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Enhancing exciton diffusion in monolayer WS, with 2-BN bottom layer
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We investigated two-dimensional (2D) exciton diffusion in monolayer WS, on both SiO, and hexagonal
boron nitride (2-BN) layers to identify the exciton diffusion enhanced by the 4-BN bottom layer using spatially
resolved photoluminescence imaging combined with time-resolved spectroscopy. The WS, on the 2-BN bottom
layer shows an exciton diffusion coefficient of 38 cm? /s, which is almost 1.7 times that of WS, on the SiO,
layer. Electrostatic force microscopy confirms that the increase in the 2D exciton diffusion is mainly due to the
reduction in the charge impurities and traps on the #-BN surface compared to the SiO, surface.
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I. INTRODUCTION

Excitons in monolayers of semiconducting transition-metal
dichalcogenides (TMDs) exhibit unique physical properties,
such as extremely large exciton binding energy [1-3], charged
excitons (trions) [4], and excitonic molecules (biexcitons)
[5]. The abundance of interesting excitonic features facilitates
the exploration of the novel quantum phenomena and new
optoelectronic properties, including valley degrees of free-
dom [6-8], excitons with interlayer interactions [9], exciton-
polaritons [10], and exciton Hall effects [11]. Moreover,
stacked two-dimensional (2D) crystals, called van der Waals
heterostructures [12], open the possibility of designing ex-
citon properties and manipulating a variety of excitonic ef-
fects by using multiple combinations of 2D crystals [13].
However, the exciton properties in monolayer TMDs can be
significantly altered by their surrounding environments, such
as strain, substrate effect, and surrounding dielectrics [14—16].
Thus, a fundamental understanding of exciton properties in
2D heterostructures is of key importance for realizing the
future applications of these novel materials.

Recently, the exciton dynamics and many-body interac-
tions in the monolayer limit have been studied extensively
to investigate excitonic diffusion and exciton-exciton
annihilation for individual TMDs [17-22]. To understand the
exciton properties in various layered heterostructures, a more
systematic study on exciton transport is required, especially
in terms of the effect of heterostructures. On the other hand,
the electron transport properties of atomic-layered materials,
such as graphene [23] and monolayer TMDs [24], are known
to be greatly affected by the charge impurities and puddles on
the surface of the SiO, substrate. In this regard, the use of a
hexagonal boron nitride (2-BN) substrate, which is relatively
free of charge impurities and traps and has an atomically
smooth surface, significantly increases the electron mobility
[23-26]. Also, it has been known that the optical properties
in monolayer transition-metal dichalcogenides are greatly
affected by the substrate, leading to the substrate-induced
change in PL and Raman peak wavelength and intensity [16].
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However, the exciton transport properties, particularly those
in the TMD/h-BN layer, which can potentially provide an
ideal testbed to study intrinsic exciton properties such as
valley exciton and polariton physics, are largely unexplored.

Here, we report the 2D exciton diffusion in monolayer
tungsten disulfide (WS,) crystals on different bottom layers
of SiO, and monolayer #-BN. The monolayer WS, crystals
used in our experiments serve as a good material to inves-
tigate 2D excitonic phenomena because they have a higher
photoluminescence (PL) quantum yield (~6%) than other 2D
TMDs (~0.1% in monolayer MoS,) [17,27]. To investigate
the 2D exciton diffusion in monolayer WS, with different
bottom layers, we visualize the spatial distribution of exci-
ton density by utilizing spectrally and spatially resolved PL
imaging combined with time-resolved spectroscopy. We find
that the exciton diffusion length in monolayer WS, is greatly
increased by introducing the 4-BN bottom layer. Furthermore,
electrostatic force microscopy (EFM) reveals that the increase
in exciton diffusion is mainly due to the reduction in the
charge impurities and traps on the A-BN surface compared to
the SiO, surface.

II. EXPERIMENTAL APPROACH

To study the exciton diffusion in 2D van der Waals het-
erostructures of monolayer TMD on A-BN, we used WS,
and #-BN monolayers separately grown by chemical vapor
deposition (CVD) methods. The monolayer WS, crystals
were grown on a Si0,/Si substrate by using Ar gas, and WO3
and S powders [28]. To fabricate WS, on the #-BN bottom
layer, monolayer A-BN grown on Cu foils was transferred
onto Si0O,/Si substrates by a wet-etching process of the Cu
layer. Then, to stack monolayer WS, onto the #-BN layer, the
as-grown monolayer WS, crystals were transferred onto the
h-BN layer by a successive procedure of wet-etching and wet-
transfer processes. To remove the supporting polymer residues
and bubbles, we have performed a postannealing process
of the A-BN layer for 3 h at 350°C. The same fabrication
procedure was carried out to obtain control samples of WS, on
Si0O;, layer structures. Note that the monolayer WS, crystals
transferred onto SiO, and A#-BN were taken from the same
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FIG. 1. (a) Schematic illustration of the 2D profile of emission intensity resulting from exciton diffusion in monolayer WS,. The top
inset shows an optical microscopy image of monolayer WS, transferred onto an 4-BN layer. The bottom inset shows an emission image of
monolayer WS, on the focal image plane of a micro-PL system. (b) Raman spectra of monolayer WS, on a SiO, layer (upper panel) and an
h-BN layer (bottom panel), indicating that monolayer WS, was well transferred onto both the SiO, and A-BN layers. (c) Room-temperature
PL spectra of monolayer WS,, showing the strong light emission originating from the excitonic emission of the neutral excitons and trions in

monolayer WS,.

growth batch, and thus the quality of the samples on both SiO;
and h-BN is nearly the same, allowing a systematic compara-
tive study of the different bottom layers. Raman, steady-state
PL, and time-resolved PL measurements were performed by
employing a home-built confocal micro-PL setup. For all
PL measurements, the excitation beam was focused using a
40x (NA = 0.6) objective, and the signal was collected with
the same objective. As an excitation source, an argon-ion laser
at 458 nm (continuous wave) and a picosecond pulsed laser
with a wavelength of 454 nm and a repetition rate of 40 MHz
were used to obtain steady-state and time-resolved PL data,
respectively. To extract the diffusion length from the spatial
profile of steady-state PL intensity, the diffusion equation was
analytically calculated. EFM images were obtained using an

atomic force microscopy (AFM) system in noncontact mode.
All measurements were conducted under ambient conditions
at room temperature.

III. RESULTS AND DISCUSSION

In monolayer WS, excitons generated at an excitation spot
can be diffused in the plane of the 2D TMD due to the gradient
of exciton density, subsequently leading to a spatial distri-
bution of emission intensity due to radiative recombination
processes of excitons at a finite distance, as shown in Fig. 1(a).
Under continuous wave excitation, the spatial distribution of
emission intensity can be treated as that of exciton density
in a steady-state [29-31], enabling the direct visualization
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of exciton diffusion phenomena via a 2D spatial map of
PL spectra. To investigate the excitonic diffusion features
depending on the interfacial layer (or substrate), monolayer
WS, crystals grown by CVD were transferred onto SiO, and
h-BN/SiO, substrates. The top inset of Fig. 1(a) shows an
optical microscopy image of monolayer WS, crystals with
a size of 30 um transferred onto the A-BN layer, and the
bottom inset of Fig. 1(a) presents a PL image of a monolayer
WS, crystal, showing that the crystal size of monolayer WS,
is much larger than the excitation spot size and is suitable
for obtaining the 2D profile of PL spectra. Recently, it has
been known that, in CVD-grown monolayer WS,, the sulfur
vacancy concentration near the edges of triangular crystals is
much higher than that in the interior, leading to different PL
features from the bound-excitons near the edges of monolayer
crystals [32]. The diffusion and transport of excitons can be
largely affected by the bound states at the edge of monolayer
crystals. Thus, to avoid the exciton trapping, arising from the
traps and defects at the edge of monolayer crystals, all PL
measurements in our experiments have been performed on the
interior region, at a distance of more than 5 ym from the edge
of large monolayer crystals (>20 um). Figure 1(b) shows that
the Raman spectra of monolayer WS, transferred onto SiO;
(upper panel) and A-BN (bottom panel) layers exhibit the
characteristic Raman peaks of monolayer WS, (E,, mode:
355.50cm™! and Aj, mode: 417.04cm™") [33,34] with a
peak separation of 61.54cm™! and a Raman peak of #-BN
at 1370cm~! [35], indicating that monolayer WS, crystals
were well transferred onto both the SiO, and #-BN layers.
Figure 1(c) shows that the strong PL of monolayer WS,
originates from the emission components of neutral and
charged (trion) excitons centered at wavelengths of ~618
and ~628 nm, respectively [3]. The strong excitonic emission
from monolayer WS, allows us to explore the exciton dy-
namics and transport properties at room temperature. Notably,
we have observed a slight difference in the spectral shapes
between WS, on SiO; and on 4-BN. In the Supplemental
Material [36], a comparison of normalized PL spectra shows
the slight difference between WS, on SiO; and on A-BN. To
this end, we have performed a double Lorentzian fit, allowing
us to extract the individual exciton and trion components
(see the Supplemental Material [36]). The fitting results were
summarized in Table S1 of the Supplemental Material [36],
showing a small redshift and broadening of both exciton and
trion peaks in monolayer WS, on #-BN. Recent experimen-
tal observation showed that the appearance of redshift and
broadening in the PL feature was attributed to local strain
effects [37]. In the case of WS, on A-BN, the A-BN layer
was transferred onto the SiO, substrate and subsequently
the WS, layer was transferred onto the A-BN layer, while
the WS, layer was transferred onto the flat SiO, substrate
in the case of WS, on SiO;. The transferred 7-BN layer
would have nanobubbles and wrinkles that can cause a local
strain effect on the subsequently transferred WS, layer. We
believe that the nanobubbles and wrinkles, which cause the
local strain effect, are responsible for the small redshift and
broadening of exciton peaks. The local strain might affect the
exciton transport on the monolayer. Recent theoretical study
has shown that the electron mobility in monolayer TMDs
can be increased by a tensile strain [38], which is a similar

situation with the presence of bubbles and wrinkles. Roughly,
compared to WS, on SiO;,, the average local strain in WS,
on h-BN is estimated to be about 0.1% by using a relation
of 11.3 meV per % of strain for redshift of an A-exciton
[37], indicating that the actual local strain is far below the
range affecting the exciton transport in monolayer TMDs [39].
However, a detailed study of the local strain effect on the
exciton diffusion length would be required to elucidate the
transport mechanism with the nanobubbles and wrinkles.

To investigate the spatial profile of exciton density on
monolayer WS, the PL intensity was mapped by scanning
the image plane with an optical fiber using a piezo-positioning
stage (see the Supplemental Material [36]), providing the
advantage of a high spatial resolution of ~310nm at a
wavelength of about 620 nm, which is due to an enhanced
pinhole effect caused by the out-of-focal-length configuration
of the fiber mapping system (see the Supplemental Material
[36]). Moreover, a distance calibration was carried out to
obtain accurate spatial information on the image plane by
measuring the intensity profile of end emissions along the
long axis of CdS nanowires and comparing it with the real
length of the nanowires (see the Supplemental Material [36]).
Figure 2(a) presents the 2D profile (x-y plane) of the excitation
laser spot measured on the SiO, surface, showing a nearly
circular and symmetric shape with a Gaussian distribution
with a diameter of ~1 um, where the diameter is defined as
the full width at 1/e¢*> of the maximum intensity value. In
contrast to the excitation spot, the PL intensity profiles of
monolayer WS, crystals exhibit a significant variation in size
and shape due to exciton diffusion, as shown in Figs. 2(b)
and 2(c). Importantly, an intriguing feature is observed in the
2D emission profiles of monolayer WS, crystals having a
different bottom layer. The measurements clearly show that
the size of the emission profile in monolayer WS, on the
h-BN layer is much larger than that in monolayer WS, on
the SiO; layer, indicating that the 2D exciton diffusion length
in monolayer WS, is indeed increased by using the A-BN
bottom layer, compared to the SiO, layer. It should be noted
that, in monolayer WS,, the lowest energy exciton species
are the spin-forbidden dark excitons, which consist of an
electron and a hole with an opposite spin in the same valley.
Thus, the population exchange between the dark and bright
states requires an electronic spin-flip process. As known in
the study based on quantum dots, the spin-flip time is about
100 ns while the decay time of a bright exciton is below
1 ns [40], implying that the population exchange from a dark
to a bright state is difficult to achieve within the fast decay
time of the bright exciton. In addition, because the small
energy difference (~11meV) for the dark and bright states
in a conduction band [41] would result in similar populations
of the dark and bright states at room temperature, the PL
signal would be dominated by the transition in the upper
bright state, indicating that the population exchange gives a
minor contribution to the spatial distribution of the PL signal.
Due to these reasons, it is expected that the overall spatial PL
distribution at room temperature is not significantly changed
by the population exchange from the dark to bright excitons
during the diffusion.

For quantitative analysis, the spectral intensity was ex-
tracted for one axis, e.g., the x-axis, by taking the PL

205304-3



KANG, JUNG, LEE, KIM, AND CHO

PHYSICAL REVIEW B 100, 205304 (2019)
(a) Excitation

Distance (um)
-15 10 -05 00 0.5

iy
o

1.0 15

o b e
2 5 >

Normalized intensity
b

z 1
‘0

S —

Z g

° ic

® o

£ 0

2 2

z 0

—
O
o

(f)

WS2 on h-BN

Wavelength (nm)
8

Normalized intensity

-5 10 -05 00 05 10 15

Distance (um)

FIG. 2. (a) Intensity profile of the excitation spot with a Gaussian distribution. (b,c) PL intensity profiles in monolayer WS, on SiO, (b)
and h-BN layers (c), showing that the intensity profile in WS, on the 4-BN layer is much larger than that in WS, on the SiO, layer. All intensity
profiles are circular and symmetric on the 2D x-y plane. (d) Intensity profile of the excitation laser spot with a Gaussian fit, corresponding to
the Gaussian width of 0.37 um. (e,f) Spatially and spectrally resolved PL. maps from monolayer WS, on SiO, (e) and A-BN layers (f). The
spatially and spectrally resolved PL maps show that the spatial profiles of PL intensity in monolayer WS, on both SiO, and #-BN are much
larger than the excitation spot size, mainly due to the exciton diffusion on the 2D surface. All color plots were normalized by the maximum

peak intensity at the center position.
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spectra along the cross section of the 2D profile. Since the
PL intensity profile as a function of distance (on the x-axis)
is attributed to the spatial profile of diffused excitons, the
exciton diffusion length can be calculated from the PL in-
tensity profiles [29-31]. Figure 2(d) presents the 2D intensity
profile of the excitation laser spot on the x-axis, showing a
perfect Gaussian profile with a width of 0.37 um. Note that
the Gaussian fit for the excitation spot is given by I'(x) =
Toexp(—x?/w?), where Ty is a proportionality constant and
w is the width of the Gaussian distribution [30]. Spatially
and spectrally resolved intensity profiles clearly reveal the
increased spatial distribution in monolayer WS, crystals over
the excitation spot due to the effect of exciton diffusion, as
presented in Figs. 2(e) and 2(f). Also, the spectral shape in
the monolayer WS, can be decomposed into two Lorentzian
functions, allowing us to trace the exciton (~618nm) and
trion (~628 nm) emission depending on the collection posi-
tion, corresponding to the exciton and the trion. The PL peak
wavelength and linewidth of the exciton and trion emissions
for both WS, on SiO, and on A-BN as a function of the
collection position were investigated. The standard deviation
for the PL peak wavelength and linewidth is below 1 nm
over the collection position, indicating that the change over
the collection position is negligible (see the Supplemental
Material [36]). More importantly, the results directly demon-
strate that the exciton and trion distribution is more extended
in monolayer WS, on A-BN than in monolayer WS, on
Si0;. To understand the 2D excitonic diffusion processes with
the different interfacial layers, we estimated the exciton and
trion diffusion length from the measured emission intensity
distribution on both the SiO, and #-BN layers, as shown in
Figs. 3(a)-3(d). The spatial distribution of exciton density
can be described by the 1D steady-state diffusion equation
[30,31]:

D yn?(x)+T(x) =0, (D

d’n(x) n(k)
dx? T
where x is the position on WS,, D is the diffusion coefficient
along the x-axis, n(x) is the exciton density, 7 is the exciton
lifetime, y is the exciton-exciton annihilation rate, and I"(x)
is the exciton generation rate. The exciton generation rate
follows the laser intensity profile with a Gaussian shape, as
shown in Fig. 2(d). Thus, the diffusion process in monolayer
WS, can be described by the following equation:

d*n(x)
Lz
D dx2

where N = [yt is a constant, k = y 7 is the annihilation rate
constant, and Lp = /DT is the diffusion length. This equation
can be analytically solved to extract the diffusion length
from the spatial profile of PL intensity. For the excitation
range of 0.57—2.83kW /cm?, the electron-hole pair density
was estimated to be (7.4 x 10'9)—(2.2 x 10'")cm~2 by con-
sidering an absorption cross section of ~4.8 x 103cm~!, a
normal incidence reflectivity of ~0.55 on the WS, surface
[42], and a calculated reflectivity (0.28) for the substrate
interference effect (270-nm-thick SiO, on Si) at the excitation
wavelength (see the Supplemental Material [36]), and exploit-
ing a transfer-matrix method for absorbed power density in
monolayer WS,. The exciton radiative lifetime was measured

2
— n(x) — kn*(x) + Nexp(—%) =0, 2

to be 64 ps from time-resolved PL spectroscopy, as discussed
later. Since the exciton diffusion in such a density regime
can be affected by exciton-exciton annihilation processes
[17,21], the diffusion length was obtained considering the
annihilation term. To incorporate the annihilation rate into
the calculation, we estimated the exciton-exciton annihilation
rate (y) by investigating the density-induced recombination
rate [43], which was obtained from the time-resolved PL
spectra measured at three different exciton densities (see the
Supplemental Material [36]). The estimated exciton-exciton
annihilation rates for monolayer WS, on SiO, and h-
BN were 0.10 and 0.31cm?/s, respectively, indicating
that the estimated values are consistent with the reported
exciton-exciton annihilation rate of monolayer WS, crystals
(0.11-0.41 cmz/s) [17,43,44]. Because the enhancement in
exciton diffusion can increase the probability of exciton-
exciton interaction [21,43], the higher exciton-exciton annihi-
lation rate in WS, on A-BN than in WS, on SiO, is attributed
to the enhanced exciton diffusion process on the #-BN bottom
layer. For the measured spatial profiles of PL intensity, we
performed least-squares fits with the diffusion equation to
determine the values of the exciton diffusion length (Lp). The
resulting diffusion length of monolayer WS, on SiO, lies
in the range of 330-380 nm for excitons and 300-330 nm
for trions with the varied excitation of 0.57 — 2.83 kW /cm?
[Figs. 3(a) and 3(b)], which is in good agreement with the
values reported of exciton diffusion lengths for WS, and
other TMDs (350—400 nm) [17-19]. Interestingly, compared
to that of monolayer WS, on SiO,, the diffusion length of
monolayer WS, on A-BN is greatly increased to 450-500
nm for both the excitons and trions in the same excitation
range [Figs. 3(c) and 3(d)], clearly indicating the enhance-
ment in the diffusion length of both the exciton and trion
on the A-BN layer. Note that the measurements of exciton
diffusion lengths were carried out for three samples for
each structure to reflect the sample-to-sample variation (see
the Supplemental Material [36]). Figures 3(e) and 3(f) present
the average diffusion lengths on the SiO, and #-BN layers for
the excitation range of 0.57—2.83 kW /cm?, showing that both
exciton and trion diffusion lengths are increased in monolayer
WS, on the #-BN layer compared to that on the SiO; layer.
The results also show that the exciton and trion diffusion
lengths in WS, on the #-BN layer are almost the same at each
excitation power density, while in WS, on the SiO, layer,
the diffusion length of trions is slightly shorter than that of
excitons. These results imply that the diffusion of charged
species (i.e., trions) is more affected by the charge impuri-
ties on the substrate surface. As discussed above, the direct
visualization of the exciton density profile clearly indicates
that the exciton diffusion length in monolayer WS, crystals
is greatly enhanced by ~22% with the #-BN interfacial layer
compared to the SiO, layer. In addition, to check the diffusion
length of as-grown WS, without any transfer processes, we
have measured the spatially resolved PL spectrum (see the
Supplemental Material [36]). The spectral shape of as-grown
WS, corresponds to a single Lorentzian function centered
at a wavelength of 630 nm, while the transferred WS, is
composed of a double Lorentzian function centered at ~618
and ~630 nm. Although the same SiO,/Si substrate has been
employed for as-grown and transferred samples, the neu-
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FIG. 3. (a)—(d) Spatial distribution of PL intensity resulting from the exciton and trion diffusion in monolayer WS, on the SiO, (a,b) and
h-BN (c,d) layers. The colored lines indicate a best fit obtained from the analytical calculation of the 1D steady-state diffusion equation. (e,f)
Averaged exciton (e) and trion (f) diffusion length in monolayer WS, on SiO, and #-BN for a total of three samples.

tral exciton emission at ~618 nm was only observed in the
transferred samples. The appearance of neutral exciton emis-
sion in the transferred samples would indicate that unin-
tentional contamination and residues from seed promoters

during the CVD growth process can be effectively reduced by

wet-transfer processes. Also, we have estimated the diffusion
length of as-grown monolayer WS, without transfer processes
(see the Supplemental Material [36]). The estimated diffusion
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length for as-grown WS, is about 340-420 nm, which is quite
similar to the diffusion length in the transferred WS,. Thus,
these results indicate that the significant degradation of WS,
is not caused by the wet-transfer processes.

Recent time-resolved PL experiments on monolayer TMDs

revealed that the exciton decay dynamics are significantly
affected by density-induced many-body effects, underlining
that the exciton-exciton annihilation, often identified as Auger
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FIG. 4. (a) Time-resolved PL spectrum measured at the emission center for WS, on SiO; (top) and ~-BN (bottom). The PL decay data
were obtained under pulsed excitation with a pumping energy of 30nJ/cm?. The PL decay signal was fitted by a single exponential function.
(b) Schematic illustration of the EFM system, where Vg is the dc bias applied to the tip and V,. is the ac bias with a resonance frequency of
w for the deflection of the cantilever. The EFM signal can be detected by resolving the electrostatic contribution to the frequency w. (c¢) AFM
topographic image of the SiO, substrate partially covered by the 4-BN layer. (d) EFM amplitude on the SiO, substrate partially covered with
the #-BN layer when a dc bias of —6 V was applied to the tip, showing that the EFM amplitude on the ~2-BN region is relatively lower than
that on the SiO, layer. The right panel displays the average value of the EFM amplitude along the vertical direction, showing the distinct EFM

amplitudes in both areas of 4#-BN and the SiO, layer.

recombination, is an important nonradiative recombination
channel at the high-density regime [45]. For monolayer
TMDs, the PL decay time is drastically decreased with in-
creasing exciton density by the Auger-type exciton-exciton
annihilation process, leading to a more rapid decrease in PL
intensity in the time domain [17,21,43]. In our monolayer
WS, crystals, we observed a decrease in PL decay time at ex-
citon densities above ~3 x 10'°cm~2 (see the Supplemental
Material [36]). Thus, to obtain the exciton decay time while
avoiding the exciton-exciton annihilation process, the time-
resolved PL decay was measured under low excitation with a
pumping energy of ~30nJ/cm?, corresponding to an exciton
density of approximately 1.0 x 10'°cm~2. In Fig. 4(a), the
PL decay signals for WS, on both SiO, and #-BN were fitted
by a single exponential function considering the instrumental
response function (IRF) (see the Supplemental Material [36]).
In such a low excitation power regime, the exciton lifetime on
SiO; and ~-BN was estimated to be 63 and 64 ps, respectively,
indicating that the timescales for recombination processes
in the WS, monolayers on both SiO, and %-BN layers are
quite similar. As a rough estimation (L, = ~/D7) using the
measured exciton lifetime, the exciton diffusion coefficients

(D) are estimated to be ~38cm?/s for WS, on 4-BN and
~22cm?/s for WS, on SiO, in the low exciton density
regime, which reinforces that the 2-BN layer enhances the 2D
exciton diffusion of monolayer WS, crystals by a factor of
~1.7. These results clearly imply that the 2-BN bottom layer
can be a good substrate to observe the intrinsic properties of
exciton diffusion in atomically thin 2D semiconductors.

To investigate the surface charge states on both the #-BN
and SiO, layers, we performed EFM measurements on a
SiO, layer partially covered by an hA-BN layer. The EFM
measurement is based on noncontact mode AFM, in which
surface electrostatic interactions between a sample and an
AFM tip are detected. As shown in Fig. 4(b), the total applied
voltage (V') between the tip and the sample can be expressed
by the relation V = Vg, — Vi + V,c.coswt, where Vg is the dc
bias applied to the tip, V; is the surface potential of the sample,
and V,. is the ac bias additively applied to the tip. Then,
the relationship between the electrostatic force (F) and the
applied voltage is given by [46]

19

(o
F= _a_(VdC — V; + Vyecoswr )%, 3
z

2
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where C is the tip-sample capacitance at a tip-sample distance
of z. By expanding the right side of the above equation
and taking the first harmonic component (cos wt term), the
electrostatic force to the frequency w is simplified as F =
(0C/92)(Vge — Vs )Vyccoswt [47]. In our EFM measurements,
a dc bias (Vyc) of —6V was applied to obtain a high contrast
of the EFM signal from the insulating layers. When the V,.
(~2 V) of the oscillation frequency (w ~ 17 kHz) was applied
to the tip, the oscillation amplitude could be modulated by
the electrostatic contribution (V. — V;) at the oscillation fre-
quency o, enabling us to acquire the EFM signal contrast on
the sample surface. Note that this electrostatic signal does not
provide quantitative information because the signal is detected
in noncontact mode, but it does allow a qualitative comparison
of electrostatic interactions for different surface charge states.
Figure 4(c) shows the topographic image of the 4-BN layer
on the SiO; substrate, showing that the #-BN layer is partially
covering the SiO; substrate. While local cracks are observed
near the edge of the 4-BN layer, the boundary between the
h-BN and the SiO, layers is clearly distinguished, as shown
in Fig. 4(c). Figure 4(d) shows the measured EFM amplitude
on both the 4-BN and the SiO, surfaces. Comparison with
the topographic image in Fig. 4(c) indicates that the region
with a high EFM amplitude is well matched with the SiO;
surface area. In our measurements with a fixed dc bias of the
tip, the EFM amplitude is proportional to the surface potential
induced by surface charges and thus identifies the difference in
the surface potentials between the A-BN and the SiO, layers.
Therefore, the relatively lower EFM amplitude on the 2-BN
layer clearly indicates that compared to the surface of the
SiO, substrate, the h-BN layer is relatively free of charged
impurities and traps due to the complete chemical bonds in the
in-plane direction [26,33]. These results emphasize that the
exciton diffusion and transport in 2D monolayer semiconduc-
tors are greatly altered by charged impurities and traps on the

bottom layer and can be tailored by designing van der Waals
heterostructures.

IV. CONCLUSIONS

In conclusion, we systematically investigated the 2D ex-
citon diffusion in two different layered structures, namely
WS, /h-BN and WS, /SiO,. From the direct visualization of
the exciton distribution combined with time-resolved spec-
troscopy and analytical calculations, we found that the 2D
diffusion coefficient of the WS, /h-BN layer is approximately
38cm?/s, which is 1.7 times larger than that (22 cm?/s) of
WS, on the SiO; layer. Furthermore, the EFM measurements
revealed that the increase in the exciton diffusion is mainly
due to the reduction in the charge impurities and traps on the
h-BN surface compared to the SiO, surface. Our work sug-
gests that elaborately designed 2D heterostructures are greatly
needed to obtain the intrinsic 2D exciton properties for both
the exploration of intriguing physics in ultrathin semiconduc-
tors and application to future devices. In particular, in the
device applications related to the valley Hall effect and valley
excitons utilizing the photocurrent and Hall voltage generated
by circularly polarized light [48,49], the device structures
including contact separations might be strongly affected by
the exciton diffusion length. In this regard, our results can
provide an important idea to design the device geometry.
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