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ABSTRACT: Materials with high second harmonic generation
(SHG) eﬃciency and reduced dimensions are favorable for
integrated photonics and nonlinear optical applications. Here,
we fabricate MoS2 nanoscrolls with diﬀerent chiralities and
study their SHG performances. As a 1D material, MoS2
nanoscroll shows reduced symmetry and strong chirality
dependency in the polarization-resolved SHG characterizations.
This SHG performance can be well explained by the
superposition theory of second harmonic ﬁeld of the nanoscroll
walls. MoS2 nanoscrolls with certain chiralities and diameters in
our experiment can have SHG intensity up to 95 times stronger
than that of monolayer MoS2, and the full potential can still be further exploited. The same chirality-dependent SHG can be
expected for nanoscrolls or nanotubes composed of other noncentrosymmetric 2D materials, such as WS2, WSe2, and hBN.
The characterization and analysis results presented here can also be exploited as a nondestructive technique to determine the
chiralities of these nanoscrolls and nanotubes.
KEYWORDS: MoS2, nanoscroll, nanotube, second harmonic generation, chirality

T

the constituent layers in the multilayer/bulk TMDs without
symmetry restoration is highly desired to realize phasematched SHG between each layer and thus achieve
constructive interference and enhancement of the SHG
intensity up to a practically functional level.
One-dimensional nanomaterials such as multiwalled nanotubes and nanoscrolls, as a nanostructure derivative of 2D
materials with further reduced symmetry, represent a
promising platform to engineer the interlayer interaction for
desired optical and optoelectronic properties.19−26 In particular, the nanoscroll structure of a TMD monolayer with a
speciﬁc chirality, which is deﬁned as the rolling angle, can be
controllably fabricated and identiﬁed with focused ion beam
(FIB) patterning and a simple solvent-evaporation-driven
process,21,23,25 which is capable of aligning the constituent

he development of nonlinear optics largely relies on
emerging material systems that possess high nonlinear
susceptibility, processability, and ease of photonic
integration and device miniaturization, which has been actively
pursued for decades among the optics community.1−8 Second
harmonic generation (SHG), as an essential nonlinear optical
eﬀect, is broadly used for applications, such as frequency
conversion, light modulation, and material characterizations.9−15 Yet, the required noncentrosymmetry of the host
crystals greatly limits the search for SHG-bearing materials.2,6,8,11,16 One recent advance that mitigates this is the rise of
two-dimensional materials, such as monolayer transition metal
dichalcogenides (TMDs), which generally have reduced crystal
symmetries than their bulk counterparts and exhibit strong
SHG signals considering their atomic thicknesses.3,4,11,17 The
atomic scale can also enable miniaturized device fabrication
and integration. Nevertheless, the ultimately scaled thickness of
such 2D materials poses a great challenge because of their
insuﬃcient light-matter interaction. Since naturally existing
bulk TMDs are in the Bernal-stacking 2H phase with restored
centrosymmetry and thus vanished SHG,6−8 while the
synthesized 3R phase still faces the problems of synthesis
diﬃculty and phase instability,18 a method capable of aligning
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Figure 1. (a) Optical image of CVD-grown single-layer MoS2 ﬁlm and the formed nanoscrolls. Scale bar: 5 μm. (b) Polarization-resolved
second harmonic generation (SHG) of MoS2 monolayer measured at the red dot position in (a) with the second harmonic (SH) electric ﬁeld
polarized along x and y directions. The dots are experimental results, while the solid curves are theoretical ﬁttings. (c) Converted
polarization-resolved SHG of MoS2 ﬁlm with SH electric ﬁeld polarized along parallel and perpendicular directions of the incident laser
polarization. (d) Mapping of SHG intensity of MoS2 monolayer and the nanoscrolls in the green dashed square region of (a).

obtained. Based on the 60° vertex angle and the sharpness of
the triangle edges, this MoS2 ﬂake can be determined to be
Mo-zigzag edge terminated,27 and the atomic structure is
schematically drawn over the ﬂake in Figure 1a.
Polarization-resolved SHG is ﬁrst measured in the planar
area (Red dot in Figure 1a). The sample is excited by a Ti:
Sapphire femtosecond laser system (80 fs, 80 MHz, chopped at
1 kHz) centered at 800 nm, through a 50× objective (NA =
0.75). The polarization of the incident laser is continuously
tuned by a motorized half-wave plate. The resulting SHG
signal is collected by the same objective and selected by a
dichroic mirror. In previous polarization-resolved SHG
measurements, the SHG signals of TMDs are usually measured
with the analyzer polarized parallel or perpendicular to the
polarization of incident laser by rotating the sample, which
leads to 6-fold petals in the polarization-resolved SHG
pattern.4,6,8,11,13,14 However, in our experiment, considering
the relatively small diameter of the quasi-1D nanoscroll, the
change of laser beam position during rotating the sample may
lead to a large variation of SHG intensity. Therefore, for
accuracy and consistency, in all of our polarization-resolved
SHG measurements, the SHG signals are collected by ﬁxing
the linear analyzer along x or y direction, while rotating the
polarization of the incident laser through the motorized halfwave plate. The x- and y-polarized measurements result in 4fold petals (Figure 1b), which is consistent with our numerical
analysis (see Supporting Information section 1). After ﬁtting
the results by the solid curves in Figure 1b, polarizationresolved SHG of monolayer MoS2 analyzed with parallel and
perpendicular polarizations of the incident laser can be
converted (see Supporting Information section 1) and is

layers and realizing the long-pursued structural property for
SHG enhancement. Moreover, the reduced dimensionality
could give rise to anisotropy in the nonlinear optical response
that holds promise for miniaturized polarization-dependent
applications. These aspects, however, are still experimentally
underexplored.
In this work, we fabricate 1D MoS2 nanoscrolls out of
chemical vapor deposition (CVD) MoS2 monolayers, using a
solvent-evaporation-driven rolling process.21,23,25 We determine the nanoscroll chiralities (i.e., rolling directions) from the
unscrolled triangular monolayer parts and reveal an anisotropic
and chirality-dependent SHG enhancement up to 2 orders of
magnitude compared with monolayer MoS2. An analytical
model by considering the coherent second harmonic (SH)
ﬁeld superposition is established and well explains the SHG
properties of the MoS2 nanoscrolls. More accurate simulations
including the wave propagation eﬀect further suggest a strongly
anisotropic SHG pattern of nanoscrolls and nanotubes. The
work presented here could enable a diﬀerent paradigm in
constructing and designing miniaturized anisotropic nonlinear
optical nanostructures from noncentrosymmetric 2D materials.

RESULTS AND DISCUSSION
MoS2 nanoscrolls are directly obtained by rolling MoS2 ﬂakes
through a solvent-evaporation-driven process.21,23,25 The
triangular MoS2 ﬂakes are grown on SiO2/Si substrate by
CVD, with MoO3 and sulfur powders as the solid precursors.
By dropping isopropyl alcohol (IPA) solution on the surface,
the vaporization of IPA causes MoS2 ﬂakes to roll into quasi1D nanoscrolls at room temperature within several minutes.
Figure 1a shows a partially scrolled MoS2 ﬂake that is typically
13334
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Figure 2. (a) Schematic of MoS2 nanoscroll. (b) Electric ﬁelds (or dipoles) of the second harmonic induced by diﬀerent incident laser
polarizations. Schematics of second harmonic electric ﬁelds (dipoles) in a nanoscroll with (c) θroll = 0° and (d) θroll = 30° induced by
incident laser polarized along and perpendicular to the nanoscroll axis, respectively. (e) Calculated polarization-resolved SHG of MoS2
nanoscrolls with diﬀerent chiralities.

shown in Figure 1c. The petal orientations agree with the
atomic conﬁguration in Figure 1a.
To investigate the SHG intensity of the MoS2 nanoscrolls,
we measure the SHG of the square region (green dashed box)
χijk(2)

in Figure 1a by scanning the sample using a piezo-driven
sample stage. The mapping results are shown in Figure 1d,
with the polarizations of incident laser and analyzer shown as
the inset (Ein(ω) and Eout(2ω)). A homogeneous SHG
intensity is observed for the ﬂat region of MoS2 ﬂake, while
the nanoscrolls, such as the ones noted by NS1 and NS2 in
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Here χ(2)
ijk is a third-order tensor, i, j, and k are indexes that can
be x, y, or z axis, d0 is a constant related to the susceptibility
amplitude of monolayer MoS2. The large parentheses in eq 1
are for i, j indexes, while the smaller inner parentheses are for k
index. To get eq 1, the armchair direction (i.e., the direction of
Mo−S bonds) of triangular MoS2 ﬂake is aligned with y axis.
Using this tensor, the SH electric ﬁeld E2ω
i (or proportionally
the generated SH polarization dipole) can be calculated by E2ω
i
ω ω
ω
ω
= χ(2)
ijk Ej Ek , in which Ej and Ek are the axial components of
the incident laser electric ﬁeld. Here the Einstein summation
notation is used. For diﬀerent excitation polarization, the SH
electric ﬁeld of a monolayer MoS2 calculated using eq 1 is
schematically drawn in Figure 2b. Speciﬁcally, for excitation
polarized along the armchair direction of the MoS2 ﬂake, the
SH electric ﬁeld is along the same direction, while for
excitation perpendicular to the armchair direction, that is,
along the zigzag direction, the induced SH electric ﬁeld is
perpendicular to the incident polarization. We note that
because the SH electric ﬁeld E2ω
depends on the incident
i
(2) ω ω
electric ﬁeld Eωj through E2ω
i = χijk Ej Ek , it maintains the same
direction for both positive and negative laser polarizations.

Figure 1d, show much higher SHG intensities, which are 12
and 3.3 times larger than that of monolayer MoS2 in this
measurement conﬁguration.
Figure 2a schematically draws the rolling of a nanoscroll.
The rolling direction of nanoscroll θroll is deﬁned as the angle
between the nanoscroll axis and the Mo−S bond direction (i.e.,
armchair direction) of the triangular ﬂake. The enhanced SHG
from the nanoscrolls is owing to the superposition of the SH
electric ﬁelds from the constituent monolayer walls, which
accumulate diﬀerently depending on the rolling direction, that
is, the chirality of the nanoscrolls. Before touching upon this,
we ﬁrst consider the SHG of planar MoS2 monolayer, whose
SH electric ﬁeld can be calculated from the second-order
susceptibility tensor under the constraints of a P6m2 space
group7,16,17
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The second-order susceptibility tensor χ(2)
ijk of MoS2 ﬂake
changes its mathematical form after rotation to become a part
of nanoscroll walls. The mathematical transformation is
provided below in eq 2.
(2) −1 −1
χijk(2) (R ) = R imχmnp
R njR pk

(Rφ,θroll,φroll) is the second-order susceptibility tensor of MoS2
monolayer after rotation by Rφ,θroll,φroll according to eq 2. This
second-order susceptibility tensor of nanoscroll is normalized
by its total composed MoS2 monolayer area.
On the basis of eq 3, the polarization-revolved SHG
emission patterns of MoS2 nanoscrolls with diﬀerent chiralities
are calculated in Figure 2e. Similar to monolayer MoS2, the
polarization-resolved parallel and perpendicular SHG signals of
nanoscrolls have six petals. Consistent with the qualitative
analyses of Figure 2c and 2d, a nanoscroll with θroll = 0° has the
largest SHG intensity, while nanoscroll with θroll = 30° has zero
SHG intensity. Because of the 3-fold rotation symmetry of
monolayer MoS2 and the π rotation equivalence of SHG
measurement, the SHG pattern of nanoscroll restores to the
same SHG pattern after 60° rotation of θroll, only with a 60°
global rotation.
We note that the highest SHG intensities of MoS 2
nanoscrolls in Figure 2e are always achieved when the laser
excitation and the analyzer are both polarized along the
nanoscroll axis. This can also be understood from the
susceptibility tensor of nanoscroll. On the basis of eq 3, the
SH susceptibility tensor for a nanoscroll/nanotube can be
calculated to be

(2)

Here R is the rotation matrix with matrix elements Rij, and R−1
is the inverse matrix of R. The detailed derivation can be found
in Supporting Information section 2. Based on the rotated
tensor, SH electric ﬁelds contributed by nanoscroll walls can be
calculated. Figure 2c illustrates the SH electric ﬁeld
distributions of a nanoscroll with θroll = 0°, with laser polarized
parallel and perpendicular to the nanoscroll axis, respectively.
Speciﬁcally, for incident laser parallel to the nanoscroll axis, the
rolling of the MoS2 ﬂake does not change the orientation of the
incident ﬁeld relative to the MoS2 lattice. As a result, the
generated SH electric ﬁelds from diﬀerent parts of the whole
nanoscroll walls are still aligned in the same direction, and the
total SH dipole is the simple summation of the contributions
without any orientation losses, which greatly enhances the
SHG eﬃciency. For incident laser polarized perpendicular to
the nanoscroll axis, a slightly diﬀerent SHG will be found,
because the rolling of the MoS2 ﬂake now changes the relative
direction of the incident laser polarization to the rolled MoS2
lattice. For example, the electric ﬁeld of the incident laser
changes its sign relatively to the top and bottom parts of the
nanoscroll. However, as mentioned above, the SH electric ﬁeld
maintains the same direction regardless of a positive or
negative incident electric ﬁeld. Therefore, the SH electric ﬁelds
are still in-phase for enhanced emission. Nevertheless, because
the incident electric ﬁeld is out-of-plane for the vertical
sidewalls of the nanoscroll, the overall SHG response is weaker
than polarization along the nanoscroll axis. The rolling
direction (i.e., chirality) of the nanoscrolls will greatly inﬂuence
the SHG eﬃciency. Figure 2d shows the SH electric ﬁeld
superposition for another nanoscroll rolled along the zigzag
direction (θroll = 30°). No matter whether the excitation
polarization is parallel or perpendicular to the nanoscroll axis,
the SH electric ﬁeld is always perpendicular to the nanoscroll
axis and the SH dipole is always oriented spirally around the
nanoscroll axis as indicated by the red arrows. Consequently,
the total SH electric ﬁeld will cancel each other, leading to a
weak SHG intensity.
To analytically evaluate the chirality-dependent SHG
emission of MoS2 nanoscrolls, as an approximation, we
calculate the eﬀective second-order susceptibility tensor of a
single-walled MoS2 nanotube. This approximation ignores the
continuous increase of the nanoscroll diameter, but it captures
the essence of the rolled MoS2 ﬂake. On the basis of the
coherent superposition theory, the eﬀective second-order
susceptibility tensor of the single-walled nanoscroll/nanotube
can be calculated by summing the susceptibility tensor of the
constituent walls together
χijk(2) (nanoscroll) =

∫0

2π

χijk(2) (R φ , θroll , φroll)dφroll /2π

Article

ijij 0 yz
jjjj
jjjj−0.5zzzz
jjjj
zz
jjjj
jjk 0 zz{
jj
jj
jji−0.5y
jjjj
zz
jj
z
χijk(2) (nanoscroll) = d0 cos 3θroll jjjjjjj 0 zzz
z
jjjjj
jjk 0 zz{
jj
jj
jji 0 y
jjjj zz
jjjj zz
jjjj 0 zz
jjjj zz
jjj z
kk 0 {

ij−0.5yz
jj
z
jj 0 zzz
jj
zz
jj
zz
k0 {
ij 0 yz
jj zz
jj1 zz
jjjj zzzz
k0{

ij 0 yz
jj
z
jj 0 zzz
jj
zz
jj
zz
0.5
−
k
{

yz
zz
zz
zz
zz
zz
zz
zz
ij 0 yz zzzz
jj
z
jj 0 zzz zzzz
jj
zz zz
jj
zz z
k−0.5{ zzzz
zz
ij 0 yz zzzz
jj
zz zz
jj−0.5zz zz
jj
zz zz
jj
zz zz
0
k
{{
ij 0 yz
jj zz
jj 0 zz
jj zz
jj zz
k0{

(4)

in which θroll is the roll direction deﬁned in Figure 2a. We note
that to simplify the matrix form of this tensor, the axis of the
nanoscroll is selected to be y axis here (see Supporting
Information section 3 for other tensor forms after rotation).
From eq 4, the highest SHG intensity is caused by χ(2)
yyy = d0 cos
3θroll. In contrast to the tensor of monolayer MoS2 in eq 1, the
nonzero elements of this nanoscroll tensor in the x−y plane are
(2)
(2)
(2)
(2)
(2)
related by χ(2)
xxy = χxyx = χyxx = −χyyy /2, instead of χxxy = χxyx =
(2)
(2)
χyxx = −χyyy for the planar monolayer MoS2. The smaller ratio
(2)
(2)
(2)
of χ(2)
xxy, χxyx, and χyxx to χyyy in the nanoscroll is caused by the
out-of-plane electric ﬁeld for the vertical nanoscroll sidewalls as
mentioned in Figure 2c, which makes the eﬀective exciting
electric ﬁeld smaller.
For the above theoretical analysis, we have assumed that the
cross-section of the nanoscroll is circular. However, because of
the substrate inﬂuence or the rolling dynamics, the crosssection can be elliptical (see Supporting Information section
4),23,28 which will change the sidewall contributions to the
SHG intensity. Using a similar calculation method as eq 3, the
analytical second-order susceptibility tensor of a nanoscroll/
nanotube with an elliptical cross-section can be calculated (see
details in Supporting Information section 5). In our experiment, the heights and widths of the nanoscrolls are
characterized by atomic force microscopy (AFM) and scanning
electron microscopy (SEM). The AFM image of the fabricated

(3)

in which Rφ,θroll,φroll is the rotation matrix of MoS2 ﬂake from the
planar orientation to a part of the nanoscroll/nanotube walls, φ
is the rotation angle of the triangular ﬂake from the y axis (e.g.,
φ = 6.4° in Figure 1a), θroll is the chirality of the nanoscroll/
nanotube as deﬁned in Figure 2a, φroll is the rolling angle
around the nanoscroll axis, which varies from 0 to 2π, then χ(2)
ijk
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Figure 3. (a) AFM and (b) SEM images of the MoS2 ﬂake and nanoscrolls. The inset of panel a shows the height proﬁles of selected
nanoscrolls. (c, d) Simulated electric ﬁeld strength of MoS2 nanoscroll on SiO2/Si substrate with laser polarized along and perpendicular to
the nanoscroll axis, respectively. (e) Polarization-resolved average electric ﬁeld strength and its standard deviation inside nanoscrolls with
elliptical and circular cross-sections, respectively. The nanoscroll heights are ﬁxed at 37 nm. (f) Simulated electric ﬁeld strength of the
second harmonic emission.

MoS2 ﬂake and nanoscrolls is shown in Figure 3a. The crosssectional height proﬁles of the selected nanoscrolls are plotted
in the inset. The heights of the two nanoscrolls (NS1 and
NS2) are determined to be 98 and 37 nm, respectively. Since
the horizontal distances in the height proﬁles are inﬂuenced by
the AFM tip size and the scanning speed, we use SEM to
determine the widths of nanoscrolls instead. The SEM image is
shown in Figure 3b, which suggests that the widths are 320 and
340 nm, respectively. According to these characterization
results, we know the fabricated nanoscrolls in our experiment
have oblate cross-sections with relatively large ellipticity.
The usage of one second-order susceptibility tensor to
describe the SHG at diﬀerent laser polarizations by E2ω
=
i
ω ω
χ(2)
ijk Ej Ek , is based on the assumption that the incident electric
ﬁeld within the nanoscrolls/nanotubes has the same strength
and phase regardless of the polarization directions. However,
according to our 3D simulations using COMSOL software, the
electric ﬁeld strength varies signiﬁcantly for diﬀerent laser
polarizations. Figure 3c and 3d show the simulated electric
ﬁeld strength of a nanoscroll with the same cross-section as
NS2, with laser polarized along or perpendicular to the
nanoscroll axis as schematically drawn in the insets. The
nanoscroll is assumed to consist of 6 rolls, which best ﬁt the
absolute SHG intensity in the experiment. The MoS2 rolled
layers are assumed to be evenly distributed within the
nanoscroll that has the same cross-sectional size as that
determined by our AFM and SEM measurements. The whole
nanoscroll is then modeled as a solid scroll that has a volumeaveraged permittivity of both MoS2 and air. Similar results can
be produced if the MoS2 layers are modeled as one hollow
scroll and the constituent MoS2 layers scroll compactly at the
outer shell. A Gaussian beam with a full-width-at-halfmaximum (fwhm) spot size of 400 nm is focused on the

substrate surface to model the laser excitation.29,30 The
simulation details can be found in the Methods section. The
electric ﬁeld strength diﬀers between these two polarizations as
shown in Figure 3c and 3d. There is a relatively stronger zdirectional electric ﬁeld in Figure 3d due to the light scattering
at the nanoscroll vertical sidewalls when the laser is polarized
perpendicular to the nanoscroll axis, making the total electric
ﬁeld strength less continuous at the dielectric interfaces (only
Dz, Ex, and Ey are continuous at the dielectric interfaces). Most
importantly, the electric ﬁeld strengths within the nanoscroll
are signiﬁcantly diﬀerent between these two laser polarizations,
which will result in distinctive SHG intensities. This polarization dependent electric ﬁeld strength for this nanoscroll is
quantitatively plotted as the black curve in Figure 3e, while the
red curve is the result for another nanoscroll with the same
height, roll layers but a circular cross-section. The error bars
show the standard deviations of the electric ﬁeld strength
within the nanoscrolls. With the same height, a nanoscroll with
a narrower width suppresses the electric ﬁeld penetration more
severely when the laser is polarized perpendicular to the
nanoscroll axis. In contrast, the electric ﬁeld strength caused by
laser polarized along the nanoscroll axis is not inﬂuenced.
Above all, two factors limit the SHG intensity when the laser
is polarized perpendicular to the nanoscroll axis: ﬁrst, the
vertical sidewalls perceive weaker electric ﬁeld strength due to
the out-of-plane electric ﬁeld according to the discussions of
Figure 2; second, the electric ﬁeld penetration and thus the
absolute electric ﬁeld strength are also weaker according to
Figure 3. Taking both factors into account, it can be inferred
that the weak side petals in Figure 2e will be further suppressed
in the experiment, making the SHG pattern of the nanoscroll/
nanotube more anisotropic especially when it has a circular/
prolate cross-section. On the contrary, the oblate cross-sections
13337
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Figure 4. (a, b) Experimentally measured polarization-resolved SHG of two MoS2 nanoscrolls with the second harmonic electric ﬁeld
analyzed along x and y directions. (c, d) Simulated SHG patterns for these two nanoscrolls with elliptical cross-sections as determined by
AFM and SEM. The roll numbers are tuned to best ﬁt the measured SHG intensities. (e, f) Simulated SHG patterns with the second
harmonic electric ﬁeld analyzed along the parallel and perpendicular directions of incident laser polarization. The solid curves are simulation
results of nanoscrolls with the constituent MoS2 layers loosely distributed in a solid scroll with a MoS2-air volume-averaged permittivity. The
dashed curves in panels d and f are simulated by a hollow scroll with a compactly scrolled MoS2 shell (18.5 nm height and 280 nm width).

nanoscrolls are reproduced well with 5−6 rolls of MoS2 layers,
consistent with the nanoscroll cross-sectional sizes and the
rolled ﬂake length (∼3−5 μm) on the broken ﬂake.
Considering the relatively large size of the nanoscroll crosssections, small MoS2 layer thickness (0.65 nm) and the few roll
layers, the MoS2 nanoscrolls in our experiment are still rolled
quite loosely. Molecular dynamics simulations and experiments
suggest that the MoS2 nanoscrolls can be compactly scrolled
with a much smaller circular cross-section (see Supporting
Information section 4),19,25 the fabrication of which will
enhance the SHG eﬃciency to a greater extent.
The simulations show generally good agreement with the
experimental results especially for nanoscroll NS2, in terms of
both the polarization dependencies and relative SHG
intensities. The mirror-asymmetric pattern analyzed in x
direction is reproduced, which otherwise is not accounted
for by a simple second-order susceptibility tensor χ. According
to the second-order susceptibility tensor, the x-polarized SHG
intensity
is
proportional
to

of nanoscrolls in our experiment will both reduce the side-wall
contributions and increase the absolute electric ﬁeld strength
within the nanoscrolls when the laser is polarized perpendicular to the nanoscroll axis. As a result, the anisotropy of SHG
petals is reduced. Using the simulated absolute electric ﬁeld
strength and phase as inputs, the second harmonic polarizations of nanoscroll walls can be calculated and the SHG
emission can be stimulated by a second step. A typical SHG
emission pattern of the nanoscroll with laser polarized along
the nanoscroll axis is shown in Figure 3f.
Figure 4a and b shows the experimentally measured
polarization-resolved SHG patterns of the two nanoscrolls
(NS1 and NS2) in Figure 1d, with the SH electric ﬁeld
analyzed along x and y directions. The SHG patterns show four
petals due to this polarization conﬁguration, similar to the case
of planar MoS2 monolayer in Figure 1b. However, the absolute
intensities of the four SHG petals are much larger. The highest
total SHG intensities (Ix + Iy) are obtained when the incident
laser is polarized almost along the nanoscroll axis for these two
nanoscrolls, which are 95 and 34 times larger than that of
planar monolayer MoS2 in Figure 1b. In addition, the
intensities of the four petals are not equal, indicating a
symmetry breaking after scrolling. Using the obtained
parameters of ﬂake rotation angle (φ= −6.4° in Figure 1a)
and the scroll direction θroll of the two nanoscrolls (71.2° and
−42.1° in Figure 1d), the second harmonic emissions are
simulated for diﬀerent laser polarizations using COMSOL by
modeling the nanoscrolls as solid scrolls with elliptical crosssections. The simulated polarization-resolved SHG patterns are
plotted in Figure 4c and d as the solid curves. SHG of
monolayer MoS2 is simulated and used as an intensity
calibration in these plots. The enhanced SHG intensities of

(

χxxx + χxyy
2

+ χxxy ·sin 2θ +

χxxx − χxyy
2

2

)

· cos 2θ , which will always

have a mirror symmetry (see Supporting Information section
6). The breaking of this mirror symmetry is caused by the wave
propagation eﬀect.11,29 Speciﬁcally, the laser electric ﬁeld at the
top and bottom walls of the nanoscrolls have diﬀerent phases,
and there is also a phase mismatch between them during SHG
emission. This phase diﬀerence and emission mismatch, in
addition to the diﬀerent second harmonic orientations and
strengths at the top and bottom walls, lead to the fact that the
total second-order emission ﬁeld cannot be simply added and
accurately described by a single second-order susceptibility
tensor. This phase mismatch and spatial distributions of the
13338
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Figure 5. (a) Chiral vector deﬁnition of MoS2 nanotube Ch⃗ = n·a ⃗ + m·b ⃗ , in which a⃗ and b⃗ are the in-plane primitive lattice vectors of MoS2.
(b) Schematic drawing of MoS2 nanotube by wrapping MoS2 sheet along the vector direction T⃗ . (c) Simulated polarization-resolved SHG of
a single-walled nanotube with a 37 nm diameter, −42.1° roll angle and a circular cross-section. (d, e) Simulated SHG intensities of the
nanotube with diﬀerent chiralities and diameters. (f) SHG intensity map of MoS2 nanotubes with diﬀerent chiralities. Both incident laser and
analyzer are polarized along the nanotube axis for panels d−f.

electric ﬁeld are considered in the COMSOL simulations, and
thus the mirror asymmetric SHG patterns are reproduced. On
the basis of the simulations, Figure 4e and 4f plot the
polarization-resolved SHG patterns simulated with parallel and
perpendicular analyzers. Relatively weaker anisotropies than
those in Figure 2e are observed due to the oblate cross-sections
of nanoscrolls.
There are some discrepancies between the experimental
results and simulations, which could be due to some unknown
scrolling structures in the nanoscroll cross-sections. The
discrepancies are especially large for nanoscroll NS1 when
the SHG is analyzed along y axis, even though the petal
orientations are still consistent. The simulated electric ﬁeld
strength suggests that the SHG intensity of NS1 is largely
contributed by its top walls because NS1 has a relatively large
diameter (98 nm) and they are closer to the standing
electromagnetic wave peak induced by the incident and
reﬂected laser. Since the second harmonic polarization is
proportional to Ein(ω)2, the contribution of the top walls then
becomes important. A careful check ﬁnds that this nanoscroll is
closer to the MoS2 triangular ﬂake center, which may consist of
growth nucleation seeds and small bilayer MoS2 areas as
identiﬁed by the unfolded ﬂake areas. Since the nanoscrolls are
treated as evenly distributed rolls within the cross-section in
our simulations, these unknown detailed factors are not
considered and might be responsible for the above
discrepancies. To further verify this point, as shown by the
dashed curves in Figure 4d and 4f, we conducted another
COMSOL simulation, on a nanoscroll of a compactly scrolled

6-roll hollow nanoscroll with 18.5 nm height and 280 nm
width that could be understood as an approximate structure of
nanoscroll NS2 (37 nm height and 340 nm width with some
uncertain scrolling structures). We found that this hollow
nanoscroll better reproduces the experimental results of NS2,
suggesting that some unknown geometric details, such as
compactness of layer rolling, can aﬀect the SHG emission
patterns of nanoscrolls.
The SHG of nanoscrolls above has been simulated and well
understood by the superposition of SH electric ﬁelds generated
by the composed MoS2 layers. Even though the experiments in
this work are conducted for MoS2 nanoscrolls, similar chiralitydependent SHG should be expected for MoS2 nanotubes. The
chirality of MoS2 nanotube can be deﬁned as Figure 5a. The
(m, n) index determines the vector Ch⃗ = n·a ⃗ + m ·b ⃗ , which
becomes the circumference of MoS2 nanotube after wrapping
around the axis T⃗ as shown in Figure 5b. As an example, Figure
5c simulates the SHG emission pattern of a single-walled MoS2
nanotube with a circular cross-section of 37 nm diameter and
the same chirality of −42.1° as NS2. Because of the inclusion
of polarization-dependent electric ﬁeld penetration within the
nanotube by the COMSOL simulations, the simulated side
petals are signiﬁcantly weaker than those in Figure 2e, which
even become barely visible when the laser is polarized
perpendicular to the nanotube axis.
Even though eq 4 is not accurate enough to be directly used
to compare the SHG intensities between diﬀerent laser
polarizations, for a ﬁxed laser polarization, the analytical result
can be used to distinguish the chiralities of the nanoscrolls/
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section (∼300 nm × 100 nm) and the small roll numbers (5−6
rolls) of the nanoscrolls in our experiment, it can be expected
that by fabricating more compactly rolled nanoscrolls, even
higher SHG eﬃciency can be achieved. Together with their
reduced size and the designable anisotropic nonlinear optical
responses, these nanoscrolls have advantages as functional
components in integrated photonics such as a microsized
frequency converter and optical modulator.6−8,32

nanotubes. As suggested by the COMSOL simulation in Figure
5c, for nanoscroll/nanotube with a small diameter, the SHG
intensity is only signiﬁcant when the laser is polarized along
the nanoscroll axis. Furthermore, this parallel electric ﬁeld
strength is not sensitive to the cross-section of nanoscroll/
nanotube as also suggested by the simulations in Figure 3e.
Assuming the laser beam size is larger than the single-walled
nanotube diameter D, the SHG intensity will be proportional
to P2 ∝ D2 cos2 3θroll based on eq 4, in which P is the total
polarization dipole of the nanotube, θroll is the chirality as
deﬁned in Figure 2a. To verify this, we simulate the SHG
intensities of single-walled nanotubes with diﬀerent chiralities
and diameters using COMSOL, and the results are shown in
Figure 5d and 5e. The chirality dependence follows cos2 3θroll
very well. However, the diameter dependence follows D2 (olive
dashed line) only for small-diameter nanotubes (<50 nm) that
are suspended in the air. For larger diameter nanotubes, the
increase of SHG intensity with diameter slows down because
the phase diﬀerence between the top and bottom walls of the
nanotube has gradually become important and not ignorable.
The overall phase mismatch can be estimated by (2kω + k2ω)D
in our backscattering SHG scheme, in which kω and k2ω are the
wave vectors of incident laser and SHG light. This phase
mismatch reaches approximately 90° for a single-walled
nanotube with 50 nm diameter. For the nanotubes on the
SiO2/Si substrate, the diameter dependence increases faster
than D2, because the SiO2/Si substrate can eﬀectively reﬂect
the laser and the larger diameter makes the nanotube closer to
the standing wave peak above the substrate as shown in Figure
3c. On the basis of these discussions, Figure 5f plots the SHG
intensity of suspended single-walled MoS2 nanotubes with
diﬀerent chiralities, assuming the laser is polarized along the
nanotube axes. For single-walled MoS2 nanotubes on a
substrate or nanotubes with large diameter (>50 nm), the
absolute SHG intensity needs to be further calibrated by
considering the electric ﬁeld strength within nanotubes due to
the wave propagation and reﬂection. The SHG intensity map
shows 6-fold symmetry, consistent with the hexagonal lattice of
monolayer MoS2 and the π rotation equivalence of SHG
measurement. With a known perimeter of the nanotube, for
example, obtained by AFM or SEM characterization, the
chirality of MoS 2 nanotube can be nondestructively
determined by SHG measurement using SHG intensity of
the monolayer MoS2 as a reference.

METHODS
Sample Preparation. The monolayer MoS2 ﬂakes were grown by
the chemical vapor deposition (CVD) method on SiO2/Si substrate.
MoO3 and sulfur powders in two quartz boats were used as solid
precursors. The grown MoS2 ﬂakes are of triangular or six-pointed star
shape. To form the MoS2 nanoscrolls, 100−500 μL isopropyl alcohol
(IPA) was carefully dropped on the substrate. After the solution was
vaporized, the MoS2 nanoscrolls were formed.
SHG Measurement. For the SHG measurements, the sample was
excited by a Ti: Sapphire femtosecond laser system (80 fs, 80 MHz,
chopped at 1 kHz) centered at 800 nm. The SHG measurement was
conducted with a reﬂection geometry with the excitation laser normal
to the sample at room temperature. The generated SHG signal was
collected by a modiﬁed WITec Alpha 300 S confocal Raman
microscope with a 50× objective (NA = 0.75). The pump laser has a
spot size of around 400 nm.29,30 Short-pass dichroic mirror and 400
nm bandpass ﬁlter was used to ensure pure SHG signals. The SHG
signals were analyzed by a linear polarizer polarized along x or y
direction. To study the SHG polarimetry, the polarization of the
incident laser was rotated by a motorized half-wave plate. The laser
power was ﬁxed for the SHG polarimetry for both monolayer MoS2
and MoS2 nanoscrolls. The SHG mapping image was taken by
scanning the sample through a piezo-driven stage, with the detected
SH polarization ﬁxed at x direction and the incident laser polarization
tuned to make the monolayer MoS2 intensity largest.
COMSOL Simulations. The laser excitation and SHG emission of
nanoscrolls are simulated in a 3D model using COMSOL. The
necessity of using a 3D model is caused by the small laser beam size
(∼400 nm) in both parallel and perpendicular directions of the
nanoscroll axis, which is smaller than the excitation laser wavelength
(800 nm). Both RF and wave optics modules in COMSOL can be
used, which produce the same results. The results in the manuscript
are simulated using the RF module. Laser excitation is modeled by a
Gaussian background beam with a fwhm of 400 nm through a top
port and impedance boundary conditions are used. The nanoscrolls
can be modeled as a solid or hollow scroll. The hollow scroll has the
cross-sectional shape as determined in experiment by AFM and SEM
and assumes the MoS2 layers scroll compactly at the outer shell of the
scroll. The solid scroll has also the measured cross-section of
nanoscrolls, but it assumes the MoS2 layers are evenly distributed
within the scroll and the scroll possesses a volume-averaged
permittivity of the constituent MoS2 rolls and air. The second-order
susceptibility tensor at diﬀerent positions of the scroll is analytically
calculated by the tensor rotation according to the assumed crosssectional roll structures of MoS2 layers. The tensor is input in the
COMSOL model for the second-step calculation of the SHG
emission. This volume second-order susceptibility tensor of the
solid scroll needs to be proportionally reduced according to the air/
MoS2 volume ratio to maintain the total second harmonic polarization
of the nanoscroll. In our simulation, the MoS2 roll structures are
assumed to be evenly distributed within the scroll starting from the
nanoscroll center and have the same cross-sectional shape as the outer
shell. Similar simulation results can be produced if the MoS2 layers are
modeled as one hollow scroll, and the constituent MoS2 layers are
scrolled compactly at the outer shell. The SHG emission is simulated
in a hemisphere surrounding the nanoscroll/nanotube with the
nanoscroll/nanotube at the sphere center. Only the second harmonic
power ﬂux at a part of the hemisphere surface that forms a cone is
integrated as the SHG signal. The solid angle of the cone is
determined by the NA (0.75) of the objective. To decompose the

CONCLUSIONS
In summary, we have fabricated MoS2 nanoscrolls and
characterized their polarization-resolved SHG performance.
The polarization-resolved SHG can be simulated and well
understood by the SH electric ﬁeld superposition theory. Both
the experimental results and theoretical calculations suggest
that the SHG of MoS2 nanoscroll has a strong chirality
dependence. Besides MoS2, other noncentrosymmetric 2D
materials, such as WS2, WSe2, and hBN,19,20,24,26,28,31 are
expected to show similar chirality-dependent SHG enhancement. In addition, our chirality-dependent SHG characterization can be further explored as a fast, convenient, and
nondestructive technique to determine the chiralities of
nanoscrolls and nanotubes. Compared with planar monolayer
MoS2 or bulk 2H-MoS2, the 1D MoS2 nanoscroll can achieve
much higher SHG intensity and thus emission eﬃciency. In
our experiment, a 95× stronger SHG intensity has been
achieved. Nevertheless, considering the relatively large cross13340
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electric ﬁeld at the hemispherical surface into x-, y-, parallel, and
perpendicular polarizations, the electric ﬁeld is translated by the
shortest distance through the hemispherical surface to the hemisphere
apex, where x-, y-, parallel, and perpendicular polarizations are welldeﬁned.
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