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ABSTRACT

genides stacked by van der Waals interactions are now attracting the
attention of many researchers because they have fascinating
electronic, optical, thermoelectric, and catalytic properties emerging
at the monolayer limit. However, the commonly used methods for

preparing monolayers have limitations of low yield and poor
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extendibility into large-area applications. Herein, we demonstrate the synthesis of large-area MoSe, with high quality and uniformity by selenization

of MoO; via chemical vapor deposition on arbitrary substrates such as Si0, and sapphire. The resultant monolayer was intrinsically doped, as evidenced by

the formation of charged excitons under low-temperature photoluminescence analysis. A van der Waals heterostructure of MoSe, on graphene was also

demonstrated. Interestingly, the MoSe,/graphene heterostructures show strong quenching of the characteristic photoluminescence from MoSe,, indicating

the rapid transfer of photogenerated charge carriers between MoSe, and graphene. The development of highly controlled heterostructures of two-

dimensional materials will further promote advances in the physics and chemistry of reduced dimensional systems and will provide novel applications in

electronics and optoelectronics.
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he separation of a single layer of
Thexagonally arranged carbon atoms

from van der Waals stacked bulk gra-
phite opened a new era in nanotechnology
based on the novel perspectives it provided
in many fields of research. The peculiar
properties emanating from the monolayer
limit make graphene a most suitable ingre-
dient for future integrative technology.
However, regardless of the outstanding nat-
ure of graphene, its semimetallic properties,
coming from its zero band gap,' make it
hard to replace conventional Si-based tech-
nology. Therefore, two-dimensional (2D)
materials having a band gap lying in be-
tween the semiconducting regime®* have
emerged to complement the shortcomings
of graphene. The representative materials
of those classes are transition metal dichal-
cogenides (TMDCs) such as MoS,, MoSe,,
WS,, and WSe,.

Since the first isolation of single-layer
MoS, was reported in 2010,> researchers
have found many interesting properties in-
cluding its enhanced optical absorption,®”
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unusually high photocurrent generation dri-
ven by photothermal effect? efficient hydro-
gen evolution reaction capability,® valley
polarization,'® and high on/off ratio with
low subthreshold swing,"" which can lead
to ultrathin and highly efficient photovol-
taics, photothermoelectrics, catalysis for
sustainability, valleytronics, and low-power
electronics. However, the problem is that the
previous approaches used for material manu-
facturing have been mostly based on mecha-
nical®~® and chemical exfoliation,>'*~"* which
have limitations in size, reproducibility, and
low throughput. Therefore, synthetic ap-
proaches based on chemical vapor deposition
(CVD) are required for preparing 2D materials
in large area with uniformity, to demonstrate
those appealing properties practically. The
synthesis of MoS,, WS,, and WSe, mono-
layers by CVD was reported in 2012 and
2013.">7"® However, the preparation of
MoSe, monolayers in large area has still
been a great challenge.

In this study, we report the synthesis of
MoSe, monolayers in large area. Thermal
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Figure 1. Single-layer MoSe, grown on various substrates by CVD. (a, b) Schematic of monolayer MoSe; on SiO,/Si or sapphire
substrate, and graphene. (c, d) PL spectra of the as-synthesized MoSe, monolayer films on SiO,/Si and graphene/SiO,/Si.

Raman data from the same samples are shown in the inset.

chemical vapor deposition, based on reactions be-
tween Se and MoOs at low pressure, resulted in the
limited growth of MoSe, monolayers in large area,
estimated as 1.5 cm x 2 cm, with extremely high
uniformity. Also, the process is applicable on various
substrates such as SiO, and sapphire, which reduces
current problems in transfer processes, including
monolayer folding, covering with nonuniformity, and
chemical degradability of monolayers. The observation
of monotonically decreased intensities of excitonic
photoluminescence (PL) with temperature confirmed
monolayers with direct band gap.* Also, the emer-
gence of red-shifted peaks at 27 meV lower than
excitonic peaks in the low-temperature regime indi-
cated intrinsic doping in the monolayered film on the
substrate.?>?> Meanwhile, unusual behaviors of ex-
cited charge carriers in van der Waals epitaxial
MoSe,/graphene heterostructures were investigated
and were explained by readily transferred charge
carriers to graphene followed by nonradiative decay.
We believe the newly generated band energy levels of
this MoSe, monolayer complement previously synthe-
sized 2D materials and can provide more diverse
combinations of materials for photovoltaics, potential
barriers in catalysis, and electron/hole transport sys-
tems. Also, investigating the mechanism of charge
transfer in the MoSe,/graphene interface can help fully
resolve existing problems in photovoltaics and
optoelectronics.

RESULTS AND DISCUSSION

Synthesis of a MoSe, monolayer was achieved by
using insulating substrates (SiO,/Si and sapphire) and
graphene as a template, and the final structures of
the as-synthesized MoSe, are described in Figure 1.
Here, the Mo atoms are sandwitched in between Se
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with trigonal prismatic coordinations. Considering
the in-plane lattice parameters of the MoSe, mono-
layer (0.331 nm),"® (0001)-oriented sapphire substrate
(0476 nm),*® and graphene (0.248 nm),” the lattice
mismatch is estimated to be 30% for MoSe,/sapphire
and 33% for MoSe,/graphene structures. Even though
significant strains are applied at the interfaces, the
templated growth using graphene resulted in epitaxi-
ally grown MoSe; over a large area with novel optical
properties. The structural and optical analyses of the
heterostructures are depicted in Figures S2 and 1d.
The identification of each of the structures was
mostly done by optical characterization tools, with
Raman shift and PL energy. It is well known that the
out-of-plane A4 vibration mode of single-layer MoSe,
appears at a Raman shift of 241 cm™'?' (also, the peak
position of our reference data collected from the
mechanically exfoliated monolayer MoSe, exactly
matches those of CVD-grown samples; refer to Figure S3)
and the bilayer at 242 cm ™. The in-plane E,4' mode
shows up at 287 cm ™' for monolayer and 286 cm ™'
for bilayer samples?' (also refer to Figure S3),
although the reported values have slight variations
depending on the experimental setup and calibrations.
About 1 cm™" of differences in Raman shift originate
from lattice stiffening induced by van der Waals inter-
actions between layers,?' which is a very strong and
reliable tool to optically differentiate mono-, bi-, and
multilayered samples. Considering that the energy
differences in the Ezg1 and A4 vibration modes be-
come smaller with the number of layers (i.e., blue-shifts
for A;g and red-shifts for E291), our Raman data in
Figure 1c clearly confirm that the as-deposited film is
a single layer. The out-of-plane vibration mode of 8291
at 353 cm™ ' is forbidden and has almost neglibile
intensity for monolayers but has similar or higher
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Figure 2. (a) Optical image of the as-grown MoSe, monolayer on SiO,/Si substrate. (b, c) The marked region in (a) was
intensity mapped by using (a) the A, 4 vibration mode in Raman (234246 cm~ ") and (c) direct A excitonic transition peakin PL
(1.43—1.7 eV) as references. The standard deviation over the average intensity was calculated as 0.033 for (b) and 0.147 for
(c), and an Ar-ion laser with 514.5 nm wavelength excitation source was used for all characterizations.

intensity for bilayer samples compared with the Ezg1
mode?' (also refer to Figure S3). Here, we could not
observe any trace of Ezg1 mode at around 353 cm ™,
which also proves the authenticity of our monolayer
sample.

In addition to Raman spectroscopy, PL analysis is
another powerful tool for characterizing the atomically
thin layers of TMDCs. Generally, three peaks appear in
PL spectra: one is from indirect (I'-to-K) band transition
and the other two are from direct (K-to-K) transition.
The indirect band gap is a commonly observed feature
in a bulk material, while the direct band gap appears
only with monolayer samples. It is generally believed
that strong quantum confinement in the direction
perpendicular to the surface renders the band gap
direct when the thickness of MoSe, goes to the atomic
limit.> Interestingly, the extraordinary behavior of sig-
nificantly large peak separations of 0.1—0.4 eV in direct
band transition peaks has been observed in monolayer
TMDCs, as affected by giant spin—orbit coupling from
heavy atoms with large angular momentum.?' 23 The
resultant valence band splitting was reflected in PL
spectra. The transition from the upper valence band
corresponds to A excitonic and the lower to B excitonic
transition. The presence of a B excitonic energy level
plays a significant role in valleytronics, so its elucida-
tion is of greatimportance. However, as far as we know,
the B excitonic transition of a MoSe, monolayer in PL
has not been reported yet. Though the formation of a B
exciton has been demonstrated by differential reflec-
tance spectra,®? that study did not provide any useful
information about the preference for each transition.
The negligible intensity of B excitonic peaks compared
with A excitonic peaks®* is attributed to difficulties in
identifications of B excitonic transitions.

Here, we discovered both the A excitonic peak at
1.58 eV and the B excitonic peak at 1.76 eV. The ratio of
the peak intensities is estimated to be /p/lg = 10—15,
and the valence band splitting of 0.18—0.19 eV is in
excellent agreement with the experimental and the
theoretical data in previous reports.'>?2~24

Also, a most intriguing phenomenon occurring
at the interface of graphene/MoSe; was revealed, as
represented by significant reduction in the PL intensity
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of MoSe, while its intensities were conserved in the
Raman spectrum. The detailed mechanisms will be
further discussed in a later part of the paper.

An optical image of the as-grown MoSe, mono-
layer on SiO,/Si is indicated in Figure 2a. The shape
resembles a circle, which deviates from the theoreti-
cally predicted forms (triangular) at the thermo-
dynamic equilibrium,”'® implying that the kinetics
(probably favor undefined edges and irregular
shapes'®2%) would take part in determining the final
shape together with thermodynamics. For example,
the growth occurred at low reducing environment and
resulted in distorted triangular forms with bow-type
edges as affected by kinetics, while almost triangular
mono- to few-layered samples were attained at highly
reducing conditions with H, flow as the reduction in
reaction barrier by H, brought thermodynamics more
dominant.?® Similarly, the separate experiment here
with the same apparatus but at relatively low tempera-
ture and reducing environment gave triangular and
star-shaped monolayer MoSe,, as indicated in Figures S9
and $10. Therefore, the formation of circularly shaped
MoSe, on Figure 2a is thought to be driven by
kinetic factors, which are represented by significant
interactions between the atomically very thin MoSe,
and the substrate, the amorphous nature of the sur-
faces, and low reducing atmosphere. When using
graphene as templates, the alignment of all the carbon
atoms facilitates the van der Waals interactions be-
tween the substrate and growing MoSe, and results in
epitaxial growth and more distinguishable, sharp
edges and vertexes. Growth driven by the directed
weak interactions was further confirmed by scanning
transmission electron microscopy (STEM), and those
results are presented in Figure S2.

In any case, whichever shape is attained, the con-
ventional mechanism of nucleation at the center fol-
lowed by growth in all lateral directions with similar
propagation rates is crystal clear, as evident in the
optical microscope (OM) images of Figure 2a.

To clarify that the as-grown MoSe, monolayer
was uniform over large area, Raman and PL mapping
were performed. The rectangular region in Figure 2a
was intensity mapped. The A4 (234—246 cm~"Yand A
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Figure 3. (a) PL spectra of MoSe, monolayer acquired from 100 to 300 K. (b) Emergence of the trion peaks below 153 K, as
elucidated by PL measurements of A excitonic peaks at various temperatures. (c) The 17 x magnified profile of B excitonic
peaks of (a). (d) Temperature-dependent behavior of A and B excitonic transition energy. Each value was fitted by the

empirical Varshni equation.

excitonic transition (1.43—1.7 eV) peaks, which are
the most notable peaks in Raman and PL, were set
to a reference. In addition to the peak intensities, the
peak position also showed the extreme uniformity of
the as-synthesized films (see Supporting Information
Figure S5). Here, most of the A4 vibration mode lay
within the range 240.7—240.9 cm ™' and the PL peaks
were in the 1.583—1.585 eV range. Taking into account
that the bilayer of our exfoliated samples showed A4
peaks at 1 cm™" apart from the A,4 of a monolayer
(ie., 242 cm™"), and the A excitonic peak of a bilayer
sample appeared at 1.54—1.55 eV, which is red-shifted
0.03 eV from a monolayer, it ultimately confirms a
highly uniform MoSe, monolayer grown over a large
area. In Figures S4 and S5, intensity and peak position
mapping images of the MoSe, grown on a sapphire
substrate are shown, which also indicate the high
quality of our samples on arbitrary substrates.

In addition to the previous measurements of
Raman/PL at room temperature, low-temperature PL
experiments are alternative ways of determining the
number of layers and providing valuable information
for understanding intrinsic material properties. The
temperature-dependent PL spectra are presented in
Figure 3a. The PL intensity of MoSe, gradually increases
with a decrease in temperature, implying an enhanced
exciton lifetime at low temperatures. The reduced
thermal vibrations of the lattice are thought to drive
this process by suppressing nonradiative electron—hole
recombination.**> Such temperature-dependent re-
sponses in PL intensities are unique features in the
monolayer of TMDCs with a direct band gap. For TMDCs
with more than two layers, the nature of the indirect
band gap results in competitions between decay
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channels K-to-K (direct) and I'-to-K (indirect). Since the
indirect transition becomes more feasible at high tem-
peratures, while the direct transition is more preferred at
low temperatures, the few-layered TMDC shows its local
minimum in PL intensity at a certain temperature. Usually
the temperature lies below the room temperature.**’
Therefore, our measurements of PL at various tempera-
tures could verify the nature of the monolayer sample.

When the temperature increases, a rise in thermal
energy renders an expanded lattice, which brings
decreased potential confinements and a decrease
in energy band gap.”® The results are well reflected
in Figure 3a. Here, both A and B excitonic peaks were
red-shifted with temperature. The Varshni equation, an
empirical description of temperature-dependent band
gap behaviors, is represented by

oT?
T+p

where Eyq corresponds to the band gap at 0 K and
and f3 are fitting parameters.?® Considering the valence
band splitting by spin—orbit coupling, the optical band
gap at absolute 0 K is estimated as (Egoa + Ego)/2 =
(1.650 + 1.846)/2 eV = 1.748 eV, which is fairly con-
sistent with the previous reports of theoretical values
of 1.72 eV obtained by density functional theory (DFT)
based on first-principles using the GGA-PBE func-
tional.3° Other parameters were a. = 5.82 x 10~ % eV/K,
B =251 K for A excitonic transition and o. = 3.15 x 10™*
eV/K, B = 0.277 K for B excitonic transition.
Understanding the nature of intrinsically doped
samples of monolayer TMDCs on a substrate is crucial
for fabricating devices and diverse applications. The
commonly observed doping type of MoSe, is n-type,*’

Eg - Eg() (1)
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Figure 4. (a, b) XPS spectra of the as-grown MoSe, monolayer on SiO,/Si substrate. The binding energy of (a) Mo 3d and (b) Se
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Figure 5. Proposed photogenerated charge transfer mechanisms at the p-doped graphene/MoSe, interfaces. Transfer
processes of the excited charge carriers in (a) MoSe, and (b) graphene. The energy of irradiated light is presumed to be greater
than the A excitonic transition energy of the MoSe, monolayer (1.58 eV).

and the surface doping effect is understood to origi-
nate from a buildup of defects at the surfaces and/or
surface interactions.>"? Here, the nature of doped
samples can be inferred by low-temperature measure-
ments of PL spectra. At a sufficiently low temperature
regime, a trion, a kind of charged unit consisting of an
electron or a hole added to an exciton, can stably exist.
The trion binding energy is usually very small com-
pared with that of an exciton, and the value is compar-
able to thermal energy at room temperature.3®
Therefore, it easily dissociates into an exciton together
with an electron/hole at sufficiently high temperatures.
At temperatures below 153 K, the formation of a trion
in our sample was evidenced by an additional peak
appearing at 27 meV lower than the excitonic peaks.
The difference in peak separation matches well with
the previously reported theoretical and experimental
data.?*** Meanwhile, a peak at 1.5—1.6 eV, which
originated from defects, was absent at low tempera-
tures,*® which indicates that the defect level is below
the detection limit.

For chemical identifications of the as-grown sam-
ples, X-ray photoelectron spectroscopy (XPS) data
of the as-synthesized MoSe, monolayer on a SiO,/Si
substrate were obtained. The results are indicated in
Figure 4. For analysis, the carbon peak binding energy
of 284.8 eV was set to a reference to remove any effects
of charge accumulation on the samples. The back-
grounds were estimated as Shirley-type and fitted from
239.7 to 226.2 eV for Mo and 60.7 to 51.0 eV for Se.
Figure 4a shows the characteristic Mo 3ds/, and 3ds/,
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peaks from MoSe, at 229.6 and 232.5 eV respectively,
which are almost consistent with the previous
reports.>*3> The peaks from Mo 3ds,, and 3ds/, of
MoOs were also identified at 233.1 and 236.2 eV using
the data acquired from the MoO; film on a SiO,/Si
substrate. The reference peak positions of MoO3; were
reflected to evaluate the presence of residual MoOs on
the synthesized samples. Figure 4b shows a 3d scan of
Se, which indicates that the Se 3ds,, and 3ds,, peaks
from MoSe, appear at 54.4 and 55.3 eV, respec-
tively,>** and there are no peaks from elemental Se.

Heterostructures of different 2D materials are at-
tracting great interest from the scientific community.
The ultrathin nature of each layer can be used to
fabricate highly efficient photovoltaics and to solve
limitations in scaling down devices. Here, novel hetero-
structures of MoSe,/graphene were constructed by
a series of CVD processes, and their optical properties
were investigated using Raman and PL. The results are
indicated in Figure 1d. The interesting thing is that
while the characteristic peaks of MoSe, as well as
graphene showed up from the series of Raman spectra
at 241 cm ™' (Asg), 1354 cm™' (D), 1585 cm ™' (G), and
2696 cm™ ' (2D), the MoSe, peaks at 1.58 eV had almost
disappeared or were completely quenched in the
PL spectra. The only thing found in the PL was the
intrinsic Ar-ion laser (514.5 nm) peak together with a
series of peaks from Stokes shifts by graphene via
inelastic scattering, which exactly match the PL spectra
obtained only from graphene. The mechanism is sche-
matically illustrated in Figure 5.
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There are two routes for the excitations. First, when
electrons from the valence band of MoSe, are excited
by laser light, the electrons are readily transferred to
the graphene due to the semimetallic nature of
graphene. Here, the charge transfer at the interface
between a metal and semiconductors is a commonly
observed phenomenon. For example, a recent pub-
lication reported that the quenching of PL intensity
for monolayer MoS, was observed when using gold as
a substrate.3® Since the time scale of nonradiative
decay of a charge carrier is much faster than that of
recombination between holes and electrons of
MoSe,, the intrinsic PL peaks of MoSe, at 1.58 and
1.76 eV disappear. That is, the following equation is
approximately valid.

1 1 1 1

K hoa .
where k; is the rate constant for charge transfer from
MoSe, to graphene, k,.q is the rate constant for
nonradiative decay in graphene, k, is the rate constant
for relaxation of charge carriers in MoSe,, and kg
corresponds to the rate constant for charge recombi-
nation accompanying photoluminescence. Also, from
a theoretic viewpoint, the excitonic binding energy
and excitonic Bohr radius of the MoSe, monolayer
have been reported as 0.25—0.91 eV33353¢ and
0.7 nm,*” respectively. Considering that the thickness
of the monolayer was 0.7 nm?? (also refer to a step
height measurement by AFM in Figure S9), the photo-
generated charge carriers could be stably bound until
the electron reached the interface with graphene.

METHODS

Synthesis of MoSe, Monolayers. MoSe, monolayers were pre-
pared by thermal CVD (Figure S1). Molybdenum(Vl) oxide
(Alfa Aesar, 99.9995%) was dissolved in distilled water; then a
drop of solution containing 0.005 g of MoO3 was placed on a
1 ¢cm x 1 cm piranha-cleaned Si wafer with 300 nm of thermal
oxide on it and dried in a vacuum. To trap the precursors and
byproducts and for concentrating vapors, a 2 in. quartz tube
(90 cm in length) was installed inside the 4 in. quartz tube
(120 cm in length). The MoO5/SiO,/Si substrate was put on
the middle of the chamber and the bare SiO,/Si substrate was
placed next to it. A ceramic boat containing selenium powder
(Alfa Aesar, 99.999%, 0.1 g) was positioned slightly upstream
(4 cm) of the chamber to maintain its temperature just above
the melting point of selenium at reduced pressures. Before
starting growth, the chamber was fully evacuated to a pressure
below 0.1 mTorr to remove any sources of contamination from
air. After flowing 200 sccm of N, to maintain the final pressure of
20 Torr, the chamber was heated to 550 °C for 25 min. Ten
minutes later, the chamber was heated for 90 min at a ramping
rate of 4.4 °C per minute. After 20 min of heating at 950 °C, the
heater was turned off and the cover of the furnace was opened
to cool the chamber in air for 4 h.

Synthesis of MoSe,/Graphene Heterostructures. Graphene was
synthesized by a modified CVD process®® and transferred onto
300 nm SiO,/Si substrates by the conventional transfer
method.*® Then the synthesis of MoSe, monolayers on the
substrates was performed by the same CVD process noted
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Then, the immediate charge transfer of electrons to
the graphene occurs.

The second way of excitation occurs in graphene.
The continuous, Dirac cone-shaped band structure of
graphene’ determines that excitation occurs near the
points where the energy difference between the con-
duction band minimum and valence band maximum
corresponds to the energy of external light. During this
process, there are always accompanying Stokes and
anti-Stokes shifts, although the intensity is relatively
small compared to the intrinsic peaks. When an exciton
is formed, an electron decays without radiation, which
results in no characteristic peaks in the PL.

CONCLUSION

In summary, we demonstrated the growth of a large-
area MoSe, monolayer on dielectric substrates by the
CVD method. Raman spectroscopy and PL analysis
confirmed that the MoSe, monolayer was uniformly
grown in a large area with high quality and was further
characterized by the observation of charged excitons
from the low-temperature PL spectrum. In addition,
the van der Waals epitaxy of MoSe, monolayers on
graphene has been successfully demonstrated by the
same CVD process. The behaviors of photogenerated
charge carriers in MoSe,/graphene heterostructures
were investigated and were explained by immediate
charge transfer to graphene followed by nonradiative
recombination. This work is expected to provide a
large-area synthesis of transition metal dichalcogen-
ides and van der Waals materials that will engender the
development of novel optical and electronic devices.

for the synthesis of MoSe, monolayers on SiO,/Si substrates.
For the preparation of TEM samples, graphene was transferred
on Mo TEM grids by a PMMA-free transfer method. After that,
the synthesis of MoSe, monolayers on the grids was accom-
plished using the same CVD process as before.

Mechanical Exfoliation of MoSe,. Mono- and bilayer MoSe,
samples were prepared by mechanical exfoliation of single-
crystalline bulk MoSe; (2D semiconductors) on a Si substrate
with 300 nm of thermal oxide on it. The exfoliation was
conducted by the conventional Scotch tape method,?' and
the substrate was thoroughly cleaned with piranha solution
before sample preparation.

Characterization. Images of the as-grown MoSe, monolayers
were obtained by OM (Leica Reichert Polyvar SC). The synthe-
sized MoSe, monolayers and MoSe,/graphene heterostructures
were analyzed by a micro-Raman and photoluminescence
spectrometer (Horiba LabRAM ARAMIS). The excitation source
was an Ar-ion laser with its wavelength centered on 514.5 nm,
and gratings of 1800 lines/mm and 300 lines/mm were
used for Raman and PL measurements, respectively. Before
Raman measurements, the peaks were calibrated with
the 521.0 cm™' Si peak as a reference. For temperature-
dependent PL spectra, the samples were placed on a Linkam
THMS600 stage, and then the temperature was adjusted by
regulating both the flow rate of liquid N, passing through the
stage and the heating rate of the stage using an LNP95
cooling system and T95 LinkPad controller. Compositional
data were obtained by XPS (Thermo VG Scientific Sigma

VOL.8 = NO.7 = 6655-6662 = 2014 K@LNMLJ\)\

WWwWW.acsnano.org

6660



Probe spectrometer) using a monochromatic Al Ko. (1486.6
eV) source. The alignments between the monolayer MoSe,
and the graphene support were analyzed by Cs-corrected
STEM (JEM-ARM200F).
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