains, a trend that disappears with lower H2 flow (left and middle
images). These observations are consistent with the H2-induced decom-
position of (C2H5)2S (increasing nucleation due to hydrogenolysis)28

and the etching of the MoS2 (preventing intergrain connection)29 as
reported previously. (For further discussion on the effects of (C2H5)2S
and water, see Supplementary Notes and Supplementary Fig. 6.) To
grow continuous monolayer MoS2 with a large grain size and high-
quality intergrain stitching, we thus flowed optimal amounts of H2
and (C2H5)2S and dehydrated the growth environment.

The darkfield transmission electron microscope (DF-TEM) and
annular darkfield scanning TEM (ADF-STEM) images shown in
Fig. 2e, f confirm the structural continuity of our MoS2 film grown
under those conditions on the nanometre and atomic length scales.
The DF-TEM image shows a continuous polycrystalline monolayer
film with no visible gaps and a bilayer area of less than 0.5%. Further
analysis of the DF-TEM and electron diffraction data (see
Supplementary Fig. 8) confirms a uniform angular distribution of
crystal orientations with no preferred intergrain tilt angle for grain
boundaries. The ADF-STEM data (Fig. 2f; more images are shown
in Supplementary Fig. 9) further confirm that adjacent grains are likely
to be connected by a high-quality lateral connection with structures
similar to those seen in previous reports18,19. The MoS2 films shown in
Fig. 1 as well as those whose electrical properties we show in Figs 3
and 4 were grown under the conditions described in Supplementary
Methods, producing an average grain size of ,1mm (see Fig. 2b, e).
Almost identical growth parameters with PW < 1024 Torr produced
monolayer WS2 films as shown in Fig. 1b, i, indicating the same layer-
by-layer growth for WS2 with a similar t0.

The electrical properties of our monolayer MoS2 films have two
important characteristics: the spatial uniformity over a large scale
and excellent transport properties similar to those seen in exfoliated
samples. All our electrical measurements in Figs 3 and 4 (except those
in Fig. 3c) were performed at room temperature. Figure 3a shows a plot
of sheet conductance (s%) against backgate voltage (VBG) measured
from a monolayer MoS2 field-effect transistor (FET; optical image
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Figure 1 | Wafer-scale monolayer TMD films. a, b, Photographs of
monolayer MoS2 (a) and WS2 (b) films grown on 4-inch fused silica substrates,
with diagrams of their respective atomic structures. The left halves show
the bare fused silica substrate for comparison. c, Photograph of patterned
monolayer MoS2 film on a 4-inch SiO2/Si wafer (the darker areas are covered
by MoS2). d, Optical absorption spectra of MOCVD-grown monolayer MoS2

(red line) and WS2 (orange line) films in the photon energy range from 1.6 to
2.7 eV. e, Raman spectra of as-grown monolayer MoS2 and WS2, normalized
to the silicon peak intensity. f, Normalized photoluminescence spectra of

as-grown monolayer MoS2 and WS2. The peak positions in d–f are consistent
with those seen from exfoliated samples (diamonds). g, SEM image and
photoluminescence (PL) image (bottom inset, at 1.9 eV) of monolayer (ML)
MoS2 membranes suspended over a SiN TEM grid with 2 mm holes (a
diagram of the suspended film is shown in the top inset). Scale bar, 10 mm.
h, i, Optical images (normalized to the bare substrate region) of patterned
monolayer MoS2 (h) and WS2 (i) on SiO2, taken from the wafer-scale
patterned films. The insets show photoluminescence images at 1.9 eV (h) and
2.0 eV (i). Scale bars, 10 mm.
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G2015 Macmillan Publishers Limited. All rights reserved
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Monolayers can then be identified by optical contrast under a microscope. The PDMS stamp is mounted on 
micromanipulators so that the monolayer can be aligned with a micrometer precision with a target on the 
substrate (another flake or pre-patterned electrodes for example). The PDMS stamp is then placed in contact 
with the substrate and released slowly to transfer the flake. A picture of the exfoliation setup I developed in a 
glove box is shown in Figure 7b. Exfoliation in this inert atmosphere will be mandatory to handle air sensitive 
materials like 2D ferromagnets.  

I already have a solid experience in the fabrication 
of vdW heterostructures. Indeed, I was one of the 
first to master the encapsulation of TMDC MLs into 
hexagonal boron nitride (hBN). Encapsulation into 
hBN was known to considerably improve the carrier 
mobility in graphene84. In 2016, I demonstrated that 
encapsulation of TMDC strongly reduces the 
optical transition linewidth down to the meV 
range (approaching the homogeneous linewidth 
limit)19 (Figure 8), which constituted an important 
technological breakthrough for the community. 
Similar results were obtained in University of 
Columbia and Munich a few months later85,86. High 
quality hBN flakes (atomically flat, defect free, 
charge free) are needed to reach these performances. 
They are provided by our collaborators, world 
leaders in the synthesis of hBN crystals, T. 
Taniguchi and K. Watanabe at NIMS, Japan. In 
addition, few layers graphene can be used as a quasi-
transparent electrode to electrically contact the 
TMDC ML. It can be used to apply electric fields 
or to electrostatically tune the doping density from 
electron to hole regime. With E. Courtade (a PhD 
student I co-supervise), I have observed the trion 
fine structure in a high quality WSe2 monolayer 
encapsulated into hBN and integrated in a charge tunable device with graphene electrodes20 (Figure 9). Such 
structures will be used at different steps of this project. Beyond the improvement of the optical quality of 
TMDC MLs, hBN encapsulation will be employed to protect air sensitive 2D materials. Electrically contacted 
structures will be used to tune the moiré potential or study the role of resident charge carriers on the proximity 
effect.  

My sources of 2D crystals are well established and multiple. High quality hBN bulk material is provided by 
the NIMS (Tsukuba, Japan) (providing almost the entire community of 2D materials in the world). We will 
also use large scale hBN layers grown by MBE on Ni provided by our collaborator J.M.J. Lopes at Paul Drude 
Institut25. Standard binary TMDC materials and currently existing 2D ferromagnets (CrI3, CrBr3, MnO2, VSe2) 
will be purchased through recognized commercial companies (2dsemiconductors.com, hqgraphene.com). 

a) b) 

  
Figure 7: a) Schematics of the dry transfer technique from 83. b) Exfoliation setup integrated in a glove box for 
manipulation of air sensitive 2D materials available in my laboratory. 

 
 

 
Figure 8:  vdW heterostructures (TMDC ML encapsulated 
in hBN) fabricated at LPCNO showing record PL linewidth 
as compared to standard samples (ML deposited on SiO2)19. 

Exfoliation and  transfer

2D Materials 1, 011002 (2014); 
Delft

Nature Reviews Physics 3, 39 (2021); 
Toulouse
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longueurs d’ondes visibles de 590 nm à 750 nm (Figure 3) tandis que MoTe2 (étudié depuis plus 
récemment) présente l’avantage d’émettre aux alentours de 1,1 μm, ce qui laisse envisager des 
applications possibles pour les télécommunications optiques dans la zone de transparence du silicium 
[Nano Lett. 14, 6231 (2014)]. 

 
Figure 3: Longueurs d’onde d’émission des 5 monocouches de matériaux binaires TMD à 4K. 

Cette forte interaction lumière/matière est en grande partie due au rôle primordial joué par les 
excitons sur les propriétés optiques. En effet, le confinement 2D idéal dans une monocouche, les 
larges masses effectives des électrons dans les bandes de conduction et de valence des vallées K (mc | 
mv ~ 0.5m0, où m0 est la masse de l’électron dans le vide) et la constante diélectrique effective assez 
faible (Heff ~ 4) sont responsables d’une énergie de liaison pour l’exciton de plusieurs centaines de 
meV (~500 meV) et pour le trion (exciton chargé) de plusieurs dizaines de meV (~30 meV), ce qui 
confère à ces deux particules une robustesse certaine même à température ambiante. 

La deuxième force des TMD par rapport au graphène, est la brisure de la symétrie d’inversion 
dans une monocouche (voir Figure 4a). Il en résulte des règles de sélection différentes pour les 
transitions directes issues des vallées inéquivalentes K+ et K- de la zone de Brillouin (Figure 4-b). Les 
transitions optiques de la vallée K+ sont associées à une polarisation d’excitation ou d’émission 
circulaire σ+. Par renversement du temps, celles de la vallée K- sont associée à une polarisation 
circulaire σ-. De plus, les TMD 2D présentent un fort couplage spin-orbite, levant la dégénérescence 
en spin au maximum de la bande de valence de plusieurs centaines de meV (150 meV pour MoS2, 
450 meV pour WSe2) et au minimum de la bande de conduction de quelques dizaines de meV. Ces 
deux propriétés permettent d’envisager de contrôler (initialiser et détecter) simultanément le spin des 
porteurs ainsi que leur indice de vallée parfois appelé pseudo-spin de vallée ouvrant la voie aux 
applications de traitement de l’information spintronique et vallée-tronique [PRL 108, 196802 (2012)]. 

(a) (b) 

 

 
 

Figure 4: a) Structure atomique d’une monocouche de TMD : une monocouche est composée d’un plan de 
cations métalliques pris entre deux plans d’anions chalcogènes. b) Règles de sélection dans les vallées K+/K- 
d’une monocouche de TMD. 

Néanmoins, du fait de la jeunesse du sujet, de nombreuses questions restent sans réponse. La 
structure de bandes des monocouches est encore largement débattue dans la littérature. Les 
théoriciens s’appuient aujourd’hui sur des calculs basés sur la théorie de la fonctionnelle densité * Nano Lett.10, (2010); Berkeley 

 & PRL 105,  (2010); Columbia

*

MX2 monolayers  : strong interaction with light
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Exciton = bound electron-hole pair

Material Binding energy EB

1 ML WSe2 ~ 200-500 meV*
ZnO 60 meV

GaAs QW ~10 meV

-
+

-
+

Optical properties governed by robust 2D excitons
MX2 monolayers – common properties : strong interaction with light
    ~15% absorption of light for a monolayer !
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FIG. 2 (a) Schematic real-space representation of the electron-hole pair bound in a Wannier-Mott exciton, showing the strong
spatial correlation of the two constituents. (b) Illustration of a typical exciton wavefunction calculated for monolayer MoS2

from (Qiu et al., 2013). The modulus squared of the electron wavefunction is plotted in color scale for the hole position fixed
at the origin. The inset shows the corresponding wavefunction in momentum space across the Brillouin zone, including both
K+ and K� exciton states. (c) Schematic representation of the exciton in reciprocal space, with the contributions of the
electron and hole quasiparticles in the conduction (CB) and valence (VB) bands, respectively, indicated by the size of the
circles. (d) Schematic illustration of the optical absorption of an ideal 2D semiconductor including the series of bright exciton
transitions below the renormalized quasiparticle band gap. In addition, the Coulomb interaction leads to the enhancement of
the continuum absorption in the energy range exceeding EB , the exciton binding energy. The inset shows the atom-like energy
level scheme of the exciton states, designated by their principal quantum number n, with the binding energy of the exciton
ground state (n = 1) denoted by EB below the free particle bandgap (FP)

semiconductor (with the possible exception of MoTe2 bi-
layers), analyzing the intensity and emission energy of
photoluminescence (PL) signals allows identifying mono-
layer flakes. However, as the PL emission tends to favor
low-energy states, including possible defect and impu-
rity sites, care must be taken in applying this approach,
especially at low temperatures. As an alternative, opti-
cal reflection and transmission spectroscopy can be used
to directly probe exciton resonances (Arora et al., 2016;
Chernikov et al., 2014; Hill et al., 2015; Li et al., 2014a;
Mak et al., 2010; Stier et al., 2016a).

II. COULOMB BOUND ELECTRON-HOLE PAIRS

In this section we summarize the main properties of
the exciton states in TMD monolayers and discuss their
importance for the optical response in terms of their en-
ergies (exciton resonances) and oscillator strengths (op-

tically bright versus dark states). We start with a brief
introduction of the electron and hole quasi-particle states
forming the excitons at the fundamental band gap. Then,
we discuss the consequences of the Coulomb interaction,
including direct and exchange contributions, followed by
an overview of exciton binding energies and light-matter
coupling in monolayer TMDs.

The promotion of an electron from the filled valence
band to the empty conduction band leaves an empty elec-
tron state in the valence band. The description of such
a many-body system can be reduced to the two-particle
problem of the negatively charged condution electron in-
teracting with a positively charged valence hole. The hole
Bloch function |hi = |sh, ⌧h, khi is derived from the Bloch
function of the empty electron state |vi = |sv, ⌧v, kvi in
the valence band by applying the time-reversal operator
|hi = K̂|vi (Bir and Pikus, 1974). Here, s⌫ (⌫ = c, v) rep-
resent the spin index, ⌧⌫ = ±1 is the valley index, and
k⌫ is the wave vector for a conduction (c) or valence (v)

* PRL 120, 057405 (2018) ;Nature Com. 10, 4172 (2019) ;
 Los Alamos - Toulouse



Review of Modern Physics 90, 021001 (2018)
Toulouse-Regensburg-St Petersburg-Stanford

Exciton binding energy and Rydberg states

+ - + -WSe2
substrate

vacuum
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dielectric (anti-) screening
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- Substrate roughness
- Charged traps
- Adsorbed molecules…

Dielectric disorder and effect of hBN encapsulation

Nature Nano 14, 832 (2019), Regensburg



SiO2
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MoSe2 WSe2 WS2MoS2

Photoluminescence

2 meV

monolayer
hBN

hBN

SiO2

- Substrate roughness
- Charged traps
- Adsorbed molecules…

PRX 7, 021026 (2017); Toulouse
Nature Com. 8, 14927 (2017) 
Toulouse-St-Petersburg
Nature Nano 15, 283 (2020) ; 
Strasbourg - Toulouse

Dielectric disorder and effect of hBN encapsulation

Linewidth: 1- 4 meV
à close to homogeneous broadening

See also:   Berkeley, Columbia, Regensburg, Seatle, ETH, Dresden, Stanford, Grenoble, Barcelona… 

Nature Nano 14, 832 (2019), Regensburg



Theory: Phys. Rev. Lett. (2012) Seattle

Experiments: Nature Nano. (2012) Columbia
Nature Com. (2012) Beijing
Phys. Rev. B (2012) Toulouse

Chiral 
Interband
Selection

Rules σ+/σ-

- Broken inversion symmetry
- Strong Spin-Orbit coupling

Initializing and detecting
valley index

& spin 
with polarized light

Spin and valley degrees of freedom

2D hexagonal Brillouin zone 

Time reversal symmetry 
à Spin splitting at different K 
     valleys is opposite 



Outline…

q Bright and Dark excitons

q Control of the Excitons  radiative lifetime

q Control of the Bright-Dark splitting



Bright and dark excitons…     

à Bright and dark (spin-forbidden) excitons
Linear and non-linear optical spectroscopy in binary and ternary transition metal dichalcogenide monolayers 

Spin-orbit coupling 

∆ௌை𝑉𝐵 ∆ௌை𝐶𝐵 

MoS2 147meV 3meV 

MoSe2 186meV 21meV 

MoTe2 214meV 27meV 

WS2 433meV -27meV 

WSe2 463meV -38meV 

PRB 88, 245436 (2013) 
arXiv:1504.04434v1 (2015) 

DFT calculation  
ARPES measurement for ∆ௌை𝑉𝐵 

  

K+ 

A 

B 

∆ௌை𝑉𝐵 

∆ௌை𝐶𝐵 

MoSe2 

Bright Dark 

B 

A 

MoxW1-xSe2 

K+ 

A 

WSe2 

Bright Dark 
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FIG. 2: Tuning the Spin-Orbit splitting in Mo1�xWxSe2 monolayers (a) Simple bandstructure scheme in the K+

valley (at the K point of the Brillouin zone) to indicate the di�erent signs and magnitudes of the valence (↵V B

SO ) and conduction
band spin splittings (↵CB

SO ) when going from MoSe2 to WSe2 monolayers. Optically bright (red arrows) and dark (grey arrows)
A-exciton transitions are indicated (b) The splitting between A- and B- excitons, mainly given by the valence band SO-splitting,
is measured by PLE (red squares), the dotted line is a guide to the eye. The sum of the valence band and conduction band
spin splittings calculated by DFT is shown for comparison, for individual values and computational details see Methods and
supplement. (c) PL spectra at 4K of monolayers for tungsten (W) composition from x = 0 to 100 % in Mo1�xWxSe2. The
dominant, sharp A-exciton emission is indicated. (d) PL spectra of A-exciton in monolayer Mo0.7W0.3Se2 for di�erent laser
excitation energies (PL excitation spectroscopy PLE). We uncover a clear maximum when the laser energy is in resonance with
the B-exciton. (e) Reflectivity spectra using a white light source, uncovering in addition to the A-exciton also the B-exciton
spectral position, that can be tuned by varying the alloy composition. (f) Same measurements as d but for all samples, the
A-exciton PL intensity is plotted as a function of laser energy. These PLE measurements allow determining the B-exciton
energy with very high precision.

demanding strong broadband absorption in the visible
such as photodetectors and solar cells. We demonstrate
that by employing di↵erent ternary TMDC alloys, not
only the absolute energy but also the relative separation
of the A- and B-excitons can be tuned over hundreds of
meV.

The sign and amplitude of the SO-splitting in the con-
duction band will strongly influence the balance between
optically dark and bright transitions in WSe2, MoSe2 and
ternary alloys (Fig. 2a). This has a direct impact on the
light emission yield from cryogenic to room temperatures,
the SO coupling therefore needs to be controlled for op-
toelectronics applications. Our experiments allow us to

uncover important di↵erences between WSe2, MoSe2 and
the ternary samples, as can be seen directly when com-
paring the PL intensities in Fig. 3b. For monolayer WSe2
we detect comparatively weak emission at 4 K, increas-
ing by one order of magnitude when going to T=300 K
(Fig. 3c), a trend also observed in [35]. One possible
explanation for the increase of the PL intensity as a
function temperature is the thermal conversion of dark
into bright states, as observed for CdSe nano-crystals
[36], where dark states also lie energetically below bright
states. In stark contrast, for binary MoSe2 monolayers we
find a drastic decrease of the PL emission intensity when
going from T=4 K to 150 K, consistent with the oppo-
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FIG. 1. Schematics of the excitation/detection geometry of the PL for (a) light propagating perpendicular to the ML plane
& detection of the PL from the top of the sample, (b) light propagating parallel to the ML plane & detection of the PL from
the edge of the sample. (c) Detection of the PL from the top of the sample. The PL spectrum of hBN/WSe2 ML /hBN at
T = 13 K; the polarization of the excitation/detected light is in the ML plane (x-direction). (d) Detection of the PL from the
edge of the sample. The PL spectrum of hBN/WSe2 ML /hBN at T = 13 K; the polarization of the detected light is in the ML
plane (x-direction), green line, or perpendicular to it (z-direction), red line. (e) Sketch of the band structure of WSe2 ML. The
bands are labeled in each valley by the corresponding irreducible spinor representations with arrows in parentheses indicating
the dominant electron spin orientation. The green arrows show the transitions optically active for the x-polarized light, (f) the
green and red arrows show the transitions optically active for x-polarized and z-polarized light, respectively (light propagating
parallel to the ML plane).

excitation and collection of PL along or perpendicular to
the ML plane, Fig. 1(a,b). Attocube X-Y-Z piezo-motors
allow for positioning with nm resolution of the ML with
respect to the microscope objective (numerical aperture
NA= 0.82) used for excitation and collection of lumi-
nescence. The ML is excited by a continuous wave green
laser (2.33 eV). For WSe2 and MoSe2 MLs similar results
have been obtained with He-Ne laser excitation (1.96 eV).
The laser average power is about 50 µW. The excitation
laser and detection spot diameter is ⇠ 1µm. The PL
signal is dispersed in a spectrometer and detected with
a Si-CCD camera [36]. For the measurements from the
edge of the sample, the ratio between the focused laser
spot diameter and the thickness of the ML is smaller
than 1000. Though challenging from the point of view
of the required alignment accuracy this experiment can
be successful as shown below thanks to (i) the very large
absorption coe�cient of the TMD ML for in-plane polar-
ized light [37], (ii) the longer interaction length between
the light and 2D material compared to normal incidence
excitation configuration and (iii) the detection e�ciency
of our set-up, designed for studies of single photon emit-

ters [38].

Figure 1(c) presents the PL spectrum at T = 13 K of
the WSe2 ML in the standard configuration, i.e. prop-
agation of light perpendicular to the ML. We observe
clearly the peaks corresponding to the recombination of
neutral exciton X0 (1.722 eV), trion – charged exciton –
T (1.690 eV) and lower energy lines (1.65�1.68 eV) usu-
ally attributed to localized excitons, in agreement with
already published results [25, 26, 39]. For this geom-
etry where the light is polarized in the ML plane, the
detected neutral exciton luminescence X0 corresponds to
the radiative recombination involving both �11 conduc-
tion band (CB) and �7 valence band (VB) in the valley
K+ and �12 conduction band and �8 valence band in the
valley K�, see the green arrows in Fig. 1(e). Both transi-
tions conserve the spin. In contrast the transitions in the
K+-valley between the �9 CB and �7 VB with opposite
spins (�10 CB and �8 VB in the K�-valley) are optically
forbidden for the in-plane polarized light. The energy
di↵erence between the corresponding dark exciton and
the bright X0 depends both on the spin-orbit splitting
in the conduction band �CB

SO
and the short range part
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Figure 1.  (a-c) Band configurations, transition dipole, and optical emission of (a) bright 
exciton, (b) dark exciton, and (c) dark-exciton chiral-phonon replica at the K valley in 
monolayer WSe2.  The arrows denote the electron spin.  A dark exciton can decay into a 
chiral phonon and a photon with opposite chirality. 
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Exciton fine structure in WSe2 monolayer

Bright
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2
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and other traditional semiconductors. One main channel of phonon 
generation is nonradiative recombination of photogenerated 
carriers. When carriers are pumped from ground state to excited 
state, besides emitting photons by radiative recombination process, 
most photogenerated carriers will release their energies in the form 
of phonons, that is one of nonradiative recombination processes. 
These generated hot phonons could dissipate within the 2D sheet 
and through layers and to the environment, and raise the 
temperature. In turn, crystal temperature rising would induce to 
produce a mass of phonons, and enhance the carrier-phonon 
scattering and other thermally-activated nonradiative channels, 
leading to its quantum efficiencies. In addition, previous studies 
have revealed the coupling interaction between electrons and 
phonons is regarded as be main reason for conventional 
superconductivity.77-79 Hence, insight on the electron-phonon 
interaction in 2D TMDs is of great importance for improving the 
quantum efficiencies of TMDs-based optoelectronic devices. 

To investigate the dynamics of carrier-photon interaction, Guo 
et al. have performed an ultrafast two dimensional visible/far-IR 
spectroscopy to directly observe the electron-phonon interaction 
between the photogenerated electrons and the phonon mode E1u of 
MoS2.80 Figure 4g and 4h exhibits the temporal evolution of Raman 
signal at different frequencies. As can be seen, the intensities of 
these signals increase rapidly within about two hundred femto-
seconds followed by a decay with almost similar profile at different 
detection frequencies. Fitting the decay curves of the phonon mode 
E1u with the convolution of a double exponential function, the time 
constants of carrier generation and relaxation are obtained to be 
160 ± 20 fs and 28 ± 3 ps, respectively. The two time constants are 
attributed to the photo-generation of excited carriers occurs and 
the thermal relaxation of the carriers, respectively. The method 
demonstrated in this work is expected to be enormous significance 
in quantitative realization the electron-phonon interaction. Besides, 
Rezk et al. have performed high frequency sound wave coupling to 

reversibly modulate the photoluminescence of single in odd-
numbered layered MoS2 films,81 as shown in Figure 4i. As input 
powers of surface acoustic wave increase, a strong PL quenching 
can be observed together with an obvious blue-shifting of the PL 
peak. The authors claimed that high temperature under large power 
acoustic wave excitation gave rise to the PL quenching due to 
enhanced carrier-phonon scattering (thermal quenching effects). As 
for PL blue-shifting, it could be attributed to the ionization of trions 
into excitons by the electric field arising from the piezoelectric 
nature of MoS2 for odd-numbered layers. Such an acoustically-
driven method to manipulate the electronic band structure of 2D 
MoS2 by exploiting its native piezoelectric effect could supply a new 
view for optical and electronic applications of 2D MoS2.  

4.2 Many-body dynamics 

Strong Coulomb interactions between carriers can induce to form 
stable many-body electronic states, especially in low dimensional 
systems, such 0D quantum dots, 2D quantum wells.82,83 As 
mentioned above, exciton, a bound electron-hole pair, is a typical 
many-body quasi-particle whose energy spectrum resembles that of 
H atom. Except for exciton, recent works have also reported other 
many-body quasi-particles in 2D TMDs crystals.84-88 For example, in 
extrinsic 2D TMDs semiconductors, a neutral exciton can combine 
with an extra electron or hole to form a charged exciton (also called 
trion).89-91 Furthermore, two excitons can be bound by Coulomb 
interactions to form a biexciton, four-body quasiparticle, which 
could exhibit a super-linear, namely quadratic, luminescence 
emission with excitation power increasing.84,87,88 Monolayer TMDs 
crystals with direct bandgap also offer a near-perfect platform to 
explore more information about higher-order many-body effects, 
while these many-body quasi-particles are rarely recognizable in 
bulk materials due to the enhanced dielectric screening effect and 
reduced quantum confinement effect.9-11 Figure 5a schematically 
depicts the many-body electronic states and corresponding 

Fig. 5 (a) Schematics of excitonic and electronic transitions in monolayer MoS2. Binding energies (EX 
b , ET 

b , and EXX 
b ) and transition energies (AX, AT, and AXX) are 

defined for exciton, trion, and biexciton, respectively. (b) PL spectra excited by pulsed laser with pump-fluences of 0.8 µJ cm−2 and 12 µJ cm−2. The spectra are 
normalized to yield the same emission strength for the neutral exciton. T=50 K. (c) Time-resolved PL decay curves in single-monolayer MoSe2 for neutral 
exciton (X), trion (X−), biexciton (XX), P1 and P2 species (two defect-related peaks) and the instrument response function (IRF). (d) Time-resolved PL decay 
curves measured in the range 12–110 K. Exciton (X) and trion (X∗) peaks are labeled. (e) Time-resolved PL decay curves for neutral exciton (X) and trion (X∗). T 
= 12 K. Lines represent the fitting functions. The inset shows the exciton (X) PL decay time and trion (X∗) rise time as a function of gate voltage. The gate 
voltage is used to vary the carrier concentration in the film with a positive voltage corresponding to a higher concentration.  (a) from ref. 85, (b, c) from ref. 
86, (d, e) from ref. 23. 

Page 7 of 16 Journal of Materials Chemistry C

Jo
ur
na
lo
fM

at
er
ia
ls
C
he
m
is
tr
y
C
A
cc
ep
te
d
M
an
us
cr
ip
t

Pu
bl

is
he

d 
on

 2
0 

M
ar

ch
 2

01
9.

 D
ow

nl
oa

de
d 

by
 D

re
xe

l U
ni

ve
rs

ity
 o

n 
3/

22
/2

01
9 

8:
35

:4
9 

A
M

. 

View Article Online
DOI: 10.1039/C8TC06343E



Short exciton radiative lifetime

Linear and non-linear optical spectroscopy in binary and ternary transition metal dichalcogenide monolayers 

Exciton dynamics in MoSe2 

Low temperature decay time does not depend on the flake 

Bulk supplier Substrate 

ML A 2D semiconductors SiO2/Si 

ML B Arizona State University 
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à Exciton radiative lifetime : trad
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FIG. 1. (Color online) (a) Investigated sample structure, (b) reflectivity measurements at T = 4 K, and (c) PL emission of the neutral
exciton X0, the trion (T), and localized states as a function of temperature.

Hence the PL polarization Pc is defined as Pc = Iσ+−Iσ−
Iσ++Iσ−

,
analyzed by a quarter-wave plate placed in front of a linear
polarizer. Here Iσ+(Iσ−) denotes the intensity of the right (σ+)
and left (σ−) circularly polarized emission.

III. EXPERIMENTAL RESULTS

For PL experiments the laser excitation energy is ELaser =
1.893 eV, which is 140 meV above the neutral A-exciton
emission energy and clearly below the B-exciton absorption, as
confirmed in reflectivity measurements in Fig. 1(b). The time-
integrated PL emission at T = 4 K of the WSe2 monolayer
stems from the recombination of X0, trions, and localized
excitons. The emission attributed to localized states is no
longer detectable for temperatures above 125 K in Fig. 1(c),
confirming the intrinsic nature of only the X0 and trion
(T) transitions. Note that the temperature dependent PL was
performed at a sample position slightly different from the
measurements in Figs. 2–4, which only changes the relative
intensity of the localized states. The PL recorded in Fig. 2
is very similar to the emission reported for this system
in Ref. [21], where a bias was applied to the ML WSe2.
Considering the commonly observed residual n-type doping,
the trion charge is most likely to be negative, as assumed for
the discussion below [39].

The identification of the transitions is based on the polar-
ization analysis shown in Figs. 2(c) and 2(d). Under linearly
polarized laser excitation, only the highest energy peak shows
linear polarization in emission and is therefore ascribed to the
X0, as a coherent superposition of valley states is created [21].
This observation of exciton alignment is independent of the

direction of the incident laser polarization, which confirms
that the observed linear polarization is not due to macroscopic
birefringence in the sample. The strong remaining coherence
in Fig. 2(d) following nonresonant excitation is linked to
the direct optical generation of the neutral exciton X0 2s
state for the laser energy used [40], energetically below the
free carrier absorption and well below the B exciton. Under
circularly polarized excitation in Fig. 2(c), the two highest
energy transitions are strongly polarized, as expected for the
X0and the trion. The clear separation by 30 meV of the
trion [PL full width at half maximum (FWHM) 15 meV] and
neutral exciton (PL FWHM 10 meV) is a major advantage
compared to current MoS2 ML samples for the independent
investigation of the valley dynamics, also possible in ML
MoSe2 [41]. Energetically below the trion emission we record
two emission peaks that we assign to localized exciton
complexes that disappear when raising the temperature and
that are accordingly labeled L1 and L2.

In TRPL experiments we observe striking differences
between the main transitions, as can be seen in Figs. 2(e) and
3. We first discuss the emission times that can be compared
in Fig. 3. The main X0 emission time cannot be resolved by
our experiment; it decays within 4 ps, as shown in Fig. 3, in
a very similar way to ML MoS2 [28]. As a result of the short
PL emission time, the coherence time could be as short as a
few ps and still result in a strong linear polarization degree of
the time-integrated PL [21]. Whether the short X0 emission
time is limited by radiative recombination (in this system with
predicted [26,27] and measured [40] exciton binding energies
of several hundred meV) or by nonradiative processes is still
an open question. The two to three orders of magnitude weaker

075413-2

Calculations :
PRB 93, 045407 (2016); Cornell
Nano Lett. 15, 2794 (2015); MIT-Berkeley-Roma

trad ~ ps

à MoS2 atomically thin mirror, PRL 120, 037401 (2018); ETH Zurich
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(Purcell effect)

Exciton radiative lifetime, influence of hBN and cavity
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Control of the exciton radiative lifetime : ~ 1 – 10 ps
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FIG. 2: (a) Left: normalized photoluminescence intensity (log
scale) of the neutral exciton X as a function of time for sam-
ple I (d = 180 nm) and sample II (d = 273 nm); the full
lines correspond to the bi-exponential fits (see text). The in-
strument response is obtained by detecting the backscattered
laser pulse (wavelength 712 nm) on the sample surface, see
the dotted line labeled ’Laser’; Right: zoom of the rise-time
(linear scale). (b) Calculated (full line) and measured (sym-
bols) of neutral exciton radiative lifetime as a function of the
hBN bottom layer thickness d. The red dashed curve is the
calculated intensity of electromagnetic field in our structure
(same calculation as in Fig. 1(c)) . Inset: normalized time-
resolved photoluminescence intensity in sample III for three
di↵erent hBN bottom layer thicknesses illustrating the e↵ect
on the rise time of the PL. (c) Normalized cw neutral exciton
PL spectra of samples I and II (the emission peak (⇠ 1.64
eV), slightly di↵erent on the two samples, corresponds to 0.
The inset shows the FWHM measured on 10 di↵erent points
on each sample.

sample I with ⌧X < 1.5 ps. This is exactly the expected
behaviour due to the inhibition of the spontaneous life-
time in sample II as the ML is located at the node of the
electric field in the cavity-like structure (see Fig. 2(b) for
the thickness dependence). Note that in previous mea-
surements of the exciton dynamics in bare TMDC mono-
layers the radiative recombination time was assigned to
the decay of the emission signal [1, 2, 33]. This control of
the radiative lifetime by the cavity e↵ect is confirmed by

the measurement of the excitonic dynamics in samples III
and IV where the same MoSe2 monolayer is encapsulated
by hBN of di↵erent thickness. Figure 2(b) displays the
exciton radiative lifetime as a function of the hBN thick-
ness (obtained with the same fitting procedure as above).
The inset of Fig. 2(b) shows the measured PL rise times
in sample III for di↵erent thicknesses where the tuning
is again clearly observed. We have compared the mea-
sured variation with the calculated one using the transfer
matrix method (see Ref. [4] and SI [26]), extracting the
exciton radiative decay rate �e↵

0
from the pole of numer-

ically calculated absorbance and using the relation [34]

⌧X = ~/(2�e↵

0
). (1)

Assuming a free space radiative lifetime of MoSe2 ML
of 2.7 ps which is the single free parameter, we find
in Fig. 2(b) that the measured radiative lifetime is in
very good agreement with the calculated one. Fig. 2(b)
demonstrates that the exciton spontaneous lifetime can
be tuned by more than one order of magnitude depend-
ing on the hBN thickness. This is much larger than the
small variations (10-30 % typically) reported previously
with Bragg reflector microcavities using III-V semicon-
ductor quantum wells as emitters [23, 24]. In contrast,
much larger modulations of the radiative lifetimes due
to Purcell e↵ect were evidenced in open cavities using
metallic mirrors [35] or with 3D cavity with additional
lateral mode confinement: a typical factor 10 was for
instance reported for quantum dots embedded in micro-
pillars [5, 6]. We emphasize that the radiative lifetimes
in the picosecond range evidenced in Fig. 2 are fully con-
sistent with the recent measurements by Four-Wave Mix-
ing (FWM) experiments of the radiative broadening in a
MoSe2 monolayer encapsulated in hBN [3].
A striking feature is that the cavity e↵ect related to

the hBN encapsulation has also a strong influence on the
excitonic linewidth measured in cw PL spectroscopy. As
shown in Fig. 2(c), the cw PL linewidth is about twice
smaller in sample II (⇠ 1.1 meV FWHM) compared to
the one in sample I (⇠ 2.2 meV), a trend fully consistent
with the expected variation of the radiative linewidth,
Eq. (1), due to the cavity e↵ect. It is clear that the
linewidth usually includes both a homogeneous and in-
homogeneous contribution and the latter can fluctuate
in di↵erent points of a given monolayer as a result of the
local dielectric disorder. Nevertheless, the average of the
measurements recorded for di↵erent points on the sam-
ple II (with longer ⌧X) is significantly lower than that on
sample I. From the measurements on 10 di↵erent points
on each sample, inset of Fig. 2(c), we find a linewidth
(FWHM) of 1.1 ±0.13 meV and 2.0±0.25 meV on sam-
ple II and I respectively. As expected a larger linewidth
is measured in sample I characterized by a much shorter
radiative lifetime, see Fig. 2(a). This result is confirmed
for sample IV for di↵erent cavity lengths (see Supplemen-
tary Information). As the exciton linewidth in TMDC
monolayers is mainly dominated by radiative broadening
[7–9, 37, 38], the control of the exciton spontaneous life-

26
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Lamb, Retherford, Phys. Rev. 72, 241 (1947); Columbia Lamb shift:
Virtual emission and re-
absorption of a photon Transition energy shift  𝛿𝐸 (𝛿𝐸 ∝ oscillator strength) 

Exciton Lamb shift  ?

Ivchenko, Optical Spectroscopy of Semiconductor Nanostructures (2005) 
Combescot, Dubin, Shiau, EPL 138, 36002 (2022)



What about the Lamb shift 
on dark and bright 
excitons ? 

Exciton Lamb shift  ?
Lamb, Retherford, Phys. Rev. 72, 241 (1947); Columbia Lamb shift:

Virtual emission and re-
absorption of a photon Transition energy shift  𝛿𝐸 (𝛿𝐸 ∝ oscillator strength) 

Ivchenko, Optical Spectroscopy of Semiconductor Nanostructures (2005); St Petersburg 
Combescot, Dubin, Shiau, EPL 138, 36002 (2022); Paris
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Perspectives

- Control of the bright-dark exciton splitting in TMDs  with an external mirror (r=1)

                                         

 
Figure 4. Calculated variation %& of the bright-dark exciton splitting as a function of the 
distance d’ between the mirror (with reflection coefficient 7 = 1) and the WSe2 monolayer. 
Inset: schematics of the simple configuration where the monolayer is at a distance d’ from 
the mirror.  
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Fig. 2. Electromechanical control of exciton emission for device D1 incorporating a 

suspended graphene/hBN/MoSe2/hBN/graphene heterostructure. (a) A schematic of the 

heterostructure suspended over a gold mirror. A voltage, VB, is applied to vary, z, the distance 

between the heterostructure and the mirror, which modifies the local electromagnetic environment 

of the excitons. (b,c) Integrated PL maps of D1 under different external voltages VB. A clear 

modulation of PL intensity can be observed in the suspended region (enclosed by the dashed lines) 

above the mirror but not in the rest of the sample. (d) 1D cut and (e) 2D plot of PL spectra as a 

function of VB taken from a spot in D1 showing a clear modulation of the PL intensity, linewidth, 

and energy of the excitons.  
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- In other semiconductors ?

 Bright dark exciton splitting in GaAs quantum wells :  
           ~100 µeV (short range exchange interaction) ; PRB 50, 14246 (1994) Southampton
                    PRL 78, 1355 (1997) Toulouse
à similar amplitude as the predicted Lamb shift



CONTROL OF THE EXCITON VALLEY DYNAMICS … PHYSICAL REVIEW B 103, 085302 (2021)

FIG. 6. Valley polarization dynamics for different structure parameters. (a), (b) Absent substrate hBN layer (d1 = 0) and two temperatures
T = 10 and 100 K, respectively. (c), (d) Structure with sufficiently thick substrate hBN layer (d1 = 99.2 Å) and two temperatures T = 10 and
100 K. Different curves show the valley polarization dynamics for different top hBN layer thicknesses. Parameters of the calculations are the
same as in Fig. 3 and the scattering time τ = 0.1 ps is assumed to be temperature and energy independent.

100 K which are accessible in the exciton spin and valley
dynamics experiments (see, e.g., Ref. [67]). To simplify the
analysis of the results we took the scattering time τ = 0.1
ps, which is close to the fitted value in Ref. [67] and also
in line with exciton-acoustic phonon scattering times (see
Ref. [63] and references therein). Figures 6(a) and 6(b) show
the dynamics for the structure without a substrate hBN layer,
while Figs. 6(c) and 6(d) demonstrate the dynamics in the
structures with the substrate layer. Overall behavior of the
valley polarization Sz(t ) is intermediate between the asymp-
totics shown in Fig. 5. Figure 6 demonstrates clearly that
the exciton valley relaxation time can be controlled by the
dielectric environment engineering.

For fixed hBN layer thicknesses the valley depolarization
rate increases with increase of the temperature. This is be-
cause at a higher temperature the characteristic pseudospin
precession frequency "T increases. It is in agreement with
experimental data [67].

An increase of the hBN layer thicknesses results, as dis-
cussed in Sec. II, in the effective screening of the exchange
interaction and, correspondingly, in suppression of the exciton
LT splitting. As a result, at a fixed thickness of the substrate
hBN layer d1, an increase in the cap layer thickness d0 slows
down the valley depolarization (compare the red, green, and
blue curves in Fig. 6). Similarly, an increase in d1 at a fixed
d0 slows down depolarization as well [compare Fig. 6(a) with
6(c) and Fig. 6(b) with 6(d)].

Calculations show that the spin dynamics is fastest for
the structure without hBN, d0 = d1 = 0. At T = 100 K the
product "T τ exceeds unity and the slightly nonmonotonic

behavior of the red curve in Fig. 6(b) is seen. Overall, the
modulation of the valley depolarization time for different sys-
tem parameters is significant [compare red and blue lines in
Fig. 6(a)].

The predictions for the control of the exciton spin and
valley polarization lifetime are summarized in Fig. 7, where
the dependence of the τv on the cap hBN layer thickness is
presented for the structure shown in Fig. 1(b) for different sub-
strate hBN thicknesses d1. We determine the spin and valley
depolarization time τv from the condition Sz(τv )/Sz(0) = 1/e;
i.e., it corresponds to the decay by e ≈ 2.718. One can see
that for a fixed d1 the depolarization time increases with in-
creasing d0 and, similarly, for a fixed d0 the depolarization
time increases with increasing d1. This is because of the
effective screening of the electron-hole long-range exchange
interaction. The significant modulation of τv is seen. Note that
significant variation of τv is observed for very small variations
(at nanometer scale) of the hBN thickness. Comparing the
structures without encapsulation d1 = d0 = 0 and structures
with sufficiently thick encapsulation, 30 MLs of hBN for both
the cap and substrate layers, one can see that the variation of
τv by a factor !5 is possible.

IV. CONCLUSION

We have studied the effect of the dielectric environment of
the atomically thin semiconductor on the exciton fine structure
and its valley depolarization in van der Waals heterostructures
based on transition metal dichalcogenide monolayers encap-
sulated into hexagonal boron nitride. The microscopic theory

085302-9

- Control of the exciton spin dynamics by
     the environment (long-range exchange)
     
     PRB 103, 085302 (2021); St Petersburg-Toulouse
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Fig. 2. Electromechanical control of exciton emission for device D1 incorporating a 

suspended graphene/hBN/MoSe2/hBN/graphene heterostructure. (a) A schematic of the 

heterostructure suspended over a gold mirror. A voltage, VB, is applied to vary, z, the distance 

between the heterostructure and the mirror, which modifies the local electromagnetic environment 

of the excitons. (b,c) Integrated PL maps of D1 under different external voltages VB. A clear 

modulation of PL intensity can be observed in the suspended region (enclosed by the dashed lines) 

above the mirror but not in the rest of the sample. (d) 1D cut and (e) 2D plot of PL spectra as a 

function of VB taken from a spot in D1 showing a clear modulation of the PL intensity, linewidth, 

and energy of the excitons.  

  

Harvard

- In other semiconductors ?

 Bright dark exciton splitting in GaAs quantum wells :  
           ~100 µeV (short range exchange interaction) ; PRB 50, 14246 (1994) Southampton
                    PRL 78, 1355 (1997) Toulouse
à similar amplitude as the predicted Lamb shift
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Moiré pattern appears for small lattice mismatch 𝛿 and/or small twist angle 𝛿𝜃 

𝑏 ≈ ⁄𝑎 𝛿! + 𝛿𝜃!

b

MoS2 MoSe2 WS2 WSe2

a0 (Å) 3.1604 3.299 3.154 3.286

New degree of freedom :  twist angle bewteen the monolayers ?

Silk Moiré hat
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Moiré excitons 

MoSe2/WSe2

- Formation of a Moiré superlattice, where excitons can be localized at 
specific positions in the superlattice unit cell. 

- Analogy with cold atoms trapped in optical lattices
     à Different quantum phases : condensate, Mott insulator, superfluidity...

Figures: 
 

 
Figure 1 | Excitons in TMD heterostructures. a. | Structure of 2H TMD monolayer with chalcogen (S, 
Se) in green and transition metal (Mo, W) in purple. b. | Schematic of the bright excitons and the K and 
K’ corners of the Brillouin zone (hexagon) of a TMD monolayer. Excitons at the K (K’) valley couple to 
ı+ (ı-) light. c. | Schematic of a heterostructure formed by two TMDs (green and orange) in momentum 
space. The heterostructure is characterized by the lattice mismatch, twist angle (ș), and band alignment 
between the two layers. d. | Schematic of intralayer and interlayer excitons at the K valley of two layers 
forming a heterostructure with type II band alignment. e. | A twist angle or lattice mismatch in a 
heterostructure leads to the formation of a moiré superlattice, where excitons can be localized at specific 
positions in the superlattice unit cell. f. | Schematic of a TMD heterostructure in an optical cavity, which 
can dramatically modify the exciton properties. Panel f adapted from Ref. 182. 
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and the Supplemental Material [29] for details on the
fabrication technique. This easy and versatile technique
allows us to fabricate various van der Waals heterostruc-
tures where the density of optical modes at the location of
the TMD monolayer is tuned. During the fabrication
process the thickness for each hBN layer was accurately
measured by atomic force microscopy (AFM) with a
typical resolution of !3 nm for the top hBN and !5 nm
for the bottom hBN layer. We present the results on four
samples with different bottom hBN thicknesses: In samples
I and II, the bottom hBN thickness is d ¼ 180 and 273 nm,
respectively, corresponding to the MoSe2 ML located,
respectively, at the antinode and the node of the standing
wave according to the calculation of the electric field
distribution, Fig. 1(c). For the sample III, the same MoSe2
ML is deposited on a hBN flake exhibiting different
terraces and steps with hBN thicknesses d ¼ 206, 237,
247, and 358 nm for zone A, B, C, and D, respectively,
Fig. 1(b) (the terrace D is outside the optical microscope
image). Sample IV is similar to sample III with two terraces
d ¼ 125 and d ¼ 149 nm. This allows us to investigate the
exciton dynamics of the same MoSe2 ML and different
bottom hBN layer thicknesses. The top hBN thickness does
not play a key role here considering its small value of 9, 7,
8, and 8.5 nm in sample I, II, III, and IV, respectively.

Figure 1(b) shows an optical microscope image of the
sample III illuminated with white light from a halogen
lamp. For each hBN thickness, the observed color in each
zone on the sample agrees very well with the one obtained
by calculating the reflectivity spectra using a transfer
matrix method [24] with no adjustable parameters, using
the hBN thicknesses measured by AFM and the measured
hBN refractive index from Ref. [37] (see Supplemental
Material [29]). Figure 1(c) presents the light intensity map
calculated at the ML location as a function of both the
emission wavelength and the bottom hBN thickness. The
Fabry-Perot interference effects and its dependence on the
bottom hBN thickness are clearly seen. Continuous wave
(cw) and time-resolved PL experiments are performed at
T ¼ 7 K using a He-Ne laser (633 nm) and a Ti:Sa mode-
locked laser (∼1.5 ps pulse width, 80 MHz repetition rate)
respectively, see the experimental details in Supplemental
Material [29] and Refs. [38,39]. The typical excitation
power is 5 μWand the spot diameter about 1 μm, i.e., in the
linear regime of excitation which allows discarding any
Auger type or stimulated emission processes [40].
Results and discussion.—The encapsulation of TMD

monolayers with hBN results in high optical quality
samples with well-defined optical transitions exhibiting
linewidth in the 1…4 meV range at low temperature
[7,41,42]. Figure 1(d) displays the cw PL spectrum for
sample II. In agreement with previous studies, both neutral
exciton (X) and trion, i.e., charge exciton (T) are clearly
observed, with a PL linewidth of X as small as 1.1 meV
[full width at half maximum (FWHM)].
Figure 2 presents the key results of this investigation. In

Fig. 2(a), the normalized luminescence intensity dynamics
of the neutral exciton X is plotted for samples I and II
(differing only by the bottom hBN thickness of 180 and
273 nm, respectively). While the decay time is similar in
both samples with a typical value of ∼18 ps, the PL rise
time is clearly different: it is much shorter in sample I
(limited by the time resolution of the setup), compared to a
value of ∼10 ps in sample II. In general, the rise and decay
rates of PL signal are determined by the interplay between
the feeding rate of the radiative state and the recombination
rate. In our case, the rise time of luminescence corresponds
to the exciton radiative recombination time whereas the PL
decay reflects the relaxation time of photogenerated exci-
tons at higher energies towards the radiative states (K ≈ 0).
This counterintuitive result is in part because the relaxation
time, τrelax, is longer than recombination time, τX, and can
be easily modeled with a basic two-level model as shown in
the inset of Fig. 3(b). The experimental results in Fig. 2(a)
can be perfectly fitted by the resulting biexponential
dynamics (see Supplemental Material [29] for details):
The PL decay time is not controlled by the radiative
recombination time but it corresponds to the feeding time
of the radiative states, see Fig. 3(b) for the fit on sample II.
Taking into account the instrument response time, we find
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FIG. 1. (a) Schematics of the investigated MoSe2 monolayer
embedded in hexagonal boron nitride. (b) Schematics of the cross
section and optical microscope image of the van der Waals
heterostructure hBN=ML MoS2=hBN (sample III), where the
same monolayer is embedded in a cavitylike structure charac-
terized by different bottom hBN layer thickness d. (c) Optical
intensity map calculated at the MoSe2 monolayer location as a
function of both the emission wavelength and the bottom hBN
layer thickness d. The horizontal white dotted line corresponds to
the neutral exciton emission wavelength (∼756 nm). (d) cw
photoluminescence spectrum of sample II (d ¼ 273 nm) showing
the emission of both the neutral (X) and charged (T)
exciton, T ¼ 7 K.
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