Numerical modeling of bidimensional exciton
transport in WS, and WSes monolayers
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Abstract—We developed a model of exciton transport assisted
by strain and heat (exciton temperature gradient) in transition
metal dichalcogenide monolayers. The study of a strained WS
dome reveals a transport toward the dome apex, indicating
that the strained-assisted transport dominates pure diffusion
mechanisms. The photogeneration of exciton population in un-
strained WSe> monolayer under high excitation flux results in
the formation of a halo, indicating a two-fold contribution to
the exciton current : a diffusion-assisted and a Seebeck current.
This work shows that 2D excitonic transport is governed by
spatial and temporal changes in energy, landscape, and exciton
gas temperature.

Index Terms—2D materials, excitons, transport

I. INTRODUCTION

Monolayer transition metal dichalcogenides (TMDs) are
ideal platforms for exploring two-dimensional (2D) excitonic
transport, thanks to their direct bandgap, robust exciton bind-
ing energy (>100 meV), and strong Coulomb interactions.
These properties enable stable excitons at room temperature
and make them promising candidates for energy and informa-
tion transport in optoelectronic devices. Unlike charge carriers,
excitons are neutral and thus insensitive to electric fields; their
motion is instead governed by spatial energy gradients, such
as those induced by inhomogeneous strain [1].

On the one hand, while 1D exciton transport has been
extensively studied, realistic 2D modeling of excitonic
flow—especially under complex strain fields—remains a crit-
ical challenge. Recent advances in strain-engineered TMDs
(e.g., WSs, WSe,) have demonstrated that biaxial strain can
induce record-high strain values, altering both exciton lifetime
and energy landscape, making quantitative modeling essential
to interpret experimental data [2]. On the other hand, it
is important to investigate high excitation regimes, where
nonlinear effects and the emergence of a hot excitonic gas
significantly influence the transport mechanisms [3], [4]

In this work, we present a 2D model to simulate exciton
transport in a biaxially strained monolayer WS, dome. By
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comparing experimental time- and space-resolved photolu-
minescence (PL) intensity with our simulations, we extract
spatially resolved exciton densities and transport coefficients,
revealing a 2D flow directed toward the dome’s apex. We
also model transport in WSey monolayer under high excitation
regime where hot biexciton gas affects the 2D transport.

II. STRAIN ASSISTED TRANSPORT

The investigated sample is composed of WS domes
obtained by mechanically exfoliating bulk WS» flakes onto
a Si substrate and irradiating them with a low-energy proton
beam. Implanted protons form Hs just beneath the top
monolayer, causing a localized swelling of only one atomic
layer (WS, dome) with a biaxial strain of =~ 2% (see inset of
Fig. 1(a)) [2].

We record time-resolved PL intensity Ipy(¢) as a function
of space x or energy FE. The focused laser excitation
(<lpm diameter) gives rise to a local photo-generation of
excitons that eventually move laterally (i.e. lateral transport).
Experimental details can be found elsewhere [3].
Measurements at 150K of spectrally resolved PL reveal a
direct transition dominating at the low-strain edges, while
an indirect transition emerges at the high-strain dome center
(=1% strain), alongside a broad defect-related emission. The
spatial evolution of the PL intensity confirms a strain-induced
transition from direct to indirect bandgap, with a ~10 meV
red-shift observed for the direct transition at the dome apex.
Time-resolved PL measurements yield characteristic decay
times of ~5 ps for the direct transition, ~25 ps for the
indirect transition, and ~100 ps for the emission related to
defects, consistent with the literature [1].

Based on the experimental results of Ipy (z,t) , we model
a system of rate equations involving two populations: (i)
a mixed population, n,,, which accounts for both direct
and indirect excitons and exhibits spatial evolution, and (ii)



a second population associated with defects which remains
spatially constant. For the first population, which incorporates
the spatial variation of the effective lifetime 7,,, and the exciton
energy V (z,y), the equation is expressed as:

dnm,
% =G(z,y,t =0)+ u[nm(ay,t) AV (z,y)
+ Vi (z,y,t) - VV(w,y)]
+ D Angy (2, y, 1) — "m0 M
T (2,y)

Here, D represents the diffusion coefficient, which is
assigned a typical value of approximately 1 cm?/s, while
u = D/KT denotes the effective mobility [3], [4]. The PL
intensity is modeled taking into account the spatial variations.
The results, presented in Fig.1(b) suggest a transport phe-
nomenon directed toward the center. The PL intensity does
not mirror the excitation density, however the time evolution
of the populations can be determined thanks to modeling. The
findings confirm a transport toward the dome apex, indicating
that the energy landscape-assisted transport is more efficient
than pure diffusion.
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Fig. 1. Strain assisted transport (a) Simulated PL intensity spatial profile
(along the diamater) as a function of time Ipy (z,t). Inset : Sketch of the
TMD dome under strain (b) Normalized PL intensity profile at each time.

III. TEMPERATURE GRADIENT ASSISTED TRANSPORT

In this section, we investigate a WSe, monolayer
encapsulated in hBN and perform PL experiments under a
high excitation flux (>1 mW) at 4K . Under these conditions,
the biexciton (X X') emerges as the dominant excitonic species,
serving as the main focus of our analysis. Interestingly, the
spatial PL profile deviates from homogeneity, instead forming
a distinct halo pattern characterized by a reduction in the PL
intensity in the central region. This spatial inhomogeneity
has previously been documented for other excitonic species
and is frequently interpreted as evidence of assisted transport
phenomena. In this context, the hot biexcitonic gas generates
a Seebeck current in addition to the classical diffusion current

(31, [4].

Knowing the spatial and temporal evolution of the temper-
ature, we can write a particle diffusion equation. Based on
experimental information, we assume that the spatio-temporal

evolution of the biexciton temperature is described by a
Gaussian distribution with a decay time in the range of 20-30
ps. The diffusion equation is then solved by considering an
exciton current, which is composed of two contributions: a
diffusion current and a Seebeck current, the latter being linked
to the temperature gradient of the biexcitonic gas. The total
current writes:

j=DVi+ ?v? 2)
With ji the chemical potential, S the Seebeck coefficient, the
conductivity ¢ = nque, which depends on the mobility pieq,
and D = kTpe, the diffusion constant expressed here in
eV/em?.
We have plotted in Fig. 2(a) the PL intensity as a function
of space and time. For clarity, we show in Fig. 2(b) the PL
intensity spatial profile (along the diameter) for different times.
Both figures reveal the formation of a halo within the the first
tens of picoseconds, consistent with experimental observation.
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Fig. 2. Temperature gradient assisted transport: (a) Simulated PL intensity
spatial profile (along the diameter) as a function of time (intensity normalized
at each time). (b) PL intensity profile for different time, the halo is visible.

IV. CONCLUSION

In two-dimensional semiconductors such as transition metal
dichalcogenides (TMDs), transport phenomena are primarily
governed by excitons after light excitation. To elucidate the
excitonic transport properties, transport equations are solved,
accounting for various mechanisms including drift (driven
by exciton energy gradient), diffusion, thermal gradients, and
potentially many-body effects, such as exciton-exciton inter-
actions.
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