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ABSTRACT

Materials with high second harmonic generation (SHG) efficiency and reduced dimensions are
favorable for integrated photonics and novel nonlinear optical applications. Here, we fabricate
MoS; nanoscrolls with different chiralities and study their SHG performances. As a 1D material,
MoS; nanoscroll shows reduced symmetry and strong chirality dependency in the polarization-
resolved SHG characterizations. This SHG performance can be well explained by the coherent
superposition theory of second harmonic field of the nanoscroll walls. MoS; nanoscrolls with
certain chiralities in our experiment can have SHG intensity up to 98 times stronger than that of
monolayer MoS,, and the full potential can still be further exploited. The same chirality-
dependent SHG can be expected for nanoscrolls or nanotubes composed of other non-
centrosymmetric 2D materials, such as WS,, WSe,, and hBN. The characterization and analysis
results presented here can also serve as a non-destructive technique to determine the chiralities of

these nanoscrolls and nanotubes.

INTRODUCTION

The 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.'®
Second harmonic generation (SHG), as an essential nonlinear optical effect, is broadly used for
applications such as frequency conversion, light modulation, and material characterizations.’!3

Yet, the required noncentrosymmetry of the host crystals greatly limits the search for SHG-



bearing materials.28!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.>#!!!'” The atomic scale can also enable miniature device
fabrication and integration. Nevertheless, the ultimately scaled thickness of such 2D materials
poses a great challenge in their insufficient light-matter interaction. While naturally-existing bulk
TMDs are in the Bernal-stacking 2H phase with restored centrosymmetry and thus vanished
SHG % and the synthesized 3R phase still faces the problems of synthesis difficulty and phase
instability,'® a method capable of aligning the constituent layers in the multilayer/bulk TMDs
without symmetry restoration is highly desired to realize phase-matched SHG signal of each
layer for constructive interference and enhancement of the SHG intensity up to a practically

functional level.

One-dimensional nanomaterials such as multi-walled nanotubes and nanoscrolls, as a
nanostructure derivative of 2D materials with further reduced symmetry, represent a promising
platform to engineer the interlayer interaction for novel optical and optoelectronic properties.'*-2°
In particular, the nanoscroll structure of a TMD monolayer with a specific chirality, which is
defined as the rolling angle, can be fabricated and identified with a simple solvent-evaporation-
driven processes,*'**?> which is capable of controlling the inherent alignment of the constituent
layers, a 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 MoS, nanoscrolls out of chemical vapor deposition (CVD) MoS,
monolayers, using a solvent-evaporation-driven rolling process.?! %32 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 two orders of magnitude
compared with monolayer MoS,. A model by considering coherent second harmonic (SH) field
superposition is established and well explains the SHG properties of the MoS, nanoscrolls. The
work presented here could enable a new paradigm in constructing and designing miniaturized

anisotropic nonlinear optical nanostructures from noncentrosymmetric 2D materials.

RESULTS AND DISCUSSION

MoS, nanoscrolls are directly obtained by rolling MoS, flakes through a solvent-evaporation-
driven process.?!?32 The triangular MoS, flakes are grown on SiO,/Si substrate by CVD, with
MoO; and sulfur powders as the solid precursors. By dropping isopropyl alcohol (IPA) solution
on the surface, the vaporization of IPA causes MoS, flakes to roll into quasi-1D nanoscrolls at
room temperature within several minutes. Figure 1a shows a partially scrolled MoS, flake that is
typically obtained. Based on the 60° vertex angle and the sharpness of the triangle edges, this
MoS, flake can be determined to be Mo-zigzag edge terminated,”’ 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 50x objective (NA =0.75). The polarization of 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 six-fold petals in the polarization-resolved SHG pattern.*¢811.13.14 However, in our experiment,
considering the relative 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. The x- and y-polarized measurements result in four-fold petals
(Figure 1b), which is consistent with our numerical analysis (See Supporting Information Section
1). After fitting the results by the solid lines in Figure 1b, polarization-resolved SHG of
monolayer MoS, analyzed with parallel and perpendicular polarizations with respect to the
incident laser can be converted (See Supporting Information Section 1) and is shown in Figure

Ic. The petal orientations agree with the atomic configuration in Figure 1a.

To investigate the SHG intensity of the MoS, nanoscrolls, we measured the SHG for the
square region (green dashed line) in Figure 1a by scanning the sample using a piezo-driven
sample stage. The SHG signal is detected by fixing the linear analyzer along x direction, while
the incident laser is polarized along 36° as indicated by the blue arrow in Figure 1b. This laser
polarization makes the monolayer MoS; reach its maximum SHG intensity in this analyzing
configuration. The mapping results are shown in Figure 1d, with the polarizations of incident
laser and analyzer also shown as the inset. A homogenous SHG intensity is observed for the flat

region of MoS, flake, while the nanoscrolls, such as the ones noted by NS/ and NS2 in Figure 1d,



show remarkably higher SHG intensities, which are 14 and 5.2 times larger than that of

monolayer MoS, in this measurement configuration.
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Figure 1. (a) Optical image of CVD-grown single-layer MoS, film and the formed nanoscrolls.
Scale bar: 5 um. (b) Polarization-resolved second harmonic generation (SHG) of MoS, monolayer
measured at the red dot position in (a) with the second harmonic (SH) polarized along x and y
directions. The dots are experimental results, while the solid lines are theoretical fittings. (c)
Converted polarization-resolved SHG of MoS, film with SH polarized along parallel and
perpendicular directions with respect to the incident laser polarization. (d) SHG intensity mapping

of MoS, monolayer and the nanoscrolls in the green dashed square region of (a). The incident laser



during the mapping is polarized along direction indicated by the blue arrow in (b), while the SHG

signal is analyzed along x direction.

Figure 2a schematically shows the rolling of the nanoscroll. The rolling direction of nanoscroll
0011 1s defined as the angle between the nanoscroll axis and the Mo-S bond direction of the
triangular flake (i.e. armchair direction). The enhanced SHG from the nanoscrolls is owing to the
coherent superposition of the SH fields from the constituent monolayer walls, which accumulate
differently depending on the rolling direction, i.e., the chirality of the nanoscrolls. Before
touching upon this, we first consider the SHG of planar MoS, monolayer, whose SH field can be

calculated from the second-order susceptibility tensor under the constraints of a P6m2 space

group’7,16,17
0 -1 0
0 0 0
-1 0 0
0 0 0
0 0 0
0 0 0
Here )(1(12,3 is a third-order tensor, i, j, k are indexes that can be x, y or z axis, d is a constant

related to the susceptibility amplitude of monolayer MoS,. The large parenthesis in equation 1 is
for i, j indexes, while the smaller inner parenthesis means the change of k index. To get eq 1, the
armchair direction (i.e., the direction of Mo-S bonds) of triangular MoS, flake is aligned with y
axis. Using this tensor, the SH field E?“ (or proportionally the generated SH electric dipole) can
be calculated by E?* = )(1(12,2 E’E}’,in which E;” and E}¢ is the axial components of incident

laser electric field. Here the Einstein summation notation is used. For different excitation



polarizations, the SH field of a monolayer MoS, calculated using eq 1 is schematically drawn in
Figure 2b. Specifically, for excitation polarized along the armchair direction of the MoS, flake,
the SH field is along the same direction, while for excitation perpendicular to the armchair
direction, that is, along the zigzag direction, the induced SH field is perpendicular to incident

polarization. We note that because the SH field E*® depends on the incident electric field

E{* through E}® = )(1(12,2 E;”E}’, it maintains the same direction for both positive and negative E;”.

(2)

The second-order susceptibility tensor x;;; of MoS; flake changes its mathematical form after

rotation to become a part of nanoscroll walls. The mathmetical transformation is provided below

ineq 2.
XA R) = Rim Xeap R i R 2)

Here R is the rotation matrix with matrix elements R;;, and R~ is the inverse matrix of R. The

ijs
detailed derivation can be found in Supporting Information Section 2. Based on the rotated
tensor, SH fields contributed by nanoscroll walls can be calculated. Figure 2c illustrates the SH
field distributions of a nanoscroll with 6,.,;; = 0°, under excitation laser polarized parallel and
perpendicular to the nanoscroll axis respectively. For incident laser parallel to the nanoscroll
axis, the rolling of the MoS, flake does not change the orientation of the incident field relative to
the MoS, lattice. As a result, the generated SH fields from different parts of the whole nanoscroll
are still in the same direction, and the total SH dipole is the simple summation of the
contributions without phase losses, which greatly enhances the SHG efficiency. For incident

laser polarized perpendicular to nanoscroll axis, a slightly different SHG will be found, because

the rolling of the MoS, flake now changes the direction of the incident laser polarization relative



to the rolled MoS, lattice. For example, the electric field of the incident laser changes its sign
relatively to the top and bottom parts of the nanoscroll. As mentioned above, the SH field
maintains the same direction regardless of a positive or negative incident electric field.
Therefore, the SH 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 the incident polarization along the nanoscroll axis.

The SHG intensity can be enhanced for nanoscrolls, but the rolling direction (i.e. chirality) of
the nanoscrolls will greatly influence the SHG efficiency. Figure 2d shows the SH field
superposition for a nanoscroll rolled along the zigzag direction (8,4 = 30°). No matter whether
the excitation polarization is parallel or perpendicular to the nanoscroll axis, the SH 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 field will cancel

each other, leading to a weak SHG intensity.

To quantitatively evaluate the chirality-dependent SHG emission of MoS, nanoscrolls, as an
approximation, we calculate the effective second-order susceptibility tensor of a single-walled
MoS, nanotube. This approximation ignores the continuous increase of the nanoscroll diameter,
but it captures the essence of the rolled MoS, flake. Based on 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,

2
xign nanoscroll) = [ 47 (Rp.0,,00) d¥ron/21 (3)



in which R is the rotation matrix of MoS, flake from the planar orientation to a part of

©.970109Proll
the nanoscroll/nanotube walls, ¢ is the rotation angle of the triangular flake from the y axis (e.g.

@ = —6.4° in Figure 1a), 6,.,;; is the chirality of the nanoscroll/nanotube as defined in Figure 2a,

@ron 18 the rolling angle around the nanoscroll axis, which varies from 0 to 2, then
)(1(12,2 (R(p,gmw(pm”) is the second-order susceptibility tensor of MoS, monolayer after rotation by

Ry 6. 10.0u 2Ccording to eq 2. This second-order susceptibility tensor of nanoscroll is

normalized by its total composed MoS, monolayer area.

The polarization revolved SHG emission patterns of MoS, nanoscrolls with different chiralities
are calculated and presented in Figure 2e based on eq 3. Similar to monolayer MoS,, the
polarization-resolved parallel and perpendicular SHG signals of nanoscrolls have six petals.
Consistent with the qualitative analyses of Figure 2¢ and 2d, a nanoscroll with 6,.,;; = 0° has the
largest SHG intensity, while nanoscroll with 6,.,; = 30° has zero SHG intensity. Because of the
three-fold rotation symmetry of monolayer MoS, and the m rotation equivalence of SHG
measurement, the SHG pattern of nanoscroll with 8,.,;; = 60° has restored to the same SHG
pattern as that of 6,.,;; = 0°, only with a 60° rotation for the entire polarization-resolved SHG

patterns.
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Figure 2. (a) Schematic of MoS, 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 (¢) 6,,; = 0° and (d) 6,,; = 30° induced by incident laser
polarized along and perpendicular to the nanoscroll axis respectively. (e) Calculated polarization-

resolved SHG of MoS, nanoscrolls with different chiralities.

We note that the highest SHG intensities of MoS; 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. Based on eq 3, the SH

susceptibility tensor for a nanoscroll can be calculated to be,

(29 (2)
26 G "
HIEANG

0
0
0
0

)(1(12,2 (nanoscroll) = d, cos 36, ( 0
0

0
0
0
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in which 6,.,;; 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 tensor form after rotation). From eq 4, it can be clearly seen that the highest SHG

intensity is caused by )((2) =

yyy = do €0S 30,4, In contrast to the tensor of monolayer MoS,in eq 1,

the nonzero elements of this nanoscroll tensor in the x-y plane are related by )(,(Ci)y = )(,(j,)x =

)(J(,i)x = - Xs(/if)y /2, instead of )(,(Ci)y = )(,(j,)x = )()(,?x = - XJ(’?J’ for planar monolayer MoS,. The

smaller ratio of )(,(Ci)y, )(,(j,)x and )(3(,?95 with respect to )((2)

yyy in the nanoscroll is caused by the out-

of-plane electric field for the vertical nanoscroll sidewalls as mentioned in Figure 2¢, which

makes the effective exciting electric field smaller.

For the above calculation, we have assumed that the cross-section of nanoscroll is circular.
However, because of the substrate influence or the rolling dynamics, the cross-section of
nanoscroll can be elliptical (see Supporting Information Section 4),222% which will change the
sidewall contributions to the SHG intensity. The ellipticity can be defined by e = (a — b)/(a +
b), in which a and b are axes indicated in Figure 3a. For nanoscroll with elliptical cross-section,
there is no accurate analytical form for the second-order susceptibility tensor, but the tensor can
be numerically calculated and well approximated by the analytical eq 5. All the tensor element
elements have approximation errors smaller than 0.014 (See Supporting Information Section 5),
which are ignorable compared with the largest element 1 in the parentheses.

(ot (577

0

~0.5 - 05sin (%) 0 0
)(i(flz(elliptical nanoscroll) = d, cos 36, 0 1 0 (5)

0 —0.5 + 0.5 sin (7”)

12



Figure 3 numerically calculates the polarization-resolved SHG patterns of nanoscrolls/nanotubes
with an elliptical cross-section. All these nanoscrolls are rolled with 8,.,; = 0° and have the same
perimeter. For nanoscroll with oblate cross-section (e = 0.3 in Figure 3a), because its sidewall has
less contribution, the SHG intensity is stronger than those with circular (e = 0) and prolate (e <
0) cross-sections, when the incident laser is not polarized along the nanoscroll axis. This trend can
be more easily understood from eq 5 by the extreme case when e = 1 or e = —1, which just
becomes a tensor of horizontally or vertically oriented MoS; bilayers. This numerical analysis also
further validates our previous vertical sidewall explanation of the decreased ratio between )(,(Ci)y,

Xy(czy)x Xf;i)x and )(f,zy)y for nanoscrolls.
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Figure 3. (a-c) Calculated polarization resolved SHG of MoS, nanoscrolls/nanotubes with
different elliptical cross-sections. The nanoscrolls/nanotubes are rolled with 8,.,;; = 0°. Ellipticity

of the cross-section is defined by e = (a — b)/(a + b). Nanotube with positive ellipticity in (a)
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has large side petals compared with nanotubes in (b) and (c), due to its smaller area of vertical

sidewalls.

Figure 4a and 4b show the experimentally measured polarization-resolved SHG of two
nanoscrolls (NSI and NS2 in Figure 1d), with SHG electric field analyzed along x and y
directions. The SHG patterns also show four petals, similar to the case of planar MoS, monolayer
in Figure 1b. However, the absolute intensities of the four SHG petals are much larger than that
of monolayer MoS,. Besides, the intensities of the four petals are not equal, indicating a
symmetry breaking caused by MoS, scrolling. Using the parameters of MoS, flake rotation angle
(¢ = —6.4° in Figure 1a) and the scroll direction 6,.,;; of the two nanoscrolls (71.2° and —42.1°
in Figure 1d), the second-order susceptibility tensors are calculated according to eq 3, based on
which the polarization-resolved SHG patterns are calculated and plotted in Figure 4c and 4d
(solid lines). During the calculations, we have used the second-order susceptibility tensor of
single-walled nanoscroll/nanotube, since the further scrolling only linearly increases the tensor
magnitude. The only fitting parameter is the scaling factor of SHG intensity, which is influenced

by the detection sensitivities and equipment settings.

The theoretical calculations show excellent agreement with the experimental results, in terms
of both polarization dependencies and relative intensities, which validates the coherent
superposition analyses of SH field above. There are still some intensity discrepancies for the
relatively weak petals of both nanoscrolls. By considering the possible elliptical cross-section of
nanoscrolls due to substrate interaction or the scrolling dynamics, SHG pattern of nanoscroll NS/
with ellipticity e = 0.15 is calculated and plotted as the dashed lines in Figure 4c, which shows

an improved agreement with the experimental intensities regarding the weak petals. However,

14



the discrepancies for nanoscroll NS2 are significantly different, especially for the x-polarized

SHG pattern, which has no mirror symmetry. Based on the second-order susceptibility tensor y,

. . o . + . -
the x-polarized SHG intensity is proportional to (M + Xxxy * SIN26 + Lo Xxyy

cos26)?, which will always have mirror symmetry (See Supporting Information Section 6). As a
result, the SHG pattern deviations for nanoscroll NS2 cannot be explained by a simple second-

order susceptibility tensor and might need to consider the wave propagation effect.!!*

The SHG patterns detected with parallel and perpendicular polarization settings for these two
nanoscrolls are converted in Figure 4e and 4f, based on the fittings above. According to Figure
4e and 4f, the highest SHG intensities are obtained when both the incident laser and the detection
polarizer are polarized along the nanoscroll axis for these two nanoscrolls, which are 98 and 32
times respectively larger than that of planar monolayer MoS, in Figure 1b. As shown in eq 4, the
second-order susceptibility tensor of single-roll nanoscroll evolves with the rolling angle 6,.,;;

proportionally by cos 36,.,;;, which has a period of 60° if ignoring the sign. The largest SHG

d, cos 30, (ellipticity of cross-section doesn't change )((2)

tensor element is )((2) = yyy»

Yyy see eq

5), which is equal to —0.83d, and —0.59d, for nanoscrolls NS and NS2. Assuming the
nanoscroll has a diameter of Dy, and the incident laser beam has a diameter D, that is larger

than Dy, then the measured SHG intensity ratio between N-roll nanoscroll and monolayer MoS,

can be estimated by,

2
IN_S ~ (wﬂcos (39roll)) (6)

ImL Dy 2

in which we have assumed the diameter of each scroll increase linearly, N is the roll number, so

N Dy /2 is the total cross-section length of nanoscroll. In the experiment, the diameter of the

15



SHG laser beam is about 0.4 um,?*3° while the diameter of nanoscrolls is about 0.2 pm according
to the optical image and atomic force microscopy (AFM) measurement. Therefore, through the
SHG intensity ratio between nanoscrolls and planar monolayer MoS,, the roll numbers of these
two nanoscrolls can be estimated to be 13 rolls and 9 rolls respectively according to eq 6.
Considering the relatively large diameters and the few rolled layers, the MoS, nanoscrolls in our
experiment are rolled still quite loosely and start with large inner diameters. Molecular dynamics
simulations suggest that MoS, nanoscrolls can be compactly scrolled with a diameter as small as
40 nm (see Supporting Information Section 4), the fabrication of which can greatly enhance the

SHG efficiency further.
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Figure 4. (a-b) Experimental polarization-resolved SHG of two MoS, nanoscrolls with second
harmonic field polarized along x and y directions. (c-d) Calculated SHG pattern for these two
nanoscrolls based on their chiralities and the flake triangle rotation angle. The dashed line in (c) is

the result considering an elliptical cross-section (e = 0.15). (e-f) Calculated SHG with second
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harmonic analyzed along parallel and perpendicular directions of incident laser based on the

intensity fittings in (c-d) for the same two MoS, nanoscrolls.

The SHG of nanoscrolls has been well explained by the coherent superposition of SH fields
generated by composed MoS, film. Even though the experiments in this work are conducted for
MoS, nanoscrolls, from the theoretical analysis above, similar chirality-dependent SHG should be

expected for MoS, nanotubes. The chirality of MoS, nanotube can be defined in Figure 5a. The
(m, n) index determines the vector C_h) =n-a+m- B, which becomes the circumference of MoS,

nanotube after wrapping around the axis T as shown in Figure 5b. According to eq 4, the maximum
SHG intensity is obtained with both the incident and detected electric field polarized aligned along

the nanotube axis. Assuming that the laser beam size is larger than nanotube diameter, the intensity

2
will be proportional to Ayz” | X§/233y| =A NTdeZ cos2 30,.,;;, in which Ay is the outer surface area

of the nanotube, d, is the tensor parameter in eq 1. In comparison, for monolayer MoS,, the
maximum SHG intensity will be simply proportional to AMLZdOZ, in which A, is the area of
monolayer MoS, under the laser beam. Figure Sc plots the SHG intensity of single-walled MoS,
nanotubes with different chiralities, assuming the same nanotube length. The SHG intensity map
shows six-fold symmetry, consistent with the hexagonal lattice of monolayer MoS, and the
rotation equivalence of SHG measurement. With a known perimeter of the nanotube, for example,
obtained by AFM or scanning electron microscope (SEM) characterization, the chirality of MoS,
nanotube can be non-destructively determined by SHG measurement using SHG intensity of

monolayer MoS, as a reference.

17
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the in-plane primitive lattice vectors of MoS,. (b) Schematic drawing of MoS, nanotube by

wrapping MoS, sheet along the vector direction T. (c) SHG intensity map of MoS, nanotubes with

different chiralities.

CONCLUSIONS

In summary, we have fabricated MoS, nanoscrolls and characterized their polarization-resolved
SHG performance. The polarization-resovled SHG can be well explained by the coherent SH
field superposition theory. Both the experimental results and theoretical calculations suggest that
the SHG of MoS; nanoscroll has a strong chirality dependence. Besides MoS,, other non-
centrosymmetric 2D materials, such as WS,, WSe,, and hBN,!9:20:24.262831 gre expected to show
similar chirality-dependent SHG enhancement. In addition, our chirality-dependent SHG
characterization can be further explored as a fast, convenient, and non-destructive technique to
determine the chiralities of nanoscrolls and nanotubes. Compared with planar monolayer MoS,
or bulk 2H-MoS,, the 1D MoS, nanoscroll can achieve much higher SHG intensity and thus

emission efficiency. In our experiment, a 98-times-stronger SHG intensity has been achieved.

18



Nevertheless, considering the relatively large diameters (0.2 um) and the small roll numbers (8-
10 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 can
have unique advantages as functional components in integrated photonics such as a microsized

frequency converter and optical modulator.58-2

METHODS

Sample preparation. The monolayer MoS, flakes were grown by the chemical vapor
deposition (CVD) method on Si0O,/Si substrate. MoO; and sulfur powders in two quartz boats
were used as solid precursors. The grown MoS, flakes are of triangular or six-pointed star shape.
To form the MoS, nanoscrolls, 100-500 pL isopropyl alcohol (IPA) was carefully dropped on

the substrate. After the solution was vaporized, the MoS, 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 50x objective (NA = 0.75). The pump laser has
a spot size of around 400 nm.?-* 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 MoS, and MoS, nanoscrolls. The SHG mapping image was taken by scanning the
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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 MoS, intensity largest.
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1. Second-order susceptibility tensor of monolayer MoS:

The second-order susceptibility tensor of monolayer MoS: after in-plane rotation can be calculated

|
|

by tensor transformation (See Section 2),

) (58
(55) (=)
L@

in which ¢ is defined by counter-clockwise rotation of the MoS> flake, with MoS; zigzag direction

X (@) = do (S1)

aligned with x-axis as 0°. From this tensor, the SHG intensity measured with parallel and

perpendicular directions can be calculated,

Iy = do®Ey*sin?(36 — 3¢) (S2)
I, = dy*Ey*cos?(36 — 3¢) (S3)

in which 6 is polarization direction of the incident electric field. From eq S2 and S3 we can see
the rotation ¢ of MoS» flake will just cause the SHG pattern shift by ¢. If the SHG intensity is

measured with x and y polarizations, the SHG intensity will be,

I, = dyEy*sin2(26 — 3¢) (S4)
I, = dy*Ey*cos?(26 — 3¢) (S5)
from which we can see now the rotation ¢ of MoS; flake will cause 8 of SHG pattern shift by

3¢ /2, which is shown in Figure S1.
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Figure S1. SHG pattern of rotated MoS: flake measured with x and y polarizations. The

rotation of flake by ¢ causes the rotation of SHG pattern by 3¢ /2.

2. Second-order susceptibility tensor transformation.

The SH field E?® (or proportionally the generated SH electric dipole) can be calculated by E?® =

()

Xi jkEj“’E,‘g’, according to the definition of second-order susceptibility tensor )((2) The rotation

ijk
matrix R;; rotates the coordinate r of MoS; flake by ;' = R;;;. If the incident electric field E j‘" is

also rotated by E®’ = R; JE, the generated SH field should be Ef®’ = R;;Ef®. Considering

R™';;Rjx = &), we can derive,

! 2 — — ] );
E2" = (RuxiaR™YjoR Vi) EQ'ES (S6)

in which E®" and E 12“” are electric field in the same coordinates after the material is rotated by
R;j. All the indexes run for x, y, z, and the Einstein summation notation is used. From eq S6, we

can get the second-order susceptibility tensor after material rotation in the same coordinates,



)

Xlop = RllX

2
UkR 1, R 1

(87)

3. SHG pattern of rotated 1D MoS: nanoscroll.

As described in the main text, the second-order susceptibility tensor normalized by its area of 1D

MoS; nanoscroll with its axis in y direction is,

<_
<_

)(L(Jz,z (nanoscroll) = d,

'\

0 —
0.5 cos 39T0”> (
0
0

e

0
0
0

0.5 cos 36mu)

0.5cos 36,y
0 cos 30,11
—0.5cos 39m”

0
0
0

0.5 cos 36m”) (

0
0.5 cos 39rou)

)
|

(S8)

in which 6,.,;; defines the rolling direction and chirality of nanoscroll. If the nanoscroll is rotated

counter-clockwise by ¢ with rotation matrix R, then the rotated tensor can be calcualted by tensor

(2)

transformation y; jlg(nanoscroll P) =

2)
lek

(nanoscroll, ¢) = dg

icos 30, sin¢ (1 + 5 cos 2¢)
icos 30,y cos ¢ (3 — 5 cos 2¢)

0

icos 30,y cos ¢ (3 — 5 cos 2¢)
—icos 30, 5in ¢ (3 + 5 cos 2¢)

0

lm Xmnp

=05 30, cos ¢ (3 — 5 cos 2¢)

R_lnj R_lpk, resulting in,

! 0
4
L0536, sin ¢ (3 + 5 cos 2¢) 0
5 €05 30,y Sin ) cos 2¢ %COS 36, sin ¢
0

- i €05 38,0y 5in ¢ (3 + 5 cos 2¢))
%cos 30,0y cos ¢ (=1 + 5 cos 2¢)
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—cos 36,4y COS P
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0 0 Zcos 36, sin ¢
2
; ’ " cos 36
écos 36, sin @ —écos 36,5y COS @ 505300 cos ¢
0

For nanoscrolls in the main text with triangle flake rotation ¢, we just need to replace ¢ by ¢p =
0,011 + @. From this tensor in eq S9, the SHG intensity of 1D nanoscroll measured with parallel

and perpendicular polarizations can be calculated,

Iy = = Eo*cos? 36,0, {~5sIn(30 — 3¢p) + 3sin(6 — $))’ (S10)



I, = 2 Ey*cos? 30,04 {~5c05(36 — 3¢p) +3cos(6 — ¢)} (S11)
from which we also can see the rotation ¢ of nanoscroll will only cause 8 of SHG pattern shift by

@. If the SHG intensity is measured with x and y polarizations, the SHG intensity will be,

I, = iEo‘*cos2 30,01 {—5sin(20 — 3¢) + sin(20 — ¢) — 2sin¢g}? (S12)
I, = iEO“cos2 360,,1{5c0s(26 — 3¢) + cos(260 — ¢) — 2cos¢}? (S13)
The rotation of nanoscroll will change the SHG pattern measured with x and y polarizations in a

complex way, as plotted in Figure S2.
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Figure S2. SHG pattern of rotated 1D MoS: flake measured with x and y polarizations. The

chirality of nanoscroll is fixed (8,,;; = 0°).



4. Compactly rolled MoS:2 nanoscrolls and the substrate influences.

In our experiment, the MoS, nanoscrolls have relatively large diameters (~200 nm) but few roll
layers (9 to 13 layers). The formation of more compactly rolled MoS> nanoscrolls can greatly
enhance the SHG efficiency further. Molecular dynamics (MD) simulations are conducted to
verify the physical viability and the possible limits of forming more compactly rolled MoS,
nanoscrolls. MD simulations are performed via the LAMMPS package.! Reactive Empirical Bond
Order (REBO) force field (FF)*? is utilized for the interatomic interactions of MoS,. The original
REBO parameters have been further tuned based on the Density Functional Theory (DFT)
calculations,**> which can better describe the binding energy and the interlayer distance of the

stacking geometries.

a b

nlayer . 2, 4, 6, 8 R = 20 nm n]ayer: 2, 4, 6, 8 R = 20 nm
Oron = 0°

Oroll = 30°

. =0,20 nm

Figure S3. Initial geometries of MoS2 nanoscroll for molecular dynamics simulation. Two

different rolling directions (6on = 0 and 30°) are considered. Each rolling direction has four



different numbers of layers (#1ayer) varied from 2 to 8 with/without considering the substrate effects.
The structural relaxations are performed through MD runs for a total of 16 models. The substrate
effects through Lennard-Jones wall are turned on/off and investigated by controlling /x (0 or 20

nm).

The initial rolled-up atomistic models are shown in Figure S3. The initial scroll geometries are

estimated by
r(@) =R + %9, (S14)

where 7 is the interlayer distance between layers set as 6.7 A, which is the equilibrium distance of
the AA stacking; R is the radius of the inner circle; @ is the rotation angle starting from the negative

y-axis. The total length of the monolayer MoS> in n1ayer nanoscroll is calculated by
Liotal = 2R Ny, + T[hnlzayer (S15)

The samples in our experiments have a substantial area of MoS; that is still flat on a substrate,
which is used to identify the lattice orientations and rolling directions. MD simulations with similar
flat MoS; region on substrate is conducted to see the effects of the existing substrate and the non-
scrolled MoS: monolayers. The vdW interaction with the substrate is modeled through Lennard-

Jones (LJ) potential with 9-3 form of

E=c2(2) - @ (S16)

where r i1s the distance between atom and substrate; o and ¢ are the parameters related to the

equilibrium distance and adhesion energy. We choose the same values used in the previous study



for the MoS; channel growth as 6 =2.3 A and & = 0.1 eV.® We note that we only consider the LJ
interaction to see whether there are any differences due to the substrate interaction. We apply the

structure relaxation for each model with the NPT ensemble at 300 K and 0 bar up to 500 ps after

the energy minimization.

Oron = 0° w/o substrate  Gron = 0° w substrate Gron = 30° w/o substrate Gron = 30° w substrate

=2

Hlayer

=4

Mlayer

=6

Hlayer

=3

Hlayer

Figure S4. Snap-shots of nanoscroll geometries after molecular dynamics relaxations. Cross-

sections of the nanoscrolls with two different rolling directions (6ron = 0 and 30°) and four different

layer numbers with and without the LJ substrates.



Figure S4 shows the relaxed nanoscroll cross-section. Our calculations suggest that MoS;
nanoscroll can be compactly rolled with much smaller diameter (40 nm at least in these
simulations). A previous study also reported that the diameters of nanoscroll can be as small as
10-40 nm.” Once Mo$S: forms a scroll, the main driving force for the further rolling is the vdW
interaction.® The stability of the nanoscroll comes from the balance between the vdW interaction
and the bending energy. Also, the high friction force from stacking geometries can contribute to
the stability with the various radius.’ If there is a non-scrolled flat region interacting with the
substrate, the shape is distorted from the circle, supporting our elliptical cross-section assumption

in Figure 3a (e > 0).
5. SHG pattern of 1D MoS:2 nanoscroll with elliptical cross-section.

For nanoscroll with elliptical cross section, with the ellipticity defined by e = (a — b)/(a + b) as
shown in Figure S6, the second-order susceptibility tensor of single-walled nanoscroll normalized

by its film area with nanoscroll axis in y direction can be numerically calculated by,

. . 2 2
X2 (elliptic nanoscroll) = [ ¥ (Ro... v oror) L @ron)d0ron / " L(€, @ro)dPron (S17)
J 0 J 0

in which Rg__, o, . 18 the rotation matrix of MoS; film to a part of nanoscroll/nanotube walls by

roll angle ¢,.,;; around the nanoscroll axis. )(l.(jzlz (Rgm lb‘Proll) is the second-order susceptibility
tensor after rotation Ry ,, . according to eq S7. L(e, Pro) dPrey is the perimeter increase of
nanoscroll cross section caused by d¢,,;;, which is not the same for different ¢,,; value and
serves as a weight for the tensor calculation. There is no analytic form for the perimeter of ellipse
) 02" L(e, ¢ron)d@,on. The tensor can be numerically calculated and well approximated by the

following analytical equation with all tensor element errors in the parentheses smaller than 0.014



as plotted in Figure S5, which are ignorable compared with the largest element 1 in the

parentheses.

(oebed) ()

—0.5 — 0.5 sin (?)

0
0
)(1(12,2 (elliptical nanoscroll) ~ d, cos 36, 0 <1> 0 (S 1 8)
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Figure SS5. Second-order susceptibility tensor elements of nanoscroll with elliptical cross-

section as a function of ellipticity e. The dots are numerical results, while the solid lines are

analytical results from eq S18.

Figure S6 numerically calculates the polarization-resolved SHG patterns of
nanoscrolls/nanotubes with an elliptical cross-section based on eq S18. All these nanoscrolls are
rolled with 6,.,;; = 0° and have the same perimeter. For nanoscroll with oblate cross-section (e =
0.3 in Figure S6a), because its sidewall has less contribution, the SHG intensity is stronger than
those with circular (e = 0) and prolate (e < 0) cross-sections, when the incident laser is not

polarized along the nanoscroll axis. This trend can be more easily understood from eq S18 by the

10



extreme case when e = 1 or e = —1, which just becomes a tensor of horizontally or vertically

oriented MoS; bilayers. This numerical analysis also further validates our vertical sidewall

explanation of the decreased ratio between )(,(Ci)y, ng)x, )(3(,?,5 and Xa(/if)y for nanoscrolls.

0.0

Intensity (a.u.)

o
3,
.

-
o
I

Figure S6. (a-c) Calculated polarization resolved SHG of MoS, nanoscrolls/nanotubes with
different elliptical cross-sections. The nanoscrolls/nanotubes are rolled with 6,.,;; = 0°. Ellipticity
of the cross-section is defined by e = (a — b)/(a + b). Nanotube with positive ellipticity in (a)
has large side petals compared with nanotubes in (b) and (c), due to its smaller area of vertical

sidewalls.

6. x- and y-polarized SHG pattern with mirror-symmetry.

If the SHG can be described by a second-order susceptibility tensor y, the x- and y-polarized SHG

patterns can be calculated by,

11



L = Eo* (B2 oy ) - 5in20 + Z25 290 05520)2  (S19)

Ly = E* (A28 oy - sin20 + B2 00529) (520

We know A -sin26 + B - cos20 can always be written as C-sin(26 + 6,), in which C =

VA? + B?, 6, = arctan(B/A), so polar plot of C - sin(26 + 8,) will be symmetric with respect to

the axes 6 = % — % orf = %ﬂ — % (when 20 + 6, = g or 3?71). As aresult, from eq S19 and S20,

the SHG pattern explained by one second-order susceptibility tensor y will always have mirror

symmetry.
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