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Two dimensional transition metal dichalcogenides provide a host of unique op-
toelectronic properties, attributed to their two dimensional nature and unique band
structure, making them promising for future optoelectronics device applications. In
the work presented in this thesis, we focus on the theoretical understanding and mod-
elling of the optoelectronic properties of monolayer transition metal dichalcogenides,
their heterostructures and multilayers.

We studied the relaxation rates of photo-excited carriers leading to the formation of
electron-hole pairs and their subsequent radiative recombination, resulting in emission
of light. We find sub-ps relaxation times, attributed to the strong coupling of carriers
with optical phonons, allowing the efficient formation of strongly bound multi-particle
complexes such as excitons, trions and biexcitons, which can recombine radiatively if
allowed by selection rules. We classify the various complexes according to their optical
activity, and predict using diffusion quantum Monte Carlo calculations the resulting
photoluminescence spectra in these materials.

We proposed a novel, material specific, Auger process in WSy and WSe, involv-
ing dark excitons, which dominates over radiative processes for relatively low car-
rier densities, providing an explanation to the observed low quantum efficiencies in
these materials. In the same pair of materials, we have shown how the ground state
dark trions and biexcitons can become bright and recombine radiatively through an
electron-electron intervalley scattering process, resulting in new observable lines in the
photoluminescence spectra of these materials.

The ability to form van der Waals heterostructures of two or more layers of these
materials, allows for new degrees of freedom to be explored and utilised. The het-
erobilayer system made of MoSes/WSes has a type-II band alignment, allowing for
the formation of interlayer bound complexes with carriers localized on opposite layers.
We studied the bound complexes formed in this bilayer system, localized on donor
impurities. We used quantum Monte Carlo methods to obtain binding energies and
wave functions, and calculated the radiative rates and doping dependent photolumines-
cence spectra of these complexes for closely aligned layers, and asymptotic behaviour
for strongly misaligned layers.

Finally, we studied few-layers of 2H-stacked transition metal dichalcogenides. The
van der Waals quantum well structure results in the splitting of the conduction and
valence bands into multiple subbands with energy spacings covering densely the in-
frared to far-infrared spectral range. We developed a hybrid k - p-tight binding model
parameterised by DFT calculations of monolayer and bulk crystals of the studied ma-
terials. We used the model to describe the subband dispersions, transition energies,
phonon induced broadening and resulting absorption lineshapes for both p-doped and
n-doped few-layer films.
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Chapter 1

Introduction

Since the discovery of graphene in 2004, attempts have been made to apply simi-
lar methods to isolate single layers of other stacked three-dimensional materials and
study their properties. This resulted in a wide variety of materials with a wide range
of properties and potential applications, ranging from insulators (hBN), direct band
gap semiconductors (MoS,), metals (NbSeq) and semi-metals (WTey). From the tech-
nological point-of-view, the possibility of having atomically-thin devices, with superior
characteristics and the ability to tune their desired properties by combining different
layers of these materials in a Lego-like manner to form van der Waals heterostructures
is very promising and revolutionary [1]. From the theoretical point-of-view, these
two dimensional (2D) materials provide an exciting playground for condensed matter
theory studies to explore new and exotic phenomena unique to these ideal 2D systems.

One particular shortcoming of graphene, motivating the further search for new
2D materials was the lack of a finite band gap. The isolation of a single layer of
MoS, and the demonstration of a direct band gap [2] with significant optical response
as compared to the bulk material have made it promising for both electronic and
optoelectronic applications, and started an expansive research on the family of the
semiconducting direct band gap 2D transition metal dichalcogenides (TMDCs) com-
prising of MoS,, MoSes, WS,, and WSey. These studies revealed numerous exciting
properties of these materials including: direct band gap in the visible range, valley
circular dichroism [3, |4], Berry curvature and spin-valley effects [5, 6l 7], strong spin-
orbit coupling and large spin-orbit splitting [8], strong light-matter coupling [9], and

tightly bound excitons and trions [10, 11} up to room temperature.

11



12 CHAPTER 1. INTRODUCTION

The preferable optical properties of monolayer TMDCs and their heterostructures,
have been utilised and demonstrated in optoelectronic devices such as: photodetectors,
phototransistors, light emitting diodes, photodiodes, and solar cells [12, 13} |14} |15| |16,

17], as well as single photon emitters [18].

The utilisation of TMDCs in optoelectronic devices requires an understanding of
the processes governing the optoelectronic properties of these materials. The reduced
dimensionality of these materials has important implications on the density of states
of the carriers, interaction between carriers, interaction between carriers and phonons,
and interaction with the environment, all influencing the resulting optical properties

of these materials.

Light emission from semiconductors involves the radiative recombination of electron-
hole pairs. These are formed by light with a photon energy greater than the band gap,
exciting electrons from the valence band into the conduction band. The radiative
recombination is then governed by the kinetics of the carriers relaxing from the ex-
cited states, which involves interaction with phonons, interaction with other carriers,
and with impurities, as well as the selection rules and conservation laws governing
the light-matter coupling and recombination. FElectron-electron scattering can also
give rise to non-radiative Auger—type processes where the energy of the recombining
electron-hole pair is transferred to another carrier. The relative importance of such

processes determines the efficiency of these materials for light emission.

The modified Coulomb interaction between electrons and holes in these two dimen-
sional materials due to the reduced screening as compared to the three dimensional
case [19, 20], leads to the most prominent feature observed in the optical studies of
TMDCs, these are the strongly bound multi-particle complexes, such as excitons and
trions, with a wide range of possible configurations due to the spin and valley degrees
of freedom in these materials. The photon energies resulting from the recombination
of these complexes are determined by their binding energies as well as the recombi-
nation process. Therefore, an understanding of the resulting optical spectra requires
the classification of the various complexes, calculation of their binding energies and

understanding the processes resulting in their radiative recombination.

The two dimensional nature of these materials, allows to naturally stack them to-

gether in the form of van der Waals heterostructures, formed by different TMDCs, or
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few-layers of the same TMDC. This allows to extend the applicability of these mate-
rials for device applications, introducing new degrees of freedom, such as the choice
of materials, their stacking and alignment. The stacking of different TMDCs in a
heterobilayer results in a staggered band structure with electrons and holes localized
on opposite layers, allowing the formation of interlayer complexes with modified op-
tical properties and recombination processes. The momentum mismatch between the
electrons and holes in the misaligned and incommensurate layers, raises the question
of how these complexes can recombine to emit light. A possible channel proposed in
this thesis involves the localization of complexes on donor impurities, which result in
distinct optical spectra with strong dependences on the alignment and doping in the

system.

Alternatively, multilayers of the same van der Waals coupled TMDCs, form a quan-
tum well like structure, with the states in the growth direction being quantized, forming
subbands. This allows to extend the optical applicability of these materials from their
main interband gap (~ 2 eV) in the visible range to the smaller intersubband gaps
(~ 10 — 100 meV) in the highly useful and popular infrared spectral range, which has
applications in various industries. Utilizing these subbands in optoelectronic applica-
tions requires the modelling and characterization of the resulting optical properties of
these subbands, the coupling to light, symmetry properties and broadening sources.
In this thesis we analyse the subband structures for both p-doped and n-doped few
layer TMDCs and obtain the resulting intersubband absorption spectra.

This thesis focuses on the optoelectronics of monolayer TMDCs, their heterostruc-
tures and multilayer structures. The published (or submitted) papers included in this
thesis study the introduced aspects related to the optoelectronics of TMDCs, which
are of both theoretical and application interest, elucidating and extending the under-
standing of the potential, limitations, and directions of research for these materials,
for the use in future device applications. The chapters form a sequential and coher-
ent picture of specific processes and features, characterizing and governing the optical
properties of these materials, starting from the monolayer, to heterobilayers and fi-
nally multilayers, each containing the relevant published works in a journal format.

The thesis is organized as follows:
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Chapter

Chapter 2 provides a general background and literature review of transition metal

dichalcogenides.

Chapter

Chapter 3 deals with kinetic processes in monolayer TMDCs. It includes two publi-
cations on the relaxation of photo-excited carriers due to emission of optical phonons,
leading to pico-second relaxation times due to strong coupling to optical phonons [21]
and the Auger recombination of dark excitons in WS, and WSey, providing a possible

explanation for the observed low quantum efficiencies in these materials.

Chapter

Chapter 4| deals with bound complexes in monolayer TMDCs. The work presented
includes the radiative recombination of semidark trions and biexcitons in WSy, WSe,
[22], where we present a novel process for the optical activation of the dark ground
state trions and biexcitons in WSy and WSes, and the classification of excitonic com-
plexes into dark and bright, and the resulting emission spectra obtained from the
calculated binding energies of the various complexes using diffusion quantum Monte

Carlo methods [23].

Chapter

Chapter [5| deals with donor bound complexes in heterobilayer MoSes/WSe,, and in-
cludes the publication [24]. We obtain the radiative recombination rates and doping
dependent spectra of donor bound complexes for both closely aligned and asymptotics
for strongly misaligned layers, using the localized nature of the donor to overcome the
valley mismatch between electrons and holes, which suppresses the radiative recom-
bination. We use quantum Monte Carlo calculations to obtain binding energies using
the full screened bilayer interaction and overlap integrals between wave functions of

the complexes.
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Chapter [6]

Chapter [6] deals with 2H-stacked few-layers and bulk TMDCs. We present a k - p-tight
binding model describing the subband energies and dispersions in few-layer 2H-stacked
TMDCs and obtain the intesrubband optical absorption line shapes for lightly p-doped

and n-doped films, and provide potential device configurations utilising these materials.

Chapter [7]

Chapter [7] provides the conclusions of the thesis and outlook on future research direc-

tions.



Chapter 2

Overview

2.1 2D transition metal dichalcogenides

Monolayer transition metal dichalcogenides (TMDCs) are atomically thin materials
with a unit cell described by MX,, where a transition metal M is covalently bonded to
two chalcogen atoms X and arranged in a triangular lattice with two sublattices giving
a hexagonal crystal as shown in Fig. 2.Th. The primitive lattice vectors are given by
a; = a(1,0) and a, = %(1,v/3), where a is the lattice constant. The reciprocal lattice
vectors are given by by = (%%, —%) and by = (0, %), giving a hexagonal Brillouin
zone (BZ) with two inequivalent points (valleys) at the corners K and K’ = —K, with
4

|K| = 3. The metal-chalcogen distance in the unit cell is given by dyx = a/ V3,

such that the two chalcogen positions in the unit cell with the metal at the origin

M = (0,0,0), are given by X, = §(1, \/ig, j:dgm), where dxx is the distance in the out

of plane direction between the two chalcogen atoms.

The most common and widely studied TMDCs, which we will focus on in this
thesis, consist of M = Mo, W (Molybdenum or Tungsten) and X = S, Se (Sulphur or
Selenium), which are found to be direct band gap semiconductors with the conduction
band (CB) minimum and valence band (VB) maximum located at the corners of the

BZ, K/K' valleys, as shown in Fig.

16
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Figure 2.1: (a) Top view and (b) side view of a monolayer TMDC, showing the hexago-
nal lattice structure with two sublattices composed of the metal (green) and chalcogen
(yellow) atoms. The grey shaded region is the primitive unit cell constructed using
the two primitive lattice vectors a;,as of magnitude a corresponding to the lattice
constant. (¢) Hexagonal Brillouin zone of 2D TMDC crystals including the symmetry
points I', M, K and the reciprocal lattice vectors by, by. (d) Sketch of the spin-orbit
split conduction and valence band edges at the corners of the Brillouin zone for WX,
and (e) MoX, (X=S, Se).
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Figure 2.2: DFT calculated band dispersions of the four studied monolayer TMDCs
MoSs, MoSes, WSy and WSe,, along a path in the Brillouin zone going through the
symmetry points (I' = M — K — I'), showing the direct band gap at the K point,
and the spin-orbit splitting in the valence and conduction bands. DFT data was
provided by Celal Yelgel, calculations were performed using Quantum ESPRESSO

25).
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2.2 Symmetry of 2D TMDCs

The symmetry analysis and properties of a physical system have important implica-
tions on the description of the eigenstates and energies of the Hamiltonian describing
the system. The point group symmetry of the TMDCs crystals, giving the symmetry
operations leaving the crystal invariant is the Ds, point group. The symmetry opera-
tions consist of Cy, C% : rotations by 27 /3 and 47 /3 about an axis perpendicular to the
plane, o;,: mirror reflection in the out of plane direction (2 — —z), 30,: three mirror
planes perpendicular to the plane and passing through the rotation axis (including
r — —x), 3C4: three rotations by 7 about an axis in the plane, and 2S;5: two Cj
about the axis perpendicular to the plane followed by out of plane mirror reflection.
In particular, TMDCs monolayer crystals lack inversion symmetry (r — —r), which
has important consequences for the electronic states as will be shown.

When considering the electronic states at the CB and VB edges at the K/K’
valleys, the point group symmetry is reduced from the I'-point full crystal point group,
with the group of the K wave vector being the Abelian point group Cjj, [26] with
the character table given in Table containing the two Cj rotations, the out of
plane mirror symmetry o, and their combinations. From group theory we know that
the electronic states can be classified into the irreducible representations (irreps) of
the point group symmetry of the system according to their transformation under the
symmetry operations of the point group. States belonging to the same irrep are related
by symmetry operations and therefore have the same energy. As the irreps of the Cs;,
point group are one-dimensional, the states are non degenerate and can be chosen as

the eigenstates of the C3 symmetry operation.

Table 2.1: Character table for the irreducible representations of the point group Cl;.
- 27
The irreps corresponding to the VB and CB state at the K/K’ are denoted, w = '3 .

Cgh E Cg C§ Op Sg ath
ANBK/K) 1 1 1 1 1 1
A" 1 1 1 -1 -1 -1
E} (CB-K) 1 w w1 w w*
EY} (CB-K") 1 w w 1 W w
EY 1 w w1 —w =W
EY 1 v w -1 —w -w

Density functional theory (DFT) calculations have shown |28, 27, 29| that the states
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Figure 2.3: MoS, bands orbital composition, separated into (a) metal d-orbitals, (b)
chalcogen p-orbitals. Figure taken from Ref. under the terms of Creative Commons
Attribution 3.0 licence.

of the CB and VB electrons at the K /K’ points are composed predominantly from the
even under z — —z metal d-orbitals (d,2,d,2_,2, d;, ), with a small contribution from
the chalcogen p-orbitals (see Fig. . Additionally, in order to be classified under
the irreps of ('3, they must transform into themselves under the symmetry operation
(5, which means they are eigenstates of the angular momentum operator L,= —iha%.
The appropriate combinations of orbitals satisfying this are dio = \/ié(dxy +id2_2)
for the valence band with magnetic quantum number m, = 42 for the K and —K
valleys, respectively, and dy = d,2 with m, = 0 for the conduction band. As such,
the CB Bloch states at the two valleys belong to the E] and E} irreps, which are

complex conjugates of each other, and the VB states belong to the A’ irrep. This can

be summarized as
Cslgr) = €5 [¢7).
Cslon) = |67),

where the rotation centre is at the centre of the hexagon, and |¢7),|¢7) are the Bloch

(2.1)

states at the K/K' valleys, given in terms of the metal d-orbitals as

Gr) = = 3G (- (Rt xy), (22)
N R

where the summation is over the lattice vectors R, ry is the metal position relative

to the hexagon centre, and o = ¢,v with m. = 0,m, = 2 is the magnetic quantum
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Figure 2.4: DFT calculated band structure including spin—orbit coupling for (a) MoSey
and (b) WSe, showing the expectation value of the S, spin operator at different k
points along the path in the Brillouin zone, with red (blue) indicating spin up (down).
DFT data was provided by Celal Yelgel.

numbers for the dy,d> orbitals, composing the conduction and valence band states,
respectively. Note, that the eigenvalue under C5 rotation is a combination of rotating

the orbital and the plane wave parts of the Bloch wave function [30].

2.3 Spin-orbit coupling

The spin-orbit (SO) interaction is given by H,, o %d‘g—ff’)i .S, where V(r) is the
potential from the nucleus and I:, S are the angular momentum and spin operators.
The heavy metal atoms present in TMDCs crystals and their d-orbitals composing the
Bloch states at the CB and VB edges, result in strong spin-orbit (SO) coupling effects
having profound impact on the resulting optoelectronic properties of these materials.

The 65, (2 — —z) symmetry implies that the out of plane spin projection s, is a
good quantum number, [ﬁ , 5;] = 0 where S, = g’az is the out of plane spin operator
given in terms of Pauli matrices, such that the electronic bands can be associated
with a given spin projection s, =1,/ [31], and SO splitting of these bands is possible
through the Zeeman term H,, x L.S., as shown in Fig. |2.4]

The VB states at the K/K'—valleys being composed primarily from the diy (m, =
+2) orbitals (Fig. 2.3)), resulting in large SO splitting of order ~ 100 meV. The CB
K /K'-point states being composed primarily from the metal dy orbitals, having mag-

netic quantum number m, = 0, leading to zero SO splitting. A non-zero contribution
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Figure 2.5: Schematics of the electronic band structure at the K /K’ points for WX,
(left) and MoXy (right) TMDCs, showing the spin-orbit splitting in the CB and VB,
and the spin-valley locking. The colours indicate the out of plane spin projection
s, =7T,1. The dominant orbitals making up the electronic states are indicated next to
the CB and VB, and the optical selection rules for the two valleys are demonstrated
with the circular light polarization o..

however comes from first-order perturbation corrections due to the chalcogen p.; or-
bitals as well as second order perturbation correction from dy; bands from higher
conduction bands [28| 30|, leading to a weaker but still significant SO splitting of few
to few tens of meV, in particular for the Tungsten based TMDCs.

The large SO splitting in the VB together with time reversal symmetry and lack
of inversion symmetry imply that the spin projection of holes in the VB is locked with
their valley index, with opposite spin states in a given valley being frozen out due to
the large energy difference. This feature is known as spin-valley locking in which holes
at the K valley band have spin projection 1 whereas holes at the K’ valley band edge
have spin projection |, with both states degenerate in energy due to time reversal

symmetry, E; (K) = E_;_(—K) (see Fig. [2.5).

In the CB, first-principle calculations have shown that the SO splitting has opposite
splitting order in WSy, WSe, as compared to MoSs, MoSe, |27, 28, 32]. The sign of the
spin-orbit splitting between the two spin polarized bands comes from the competition
of the chalcogen pi-orbitals and the higher conduction bands d.;-orbitals [28]. The
result is that the Tungsten based TMDCs have opposite out-of-plane spin projections
for the top VB and lower CB, as opposed to Molybdenum based TMDCs, Fig. [2.5
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2.4 k-p model for TMDCs

The low energy CB and VB states reside at the K and K’ points of the BZ as shown in
Fig.[2.2] Tt is therefore, beneficial to have a description of the bands in the vicinity of
this points. This is achieved using the k-p method, where p is the momentum operator
and k is a wave vector measured relative to the K/K’ points. The Hamiltonian

describing the states at the vicinity of the K point is given by [27]
H=E+:-—+V(r)+—k-p, (2.3)
m m

where Ej is the total energy offset, the second term is the kinetic energy and V(r) is
the crystal potential. Given the solution to the Schrodinger equation at the K point
(k = 0), the k- p term, Hy, = %k - p is treated in perturbation theory in the basis
of the Bloch eigenstates at the K point. The two-band model in the basis of the CB
and VB states at the K/K’ points, spanned by the metal d-orbitals, |¢7) = |dy) for
the conduction band and |¢]) = |d+s) for the valence band, is given for a specific spin

component by [27, 33,

Bpak®  y(rk, — ik,)

' . , (2.4)
Y(1ky + tky) —=2 + Bk

Hy, =
where E is the band gap at the K/K’ point, 7 = =+ is the valley index corresponding
to K or — K, respectively, a and [ are related to interband coupling with higher bands,
and +y is related to the momentum matrix element between CB and VB states and to
the Fermi velocity in the crystals through <& = I ~ 1073, with ¢ the speed of light in
vacuum. Additional terms can be added to this model to describe effects of trigonal
warping due to the C3 symmetry [26]. The spin components and spin—orbit splitting
in the conduction and valence bands can also be incorporated in Eq. by the terms
Ao, 7, where o, is the third Pauli matrix, and 2A./, are the spin-orbit splittings in
the conduction/valence bands.

The eigenstates and eigenvalues describing the electronic states in the vicinity of

the K/K' valleys up to second order in g—k are given by [34],

g

21.2 2
T i k: T lek iTO T Eg Y 2.
ugy,) = (1 — Q_Eg) Ug o) + Fge “ugo),  Ee(k) = 5 T (o + Eg)k ; s
k. 22 E 2 '
upg) = — e T Uy + (1 L s (2

— L ul,),  Bu(k) = —=% — (= — B)k?
Eg 2E§)uv,0>7 () 2 <Eg 5) )
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from which we define the effective mass of the carriers in the CB and VB bands
according to ;’—njc = o+ g—z, and % =p - 73—29, giving a parabolic dispersion in the
vicinity of the K/ K’ valleys, with electron-hole asymmetry. The values of the different
parameters obtained from fitting to DFT calculations are given for the four TMDCs

in [27].

2.5 Optical selection rules

One of the most characteristic properties of TMDCs is related to their coupling to
light and the selection rules involved. The coupling to light is given by the minimal
substitution in the Hamiltonian by the replacement p — p + <A (or k — —%V —=A
in the k - p Hamiltonian in Eq. 2.4 [35]), where e is the electron charge, ¢ is the speed
of light, and A is the vector potential of the electromagnetic field, and we assume the
vector potential to be uniform in space, due to the large typical wave length of light
relative to the unit cell size. The term in the Hamiltonian giving the coupling to light
is given by
- e

e
H=p-A=-(p.A +p A, 2.6
mcp 2mc(p+ +p_Ay) (2.6)

where in the second equality we used p4 = p,+ip, and similarly for the vector potential
A. The vector potential AL describes a photon with a given circular polarization (right
or left), such that the momentum matrix element py are tied with specific circular
polarization. The momentum matrix element is given using the Feynman-Hellman

theorem by [36],

A Cv m, ; ' T
p = %(uc,k’kakMuv,k)? (27)
giving at the valley 7,
sy Y

Therefore, we see that the two valleys are coupled exclusively to circularly polarized
light with opposite orientation (as required by time reversal symmetry between the
two valleys), a property known as valley circular dichroism. This allows to excite
separately electron-hole pairs in the two valleys using left or right circularly polarized
light, and similarly radiative recombination of electron-hole pairs at the K /K’ valleys

results in emission of left /right circularly polarized light, respectively [3} 4} 37].
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Additionally, as the momentum operator does not couple different spin projections
or different valley indexes, an important selection rule for the emission/absorption of
in-plane polarized light is the conservation of out of plane spin projection s, and valley
index. With reference to Fig. [2.5] the spin-valley locking property, and significant SO
splitting in the VB and CB discussed in section restricts the bands, which can be
coupled by an in-plane polarized light. In particular, the opposite SO splitting between
CB and VB in WS,, WSe, prevents the light absorption or emission for carriers in the
band edges, making them dark, whereas for MoS,, MoSe, they are bright having the
same spin projections. Including the selection rules, the radiative matrix element can

be given generally as,

T,82 | T 7'.s), €y
<Uc7k |H7“uv,k )= %(1 £ 7) A0 7105 5. (2.9)

An additional way to interpret the optical selection rules has to do with angular mo-
mentum conservation in the light absorption (or emission) process [4} 30]. A right /left
handed circular polarization carries angular momentum with projection m, = +1. An
absorption of such light, therefore requires a corresponding change in the angular mo-
mentum of the electronic states, which due to the discrete 3-fold rotational symmetry

is conserved modulus 3, as confirmed by the relations in Eq. 2.1]

2.6 Phonons in TMDCs

Phonons or lattice vibrations play an important role in determining the properties of
given crystals through their interaction with the electrons, influencing both optical
[21], 38] as well as transport (mobility) [39, |39] related properties. Similarly to the
electronic states, the description of phonons is connected to the symmetry properties
of the crystal. The unit cell containing three atoms combined with three spatial degrees
of freedom per atom imply nine vibrational modes of which three are acoustical and
six are optical phonon modes. The nine phonon modes at the I" point can be further
classified according to the irreducible representations (irreps) of the crystal, Dsj, (Table
[2.2)). The representation of the vibrational modes is given by the direct product of the

equivalence and vector representations [40],

Fvib = Feq & Fvec~ (210)
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Table 2.2: Character table for the irreducible representations of the point group Dsgy.
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A1 1 1 1 1 1
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A1 1 1 -1 a1 -1
A1 1 -1 -1 -1 1
E' 2 -1 0 -2 1 0
To 9 0 -1 1 -2 3

00 Al 3 3 3 60 E'(LO/TO) A|(HP
A’1 ™~ : : - T
400 | o 50
B T S E'(LAJTA)  AY(ZA)
—— ] E
~ 300 ;// 3 \T‘\x\x B~ !
Y E" ! . > * — 1
E i .
K /‘:*\7/’:‘ 130 % E" Al —> 1
3 200 SN s 2 _,
3 = 120 € A
100 oA /T4 : \ s ->
zA 1 10 ! f
. . -
0 : ; \ 0
r K M r

Figure 2.6: (a) DFT calculated phonon spectrum of monolayer MoS,. (b) The I'-point
phonon modes, and the atomic displacements of the chalcogens and metal in the given
phonon modes, classified according to the irreps of Dgy,.

The character of the equivalence representation is given by the number of atoms
invariant (up to lattice vector translation) under the given symmetry operation, and
the three dimensional vector (z,y, z) representation for Djy, is given by I'ye. = E'® A7,
where E’ corresponds to the in—plane vector (z,y), and A} corresponds to the out of
plane coordinate z. The reduction of the vibrational modes representation into the

irreps of Dsy, is given by

Lyip =2E @ A} @245 & E, (2.11)

where each irrep corresponds to single or degenerate phonon modes, depending on the
dimensionality of the irrep. Fig. shows the DFT calculated phonon dispersions for
monolayer MoS, and the classification of the I'-point phonon modes into irreps of Dsy,,
as well as the atomic displacements within the unit cell, which transform according to

the corresponding irreps.
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2.6.1 Electron-phonon coupling

The electron-phonon interaction Hamiltonian is given in second quantization notation

by

Heph = > ) GaChsqti(@h—q + Guq), (2.12)

kooqk

where ¢i(cl) denotes an annihilation (creation) operator of an electron with wave
vector k, and a, q(af,,) denotes an annihilation(creation) operator of a phonon in
mode i and wave vector q. The two processes described by the Hamiltonian involve
phonon absorption with wave vector q or phonon emission with wave vector —q, both
resulting in an electron scattered from wave vector k to wave vector k +q. The

electron-phonon coupling constant g, q is given by the matrix element[39, |41, 42
Guq = (k+q|oV,(r) k), (2.13)

where 6V, (r) is the change in the potential acting on the electrons due to the lattice
displacement induced by the phonon mode p. Using group theory we can determine

whether a given phonon coupling is non zero. The selection rule is given by
FM S FC/U (%9 FC/U, (2.14)

where I';/, is the irrep of the Bloch states of the carriers at the CB or VB, and I',
is the irrep of the phonon normal mode. In particular, the conduction and valence
band states, at the K and K’ points of the BZ, are even under mirror plane reflection
0, therefore only the phonon modes which are symmetric under &5, are coupled to
the carriers. Additionally, for the acoustic and transverse optical phonon modes, as
they both transform according to the E’ irrep or the vector representation, in order
for the interaction to be a scalar, or transforming according to the identity irrep A},
the coupling must be of the form 0V, oc q - u,, where the proportionality constant
has units of energy independent of the wave vector q. Therefore, for I'-point (¢ — 0)

phonons the coupling is vanishingly small.
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2.7 Excitons, trions and biexcitons in TMDCs

The 2D confinement of carriers in monolayer TMDCs together with the relatively high
effective masses of the carriers (electrons and holes) results in tightly bound multi-
particle complexes such as: excitons (electron-hole pairs), trions (charged excitons) and
biexcitons (two bound excitons), which are bound by the Coulomb interaction between
the constituents, with binding energies in the range of tens to hundreds of meV,
significantly higher than in conventional semiconductors, as obtained using ab—initio
calculations [43] [23] |44], and confirmed in photoluminescence experiments. Therefore,
the optical response of these materials is dominated by the tightly bound complexes
[45, |46]. The modified dielectric environment and the reduced dimensionality of two
dimensional materials, result in a modification to the electron-electron interaction in

2D, which is given in momentum space by [43, |19} 47, 48],

2

Vy= —
T eq(1 +r.q)

(2.15)

where r, = 27k is the screening length related to the polarizability of the material &,
and € is the dielectric constant of the environment of the monolayer (¢ = 1 for vacuum).
This form of the interaction is similar to the regular Coulomb interaction in 3D, V, =
4me? /eq, with the additional momentum dependent static dielectric function e(q) =
1 + r.q, originating from the reduced dimensionality, and the in-plane polarizability
of the material. Following a Fourier transformation into real space, the interaction

potential in real space is known as the Keldysh potential given by [43] [19],

we?

Vi(r) = o—I[Ho(r/r:) = Yo(r/r)], (2.16)

2er,

where Hy(r) is the Struve function and Yy(r) a Bessel function of the second kind.
In real space, the screening length r, can be seen as defining two limiting regimes.
At distances greater than the screening length (r > r,), the potential reduces to an
unscreened Coulomb potential ~ e*/er, while at shorter distances it reduces to a
logarithmic potential ~ €2 /er, log(r,/r) [48, |49]. Most notably, the modified interac-
tion results in a modification to the simple 2D Hydrogen—like spectrum in free space,
approaching the 2D hydrogen limit for large principle quantum number n |20}, |43] |44].

Additionally, the spin and valley degrees of freedom of the carriers result in a large

variety of possible complexes [50]. In particular, the different ordering of the spin-orbit
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splitting in the CB between the Tungsten and Molybdenum based TMDCs (Fig. [2.5))
results in optically active (bright) and inactive (dark) complexes in accordance with

the optical selection rules discussed in 2.5 and Eq. 2.9

2.7.1 Excitons

Within the effective mass approximation the exciton state can be described as a su-
perposition of electron and hole Bloch states connected by an envelope function with
a spread much greater than the unit cell, also known as the Wannier-Mott exciton.
The exciton state is given by [35],

1X) = / dr.d’r), -

7'(Q]R‘c'm

VS

Dx(re — rh)\IJLT,s(re)\IJvJ%/ (r1)]0), (2.17)

where \If£;)1)7778(ra) are the conduction (c) or valence (v) band field operators in valley 7
with spin projection s, Q is the exciton centre of mass wave vector, R, = %}T”h

is the centre of mass coordinate with myxy = m. 4+ my, the total exciton mass given by
the sum of the electron and hole masses, S is the sample area normalization factor,
and ®x(r) is the wave function describing the relative motion of the electron and
hole. Alternatively, the exciton state can be described in momentum space using the

creation and annihilation operators described by the relation

; e—i(TK—i—k)-r
WC/U7T7S(I') = TCC/U,T,S<k)' (218)
Kk
Using this in Eq. (2.17)) we get,
1 ~ m mp
X)=—=) d(q), (—Q+q)crsla— —Q), 2.19
|X) \/Ezq: (@Welrs(-Q+ Devrsla— Q) (2.19)

mpket+meky

where q = i

is the relative momentum of the electron and hole, Q = k. — k,
is the centre of mass momentum of the excito, and ®x(q) is the Fourier transform

of the relative motion wave function

dx(q) = /ereiq'rCI)X(r). (2.20)

In this picture, the exciton can be viewed as a superposition of electron and hole

states with wave vectors modulated by the Fourier transform of the relative motion

Note that the wave vector here is that of the valence band state, the corresponding hole (missing
electron) wave vector is ky, = —k,.
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wave function. The real space relative motion wave function is peaked at zero sep-
aration with a width ax ~ 10 A being the exciton’s effective Bohr radius, and the
corresponding relative motion wave function in momentum space is centred around

g = 0 relative momentum with width ~ 1/ax, indicating that the contribution to
the exciton wave function mainly comes from the carriers with wave vectors of order
k<1/ax.

The exciton relative motion wave function is obtained by solving the time—independent

Schrodinger equation

Ve IV
2me 2mh

V(|re = ral) | ¥(Rem)®x(re—r11) = EY(Rem)Px (Jre—1n|), (2.21)

where the exciton’s wave function was separated into a centre of mass part and relative
motion part. Changing the coordinates from r., r, to the relative motion r =r, — ry,
and centre of mass motion R..,,,, we separate the problem to the centre of mass motion

and relative motion. The Schrodinger equation for the relative motion is given by

s
2

+ V( ):| (bx(r) = —Eb(D)((T), (222)

Temh is the exciton’s reduced mass and V'(r) is the electron-hole interaction

where y =
potential and Eb is the binding energy such that the total exciton energy (measured
relative to the band gap) is £ = —F}, + %

Eq. can be solved numerically for the binding energy and wave function of the
ground state or excited states using the finite element method, giving binding energies
of order ~ 0.5 eV [23].

The strong binding of the electron and hole in the exciton result in a strong cou-
pling to light [51], giving fast radiative recombination times. To obtain the radiative

rate of the bright excitons we consider the light-mater Hamiltonian given in second

quantization by

Arh
H, ”VC d%al%f@j}”( r)T,.,(r) + Hec. (2.23)
q

qz,9)),T,8

The light vector potential field is expanded in terms of right and left handed circularly

polarized modes denoted by the valley index 7 = =+, with af _ denoting a photon

T

creation operator with in-plane wave vector q and polarization 7 = %, determined by
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the valley of the recombining electron and hole. The radiative rate is obtained using

Fermi’s Golden rule,

o
-1 2
== §q M, |*6(E; — E), (2.24)

where the summation is over the final state photon wave vector. The radiative matrix

ey [|4mhe
MT = (q|HT|X> = % Lq CI)X(O)(Sq”,Q7 (225)

where Q is the centre of mass wave vector of the exciton, and dq,,q ensures in—plane

element is given by,

momentum conservation in the process. Using this in the Fermi Golden rule gives,

1 8712e2? dq 1 h2Q*
g 2/—z—5E —h 24 ¢? 2.2
= T e OF [ S e+ e @), (220

where we converted the summation over ¢, to integration. Here Ex is the exciton’s

energy given by E, — €. In order for the energy conservation delta function to be

satisfied we see that the exciton’s centre of mass wave vector has an upper bound given
by, .
X

Q< T (2.27)
This restriction known as the light cone (as it gives a cone shape in momentum space)
comes from the momentum and energy conservation condition for the in—plane mo-
mentum carried by the emitted photon. Therefore, excitons with a wave vector outside
the light-cone cannot recombine radiatively and are optically inactive [52]. Using a
typical exciton energy of ~ 2 eV, we get Q < 0.01 nm ™!, which translates to a kinetic
energy of h?Q?%/(2mx) ~ 5 peV. Due to the small exciton wave vector as compared
to the BZ, or the kinetic energy as compared to the exciton energy, the radiative
transition can be taken as vertical, i.e. the photon carries zero in-plane momentum.
Eq. then simplifies to

8 €2 2P x(0)]?
= E%—V | EXX( ) (2.28)
This gives an intrinsic exciton radiative lifetime of 7 ~ 0.1 — 0.2 ps for the four free
standing monolayer TMDCs. Similar values are reported in [52} |53|. This is compared
to measured radiative lifetimes of ~ 2 ps at T'= 7 K for MoSey; and WS, [54].

Finally, in Fig. we show the various excitons configurations formed from the

electrons and holes at the K and K’ valleys in MoXy and WX, TMDCs [55, [23]
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Figure 2.7: Excitons configurations in MoXy (left) and WX, (right) with indication of
optical activity with grey (dark) and yellow (bright). Additional configuration with
the same optical activity is obtained by time reversal of the configurations shown
taking K — — K.

with different choices of out-of-plane spin projections. In particular, the optically
inactive excitonic states (grey) are dark due to either spin or valley mismatch, as
dictated by the optical selection rules in Eq. 2.9 The dark excitons due to valley
(momentum) mismatch can become bright with the assistance of additional carriers
or through phonon scattering as proposed in |38]. The spin-mismatched dark excitons
can become bright through spin-flip processes as proposed in [35].

As obtained in section [2.5] the opposite ordering of the spin-split CB in the Mo
based and W based TMDCs results in the ground state exciton in MoXs to be bright,
whereas in WX, to be dark. The excited state excitons involving the upper spin
split band has the opposite dark/bright classification in the two types of TMDCs. In
thermal equilibrium the excited exciton state population will be suppressed by the
Boltzmann factor o ef’ﬁTSOT, resulting in weaker intensity in the PL spectrum at low
temperatures as compared to the spin orbit splitting, however the intensity increases

at higher temperatures when the upper spin-splits bands are populated [56, [57, [23].

2.7.2 Trions

The trions (negatively or positively charged excitons) can be viewed as an electron
bound to an exciton, described in second quantization (for the negatively charged
exciton) by,

7;(;2‘1:10m

VS

e
|T) = /erlerngrh <I>T(r1,rQ,rh)\I/lm,Sl(rl)\112772782(r2)\111,7%5h(rh)|0), (2.29)
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miri+mora+mprpy
mr

where the centre of mass coordinate is given by R, = with my =
my+mso+my, the trion mass, and with the envelope function & describing the relative
motion of the carriers given by the solution to a similar equation to Eq. with the
Keldysh interaction between each pair of carriers, giving a binding energy of the order
~ 30 meV [43, 44, 58|, with good agreement between theory and experiments. Note
that the trion wave function must be antisymmetric with respect to the exchange of
two electrons, therefore either the spatial or valley/spin indices must be antisymmetric.

The tightly bound ground state trions are found to be composed of the symmetric

envelope function (zero angular momentum state) and having different valley or spin

indices [43, [59].
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Figure 2.8: Tightly bound trions in MoXy; and WX,. Yellow(grey) configurations
indicate bright(dark) trions.

Similarly to the excitons, the trion states with electron and hole in the same valley
with opposite spin projections in the CB and VB are optically inactive due to spin
conservation, and configurations with the second electron residing in an opposite valley
cannot recombine with the hole due to the large momentum transfer involved, as
shown in Fig. [2.8] [23]. The radiative rate is evaluated in a similar manner, however
an important difference compared to the exciton case is the final state consisting
of a photon and an electron, as opposed to only a photon in the exciton case. The
implication is that the trion is not limited by a light cone for the centre of mass motion,
as the final state electron can take the centre of mass momentum of the initial state
trion emitting a photon with negligible in-plane wave vector. The energy conservation
for the trion radiative recombination is given by

22 22
QL 1Q

E
T+ 2myp 2m,

(2.30)
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where E7p is the trion energy with zero centre of mass momentum. Assuming the
trions to be in thermal equilibrium, the trion kinetic energy can be approximated by

the thermal energy as %Q; ~ kgT, such that the resulting photon energy is given by,

mx

hw = Ep — —kyT. (2.31)

The second term on the right is called the recoil energy, and results in the photon’s
energy to be red-shifted due to the remaining electron kinetic energy |60, 22]. A
further implication of the recoil energy is in the resulting PL line shape. For a thermal
distribution of trions we have for the line shape [61],

my hQQQ

Mme 2mr

hw—Ep me
) o | M|%e” *8T mx O(hw — Br),
(2.32)

1'2 2
I(hw) /dQQe—awiT‘iBT |M|?5(hw — Ep +

where M is the radiative matrix element, and © is the Heaviside function. Therefore,
the resulting line shape is antisymmetric with a cut-off at the intrinsic trion energy
and a tail towards lower energy determined by the temperature [60]. Finally, the
temperature dependent PL intensity of the different lines in equilibrium is weighted
by the Boltzmann factor with the energy of the relevant line, such that the ground
state trion in MoX, does not require an activation. However the bright trion in WX,
is weighted by the Boltzmann factor o eiiBi"?. The excited bright complexes in WX,
consisting of both electrons in the upper spin-orbit split bands are suppressed by

_QASO
the factor o< e *8T | resulting in strong suppression of the line’s intensity at low

temperatures compared to the spin-orbit splitting in the CB [23].

2.7.3 Biexcitons

Biexcitons consist of two excitons bound to each other, and are described in second

quantization in a similar way to the excitons and trions by,

i QRem
|B> = / d2r€d2re/d2rhd2rh/ (DB(I‘e, Ter, Iy, I'h/)
Vs (2.33)
X \Ijl,Te,Se (re)\:[jlﬂ'el,sel (re/)\:[[vﬂ—lush (rh)\:[jvy'rhhshl (rh,) |0>7
with the centre of mass coordinate given by Ry, = f<ret M XMty and mp =

mp

Me+Me +myp, +my is the biexciton mass, and @ is the relative motion wave function

for the four carriers. The theoretically calculated binding energies of biexcitons in
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TMDCs are of the order of ~ 20 meV |43, 58], making these complexes observable

even close to room temperature.

MOX2 WX2
SO O P e N e N N

K K’ K’

NS 2 e NG SN S NS NGNS SN S
N N N P N e N

Figure 2.9: Tightly bound biexcitons in MoXy and WX,. Yellow(grey) configurations
indicate bright(dark) biexcitons.

In Fig. 2.9 we show the biexcitons configurations for MXy and WX, classified as
dark or bright according to the optical selection rules [23]. Two additional config-
urations can be obtained by time reversal, having the same optical properties. The
presence of two excitons implies that in the configuration where the two excitons are
in different valleys and satisfy the optical selection rules, both excitons can recombine,
doubling the radiative rate.

The radiative decay of a biexciton leaves a free exciton in the final state. Therefore,
similarly to the trion case, the emitted photon energy is reduced by the recoil energy
of the remaining exciton,

hw = Ep — kgT, (2.34)

where Fpg is the intrinsic biexciton energy. The resulting PL line shape is therefore

asymmetric with a tail towards lower energies.

2.8 Heterobilayers of TMDCs

Heterobilayers of 2D TMDCs are formed by stacking two different TMDCs on top
of each other. The two monolayers are coupled by weak van der Waals interaction
allowing the two monolayers to retain their favourable optoelectronic properties. It
was found that the combination of particular pairs among the four common TMDCs
discussed thus far, MoS,, MoSes, WS, and WSe,, into heterobilayers result in a partic-
ular band alignment known as a type-II band alignment [62, |63} 64]. In such a band
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alignment, the conduction band minimum belongs to one layer and the valence band

maximum belongs to the other layer, such that the electrons are localized on one layer

and the holes are localized on the other, Fig. [2.10}

MOX2 WX2

Figure 2.10: Schematic demonstration of type—II band alignment of Molybdenum and
Tungsten based TMDCs heterobilayer, showing the conduction and valence band edges
of the two monolayers, and the interlayer exciton X’ composed of electron and hole
localized on opposite layers. Figure adapted from [24].

The Coulomb interaction between the electrons and holes in the two layers results in
the formation of interlayer bound complexes, the simplest being an interlayer exciton.
The energy of these interlayer complexes as revealed in photoluminescence experiments
[65], depends on the interlayer band gap, being smaller than the band gap in the
individual monolayers, as well as the complex’s binding energy, which is reduced as
compared to the monolayer, due to the separation in real space between the carriers.

An additional consequence of the stacking of heterobilayers of TMDCs on the opti-
cal and electronic properties of these systems, has to do with the real space alignment
and incommensurability of the two monolayers. In particular, the lattice constants
of the four TMDCs are not exactly the same, and can differ by as much as 4% [27].
These real space differences translate directly into reciprocal space where the BZ of
the two monolayers have different sizes and are rotated with respect to each other.
The electrons and holes in each layer, found in the vicinity of the K wvalleys of the
respective layers, are therefore separated from each other in reciprocal space by the

wave vector AK (Fig. 2.11p) given by [66], 24]

AK = Kyox, Vo2 + 02, §=1— MoXa, (2.35)
AWX,
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where ¢ is the lattice mismatch and 6 is the twist angle. As direct radiative recombi-
nation requires the electron and hole to have the same crystal momentum, the direct
recombination is suppressed in incommensurate and twisted heterobilayer TMDCs due

to momentum and energy conservation.

The interlayer exciton composed of the electron and hole localized on the opposite
layers has a dispersion of the form,
-, |, M(Q - AK)

EX/:E9—6~

= 2.36
X + 2MX ) ( )

where 61;2 is the exciton binding energy, and the exciton centre of mass momentum

is given by Q = k. + kj,, measured relative to a common point (K point in WX5).
In particular, the dispersion minima corresponding to both carriers in their respective
valleys is found at a finite @), preventing the direct radiative recombination (Fig.[2.11k).
As the light cone position found at () = 0, the interlayer exciton therefore has a finite

kinetic energy given by E(Q = 0) = RPAK? ||

— 2Mg

. 4 . light
i | i cone

AK

Figure 2.11: (a) Heterobilayer of twisted monolayers in real space with a twist angle
0. (b) Rotated Brillouin zones of the two monolayers with the first circle of reciprocal
lattice vectors of the two rotated monolayer, G, G’. The electron and hole are found
at the 7V K() valleys (1 = %) of the two layers separated by a wave vector AK. (c)
The interlayer exciton X dispersion, as a function of the centre of mass momentum Q.

The optical properties of the heterobilayer system and the interlayer complexes
depend crucially on the coupling between the layers . The Bloch state on a given
layer in band n, with wave vector k measured relative to valley 7K, can be written

as a linear combination of the atomic orbitals localized on the atomic positions with
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appropriate phases, in accordance with Bloch’s theorem

RO

1
‘I’n,kw (r) = \/W

where R() are the lattice vectors, N() is the number of unit cells, and é,0) (r — R('))
is the orbital corresponding to band n() localized on the lattice site R(), in the
top(bottom) layer. Given two incommensurate layers with reciprocal wave vectors
G, G/, respectively, the hopping amplitude between two Bloch states is given by the
matrix element of the interlayer coupling Hamiltonian ﬁt, which is treated as a per-

turbation to the eigenstates of the two monolayers [66, |69],

Tn,n’ = <n7 klﬁt’nlv k/> = Z 57K+k+G,T/K’+k/+G’tnn’ (TK +k + G)?
1 G.¢ (2.38)
tnn/(q> = \/M /gnn’ (r)ezq-rer; t~nn’ (RI - R) = <¢n,R‘Ht‘¢n’,R’>a

where A, A’ are the unit cells of the two layers, respectively. The main quantity
determining the coupling in Eq. is t,(k), which is the Fourier component of
the overlap between the orbitals making up the bands, localized on two lattice sites
separated by the in—plane position vector r. The Kronecker delta function appearing
in the sum, ensures momentum conservation in the tunnelling process between the
layers. As the crystal momentum is defined up to a reciprocal lattice vectors, we
have a summation over the reciprocal lattice vectors of the two layers. The hopping
integral f,,, being a smooth function of the orbitals’ distance implies that #(q) decays
rapidly for increasing values of the reciprocal lattice vectors [66], and can therefore be
restricted to the first set of reciprocal lattice vectors in the two layers.

For aligned and commensurate (AK ~ 0) layers there are three contributions from
the three equivalent K points, which are related by a C'5 symmetry operation, giving

for the tunnelling amplitudes [66, 69],

T = tonr (K) + b (C5K) + o (CFK) = [1 + e (=) ei%”m"”m”)] -

(2.39)

where in the second equality we used the fact that the states in the CB and VB states
are eigenstates of C3 symmetry operation [2.1. For an AA-stacking corresponding to

the second layer simply displaced in the out of plane direction, this gives for the
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tunnelling amplitudes between the different bands at the K—valley (with values for

the —K valley obtained by time reversal) [66], 69|,

ch/ = 3tcc’7
Ty = 3t (2.40)
ch’ = Tvc’ = 0.

The other common stacking is 2H (or AB), in which the second layer displaced in the
out of plane direction, is further rotated by 180° relative to the centre of the hexagon.
In such a stacking, the tunnelling takes place between states in the K valley in one

layer to states in the — K valley in the other, giving using Eq. 166, 69],

ch’ - 07
T = Btow, (2.41)
ch/ - Tvc/ = 07

such that for this stacking the K—point conduction bands are decoupled.



Chapter 3

Kinetics of electrons and holes in

TMDCs

3.1 Introduction

The radiative recombination process following the excitation of electron-hole pairs to
energy above the bottom of the conduction band, requires the relaxation of the hot-
carriers into the minimum of the respective conduction and valence bands, at which
point the electrons and holes bind into excitons, which can recombine radiatively and
emit light. The relaxation time of the carriers and the understanding of the relaxation
processes is therefore of importance for the optical response of these materials and
their performance in potential optoelectronic device applications. The most common
path of energy relaxation in semiconductors is through dissipation of the energy into
lattice vibrations in the form of phonons, and particularly optical phonons with a finite
energy at the I-point (¢ = 0). TMDCs being polar materials results in an electron-
phonon coupling due to the electrostatic potential induced by the longitudinal optical
(LO) phonon. The modified dielectric function in 2D, €(q) = 1 + r.q, however, calls
for a modification to the 3D Frohlich coupling having the form o 1/q . In the work
presented in we obtain the modified coupling for 2D materials having a finite
coupling at ¢ = 0, with the coupling strength determined by the Born effective charge
of the metal and chalcogen (See also Appendix |[A| for a more detailed derivation).
This results in relaxation times of order sub-picoseconds to picoseconds for the four

TMDCs.

39
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In parallel to the relaxation process, non-radiative processes can hinder the effi-
ciency of the radiative recombination process, by transferring the energy from the re-
combination to an additional carrier as opposed to emission of a photon. Following the
carrier relaxation and formation of bound electron-hole pairs (excitons), the excitonic
complexes can either recombine radiatively and emit light or decay into free carriers
through non-radiative processes. The efficiency of optoelectronic devices depends on
the competition between the radiative and non-radiative processes. The observed ef-
ficiency of photoluminescence experiments in TMDCs was found to be ~ 1 — 10%.
This low efficiency is surprising considering the direct band gap nature, strong light-
matter coupling, and in particular the reduced phase space for scattering in Auger
type processes due to the two dimensional nature of the materials, which due to both
momentum and energy conservation constrain the final allowed momentum state, re-
quiring a near resonance condition for the process to take place. This therefore calls for
a specific process that can quench the emission of light in these materials. In the work
presented in we propose a non-radiative (Auger) recombination process in WSy
and WSe; where the opposite ordering of the spin-orbit splitting in the conduction
and valence bands makes the ground state excitons dark, leading to a bottleneck in
the low temperature radiative recombination. By comparing the non-radiative rate to
a corresponding radiative process, we estimated the relative importance of the Auger
process. We find that the non-radiative process can dominate over the corresponding
radiative process for relatively low carrier densities < 10'' cm™2, therefore providing
a possible quenching mechanism for light emission in these materials, explaining the

observed low quantum efficiencies.

3.2 Fast relaxation of photo-excited carriers in 2D
transition metal dichalcogenides

The results presented in this section are reported in the publication [21]: “Fast Re-
laxation of Photo-Excited Carriers in 2-D Transition Metal Dichalcogenides” in IEEFE
Journal of Selected Topics in Quantum FElectronics, vol. 23, no. 1, pp. 168-172, Jan.-
Feb. 2017. (© 2017 IEEE. Reprinted, with permission.
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tive charges. All authors contributed to the writing of the paper.
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Fast Relaxation of Photo-Excited Carriers in
2-D Transition Metal Dichalcogenides

Mark Danovich, Igor L. Aleiner, Neil D. Drummond, and Vladimir I. Fal’ko

Abstract—We predict a fast relaxation of photo-excited car-
riers in monolayer transition metal dichalcogenides, which is
mediated by the emission of longitudinal optical (LO) and ho-
mopolar (HP) phonons. By evaluating Born effective charges for
MoS;, MoSez, WS,, and W Se,, we find that, due to the polar
coupling of electrons with LO phonons, and the HP phonons lattice
deformation potential, the cooling times for hot electrons and holes
from excitation energies of several hundred meV are at ps-scale.

Index Terms—TMDCs, optoelectronics, ultrafast relaxation.

1. INTRODUCTION

ONOLAYER transition metal dichalcogenides

(TMDCs) offer a unique possibility to create nm-thin
optoelectronic devices [1]-[9], in particular when used in van
der Waals heterostructures with other two-dimensional (2D)
crystals [10]. The optoelectronic functionality of TMDCs
is determined by their high-efficiency optical absorption in
the visible optical range [11] as well as the fact that their
monolayers are direct-band-gap 2D materials. Because of their
promise for optoelectronics, it is important to understand the
process of cooling (energy relaxation) of photo-excited carriers
in TMDCs. In this paper we show that photo-excited carriers
can emit I"-point optical phonons at a sub-ps time scale. Such
a high speed of relaxation of electrons and holes excited to
energies > 150 meV above the band edge arises from polar
coupling to the longitudinal optical (LO) phonons, and the
deformation potential induced by the out of plane homopolar
(HP) phonon mode. In the theory reported in this Letter, we
analyze the phonon-mediated cooling of hot electrons/holes in
TMDCs, taking into account two phonon modes coupled to
the intra-band intra-valley relaxation processes: the in-plane
LO phonon and the out of plane HP vibrational mode [12].
Density functional theory (DFT) modeling produces electron
(hole) couplings to the corner of the Brillouin zone (K-point)
phonons, which are weaker by at least an order of magnitude
[13]-[17]. We also note that advance DFT methods have shown
that the energy difference between the ) and K valleys in

Manuscript received March 29, 2016; revised May 12, 2016; accepted June
15,2016. This work was supported by the Simons Foundation, the ERC Synergy
Grant Hetero2D and the EC-FET European Graphene Flagship.
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at http://ieeexplore.ieee.org.
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Fig. 1. Sketch of the energy relaxation of photo-excited carriers in the valence
(v) and conduction (c) bands of TMDCs through phonon emission. The use of
the parabolic approximation in the description of electron and hole dispersion in
each valley (K or K') sets a constraint, E < 0.25 eV on the excitation energies
of the charge carriers. The insets show side view of the atomic displacements in
the LO and HP modes.

the conduction band in MoS; and MoSe; are large enough to
exclude K — ( scattering from our considerations [15], [18].

II. CARRIER-PHONON INTERACTION

The carrier-phonon interaction in TMDCs is given by the
Hamiltonian

Hefph = Z g/tﬁrfc;[fur(fc]g(a;,fq‘_*_a;t,lf)v (1)
G,k

W=LO,HP

where CTE (cg) are the creation (annihilation) operators for a
charge carrier (electron or hole) in the vicinity of one of the
valleys, (K or K’), near the corners of the hexagonal Brillouin
zone of the 2D crystal [19], [20], with k measured from the val-
ley center (see Fig. 1). The operators GL, 7 (ay,q) are the phonon
creation (annihilation) operators for mode ;» = LO or HP with
wavevector ¢, where |q| < |K|. The two phonon modes' ac-
counted for in the relaxation process are shown in Fig. 1.

The LO mode, which corresponds to the irreducible repre-
sentation E’ of the symmetry group D3, of the crystal, couples
to the charge carriers through the polarization induced by the
lattice deformation, P= %ﬁ, where Z is the Born charge, @
is the relative displacement of the two sublattices in the LO
vibration, A is the unit cell area, and e is the electron charge.

To estimate the Born charge we used DFT [22] to calculate the
Born effective charges of the atoms in the lattice of monolayer

I'TMDCs have six optical modes denoted by the irreducible representations of
the point group D3, (A}, A}, E', E"), and three acoustical modes denoted by
LA, TA, and ZA, where LA and TA are the in-plane longitudinal and transverse
modes, and ZA is the out-of-plane mode. We neglect the transverse optical and
acoustical modes due to their weak coupling at the I' point, ¢ — 0.

1077-260X © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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TABLE I
TMDC PARAMETERS USED IN THE MODELLING
OF THE PHONON EMISSION RATES

MoS;  MoSes  WS;  WSes
Se Ref. [11] 0.46 0.56 0.26 0.28
L Ref. [11] 0.54 0.59 0.35 0.36
A A Ref. [11] 8.65 9.37 8.65  9.37
M 38.4 59.7 47.5 85.0
7;‘)/1) 160 254 248 342
hwro [meV] Ref. [13] 49 37 44 31
hwip [meV] Ref. [13] 51 30 52 31
D, [eV/A] Ref.[13] 5.8 5.2 3.1 2.3
D, [eV/A] Ref. [13] 4.6 4.9 2.3 3.1
Z ~1.08  —1.80 —0.47 —1.08
. [A] Ref. [21] 41 52 38 45

TMDCs. The latter are defined by the response of the atomic
displacements in a unit cell to a homogeneous electric field.
Hence, we write

_ .z = LOF(s)

L =Ty = Lyyy Lij = ¢ O, |y 2)
where F(s) is the force acting on atom s at its zero-field
equilibrium position. We used the CASTEP plane-wave basis
code [23], [24] to calculate the Born effective charge tensors
for MoSs, MoSes, WSy, and WSey;? see Table I. We used
the Perdew—Burke—Ernzerhof [27] exchange—correlation func-
tional, norm-conserving pseudopotentials, a plane-wave cutoff
energy of ~ 816eV, a 97 x 97 Monkhorst—Pack grid of k-
points, and (for the in-plane components of the Born effective
charge tensors) an artificial (out-of-plane) periodicity of ~ 16 A.
We verified that our results are converged with respect to these
parameters. For the out-of-plane component we found a signifi-
cant dependence on the artificial periodicity, which we removed
by extrapolating to infinite layer separation.

The LO phonon coupling (the same for electrons and holes)

is given by,?
i h nZe?
IO = AN AN Mywno 1+ gr ©)

where N is the number of unit cells, M, is the reduced mass of
the two sublattices, and wr, is the LO phonon frequency. The

2Note that Eq. (2) is evaluated using Egs. (40) and (42) of Ref. [25]. To
evaluate Eq. (42) of Ref. [25], derivatives of the Kohn—Sham orbitals with
respect to the atomic positions and with respect to the wavevector are required.
The latter are evaluated within the parallel-transport gauge by minimizing the
functional in Eq. (70) of Ref. [26].

3Starting from the electrostatic interaction energy in 2D, E =

L[ LIl 5 (7)o () + o [ d2F(P? + P2,). with o() = ep(7) — V -

7=

]301,(F) — V- P, (7), where p(r) is the 2D carrier density, ﬁop is the opti-
cal phonon induced polarization, P | is the remaining in-plane polarization, and
K is the in-plane rigidity. Assuming the adiabatic approximation, we Fourier
transform the integrand, and integrate out P, we obtain the dielectric screen-
ing 1/(1 + 27kq), from which we define the screening length as r, = 27k,
and the carrier-phonon coupling is obtained from the term containing pj Pop
which are the Fourier components of the electron density and the optical phonon
induced polarization vector.

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 23, NO. 1, JANUARY/FEBRUARY 2017

TABLE I
VALUES OF DERIVED AND FITTED PARAMETERS IN EQS. (5) AND (6)

MoS, MoSe, WSy,  WSey
ko [AT] 0.077 0.074 0.055  0.048
k, [A7 0.083 0.076 0.064  0.054
7 [ps™!] 112 296 11 45
7, [ps7!] 130 312 14 58
TP, ' [psT!] 6.8 7.7 0.69 0.54
TP, [psT!] 5.0 7.2 0.5 1.3
ac [ 2.3.1073  3.9-107%  0.029  0.017
e 725l 0.012 0.033 0.24 0.17
ce [ps] 0.14 0.15 1.27 0.70
ay [25] 2.7-107%  2.6-107°  0.023  0.012
bo (2] 0.017 0.018 0.18 0.10
¢y [ps] 0.15 0.10 1.03 0.45
1.0
Eew)/hwro
08 1.1 —
3
5 —
0.6
0.4
02
O'00 1 2 3 4

kc(v)r*

Fig. 2. Dimensionless function f (kC(Mr*) in Eq. (5a) for different carrier
energies, E(.,(z,>/tho = 1.1, 3 and 5. The inset sketches the kinematics for
the phonon emission process in momentum space for the carrier undergoing
energy relaxation with initial state wavevector k; and final-state wavevector &y .
The circle with radius 1/7. defines the region of phonon wavevectors ¢ that
give the dominant contribution to the scattering rate. As the number of available
final states scales as the circumference of the iso-energy circle in momentum
space, for a given r, the asymptotic behavior of the scattering rate for high

carrier energies is given by 7 ~ 1/k; o< 1/VE.

dielectric screening of the electric field of LO mode deforma-
tions is described [3], [28] by the factor 1/(1 + ¢r.), where r,
is a length scale defined by 7. = a. (¢ — 1)/2, where a. and
€| are the z-axis lattice constant and in-plane dielectric constant
of a bulk crystal of the corresponding TMDC [21], [28]. The
values used for the screening lengths are taken from the DFT
calculated 2D polarizabilities in Ref. [21].

The HP mode (which corresponds to the irreducible represen-
tation A} of the symmetry group Ds),) couples with the carriers
through the lattice deformation potential*

h
a 2  pe — 4
I =\ ONMogp ~ 0 TV “)

where M is the total atomic mass within the unit cell, wyp is
the HP phonon frequency, and we distinguish electrons in the
conduction band (c) and holes in the valence band (v). Here

4For the LO/TO mode at the I'-point, the pseudo-potential induced by the
atomic displacements, which is a scalar function, will contain the factor V - 4.
Hence, it would appear in the power-law expansion together with the wavevector
¢ of the phonon, and will vanish at the I"-point. For the LO phonon mode, this
factor ¢ is canceled by the 1/¢ factor coming from the 2D Fourier transform of
the Coulomb potential, resulting in a finite contribution at the I'-point in Eq. (3).
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Fig. 3.
lines are asymptotic fits of the form in Eq. (6¢c).

we follow the definitions given in Refs. [13], [14], [18] for the
coupling and, below, we use the deformation potentials for the
HP phonon mode reported in Ref. [13].

III. SCATTERING RATES

The emission of both LO and HP phonons by a photo-excited
electron/hole with initial momentum k; measured from the cen-
ter of the corresponding (K or K') valley, is characterized by
the rate calculated using the Fermi golden rule

1 27 .
T = 7 Z |<f‘Hefph|Z>|26(Ef - Ey).
q,p
This yields

-1 -1
7-LOA,a' = Tu f(h

. 2m*Z°Ep m, a2B Ep

E,
Jkars ) a=corv
w

o T h M, A hoo
folha / du .
Tk (1 k)t 1 (B D)2
(5a)
k‘i 2 «
ui:k— 1+ ; kazwimtho;
1 mQAD,%
=2 "a sb
THP"Q 2Mh2pr ( )

Note that these scattering rates are valid only for carrier en-
ergies above the corresponding optical phonon energy. Further-
more, the rate of emission of the HP phonon is independent
of the carrier energy, due to the constant coupling coefficient
and the constant density of states for 2D carriers with parabolic
dispersion. For the LO phonon mode we express the scattering
rate in terms of a dimensionless integral by performing a change
of variables, defining the dimensionless variable u = ¢/ k:c<v>,
where k., is the carrier wavevector corresponding to an en-
ergy of hwr,0, and ap and Ep are the Bohr radius and energy.
In Table II we list the values of the parameter 7';(1) for various

(v

0 50

100 150
E [meV]

Hot carrier cooling time as a function of initial conduction-band (Left) and valence-band (Right) carrier energy £ for four TMDC materials. The dashed

TMDCs, and in Fig. 2 we show the shape of the function f for
different carrier energies F.(,). The decrease of this scattering
rate upon increasing r, or excitation energy can be understood
from the diagram depicting the kinematic phase space for a
carrier emitting an optical phonon.

Comparing the values of 7'(,1\11) and Tﬁé,c (v) in Egs. (5a), (5b),
and Table II, we see that emission of the LO phonon mode with
r, = 0, dominates in the relaxation over the HP phonon. The two
rates become comparable for sufficiently large carrier energies
or sufficiently large r, values. Asymptotically, we have for the
LO phonon, 77, (1) ~1/(rs VE ); therefore, the boundary between
the two modes is given by’ @ ~ 47 7? {j?, gé %jl—‘g,
where E is the energy of the photo-excited carrier and m is
its band mass.

IV. RELAXATION TIMES
For hot carriers excited to the energy E > hwyo/up, wWe
write the cooling rate as
dE - h %% 6] h WHP
dt o TLO (E ) THP ’
so that we can determine the relaxation time as a function of the
initial carrier energy F as

E
de
t(E) :/0 hwio hwyp *

TLo (€) + THP

(6a)

(6b)

For hot carriers excited to the energy £ >> hwy,o sup- Egs. (5a),
(5b) yield 7} o 1/V/F (also see Fig. 2) and ;5 is a constant,
so that we find an analytical asymptotic form for the cooling
time of charge carriers from the initial energy F to the bottom
of the band,

t(E) ~ aE — bVE + c. (6¢)

The fitted values of the parameters a, b and ¢ for the conduc-
tion and valence bands relaxation times are listed in Table II

>This parameter was derived by equating TIT(I) ~ 7—1;113, and using the
asymptotic form of T]TCI) for large carrier energies. The corresponding val-
ues are, 13, 18,15 and 57 for electrons and 20,21,27, and 31 for holes in
MoSy,MoSes, WSy, and W Ses, respectively.
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and correspond to the numerically obtained [29] relaxation time
curves shown in Fig. 3 for the conduction (c) and valence (v)
bands.

V. CONCLUSION

We calculated the scattering rates and relaxation times of
photo-excited carriers in TMDCs due to optical phonon emis-
sion. We obtained relaxation times of a few ps for all the
materials studied, with MoSe; and MoS, having the shortest
sub-ps relaxation times for all carrier energies up to 0.25¢V,
which is determined by their respective unit cell Born charges,
ZMose, = —1.80 and Zyio5, = —1.08, and respective opti-
cal deformation potentials (Table I). For WS, and WSe,,
we find smaller unit cell Born charges, Zwgs, = —0.47 and
Zwse, = —1.08, and smaller HP deformation potentials, re-
sulting in longer relaxation times. However, for these two 2D
materials, an additional channel of K — () intervalley relax-
ation is possible, due to a smaller EY, splitting than in Mo-
based dichalcogenides, so that the rates shown in Eq. (5) give
only the lower bound for the speed of relaxation in WS, and
WSe,. The Introduction of a dielectric environment through a
substrate or full encapsulation, will have two main effects on
the calculated relaxation times. First, the electric potential in-
duced by the LO phonon will be reduced in the long wavelength
limit by the dielectric constant of the enviorment e, therefore
reducing the LO phonon coupling by a factor of €.°. The HP
phonon mode on the other hand will not be affected in such
a way, as its coupling mechanism does not involve an elec-
tric field. Second, carriers in the TMDC monolayer can emit
phonons in the substrate, thus increasing the total scattering
rate. The obtained fast carrier cooling rates and the subsequent
formation of excitons which can radiatively recombine and emit
light, can lead to high quantum efficiencies, crucial for the
range of optoelectronics device applications utilizing TMDCs,
including light emitters, photodetectors, and novel valleytronic
devices.
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3.3 Awuger recombination of dark excitons in WS,
and WSe, monolayers

The results presented in this section are reported in the publication [38]: “Auger re-
combination of dark excitons in WSy and WSey”, 2016, 2D Materials, 3, 035011.
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Abstract

We propose a novel phonon assisted Auger process unique to the electronic band structure of
monolayer transition metal dichalcogenides (TMDCs), which dominates the radiative recombination
of ground state excitons in tungsten based TMDC:s. Using experimental and density functional theory
computed values for the exciton energies, spin—orbit splittings, optical matrix element, and the Auger
matrix elements, we find that the Auger process begins to dominate at carrier densities as low as

10°~ 1% cm~2, thus providing a plausible explanation for the low quantum efficiencies reported for

these materials.

(OMOM

Recently, there was an expansive interest in monolayer
transition metal dichalcogenides (TMDCs) due to
their potential in optoelectronic applications [1-3]. In
contrast to bulk TMDC crystals, the monolayers of
MoS,;, MoSe;, WS,, and WSe, are direct band
semiconductors. Contrary to III-V semiconductors,
in these hexagonal 2D crystals the conduction (¢) and
valence (v) bands edges are at the K/K' points of the
Brillouin zone (BZ) rather than at the I"-point. Several
experiments have already demonstrated a strong
light—matter interaction in these 2D crystals [4].
Potentially practical implementations of these
TMDC atomic crystals in optoelectronic devices
require high quantum efficiency (defined as the ratio
of emitted to absorbed photons) of the optical process.
The quantum efficiency depends on various external
parameters such as the temperature, sample quality,
excitation power, doping, and the specific material.
However, despite the recent progress in improving the
quality of 2D TMDCs, the quantum efficiencies
observed in photoluminescence experiments [5-9] for
the different materials were: for MoS,, ~1073 [5, 9],
~10~* [8] at room temperature, and for WS, and
WSe,, ~1072 at 10 K [8]. Such systematically low
quantum efficiencies call for finding the mechanism
responsible for the non-radiative recombination of
electron—hole pairs, excitons, or trions. Previous
theoretical and experimental works have suggested
exciton—exciton annihilation [10-15] for exciton den-
sities above ~10'° cm~2, exciton capture by defects
[9, 16], and phonon scattering [17] as possible non-

radiative mechanisms for excitons in these materials.
Here, we show that there exists a phonon assisted
Auger recombination process illustrated in figure 1,
which is specific for 2D TMDC semiconductors. By
explicit comparison of the phonon assisted radiative
recombination rate of ground state excitons in mono-
layers of WS, and WSe, with the rate due to the sug-
gested Auger mechanism, we find that the latter starts
dominating at electron densities as low as
10°~19cm=2. The specific band structure of 2D
TMDCs defies the common wisdom (based on III-V
semiconductors studies) that the 2D confinement
quenches Auger recombination processes. Namely,
electrons from the vicinity of the conduction band (¢)
edge, can undergo a transition into one of the higher
bands (¢ in figure 1) which is almost in resonance with
the exciton annihilation. Both ¢ and ¢’ bands are com-
prised of d-orbitals of the same metal atom, facilitating
the Auger transition.

The electron band structure near the corners of the
BZ is described by

I_AIO = Zfdz?\llszyw(—iﬁ V)¥ors (1)

where v=wv,¢c, o==x(7,]) and
7 = (K, K'). With reference to the band structure
shown in figure 1, the relevant spectrum of electrons

in the vicinity of the BZ corners can be described using
s
Here we count energies from the v band edge and

E, = —%(1 — 70), with m, <0. TFor the

the effective mass approximation as ¢, = E,,, +

©2016 IOP Publishing Ltd
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Figure 1. (a) DFT (PBE [18]) calculated [19] band structure of WS; and WSe,. The conduction (c), valence (v ), and higher conduction
band (') are labeled by the irreducible representations of the Cj, point group (see text). The spin—orbit splittings in the three bands are
labeled as well. (b) Sketch of the electronic band structure near the K /K’ points, and schematics of the phonon assisted Auger
processes involving an exciton and a free electron. The dashed gray line corresponds to the virtual transition. The three bands are
further labeled by the metal atom orbital which dominantly contributes to the electronic states at the K /K’ points in the BZ.

%(1 + T10),

and Eo=2E, + T — %(1 + 70), with my < 0.
Due to mirror plane symmetry (o) of 2D TMDCs, the
electron spin projection on to the z-axis normal to the
plane o, is a good quantum number. The signs of spin—
orbit splittings in E. reflect the inverted order of spin-
split states in ¢ and v bands specific to tungsten based
TMDCs [20-22] (in contrast to their molybdenum
counterparts). This results in a ground state exciton/
trion which is dark due to spin and momentum
conservation constraints [23—25], requiring emission
of K-point phonons for recombination. At low
temperatures the bright excitons population will be
small compared to the dark excitons, requiring an
activation of the ¢ band spin—orbit splitting energy
Aso, which results in increased photoluminescense at
higher temperatures as observed in some experi-
ments [23].

To classify suitable options for the radiative and
non-radiative transitions in 2D WS, and WSe,, we
analyze its symmetry group and write down the
corresponding terms in the Hamiltonian. The point
group of 2D TMDC:s is D3y, which is a direct product
group, Cs, ® o, where oy, is the horizontal mirror
reflection. The states belonging to the v, ¢, and ¢’ bands
near the K /K’-points are composed of the dy, d, and
d_, metal orbitals which posses z — —z symmetry
[21], and therefore belong to the identity irreducible
representation (IrRep) of o},. As a result, we can focus
on the point group Cs, for the classification of the elec-
tronic states into IrReps, as well as the classification of
phonon modes coupling to the electrons states. Since

conduction bands we use E. = E, +

Table 1. Character table for the irreducible representations (IrRep)
of the extended point group Cj,, and their correspondence to the
relevant fermionic and bosonic fields, and dark excitons.

cl, E t,t2 2C; 90, 2tCs 212G

A, 1 1 1 1 1 1

A, 1 1 | 1 1

E 2 2 -1 0 -1 “1 (& Es
intravalley
X

E/ 2 -1 -1 0 2 -1 0

E, 2 -1 2 0o -1 -1

E; 2 -1 -1 0 —1 2 U, inter-
valley X/

D, 12 0 -3 —3  Phonons

D, 3 0 0 1 3 0 b

the states at the K and K’-points are degenerate, it is
advantageous to treat them simultaneously. This is
achieved by tripling the unit cell, resulting in a three
times smaller BZ in which the K and K’ points are fol-
ded into the I'-point [26]. Tripling of the unit cell is
achieved by factoring out two translations from the
space group of the crystal resulting in the new point
group Cj, = Cs, + tCs, + t?Cs,, where t denotes
translation by a lattice vector, and ¢*> = 1. The char-
acter table of the new point group containing 18 ele-
ments and 6 IrReps is given in table 1. In the same table
we list the electron and photon fields corresponding to
the IrReps. The decomposition of the direct products
of IrReps is shown in table 2.

Using table 1 one can write down the Hamiltonian
for the interaction of the electrons with light [27, 28],
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Table 2. Product table for the irreducible representations of the extended point group C,.
cs, A, A, E E/ E, Ei
AL A E | ! 5
A, A, A E E/ E; E;
E E E ADAGE E, ® Ej El © E; E/ ® E;
E/ E/ E/ E, © Ej A @A D E/ EQE] E® E;
E; E; E; E| & Ej EQE; A ©ACE, E® E/
E; E) E; E/ ® E, E®E, E® E/ A @A @ Ej

e/w . .
o Zfdzr U W, (E + ir€)) + h.c,

g o, 7

H, =

(@)

where e is the electron charge, v is the velocity
originating from the off-diagonal momentum matrix
element, and & is the electric field of light. We note
that for the excitons,
U(#)0,(7) — XT(R)d (R, — 7), where R is the cen-
ter-of-mass position of the exciton, and ¢ (7 — %) is
the electron and hole relative motion wavefunction.
All possible states of the exciton boson operator X, can
be further classified according to the IrReps. The dark
and bright excitonic states transform according to the
direct product representation of the cand v band states
E/ ® E; = E @ E;. The excitons can further be
classified according to the spin projection S,. Due to
conservation of spin, the bright state must have
S, = 0, which corresponds to the excited state trans-
forming according to the E IrRep, and only such a
combination enters into equation (2). The
(E3, S, = 0) states are the intervalley excitons that are
dark due to the momentum mismatch. However, these
states can radiatively recombine with the help of
phonon emission. According to table 2, this can be
provided by phonons from E| and E, IrReps. The
other exciton doublets, (E,|S,/]=1) and
(E3, |S.| = 1), are absolutely dark due to spin con-
servation (oy, reflection changes the sign of the spin
projection S,). According to the sign of the spin—orbit
splitting in the ¢ band (see text after equation (1)),
(Es, S, = 0) and (E, |S,| = 1) are the exciton ground
states. Therefore, the decay of these states is the
bottleneck for the PL. In this case the PL quantum
efficiency is determined by the ratio of the radiative
and non-radiative Auger rates.

The Auger process is caused by the electron—elec-
tron scattering with momentum transfer of the order
of inverse lattice constant, therefore in the effective
mass approximation it is described by a contact inter-
action. Table 2 shows that the only combination
allowed by symmetry is

al?

H. = Zf

!
¢ o1

&7 (U o,

Vo T —o

V._,V0)7r + huc..

3

Here, « is a dimensionless parameter computed from
the matrix element of the Coulomb interaction in the
basis of the density functional theory (DFT) wavefunc-
tions (see table 3). Also, the only allowed Auger process

involves all carriers in the same valley’. This implies
that at low temperatures due to the exclusion princi-
ple, the additional electron must come through
phonon emission from the opposite valley.

According to table 2, the initial dark state exciton
(E4, S, = 0) and the electron (E/) direct product does
not include the final state ¢’ state E5, making the direct
process impossible, hence requiring an extra phonon
in the final state. Using table 2, one finds that this addi-
tional phonon in the final state should be the same oy,
symmetric (E/ or E;) as involved in the radiative pro-
cess, allowing the direct comparison of the radiative
and Auger rates without relying on the knowledge of
the strength of the electron—phonon interaction con-
stants’. To consider the electron—phonon interaction
only on symmetry grounds, we list in table 1 the repre-
sentations corresponding to the in-plane D,,, and out
of plane D, modes in the tripled unit cell, which is nee-
ded to describe all o3, symmetric phonon modes in the
I' and K points. From the decomposition
Dy, =2E® E{ ® 2E, & E5 and D, = A & E|, we
conclude that the existence and number of modes nee-
ded to facilitate the processes described are protected
by symmetry. To mention, in our earlier studies[29]
we noticed that the coupling of ¢ band electrons with
the homopolar phonon mode A is very strong, which
hints that the E; mode of D_, would be the most rele-
vant for the process.

The Hamiltonian describing the E, phonon and
its interaction with the c band electrons

Hpy = /Y [ @76l @b, ()
’ 4)
+g> f &7 (U U, b7 + hee),

a,T

where b(r) is the phonon operator in mode E/ with
energy /w, and g is the coupling coefficient. The rates
were calculated using the Fermi Golden rule applied to
the Feynman amplitudes shown in figure 2. The

® The initial state consisting of two electrons in the ¢ band has the
decomposition E{ ® E| = A; @ Ay @ E/, and the final state with
one electron in the v band and the other electron in the ¢’ band
transform according to E; ® E5 = E @ E/. The common IrRep is
E| which corresponds to the states with both initial and final state
carriers residing in the same valley.

* The process involving the emission of an E; phonon mode, which
couples to the hole, involves the hole scattering into the lower spin-
split v band which results in the appearance of the large Dso spin—
orbit splitting in the denominator of the rates. Therefore, we neglect
the contribution of the E; phonon assisted process to the total rates.

3
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Table 3. Material parameters used for the rates calculation.
Mea Mmya me A D E b T va a
m m m SO SO 8 c
(meV) (eV) (eV) (eV)
WS, 0.26 —0.35 —0.39 30 0.42 2.0 0.6 1.7 x 1073 0.5
WSe, 0.28 —0.36 -0.35 38 0.46 1.7 0.6 1.6 x 1073 0.6

°[20]
" [28]

phonon assisted Auger process.

Figure 2. Diagrams for the calculation of the quantum mechanical amplitudes for the (a) phonon assisted radiative process, and (b)

radiative rate (with photon line shifted down by /aw
from the dark exciton energy) is given by

1 8B (3)2 16©0)g? )
Trxy 34 fc\c (Aso + /aw)?
and the non-radiative rates by
LB e 0?lo@Fg o
Tax 7 ImolEy [Aso + fw + ExT
where 7, is the electron density, and & = mlvrrilmc

I
5

for X = XE;’ and &, = %T for X = Xg.
Taking the ratio of the Auger and radiative rates we
obtain

Tr, X1 n
T _ e @
TA, Xy e

> Recent experiments have estimated the Auger rate at room
temperature from exciton—exciton annihilation in monolayer WS,
tobe 77! = 0.41ny cm? s7![12]and 77! = 0.3ny cm? s~![11]. To
estimate the Auger rate for the process proposed here, we need to
know the electron—phonon coupling strength of the E/ phonon at
the K point. This phonon mode can be attributed either to the high
energy optical branch of the homopolar mode A, or the acoustical
mode originating from the mode E at the I"-point. Using the exciton
radius of 1 nm [30], the electron—phonon coupling for the homo-
polar phonon at the I'-point [31] g ~ 0.03 eV - nm (the length
unit comes from the square root of the unit cell area), and a
deformation potential D ~ 3.2 eV for the acoustic mode [32], we
estimate for the Auger rate 77!~ 0.003nxcm?s™!. This rate is
siginficantly less than the experimental value, hence we conclude
that the proposed process does not dominate in the exciton—exciton
annihilation. In the latter case, the presence of the hole in the final
state allows more freedom in the possible Auger proceess. After
examining the band structure in figure 1 we note a possible Auger
scattering with the final electron—hole pair state being near the I'-
point which permits to conserve momentum without the need for a
phonon. Using the same parameters, we find that the ratio of the
direct radiative recombination of bright excitons and the phonon-
assisted radiative recombination using the above estimated elec-
tron—phonon couplingsis ~4 x 10%.

where the characteristic density is given by

2

|mc’|
n*_M(L)Z Ny Il me
¢ 342 \ac) \ 7 Ago + 7w

®)

We emphasize that the latter equation does not
involve the unknown electron—phonon coupling con-
stant. Therefore, we can estimate the values of n.* for
WS, and WSe, based on the parameters of these 2D
crystals found in DFT and the experimentally known
Eg, listed in table 3

nX(WS,) ~ 10" cm=2, n(WSey) ~ 4 x 10° cm~2
O]

These electron concentrations which determine the
threshold for efficient photoluminescence are remark-
ably low. This suggests that the proposed mechanism
of Auger recombination dominates over the radiative
recombination for all realistic structures.
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Chapter 4

Bound complexes in monolayer

TMDCs

4.1 Introduction

Understanding the optical spectra of monolayer TMDCs, as interpreted in terms of
excitons, trions and biexcitons has recently become an issue due to the demonstration
that ground-state excitons in WSy and WSe, are dark, as well as a disagreement
between theory and experiment on the classification of the optical spectra in particular
for the biexciton lines. The two types of spin-orbit splitting in Molybdenum and
Tungsten based monolayer TMDCs, together with the time reversal related K and K’
valleys at the corners of the Brillouin zone, result in a variety of possible complexes
with different optical activity, giving a rich temperature and doping dependent spectra.
In order to gain a proper understanding of the observed spectra in the two kinds of
monolayer TMDCs, a classification of the various complexes into their optical activity,
calculation of their binding energies, and prediction on the resulting photon energies
are required.

The dark ground state negatively charged excitons (trions) and neutral biexcitons
in WS,, WSe, consist of electrons in the two opposite K, K’ valleys with opposite out-
of-plane spin projections, and holes in the top valence band residing in one (for trions)
or both valleys (for excitons), making them dark due to both spin and momentum
conservation preventing the emission of light. In the work presented in [.2] we analyse

a novel mechanism for the radiative recombination of these complexes and answer
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questions regarding the recombination rates, position of the lines, and line shapes.
This mechanism involves an intervalley electron-electron scattering, which mixes the
dark ground states with the bright states of complexes composed of the electrons in
the upper spin-orbit split bands, thus transferring optical oscillator strength to the
dark states. In the proposed theory, we produce a microscopic ab-initio model for this
process and use it to estimate radiative lifetimes of these ”semidark” excitonic species,
and their signatures in the temperature dependent photoluminescence as compared to
the bright complexes. In particular, the difference between the initial and final state
carriers result in a red-shift of the emission line as compared to the corresponding
excited bright complexes. Finally, these complexes being in the ground state, are

expected to be particularly dominant at low temperatures.

In the work presented in we provide a detailed classification of the excitons,
trions and biexcitons in MoXs and WX, type TMDCs according to the optical activ-
ity, and activation behaviour as determined by the spin-orbit splitting. Using group
theory arguments we demonstrate the coupling of the dark exciton ground state in
WS, /WSes due to spin mismatch, to an out-of-plane polarized light, resulting in a
photon emission at an energy lower than the bright exciton by the spin-orbit split-
ting. Finally, the full photoluminescence spectra including also donor and acceptor
bound complexes for the two types of materials is presented, with binding energies
calculated using diffusion quantum Monte Carlo. The photon energies resulting from
recombination of donor bound biexciton, are in good agreement with experimentally
classified biexcitons, suggesting a modification to the experimental interpretation of

the observed spectra.

4.2 Semidark trions and biexcitons in WS, and W Se,

The results presented in this section are reported in [22]: “Dark trions and biexcitons
in WS, and WSe; made bright by e-e scattering”, Scientific Reports 7, 45998, (2017).
My contribution to this work: Performed the calculations, prepared the figures, anal-
ysed the results and written the manuscript and supplementary material.
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Published: 06 April 2017 . Thedirect band gap character and large spin-orbit splitting of the valence band edges (at the K and
K’ valleys) in monolayer transition metal dichalcogenides have put these two-dimensional materials
under the spot-light of intense experimental and theoretical studies. In particular, for Tungsten
dichalcogenides it has been found that the sign of spin splitting of conduction band edges makes
ground state excitons radiatively inactive (dark) due to spin and momentum mismatch between the
constituent electron and hole. One might similarly assume that the ground states of charged excitons
and biexcitons in these monolayers are also dark. Here, we show that the intervalley (K < K’) electron-
electron scattering mixes bright and dark states of these complexes, and estimate the radiative
lifetimes in the ground states of these “semi-dark” trions and biexcitons to be ~10 ps, and analyse how
these complexes appear in the temperature-dependent photoluminescence spectra of WS, and WSe,

monolayers.

The truly 2D nature of TMDCs!~” enhances the effects of Coulomb interaction®’, resulting in charge complexes
such as excitons!®13, trions'® and biexcitons'* with binding energies that are orders of magnitude larger compared
to conventional semiconductors such as GaAs. These complexes, which dominate the optical response of these
materials, are comprised of spin/valley polarised electrons and holes residing at the corners K and K’ of the hex-
agonal Brillouin zone (BZ), where the selection rules of optical transitions require the same spin and valley states
of the involved electrons at the conduction and valence band edges. As a result, the opposite spin projections of
the conduction (c) and valence (v) band edges, found in monolayers of WS, and WSe,, makes ground state exci-
tons in these 2D crystals dark'>', so that their radiative transition would require help from defects, phonons'” or
magnetic field!s1°.

Applying the spin and valley selection rules to ground state trions and biexcitons might imply that these
charge complexes are dark, too. In the ‘dark’ (d) state both electrons are in the bottom spin-orbit split states of
c-band, whereas in the state to be ‘bright’ (b), one of the electrons has to be in the excited spin-split state. Here, we
show that an intervalley scattering?®?! of the c-band electrons mixes dark and bright states of complexes (Fig. 1),
hence transferring some optical strength from b- to d-states and making dark state ‘semi-dark’ For the resulting
recombination line of such semi-dark complexes, we find that it is shifted downwards in energy (relative to the
bright trion line) by 2A ¢, twice the c-band spin-orbit splitting.

With the reference to Fig. 1, the basis of trion, T (biexciton, B) states, T,>", - gB(f A ) can be described
by spin, 0 =1, | and valley, =K, K’ quantum numbers of their constltuent c an y-band states. In these nota—
tions, dark ground state exciton complexes T; (By) are Tl K1k and TiE K, T K (B | S b K ) and the excited states TT K,IK'
and T/E K, i K T S | K, are bright, T;, (B,) (Supplementary material S1). These states are mixed by the intervalley
mteractlon i lustrated by a sketch in Fig. 1

ﬁ X 25 i = o
drv, OV, OV, NV, (7).
m UZ f ey

Here, U, , (7) are the conduction band electron field operators. The large momentum transfer between two
electrons changing their valley states is determined by their Coulomb interaction at the unit cell scale, para-
metrised by a dimensionless factor x. We estimate the size of this factor using both a tight-binding model and
density functional theory (DFT). For the tight-binding model, we use the DFT calculated orbital decomposition

National Graphene Institute, University of Manchester, Booth St E, Manchester M13 9PL, UK. Correspondence and
requests for materials should be addressed to M.D. (email: mark.danovich@postgrad.manchester.ac.uk)
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biexciton [N Fiow

K/

Figure 1. Intervalley electron-electron scattering process. Schematics of the band structures of WX, near the
K, K’ points of the BZ, and the intervalley scattering process that mixes dark and bright states of trions (T) and
biexcitons (B). E, is the band gap and A, stands for the conduction band spin splitting. Due to the large spin-
orbit splitting in the valence band, the valence band is shown only for the higher-energy spin-polarised states.

WS, 1.0 | 1.6 | 18[29] | 8.6[13] | 0.25 | 7.8[3.9] | 15[7.0]
WSe, 1.3 | 2.0 | 19[30] | 9.2[14] | 0.26 | 9.4[4.7] | 18[8.0]

Table 1. Scattering matrix elements and radiative lifetimes. Listed are the Intervalley scattering parameter

X calculated using DFT and tight binding (TB) model and the corresponding trion and biexciton mixing
parameters ;.T/B obtained using the electron-electron contact pair densities calculated in ref. 24 using diffusion
quantum Monte Carlo, shown as DFT [TB], and the radiative lifetimes of the bright exciton, semi-dark trion
and biexciton.

to construct the Bloch states at the Brillouin zone corners, and we use a 3D Coulomb potential for the interaction
between electrons. As the c-band states at the K/K' points are primarily composed6 7 of the metal 5d,,2 orbitals
centred at the lattice sites R of metallic atoms in TMDC lattice, (7 — R), which we use to construct the
tight-binding model Bloch states, to find

= e A | GreRT [y, LIGIAEIGA],
m “B R 7, — 71+ R| (2)
Here, K = o 0) with g, the lattice constant of WX,, A = £a02 is the unit cell area, m, is the c-band elec-

tron effective mass, m is the free electron mass, ap is the Bohr radius, and C is the transition metal 54,2 orbital
amplitude in the c-band edge at the K point (supplementary material S2.2). Similarly, we evalutaed y from wave
functions obtained using DFT implemented in the local density approximation and VASP? code (neglecting
spin-orbit coupling). We used a plane-wave basis corresponding to 600 eV cutoff energy and a 12 x 12 grid of
k-points in the 2D Brillouin zone. We also had to employ periodic boundary conditions in the z-direction; for this
reason we used a large inter-layer distance of 20 A to mimic the limit of an isolated monolayer. The form factor
was calculated by post-processing the DFT wave functions, by taking the matrix element of the bare Coulomb
interaction between the initial and final states of the scattering process (see supplementary material S2.1). These
two calculations have returned values of the 1nterva11ey scatterlng factor y, as hsted in Table 1. In the basis of

[|d); |b)] of dark and bright states of trions, [TlK 1K TTK k] and [TLK 1K TTK lK’] or biexcitons
[B j II<< ¥ Ilé BT Kl K, ] the coupling in equation (1) leads to the mixing described by a 2 x 2 matrix

H:ET/B“T/B :ﬁz_Xg M:ﬁz_Xg
npp EXP)OCT O m ST TR m B

Ej = 2E,+20g —ex — e + &,

Ej = 2B, —ex—er+6,

Ef = 2B, +2Ag — ex — g5 + 26,
E; = 2Eg7€X7€B+25. (3)

Where E, is the band gap, ey, ¢y, and 5 are the exciton, trion, and biexciton binding energies, respectively, and
6, 8’ stand for the intravalley and intervalley electron-hole exchange®, § = 6 meV, which we will neglect in the
following calculations. Note that the effective masses of the c-band spin split bands differ by’ ~30-40% with the

lower bands having the higher effective electron mass. This results in slightly higher binding energies for the dark
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WS, 0.26 —0.35 32 8.65 3.8 2 34 24 1.7x1073
WSe, 0.28 —0.36 37 9.38 4.5 1.7 31 20 1.6 x 1073

Table 2. Material parameters. Listed are the effective c- and v-band electron masses m,_ and m,, c-band spin-
orbit splitting Ao, unit cell area A, 2D screening length r , bright exciton energy E x,» trion binding energy e,
biexciton binding energy ¢, and the velocity related to the off diagonal momentum matrix element relative to
the speed of light v/c.

2As0

Figure 2. Low temperature photoluminescence spectrum of WX,. Sketch of the low temperature (kzT < Agp)
photoluminescence spectrum of WX, including the bright exciton, dark and bright trions (green) and dark and
bright biexcitons (red). The excited bright trions and excitons are denoted by T" and B'". The dark exciton (X,)
energy is marked as a reference point Ey = Ey — Ago.

ground state charge complexes compared to the excited states, resulting in a larger value for their energy differ-
2

ence E, — E;. The mixing parameter ;;, = (b|H, |d) = % f [1,d°%; |56 (7, — 7, ) (where &y, g stands for the

wave function of the trion or biexciton andi = e, ¢/, h, ('), is determined by the electron-electron contact pair

densities? in the trion, g and biexciton, gz. The mixing of the dark and bright states results in a slight shift of their
energies and, most importantly, in a finite radiative decay rate, 7;;1 of the semi-dark (sd) trions (T) and biexcitons

(B),
1 1 1 Qrp_—1
il i ez
T/B

L+ (ASO)
1 87 e ity 2
— = T 1g,0f,
Tx h hc EXb (4)

where 7y ' is the radiative decay rate of the bright exciton??’, determined by the electron-hole overlap factor
|®y (0)* (D (r,,) is the envelope wave function describing relative motion of the electron and hole in the exciton),
v is the velocity related to the off diagonal momentum matrix element. The values of the factors o, = 21 and
ap=1 have been estimated based on the following consideration (see supplementary material S3). As the exciton’s
binding energy is significantly larger than that of the trion or biexciton, these bound complexes can be viewed as
strongly-bound, with an additional weakly bound electron in the case of a trion, or an exciton in the case of a
biexciton. For a trion, this results in a reduction of the recombining electron-hole contact pair density by a factor
of two as compared to the exciton, as the hole is shared between the two electrons such that the recombining
electron (which has the right spin projection), will be near it only half of the time. In the case of the biexciton,
each electron spends half of the time near its hole with which it can recombine, and half of the time near the other
hole. As there are two excitons able to recombine we get a;= 1. The resulting values for the lifetimes (using the
material parameters in Table 2) are summarized in Table 1.

The mixing of the dark and bright states produces photoluminescence lines shown schematically in Fig. 2.
The emitted photon energies of these lines are determined by both the binding energies and the shake-up into the
higher-energy spin-split c-band in the final state,
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Ex

. E,+ Ay — ey

Ey s, = Ex, —erp — 2050

Q

Eqp Ex, = emyp> (5)

Being the ground states, the semi-dark trion and biexcitons (T, B,;) do not require an activation and there-
fore should appear in the spectrum even at low temperatures. In contrast, the bright states do require thermal
activation, resulting in a ¢ AE/ksT temperature dependence of their lines intensities. For the bright exciton, trion
[TTT ,If 1K Tf,lfl x]and bi/exciton [BTT }f ’%}f/; Bf}é ’f}g] we I}ave AE = A, while for the excited mixed dark and bright
trion (T*) [TTT Kk T %}g 1x] and biexciton (B*) BTT Kf}f/, AE = 2Ag,. Also, the presence of a final state electron or
exciton results in an antisymmetric line shape with a cutoff due to the recoil kinetic energy of the remaining elec-
tron or exciton that shifts the emission line to a lower energy. A typical recoil kinetic energy is %kBT for the tri-

ons and kT for biexcitons, with kj the Boltzmann constant, iy the exciton mass, and m, the ¢-band electron
effective mass.

In conclusion, we have shown that intervalley electron-electron scattering makes “dark” ground state trions
and biexcitons in Tungsten dichalcogenides WS, and WSe, optically active, with a lifetime 7,3~ 10 ps, to compare
with a sub-ps lifetime of bright excitons in 2D TMDC:s.
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S1 Group theory analysis of excitons, trions and biexcitons in

Tungsten dichalcogenides

S1.1 Introduction

Group theory allows to utilize the symmetry properties of the Hamiltonian in order to gain insight
into selection rules for microscopic processes in quantum systems. As a starting point, the eigen-
states of the Hamiltonian are classified according to the irreducible representations (IrReps) of the
symmetry group, in our case the point group C's;,. In monolayer TMDCs, DFT calculations'? (see
also S2.1) have found that band edges of monolayer WS, and WSe, are found at the two inequiva-
lent corners, K and K’ of the Brillouin zone. Hence, for the sake of their classification we consider
the extended point group™*, Cgv = (3, +tCs, +t2Cs,, where t are translations by a lattice vector.
This enables us to treat states of excitons and complexes at K, K’ and zero momentum in the same

fashion. The character table and product table for the IrReps of the extended point group C¥, are



Table S1: CY, character table.
1"

Character table for the irreducible representations (IrRep) of the extended point group C,, and their corre-

spondence to the conduction (c) and valence (v) band electrons states.

Y E t,t* 203 90, 2tCs; 2t2Cy

A, 11 1 -1 1
E 2 2 1 0 -1 -
El(¢ 2 -1 -1 0 2 -
E,(w) 2 -1 2 0 -1 -l
E} 2 -1 -1 0 -1 2

given in Tables S1, S2, respectively. DFT calculations'-? (see also S2.1) have also found that at
the K and K’ valleys, the orbital composition of the Bloch states is dominated by the z — —z
symmetric d-orbitals (dy for the c-band and d., for the v-band in the two valleys) of transition
metal, allowing to classify the ¢ and v-band Bloch states at the K and K’ valleys as transforming

according to the two dimensional IrReps of the extended point group, E] and E), respectively.

Using classification of the single electron states, we consider excitons, trions, and biexcitons.
For this, we take direct products of the corresponding IrReps, and, then, apply the product rules for
the IrReps of CY, shown in Table S2. This group theory analysis enables us to identify excitonic
basis states that can be mixed by the intervalley e-e scattering, leading to the class of semi-dark

trions and biexcitons discussed in the main text.



Table S2: CY product table.

Product table for the irreducible representations of the extended point group C¥,.

cy, A Ay E E} E} E}

A A A, E E! E} E}

Ay Ay A E E; E} E}

E E E AoA®FE E, & Ej E & Ej E ® E}
Ei(c) E, E By Ey A © A E] E @ Ey E® Ey
Ey(v) E) E) FE, ®F} E @ Ey A1 @ Ay @ B E® B

E} E} Fj El® LK, E @ E E® B AL @A D ES

S1.2 Excitons

The exciton states transform according to the direct product representation of the c- and v-band
states given by

Ei® Ey=FE® Fj. (S1)

The 2D IrRep E corresponds to the intravalley excitons with both electron and hole residing in
either the K or K’ valleys, and the 2D IrRep £} corresponds to the intervalley excitons with the
electron and hole residing in opposite valleys making the exciton dark due to momentum mis-
match. By further introducing the spin projections of the electron and hole, we have for each

representation two possible total spin projections,

S.| = 1 corresponding to dark excitons due to

spin conservation, and S, = 0 corresponding to bright exciton states. Using the notation intro-



duced in the text for trions and biexcitons, the I/ IrRep dark intravalley exciton states are given
by [ng; X#g ] with |S,| = 1, and the bright intravalley excitonic states by [ng ;Xﬁg] with
|S.| = 0. Similarly, for the intervalley excitons transforming according to £Y, which are dark due
to momentum conservation, we have [XTT[I((/; Xf?] with S, = 0, and [ng,; X#?] with S, = 1,

being dark due to both spin and momentum conservation.

S1.3 Trions

Next we classify the trion states composed of two electrons and a hole. The strongly bound trion
states require the two-electron wave function to be symmetric with respect to exchanging the elec-
trons coordinates and the two electrons to have different spin/valley indices corresponding to a
singlet state, as obtained in ref. 5 using Monte Carlo calculations. The two-electron state trans-

forms according to the direct product of the c-band electrons representations given by
EIQE =A © A ® E]. (S2)

According to Table S1, the symmetric combination of the two electrons transforms according to
Ay or EY. The identity representation corresponds to both electrons residing in opposite valleys,
while the 2D IrRep £ corresponds to both electrons residing in the same valley K or K’. Next,
to obtain the representation of the trion we include the hole state £, and take the direct product of

the two electrons and the hole. This gives in the first case

A ® Ey = Ej, (83)



corresponding to the hole residing in either the K or K’ valleys and the electrons residing in
opposite valleys. Including the spin projection this corresponds to the following trion states,
[Tg{( N Tff(( 1] which are the semi-dark singlet ground state trions, and [TTT ff LK T#g l ] Which
are the excited bright trion singlet states. As the excited bright and semi-dark trion states both trans-
form according to the same E) IrRep, the two states can be mixed through the electron-electron
intervalley scattering introduced in the main text, which transforms as the identity representation.
The bright trion triplet states with both electrons in opposite valleys also transform according to
the E) IrRep and are given by [TTT [Ig 1K ijfi ], and the dark trion triplet states (due to spin
conservation) are given by [Tff(( LK T#g /T x+)- In the second case, choosing for the two-electron

representation the £ IrRep,

E ®E,=-E®E, (S4)

Here, E corresponds to states with the two electrons and hole residing in the same valley K or
K’. Requiring the electrons to have opposite spin projections gives the following bright trion
states [TTT ]I(( LK T#g 1xv]- 3 corresponds to the two electrons residing in the same valley while

the hole is in the opposite valley, giving the dark trion states (due to momentum conservation)

VK K
[TTK,UO TTK’,¢K] .

S1.4 Biexcitons

The bound biexciton states are composed of a spatially symmetric wave function for the two elec-

trons and for the two holes. This corresponds to the IrReps A; & F for the two electrons, and



A, & E} for the two holes. Taking the direct product of the two-electron and two-hole states gives

the possible representations of the biexciton states
(A1 E) @ (Ao E)=A &FE, & E® E; ® E). (S5)

The states transforming according to the IrRep £ correspond to both electrons and both holes re-
siding in the same valley, similarly the £ IrRep corresponds to both electrons residing in the same
valley and both holes residing in the opposite valley to the electrons, and finally E! corresponds
to both electrons residing in opposite valleys, and both holes residing in the same valley. As these
three cases require one of the holes to reside in the lower spin-orbit split band in order for the
biexciton to be bound, we do not consider these states. Of particular interest is the A; represen-
tation corresponding to both electrons and both holes residing in opposite valleys. Including the

spin projections this corresponds to the following biexciton state, Bﬁﬁ#ﬁf which is the semi-dark

(due to momentum conservation) ground state singlet biexciton, and B? fﬁjﬁf which is the excited

bright state singlet biexciton. As the two states transform according to the same IrRep A;, they

can also be mixed by the electron-electron intervalley scattering process as in the trions case. The

biexciton triplet states are given by ng#g and Bg((ﬁ((,’ both being optically bright. The biexciton

states transforming according to the F; IrRep are bright having both electrons in the same valley

and both holes in opposite valleys, [ngﬁ?, ng,iﬁ(/,]



Table S3: Group theory classification.
Summary of the group theory classification of excitonic complexes, X-excitons, T-trions, and B- Biexci-

tons, in Tungsten dichalcogenides according to the irreducible representations of the extended point group

5,
Exciton or complex
IrRep States Bright | Dark
(see Fig. 2)
K K’
E
K K’
X
K K’
Ey
K K’
[XJK,; X# x| v
K K’
[TJK,TK’; TjK)TK’] ) v Tsa
mix
tK K *
: I:TTKnLK/’TTKhLK/] \/ T
E;
K LK
[TTK,TK“ TfK,u(/] v T
T
K K’
[TJK,¢K/; T#K,TK/] v -
K K’
E [T’rTK,U(; TTK’,U{/] v T
K’ K
By [T#K,¢K; TTTK/,M(] v -
KK’
Blcie | . v Bua
mix
KK’ X
| Bl v B
1
KK’
B Blgik v B
KK’
Bl v B
KK ptKLK'
E, [Blitx s Bl v B




S2 Model calculations of the intervalley scattering matrix ele-

ment

S2.1 Ab initio density functional theory

In the DFT calculations the wave functions were obtained in the local density approximation, using
a plane-wave basis of 600 eV cutoff energy and a k-point grid of 12 x 12 in the 2D Brillouin zone.
We used the VASP!? code for these calculations, which employs periodic boundary conditions in
three dimensions even for 2D materials; for this reason we used a large inter-layer distance of 20 A
to mimic the limit of an isolated monolayer. The form factor was calculated by post-processing the
DFT wave functions, simply taking the matrix element of the bare Coulomb interaction between
the initial and final states of the scattering process. In the calculation of this matrix element we

neglected spin-orbit coupling.

The form factor was calculated in reciprocal space by Fourier transforming Eq. (2) in the
main text, leading to a summation on the grid of reciprocal lattice vectors. This technique is
sensitive to the plane-wave cutoff energy. We have therefore tested the sensitivity of the form
factor to the cutoff energy by calculating it for WS, with an extremely reduced cutoff of 100 eV
and an increased cutoff of 900 eV. We found that reducing the cutoff reduces the form factor by

10 %, while increasing the cutoff increases the form factor by 3 %.

Convergence of the calculation was also tested for the inter-layer separation. We found that

8



decreasing the separation to 15 A only changes the form factors by less than 1 %.

In Fig. S1 we show the DFT calculated band structure for WS, and WSe,, showing the band
edges at the K point and the spin-orbit splitting. In Tables S4 and S5 we list the DFT obtained
orbital decomposition of the electron states at the &/ K’ points in the conduction and valence bands

demonstrating the dominance of the transition metal d orbitals.

2

2t m //, i \ /
\\\ / 7 7 /
N\ // 1.5 // y
15 g
—_— —_ 1 [
S 1L S
oA o
> WS, % 05F WSe,
5 05F 5
& &
0 0
/ 05 | / \
0.5 | . / . , -0. N
\ / . \
1 AN A 1 ‘

r K M r r K M r

Figure S1 | DFT calculated band structure of WXs.

Table S4 | DFT calculated orbital decomposition at the K /K’ point in WS,.

band W —5d,, W —5dp2 . W—5d, W—6s S—p, S—p,

c 86.9% 0 0 7.8% 26%  2.6%

v 0 39.5% 39.5% 0 10.2%  10.2%




Table S5 | DFT calculated orbital decomposition at the K /K’ point in WSes.

band W —5d.. W —5d,2,20 W —5d,, W-—06s Se—p, Se—p,

c 85.9% 0 0 8.1% 2.2% 2.2%

v 0 40.1% 40.1% 0 9.2% 9.2%

S2.2 Tight-binding model

In the tight binding model, the Bloch wave function of the conduction band electrons at the /X

point, using only the transition metal d-orbital is given by

() = % Z KR (F — Ry), (S6)
where N is the number of unit cells, ﬁl is the lattice vector coinciding with the transition metal
atoms positions, and C' is the weight of the 5d.2 orbital ¢ centred on ﬁz The value of C is obtained
from the orbital decomposition given in Tables S4, S5 for WS, and WSe,, respectively. The 3D

coulomb matrix element is given by

A3 d3T o . .
M = 62 ﬁ‘l’*(ﬁ)\p (7“2)\1/(7“1)\11(7’2). (S7)
2 — I

Plugging in the Bloch wave function and using the two-centre approximation for the electron-

electron Coulomb interaction we get

=\ (2
_€2|C| Z zKR/dSFd3—»| . )’ |¢(7"22| ’ (S8)

where the summation is over the lattice sites & = ldy + ndsy, where d; = ag(1,0), and dy =
% (1, \/3) are the lattice primitive vectors, aj is the lattice constant, and /, n are integers. Finally,
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the matrix element is related to the dimensionless parameter y through the intervalley interaction

Hamiltonian giving,

_me A iK-R 37 37, ‘Cb m)[? ‘QS(T?)P
=T Doy /d &7 (59)

m ) TQ - Tl + R|
where m,. is the c-band electron mass, m is the free electron mass, A is the unit cell area, and apg

is the Bohr radius.

For the atomic orbital entering into the Coulomb matrix element we use the Roothaan-
Hartree-Fock (RHF) atomic orbitals®’ which consist of a linear combination of Slater-type or-

bitals,

Gnim(7) = Y3, (6,0) Y CjS;(r) = Y, (6, &) Rut(r), (S10)

where n, [, and m are the principle, azimuthal and magnetic quantum numbers, and Y (0, ¢) are

the spherical harmonics. The Slater-type radial orbital S(r) has the general form
S(r) = Ny te 7", (S11)

here Ny = % is a normalization constant, and Z is the orbital exponent. Using the tables in
ref. [7] we construct the Tungsten 5d.2 orbital, with the radial part given by (in atomic units)
Rsq(r) = —1070.29e~ 247172 — 1297 241999972
+ 1192.26¢~ 2077 % 4 239.385¢ 0713
(S12)

— 56. 2785675 19312r 4 — 7.74766¢ -3. 145517",',,4

— 0.18956e 171904,
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and the angular part is (0, ¢) = i\/g(?) cos?f — 1).

We separate the calculation of the matrix element into two parts, first taking R=0 giving
the on-site contribution, and then allowing for R = (. For the on-site contribution with R= 0, we

expand the Coulomb potential in spherical harmonics

m=l

Z [ Z o Yl*9’ L)Y (0,9), (S13)

which allows to separate the radial and angular integrations. The angular integration consists of

products of three spherical harmonics which can be written in terms of Wigner 3j-symbols,

[ YA 0.0)72,0.0)710.0)sin0asao an

_\/(211+1)(212+1)(213+1) ol s [ b I

4dT
0 0 O my; Mo M3

The Wigner 3j-symbols impose selection rules on the possible values of the different angular mo-
mentum quantum numbers, thus reducing the number of terms in the sum and the number of
integrations needed. In particular we must have, m; + mg + m3 = 0, |m;| < l;, and |l; — [5| <

ls <1y + s

For the case of non-zero R, since the wave functions have a typical spread smaller than the

lattice constant, we use the following expansion®* valid for |7, + 75| < R,
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2.8
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2.2
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Figure S2 | Convergence of the intervalley scattering matrix element calculation.

(a) Analytical calculation of the matrix element as a function of the inverse number of lattice points
in the summation. (b) Monte Carlo calculation results. We fit the points to third order polynomials
and extract the value for 1/p — 0 corresponding to summation over an infinite lattice. The data
points are separated into three sequences with a period of 3, all converging to the same point. This
behaviour of the sum is attributed to the phase factor in the summation involving the K vector, and
to the rhombic unit cell used in the summation. (c) Sketch of the rhombic unit cell used for the

summation over the triangular lattice points for increasing values of p.
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converge to the same value for the dimensionless matrix element .

S3 Trion and biexciton oscillator strength estimation

exciton in the biexciton case.

14

(S15)

In Fig. S1 we show the convergence of the summation using both the detailed analytical

method and a Monte Carlo calculation of the integral in Eq. (S9), showing that both methods

The oscillator strength of the semi-dark trion and biexciton originates from the component of the
excited bright state (7™, B*) in the mixed semi-dark and bright states. We express it using the
oscillator strength of the exciton utilizing the fact that both the trion and biexciton can be regarded

as a strongly bound exciton which is weakly bound to an electron in the trion case and another



The oscillator strength is parametrized using az,p in Eq. (4) of the main text, giving the
radiative rate of the semi-dark states in terms of the exciton radiative rate. To obtain the value of
this parameter we write the excited trion and biexciton wavefunciton as a symmetrized product
of an exciton and an electron in the trion case, and a symmetrized product of two excitons in the

biexciton case.

For the excited trion we have,

Kt K K’ Kl K K
\IJT(rKT K'| KT) ‘IJX<relT7rh1T)\II€(r62¢)+‘I/X<r52¢7rh1T)\I/€(relT)

el 1Te2 sTp1 ) = /5 . (S16)
The oscillator strength is determined to the electron-hole contact pair density, given by
Kt K| K Kt K'| K
en = <\IIT(r81T, Teo a rh1T>|5(7”e - Th>5oe,ahare,rhm’T(relTa rein rth)>
(S17)

1 gX
= — | d*r|Ux(re,Te 2 = Jeh
5 | Eraltsara)f =%
where o, 0}, are the spins of the electron and hole, 7., 7, are the valley indexes, and gﬁl is the

electorn-hole contact pair density of the exciton. Therefore we get ar = 1/2.

Similarly, for the biexciton

Kt K K'| K’ K'| _K Kt _K'
o (pKT KL KT K ‘I’X(rﬂTv rth)lIlX(r62¢7 rh2¢) + ‘I’X(raa rth)\IjXO.elTv rh2¢)
B<rel ?re2 ?rhl ?th ) \/§ .

(S18)

The corresponding electron-hole contact pair density

1
=3 ([ Eralustmarap s [Eravearal) -a 619

The two terms in the parenthesis come from the two excitons in the two vallyes both being able to
recombine, giving ap = 1.
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4.3. EXCITONIC COMPLEXES IN TMDCS 77
4.3 Diffusion quantum Monte Carlo study of exci-
tonic complexes in TMDCs

The results presented in this section are reported in [23]: “Diffusion quantum Monte
Carlo study of excitonic complexes in two-dimensional transition-metal dichalcogenides”,
Physical Review B 96 (7), 075431 (2017).
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Excitonic effects play a particularly important role in the optoelectronic behavior of two-dimensional
semiconductors. To facilitate the interpretation of experimental photoabsorption and photoluminescence spectra
we provide (i) statistically exact diffusion quantum Monte Carlo binding-energy data for a Mott-Wannier model
of (donor/acceptor-bound) excitons, trions, and biexcitons in two-dimensional semiconductors in which charges
interact via the Keldysh potential, (ii) contact pair-distribution functions to allow a perturbative description of
contact interactions between charge carriers, and (iii) an analysis and classification of the different types of bright
trions and biexcitons that can be seen in single-layer molybdenum and tungsten dichalcogenides. We investigate
the stability of biexcitons in which two charge carriers are indistinguishable, finding that they are only bound
when the indistinguishable particles are several times heavier than the distinguishable ones. Donor/acceptor-bound
biexcitons have similar binding energies to the experimentally measured biexciton binding energies. We predict
the relative positions of all stable free and bound excitonic complexes of distinguishable charge carriers in the

photoluminescence spectra of WSe, and MoSe;.

DOI: 10.1103/PhysRevB.96.075431

I. INTRODUCTION

The last decade has witnessed a remarkable surge of interest
in the properties of truly two-dimensional (2D), atomically thin
semiconductors. These include monolayer transition-metal
dichalcogenides (TMDCs) such as MoS,, MoSe,, WS,, and
WSe,, which acquire a direct-gap character in hexagonal
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Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2469-9950/2017/96(7)/075431(24) 075431-1

monolayer form [1-4]. The direct gap and strong optical ab-
sorption of TMDCs suggest a range of potential optoelectronic
applications, e.g., in photodetectors, photovoltaics, and light-
emitting diodes. A particularly interesting aspect of monolayer
TMDC:s is the strong excitonic effects present in their pho-
toabsorption and photoluminescence spectra [5-7], including
nonhydrogenic Rydberg spectra [8,9] and lines ascribed to tri-
ons (charged excitons) [10—12] and biexcitons (bound pairs of
excitons) [13—16]. The nonhydrogenic nature of the excitonic
energy spectrum is due to lateral polarization effects in 2D
crystals, which modify the form of the Coulomb interaction
between charge carriers. Mott-Wannier models of 2D trions
and biexcitons have been studied using quantum Monte Carlo
(QMC) methods [17-25], variational methods [26-28], and

Published by the American Physical Society
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hyperspherical harmonics approaches [29], and interpolation
formulas linking the 2D-screened and 1/r Coulomb inter-
action regimes have been proposed. Here we extend these
studies to provide numerically exact binding-energy data for all
nonlocal screening strengths, including an analysis of limiting
behavior, and we classify the types of trions and biexcitons
that can be observed in different TMDCs. We also investi-
gate donor- and acceptor-bound charge-carrier complexes in
TMDC s, such as donor-bound biexcitons and quintons, which
have not to our knowledge been studied before.

The rest of the article is structured as follows. In Sec. II
we describe the band structures of molybdenum and tungsten
dichalcogenides and analyze the nature of the trions and
biexcitons in these materials; furthermore, we perform a
group theoretical analysis of exciton properties. In Sec. III we
explain the Keldysh form of the screened Coulomb interaction
between charges in 2D semiconductors, describe the ways
in which charge-carrier complexes are expected to dissociate
and recombine, and explain the importance of the contact pair
distribution function (PDF). In Sec. IV we describe our com-
putational methodology for solving the Mott-Wannier model
of charge-carrier complexes. We present our numerical results
for the binding energies and PDFs of the different complexes
in Sec. V. Finally, we draw our conclusions in Sec. VL.

II. BRIGHT AND DARK BIEXCITONS AND TRIONS IN
MOLYBDENUM AND TUNGSTEN DICHALCOGENIDES
A. Classification of trions and biexcitons

In monolayer molybdenum and tungsten dichalcogenides
the conduction-band minimum and valence-band maximum

|

const.
I(T) ~

o—20 /(s T)

where A’ is the spin-orbit-induced splitting of the conduction
band, kg is Boltzmann’s constant, and 7 is the tempera-
ture. A similar classification can be made for trions; see
Fig. 2. In a photoluminescence experiment, we expect to
see energies attributed to different kinds of biexcitons and
trions and emission lines of varying intensity, as explained in
Sec. I C.

The opposite spin splittings of the conduction and valence
bands in tungsten dichalcogenides result in the ground-state
trions and biexcitons being dark, with the two electrons
residing in opposite valleys. These dark complexes are coupled
through an intervalley electron-electron scattering to their
excited bright counterparts with both electrons residing in the
upper spin-split conduction band. This coupling gives a finite
oscillator strength to the dark ground states that is proportional
to [pcbd/(ZA’)]z, where ppg is the coupling matrix element
between dark and bright states. As a result, the expected
photoluminescence spectrum contains two additional lines
resulting from the recombination of these “semidark™ trions
and biexcitons, at an energy shifted downwards by 2A’ relative
to the bright complexes, and having a temperature-independent
intensity.

PHYSICAL REVIEW B 96, 075431 (2017)

occur at the K and K’ points of the hexagonal Brillouin
zone. Spin-orbit coupling induces a significant splitting of
both the valence band and the conduction band at K and
K’. In molybdenum diselenides, the valence-band maximum
has the same spin as the conduction-band minimum within
each valley, while in tungsten dichalcogenides such states
have opposite spins [3]. Figure 1(a) presents examples of the
ways in which biexcitons can be formed in molybdenum and
tungsten dichalcogenides. The spin-splitting of the valence
band (0.15-0.5 eV) is sufficiently large that no holes in
the lower spin-split valence band are expected at room
temperature; however, the spin splitting of the conduction band
(A" = 3—50 meV) is small enough that electrons can be found
in the upper spin-split conduction band at room temperature
[3].

An exciton, biexciton, or trion is said to be either dark
or semidark when the recombination of an electron and hole
is forbidden by spin and momentum conservation; otherwise
the complex is said to be bright. Semidark complexes are
those in which recombination can in fact take place due
to intervalley scattering with an accompanying energy shift.
The precise photon energies depend on whether the electrons
occupy the higher- or lower-energy spin-split bands in the
initial and final states. Furthermore, the intensity of a spectral
line depends on the thermal occupancy of the initial state.
Figures 1(b) and 1(c) present a classification of biexcitons
in molybdenum and tungsten dichalcogenides with respect
to the recombination energy and the intensity of the emit-
ted photons. This intensity has the following temperature
dependence:

for no electrons in the upper spin-split conduction band,
for one electron in the upper spin-split conduction band, )
for two electrons in the upper spin-split conduction band,

(
B. Group theoretical analysis of excitons

Exciton wave functions can be classified according to the
irreducible representation (irrep) of the point-group symmetry
of the TMDC crystal, D3;. As the states in the two valleys are
degenerate, one can treat the two valleys simultaneously by
using the extended group D%, = D3, + D3, + t2 D5, where
t denotes translation by a lattice vector. The character table of
the extended group is given in Table IX.

TABLE I. Classification of exciton states into irreps of D5, and
the polarization (|| and z for in-plane and out-of-plane, respectively)
of the electric field to which the excitons are coupled.

Irrep Excitons Field
Kt K|
E* va XK'¢ EH
Kt K|
E* Xgl. Xt
Ay X (dark): {X§1 — X§1} E.
_ K| ~K'?t
E Xt Xgr,
_ Kt K’}
A {Xk] + Xt}

075431-2
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FIG. 1. (a) Spin-split valence and conduction bands for MoSe,
(left) and WSe, and WS, (right). We only show the spin splitting
of the conduction band; the spin splitting of the valence band is
much larger, so that no holes in the lower spin-split valence band
are expected at room temperature [3]. (b) and (c) Classification
of biexciton recombination processes in molybdenum and tungsten
dichalcogenides, respectively. A is the band gap, while A’ is
the spin splitting of the conduction band. Ej = Exx — Ex is the
difference between the total energies Exx and Ex of a biexciton
and an exciton. /iw indicates the photon energies at which peaks in
photoluminescence spectra are expected to appear. XXQQZZ denotes
a biexciton consisting of conduction-band electrons in valleys k; and
k, with spins o7 and o, and valence-band holes in valleys k3 and kq4
with spins o3 and 4. For example, the biexcitons shown in (a) are

both denoted by XX],giI,ﬁ
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FIG. 2. As Fig. 1, but for negative trions in molybdenum and
tungsten dichalcogenides. Es; = Ex- is the total energy Ex- of a
negative trion. Ti;g;km denotes a trion consisting of conduction-band
electrons in valleys k; and k, with spins o and o, and a valence-band

hole in valley k3 with spin o3.

The total exciton wave function X is given in general by
the product of three components: the spatial envelope function
@, the Bloch or lattice wave functions of the electron and hole
Uy, and the spin part yx:

X = O(re,rn) ® Up(re,rn) @ x(Se,sn)- @

The representations of the wave functions by irreps consist
of the direct product of the individual irreps corresponding
to the three components: I'y = I'e @ 'y @ I',. The tightly
bound ground-state excitons are characterized by a maximally
symmetrized envelope function corresponding to the identity
irrep 'y = A . Therefore the representations of the exciton
states are determined by the irreps of the lattice and spin
parts.

The conduction- and valence-band Bloch states transform
according to the 2D irreps E’ and E’, respectively. Using the
product table, Table X, the lattice part of the exciton wave
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function transforms as
Ef®@Ey" =E"® E;, 3

where the 2D irrep E* corresponds to intravalley excitons
in the K and K’ valleys, and E§+ corresponds to intervalley
excitons, which are dark due to momentum conservation. In the
following, we will consider the E™ intravalley excitons only.

The exciton spin part consists of two spin-1/2 particles
corresponding to the spinor 2D irrep D ;. The direct product
of the two spinors can be decomposed into the crystal point
group irreps as

Diy®Dip=Af @A SE". 4)
Hence the total exciton representation is given by

Ejiice ® (Al ® AT @ E )qin =2ET @ AT A, ®E™.

&)
The E™ irrep corresponds to the vector representation, and
therefore the two E™T irreps correspond to excitons coupled
to in-plane polarized light. The z coordinate transforms as
the A5 irrep, and therefore the A; exciton is coupled to
out-of-plane polarized light, which involves a spin-flip process
in recombination [30]. In the case of tungsten dichalcogenides,
the A; exciton is the ground-state exciton, and results in
photon emission at an energy that is lower than the excited
bright exciton by the spin-orbit splitting of the conduction
band A’. The A7 and E~ excitons are not coupled to light.
A summary of the classification of exciton states is given in
Table I using a notation similar to that used in Figs. 1 and
2. Finally, we note that the spin-flip transition resulting in
the emission of out-of-plane polarized light corresponding to
the A, exciton is also relevant for ground-state trions and
biexcitons in tungsten dichalcogenides, resulting in trion or
biexciton emission at a photon energy shifted downwards
relative to the excited bright states by A’.

III. CHARGE-CARRIER COMPLEXES IN 2D
SEMICONDUCTORS

A. Screened Coulomb interaction between charge carriers

We model the charge carriers in a 2D semiconductor
using a Mott-Wannier model, in which small numbers of
quasielectrons and quasiholes are treated within the band
effective mass approximation and interact via an appropriately
screened Coulomb interaction. The band effective masses for
different 2D semiconductors are assumed to be 2D-isotropic,
and are discussed in Sec. V B 2. However, unlike quasi-2D
electron(-hole) systems in GaAs/InAs heterostructures, the
form of the Coulomb interaction is profoundly affected by
the 2D nature of single-layer TMDCs, as we will now discuss.

Consider a charge density p(x,y)d(z) in the z = 0 plane
of the 2D material, embedded in an isotropic medium
of permittivity €. The resulting electric displacement field
isD=—eVp+P,(x,y)8(z) = =€V — «k[Vo(x,y,0)]8(2),
where ¢ is the electrostatic potential, P, (x,y) is the in-plane
polarization, and k is the in-plane susceptibility of the material.
By using Gauss’s law, V - D = pé(z), we obtain

eV = —pd(2) — k[VZ¢(x,y,0)18(2). (6)
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After taking the Fourier transform, denoting the wave vector
in the (x,y) plane by q, and the wave number in the z direction
by k, we find

(@) — kq*p(q,z = 0)
e(q* + k%)

#(q.k) = @)

However
1
plaz=0= - / $(a.k) dk
I
1
= 5-lr@— kg’ p(q,z = 0)]. ®)
€q

Rearranging, we find the in-plane electric potential to be

Sz = 0) = o(q)

Qe +qi)’ ©

Therefore the electrostatic potential energy between charges
gi and g; in a 2D semiconductor is

qiqj

—_— 10
2eq(1 1 1) (10

v(g) =

where r, = k/(2¢). After taking the Fourier transform, the
potential energy can be written as

oy = 24 v(i), (11)

dmer, s

where 7 is the separation of the particles and

Vr/r,) = %[Ho<ri> - Yo(ri)] (12)

where H,(x)is a Struve function and Y, (x) is a Bessel function
of the second kind. This result was first derived by Keldysh
[31], and we refer to the interaction of Eq. (12) as the Keldysh
interaction. At long range (r > r,) this potential becomes a
Coulomb interaction:

V(r/r) = rr, 13)

while at short range (r < r,) it is approximately logarithmic:

2y ) (14)
exp(y)r)’

V(r/ry) = [InQr,/r) —y]=1In <

where y is Euler’s constant. We refer to the interaction
potential of Eq. (14) as the logarithmic interaction. The
Keldysh interaction is plotted in Fig. 3, along with the Coulomb
(r« = 0) and logarithmic (r, — 00) approximations.

The following approximation to Eq. (12) was introduced in
Ref. [32]:

/Ty

V(r/ro) ~—In <1 iy,

) — [y —In@@)]e™"/™.  (15)
This form of potential was used in the diffusion quantum
Monte Carlo (DMC) study of Ref. [21]. It is also plotted in
Fig. 3, where it can be seen that the error in Eq. (15) is as large
as several percent in the region r ~ r,. We compare DMC
results obtained using Egs. (12) and (15) in Sec. IVF.
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FIG. 3. Dimensionless interaction potential between charge car-
riers in a 2D semiconductor, as defined in Eq. (11). The inset shows
the percentage error in different approximations [Eqgs. (13), (14), and
(15)] to the Keldysh interaction of Eq. (12).

Finally, the Mott-Wannier-Keldysh Schrodinger equation
for a set of charged quasiparticles in a 2D semiconductor is

2
Y vy ﬂvci) Y =Ey,  (16)

i ‘ i) * \Tx
where m; and ¢; are the band effective mass and charge of
particle i, r;; is the separation of particles i and j, and E is the
energy eigenvalue.

Now consider the situation in which the 2D semiconductor
has a dielectric medium of permittivity €, above it and a
dielectric medium of permittivity €, below it, as would be
the case for a 2D semiconductor deposited on a substrate. In
general this is a more complicated problem than the situation
described above. However, if we take € = (¢, + €,)/2 in the
expressions above, the correction to the electrostatic energy of
Eq. (11) is second order in €, — €. Hence the Keldysh interac-
tion remains valid when the permittivity € is chosen to be the
average of the permittivities of the media on either side of the
2D semiconductor, provided these permittivities are similar.

B. Units and scaling
1. Excitonic units

The energies of complexes interacting via the Keldysh
or Coulomb interactions are given in terms of the exciton
Rydberg, R} = pe*/[2(4me)’h?], and lengths are given in
terms of the exciton Bohr radius, a;j = 4 eh? /(ue?), where
n = memy/(me + my) is the reduced mass of electron-hole
pairs, with m. and my being the electron and hole masses,
respectively.

—Z%?ﬁ— q,q] —=[In(7;) + In(ro/r.) +y —

i i>j
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Let #; = r;/ag. Then Eq. (16) can be written as

2 Zqijao Fijag _
Z v +y = V( - ) v =&y, (17

i>j

where £ = E/Rj. Note that p/m; only depends on the
electron-hole mass ratio o = m./my. Hence for a fixed value
of r./ag, the dimensionless energy eigenvalues £ only depend
on the mass ratio, not on the absolute masses. Furthermore, for
an exciton we may write the Schrédinger equation in terms of
the difference coordinate re, as

[—ﬁéh -y (ﬂ)]w =&y, ()

* *

so that for a given value of r,/aj, the dimensionless exciton
energy eigenvalues & are also independent of the mass ratio.
For the case of the Coulomb interaction (r, = 0), the dimen-
sionless ground-state energy of an isolated excitonis &x = —4,
irrespective of the mass of the electron or the hole. The
binding energies in excitonic Rydbergs of donor-bound trions,
biexcitons, and donor-bound biexcitons only depend on r,./a
and the electron-hole mass ratio o. Unfortunately, the energies
of the different complexes go to zero in these units in the limit
that r, — o0, and so a separate set of units is required for the
case of the logarithmic interaction, as discussed in Sec. III B 2.

2. Logarithmic interaction

For the limit r, — oo, where the interaction is of
logarithmic form, we use the dimensionless units introduced
in Ref. [19]. The Schrodinger equation for a charge carrier
complex with the logarithmic approximation to the interaction
[Eq. (14)] is

qiq; 2ry
_ —V2 = Evy.
Z +Z4ner* (exp(y)r) 4 4
(19)
Let
_ Aer,i? 20)
0= 262
and
2
e
= . 21
dmer, 1
Defining dimensionless coordinates ¥; =r;/ryp and a

dimensionless energy £ = E/Ey, the Schrodinger equation
can be written as

In@2)] ¢y =Ey. (22)

The only dependence of the dimensionless energy £ of the complex on r, is through the pairwise additive constant

c=-%" % In (ro/ ). (23)

i>j
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Note that
-1 for an exciton or donor atom,
o —1 for a trion or donor-bound exciton,
Z @ =1-2 for a biexciton or donor-bound trion, (24)
e -2 for a donor-bound biexciton,

i>j
(ny—n_)Y—n,—n_

Hence the additive constant C cancels out of the binding
energies of the different charge-carrier complexes defined in
Sec. 111 C.

For an isolated exciton, we may write the Schrodinger
equation in terms of the difference coordinate r;, and reduced
mass, giving

[~ V2 4 In(Fan) + In(ro/r) +y —IQ)]¥ = Exvr. (25)

The only dependence of the dimensionless energy eigenvalue
Ex on the mass ratio and r, comes from the constant term
In(ry/r,) in the Hamiltonian. Hence we may write the ground-
state dimensionless energy as

Ex = Exo — In(r./ro), (26)

where Exg = 0.41057747491(7) was evaluated by a finite-
element method (see Sec. V A).

C. Binding energies and spectra of charge-carrier complexes

P : b b b b
We define the binding energies Ey_, Exy, Ep . Eloy>
and EB+XX of a trion, biexciton, donor-bound exciton, donor-
bound trion, and donor-bound biexciton, respectively, as

follows:

E} = Ex — Ex-, 27)
E%y = 2Ex — Exx, (28)
Ep.x = Epp — Epex, (29)
ElbD‘)X = Epo + Ex — Epox, (30)
ERixx = Epox — Epixx. €))

where Ex, Ex-, Exx, Epo, Ep+x, Epox, and Ep+xx are the
ground-state total energies of an exciton, trion, biexciton,
donor atom, donor-bound exciton, donor-bound trion, and
donor-bound biexciton, respectively. These are the binding
energies with respect to dissociation into the most energetically
competitive species. With the exceptions of the donor-bound
exciton (DTX) and donor-bound biexciton (DTXX), each of
the complexes dissociates into an exciton (X) plus one other
complex. Binding energies of charge-conjugated complexes
(such as positive trions, acceptor-bound trions, and acceptor-
bound biexcitons) are defined in an analogous fashion. Note
that, under the definitions of Eqgs. (27)—(31), a binding energy
is positive for a bound complex.

The energy difference between the exciton peak in a
photoluminescence experiment and the peak corresponding
to a particular complex is equal to the energy required
to separate a single exciton from that complex. Thus the
energy difference between the exciton peak and the trion

for a complex of n charges +e and n_ charges —e.

(

peak is Ex — Ex- = E%’(,, the energy difference between the
exciton peak and the biexciton peak is 2Ex — Exx = E?(x’
and the energy difference between the exciton peak and the
donor-bound trion peak is Ex + Epo — Epox = EB(,X. On the
other hand, the energy difference between the exciton peak and
the donor-bound exciton peak is Ex — Ep+x = EB+ x T Ex —
Epo, and the energy difference between the exciton peak and
the donor-bound biexciton peak is Ex + Ep+x — Eptxx =
Engrxx + EBOX — EB+X. Some of these peaks are shown in
Fig. 4. In addition there are expected to be offsets to the peak
positions due to the spin splitting of the conduction bands of
TMDCs, as described in Sec. III.

In Sec. VF we report DMC binding energies for quintons
and other large charge-carrier complexes in tungsten and
molybdenum dichalcogenides. In each of these cases the
binding energy is defined to be the energy required to remove
an exciton from the complex; this is the binding energy with
respect to dissociation into the most energetically competitive
products.

D. Contact and exchange interactions between charge carriers

The Mott-Wannier model of a charge-carrier complex is
valid provided the complex extends over many unit cells
of the underlying crystal. However, when charge carriers
are present at the same point in space there is an energy
contribution due to local exchange and correlation effects [25].
Although the excitons in TMDCs are Mott-Wannier-like, their
wave functions only extend over a small number of primitive
unit cells, so that local exchange and correlation effects are
expected to be significant. We may represent this effect within
a Mott-Wannier model by introducing additional pairwise
contact interaction potentials. For example, for a biexciton
the Hamiltonian should include an additional term of the
form

S(ren).  (32)

2
A%8(ree) + A™(rn) + A Y
=1

2
i=1 j=
where A%, A" and A" are constants and rec, 'y, and Teh; are
the electron-electron separation, the hole-hole separation, and
the separation of electron i and hole j, respectively. Evaluating
A%, A" and A" by ab initio calculations is challenging,
and so we leave them as free parameters to be determined in
experiments or subsequent ab initio calculations. If we eval-
uate the expectation value of this contact interaction then we
find that the first-order perturbative correction to the total en-
ergy can be written as A" g% (0) + A% g% (0) + At gth (0),
where the electron-electron, hole-hole pair, and electron-hole
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FIG. 4. Expected photoemission spectra for (a) MoSe, and (b) WSe,, showing lines for the different complexes studied in this work. A
and A’ are the quasiparticle band gap and the spin splitting of the conduction band, respectively. The numerical values of A’ are taken from
density-functional-theory calculations with the Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional [3]. E is the total energy of an exciton.
The lines show the frequency relative to the bright exciton peak arising due to the recombination of a single electron-hole pair in each complex;
see Sec. IIIC. For example, the DX line shows the frequency relative to the exciton peak of the process D’X — D° + y. The trion and
biexciton peaks labeled “SD” arise from semidark complexes, and are offset by 2A’, as explained in Sec. I A; the exciton peak labeled “dark”
arises from the process described in Sec. II B; the other peaks arise from bright complexes. Donor- and acceptor-bound exciton peaks are shown

with very low intensity due to the marginal stability of these complexes.

PDFs are
gxx(™) = (8(r — ree)), (33)
g (1) = (8(r — ), (34)
2
gxx () = < > s(r— re,.hj)>, (35)
i=1 j=1

respectively. We report contact PDF data within the Mott-
Wannier model.

In addition to the role of the contact PDF in evaluating
perturbative corrections due to contact interactions, the PDF
and contact PDF contain a wealth of physical information.
The exciton recombination rate of a charge-carrier complex
is proportional to the electron-hole contact PDF. Furthermore,
the PDF gives a very direct indication of the spatial size and
shape of a charge-carrier complex.

The contact PDF also plays a role in the intervalley
scattering of carriers. As the intervalley scattering involves
a large momentum transfer of the order of the inverse lattice
constant, the interaction is short range and can be modeled by
a contact interaction with both carriers in the same position. In
particular, the electron-electron contact PDF for the semidark

trion and biexciton in tungsten-based TMDCs determines the
coupling strength of the dark and bright states as ppg o< g°¢(0)
and hence determines the recombination rates of the semidark
states [33].

IV. COMPUTATIONAL METHODOLOGY

A. Quantum Monte Carlo modeling of excitonic complexes

Our total-energy and PDF calculations were carried out
using the variational quantum Monte Carlo (VMC) and DMC
approaches [34,35]. The ground-state wave function for a
set of interacting, distinguishable particles is nodeless; hence
the fixed-node DMC algorithm is exact for all the systems
studied in this work with the exception of biexcitons with
indistinguishable holes. We used a numerical representation
of the potential of Eq. (12) that is accurate to at least
eight significant figures. Trial wave functions were optimized
using VMC with variance minimization [36,37] and energy
minimization [38]. The DMC calculations were performed
using time steps in the ratio 1 : 4 with the corresponding target
configuration populations being in the ratio 4 : 1. Afterwards,
the energies were extrapolated linearly to zero time step and
hence, simultaneously, to infinite population. To perform all
our calculations, the CASINO code was used [39].
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QMC methods have previously been used to study 2D
trions with nonlocal screening [19,21] and the Coulomb
interaction [22] and 2D biexcitons with the Coulomb inter-
action (including indirect biexcitons in coupled-quantum-well
heterostructures) [17,18,40,41] and in TMDCs with nonlocal
screening [21,23]. In a recent work some of the present authors
have investigated the binding energies of trions and biexcitons
using DMC for a range of susceptibility parameters r, and
effective masses, and have represented the DMC data using
simple interpolation formulas [25]. It was shown that for the
applicable range of r, values, 2D semiconductors are expected
to show larger trion binding energies than biexciton binding
energies, in contrast to the situation in quasi-2D systems
such as GaAs/InAs quantum wells. Here we extend this work
to include extreme cases and donor/acceptor-bound carrier
complexes.

B. Wave functions for complexes of distinguishable
charge carriers

Our trial wave functions for complexes of distinguishable
charge carriers were of the Jastrow form W = exp[J(R)],
where R is the vector of all the particle coordinates. The
Jastrow exponent J(R) included a pairwise sum of terms of
the form [42].

[c1 + T In@r) + cor]r?
14 c3r?

ueXZD(r) = (36)
for the Keldysh and logarithmic interactions, where r is
interparticle distance, ¢y, ¢; < 0, and c¢3 > 0 are optimizable
parameters, and

/ qgiqjm;m;

" =- 37
2a5pe’r(m; +mj) 37

for distinguishable pairs of particles of charge g; and ¢; and
mass m; and m ;. Different constants ¢; are used for each type
of particle pair. This form satisfies the analog of the Kato
cusp conditions [43,44]; i.e., it ensures that the local energy
W~ AW is nondivergent at coalescence points, where H is the
Hamiltonian operator.

Where the interaction between the charge carriers was of
Coulomb form, we used pairwise terms of the form

T'r + cr?

Uexap(r) = W (33)
in the Jastrow exponent, where ¢; <0 and ¢, > 0 are
optimizable parameters, and

s (39)

ague=(m; +m;)
for distinguishable pairs of particles of mass m; and m; and
charge g; and g;. This form satisfies the Kato cusp conditions
[43,44].

Donor ions and other infinitely heavy particles were fixed
point charges in our calculations. In this case uxop provided a
one-body Jastrow term between the free particles and the fixed
particles that satisfies the Kato cusp conditions. In addition,
cuspless one-body, two-body, and three-body polynomial
terms truncated at finite range were used in our Jastrow factor
[45,46].
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C. Wave functions for biexcitons with indistinguishable holes

For biexcitons with indistinguishable holes we used the trial
wave function

¥ = exp[J (R)]x;;,(R), (40)

where J is of the form described in Sec. IV B. For indistin-
guishable particles of mass m and charge ¢ interacting via the
logarithmic or Keldysh interactions, Eq. (37) must be replaced
by IV = —¢’m/ (8ag we’r,), while for indistinguishable pairs
of particles interacting via the Coulomb interaction, Eq. (39)
must be replaced by I' = ¢*m/(2ag e?). x{, is the x compo-
nent of

Thh = Ton =+ 7n(Pen)Thh + Ten (Feyhy )¥erh, =+ Nen (Feyhy ) Fer,

— Neh (rezh| )rezh| — Neh (rezhz)rezhz ) (41)

where np, and 7., are smoothly truncated polynomials, with
optimizable expansion coefficients, and rp, and rep, are the
hole-hole and electron-hole relative positions, respectively.
Equation (41) is effectively a backflow [47,48] transformation;
W = exp(J)xn, introduces the correct nodal topology for
the state that we want to consider and Eq. (41) maps
the particle coordinates {r} to quasiparticle coordinates {r’}
without changing the nodal topology. In Eq. (41),

hh
N’l

Mn(r) = Y anr"(r — L) O(L — r) (42)
n=2

and

eh
NU

Nen(r) = Y bur™(r — L)Y“O(L — r) (43)

m=0

are smoothly truncated polynomials with optimizable parame-
ters {a,} and {b,}. L is a cutoff length, N} and N5" determine
the amount of variational freedom, C = 3 to ensure smooth
behavior at the cutoffs, and ® denotes the Heaviside function.
We require by = Cby/L to ensure that  does not affect the
Kato cusp conditions, which are enforced by the Jastrow factor.
We optimized the free parameters in our antisymmetric wave
function using energy minimization [38].

For different values of N" and N¢" in Egs. (42) and (43), we
compare the VMC ground-state energy, variance, and DMC
energy of biexcitons with indistinguishable electrons inter-
acting via the logarithmic interaction in Table II. Analogous
results for biexcitons interacting via the Keldysh interaction at
finite r, are shown in Table III. Our results show that increasing
N;‘h and N;h slightly decreases the variances; nevertheless,
the VMC and DMC energies are independent of the number
of free parameters when N};h,Ngh > 2 to within our statistical
error bars. We have used N = Ng" =3 in our production
calculations.

Biexcitons with distinguishable electrons and indistin-
guishable holes can trivially be mapped onto biexcitons
with indistinguishable electrons and distinguishable holes by
charge conjugation.
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TABLE II. Effect of changing the number of free parameters in
1 [i.e., the values of N" and N:" in Egs. (42) and (43)] on the VMC
ground-state energy (Evmc), VMC energy variance, and DMC energy
(Epwmc) for biexcitons with indistinguishable holes interacting via the
logarithmic interaction. The mass ratio is ¢ = 0.1 and the reduced
mass is u = 0.5mg, where m, is the bare electron mass. In each case

ry =1T190.

Nih = Ne? Evwmc (Eo) Variance (E}) Epwmc (Eo)
2 0.7604(3) 0.00920 0.7585(2)
3 0.7602(3) 0.00908 0.7584(2)
4 0.7605(3) 0.00914 0.7579(2)
6 0.7606(3) 0.00927 0.7580(2)

D. Time-step and population-control errors

We chose our DMC time steps such that the root-mean-
square distance diffused by each particle in a single time step
was much less than ry for the logarithmic interaction, much
less than aj for the Coulomb interaction, and much less than
min{ry,ag;} for the Keldysh interaction at finite 7. In Fig. 5 we
plot the DMC total energy of a biexciton with distinguishable
particles against time step. The figure confirms that the linear
extrapolation scheme described in Sec. IV A largely eliminates
the effects of time-step bias, provided the time steps used are
sufficiently small. For the logarithmic interaction with o = 1
and r, = ry, the time step should evidently be rather less than
0.04%/Ey.

Figures 6 and 7 show similar time-step tests performed for
anegative trion and a donor-bound biexciton with the Keldysh
interaction. For r, > 0.25a;, one should use time steps of
less than 0.01%/Ry to be in the linear time-step bias regime,
while for r,, < 0.25ag, time steps of less than 0.0025// Ry are
required.

E. PDF calculations

The PDFs defined in Sec. IIID were evaluated by bin-
ning the interparticle distances sampled in VMC and DMC
calculations. The errors in the VMC and DMC PDFs are
linear in the error in the trial wave function; however, the

TABLE III. Effect of changing the number of free parameters in
1 [i.e., the values of N" and N&" in Egs. (42) and (43)] on the VMC
ground-state energy (Evmc), VMC energy variance, and DMC energy
(Epwmc) of biexcitons with indistinguishable holes interacting via the
Keldysh interaction, with an electron-hole mass ratio of o = 0.1.
r, = 0 corresponds to the Coulomb interaction.

rofay NI =N Eyyc (R})  Varance (R;®)  Epwc (R})
0 2 —8.608(1) 0.1709 —8.6100(4)
0 3 —8.608(1) 0.1658 —8.6112(4)
0 4 —8.606(1) 0.1718 —8.6108(4)
0 6 —8.608(1) 0.1719 —8.6108(4)
8 2 —0.6304(1) 0.0008 —0.6308(1)
8 3 —0.63020(8) 0.0007 —0.6306(2)
8 4 —0.6301(1) 0.0007 —0.6308(1)
8 6 —0.63024(8) 0.0007 —0.6309(1)
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0.02 0.b4 0.06 0.08 0.1
Time step (1/E)

o

FIG. 5. DMC ground-state (GS) energy of a biexciton with
distinguishable particles at mass ratio o = 1 against time step,
with the logarithmic interaction between charges. The configuration
population was varied in inverse proportion to the time step. The
reduced mass is i = 0.5mq and r, = ry.

error in the extrapolated estimate (twice the DMC estimate
minus the VMC estimate) is quadratic in the error in the
trial wave function [49]. Our reported PDFs were obtained
by extrapolated estimation.

Contact PDF data have been calculated by extrapolating
electron-hole and electron-electron PDFs to zero separation
for each r, value and mass ratio considered. To perform the
extrapolation we fitted exp[£(r)] to our PDF data at short range
[50], where

g0r) = ag + 2" In(r) + ayr® + a5 + - +agr®  (44)
for the Keldysh and logarithmic interactions and
g’(r):a0+2rr+a2r2+...+a6r6 (45)

for the Coulomb interaction (r, = 0), where IV and ' are
defined in Eqgs. (37) and (39) and ay, a5, ..., ag and ay, as, ...,
ae are fitting parameters. These forms satisfy (the analog of)
the Kimball cusp conditions [51]. The model functions were
fitted to our PDF data at small », with the data being weighted
by 2mr.

. -1.6733
® >

x

> -1.6734}

<)

2 _1.6735} I
[0}

B _1.6736}

5

£ -1.6737}

O *
= -1.6738 0=10,r,=050q;
[a)

0.00 0.01 0.02 0.03 0.04
Time step (A/R))

FIG. 6. DMC ground-state (GS) energy of a negative trion at
mass ratio 0 = 1 and r, = 0.5a; against time step, with the Keldysh
interaction between charges. The configuration population was varied
in inverse proportion to the time step.
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FIG. 7. DMC ground-state (GS) energy of a donor-bound biexci-
ton at 0 = 0.3 and r,, = 0.077a against time step, with the Keldysh
interaction between charges. The configuration population was varied
in inverse proportion to the time step.

F. Sensitivity of binding energy to the form
of screened interaction

We have investigated whether the approximation to the
Keldysh interaction given in Eq. (15), which has been
used in previous QMC studies of excitonic complexes [21],
leads to significant errors. For an exciton with r, = ag/2,
the DMC total energies are Ex = —1.5358899(2)R;,k and
-1 .4668074(3)R;‘ with the Keldysh interaction [Eq. (12)] and
the approximate Keldysh interaction [Eq. (15)], respectively.
This is a difference of about 4.5%, which is small but non-
negligible. The DMC binding energies of trions with r, = aj/2
and mass ratio o = 1 using the exact and approximate Keldysh
interactions are 0. 1377(4)R;,k and 0. 1335(3)R;‘, respectively, so
the error in the binding energy due to the approximate Keldysh
interaction is about 3%. Since these errors are easily avoidable,
we have used the exact Keldysh interaction in our production
calculations.

V. NUMERICAL RESULTS
A. Excitons

The exciton ground-state energy is presented in Fig. 8. Our
DMC data are in agreement with the results of finite-element

)

*
Yy
\

-3 « Finite element
DMC
y

60 0.2 0.4 0.6 0.8 1.0
ro ! (r. + ap)

DMC exciton GS energy (R,
|
N

FIG. 8. Exciton ground-state (GS) energy evaluated using DMC
and a finite-element method. The plot also shows the approximations
to the ground-state energy obtained by first-order perturbation theory
about the Coulomb limit (green) and by using the logarithmic
approximation to the Keldysh potential (red).
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calculations as implemented in the Mathematica software [52].
In excitonic units, the energy of an exciton is independent of
the effective masses; see Sec. III B. In the Coulomb limit, one
recovers the well-known excitonic energy of —4RJ. We can
determine the behavior of the energy near the Coulomb limit
by evaluating the first-order perturbative correction

(Av)  32r.ag + 4r.)
R (ap)?*+16r2

128agr2[csch™ (4r, /al) + sinh ™' (47, /a})]
[(ap)? + 16r2]3/2

~ 32r,/af + O((r/ag)?), (46)

where Av = Ukeldysh — Vcoulomb 18 the difference between the
Keldysh potential of Eq. (12) and the Coulomb potential of
Eq. (13), and the expectation value is taken with respect to the
exact ground-state wave function for the Coulomb interaction
W = exp(—2r/ag). The correction is shown in Fig. 8 as a green
line.

We have numerically evaluated the dimensionless constant
Exo in Eq. (26) to be Exo = 0.41057739(7) using DMC and
Exo = 0.41057747491(7) using the finite-element method.
These results confirm the expected accuracy of the DMC
method. The logarithmic-limit behavior from Eq. (26) is
also shown in Fig. 8 (red line) and matches the DMC data
near r, — oo. The difference A Ex/E( between the exciton
energies in units of E, with the Keldysh and logarithmic
interactions at large r, was calculated numerically. Using the
optimized ground-state wave function for the logarithmic in-
teraction, we used VMC to evaluate the first-order perturbative
approximation AEx/E & {Vkeldysh — Vlogarithmic)- 1 he results
are presented in Fig. 9 and show that the leading-order error
in the exciton energy due to the logarithmic interaction goes
as \/ay/rs.

We fitted the function

—4 433y +ayy¥/?
a-»[ Y ]
Ex _ + 2 i ay’ +In(l =) @7
RS 1+ (1= y)y3 b + bay) ’
with as = —29+2Ex¢g —a; —ar» —az —as —1In2, to our

DMC exciton energy data, where y =r,/(a; +r,) and the

0.001

0.010
11 (rlaj)

0.100

FIG. 9. Difference of dimensionless exciton energies with the
Keldysh interaction and the logarithmic approximation to the Keldysh
interaction, calculated using first-order perturbation theory within
VMC. The solid line is a fit of a,/a;/r. to the VMC data, with
a = 0.871(2).
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rilag

FIG. 10. PDF of an exciton with 0 = 0.3 and r, = 6.154;. The
contact PDF is extracted by fitting the numerical results to Eq. (44).

remaining {a;} and {b;} are six free fitting parameters. The
fractional error in the fit of Eq. (47) to our DMC data is
everywhere less than 0.5%.

Contact PDFs were extracted as described in Sec. IVE.
An example of a fit to Monte Carlo—sampled PDF data is
shown in Fig. 10, and our contact PDF results are shown in
Fig. 11(a). In all our plots of contact PDFs the statistical error
bars from the Monte Carlo calculation are smaller than the
symbols. Unlike the DMC mixed estimate of the energy, the
extrapolated estimate of the PDF depends on the stochastically
optimized trial wave function and hence in some cases slight
noise in the g(0) data is visible.

In the Supplemental Material [53] we provide a program for
evaluating our fit to the total energy of an exciton [Eq. (47)],
as well as fits to the binding energies of biexcitons, trions,

* g%(0)

0.0 0.2 0.4 0.6 0.8 1.0
r./(ap +r.)

0.08} (b)
a
s 0.06 00240846125
% ° 05v1. x 2.
«_ 0.04
g
02¢ °
0.0 19 .
x .x V‘ \/ L
0.00 x ¢ vé Yo I @G e

0.0 0.2 0.4 0.6 0.8 1.0
r.l (ap +r.)

FIG. 11. (a) Electron-hole contact PDFs of an exciton (in black)
and a negative trion (in color). (b) Electron-electron contact PDFs
of a negative trion. These data were presented in Ref. [25], and are
shown here for completeness.

PHYSICAL REVIEW B 96, 075431 (2017)

donor-bound excitons, donor-bound trions, and donor-bound
biexcitons. In addition, the program reports fits to contact PDFs
for the different clusters.

B. Biexcitons
1. Binding energies

We compare the stability of biexcitons with distinguishable
and indistinguishable holes in the limit of the Coulomb inter-
action (r, = 0) in Fig. 12(a) and at r,, = 8ag in Fig. 12(b). We
find that biexcitons with indistinguishable holes are unbound
for o 2 0.3, while biexcitons consisting of distinguishable
particles are bound at all mass ratios. The binding energies at
o = 0 are obtained using the Born-Oppenheimer potentials as
a function of heavy-hole separation r plotted in Fig. 13. We
fitted U(r) = a + B/r + yr + 8r%, where a, B, y, and § are

?>‘1 of T T T T T ]
[ (a)r,=0 | o Indistinguishable holes
- 1 * e Distinguishable holes
s I
e I
© 08F &
(=) \
£ %
E 0.6F s .
Q B
: 0.4f \ 4
® ¥
502 a -
E 0 h}\ 1 1 1
0 0.2 0.4 o 0.6 0.8 1
;\%006 T T T T
3 _ % o Indistinguishable holes
> 0.05% (b)r. = 84, e Distinguishable holes -
o — — Born-Oppenheimer approx.
(0]
S 0.04
I \
£ 0.03
£
Ko}
 0.02
.0
Ko}
% 0.01
(| 0, Fm 1 1 1
0 0.2 0.4 s 0.6 0.8 1
’\O T T T T 4
= 0'25"-(0) Logarithmic int.| o Indistinguishable holes
> @ Distinguishable holes
g 0.2 — — Born-Oppenheimer approx.| 4
c
(O]
()]
=
e}
£
Ko}
P
(0]
=
[©]
=
o

FIG. 12. DMC binding energies of biexcitons with distinguish-
able electrons and distinguishable holes and biexcitons with distin-
guishable electrons and indistinguishable holes against mass ratio o
with (a) the Coulomb interaction (r, = 0), (b) the Keldysh interaction
with r, = 8ag, and (c) the logarithmic interaction [Eq. (14)] between
charge carriers.
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FIG. 13. DMC Born-Oppenheimer potential energy of a heavy-
hole biexciton with distinguishable electrons against the hole separa-
tion for (a) the Keldysh interaction with r, = ag, 2a;, 4ag, 6a;, and
8ag; and (b) the logarithmic interaction between charge carriers. The
zero of the Born-Oppenheimer potential energy in the plot is twice
the isolated exciton energy.

fitting parameters, to our DMC data to find the minimum and
the curvature about the minimum of the Born-Oppenheimer
potential. For the logarithmic interaction we fitted U(r) =
¢ + nexp(—r/d) + « In(r) to our data, where ¢, n, d, and «
are fitting parameters. The Born-Oppenheimer approximation
in Fig. 12(b) for heavy holes is in agreement with our DMC
calculations at small o. Analogous results obtained with the
logarithmic interaction are shown in Fig. 12(c). For ¢ 2 0.2,
only biexcitons with distinguishable holes are stable. Hence
it is only at extreme mass ratios, where exchange effects
between the heavy particles are negligible, that biexcitons with
indistinguishable particles are stable.

Figure 14 shows DMC binding energies for biexcitons
with distinguishable particles interacting via the Keldysh
interaction as a function of x =o/(1 +0) and rescaled
in-plane susceptibility y = r./(aj + r.). Our results are in
agreement with path-integral Monte Carlo (PIMC) data at
finite r,, as shown in Fig. 15 [20]. However, the PIMC data
obtained by Velizhanin and Saxena have much larger statistical
errors and they quoted a previous DMC result [54] at r, =0
due to the infeasibility of PIMC in this case. The function

EYy _ 1-y Z,;j aij[x'? + (1 — x)1?]y/
R} L0 biylx/2 4+ (1 = x) 2]y

(43)
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FIG. 14. (a) DMC binding energies of biexcitons with dis-
tinguishable particles against rescaled susceptibility r./(aj + r.).
(b) DMC binding energies of biexcitons with distinguishable particles
against rescaled mass ratio /(1 4 o). (c) DMC binding energies of
biexcitons with distinguishable particles against rescaled suscepti-
bility and rescaled mass ratio. The DMC results for distinguishable
particles were reported in Ref. [25].

containing 17 fitting parameters {a;;} and {b;;} was fitted to
our DMC binding-energy data, giving a fractional error of less
than 1.5% everywhere. This choice of fitting function exhibits
the correct behavior as ¢ — 0, as derived in Appendix B 1,
and is also invariant under charge conjugation (m. <> mp).
Equation (48) accurately reproduces the DMC biexciton bind-
ing energies over the whole space of possible susceptibility
and mass-ratio parameters, unlike the simple fitting functions
reported in Ref. [25]. The latter are by construction only valid
in the currently experimentally relevant region and, because of
the relative simplicity of the fitting function, give significantly
larger fractional errors (up to 5%) than Eq. (48). The fitted
binding energy can be evaluated using the program supplied
in the Supplemental Material [53]. Binding-energy results in
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FIG. 15. Binding energies of biexcitons with distinguishable
particles of equal mass (0 = 1) against rescaled susceptibility
r./(aj + r.), as calculated using DMC [25] and PIMC [20].

the limit of large r,, where the interaction is of logarithmic
form, are given in Sec. VG.

In Table IV, we compare the DMC binding energies of
biexcitons in monolayer TMDCs with experiment and with
previous theoretical works. Our DMC binding energies are in
good agreement with previous DMC binding energies where
available [21] and also with PIMC calculations [23]. The small
differences between DMC results in the literature must be due
to the use of different effective masses, etc. Unfortunately,
the theoretical biexciton binding energies are up to three
times smaller than those reported in experimental works
[13,15,16,55]. There is also a striking, qualitative disagreement
with the experimental works regarding the trion and biexciton
binding energies: the Mott-Wannier model with the Keldysh
interaction predicts that the trion has a larger binding energy
than the biexciton [21,25], while the experimental studies
report that the biexciton peak occurs at lower energies than
the trion peak in photoluminescence spectra (i.e., that the
biexciton has a larger binding energy). The theoretical results
are reported for a freestanding monolayer; any screening by
the substrate and environment would further exacerbate the
disagreement with experiment.

The ground-state wave function of a system of distinguish-
able particles is nodeless, and so DMC provides exact solutions
to Mott-Wannier models of excitonic complexes. Hence the
disagreement with experiment regarding the binding energies
of biexcitons in 2D semiconductors could only arise for one or
more of the following four reasons: (i) the 2D Mott-Wannier
model with the Keldysh interaction between charge carriers
is incorrect or incomplete; (ii) the parameters (band effective
masses and r, values) used in the model are incorrect; (iii) the
exciton that remains after exciton recombination in a biexciton
is not in its ground state [27]; or (iv) the experimental spectra
have been misinterpreted or the peaks have been misclassified.

As explained in Sec. III D, there should be an additional
contact interaction between charge carriers; however, the
Mott-Wannier model with the Keldysh interaction apparently
provides a good description [21,25] of the energies of excitons
and trions, and there is no obvious reason to believe that contact
interactions should be more important in a biexciton than in
a trion or exciton. Moreover, it is unlikely that the contact
interactions could be responsible for the threefold difference

PHYSICAL REVIEW B 96, 075431 (2017)

between the theoretical and experimental biexciton binding
energies.

The second possibility is that the Mott-Wannier model is in
principle correct, but the band effective masses and in-plane
susceptibilities used in the model are incorrect. These are
taken from ab initio calculations, which might not provide
a sufficiently accurate description of the electronic band
structure. However, as shown in Sec. V B 2, the different mass
ratios and in-plane susceptibilities reported in the literature
do not significantly affect the binding energy; in fact the mass
ratios and in-plane susceptibilities would need to be in error by
more than an order of magnitude to explain the difference with
experiment. Finally, if inappropriate model parameters are
responsible for the disagreement with experiment regarding
the biexciton binding energy, it is not clear why the Mott-
Wannier model with the same parameters apparently provides
a good description of excitons and trions.

We believe that the exciton that remains after exciton
recombination in a biexciton is unlikely to be in an excited
state, because the parent biexciton is in its nodeless ground
state, which strongly overlaps with the product of the ground
states of the two daughter excitons.

The misclassification of the experimental results may
offer at least a partial explanation of the disagreement. By
considering the behavior of the photoluminescence emission
intensity, it has been argued that the observed peaks do indeed
correspond to trions and biexcitons [15,16]. However, another
possibility is that they could correspond to charge-carrier
complexes involving donor or acceptor ions. In particular, the
energies required to remove excitons from donor-bound biex-
citons (see Sec. V F) are similar to the experimentally observed
“biexciton” binding energies. If donor-bound biexcitons are
responsible for the experimentally observed “biexciton peak”
then we might expect the intensity of the peak to depend
strongly on the doping of the sample. It is possible that other
large charge-carrier complexes could also contribute to the
spectra.

None of these options offers an entirely satisfactory expla-
nation of the discrepancy. Further experimental and theoretical
modeling work is required in order to understand the excitonic
properties of 2D semiconductors.

2. Sensitivity of binding energies to effective masses and in-plane
dielectric susceptibility

In Table V we compare the DMC binding energies of
biexcitons with distinguishable particles for a variety of
effective masses and in-plane screening lengths obtained by
different first-principles methods. Since a range of masses is
reported in the literature, we have taken the average of the
reported masses that were supposedly obtained using the same
method. The different model parameters in the literature lead
to a spread of about 1 meV in the theoretical binding energies.

The sensitivities of the exciton total energy and the trion
and biexciton binding energies to the model parameters are
reported in Table VI. The energies depend relatively weakly
on the in-plane permittivity r,; the errors arising from the
uncertainty in the effective mass almost certainly dominate
errors arising from the uncertainty in r,. The sensitivity of
the exciton energy to the effective masses is an order of
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TABLE V. Comparison of electron and hole effective masses and 0.25R T T T ]
r. values obtained by different ab initio methods in the literature
[many-body G W calculations, and density functional theory either in 0.2r —_ gﬁ: § - 8:3 i
the local density approximation (LDA) or using the Perdew-Burke- — 2:2, g i?-“
Ernzerhof (PBE) or Heyd-Scuseria-Ernzerhof (HSE06) exchange- = 0.15t ——eho=1 i
correlation functionals]. Where multiple results are available using a b%é - hho=1
given method, we have taken the average of the published results. The “° o1k |
reported r, values and effective masses are not necessarily obtained
using the same method. We assume that the materials are suspended 0.05- i
in vacuum, i.e., that € = €j. The effective masses are reported in units
of the bare electron mass m,. The binding energies E%y are calculated 0 . .
using Eq. (48). The effective masses and r, values shown in bold are 0 2 4 6 8
used to evaluate the binding energies reported in Tables IV and VII. /7,

FIG. 16. PDF gxx(r) of a biexciton with distinguishable particles
interacting via the logarithmic interaction plotted against interparticle

Effective masses

TMDC Method me/momy/my 1. (A)  EXy (meV) separation at two different electron-hole mass ratios o.
GW [6] 0.35 0.428 38.62 [6] 23.5
GoW, [5] 0.60 0.54 38.62[6] 24.2

reported in Table V and/or the r, value would have to be an

MoS, LDA [3,66-70] 0.495 0.576 36.28 [71] 255 order of magnitude smaller. While there is still appreciable
PBE;;’&;’[?S_]M] 8;‘;0 845&4715 gggg {2]3 I 2231 61 uncertainty in the ab initio effective mass and r, values, it
' ' ' ‘ seems very unlikely that both density functional theory and
GW [76] 0.38 044 51.71[26] 18.0 many-body GW calculations would be in error by more than
MoSe, GoW, [5] 0.70  0.55 51.71[26] 18.7 an order of magnitude.
LDA [3,67,68] 0.59 0.686 39.79 [71] 23.7
PBE [3,23,72,77] 0.546 0.643 53.16 [23] 18.1
GoW, [5] 0.69 0.66 73.61[23] 13.4 3. PDFs
MoTe, LDA [68] 0.64 0.78 73.61[23] 15.5 InFig. 16, we show the PDFs of biexcitons with distinguish-
PBE [77] 0.575 0.702 73.61 [23] 13.4 able particles interacting via the logarithmic interaction for
GW [76] 027 032 37.89[26] 23 4 two different mass ratios, 0 = 0.4 and o = 1. The long-range
GoW, [5] 044 045 37.89[26] 241 biexciton wave function is relatively independent of the mass
WS, LDA [3.67.68] 0312 0422 32.42[71] 277 ratio. However, at shqrt range the electron-hole PD.F.shows a
PBE [3,23,72,77] 0.328 0.402 40.17 [23] 22.6 peak near the separation that cprresponds to the minimum of
GW [76] 029 034 45.11[26] 20.0 the Born-Oppenheimer potentlal-energy surface, which gets
GoWo [5] 053 052 45.11[26] 20.8 more pronounced at extreme mass ratios. As expected, the
WSe, LDA [3.67.68] 036 0476 34.72[71] 26.2 phys.ical size of the biexciton is a low multiple of ry.
PBE [3 ’23 ’72] 0342 0.428 47.57 [23] 194 Figure 17 presents the electron-hole and electron-electron
o contact (r = 0) PDFs for a biexciton. Notice that g5y ~ 2g%".
WTe, LDA [3] 0.325 0.460 49.56[71,78] 189 Fits to the contact PDFs can be evaluated using the program
PBE [79] 0307 0.51 49.56[71,78] 193 supplied as Supplemental Material [53].

. L . o C. Trions
magnitude larger than the sensitivity of the trion binding

energy, which is in turn an order of magnitude larger than the
sensitivity of the biexciton binding energy. To account for the
30—40 meV disagreement with experiment over the biexciton b i
binding energy the effective masses would have to be more Ey- _ a-y) Zi../’ aij(1 —x)""y (49)
than an order of magnitude larger than the ab initio values Ry 1+ jbij(1— x)i2yl

The binding energies of negative trions are presented in
Fig. 18. We have fitted the function

TABLE VI. Sensitivity of binding energies to the three parameters that characterize the Mott-Wannier-Keldysh model of excitonic complexes
in 2D semiconductors suspended in vacuum. The derivatives are evaluated using the effective mass and in-plane permittivity parameters reported
in bold for different TMDCs in Table V. m is the bare electron mass.

o n - b apEb b
dEX OEx dEx OERx ERx ERx IEY- OEx- EY-
Ime mp, Orx Ime mp Ory Ime mp Ory

TMDC (meV /myg) (meV/my) (meV/ A) (meV /myg) (meV/my) (meV/ A) (meV /myg) (meV/my) (meV/ A)

MoS, —240 -160 10 1.2 54 —0.56 10 9.2 -0.72
MoSe, -210 —-160 9.9 1.4 43 -0.53 8.8 8.7 -0.70
WS, —310 —220 9.5 2.1 6.7 —0.56 13 12 —0.70
WSe, —240 —180 7.3 1.6 5.1 —-0.41 10 9.6 —0.52
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FIG. 17. Electron-hole contact PDF of a biexciton with distin-
guishable particles against rescaled susceptibility. The black line
indicates twice the exciton electron-hole contact PDF. The inset
shows the electron-electron contact PDF. These data were presented
in Ref. [25], and are shown here for completeness.

where x =o/(14+0), y =r./(r« +aj), and the {a;;} and
{b;;} are fitting parameters, to the DMC trion binding energies.
Equation (49) satisfies the limiting behavior described in
Appendix B 2, has 31 free fitting parameters, and the fractional
error in the fit to our DMC data is everywhere less than 1%.
Positive trion binding energies can be obtained by charge
conjugating the corresponding negative trion. The program
included in the Supplemental Material [53] can be used to
evaluate Eq. (49). The resulting trion binding energies for
various TMDCs are shown in Table IV. It can be seen
that, in contrast to the biexciton binding energies, the trion
binding energies are in excellent agreement with the available
experimental results. As shown in Table VI, trion binding
energies are significantly more sensitive to the effective mass
values than biexciton binding energies; nevertheless, the ab
initio effective masses would need to be in error by an
implausibly large amount to change the trion binding energies
by more than a few meV. Binding-energy results in the limit
of large r,, where the interaction is of logarithmic form, are
given in Sec. V G.

Figures 11(a) and 11(b) present the electron-hole and
electron-electron contact PDFs of trions. The fitting functions
can be found in the program supplied as Supplemental
Material [53].

D. Donor/acceptor-bound excitons

We present the binding energies of donor-bound excitons
in Fig. 19. For o 2 1, the binding energy is close to zero. In
this region, the calculations were especially difficult, since the
complex tends to unbind very easily. Therefore, during the
wave function optimization, the cutoff lengths for the Jastrow
factor were fixed at small values, to force the complex to be
bound. In the limit ¢ — oo, the complex is expected to be
unbound (see Appendix B 3), which is consistent with our
results. Indeed, over a broad range of large electron-hole mass
ratios and large r, values, the DMC binding energy of the
donor-bound exciton is either zero or extremely small, such
that the binding energy cannot easily be resolved in DMC
calculations. The following 50-parameter fitting formula has a
fractional error that is mostly less than 2% in fits to our DMC
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FIG. 18. (a) DMC binding energies of trions with distinguishable
particles against rescaled susceptibility 7. /(ag + 7). (b) DMC bind-
ing energies of trions with distinguishable particles against rescaled
mass ratio o/(1 + o). (c) DMC binding energies of trions with
distinguishable particles against rescaled susceptibility and rescaled
mass ratio. These data were presented in Ref. [25], and are shown
here for completeness.

data:

4 2
Ed. =(1—x)*(1—y) Zaijxiyj - (Zbkyk) Vx
k=0

i
(50)

In this expression x = o /(1 + o) and y = r,/(a; + r,), while
the {a;;} are fitting parameters. Our fitting function can be
evaluated using the program in the Supplemental Material
[53]. We summarize our theoretical predictions for the binding
energies of donor/acceptor-bound excitons in various TMDCs
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FIG. 19. (a) DMC binding energies of donor-bound excitons with
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gies of donor-bound excitons against rescaled mass ratio o /(1 + o).
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FIG. 20. Electron-hole contact PDF of a donor-bound exciton.
The solid lines were obtained using the fitting function reported in
the Supplemental Material [53].

in Table VII. Binding-energies in the limit of large r,,
where the interaction is of logarithmic form, are given in
Sec. VG.

We have also calculated the electron-hole contact PDFs of
donor-bound excitons, which are presented in Fig. 20. Our
results confirm that the contact PDFs decrease to zero as o —
00, as expected, because the light hole becomes unbound in
this limit. Contact PDFs can be evaluated using the program
supplied as Supplemental Material [53].

E. Donor/acceptor-bound trions

Figure 21 presents the binding energies of donor-bound
trions. We have devised the following 30-parameter fitting
formula:

EBOX _ (I- y)[Z,-,j aijxiyj + bo(1 — y)ﬁ - blﬁ]

R;k 1+Zl,] Cijxiyj

’

(G
which includes the correct divergence as 0 — oo and appro-
priate square-root behavior for the heavy-hole limit ¢ — 0
(see Appendix B4). The {a;;}, {b;}, and {c;;} are fitting
parameters. The fractional error in the fit to our DMC data
is less than 3%. The program in our Supplemental Material
[53] can be used to evaluate Eq. (51). Binding-energy results

TABLE VII. As Table IV (using the r, values and effective masses shown in bold in Table V), but for donor atoms (D°), acceptor atoms
(A?), donor-bound excitons (D*X), acceptor-bound excitons (A~X), donor-bound trions (D°X), acceptor-bound trions (A°X), donor-bound
biexcitons (D*XX), and acceptor-bound biexcitons (A~XX). The binding-energy results are our theoretical predictions using Egs. (50), (51),
and (52), while the energies of donor and acceptor atoms are calculated using Eq. (47) with infinite hole and electron masses, respectively.
Note that the binding energy is defined with respect to dissociation into the most energetically favorable products, which do not always include

an exciton; see the definitions in Sec. III C.

Energy (meV) Binding energy (meV)
T™MDC Epo Epo E]b)+X EZ*X EEOX Ezb\[)x EE+XX EZ*XX
MoS, —638.5 —670.1 7.2 2.7 324 31.7 51.8 48.0
MoSe; —636.8 —659.3 6.5 32 31.5 31.1 50.8 48.1
MoTe, —447.8 —443.9 39 4.6 17.9 18.0 324 329
WS, —606.8 —633.6 6.2 2.7 32.0 31.5 48.6 453
WSe, —542.3 —563.6 5.5 2.6 27.5 27.1 43.4 40.8
WTe, -519.0 —562.1 7.9 1.6 26.1 253 44.0 38.8
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FIG. 21. (a) DMC binding energies of donor-bound trions with
distinguishable particles against rescaled susceptibility r,/(ag + 7).
(b) DMC binding energies of donor-bound trions with distinguishable
particles against rescaled mass ratio o /(1 + o). (c) DMC binding
energies of donor-bound trions with distinguishable particles against
rescaled susceptibility and rescaled mass ratio.

in the limit of large r,, where the interaction is of logarithmic
form, are given in Sec. V G.

Table VII reports theoretical binding energies for donor-
bound trions with biexciton energies for several real materials.
The binding energy of a donor-bound trion is slightly larger
than the binding energy of a free biexciton. This leads us
to expect two lines close together in the absorption/emission
spectra of TMDCs, one corresponding to biexcitons, and
another at slightly larger energy corresponding to donor-bound
trions.

Contact PDFs for donor-bound trions have been extracted
from our QMC data and are presented in Fig. 22 and in the
Supplemental Material [53].
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FIG. 22. Electron-hole contact PDFs of a donor-bound trion
complex. The inset shows electron-electron contact PDFs. The
solid lines were obtained using the fitting function reported in the
Supplemental Material [53].

F. Donor/acceptor-bound biexcitons

Donor-bound biexciton binding energies have also been
calculated and are presented in Fig. 23. A 38-parameter fitting
formula similar to that of a donor-bound trion [Eq. (51)] was
used:

Epews _ (1= 9% 'y = bovF 4 b))
Ry L+ Y, cjxiyl ,

where x =0 /(1 +0) and y =r./(aj + r«), while the {a;;},
{b;}, and {c;;} are fitting parameters. This gives a fractional
error of less than 3% everywhere when fitted to our DMC data.
Equation (52) can be evaluated using the program supplied as
Supplemental Material [53]. We summarize our theoretical
predictions for the binding energies of donor/acceptor-bound
biexcitons in various TMDCs in Table VII. Binding-energy
results in the limit of large r,, where the interaction is of
logarithmic form, are given in Sec. V G.

The behavior of a donor-bound biexciton in the limit of
heavy electrons is discussed in Appendix BS5. In the limit
of heavy holes (o — 0), this complex consists of three fixed
positive particles and two light electrons and thus the question
arises of how the three fixed, positive charges are positioned
with respect to each other. The most natural position that three
positive particles would assume is an equilateral triangle. To
check whether this assumption is correct we first determined
how the Born-Oppenheimer potential energy changes if we
distribute the three positive charges in the corners of equilateral
triangle and then vary the triangle side. Figure 24 shows the
case of r,/a; = 1 as an example. After finding the side length
that minimizes the Born-Oppenheimer potential energy, we
changed the position of one of the positive particles (fixing
the remaining two) and again observed the effect on the
Born-Oppenheimer potential energy. Figure 25 presents the
results, which clearly show that the equilateral triangle is
a local minimum of the Born-Oppenheimer potential-energy
surface.

Closely related to donor-bound biexcitons are five-carrier
complexes known as charged biexcitons or quintons (XX, i.e.,
e~“e~e"hTh™). In molybdenum and tungsten dichalcogenides
these consist of two distinguishable holes with opposite spin
and valley indices, and three distinguishable electrons that
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FIG. 23. (a) DMC binding energies of donor-bound biexcitons
with distinguishable particles against rescaled susceptibility r,. /(a; +
r.). (b) DMC binding energies of donor-bound biexcitons with distin-
guishable particles against rescaled mass ratio /(1 4+ ). (¢) DMC
binding energies of donor-bound biexcitons with distinguishable
particles against rescaled susceptibility and rescaled mass ratio.

differ in either their spin or their valley indices; see Fig. 1(a).
The binding energy of a quinton is defined as the energy
required to splititinto a free exciton and a free trion [80]. Other
possible large complexes are donor-bound double-negative
excitons (D™X, i.e., DTe"e"e"h™), donor-bound quintons
(DXX, i.e., Dfe~e~e~h*h™), and even donor-bound double-
negative biexcitons (D~XX, i.e., DYe"e"e"e"h*th™). For
molybdenum and tungsten dichalcogenides there are no further
possibilities; we have exhausted the possible neutral or singly
charged complexes that can be constructed from up to four
distinguishable electrons, up to two distinguishable holes, and
zero or one donor ions. Any larger charge-carrier complexes
in molybdenum or tungsten dichalcogenides inevitably either
include indistinguishable particles or involve the much larger
energies required to excite holes in the lower spin-split
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FIG. 24. Born-Oppenheimer potential energy of a complex of
three positive, fixed ions and two electrons, with the positive ions
placed at the corners of an equilateral triangle. Example for r, /aj = 1.

valence bands. In Table VIII we present our DMC binding-
energy results for quintons and the other large complexes.
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FIG. 25. (a) Born-Oppenheimer potential energy of a complex of
three positive, fixed ions and two electrons. We fix two of the ions
and change the position of the third one. Example for r./aj = 1.
(b) Vertex of the triangle of fixed, positive charges in greater detail.
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Donor-bound double-negative biexcitons appear to be unstable
to dissociation into free excitons plus donor-bound double-
negative excitons, and hence are not included in Table VIII.
As with donor-bound biexcitons, the energies required to
remove excitons from the larger complexes such as quintons
are relatively close to the experimentally observed biexciton
binding energies.

Figure 26 presents the contact PDFs of a donor-bound
biexciton, which are also reported in the Supplemental
Material [53].

G. Complexes with the logarithmic interaction

We have also studied complexes of distinguishable particles
interacting with the purely logarithmic form of Eq. (14). The
binding energies are presented in Fig. 27. The lines shown
in Fig. 27 were obtained using Egs. (47), (48), (49), (50),
(51), and (52). To convert from excitonic units to logarithmic
units we multiply the fitting function by RY/Eo = r./(2ag) =
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FIG. 26. (a) Electron-hole contact PDFs of a donor-bound biex-
citon. For comparison, the black line indicates twice the exciton
contact PDFE. (b) Electron-electron and (c) hole-hole contact PDFs
of a donor-bound biexciton. The solid lines were obtained using the
fitting function reported in the Supplemental Material [53].
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TABLE VIII. Binding energies of larger charge-carrier com-
plexes in different TMDCs. Binding energies are presented for
quintons (XX7), which dissociate into excitons (X) and negative
trions (X7); donor-bound double-negative excitons (D~X), which
dissociate into excitons (X) and negative donor ions (D7); and
donor-bound quintons (D°XX), which dissociate into excitons (X)
and donor-bound trions (D°X). The binding energies were evaluated
using the effective mass and in-plane permittivity parameters reported
in bold in Table V. The fitting functions of Egs. (49) and (51) were
used to evaluate the energies of negative donor ions and donor-bound
trions.

Binding energy (meV)

TMDC XX~ DX D'XX
MoS, 58.6(6) 84.4(4) 61.6(6)
MoSe, 57.0(4) 57.9(2) 56.9(9)
MoTe, 33.8(3)

WS, 57.4(3) 59.2(4) 58.2(6)
WSe, 52.5(7) 51.3(4) 51(1)

WTe, 47.5(3)

¥/(2 —2y) and take the limit that r, — oo, i.e,, that y — 1.
For complexes that have been studied previously, our results
are in good agreement with earlier exact calculations [19].

VI. CONCLUSIONS

In summary, we have discussed the different types of
biexcitons and trions that can be observed in molybdenum
and tungsten dichalcogenides. Furthermore, we have presented
statistically exact DMC binding-energy data for biexcitons, tri-
ons, donor/acceptor-bound trions, and donor/acceptor-bound
biexcitons in 2D semiconductors, including an analysis of
extreme mass ratios. We have shown that biexcitons with
indistinguishable charge carriers are unstable at experimen-
tally relevant electron-hole mass ratios. Our calculations
have used the effective interaction between charge carriers

0'35"[-x- D*X 4 XX v DX 0D+XXJ

0.30
0.25
0.20}

0.15}

Binding energy of complexes
with logarithmic interaction (Eg)

00 02 04 06 08 1.0
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FIG. 27. DMC binding energies of negative trions (X™), biexci-
tons (XX), donor-bound excitons (D*X), donor-bound trions (D°X),
and donor-bound biexcitons (D*XX). Particles in the complexes
interact via the logarithmic interaction. The X~ data were presented
in Ref. [19], and are shown here for completeness.
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TABLE IX. Character table for the irreps of the extended point group D5, . The superscript (&) denotes the transformation under the o,
operation and " denotes representations with nontrivial transformation under translation.

D}, E 2t 2C; 2tCs 212C; 9o, o 2toy 283 2tS; 21283 9:C}
AT 1 1 1 1 1 1 1 1 1 1 1 1
A2+ 1 1 1 1 1 -1 1 1 1 1 1 —1
Ay 1 1 1 1 1 -1 —1 —1 —1 —1 —1 1
Ay 1 1 1 1 1 1 —1 —1 —1 —1 —1 -1
E* 2 2 —1 —1 -1 0 2 2 -1 —1 -1 0
E- 2 2 —1 —1 -1 0 -2 -2 1 1 1 0
E;+ 2 -1 —1 2 -1 0 2 —1 —1 2 —1 0
E;_ 2 -1 —1 2 -1 0 -2 1 1 -2 1 0
E? 2 —1 2 —1 —1 0 2 —1 2 —1 —1 0
Eé’ 2 —1 2 —1 —1 0 -2 1 -2 1 1 0
E? 2 —1 —1 —1 2 0 2 —1 —1 —1 2 0
Eé’ 2 —1 —1 —1 2 0 -2 1 1 1 -2 0

arising from screening effects in such materials. We have
also presented contact PDF data that allow the investigation
of additional contact interaction energies between charge
carriers in 2D semiconductors within first-order perturbation
theory. Our work provides a complete reference for the
interpretation of spectral lines in photoabsorption and pho-
toluminescence experiments on monolayer TMDCs in terms
of a model of charge carriers moving within the effective mass
approximation.

A broad range of theoretical works on 2D biexciton
binding energies show excellent quantitative agreement with
each other, but an enormous, threefold disagreement with
experiment. By contrast, for trions there is good agreement
between theory and experiment. We have considered and
discounted various possible deficiencies in the theoretical
models of charge-carrier complexes. We believe that the most
likely explanation for the disagreement with experiment is a
misinterpretation or misclassification of experimental optical
spectra. In particular, we note that the energies required to
remove excitons from donor-bound biexcitons are similar to
the binding energies of experimentally observed biexcitons,
suggesting that larger charge-carrier complexes could be
responsible for the observed peak ascribed to biexcitons.
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APPENDIX A: CHARACTER AND PRODUCT TABLES FOR
THE D}, SYMMETRY GROUP

Character and product tables for the D5, symmetry group
of TMDC:s are given in Tables IX and X.

APPENDIX B: MOLECULAR ANALOGIES AND
BEHAVIOR OF BINDING ENERGIES AT EXTREME
MASS RATIOS

1. Biexcitons

In the limit that the hole mass is large, a biexciton resembles
a 2D H, molecule, and we may use the Born-Oppenheimer
approximation [22]. The leading-order biexciton total energy
is given by the minimum of the Born-Oppenheimer potential
energy U (r), where r is the exciton-exciton separation, plus the
harmonic zero-point energy of the exciton-exciton vibrations.

TABLE X. Product table of the extended point group D5,. The
relevant classification of the irreps according to C; = {/,0,}, denoted
by the superscript &+ in Table IX, is included for a given product by
using + ® + = +, + ® — = —, and — ® — = + and noting that all
irreps in a given direct sum have the same C; classification.

® A A, E E E, E}
AL AL A, E E| E} E,

Ay Az Ay E E| E, E,
EEEADADE EDE, E| ® E} E| ® E}
EE\E, E)®E; A®A®E ESE E @ E)
E,E}E, E,® E} E®E, A ®A®E, ESE,
E;EsE; Ej®E,; E®E, EGQE A ®AGE,
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Higher-order corrections to the energy arise from vibrational
anharmonicity.

Consider a biexciton in which the charge carriers inter-
act via the Keldysh interaction. Let U(r/ay) be the Born-
Oppenheimer potential energy in Rydberg units for the
case that the electron mass m. is finite but the hole mass
my is infinite. Then, at finite electron and hole masses,
the Born-Oppenheimer potential is U (r) = U(r/ag) Ry where
Ry = mee4/[2(4ne)2h2] = (me/pL)R;‘ is the Rydberg and
ap = 4eh?/(mee*) = (u/me)a; is the Bohr radius. Note that
U(r/ap) does not depend on the electron or hole mass.

Near the minimum of the potential 7,;, we may write

1 ” 2
U(r) ~ Upin + _Umin(r — T'min)

2
1
= Unin + E@”z“ —ranP. (BI)

where (m. + my)/2 is the reduced mass of the two exci-
tons, Unin = UminRy is the minimum of potential, U, =

" Ry/al is the second derivative of the potential at the
minimum, and

oo [P _ [2RU
my + me ag(my + me)

The resulting ground-state energy in the harmonic approx-
imation is

E ~ Umin + hw/2

"
~ [umm + M} RY, (B3)

mp
where we have used my > me in the last step. This suggests
that a suitable fitting function for the binding energy of a
biexciton with small o = m./my, is a polynomial in powers
of /o. Similar conclusions hold for the case where the
interaction between the charge carriers is logarithmic.

In the limit of heavy holes, the total energies of biexcitons
with distinguishable and indistinguishable holes are identical,
because exchange effects become negligible as the heavy holes
localize. Hence a biexciton with indistinguishable holes must
be bound when the hole mass is sufficiently large. Likewise,
a biexciton with indistinguishable electrons has the same total
energy as a biexciton with distinguishable electrons in the limit
that the electron mass is large.

2. Negative trions

In the limit of heavy holes (¢ — 0), a negative trion
resembles a 2D H™ ion. The leading-order correction to the
energy of an infinite-hole-mass negative trion is therefore
due to the reduced-mass and mass-polarization perturbative
corrections encountered in atomic physics, each of which gives
a contribution to the energy that is linear in the electron-hole
mass ratio o.

In the limit of heavy electrons (o — 00), a negative trion
resembles a charge-conjugated 2D HJ ion, and hence one
can use the Born-Oppenheimer and harmonic approximations,
as was done in Appendix B 1. The binding energy near the
extreme mass limit varies as the square root of the mass ratio .

PHYSICAL REVIEW B 96, 075431 (2017)

3. Donor-bound excitons

A donor-bound exciton in the limit of heavy holes is a
charge conjugate of a negative trion with heavy electrons, and
therefore will have a binding energy that varies as the square
root of the mass ratio o.

In a donor-bound exciton with heavy electrons, the positive
donor ion and the heavy electron overlap, so the light hole is
unbound. Therefore the binding energy in this limit is zero.

4. Donor-bound trions

The Born-Oppenheimer potential energy curve of a donor-
bound trion with a heavy hole is the same as that of a biexciton,
but this time the reduced mass is simply equal to the exciton
mass. The binding energy varies as the square root of the mass
ratio o.

Now consider a donor-bound trion with two heavy electrons
and a light hole. If the hole is very much lighter than the
electrons then the hole will be extremely delocalized and
will see the positive donor ion and two electrons (D7) as a
fixed, negative point charge; the system therefore resembles
an acceptor atom in which the hole is bound to a fixed,
negative point charge. Hence Epox &~ Ep- + E o in this limit,
where E o is the energy of an acceptor atom. In addition, if
the electron mass is very much larger than the hole mass,
the exciton ground-state energy is Ex &~ Eao. The binding
energy of a donor-bound trion in the limit that the hole is
much lighter than the electron mass is therefore E EOX = Ep +
Ex — Epox =~ Epo — Ep-, which is the electron affinity of a
donor atom. Note that the electron affinity of a donor atom is
equal to the binding energy of a negative trion in the limit of
large hole mass.

The exciton Rydberg goes to zero in the limit that the hole
mass goes to zero; hence the binding energy of a donor-bound
trion in excitonic units goes to infinity as the hole-to-electron
mass ratio goes to zero (¢ — 00).

5. Donor-bound biexcitons

A donor-bound biexciton with two heavy holes resembles
a trihydrogen cation (H7 ). This molecular ion is an important
component of the interstellar medium [81], and it is known that
the protons in H;“ form an equilateral triangle. In Sec. VF we
verify that 2D donor-bound biexcitons with heavy holes also
adopt an equilateral triangular structure, and we calculate the
bond length by minimizing the Born-Oppenheimer potential
energy.

Consider a donor-bound biexciton with two heavy electrons
and two light holes. The binding energy of a donor-bound
biexciton in the limit that the holes (hﬁ_ght) are much lighter

than the electrons (ey,,,,) is

Elg+xx =Epre- oo pt — Epre oo ptopr
heavy “heavy light heavy “heavy light light

X Epo — Ep+, (B4)

which is the hole affinity of an acceptor atom (in the limit of
large electron mass, DTe~e™ acts like a fixed negative point
charge). Note that the hole affinity of an acceptor atom is equal
to the binding energy of a positive trion in the limit of large
electron mass.

075431-22



DIFFUSION QUANTUM MONTE CARLO STUDY OF ...

[1] K. E. Mak, C. Lee, J. Hone, J. Shan, and T. F. Heinz, Phys. Rev.
Lett. 105, 136805 (2010).

[2] A. Splendiani, L. Sun, Y. Zhang, T. Li, J. Kim, C.-Y. Chim, G.
Galli, and F. Wang, Nano Lett. 10, 1271 (2010).

[3] A. Kormanyos, G. Burkard, M. Gmitra, J. Fabian, V. Zélyomi,
N. D. Drummond, and V. Fal’ko, 2D Mater. 2, 022001
(2015).

[4] J. S. Ross, P. Klement, A. M. Jones, N. J. Ghimire, J. Yan, D. G.
Mandrus, T. Taniguchi, K. Watanabe, K. Kitamura, W. Yao,
D. H. Cobden, and X. Xu, Nat. Nano. 9, 268 (2014).

[5] A. Ramasubramaniam, Phys. Rev. B 86, 115409 (2012).

[6] T. Cheiwchanchamnangij and W. R. L. Lambrecht, Phys. Rev.
B 85, 205302 (2012).

[7] D. Y. Qiu, F. H. da Jornada, and S. G. Louie, Phys. Rev. Lett.
111, 216805 (2013).

[8] A. Chernikov, T. C. Berkelbach, H. M. Hill, A. Rigosi, Y. Li,
0. B. Aslan, D. R. Reichman, M. S. Hybertsen, and T. F. Heinz,
Phys. Rev. Lett. 113, 076802 (2014).

[9] Z. Ye, T. Cao, K. O’Brien, H. Zhu, X. Yin, Y. Wang, S. G. Louie,
and X. Zhang, Nature (London) 513, 214 (2014).

[10] J.S.Ross, S. Wu, H. Yu, N. J. Ghimire, A. M. Jones, G. Aivazian,
J. Yan, D. G. Mandrus, D. Xiao, W. Yao, and X. Xu, Nat.
Commun. 4, 1474 (2013).

[11] K. E. Mak, K. He, C. Lee, G. H. Lee, J. Hone, T. F. Heinz, and
J. Shan, Nat. Mater. 12, 207 (2013).

[12] Y. Lin, X. Ling, L. Yu, S. Huang, A. L. Hsu, Y.-H. Lee, J.
Kong, M. S. Dresselhaus, and T. Palacios, Nano Lett. 14, 5569
(2014).

[13] C. Mai, A. Barrette, Y. Yu, Y. G. Semenov, K. W. Kim, L. Cao,
and K. Gundogdu, Nano Lett. 14, 202 (2014).

[14] J. Shang, X. Shen, C. Cong, N. Peimyoo, B. Cao, M. Eginligil,
and T. Yu, ACS Nano 9, 647 (2015).

[15] Y. You, X.-X. Zhang, T. C. Berkelbach, M. S. Hybertsen, D. R.
Reichman, and T. F. Heinz, Nat. Phys. 11, 477 (2015).

[16] G. Plechinger, P. Nagler, J. Kraus, N. Paradiso, C. Strunk, C.
Schiiller, and T. Korn, Phys. Status Solidi RRL 9, 457 (2015).

[17] D. Bressanini, M. Mella, and G. Morosi, Phys. Rev. A 57, 4956
(1998).

[18] M. Y. J. Tan, N. D. Drummond, and R. J. Needs, Phys. Rev. B
71, 033303 (2005).

[19] B. Ganchev, N. Drummond, I. Aleiner, and V. Fal’ko, Phys. Rev.
Lett. 114, 107401 (2015).

[20] K. A. Velizhanin and A. Saxena, Phys. Rev. B 92, 195305 (2015).

[21] M. Z. Mayers, T. C. Berkelbach, M. S. Hybertsen, and D. R.
Reichman, Phys. Rev. B 92, 161404 (2015).

[22] G. G. Spink, P. Lépez Rios, N. D. Drummond, and R. J. Needs,
Phys. Rev. B 94, 041410 (2016).

[23] I. Kyldnpdd and H.-P. Komsa, Phys. Rev. B 92, 205418 (2015).

[24] A. Chaves, M. Z. Mayers, F. M. Peeters, and D. R. Reichman,
Phys. Rev. B 93, 115314 (2016).

[25] M. Szyniszewski, E. Mostaani, N. D. Drummond, and V. L.
Fal’ko, Phys. Rev. B 95, 081301 (2017).

[26] T. C. Berkelbach, M. S. Hybertsen, and D. R. Reichman, Phys.
Rev. B 88, 045318 (2013).

[27] D. K. Zhang, D. W. Kidd, and K. Varga, Nano Lett. 15, 7002
(2015).

[28] D. W.Kidd, D. K. Zhang, and K. Varga, Phys. Rev. B 93, 125423
(2016).

[29] R. Y. Kezerashvili and S. M. Tsiklauri, Few-Body Syst. 58, 18
(2016).

PHYSICAL REVIEW B 96, 075431 (2017)

[30] G. Wang, C. Robert, M. M. Glazov, F. Cadiz, E. Courtade, T.
Amand, D. Lagarde, T. Taniguchi, K. Watanabe, B. Urbaszek,
and X. Marie, Phys. Rev. Lett. 119, 047401 (2017).

[31] L. V. Keldysh, J. Exp. Theor. Phys. 29, 658 (1979).

[32] P. Cudazzo, I. V. Tokatly, and A. Rubio, Phys. Rev. B 84, 085406
(2011).

[33] M. Danovich, V. Zélyomi, and V. I. Fal’ko, Sci. Rep. 7, 45998
(2017).

[34] D. M. Ceperley and B. J. Alder, Phys. Rev. Lett. 45, 566
(1980).

[35] W. M. C. Foulkes, L. Mitas, R. J. Needs, and G. Rajagopal, Rev.
Mod. Phys. 73, 33 (2001).

[36] C.J. Umrigar, K. G. Wilson, and J. W. Wilkins, Phys. Rev. Lett.
60, 1719 (1988).

[37] N. D. Drummond and R. J. Needs, Phys. Rev. B 72, 085124
(2005).

[38] C. J. Umrigar, J. Toulouse, C. Filippi, S. Sorella, and R. G.
Hennig, Phys. Rev. Lett. 98, 110201 (2007).

[39] R.J. Needs, M. D. Towler, N. D. Drummond, and P. Lépez Rios,
J. Phys.: Condens. Matter 22, 023201 (2010).

[40] R. M. Lee, N. D. Drummond, and R. J. Needs, Phys. Rev. B 79,
125308 (2009).

[41] R. Maezono, P. Lépez Rios, T. Ogawa, and R. J. Needs, Phys.
Rev. Lett. 110, 216407 (2013).

[42] For biexcitons with distinguishable particles, we used the Jas-
trow form introduced in the Supplemental Material to Ref. [19].

[43] T. Kato, Commun. Pure Appl. Math. 10, 151 (1957).

[44] R. T. Pack and W. Byers Brown, J. Chem. Phys. 45, 556 (1966).

[45] N. D. Drummond, M. D. Towler, and R. J. Needs, Phys. Rev. B
70, 235119 (2004).

[46] P. Lopez Rios, P. Seth, N. D. Drummond, and R. J. Needs, Phys.
Rev. E 86, 036703 (2012).

[47] R. P. Feynman, Phys. Rev. 94, 262 (1954).

[48] R. P. Feynman and M. Cohen, Phys. Rev. 102, 1189 (1956).

[49] D. M. Ceperley and M. H. Kalos, in Monte Carlo Methods
in Statistical Physics, edited by K. Binder (Springer-Verlag,
Heidelberg, 1979), 2nd ed., p. 145.

[50] N. D. Drummond, P. Lépez Rios, R. J. Needs, and C. J. Pickard,
Phys. Rev. Lett. 107, 207402 (2011).

[51] J. C. Kimball, Phys. Rev. A 7, 1648 (1973).

[52] Mathematica, Version 11.0.1, Wolfram Research, Inc., Cham-
paign, Illinois, USA, 2016.

[53] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.96.075431 for a PYTHON program that re-
ports fits to the binding energies of charge-carrier complexes
in 2D semiconductors, together with contact pair-distribution
functions.

[54] B. Stébé and A. Ainane, Superlattices Microstruct. 5, 545
(1989).

[55] E. J. Sie, A.J. Frenzel, Y.-H. Lee, J. Kong, and N. Gedik, Phys.
Rev. B 92, 125417 (2015).

[56] K. Hao, J. F. Specht, P. Nagler, L. Xu, K. Tran, A. Singh, C. K.
Dass, C. Schiiller, T. Koren, M. Richter, A. Knorr, X. Li, and G.
Moody, Nat. Commun. 8, 15552 (2017).

[57] 1. Paradisanos, S. Germanis, N. T. Pelekanos, C. Fotakis, E.
Kymakis, G. Kioseoglou, and E. Stratakis, Appl. Phys. Lett.
110, 193102 (2017).

[58] C. H. Lui, A. J. Frenzel, D. V. Pilon, Y.-H. Lee, X. Ling, G. M.
Akselrod, J. Kong, and N. Gedik, Phys. Rev. Lett. 113, 166801
(2014).

075431-23



E. MOSTAANI et al.

[59] Y. Zhang, H. Li, H. Wang, R. Liu, S.-L. Zhang, and Z. Qiu, ACS
Nano 9, 8514 (2015).

[60] A. Singh, G. Moody, S. Wu, Y. Wu, N. J. Ghimire, J. Yan,
D. G. Mandrus, X. Xu, and X. Li, Phys. Rev. Lett. 112, 216804
(2014).

[61] I. Gutiérrez Lezama, A. Arora, A. Ubaldini, C. Barreteau, E.
Giannini, M. Potemski, and A. F. Morpurgo, Nano Lett. 15,
2336 (2015).

[62] B. Zhu, X. Chen, and X. Cui, Sci. Rep. 5, 9218 (2015).

[63] B. Zhu, H. Zeng, J. Dai, Z. Gong, and X. Cui, Proc. Natl. Acad.
Sci. USA 111, 11606 (2014).

[64] A. Srivastava, M. Sidler, A. V. Allain, D. S. Lembke, A. Kis,
and A. Imamoglu, Nat. Phys. 11, 141 (2015).

[65] A. M. Jones, H. Yu, N. J. Ghimire, S. Wu, G. Aivazian, J. S.
Ross, B. Zhao, J. Yan, D. G. Mandrus, D. Xiao, W. Yao, and X.
Xu, Nat. Nanotechnol. 8, 634 (2013).

[66] E. S. Kadantsev and P. Hawrylak, Solid State Commun. 152,

909 (2012).

[67] Z. Jin, X. Li, J. T. Mullen, and K. W. Kim, Phys. Rev. B 90,
045422 (2014).

[68] J. Chang, L. F. Register, and S. K. Banerjee, J. Appl. Phys. 115,
084506 (2014).

[69] E. Scalise, M. Houssa, G. Pourtois, V. Afanas’ev, and A.
Stesmans, Phys. E (Amsterdam, Neth.) 56, 416 (2014).

[70] S. Yu, H. D. Xiong, K. Eshun, H. Yuan, and Q. Li, Appl. Surf.
Sci. 325, 27 (2015).

[71] A. Kumar and P. Ahluwalia, Phys. B (Amsterdam, Neth.) 407,
4627 (2012).

PHYSICAL REVIEW B 96, 075431 (2017)

[72] D. Wickramaratne, F. Zahid, and R. K. Lake, J. Chem. Phys.
140, 124710 (2014).

[73] L. Dong, R. R. Namburu, T. P. O’Regan, M. Dubey, and A. M.
Dongare, J. Mater. Sci. 49, 6762 (2014).

[74] W. S. Yun, S. W. Han, S. C. Hong, I. G. Kim, and J. D. Lee,
Phys. Rev. B 85, 033305 (2012).

[75] H. Peelaers and C. G. Van de Walle, Phys. Rev. B 86, 241401
(2012).

[76] H. Shi, H. Pan, Y.-W. Zhang, and B. I. Yakobson, Phys. Rev. B
87, 155304 (2013).

[77] L. Liu, S. B. Kumar, Y. Ouyang, and J. Guo, IEEE Trans.
Electron Devices 58, 3042 (2011).

[78] N. Lu, C. Zhang, C.-H. Lee, J. P. Oviedo, M. A. T. Nguyen, X.
Peng, R. M. Wallace, T. E. Mallouk, J. A. Robinson, J. Wang,
K. Cho, and M. J. Kim, J. Phys. Chem. C 120, 8364 (2016).

[791 H. Y. Lv, W.J. Lu, D. FE. Shao, Y. Liu, S. G. Tan, and Y. P. Sun,
Europhys. Lett. 110, 37004 (2015).

[80] The most energetically competitive products of the dissociation
of a quinton are either a trion plus an exciton or a biexciton
plus a free charge carrier; the energy difference between the two
possible sets of products is given by the difference of the trion
and biexciton binding energies. For all the 2D semiconductors
considered here, the trion binding energy is larger than the
biexciton binding energy [25], so that an exciton and a trion are
the most energetically competitive species into which a quinton
may dissociate.

[81] D. W. Martin, E. W. McDaniel, and M. L. Meeks, Astrophys. J.
134, 1012 (1961).

075431-24



Chapter 5

Bound complexes in heterobilayer

TMDCs

5.1 Introduction

Monolayers of different TMDCs stacked on top of each other result in weakly van
der Waals coupled heterobilayers, with the individual layers retaining their electronic
and optical properties, however having new interlayer properties resulting from the
energetic alignment of the conduction and valence band edges, the incommensurability
of the lattice structure and the alignment of the layers. These result in the electrons
and holes to be separated in both real space and momentum space, with the former
reducing the overlap of the electron and hole wave functions, and the latter in particular
suppressing the radiative recombination due to energy and momentum conservation.

Typically, the single layers have an intrinsic n- or p-doping due to impurities in
the samples. These impurities provide deep potential wells, which can capture the
free, long-lived interlayer complexes, resulting in localized complexes. In the work
presented in this chapter we study the heterobilayer system composed of MoSe, and
WSe, monolayers. We aim to answer questions regarding the binding energies of these
complexes, the possibility of their radiative recombination and the radiative rates for
direct recombination and with the aid of phonon emission, both for closely aligned
and misaligned layers.

To study these complexes, a proper description of the interaction between the car-

riers, and between carriers and impurities residing in the same or opposite layers is
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required. In particular the monolayer Keldysh interaction used to describe Coulomb
bound complexes in monolayers needs to be modified to describe the combined screen-
ing effects from both layers. We obtain the full interaction for the bilayer system and
use variational and diffusion quantum Monte Carlo calculations to obtain the binding
energies and wave functions of interlayer complexes involving electrons and holes on
opposite layers and donor atoms on one layer. The localized nature of these complexes
implies a spread in momentum space that can overcome the momentum mismatch
between the valleys of the two layers, providing a finite optical matrix element. Using
the appropriate limits for the bilayer interaction for the long range (as compared to
the screening length in the two layers) and short range interaction, we obtain the ra-

diative rates of the simplest complexes at both close alignment, finding ~ ps~!

rates,
and the asymptotics behaviour for large misalignment using perturbation theory in
the short range interaction between carriers and impurities, finding a strong angular
dependence o< #~%. Finally, the multi-carrier nature of the complexes implies a doping

dependent spectra, which we model and demonstrate.

5.2 Localized interlayer complexes in heterobilayer
transition metal dichalcogenides

The results presented in this chapter are reported in [24]: “Localized interlayer com-
plexes in heterobilayer transition metal dichalcogenides”, arXiv:1802.06005, (2018).
(Submitted to Phys. Rev. B).

My contribution to this work: Prepared the results figures, carried the calculations
of the matrix elements, contributed to the writing and editing of the manuscript and
wrote Appendix E.
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We present theoretical results for the radiative rates and doping-dependent photoluminescence
spectrum of interlayer excitonic complexes localized by donor impurities in MoSez /WSes twisted het-
erobilayers, supported by quantum Monte Carlo calculations of binding energies and wave-function
overlap integrals. For closely aligned layers, radiative decay is made possible by the momentum
spread of the localized complexes’ wave functions, resulting in few pus~! radiative rates. For strongly
misaligned layers, the short-range interaction between the carriers and impurity provides a finite

radiative rate with a strong asymptotic twist angle dependence o 678,

Finally, phonon-assisted

recombination is considered, with emission of optical phonons in both layers resulting in additional
weaker emission lines, red-shifted by the phonon energy.

I. INTRODUCTION

Recent advances in the study of two-dimensional (2D)
materials have allowed the realization of van der Waals
(vdW) heterostructures consisting of vertically stacked
2D layers, resulting in unique properties and potential
novel device applications [1-5]. The layers forming these
heterostructures are only weakly bound by vdW forces,
and largely retain their individual characteristic proper-
ties. Yet, the weak interlayer coupling allows the different
properties of various 2D materials to be combined.

One such family of vdW heterostructures are hetero-
bilayers of 2D transition metal dichalcogenides (TMDs),
which have attracted much interest due to their unique
optical properties, dominated by strongly bound exci-
tonic complexes [6, 7] and spin- and valley-dependent
optical selection rules [8, 9]. The most commonly studied
heterobilayers are of the form MoXy/WXs, with X = S
or Se, due to their type-II (staggered) band alignment,
in which the lowest conduction band (CB) edge and the
highest valence band (VB) edge are spatially confined to
different layers [10, 11]. In this configuration, electro-
static interactions between electrons and holes across the
heterostructure result in the formation of interlayer exci-
tonic complexes, whose constituent carriers are spatially
separated in the out-of-plane direction. Optical signa-
tures of these interlayer complexes have been reported in
photoluminescence (PL) experiments [12-14], where new
PL peaks are observed in the spectra of bilayer regions.
These signatures appear at energies below the monolayer
photoemission lines, due to the smaller interlayer band
gap in the staggered band configuration.

Photoemission by free interlayer excitons is limited
by the relative interlayer angle # and the incommen-
surability of the two TMD lattices 6, resulting in a
momentum-space mismatch AK =~ K+/62 + 62 between
the conduction- and valence-band edges, as shown in Fig.
2(b). Radiative recombination becomes effectively in-
direct, and thus suppressed by energy and momentum
conservation [15]. These constraints are relaxed when
interlayer excitons and larger excitonic complexes local-

ize about charged defects, such as donor ions, which are
commonly observed as dopants in real samples. For-
mation of these complexes is favored by the long inter-
layer exciton lifetimes resulting from the spatial separa-
tion of their carriers, which allow for their localization
by the deep potential wells provided by the ions. The
spread in momentum space of these localized complexes
opens the possibility for a finite radiative matrix element
M o [ d*r e®¥T¥(r), where ¥(r) is the envelope wave
function of the complex.

In this paper, we provide a theory for the radiative
recombination of localized interlayer complexes in TMD
heterostructures of the form MoXy/WXs, where the car-
riers are bound to a donor ion in the MoX, layer. Fo-
cusing specifically on MoSes/WSes, we use variational
and diffusion quantum Monte Carlo (VMC and DMC)
simulations [16, 17] to evaluate the binding energies and
wave-function overlap integrals of complexes involving a
single hole in the WSes layer and up to three electrons
in the MoSes layer, accounting for bilayer and encapsu-
lation screening effects.

Motivated by the binding energies obtained from our
quantum Monte Carlo (QMC) calculations and PL ex-
periments [18], we study the radiative recombination of
the two simplest such complexes consisting of MoXs elec-
trons and a single WX5 hole bound to an impurity center:
a donor ion and an exciton (DY%h,), and a donor-bound
trion (DY X, ). We predict the PL spectrum from these
complexes for well-aligned TMD heterobilayers, and es-
timate the asymptotic behavior of their PL signals in the
regime of strong misalignment based on a perturbative
analysis. Our results indicate a rapid decay of the PL
signals from the most relevant donor-bound interlayer
complexes with the interlayer twist angle (), resulting
from the asymptotic behavior I' ~ #~8 of the radiative
rates at strong misalignment. As a consequence, we ex-
pect that optical signatures from these complexes can be
detected only in closely aligned crystals.

The remainder of this paper is organized as follows. In
Sec. IT we discuss the model Hamiltonian for the TMD
heterobilayer, describe our approach to calculating its op-



FIG. 1. (a) Simulated PL spectrum of donor-bound inter-
layer complexes in an aligned (6 = 0) MoSe>/WSe bilayer
encapsulated in hBN, for an electron density of ne = 0.9np,
with np the donor density. Dashed lines indicate PL from
phonon-assisted recombination. The lines are taken to have
Gaussian shape with width 20 = 60 meV, and the interlayer
gap is By = 1.5 eV. The vertical gray dashed line in (a)
and (c) indicates the position of the free interlayer exciton
X,er- (b) Radiative rates of the D% h, (per hole) (solid blue)
and D% X, (solid red) complexes, and their phonon-assisted
replicas (dashed), in the large and small twist angle () limits.
The rates have a strong angular dependence, with asymptotic
behaviour ~ =% for radiative decay driven by short-range in-
teractions, and ~ §~* for phonon-assisted processes. The gray
lines for intermediate twist angles # = 2 — 6° have been inter-
polated by hand. (c¢) Simulated PL spectrum in the limit of
heavy n-doping, showing the appearance of the donor-bound
trion (D(CJ,XDC/) line when ne > np. Parameters: np = 10!
cm~2 and np = 10" cm 2.

tical properties, and present our DMC results for the
binding energies of the main interlayer impurity-bound
complexes. In Sec. IIT we address the PL signatures of
these complexes, assuming good alignment between the
TMD monolayers in the heterostructure, and estimate
the asymptotic behavior of their radiative decay with
twist angle in Sec. IV. We consider the effects of electron-
phonon interactions in Sec. V, and we find that longi-
tudinal optical phonon modes can introduce red-shifted
replicas to the main PL lines. Finally, we estimate the
evolution of the PL spectrum of the two main donor-
bound interlayer complexes with doping in Sec. VI. Our
conclusions are summarized in Fig. 1, and discussed in
Sec. VII.

II. MODEL
A. Electrostatic interactions in a bilayer system

The reduced dimensionality of a monolayer TMD leads
to modified electrostatic interactions between its charge
carriers below a characteristic length scale r, = 27wk/e
(in Gaussian units), determined by the monolayer’s in-
plane dielectric susceptibility &, and the (average) dielec-
tric constant € of its environment [19, 20]. In a TMD het-
erobilayer, further screening effects must be considered.
The resulting interactions between same-layer carriers ¥V
in one layer and V' in the other, and the interlayer inter-
action W, have Fourier components (Appendix A)

21 (1 +rlq — rlge219)
eq[(1+7.q)(1 +7rlq) — rurigie2ad]’

V(q) = (1a)

V(q) = 27 (14 7.q — ruge”2%) -
V= g+ ) - rorie ]

2w e 9d

eq[(1+req)(1 4 7lq) — reriq?e2a)’

W(q) = (1c)

where q is the wave vector, d < 7,7, is the interlayer
distance, and r, and 7} are the corresponding monolayer
screening lengths.

Previous works on monolayer TMDs have focused on
interactions of the Keldysh form [19] to study their exci-
tonic spectra and optical properties [6, 20-23]. For bilay-
ers, this potential form is obtained from Egs. (1a)-(1c) in

the long-range limit (¢ < 1/r.,1/r.) as

V< (q) = V/< (q) = €q [1 + (i//: + r;)q} ’ (2&)

2T
€q[l+ (re + 7L +d)q]

We(q) = (2b)

By contrast, in the short-range limit (¢ > 1/r.,1/r%) we
obtain for the intralayer interactions

2T 2T

Va(q) = Vi(q) = (3)

€ryq?’ erlq?’
revealing the absence of screening from the opposite
layer in this regime. More strikingly, the short-range
interlayer potential vanishes exponentially as Wx (q) =
2me™9/(er,r’¢®). Neither of these features is captured
by extrapolation of Egs. (2a) and (2b) to large wave num-
bers.

B. Photon emission by donor-bound complexes

As in the monolayer case [24-27], optical properties
of the heterobilayer are determined by excitonic com-
plexes formed by excess electrons and holes in the sam-
ple. Staggered (type-II) band alignment, in which the



FIG. 2. (a) Schematic of type-II band alignment in a TMD
heterobilayer. The CB and VB of the two layers are shifted
relative to each other by energies A. and A,, respectively,
giving an interlayer gap of Eg. (b) The Brillouin zones (BZs)
of the misaligned TMD monolayers. Their K valleys are sep-
arated by a momentum vector AK, due to the nonzero mis-
alignment angle 6 and to the difference in lattice constants.

main electron and hole bands belong to opposite layers,
is typical of TMD heterostructures [10]. This is shown
schematically in Fig. 2(a) for a MoXy/WZXs structure,
where X = S or Se represents a chalcogen; the electron
and hole bands are labeled ¢’ and v, respectively, and the
primed (unprimed) band labels correspond to the MoXy
(WXs) layer. Given the reduced band gap E, [Fig. 2(a)],
the lowest-energy exciton states are spread across the
heterostructure, formed by ¢’-band electrons and v-band
holes bound by the interaction W(q) [12, 13, 28].

The optical activity of interlayer excitons in TMD
bilayers is strongly constrained by the interlayer align-
ment. As shown in Fig. 2(b), the relative twist angle and
lattice incommensurability between the two layers pro-
duces a mismatch between their Brillouin zones (BZs).
Thus, bright interlayer excitons in MoXy/WXs struc-
tures, consisting of same-valley ¢’-band electrons and
v-band holes, have a finite center-of-mass momentum
AK = K’ — K. Due to energy and momentum con-
servation, photon emission by interlayer excitons is only
allowed when AK ~ 0 [29].

The above restrictions are relaxed when excitons, and
other excitonic complexes are bound to impurity centers
in the sample, such as charged defects and donor ions.
These complexes are localized within some characteristic
length af, known as the exciton Bohr radius, such that
their momentum-space wave functions are finite up to
momenta of order 1/af. As a result, the recombination
rates of impurity-bound interlayer complexes are deter-
mined by the large-momentum tail of their wave function,
and thus by the short-range interaction (3).

The Hamiltonian for the heterobilayer in the free-

carrier basis is
H - I:IO + f{t + Uintra + ﬁinterv (4)

where the zeroth-order Hamiltonian Ho, describing the
CB and VB electrons of the two individual layers, is given
in second quantization as

Ho=Y% Y Eak)el,o(k)carq(k). (5)
a k7,0
1+.0(k) creates an electron of spin projection o =1, |
and momentum k relative to the 7K valley (7 = %) of
band « = ¢, v’, ¢,v. The band dispersions are

Ewm>=—Av—ZZf, (62)
B0 =, (6b)
Eu(k)=FE, + Z::z , (6¢)
E.(k) = E, + A, + Wk (6d)

om.’

where A, (A,) is the spacing between the electron (hole)
band edges [Fig. 2(a)].

The tunnelling Hamiltonian describing electron hop-
ping between the layers is given by

Hy = Z Z 257K+k+G,-r’K’+k’+G’

7,0 G,G’ k,k/
% {[teell+ K + el (K)o (K) @)
+ too(k + K+ G)cl,(K)ep (k)] +He.},

where t..(k) and t,,(k) are stacking-dependent inter-
layer hopping strengths between the CBs and VBs; G
and G’ correspond to the reciprocal lattice vectors in
the hole and electron layers; and the Kronecker delta en-
forces momentum conservation in the tunnelling process
[30, 31]. We focus on configurations close to AA stack-
ing, and use the hopping terms t,q (k) reported in Ref.
[31]. These values are small (few meV) compared to all
other scales in the problem, reflecting the vdW and elec-
trical quadrupole nature of the interlayer interactions.
As a result, H; can be treated within perturbation the-
ory. Furthermore, since ¢, (k) decay rapidly with k [31],
we truncate the sums over G and G’ to only the first
nonzero vectors, and set t..(k) = t.. = 2.5meV and
tyy(K) &ty = 16 meV.

Finally, the direct electrostatic interactions between
carriers, and between carriers and a positive donor ion of
effective charge Zqonor, are given by
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where £ is the momentum transfer, and S the sample
area. The donor ion is treated as a dispersionless scat-
terer, and is assumed to be present in the MoXs (elec-
tron) layer. Henceforth, we assume that a donor yields a
single electron to the TMD and set Zgonor = 1.

The radiative recombination of electrons and holes is
driven by the light-matter interaction

=333

q k,7,0

47Thc

v T, (T(k - qH)CCJJ(k)aTr (q)v
(9)

in the WX, layer and an analogous term ﬁ ’in the MoXsy
layer. Here, () is given by the in-plane momentum ma-
trix element between ¢() and v() band states, evaluated
at the £ K points of the BZ [32]. al(q) creates a photon
of momentum q and in-plane polarization 7, determined
by the electron’s valley degree of freedom, where 7 = +
(tr = —) represents right-handed (left-handed) circular
polarization. The photon momentum q = q; + q_ is
split into its in-plane and out-of-plane components, re-
spectively, and V' = SL, with L the height of the optical
cavity.

Let |¥) be an interlayer excitonic eigenstate of the
Hamiltonian ﬁo + Umtra + Uinter of energy Ey. Photon
emission through the term H, requires the recombining
carriers to be in the same TMD layer. This is allowed by
the perturbation Hy, giving the first-order correction to
the wave function

wy = 3 ), (10

where the sum runs over the eigenstates |n) of Hy +

Uintm + Uinte,., with energies F,. The resulting rate of
radiative recombination is then given by Fermi’s golden
rule as

ro = 25|11+ 2w oty - By, ()
f

a JT1,01 (kl =+ g)cﬁ To,09 (k2 - g)Cﬁ T2,02 (kQ)COé 1,01 (kl)

(8b)

k+£)ca70( )

where {|f)} is the set of possible final states, containing
one additional photon. As discussed below, the relevant

matrix elements in Eq. (11) can be evaluated numerically
in QMC.

IIT. RECOMBINATION OF DONOR-BOUND
INTERLAYER COMPLEXES

A. Model parameters

We now discuss the optical emission signatures of
the most relevant donor-bound interlayer excitonic com-
plexes predicted by VMC and DMC simulations. For
concreteness, we will focus on MoSe; /WSes heterobilay-
ers (X=Se); parameters relevant to this pair of materi-
als are shown in Table I. Furthermore, we assume that
the heterobilayer is encapsulated in bulk hBN, and set
the dielectric constant to € = 4. Our chosen value of 4
corresponds to the high-frequency dielectric constant of
hBN, which is reasonable as the exciton binding energy
is considerably larger than the highest optical phonon
frequency of hBN. The tensor nature of the hBN di-
electric constant supplies an effective dielectric constant
€ = \/€€L and renormalizes the interlayer distance d by

a factor /€| /e, where ¢ and €, are the in-plane and
out-of-plane dielectric constants (see Appendix A). How-
ever, taking ¢|(00) and €, (co0) from various sources we

find that 3.1 < ,/gex < 4.5 and 0.71 < (/¢ /el < 0.95
[33-36]. This justifies, in part, our use of € = 4 and our
use of the physical layer separation, but as a check of
the robustness of our results, we have considered a few
other dielectric environments for a restricted set of charge
complexes.

The Hamiltonian Eq. (4), without H; (or, with charges
being fixed in their layers), was solved using DMC, for
various numbers of excess electrons and holes, and in the
presence of donor impurities in the MoSes layer. Our
DMC total energies are statistically exact: we have con-
sidered no complexes containing any pairs of indistin-



guishable fermions, and therefore our trial wave functions
are nodeless. The technical details of our DMC calcula-
tions are given in Appendix B1. Binding energies for
free and impurity-bound excitons and trions, in different
dielectric environments, are reported in Table II.

TABLE I. Model parameters for MoSes; and WSes, ex-
tracted from Refs. [21, 23, 32, 37, 38|, and the heterobilayer
MoSez/WSe: extracted from Refs. [10, 12, 39]. The inter-
layer gap Eg was estimated from the luminescence spectrum
reported in Ref. [12], considering the exciton binding energies
of Table II. From left to right, the single-layer parameters are:
lattice constant a, VB and CB masses m, and m., screening
length r, in a vacuum environment, and Fermi velocity ~.
The heterobilayer parameters are: valence and conduction
interlayer spacing A, and Ac, interlayer band gap Eg, and
interlayer distance d.

a(A)y me/mo me/mo 7. (A) 5 (eVA)
MoSe>  3.30 0.44 0.38 39.79 2.53
WSe>  3.29 0.34 0.29 45.11 3.17
A, (eV) Ao (eV) By (eV) d(A)
MoSe;/WSez 0.36 0.36 1.5 6.48

The simplest interlayer excitonic complex is a donor-
bound exciton D%h,, where DY, represents a positive
donor ion that has been neutralized by binding an elec-
tron from band ¢, and h, a hole from band v. (When
complex labels appear as subscripts in formulas, we will
suppress the v and ¢ subscripts for clarity.) DMC simu-
lations predict that this complex is unbound due to the
screening of the interlayer interaction between holes and
the strongly bound neutral donor state DY, whose bind-
ing energy is €5, = —229.03 meV (Table II). We there-
fore consider the recombination of a neutral donor DY,
with delocalized holes in band v.

Adding one more electron we obtain a donor-bound
trion. Alternatively, this complex can be viewed as an
interlayer exciton X, bound by a neutral donor DY,
leading to the notation D% X,.. Remarkably, this larger
complex is stable up to ~ 256 K, with binding energy
EBox ~ 22.53 meV (Table II) for the most energetically
favorable dissociation channel into a neutral donor DY,
and an interlayer exciton X, .

In the following sections we calculate the photoemis-
sion rates of these two complexes using the formalism
described in Sec. II.

B. D%h,: Neutral donor and free hole

The initial state for the recombination process of a neu-
tral donor and a free hole is given in second quantization

by

1 .
ID%5ken) = —= > Rl (Weum () ), (12)
k

where Yk = [ x(r)e ™7 d?r is the Fourier transform of
the donor-atom wave function centered at the donor site.

TABLE II. Binding energies £ of some charge-carrier com-
plexes in a MoSez monolayer, a WSez monolayer, and a
MoSe2/WSez heterobilayer in different dielectric environ-
ments including: vacuum on both sides, SiO2 on one side and
vacuum on the other, bulk hBN on one side and vacuum on
the other, and bulk hBN on both sides. In the heterobilayer
it is assumed that the donor ion and electrons occur in the
MoSe; layer, while the holes are confined to the WSes layer.
The material parameters are listed in Table I. The DMC error
bars are everywhere smaller than 0.2 meV.

Binding energy (meV)

System € Xpw Xo0, D% DYX,.
hBN/MoSez /hBN 4 194 16.2 260 21.0
hBN/WSez/hBN 4 160 13.6 215 18.1

vac./MoSez /WSes /vac. 1 206 6.2 540 40.3
SiO2/MoSes /WSez /vac.  2.45 123 51 329 30.1
hBN/MoSez/WSez/vac. 2.5 121 52 324 29.9
hBN/MoSez/WSez/hBN 4 842 41 229 225

Relative to the neutral vacuum, the state’s energy can be
written as Epo(kn) = Ex(0) — Ey(kn) — EBo, with €5,
the binding energy.

In the close-alignment limit and in the absence of in-
tervalley scattering, the complex described by Eq. (12)
can decay through radiative recombination only if 7/ = 7.
Furthermore, spin-valley locking [37] and the known band
ordering of MoSey; and WSey monolayers [32] further re-
quire that ¢ = ¢’. Considering single-photon final states
of the form | f) = al(q)|Q2), with polarization determined
by the valley quantum number, and assuming a small
twist angle 6 ~ 0°, Eqs. (10) and (11) give the radiative
decay rate

1'\<0 :%i 3tm}’y/_
D%h h he | heA,

tecy } :
he(Ac+ ERo)
2

Tth,

(13)

X

/ d21" eiAK‘rX(r)

where ny, is the hole density of the sample. To evalu-
ate Eq. (13), we obtain the wave function x(r) of the
donor-bound electron by solving the two-body problem
with a finite-element method, as detailed in Appendix E.
Note that a finite amplitude for radiative recombination
depends critically on the electron-hole asymmetry, and
on having different tunneling strengths between the CBs
and the VBs of the two layers, owing to the symmetry
properties of the band states.

C. D?%X,.: Donor-bound interlayer trion

As discussed above, a donor-bound trion DQ,XUCI can
be viewed as an interlayer exciton bound to a neutral
donor ion. Defining the interlayer exciton X, and Dg,
energies as Ex = FE(0)— E,(0)— &2 and Fpo = E.(0)—
EBO, respectively, the energy of a DY, X, complex can be
expressed as Epox = Epo + Ex — EBOX, with EBOX the



binding energy. Its eigenstate is given by

IDX) = 53/2 > Pk
ky ki, ko (14)

x Cc 7! a(kl) 70’(k2)cv7770(kh)|9>7

with its two electrons belonging to opposite valleys, thus
minimizing their mutual repulsion [see Eqs. (la) and
(Ib)]. In this case, we consider decay into states of the
form |f) = al(q)/D®), which are energetically favorable
given the large binding energies of D% bound states. The
corresponding radiative rate for close interlayer align-
ment is given by

4 - 2
FDOX ‘gg ;;C '/ d2 /d2 / 'LAK r *( /)‘I’(I', r, r/)
[ 3ty B Btecy r
he(Ay + EBoy +ER)  he(Ac+ EBoy + ER)
(15)

The donor atom in the final state can be in its ground
state, or in any excited state allowed by angular mo-
mentum conservation. This constitutes a series of ra-
diative subchannels, and in principle results in a series
of lines with energies determined by the donor atom
spectrum. The main subchannel, corresponding to the
ground state x1s(r), produces the main emission line at
E. = Ey — (£ + EBox + £R). The first radially sym-
metric exc1ted state, x2s(r), will produce an additional
line ~ 167 meV above the main line. The overlap in-
tegrals between the ground-state donor-bound trion and
the 1s and 2s neutral donor states were evaluated us-
ing VMC, and the latter was found to be two orders of
magnitude smaller. We conclude that excited states can
be neglected, and henceforth only the 1s subchannel will
be considered. In the case of AK = 0, the integral in
Eq. (15) is given by | [ d*r [ d*r x*(r')®(r, T, x )’2 =1.47
(see Appendix B 3 for details).

To summarize Sec. III, Fig. 1(b) shows the
radiative rates of Dg,hv and DS,XUC/ in an
hBN/MoSes/WSey /hBN  heterostructure, for small
twist angles. The large-angle asymptotic behavior of the
radiative rate shown in Fig. 1(b) is discussed next.

IV. ASYMPTOTIC BEHAVIOR FOR LARGE
INTERLAYER TWIST ANGLES

The asymptotic behavior of the radiative rate for large
valley mismatch AK 2 1/af can be obtained from a per-
turbative treatment of the short-range interactions Eq.
(3). Let |¥g) be an excitonic state of the Hamiltonian

Hig = Hy +US

intra

+US

inter>

(16)

of energy Eg,, containing the long-range approximation
to the carrier-carrier and donor-carrier interaction. The
interactions Ulntm and Umter are given by the expres-

sions (8a) and (8b), respectively, with the substitutions

(a) () © 6
X\ X\ : :
! X) (/><> (E<> (;<>

FIG. 3. Diagrams for the radiative recombination of neutral
donors DY with free holes h,. The solid (dashed) line rep-
resents a free hole (electron); the donor impurity center is
represented by a “x” symbol, and the DY, state by “x” in a
dashed circle. Horlzontal lines correspond to 1nterlayer tun-
neling, wavy lines to Coulomb scattering, and the triangular

vertex represents radiative recombination.

VO(€) — VO (€) and W(€) — W< (&) [sce Egs. (2a)
and (2b)]. The state |¥q) is perturbed by the interlayer
tunneling term Hy, as well as the short- range interaction

ﬁmtra, obtained by substituting V{ (&) — Y )(é) in Eq.
(8a) [see Eq. (3)]. As discussed above, the short—range
interlayer term is exponentially suppressed, and can be
ignored altogether. As a consequence, short-range impu-
rity scattering can take place exclusively in the electron
layer (see diagrams of Fig. 3).

The momentum transfer dependence of Eq. (3) justi-
fies treating Umtm as a perturbation. The second-order
perturbative correction to the wave function relevant for
photon emission is given by

Z <n|[Ht + Ulntrd”m>< |[Ht + Ulntrd]|1110> ‘TL>
(Ep, — EY)(E]) — EY) ’
(17)
where the sums run over the eigenstates |n) of Hig,
with energies EO. Introducing the light-matter interac-
tion [Eq. (9)], we focus on the diagrams of Fig. 3 for the
DY%h, complex, and those of Fig. 4 for D% X, .

In general, all diagrams must be considered when eval-
uating the radiative decay rate. For simplicity, however,
we assume that the CB and VB spacings remain the
largest scales in the problem, such that K ﬁK < A, A,
In this approximation, two out of the four diagrams for
DY h, radiative decay cancel out approximately, leaving
only the contributions from the diagrams of Figs. 3(a)
and (b) (see Appendix C). The resulting radiative decay
rate for DY%h, in the large twist angle (>) limit is given

by

2
wi?) =

m,n

> 647r264Eg i[ Me }2 3teey Bt 2
D ¥ 52 B AR e LR2AKZ) | heA,  heA,
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(18)

where the emitted photon energy is given by E, =
Eg SDO The factor of three multiplying the tunnelling
amplitudes t.. and t,, originates from the truncated sum
over reciprocal lattice vectors in Eq. (7), as a consequence
of the three equivalent K points in the Brillouin zone [31].
Finally, xo(r) is the D% wave function obtained from the
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FIG. 4. Diagrams for the first radiative recombination chan-
nel of the DSIXWI complex. The bound hole recombines with
the electron from the nearest valley in the opposite layer, as-
sisted by short-range Coulomb interactions with the donor
impurity. The remaining electron stays bound to the impu-
rity center, forming a neutral donor atom.

FIG. 5. Diagrams for the second radiative recombination
channel of the DB, Xyer complex. The bound hole recombines
with the electron from the nearest valley in the opposite layer,
assisted by short-range Coulomb interactions with the second
electron, at the far valley. The latter recoils and unbinds from
the donor impurity.

Keldysh approximation Hamiltonian Hi g, not to be con-
fused with the full bilayer interaction bound state x(r).
As before, we evaluate the wave function using the finite-
element method, and obtain |xo(0)|> = 2.678 x 1073A 2
(Appendix E).

With the perturbation Uz,.., there are two possible
channels for radiative recombination of the DS,XUC/ com-
plex, resulting in different final states, and thus two sep-
arate lines in the PL spectrum. The first process in-
volves one of the electrons and the hole scattering from
the donor impurity and subsequently recombining, emit-
ting a photon and leaving behind a neutral donor as the
final state. This is analogous to the decay process con-
sidered in Sec. IIT C, and the corresponding diagrams are
shown in Fig. 4. Similarly to the D%h, complex case,
the leading approximation to the amplitude is the sum
of two diagrams, giving a radiative rate

> 6477264E’g i[ Mer }2 3lecy 3tpu?y’ 2
DOX ™ he2p 2AK4 he LR2AK2) | heA,  heA,
/dzrxg(r)®0(070,r)
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X

)

(19)

where the emitted photon energy is given by E, =
E, — (EBOX +&L), and ®¢(ry, Te, Ter) is the DY X, wave-
function in the Keldysh approximation.

A second radiative decay process is possible, where the
recombining electron and hole scatter with the second
electron, at the far valley. The latter electron recoils and
is unbound from the impurity, taking some amount of
kinetic energy and producing a shift in the emission line.

The corresponding diagrams are shown in Fig. 5, and
give a recombination rate

/ 48726t E, €2 M 2
> g & c 2 2
'oox = fe2, e AR e s /d T |%or, 1)l
teey  toy' ]’
heA,  heA, |

(20)

The photon energy in this case is given by E, = Eg —

EBO — 5BUX — 8}5 — h;ﬁfz, and the corresponding line in
the PL spectrum is red-shifted with respect to that of
the first channel by ~ 100 meV.

The overlap integrals between the initial- and final-
state wave functions given in Egs. (19) and (20) were
evaluated in VMC for the Hamiltonian ﬁLR. We ob-
tain | [ d2r x5(r)®0(0,0,r)]> = 6.94 x 10-7 A%, and

[ dr |®o(r,r,r)[> = 3.22 x 107 A", respectively (see
Appendix B 3).

Egs. (18), (19) and (20) show that the radiative chan-
nels considered for the two complexes decay with the in-
terlayer twist angle as =8, in the limit AK > 1/r,,1/7.
This is shown in Fig. 1(b) for angles larger than 6°.
Our analysis indicates that, even in the case of local-
ized impurity-bound states, the observation of photolu-
minescence from interlayer excitonic complexes in TMD
bilayers requires near perfect alignment between the two
layers.

V. PHONON-ASSISTED RECOMBINATION

Electron-phonon (e-ph) interactions introduce yet an-
other channel for radiative recombination. Similarly to
the electron recoil process discussed above, when phonons
are emitted during the recombination of a given complex,
they absorb part of the energy and produce a red-shifted
replica in the PL spectrum. The following analysis is
carried out in terms of the VMC wave functions |¥) dis-
cussed in Sec. III, evaluated with the exact bilayer inter-
actions V() (&) and W(£).

The e-ph interaction Hamiltonian is given by

Hom= 2 X S 200, b

a=v,c 7,0 k,q,v

X CL,T,U(k + q)cavTva (k)
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(21)

X CL,T,O‘(k + q)ca,r,o (k>7

where bj\yyyq (ba,v,q) is the creation (annihilation) oper-
ator for a phonon of momentum q and mode v in the
electron (A = e) or hole (A = h) layer, which couples to
an electron in band a = ¢, v’, ¢, v with strength g, o(q).

We consider the longitudinal optical (v = LO), ho-
mopolar (v = HP), and longitudinal acoustic (v = LA)



phonon modes allowed by the lattice symmetry. The e-ph
couplings are given by

2w 7,2
2p(M, /M wro 1+ gr.’
gHP, a 9 aa (22)
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9gLA,a\Q) = 2w Za g,

where p is the mass density, M, is the metal-and-two-
chalcogen system reduced mass, M is the total mass of
the unit cell, and A is the unit-cell area of the correspond-
ing TMD layer. w, is the phonon frequency, which we
approximate as a constant for the optical modes, and as
wr,a = cpa q for the LA mode, with cp,a being the sound
velocity. Z is the Born effective charge, 7, is the screening
length, and D, and =, are the deformation potentials of
the optical and acoustic modes, respectively. The various
parameters are taken from Refs. [40-43], and summarized
in Table V. We focus on the low-temperature limit, where
phonon occupation is low and phonon absorption can be
neglected.

gLo, af

Perturbative corrections to the interlayer excitonic
state |¥) by the interlayer hopping and e-ph interactions
are given by

Z <n|[Ht + He-thm) <m‘[Ht + ﬁe—phﬂ\m

(2)y
)= (B — Eu)(En — Bv)

n).

(23)
The relevant diagrams for radiative recombination with
phonon emission are shown in Figs. 6 and 7 for Dg,hv
and DY X,., respectively. In both figures, panels (a)—(d)
correspond to single-phonon emission in the hole layer
(WSesz), whereas panels (e)—(h) correspond to single-
phonon emission in the electron layer (MoSes). Although
in principle the two sets of diagrams give separate lines at
energies determined by the phonon energy in each layer,
the parameters reported in Table V show that these lines
are within only a few meV of each other. For simplicity,
we assume that the two layers have the same optical-
phonon energies and acoustic-phonon sound velocities,
producing a single line in the PL spectrum. The result-
ing radiative rates are given in the limit of large twist
angle (>) by (Appendix D)

m,n
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FIG. 6. Diagrams for the radiative recombination of the DS, h,
complex with phonon scattering. The top four diagrams cor-
respond to phonon emission in the WSe; layer and the bottom
four diagrams correspond to phonon emission in the MoSes
layer.

FIG. 7. Diagrams for the radiative recombination of the
DY X, complex with phonon scattering and DY in the final
state. The top four diagrams correspond to phonon emission
in the WSe, layer and the bottom four diagrams correspond
to phonon emission in the MoSes layer.

DXk he [heA,  heA,
mvgu,v(AK) 2 mc’gu,c’(AK) 2
X l( ARz ) T\ eake (24D)
2
X /d2r

The VMC estimate of the overlap of x(r’) with ®(r,r,r’)
can be found in Table VI.

In the small-twist-angle limit (<), phonon emission
from D%h, complexes is dominated by the diagram of
Fig. 6(a). In that process, the phonon is emitted by a
hole in the WSe; layer, which then tunnels to recom-
bine with the electron bound to the donor impurity. By
contrast, all other diagrams shown in Fig. 6 involve ion-
ization of the donor atom, which is suppressed by the
large binding energy of the DY complex. The radiative
rates for D% h, can thus be approximated by (Appendix

F> L 48E~‘gi |:’V/tm) _ ’thc :|2

/dQT/ X () (r,r, 1)




TABLE III. Electron-phonon coupling parameters for LO, HP, and LA phonon modes. wro and wyp are the LO- and HP-mode
frequencies, cr,a is the speed of sound for the LA mode, p is the mass density, D, and E, are the deformation potentials of the
optical and acoustic modes, respectively, M. /M is the ratio of the metal-and-two-chalcogen system reduced mass to the total

mass of the unit cell, and Z is the Born effective charge.

hwro (meV) hwnp (meV) cpa (cm/s) p (g/cm?) D, (eV/A) D, (eV/A) E. (eV) E, (eV) M,/M Z
MoSes 37 30 4.8 x10° 4.5x 1077 5.2 4.9 3.4 2.8 0.235 1.8
WSes2 31 31 4.4 x10° 6.1 x 1077 2.3 3.1 3.2 2.1 0.249 1.08
D) 1.50 . I : :
—_— D0 |
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In the DY X, case at small twist angles, the phonon
emission process is suppressed by the ionization of the
complex in the intermediate state and the overlap inte-
gral between the initial DY X, and final DY, states. The
rates are given by

12, €2 |gu.0(0)[% + |gv.er (0)]2
W he (hw, + EBoy + ER)2

2
tvv tcc *
|:;7,YCA ich } /d2r /d2r/x (r')®(r,r, 1)
(26a)
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2

]
)
where p and p’ are the mass densities of WSes and MoSe,,
respectively (Table V).

Egs. (24a)—(26b) contain a factor of three originating
from the tunnelling process, which gives three distinct
intermediate states with different emitted phonon wave
vectors, related by C3 symmetry. As a result, the interfer-
ence leading to the factor of nine in the interaction-driven
processes of Secs. III and IV is absent in this case.

Additional contributions to the LO phonon emission
come from e-ph interaction of a carrier in one layer with

an LO phonon in the other. This is made possible by
the long range of the LO phonon-induced potential. The

d2 / 'LAKI‘ *( /)q)(I',I',I'/)

(26b)

FIG. 8. Model for the density of complexes DY and D% X,
as a function of the electron density ne.

interlayer separation results in an exponential suppres-
sion of the potential in the interlayer distance and mo-
mentum transfer as e~ 254 which nonetheless is approx-
imately unity in the limit of close alignment. Thus, we
add this contribution to the LO-phonon-assisted recom-
bination rates for D%h, and D%X,. complexes in the
small-twist-angle limit.

The total phonon emission rates for the two complexes,
combining the three phonon modes, are shown in Fig.
1(b) as functions of the twist angle. As mentioned above,
the phonon contribution to the recombination rate is
most significant for the D0 hv complex, being an order of
magnitude larger than for D , Xyer- The LO phonon mode
in the hole layer (WSes) is the dominant phonon-assisted
process overall, and gives a significant decay rate in the
small-twist-angle limit. As a result, we predict additional
phonon-replica lines in the PL spectrum, red-shifted by
the phonon energy hwro = 31 meV with respect to the
main Dg, h, and Dg, Xyer lines. The Dg,hv phonon-replica
line gives the most dominant feature, with decay rates
comparable to the main D%h, line.

VI. INTENSITY DEPENDENCE ON DOPING

In addition to the decay rates, the relative line in-
tensities also depend on the distribution of D%h and
DY X, complexes in the system. At charge neutrality,
neutral excitonic complexes such as DY h, are energeti-
cally favorable, whereas additional electrons introduced
into the sample will bind to existing neutral donors to
form DY X, complexes. Thus the relative population of



complexes can be controlled through doping.

In this section we model the evolution of the PL spec-
trum with the carrier density. We assume a constant
density ny of laser-pumped holes and a large density of
donor impurities in the sample, and consider the tun-
ing of the electron density n. by electrostatic gating [18].
Under these assumptions, and given that the net popu-
lation of donor-bound complexes is limited by the donor
density np, we limit our discussion to the regime where
np K Ne ~ ND.

We use a simplified zero-temperature model for the
occupations of the two complexes, shown in Fig. 8.
There are two main regimes determined by the sample-
dependent donor density np. In the p-doped regime, de-
fined by 0 < ne < np, added electrons neutralize the ex-
cess positive donors, forming DY, complexes that can re-
combine with the optically pumped holes. In this regime,
the formation of DY X, complexes is energetically unfa-
vorable, and thus thermally suppressed until all donors
have been neutralized.

By contrast, in the n-doped regime, defined by np <
ne < 2np, it is energetically favorable for additional elec-
trons to bind with an existing neutral donor to form ei-
ther a charged donor state D_,_, (Table IV), or a donor-
bound trion DS,XUC/. For the latter case we must con-
sider that laser-pumped holes are scarce (n, < np), and
thus the probability of forming a DY X, complex will be
proportional to n,/np. The increase in electron density
is accompanied by a decrease in D%h,, numbers, and a
much slower increase in the D% X, population, until the
number of donor-bound trions in the system equals the
number of available holes. This is shown in Fig. 8.

The line intensities within this model are given by

I r Ne, Ne < ND
0 0
Db P g [177"97:;"3}, np < Ne < 2np
(27)
and
0 Ne < ND
IDUX ~ FDOX ’ _ © . 28
n %‘LHD"D np < Ne < 2np (28)

The resulting simulated PL spectrum is shown in Fig.
9 for different doping densities, given in terms of the
donor density in the MoSey layer. A Gaussian lineshape
was used for the lines with an experimentally motivated
broadening [18] of 20 = 60 meV. The spectrum shows the
three dominant lines, Dg,hv7 DS,XUC/, and the red-shifted
phonon replica of DY h,, with the lines’ peak energies de-
termined by the DMC-obtained binding energies. The
three complexes evolve with doping as prescribed by the
occupation model [Egs. (27) and (28)]. The DY%h, com-
plex and its phonon replica dominate at low doping, but
the D% X, complex grows slowly in intensity with in-
creasing doping, leading to a simultaneous reduction in
the intensity of the DY%h, complex. For the broadening
used in the simulated PL spectrum, the proximity of the
three lines results in an intricate line form, providing a
signature in PL experiments for the intrinsic structure of
the interlayer emission line.
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FIG. 9. Simulated normalized PL spectra for a closely aligned
(6 =~ 0°) MoSez/WSes heterobilayer, originating from the
Dg,hv and DS,XUC/ complexes at different electron densities
Ne, given in terms of the fixed donor density np. Dashed
curves correspond to the phonon replicas. The lines are as-
sumed to have Gaussian shapes of width 20 = 60 meV, and
we use ny = 10" ¢em~? and np = 10'% ecm 2.

VII. CONCLUSIONS

The momentum mismatch between twisted and incom-
mensurate heterobilayer TMDs prevents efficient radia-
tive recombination of interlayer complexes composed of
electrons and holes localized on opposite layers. In this
paper we have provided a mechanism to bridge the mo-
mentum gap involving donor impurities present in the
heterobilayer system, both at small and large twist an-
gles. The donor impurities were found to provide deep
potential wells (~ 200 meV), resulting in strongly bound
interlayer complexes, as revealed by DMC calculations.
Focusing on the simplest multiparticle complexes, we ob-
tain radiative rates of up to a few us~! for the neu-
tral donor with a free hole D%h, and the donor-bound
trion DY X, complexes for closely aligned layers, and
a strong twist-angle suppression for large misalignment
with the asymptotic form oc #~8. A comparable contri-
bution was found for the Dg,hv complex from emission
of optical phonons, resulting in a total of three domi-
nant and doping-tunable lines in the PL spectrum. The
DY h, and its phonon replica are expected to dominate
the emission spectrum for electron densities below the
sample-dependent donor concentration; conversely, PL



from the DY X, complex is expected to dominate the
interlayer sector of the spectrum when the electron den-
sity exceeds the density of donors.
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Appendix A: Long-range interaction between charge
carriers

1. Multilayer Keldysh interaction

Consider a vdW heterostructure of 2D semiconduc-
tors comprised of N parallel layers (labelled i =
{1,2,...,N}), each having in-plane susceptibility x; and
z-coordinate d;. Suppose this heterostructure is im-
mersed in an isotropic medium of dielectric constant e.
In practice the dielectric constant is taken to be the av-
erage of the dielectric constants of the media above and
below the heterobilayer.

Suppose that a test charge density

=0 (r)d(z — dy), (A1)

is present in layer j. The resulting electric displacement
field is

D =~ -Vo(r.2) = 3wl Vydlr, d)s(z — di). (A2)

Pros (T, 2)

where V| is the 2D gradient operator (excluding the z-
component). Gauss’s law yields

P (1,2)3(z = d;) = == V26(x, 2)
—va o(r,d;)]o(z — dy).

Taking the Fourier transform gives

p(@e ™ = (P Hk)p(a k) +e* Y riola,die ™,
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which, after Fourier inversion in the k variable only, gives
) +4q Z Kid(a,d
(A5)

Evaluating Eq. (A5) at each layer (z = d;, | =
{1,2,...,N}), we find

ple~dli=dil — gle/(2m) — Kiq)p(q, d))
+¢* ) rid(a,die L (A6)

_Q|Z_di|

P (q)e 74 = fq¢ q, 2

il
which is a matrix equation
pl(@) =" My(q)pi(q), (A7)
where
pl(a) = p’ (q)e~ 4 4l,
¢l(q) = (b(q) dl)7
[ qle/(2m) + riq] ifi=1
Mii = { @Pre”1d—dil otherwise (A8)
The solution to Eq. (A7) is a set of ¢;(q) = p’/(q) x

vji(a), with vj;(q) being the Fourier components of the
interaction potential between layer j and layer i. If j =i
then this is the intralayer interaction in layer j. This pro-
cedure should, in general, be repeated for j = 1,2,..., N;
however, if there is sufficient symmetry (e.g., a mirror
symmetry about a plane through the center of the het-
erostructure) then only a subset of j values will require
explicit solution of Eq. (AT).

The same analysis applies in the case that the sur-
rounding dielectric medium is anisotropic, having dielec-
tric tensor

€| 0
e=[0 ¢ 0], (A9)
0 0 €]

provided the substitutions

d— D= EH/GLd, (AIO)
€— €= ,/€€L, (All)

are also made.

2. Numerical evaluation of the bilayer Keldysh
interaction

In the bilayer case (N = 2), it is straightforward to
solve Eq. (A7) to obtain the intra- (¥ and V') and inter-
layer (W) potentials of Egs. (1a)—(1c).

Continuum QMC calculations require the potential en-
ergy to be evaluated in real space. We therefore require
the inverse Fourier transforms of Eqs. (1a)—(1c), which
reduce to Hankel transforms due to the circular symme-
try of the interaction potentials.



At long range (small ¢), the intralayer interaction
V(q) = 27/ {eq[l + (r« +7.)q]} + O(q) reduces to the
monolayer Keldysh form [19], with an effective screening
length r¢f = ¢, + /. The inverse Fourier transform can
be performed analytically in this limit, giving

™
Viry~x ———
() 2e(ry +17)
X [Ho(r/(r + 1)) = Yo(r/(re +12))]
+0(r®), (A12)

where Hy and Yy are a Struve function and a Bessel func-
tion of the second kind, respectively. Equation (A12) is
a good approximation at long range.

At short range (large ¢), the intralayer interaction of
Eq. (1a) again reduces to the monolayer Keldysh form,
but this time with 7¢f = r,, i.e., the second layer becomes
irrelevant. On the other hand, at very long range, the
monolayer Keldysh interaction is also valid, since V(q) =
27 /(eq) + O(1) at small ¢ so that the interaction is of
Coulomb form. Thus the monolayer Keldysh interaction

0
V(r) = Sercht [Ho(r/r®) = Yo(r/riT)] + O(r™?), (A13)

is a reasonable approximation to the intralayer interac-
tion at both short and very long range.

To evaluate the “full” intralayer interaction numeri-
cally, we used the quadrature method of Ogata [44] to
perform the Hankel transform of V(q)—2n/ {eq[1 + r.ql},
then added the result to the monolayer Keldysh interac-
tion of Eq. (A13). Partitioning the interaction into a
long-range part and a numerically evaluated short-range
part ensures that the quadrature is relatively straight-
forward, and that we can introduce a cutoff at large r,
beyond which the numerical corrective term is negligible.

At small ¢, the interlayer interaction of Eq. (lc)
reduces to the displaced Coulomb form W(q) =
ome~ (44 /(¢q) + O(q); hence the long-range inter-
layer potential in real space is given by

1
47r\/r2 + (re + 7, + cl)2

W(r) ~ +0(r 3.  (A14)

At short range in real space the interlayer interaction
should be nondivergent. Equation (Al4) satisfies this
qualitative requirement.

To evaluate the “full” interlayer interaction numeri-
cally, we performed the numerical Hankel transform of
W(q) — 2me~("++7+D4 /(¢q) | then added the result to

Eq. (A14).
There is an alternative long-range approximation
to the interlayer potential, which is more like

the intralayer potential. Noting that W(q) =
2r/ {eq[l + (r« + 7. +d)q]} + O(q), the long-range in-
terlayer potential reduces to a Keldysh potential with

reff =, 47 + d, giving

W(r) =

m
2e(ry + 1, + d)

T T
H(—"V-vw(—"
X{ °<r*+r;+d> °<r*+r;+d>}

+0(r3). (A15)
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This introduces unphysical singular behavior into the in-
terlayer interaction at short range.

Appendix B: QMC calculations
1. Technical details

We performed VMC and DMC calculations [16, 17]
for complexes of distinguishable charge carriers and fixed
ions interacting via the “full” bilayer potential [Eqs. (1a)—
(1c)] and the approximate small-g Keldysh form of the
potential [Egs. (A12) and (A15)], as described in Ap-
pendix A2. We used trial wave functions of Jastrow
form, where the Jastrow exponents contained smoothly
truncated polynomial particle-particle terms, ion-particle
terms, ion-particle-particle, and particle-particle-particle
terms [45, 46]. Additional terms satisfying the analogs of
the Kato cusp conditions [6, 20, 47] were applied to the
trial wave function between pairs of particles wherever
there was a logarithmic divergence in the interaction be-
tween them, including the unphysical divergences in the
approximate Keldysh interaction. Free parameters were
optimized using VMC with variance [48, 49] and energy
minimization [50] as implemented in the CASINO code
[51].

In our DMC calculations we used two DMC time steps
in the ratio 1:4 and corresponding target populations in
the ratio 4:1, allowing a simultaneous extrapolation to
zero time step and infinite population. Since the charge
carriers are distinguishable, there is no fixed-node error
and hence DMC provides exact ground-state solutions
to the effective-mass model of interacting charge carriers
with the chosen model interaction.

2. Energies of complexes in the
hBN/MoSe;/WSe;/hBN heterostructure

Table IV shows the resulting total energies of com-
plexes in the hBN/MoSe;/WSes/hBN heterostructure.
For completeness we include results in which the elec-
trons are found in either layer; however, the results of
immediate relevance to this paper are those for which the
electrons are all found in the MoSe; layer. DMC results
for two-particle complexes were found to agree with cal-
culations performed using Mathematica’s finite-element
method [52] (see Appendix E). Using total energies, one
can assess the most energetically favorable dissociations
(see Table V) and therefore calculate binding energies of
various complexes.

It is clear from Table V that the approximate Keldysh
interaction performs well at calculating binding ener-
gies provided the dissociation does not involve significant
changes to short-range pair distributions. As an extreme
case, the binding energy of an exciton, which is simply
equal to its total energy and hence does not benefit from
any cancellation of errors, is overestimated by 23% when
the approximate Keldysh interaction is used.



TABLE IV. Total DMC energies of various charge-carrier
complexes in the hBN/MoSes/WSez/hBN heterostructure
calculated using the Keldysh approximation to the bilayer
potential [Egs. (A12) and (A15)] and the full bilayer interac-
tion [Eqgs. (1a)—(1c)]. Primes (') indicate that a charge carrier
is in the MoSes layer; otherwise the charge carrier is in the
WSez layer. Donor charges are always assumed to be in the
MoSes layer. The subscripts ¢ and v indicate whether charge
carriers are electrons (c) or holes (v).

DMC total energy (meV)

Complex Approx. Keldysh  Bilayer potential

Xyper —103.958669(5) —84.232(1)

DY, —163.2478711(5) —229.03306(1)
vele! —108.1967(4) —88.32(3)

D . —176.9426(3) —249.60(2)

D.h, —163.4819(8) -

DY X, —278.73(2) —335.781(4)

D, Xy —292.83(1) -

Xoe —114.601814(1) —140.4303329(4)

DY —124.890219(9) —102.5996(7)

X oo —120.6018(5) -

Xoee —123.7189(5) —152.25(1)

D_, —165.8499(5) -

De. —129.3199(9) -

Dt Xye —133.758(2) —141.716(8)

D% X e —279.776(5) -

D, Xy —301.81(1) -

Dé' ;cc _29500(1) -

TABLE V. Dissociations of complexes and the associated
binding energies in hBN/MoSez/WSe2/hBN. The naming
convention for the carrier complexes is explained in the cap-
tion of Table IV.

Binding energy (meV)

Dissociati ]
1ssocration process Approx. Keldysh Bilayer pot.

Xy = X + ey 4.2380(4) 4.09(3)
DY Xyer — Xy + DY 11.52(2) 22.516(4)
DC_/C/X’UC/ — X'Uc/ + Dc_’c/ 1193(1) —
D - DY +eu 13.6948(3)  20.57(1)
DY%h, — D% + h, 0.2340(8) -
X eer — Xpe + o 6.0000(5) <0
yee - Xy + e 9.1170(5)  11.83(1)
D%Xve — Xue + DY 1.926(5) -
DC_/C/XUC _> XUC + DC_/C/ 1026(1) -
D_, - DY +e. 2.6020(5) -
Dix5. = DY + Xo. 8.03(1) -
D.. — DY + e 4.4297(9) <0
DX, —= DT + X 19.156(2) 1.286(8)

3. Calculation of the overlap integrals

a. VMC evaluation of the normalization integral of a
many-body wave function

Consider a complex of N quantum particles with un-
normalized wave function ®(R), where R = (r1,...,ry)
is the 2/N-dimensional vector of all particle coordinates.
Let ¥(R) be a normalized, bound-state sampling wave
function, which ideally has a large overlap with ® and
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the same asymptotic behavior. Then

[le®per= [lomE| T

V(R)
_[|2®R)
C\E(®R)

2>
w2

Hence we can evaluate the normalization of ® by VMC
sampling of |[U(R)|?. We used the simple Jastrow form

v =] (ﬂ) |

i=1

2
PR

(B1)

(B2)

for the sampling wave function, where the exponent c
is a positive, adjustable parameter that was chosen to
maximize the efficiency of the calculation.

b.  Ewvaluation of overlap integrals

Numerical estimates of the various overlap integrals in
the expressions for the radiative recombination rates of
donor-bound trions in a hBN/MoSes/WSes/hBN system
are reported in Table VI. The ground state x1s(r.) and
the first excited state y2s(re) of the neutral donor atom
(DY) were calculated using a finite-element method (see
Appendix E). Using a VMC-optimized trial wave func-
tion ®(ry,re,,re,) for the ground state of the donor-
bound negative trion (D%X,.), we employed a grid-
based method to evaluate those overlap integrals in Table
VI that can be reduced to one-dimensional radial inte-
grals. The remaining integrals were evaluated by a VMC
method, as described below.

Let ¥ be a sampling wave function, as defined in Ap-
pendix B 3a. The overlap of the trion wave function with
the donor-atom wave function when an electron and a
hole are pinned vertically above one another is

// x*(r1)®(ra, ra, r1) d°rq dro

- [ an

()

(B3)

The last expression can readily be evaluated by VMC
sampling of |¥|?, using accurate numerical representa-
tions of the donor-atom wave function x(r.) obtained in
the finite-element calculations.

The overlap integrals are accurate to at least three
significant figures; however there is an unknown er-
ror arising from the fact that the trial wave function
®(rp, re,, Te,) only approximates the exact ground state.

Appendix C: Radiative recombination assisted by
short-range Coulomb interactions

Consider the wave function x(r) for D% complexes in
the long-range (Keldysh) approximation described in Sec.



TABLE VI. Overlap integrals required for calculations of
radiative recombination rates. Calculations are performed
for a hBN/MoSez/WSez/hBN system. ®(rn,re1,re2) is the
ground-state wave function of the donor-bound negative trion,
with both donor and electrons in the MoSes layer and the
hole in the WSes layer (D% X,). x1s(re) and xas(re) are
the ground-state and first-excited-state (rotationally invari-
ant) wave functions of the neutral donor atom in the MoSes
layer (D2).

Overlap Approx. Keldysh  Bilayer pot.

% 129x 1072 A=% 275 x 1072 A~¢
r,r 2y 2

% 8.09 x ]_0_3 A_Q 6.08 x 10_3 A_Z

[1®@(r,r,0)? d°r

T R 1.28 x 1075 A=* 1.38 x 107% A~*

[ 1®(r,r,r)|? d?r
122 d°R
|/ x15(r)®(0,0,r) d°r
@2 dRx [ [x15]? d?r
LS x1s @)@ rx’) d?r d®r
TT8Z ORx [ x1s2 &
N 2
j“ X1s(r")®(r,r,r’) dzr" d?r
J 122 dSRx [ [x1s]? dr
< 2
|/ x2:(r)®(0,0,r) d?r|
J1®22dSRx [ [x2s|? d?r
| xos () B (x,r,x) d2r a2’ |
J1®12 dSRxX [ [x2s]? d?r
f|f X2s(r')®(r,r,r’) d2r/‘2d2r
J 122 dRx [ [x2s[% d?r

322x 1077 A™* 237 x 1077 A
|2

6.94x1077 A% 1.21 x 1079 A4

‘ 2

3.54 1.47

590 x 1074A7% 3.85x 1074 A2

2.01 x107% A=* 1.13x 1077 A~*

0.0379 0.0254

1.04x 10547 1.89 x 1075 A2
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IV. The complex state can be written in the form of Eq.
(12), with the substitution xx — Xy, and short-range
electrostatic interactions and interlayer tunneling can be
treated as perturbations to this initial state. Setting
7 =71 and ¢’ = o in Eq. (12), radiative decay is deter-
mined by the matrix element (7, q|H,|D% ky,)®, where
IT,q) = al(q)|Q) is the final state in which a photon
of momentum q and the appropriate polarization 7 has
been emitted after recombination of the bound electron
with the delocalized hole. The notation |A>(2) indicates
that the state includes corrections up to second order in
perturbation theory, in this case from the interlayer tun-
neling (Hy) and short-range interaction (U, ) terms.

The diagrams of Fig. 3 correspond to those correc-
tions to the wave function that are relevant for radia-
tive recombination in the large-twist-angle regime, where

EBO < h;ﬁK 2 Following the order of the diagrams in the
figure, and assuming that ky, ¢ < AK, the optical ma-
trix element for D%h, recombination is given in terms of

the real-space impurity wave function by

(r.al D 1) = |- e/ e " 7't/ he
) T ) 2 2 2 2 2 2
(E5o + A) (550 + 5k ) (5}30 + A, + IR 4 B ) (5}30 + 2
(c1)
B V'too/he N V'too/he 6me’x(0)
2
\
We additionally assume that the CB and VB spacings tions [Eq. (10)]. The optical matrix element is
remain a large scale in the problem, such that % <
A, A,. In this approximation, the third and fourth
terms in Eq. (C1) cancel out, corresponding to diagrams 10, _L 2., i(AK+ky+q)r
Fig. 3(c) and (d). Substituting the resulting expres- (7, al H:[D7; k) VS dre X(r)
sion into Eq. (11) gives Eq. (18), where the probability (C2)

that the hole state is occupied is introduced through the
hole density N (ky). This analysis can be carried out for
DY X, complexes, yielding Egs. (19) and (20).

The large momentum components introduced by the
short-range interaction terms are irrelevant in the small-
twist-angle regime, which is dominated by the small mo-
mentum sector of the wave function. In this case, the
optical matrix element is obtained from the perturbed
state |D%; k), including first-order tunneling correc-

% 4 hC@Q 3t1m'yl . 3tcc’y
SLq | heAy  he(Ac+ELy)

Substituting into Eq. (11) leads to Eq. (13), and simi-
lar procedures are used to obtain Eq. (15) for D% X,
complexes. Notice that the second radiative channel for
DQ/XUC/ discussed in the main text does not apply to this
regime. The small-twist-angle analogue to the recoil pro-
cess due to electron-electron interactions involves a small
momentum transfer, and is thus already contained in the
unperturbed state [D°X).




Appendix D: Phonon effects on radiative
recombination

The discussion of Appendix C can easily be adapted
to e-ph interactions, Hepn [Eq. (21)]. In the following
we adopt the assumptions introduced in Appendix C;
"gﬁf ERy < Ao, A,
huwn ,(§) < A, Ay, which is always valid in our cases
of interest.

namely,

In addition, we use

In the large-twist-angle regime, consider the process
whereby the electron in a D bridges the valley mismatch
by emitting a phonon in mode v and momentum &, with
¢ ~ AK, in either the electron (A = e) or hole (A = h)
layer. The electron recombines with a delocalized hole of
momentum ky,, emitting a photon of momentum q and
polarization u, leading to the final state

a1, &)y = al(@bf, (9. (D1)
Considering the phonon energies presented in Table V| in
this regime we have n? AK > fw, ,, and the radiative
matrix elements with phonon emission can be approxi-
mated by

X(kn + € — AK)

h<T,CI; Vag‘ﬁr|D0§kll> ~ g gv,v(AK)
4drhe 7 tvv 6myy, _ 61/
SLq hZAKZ RAK?|’
(D2a)
N (ki + & — AK
e<7-7 q; va‘Hr|D0; kh) ~ Mgc/,V(AK)

S

dmhe ytee 6mcz 6my,
SLqhcA, hZAKZ RAK? |

(D2b)

The distinct final states lead to two independent (nonin-
terfering) contributions to the radiative decay rate, ob-
tained by substituting Egs. (D2a) and (D2b) into Eq.
(11). The result is Eq. (24a), and a similar proce-
dure leads to Eq. (24b) for the phonon-assisted decay
of DY X, complexes.

The situation is more subtle in the small-twist-angle
regime, where fiwy , S hH2AK?/(2m,), and the phonon
dispersion becomes important. The optical matrix ele-
ments are

. (k4 £ — AK
7 & v DRy = M EZ R
" 4rhe 3ty
VLA [ hea, (££ + () (D3)
B 3vtee
he A (5 + oy (€) + €5
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drhe x(k + £ — AK)

e<7_a qvga V|I—AII‘DO; kh> =

SLq S
3’7tccgu,c/ (5) o 37/tvvgl/,6’ (5)
he A, (hwl,(é) + 5]130) he A, (hw,, &) + EBO)

(D4)

Following Ref. [31], we use tee K tyy to simplify these
expressions. Using Fermi’s golden rule and integrating
over the photon momentum we obtain the decay rates

F<Ou s Z |gv v 2 + |gc’,u(0)|2
DOh ™ 2 2
(ﬁs 4w, ) (hw, + EBa)
) , Dba
% /d2r/d27,/ez(£—AK)'(r —r)X(r)X*(r/) ( )
e? 12F TSN I 2_ = LO. P
hc hS heA, |’ o ’
<A _ Igu A (&) |ger 1A (§)
FDOh Z 2 + gb 2
€ L(5 rhaag)
(D5b)

X /d%‘/d%" eig'('/’r)x(r)x*(r')

XilQEgnh A 2
he hS heA, |

for optical and acoustic phonon modes, respectively.
The divergence at £ = 0 in Eq. (D5b) makes the first
term dominant in the sum over &, and we can neglect
the second. The sum can be evaluated exactly in the
continuous limit. Defining F(z) = —z[Y1(z) + H_1(z)],
where H,,(x) and Y;,(x) are the nth Struve function and
Bessel function of the second kind, respectively, we obtain

<A o € 2322 Eymyny [ 4tow |7
Db ™ e R pc? hc A,
/d2 /d27"/ ez.ﬁ (x r)X(r) ( )]__ (ZmUth?r r|> .

(D6)

From the values reported in Table V we find that the
function F in the integrand decays over a characteristic
length scale of 100 nm, much greater than the spread of
the localized wave function x(r). Therefore, to a good
approximation, we can substitute F(0) = 2/m to evalu-
ate the integral. The final results for all phonon modes
considered in Egs. (25a) and (25b), and Egs. (26a) and
(26b) are obtained by a similar procedure.

Appendix E: Finite-element calculation of two body
states in heterobilayer system

The Schrédinger equation for two particles interacting
through a radially symmetric potential U(r) is given by
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FIG. 10.

Probability distributions (|x(r)|?) of the
first two radially symmetric donor atom states in
hBN/MoSe2/WSe2 /hBN. The solid lines were obtained us-
ing the full bilayer potential Eq. (la), and correspond to
states with binding energies €5 = —229.03meV and &5, =
—61.73meV. The dashed lines were obtained using the ap-
proximate intralayer Keldysh form Eq. (A12).

[6],

h2 h2
V2 — Vi -U(rip)| ¥ =EVY, (El)

B 2m1 2m2

where the form of the interaction U between charge carri-
ers is explained in Appendix A 2, depending on the layer
in which each particle is found.

Transforming the coordinates to the relative motion
r = r; — ry and the center-of-mass motion R =
miritmers allows separation of the Schrédinger equa-

. mitma e
tion to the center-of-mass part whose solution is given

by the plane wave ¢(R) = ﬁeiK'R and the energy
E= %, and the relative-motion part given by

h2
—sz —eU(r)| ¥ = BV, (E2)
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where 1 = mymag/(my + ms) is the reduced mass.
Transforming the equation into dimensionless quanti-
2
ties [6, 23] using the excitonic Bohr radius af = <%, and

ne?

the excitonic Rydberg energy Ry = % gives
1
R*

Yy

-Vv2 - (aiF)| U = BV, (E3)

where 7 = r/af and E=E /R;. Using separation of
variables the general solution is given by

U(r) = R(r)®(¢), (E4)

where the angular part solution is
el (E5)

1 =0,£1,+£2,... is the azimuthal quantum number with
®(¢) being an eigenfunction of the angular momentum

) . . .
operator L, = —zh8—¢ with eigenvalue Al. The equation
for the radial part is

—R'(F) - %R’(f) + %R(f) — 9(F)R(7) = ER(7), (E6)

where ©(7) = U(ag7)/Ry. To solve Eq. (E6) numeri-
cally we use the substitution u(7) = R(F)7, allowing us
to impose Dirichlet boundary conditions: u(7) = 0 at
7 = 0 and 7 = co. The equation can be solved using
the finite-element method implemented in Mathematica
[62]. For the charged donor interacting with an elec-
tron in the MoSey layer, we have p = m/, and we solve
Eq. (E6) using both the approximate Keldysh interaction
and the full bilayer potential for the intralayer interaction
between the donor and electron. The normalized prob-
ability distributions for the first two radially symmetric
states (1s,2s) obtained using both potentials are plotted
in Fig. 10.



Chapter 6

Multilayer films of TMDCs

6.1 Introduction

Quantum wells formed from growing heterostructures of conventional III-V semicon-
ductors have been extensively studied and applied for various optoelectronic devices
such as infrared photo detectors and infrared quantum cascade lasers, utilising the in-
tersubband transitions [70, 71]. Two dimensional materials and TMDCs in particular,
provide an alternative and superior approach in terms of versatility, fabrication and
functionality, in the form of van der Waals quantum wells, where the coupled layers re-
sult in splitting of the conduction and valence bands into multiple subbands. Stacking
few-layers of TMDCs results in shifting of the valence band edge from the K point to
the I' point, and the conduction band edge to near the () valleys. In order to describe
the subbands and the intersubband transitions in few-layer TMDCs for both p-doped
and n-doped samples, we construct a hybrid k - p-tight binding model for the conduc-
tion and valence subbands in multilayer 2H-stacked TMDCs, which we parametrise
using DFT calculations of the four main TMDCs. Using the developed model we find
the intersubband spacings and their dependence on the number of layers, we describe
the symmetry related selection rules for intersubband transitions, we address issues of
broadening for the absorption line shapes due to the subbands dispersions and due to
phonon relaxation, and obtain the absorption spectrum for few-layer films.

We find that the four studied TMDCs cover densely the spectrum range 2 ym <
A < 30 pm for the first intersubband transition in few-layer films consisting of N = 2—7

layers, therefore allowing to extend the applicability of TMDCs from the visible range
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direct band gap, to the infrared range in the few-layer subbands. Additionally, we
find a dispersion broadening effect, which is the dominant broadening source at room
temperature (~ kgT'), with the phonons providing a weaker contribution of ~ few
meV, making few-layer TMDCs promising for optoelectronic device applications in

the infrared and far-infrared spectral range.

6.2 Intersubband optics in few-layer films of TMDCs

The results presented in this chapter are to be submitted in: “Hybrid k-p-tight binding
model for subbands and infrared intersubband optics in few—layer films of transition
metal dichalcogenides: MoSs, MoSey, WS, and WSey”, (2018), submitted.

My contribution to this work: Performed the parametrization and fitting of the model
to the DF'T calculations, prepared all the figures, analysed the results and written the
manuscript.

Full author list: M. Danovich, D. Ruiz-Tijerina, C. Yelgel, V. Zélyomi, V. I. Fal’ko
Author contributions: C.Y. and V. Z. provided the DFT band structure calculations.
D.T. contributed to the writing of the manuscript, written appendix B and C, and to

overall discussion of the calculations.



Hybrid k - p-tight binding model for subbands and infrared intersubband optics in
few—layer films of transition metal dichalcogenides: MoS,, MoSe,, WS,, and WSe,

Mark Danovich,! David A. Ruiz-Tijerina,! Celal Yelgel,! Viktor Zélyomi,' and Vladimir I. Fal’ko!

! National Graphene Institute, University of Manchester, Booth St E, Manchester M13 9PL, UK
(Dated: March 23, 2018)

We present a DF T-parametrized hybrid k-p—tight binding model (HkpTB) for electronic properties
of atomically thin films of transition—metal dichalcogenides, 2H-MX> (M=Mo, W; X=S, Se). We use
this model to analyze intersubband transitions in p- and n-doped 2H — MX films and predict the
lineshapes of the intersubband excitations, determined by the subband-dependent two-dimensional
electron and hole masses, as well as excitation lifetimes due to emission and absorption of optical
phonons. We find that the intersubband spectra of atomically thin films of the 2H-MX, family with
thicknesses of N = 2 — 7 layers densely cover the infrared spectral range of wavelengths between

2 pm and 30 pm.

I. INTRODUCTION

The 2H-MXy transition metal dichalcogenide com-
pounds (M=Mo, W; X=S, Se) are layered materials,
where chalcogens and metal atoms form covalent bonds
within 2D layers with hexagonal lattice structure, and
neighbouring layers couple weakly through electrical
quadrupole and van der Waals interactions. This fea-
ture of chemical bonding makes atomically thin films of
MZX,, sufficiently stable for extensive experimental stud-
ies aimed at their implementation in various optoelec-
tronic devices'™. In those recent studies, the closest
attention has been paid to the inter-band optical prop-
erties of the monolayer transition metal dichalcogenide
(TMD) crystals* 7, due to their direct band gap®, valley-
spin coupling®™! and long spin and valley memory of
photo-excited carriers'?, spiced up by the Berry cur-
vature effects for electrons and excitons in these two-
dimensional semiconductors'3. This is because in mono-
layer MoSs, MoSes, WSs, and WSes the valence and con-
duction band edges both appear at the Brillouin zone
(BZ) corners K and K', where the electronic Bloch states
carry intrinsic angular momentum.

Thicker crystals of 2H-MX, quickly lose the direct
band gap property upon increasing the film thickness
to two or three layers.'42! Density functional theory of
few-layer transition metal dichalcogenides predicts!”!?
that for holes the band edge relocates to the I'-point,
whereas for electrons it appears at six points situated
somewhere near the Q-points at the middle of each TK
segment (see inset in Fig. 1). This has been demon-
strated by studies of Shubnikov—de Haas oscillations in n-
doped MoS;.22 While the indirect character of few-layer
TMD band structures suppresses their inter-band photo
response, the multiplicity of subbands n|N (1 <n < N)
at the conduction and valence band edges of the N-—
layer crystal, open a new avenue for optical studies of
atomically—thin TMD films.

Here, we analyse theoretically intersubband transitions
in few-layer MoSo, MoSey, WS, and WSes, and show that
the absorption/emission spectra of the primary transi-
tions in p- and n-doped crystals (Fig. 1) densely cover
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FIG. 1. Energy spacings between the first two conduc-

tion (filled symbols, solid lines) and valence (empty symbols,
dashed lines) subbands 1|N and 2|N as a function of num-
ber of layers N of the four TMDs, corresponding to n and
p-doping, respectively, for 2 < N < 7. Both axes are in log
scale, showing the approximate quadratic dependence of the
spacings on the number of layers. The left vertical axis shows
the wavelength X in pm, corresponding to the energy spacings,
and the right vertical axis shows the energy spacings in meV.
The inset shows the building block of 2H-MX2 bulk crystals,
composed of two monolayers with metal atoms in the middle
and chalcogens in the outer sublayers of each monolayer, and
the Brillouin zone with the I'-point and @Q-valleys highlighted,
corresponding to the conduction and valence band edges.

the infrared (IR) spectrum down to the far-infrared
range (FIR) of photon energies. The analysis of sub-
band properties of few—layer 2H-MXy presented in this
paper is based on the hybrid k-p theory-tight-binding



model (HkpTB) approach, recently applied to the de-
scription of multilayer films of post-transitional metal
chalcogenides (such as InSe and GaSe).?*?* This ap-
proach consists of minimal k - p theory Hamiltonians for
2H-MX, monolayers,2%2% supplemented by a k - p ex-
pansion of the interlayer hopping near the relevant point
(here, T or Q) in the BZ, with all parameters fitted to
DFT-calculated few—layer dispersions, and &, dispersions
in bulk crystals.

First, in Section II we describe the lattice structure and
discuss symmetries of few—layer 2D crystals of 2H-MXs5,
especially the difference between films with odd and even
numbers of layers and the corresponding degeneracies in
their band structures. The DFT-parametrised HkpTB
models for few—layer TMDs are formulated in Sections
IIT and IV for the valence band edge (holes) near the
I'—point and for conduction band (electrons) near the Q-
points, respectively.

‘We use these models to calculate subband energies, dis-
persions and wave functions of electron/hole subbands in
N-layer crystals of all four 2H-M X5 compounds, and op-
tical oscillator strengths for radiative intersubband tran-
sitions. Furthermore, we analyse the inelastic broadening
due to optical phonon emission, and the resulting spec-
tral line shapes of IR/FIR absorption by p- and n-doped
2H-MX, films. We find that the intersubband relax-
ation rates, determined by electron—phonon interactions,
are much slower (one to two orders of magnitude) than
the intra-subband relaxation in the same materials,?7-28
and also these are an order of magnitude slower than
intersubband relaxation of electrons and holes in I1I-V
semiconductor quantum wells.?? Also, in Section IIIB
we show that the difference between the two-dimensional
masses mqy and mgy of electrons and holes in con-
secutive subbands leads to an additional temperature—
dependent broadening of the intersuband transitions,
mi|N
i
dominant intrinsic broadening effect for the IR/FIR ab-
sorption by 2H-MX, films at room temperature.

o~ ‘1 - ‘max{kBT, er}, which appears to be the

II. MULTILAYERS OF HEXAGONAL
TRANSITION METAL DICHALCOGENIDES:

OVERVIEW
The lattice structure of monolayer TMDs
MX, (M = Mo, W;X =§S,Se) contains two hexago-

nal sublattices of metal and chalcogen atoms in its unit
cell, as shown in Fig. 2b. The chalcogens form two
sublayers, one above and one below the metal sublayer,
forming a trigonal prismatic structure with the metal
atom connected to three chalcogens above and below.
The monolayer point group symmetry is D3y, consisting
of C3 rotations, o, in—plane mirror reflections, and o
out—of-plane mirror reflections. The most common bulk
allotrope for these transition metal dichalcogenides has
2H-stacking,?° built by adding subsequent layers rotated
by 180° with respect to the centre of the hexagon,
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FIG. 2. (a) Crystal structure of a bilayer 2H-stacked TMD
(MX3), the building block of multilayer TMDs, viewed from
the side and (b) top. M and X represent the metal and chalco-
gen atoms, respectively. (c¢) Brillouin zones of the two mono-
layers in the 2H-stacked bilayer rotated by 180° relative to
each other, and schematics of the band dispersions at the va-
lence band I'-point and conduction band @Q—point, including
the six symmetry-related Q—valleys and spin—orbit splitting.
(d)—(f) DFT band structures of monolayer, bilayer and tri-
layer WS2, showing the transition from direct-gap (K — K)
monolayer, to indirect—gap (I" — Q) multilayer semiconduc-
tor. At the I'-point, we label the different valence bands
in the monolayer and the irreducible representations of the
D3y, point group.?® The bilayer and trilayer valence subbands
are further labelled according to the subscript notation n|N,
where n is the subband number and N the number of layers.
For odd number of layers (N = 1,3), where spin—orbit split-
ting is present, the conduction subbands near the Q—point are
coloured according to the spin projection quantum number s,
with red (blue) corresponding to s =71 (s =), giving a total
of 2N spin—polarized states. Kramer’s doublets are given by
Es(k) = E_s;(—k). For N = 2 all bands are spin degenerate,
resulting in N doubly-degenerate states, Es(k) = F_s(k).

resulting in a structure where the chalcogen atoms from
one layer are directly above or below metal atoms in
the other layer (See Fig. 2a,b). The interlayer distance
5, with ¢ the out—of-plane lattice constant, is shown in
Fig. 2a, and Fig. 2b shows the in—plane lattice constant
a. The resulting 3D layered crystal has a bipartite
structure with two monolayers in the unit cell, belonging
to the space group P63/mmc.

Multilayer TMDs with an even number of layers be-



long to the point group D34, which contains spatial inver-
sion (r — —r) but lacks out—of—plane mirror symmetry.
The combination of spatial inversion and time reversal
symmetry prescribed at zero magnetic field results in a
constrain on the spin splitting of the electronic states
for even number of layers, Es(k) = E_4(k), where s is
the spin projection quantum number, such that all states
throughout the BZ must be spin degenerate. Similarly to
the monolayer case, multilayer films with an odd number
of layers belong to the point group Dsj,, which contains
the z — —2z mirror symmetry o but lacks spatial inver-
sion symmetry. Therefore, s, is a good quantum number
for which spin degeneracy (present in films with even
number of layers) can be lifted by spin-orbit (SO) cou-
pling. While the SO splitting is absent for bands based
on p, and d.2 orbitals at the I'point, it is substantial
near the Q—points, leading to the alternation of subband
properties. That is, the subbands are spin degenerate for
even numbers of layers, resulting in a six—fold degener-
acy of dispersion along the I' — K line. For odd number
of layers, subband spectra are three—fold degenerate, but
with Es(k) = E_s(-k).

In Figs. 2(d)—(f) we show how the DFT-calculated
band structure of WSy, representative of all four TMDs,
evolves from monolayer to trilayer (DFT band struc-
tures of all four transition metal dichalcogenides are
shown in Appendix F). The DFT calculations were
performed using a plane-wave basis within the lo-
cal density approximation (LDA), with the Quantum
Espresso®! PWSCF ab initio package. We considered
the Perdew—Zunger exchange correlation scheme,3? with
fully—-relativistic norm—conserving pseudo—potentials, in-
cluding non—collinear corrections. Pseudopotentials for
Mo, W, S, and Se atoms were generated using atomic
code 1d1.x of the PWSCF package.?® The cutoff energy
in the plane—wave expansion was set to 60 Ry, and the
BZ sampling of electronic states was approximated us-
ing a Monkhorst—Pack uniform k-grid of 24 x 24 x 1
for all structures.?* We adopted a Methfessel-Paxton
smearing®® of 0.005 Ry and set the total energy conver-
gence to less than 1076 ¢V in all calculations. Spin—
orbit coupling was included in all electronic band struc-
ture calculations. To eliminate spurious interactions be-
tween adjacent supercells, a 20 A vacuum buffer space
was inserted in the out-of-plane direction. The inter-
layer separations in the four TMDs were taken to be
the experimental values, 6.149 A 36 6.463 A,37 6.173 A8
and 6.477 A 39 with LDA-optimised in—plane lattice con-
stants of 3.157 A, 3.288 A, 3.161 A, and 3.291 A for MoSs,
MoSey, WSo, and WSes, respectively.

Using WS, as an example, Fig. 2 illustrates that a
monolayer MXs has a direct band gap at the K point of
the BZ. The z — —z mirror symmetry and lack of in-
version symmetry result in SO-split conduction and va-
lence bands, classified by their s, quantum number (Fig.
2d). The large SO splitting at the valence band (VB)
K—point and conduction band (CB) Q—point result from
their metal d,, and dg2_,> orbital compositions. This is

in contrast to the CB K—point, which is primarily made
of metal d,- orbitals, resulting in weaker SO splitting.®:26
In a 2H-MX;, bilayer, the combination of spatial inversion
and time reversal symmetry forbids SO splitting, result-
ing in two spin—degenerate subbands (four bands in to-
tal) in the CB and VB, split by the interlayer coupling
(Fig. 2e). Additionally, the interlayer coupling shifts the
band edges to the I'-point (VB) and in the vicinity of
the Q—point (CB), making indirect gap semiconductors.

In the trilayer 2H-MX,, the valence and conduction
band edges remain at the I' and near Q points. As shown
in Fig. 2f, the CB subbands are split by SO coupling at
the @—point due to the lack of spatial inversion symmetry
in the case of odd numbers of layers. The resulting spec-
trum consists of two SO-split subbands in the middle,
and two pairs of nearly spin-degenerate subbands above
and below (see Appendix C for details). For the valence
subbands, however, SO splitting is forbidden exactly at
the I'-point, due to it being its own time reversal coun-
terpart, resulting in three nearly spin degenerate sub-
bands (exact degeneracy for even N, and spin—splitting
E, (k) — E_,_(k) o< k3 for odd N). This trend, which
consists of the alternation of SO-split (for odd N) and
spin-degenerate (for even N) subbands persists for TMD
films with a larger number of layers, and all the same
features are present in the spectra of all four 2H-MX5
shown in Appendix F. Finally, we note that the in—plane
(2D) carrier dispersions in different subbands n|N (both
on the VB and CB side) are different, which affects the
intersubband absorption line shapes, as we discuss in Sec-
tions IIT and IV.

III. HOLE SUBBANDS IN P-DOPED
FEW-LAYER TMDS

Fig. 2d shows the monolayer valence bands relevant
for the multilayer description, based on symmetry and
energy considerations. The v and w valence bands are
non-degenerate at the I'-point, with the v—band com-
posed of the metal d,= orbital and chalcogen p, orbitals,
whereas the w—band is composed of metal and chalcogen
p. orbitals. Bands v; and w3 belong to two—dimensional
irreducible representations (Irreps), with the v; band
composed of chalcogen p,,p, and metal d,, d,. orbitals,
and the vs-band formed by chalcogen p,, p, and metal
Aoy, dyp2_y2 orbitals.?2%:26 In the multilayer case, the w
and v—bands strongly repel as the w band gets closer in
energy to the v—band. The vy and vs bands, on the other
hand, are weakly split with a narrow spread due to their
orbital characters, and are pushed downwards relative to
the v band edge. The two—dimensional Irreps of v; and vg
allow their coupling with the VB being only through SO
interactions (see Appendix B). These features involving
the symmetry, orbital composition and proximity of the
valence bands, supported by our numerical calculations,
indicate that the VB is most strongly hybridized with
the w-band, while the other valence bands vy, vs, pro-
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FIG. 3. Bulk dispersion of 2H-stacked WSz along the T A
line. The DFT data (points) are well fitted by the two—band
model Eq. (4) (solid lines). The grey points correspond to
the v1 and v3 valence bands. Inset: The first Brillouin zone
of bulk TMDs.

vide corrections in second—order perturbation theory to
the model parameters through the action of SO coupling
(see Appendix B). Additionally, as pointed out in Sec-
tion II, in two—dimensional 2H-MXj, crystals the CB and
VB are almost spin-degenerate at the I'-point, despite
the fact that atomic SO coupling in TMD compounds is
strong. Therefore, to describe the valence subbands at
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where we have defined J(N) = 1 — (—=1)V. ags)g(k)
and bﬁfs)g( k) annihilate(create) a band-o electron with
spin projection s and in—plane wave vector k in the odd
and even layers of the n*™ unit cell, respectively. Ad-
ditional model parameters include the on-site energy
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the I" point, we construct a spinless two—band model in-
cluding the v and w bands, fitting the band parameters
and interlayer hopping terms to the DF'T calculated band
structure, where SO coupling is included implicitly. As
indicated in Fig. 2d, these bands belong to the A} and A}
Irreps of the Dsp, group of the I'-point,?3:2% respectively.
Therefore, bands v and w are respectively even and odd
under o}, transformations, and do not mix in the mono-
layer case. However, in multilayers, band mixing across
consecutive layers is allowed by symmetry.

A. HkpTB for the '—point valence band edge

The monolayer dispersions of the valence bands o = v
and w, are described by isotropic parabolic dispersions
with band-dependent effective masses

g0 _ 12K

P

Eo(k) =

. 1
e (1)
To construct the multilayer Hamiltonian we include
symmetry—constrained interlayer couplings, given to low-
est orders in k by

to(k) =t + 1Pk 1, (k) =t + 122 (2)
where t,, and t,, are interlayer intra—band hopping terms,
and t,,, couples different bands in two consecutive layers.

The multilayer Hamiltonian is given by
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corrections ¢, and §,, and k-dependent corrections of
the form p,(k) = pyk?, for the v and w bands, re-
spectively, which take into account both the pseudo-—
interlayer potentials, as well as the spin—flip induced
interband-interlayer hopping (Appendix B). For odd N
the system has |N/2| complete unit cells and a trun-



cated last unit cell n = [N/2], where |A] and [A] are
the floor and ceiling functions, respectively. This case

is considered in Eq. (3) through the Heaviside function

©(% — n), which removes the operators bg\T,)Q (k) when

N is odd. The minus sign in the last row of Eq. (3) for the
interband interlayer hoppings (t..,) is due to the opposite
parity under z — —z of the v and w bands, described in
Sec. III.

We obtain the model parameters in Eq. (3) by fitting
the results of numerical diagonalization of Eq. (3) to DFT
calculations of the bulk and few—layer dispersions for each
2H-MX,. For example, the DFT bulk k,—dispersion of
WS, is shown in Fig. 3 for the T A cut through the 3D
BZ. The solid lines in Fig. 3 correspond to the bands of
the bipartite Bloch Hamiltonian

E, (k) + 26, + 24, (k) 0 2t, (k) cos (%°) 2it e (k) sin :;C)
_ 0 Ey(k) +26,+2 u,(k) — 2ty (k) sm( =€) 2t (k) cos (%59)
Hrle k) = o) (1) cos (52 ;) Dty (k) oim (556 (k) + 26 4 20t (k) 0 > (4)
—2ity (k) sin (£5¢) 2t (k) cos( 0 Ey(K) + 26y + 24, (k)

obtained from the model Eq. (3). Eq. (4) is written in
the basis of the v and w bands of layers one and two of
the bulk 2H crystal unit cell. The fitted parameters for
the four TMDs are given in Tables I and II, and detailed
comparisons of the HkpTB model to DFT results for all
four few-layer TMDs are shown in Fig. 4.

Noting that the bulk VB edge is located at the I'-
point (Fig. 3), the dispersion near the band edge can be
obtained from Eq. (4) as

h2k2
2My oy

hzkg
2my,

Er(k., k) ~ — (1+¢k2), (5

where the bulk parameters are given in terms of the
HkpTB model parameters,

2
I o
mvé = ﬁ AE + tg)o) (6&)

is the out—of-plane bulk effective mass, with d = ¢/2 the
interlayer distance and AFE = E, — E,, — QtS,O) + 2757(,?) +
26, — 20, the bulk gap between the top most v and lowest
w bands at the I'—point.

My by = [1+4h ((2) ﬂ)} myt,  (6b)

is the in—plane bulk effective mass, and

h=2m,d? 4h%t2 — My
C=- 4 m(2) {2t(2) N>R o T
(14 2me (12 — p,)] AE?  mymy,

t bow_1(2) _ 4(2)
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is an anisotropic non-linearity factor. (The fitted values
of these parameters directly to the DFT calculations are
given in Table I).

TABLE I. Model parameters fitted to DFT data for the mono-
layer valence bands F,(k) and F,(k), and bulk valence band
dispersion for the four TMDs. The monolayer parameters
include the band edges energy difference E2 — EO, and the
effective masses m,, M, given in terms of the free electron
mass mo. The 3D bulk parameters include the out-of-plane
and in-plane effective masses my, ., My, 2y, respectively, and
the in—plane dispersion non-linearity parameter (.

EY — EY [eV] My [Mo] Maw [Mo]

M,z [mo Mo,ay [mo] ¢ (A7)

MoS2 1.75 3.726 0.304
1.04 0.693 -5.24

MoSe: 1.56 5.575 0.505
1.42 0.786 -5.99

WS 2.08 2.885 0.353
0.840 0.615 -5.86

WSe, 1.81 3.420 0.760
1.08 0.700 -5.45

TABLE II. Model parameters fitted to DFT data for the va-
lence band interlayer hopping terms t,(k), t, (k) and tyy (k).
Sv, Ow, Mv, and ji,, are the on—site energy offsets due to the
pseudo—interlayer potential and spin—flip coupling terms.

tDev] D ev] P [eVAT] ¢ [eVAT]

©) eVl t2 VA% §,[meV] 6, [meV]

po [eVA®]  pw [eVA?]
MoS-2 -0.333 0.592 1.744 2.684
0.432 -1.206 -62.18 -41.43
-0.351 6.770
MoSes -0.307 0.657 1.830 2.626
0.453 -1.140 -29.13 -10.85
-0.261 2.736
WS, -0.322 0.574 1.718 3.205
0.404 -1.226 -36.98 -48.89
-0.614 5.834
WSes -0.291 0.649 1.814 -1.382
0.4309 -0.049 -25.27 -69.93
-0.519 0.192




Then, the subband energies and dispersions in TMD
films with N > 1 can be analysed by quantizing hole
states with dispersions described by Eq. (5) in a slab of
thickness L = Nd. When doing so, one has to comple-
ment Eq. (5) with the general Dirichlet-Neumann bound-
ary condition for the standing waves of holes at both film
surfaces

(0. v(=) + ()]s =0, (7)

where the £ correspond to the top and bottom layers, re-
spectively, and v is a dimensionless parameter. Assuming
a solution of the form 1(z) = ue?*=* + ve~%=*_ one finds
from Eq. (7) that k. in Eq. (5) obeys

Lk, + 2 arctan(vk.d) = mn, (8)

where the integer n is the subband index. For large num-
ber of layers and low-energy subbands (near the band
edge), k, ~ % < é, and arctan(vk,d) ~ vk.d, so that
we can approximate

™m
d(N +2v)’

k, ~

(9)

leading to the subband energies and dispersions

h? m2n?
Eneniv (k) = =5 N 20
’ 10
h2k? ¢nin? (10)
21y 4y d?(N +2v)? |

The large—N asymptotics of the separation between
the lowest two subbands, |Eyny — Ea|y|, was used to de-
termine the value of the boundary parameter v for holes
in each TMD, resulting in v ~ 0 for MoSs and MoSes,
v = 0.11 for WSy, and v = 0.007 for WSes, using the
dispersions and lowest intersubband splittings shown in
Figs. 4 and 5. The good agreement between the full
HkpTB model and the asymptotic analysis shown in Fig.
5 enables us to describe the main intersubband transition
1|N — 2|N in p-doped N-layer 2H-MX, as

3m2h?

Ein — Eyn| = .
By — oy 2m., d?(N + 2v)?

(11)

Furthermore, the hole subband effective masses

(mPn?
d*(N +2v)2 |’

-1

my iy = m;iy 1+ (12)

obtained from Eq. (10), describe well the subband de-
pendence of the in-plane masses, as seen in Fig. 4.

B. Selection rules for intersubband transitions, and
dispersion—induced line broadening

Next, we use the model developed above for the de-
scription of hole subbands to study intersubband optical

transitions, electron-phonon relaxation, and absorption
line shapes of IR/FIR light.

The optical transition amplitude between two given
subbands n and n’ is determined by the out-of-plane
dipole moment

a2 (k) = e(n, k|z[n’, k)

N
=eY D %000 K)Cu 0 (k).

j=lo=v,w

(13)

where N is the total number of layers, z; denotes the z
coordinate of layer j, and C), ; (k) are the components
of the n*® subband eigenstate. The calculated dipole mo-
ment matrix element for the first two intersubband tran-
sitions is plotted in Fig. 6 as a function of the number of
layers. The selection rules for intersubband transitions
driven by out—of—plane polarized light are determined by
the odd parity of z under both spatial inversion and mir-
ror reflection (0y). The subband states for even and odd
number of layers also have a definite parity under spatial
inversion and mirror reflection, respectively, due to the
crystal’s symmetry. Therefore, intersubband transitions
between same parity subbands are forbidden, as shown in
Fig. 6 for the first two intersubband transitions. All this
makes the 1|N — 2| N transition the dominant feature in
the IR/FIR absorption by thin TMD films.

The intersubband absorption line shape is affected by
the difference between the effective masses of subbands
1|V and 2|N. The lighter in-plane hole mass in the initial
state (1| N subband) as compared to the final state (2| N
subband) spreads the absorption spectrum toward lower
energies. Heavy p-doping of the TMD film or Boltzmann
distribution of the holes in the case of light p-doping,
sets the lower limit for the line width of the 1|N — 2|N
absorption line, which we call the density of states (DoS)
broadening

o= (1-

Here, kg is the Boltzmann constant, T' is the tempera-
ture, and my, mo are the effective masses of the first and
second subbands. This limit for the line width is illus-
trated in Fig. 7a for N-layer 2H-MX5 at room tempera-
ture. We note here that this “density of states” broad-
ening is similar to the inhomogeneous broadening, in the
sense that it can be overcome by placing the TMD film in-
side an optical resonator that would select intersubband
modes with particular values of in-plane momentum k.

my N

> max{ep, kgT} log 2. (14)
mo|N

C. Broadening due to electron—phonon intra— and
intersubband relaxation

In contrast to the elastic DoS broadening, phonon—
induced intra— and intersubband relaxation broaden the
absorption line in a way that cannot be avoided by a
clever choice of the electromagnetic environment. Below
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FIG. 4. Model dispersions (solid lines) near the I'—point fitted to the DFT calculated (points) for the four TMDs (rows) for

three to six layers (columns).

we consider emission/absorption of homopolar (HP), lon-
gitudinal (LO) and out-of-plane (ZO) optical phonons,
which we assume to be dispersionless. This choice is mo-
tivated by the fact that these are the strongest coupled
modes in TMDs, as established by earlier studies.2”4°
Also, we take phonon modes of few-layer films as in-
dependent and degenerate. This approximation is jus-
tified by the fact that splittings due to hybridization
between layers are much smaller than the monolayer
phonon frequency.*!

The hole-phonon couplings for a phonon in mode y =
HP, LO, or ZO in layer j, interacting with a hole in layer
i, are given by (see Appendices D and E)

iy [ B
o = 5i' va
gHP(Q) J 2pwip

(15a)

. | h 2mie?Z(—1)) -
Ji — —qdli—j|
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LO( ) szjngLO A(l + T*q) ( )
i h 2me? 7. 1=
75t o z _—qdli—j| J

970(d) = 4/ e T (15¢)
z0 2phrws0 A i — j

where w,, denotes the corresponding phonon frequency; p
is the mass density of the material; D,, is the deformation
potential in the valence band; A is the unit cell area; M
and M, are the total unit-cell mass and reduced mass of
the metal and two chalcogens, respectively; Z and Z, are
the in-plane and out-of-plane Born effective charges, re-
spectively; and 7, is the screening length in the material.
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FIG. 5. Energy spacings between the first and next few va-
lence subbands for the four TMDs, as a function of the number
of layers N. The v parameter corresponding to each TMD is
given in each panel. The solid lines for the first two transi-
tions are obtained using Eq. (10), showing a good fit between
the model and DFT.
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FIG. 6. Out—of-plane dipole moment matrix elements for the
VB subbands, for the first two intersubband transitions 1 — 2
(solid) and 1 — 3 (dashed).

The various parameters taken from Refs. 27, 40, 42, and
43 are given in Table III.

The phonon induced broadening is determined by the
lifetime of the hole in the excited subband state, which
includes contributions from intersubband relaxation due
to emission (low-T" and high-7") and intrasubband absorp-
tion (high-T') (Fig. 7b). We note that intrasubband emis-
sion contributions are thermally activated, since they re-
quire carriers to be thermally excited to energies higher
than the corresponding phonon energy. The typical en-
ergy of thermally distributed carriers at room tempera-
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— WS,
WSe,

2.5 — MoS;
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1.0 *Z() — “SQ
S — WSe,
0.5 24

0.0

FIG. 7. (a) Absorption line widths for VB subbands at room
temperature (300 K) as a function of number of layers for the
four TMDs, considering only DoS broadening. (b) Phonon
induced broadening at room temperature (7' = 300 K) due to
intersubband emission and intrasubband absorption of optical
phonons modes (top to bottom) HP, LO and ZO, for the four
TMDs as a function of number of layers NV, with the combined
broadening shown in bottom panel.

7 [meV]

o

ture is %k:BT ~ 13 meV, whereas the phonon energies
are of order 30 — 50 meV (Table IIT), making this process
irrelevant. Similarly, the process involving intersubband
absorption from the second subband to the third is sup-
pressed by the larger intersubband spacings, as compared
to the phonon energies and the first intersubband spac-
ings for N < 10, and therefore will not be considered.
The phonon—induced broadening is accounted for by

2

=2 3 130 Y G (@C 0 (@)Cinio (0)

ma,j i o=vw (16)
X AL+ ng (w10 [Em(0) — En(q) = hw,]
+5nmnT(mu)6 [Em(o) - Em(q) + hwli]} )

where the sums are over the phonon modes u =
HP, LO, ZO, the phonon wave vector q and the layer



TABLE III. Electron-phonon coupling parameters for LO, HP, and ZO phonon modes. wup, wro and wzo are the HP, LO and
70 mode energies; p is the mass density; D,,, D. are the valence and conduction deformation potentials; Z, Z. are the in-plane
and out of plane Born effective charges; 7. is the screening length; M, /M is the ratio of the reduced mass of the metal and
chalcogens to the total unit cell mass; and A is the unit cell area.

hwnp [meV] hwro [meV] hwzo [meV] p [g/ecm?] D, [eV/A] D. [eV/A] Z  Z. r. [A] M,/M A [A?]

MoS2 51 49 59 3.1x 1077 3.5 7.1 1.08 0.1 41 0.24  8.65
MoSe2 30 37 44 4.5%x 1077 3.8 7.8 1.8 0.15 52 0.249 9.37
WS2 52 44 55 4.8 x 1077 1.5 3.4 0.47 0.07 38 0.29 8.65
WSe- 31 31 39 6.1 x 1077 2.2 2.7 1.08 0.12 45 0.25 9.37

number 1 < j < N. O, ; , are the components of the n'®
subband eigenstate on layer ¢ in band o, and nz(hw,,)
is the Bose-Einstein distribution for a phonon in mode
w1 at temperature T'. The first term in the curly brack-
ets describes intersubband phonon emission, whereas the
second term describes intrasubband phonon absorption.

The resulting phonon-induced broadenings at room
temperature are shown in Fig. 7b. The main contri-
bution comes from intersubband relaxation, with intra-
subband absorption suppressed by the phonon occupa-
tion number. The intersubband LO phonon contribution
dominates the broadening due to the strong coupling
attributed to the large in-plane Born effective charge,
and the long range nature of the coupling. The reduced
broadening for N = 2 is due to the large intersubband
spacing, which suppresses intersubband relaxation, and
the fact that the second subband is almost flat, which
suppresses intrasubband absorption. The peaks in the
broadenings for certain numbers of layers correspond to
near resonances between the phonon energies and the in-
tersubband spacings. Phonon broadening is seen to be
most detrimental for MoSes in particular, and in general
for all TMDs at 7 or 8 layers. Beyond this number of
layers, the phonon energies become larger than the inter-
subband spacings, thus preventing intersubband relax-
ation, however, intrasubband absorption is still present
and dominates for N > 7. Finally, we note that the
broadening values are found to be smaller than those
observed in III-V quantum wells,?° implying a weaker
detrimental effect on the absorption/emission line shape
in these materials.

D. Room-temperature absorption spectrum in
p-doped TMD films

The cumulative effect of inelastic (e-ph) and elastic
(DoS) broadening of the intersubband 1|N — 2|N ab-
sorption spectra of lightly p-doped TMD films is de-
scribed by

1) = T B (w)* 3 a2 00) (k)
« (17)
v/

) (E1(K) — By (k) — hw)2? + 42’
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FIG. 8. Optical absorption lines for N = 2—5 layers of lightly
p—doped MoSs, MoSez, WSz, and WSes at room temperature
(T =300 K).

where fr(k) is the Fermi function for hole occupation
in the lowest subband corresponding to hole density ny,
and temperature T (we assume that all higher-energy
hole subbands are empty). The resulting absorption
spectra at room temperature for the four TMDs with
different number of layers are shown in Fig. 8. The
spectra show the combination of DoS broadening, which
produces a tail towards lower photon energies, with the
phonon-induced broadening, most relevant for N > 2,
which gives a small tail towards higher energies, making
the lines more symmetric and reducing their amplitudes.
The smaller phonon couplings in WS, result in tall, nar-
row and asymmetric line shapes, with intensity increasing
with the number of layers, reflecting the growing dipole
matrix element. This is in contrast to MoSes, where the
larger phonon induced broadening results in smaller and
more symmetric peaks for N > 2.
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FIG. 9. Bulk dispersion of 2H-stacked WS, along the Bril-
louin zone path QA, defined by k, = k, = 0 and k. € [0; 7/c],
where k, and k, are measured relative to the ()—point, as
shown in the inset. DFT data (points) are well fitted by the
model Eq. (21) (solid line). Inset: The first Brillouin zone of
bulk TMDs.

IV. ELECTRON SUBBANDS IN N-DOPED
FEW-LAYER TMDS

A. HkpTB for the conduction band near the
Q-point

The conduction band edges in monolayer MoS,,
MoSey, WS,, and WSey are located at the K-points,
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but accompanied by local dispersion minima that appear
near the six inequivalent points 7Q, 7C3Q and 7C3Q,
where 7 = £1, and Q = g—gi is the mid—point between I"
and K (a is the lattice constant). For a given value of T,
there are three valleys connected by C5 rotations about
the BZ centre (Fig. 2c), such that we need only describe
the dispersion near the two points 7Q, which are related
by time reversal.

For spin projection s, the monolayer dispersion near
the 7Q valley is given by?®

K2 ky —q" 2 h2 k2
( a) +2 Y + Eg+ 7509, (18)
m’T

x,s Y,

E{(k) =

where my, , and my ; are effective masses; Ey is a constant

energy shift; 2A is the spin—orbit splitting between the
spin-up and spin-down band edges; and g7 is the band-
edge momentum relative to the valley along the & axis.
From time reversal symmetry we obtain the dispersion for
the opposite valley as ET (k) = EZ7 (—k), which requires
(=, y) mg s =mg " and ¢ = —¢={.

As described in Sec. II, the 2H-stacked bilayer consists
of subsequent layers rotated by 180° with respect to each
other. In reciprocal space, this means that a conduction—
band state of spin projection s and momentum 7Q + k
of the first layer will hybridize with its in—plane inver-
sion partner of spin s and momentum —7Q — k in the
second one (Fig. 2¢). The multilayer Hamiltonian for the
conduction subbands about 7Q is given by

[N/2]
Hiy(K) = [EZ(K) + (60,1 + 0, 0/21) 0F] [ah 1 o () 7,0() + O = mb], (<K} —r, s (K]
n=1 s=1,|
[N/2] [N/2]-1
30 D O ) B (K (0) F e £ DT DT K) B (K)angrrs (K) + Hee
n=1 s=1,] n=1 s=1,0
[N/2]-1
+ Vlal17,s () an o () + by o (“K)bn—r o (<K,
n=1 s=t|
(19)
\
where ag,)T,s(k) and bg)ﬂ(k) annihilate(create) electrons  (see Appendix A)
of spin projection s, in—plane wave vector k and valley . . 9 2
quantum number 7, on the odd and even layers of the n'P tr(k) =to + Thike +iurky +t2k; + uzky, (20)

bulk unit cell. The alternation of spin indices and hop-
ping terms are a result of the 2H—stacking. The model
is parameterized by the terms in ¢, (k) given in Eq. (20),
the interlayer pseudo—potential dF, implemented as an
on-site energy shift at the boundary layers, and the next—
nearest neighbor hopping ¢’ included to improve the fit-
ting to DFT bands. The interlayer hopping has the form

up to second order in the in-plane crystal momentum.
Given the lack of oj, symmetry for even N, the spin
projection s, is, strictly speaking, not a good quantum
number, and spin mixing is allowed. This is discussed
in Appendix A. However, using an expansion about the
@Q-point in our DFT results shows that spin mixing is
much weaker*® than ¢,(k), and can be neglected. We
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TABLE IV. Monolayer and bulk conduction band parameters fitted to DFT calculations of the four TMDs. The effective
masses are given in terms of the free electron mass mo. The band edge energy Ejy is given relative to the valence band edge
at the I'-point, and 24 is the spin—orbit splitting at the Q-point. The monolayer parameters include the effective masses in
the x and y directions for the spin split bands, and the band minima offsets ¢, and ¢4. The conduction band bulk dispersion
parameters include the in-plane effective masses me,z, mc,y, and out-of-plane mass mc,.; band minima offsets ko and 3, and

in-plane dispersion non-linearity parameters ¢, and .

M4 [mo] Myt [mo] g1 [1072A7"] ma. | [mo] my.y [mo] q [10A7T] EgleV] 24 [meV]
Me,= [Mo] Me [Mmo]  mey [mo] G [A’] ¢ [A*] ko [AT'] B [107*A]
MoSs2 0.595 1.035 20.49 0.666 1.105 7.16 1.994 67.0
0.525 0.550 0.735 -3.90 -7.94 0.0456 -1.3
MoSes 0.583 1.060 54.21 0.518 1.106 26.93 1.891 21.0
0.500 0.510 0.760 -4.65 -4.26 0.0663 0.32
WS, 0.529 0.722 13.74 0.763 0.892 -20.65 2.059 254
0.510 0.528 0.596 -4.30 -4.12 0.0344 0.53
‘WSes 0.468 0.753 49.63 0.676 0.908 1.88 1.94 214
0.466 0.479 0.608 -4.19 -5.80 0.0599 -0.9

TABLE V. Model parameters fitted to DFT data for the con-
duction band interlayer hopping terms. JE is an energy offset
for the first and last layers of the structure that accounts for
surface effects.

to [eV] t1 [eVA] ts [eVA]
t' [meV] us [eVA?) 0F [meV]
MoS» 0.203 0.213 0.0419
12.7 -0.662 8.90
MoSes 0.215 0.180 -0.145
20.5 -0.447 -4.29
WS, 0.210 0.233 -0.123
5.24 -0.864 -3.95
WSe 0.211 0.209 0.231
9.54 -0.797 4.21

also found wuy to be several orders of magnitude smaller
than ¢1; as a result, we consider ¢, (k) to be real.
In the bulk limit we have the bipartite Hamiltonian

H(k, k) =eo(k, kz)somo + TA(k)s3m3

k.
+ 2t, (k) cos (;) 8071,

+ + 21
eo(k, k2) :w + 2t cos (k,c), 2!
g ~EEO =00

where A(k) is the k-dependent monolayer spin—orbit
splitting for wave vector k measured relative to the Q-
point; s; and 7; (i = 0 to 3) are Pauli matrices acting on
the spin and layer degrees of freedom, respectively, and sq
and 7y are the identity in their corresponding subspaces.
The model parameters for the four TMDs were fitted to
the DFT-calculated monolayer and 3D bulk dispersions,
and are presented in Tables IV and V. A sample bulk
fitting is shown in Fig. 9 for WS,, along the path defined
by ky = k, = 0 (Q-point) and k, € [0,7/c], with the
solid line corresponding to the model Eq. (21). Detailed

comparisons of the model to DFT results for few-layer
structures of the four main TMDs are shown in Fig. 10.

As discussed in Sec. II, the global symmetry alterna-
tion between oj for odd N, and spatial inversion sym-
metry for even N, results in the striking qualitative dif-
ferences between the cases with even and odd number of
layers in Fig. 10. The two—fold spin degeneracy observed
for even NN is a consequence of spatial inversion and time
reversal symmetry, resulting in E7 (k) = E7 (k). By con-
trast, op mirror symmetry for N odd makes s, a good
quantum number, while the lack of inversion symmetry
allows for spin-orbit splitting. Notice also that the two
middle spin—split subbands remain fixed for all odd val-
ues of N, while the rest of the bands are nearly spin—
degenerate. As discussed in Appendix C, these features
can be traced back to the SO splitting in the monolayer
case, and the particular form of Hamiltonians HE (k)
for odd N.

Expanding the lowest eigenvalue of Eq. (21) for valley
7 about k, = 0, corresponding to the bulk conduction
band edge (Fig. 9), the dispersion can be written as

- 2 212 2
Bk, k) 50— (ke = 7l = BEZD? (1+ Gok2)
h2 5 ) th,Q o (22)
1+ ¢k L4 E
+ 2y (14 ¢yk2) + G + Ep,

where m, . is the out-of-plane bulk effective mass;
M., Me,y are the in-plane effective masses in the 2 and
y directions, respectively; (., ¢, are anisotropic, non-
linearity factors; xo and § account for the band minima
offset in the & direction from the Q—point; and Eg is a
constant energy shift. These constants are related to our
HkpTB model parameters through the expressions [see
Eq. (18)]
2m;7Tm;7 1

My =2t ok 23
“mp gy +my (282)

2mT om’
Mey :# (23b)
My 1 + my,.)
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FIG. 10. Model dispersions (solid lines) near the @—point (k = 0) in the k, direction fitted to the DFT calculated (points) for
the four TMDs (rows) for three to six layers (columns). For odd number of layers, the colours indicate to the spin projection
with blue (red) corresponding to spin down (up), whereas for even number of layers both spin projections are degenerate.

B2 [ 2 t2 4 2
- 1— _t/ o mc,yd to’U,Q
ez =82 Lmo ( 2 +2t0t1> W= T Ay (23g)
o1-1  (23c)
2 + 2tots tots
YN 0t ot ’
0 1 0t2 h2 (q17: +QI)2

Eg =Eo— 200+ — +2t. (23h)

4 mgp+my

+ ot + o+
_Manqy Mg 40

Ko T T (23d) Similarly to the subbands on the valence-band side

Mg g+ My | (Sec. III), the conduction subbands in TMD films with

N > 1 can be analysed by quantizing the electron states

2 pd? 12 + 2tots toty in a slab of finite thickness L = Nd, with dispersions de-

B = h2 Aq </‘fo W) ) (23e)  scribed by Eq. (22). However, note that the coefficients

of Egs. (23a) through (23h) are independent of spin pro-
jection and valley, and thus not representative of the odd

2mepd? t] 4 2toto 03 N case. This is a consequence of the explicit inversion
G = B2 Ay (23f) symmetry of the bulk model Eq. (21). Nonetheless, the




SO splitting resulting from the lack of inversion symme-
try and the presence of o; symmetry in a system with
odd N, can be introduced through the TMD quantum
well boundary conditions.

The unit cell for 2H crystals contains two layers, which
below we label A and B [see Eq. (19)]. For odd N, in-
version symmetry is broken in opposite ways for the two
layers in the unit cell, given that, as discussed in Sec.
I, they are rotated by 180° with respect to each other.
This results in different boundary conditions for electrons
at a given termination of the TMD film, depending on
whether the final layer is of type A or B. This gener-
alises the boundary conditions used for the valence band
at I'—point [Eq. (7)] to

[+ (vo + s711) dO97(2) + 95(2)] _ L =0,

2

(24a)

for the boundary at z = +L/2 when the film terminates
on an A layer, and

[ (o — s711) 097 (2) + 97 (2)]__

=0, (24b)

w\h

when the final layer at position z = £L/2 is of type B.
Here, vp,1 < N are dimensionless parameters. This
results in spin— and valley—dependent quantization con-
ditions

S, T ™

N d[N + 2vy + sTv19(N)]’

where 9(N) = 1 — (=1)"V gives 0 for even N and 2 for
odd N. Overall, the low-energy spectrum of a thin film
has the form

(25)

K2 m2n?
En<<N|N(k) 2 2
2me, . d?[N + 2y + st 9(N))]
hQ 2 h2k2 (26)
+ ﬁ( - “n\N) 7»
mc,m;n|N m(‘ ,y;n| N

where the subband in-plane effective masses in the a =
x,y directions are

Ca772n2

{m“’" }_1 ~mol |1+
a,n|N G d?[N + 2v + sT19(N))? ’
(27a)
and the momentum offset from the Q—point is given by

n2n? B
@2 [N + 2vy + st d(N))*

(27b)

S, T
Hn‘N X TKo +

As in the monolayer case, the low-energy subband dis-
persions described by Eq. (26) near the six valleys at
BZ points 7Q, 7C3Q and 7C3Q, can be divided into
two triads related by time reversal symmetry, with quan-
tum numbers 7 = =£1. The three valleys for a given
7 are connected by Cj rotations, as sketched in the in-
set of Fig. 2. As a consequence, for odd number of lay-
ers, where inversion symmetry is broken and SO split-
ting is parameterized by vy, the spin and valley degrees
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FIG. 11. Energy spacings between the first and next few

conduction subbands for the four TMDs, as functions of the
number of layers N. The solid lines in each panel corresponds
to Eq. (28) for the main transition between the first and sec-
ond subbands using the DFT bulk parameters, showing good
agreement between the HkpTB model and DFT. Parameters
vo and vy, fitted for N > 4, are given for the four TMDs in
their corresponding panels. Blue (red) points and solid lines
in each panel represent spin down (up) polarized subband
spacings and fittings. Black points and solid line correspond
to subband spacings for even N layers, where subbands are
spin degenerate.

of freedom of the bottom subband are locked, and the
low-energy states have valley degeneracy of goqq = 6.
Conversely, for even number of layers the bottom sub-
bands are spin-degenerate, giving a total degeneracy of
GJeven = 12. These large subband degeneracies and multi-
valley structures, together with the anisitropic disper-
sions found within each valley, may have important im-
plications for the transport and quantum Hall properties
of n-doped multilayer TMDs.4°

B. Intersubband transitions and
dispersion—induced line broadening in n—doped
N—-layer TMDs

Numerically diagonalizing the HkpTB Hamiltonian in
Eq. (19) with the parameters of Tables IV and V, we
obtain the energy spacings between the first and next
few subbands of TMD films shown in Fig. 11. Using Eq.
(26), we estimate the separation between the lowest two
subbands of a given spin projection s as

BT ST A 1574 h? 52 3m2h?
2IN 1IN~ 2me o d*(N + 219)*  2me d?(N + 2up)?
6m2h?
— 9N )
(N)sTv1 5 BN T 200)7

(28)



Similarly, we estimate the splitting between the lowest
subbands of opposite spin as

22 h?

E—9 sT _ ES .
2med2(N + 2v9)3

1IN 1

(29)

v & sTd(N)

We used Egs. (28) and (29) to determine the boundary
parameters vg and vy for each of the considered TMDs
(MoSsy: vg = 0.82,1y = —0.016, MoSey: vy = 0.76,14 =
—0.0055, WSy: 1y = 0.80,1 = —0.0031, WSeq: vy =
0.72,11 = —0.028). The results are shown with the solid
lines in Fig. 11. The spin—orbit splitting between the
lowest two spin polarized subbands is of order few—meV
for the four TMDs.

Next, we use the model developed above for electron
subbands to study intersubband optical transitions, in-
tersubband electron-phonon relaxation, and the inter-
subband absorption line shapes for IR/FIR light. As
discussed in Sec. III B, the optical transition amplitude
between two given subbands n, n’ is determined by the
out-of-plane dipole moment

df’glz(k) =e(n, s;7,k|z|n’, s;7, k)
_ BZZ]CT s*

where N is the total number of layers, z; denotes the z
coordinate of layer j, and CTS(k) are the components

30
KO, (k). (30)

of the n'" subband eigenstate of spin projection s and
valley quantum number 7. The calculated dipole moment
matrix element as a function of number of layers for the
first two intersubband transitions is plotted in Fig. 12.
Similarly to the valence subbands case, optical transi-
tions in films with odd number of layers N are allowed
only between states with opposite—parity subband in-
dices, corresponding to opposite parity under o trans-
formation. The spin-orbit splitting present for odd N
results in a spin selection rule, allowing transitions only
between subbands with the same out—of-plane spin pro-
jection s,. For even N, where o; symmetry is absent,
transitions between subbands with same—parity indices
are allowed. This is in contrast to the VB at the I'-
point, and is a consequence of the multiple—valley struc-
ture of the CB, which makes it possible to form degen-
erate even and odd (under inversion) combinations of
states, giving a finite dipole moment, as shown in Fig.
12 for the first two intersubband transitions, considering
both spin-down and spin-up polarized subbands. This
makes 1|N — 2|N transition the dominant feature in the
IR/FIR absorption by thin n-doped TMD films.
Similarly to the holes in p-doped TMDs, the line shape
of the electron intersubband absorption in n-doped films
is also affected by the difference between the subband
effective masses of subbands 1|N and 2|N. However, in
contrast to the case of holes, for electrons the line shapes
depend also on the relative in-plane wave vectors of the
conduction subband minima, as well as the anisotropic

14

8 1 MoS, MoSe,
6
4
5 -mel =3
= 0 T ———t— ey .
L8]
~ 81 WS WSes
S
6
4
2
0 /”‘\\\ — /”A\\\ -
2 3 4 5 6 2 3 4 5 6

FIG. 12. Out-of-plane dipole moment matrix elements for
the first two conduction intersubband transitions, 1 — 2
(solid) and 1 — 3 (dashed). Transitions between spin down
(up) subbands are shown in blue (red).

subband dispersions. The resulting broadening for N-
layer 2H-MX5 films at room temperature, obtained nu-
merically from the calculated line shapes, is shown in Fig.
13a. Our calculations show that the aforementioned DoS
broadening factors result in a typically larger broaden-
ing, which spreads the absorption spectrum towards both
lower and higher energies from the main transition.

C. Electron-phonon relaxation and
room-temperature absorption spectra in n-doped
TMD films

The phonon—induced broadening for conduction sub-
bands m and n, generated by intra— and intersubband
relaxation, is accounted for by

x {1 +nT( w0 (B (k77 8) —

m

+5nmnT(hwﬂ)5 [En(K]°E) —

2
C’T T (kT + q)CT S(kSR)

E, (k3’2 +q) — hw,,]
E (RTS‘%+q) +B’w#«]}a
(31)

where 7% is the subband edge offset from the QQ—point
of subband m with spin projection s, and gfﬂ are the
electron-phonon couplings for the three phonon modes
u= HP, LO and ZO given in Eq. (15), with D, re-
placed by D. for the HP phonon. The first term
in Eq. (31) describes intersubband relaxation due to
phonon emission, whereas the second describes intrasub-
band phonon absorption in the excited subband. The
phonon induced broadening for the four TMDs obtained
using the electron-phonon coupling parameters in Ta-
ble III are shown in Fig. 13b. The dominant contri-
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FIG. 13.  (a) Absorption line widths for CB subbands at

room temperature (T = 300 K) as a function of number
of layers for the four TMDs, considering only DoS broad-
ening. (b) Phonon-induced broadening at room temperature
(T" = 300 K) due to intersubband emission and intrasubband
absorption of optical phonons modes (top to bottom) HP, LO
and ZO, for the four TMDs as a function of number of layers
N, with the total broadening shown in the bottom panel.

bution comes from intersubband relaxation due to HP
and LO phonon modes, with a smaller contribution from
the thermally-suppressed intrasubband absorption. The
large HP phonon deformation potential at the Q—point,
as compared to its value at the I'-point,*? in particular
for MoS; and MoSe, (see Table III), results in a large
contribution to the broadening. Additional differences
between the phonon-induced broadenings for the conduc-
tion and valence subbands originate from the different
intersubband spacings as a function of number of lay-
ers (Figs. 5, 11), and different dispersions (Figs. 4, 10).
As in the valence subbands case, the phonon broadening
is most significant for MoSes due to stronger electron-
phonon coupling.
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FIG. 14. Optical absorption lines for N = 2 — 5 lay-
ers of lightly n—-doped MoS2, MoSez, WSz, and WSe2, tak-
ing into account intrinsic broadening at room temperature
(T = 300 K). In the case of odd N, lines corresponding to
different subband spin projections are summed.

The absorption spectra of n-doped TMD films calcu-
lated using Fermi’s golden rule, as in Eq. (17), and taking
the discussions of IVA, IV B and IV C into account, are
shown in Fig. 14 for N = 2 to 5 layers. The predicted ab-
sorption spectra for the four TMDs are seen to be more
symmetric than those for the holes, primarily due to the
effect of different dispersions in consecutive subbands,
here aggravated by the shifts m;’ISN and the BZ position
of the subbands minima, in addition to the difference be-
tween the in-plane subband effective masses. The large
SO splitting between the middle two subbands for N = 3
results in two distinct lines, whereas for N = 5 the spin-
polarized subbands are nearly degenerate, resulting in
the overlap of the two lines and giving a combined line
with twice the amplitude.

V. CONCLUSIONS

We have presented hybrid k-p-tight binding models
for the conduction and valence band edges of multilayer
TMDs, capable of reproducing the rich low—energy sub-
band dispersions, and allowing us to describe the inter-
subband optical transitions when coupled to out-of-plane
polarized light. In particular, we find that:

e The subbands at the CB edge are found near the
@-valleys of the Brillouin zone, whereas the valence
band edge is found at the I'-point. The main dif-
ferences between the two sets of subbands is due
to the significant spin-orbit splitting, multi-valley
structure, and anisotropic dispersions of the con-
duction subbands, by contrast to the valence sub-
bands. These differences manifest themselves in



the absorption line shapes and additional selection
rules, particularly for odd number of layers, where
spin-orbit splitting is present.

e The four studied TMDs were found to have main
intersubband transition energies for the conduc-
tion and valence subbands, which densely cover the
spectrum range of wavelengths from A = 2 um to
30 pm (hw = 40 meV to 700 meV), for N =2 to 7
layers. This allows tailoring structures of a specific
material, appropriate type of doping, and number
of layers for a particular device application, from
IR to the THz range.

e Two contributions to the absorption line shape
broadening are identified. The first, broadening
due to intersubband phonon relaxation is found to
produce a meV limit to the intersubband linewidth.
This is in contrast to III-V quantum wells, where
phonon broadening is found to be more damaging
to the intersubband transition line quality factor.??
A second, elastic contribution to the line broaden-
ing caused by the different 2D masses of carriers in
consecutive subbands yields a thermal broadening
of the order of kgT. Similarly to inhomogeneous
broadening, this effect can be reduced by coupling
the transition in the film to a standing wave of light
in a high-Q resonator.

Finally, we propose a specific design of van der Waals
multilayer structure utilizing the intersubband transi-
tions in atomically-thin films of TMDs. The sketch in
Fig. 15 depicts the band configuration of a few-layer
transition metal dichalcogenide film, encapsulated by
hexagonal boron nitride (hBN) and placed between two
graphene electrodes. Applying a bias (and possibly also
gate) voltage between the two electrodes results in a
shift of the Dirac points relative to each other, and al-
lows for the alignment of the Dirac point of the “top”
graphene electrode with the lower energy subband in the
TMD, while keeping the Fermi level in graphene above
the higher-energy subband. The carriers can then tun-
nel from the graphene electrode into the higher-energy
subband. Once in the excited subband state, the carrier
can undergo an intersubband transition, emitting light
polarized in the out-of-plane direction, followed by tun-
neling to the second graphene electrode from the bottom
subband state.

A potentially more favourable realization of the above
process which avoids carrier loss directly from the sec-
ond subband, or carrier tunnelling into the bottom sub-
band, involves using ABC-stacked few-layer graphene.
The band structure of ABC few-layer graphene has a Van
Hove singularity in its density of states at the edge be-
tween conduction and valence bands. Aligning the Van
Hove singularities of two such electrodes with the sec-
ond and first subbands, respectively, would enable one
to achieve preferential injection and extraction of carri-
ers into/from the TMD film, thus offering a new way to
produce functional optical fibre cables.
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FIG. 15. proposed device application for intersubband tran-
sitions in few layer TMDs. (a) Few layer TMDs encapsulated
between two hexagonal Boron Nitride (hBN) crystals and two
graphene (G) electrodes with an applied bias voltage between
them. The applied bias voltage allows to realize light emis-
sion through intersubband transitions in the few layer TMD
system, by carriers tunnelling between the two graphene elec-
trodes. (b) An alternative realization using few-layer ABC
stacked graphene instead of monolayer, utilizing the Van Hove
singularity in the density of states. The bias voltage aligns
the Van Hove singularities near the second and first subbands,
making the desired emission process more favourable,

The proposed “LEGO”-type design of IR/THz emit-
ting materials has potential for implementation as part
of a composite optical fibre, where the coupling to the
out-of-plane polarized photon would be supported by the
wave-guide mode.
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Appendix A: Symmetry constraints for the bilayer
Hamiltonians

For N = 2 (bilayer), the Hamiltonian must be invari-
ant under spatial inversion P, x — —x mirror symmetry
D(o,), and time reversal 7. For the conduction—band
model about the @ point, this gives the conditions*®

PH;(k)P~! = Hy"(~k) (Ala)
D(0y)H3 (ke, k) D~ (00) = Hy "(—ks, ky)  (Alb)
TH; (k)T ' = H, 7 (k). (Alc)

We have P = w180, D(0y) = mos1 and To = —impsaC,
where 7; (s;) are Pauli matrices acting on the layer (spin)
subspace, and C represents complex conjugation. As a re-
sult, the most general valley-spin structure for the bilayer
Hamiltonian at the 7Q valley is

5 (k) = > Af(k)ms;, (A2)
i,j=0

where the symmetry constraints (Ala)-(Alc) require that

Afo(kas ky) = Az (=K, ky) = Ajg (key —ky), =0, 1

(7A37a)
Abo (ks ky) = Agg (—ka, ky) = —Ad (kx, —ky), (A3b)
Az (ko ky) = Ag) (=ka, ky) = —A3, (ko —ky),  (A3c)
Al (ks by) = —Agy (—ka, ky) = Al (ka, —ky),  (A3d)
Aly (ks by) = —Agg (=ka, ky) = Az (ke, —ky). (A3e)

One can check that for N = 2, Eq. (19) corresponds
to Agy(l) = ZOEO -y = AEEREL0
ATy (k) = to + Tt ky + t2k2 + ugky and A%y(k) = —uiky,
and that these terms meet the symmetry requirements.
Furthermore, we carried out fittings to DFT data us-
ing the additional spin—orbit terms A,(k) = ak, and
A% (k) = PBky. The fittings give |af, |B], lu1| < |ti1];
hence, we conclude that these terms can be neglected.

For the interlayer hopping used in the HkpTB model
for the valence band near T, setting N = 2 in Eq. (3)
and using a basis ordering similar to that of Eq. (4), we
have T = mpooC, P = mos and D(o,) = moog, where
o; act on the band (v and w) subspace. The symmetry
conditions require

Rety,(k) = Rety(—k) = Rety(—ke, ky), (Ada)
Imt, (k) = —Imt,(—k) = Imt,(—kg, ky), (A4b)
tow (k) = tow(—K) = tow(—ks, ky),  tow € R (Ade)
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Appendix B: Spin—orbit-coupling induced interband
coupling at the I'-point valence bands

Here, we analyse the role of spin-orbit coupling and

coupling to distant bands in determining parameters for
the valence-band HkpTB model. . .
_ The spin-orbit coupling is given by Hso = AL-S, where
L and S are the orbital and spin angular momentum
operators. This can also be written in terms of the ladder
operators Ly = L, £ 4L, and Sy = (S, £1iS,)/2 as

Hso = A(L2S: + Ly S- + L_Sy), (B1)

whereL 4 S+ describe a spin flip with corresponding
change in orbital angular momentum projection. These
terms couple the v and w bands with the bands v; and wvg
(Fig. 2d), which in the absence of SO coupling are doubly
degenerate. Band vy (E” Irrep of C3,4) has basis functions
which are odd under z — —z (metal dy; orbitals being
the dominant component?%, as well as chalcogen p.p).
Band v3 (E' Irrep of C34) has basis functions even under
z — —z (metal dyo orbitals and chalcogen p4q). Includ-
ing SO coupling results in the splitting of these bands
into new bands denoted by the orbital and spin angu-
lar momentum projections along 2, vy (£3/2),v3(£3/2),
and vy (£1/2),v3(+1/2), corresponding to total angular
momentum projections of J, = £3/2 and J, = £1/2,
respectively.

The v-band belongs to the one-dimensional A] Irrep
(even under z — —z, with metal dy dominant and chalco-
gen py), and has L, = 0 and s, = +1/2. Similarly, the
w-band belongs to the one-dimensional A} Irrep, and
is dominated by the odd (under z — —z) chalcogen pg
orbitals, giving two states with L, = 0 and s, = £1/2.

Therefore, in the bilayer, where z — —z symmetry is
broken, the v and w—bands can couple to v, and vz bands,
with the appropriate spin—flip terms. In the second—order
perturbation theory, this coupling produces corrections
to the on—site energy

Z |(vi(L,,s:)| AL+ S+|o(L, =0,s, = :|:1/2))|2.
Eo - E’U,;(Lz,sz)

0y =
1Sz
i=1,3
v, w

s

e
s

(B2)
Note that these corrections are the same for both spin
components of the v or w bands, with only one of the
terms L4+ S+ contributing for a given spin state.

An additional SO induced interband coupling with a
spin—flip may be present in the multilayer case, affecting
the interlayer coupling

Hso = pz- (kx S) =ip(S_ky —Spk),  (B3)

where the pre—factor u is related to the gradient of the
interlayer pseudo—potential u o« 0,V, and we defined
k+ = k; £ik,. In contrast to the previous coupling,
this coupling has a k—dependence, which affects the dis-
persions. The coupling in Eq. (B3) is odd under spatial



inversion. Due to the 2H-stacked bilayer having spatial
inversion symmetry, the coupling is non—zero only be-
tween different bands in the two layers. In second order
perturbation theory, we get a nominal redefinition of the
2D mass used in the HkpTB model, by adding the term

|(vilpSzks|o)
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with u, a fitting parameter.

Appendix C: Spin—split bands at the Brillouin zone
edge for odd number of layers

The effective Q-point Hamiltonians Hf, (k) for N odd
can be split into two decoupled blocks of different spin
projection as Hf (k) = diag{h}' (k), k3" (k)}, where

_ _ 2
pa (k) = ; E, — E,, = Hok”, (B4)  the blocks have the alternating N x N matrix form
o=v,w |
eo(k) + sTA(k) t- (k) 0 0 0
t* (k) eo(k) — sTA(k) t* (k) 0 0
s 0 tr (k) eo(k) + sTA(k) tr (k) 0
hy' (k) = 0 0 t(k) eo(k) — sTA(K) 0 ;o (1
s : s : e
0 0 0 ti(k) eo(k) + sTA(k)
and we have defined A(k) = E;(k);Ef(k). (C2b)
+ +
eo(k) = w, (C2a)  Defining the even-dimensional (N — 1) x (N — 1) matrix
|
eo(k) — sTA(k) tx(k) 0 0
t, (k) eo(k) + sTA(k) tr (k) 0
h‘f]'\}é_l(k) — O tT(k) Eo(k) —'STA(k) 0 , (03)
: : g t, (k)
0 0 ti(k) eo(k) + sTA(k)

the eigenvalues € of (C1) are given by a secular equation
det {e — hy*} = [e — eo(k) — sTA(K)]det {e — A} |}
— [t (k)[* det {e — " ,}
= [ — co(k) — sTA(K)] det {¢ — h}® |}
=~ 1t () ([ = 20(k) — sTAK)] det {& — b5}

— [t-(k)|* det {e — h;§4}) —
(C4)

Using the fact that det {e — h]7*} = — go(k) — sTA(k),
we can continue expanding Eq. (C4) to obtain

det {e — hy°} = [ — eo(k) — sTA(K)]
N-3

2
% ( Z (=)™ |t, (k)[*™ det {e — hn—(2m+1)} (C5)

m=0

N—-1 N—1
+ (=D 2 (k) )

which explicitly shows that [ — eo(k) — sTA(k)] is an
overall factor, and thus ¢ = go(k) + sTA(k) = el (k) is
always an eigenvalue, regardless of the (odd) value of N.
For a given 7, the different s quantum numbers give two
spin—split monolayer dispersions €7 (k) about the 7C5*Q
(m = 0,1,2) points, corresponding to the features ob-
served in Fig. 10. The fact that this prediction is verified
in the DFT band structures clearly confirms the validity
of our hybrid model.

For large odd N, nearly spin—degenerate bands grow
denser on either side of the spin-split bands e7 (k) with-
out crossing them, as shown in Fig. 16a. The reason for
this becomes clear when we take the bulk limit, and find
that the spin—split states form the band edges around a
central gap in the subband structure. This is shown in
Fig. 16b. Indeed, in the limit of large N the Hamiltonian
(C1) corresponds to the bulk Hamiltonian at k, = 7/c,
since g9(k) = eo(k, k. = T) [see Eq. (21)].
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FIG. 16. (a) Subband structure of 101-layer WSy near 7Q
(ky = 0), along the T'K line. Spin up (down) bands are
shown with solid (dashed) curves. The spin—split bands 7 (k),
pinned in the middle of the odd N subband structure, are
shown in blue and red. (b) Bulk band structure for WS,
along the QA line. Blue and red dots mark the position of
the spin—split bands in the Brillouin zone.

Appendix D: Electron-phonon coupling for LO
phonon in multilayer system

In this appendix we derive the expression used for the
electorn-phonon coupling with LO phonon in a multilayer
system. As described in the text, we treat the LO phonon
in each layer as independent and degenerate. However, in
the LO phonon case, the generated electrostatic potential
due LO phonon in one layer interacts with the electrons
in all the other layers in the system. Following similar
steps as in ref. [47].

Within a monolayer, the LO phonon induced in-plane
polarization is given by its in-plane Fourier component,

e/

Palz) = 7 10, (D1)

where Z is the Born effective charge on the metal and

chalcogens, A is the unit cell area, uq = ,/mé
” ce

is the phonon—induced atomic displacement in the di-
rection connecting the metal and chalcogens in the unit
cell, with M, the reduced mass of the metal and chalco-
gens, N the number of unit cells in the sample, and wy,o
the LO phonon frequency. €(g) is the dielectric function
characterizing the response of the material to the phonon
induced electric field.
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The induced charge density in the layer is given by
p = —V - P, with the Fourier component
Pq = —iq- Pq. (D2)

The potential resulting from the charge distribution

is given by Poisson’s equation V2¢ = —4mp. Fourier—
transforming in three dimensions gives,

—4mieZ q-ug

A PR 3)

qu(k) =

where k is the Fourier parameter in the z direction. In-
verse Fourier transforming in k gives the z dependence
of the potential with in-plane Fourier component g

_27T€ZUq€_q|z‘ '

Pq(2) = —i (A (D4)

The electron-phonon coupling for an electron localized
in an isolated monolayer is given by g(q) = ep4(0) =
f'%e:#. This form of the coupling is similar to the
form derived in Refs. [40 and 48], where the polarizability
of a two—dimensional dielectric was taken into account
by the replacement €(q) — 1+ r.q, with 7, the screening
length in the material. For multilayer 2H-stacked TMDs,
as the polarization in subsequent layers alternates in its
sign, the resulting electrostatic potential also alternates
in its sign.

Appendix E: Electron-phonon coupling for ZO
phonon in multilayer system

The atomic vibrations for the ZO optical phonon mode
result in a polarization in the out of plane direction due
to the opposite motions of the metal and two chalcogens,
and the finite Born effective charges in the z-direction.
The interaction energy in the multilayer system between
charges and phonon-induced out of plane polarizations in
all layers is given by*?

E; § = Z d2’rd2’f‘/ pn(r)PZ7m(r/)d(n B m)
- Ar? (E1)
Ar = [(r — )2 4+ d*(n — m)4V/2,

where p,(r) is the charge density on layer n, P, ,,(r') is
the out of plane polarization in layer m caused by the
Z0 optical phonon, d the interlayer separation, and we
sum over all layer pairs. Fourier-transforming the charge
density and polarization in the in-plane momentum com-
ponents gives

d?q

Pn (I‘) = Weiq.rpm(QL (EQ)



and similarly for the polarization. The interaction energy
then takes the form,

din—m
Einy = Z/dzrd%’i( A3 )

dzquq/ iq-r iq/-r/ ! (E3)
X/ (271_)4 € € p’n(q)PZﬂ”fL(q )

Defining the new variables t = r —1r', R = r + r’ and
integrating over R gives 4, _,

o0

X pp () Pz m(Q),

(E4)

where in the last row we used pf(q) = pn(—q), since the
density is real. Carrying out the integration over r gives

i?w(n—m) dq

7qd\n m| *

(E5)
where the ’ over the sum means that the summation ex-

cludes the term with n = m. Quantizing the phonon
polarization and the carrier density gives

Ee—ph =

n,m

ph@) =Y acran
“Z . (E6)
(&
Pz m = £ anr  a1s \U—qm ! )
5 (q) A QNCe]erw (a q, + a‘q,m)

where ckm(clin) is the annihilation (creation) operator

for an electron in state k in layer n, and aqm(al,,) is
the annihilation (creation) operator for a phonon with in-
plane wave vector q. The phonon—induced polarization
is given, similarly to the LO phonon case, by the Born
effective charge and the phonon displacement.

The electron-phonon interaction Hamiltonian is then
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given by

27re Z, |
)2 - —qd|n—m|
e-ph = QNCCHM wWzo nZZ \n — m|e

,m k,q

T
x Ck nCk+a,n (a*Qam + aq m

(E7)

Appendix F: DFT-calculated band structures for
few-layer TMDs

In Figs. 17-20 we show the DFT band structures
for the four TMDs, which were used for the model
parametrization.  The DFT calculations were per-
formed using a plane—wave basis within the local den-
sity approximation (LDA), with the Quantum Espresso3!
PWSCEF ab initio package. We considered the Perdew—
Zunger exchange correlation scheme®?, with fully—
relativistic norm—conserving pseudo—potentials, includ-
ing non—collinear corrections. Pseudopotentials for Mo,
W, S, and Se atoms were generated using atomic code
ld1.x of the PWSCF package®3. The cutoff energy in
the plane-wave expansion was set to 60 Ry, and the
BZ sampling of electronic states was approximated us-
ing a Monkhorst-Pack uniform k-grid of 24 x 24 x 1
for all structures.’* We adopted a Methfessel-Paxton
smearing>® of 0.005 Ry and set the total energy conver-
gence to less than 1076 eV in all calculations. Spin—
orbit coupling was included in all electronic band struc-
ture calculations. To eliminate spurious interactions be-
tween adjacent supercells, a 20 A vacuum buffer space
was inserted in the out-of-plane direction. The inter-
layer separations in the four TMDs were taken to be the
experimental values, 6.149 A36, 6.463 A37, 6.173 A3%,
and 6.477 A3 with LDA-optimised in-plane lattice con-
stants of 3.157 A, 3.288 A, 3.161 A, and 3.291 A for
MoSs, MoSes, WSo, and WSes, respectively.
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FIG. 17. DFT calculated band structure of N-layer 2H-MoSs, for N = 1 to 6. In the monolayer case we highlight the CB
(blue for spin down, red for spin up), VB (green) and lower valence band w (magenta). Few—layer MoS2 band structures have
been presented in Refs. 14, 16-19.

FIG. 18. DFT calculated band structure of N-layer 2H-MoSes, for N = 1 to 6. Few—layer MoSe2 band structures have been
presented in Refs. 16, 18, 20, and 21.
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Chapter 7

Conclusions

The work presented in this thesis aimed at furthering the understanding of processes
affecting and determining the optical properties of two dimensional transition metal
dichalcogenides. In the published works presented we have covered monolayer, het-
erobilayer and multilayer structures, demonstrating the versatility, limitations and
applicability of these materials for future optoelectronic devices and applications.
Below we provide a summary of the main results obtained and an outlook on

possible future work.

In Chapter [3| we studied the kinetics of processes involving electrons and holes de-
termining the efficiency of light emission in monolayer TMDCs. We have shown that
the electron-phonon coupling with the homopolar and longitudinal optical phonons
in these two dimensional materials results in sub-ps relaxation times of the photo-
excited carriers, which facilitate the fast formation of excitons capable of emitting
light, making these materials favourable for light emitting devices. Additionally, we
have demonstrated how the intrinsically dark excitons forming the ground state bound
complexes in WS, and WSe,, can recombine radiatively through a phonon assisted pro-
cess, which is ~ 10* times weaker as compared to the bright exciton’s rate. Comparing
the radiative process to a non-radiative Auger process revealed that it can dominate
over the radiative process for relatively low carrier densities < 10! cm™2, providing a
possible explanation to the experimentally observed low quantum efficiencies in these
materials, despite their favourable properties for light emission.

The observed low quantum efficiencies for light emission in MoSy, MoSe, are still
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not clear due to the ground states excitons being bright, and therefore cannot be
explained using the same Auger process proposed for WSs, WSes, and require an al-
ternative microscopic process involving the bright ground state excitons.

The effect of different dielectric environments encapsulating the monolayer TMDCs
need be further investigated. The presence of the dielectric environment will result
in modification to the electron-phonon coupling due to additional dielectric screening,

however will also allow for electron-phonon coupling with the substrate phonons.

In Chapter 4, we studied the various bound complexes in monolayer TMDCs. We
predicted the appearance of semidark trions and biexcitons in the photoluminescence
spectra of WS, and WSes. These complexes were shown to become bright through a
proposed virtual electron-electron intervalley scattering, providing a finite optical ma-
trix element for these complexes, leading to radiative lifetimes an order of magnitude
larger than those of the bright complexes. The semidark trions and biexcitons are pre-
dicted to have associated photon energies, which are shifted with respect to the bright
counterparts by twice the spin-orbit splitting in the conduction band, and should be
most dominant at very low temperatures as compared to the spin-orbit splitting, due
to the bright excitonic complexes in these materials requiring an activation energy.

The behaviour of the various bound complexes under a magnetic field revealed
large deviations in the measured g-factor (measuring difference in emitted photon
energies in the two valleys as a function of magnetic field), which lack a proper expla-
nation. Therefore, further studies may involve the incorporation of a magnetic field

and studying its influence on the bound complexes and the emitted light.

In Chapter 5, we have shown that in twisted and incommensurate MoSe; /W Sey
heterobilayer systems, where the momentum mismatch between the electrons and holes
in the opposite valleys prevents the direct radiative recombination of interlayer com-
plexes, donor bound interlayer complexes (D%h and DYX) have radiative rates of few
~ pst for closely aligned layers with a donor density of np ~ 10* cm~2, where the
finite optical matrix element is provided by the momentum spread of the localized com-
plexes wave functions. For large misalignment, the screened bilayer potential for the
short range interaction between the carriers and donor results in a strong asymptotic

angular dependence of oc 7%, making these lines observable mainly for closely aligned
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layers. Additional emission lines were found due to LO phonon assisted recombination,
with significant rates in particular for the D°h complex. The predicted photolumi-
nescence spectrum, therefore contains three main distinct lines with the intensity of
the lines depending on the carrier density, which affects the number of relevant donor
bound complexes present in the sample, with the neutral donor and hole complex D°h
and its phonon replica dominating at low carrier density, whereas the donor bound
trion D°X dominating at high carrier density (as compared with the donor density).
This work extends the understanding and interpretation of the spectra of heterobi-
layers of TMDCs for lattice mismatched and weakly misaligned layers, demonstrating
the importance of impurities for the radiative recombination of interlayer complexes.

Future work which generalizes the presented work may include the similar investiga-
tion of acceptor bound complexes, with the acceptors localized on the typically p-doped
Tungsten based layer. Additionally, future work may involve exploring other combi-
nations of materials, with different band alignments, and different stacking, which in
particular modify the tunnelling amplitudes.

For closely aligned layers, an additional perturbation arises due to the moiré poten-
tial, which can have a periodicity larger than the complex’s extent in real space. The
moiré potential will further localize the interlayer complex and modify the observed
photoluminescence spectra.

The electrons and holes, separated by the interlayer distance, result in the forma-
tion of an electric dipole in the out-of-plane direction. Multiple complexes therefore
will have a dipole-dipole interaction, which may affect the observed spectra. The
dipole additionally interacts with the applied electric field from the gates used to elec-
trostatically dope the system, resulting in a Stark shift to the photon energies, which

was not accounted for.

In Chapter [0 we have shown that few-layer transition metal dichalcogenids contain
a rich subband structure both in the valence band for p-doped and in the conduction
band for n-doped few-layer films, with the four studied transition metal dichalco-
genides covering densely the infrared to far—infrared spectral range, thus demonstrat-
ing a yet to be explored potential of these materials in the form of few-layers quantum
wells, opening new research directions in the field of two dimensional transition metal

dichalcogenides. The subband structure in the conduction band shows an alternating
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behaviour in terms of spin-orbit splitting between the subbands, for even and odd
number of layers, reflecting the symmetry properties of the 2H-stacked few-layer films.
The parity (mirror or inversion) symmetry of the few-layer films results in selection
rules for the intersubband transitions due to absorption of out-of-plane polarized light,
with transition between same parity subbands being forbidden. The obtained absorp-
tion lineshapes show a dispersion broadening (~ kgT) due to the subband dependent
effective masses. Additional broadening mechanism due to intersubband phonon re-
laxation was found to give a contribution of few meV, which is weaker as compared
to conventional semiconductors quantum wells. Few-layer transition metal dichalco-
genides therefore provide a promising platform for optoelectronic devices operating in
the infrared to far—infrared spectral range.

Future work for the utilisation of intersubband transitions requires the modelling of
the effects of electrostatic gating and screening in the few-layer films on the subbands
and their optical properties.

Finally, the multi-degenerate, spin-orbit split, and anisotropic Q-valleys in the
conduction band of few-layer films of TMDCs make them a promising platform for

quantum Hall ferromagnetism studies.



Appendix A

Electron-phonon coupling of

homopolar and longitudinal optical

phonons in 2D TMDCs

In this appendix we provide a more detailed derivation for the electron-phonon coupling
with the longitudinal optical phonon in 2D TMDCs, used in Chapters [3| (Ref. [21])
and [0l
The HP phonon mode transforms according to the identity irrep A} of the Dy,
point group, such that the coupling can be described by the zeroth order deformation
potential D as
0Vyp = Dugp. (A.1)

Quantizing the lattice displacement as

[N i
UHPq = m(a—q +aq), (A.2)

where N is the number of unit cells, M is the unit cell mass, wyp is the phonon
frequency, and ag ) is the annihilation(creation) of a phonon with wave vector q, we

get for the electron-phonon coupling

/ h
gup = mD- (A.3)

In the LO phonon case, the lattice induced displacements of the ions in the unit cell
results in a polarization, which results in an electrostatic potential which the electrons

interact with [42]. To obtain the coupling of electrons with the polar LO phonons
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at long wavelengths, we consider the electrostatic energy of a monolayer given in the

continuum limit by [48],

1 [ drd*r’ 1
B == | 2285 o)) + — / P
2 |r —r | 2K (A.4)

o(r)=ep(r) -V -P,,—V-Py,
where p(r) is the 2D electron density, P,, is the polarization induced by the optical
phonon, P is the remaining in-plane polarization component, and x is the in-plane
polarizability or rigidity. Fourier transforming Eq. [A.4] and integrating out the in-
plane polarization P, by minimizing the energy with respect to it, thus using an

adiabatic approximation for the in-plane polarization, giving

(A.5)

1 / d?q 27m(q - Popq —iepq)(q - Py, o +iepy)

Ein = = )
2/ (2n)2 q(1+qr.)

where we defined the screening length r, = 27k in terms of the in-plane polarizability.
The denominator term e(q) = 1 + grs, plays the role of a momentum dependent
dielectric function, which is characteristic of Coulomb interaction in 2D materials |19].
From Eq. we can read out the contribution to the electrostatic energy coming
from the electron-phonon interaction from the terms containing the phonon induced
polarization P,, 4 and the electron density pq,

d?*q 2mieq - Py qp5
H., ,, = adl A.
o /(27T)2 g(1+qr.) (4.6)

where py, Py, 4 are the Fourier components of the carrier density and polarization. The

LO phonon induced polarization is given by the dipole moment per unit area,
P,, = —u(r), (A.7)

where A is the unit cell area, u(r) is the relative displacement of the ions, and Z
is the Born effective charge of the displaced ions (opposite charge on the metal and
two chalcogens). Quantizing the lattice vibrations, the phonon induced displacement

Fourier component is given by

h .
Ug = 4 meq(aiq + aq), (A.8)

where N is a normalization factor equal to the number of unit cells in the sample, wyo

is the LO phonon frequency, M, is the reduced mass of the metal and two chalcogen
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atoms, and € is a unit vector in the direction of relative displacement of the ions. The

charge density is given in second quantized form by

Py = Z chqck. (A.9)

k

Finally, combining Eqs. (A.7] A.9) into Eq. (A.6]), and converting the integration

into summation we get,

2mie’ 7 h
X / f A.10
e ph = Z A 1 + QT* 2N M, rWLO Ck+qu( 4 * &q) ( )

The LO phonon coupling is then given as

omie?Z | h
= . A1l
Jro.a A(l+qr.) V 2NM,wro ( )

0.6

—— 10
MoS, “°C HP

MoSe, 0

Figure A.1: Phonon coupling for the LO (solid) and HP (dashed) phonon modes as a
function of the phonon wave vector ¢ for the four TMDCs materials studied.
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