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Transition metal dichalcogenide heterostructures which are built from atomically thin layers of MXs
crystals, enable the formation of excitons composed of electrons and holes in distinct layers. In the
following work, we describe the electronic and excitonic properties of MoSes/WSe2 heterostructure
using a combination of the ab initio based effective mass approximation and the Bethe—Salpeter theory.
First, we analyse electronic structure and Kohn—Sham wavefunctions that allow for spin/layer detection.
In the next step, we construct an effective mass model for 8 bands around K valley consistent with
experimental bandgaps. Using approximate inter- and intralayer screening we calculate the fine structure
of inter- and intralayer excitons, predicting rich optical spectrum of interlayer A /B, spin bright/dark
and ground/excited state with zero total momentum.
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1. Introduction

Layered transition metal dichalcogenides (TMDs)
with the chemical formula MXs; (M = Mo, W;
X =S, Se, Te) are novel semiconductor research
platforms enabling the exploration of many funda-
mental physical phenomena related to their atomic
thickness [1-4]. This includes, for example, low en-
ergy bands emulating massive Dirac fermion model,
valley degrees of freedom which allow for selec-
tive excitation using circularly polarized light [5],
strongly bound excitons [6], and robust charged ex-
citon states [7-9] and more complicated excitonic
molecules [10, 11]. Moreover, nontrivial topology of
electronic bands may result in exciton fine structure
renormalization [12, 13], peculiar response of valleys
to magnetic fields [14] and broken symmetry valley-
spin-polarized phases [15, 16].

TMDs are also the basic “blocks” for the construc-
tion of van der Waals heterostructures [17]. In such
systems, e.g. MoSes/WSe, long-lived interlayer ex-
citons composed of electrons and holes in distinct
layers have been recently studied [18-31]. In such
systems, it is possible to control the energy of inter-
layer excitons via gates [32, 33]. Moreover, the mu-
tual twisting of layers [21, 34] can modify the exci-
ton properties. The presence of moiré patterns [35]
makes it possible to analyze the exotic properties
of optical complexes in the presence of the moiré
lattice potential [18, 21, 36, 37].

Description of the excitonic properties of TMD
heterostructures is crucial in order to understand
the optical response and analyse the charge carrier
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dynamics. An accurate approach for electron—hole
excitation calculations using density functional the-
ory (DFT) must include both the quasiparticle self-
energy corrections and the solution of the Bethe—
Salpeter equation (BSE) [38], which allows the stud-
ies of exciton series [39-46]. In MoSep/WSey het-
erostructure we deal with bright interlayer exci-
tons with strong binding energies [42, 43]. Exci-
tonic spectrum for twisted MoSes/WSey was also
studied [44, 46]. Interlayer exciton lifetime was cal-
culated [44]. Due to the computationally challeng-
ing character of the DFT+GW-+BSE method, ef-
fective approaches [47-52] have been used. The in-
terlayer exciton binding energy of MoSes/WSey for
the 1s, 2s and 3s states was recently analysed us-
ing massive Dirac fermions model [50] and Wannier
equation [53].

In this work, we begin by determining the elec-
tronic structure of MoSes/WSes, which allows us
for the construction of effective mass approxi-
mation (EMA), with spin-resolved energy gaps
estimated using experimental data. In the next
step, the exciton fine structure determined by the
type-1I spin-split band arrangement is calculated,
considering both A/B, spin bright/dark and in-
tralayer/interlayer exciton series.

2. Theoretical model

We start with the electronic properties of the
MoSey/WSes heterostructure from the first princi-
ples. We consider the AB stacking where the metal
atoms of one layer are localized under the chalcogen
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Fig. 1. (a) Side and (b) top view of an AB stacked

MoSez /WSe; under the assumption of the same lat-
tice constant a. Both metal atoms are represented
in blue, and chalcogen atoms are in red. In plane
lattice parameter a = 3.288 A, chalcogen atoms dis-
tance dxx = 2.52 A, and metal-chalcogen distance
is dyx = 3.33 A, following [54]. Interlayer distance
is set to d = 6.4 Aas discussed in text.

atoms of the other layer, as depicted in Fig. la.
The honeycomb lattice of the system is presented
in the top view in Fig. 1b. Lattice vectors are de-
fined as @; = (0,a) and ay = (av/3/2,—a/2),
where a = djsps is the lattice constant, as presented
in Fig. 1b. We note that the lattice mismatch in
MoSey/WSe; is negligibly small (Aa < 0.01 A), so
no significant stresses occur. In order to determine
interlayer distance d, the total energy as a function
of layers distance was analysed, following [54], and
the energy minimum was obtained for d = 6.4 A.
Energies and wavefunctions of the MoSes/WSes
were calculated from the first principles imple-
mented in Abinit [55] code using the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation (XC)
energy functional [56] and the projector augmented
wave method (PAW) [57]. Van der Waals interac-
tions have been taken into account according to the
DFT-D3 XC functional [58]. The PBE parametriza-
tion was used with a plane-wave cutoff of 120 Ha,
the energy cutoff of 60 Ha, and a 12 x 12 x 1 k-point
mesh. All calculations included the spin—orbit cou-
pling (SOC). Vacuum between the primitive cells
along z-direction has been set to 20 A. According to
our calculations, MoSey/WSe, is characterized by
an indirect band gap K—(Q as presented in Fig. 1a,
in contrast to a direct gap of the distinct MoSes and
WSe; monolayers.

In next step, we performed layer and spin sym-
metries detection. Kohn—Sham wavefunctions can
be described as ¥ (r,0) = e*Tul (r,0), where
n is the band index, o {1,}} denotes spin,
and uf, (r, o) describes a periodic function in plane-
wave representation uf (r,0) =Y o R (G, 0)el*C.
Here, G is the reciprocal space vector. In or-
der to analyse the spin and layer symmetries,

we consider the density p defined as p'™(z) =

[Jye dzdy ’z/JT(i)(x,y,z)‘z, where UC denotes the
unit cell. The study of the density p as a func-
tion of the z-axis position allows to determine the

111

TABLE I

Determined effective masses m* (mg), where mq is
the free electron mass, for 4 VB and 4 CB around the
K valley for the MoSe2/WSes structure.

Band index| CB |CB+1|CB+2| CB+3
my (mo) 0.62 0.51 0.55 0.34

Band index | VB—-3 | VB—-2| VB -1 VB
mj, (mo) 0.48 0.55 0.37 0.27
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Fig. 2.
heterostructure with schematic representation of
the parabolic model. (b) A scheme of the electronic
structure in effective mass approximation for 4 va-
lence bands and 4 conduction bands with the layer
and spin characterization for each band.

(a) DFT band structure of a MoSez /W Se3

leading layer and spin contribution for a given band
and k-point from the Brillouin zone. Next, the ef-
fective masses m* of electron and hole for 8 en-
ergy bands around the direct (K—K) energy gaps
of the MoSe;/WSey heterostructure were deter-
mined, according to the relation E, = E,(K) +
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for one of the 4 considered valence/conduction
bands, as shown in Fig. 2b and described
in Table I.

In order to obtain both intra- and interlayer exci-
ton fine structures in EMA, we solve [38] BSE equa-
tion without small, screened electron—hole exchange
interaction [6], i.e.,

(AEk — Acap)Ank — Z Viewr An iy = EnAnp ks

g (1)
where AFE(k) is the energy between chosen CB
and VB (depending on studying optical transi-
tion type) in EMA for given k-point. The corre-
sponding energy gap Acap = By (K) — Eny(K)
was estimated using the first principles electronic
structure calculations and experimental results pre-
sented in [18, 59], under assumption that spin-
splittings known from GGA level are not affected
by many-body corrections. Specifically, we extract
experimental [18] position of 1s excitonic ground
state with respect to valence band energy given
by GGA for intra-layer excitons. In second step

where m} > 0 and FE, denotes max /min
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we add binding energies of hexagonal boron nitride
(hBN) encapsulated samples estimated precisely
in the magnetic field — type experiment in [59].
This information, combined with the band-offset
and spin-splitting predicted from GGA, gives ex-
perimentally based band edges that are used in
further calculations. The values of the energy dif-
ferences in K point necessary in order to deter-
mine Agap for all ny and ms combinations, as
presented in Fig. 2, are Ecg — Eyp = 1527 meV,
Ecpy3 — Ecpy1 = 360 meV, and Eyvg — Evp_1 =
358 meV, respectively. All spin-splittings are
Agsoc = 506 meV for WSe;/B, Asoc = 198 meV
for MoSey®, Asoc = 43 meV for WSeS® and
Asoc = 21 meV for MoSe$®, respectively. In (1),
A, (k) are the exciton wavefunctions and V(k, k')
describes the direct electron—hole Coulomb inter-
actions. Slow scaling with increasing discretization
of the Brillouin zone makes it computationally chal-
lenging to obtain numerical BSE solutions with high
accuracy. We perform the exciton spectrum calcu-
lations with large k-point sampling, approximately
105 k-points per valley. This allows for a discus-
sion of energetic position of 1s, 2s and 2p states in
a computationally converged manner.

An important aspect of the exciton fine structure
calculations is the effect of the non-local Coulomb
interactions [60, 61]. In the following work we
use the Rytova—Keldysh screening model [62, 63].
Specifically, we study the case of MoSes/WSes en-
capsulated in the hexagonal boron nitride (hBN).
Following the model by Ovesen et al. [53] assum-
ing gd < 1, where ¢ = |k’ — k — G| and where
G minimalizes the |k’ — k| distance, we deter-
mine the dielectric function for intra- and interlayer
screening as

El1,2 (k) ~ e — — (Ell +512) (82 _ Ellglg) )
and
d
el (k) ~ e~ 7(1 (e + 1) )

respectively. We note that in (2) and (3) the quan-
tity € = (61 +¢2)/2 = enpn = XK = 4.5 describes
static Rytova—Keldysh screening of the surrounding
material. One can rewrite (2) and (3) in the form

of
), @

cli2/lile (k,) —¢
where a}?gfggﬁter can be treated as parameters.
Their values are important in order to correctly
determine the experimentally known 1s-state ener-
gies for both intra- and interlayer excitons. Follow-
ing [59] we take the ground state of the intralayer
excitons EY 5 = 167 meV and EN°P°? = 231 meV,
while for the interlayer exciton E,—; = 150 meV

as determined in [18]. Parameters of screening for
intra,WSes

R—K intra/inter
T (1 + aKeldysh

assumed 1s-state energies are OKeldysh = 1.34,
intra,MoSes __ inter —
Keldysh = 1.21, and OReldysh = 2.30, respec-

tively. Determination of the bright 1s-state energies
for both intra- and interlayer excitons by setting
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Fig. 3. Theoretically predicted optical transition
energies for 1s and 2s-states in MoSe2/WSez het-
erostructure for (a) intralayer excitons in MoSe;
layer, (b) interlayer excitons and (c) intralayer
excitons in WSez layer. Continuous and dashed
lines represent spin-bright and -dark states, re-
spectively. For interlayer excitons, excitons built
from hole WSe; and electron in MoSe; layer (elec-
tron in MoSez and hole in WSey) are denoted as
AfnterT gpd Binterd (Ainterd 5pd BinterT) The spin
symbol (1T and |) was introduced for bright exci-
tons only. The absorption intensity was marked in
a schematic manner only to distinguish between 1s
and 2s-states.

the screening parameters giving them values follow-
ing [18, 59| allows us to obtain results staying in
good agreement with experimentally known opti-
cal transition energies of MoSes /WSes heterostruc-
ture [18, 33].

3. Excitonic spectrum

In the next step, we solve BSE given in (1) us-
ing various spin-split combinations of bands, al-
lowing to study the fine structure of the exci-
ton spectrum of the MoSes/WSes heterostructure
at K point for excitons with zero total momentum.
In Fig. 3, we consider A/B, spin bright/dark and
intra- /interlayer exciton series of MoSes/WSey in
accordance with Fig. 2b, restricting ourselves to 1s
and 2s states.

Figure 3 shows optical spectrum of the
MoSes/WSes system restricted to 1s and 2s states
only. The exciton series, presented as the absorp-
tion intensity bars, are shown separately for in-
tralayer excitons (for both MoSe; and WSey lay-
ers) in Fig. 3a and c and for interlayer excitons
in Fig. 3b. The distinction of spin-bright (denoted
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TABLE II

Summary of the bright A-B and 1s-2s energy split-
tings for different combinations of optical transitions.
All values are represent in [eV].

Exciton type |intra- / MoSez |intra- / WSez | interlayer
Als/25(A-B) | 0.21 / 0.21 0.42 / 0.45 [0.47 / 0.48
Als/2s(A-B) - - 0.26 / 0.25
AA/B(1s—25)| 018 /0.18 | 0.13/0.16 |0.11 /0.12
AA/B(15 — 25) - - 0.11 / 0.10

with continous lines) and -dark states (dashed lines)
was also introduced. The intensity of the excited
states (2s) is lower than for the ground state (1s),
which was denoted in an approximate in Fig. 3 way
in order to illustrate the differences in the contri-
bution of individual excitonic states to the opti-
cal response of the heterostructure. Quantitatively,
2s-state intensity relative to 1s-state can be deter-
mined on the basis of the Elliott formula [64, 65] to
be about 20%.

Based on energies of the bright 1s states
for both intra- and interlayer excitons, as de-
scribed in Sect. 2, for energy window 1.3-1.8 eV,
we obtain results consistent with the experimen-
tally known intra- and interlayer exciton series of
MoSes/WSey [18, 20, 22-31, 33], namely EMoSe2 =
1.67 eV, E}Zseg = 1.74 eV and Eil*" = 1.40 eV. For
intralayer excitons, those energies are almost unaf-
fected by the presence of the second layer, represent-
ing the values characteristic for monolayer MoSes
and WSey [66-68]. Considering both A/B exciton
types for bright 1s and 2s states, we can analyse
the A-B and 1s—2s splittings. All obtained values
are presented in Table II.

Analysing intralayer excitons only we are able to
notice that mutual arrangement of bright and dark
s-states, known from analyzes of isolated mono-
layers [66—68|, is preserved. For the MoSey, the
layer bright A;, state (similarly Asg) is energeti-
cally lower than the dark one, while for WSe, layer,
the energetic arrangement of states is reversed as
presented in Fig. 3a and c. Additionally, the energy
difference between bright and dark state is bigger
for the WSes layer. For the interlayer excitons, the
structure of bright and dark states becomes more
complicated. This effect is shown in Fig. 3b. For
optical transitions from WSey; to MoSe, layer, de-
noted as AinterT and Binterd | the energy distribu-
tion of bright and dark states is similar to the case
of the intralayer excitons for WSe; layer. In turn,
the energetic positions of A™er+ and Birter,T states
(transitions from MoSes to WSey) correspond to
the distribution of bright and dark states for MoSes
layer. This arrangement for the energetically lowest
transitions stays in good agreement with the exper-
imental observations [27].

While the intralayer exciton series for both MoSe,
and WSe; remain almost unaffected by the second
layer keeping the optical spectrum characteristic for
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monolayers, the states from distinct layers present
a rich spectrum of different types of interlayer exci-
tons. Considering not only the energetically lowest
optical transitions (Ain*"T) but also higher energy
window as well (1.8-2.5 €V), we predict the presence
of additional lines coming from interlayer pinterd
Ainter,t and BintersT excitons for both bright and
dark optical transition types. Up to our knowledge,
this rich interlayer exciton series was experimentally
unobserved yet.

4. Conclusions

We presented here an ab initio based theory of
excitons in a TMD heterostructures. The electronic
properties of MoSey /WSey were first analysed us-
ing DFT methods. We performed the detection of
layer and spin symmetries using DFT Kohn—Sham
wavefunctions and determined the effective masses
of electron and hole for 8 energy bands around the
K valley. Using effective mass approximation for
the spin-split bands and using the Rytova—Keldysh
screening with parameters set to reproduce experi-
mentally known 1s-states, we solved the BSE with
high accuracy in order to obtain intra- and inter-
layer exciton fine structure. We considered both A
and B, and spin bright and dark exciton series, pre-
dicting rich variety of interlayer optical transitions.
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