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Lateral heterostructures of transition-metal dichalcogenides (TMDs) host spatially separated charge-transfer
(CT) excitons. While analogous to interlayer excitons in vertical TMD heterostructures, these interfacial excitons
possess much larger in-plane dipoles of several nanometers and an additional center-of-mass quantization. Here,
we investigate mutual interactions between these highly dipolar CT excitons using a quantum mechanical
approach. Accounting for the dipolar and quantum exchange interactions, we evaluate the experimentally
accessible density-dependent energy renormalization and predict a net energy blueshift of a few meV for
bound CT excitons. Interestingly, for small dipole moments, the energy renormalization displays a quadratic
dependence with respect to the dipole moment, in contrast to the linear dependence found in vertical TMD
heterostructures. We show that spatial energy offset and temperature are the key tuning knobs for controlling the
density-dependent excitonic response. Overall, our results contribute to a better microscopic understanding of
CT excitons and their interactions in lateral TMD heterostructures.

DOI: 10.1103/wm33-yhyl

Introduction. Lateral heterostructures (LHs) of transition
metal dichalcogenides (TMDs) [1–15] consist of two or more
monolayers that are connected by in-plane covalent bonds
[Fig. 1(a)]. At the junction formed between different TMD
monolayers, the presence of a type-II band alignment [16]
facilitates the formation of charge-transfer (CT) excitons
[Fig. 1(b)]. They consist of spatially separated electrons and
holes bound by the Coulomb interaction across opposite sides
of the junction [17–23]. Experimental evidence of their ex-
istence at the interface of MoSe2-WSe2 and WS1.16-WSe0.84

LHs has recently been reported [18,19,22,24]. This obser-
vation was made possible due to atomically sharp one-
dimensional (1D) interfaces on the order of the exciton Bohr
radius [18], as allowed by recent advances in bottom-up ap-
proaches for fabricating LHs. [4,7,25–27].

LHs have recently emerged as a unique platform for study-
ing exciton optics, dynamics, and transport [12,20,21,23,28–
30]. They host a spatially varying exciton energy landscape
created by the energetic offset between intralayer excitons of
the constituent TMD monolayers at the opposite sides of the
interface, facilitating unidirectional exciton transport across
the interface [11,20,28,31–35]. Exciton propagation is cru-
cially affected by exciton capture at the interface [20] resulting
in a high CT exciton density, which can drive a nonlinear
enhancement of exciton diffusion along the interface [19].
The exciton landscape in LHs can be tuned by varying the
energetic band offset, by controlling the junction width, and
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by dielectric engineering [18]. This allows us to tune the spa-
tial dipole moment and exciton binding energies, making LHs
a potential material platform for tunable dipolar interactions
[36,37].

Dipolar interactions have been shown to play a key role in
driving quantum many-body phenomena in vertically stacked
TMD heterostructures (VHs) [36]. They host interlayer ex-
citons with a finite out-of-plane dipole moment resulting in
strong repulsive interexcitonic interactions and efficient trans-
port of interlayer excitons [38–43]. The spatial dipole in VHs
is geometrically constrained and can only be varied by adding
dielectric spacers [44]. In contrast, the in-plane dipole in LHs
can extend up to tens of nanometers [18]. Moreover, CT
excitons exhibit an additional center-of-mass (c.m.) quanti-
zation at the interface, in contrast to monolayer or interlayer
excitons, which are distributed over the two-dimensional (2D)
sample. Thus, CT excitons are crucial to investigate tun-
able dipolar interactions with one-dimensional confinement
[17,18]. While such interactions have been intensively studied
in VHs [38,39,45], a consistent microscopic understanding of
interexcitonic interactions in LHs is still lacking.

In this theoretical work, we study Coulomb-mediated
interactions [39,45–52] between CT excitons and analyze
density-dependent energy renormalization at a Hartree-Fock
level [53]. We predict a density-dependent net blueshift
resulting from the competition between repulsive dipolar
and bosonic exchange interactions and from the attractive
fermionic exchange interaction [Fig. 1(a)]. In the experimen-
tally relevant case of hBN-encapsulated MoSe2-WSe2 LHs,
we find that the net blueshift of CT excitons can reach up
to tens of meVs. Interestingly, the predicted energy renor-
malization is comparable to the observed blueshift in VHs at
similar densities, despite the much smaller dipole moment of
interlayer excitons [39]. For small dipoles, we find a quadratic
dependence of the energy renormalization as a function of the
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FIG. 1. (a) Schematic illustration showing charge-transfer (CT)
excitons at the interface of the MoSe2-WSe2 lateral heterostructure
as well as regular intralayer excitons far away from the interface. The
1D interface is chosen to be along the y direction. CT excitons inter-
act via dipole-dipole (d-d) interaction, bosonic exchange (bos-ex),
and fermionic exchange (fer-ex). (b) Formation of conduction (�Ec)
and valence band offsets (�Ev) at opposite sides of the interface,
where E 0

W and E 0
Mo are intrinsic single-particle band gaps of the

constituent TMD monolayers.

dipole moment, clearly deviating from the linear dependence
in VHs [39]. We find that the band offset plays a crucial role
in determining the nature of energy shifts. Furthermore, vary-
ing the temperature leads to nonmonotonic variations in the
energy shift arising from the competition between different
temperature-dependent mechanisms.

Theoretical model. In order to analyze exciton-exciton in-
teractions in LHs, we employ a theoretical framework based
on an equation-of-motion approach [39,54] and we combine
it with the evaluation of CT exciton wave functions and ener-
gies. We introduce the microscopic polarization P̂†

k,k′ = ĉ†
kv̂k′ ,

where ĉ(†)
k and v̂

(†)
k are the annihilation (creation) operators of

an electron with the momentum k = (kx, ky) in the conduction
and valence bands, respectively. We investigate the dynamics
of its expectation value 〈P̂†

k,k′ 〉 using the Heisenberg equa-
tion of motion with the many-particle Hamiltonian including
single-particle energies and the Coulomb interaction in the
electron-hole basis. The resulting equation includes expecta-
tion values of the product of four electronic operators, which
we expand into pair operators. Then, we transform the equa-
tion into the excitonic picture and focus on the microscopic
polarization induced by CT excitons P̂†

k,k′ ≈ X̂ †
CT,ky−k′

y
�∗(kx −

k′
x, βk + αk′). Here, we focus on the energetically lowest

CT exciton states corresponding to the configuration with
both electron and hole being located at the spin-bright K
valley in the MoSe2 and WSe2 monolayer, respectively [18]
[see Supplemental Material (SM) for additional details [55]].
Furthermore, we introduce the CT exciton operator X̂ †

CT,Qy
=

∑
Qx,q �(Qx, q)v̂q−βQĉ†

q+αQ, where Qx and Qy are c.m. mo-
menta across and along the interface (Fig. 1), respectively.

Here, α = me/(me + mh) and β = mh/(me + mh) are ob-
tained from the electron and hole effective masses me and mh,
respectively. Here, �(Qx, q) is the Fourier transform of the CT
exciton wave function �(Rx, r) = ψ (Rx )φRx (r), where Rx de-
notes the c.m. coordinate across the interface and r = (x, y) is
the relative space coordinate. We note that owing to the asym-
metric band alignment across the interface [see Fig. 1(b)], the
c.m. wave function in Rx becomes nontrivial due to a finite
localization, whereas the Ry component along the interface
remains unaffected and retains its plane-wave character. Fur-
thermore, ψ (Rx ) and φRx (r) represent wave functions obtained
by numerically solving the corresponding Schrödinger equa-
tions for c.m. and relative motion, respectively, for different
valence band offsets �Ev [Fig. 1(b)] using the continuum
approach [17,18]. The conduction band offset �Ec is taken
to be 70 meV larger than �Ev, reflecting the experimentally
observed energy offset between MoSe2 and WSe2 excitons
[7]. Then, we employ a mean-value approximation such that
the c.m. and the relative motion of CT excitons can be decou-
pled, i.e., �(Qx, q) = ψ (Qx )φ̄(q), where φ̄(q) is the Fourier
transform of the full wave function averaged over the c.m.
position Rx (see SM [55]).

Investigating the dynamics of the microscopic polarization
PQy = 〈X̂ †

CT,Qy
〉 of the bright 1s exciton (Qy = 0) and focusing

on the Coulomb-mediated energy renormalization, we obtain
−ih̄∂t P0|ren = �EP0. Here, �E is the density-dependent en-
ergy shift for excitons in the light cone, which is given by

�E = n1DLy(gd-d + gbos-ex + gfer-ex), (1)

where n1D = ∑
Qy

NQy/Ly is the one-dimensional CT exciton
density with Ly as the length along the interface, and NQy =
〈X̂ †

CT,Qy
X̂CT,Qy〉 denotes the CT exciton occupation. The corre-

sponding energy renormalization for excitons with finite c.m.
momentum Qy can be found in the SM [55]. Monolayer exci-
tons in LHs can undergo trapping into low-energy CT exciton
states at the interface through phonon-driven mechanisms.
This is an involved process determined by the spatiotemporal
exciton dynamics around the interface [20,35], and hence we
focus on the equilibrium situation here. This phonon-driven
competition between monolayer and CT excitons can poten-
tially be affected by the energy shift in Eq. (1).

The first term in Eq. (1), gd-d = W direct
0 represents the clas-

sical dipole-dipole repulsion. The second term reflects the
bosonic exchange of individual excitons and is given by the
thermal average of the momentum-dependent direct element
gbos-ex = ∑

Qy
NQyW

direct
Qy

/
∑

Qy
NQy . The third term reflects the

fermionic character of excitons and is given by the carrier ex-
change term gfer-ex = ∑

Qy
NQy (W fer-ex

Qy,0 + W fer-ex
Qy,−Qy

)/
∑

Qy
NQy .

The interaction matrix elements W direct and W fer-ex corre-
spond to the direct (Hartree) and the Fock term, respectively.
They consist of the product of c.m. and relative momen-
tum wave functions ψ (Qx ) and φ̄(q), respectively, together
with the Coulomb interaction Vq given by the Keldysh po-
tential [56,57] (see SM [55] for more details) accounting
for dielectric screening from the environment. Static as well
as dynamical density-dependent screening effects stemming
from excitons and doping, which are disregarded here, are
expected to quantiatively reduce the overall energy shift, as
shown for TMD monolayers and VHs [39,45]. As both the
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dipole-dipole interaction and bosonic exchange originate from
the direct term, we summarize them to one contribution and
refer to it as the direct term. Note that in the limit of vanishing
temperature, T → 0 K, both contributions coincide.

The complete evaluation of the interaction matrix elements
is involved due to the presence of multiple nested momentum
summations. Hence, we analytically model CT exciton wave
functions ψ (Qx ) and φ̄(q) as Gaussian functions characterized
by three microscopically calculated quantities: (i) �X , denot-
ing the spatial width or confinement length of the c.m. wave
function; (ii) �r , representing the spatial extent or root-mean-
squared width of the CT exciton wave function in relative
coordinates; and (iii) the dipole moment d = d x̂. The values
of �X , �r , and d are obtained from the numerical solution of
the Schrödinger equations as detailed in the SM [55]. Inserting
these values into the analytically modeled Gaussian functions
results in a wave function, �(Qx, q), that is in good agree-
ment with the fully microscopically calculated wave function
[18] (cf. SM for the comparison in both momentum and real
space [55]).

Note that in the limit �X → ∞, the c.m. wave function
of CT excitons becomes delocalized as in the case of VHs
and TMD monolayers. In this limit, taking T → 0 K, setting
d = 0, and substituting �r with the excitonic Bohr radius, we
obtain the energy shifts of intralayer excitons in TMD mono-
layers. Moreover, in the same limit but for a fixed finite dipole
d 	= 0, and assuming a layer-dependent Coulomb potential
[58], the interaction matrix elements for interlayer excitons
in VHs can be reproduced [39] (see SM [55]).

Density-dependent energy renormalization. First, we study
the density-dependent energy renormalization in the hBN-
encapsulated undoped LH at T = 0 K. For this purpose, we
numerically evaluate Eq. (1) for a range of CT exciton den-
sities for the experimentally relevant case of junction width
of w = 2.4 nm, which allows observation of CT excitons
in MoSe2-WSe2 LH [18]. In Fig. 2, we show the resulting
density-dependent energy shifts for two different values of
energetic band offsets: (a) �Ev = 215 meV corresponding to
MoSe2-WSe2 LH [18] and (b) �Ev = 0 meV corresponding
to the monolayer limit. To compare the energy shift of CT
excitons trapped along the 1D interface with that of intralayer
excitons in 2D monolayers, we express the 1D excitonic den-
sity n1D in terms of the corresponding 2D densities n at the
interface n ≡ n1D|ψ (Rx = 0)|2 (see SM for more details [55]).
We consider n ∼ 1011–1012 cm−2 corresponding to excitonic
densities clearly below the Mott transition in TMD monolay-
ers and vertical TMD heterostructures [59,60]. We find that
for CT excitons the direct term comprising the dipolar repul-
sion and bosonic exchange leads to a blueshift of the order
of tens of meV [see Fig. 2(a)]. However, this is largely com-
pensated for by a redshift arising from fermionic exchange
interactions. This competition between the two contributions
of the exciton-exciton interactions results in a net blueshift,
which increases linearly from 2 to 35 meV for excitonic
densities in the range of ∼1011–20 × 1011cm−2.

In the monolayer limit, the exciton ground state has no
dipole moment. As a consequence, the contribution of the
dipole-dipole interaction and bosonic exchange is zero [cf.
cyan line in Fig. 2(b)]. Nevertheless, we still find a net
blueshift for band offsets smaller than 100 meV. This is

FIG. 2. Density-dependent energy renormalization as a function
of 2D exciton densities at T = 0 K for two different band offsets:
(a) �Ev = 215 meV, where bound CT excitons are present, and
(b) �Ev = 0 meV, corresponding to the monolayer exciton limit.
Note that the direct term comprises the dipole-dipole interaction as
well as the bosonic exchange, which contribute equally at vanishing
temperature.

induced by the fermionic exchange, which transitions from
attractive to repulsive values, when going from dipolar to
monolayer excitons, as already shown for TMD monolayers,
VHs [39], and coupled quantum wells [46,61]. In LHs, this
transition can be studied by varying the band offset (see
Fig. 3), which can be realized by engineering different LHs
[18,19]. The band offset has multiple effects on the ground
state, in particular, resulting in a different exciton confinement
and dipole moment. While intralayer excitons dominate for
small �Ev, band offsets larger than 100 meV allow the forma-
tion of CT excitons [18]. As sketched in the inset of Fig. 3(a),
this results in a confinement of the c.m. wave function ψ (Rx )
at the interface. Moreover, the dipole moment increases with
the band offset, extending up to 10 nm for larger band offsets
of around 300 meV [see Fig. 3(b)]. The real-space wave func-
tions for larger offsets hence show (i) an increased localization
at the interface in c.m. and (ii) an asymmetric spreading to-
wards positive electron-hole distances in a relative position
(see SM [55]).

In Fig. 3(a), we analyze the behavior of the Coulomb-
induced energy renormalization as a function of the band
offset �Ev for a finite density of n = 1011 cm−2. We find
that a finite dipole moment for �Ev > 100 meV results in
the activation of the dipole-dipole repulsion, which abruptly
increases from 0 to 5 meV [cyan line in Fig. 3(a)]. At the same
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FIG. 3. (a) Exciton energy shifts in MoSe2-WSe2 LHs as a func-
tion of the energy band offset. The schematics in the insets show
intralayer excitons at low band offsets (with a delocalized c.m. wave
function) and bound CT excitons at the interface (with a confined
c.m. wave function) at higher band offsets. (b) Dipole moment of CT
excitons as a function of the band offset. We consider T = 0 K and
the exciton density is fixed to n = 1011 cm−2.

time, the fermionic exchange has an opposite behavior and it
significantly decreases as a function of the band offset [red
line in Fig. 3(a)]. The cancellation between these two opposite
contributions results in an overall net blueshift that is three
times smaller than the shift induced only by the dipole-dipole
interaction. Furthermore, we find a piecewise behavior that
results from the activation of the two interactions at differ-
ent band offsets: At high band offsets, the overall blueshift
becomes larger, reflecting the increased dipole moment and
the formation of CT excitons. At band offsets lower than
100 meV, the dipole moment vanishes and the c.m. wave
function becomes fully delocalized. In this regime, our re-
sults recover the energy shifts for intralayer excitons in TMD
monolayers, where the dipolar repulsion is zero and we find a
net blueshift due to the fermionic exchange [39].

Quadratic dependence on dipole moment. We now analyze
the dipole dependence of the density-dependent energy shifts
obtained for different energy band offsets. Here, we stress that
a variation of the band offset not only results in a change
of the dipole moment d but also in a change of the spatial
widths �X and �r of the c.m. and relative wave functions
of CT excitons, respectively. In realistic experiments, the
dipole moment can be varied by dielectric engineering [18]
and by constructing samples of lateral heterostructures with
different constituent monolayers. In Fig. 4(a), we show the
energy shift as a function of the dipole moment demonstrat-
ing a nonlinear dependence, contrary to the linear scaling
found for indirect excitons in VHs and coupled quantum
wells [39,46]. To obtain a better understanding of this unex-
pected behavior, we simplify Eq. (1) by describing the energy

FIG. 4. (a) Dipole dependence of the Coulomb-induced energy
renormalization at T = 0 K for a fixed density of n = 1011 cm−2 of
CT excitons in LHs (main plot) and interlayer excitons in VHs (in-
set). The dipole moment of interlayer excitons is tuned by adjusting
the hBN spacer thickness of the MoSe2-hBN-WSe2 heterostructure.
The dashed lines denote the energy shifts within the small-dipole
approximation. Modification of energy shift in the hypothetical cases
of (b) delocalized c.m. (�X = �X |�Ev=0) and (c) tightly bound CT
excitons in relative space (�r = �r |�Ev=0).

shift due to exciton-exciton interactions. Assuming the small-
dipole approximation (qxd � 1), the energy shifts stemming
from the direct Coulomb term can be analytically evalu-
ated as �Edirect ≈ ∑

qx
Vqx [a(qx ) + q2

x d2b(qx )], with a(qx ) and
b(qx ) being determined by band-offset-dependent form fac-
tors (see SM for more details [55]). This indicates that for
small dipoles, the energy shifts increase quadratically with
the dipole moment and can be clearly separated into dipole-
dependent and dipole-independent contributions. In Fig. 4(a),
the dashed lines represent the shifts within the small-dipole
approximation, which agree well with the full simulation up
to dipoles up to approximately 5 nm. The fermionic exchange
can also be expressed in terms of zero and quadratic finite
dipole contributions in the small-dipole approximation with
an opposite sign (cf. red line in Fig. 4(a) and SM [55]). This
sign change of the energy shift indicates a blueshift/redshift
crossover of the fermionic exchange contribution.

Now, we compare the dipole-dependent contributions of
CT excitons in LHs to the corresponding contributions of
interlayer excitons in VHs [inset of Fig. 4(a)]. The latter is
obtained by calculating the energy shift for varying dipole
moments that can be tuned by including dielectric hBN spac-
ers between constituent monolayers [44]. The comparison
with LHs clearly indicates the contrasting quadratic and linear
dipole dependence. Notably, LHs exhibit total energy shifts
comparable to those in VHs, even though the dipole moment
in VHs is typically smaller. This points to the additional
role of �X and �r for understanding the energy shift. For
increasing band offsets, not only the dipole moment becomes
larger but also the c.m. wave function becomes more confined;
i.e., �X varies from large values of ∼400 nm (subjected to
finite boundary conditions) to finite small values up to around
2 nm. Furthermore, CT excitons become less bound leading
to an increase in �r at higher band offsets. To analyze the
effect of c.m. confinement in CT excitons, we consider the
hypothetical case of delocalized c.m. in Fig. 4(b). Here �X
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FIG. 5. Energy shift as a function of temperature for CT excitons
at �Ev = 215 meV and at a fixed density of n = 1011 cm−2.

remains unchanged and has a fixed value �X = 402 nm ob-
tained with periodic boundary conditions at �Ev = 0 meV,
while d and �r are varied as a function of the energy offset.
We observe that in this limit the direct interaction vanishes
even for finite dipoles, indicating that the confinement of the
c.m. wave function of CT excitons is crucial to understand the
predicted behavior of the energy shift. We perform a similar
analysis to study the role of �r . Here, we keep �r constant
corresponding to the value at zero energy offset and vary �X

and d [Fig. 4(c)]. We take �r = 2.1 nm resulting from our
numerical calculations at �Ev = 0 meV, which is in close
agreement with the excitonic Bohr radius reported in mono-
layers [62]. We find that the effect of �r on the energy shift
is less important than �X . Its contribution becomes relevant
only at larger dipole moments.

Temperature control of energy shifts. Finally, we in-
vestigate the temperature dependence of Coulomb-mediated
interactions of CT excitons. At finite temperatures, the
momentum-dependent CT exciton population enters the in-
teraction matrix elements in Eq. (1), resulting in a strongly
temperature-dependent energy renormalization of CT exci-
tons. For the studied range of exciton densities around n ≈
1011 cm−2, we consider the 1D Boltzmann distribution NQy =√

2πn1DλT e−λ2
T Q2

y/2, where λT = h̄/
√

MkBT represents the
thermal de-Broglie wavelength and M = me + mh is the total
exciton mass. We now analyze the effect of finite temperature
on different contributions to the energy shift in Fig. 5. Here,
we focus on the energy offset of �Ev = 215 meV and find
that, with increasing temperature, the direct term now con-
stitutes distinct dipole-dipole and bosonic exchange contribu-
tions, which coincide at T = 0 K (see cyan and orange lines in

Fig. 5). The overall interaction is repulsive. However, the net
repulsion becomes less efficient for temperatures increasing
from 0 K to approximately 80 K, followed by a small increase
in the energy shift when approaching room temperature (blue
line). This nonmonotonic behavior is due to the competition of
different temperature-dependent mechanisms: While the clas-
sical dipole-dipole interaction is independent of temperature,
quantum exchange interactions are weakened at higher tem-
peratures. At T ≈ 0 K, the bosonic exchange is as repulsive
as the dipole-dipole coupling, both being half of the direct
interaction shown in Fig. 3(a). Then, the repulsive bosonic ex-
change loses 50% of its efficiency already at T = 80 K, while
the attractive fermionic exchange contribution decreases only
by less than 20% in the same temperature range. This explains
the initial reduction of the energy shift at smaller tempera-
tures. In contrast, at high T , the repulsive bosonic exchange
is already small, and the decrease of the attractive fermionic
exchange gives rise to a slight increase in the overall energy
renormalization.

Conclusion. In this work, we present a microscopic study
of Coulomb-mediated interactions between CT excitons in
lateral TMD heterostructures. We analyze the resulting en-
ergy renormalization over a range of CT exciton densities,
temperatures, and energy band offsets at the interface. We
find a net blueshift of a few meVs that scales linearly with
the exciton density and demonstrates a quadratic dependence
on the dipole moment—in contrast to the linear behavior in
vertical TMD heterostructures. We find that the temperature
acts as a tuning knob to control the energy renormalization of
bound CT excitons by introducing nonmonotonic variations.
Our study elaborates on the distinctive role played by the char-
acteristic length scales of CT excitons, including the dipole
length and the spatial width of center-of-mass and relative
wave functions governing exciton-exciton interactions and de-
termining the energy shift. The comparison of interexcitonic
interactions of CT excitons in lateral TMD heterostructures
to interlayer excitons in vertical TMD heterostructures and
intralayer excitons in TMD monolayers sheds light on the
intriguing exciton physics in these technologically promising
nanomaterials.
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