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Monolayer-by-monolayer stacked pyramid-like
MoS2 nanodots on monolayered MoS2 flakes with
enhanced photoluminescence
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The precise control of the morphology and crystal shape of MoS2 nanostructures is of particular impor-

tance for their application in nanoelectronic and optoelectronic devices. Here, we describe a single step

route for the synthesis of monolayer-by-monolayer stacked pyramid-like MoS2 nanodots on monolayered

MoS2 flakes using a chemical vapor deposition method. First-principles calculations demonstrated that

the bandgap of the pyramid-like MoS2 nanodot is a direct bandgap. Enhanced local photoluminescence

emission was observed in the pyramid-like MoS2 nanodot, in comparison with monolayered MoS2 flakes.

The findings presented here provide new opportunities to tailor the physical properties of MoS2 via mor-

phology-controlled synthesis.

Introduction

Monolayered molybdenum disulfide (MoS2), composed of
three layers of atoms where Mo atoms are sandwiched between
two layers of S atoms, has attracted much attention from
researchers because of its direct bandgap electronic structure
and unique excitonic properties.1,2 In particular, MoS2 in its
monolayer form has broad applications in photonic devices,3,4

including light-emitting devices,5 photodetectors,6 solar cells,7

and so forth. The performances of these devices are deter-
mined by the physical properties of MoS2 layered materials,
which are, fundamentally, determined by the material charac-
teristics, such as morphology and quality. So, it is essential to
synthesize high quality MoS2 films with the desired
morphology and physical properties.8 In general, the fabrica-
tion methods for monolayered MoS2 flakes from bulk MoS2
include mechanical exfoliation,9 intercalation assisted exfolia-
tion,10,11 liquid exfoliation,12 physical vapor deposition,13

hydrothermal synthesis,14 and thermolysis of the single pre-
cursor containing Mo and S.15 Using these synthetic methods,

relatively large-sized monolayered MoS2 with a lateral dimen-
sion size up to submicron has been reported.

To develop high performance MoS2-based photonic devices,
the tunability of the optical properties of the material is impor-
tant, such as photoluminescence (PL) emission. Currently, the
PL emission of MoS2 can be tuned in several ways, such as
chemical doping,16 electrical doping,17 changing the tempera-
ture,18 strain engineering,19 alloying,20 modification of inter-
layer coupling,21 and so forth. It has also been demonstrated
that the interplay between photogenerated carriers, excitons,
and the surface acoustic wave (SAW) induced electro-acoustic
field leads to strong dependence of the PL intensity on the
SAW amplitude and excitation intensity.22 However, another
important approach to tune the optical properties is to utilize
the quantum confinement effect, which can be achieved, for
instance via reducing the material size from bulk to large area
monolayer to nanodots.23 However, most of the recent atten-
tion has been focused on the fabrication, property and appli-
cation studies of MoS2 flakes with the relevant exploration of
MoS2 nanodots being ignored, which present new physical pro-
perties and important device applications.

In this paper, we have demonstrated the growth of mono-
layer-by-monolayer stacked pyramid-like MoS2 nanodots on
monolayered MoS2 flakes using a chemical vapor deposition
(CVD) method. First-principles calculations demonstrated that
the bandgap of the pyramid-like MoS2 nanodot is a direct
bandgap. Because of the significant enhancement of the PL
efficiency caused by the monolayers of pyramid-like MoS2
nanodots, strong PL enhancement was observed from this
unique morphology of MoS2 nanostructures. The findings
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presented here bring new opportunities to engineer the pro-
perties of MoS2 via morphology-controlled synthesis.

Experimental

Pyramid-like MoS2 nanodots on monolayered MoS2 flakes were
fabricated via a one-step approach with the CVD method.
A two temperature zone tube furnace was used to provide
accurate temperature control of the solid MoO3 and sulfur (S),
respectively. An alumina boat with S powders (99.9% purity)
was placed upstream in the low-temperature zone. Another
alumina boat containing MoO3 (99.9% purity) was placed
downstream in the high-temperature zone. A piece of Si wafer
with a 300 nm SiO2 layer substrate was placed face down to the
MoO3 powder. The distance between these two alumina boats
is 14 cm. The temperature of S and the substrate was increased
concurrently to 200 °C and 750 °C under an Ar flow, respecti-
vely. The sample was synthesized by evaporating S and MoO3

powders simultaneously with a stoichiometric Mo to S ratio of
4 : 1 at an Ar flow rate of 30 sccm. After 3 minutes, the furnace
was cooled down naturally to room temperature. The mor-
phology of the MoS2 nanostructures was examined by using
Park system atomic force microscopy (AFM). The crystal struc-
ture and quality of MoS2 nanostructures were examined by
using a Rigaku X-ray diffractometer (XRD) with Cu Kα radi-
ation. Raman spectra were recorded by using a Horiba Jobin
Yvon Raman microscopic system. The solid-state excitation
laser has a wavelength of 532 nm, and the laser spot size was
1 µm in diameter and a 100× objective was used to focus the
laser beam. The PL measurements were also performed with
the same laser by using the PL mode of the Raman micro-
scopic system.

Results and discussion

Fig. 1(a) shows the optical microscopy image of MoS2 flakes
synthesized on the SiO2/Si substrate with a pure Ar carrier gas
flow rate of 30 sccm. The brighter-contrast flakes on the
surface indicate the MoS2 flakes, and the surrounding regions
correspond to the SiO2/Si substrate. A high density of flakes
with a fairly uniform lateral size is formed over the surface of
the substrate. Most importantly, it can be found that there is a
shining spot on every MoS2 flake and the thicknesses of these
spots decrease from centers to edges. In order to further
confirm the morphology and thickness of these MoS2 flakes,
AFM was used to examine the MoS2 flakes. Fig. 1(b) illustrates
the AFM image of a representative MoS2 flake. The smooth
surface morphology of the MoS2 flake can be observed clearly,
suggesting that the one layered structure of MoS2 is formed.
The MoS2 flake has a dodecagonal shape, which corresponds
to the Mo-rich conditions.24 This is consistent with our syn-
thesis conditions that the Mo : S ratio is much larger than 1 : 2.
More interestingly, there is a MoS2 nanodot decorated at the
centre of the MoS2 flake. The nanodot overall looks like pyra-

mids. Each basal plane has a triangular shape and shrinks
gradually to the summit point. Fig. 1(c) shows the cross-
sectional step height profile of the MoS2 flake along the red
line indicated in Fig. 1(b). From the height profile, it can be
found that the MoS2 flake has a thickness of about 0.7 nm,
which is consistent with the previous report11 for a mono-
layered MoS2 grown on the SiO2/Si substrate. Fig. 1(d) shows
the cross-sectional height profile of the pyramid-like MoS2
nanodots decorated at the centre of the MoS2 flake along the
green dashed line indicated in Fig. 1(b). From the height
profile, it can be found that the pyramid-like MoS2 nanodot
has a height of about 20 nm and a lateral size of about 1.5 µm.
Fig. 1(e) shows the side view of the high resolution AFM image
of a MoS2 nanodot decorated at the centre of the MoS2 flake.
The insert is the top view of the high resolution AFM image of
the pyramid-like MoS2 nanodot. Obviously, pyramid-like fea-
tures can be clearly observed as shown in the AFM images,
and each basal plane has a triangular shape. The triangles
stack up layer by layer and shrink gradually to the center

Fig. 1 (a) Optical microscopy image of MoS2 flakes deposited on the
SiO2/Si substrate; (b) a typical AFM image of the MoS2 flake; (c) height
profile of the MoS2 flake; (d) height profile of a pyramid-like MoS2
nanodot; (e) side view of the high resolution AFM image of a pyramid-
like MoS2 nanodot; the top view of the high resolution AFM image of a
pyramid-like MoS2 nanodot in the top right corner; (f ) step height
profile of the corresponding region of the side viewed MoS2 nanodot;
step height profile of the corresponding region of the top viewed MoS2
nanodot in the top right corner.
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summit point. During the growth process of MoS2 nanodots,
the upper layers are formed later and have a shorter time to
grow. Thus, the lateral layer size decreases with the height,
and monolayer-by-monolayer stacked pyramid-like MoS2 nano-
dots form. Fig. 1(f ) shows the step height profile of the corres-
ponding region of the side viewed MoS2 nanodot marked by
the black dotted line displayed in Fig. 1(e). The insert is the
step height profile of the corresponding region of the top
viewed MoS2 nanodot marked by the blue line displayed in the
inset of Fig. 1(e). The height profile shows an obvious step
height of about 0.7–0.8 nm, which matches the thickness of
the MoS2 monolayer. Therefore, it can be confirmed that the
pyramid-like MoS2 nanodot is stacked with monolayer-by-
monolayer MoS2.

In order to clarify the crystal structure and quality of the
pyramid-like MoS2 nanodot decorated MoS2 flakes, XRD
measurements were performed. Fig. 2(a) shows the XRD
pattern of the MoS2 nanostructures. All the diffraction peaks
in the pattern can be indexed as hexagonal-phase MoS2 with
the space group P63/mmc (JCPDS no. 77-1716). No diffraction
peaks from impurities are observed in the XRD pattern. From
Fig. 2(a), the dominant peak reflecting the (002) plane was
observed. This reflects the nature of the MoS2 nanostructures
which consist of MoS2 layers with mostly (002) planes. Mean-
while, the very sharp peaks with high intensity and the strong
(002) peak in the pattern of MoS2 nanostructures also indicate
good crystallization and a well-stacked layered structure. This
result is in good agreement with the AFM observation that the
nanostructured MoS2 composed of monolayer-by-monolayer
stacked pyramid-like MoS2 nanodots on the monolayered
MoS2. Moreover, the XRD pattern is matched against a simu-
lated XRD pattern generated by using Java Electron Microscopy
Simulation (JEMS) software.25 As shown in Fig. 2(b), the lattice
constants of MoS2 calculated from this XRD pattern are a = b =
3.16 Å and c = 12.35 Å. The former is very close to the standard
value of MoS2 (a = 3.16 Å), but the latter shows an obvious
increase in comparison with that of MoS2 (c = 12.29 Å). The
results indicate that the distance between neighboring MoS2
layers increases but their in-plane structure is preserved.

The pyramid-like MoS2 nanodot decorated MoS2 flakes are
further examined by Raman spectroscopy measurements. The
solid-state excitation laser has a wavelength of 532 nm and the

laser spot size was 1 µm in diameter. The Raman spectra of
the monolayered MoS2 flake region and the pyramid-like MoS2
nanodot region are shown in Fig. 3(a) and (b), respectively. It
can be found that the two characteristic Raman vibration
modes E2g and A1g can be observed in the spectra of the mono-
layered MoS2 flake and the pyramid-like MoS2 nanodot. The
E2g mode is associated with the in-plane vibrations, i.e., two S
atoms are displaced in one direction and the Mo atom is dis-
placed in the opposite direction. The A1g mode is related to
the perpendicular vibrations, i.e., two S atoms are displaced in
the opposite directions while the Mo atom does not move.
These two Raman modes, E2g and A1g, exhibit a sensitive layer
thickness dependence,26 which provides a convenient and
reliable means for determining the layer thickness with atomic
precision. Obviously, the frequency difference between the E2g
and A1g Raman modes is 19 cm−1 in Fig. 3(a) and 25 cm−1 in
Fig. 3(b), which confirm the MoS2 flake is monolayer and the
pyramid-like MoS2 nanodot is multilayer. This is consistent
with the AFM results that the MoS2 flake is monolayered MoS2
and the pyramid-like MoS2 nanodot is stacked with monolayer-
by-monolayer MoS2. As shown in Fig. 1(d) and (f ), the MoS2
nanodots are composed of a few tens of monolayers and the
interlayer distance is about 0.7 nm. The effective interlayer
mechanical coupling is still relatively strong, which can modify
the phonon vibrations in multilayered MoS2 nanodots. There-
fore, a frequency difference of 25 cm−1 between the E2g and
A1g Raman modes can be observed in the pyramid-like MoS2
nanodot. Moreover, this frequency difference of the mono-
layered region suggests the good quality of the MoS2 flake, and
the frequency difference values of the pyramid-like MoS2
nanodot indicate good preservation of the MoS2 nanodot
quality.27 Raman mapping of the whole region further con-
firms the observation, as shown in Fig. 3(c) and (d). Mapping

Fig. 2 (a) XRD pattern of MoS2 flakes decorated with pyramid-like MoS2
nanodots; (b) schematic image of MoS2 unit cells.

Fig. 3 (a) Raman spectra of the MoS2 flake region; (b) Raman spectra of
the pyramid-like MoS2 nanodot region; Raman intensity mappings of (c)
E2g and (d) A1g of the MoS2 flakes decorated with pyramid-like MoS2
nanodots.
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of the integrated intensity of the E2g and A1g peaks shows that
the pyramid-like MoS2 nanodot region is brighter than the
monolayered MoS2 flake region.

Fig. 4 shows the PL spectra recorded on a monolayered
MoS2 flake region and a pyramid-like MoS2 nanodot region
with a 532 nm laser source at room temperature. PL measure-
ments were performed with the same laser excitation source
and conditions as that for Raman spectroscopy. Two peaks can
be observed in the PL spectra, 690 nm and 645 nm, which can
be attributed to the B1 and A1 excitons of MoS2, respectively.

9

Similar PL structures can be found for both the monolayered
MoS2 flake region and the pyramid-like MoS2 nanodot region.
Interestingly, in contrast to the silent PL emission of the bulk
MoS2, the PL emission of the pyramid-like MoS2 nanodot is
much stronger than that of the monolayered MoS2 flake. It
should be noted that the PL intensity of the MoS2 nanodot is
almost 3 times stronger than that of the monolayered MoS2
flake.

To understand the PL of pyramid-like MoS2 nanodots, we
studied the electronic structural properties of MoS2 with
different phases using first-principles calculations based on
density functional theory (DFT) and generalized gradient
approximation (GGA). The projector augmented wave (PAW)

scheme as incorporated in the Vienna ab initio simulation
package (VASP) is used in the study. In addition, the van der
Waals interaction between two adjacent MoS2 layers for bulk
phases is also taken into account in our calculations. The
calculated energy band structures of bulk 2H-MoS2, MoS2
monolayer and bulk 1H-MoS2 are shown in Fig. 5. According to
Fig. 5(a) and (b), the indirect bandgap and direct bandgap for
bulk 2H-MoS2 and MoS2 monolayer respectively are in good
agreement with previous reports.4,28 As we know, there is no
PL for bulk 2H-MoS2, which is directly related to its indirect
bandgap. However, the direct bandgap results in the PL in the
MoS2 monolayer. Based on our experimental results, the
pyramid-like MoS2 nanodots have strong PL, which suggests
that the pyramid-like MoS2 nanodots should not have the
stacking sequence ABAB…(2H phase) for MoS2 monolayers.
Therefore, we propose that the pyramid-like MoS2 nanodots
could possess the AAAA… stacking sequence (1H phase). In
order to confirm this, we calculate the band structure
(Fig. 5(c)) of bulk 1H-MoS2 with the distance between two adja-
cent layers of 0.7 nm, which basically corresponds to the inter-
layer distance in our samples. It is obviously found that the
bandgap is direct. A direct bandgap means the easy appear-
ance of PL. As a consequence, the strong PL of pyramid-like
MoS2 nanodots is closely related to the stacking sequence of
MoS2 monolayers. Furthermore, due to the greater number of
monolayers of pyramid-like MoS2 structures, the PL intensity
of pyramid-like MoS2 nanodots is significantly higher than
that of the MoS2 monolayer, as observed in Fig. 4.

Conclusion

In conclusion, we have demonstrated the growth of monolayer-
by-monolayer stacked pyramid-like MoS2 nanodots on mono-
layered MoS2 flakes using a CVD method. Strong local PL
emission has been observed for the pyramid-like MoS2 nano-
structures. First-principles calculations demonstrated that the
bandgap of monolayer-by-monolayer stacked pyramid-like
MoS2 nanodots is a direct bandgap. It leads to stronger PL
emission of the pyramid-like MoS2 nanodot in comparison
with that of monolayered MoS2 flakes. The findings presented
here provide new opportunities to tailor the properties of MoS2
via morphology-controlled synthesis.
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Fig. 4 PL spectra of a typical monolayered MoS2 flake region and the
pyramid-like MoS2 nanodot region.

Fig. 5 Energy band structures of (a) bulk 2H-MoS2; (b) MoS2 mono-
layer; (c) bulk 1H-MoS2.
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