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ABSTRACT: Light emission in two-dimensional (2D) transition metal dichalcogenides
(TMDs) changes significantly with the number of layers and stacking sequence. While the
electronic structure and optical absorption are well understood in 2D-TMDs, much less is
known about exciton dynamics and radiative recombination. Here, we show first-
principles calculations of intrinsic exciton radiative lifetimes at low temperature (4 K) and
room temperature (300 K) in TMD monolayers with the chemical formula MX, (X =
Mo, W, and X = S, Se), as well as in bilayer and bulk Mo$S, and in two MX, heterobilayers.
Our results elucidate the time scale and microscopic origin of light emission in TMDs. We
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find radiative lifetimes of a few picoseconds at low temperature and a few nanoseconds at
room temperature in the monolayers and slower radiative recombination in bulk and
bilayer than in monolayer MoS,. The MoS,/WS, and MoSe,/WSe, heterobilayers exhibit very long-lived (~20—30 ns at room
temperature) interlayer excitons constituted by electrons localized on the Mo-based and holes on the W-based monolayer. The
wide radiative lifetime tunability, together with the ability shown here to predict radiative lifetimes from computations, hold
unique potential to manipulate excitons in TMDs and their heterostructures for application in optoelectronics and solar energy

conversion.

KEYWORDS: Monolayer materials, transition metal dichalcogenides, luminescence, radiative lifetime, excitons, optoelectronics

wo-dimensional (2D) transition metal dichalcogenides
(TMDs) are promising materials for ultrathin electronic,
optoelectronic, photocatalytic, and photovoltaic devices.' ™
Out of approximately 40 existing TMDs,”'® some have received
particular attention due to their semiconducting nature and
tunable band gap. In particular, group 6 monolayer TMDs with
chemical formula MX, (M = Mo, W and X = S, Se) are direct
gap semiconductors with relatively intense photoluminescence
(PL), while bilayers and thicker multilayers exhibit indirect gap
and weaker PL.""°~"7 The peculiar nature of the excited states
has stimulated intense research efforts to investigate exciton
dynamics and radiative/nonradiative lifetimes in TMDs.">'$~>*
Recent time-resolved experiments found a range of character-
istic times for exciton dynamics in monolayer TMDs, including
fast (1—10 ps) recombination attributed to exciton trapping at
defects, and slower processes on a 0.1—1 ns time scale
interpreted as radiative exciton recombination.'®*°">* How-
ever, the attribution of the observed signals to radiatiave and
nonradiative processes can be ambiguous in time-resolved
spectroscopies since defects and impurities can modulate the
excited state dynamics. In TMDs, the interpretation of time
signals and comparison among different experiments is further
complicated by the use of micrometer-size flakes where the
edges can play a significant role in exciton recombination. This
situation has stimulated an ongoing quest for the intrinsic time
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scale of exciton recombination in ideal, defect-free 2D-
TMDs."®**~** First-principles calculations combining density
functional theory (DFT) and many-body perturbation theory
are ideally suited to study excited state dynamics in layered 2D-
TMDs.>>*® These approaches can accurately predict excited
state properties in the energy domain such as band gaps,
exciton energies, and absorption/loss spectra,m’27 and there is
significant promise to extend these methods to study excited
state processes in the time domain.**~>°

In this work, we compute intrinsic exciton radiative lifetimes
in layered 2D-TMDs from first principles. Our approach
provides rich microscopic information about exciton recombi-
nation, yields radiative lifetimes in very good agreement with
available experiments (without employing empirical fitting
parameters), and elucidates the time scales observed in time-
resolved experiments on 2D-TMDs. We demonstrate that the
radiative lifetimes can be tuned over several orders of
magnitude with number of layers, stacking sequence, and
temperature, thus enabling unprecedented control of exciton
dynamics in 2D-TMDs.
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We combine DFT and the GW-Bethe Salpeter equation
(BSE) method to compute the quasiparticle bandstructures,
absorption spectra, and exciton energies and wavefunctions in
2D-TMDs. Our approach includes an accurate account of
electron—electron, electron—hole, and spin—orbit interactions.
The calculations are carried out using the Quantum Espresso
and Yambo codes®"** (see Methods).

H(Q = 75 (Q) = %(0)-

We employ Fermi’s Golden rule to derive the radiative decay
rate ¥5(Q) of an exciton in state S with wavevector Q (and
center-of-mass momentum #AQ) in a 2D system
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where Q = llQll, Q, and Q, are the two in-plane wavevector
components of the 2D exciton, 74(Q) is the radiative lifetime,
defined here as the inverse of the decay rate, Eg(Q) is the
exciton energy, c is the speed of light, and y5(0) is the decay
rate for Q = 0
87’ Eg(0) #g
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with 4% as the square modulus of the BSE exciton transition
dipole divided by the number of unit cells in 2D in the system
(i.e, the number of 2D k-points employed in the calculation)
and A, is the area of the unit cell. In eq 1, the first term in
braces decreases from 1 for Q = 0 to zero for Q = Q, [where Q,
= Eg(Qy)/fc], while the second term diverges for Q = Qy; as
shown in the Supporting Information, this divergence can be
integrated and leads to a well-defined thermally averaged decay
rate. Both terms in braces in eq 1 need to be set to zero for Q >
Qp due to momentum conservation, so that the decay rate
7s(Q) vanishes for Q > Q,. To compute the exciton radiative
rate at temperature T, we average the rates up to the maximum
momentum Q, using a parabolic exciton dispersion Eg(Q) =
Eg(0) + [(7*Q%)/(2Ms)] (M is the exciton mass).*> We obtain
the average radiative lifetime (zg) of an exciton in state S at

temperature T
] T
(3)

where the exciton energies and transition dipoles are obtained
here from the BSE. The radiative lifetime in eq 3 increases
linearly with temperature, similar to what has been found
experimentally in 2D semiconductor quantum wells.**** A
detailed derivation of eqs 1—3 is discussed in the Supporting
Information. At room temperature, we define an effective
radiative lifetime (7.¢) obtained by further averaging the rates in
eq 3 over the lowest-energy bright and dark excitons***¢
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In this work, we employ eq 3 for the lifetime at low
temperature and report the lifetimes obtained with both eq 3
and eq 4 at room temperature.

The electronic structure of %rou 6 TMD monolayers has
been studied extensively.'”'"'*'37'737 The valence band
maximum (VBM) and conduction band minimum (CBM)
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are located at the K point of the Brillouin zone (BZ) and are
mostly contributed by the d orbitals of the transition metal
atoms.” The large spin—orbit coupling splits the VBM into two
states with a well-defined spin projection, S,, in the out-of-plane
direction.'* Because of lack of inversion symmetry in
monolayer TMDs, there are two inequivalent K points in the
BZ, called here K,. Time-reversal symmetry requires the VBM
to be degenerate at K+ and the value of S, at K, to be opposite
to the value at K_.

Figure 1 shows the absorption spectra of the TMD
monolayers studied here (the corresponding bandstructures
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Figure 1. BSE (red line) and experimental (blue dots) absorption
spectra of TMD monolayers. The experimental data are taken from ref
12 for MoS, and ref 24 for the other monolayers. The labels indicate
the absorption peaks associated with the A and B excitons. The

computed spectra were red-shifted by ~150 meV to match the
experimental absorption onsets.

are shown in Figure S1 of the Supportlng Information).

Following a procedure from our recent work,” the BSE spectra
are expressed in units of absorbance, here the percent fraction
of absorbed light at each photon energy, thus enabling direct
comparison with experiments. Our computed absorption
onsets, defined here as the positions of the lowest-energy
absorption peak, are in the 1.6—2.0 eV range and agree within
~150 meV with the experimental values measured at room
temperature for all monolayers studied here. We attribute the
small discrepancy to electron—phonon interactions decreasin

the absorption onset at room temperature compared 0 K,'®*

an effect not included in our calculations. The trends in the
absorptlon spectra show very good agreement with experi-
ments'>** and validate our BSE calculations employed below to
obtain the radiative lifetimes. The two lowest-energy absorption
peaks correspond to the so-called A and B excitons,
respectively, and are associated with transitions at K, from
the two spin—orbit split VBM states to the CBM (see Figure
2a). The energies of the bright and dark excitons with A and B
character are shown in Figure 2b. The bright and dark exciton
character stems, respectively, from dipole-allowed and dipole-
forbidden transitions at K. Because exciton thermalization
occurs on a faster (~500 f£s)'®*° time scale than radiative
recombination in monolayer TMDs, the radiative recombina-
tion of the bright A exciton is the main process contributing to
PL."> In the Wbased monolayers, we find a rich series of
mostly dark excitons®® at energies between the A and B peaks
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Figure 2. (a) Radiative processes associated with the A and B bright
and dark (subscript D) excitons at the K, point. The two spin—orbit
split VBM states are shown in blue and the CBM in red. The processes
at K_ (not shown) are the time-reversal of those shown here. (b)
Energy and intrinsic radiative lifetime 75(0) at 0 K for the lowest-
energy excitons in TMD monolayers. The dark and bright excitons are
shown with black and yellow lines, respectively. The labels indicate the
A, A%, and B excitons.

(A" excitons in Figure 2b) made up by holes from the VBM
and electrons from the CBM and the band above the CBM.
The A excitons are not expected to contribute significantly to
PL in the W-based monolayers given that they are mostly dark
and their energy difference with the A exciton is much larger
than k3T at room temperature. Figure 2b shows the intrinsic
radiative lifetimes 7g(0) (see eq 2) of the lowest-energy
excitons in monolayer TMDs, computed at 0 K and for excitons
with zero momentum. These lifetimes are employed to obtain
the thermally averaged radiative lifetimes of the bright A
excitons at finite temperature, (z,) (see eq 3).

The A exciton radiative lifetimes (7,) at low temperature of 4
K and room temperature are the key quantities computed in
this work and are shown in Table 1. We find lifetimes of 1—10
ps at 4 K and 1-5 ns at room temperature in the TMD
monolayers studied here and predict a linear increase of the
lifetimes between 0 K and room temperature at a rate of ~1—
10 ps/K. Because our radiative lifetimes are intrinsic and related
to ideal and defect-free 2D-TMDs, they provide an important
benchmark for time-resolved experiments.

We compare our computed radiative lifetimes for monolayer
TMDs with experiments with a focus on monolayer MoS,. At
low temperature for MoS,, we find excellent agreement with
available experiments, as discussed next. Korn et al.”' measured
the time-resolved PL in monolayer MoS, excited with 3 eV
light. At 4 K, our computed radiative lifetime of 3.7 ps is in very
good agreement with their PL decay time of ~5 ps. While they
hypothesized that at such short time scale the initially generated
excitons may not be thermalized, recent measurements with
femtosecond resolution showed that thermalization for ~3 eV
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Table 1. Radiative Lifetimes in Monolayer TMDs“

MoS, MoSe, WS, WSe,
E, (eV) 19 1.65 2.0 17
7,(0) (ps) 0.23 0.24 019 022
) (ps) 3.7 5.0 2.3 3.8
Tep (ps) S (8), 457 (8) 47(s)
(XY (ns) 027 0.38 0.17 0.29
(&) (ns) 0.82 0.80 44 3.5
L (ns) 0.85' (s) 0.9* (8) 4% (s)

“The data refers to the bright A exciton. E, is the exciton energy, equal
to the absorption onset. 7,(0) is the computed radiative lifetime at 0
K. (757) and (z37) are the computed radiative lifetimes at low
temperature (4 K) and room temperature, respectively, and TE,};, and
‘rg}; are the corresponding experimental values. (757 is the room
temperature effective lifetime computed by averaging the dark and
bright rates (see eq 4). In the experimental data, (s) indicates a

suspended layer, and (S) indicates a substrate-supported layer.

excitation occurs in less than 1 ps.'® For this reason, the signal
observed in ref 21 can be attributed to the intrinsic radiative
decay time of the A exciton at 4 K. This is confirmed by the
work from Lagarde et al,”* who recently measured the time-
resolved PL of monolayer MoS, excited resonantly at the A
exciton and observed a PL decay time of 4.5 ps, in excellent
agreement with our computed value.

As the temperature is increased, time-resolved PL experi-
ments on MoS, show the appearance of a longer PL decay
time,** although the ~S ps component also present at low
temperature dominates PL decay.”"** Room-temperature
transient absorption experiments by Shi et al."® on suspended
monolayer MoS, show a triexponential decay signal with time
constants of 2 ps, 75 ps, and 0.85 ns. They tentatively attribute
the 2 ps time to exciton trapping at defects, the 75 ps to hot
carrier thermalization, and the 0.85 ns to radiative A exciton
recombination.'® We obtain an effective radiative lifetime of
0.82 ns at room temperature, which is in excellent agreement
with the 0.85 ns decay signal observed experimentally. This
result indicates that the room-temperature radiative lifetime is
of order 1 ns at room temperature and corresponds to the
longer PL decay component observed in time-resolved PL
experiments.'*"** Multiple factors can account for remaining
discrepancies between computed and experimental radiative
lifetimes, including the presence of defects, impurities, and flake
edges in the experiment. In addition, while our calculations
refer to ideally 2D monolayers surrounded by vacuum,
experiments can be carried out on either suspended or
substrate-supported monolayers, thus adding a potential source
of discrepancy between theory and experiment.

On the basis of our data, we propose an explanation to the
open question raised in ref 22 of whether the fast ~5 ps decay
component observed both at low temperature and room
temperature in monolayer MoS, is associated with nonradiative
processes or an intrinsic exciton lifetime. Our data shows that at
low temperature the intrinsic lifetime of the A exciton is ~S ps,
while at room temperature the intrinsic lifetime is ~1 ns. The
fact that the S ps PL decay is still present in experiments at
room temperature strongly suggests that this characteristic
lifetime is related to exciton trapping at defects resulting in
PL.** Because at room temperature this trapping process is
much faster than the time scale for radiative recombination, two
characteristic recombination times are observed. On the other
hand, at low temperature the intrinsic and defect-induced
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recombinations occur on the same time scale of S ps and
cannot be distinguished experimentally.

The radiative lifetimes for the other monolayers studied here
are also in the range of 2—5 ps at 4 K and 1-5 ns at room
temperature (see Table 1). In cases where experiments are
available, our computed lifetimes are within ~10—20% of the
measured values. This provides confidence in our results for
cases where experiments are not available. We find that at low
temperature the radiative lifetimes in Mo-based monolayers are
~1.5 times longer than those in W-based monolayers with the
same chalcogen atom, while at room temperature the W-based
monolayers exhibit ~5 times longer effective lifetimes. The
latter trend is due to the larger spin—orbit splitting in the W-
based than in the Mo-based monolayers, leading to a higher
weight of the dark states in the thermal average in eq 4, and
thus to longer effective lifetimes. We suggest that these trends
may extend to other TMDs beyond those studied here.

Next, we discuss the absorption (Figure 3) and radiative
lifetimes (Figure 4 and Table 2) in bilayer and bulk MoS,, and
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Figure 3. BSE (red line) and experimental (blue dots) absorption
spectra of MoS, bilayer and bulk and the MoS,/WS, and MoSe,/
WSe, heterobilayers. For the bulk, absorption is expressed in cm™
units, and for the bilayers in percent absorbance units. The
experimental data are taken from ref 12 and ref 42 for bilayer and
bulk MoS,, respectively. The labels for MoS, indicate the peaks
associated with the A and B excitons, and the arrows for the
heterobilayers indicate the interlayer (IL) excitons. The computed
spectra for bilayer and bulk MoS, were red-shifted by ~150 meV to
match the experimental absorption onsets, while no shifts were applied
to the spectra of the heterobilayers.

in the MoS,/WS, and MoSe,/WSe, heterobilayers with AB
stacking” in the vertical direction. We find that for bilayer MoS,
the absorbance is twice the value of monolayer MoS,, as
observed experimentally.'* In contrast, the absorbance value in
the heterobilayers deviates from the sum of the values in the
two composing monolayers; we also observe the appearance of
an absorption peak associated with an interlayer exciton with
energy lower than the absorption onsets of the isolated
monolayers.

Two main results emerge from our study of the radiative
lifetimes in bilayer and bulk TMDs. First, bilayer and bulk
MoS, show significantly higher radiative lifetimes than the
monolayer case. Although bilayer and bulk MoS, are indirect
gap materials, the direct gap at K determines the optical
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Figure 4. Energy and intrinsic radiative lifetimes 75(0) at 0 K for the
lowest-energy excitons in MoS, bilayer and bulk and in the MoS,/WS,
and MoSe,/WSe, heterobilayers. The dark and bright excitons are
shown with black and yellow lines, respectively. The labels for MoS,
indicate the A and B excitons, and dark states are labeled with a D
subscript. The labels for the heterobilayers indicate the interlayer (IL)
excitons.

Table 2. Radiative Lifetimes in Bilayer and Bulk TMDs"

MoS,/
WS, MoS,
MoS, (2L) (2L) MoSe,/WSe, (2L) (bulk)
E (ev) 19 1.75 1.57 19
7(0) (ps) 036 123 8.7 0.8
@y (ps) 89 205 175 (900 at 20 K) 9
Tap (ps) (1800 at 20 K) (S)
(Y (ns) 044 15 12.8 0.69
(5 (ns) 1.3 29.6 21 27
Top (ns)  071' (s) 2.6
(S)

“The data refers to the lowest-energy bright exciton. E is the exciton
energy, and 7(0) the radiative lifetime at 0 K. (z*") and (z*") are the
computed radiative lifetimes at low temperature (4 K) and room
temperature, respectively, and ‘L'Ie“,I, and 1’5;}; are the corresponding
experimental values. For the MoSe,/WSe, hetero-bilayer, the lifetimes
at 20 K are also shown. (757 ) is the room temperature effective lifetime
(see eq 4). In the experimental data, (s) indicates a suspended layer,
and (S) indicates a substrate-supported layer.

absorption onset and main PL peaks.'” Following photo-
excitation above the direct gap at K, excitons can either relax to
the indirect-gap CBM and VBM occurring at different points of
the BZ,* or alternatively thermalize at K and emit hot
photoluminescence by radiative recombination of the A
exciton.'> These two processes compete on a similar time
scale and can both be observed depending on the experimental
conditions.'”'®* Our calculations for bilayer and bulk MoS,
yield lowest-energy bright excitons contributed by electron and
hole states at K; these excitons are thus equivalent to the A
exciton in monolayer MoS,. Our computed room-temperature
radiative lifetime for the bright A exciton in bilayer MoS, is 440
ps, while the effective lifetime is 1.3 ns when the radiative rates
of the dark and bright A excitons are thermally averaged (see
Table 2). The 440 ps radiative lifetime is in reasonable
agreement with the 710 ps decay signal observed in transient
absorption experiments on a suspended MoS, bilayer."® This
supports the interpretation in ref 18 attributing the 710 ps
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decay time to the A exciton radiative recombination. The fact
that the experimental lifetime is closer to the intrinsic lifetime
of the bright A exciton than the effective lifetime obtained by
averaging over the dark and bright excitons deserves further
investigation. While it is plausible that the dark and bright
excitons were not in thermal equilibrium in the experiment, it is
unclear what the conditions are for dark and bright exciton to
achieve thermal equilibrium in TMD systems. It is also unclear
why the lifetime in the bilayer in ref 18 is shorter than in the
monolayer, given that a progressive exciton delocalization over
multiple layers is expected to continuously increase the lifetime
from monolayer to bulk. Our data demonstrates that radiative
recombination is ~2 times slower in bilayer than in monolayer
MoS,, a finding we attribute to the delocalization of the A
exciton over two layers leading to lower dipole matrix elements
and thus a higher radiative lifetime in the bilayer.

In bulk MoS,, we predict a room temperature effective
radiative lifetime of 2.7 ns, which is in excellent agreement with
the decay time longer than 2.6 ns measured for bulk MoS, in
ref 18. While in ref 18 the observed signal was tentatively
attributed to intervalley scattering of the A exciton, we believe
the signal is associated with the radiative lifetime of the A
exciton given the ~3 ns time scale consistent with our
calculation. Radiative recombination of the lowest-energy bright
exciton is slower in the bulk than in monolayer MoS,. We
attribute this effect to the increasing delocalization of the A
exciton in the layer-normal direction and believe the ~3 ns time
scale found here for the bulk constitutes an upper limit for the
radiative lifetime in multilayer MoS,. Our calculations can
explain the experimental observation that the quantum yield
decreases with increasing number of layers in MoS,."> Given
that nonradiative processes compete with radiative recombina-
tion and quench the PL, the increasing radiative recombination
lifetimes found here for increasing number of layers is
consistent with the lower quantum yield for increasing
thickness observed experimentally. The decrease in quantum
yield as a function of layer number has been observed in other
TMDs, and we suggest it is a general trend due to the
delocalization of the A exciton together with the competing
nonradiative recombination induced by the indirect gap in the
multilayers.

The second point emerging from our study of multilayer
TMDs is the dramatic increase in the radiative lifetimes in the
MoS,/WS, and MoSe,/WSe, heterobilayers. We predict that in
both systems the lowest-energy exciton has interlayer
character,***° that is, it is constituted by an electron localized
on one layer and a hole on the other layer composing the
bilayer heterojunction. In the cases studied here, upon
formation of a heterojunction between the Mo- and W-based
monolayers (with the same chalcogen atom) a type-II band
alignment is achieved due to the different band gaps and
electron affinities in the composing monolayers.” At the
interface, the CBM originates from states in the Mo-based
monolayer and the VBM from states in the W-based
monolayer. The spatial separation of the electron and hole
becomes apparent by plotting the exciton wave function (see
Figure S). When the position of the hole is fixed on the W-
based monolayer, the electronic charge density localizes on the
Mo-based monolayer, thus confirming the interlayer character
of the exciton.

The reduced spatial overlap between the electron and the
hole decreases the transition matrix element and results in
longer radiative lifetimes, while at the same time the bright
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Figure 5. Side view (top panel) and top view (bottom panel) of
exciton charge densities in (a) monolayer MoS,, (b) monolayer WS,
(a), and (c) the MoS,/WS, heterobilayer (side view only). Shown is
the electronic charge density (in red) when the hole is set in a fixed
position (shown with a pink sphere). In the monolayers in (a) and (b),
the electronic charge spreads over the entire layer due to the
delocalized nature of the exciton. In the heterobilayer, when the hole is
fixed in the WS, layer, the electron spreads over the MoS, layer due to
the interlayer character of the exciton. The atoms are shown as blue
(Mo), black (W), and yellow (S) spheres.
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character of the exciton is preserved. We predict effective room
temperature lifetimes for these long-lived excitons of ~30 ns in
MoS,/WS, and 21 ns in MoSe,/WSe,. A very recent
experimental observation of long-lived interlayer excitons in
MoSe,/WSe, has shown a measured radiative lifetime of 1.8 ns
at 20 K (see ref 44). For comparison, our computed lifetime at
20 K for the same system is 0.9 ns and thus within a factor of 2
of the experimental value. While this result confirms the long-
lived character of the interlayer excitons observed experimen-
tally, better agreement with experiment may be achieved using
a more realistic bilayer structure including nonideal AB stacking
between the two layers.

The measurements in ref 44 further show the presence of
two low-energy interlayer excitons,** which is in agreement
with the two interlayer bright excitons obtained in our
calculations (see Figure 4). Interlayer excitons attributed to
type-II band alignment have recently been observed exper-
imentally also in MoS,/WS,,** consistent with our results.
Reference 45 further shows that interlayer excitons are present
regardless of the stacking geometry of the two layers in the
vertical direction; we thus expect that long-lived excitons in
heterobilayers are not limited to the AB-stacking geometry
studied here. These results further confirm that our approach
yields highly accurate exciton character and lifetimes in
multilayer TMDs.

The tunability of the radiative lifetimes over several orders of
magnitude with number of layers, stacking sequence, and
temperature enables unprecedented control of exciton
dynamics in 2D-TMDs. The ability to control exciton dynamics
plays a key role in optoelectronic and renewable energy
technologies. In photovoltaics, long-lived excitons are necessary
to guarantee electron—hole dissociation before exciton
recombination, and the radiative quantum yield is linked to
the power conversion efficiency. In addition, TMD hetero-
structures may enable fabrication of multijunction solar cells
free of epitaxial strain in which light absorption and exciton
dynamics are controlled within each stacked monolayer. As the
edges of TMD ﬂakes can reduce water to hydrogen in
photocatalytic cells,>® studies of exciton dynamics can provide
valuable information to understand reaction kinetics. Tunable
PL frequency and radiative lifetimes further hold unique
potential for the development of novel light-emitting diodes
and lasers based on TMDs.” Finally, there is rising evidence
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that trion excitations are involved in the excited state dynamics
in 2D-TMDs. We believe trions deserve further investigation
using ab initio methods. This will likely require treatments
involving the three-particle Green’s function and thus beyond
the GW-BSE formalism.

In conclusion, we develop and use first-principles calculations
of radiative lifetimes in layered 2D-TMDs. Our results provide
crucial microscopic insight to interpret time-resolved experi-
ments. The ability to predict accurate exciton energies and
radiative lifetimes shown here will be of key importance to
understand excited state dynamics and energy conversion
mechanisms in the next generation of TMD based devices.

Methods. Computational Methods. We carry out DFT
calculations within the local-density approximation (LDA)
using the Quantum Espresso package.”’ The TMD structures
are prepared using the experimental lattice parameters and then
relaxed within DFT, following a procedure similar to our recent
work.> We employ fully relativistic pseudopotentials and treat
the sp semicore states of the transition metal atoms as valence
electrons.*'® The quasiparticle bandstructures are computed
using the GW approach as implemented in the Yambo code.*”
We employ the “one-shot” GoW, approximation,*® a plasmon-
pole model for the dielectric function in the GW self-energy,
cutoff energies of 60 and 10 Ry for the exchange and
correlation parts of the GW self-energy, respectively, and up to
300 empty bands. We use a 27 X 27 X 1 k-point grid for the
monolayers, a 18 X 18 X 1 k-point grid for the bilayers, and a
18 X 18 X 2 k-point grid for the bulk TMDs. The Coulomb
interaction is truncated in the layer-normal direction to avoid
spurious interactions with the image systems. We employ the
BSE to compute the optical spectra in Figure 1 and Figure 3,
using the same k-point grids employed in the GW calculations
and including six valence and six conduction states in the
excitonic Hamiltonian. Our approach takes fully into account
the spinorial nature of the electronic Kohn—Sham states in the
GW and BSE calculations.
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