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ABSTRACT Atomic-layer transition metal dichalcogenides (TMDCs)

have attracted appreciable interest due to their tunable band gap, spin- 2 79 K
C

valley physics, and potential device applications. However, the quality of S 8 meV -
0

TMDC samples available still poses serious problems, such as inhomoge- ©

. ; . ~ | On graphite

neous lattice strain, charge doping, and structural defects. Here, we >

report on the growth of high-quality, monolayer WS, onto exfoliated 2
0]

graphite by high-temperature chemical vapor deposition (CVD). Mono- c 48 mﬂ’, -

layer-grown WS, single crystals present a uniform, single excitonic i On Si0,/Si
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Photon energy / eV

photoluminescence peak with a Lorentzian profile and a very small

full-width at half-maximum of 21 meV at room temperature and 8 meV at
79 K. Furthermore, in these samples, no additional peaks are observed for
charged and/or bound excitons, even at low temperature. These optical responses are completely different from the results of previously reported TMDCs
obtained by mechanical exfoliation and CVD. Our findings indicate that the combination of high-temperature CVD with a cleaved graphite surface is an ideal
condition for the growth of high-quality TMDGs, and such samples will be essential for revealing intrinsic physical properties and for future applications.
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ransition metal dichalcogenides
T(TMDCS) have attracted significant

attention in recent years due to
their intriguing physical and chemical
properties.” In particular, monolayer Mo-
and W-based TMDCs (MoS,, MoSe,, WS,,
WSe,, etc.), which become direct band gap
semiconductors, exhibit excellent on/off
current ratios in field-effect transistors
(FETs),>* strong photoluminescence (PL),> 2
and unique spin-valley physics.”~"" There-
fore, TMDCs are expected to be a possible
component in future electronic and opto-
electronic devices."'> However, the quality of
available samples still poses serious pro-
blems, such as inhomogeneous lattice strain,
charge doping, and structural defects. For
example, high-resolution electron micro-
scopy reveals various structural defects, such
as monosulfur and disulfur vacancies in
TMDCs."® PL spectra of as-exfoliated and
chemical vapor deposition (CVD) samples
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often have an asymmetric peak profile and
multiple peaks that are probably caused
by the presence of charged excitons
(trions),"*"”  defect-derived bound exci-
tons,'®'® and/or neutral free excitons. Such
charged and bound excitons also indicate
the presence of charged impurities and struc-
tural defects. PL peak broadening can also be
caused by nonuniform lattice strain.'® There-
fore, there is a strong requirement to develop
a method for the preparation of high-quality
TMDC samples.

In recent years, many studies have been
reported for the growth of high-quality
TMDCs, mainly using CVD and metal—film
sulfurization.?°~%° In particular, several
groups have used atomically flat surfaces
of graphite (or graphene) and hexagonal
boron nitride (hBN) as the growth sub-
strates of TMDCs.>3° Monolayer WS,
grown by CVD on hBN was very recently
reported to exhibit a PL peak with a
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Figure 1. (a) Optical image, (b) structural model, and (c) AFM image of monolayer WS, grown on graphite. (d) Height profile of
the dotted line in (c). (e) LEEM image and (f) LEED pattern of monolayer WS, grown on graphite. The electron beam energies
were 11 and 45 eV for LEEM and LEED observations, respectively. (g) Room-temperature PL spectra of monolayer WS, grown
on graphite, hBN, sapphire, and SiO,/Si substrates. There are two peaks, which are the neutral exciton (X°) and the lower

energy charged exciton (X).

relatively narrow full-width at half-maximum (fwhm) of
26 meV and a weak asymmetric profile.?> Considering
monolayer growth on commonly used substrates such
as SiO,/Si and sapphire, this indicates that the growth
substrate is one of the essential factors for reducing
charged impurities and structural defects. Even though
such effort has been devoted forimproving the growth
conditions, the optical spectra of CVD samples are still
much different from the high-quality MoSe, mono-
layers obtained by mechanical exfoliation.'® This high-
quality MoSe, shows two PL peaks of neutral and
charged excitons with a symmetric profile and a very
narrow fwhm of 5 meV at 15 K for neutral exciton.
These situations indicate that the CVD growth of high-
quality TMDC samples without carrier doping is still a
challenging issue.

Here, we report the growth of high-quality mono-
layer WS, on a cleaved graphite surface by CVD under
exceptionally high-temperature conditions at 1100 °C.
The single-crystal domains are triangular shaped with
sizes of up to 15 um. PL and Raman spectroscopy reveal
the uniformity and quality of WS, samples grown on
graphite, hBN, SiO,/Si, and sapphire substrates. The PL
spectra of WS, samples grown on graphite have almost
perfectly symmetric Lorentzian profiles and a narrow
fwhm of 21 meV at room temperature and 8 meV at
79 K. Furthermore, there are no additional peaks due to
charged and/or bound excitons, even at low tempera-
ture, which suggests that there are very few charged
impurities and structural defects. These results indicate
that the combination of high-temperature CVD with a
cleaved graphite surface provides an ideal way to grow
high-quality, nondoped TMDCs.

RESULTS AND DISCUSSION

Figure 1a presents an optical image of triangular-
shaped WS, grains that have relatively dark contrast on
graphite. That structure model is shown in Figure 1b.

KOBAYASHI ET AL.

Atomic force microscope (AFM) observation reveals
that a similar WS, grain has a uniform height of around
0.8 nm (Figure 1c,d), which indicates these grains
correspond to monolayer WS,. Figure 1e shows a
low-energy electron microscopy (LEEM) image of
monolayer WS, on graphite. The low-energy electron
diffraction (LEED) pattern of this area shows two
hexagonal patterns, which are derived from graphite
for the outer spots and from the monolayer WS, for
the inner spots (Figure 1f). This hexagonal pattern of
the WS, means that such triangular-shape grains are
single crystals, which is also confirmed from dark-field
LEEM images (Figure S1a,b). Note that the LEED pat-
terns become 3-fold symmetric depending on the
electron beam energy, due to the symmetry of its
crystal structure (Figure S1c,d,e). These two hexagonal
patterns clearly indicate that the monolayer WS,
crystal has the same crystal orientation as the graphite
substrate.

In addition to the monolayer WS,, multilayer
WS, grains are frequently observed on the graphite
(Figure S1f). At optimized growth conditions, the ratio
of monolayer to multilayer grains is roughly around
0.1. For the multilayer grains, LEEM and LEED results
strongly suggest that they tend to have a random
orientation (Figure S1g,h,i). These differences in the
crystal orientation probably result from the nucleation
process in the crystal growth. Here, we will focus our
attention on the optical properties and quality of
monolayer WS, grown on graphite and other substrates.

Figure 1g shows representative room-temperature
PL spectra for monolayer WS, grown on graphite, hBN,
sapphire, and SiO,/Si substrates. Except for the hBN
sample, the spectra were measured for triangular-
shaped single crystals with sizes around 10 um,
as shown in Figures 2a, 3a, and 4a. Note that the
monolayer WS, crystals on hBN are mainly less than
1 um in size with the growth conditions employed,
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Figure 2. (a) Optical image, (b) PL intensity, and (c) peak wavelength maps and (d) E;; Raman mode intensity and (e) peak
wavenumber maps for monolayer WS, grown on graphite. (f) PL and (g) Raman spectra measured at three different points

indicated by the symbols in (c) and (e), respectively.
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Figure 3. (a) Optical image, (b) PL intensity, and (c) peak wavelength maps and (d) E;; Raman mode intensity and (e) peak
wavenumber maps for monolayer WS, grown on SiO,/Si. (f) PL and (g) Raman spectra measured at three different points

indicated by the symbols in (c) and (e), respectively.

probably due to the different surface properties of hBN.
On the SiO,/Si substrates, WS, crystals were grown by
the thin film sulfurization method at relatively low
temperature (900 °C) to avoid the reaction of Si with
sulfur. These four spectra present PL peaks with differ-
entintensity, peak energies, line widths, and profiles, as
summarized in Table S1.

The PL peaks for WS, on graphite and hBN have
similar symmetric profiles and small fwhm's, whereas
for WS, on sapphire and SiO,/Si, asymmetric and broad
peaks are observed. Only the PL spectrum for WS, on
graphite is well fitted by a single Lorentzian function, as
shown in Figure 1g. For the other substrates, each peak
can be reproduced by two Voigt function components.
(The peak energies, fwhm, and peak-area ratios are
given in Table S2.) For the asymmetric peaks, the
components at lower and higher energies are assigned
to the emission from trions and neutral free excitons,
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respectively.'*~"7 The presence of both free excitons
and trions indicates that there is local charge doping in
the as-grown samples.

The fwhm values are 21, 22, 53, and 61 meV for the
WS, samples on graphite, hBN, sapphire, and SiO,/Si,
respectively. The WS, samples on sapphire and SiO,/Si
have comparable fwhm values to those previously
reported for CVD-grown and exfoliated monolayer
WS, on Si substrates.>'>>% In contrast, the fwhm values
for the WS, samples on graphite and hBN are less
than half, which suggests fewer defects and charged
impurities in the WS,. This is also supported by high-
resolution transmission electron microscope (HRTEM)
observations. As shown in Figure S2, a clear lattice
image and electron diffraction pattern are observed for
few-layer WS, grown on monolayer graphene. Even
though the peak profiles are similar at room tempera-
ture, the spectra for on graphite and hBN measured at

ACRT AN 7S
VOL.9 = NO.4 = 4056-4063 = 2015 ‘A@@L%{\)

WWwWW.acsnano.org

4058



617 I—

Wavelength / nm

f

i2)

c

=}

o

—

©

2

‘@ | A

c

Lle

£
‘ }

18 19 2 21 22
Photon energy / eV

T

O ALl
W 625 353 I W W 365

Intensity / arb. units @

50 300 350 400 450
Raman shift / cm’

N

Figure 4. (a) Optical image, (b) PL intensity, and (c) peak wavelength maps and (d) E;; Raman mode intensity and (e) peak
wavenumber maps for monolayer WS, grown on sapphire. (f) PL and (g) Raman spectra measured at three different points

indicated by the symbols in (c) and (e), respectively.

79 K are much different, as discussed later (Figures S7
and S8).

For the PL intensities, the monolayer WS, samples
on hBN and SiO,/Si exhibit comparable, intense sig-
nals. On sapphire, the PL intensity decreases to around
1/6, which suggests relatively low sample quality of the
WS, on sapphire. It is noteworthy that the PL intensity
of monolayer WS, on graphite is 2 orders of magnitude
less than that on hBN, although they have almost
the same fwhm values. This can be interpreted as the
presence of a fast nonradiative recombination process
of WS, on graphite.

The dependence of the peak energy on the sub-
strate is attributed to the effect of both lattice strain
and dielectric screening. Dielectric screening is also
known to affect the excitonic transition energy of other
low-dimensional semiconductors, such as single-wall
carbon nanotubes (SWCNTs).3" The relative lattice
strain is estimated from Raman measurements, as
reported previously.>?3* PL and Raman mapping was
conducted to investigate the uniformity within the
single crystals in addition to the substrate effect.

Figures 2—4 and S3 show the PL and Raman imaging
results for WS, on the four substrates. For WS, on
graphite, the PL and E; Raman mode peak positions
are uniform within the single crystals (Figure 2c,e/f,g).
Similar results were also obtained for the peak intensity
maps (Figure 2b,d). These results indicate that the
lattice strain and electronic properties of WS, are uni-
form on the graphite substrates.

However, WS, on the sapphire and SiO,/Si sub-
strates presents a noticeable variation in PL and/or
Raman peaks (intensities), even within a single crystal
(Figures 3 and 4). These variations are probably caused
by inhomogeneous lattice strain, charged impurities,
and structural defects of the samples. In particular,
for the WS, on a sapphire substrate, there is a strong

KOBAYASHI ET AL.

correlation between the PL peak wavelength (energy)
and the E,4 mode wavenumber, which indicates that
the PL shift is derived from lattice strain, as reported
previously.'® The PL peak energy increases from 1.98 to
2.01 eV (Figure 4f) as the E;q wavenumber increases
from 353 to 356 cm ' (Figure 4g). As predicted
theoretically,>* the band gap becomes larger by com-
pressive strain, which can be detected as E,4 phonon
hardening, and this tendency is consistent with the
previous experimental reports.'?3%33

Compared with WS, on the sapphire substrate,
WS, on the SiO,/Si substrates exhibits a lower PL peak
energy (1.97 eV) and a lower E;q phonon energy
(349 cm™"). This relationship can also be explained
by the lattice strain effect, which is attributed to the
substrate-dependent thermal expansion coefficient
(TEC) and the interaction between monolayer WS, and
each substrate. The values of TEC are around 6.35,
—1.5-09, —2.72, 7.5-8.5, and 0.50 u/K for bulk WS,,
graphite, hBN, sapphire, and SiO,, respectively.3>~38
The large TEC for the sapphire substrate means that
the cooling process after WS, growth leads to thermal
shrinking, which could introduce compressive strain
into WS,. The small TEC for the SiO, substrate could
prevent the thermal shrinking of WS, during the cooling
process, and thereby tensile strain would be introduced
into WS, at room temperature. Even though graphite
and hBN have similar TECs to SiO,, the E;g wavenumbers
on graphite and hBN substrates are intermediate be-
tween those on SiO,/Si and sapphire. This situation
suggests that WS, monolayers on graphite and hBN
have less strain than that on SiO,/Si and sapphire. This is
attributed to the fact that the cleavage surfaces of these
substrates would impart very low lateral frictional force
because they are atomically flat and ultraclean. Actually,
graphite and hBN have a smoother surface than SiO,/Si
and sapphire, as shown in Figure S4. The values of
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Figure 5. Temperature-dependent PL spectra for monolayer WS, on (a) graphite and (b) SiO,/Si substrates. (c) Peak energies
and (d) fwhm plotted as a function of temperature for graphite (red circles) and SiO, (blue diamonds). Small peaks around
1.996 eV in (a) are derived from the 2D mode Raman scattering of graphite.

root-mean-square roughness are 87 and 68 pm for
graphtie and hBN substrates, respectively, which are
approximately half of those of sapphire (161 pm) and
SiO,/Si (158 pm).

It is noteworthy that the WS, on sapphire is compar-
able in emission energy to the WS, on hBN. This is
probably due to the dielectric screening effect on the
exciton binding energy, as observed for SWCNTs.®'
Briefly, the exciton transition energy decreases with an
increase in the dielectric constant of the surrounding
medium. Sapphire has a larger dielectric constant
of 9.4—11.6 than that of hBN (3—4).3%%° This large
dielectric constant of sapphire could lower the emis-
sion energy of WS,. In the case of SiO, and hBN,
SiO, has a similar dielectric constant of 3.9 to hBN.
Considering the difference in E,g wavenumbers, the
lattice strain could be a major factor for the lower PL
peak energy for WS, on SiO,/Si. For graphite and hBN,
their E;q wavenumbers are almost the same values,
whereas metallic graphite has a stronger screening
effect than insulating hBN. This could lower the PL peak
energy of WS, on graphite. These results strongly
suggest that the lattice strain and screening effects
from the substrates play important roles in the elec-
trical and optical properties of CVD-grown WS, on
these substrates.

Temperature-dependent PL spectra were measured
to obtain further insight into the line width and the
structural defects of WS,. Figures 5 and S5 present
temperature-dependent PL spectra for monolayer WS,
grown on the graphite and SiO,/Si substrates. For
comparison, the PL peak energies and the fwhm values
are plotted in Figure 5c and d. Both samples exhibit an
upshift of PL with decreasing temperature, as observed
for common semiconductors.*’ It should be noted that
for the graphite sample the line width becomes sharp-
er from 21 meV at room temperature to 8 meV at 79 K.
This value (8 meV at 79 K) is comparable to that of high-
quality, exfoliated MoSe, monolayers reported pre-
viously (5 meV at 15 K)."® It is worth noting that, unlike
the MoSe,, the present WS, exhibits only a single peak
at 79 K because of the absence of a charged exciton
peak, which indicates less charged impuirities. In the
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case of the SiO,/Si substrate, the line width at 79 K is
still large (around 40—50 meV), which is close to that at
room temperature (45—60 meV), as shown in Figure S5.
This weak temperature dependence of the line width
and inhomogeneous broadening of the PL peak is
evidence for the microscopic distribution of lattice
strain and charged impurities. In contrast, the graphite
substrate provides an ideal condition for WS, without
such inhomogeneous factors due to its atomically flat
and impurity-free surface.

Similar results can be obtained for monolayer MoS,
grown on graphite. As shown in Figure S6, the MoS,
grown on graphite also has a single, relatively narrow
PL peak with symmetric profile and temperature-
dependent line width. Furthermore, no additional peaks
are observed for charged and/or bound excitons at low
temperature. The temperature dependence of the line
width also suggests the difference in the degree of
exciton—phonon interaction between WS, and MoS,
monolayers. These results show that the present high-
temperature growth on graphite provides a useful way
for the preparation of high-quality and nondoped
TMDCs with various compositions.

Finally, itis noted that multiple peaks often appear at
low temperature or under vacuum for the WS, on hBN
and SiO,/Si samples (Figures S7 and S8). These peaks
can be attributed to trion or defect-derived bound
excitons.'®'® Such multiple peaks were not observed
for WS, on the graphite substrate even at 79 K, which
suggests fewer structural defects and charged impu-
rities in the monolayer WS, crystals grown on graphite.
One may think that the charge transfer with substrates
may be a major factor to modulate PL spectra of WS,
on graphite. To investigate the influence of substrates,
WS, monolayers were transferred from a SiO,/Si sub-
strate as a growth substrate onto exfoliated graphite
and another SiO,/Si substrate. Despite the presence of
a strong interlayer interaction as indicated by the PL
quenching, the transferred WS, on graphite has an
asymmetric PL peak with a very large fwhm value of
90 meV (Figure S9). Furthermore, the peak profiles are
similar between WS, monolayers on graphite and
SiO,/Si. This result also supports that the WS, monolayers
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directly grown on graphite have an intrinsically high
quality.

These optical responses indicate that, under vacu-
um, WS, monolayers on hBN have much more electron
concentration in the conduction band than those on
the other substrates. This causes the increase of PL
intensity of the neutral exciton through the charge
transfer with adsorption of gas molecules such as
oxygen and water. In contrast, WS, monolayers on
the other substrates are insensitive to the gas ad-
sorption because the lower electron concentration
suppresses the charge transfer. The origin of this
substrate dependence could be the effect of substrates
and/or impurities. The presence of an additional peak
in the hBN sample may be related to the small WS,
grain sizes of around 1 um. For such small grains, the
edge effect could dominate the optical properties of
the TMDCs. Thus, further improvement of the growth
conditions would provide high-quality WS, on hBN,

METHODS

Monolayer WS, grains were grown on Kish graphite (type Cor
B, Covalent Materials Co.), hBN, and c-plane sapphire (OS
Tech Co,, Ltd.) substrates using an improved CVD method?' %3
and on a SiO,/Si (100 nm SiO,) substrate by thin-film
sulfurization.?*3® Single-crystal hBN was prepared by a high-
temperature and high-pressure method.** First, graphite
and hBN crystals were mechanically exfoliated onto quartz
substrates using Nitto tape (SPV-224). The optical image and
Raman spectra of exfoliated graphite and hBN are shown in
Figure S10.

For CVD growth, the substrate was placed in a quartz tube
(3 cm diameter, 100 cm long) with WO3 powder (Aldrich, 99%
purity, 15—50 mg) and sulfur flakes (Aldrich, 99.99% purity, 2 g).
The quartz tube was then filled with Ar gas at a flow rate of
100 cm?/min. The temperature of the substrate and the WO,
powder was gradually increased to the sulfurization tempera-
ture (900—1100 °C) over 60 min using an electrical furnace.
When the substrate temperature was at the set point, the sulfur
was heated at 200 °C for 15—30 min to supply sulfur vapor to
the substrate using another electrical furnace. After sulfuriza-
tion, the quartz tube was immediately cooled using an electric
fan. For the thin-film sulfurization method, the WO; film was
deposited onto a SiO,/Si substrate in a striped shape using a
shadow mask. The substrate was placed in the quartz tube with
the sulfur flakes as previously described. The quartz tube was
filled with Ar gas at a flow rate of 200 cm®/min. The substrate
and the sulfur were heated at 900 and 190 °C, respectively, for
30 min to conduct the sulfurization process. For the SiO,/Si
substrate, sulfurization was conducted at a lower temperature
than the other substrates to avoid the reaction of Si and sulfur.

Optical images were recorded with an optical microscope
(Nikon, Eclipse-LV100D). Raman measurements were con-
ducted using a micro-Raman spectroscope (Renishaw, inVia)
with an excitation laser at 532 nm. The temperature-dependent
PL measurements were performed with a temperature-
controlled microscope system (Linkam, THMS-350 V) under va-
cuum at 20 Pa. Topography images of the sample were obtained
by using AFM (Shimadzu, SPM-9600) in tapping mode. A LEEM
instrument (Elmitec LEEM Ill) was used to obtain bright-field
and dark-field images and LEED patterns of WS, on graphite. A
field emission JEM-2010F equipped with a spherical aberration
(Cs) corrector (CEOS) was operated at 120 kV for the HRTEM
imaging with high resolution and high contrast. The specimen
was observed at room temperature. The C; was set to less
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which is highly desirable for various electronics
applications.

CONCLUSION

It is concluded that the combination of high-tem-
perature CVD with a cleaved graphite surface is an ideal
condition for TMDC growth with a large grain size and
uniform optical properties. In particular, CVD-grown
monolayer WS, on graphite gives rise to a single PL
peak with a symmetric Lorentzian profile and very
small fwhm values of 21 meV at room temperature
and 8 meV at 79 K. Compared with WS, on sapphire
and SiO,/Si substrates, the WS, grown on graphite is
less affected by charged impurities and structural
defects. The present findings should pave the way
for the preparation of high-quality and nondoped
TMDCs, and such samples will enable further investi-
gation into the intrinsic properties of TMDC atomic
layers.

than 1 um. A Gatan 894 CCD camera was used for digital record-
ing of the HRTEM images. A sequence of HRTEM images
(20 frames) was recorded, with an exposure time of 1 s for each.
After drift compensation, some frames can be superimposed to
increase the signal-to-noise ratio for display. HRTEM images are
filtered by a commercial software named HREM-Filters Pro.
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