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ABSTRACT: The dielectric screening from the disordered media surrounding
atomically thin transition metal dichalcogenides (TMDs) monolayers modifies the
effective defect energy levels and thereby the transport and energy dynamics of excitons.
In this work, we study this effect in WSe, monolayers for different combinations of
surrounding dielectric media. Specifically, we study the source of the anomalous diffusion
of excitons in the WSe, monolayer and attribute the anomaly to the modification of the
energy distribution of defect states in different disordered dielectric environments. We
use this insight to manipulate exciton transport by engineering the dielectric environment
using a graphene/hexagonal boron nitride (h-BN) moiré superlattice. Finally, we observe
that the effect of dielectric disorder is even more significant at high excitation fluences,
contributing to the nonequilibrium phonon drag effect. These results provide an
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important step toward achieving control over the exciton energy transport for next-generation opto-excitonic devices.
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B INTRODUCTION

The transport of excitons in two-dimensional (2D) semi-
conductors such as transition metal dichalcogenides (TMDs)
monolayers and van der Waals heterostructures is significantly
affected by the surrounding since the electric field lines that
bind the exciton extends far outside the 2D materials.'~® Thus,
any fluctuations due to the nonuniform dielectric surround-
ings, interfacial charges and impurities as well as substrate
phonons inhibit the transport of excitons in TMD monolayers.
In addition, exciton transport is significantly restricted by
intrinsic structural defects such as vacancies, grain boundaries
and antistites.””'" The influence of defects, however, can be
mitigated by carefully engineering the dielectric surroundings
by isolating the monolayers from defects that contribute to the
energetic disorder experienced by excitons.

In this work, we directly monitor the diffusion of excitons in
WSe, monolayers experiencing different disordered dielectric
surroundings via temporally and spatially resolved photo-
luminescence (PL) imaging at room temperature. Specifically,
we report the effect of the disordered dielectric surroundings
on the distribution of defect states (inferred from PL) and
correlate it with the observed anomalous diffusion (time
varying diffusivity) of excitons at low excitation densities and
the phonon drag effect'”~"* at high excitation densities. These
results confirm that h-BN encapsulation considerably improves
the transport performance of excitons and reduces their Auger
recombination rate relative to excitons in bare WSe, on SiO,/
Si substrates in agreement with other reports."”> We attribute
such an enhancement in the transport of excitons to the
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reduced dielectric disorder, which modifies the energy
distribution of defect states. With the developed under-
standing, we manipulate transport by creating a controlled
dielectric perturbation using a graphene/h-BN moiré super-
lattice. We further confirm the findings by investigating
transport at high exciton densities and find that the halo
formation observed in the exciton density distribution is
directly related to the defect distribution. The findings support
that the phonon drag'>'*'® initiated by the trap-assisted Auger
{)rocgsi°.7lle8ads to halo formation as opposed to electron—hole
iquid.

B RESULTS AND DISCUSSION

We studied the influence of the surrounding dielectric media
on the exciton PL, absorption, and transport by preparing
monolayer WSe, samples using three commonly used transfer
techniques (see the “Methods” section and Supporting
Information section 1): direct exfoliation on a SiO,/Si
substrate, PDMS-assisted transfer'” on a SiO,/Si substrate,
and h-BN encapsulation. Excitons in samples prepared using
direct exfoliation (Sample I) were the least screened: a bare
monolayer WSe, transferred on top of a SiO,/Si substrate (¢, =
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Figure 1. Excitons in different disordered dielectric environments. (a) Schematic showing a WSe, monolayer prepared using three transfer
techniques that result in different dielectric surrounding environments. AFM scans confirm a 5—6 nm thick residual PDMS layer for PDMS-assisted
transfer. (b) PL spectrum of the h-BN encapsulated monolayer WSe, at 4.2 K. (c) Low-temperature first derivative of the reflectance contrast of
bare monolayer WSe, on SiO, substrate (blue), monolayer WSe, with a thin PDMS top layer on SiO, substrate (black), and h-BN encapsulated
monolayer WSe, (red). The inset shows a zoomed region of the first excited state (n = 2) and the second excited state (n = 3). The x-axis of the
spectrum is normalized with respect to the ground-state exciton energy. (d) Comparison of the exciton PL line width at 4.2 K between the bare
monolayer WSe, on SiO, substrate (blue), the monolayer WSe, with a thin PDMS top layer on SiO, substrate (black), and the h-BN encapsulated
monolayer WSe, (red). The x-axis of the PL spectrum is normalized to the neutral exciton energy.

1, &, = 2.1), where ¢, and &, represents the top and the bottom
relative dielectric permittivity, respectively. Excitons in sample
II experienced relatively more screening than excitons in
sample I due to a thin residual layer (5—6 nm) of PDMS (g, =
2.4) on top of the monolayer (confirmed using atomic force
microscope (AFM), Figures la and S2). Excitons in the h-BN
(thickness ~30 nm) encapsulated monolayer WSe, (Sample
IIT) experienced the most screening due to the higher dielectric
permittivity (&, = & = 4.5) of the surrounding. We note that
the dielectric constants mentioned here correspond to the
high-frequency values.”

Figure 1b shows the low-temperature PL spectrum of the h-
BN encapsulated sample at low excitation fluence (22.7 nJ/
cm?, 3.1 eV pulsed laser). This prevents formation of higher-
order correlated excitonic states (biexcitons, charged biexci-
tons, etc.).”' 7> We were able to identify well resolved peaks
corresponding to excitons, trions, neutral and charged dark
excitons and various phonon replicas as reported in
literature.”*~>” However, such peaks could not be resolved in
samples I and II because of the large inhomogeneous
broadening (see Figure S3). The line width of the neutral
excitons (shaded region in Figure 1b) was extracted to be
16.08 + 0.42 meV, 9.68 + 0.15 meV, and 4.27 + 0.06 meV
(see Figure 1d) for samples I-III, respectively. The WSe,
monolayers for all the samples were exfoliated from the same
bulk crystal; therefore, we expect similar intrinsic defect
(vacancy/substitutional) density in all samples. We assume
that the homogeneous broadening due to exciton—phonon
scattering was comparable at 4.2 K (quantitative comparison
requires further theoretical development). We also expect

contribution to homogeneous broadening from exciton—
exciton scattering to be negligible due to the low exciton
density (~4.6 x 10'°/cm?).”® Hence, we attribute the
difference in the exciton PL line width to the disorder in the
dielectric surroundings,3 defined as the local variations of the
external dielectric permittivity (Ag,,). The dielectric disorder,
caused by surface roughness, impurities, adsorbates, vacancies,
and dangling bonds from the substrates, modifies the excitonic
energy, resulting in an inhomogeneous broadening of the
exciton PL line width.

The locally varying surrounding permittivity modulates the
excitonic resonances. However, the modulation of the exciton
ground state resonance (n = 1) due to the varying surrounding
dielectric is relatively small.””*” This is because the resulting
bandgap renormalization, is nearly compensated by the change
in exciton binding energ.;y.so’31 On the other hand, the energies
of the excited states (n > 2) strongly depend on the
surrounding dielectrics and thus, the inhomogeneous broad-
ening is more susceptible to the dielectric disorder.” Figure 1c
plots the derivative of the low-temperature reflectance contrast
of the three samples. The inset shows that the line width of the
first excited-state resonances(n = 2) increases from 6.7 meV for
the h-BN encapsulated WSe, (red) to 25.8 meV for the
PDMS-WSe, on SiO, (black). For the bare WSe, on SiO,
(blue), the broad excited-state resonances are barely
resolvable. The low-temperature PL and reflection measure-
ments indicate the following dielectric order relationship:
A€ i pare > DEeyppMs > AEex-npn- EXCitons in the bare WSe, on
SiO, are susceptible to the dielectric fluctuations from both the
substrate as well as adsorbates from air (adsorbed during

https://doi.org/10.1021/acs.nanolett.1c02990
Nano Lett. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02990/suppl_file/nl1c02990_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02990/suppl_file/nl1c02990_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02990?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02990?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02990?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02990?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c02990?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters pubs.acs.org/NanoLett

a 1 c —tot e
>~ ®WSe,-SiO, ”ﬁ — . . ]
8 0.82 NE #PDMS-WSe,-Si0, &, x 1 P—
“o 303 (muen-wse HBN 2 Time (03 Lt '
= < = S ol 1 .-
6 0.65 © e 0.8 -
2 8T 40008 S8 8
E4 045 ® |1 4 4=0.846 £0.003 -t
E 01 e 06
2 020 & = a ="la =l « _
P=ah a=0.635 +0.011 mean mean mean
0 0 © 0 04 0.6263 10.8626 0.9983
2 0 1 2 0 5 10 * Wse, PDMS  nBN
Position (um) Time (ns) 50, WSe, WSe,
b d f Sio, h-BN
- 1 — 1 0.15
S +0.002 ns S 0WSe,-Si0, — +Shallow
© ©4.002 ns © . N ~Deep
0.8 4{ 8,002 s = 1 O PDMS-WSe,-SiO, §
§ 9 §10' ~ OHBN-WSe,,-HBN =01
0.6 " ~
8 ; g g
T0.4 T, 62 b
S o [ 0.05
© ‘© ~
£ E | E
5} o10° %
z 0 z b S 0
-1.5 -0.75 0 0.75 15 0 10 20 30 40 50 0 5 10 15
Position (um) Time (ns) Time (ns)

Figure 2. Exciton diffusion and dynamics in a disordered dielectric environment. (a) Normalized exciton density as a function of position and time
obtained with an avalanche photodiode detector (APD) and time-correlated single photon counting (TCSPC). (b) Time slices of the normalized
exciton density distribution fitted with Gaussians showing the broadening of the exciton distribution. (a, b) are from the PDMS transferred sample
that has a thin layer of PDMS on top of the monolayer WSe,. (c) Evolution of the change in mean squared displacement (MSD) of the exciton
density distribution in bare WSe, on SiO,/Si substrate (blue dots), PDMS-WSe, on SiO,/Si substrate (black diamonds) and h-BN encapsulated
WSe, (red squares). The time window used to display each curve corresponds to the time when the photoluminescence (PL) intensity dropped to
5% of its initial value. The solid lines are fits using eq 1. The inset shows the time-dependent diffusivities for the three samples. (d) Room-
temperature time-resolved Photoluminescence (TRPL) intensity of excitons in bare WSe, on SiO,/Si substrate (blue), PDMS-WSe, on SiO,/Si
substrate (black), and h-BN encapsulated WSe, (red). The solid lines are single exponential fits. (e) Summary of the anomalous exciton diffusion
coefficients from different samples prepared by different methods. (f) Calculated evolution of the change of MSD in the presence of an exponential
distribution of trap states using the multitrapping limited exciton transport model.

exfoliation).”** Covering the top with a thin layer of PDMS We confirm the hypothesis by monitoring the transport
reduces the dielectric fluctuation from air without altering the (directly affected by the dielectric disorder) of excitons by
substrate induced dielectric disorder. Encapsulation with high- imaging the time-dependent change in exciton spatial
quality h-BN flakes provides the best dielectric surroundings distribution as shown in Figure 2a,b, using the scanning-
with negligible dielectric fluctuations. time-correlated single-photon counting technique outlined in
The dielectric disorder also alters the distribution of intrinsic our previous work."”** The laser excitation fluence was set low
defect states. However, it is difficult to study the effect in (22.7 nJ/cm?) to minimize the nonequilibrium many-body
monolayer WSe,, since the low-temperature PL spectrum is effects.”® (PL intensity at a certain time and space is
quite complex due to the existence of various dark and phonon proportional to the exciton density at the same time and
sidebands states. The identification of the defect level thus space; see Figures S6 and S7.) When a low density (4.6 X
remains contentious.”> > Therefore, to study the impact of 10'°/cm?) of excitons is in thermal equilibrium with the lattice
dielectric disorder on the defect distributions in monolayer (see Figure S8), the transport of the excitons is limited by their
TMDs, we use the well-studied monolayer molybdenum interactions with phonons and defects (both elastic and
disulfide (MoS,) shown in the Figure S4. We identified two inelastic scattering can affect the diffusivity/mobility). Under
charged defect-bound excitons (X!, XP?) at the sulfur such conditions, the change of mean squared displacement
vacancies® 87! peak at ~150 and ~400 meV below the (MSD) of a Gaussian spatial distribution of excitons denoted
neutral exciton X°, respectively. Both peaks show a heavy tail at by Ac*(t) evolves linearly with time according to Ac*(t) =
lower energy. In agreement with the reported first-principles o*(t) — *(0) = 2Dt, where 20(t) represents the width of the
calculations,”** the effective charged defect levels (see arrows Gaussian exciton distribution at time f, and D is the free
in Figure S4) in MoS, experience a deep to shallow transition exciton diffusion coefficient or diffusivity. However, energetic
as the screening by the dielectric environment increases. Along disorder due to crystal (intrinsic) and substrate (extrinsic)
with the shift in peak energy, the deep-tailed energy induced defects lead to exciton trapping. In such a case, the
distribution also shrinks with decreasing dielectric disorders. change in MSD no longer evolves linearly with time, resulting
Thus, the effective intrinsic defect depth is altered by the in a time-varying diffusion coefficient. Under such circum-
surrounding dielectric. We expect similar effect for monolayer stances, the nonlinear evolution of the change of MSD
WSe, that leads to the following defect depth trend: Uy pyencap (referred as anonﬁlous diffusion) is typically described by the

< Uppms < Uparee Such defects act as traps and barriers that power-law model

impede the diffusion and the recombination dynamics of 5 "
excitons at room temperature. Ac™(t) = Ot (1)
C https://doi.org/10.1021/acs.nanolett.1c02990
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Figure 3. Engineering dielectric disorder. (a) Ilustration of different stackings from the h-BN/Graphene moiré superlattice. The microscopic
dielectric constant of each stacking configuration (&yy, €qx and &g 1) is obtained from first-principles calculations. (b) Bright-field optical image of a
top h-BN/graphene/bilayer h-BN/WSe, heterostructure on a SiO,/Si substrate. (c) Schematic of a monolayer WSe, sandwiched between an
engineered dielectric environment (h-BN/Graphene moiré superlattice) and a randomly disordered dielectric environment (SiO,/Si substrate). (d)
Comparison of the exciton PL line width at 4.2 K with and without the Graphene layer. (e) Evolution of the change of MSD of the exciton density
distribution in the WSe, monolayer with (azure triangles) and without (purple dots) the graphene layer. The time window used to display each
curve corresponds to the time when the TRPL intensity dropped to 5% of its peak value. The solid lines are fits using eq 1. (f) TRPL intensity of
excitons in the WSe, monolayer with (azure dots) and without (purple dots) the graphene layer. The solid lines are fits using single-exponential

decay with a constant offset.

where @ and a denote the transport factor and anomalous
coeflicient, respectively. In the case when a = 1, the evolution
reverts to normal Fick’s law of diffusion, and the diffusion
coefficient (D = ®/2) remains constant with time. The
anomalous coefficient thus describes the degree of nonlinearity
for the change of MSD.

Figure 2c plots the evolution of the change of MSD for
different samples. The time windows were fixed to a value
corresponding to a drop in TRPL intensity to 5% of its initial
value. We observed that excitons in WSe, encapsulated by h-
BN undergo normal diffusion (a = 0.998 + 0.029). In contrast,
the excitons in bare WSe, on SiO, and PDMS-WSe, on SiO,
evolved nonlinearly (o = 0.635 #+ 0.011 and « = 0.846 =+ 0.003,
respectively). Multiple samples were examined to verify the
repeatability of this observation as shown in Figure 2e. The
sublinear expansion of the change of MSD points to a time-
dependent effective diffusivity (Figure 2c inset), defined as

on (1) 04c%(t) | _ (a®t™!
D(t)z(z)( ot ]_[ 2 ] @

Such differences in the observed anomalous coefficient and
the effective diffusivities across the different samples can be
explained by a multitrapping and release (MTR) exciton
transport model® shown in Figure 2f In energetically
disordered semiconductors under the low excitation density
limit, transport becomes sub-diffusive due to the capture
(temporary or until recombined) of mobile excitons at trap
sites. The amount of time an exciton remains trapped depends
on the energy distribution of trap states. If the energy
distribution of traps is non-Gaussian or has a nonvanishing
deep-level “tail”, as suggested by the low temperature PL (see
Figures S4 and SS), then the excitons remain localized for
extended period (relative to the recombination time). The

transport of the excitons slows down due to the multiple trap
and escape events resulting in nonlinear evolution of the
change of MSD. In the limit of high energetic disorder defined
as the limit where the excitons spend more time being trapped
than moving freely in the band, the effective diffusivity of
excitons experiencing a deep-tailed exponential energy
distribution of traps can be represented as (see Support
Information notes 7),

D(t) = n(t) D ~ %{g)

()
where 7(t) = ndt)/[n{t) + n(t)] is the fraction of mobile or
delocalized excitons from the total population comprising of
free n(t) and trapped excitons n,(t), and D is the scattering-
limited, free-exciton diffusivity, I'(«) is the gamma function,
the parameter @ controls the dynamics of trapping as it

ksT
depends on both the capture and escape rates, a = BT is the

t
anomalous coefficient, and U, is the effective trap depth, which
is inversely proportional to the anomalous coefficient.
Therefore, the effective trap depth can be extracted from the
nonlinearity of the change of MSD as Uj pnencap < Uppms <
Ubare- Figure 2f shows the calculated evolution of the change of
MSD based on the multitrapping and release model for a
trapping environment with deep (blue squares)/shallow (red
circles) traps. All other parameters were same for both
calculations. The results are consistent with the experimental
results shown in Figure 2c.

A similar conclusion can be drawn by examining the TRPL.
The distinct exciton lifetimes can be attributed to the varying
amount of screening from the dielectric environment, hereby
altering the exciton binding energy as well as the Bohr’s radius.
An increase in the Bohr’s radius implies an increase in the
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Figure 4. Exciton propagation in the phonon drag regime (18.2 yJ/cm?). (a) PL image from the bare WSe, monolayer on SiO,/Si substrate
showing the halo effect. The red circle indicates the laser excitation spot. (b—f) Normalized exciton density as a function of position and time for
the bare WSe, (b), PDMS-WSe, (c), h-BN encapsulated WSe, (d), and WSe, with/without (e, f) the h-BN/Gr moiré superlattice. The white dots
represent the spatial PL profile obtained by integrating the density distribution for the later '/ time window.

exciton’s transition dipole moment which in turn increases the
rate of spontaneous emission. Apart from the significant
difference between the overall exciton recombination rate, the
decaying behaviors of the TRPL of excitons in different
dielectric surroundings reveals the impact of defects on exciton
recombination as shown in Figure 2d. Since we kept the
incident laser fluence at an extremely low level, the
nonequilibrium many-body effects such as Auger recombina-
tion can be neglected. Therefore, excitons in a defect-free
environment decay exponentially, regardless of the binding
energy/Bohr’s radius. We observed such a monoexponential
decay of the TRPL in sample III (h-BN encapsulated WSe,
monolayer). However, excitons in sample I (bare WSe,
monolayer on SiO,) show a large deviation from mono-
exponential decay (two recombination time scales), which is
consistent with influence from long-lived, deep-level defect
states.**™*® Both, the fast and slow time constants of the
biexponential decay of the TRPL intensity depend nontrivially
on the recombination rates from the excitonic and defect states
to the ground state as well as on the scattering rates between
the defect and excitonic state. Consistently, sample II (PDMS-
WSe, monolayer on SiO,) shows a small deviation (shown in
Figure 2d, solid fits) from the monoexponential decay of the
TRPL due to a relatively shallower defect depth distribution.
Such observations suggest the following trend in the effective
defect depths: Uy gnencop < Uppms < Uparer in agreement with
the trend portrayed from the low-temperature PL and
transport measurements.

These results bring up the intriguing possibility of
manipulating the transport and recombination dynamics by
engineering the dielectric disorder of the surrounding media.
We demonstrate this by utilizing a moiré superlattice formed
by stacking graphene on h-BN to create a two-dimensional
spatially periodic dielectric perturbation. For a typical moiré
supercell, we estimated the dielectric constant of the AA, B-
centered AB, and N-centered AB stacking location® from first-
principles calculations (see Support Information note 8) as
shown in Figure 3a. Our calculation indicates that different
stacking configurations between graphene and boron nitride

lead to different dielectric screening. This is consistent with
previous reports, which predicted a variation of electronic
properties for different stacking geometries of graphene-boron
nitride heterostructures.””>' As shown in Figure 3b, we
fabricated a top h-BN/graphene (Gr)/bilayer h-BN spacer/
monolayer WSe, heterostructure on SiO,. The existence of the
dielectric perturbation was confirmed by the creation of moiré
bands in the WSe, monolayer resulting in the moiré replica®”
(see Figures S10 and S11). The insertion of the bilayer h-BN
spacer does not change the dielectric surrounding signifi-
cantly,’” but it was important to reduce the charge-transfer
from the monolayer WSe, to graphene. Under such a
configuration, the monolayer WSe, was screened by a
perturbed dielectric medium from the top and a randomly
fluctuating dielectric medium at the bottom as illustrated in
Figure 3c. Thus, the monolayer under the h-BN/Gr moiré
superlattice experienced larger dielectric disorder when
compared to the area of the same flake without overlying Gr.
We confirmed this by the broadened neutral exciton line width
at the h-BN/Gr region as shown in Figure 3d. Figure 3e shows
the change of MSD of the exciton distribution measured from
the region with (azure dots) and without (purple dots) the Gr
at an incident laser fluence of 22.7 nJ/cm?* Consistent with the
earlier observations, the anomalous diffusion coefficient «
increased from 0.72 + 0.062 (with top h-BN/Gr) to 0.847 +
0.051 (with top h-BN). This was further confirmed by the
observed deviation of the TRPL from a monoexponential
decay trend as shown in Figure 3f.

The effect of dielectric disorder on exciton transport is even
more critical at elevated incident laser fluence (18.2 uJ/cm?)
due to dominance of nonequilibrium many-body effects.">**
Consistent with the reported results and calculations,'”'*"* we
observed a long-lived halolike spatial distribution of excitons
(Figure 4a,b) in sample I (bare WSe, monolayer on the SiO,/
Si substrate). There are two reported explanations for such
phenomenon. The first is attributed to a spatial gradient in
excitonic temperature, formed by strong exciton Au§er
recombination, which drags excitons away from the center.'”">
The second is due to formation of electron—hole liquid that
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suppresses the photon absorption within the electron—hole
liquid region'® or due to an outward delocalization of the
highly mobile electron—hole liquid."” In our experiments, we
did not observe the halo formation in samples II and I1I (at the
same laser fluence). The PDMS-WSe, monolayer (sample 1I)
showed a flat-topped Gaussian-like spatial distribution of
excitons (see Figure 4c), resulting from a small amount of
exciton Auger recombination.’”> The h-BN encapsulated
monolayer WSe, (sample III) retained the initial Gaussian
shape (see Figure 4d), implying a2 much smaller exciton Auger
recombination rate. Thus, based on the halo formation, we can
infer the Auger recombination rate ¥ as ¥}, gNencsp < YpDMs <K
Ybaree We note that such a huge variance in the Auger
recombination rate cannot be explained by the change of the
Coulomb-mediated Auger scattering.ls’54 Thus, we infer that
the decisive factor is the change of the defect-assisted Auger
recombination rate due to various dielectric disorders. In a
defective system, the exciton detrapping rate decreases (ratio
of excitons being trapped increases) with increased trap
depth.***>>® The portion of excitons being trapped is also
proportional to the density of traps. As a result, the defect-
assisted Auger recombination rate increases with increasing
trap depth and density. Therefore, we infer a similar trend of
dielectric disorder modified effective trap depth: Uy gnencap <
Urpms < Ubare:

Consistently, we observed halo formation only in the region
with Gr (Figure 4 e,f), indicating that excitons under the h-
BN/Gr dielectric experienced a larger Auger recombination
rate due to denser and deeper traps arising from the extra
dielectric modulation from the h-BN/Gr moiré superlattice.
Due to the charge transfer effect from the monolayer WSe, to
Gr, the incident laser fluence was raised to 31.9 uJ/cm? (see
Figure S13 for the diffusion map at 18.2 yJ/cm?) so that the
exciton density was similar to the exciton density in the area
without Gr at 18.2 uJ/cm?® These results indicate that the halo
formation in the exciton density distribution reported in
literature is indeed due to phonon drag initiated by the trap-
assisted Auger process as opposed to electron—hole liquid.

H CONCLUSION

In conclusion, we experimentally quantified the exciton
transport in WSe, monolayers surrounded by varying degrees
of dielectric disorder. We showed that the dielectric disorder
can alter the energy distribution of trap states, thereby
modifying the exciton transport. The resulting anomalous
diffusion under increased disorder can be reasonably explained
by the multiple trapping and release exciton-transport model
describing the temporary capture of mobile excitons at trap
sites. The results at high densities confirm the direct
correlation between the nonequilibrium phonon drag effect
resulting from increased trap assisted Auger recombination
rates with the halo formation in spatial exciton distribution.
Furthermore, we demonstrated the capability of engineering
the dielectric perturbations using a h-BN/graphene moire
superlattice to achieve control over exciton transport. These
results provide an alternate route for understanding and
manipulating exciton transport. Further studies investigating
the relationship of exciton dynamics with controlled dielectric
contrast and spatial frequency of the dielectric disorder will
lead to comprehensive understanding of exciton transport in
2D materials. The improved control over the transport
dynamics is critical for the design of next generation opto-
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excitonic devices for applications in energy conversion,
sensing, and data communication to beyond CMOS devices.

B METHODS

Sample Fabrication. Monolayers of WSe, and MoS, were
prepared via mechanical exfoliation from bulk WSe, (HQ
Graphene). The bare-WSe,/MoS, monolayer samples were
directly exfoliated at 105 °C from bulk crystals on SiO,/Si
substrates pretreated by oxygen plasma. The PDMS-WSe,/
MoS, monolayer samples were exfoliated to a PDMS stamp
(PF Film X4 from Gel-Pak) and transferred to the SiO,/Si
substrates pretreated by oxygen plasma. The van der Waals
heterostructure samples were fabricated by a PMMA-assisted
dry-transfer technique. The details can be found in Figure S1.

Simulations. The dielectric screening properties of the
graphene-boron nitride heterostructure was calculated based
on density functional theory (DFT) and many-body
perturbation theory using norm-conserving pseudopotentials
and local density approximations (LDA) for the exchange-
correlation functional,’”®" as implemented in the Quantum
Espresso package.”” A supercell consists of a graphene layer
and two layers of boron nitride was constructed to evaluate the
fluctuation of the periodic dielectric constants in a moiré
pattern. The dielectric matrix of the heterostructure was
calculated using the BerkeleyGW code.”’ The computational
details are listed in the Supporting Information document.

Optical Measurements. All low-temperature measure-
ments were performed in a He-flow cryostat (AttoDRYS800).
The samples were optically pumped using a 3.06 eV
picosecond laser diode (PDL 800-D, 30 ps pulse width)
focused to the diffraction limit spot for PL measurements. The
PL signal was directed to a spectrometer (IsoPlane-320 from
Princeton Instruments), dispersed by a diffraction grating (300
grooves per mm) and detected by a CCD camera (PIXIS:
400BR). A halogen lamp is used as a white light source for the
optical reflection contrast spectroscopy. The white light signal
was directed to a spectrometer (HRS-300 from Princeton
Instruments), dispersed by a diffraction grating (300 grooves
per mm) and detected by a CCD camera (PIXIS: 1024). The
reflection contrast (AR/R) spectrum is obtained by comparing
the reflected white light spectrum from the sample (R,) with
that from the substrate next to the sample (R) as AR/R = (R,
— R)/R. Time-resolved photoluminescence and spatially
resolved imaging of the interlayer exciton emission was
achieved using a time-correlated single-photon counting
module (HydraHarp 400) and a single-photon avalanche
photodiode (Micro Photon Devices). A picosecond laser diode
head (PDL 800-D, 30 ps pulse width) at 3.06 eV was used to
excite the samples. A 405 nm dichroic filter set was used in the
excitation path.
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