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Being able to control the neutral excitonic flux is a mandatory step for the
development of future room-temperature two-dimensional excitonic devices.
Semiconducting Monolayer Transition Metal Dichalcogenides (TMD-ML) with
extremely robust and mobile excitons are highly attractive in this regard.
However, generating an efficient and controlled exciton transport over long
distances is a very challenging task. Here we demonstrate that an atomically
sharp TMD-ML lateral heterostructure (MoSe,-WSe,) transforms the isotropic
exciton diffusion into a unidirectional excitonic flow through the junction.
Using tip-enhanced photoluminescence spectroscopy (TEPL) and a modified
exciton transfer model, we show a discontinuity of the exciton density dis-
tribution on each side of the interface. We introduce the concept of exciton
Kapitza resistance, by analogy with the interfacial thermal resistance referred
to as Kapitza resistance. By comparing different heterostructures with or
without top hexagonal boron nitride (hBN) layer, we deduce that the transport
properties can be controlled, over distances far greater than the junction
width, by the exciton density through near-field engineering and/or laser
power density. This work provides a new approach for controlling the neutral
exciton flow, which is key toward the conception of excitonic devices.

Electronics relies on the control of the motion of charge carriers to
process information. The losses caused by the charged particle current
and the resulting need to improve the power efficiency have fueled lots
of interest in recent years'. As it is based on the control of electrically
neutral quasi-particles (excitons), insensitive to long-range Coulomb
scattering mechanisms, excitronics is by nature much more power

efficient as it presents only negligible ohmic losses**. Nevertheless,
developing excitronic devices is challenging, as it requires the ability to
control the neutral exciton properties, such as the recombination
rates, diffusion length (Lp) and propagation direction, in an optically
active medium at room temperature, without the help of external
electric or magnetic fields®”.
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Owing to their promising optical properties, Transition Metal
Dichalcognenide monolayers emerged as a highly versatile platform
for excitonics system at the nanoscale®™. In particular, their large
exciton binding energy allows operating at room temperature. Due to
their unique band properties, excitonic transport in TMD-MLs has led
to the discovery of new fundamental phenomena such as a valley hall
effect”™, or the observation of nonlinear behavior such as a halo in the
spatial profile or negative effective diffusion'®. With the increasing
maturity of the field, several basic components necessary to control
exciton information have been developed, like room temperature
excitonic transistor in a Van der Waals vertical heterostructure”, or an
excitonic diode able to filter excitons in lateral heterostructures'2°.
The physical mechanisms involved in the exciton transfer processes
through lateral heterojunctions, as well as their influence on the exci-
ton distribution, dynamics and the resulting photoluminescence
observed in previous work'® are still unclear. This is mainly due to:
(i) the extreme sharpness of lateral heterojunctions making complex
its optical characterization, (ii) the strong influence of external para-
meters like defects, strain and dielectric environment on exciton
transport, making the fabrication of high-quality samples with con-
trolled dielectric environment crucial to extract the intrinsic junction
properties, (iii) the lack of a complete theoretical description able
to describe the asymmetric exciton transfer through the junction.
Exciton diffusion at sharp interfaces have been previously studied in
other materials like organic semiconductors in so-called bulk-
heterojunction”?. In the context of solar cells, efficient fast exciton
diffusion and harvesting have stimulated strong theoretical and
experimental efforts. Nevertheless, in such system the interface is
designed to dissociate the exciton into free charges and not to transfer
the entire quasi-particle through the junction”. Up to now, in
TMD-ML the exciton diffusion is mainly driven either by strain®*?**
or dielectric gradient engineering in TMD based vertical
heterostructure'’®. Both approaches require complex architectures,
with nanometric precision of the strain or the electrostatic potential
over large distances (micrometers). The fabrication of those excitonic
guides as well as their coupling with other circuit elements is thus very
challenging.

In this paper, we investigate experimentally and theoretically the
effect of an atomically sharp MoSe,-WSe, lateral heterostructure (LH)
on exciton diffusion and distribution. We performed tip-enhanced
photoluminescence (TEPL) spectroscopy experiments, allowing sub-
wavelength spatial resolution down to 30 nm, and developed an
exciton transfer model. We show that the difference in the energy gap
at the LH generates a discontinuity in the exciton density distribution
analog to the temperature discontinuity found at interfaces presenting
thermal resistance (Kapitza resistance). In steady state conditions, the
presence of this discontinuity results in unique non-reciprocal exciton
transport properties, taking place over distances far greater (two
orders of magnitude) than the junction width and experimentally
evidenced by: a highly asymmetric photoluminescence (PL) profile, the
quenching of the WSe,-related PL and an enhancement of the MoSe;,-
related PL. Furthermore, by comparing the diffusion properties of fully
hBN-encapsulated LH and hBN supported LH (without top hBN layer),
we demonstrate that the diffusion properties of the LH can be tuned,
by the generated exciton population either by increasing the laser
power density or by modifying the optical near-field configuration (at
constant laser power).

Experimental results

Sample preparation and characterization

The high quality monolayer MoSe,-WSe, LH is grown using a modified
CVD method described in Ref. 25. We then use water-assisted deter-
ministic transfer to pick up the LH from the as-grown substrate and
transfer it on a supporting flake of exfoliated hBN on SiO,/Si substrate.
Finally, a second exfoliated hBN flake is transferred to cover the

structure partially?. As a result, we obtain two distinct areas, as shown
in Fig. 1a, a fully encapsulated area hBN/WSe,-MoSe,/hBN/SiO,/Si
(e-LH), and an uncapped area WSe,-MoSe,/hBN/SiO,/Si (un-LH). The
dashed white and yellow line in Fig. 1a highlight the boundaries of the
bottom and top hBN flakes, respectively.

Figure 1c, f displays the room temperature u-PL spectra
measured on WSe, and MoSe,, far from the junction on the
encapsulated (e-LH) and uncapped (un-LH) regions, respectively.
For the e-LH zone, the PL spectrum measured on MoSe, ML
exhibits a pronounced peak centered around 1.575 eV with a full
width at half maximum (FWHM) of 50 meV that, in agreement
with previous room temperature measurements”, can be
assigned to the neutral exciton (A}°°%). In the case of WSe,, the
PL spectrum is asymmetric, due to an intense peak linked to the
A‘I'S"Sez transition located around 1.65 eV (FWHM ~30 meV) and a
second weaker peak ~-40 meV below Ay, attributed to the spin-
forbidden dark exciton (Xp)?. For the un-LH region, all previously
described PL features appear. Furthermore, we observe a slight
increase of the broadening of all transitions, of the order of 5%.
One can also notice that all PL spectra are more asymmetric. This
could be attributed to an increased contribution of the charged
excitons (trions), as the unprotected sample can get chemically
charged when exposed to ambient air. In any case, one can notice
that the integrated PL intensity I‘;‘ﬁ(Aﬁsez) measured far from the
interface is =3 times stronger than /3 (A)1°>). Figure 1d, g is
spectrally integrated u-PL intensity color maps. The red (respec-
tively blue) color intensity is the value of integrated PL (shaded
areas in ¢ and f) from 1.620 eV to 1.650 eV (respectively from
1.550 eV to 1.580 eV). Figure 1d (g) corresponds to the mapping of
the encapsulated (uncapped) region. One can clearly see that the
MoSe, layer is organized in 6 folded stars surrounded by WSe,.
The white regions, signature of low emission regions, have dif-
ferent origin. They correspond to bilayer inclusions when located
at the center of MoSe, stars, but also reveal cracks or/and
inclusions that are related to the transfer process. We used the
far-field PL color maps in combination with Raman mappings to
select interfaces away from any visible defects.

Near-field studies of the lateral heterojunction

In this type of LH, the junction between the two materials WSe, and
MoSe, is extremely sharp, down to -3 nm as measured by electron
microscopy'®. Therefore, in order to gain insight into the transport
properties around the junction, we use a sub-wavelength resolution
tool, TEPL imaging and spectroscopy. Figure 2a displays a schematic of
the experimental set-up, showing the linearly polarized laser excitation
of 633 nm wavelength (=1.96eV) focused onto the apex of an atomic
force microscope (AFM) silver-coated tip. The exciton generation
profile is then linked to the electric field exaltation under the tip, a
Gaussian profile with a full width at half maximum of -30 nm, and a tip
position (xp) controlled with AFM resolution. As illustrated in the
Fig. 2a excitons diffuse away from the excitation spot over long dis-
tances before recombining. The collection of emitted photons is
ensured by a long working distance high numerical aperture (0.7 NA)
microscope objective, with a fully open collection aperture. The
position of the junction is determined very precisely (-30 nm) using
tip-enhanced Raman spectroscopy (TERS), as described in ref. 18 and
supplementary information (Fig. 6).

TEPL line scans with 30 nm step size are obtained by scanning the
tip along a line perpendicularly to the LH junction. Figure 2b, d displays
typical TEPL spectra measured for three tip positions (xgp) along the
measured line for both encapsulated and uncapped samples.
The spectra (1) and (3) recorded far from the interface (500 nm inside
the MoSe; region and 1.25 um inside the WSe, region) are similar to the
ones described in Fig. 1. The spectra of WSe, in locations (2)
are recorded at 100 nm (respectively 300 nm) from the interface for
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Fig. 1| Lateral heterostructure far field optical characterization. a Optical image
of the sample, the white (yellow) dashed contour shows the bottom (top) hBN flake
boundaries. The continuous (respectively dashed) black square contour highlights
the MoSe,-WSe, LH, encapsulated in hBN (e-LH) region (respectively the hBN

supported LH (un-LH) region). b (e) Schematic representation of the e-LH (un-LH).
c (f) typical u-PL spectra measured in the WSe, and MoSe; regions of e-LH (un-LH).
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d (g) Spectrally integrated PL intensity maps of e-LH (un-LH). The PL intensity is
obtained by integrating MoSe, (WSe,) PL spectra over the spectra range repre-
sented by the blue (red) shaded area. PL spectra are recorded every 500 nm (step
size), using a 633 nm (=1.96eV) excitation laser, 400 uW laser power. The dotted
blue lines in (d) and (g) highlight the boundaries between the two materials.

the e-LH (resp. un-LH) sample. They show contributions of both MoSe,
and WSe,.

All TEPL spectra can be fitted using three Lorentzian peaks to
account for the previously described relative contributions of A}}>*
(dashed red line), X8, (dashed green line) and A}{*** (dashed blue
line) as illustrated by the diagram in Fig. 2a. Figure 2c, e displays the
result of this fitting procedure. The peak positions and FWHMs
(shaded area) of the bright excitons A)'°>* and A}>*2 are shown as a

function of the tip position xgp in the upper panels, while the

integrated PL intensity (Ip,) appears in the lower panels. For clarity,
the contribution of X@Sez is not displayed (see supplementary
information). First, we point out that the A'lfosez signature (blue star)
is clearly observed while the excitation is taking place inside WSe,,
(xtip > O, right side of the solid gray line in Fig. 2c, €). A contrario, no
signature of An'sez is observed when the excitation takes place in
MoSe; (x:ip <0, left side of the solid gray line). This reveals that
nonreciprocal filtering is taking place at the interface, allowing the
excitons to cross the junction from WSe, to MoSe,. The other
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Fig. 2 | Tip-enhanced spectroscopy of the MoSe,-WSe; interface. a Left panel:
Schematic of the lateral heterojonction, TEPL measurement and the resulting
excitonic diffusion properties. Right panel: Diagram of the different excitonic
processes observed in our system. b (d) Typical TEPL spectra taken across the
interface in e-LH (respectively un-LH) (1) 500 nm to the left of the interface, (2) 100
nm (300 nm) and (3) 1,25 um to the right of the interface. The excitonic

tip position Xgp(Hm)

contributions are fitted using individual Lorentzian function, neutral WSe, exciton
in red (Aﬁsel), neutral MoSe;, exciton in blue (A'I"S"Sez) and the dark exciton (out-of-
plan) in green (xy)VSez). c (e) Top: Energy and FWHM of each Lorentzian peak
obtained from the fitting procedure as shown in (b). d. Bottom: Amplitude of each
Lorentzian peak obtained from the fitting procedure as shown in (b). d The red and
blue stars indicate A}Y>2 and A, respectively.

transport direction being forbidden by the junction, in agreement
with'®?, The difference in the local dielectric environment between
e-LH and un-LH has no impact on the diode-like effect. There is no
visible influence on both the energy and FWHM of the PL spectra
after crossing or being blocked at the junction. This suggests that

there is no alteration of the nature of the excitons in each TMD-ML
near the vicinity of the junction.

It is very interesting to notice that, in both e-LH and un-LH, the
TEPL intensity originating from WSe; (red stars) strongly decreases as
the excitation takes place closer to the interface (xgp,~>0). As a
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consequence, the resulting signal measured near the LH interface is
strongly dominated by A?ﬁ"sel (see Fig. 2¢, e bottom panels). In other
words, even if the tip is located inside WSe,, most of the generated
excitons migrate through the LH junction into MoSe, before recom-
bining. This behavior can only be explained by a strongly anisotropic
transport, with the diffusion toward the junction becoming more
efficient than the other directions. The second effect resulting from
such an efficient exciton transfer A}*>®2 > AM% js that as the tip
approaches the interface from the WSe, side the MoSe, PL intensity
lpL(AI“g"SeZ) increases and nearly reaches the values of the integrated PL
intensity of WSe, far from the interface (l;’,i(AﬁseZ)). Far from the
junction, MoSe, is three times less bright than WSe,, meaning that the
junction is enhancing the MoSe, flake brightness at its vicinity.
Finally, a pronounced difference can be seen between the two
systems, with AﬁoSez signature extending -1.2 ym away from the
interface in un-LH versus ~400 nm for e-LH. Both distances being
considerably larger than the physical junction width (=3 nm')

Modified exciton transfer model

In order to get a better understanding of the underlying physical
phenomena taking place close to the interface, we developed an
exciton transfer model, which is detailed in supplementary informa-
tion. We theoretically investigate, in the low exciton density regime
(typically 10" cm™), the variation of neutral exciton density versus tip
position, to be compared to the TEPL results. To do so, we analytically
solved the linear 1D steady-state diffusion equation in each material
(1=WSe,, 2 = MoSe;), given by :

2
d°n(x, Xgp) n(x,).(tip) T, Xg) =0 1)

Yodx? T;

n(x, x:p) is the exciton density at x position with the excitation taking
place at xp,, the x-axis origin being placed at the LH interface, D; the
effective diffusion coefficient and 7; the effective lifetime, radiative (7})
and non-radiative (/) (I/7; = 1/t} +1/t/). L;=/D;7T; represents the
effective  diffusion length in the material i. We use
(-xgp)?

I;00, xgp) =To, (P, a;, u)e*% to simulate the exciton generation
under the tip, centered at x,. The width w corresponds to the tip
diameter (-30 nm), P is the enhanced laser power under the tip and «;
the absorption coefficient of the material i at the laser energy hv. We
set boundary conditions to be n(x >+, x;;,) =0. In agreement with
experimental results, we impose the continuity of the integrated PL
intensity for all values of xp,. Finally, we considered that bright
excitons are not interacting with other types of excitons (dark
excitons, B-excitons, momentum-forbidden excitons).

As illustrated in Fig. 3a, we model the junction as an ideally thin
interface of fixed width (¢) much smaller than the excitonic diffusion
length inside the barrier (<Lp), where no electron-hole pair recombi-
nation can occur. To model the asymmetric local effective drift of
neutral exciton through the junction, we introduce a local uniform
force field:

Fe e ) ) o

As a result, the junction imposes the continuity of the excitonic
flux den_s)ity on_b>oth sidg of the interface by a local constant flux
density j ,=u, F n — D, V n, where u, and D, are the exciton mobility
and diffusion coefficient inside the interface.

Figure 3b displays the calculated n(x, x.,) for two different tip
positions. We emphasize first on the lateral heterostructure specificity:
the exciton density is discontinuous at the interface (see continuous
lines). As a reference, the continuous exciton density calculated for
classical diffusion (F=0) is display in dashed lines. When the tip
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Fig. 3 | Exciton distribution and near field optical spectrocopy of the junction.
a lllustration of the exciton drift inside the interface, the shaded area corresponds
to the partition zone between the two materials. b Exciton density n(x, xgp) calcu-
lated with the near-field model for two tip positions xg, = L (black line) and
Xip=—Lp (green line) with: [y =3y, =Ty, 1=7,=71, L;=L,=Lp=0.1 um. The
dashed lines indicate the exciton density with no junction influence (F=0).

¢ Normalized PL intensity ofAﬂOSeZ (blue) and AIWS/SE2 (red) in e-LH area. d Same as (c)
in the un-LH area. The solid black line represents the PL intensities calculated using
Egs. (5) and (6).

excitation takes place inside MoSe,, the excitons are blocked by the
junction, and the exciton density on the other side of the junction stays
close to zero (see continuous green line). Excitons interacting with the
junction loose a velocity v = u,F blocking the diffusion process. This
blocking phenomenon causes a redistribution of the exciton that
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strongly accumulate at the interface. On the other hand, when the
excitation takes place inside WSe,, the excitons cross the junction, and
are accelerated, hence acquiring an extra velocity v'. One can clearly
see that this drives those excitons further inside the MoSe, layer, while
bringing the excitonic density down to zero near the interface on the
WSe, side (see continuous black line).

To facilitate further developments, and better characterize the
exciton discontinuity at junction we define a partition coefficient
linking the exciton densities n(x = 0") and n(x = 0") on both sides of the
interface. Because of the asymmetrical behavior of the junction, this
partition coefficient x=n(x=0")/n(x=0") can be written, depending
on the direction of excitonic flux, as follows:

HpFe L
D, 2
)e b +ﬂbFTz xﬁp>0

(1 - ﬂbF

- AV A
= <1+”bFTl)e b=t xtip<0

with L, L, the diffusion lengths of both materials. k quantifies the
discontinuity of the exciton density at the junction, with k" = k(x;, > 0)
describing the exciton diffusion from WSe, to MoSe, and
K =K(xip < 0) the diffusion from MoSe, to WSe,. In our case, as the
local equilibrium is established in the steady state, " - k” (see Table 1),
to simplify the discussion we will therefore refer simply to x inde-
pendently of the direction of excitonic flux. When k=1, the exciton
distribution, displayed as a dashed line in Fig. 3b, is continuous as
observed in classical diffusion. When kx <1, corresponding to the pre-
sent case, the exciton distribution is strongly asymmetric (see con-
tinuous line in Fig. 3b). Our finding can be interpreted as an
extrapolation of the interfacial thermal resistance so-called Kapitza
resistance, which describes the temperature discontinuity at atom-
ically flat interface between two materials*~°. For high-quality LHs, the
absolute value of the exciton Kapitza resistance can be defined as a
function of the partition coefficient as follows: (See more details
in supplementary information).

3

ev'€/Dy
Kev'e/Dy

nx=0")—nx=0") xk-11-

R,= . ~— 4
" Jn vol- @

To compare directly the prediction of our near-field model with
the experimental results, we calculate /o (A}°>2) and Ip (A1%?), the
integrated PL intensities of each material as a function of the tip
position. In the linear regime, the normalized PL intensity of MoSe, and
WSe, can be written as (see supplementary information for details):

(r-xgp)?
e (Al’f“ez )= / dxe/he o
XX'p)z (5)
d 1+ A, — Det/l e
" ﬁw/ (e A, - vet e
exgp)?
™ (A5 () = f / de(1- (- Boe e
r—xgp)? (6)
oy

Table 1| Results of the PL fits using the near-field model for
both e-LH and un-LH systems

Area L,(nm) Ly(nm) K Ry(sm™)
e-LH 1206 11055 -1x107% -1x107°
un-LH 550+55 45045 ~1x107° -1x107°

with /p} (Awsez) used for normalization. The experimental PL is fitted
using four fitting parameters: A, and B,, amplitude parameters, giving
us access to k, the partition coefficient and L;, L,. Figure 3c, d shows the
experimental normalized PL intensities of MoSe, (blue dots) and WSe,
(red dots) for both e-LH and un-LH configurations, respectively. The
black solid lines represent the fits using Egs. (5) and (6). The resulting
fitting parameters are displayed in Table 1. In both systems, the k «1
values for e-LH and un-LH confirm the strong asymmetry of the
junction and the resulting strong Kapitza exciton resistance.

DISCUSSION

One can see that the model describes extremely well the strong
quenching of the WSe,-related PL and the appearance of MoSe,-rela-
ted PL when approaching the junction from the right (x, > 0), shed-
ding light on the experimental results on unidirectional excitonic
transport across the junction. It is also able to quantitatively describe
the enhancement of IpL(AM°SeZ) at the junction and its progressive
decrease to the typically lower value /p; (AM"SEZ) of monolayer MoSe, as
the tip is moved away from the junction (xgp <0). We would like to
point out that this observation is far from trivial, it indicates that to
conserve the experimentally observed continuity of the PL intensity,
the exciton density at the interface (n(x=0%)) is enhanced. We believe
that this could be linked to the drastic change in the exciton velocity at
the interface. Indeed, when the tip is inside MoSe;, excitons diffusing
toward WSe, are abruptly stopped at the junction, their average
velocity going to zero. The non-radiative lifetime (74"), being in part
linked to the probability for the exciton to encounter non-radiative
traps during its lifetime, is by consequence increased®, resulting in an
increased population at the interface. This would explain why the size
of PL enhancement area (where IPL(AM°SEZ) =y ks (AM°Sez)) is a function
of the diffusion length (see Fig. 3), as it only occurs when excitons start
accumulating at the junction. Other phenomenon may contribute to
this variation as a modification of the non-radiative Auger recombi-
nation due to the local enhancement of the exciton density.

Finally, the model reveals that the important difference observed
in the PL profile between e-LH and un-LH is linked to drastically dif-
ferent values of the diffusion length, much shorter in e-LH than in un-
LH (see experimental results in Fig. 2 and theoretical results in Table 1).
To understand why L& <14t we need to consider that even if the
TEPL experiments on e-LH and un-LH were performed using the same
laser power (400uW), the presence or absence of the top hBN layer,
strongly impacts the near-field configuration under the tip. In first
approximation, and considering a spherical tip of 30nm diameter, we
can estimate the near-field intensity ratio on the TMD layer as:

)

VE i (Zeean \® (mon)* 7
=2 ~ |7 n (7)
‘E un—LH air

e—LH

Ze-1yand Z,,-; 1 are the distances from the tip center to the TMD-ML in
e-LH and un-LH areas, respectively. ngy and ng- are hBN and air
refractive index, respectively. Considering a 3 nm-thick hBN top layer
(measured by AFM), we can estimate the enhancement ratio to be ~23.
We can then expect the exciton density generated under the tip in un-
LH to be more than one order of magnitude larger than in e-LH. To
characterize the exciton transport properties of the WSe; layer versus
exciton density we use spatio-temporal PL signal in a confocal
microscope. A local pulsed laser excitation (A= 692 nm, pulse duration
1.5 ps), generates excitons, and we record the time evolution of the PL
profile. We then extract the time evolution of the squared width
wX(8) = w*(0) + Aw?(¢) which is used to determine an effective diffusion
coefficient in the 80 first picosecond where 90% of the PL signal
originates : Aw?’(f) =4D.st. An important point is to be able to
decorrelate the effective lifetime .4 (linked to the PL decay) and the
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diffusion coefficients, from which we deduce the effective diffusion
length L =+/DegTe- Experimental conditions and detailed results
are given in the supplementary information (Figs. 2-4). The excitation
power density was varied over several order of magnitude and the
results compared between the e-LH and un-LH samples. Figure 4 shows
that, for both samples, L increases with the excitation power density
(i.e. the excitonic density) which is mainly due to the increase of the
effective diffusion coefficient (See supplementary information). This
trend, attributed to a weak Auger contribution has been previously
observed in WS,*** and explain the large difference observed in the
diffusion lengths we observed in e-LH and un-LH. The experimental
results have been modeled by using a Auger coefficient of 0.210°cm?/s
(See supplementary information). This value is two orders of
magnitude lower than the one estimated on non encapsulated WS,
(without top and bottom hBN) where a large difference of the
transport properties values with a fully encapsulated layer was
observed®. In summary, we show that both samples exhibit similar
exciton transport properties, indicating the importance of the hBN
bottom layer that prevents strong Auger scattering effect.

One can notice here that, according to Eq. (7), the enhancement
ratio is dominated by the tip-TMD layer distance. This offers a unique
opportunity, as using plasmonic tips or nanoantennas in combination
with hBN encapsulation allows to control the diffusion length in this
type of structures. As a matter of fact, controlling the thickness of the
top hBN layer from a single layer to 20 layers, for example, would
change the enhancement factor by a factor 10, modifying the diffusion
length by the same amount, all the while avoiding the flaws, lower
optical quality and exposition to environment, that are observed in the
uncapped LH.

In summary, we have performed a detailed tip-enhanced spec-
troscopy study of a MoSe,-WSe, lateral heterostructure, and have
developed a model to render the observation of the unilateral trans-
port across the junction observed in near-field PL experiment. It
accounts for a discontinuity of the exciton density at the interface. We
have thus shown that the exciton diffusion properties follow a semi-
classical process, due to the difference in the energy gap between the
two materials: the usual isotropic in-plane diffusion of the excitons is
frustrated by the junction, leading to an asymmetric diffusion, in which
all generated excitons move away from the high bandgap WSe, layer to

210 L L L L
o e-LH
1804 ¢ un-LH L
150 % i -
E 120 % i |f
5 1 7 o
© 90- Z 10 ? i
£ } t
60- % H :
k] i
o 4]
30 - -
3x107 3x108 3x10°
0 Laser density (W.m?)
0 1x10° 2x10° 3x10° 4x10°
Laser density (W.m?)

Fig. 4 | Power dependence of exciton transport properties. Evolution of the
effective diffusion length (L) with the excitation power density measured in WSe,.
Results obtained from time revolved PL profiles (see supplementary information).
Error bars are mainly due to the fitting errors (linear fitting of the squared width,
and bi-exponential fitting for 7 (see supplementary information)). The inset shows
the power dependence of the effective diffusion coefficient (Degr).

recombine in the low bandgap MoSe, layer. This transfer causes near
the interface the quenching of WSe,-related PL and the enhancement
of the MoSe,-related PL, well above the one observed in “bulk” MoSe,
far from the junction. Interestingly, we observe similar asymmetric
diffusion property for samples with or without top hBN. Both samples
present similar intrinsic transport properties, probably linked to an
efficient screening of the dielectric disorder by the bottom encapsu-
lation by hBN layer. Finally, we have shown that the diffusion length in
WSe, is strongly dependent on the exciton density. This offers a new
degree of freedom, as changing the laser power density or the near-
field enhancement (for instance using optically resonant nanoanten-
nas instead of the plasmonic tip) would allow tuning the diffusion
length to any wanted value from tens of nanometer up to few micro-
meters. TMD-based lateral heterostructure is a rapidly evolving
research field that could offer to combine TMDs with very different
bandgaps, thus allowing partition zone engineering, or creating more
complex designs using three or more TMDs (lateral excitonic quantum
wells). This work offers both the theoretical and experimental tools to
predict and control the new diffusion properties that will be at the
origin of new excitronic devices.

Methods

We use water-assisted deterministic transfer to pick up the chemical
vapor deposition LH from the as-grown substrate using poly-
dimethylsiloxane (PDMS) and transfer it on a supporting flake of
exfoliated hBN on SiO,/Si substrate’®. TERS and TEPL are carried out
with state-of-the-art commercial system (Trios OmegaScope-R cou-
pled with LabRAM spectrometer, Horiba Scientific). Silver-coated tips
with an apex radius of 15nm were used for tip-enhanced measure-
ments. The Time evolution of the PL profile experiment is based on a
diffraction-limited laser excitation that induces lateral diffusion of the
photogenerated excitonic species. We used a Streak camera system to
record the time evolution of the PL spatial profile /p; = /(x, t) with a time
resolution of 5.5 ps. The Ti:Sa laser excitation is set to Fex =1.79 eV, with
a 80 MHz repetition frequency, 1.5 ps pulse width and we vary the
excitation power from 10 pW to 1 mW.

Data availability

The data for all figures in the main text are available in the Source Data
file. The data presented in Supplementary information are available
upon request due to their large file size. Source data are provided with
this paper.
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