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Giant enhancement of exciton diffusivity in
two-dimensional semiconductors
Yiling Yu1, Yifei Yu1, Guoqing Li1, Alexander A. Puretzky2, David B. Geohegan2, Linyou Cao1,3,4*
Two-dimensional (2D) semiconductors bear great promise for application in optoelectronic devices, but
the low diffusivity of excitons stands as a notable challenge for device development. Here, we demonstrate that the diffusivity of excitons in monolayer MoS 2 can be improved from 1.5 ± 0.5 to 22.5 ± 2.5 square
centimeters per second with the presence of trapped charges. This is manifested by a spatial expansion of
photoluminescence when the incident power reaches a threshold value to enable the onset of exciton
Mott transition. The trapped charges are estimated to be in a scale of 1010 per square centimeter and do
not affect the emission features and recombination dynamics of the excitons. The result indicates that
trapped charges provide an attractive strategy to screen exciton scattering with phonons and impurities/
defects. Pointing towards a new pathway to control exciton transport and many-b ody interactions in 2D
semiconductors.
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monolayer MoS2. The improvement of exciton diffusivity is realized
with the presence of trapped charges. This is evidenced by a substantial spatial expansion of photoluminescence (PL) when the incident laser power is comparable to or higher than the threshold power,
enabling the onset of exciton Mott transition (EMT). We also demonstrate that the emission features and dynamics of the excitons are
preserved with the presence of the trapped charges. The results
indicate that trapped charges can screen the scattering of excitons
with phonons and impurities/defects. We also roughly estimate that
the density of the trapped charges is in scale of 1010 cm−2.
RESULTS

Spatial expansion of PL at the onset of EMT
We examine the PL of suspended single-crystalline monolayer MoS2
as a function of incident laser power. The flakes were grown on
SiO2/Si substrates using a well-established chemical vapor deposition
process (17) and then transferred to quartz substrates prepatterned
with micrometer-scale holes for PL measurement in an Ar environment (see fig. S1 for optical image of the suspended monolayers)
(18). Figure 1 (A and B) shows typical 2D PL spatial images and 1D
PL spatial profiles collected from the monolayer under the incidence
of a focused 532-nm laser with different powers. Significantly, whereas
the size of the focused laser spot was kept unchanged during the
measurement (the gray curve in Fig. 1B), the luminescence area shows
a threshold-like expansion at the incident power around 8.0 kW/cm2.
The luminescence area does not change much with variation of the
incident power when the power is way lower than 8.0 kW/cm2, but
it substantially expands when the power is increased to be close to
8.0 kW/cm2 or higher (Fig. 1, A to C). This threshold-like spatial
expansion of PL is very reproducible and was observed for every sample studied (more results can be found in fig. S2). Similar threshold-
like spatial expansion of PL was also observed at the monolayer MoS2
supported on substrates, although the threshold power required to
enable the expansion is much higher (~30 kW/cm2; see fig. S3).
The incident power can enable a temperature increase and also
induce possible defect generation at the monolayer. However, our
experimental results indicate that neither the temperature increase
nor the generation of defects is responsible for the observed spatial
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INTRODUCTION

The transport of charge carriers such as electrons, holes, and excitons
consists of the foundation of semiconductor electronic and photonic
devices. Therefore, improving the transport of charge carriers in
semiconductors is of paramount importance for device development.
This is particularly compelling for atomically thin two-dimensional
(2D) semiconductors such as MoS2, WS2, MoSe2, and WSe2. These
materials provide an attractive platform for the development of next-
generation electronic and photonic devices (1, 2). For instance, they
present a remarkable exciton system, as manifested by exotic excitonic
properties, including electrically tunable optical response (3, 4), exciton phase transition and condensation (5, 6), strong valley-spin
coupling (7, 8), room-temperature exciton transistors (9), and quantum emission (10). However, the atomically thin dimension tends
to give rise to inefficient exciton transport, such as low exciton diffusivity, and this represents a significant challenge for the development of novel optoelectronic devices by leveraging on the unique
excitonic properties of 2D semiconductors.
Fundamentally, the diffusivity of excitons is dictated by the scattering of excitons with scattering sources including acoustic phonons
(via piezoelectric interaction and deformation potential), optical
phonons, impurities/defects, and surface roughness (11–13). Previous
studies have extensively demonstrated that the diffusivity of excitons
in 2D semiconductors can be improved by reducing the scattering
of excitons with substrate-borne scattering sources, for instance, using 2D materials with atomically smooth surfaces such as hexagonal
boron nitride as substrates (12–15). In contrast, the studies to mitigate the exciton scattering with the intrinsic scattering sources in
semiconductor materials remained much more limited (16). Here,
we demonstrate a giant improvement in the diffusivity of excitons
at monolayer MoS2 by one order of magnitude due to the screening
of exciton scattering with intrinsic scattering sources. To eliminate
the effect of substrates, we performed this study using suspended

Copyright © 2020
The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

SCIENCE ADVANCES | RESEARCH ARTICLE

y ( m)

A 2

1
0
−1
−2

B

1.0

−1 0 1

1.9

−1 0 1

3.8

−1 0 1

5.7

7.7

−1 0 1
−1 0 1
x ( m)
C 2.4

11.5 1

9.6

−1 0 1

0

−1 0 1

kW/cm2

2

Size ( m)

PL intensity (a.u.)

0
Distance ( m)

2.2
2.0
1.8
1.6

−2
0
2
Distance ( m)

0
5
10
Power density (kW/cm2)

Fig. 1. Threshold-like spatial luminescence expansion of monolayer MoS2. (A) PL images collected from a typical suspended monolayer MoS2 under the incidence of
different laser powers, as indicated by the white numbers (kilowatts per square centimeter in units). The time interval between each measurement is around 1 min.
(B) Normalized spatial profiles of PL intensity across the monolayer MoS2. The spatial profiles of the focused laser beam (gray solid curve) and related fitting (dashed black
curve) are also plotted. The right panel shows the as-measured spatial profiles of PL intensity without normalization. a.u., arbitrary units. (C) The size of the luminescence
area (full width at half magnitude of the spatial profile) as a function of the incident power. The vertical dashed lines indicate the sudden spatial expansion. Error bars are
not given in (C) for visual convenience because the error bars are comparable to the size of the dots.
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expansion of PL. First, we placed the suspended monolayer in a
Linkam heating/cooling stage and monitored the PL of the monolayer as a function of well-controlled temperature increase. The
luminescence area tends to slightly shrink with the temperature
increasing (Fig. 2, A and B), which indicates that the increase in
temperature is not responsible for the observed PL expansion. In
addition, the spatial expansion of PL was found to be reversible, as
the expanded luminescence area shrinks back to the original dimension upon mild annealing at 100°C or after being held for several
hours at room temperature, as will be discussed later. This reversibility indicates that the luminescence expansion is not due to defect
generation, where such effect would be long lived. This matches our
intuitive expectation since the threshold power (~8.0 kW/cm2) is
not high enough to induce defect generation. It is also supported by
the similar Raman spectra from the monolayer before and after the
PL measurement (fig. S4), which confirms no major damage in the
composition/structure of the monolayer during the measurement.
A possible mechanism that could enable a spatial expansion of
PL with the increase in incident power is the presence of strong nonlinear exciton recombination, such as exciton-exciton annihilation
(EEA) (19). However, we can exclude the nonlinear exciton recombination as the mechanism for the observed PL expansion as well.
We schematically illustrate the effect of EEA on the spatial profile of
PL in Fig. 2C, in which the exciton diffusion is ignored for simplicity.
The PL spatial profile would be identical to the incident laser spatial
profile under linear exciton recombination, but broader than the
incident laser profile with the presence of strong EEA, because EEA
enables lower PL efficiencies at higher incident powers. EEA increases
with exciton density faster than linear exciton recombination. Therefore, the increase in incident power could enable the exciton recombination to evolve from being linear to EEA dominated, which would
result in a spatial expansion of PL. However, the spatial expansion
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Measured PL profile
EEA PL
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Laser
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Fig. 2. Effect of temperature increase and nonlinear exciton recombination on
PL profile. (A) Typical spectral-spatial PL images collected from monolayer MoS2
at different environment temperatures (25° and 200°C) under the incidence of 1.0
kW/cm2, in which the vertical axis is the distance and the horizontal axis is the energy. The spectra at 200°C are broader than those 25°C, but the spatial distribution
at 200°C is slightly smaller than that at 25°C. (B) Normalized spatial profiles of PL
intensity at 25° and 200°C that are extracted from (A). (C) Schematically illustrates
the PL spatial profile under linear and nonlinear exciton recombination. q1 and q2
indicate space-variant PL efficiencies. (D) Overlap of the measured PL profile
(at 1.0 kW/cm2) with the PL profile expected for EEA-dominated exciton recombination
and negligible diffusion, which is square root of the laser profile, as exp(−r2/w2).
The Gaussian laser profile exp(−2r2/w2) is also plotted as reference.

of PL enabled by the effect of EEA is continuous with the increase in
incident power (19), different from the threshold-like expansion at
~8.0 kW/cm2 observed in our experiments. In addition, our analysis
indicates that EEA dominates the exciton recombination in monolayer
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Fig. 3. Threshold-like evolution of PL spectral features with the incident power.
(A) As-measured (top) and normalized (bottom) PL spectra collected from monolayer MoS2 under different incident powers. (B) The PL’s spectral full width at half
magnitude, (C) the PL’s peak position, and (D) the PL intensity (black circles) as a
function of the incident power. The vertical dashed line in (B) to (D) indicates the
threshold power for sudden spectra features change and PL intensity change. The
spectral broadening and red shift caused by the laser-induced temperature increase
are also plotted in (B) and (C), respectively. The inset in (D) schematically illustrates
the ionization of excitons. Error bars are not given in (C) and (D) because the error
bars are comparable to the size of the dots.
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cannot account for the broadening and red shift at the incident
power of >8.0 kW/cm2. In addition, the PL intensity increases with
the incident power when the power is <8.0 kW/cm2, but it turns to
be pretty much power independent at the power of >8.0 kW/cm2
(Fig. 3E). These changes are consistent with the characteristic PL
spectral features associated with the onset of EMT, as reported previously (5, 20). Briefly, the broadening increase is due to the emergence of emission from EHP, the smaller red shift is related to the
screening effect of the free charges in EHP on both bandgap and
exciton binding energy that offsets the thermally induced red shift,
and the negligible power dependence of the PL intensity results from
the opposite changes in the emission of excitons (decrease) and EHP
(increase) with increase in the incident power. Intuitively, excitons
consist of pairwise electrons and holes bound by electrostatic forces,
and pairwise electrostatic force can be screened with the presence of
a high density of charges. EMT can be enabled when the charge
density is higher than certain threshold value, which is on the order
of 1012 cm2 in monolayer MoS2, to enable screening length comparable to exciton Bohr radius (5, 20). This is consistent with the
threshold-like nature in the observed changes of the PL’s spatial and
spectral features.
Role of trapped charges in the spatial expansion of PL
The coincidence of the PL spatial expansion with the onset of EMT
strongly suggests that the free charges resulting from exciton ionization play a critical role in the expansion. More specifically, experimental results indicate that the charges trapped in the monolayer
enable the spatial expansion. We examined the PL at the same spot
of monolayer MoS2 by alternating the incident power back and forth.
As shown in Fig. 4A, we first collected PL with 1.1 kW/cm2 (first
measurement) and then increased the power to 8.0 kW/cm2 for PL
measurement (second measurement). After that, we lowered the
power to 1.1 kW/cm2 and measured the PL again (third measurement). The luminescence area expanded when the incident power
was increased from 1.1 to 8.0 kW/cm2 (Fig. 4, A and B). However,
the expanded luminescence area did not shrink when the incident
power was lowered back to 1.1 kW/cm2. Compared to the low-power
PL collected at the first measurement, the low-power PL measured
at the third measurement shows obviously lower intensity at the center
but higher intensity at the peripheral region, as shown in Fig. 4C.
We annealed the monolayer at 100°C for 30 min in an Ar environment (which is mild and does not cause any damage to the monolayer), cooled it to room temperature, and then measured the PL
with the incident power of 1.1 kW/cm2 (fourth measurement). The
PL recovers to be similar to that of the first measurement, including
shrinking of the luminescence area (Fig. 4C) and an increase in the
intensity (Fig. 4D). The expanded luminescence area enabled by
high-power laser incidence can also shrink back and recover the
original dimension by simply keeping the monolayer at room temperature for hours (fig. S5).
These experimental observations indicate that the PL spatial expansion is driven by the charges trapped in the monolayer. Upon
the onset of the EMT, excitons are ionized into a stable plasma of
free electrons and holes. Some of the resulting charges are trapped
in the monolayer, and the trapped charges can persist even after the
photoexcitation is turned off. This accounts for the observation that
the expanded luminescence area enabled at high photoexcitation does
not shrink back immediately after the incident power is lowered.
The correlation to trapped charges is also supported by the recovery
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MoS2 even at the lowest incident power (1.0 kW/cm2) used in the
experiment (see section S1 for detailed analysis). We find that the
PL spatial profiles measured at low incident powers match the PL
spatial profile predicted for EEA-dominated recombination (Fig. 2D)
(see section S1 for detailed analysis), which supports the dominance
of EEA in the exciton recombination at even the lowest incident
power. Therefore, further increasing the incident power cannot induce the change of exciton recombination from being linear to EEA
dominated. The presence of strong EEA in monolayer MoS2 cannot
cause the observed spatial expansion of PL.
Instead, we can correlate the threshold-like spatial expansion of
PL to the onset of EMT, at which excitons are ionized into a stable
plasma of free electrons and holes [referred as electron-hole plasma
(EHP)]. This is evidenced by the changes in the PL spectral features
accompanying the spatial expansion, which matches the characteristic PL spectral features associated with the onset of EMT (5, 20).
Figure 3A shows the PL spectra collected from the monolayer MoS2
at different laser powers. The spectral features of the PL, including
spectral width (Fig. 3B), peak position (Fig. 3C), and intensity (Fig. 3D)
are plotted as a function of the incident power. Similar to the spatial
expansion, the spectral features also show threshold-like changes at
the incident power of around 8.0 kW/cm2. More specifically, the
broadening and red shift at the incident power of <8.0 kW/cm2 can
be ascribed to the temperature increase induced by the photothermal
effect of the incident laser (dashed lines in Fig. 3, B and C, and see
temperature analysis in section S2), but the photothermal effect
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Fig. 4. Effect of trapped charges on the PL spatial expansion. (A) PL images
collected from the same monolayer with different incident powers in sequence:
1.1 kW/cm2 (first measurement), 8.0 kW/cm2 (second measurement), 1.1 kW/cm2
(third measurement), and 1.1 kW/cm2 again (fourth measurement) after raising
temperature to 100°C then cooling back to room temperature 25°C (RT). The time
interval between each of the first three measurements is around 1 min. The heating
process takes time of 10 min, and cooling takes 30 min. (B) Normalized spatial profiles
of PL intensity collected at the different measurements using 1.1 kW/cm2 (first, third,
and fourth measurement). (C) Spatial profiles of PL intensity collected at the first
and third measurements. The orange arrows point to the peripheral region. (D) PL
spectra collected at the first, third, and fourth measurements. (E) Schematic illustration for free charges and trapped charges resulting from exciton ionization.

of the low-power PL spatial and spectral features after the annealing
treatment or holding for hours at room temperatures. It is well known
that trapped charges can slowly be released under room temperature,
and thermal annealing can facilitate the release.
To get more insight into the effect of trapped charges, we examine the spatial distribution of photogenerated charge carriers. Intuitively, the photogenerated charge carriers simultaneously experience
recombination and diffusion. In a steady state, the spatial distribution of the photogenerated charge carriers n(r) in the monolayer
under the incidence of a focused Gaussian laser can be written as
Yu et al., Sci. Adv. 2020; 6 : eabb4823
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	− n(r ) /  + k [n(r ) ]  2  + D ∇  2  n(r ) +  P 0  exp(− 2 r  2 / w  2  ) = 0	

(1)

where  is the linear recombination time, k is the EEA rate,  is the
absorption efficiency of the monolayer for the incident laser, P0 is
the incident power density at the center, w is the radius of the focused laser beam, and D is the diffusion coefficient of excitons. We
have confirmed that the absorption efficiency does not change with
the incident power (fig. S6). Therefore, the diffusion coefficient D
and the exciton recombination ( and k) are the only parameters
that could give rise to the observed threshold-like spatial expansion
of PL with increase in the incident power. As we have identified
trapped charges to be the major driving force for the spatial expansion, the key issue is to find out how the trapped charges could
affect the diffusion (D) and recombination ( and k) and how the
effects could enable the spatial expansion.
We can conclude that the effect of trapped charge on the exciton
recombination cannot enable the spatial expansion of the PL based
on intuitive analysis of Eq. 1. EEA dominates the exciton recombination in our experiment (see section S1 for detailed analysis).
According to Eq. 1, the spatial profile of PL with EEA-dominated
recombination would maintain a constant shape as exp(−r2/w2)
regardless of the incident power if the diffusivity is low (D ≈ 0).
All the PL spatial profiles measured at low incident powers
(<8.0 kW/cm2) are reasonably close to the profile described by
exp(−r2/w2), as shown in Fig. 2D. With low diffusivity (D ≈ 0) and
EEA-dominated recombination, the effect of trapped charges on
 and k would only be able to cause the spatial profile of PL shrinking from the EEA-dominating profile [exp(−r2/w2)] to the linear
recombination–dominating profile [exp(−2r2/w2)]. There is no way
that the effect of trapped charges on  and k can enable expansion of
the PL profile.
This conclusion is also supported by the negligible effect of the
trapped charges on exciton recombination. We studied the exciton
dynamics at suspended MoS2 monolayers with pump-probe techniques
in previous studies (21) and found no obvious change in exciton
dynamics when repeatedly measuring the same spot with alternating pump fluences back and forth (21). A typical result is plotted in
Fig. 5A. We first measured the dynamics with a low pumping energy
fluence of 1.9 J/cm2 per pulse, then measured it with a high pumping fluence of 12.8 J/cm2 per pulse, and lastly lowered the fluence
back to 1.9 J/cm2 per pulse for measurement again (see section S3
for more details). The time interval between each of these measurements was less than 10 min. The low pumping fluence of 1.9 J/cm2
per pulse is designed to generate less charge carriers much less than
the incident power of 8.0 kW/cm2, and the high pumping fluence of
12.8 J/cm 2 per pulse is to generate more charge carriers than
8.0 kW/cm2. There is no observable difference in the dynamics at
low pumping fluences before and after the incidence of the high
pumping fluence, indicating a negligible effect of trapped charges on
the charge dynamics.
The negligible effect of the trapped charges on exciton dynamics
is corroborated by the preservation of emission features of the excitons with the presence of the trapped charges, which indicates a
weak capability of the trapped charges to facilitate the conversion of
neutral excitons to charged excitons. It has been well documented
that free charges can combine with neutral excitons to form charged
excitons, and charged excitons have different dynamics from neutral excitons (3, 4, 22). However, trapped charges do not combine
with neutral excitons in the same way as free charges do. Figure 5B
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Enhancement of exciton diffusion with the presence
of trapped charges
On basis of all the above-mentioned discussion, we can conclude
that the only viable mechanism to enable the observed PL spatial
expansion is enhancement of the diffusivity D by trapped charges.
We can quantitatively evaluate the increase in D enabled by the
trapped charges through fitting the measured spatial profile of PL
intensity using Eq. 1. All the parameters except D in Eq. 1 can be
obtained from experimental measurement.  is found to be 0.065
based on the analysis with the refractive index of monolayer MoS2
(fig. S8) (25). w is measured to be 1.10 m (Fig. 1B).  and k can be
found to be around 1.0 ns and 0.04 cm2/s, respectively, from our
ultrafast spectroscopic and power-dependent PL measurement, which
is consistent with our previous result and the result in references
(19, 21, 26–28). Typical fitting result for the low-power PL with and
without trapped charges is plotted in Fig. 6 (A and B). The fitting
reasonably reproduces the major features associated with the spatial
expansion. These include a broader spatial profile of PL intensity
18 December 2020
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Fig. 6. Enhancement of exciton diffusion coefficient. (A) Fitting and measured
spatial profiles of PL intensity collected with low incident powers (1.0 kW/cm2) before (without trapped charges) and after (with trapped charges) the incidence of
high photoexcitation (8.0 kW/cm2). The experimental results were collected at the
first and third measurements in Fig. 4. The fitting results for the diffusion coefficient
are given, as shown. (B) Comparison illustrating the consistence of the fitted PL
intensity with the experimental result. (C) Schematic illustration for the screening
of trapped charges for exciton scattering.

(Fig. 6A) and an intensity decrease by around 25 to 30% at the luminescence center (Fig. 6B). The fitting indicates that the diffusion coefficient of excitons is ~1.5 ± 0.5 cm2/s with no trapped charge,
consistent with the results of many previous reports (13, 14, 27, 29, 30).
The fitting also indicates that the diffusion coefficient sharply increases by more than one order of magnitude to 22.5 ± 2.5 cm2/s
with the presence of trapped charges.
Fundamentally, the diffusivity of excitons is governed by the
scattering of excitons with scattering sources such as acoustic phonons
(via piezoelectric interaction and deformation potential), optical
phonons, impurities/defects, and surface roughness, which changes
the excitons’ momentum and energy (11–13, 31). The improvement
of diffusivity with the presence of trapped charges indicates that the
scattering of excitons can be substantially screened by trapped charges.
As illustrated in Fig. 6C, the presence of trapped charges could screen
the scattering potential to make the transport of excitons more
smoothly. This conclusion is supported by similar observations in
the literature for substantial enhancements in the diffusivity of charge
carriers in the presence of a large density of charge carriers (32–37).
In addition, a recent study explicitly demonstrated that exciton-
phonon scattering in 2D semiconductors may be suppressed with the
injection of charges (16).
We can roughly estimate the density of the trapped charges. The
density of free charges in monolayer MoS2 upon the onset of EMT
is around 1.0 × 1012 cm−2 (20). We also estimate from experimental
results that the energy barrier E for charge trapping in monolayer
MoS2 is in the range of 160 to 190 meV (see analysis of defect energy
level in section S4). The average temperature T of the monolayer
under the incidence of 8.0 kW/cm2 is around 410 K, as shown in
Fig. 3C. Following the well-established equation for charge trapping
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Downloaded from http://advances.sciencemag.org/ on May 15, 2021

shows the normalized 2D spatial-spectra PL images (the spectra at
each location are normalized with respect to its own peak intensity,
and the unnormalized results are plotted in fig. S7) collected from a
monolayer with and without the presence of trapped charges
(collected at the first and third measurements in Fig. 4). We find no
difference in the PL spectra peak positions and spectral widths with
or without trapped charges, both featuring a peak at ~1.89 eV and
with a width of ~60 meV that is characteristic emission of the
neutral A exciton of monolayer MoS2. According to previous studies (3, 4, 22–24), we would expect a red shift and broadening in
PL emission if the trapped charges induce the conversion of neutral
excitons to charged excitons. The spectral-spatial image also
shows no difference in the PL spectral feature across the luminescence area, and this indicates that trions, if any, diffuse together
with excitons.
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Fig. 5. Effect of trapped charges on exciton recombination. (A) Pump-probe
measurement results in suspended monolayer MoS2 under different pumping
fluences. The inset is the result after being normalized to the value at 0 s. The measurements were performed with a pumping fluence of 1.9 J/cm2 per pulse (red),
12.8 J/cm2 per pulse (cyan), and 1.9 J/cm2 per pulse (black) in a sequence on the
same spot. More experimental details can be found at our previous studies (21).
The time interval between each of the measurement is around 10 min. (B) Normalized
spatial-spectral PL images collected from monolayer MoS2 with low incident powers
(1.1 kW/cm2) before (without trapped charges) and after (with trapped charges)
the incidence of high photoexcitation (8.0 kW/cm2). They are collected at the first
and third measurements in Fig. 4. The spectra at each location are normalized with
respect to its own peak intensity, and the unnormalized results are plotted in fig. S7.
The right panel shows typical spectra extracted from the spatial-spectra images, as
indicated by dashed white lines.
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efficiency, exp(−E/kBT), where kB is the Boltzmann constant, we
can estimate that the trapping efficiency is around 1% and the density of the trapped charge is ~1010 cm−2. The dominant defects in
single-crystalline monolayer MoS2 are sulfur vacancies due to the
nonstoichiometric nature of the materials (38), and these defects
might serve as a trapping center for charges.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/51/eabb4823/DC1

DISCUSSION

MATERIALS AND METHODS

Synthesis and transfer and monolayer MoS2
The monolayer was grown on SiO2/Si substrates using a well-established
chemical vapor deposition process (26) and then was transferred onto
the quartz substrates with prepatterned blind holes with a depth of
around 2 m using a surface energy–assisted transfer approach (27).
The holes were fabricated using standard photolithography and dry
etching processes. In a typical transfer process, 9 g of polystyrene
[PS; molecular weight, 280 kg/mol] was dissolved in 100 ml of toluene.
The PS solution was spin-coated (3000 rpm for 60 s) on the as-grown
monolayer, followed by baking at 85°C for 1 hour. A water droplet
was then dropped to assist the lift off of the PS-monolayer assembly.
The polymer-monolayer assembly was transferred to the quartz substrate and baked at 150°C for 30 min. The transfer sample was rinsed
with toluene to remove PS and annealed at 80°C for 30 min.
Optical characterization
PL measurements were performed at a home-built setup consisted
of a 532-nm laser (Coherent Verdi), a spectrometer (Acton SP2300),
and a charge-coupled device camera (PIXIS100). The incident laser
was focused onto the monolayer through a long-distance 50× objective, and PL was collected through the same objective. The spatial
PL images were collected using zeroth-order grating of the spectrometer, and the spatial-spectral PL image was collected using first-order
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grating of the spectrometer. All the PL and reflection measurements
were conducted with the monolayers located in a Linkam heating/
cooling stage with Ar gas flowing. Unless explicitly specified, all the
PL measurements were conducted at room temperature (298 K).
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