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% Check for updates The existence of bound charge transfer (CT) excitons at the interface of

monolayer lateral heterojunctions has been debated in literature, but contrary
to the case of interlayer excitons in vertical heterostructure their observation
still has to be confirmed. Here, we present a microscopic study investigating
signatures of bound CT excitons in photoluminescence spectra at the interface
of hBN-encapsulated lateral MoSe,-WSe, heterostructures. Based on a fully
microscopic and material-specific theory, we reveal the many-particle pro-
cesses behind the formation of CT excitons and how they can be tuned via
interface- and dielectric engineering. For junction widths smaller than the
Coulomb-induced Bohr radius we predict the appearance of a low-energy CT
exciton. The theoretical prediction is compared with experimental low-
temperature photoluminescence measurements showing emission in the
bound CT excitons energy range. We show that for hBN-encapsulated het-
erostructures, CT excitons exhibit small binding energies of just a few tens
meV and at the same time large dipole moments, making them promising
materials for optoelectronic applications (benefiting from an efficient exciton
dissociation and fast dipole-driven exciton propagation). Our joint theory-
experiment study presents a significant step towards a microscopic under-
standing of optical properties of technologically promising 2D lateral
heterostructures.

Monolayers of transition metal dichalcogenides (TMD) have attrac-
ted much attention due to their remarkable excitonic and optical
properties”. So far the research has focused on vertical TMD het-
erostructures obtained by stacking TMD monolayers on top of each
other’. These are characterized by spatially separated interlayer
excitons forming an out-of-plane dipole and thus allowing, e.g., a
gate-controllable exciton transport*’. In comparison, much less is
known about lateral TMD heterostructures®™, where two different

TMD monolayer materials are grown sequentially and covalently
bond in the plane®* (Fig. 1a). These structures show regular mono-
layer optics and transport features when optically excited far from
the interface'”. At the interface, however, bound charge transfer
(CT) excitons have been theoretically predicted”. Here, the Coulomb
interaction binds together electrons and holes that are spatially
separated at opposite sides of the junction (cf. Fig. 1a, b). This spatial
separation results in an in-plane dipole that is typically larger than in
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vertical heterostructures”, where the dipole is limited by layer
separation. Therefore, the CT exciton binding energy is expected to
be smaller compared to interlayer excitons” . Furthermore, smaller
band offsets have been predicted for lateral heterostructures',
suggesting that CT excitons are expected to be energetically close
to the intralayer excitons. This reduced energy separation from
the bright-exciton energy makes their detection challenging and
could explain that so far there have been no clear experimental
signatures for the existence of bound CT excitons in lateral
TMD heterostructures - in contrast to interlayer excitons in vertical
heterostructures®.

In this work, we develop a fully microscopic and material-specific
many-particle theory to shed light on the existence of CT excitons in
lateral TMD heterostructures. We also perform cryogenic photo-
luminescence (PL) measurements to directly check the theoretical
predictions. Motivated by the recent progress in the growth of lateral
heterostructures with atomically sharp interfaces’*'**?, we theoreti-
cally investigate optimal conditions to find CT excitons (i) via interface
engineering (interface widths, band offsets) and (ii) dielectric engi-
neering (surrounding substrates). In particular, we address the com-
petition between Coulomb-induced spatial confinement of excitons
(Bohr radius) and interface widths. Considering the exemplary case of
hBN-encapsulated MoSe,-WSe, lateral heterostructures*’, we pre-
dict for small junction widths and low temperatures the appearance of
an additional low-energy resonance in PL spectra that we assign to a
bound CT exciton. To test this, we perform cryogenic PL measure-
ments in hBN-encapsulated MoSe,-WSe; lateral heterostructures with
a high-quality, very narrow junction width of ~2-3 nm'. We find PL
emission peaks at the heterojunction in the high-quality samples that
are below the MoSe, and WSe, intralayer excitons and that present
a strong indication for the bound CT excitons predicted by our
microscopic theory. Our joint theory-experiment study presents an
important advance for a microscopic understanding of lateral TMD
heterostructures, as we identify key conditions for the observation of
CT excitons in terms of interface and dielectric engineering. Further-
more, we predict CT exciton binding energies of just a few tens of meV
as well as extraordinarily large dipole moments for hBN-encapsulated
materials. This indicates that lateral heterostructures with ultrathin
junctions and weakly bound CT excitons to have also technological
relevance for optoelectronic devices due to the expected high exciton
mobility”, efficient exciton dissociation, and diode-like exciton trans-
port across the interface™.

Results

We investigate the exemplary case of an hBN-encapsulated
MoSe,-WSe, lateral heterostructure. We start with our microscopic
theory and compare then with our cryogenic PL measurements.
Figure 1b schematically shows the spatial variation of single-particle
energies Eg, ,w() in the considered lateral heterostructure. The con-
duction and valence bands form offsets AE., AE, at the interface,
typically inducing a type Il alignment'??°??>* with the conduction band
minimum located in the MoSe, layer'®. Note that for gate-induced
homojunctions® %, the band offsets are the same, i.e. AE.=AF,,
potentially leading to bound excitons for p-i-n junctions confined
to a few tens of nanometers®. At the interface, CT excitons can
be built (purple oval) with the minimum continuum energy
E% =EY, — AE, =EY, — AE.. Here, we focus on bright CT excitons with
the hole located at the K valley in the WSe, layer and the electron
located at the K valley in the MoSe; layer, as this is the energetically
lowest CT configuration, cf. the Supplementary material. Dark CT
excitons could be important e.g. in lateral WSe,~WS, heterostructures,
where the minimum of the conduction band is located in the WS,
layer’. Importantly, this CT continuum is lower in energy than
monolayer bandgaps suggesting a high occupation of these states.
To obtain the energy of bound CT excitons, Coulomb interaction

needs to be included resulting in excitonic energies (cf. Fig. 1c, d).
The two-dimensional nature of TMD monolayers induces a reduced
screening of the Coulomb interaction. The weakly screened Coulomb
attraction leads in monolayers to quantization in the relative coordi-
nate resulting in the formation of Coulomb-bound electron-hole pairs
(excitons) Xyow =E O w—X bMO ,w With large exciton binding energies
X0 ,w- The lowest s excitons are characterized by a Bohr radius in the
range of one nanometer for hBN-encapsulated TMD monolayers®. At
the interface of a lateral heterostructure an additional quantization of
the center-of-mass motion can occur. The Coulomb-induced binding
of spatially separated electrons and holes can form bound CT excitons
that are localized at the interface with the energy Xcp=E2; — X2
However, their binding energies Xtc’T are expected to be smaller than
in the intralayer case due to the spatial separation between electrons
and holes. This reduced binding energy for spatially-separated exci-
tons is qualitatively similar to interlayer excitons in vertical
TMD heterostructures'®”’, however, the separation of the latter is
limited to the interlayer distance of the two TMD layers (although
extendable via spacers’). In contrast, the separation of electrons and
holes in a CT exciton is not limited by any geometrical constraint and
can be principally much larger®”. As a direct consequence, CT
excitons are expected to have smaller binding energies compared
to interlayer excitons, but exhibiting a large static electric dipole
(cf. the Supplementary Materials). One important goal of this work is
to study under what conditions these bound CT excitons Xcr can be
observed, i.e. when are they clearly below the Xy, exciton and have
a sufficiently large oscillator strength. To reach this goal we
perform interface and dielectric engineering in our calculations,
allowing us to shift the relative position of intralayer and CT excitons
(cf. Fig. 1c, d).

Lateral heterostructure

CT exciton Eo
E?(X) Ecr EOMO-AEV
T
WSe, —_—

junction width w

(c) Interface engineering (AE,) (d) Dielectric engineering ()
E¢; W
€'>e
XN—/ )

X(,l [

E Xci ‘
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1X

Fig. 1| Lateral heterostructures. a Two TMD monolayers (e.g. MoSe, and WSe,)
are stitched laterally. b They have intrinsic bandgaps £Y, and EY, while forming
conduction and valence band offsets AE., AE, around the junction. Spatially sepa-
rated electrons and holes across the interface form charge-transfer (CT) excitons
with the corresponding continuum energy E2; = EY, — AE,.c,d Bound CT excitons
Xcr (red flat line) appear below the energy of intralayer MoSe;, exciton Xy, (orange
line) for either large band offsets AE, (interface engineering) or large dielectric
constants ¢ (dielectric engineering).
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Methodology and key quantities

To describe the spatially dependent energy landscape in a lateral
heterostructure, it is crucial to include both the material-specific sin-
gle-particle energies (Fig. 1b) as well as the Coulomb interaction that
forms excitons (Fig. 1c, d). To this purpose, we investigate the excitonic
eigenstates |W,) with eigenenergies E, of the Schrodinger equation
HIW,)=E,|W,) with the Hamilton operator H including both the spa-
tially dependent single-particle energies E;(x) (with the band index
A=c,v) and the Coulomb interaction between electrons and holes by
using a generalized Keldysh potential V(r)*>*.. Here r is the in-plane
position vector, with x and y denoting the component perpendicular
and parallel to the interface, respectively. Exploiting the symmetry
along the y direction parallel to the interface and the fact that the total
exciton mass M=me+my, is much larger than the reduced mass
U =m.my/(m.+my), we can separate the eigenstates in a center-of-
mass and a relative part with W, (R,r) = ¢,(R,)e'%® ¢ (r) with r as the
relative coordinate and R and Q as the center-of-mass coordinate and
momentum, respectively”. Here, ¢*+(r) and ¢,(R,) are the solutions of
the corresponding Schrodinger equations for the relative and the
center-of-mass motion:

—h?V?
2u

+ Ve + VA (r)] P (1) = ERYP (1), D

2 ~
|: ;’W 6%:)( + El(RX):l (I)n,i(Rx) = En,illjn,i(Rx) , (2)

where VR(r)=E2(r,R,) — E2(r, R,) acts as an interface potential given
by the space-dependent band edges 2,v' Note that the quantum
numbers n and i describe the quantization in the center-of-mass and
relative motion, respectively. In this work, we focus on the energetically
lowest excitons corresponding to the i =1s states. In the case without a
junction, there are no band offsets, i.e. AE.,, =0 in Fig. 1b, and Eq. (1)
becomes the well-known Wannier equation with a space-independent
potential and E,(R,) = X,. In this limit, the center-of-mass equation
(Eqg. (2)) becomes trivial corresponding to fully delocalized plane waves
Pn(Ry) = e@R and resultingin £, = E,_;=X;+4*Q}/2M. This implies
that the center-of-mass motion of excitons is free and there is no
quantization.

Solving Egs. (1) and (2), two distinct situations can occur for the
ground-state energy Eo, i.e. either (i) Eg = Xjjo OF (i) Eg < Xmo. In the first
case, the regular MoSe; 1s exciton is the lowest state and is expected to
dominate the optical response. In the latter case, the CT exciton
Eo = Xcr is the lowest state and could be principally observed in optical
spectra. These CT states can be both bound or unbound and they are
separated by the corresponding exciton binding energy X tc’T, cf. the
red and purple lines in Fig. 1c. The conditions for the visibility of the
bound CT excitons are a relatively large binding energy (higher than
thermal energy to prevent thermal dissociation into unbound states)
and that the state is located clearly below the lowest intralayer exciton
(Xmo for the investigated structure) and thus carrying a sufficiently
large occupation.

To optimize the visibility of CT excitons in experiments we need
to meet two conditions: (i) sufficiently low temperatures to avoid
thermal dissociation of CT excitons and (ii) high sample quality so that
the Xyo—Xct energy separation is larger than the optical transition
linewidth. Note that we recently reported high structural (electron
microscopy) and optical quality (exciton transport) at the junction in
CVD-grown MoSe,-WSe,". The MoSe,-WSe, lateral heterostructure
offers a small lattice mismatch between MoSe, and WSe,, while
encapsulation of the samples with hBN minimizes the dielectric
disorder® and promotes the intrinsic optical properties of the material
in experiments performed at a temperature of T=4 K. In addition, we

will show below that hBN-encapsulation plays an important role for CT
exciton optics.

Charge-transfer excitons

To determine the exciton energy landscape, we solve the Schrodinger
equation (Egs. (1) and (2)). We consider hBN-encapsulated samples and
start with studying the limit of a relatively small band offset of
AE, =100 meV. Here, the energetically deepest excitons are found to
be Xuo states (cf. Fig. 2a). Momentum-dark exciton states have been
neglected, as they are energetically higher than the monolayer exciton
Xwmo (cf. the Supplementary material). The corresponding Xy states are
located 70 meV above, reflecting the band gap difference of MoSe, and
WSe, (Fig. 2a). The center-of-mass dispersion is characterized by a
parabola, and their wavefunctions y(R,) are confined either on the
right- or on the left-hand side of the interface. For small band offsets,
the binding energy of monolayer excitons is stronger than the band
offset. As a result, we find no bound CT excitons as the energy of the
CT continuum is much higher than the intralayer exciton energy Xuo
(cf. Fig. 1).

The energy landscape changes significantly, when we increase the
band offset to AE, =215 meV, which is a realistic value for lateral TMD
heterostructures™'®, Interestingly, we find bound CT excitons to be
the lowest states (cf. Fig. 2b). They have a flat dispersion indicating
localization of excitons, or to put it in other words, there is a quanti-
zation of the center-of-mass motion across the junction. These CT
exciton states are unquantized along the interface, i.e. forming a one-
dimensional CT-exciton channel. We predict two bound CT states and
plot their center-of-mass wave functions in Fig. 2c. These are broad in
momentum space reflecting a localization in real space around the
interface and induced by the Coulomb attraction between the spatially
separated electrons and holes. This is in strong contrast to the case of a
regular monolayer without a junction, where the center of mass
motion is free and the wave functions are very narrow in momentum
space and fully delocalized in real space.

(a) AE,=100 meV
~ 150F w=2.4nm 1
>
<7}
E 100 ]
s
X' 50
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Fig. 2 | Interface engineering. a and b Dispersion relation of an hBN-encapsulated
MoSe,-WSe; lateral heterostructure for AE, =100 and 215 meV, respectively. c Wave
function of the two lowest bound CT excitons for AE,=215meV. d The energy of
the lowest CT exciton (relative to Xy,) and e its in-plane dipole d.-y, revealing the
appearance of bound CT excitons for band offsets larger than ~-100 meV. f CT
exciton binding energy as a function of junction width w for three different band
offset values, revealing that sharp interfaces allow deeply bound CT excitons with
X2 =30 meV.
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We find that the bound states have typically an alternating sym-
metry, resulting in states with a finite and a negligible component in
Q. =0, respectively (Fig. 2c). The vanishing Q,,=0 component has a
direct consequence for their oscillator strength so that only even
states can emit light. The oscillator strength is also affected by the
relative wavefunction, as the radiative recombination rate is propor-
tional to the probability |@(r = 0)[? of finding electrons and holes in the
same position” (cf. “Methods” section). Due to the large spatial
separation, this is smaller by a factor of almost 35 for CT excitons
compared to intralayer states in the situation studied in Fig. 2b.
However, being the energetically lowest states, their higher occupa-
tion, in particular at low temperatures, could still compensate their
smaller oscillator strength and make them visible in optical spectra. In
addition, relatively large binding energies are important because they
give rise to a larger oscillator strength by increasing |¢(r = 0)|* as the
electron-hole separation is reduced.

To sum up, the crucial conditions for the visibility of bound CT
states are that they have a relatively large oscillator strength and that
they are considerably deeper in energy than the lowest intralayer
exciton state. In the following, we investigate interface engineering
(variation of band offset and junction width) and dielectric engineering
(variation of substrates) to predict optimal conditions for experi-
mental observation of bound CT excitons that have not been
demonstrated so far.

Interface engineering

Here, we investigate how the CT exciton energy, its in-plane dipole,
and the binding energy depend on the band offset AE, and the inter-
face width w (Fig. 1). Note that varying AE. gives qualitatively the same
results. The band offset can be engineered by growing lateral hetero-
junctions of different TMD monolayers. The junction width w depends
on the exact growth technique and conditions. Recently, there has
been an impressive technological development in lateral hetero-
structures allowing the realization of atomically narrow junctions of
just a few nanometers'>"*2023243334 In Fig, 2d, e we show the energeti-
cally lowest exciton state £, and its in-plane dipole de-p, respectively.
To this end, we solve the Schrédinger equation (Egs. (1) and (2)) as a
function of the band offset AE, for three different junction widths
w=2.4,5, and 12 nm. The lower values correspond to recent experi-
mentally realized sharp interfaces™'*****, Importantly, our calculations
show that for band offsets smaller than a critical value of about 100
meV, there are no bound CT excitons, but rather the regular MoSe,
exciton Xy, is the lowest state (orange line). Increasing AE,, we observe
that after a width-dependent critical value (defined as A£;) bound
CT excitons become the lowest states with linearly increasing separa-
tion from Xy, as AE, becomes larger. A similar behaviour is predicted
for the free-standing case, but with a much larger AE] =200 meV
(cf. the Supplementary material). The binding energy X ET is enhanced
for smaller junction widths w (i.e. the red curve is further away from
the purple curve in Fig. 2d).

To understand this, we plot the CT binding energy as a function of
the junction width (Fig. 2f) for three different values of AE,>AE;. We
find that for AE, =165 meV the binding energy decreases by a factor of
3 when going from w=2.4 to w=12nm (X2 = 23 and 7 meV, respec-
tively). Importantly, only for narrow junction widths, we predict
binding energies of the order of the thermal energy also at room
temperature. CT excitons with lower binding energy are thermally
unstable and are expected to quickly dissociate into continuum
states™. In addition, lower binding energies result in a smaller oscillator
strength via a reduction of |¢(r = 0)|>. We also observe that the binding
energy is nearly independent of the band offset (almost overlapping
lines in Fig. 2f), in particular for offsets AE, much larger than the critical
one. For offsets just larger than AE, we predict a monotonic decrease
of Xtc’T with increasing AE” (cf. the Supplementary material). As a
consequence, the energy of the bound CT excitons Xcr directly follows

the linear decrease of the CT continuum energy (purple line in Fig. 2d)
as a function of the band offset.

The abrupt reduction of the CT exciton binding energy for
increasing the junction width w (Fig. 2f) induces an increase of the
critical band offset AE{ from approximately 110-140 meV for junction
widths w going from 2.4 to 12 nm (cf. the critical values in Fig. 2d). For
the case of AE, :XbMO the energy of the MoSe, exciton Xy, exactly
coincides with the energy of continuum states £2; (cf. Fig. 1). For the
general case, the critical band offset has to be defined as
AES=XY,, — XP;, such that the bound CT exciton becomes the ener-
getically lowest state. As the binding energy of the monolayer exciton
X®,, does not depend on the junction width, X2; is the crucial quantity.
The latter has been shown to be very sensitive to the junction width
(Fig. 2f). This explains why the critical band offset is increased for
higher junction widths (i.e. smaller X2;). This crucial dependence of
X%, as a function of the junction width stems from the competition
between the junction width w and the Bohr radius rg. The latter pro-
vides the spatial scale at which Coulomb-bound electrons and holes
can redistribute around a center-of-mass position”’. When w> rg,
excitons need huge dipoles d., for their electron/hole constituents to
reach the energetically favourable spatial positions. As a result, bound
CT excitons show very small binding energy. In the opposite case of
w S rg, the CT exciton experiences the maximum band offset already
for small spatial separations resulting in large binding energies.

We now investigate the CT-exciton in-plane dipole d.—, as a
function of the band offset (Fig. 2e). Similarly to the case of CT exciton
energy in Fig. 2d, the dipole abruptly increases when the critical band
offset AE; is reached, i.e. when bound CT excitons are formed. For
larger band offsets, the dipole only weakly increases. The dipole cru-
cially depends on the binding energy of CT excitons: For larger X2;
electrons and holes are bound close to the interface, i.e. they have a
smaller in-plane distance and thus a smaller dipole. Since XET depends
strongly on w and weakly on AE, (Fig. 2f), there is only a small variation
of d._, with the band offset (above the critical value AEY), while de-p
increases by a factor of three for w going from 2.4 to 12 nm (de-, = 8
and 27 nm, respectively, cf. red and green lines in Fig. 2e). The pre-
dicted dipoles are in the range of several nanometers, which is in good
agreement with previous studies™”. The values are much larger than
for interlayer excitons in vertical heterostructures, where the
electron-hole separation is limited by the layer distance*. The com-
bination of small binding energies and large dipoles is attractive for
optoelectronic applications due to efficient exciton dissociation and
quick exciton propagation. From the perspective of exciton optics,
this can bring two limitations: First the larger d.-p,, the smaller is the
binding energy X%T (Fig. 2e, f) and the less stable CT excitons are.
Second, the increase of the dipole leads to a decrease of |¢(r=0)]*
resulting in a lowering of the oscillator strength with crucial implica-
tions for the visibility of CT excitons in experiments.

In a nutshell, by performing interface engineering one can achieve
thermally stable bound CT excitons for atomically sharp interfaces. In
particular, for the case of hBN-encapsulated MoSe,-WSe,, we predict
binding energies of X2; = 20-30 meV.

Dielectric engineering
Besides interface engineering, Coulomb interaction can be changed by
varying the dielectric environment determined by the substrate. We
focus again on the lateral MoSe,-WSe; heterostructure with a narrow
junction width of w=2.4nm and a band offset of A,=215meV (i.e.
above the critical value discussed in Fig. 2). These values are realistic
according to the previous studies on lateral heterostructures™'. Note
that in our study we consider the band offset and the interface width to
be robust with respect to the change in the dielectric environment.
In Fig. 3a we show the bound and unbound CT energies Xcr and
E2; as a function of the dielectric constant ¢ of the substrate. We focus
on CT energies relative to the intralayer MoSe, exciton Xy, as the
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Fig. 3 | Dielectric engineering. a Bound and unbound CT exciton energies Xcr and
E ST (relative to the intralayer MoSe, exciton Xy,), b CT binding energy X ET, and
c the corresponding CT exciton dipole d., as a function of the dielectric constant
of the substrate (for the band offset AE, = 0.215 eV and the interface

width w=2.4 nm).

occupation of CT excitons is determined by their relative spectral
distance to the monolayer exciton. We find a considerable shift to
lower energies for increasing €. The energy separation from Xy, of the
bound CT exciton Xcr is reduced from approximately 6 meV in the
free-standing case (¢=1) to 88 meV for hBN-encapsulated samples.
A similar decrease is also found for the unbound CT state E2;.. As we are
considering only relative energies (with respect to Xy,), the depen-
dence of the band gap energy EB,O on the dielectric screening is can-
celled out. Thus the crucial quantities here are the binding energies
X%, and X2; of the monolayer and the bound CT excitons. The latter is
very sensitive to the dielectric environment, as shown in Fig. 3b. In
particular, the decrease of XZ,, (orange in Fig. 3b) is responsible for the
behaviour found for the energy of unbound CT excitons £, 2T (purple in
Fig. 3a). Note that for £=3, the MoSe, exciton Xy, is shifted above
the unbound CT energy resulting in a sign change in the purple line
in Fig. 3a.

Interestingly, we predict a drastic decrease of X2; resulting in X2;
being much smaller than X ,t\’,,o (by approximately a factor of 4 and 7 in
the case of SiO,-air and hBN-encapsulation, respectively). This drastic
decrease is in contrast to the situation in vertical heterostructures,
where the binding energies are comparable for intra- and interlayer
excitons'®”. This difference between vertical and lateral hetero-
structures can be ascribed to the much larger spatial electron-hole
separations in CT excitons compared to interlayer excitons, where the
separation is limited by the interlayer distance in vertical hetero-
structures. The CT binding energy decreases with the increasing dipole
(cf. the Supplementary material), similar to the behaviour of interlayer
excitons with increasing interlayer spacing®. Only for free-standing
lateral heterostructures, we predict that CT excitons have dipoles
d.-n=1nm comparable with vertical heterostructures, resulting in
comparable binding energies. In contrast, for substrates with an
increasing dielectric constant, we find significantly enhanced in-plane
dipole moments, e.g. d.—, = 5 nm for the SiO, substrate or de_, = 9.6 nm
for hBN-encapsulated samples. The increase in d.-p, leads to a decrease
in the CT binding energy as well as of the radiative recombination rate
by one order of magnitude compared to the free-standing case.

The behaviour of Xct in Fig. 3a results from the non-trivial inter-
play of X2, and X8,,. The CT exciton binding energy X2; decreases
from about 200 meV in the free-standing case (¢ =1) to just a few meV

in the presence of high-dielectric substrates (Fig. 3b). As a con-
sequence, bound and unbound CT energies almost coincide for large &
(red and purple line in Fig. 3a). Furthermore, they shift well below the
intralayer MoSe, energy Xyo. In the limiting case of very large ¢, the
separation between Xcr and Xy, tends toward the value of the band
offset due to the negligible excitonic binding energies, (cf. Fig. 1). In the
free-standing limit, we find Xc1=Xwo, despite the large CT exciton
binding energy. This occurs since for € > 1 also the unbound CT energy
is shifted up relative to Xy, (purple line in Fig. 3a) and cancels out the
change in X2, such that Xc; =E; — X2 = Xy,. In this regime, the
bound CT excitons are thermally stable thanks to binding energies of a
few hundred meV (Fig. 3b), but they are located only slightly below Xy,
(Fig. 3a). Thus, they are weakly populated and not visible in PL spectra,
cf. the supplementary material. It is, however, in the intermediate
range of 2 < ¢ <5 that one finds the optimal situation where we have a
considerably large CT binding energy and at the same time the
CT exciton is located well below the MoSe, exciton. For a SiO,-air
environment (&= 2.4), we predict the CT exciton to be ~35 meV below
Xmo With a binding energy of X tc’Tz63 meV. The energy separation
between CT and intralayer MoSe, excitons increases significantly in
hBN-encapsulated heterostructures (£=4.5), but this comes at the
price of a smaller binding energy of X'gT ~20 meV.

In a nutshell, high-dielectric substrates lead to bound CT excitons
that are located much below the intralayer exciton and thus carry a
large occupation, however, they are weakly bound and hence ther-
mally unstable. The optimal case is reached for £ =2-5 where we find
CT excitons with a considerably large binding energy and still a suffi-
cient occupation.

Optical spectra

Now, we investigate whether bound CT excitons can be observed in
photoluminescence spectra. First, we calculate a PL spectrum of an
hBN-encapsulated MoSe,-WSe, lateral heterostructures (with the
band offset AE, = 0.215 eV and the interface width w = 2.4 nm) and then
we perform cryogenic PL measurements. The starting point of our
calculation is a focused laser excitation spot with an FWHM of 700 nm
asin a typical experiment®. In a homogeneously excited system, the PL
can be expressed by the Elliott formula describing the emission of
bright exciton states”. In our case, this Elliott formula has to be
extended to take into account the spatially confined laser excitation
and excitonic states. To this purpose, we assume a Gaussian excitonic
distribution N(xo, R,) localized around x, = Rf(’ with a spatial width 4,
in agreement to the FWHM of the laser pulse. Here, R, is the exciton
center-of-mass position. In the case without a junction, the spectral
distribution is governed by the Boltzmann distribution. In the pre-
sence of a junction, however, the wavefunction of each state [, ) plays
an important role and determines the relative occupation of the state
via a weight coefficient c,(Ry), i.e. Ny(Ry) = N(xo, Ry)Cn(Ry) (cf. “Meth-
ods” section for more details). This makes sure that we have a local
thermal distribution. We generalize the Elliott formula for the PL
intensity /,(E) of the state |, ) taking into account that the laser pulse
excites a spatially inhomogeneous exciton distribution. Thus, the
spatially dependent PL reads after an optical excitation centered at xo

1060, E)= 3" 1,(E) / ARG, (RN (X0, Ry), 3)

i.e. we sum over all emitting states |, ) and weight the emission by the
coefficient c,(R,). Note that we limit our study to momentum-direct
radiative recombination since phonon sidebands are expected only in
the WSe, but not in the MoSe, monolayer (as here momentum-dark
excitons are not the energetically lowest states, cf. the Supplementary
material)®**°. As a result, we also do not expect efficient indirect
recombination of CT excitons as here the electron is located in the
MoSe, layer (Fig. 1b). Furthermore, funneling effects” and exciton
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thermalization/charge transfer effects*>** are beyond the scope of
this work.

Now, we evaluate Eq. (3) and calculate spatially and spectrally
dependent PL spectra at different temperatures for the hBN-
encapsulated MoSe,-WSe, lateral heterostructures. We tune the
laser pulse position x, and fix the junction characteristics to values of
AE,=0.215eV and w=2.4 nm in accordance with predicted and mea-
sured values''®, At moderate and high temperatures far away from the
junction, we reproduce the regular monolayer PL spectrum and find
the Xumo and Xy excitons on the right-hand and the left-hand side,
respectively (cf. Fig. 4a, b). When exciting at the interface, both fea-
tures are still visible reflecting the large spatial width of the laser pulse
(FWHM of 700 nm) that excites both sides of the heterojunction.
Interestingly, when decreasing the temperature, a low-energy reso-
nance appears approximately 90 meV below Xy, (cf. Fig. 4c, d). This
can be clearly ascribed to the position of the CT exciton Xct (Fig. 2d).
At low temperatures, CT excitons can result in a strong PL despite their
low oscillator strength due to their large occupation as energetically
lowest states. The PL emitted from CT excitons is particularly strong
compared to Xy, as the bright exciton Xyy in the WSe; layer is higher in
energy than Xy, and is thus only weakly populated. For the same
reason, we find that Xy, is more intense than Xyy at low temperatures
(Fig. 4c). Importantly, the new low-energy peak Xcr is visible only in the
presence of a narrow junction, (i.e. w =2.4 nm), while it disappears for
larger junction widths, as shown by the dashed orange line in Fig. 4d.
This can be explained by the smaller spectral separation of CT excitons
from the monolayer resonance at broader junctions (Fig. 2d), resulting
in a smaller occupation of the CT state. In addition, the CT exciton
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Fig. 4 | Optical signatures. Photoluminescence (PL) spectra of hBN-encapsulated
MoSe,-WSe, lateral heterostructures with the band offset AE, =0.215eV and the
interface width w=2.4 nm studied at a 300 K, b 150K, and ¢ 30 K. We excite the
material with a laser excitation spot with an FWHM of 700 nm. d Cuts of the PL
spectrum at the interface at 30 K. We also show the comparison to the larger
interface width of 12 nm (dashed orange line). e, f Experimental PL spectrum at the
junction and at MoSe, monolayer region, with two different interfaces considered.
We find both in experiment and theory a low-energy resonance that we assign to a
bound CT exciton.

binding energy also considerably drops, and the electron-hole
separation drastically increases (Fig. 2e). As a direct consequence, the
radiative decay rate yo, which is given by the wavefunction overlap of
electrons and holes (cf. “Methods” section), decreases by 4 orders of
magnitude when moving from w=2.4 nm to w =12 nm.

To test the theoretical prediction we perform spatially dependent
cryogenic PL measurements on the very same sample system, i.e. hBN-
encapsulated MoSe,-WSe,. This sample set has shown high structural
quality at the junction in electron microscopy and clear exciton
transport from WSe, to MoSe, through the junction™. This allows us
to show a direct comparison between theory and experiment
(cf. Fig. 4d-f). In Fig. 4e, f we present the spectra from two different
junctions. We find in the experiment a clear PL emission of about
80-100 meV below the Xy, resonance at several junctions. The emis-
sion in the CT-exciton energy range is absent far away from the junc-
tion (cf. thin bright blue line in Fig. 4e, f). This is in excellent agreement
with the theoretical prediction (Fig. 4d) and is a strong indication of
the direct emission from CT excitons. To further support this assign-
ment, we have performed power-dependent studies, cf. the Supple-
mentary material. The integrated intensity of the low-energy peak
increases linearly with the excitation power, contrary to the saturating
behaviour expected from defects***. In addition, we also observe a
blue-shift of the peak with increasing excitation powers, similar to the
behaviour of interlayer excitons, which blueshift due to dipole-dipole
repulsion*®. The observed shift could thus further confirm the dipolar
origin of the low-energy peak.

By investigating samples in PL at cryogenic temperatures, the
chances for the observation of the CT exciton are optimized also by
the hBN encapsulation which, besides reducing the disorder (resulting
in linewidth of less than 10 meV for Xy,), leads to large energy
separations between Xcr and Xy, excitons, as explained in the
dielectric engineering part of the manuscript (Fig. 3). We emphasize
that both the narrow linewidth and the large-energy separation
between Xct and Xy, are needed to observe CT excitons. The broader
nature of the CT exciton in the experiment is likely to be related to
sample imperfections or strain. A moderate red-shift of 20-30 meV of
Xw close to the junction'* suggests the presence of strain that could
result in an inhomogeneous broadening of Xcr, together with dielec-
tric disorder and impurities. Furthermore, we observe trionic features
resulting in multiple peaks around the energy of the MoSe, exciton
that have not been taken into account in the theory. Note that PL
emission at the calculated CT exciton energy has been observed in
several junctions (cf. Fig. 4e, f). From a material perspective, it is likely
that the junction width w might vary for junctions grown on the same
substrate. As a result, CT exciton formation does not necessarily occur
at all junctions, due to the strong dependence on w as shown in our
calculations (Fig. 2f).

Discussion

We have presented a joint theory-experiment study investigating the
bound charge-transfer excitons at the interface of lateral two-
dimensional heterostructures. We find in theory and experiment first
signatures for the appearance of bound charge transfer excitons in
cryogenic photoluminesce spectra of hBN-encapsulated lateral
MoSe,-WSe, heterostructures. We perform interface and dielectric
engineering in our calculations and reveal critical conditions for the
observation of charge transfer excitons including narrow junction
widths (in the range of a few nm), relatively large band offsets (above
100 meV), and an intermediate dielectric screening (¢ = 2-5). Our study
provides novel insights into the characteristics of bound charge
transfer excitons and will trigger future experimental and theoretical
studies in the growing research field of lateral heterostructures. The
latter also has a large technological potential as ultrathin junctions
present quasi-one-dimensional channels with a strongly suppressed
scattering with phonons and thus significantly enhanced exciton
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mobility”’. Additionally, the large intrinsic dipole of CT excitons is
expected to lead to an efficient dipole-dipole repulsion that together
with the 1D confinement could lead to excitonic highways as recently
proposed”. A further key for technological application is exciton dis-
sociation, i.e. the conversion of light absorption into electrical cur-
rents. Due to the huge excitonic binding energies of hundreds of meV,
the charge separation is largely ineffective in TMD monolayers. In
contrast, weakly bound CT excitons in lateral heterostructures will
efficiently dissociate and thus facilitate charge separation. In our work,
we show how to engineer lateral TMD heterostructures to obtain stable
and highly dipolar CT excitons that have a high potential to boost
exciton transport and exciton dissociation—both highly relevant for
optoelectronic applications.

Methods
Microscopic modeling
To microscopically model charge transfer excitons in lateral TMD
heterostructures, we solve the Schrodinger equation including
the strong Coulomb interaction in TMD monolayers and the space-
dependent dispersion relations induced by the junction (Fig. 1b).
The Coulomb interaction Vc(r) is described introducing a generalized
Keldysh potential’>*"** for charges in a thin-film surrounded by a
dielectric environment that is spatially homogeneous along the plane
in terms of thickness and dielectric constant®**"*, The in-plane variation
of energy is described via spatially dependent single-particle energies

Jv(r) of electrons and holes, respectlvely In particular, we take

C/v(r) AEC/V/Z(I — tanh(4x/w)) +EM0(1+1)/2 which recovers the
situation in Fig. 1b". The Schrédinger equation can be separated into
equations for the relative and the center-of-mass motion (Egs. (1) and
(2)). We focus on electrons and holes located at the K valley in MoSe,
and WSe,, respectively, as all other CT electron-hole pairs are energe-
tically higher, cf. the Supplementary material. While lateral hetero-
structures involving TMDs with different chalcogen atoms have a lattice
mismatch, in MoSe,~WSe, we can assume a strain-free interface™".
Finally, we solve the coupled Egs. (1) and (2) with space-independent
WSe, electron masses*’ to obtain the eigenenergies and eigenfunctions,
which in turn allow to determine the radiative recombination rate
and the dipole d._p, = [d._,|=| [ dR drr|W(R,,1)[%|. Note that finite
dipoles are present only for CT states and only across the interface, i.e.
den=d} , and d)_, = 0, where dé‘ﬂ'] describes the component across
and along the interface of d._y, respectively.

To model the spatially dependent PL, we must take into account
the junction in lateral heterostructures yielding the PL formulain Eq. (3).
The appearing coefficients c,(R,) can be obtained starting from the total
center- of mass excitonic distribution N(R) o >~ ¢ X X Y, (R)P,(R),
whereX , X, are the creation/annihilation operators of an exciton in the
state n and where ()?I,, X,) is the single-exciton density matriAxT. In the
equilibrium of homogeneous low-density excitations, we find (X,, X,,) =
ce~En/ksT§, . with ¢ being the normalization constant reflecting the
local density.
Applying such equilibrium condition to the general definition of

N(R) yields

NR) = ¢S e W@, RIF=NR) S ¢,(R) @)

£, -1
with c,Z(R)=e’*E‘T"T|z,l),,(R)|2 [Zn,e’kni’upn,(k)ﬂ providing the local
occupation of state |n). In the monolayer limit one has |¢,(R)*=1/A
with A being the area of the sample. Hence, the coefficients c,(R)
become the normalized spatially independent Boltzmann distribution.
A highly non-trivial dynamics is expected at the interface, where the
charge transfer*>** into bound CT states is likely to lead to local
features similar to those of phonon-induced carrier-capture®®~’. In this
work, we focus on stationary PL after exciton thermalization has
occurred.

+T,

The space-independent PL of /,(E)= ynm entering

Eq. (3) describes the emission spectrum after radiative recombination
of the state |n) according to the excitonic Elliott formula®~%. Phonon-
assisted mechanisms are not included as they are expected to be
strong only on the WSe, side of the junction but negligible for both
MoSe, and CT excitons in the junction. The oscillator strength
Va=Vn g, _ol* is given by the product of the radiative rate y, and the
Q,=0 component of the squared wavefunction in center-of-mass
momentum space ,_in view of the conservation of momentum after
recombination into photons®. The radiative rate y,, can be extracted
from the monolayer case*® as y, =M|p(r=0)?/E, with M depending
on the material and the substrate (via optical dipole moment or
refractive index), while E, and |¢(r=0)*= [ dRJY(R,)* 1™ (r=0)?
are obtained from the solution of Eqs. (1) and (2), i.e. in particular
including effects from the junction. While p,, determines the oscillator
strength, i.e. the height of the resonances, I', describes the impact of
exciton-phonon scattering on the shape of the resonances. As a full
microscopic calculation of the latter including the junction is beyond
the scope of this work, we estimate I, with the values obtained in the
low-density limit for MoSe, and WS, monolayers®.

Sample fabrication and photoluminescence measurements

Our MoSe,-WSe; lateral monolayer heterojunction is grown by che-
mical vapor deposition (CVD) synthesis that we reported recently. For
the hBN encapsulation we follow the water-assisted transfer method to
pick up as-grown, chemical vapor deposition (CVD) lateral hetero-
structures using polydimethylsiloxane (PDMS) and deterministically
transfer and encapsulate them in hBN°**>, Photoluminescence spectra
are collected at T=4K in a closed-loop liquid helium (LHe) system.
A 633 nm HeNe laser is used as an excitation source with a spot size
diameter of=1pm and 6 yW power, while in the Supplementary
material we present results gradually increasing the power up to 25 pW.

Data availability

The datasets generated during and/or analysed during the current
study are available from the corresponding authors on reasonable
request.

Code availability
The codes used to generate the data are available from the corre-
sponding authors on reasonable request.
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