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This study investigated the intrinsic optical properties of MoS, monolayers and MoS,/WS, van der Waals

(vdW) heterostructures, grown using chemical vapor deposition. To understand the effect of the growth

substrate, samples grown on a SiO,/Si surface were transferred and suspended onto a porous substrate.

This transfer resulted in a blue shift of the excitonic photoluminescence (PL) peak generated by MoS,

monolayers, together with an intensity increase. The blue shift and the intensity increase are attributed to

the release of lattice strain and the elimination of substrate-induced non-radiative relaxation, respectively.
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Introduction

Monolayers of group 6 transition metal dichalcogenides
(TMDCs) have attracted much attention because of their
unique physical properties, including direct bandgaps, exci-
tonic optical responses and spin-valley coupling.'™ Recently,
many groups have reported that such properties can be tuned
based on the formed van der Waals (vdW) heterostructures.®>°
In particular, the study of these heterostructures represents an
ideal approach for understanding and controlling interlayer
excitons, which are spatially separated electron-hole pairs
located in individual layers. As an example, long-lived valley-
polarized interlayer excitons have been realized in MoSe,/WSe,
heterostructures. These long-lived interlayer excitons are
important for the fabrication of switching devices with exciton
flux characteristics,'® and the ultrafast dynamics of such exci-
tons has been investigated. In these ultrathin systems, the
coupling between the constituent sheets is vital, as it plays
a key role in determining the physical properties of the
materials.
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This suspension technique also allowed the observation of PL resulting from interlayer excitons in the
MoS,/WS, vdW heterostructures. These results indicate that the suppression of lattice strain and non-
radiative relaxation is essential for the formation of interlayer excitons, which in turn is crucial for under-
standing the intrinsic physical properties of vdW heterostructures.

TMDCs are typically prepared by two different methods:
exfoliation and direct growth. Although exfoliation can readily
yield samples at room temperature, the sample size that can
be obtained is limited, and there are issues with uniformity
and reproducibility. In contrast, large-area and high-quality
TMDC monolayers having uniform thicknesses have been
directly grown using the chemical vapor deposition (CVD)
technique.?'>* However, CVD growth method is normally per-
formed on substrates such as SiO, and sapphire at high tem-
peratures (greater than 600 °C), and so it is necessary to cool
the sample to room temperature after the growth step. This
cooling process imparts an inhomogeneous strain to the TMDCs
due to the mismatch between the thermal expansion coefficients
of the TMDCs and the substrates.>® In addition, the photo-
luminescence (PL) intensity of the material can be decreased by
non-radiative relaxation processes. These effects led to signifi-
cant challenges in observing the intrinsic optical properties of
TMDC monolayers and their heterostructures on substrates.

Ideally, the intrinsic optical properties of these materials
should be assessed by determining the optical responses of
suspended TMDC monolayers.”®*” Thus, in the present work,
we prepared suspended monolayers comprising MoS, and
MoS,/WS, vdW heterostructures by removing specimens from
SiO, surfaces and subsequently investigating the optical
responses of the excitons in these materials. A suspended
monolayer of MoS, exhibited more intense PL intensity with

This journal is © The Royal Society of Chemistry 2019
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blue-shifted peaks as compared to a sample supported on
SiO,/Si. In addition, PL peaks attributed to interlayer excitons
were generated by suspended MoS,/WS, heterostructures.
These results indicate the importance of suppressing the
lattice strain and non-radiative relaxation by suspending the
specimen. This scenario also promotes the formation of inter-
layer excitons, which indicates that suspending the sample is
crucial to the proper evaluation of the optical properties of
CVD-grown TMDCs.

Experimental

MoS, and WS, monolayers were grown on SiO,/Si (SiO, thick-
ness: 285 nm) substrates using a lab-built CVD system. For
growing MoS, monolayers, the substrate was placed at the
center of a quartz tube, and MoO, powder (100 mg), KBr
powder (10 to 15 mg) and sulfur flakes (2 g) were placed 1, 2
and 30 cm upstream from the tube center, respectively. In
these experiments, KBr was used as a growth promoter.”* The
quartz tube was subsequently filled with atmospheric pressure
nitrogen gas at a constant flow rate of 200 to 250 sccm that
was maintained throughout the experiment. During the reac-
tion, the temperature of the substrate and powders was gradu-
ally increased to 810-820 °C using an electric furnace. Once
the set point temperature was reached, the sulfur was heated
at 180 °C for 15 min with a second electric furnace, to supply
sulfur vapor to the substrate. Following this step, the entire
system was immediately cooled using an electric fan. The
same reaction conditions were employed for growing WS,,
except that WO; powder (150 to 300 mg) was used instead of
MoO, and the amount of KBr was increased to 20 mg. MoS,/
WS, heterostructures were obtained by growing MoS, (WS,)
monolayers on a substrate consisting of WS, (MoS,) mono-
layers. These samples were also grown on hexagonal boron
nitride (hBN) flakes for comparison.

Suspended samples were fabricated by first placing a trans-
mission electron microscopy (TEM) grid on top of the CVD-
grown TMDC sample, after which water droplets were intro-
duced from the side of the grid, as shown in Fig. 1a. The water
released the sample from the supporting substrate and the
specimen was collected using the grid.

The optical images were obtained with an optical micro-
scope (Nikon, ECLIPSE-LV100D). PL and Raman spectra were
recorded with a micro-Raman spectrometer (Renishaw, invia)
with an excitation laser operating at 532 nm. PL decays were
obtained using a time-correlated single photon counting
method with a single photon avalanche photodiode under
pulsed excitation (20 ps pulse duration with a frequency
of 40 MHz). All optical measurements were carried out at
room temperature. High-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) images
were acquired at room temperature using a JEM-ARM200F
ACCELARM (cold field emission gun) equipped with a CEOS
ASCOR corrector, operating at 120 kV. The scan rate was 38 ps
per pixel for each HAADF-STEM image.

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) Schematic summarizing the preparation of a suspended
sample on a TEM grid via water-aided transfer. Optical microscopy
images showing a MoS, monolayer grown on a SiO,/Si substrate (b)
before and (c) after water casting. Optical microscopy and PL images of
MoS, monolayers (d, e€) grown on a SiO,/Si substrate and (f, g) sus-
pended on a TEM grid, respectively.

Results and discussion

Fig. 1b shows an optical microscopy image of a MoS, mono-
layer grown on a SiO,/Si substrate. The triangular grains con-
stituting the monolayer were released from the surface follow-
ing the addition of water (Fig. 1c). This water-assisted release
was observed for more than half of the MoS, grains on the
SiO,/Si substrate. Usually, the MoS, grains will not shrink and
hence they can maintain their crystal shape on the water
surface. The MoS, grains are often broken down after transfer-
ring and suspending onto a porous substrate due to the
surface tension encountered during drying. For monolayer
samples, the yield of such suspended MoS, is approximately
5-20%. Acetone could also be used for this procedure, but not
ionic liquids, and the process was not successful with samples
grown on sapphire substrates. These results suggest that the
release of TMDCs from growth substrates is greatly affected by
the affinity between the solvent and the substrate surface.
Fig. 1d-g show optical microscopy and PL images of a MoS,
monolayer before and after the transfer. While the as-grown
triangular grains on the SiO,/Si surface display a uniform PL
intensity (Fig. 1le), the monolayer transferred onto the TEM
grid has a much stronger PL signal over the suspended region

(Fig. 1g).
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The PL spectra obtained from a suspended and supported
MoS, monolayer are presented in Fig. 2a. Under similar experi-
mental conditions, the PL intensity of the suspended mono-
layer was increased by a factor of approximately 20 compared
to that of the supported sample. This increase can be explained
by the reduction in non-radiative relaxation that occurs via
energy and charge transfer to the substrate, as discussed below.
The main PL peaks were observed at 1.89 and 1.83 eV for the
suspended and supported monolayers, respectively. Due to the
different thermal expansion coefficients of SiO,/Si and MoS,, a
SiO,/Si-supported CVD-grown sample typically experiences a
certain degree of tensile strain, as has been reported pre-
viously.”® It is worth mentioning that the dielectric screening
effect also influences both the optical and electrical properties of
MoS, monolayers.*®**° However, the blue shift observed for the
suspended MoS, cannot be explained by the dielectric screening
effect shown in the previous work, where exciton PL peaks were
red-shifted under a lower dielectric environment.>® Therefore,
the PL shift observed in the spectrum of the suspended sample
can be understood as being caused by the relaxation of the
tensile strain imparted by the substrate. This blue shift was also
observed when MoS, was floating on a water surface immedi-
ately after water casting (Fig. 2b). Interestingly, the PL peak for
the sample immersed in water shows a red shift instead, likely
due to a change in dielectric screening.>® Both the floating and
suspended MoS, produced peaks at positions similar to those in
the spectrum of MoS, grown directly on an hBN surface. This
result demonstrates that these unsupported MoS, samples were
in a neutral state free from lattice distortion.

To confirm and to quantitatively evaluate the non-radiative
relaxation caused by the substrate, we performed PL lifetime
analyses of the SiO,/Si supported and suspended MoS, mono-
layers. The resulting decay profiles are shown in Fig. 3a and b.
These data have been fitted with the convolution integral of
the instrument response function and the double exponential
decay function:

f@ :Cexp(—i) + (1—C)exp(—i),

71 )

a * * b T
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Fig. 2 (a) PL spectra of a MoS, monolayer suspended on a TEM grid

and on a SiO,/Si support. Broken lines indicate the primary peak position
for each sample. (b) Normalized PL spectra of a MoS, monolayer on a
SiO,/Si substrate in air and water, together with those of substrate-free
samples floating on water and suspended in air, as well as that of a MoS,
monolayer grown directly on an hBN surface. The spectra have been
vertically shifted for clarity.
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Fig. 3 PL decay profiles for the (a) SiO,/Si supported and (b) suspended
MoS, monolayer. The circles indicate the experimental results and the
red lines provide the fitted results obtained using a convolution method.
Instrument response functions (IRF) are represented by the dotted lines.
Wavelength-resolved exciton diffusion PL images and the corresponding
PL intensity spatial profiles (circles) of the (c, d) SiO,/Si supported and (e,
f) suspended monolayer of MoS,. These profiles were fitted using a
Gaussian function (red lines).

where 7; and 7, are the PL lifetimes and C is a constant (0 <
C < 1). From the fitted results, the effective recombination life-
time, 7., can be obtained using the relationship 7. = Crq +
(1 = C)r,. The values obtained in this manner are provided in
Table 1. The suspended sample has an approximately 20 times
longer effective lifetime than the supported sample. This
result quantitatively agrees with the PL intensity increase of 20
times in the suspended MoS, (Fig. 2a). In addition, the sup-
pression of non-radiative emission is also supported by the
longer exciton diffusion length observed in the case of the sus-
pended sample (Fig. 3c-f). To evaluate the diffusion length, we
use both the PL intensity profile and IRF, corresponding to the
intensity profile of the excitation laser, shown in Fig. 3c-f.

Table 1 Parameters for the fitted PL decay profiles in Fig. 3a and b and
calculated effective recombination lifetimes, z.¢, obtained for MoS,
monolayers supported on SiO,/Si and suspended on TEM grids

Supported Suspended
7, (ns) 0.020 0.050
7, (ns) 0.23 1.1
c 0.98 0.70
Tegt (1S) 0.024 0.37

This journal is © The Royal Society of Chemistry 2019
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Because the PL profile and IRF can be fitted to a Gaussian
curve, the exciton diffusion length, L, can be estimated from
the following relationship: L = v/op.% — o1ge?, where opp and
orr are standard deviations of the PL profiles and IRF, respect-
ively. The exciton diffusion length in the suspended sample is
approximately 3 times longer than that in the supported
monolayer. The exciton diffusion coefficient, D, is roughly esti-
mated to be 2.4 cm® s™* for the suspended MoS, and 4.6 cm?
s~! for the supported MoS, using the relationship L = v/2Dr,
where 7 is the exciton lifetime, as reported previously.””='=?
Since these values are of the same order, it can be said that
the longer exciton diffusion length observed in the suspended
sample is derived from the increased exciton lifetime. We note
that the values estimated are close to the reported exciton
diffusion coefficients for the exfoliated monolayers of WSe,
(2.2 em® s7)*" and WS, (2.0 em® s7").** These results clearly
show that the non-radiative relaxation caused by the substrate
plays a major role in the optical response of CVD-grown MoS,.

This suspension technique also allowed observations of PL
resulting from interlayer excitons in the MoS,/WS, vdW hetero-
structures. Fig. 4 shows the Raman and PL spectra generated
by MoS,/WS, heterostructures grown on a SiO,/Si substrate
and suspended on a TEM grid, together with the spectra pro-
duced by a specimen grown on hBN. The presence of both
MoS, and WS, is confirmed by the characteristic Raman
vibrational modes in these spectra. The heterostructure pro-
duced an E' + 2LA peak at 356 cm™' and an A’; peak at
417.5 cm™', both attributed to WS,, in addition to E' and A’;
peaks at 385 and 405 cm™" attributed to MoS,, as shown in
Fig. 4a.**** However, the PL spectra obtained from the sus-
pended and SiO,/Si supported samples are profoundly
different, as shown in Fig. 4b. Peaks that were initially absent
in the range of 1.4-1.7 eV emerge once MoS,/WS, is removed
from the growth substrate. These peaks are assigned to emis-
sions resulting from direct and indirect interlayer excitons,
similar to those produced by the heterostructure grown
directly on the hBN surface.'’ The significant increase in the

a . b
MoS, MoS, A
WS,E+2LA ‘g Ay MoS, B
N W/SZA1 &
[Grown on sio, g Grown on SiO,
© Transfer - Transferl
Jora &2
2 @
2 _,-/\/\..J\j\/\\,A .“C.’,
Z[Suspended ____________ Elsuspended “__________]
o
Grown on hBN Grown on hBN

1415161718 1.9 20 2.1
Energy / eV

350 400 450

Raman shift / cm™!

300

Fig. 4 (a) Raman and (b) PL spectra obtained from CVD-grown MoS,/
WS, heterostructures supported on a SiO,/Si substrate and suspended
in air. The spectra of a MoS,/WS, heterostructure grown directly on an
hBN surface is also shown for comparison. The spectra have been verti-
cally shifted for clarity.
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PL intensity caused by the interlayer excitons in the suspended
MoS,/WS, sample can be readily explained by enhanced inter-
layer coupling and/or the elimination of substrate-induced
non-radiative relaxation.

The interlayer coupling was evidently weakened as a result
of inhomogeneous modulation in the stacking geometry and
the distance between the two layers in the strained hetero-
structures. This layer-dependent strain was investigated by pre-
paring MoS,/WS, heterostructures with MoS, being on top or
at the bottom. As shown in Fig. 5, the heterostructures with a
bottom MoS, configuration generated PL peaks derived from
the A and B excitons of MoS, at 1.84 and 1.98 eV, respectively.
However, when MoS, was grown on top, these two peaks were
blue-shifted to 1.86 and 2.00 eV. These results suggest a
reduction in the tensile strain imparted to the upper MoS,
monolayer in conjunction with the bottom WS, monolayer,
and the significant effect of the growth substrate on coming
into contact with the TMDC monolayer. This, in turn, could
greatly modify the stacking geometry and the interlayer dis-
tance in the vdW heterostructures.

It is also noteworthy that suspending the MoS,/WS,
heterostructures enabled an investigation of the relationship
between the stacking configuration and the PL derived from
the interlayer excitons. Fig. 6 shows HAADF-STEM images of
these heterostructures and the corresponding PL spectra
obtained at the same regions. The stacking configurations
can be determined from a detailed analysis of the STEM
images in Fig. 6a-h. Each W and Mo atom evidently overlaps
with two S atoms in an adjacent layer, yielding the AA’
stacked heterostructures as shown in Fig. 6a-d, whilst a
single W atom is believed to overlap with two S atoms, gener-
ating the AB stacked heterostructures as shown in Fig. 6e-h.
The results show that, even in the case of an individual grain,
the heterostructure may contain different stacking configur-
ations, as shown in Fig. 6a—-d, which have also been observed
in CVD-grown MoS, bilayers.>® The PL spectra can be fitted
using the Voigt function and the resulting peaks at 1.85 and

M A, WS,
1\ MoS,B KXRIKIINK MoS,
3 | : Si0y/Si
S [WS,/MoS,/$i0, :
3 A SO0, MoS,
3 . , JORINNNINKWS,
2 _ XKX
= [MoS,WS,/§i0, E - SiOfSi
o | !
! 1
| : XONKINNIMoS,
MoS,/SiO, : SI0/Si
1.7 18 19 20 21
Energy / eV

Fig. 5 PL spectra and structure models for (bottom) a MoS, monolayer
grown directly on a SiO,/Si substrate, (center) a WS, monolayer covered
by a MoS, monolayer, and (upper) a MoS, monolayer covered by a WS,
monolayer.
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Fig. 6 HAADF-STEM images of (a, b) AA’-stacked and (e, f) AB-stacked MoS,/WS, heterostructures together with their corresponding atomic
configuration representations in (c) and (g). Red, blue and yellow spheres indicate Mo, W and S atoms, respectively. Intensity profiles of the selected
areas (indicated by white rectangles) in (b) and (f) are shown in (d) and (h). (i) PL spectra (black lines) and fitting curves (red, blue, and gray lines) for

suspended AA'- and AB-stacked MoS,/WS, heterostructures.

2.00 eV are attributed to A and B excitons, respectively, in the
MoS, monolayer, whereas the sharp PL peak at 2.03 eV can be
assigned to A excitons in the WS, monolayer. Interestingly,
the peak at 1.63 eV (I3) is only associated with the AA'-stacked
region (Fig. 6i). Based on a previous report,"* this I; peak is
assigned to direct interlayer excitons, while the two other
peaks (I, I,) are assigned to indirect excitons. This result
indicates that the oscillator strength of the direct interlayer
excitons is sensitive to the overlapping wavefunctions of the
constituent layers. The detailed analysis of this peak is
beyond the scope of the present study and will be reported
elsewhere.

Conclusions

In conclusion, this work investigated the effects of the sub-
strate on the optical properties of atomically thin monolayers
composed of MoS, and MoS,/WS, vdW heterostructures. The
present study demonstrates a simple, rapid method for prepar-
ing suspended TMDCs and their heterostructures. We
observed increases in the PL intensity, lifetime and exciton
diffusion length in the case of suspended MoS, monolayers,
and these changes are ascribed to the elimination of substrate-
induced non-radiative relaxation. In the case of MoS,/WS,
heterostructures, the restoration of stacking geometry and the
enhancement of interlayer coupling enabled observations of
interlayer excitons in samples grown on SiO,/Si substrates.
Since silicon wafers are one of the most widely used substrates
for the growth of TMDC atomic layers, our findings should
assist in understanding the intrinsic physical properties of
such CVD-grown TMDCs and their heterostructures, thus
maximizing their potential for future applications in
optoelectronics.
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