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ABSTRACT

Here, we report the comparative study of enhanced second harmonic generation using defect engineering in pyramid-like MoS2 (P-MoS2)
flakes to vertically aligned MoS2 (VA-MoS2) flakes. P-MoS2 and VA-MoS2 is synthesized via the modified chemical vapor deposition
technique. The second harmonic generation measurements on P-MoS2 and VA-MoS2 are performed by sweeping the excitation wavelength
from 1200 nm to 1310 nm in identical conditions. The P-MoS2 flakes show a high SHG signal. The high SHG signal in pyramid-like MoS2
is attributed to the broken inversion symmetry and high thickness of grown MoS2 flakes. VA-MoS2 flakes under the identical conditions
show a 34% enhanced SHG signal in comparison to P-MoS2. The midgap states generated due to defects in the form of S vacancies in
VA-MoS2 are responsible for this enhancement. These midgap states confine the photons and result in enhanced SHG properties.
Our study will pave a new path to understand the role of 2D material morphology in fabricating versatile optical and photonics devices.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0035738

I. INTRODUCTION

Transition metal dichalcogenides (TMDCs) have grabbed
potential attraction due to their unique physical, mechanical, and
optical properties.1 MoS2 belongs to the TMDC family that has
intensively become the focus of the research community due to its
wide and unique applications in next generation optical and elec-
tronic devices.2–4

Recently, MoS2 showed promising applications in the field of
photonics.5–7 A single layer of MoS2 consists of two sulfur layers
with one sandwiched molybdenum layer in between and possesses
a direct bandgap of 1.8 eV. MoS2 based photodetectors, solar cells,
gas sensors, and photodiodes have shown favorable fast perfor-
mance compared to other traditional materials.5,8–10 Apart from
these properties, MoS2 has potential in the areas of valleytronics,
spintronics, and nonlinear optics, especially in second harmonic
generation (SHG).6,11–14 The 2H-bulk MoS2 exhibits a very small
SHG response due to the existing inversion symmetry and belongs

to the D1
3d symmetry group.15 However, monolayer (or odd number

layer numbers) MoS2 belonging to the D1
3h symmetry group has a

broken inversion symmetry and shows promising SHG nonlineari-
ties,16 while the bilayer MoS2 (even layer number) retains an inver-
sion symmetry with almost vanishing SHG nonlinearities.14,17,18

Recent progress in the synthesis and orientation of MoS2 flakes
has opened a new path for exploring the new optical properties of
MoS2 flakes.

19–21 It has been well documented that edges play a vital
role in enhancing the optical and electrical properties.22–26 Yin and his
co-workers reported that the SHG response is greatly affected by the
edges in comparison to the central part of the MoS2 flakes due to var-
iations in the electronic structure between the edges and monolayers.27

However, the micron size of a typical grown in-plane MoS2 flake
limits the non-linear interaction length and diminishes this effect.28

Thus, further approaches have been required to increase the interac-
tion length to further enhance the SHG properties. There are some
other approaches to enhance the interaction length such as formation
of hybrid structures, microcavities, and use of plasmonics.1,13,16,29
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Over the past few years, significant effort has been made to
grow large areas of MoS2 flakes. It has been reported that the edges
of 2D materials have a larger number of optically active sites in
comparison to pyramid-like 2D materials.30 There have been
several studies which have aimed to increase the exposed edges
by synthesizing stacked P-MoS2 geometries.31–34 Lin and his
co-workers studied the enhanced SHG response in pyramid WS2
which was attributed to the high number of edges.30 These P-WS2
flakes increase the SHG properties. Another approach is to increase
the number of edges by synthesizing VA-MoS2 flakes. VA-MoS2
flakes have a higher number of exposed edges in comparison to
in-plane MoS2 flakes.31,35–37 MoS2 edges have a metallic-like
nature, defect states, and strong light–matter interactions.22 MoS2
edges have shown promise in the application of developing next-
generation devices. Moreover, VA-MoS2 has demonstrated high
quality and scalable properties in developing broadband, fast-
response photodetectors, energy storage devices, gas sensors, water
disinfection, and catalytic applications.36,38–41 However, there are a
very few reports where these edges are used to study the SHG prop-
erties.42,43 Thus, significant approaches are required to explore the
role of edges in the properties of SHG by modifying the structure
of the MoS2 flakes.

Here, we report the comparative study of SHG properties
between the VA-MoS2 flakes and the P-MoS2 flakes. The VA-MoS2
flakes are synthesized by our previously reported method.19

However, to synthesize the P-MoS2 flakes, the growth time and gas
flow rate are further optimized. The second harmonic generation
measurements are performed for detection wavelengths of 600 to
655 nm. We find that the SHG signal is enhanced in VA-MoS2
flakes up to 34% in comparison to P-MoS2 flakes.

II. EXPERIMENTAL SECTION

A. Growth of VA-MoS2 flakes

MoO3 (0.057 mg, 99.97%) and S (0.45 g, 99.98%) powder, pro-
vided by Sigma-Aldrich, are used to synthesize the MoS2 flakes.
Initially, the SiO2/Si (300 nm/250 μm) substrates are sonicated for
20 min in acetone. Following sonication, the substrate is cleaned

with a nitrogen gas jet. The clean substrate is put on top of a zirco-
nia boat containing MoO3 powder. A modified tube-in-tube atmo-
spheric chemical vapor deposition (APCVD) setup is used to grow
VA-MoS2 flakes. The detailed description is given in our previous
reports.19 A small quartz tube is used to synthesize the vertically
aligned and pyramid-like MoS2 flakes. The S powder is placed
at the open end of a small tube, while the MoO3 powder and
the substrate are placed at the closed end of a small tube.
This arrangement is then placed in a bigger quartz tube. The CVD
setup has three zones. The closed end of the tube is put in zone 1
with a temperature of 800 °C, and the open end of the tube is in
zone 2 with a growth temperature of 350 °C. The gas flow rate
during the whole deposition is fixed at 175 SCCM. The growth
time is 30 min. Finally, the system is cooled down ambiently fol-
lowing deposition.

B. Growth of P-MoS2 flakes

The APCVD setup for the synthesis of P-MoS2 flakes is the
same as for VA-MoS2 flakes, except for the gas flow rate and
growth time. The cleaning process of the substrate, amount, and
temperature profile is exactly the same as for VA-MoS2 flakes. To
grow pyramid MoS2 flakes, the gas flow is initially kept at
175 SCCM, then slowly decreased down to 50 SCCM. The growth
time of the synthesis is 5 min. The critical parameter to obtain the
P-MoS2 flakes is to precisely control the sulfurization rate. The
P-MoS2 growth arises due to the screw dislocations generated in
the initial stage of the growth.34 Initially, the gas flow rate is high
(175 SCCM). Thus, vaporized sulfur quickly reacts with MoO3 and
produces reduced MoO3−x in a short time.44,45 Thus, the probabil-
ity of the formation of new accidental nucleation sites on the
grown film surface is very high.46 Once an accidental plane is
grown, it becomes a favorable site for upcoming S and Mo vapors
due to the reduced energy barrier.47 Next, the gas flow rate is
slowly decreased to avoid the formation of VA-growth and new
nucleation sites. The upcoming atomic species is attached to the
already formed MoS2 planes in the vertical direction and leads to
the formation of the P-MoS2 flakes. The schematic of the CVD
setup used to grow vertical P-MoS2 is shown in Fig. 1(a).

FIG. 1. (a) Schematic of the modified APCVD setup used to grow VA-MoS2 and P- MoS2 flakes. S powder was placed at the open end of the small tube, and MoO3
powder with the substrate was placed at the close end of the small tube. (b) SHG setup schematic used for measurements. The SHG measurements are carried out in
the pump in the wavelength range of 1200–1310 nm. A full description is given in the text.
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C. Characterization

Field emission scanning electron microscopy (FE-SEM) is per-
formed by using the JEOL 7600F system with an accelerating
voltage of 3 kV. Raman measurements were performed through a
HORIBA setup equipped with a 532 nm continuous wave laser and
a 100× magnification objective lens. The spot size of the laser is
0.5 μm. The surface topography of P-MoS2 samples is carried out
using atomic force microscopy (AFM) in a tapping mode using a
Bruker make scanning probe microscope.

To perform the SHG measurements, a Chameleon Ultra II Ti:
sapphire femtosecond laser is used as the excitation source. The
repetition rate is 80MHz, and the pump wavelength continuously
varies from 1200 nm to 1310 nm. The measurements are performed
in a reflection geometry with the same 100 × 0.9 NA objective
being used for excitation as well as collection. Scanning maps of
the surface of the sample are obtained by controlling the movement
of the piezo stage and monitoring the SHG signals with an
avalanche photodiode (APD). SHG spectra are measured by a
spectrometer, in which a CCD array detects signals ranging
from 400 nm to 1000 nm. The full optical setup is shown in detail
in Fig. 1(b).

III. RESULTS AND DISCUSSION

The morphology and surface topography of both P-MoS2 and
VA-MoS2 flakes are characterized by FE-SEM and AFM.

Figure 2(a) shows the low magnification FE-SEM image of the
grown P-MoS2 flakes. The growth of P-MoS2 flakes is highly
uniform as can be seen from the surface morphology. High magni-
fication FE-SEM of the pyramid MoS2 is shown in Fig. 2(b).

The surface topography is further analyzed by the AFM. It is seen
that the density of the P-MoS2 flakes is so high that they start to
agglomerate with each other and forms combined P-MoS2 flakes.
The line profile study of an individual pyramid is shown in
Fig. 2(d). The height of the pyramid is varied up to 14 nm, corre-
sponding to 20 layers. The average size of P-MoS2 flakes is 400 to
500 nm. The schematic of P-MoS2 is shown in Fig. 2(d).

The low magnification FE-SEM image of VA-MoS2 flakes is
shown in Fig. 3(a). The VA-MoS2 flakes have very uniform growth
and are highly dense with a large coverage area on the SiO2/Si sub-
strate. The high magnification image of VA-MoS2 flakes is shown
in Fig. 3(b). The height of the VA-MoS2 flakes is between 200 and
500 nm.

Moreover, the vibrational properties of both structures are
characterized using Raman spectroscopy as shown in Fig. 3(c).
MoS2 flakes have two well-known Raman vibrations due to the vibra-
tion of S and Mo atoms.19,38,48 The E1

2g and A1g peaks are located at
382.06 (379.94) and 405.30 (406.69) cm−1 for pyramid-like (vertically
aligned) structures. E1

2g and A1g correspond to in-plane and
out-of-plane vibrations, respectively. E1

2g arises due to vibrations of
Mo and S atoms, while A1g arises due to out-of-plane vibrations of
S atoms.48 Thus, the peak intensity ratio of E1

2g and A1g can be used
to determine the orientation of MoS2 flakes. The peak ratio of
P-MoS2 flakes is 0.59, while of VA-MoS2, it is 0.42. The peak ratio
clearly demonstrates the existing geometries of P-MoS2 consisting of
in-plane flakes, while the VA-MoS2 flakes have edges.19 This con-
firms that the Raman signals are coming from the exposed edges in
the case of VA-MoS2 flakes and from the terrace of MoS2 in P-MoS2.
The difference between these two peaks is 24 to 25 cm−1, confirming
the few layers of flakes in P-MoS2 and VA-MoS2. It is observed that

FIG. 2. (a) The low magnification
FE-SEM image of P-MoS2. The syn-
thesized P-MoS2 flakes uniformly
covered the whole substrate. (b) High
magnification FE-SEM image of single
P-MoS2, confirming the pyramid-like
stacked nature of P-MoS2. (c) AFM
surface topography of highly dense
P-MoS2. In some regions, P-MoS2
agglomerates with each other. (d) The
height profile across an individual
pyramid MoS2 flakes. Most of the pyra-
mids have an average height of 14 nm
with a size of 400–500 nm. (e)
Schematic of P-MoS2.
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both peak positions in the case of P-MoS2 are red-shifted in compar-
ison to the VA-MoS2 flakes. This may be due to the higher number
of interlayer coupling between the layers of P-MoS2 flakes.

34,48

Figures 4(a) and 4(b) show the optical image and APD scans
of the P-MoS2. The optical image further verifies the uniformly

distributed P-MoS2 flakes. After the linear resonance, a MoS2
flake has been identified by photoluminescence measurements.
The wavelength-dependent SHG measurements are performed by
sweeping the excitation wavelength from 1200 nm to 1310 nm,
and the results are shown in Fig. 4(c). A very small beam diameter

FIG. 3. (a) Low magnification FE-SEM image of highly uniform VA-MoS2 flakes. The VA-MoS2 flakes are uniformly grown over the entire substrate and are well connected
with each other. (b) High magnification FE-SEM image of a vertical aligned layer of VA-MoS2 flakes. (c) Raman spectra obtained from VA-MoS2 and P-MoS2 flakes. The
VA-MoS2 flakes have a smaller E1

2g /A1g ratio in comparison to P-MoS2 flakes. The intensity ratio further confirming the orientation of the flakes.

FIG. 4. (a) Optical scan of the P-MoS2
flakes, further confirming the uniformity
with interconnected nature over the
substrate. (b) APD scan for an excita-
tion wavelength of 1300 nm. The size
of the image is 20 μm2. (c) SHG
spectra measured at different excitation
wavelengths for P-MoS2 flakes. The
data are normalized by the respective
excitation power. The color code is just
a visual guide.
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(around 2 mm) is used in order to get an approximately normal
incidence. It is observed that incident light radiated from the
center of P-MoS2, signifying efficient constructive generation of
the SHG signal. The P-MoS2 flakes give the strongest SHG signal
at around 620 nm. This peak corresponds to the B exciton mode
of the monolayer MoS2, ensuring that most of the SHG signals
come from the flakes themselves.49,50 It has been reported that
in-plane MoS2 can have two types of stacking orders.51–53 In one
order, the Mo–S bond direction of the central layer can be oppo-
site to the Mo–S bond directions of the neighboring layers. Such
MoS2 structures belong to D1

3d groups and have an inversion sym-
metry with weak SHG signals. In the other stacking order, the
Mo–S bond direction of the central layer is in the same direction
as the Mo–S bond directions of neighboring layers. Such struc-
tures have a broken inversion symmetry and belong to the D1

3h
group with strong SHG signals. Our results indicated that our
grown P-MoS2 structures have the broken inversion symmetry
and, consequently, exhibit very strong SHG signals. Another
important feature of our grown P-MoS2 flakes is the high thick-
ness. P-MoS2 has a high number of layers that increases the thick-
ness of the MoS2 flakes. The large thickness of the MoS2 flakes
permits an enhanced light–matter sub-atomic interaction length,

which leads to high SHG signals for all wavelengths that are
absent in the case of monolayer MoS2 flakes.30,54 It is worth to
note that synthesized MoS2 pyramids do not have the same size.
Some pyramids are of smaller and some are larger in size. Shearer
et al. investigated the role of pyramid sizes in generating SHG
signals.55 The authors synthesized the stacked pyramids of WSe2
triangles of the same height but with of different sizes of 5.4, 4.5,
4.2, and 4 μm. They observed that the SHG signal intensity
increased as the size of the pyramid WSe2 flakes increased. The
high SHG intensity was due to enhanced constructive interference
by the larger size pyramid structures. Similarly, we believe in our
case that the SHG intensity will also increase with the larger size
of the grown MoS2 pyramids.

Finally, SHG measurements are performed on the highly
uniform VA-MoS2 flakes. Figures 5(a) and 5(b) show the optical
image and APD scans of the VA-flakes. Again, all measurements
are performed under the identical conditions as for P-MoS2 flakes.
It is observed that, for both the in-plane and VA-MoS2 flakes, the
strongest SHG signal is seen at around 620 nm. It has been
observed that SHG intensity values for the wavelength from 600 to
640 nm are similar. However, the overall trend shows a clear
maximum at the 620 nm wavelength. The most intense peak is at

FIG. 5. (a) Optical image of the
VA-MoS2 flakes. (b) APD scan for an
excitation wavelength of 1300 nm. The
size of the image is20 μm2. (c) SHG
spectra measured at different excitation
wavelengths for VA-MoS2 flakes. The
data are normalized by the respective
excitation power. The color code is just
a visual guide.
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620 nm corresponding to the B excitation mode of MoS2 photolu-
minescence, while the other peaks are due to the presence of
midgap states in both structures. These midgap states provide
better photon confinement for SHG enhancement.

More importantly, having normalized the excitation with the
respective power, we find that the average SHG signal from the
VA-samples is larger than that of P-sample ones. The peak signals
of VA-MoS2 flakes are up to 110 000 counts at 620 nm, while the
P-flakes only generate up to 82 000 counts, as shown in Figs. 4(c)
and 5(c). Therefore, an enhancement of around 34% can be
achieved by modifying the MoS2 structure to an edge-enriched one.
The nonlinear efficiencies for the two materials are calculated and
given in the supplementary material. It is worth noting that, in the
SHG measurement, a linearly polarized TE mode excitation beam
is used. In order to compensate for the potential inhomogeneity of
SHG signals caused by the polarization, the most optically active
areas among all the MoS2 flakes as revealed in the APD scanning
maps are chosen to determine the peak signals. Due to the random
displacement of MoS2 flakes on the substrates as shown in
Fig. 2(a), the linearly polarized excitation could statistically still give
reliable SHG results without affecting the comparability between
Figs. 4(c) and 5(c).

It can be seen that edges play a vital role in enhancing the
SHG intensity. In our report, the high SHG signal of the P-MoS2 is
ascribed to the presence of a large number of edges and to the
constructive interferences between the stacked planes in MoS2 pyra-
mids. The planes of the synthesized pyramids shrink with their
height and so we have the maximum number of exposed MoS2
edges in pyramid-like structures. The high SHG signal can be con-
sidered as the effect of the number of enhanced edges as well as the
constructive interference taking place between them. It has been
reported that the SHG signal is enhanced along the edges in com-
parison with the terrace sites of MoS2, which may be due to the
presence of additionally occupied edge states.27 Also, each stacked
layer of the MoS2 pyramid offers constructive interference with
each neighboring layer. The single layer of MoS2 has the broken
inversion symmetry, and it has the stacking in the AbA manner.
Generally, the second layer has the stacking like in the BaB
manner. So, synthesizing multilayer MoS2 flakes is not good as the
destructive interference takes place with the multilayer MoS2 film.
During the growth of pyramid MoS2 flakes, due to screw disloca-
tions, the upper layer grows on the lower layer in such a way that
they both stacked in the same manner, and the second upper layer
also has the stacking in the AbA manner. Thus, the layers have
constructive interferences with each neighboring layer and SHG
signal enhanced. The similar behavior is also observed in various
other reports.30,34,44,55

However, in the case of the VA-MoS2 flakes, defects play the
role for further enhancement. In our previous study, we observed
that edges have defects in the form of dangling bonds, S vacancies,
and adsorbed oxygens.38 During the CVD growth of these unique
structures, nucleation sites, coalescence, and stress and strain
energy are responsible for the S vacancy generation. In a recent
report by Zhou and his co-workers, they studied the intrinsic struc-
tural defects in the monolayer MoS2.

56 The most possible types of
defects are a mono-sulfur vacancy, di-sulfur vacancy, single Mo
atom vacancy, and Mo atom with three sulfur, three di-sulfur

pairs.56 Also, the energy required to remove an S atom is 6.1 eV,
while for Mo atoms, it is 13.9 eV.57 The S vacancies create midgap
states in the MoS2 bandgap, and SHG signals are strongly depen-
dent on the density of S vacancies. Thus, S vacancy generation is
more probable and beneficial for SHG measurements. It is worth
mentioning that we achieve the SHG signal for the 1200 to
1310 nm excitation wavelength range. The most intense peak is at
620 nm corresponding to the B excitation mode of MoS2 photolu-
minescence, while the other peaks are due to the presence of
midgap states in both structures.50 These midgap states provide
better photon confinement for SHG enhancement.58 We believe
that our study will pave a new path to understand the role of
2D material morphology in fabricating versatile optical and
photonics devices.

IV. CONCLUSION

Here, we synthesize P-MoS2 and VA-MoS2 through the
modified CVD technique. FE-SEM measurements confirm the
surface morphology of the highly uniform VA-MoS2 and P-MoS2
flakes. The surface topography analyzed by AFM measurements
reveal that P-MoS2 have a height of ∼14 nm corresponding to 20
stacked monolayers with an area of 400 to 500 nm. The detailed
SHG performance shows that VA-MoS2 flakes have a 34% higher
SHG signal intensity as compared to P-MoS2 flakes. The high SHG
signal is due to midgap states that arise due to defects present at the
edges, which enhance the SHG signal intensity in VA-MoS2 flakes.

SUPPLEMENTARY MATERIAL

See the supplementary material for the calculated conversion
efficiency of P-MoS2 and VA-MoS2 for both structures.
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