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The transition metal dichalcogenides (TMD) monolayers have shown strong second-harmonic generation (SHG) ow-
ing to their lack of inversion symmetry. These ultrathin layers then serve as the frequency converters that can be intergraded
on a chip. Here, taking MoSSe as an example, we report the first detailed experimental study of the SHG of Janus TMD
monolayer, in which the transition metal layer is sandwiched by the two distinct chalcogen layers. It is shown that the SHG
effectively arises from an in-plane second-harmonic polarization under paraxial focusing and detection. Based on this, the
orientation-resolved SHG spectroscopy is realized to readily determine the zigzag and armchair axes of the Janus crystal
with an accuracy better than +0.6°. Moreover, the SHG intensity is wavelength-dependent and can be greatly enhanced
(~ 60 times) when the two-photon transition is resonant with the C-exciton state. Our findings uncover the SHG properties
of Janus MoSSe monolayer, therefore lay the basis for its integrated frequency-doubling applications.

Keywords: Janus MoSSe monolayer, second-harmonic generation (SHG), orientation-resolved spectroscopy,

C-exciton resonance
PACS: 73.63.Bd, 42.70.Mp, 42.65.Ky, 42.79.Nv

1. Introduction

As a nonlinear optical process, the second-harmonic gen-
eration (SHG) converts two photons of the fundamental fre-
quency @ to a single photon of the harmonic frequency 2@.!!!
This frequency-doubling process is of vital importance to the
current laser technology, such as laser generations in blue and
green regions.!?! To realize this nonlinear optical sourcing on
a chip, the SHG of two-dimensional (2D) materials has been
extensively studied.[>* Of particular interest are the transi-
tion metal dichalcogenide (TMD) monolayers which exhibit
strong SHG owing to their lack of inversion symmetry. 58]
The SHG intensity can be further controlled through electro-

[9,10

static gating,[®!%1 and its polarization characteristic is sensi-

tive to mechanical strain.!!'=13! In addition, the integrations of

[14]

TMD monolayer with quantum dots,'*! nanowires,!'>1%1 and

(17201 offer an SHG platform that possesses re-

optical cavities
duced dimension and diverse functionalities.

The realization of Janus TMD monolayers in 2017 greatly
enriches the TMD family.[?!-?? The peculiar Janus structure
— different chalcogen species on the different faces — leads
to unusual excitonic dynamics (e.g., long radiative recombina-
tion lifetime) >34 and novel optoelectronic applications (e.g.,
photovoltaic cell with high power conversion efficiency).!>!
However, the feasibility and performance of such a monolayer

as the frequency-doubling medium have been less explored.
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Here, taking MoSSe as an example, we report the first de-
tailed experimental study of the SHG of Janus TMD mono-
layer. Though the second-harmonic polarization has both in-
and out-of-plane components, the SHG effectively arises from
an in-plane reduced polarization when considering paraxial
focusing and detection. An orientation-resolved SHG spec-
troscopy can be realized in terms of the reduced polarization
and Jones calculus, which determines the zigzag and arm-
chair directions of the Janus crystal to an accuracy better than
+0.6°. Moreover, by tuning the excitation at the C-exciton
resonance, the SHG intensity can be greatly enhanced by a fac-
tor of ~ 60, which implies a nearly eight-fold increase of the
second-order susceptibility x)(zy) Our results demonstrate that
the Janus MoSSe monolayers is a tunable nonlinear medium
in the 2D limit, which is potentially suited for the on-chip
frequency-doubling applications.

2. Methods

Janus MoSSe monolayer was converted from MoS,;
monolayer via the graphene-assisted bottom-face substitution
(see Figs. S1 and S2 in the supplementary materials for de-
tails). The resulting sample is a vertical heterostructure in
which the Janus MoSSe monolayer is encapsulated by few-
layered graphene. Raman and photoluminescence (PL) char-
acterizations were performed by a commercial equipment

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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(WITec alpha 300R) under the 532-nm laser excitation. Power
and wavelength dependences of SHG were measured by a
home-built system equipped with a tunable femtosecond laser
source (Coherent Chameleon Ultra II) and liquid-nitrogen-
cooled charge-coupled-device (CCD) detector (Princeton In-
strument Acton SP2500i).
SHG measurements, a 1064-nm polarized picosecond laser
source (NPI Rainbow 1064 OEM) was connected to a com-
mercial equipment (WITec alpha 300RA). A motorized half-
wave plate was placed in the common optical path to rotate
the polarizations of both input laser and output SHG. A linear

As for the orientation-resolved

polarizer was inserted in front of the spectrometer entrance
as the analyzer. Linear absorption spectra were acquired by
a home-built system equipped with a tungsten-halogen white-
light source (Thorlabs SLS201L) and a thermoelectric-cooled
CCD detector (HORIBA iHR 550). The spectra were cal-
culated with (Iy —1I) /Iy, where I and Iy represent the signal
intensities at the sample and the bare SiO,/Si substrate, re-
spectively. For all optical measurements, the light source was
focused by a 100x microscope objective with the numerical

aperture (NA) of 0.9, which subsequently collected the signal
in the backscattering geometry.

3. Results and discussion

The atomic structure of a Janus MoSSe monolayer is il-
lustrated in Fig. 1(a). The out-of-plane mirror symmetry is
lifted by the sulfur and selenium atoms that locate on the op-
posite faces. Raman spectroscopy was used to verify the Janus
structure of as-converted samples. As shown in Fig. 1(b), the
spectrum of Janus MoSSe monolayer exhibits the characteris-
tic bands A% and E2 at ~ 290 and ~ 354 cm ™!, respectively, in
clear contrast to those of pristine MoS, monolayer (A} and E’
at ~ 406 and ~ 382 cm™ !, respectively).!?>?71 The full width
at half maximum (FWHM) of A} band is similar to those of
A’ and E' bands (~ 6 cm™!), therefore the high crystal qual-
ity has been retained after the Janus conversion. Additionally,
as shown in Fig. 1(c), the PL spectra exhibit the redshift from
~ 1.85eV (MoS;) to ~ 1.72 eV (MoSSe), which is consistent
with the reported change of the A-exciton emission. [?8]
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Fig. 1. (a) Atomic structure of Janus MoSSe monolayer. The definitions of Cartesian indices are overlaid. (b) and (c) Raman and PL
characterizations of the as-converted Janus MoSSe monolayer, respectively. The normalized spectra of pristine MoS, monolayer are also

shown for comparison.

The nonlinear optical response of Janus MoSSe mono-
layer was probed using an 800-nm excitation, and the second-
harmonic emission at 400 nm was detected (Fig. 2(a)). Since
SHG is a second-order process, its intensity scales quadrat-
ically with the excitation power.>”! This relation is clearly
shown on a log—log scale (Fig. 2(b)). The linear fitting yields
the slope of ~ 2.2, which is close to the theoretical value
of 2. The deviation could be explained by the measure-
ment uncertainties under low excitation powers. However,
photodamage occurs as the excitation power continuously in-
creases, resulting in a reduction of SHG intensity and hence
the slope (see Fig. S3 in the supplementary materials). 3!
To avoid the photodamage, laser power has been carefully
adjusted during other measurements. In addition, the SHG
microscopy confirms that the detected signal arises from the
Janus MoSSe monolayer, while no signal could be obtained on
bare graphene region (see Fig. S4 in the supplementary mate-
rials).

In the theory of nonlinear optics, SHG originates from

the second-harmonic polarization of optical medium induced
by the laser electric field.[*’! In order to clarify the SHG of
Janus MoSSe monolayer, its second-harmonic polarization is
determined as (see Note 1 in the supplementary materials)

2 2
290(2}? EcE, — 295}(’ y)ExE)’
PO =g | DB+ ( QB2+ BE. | (1)

AHE2 + 25 B2 + 1D E?
where F is the laser electric field, x (2) is the second-order sus-
ceptibility, and & is the permittivity of free space. The Carte-
sian indices are defined such that the x-axis is along the zigzag
direction, and the z-axis is normal to the layer (see Fig. 1(a)).
The four independent nonvanishing tensor elements of (%) are
deduced from the crystal symmetry of Janus MoSSe mono-
layer (C3,) together with the intrinsic permutation symmetry
of SHG.?>3!1 Equation (1) further reveals that the induced
second-harmonic polarization possesses both in- and out-of-
plane components. However, the practical detection of SHG
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as well as the laser focusing was achieved by an objective
with NA<1. The paraxial approximation is therefore appro-
priate, implying that the PZ(Z) would make a minor contribu-
tion to SHG signal, and the focused electric field is largely
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is a 2D second-harmonic polarization with x,y; as the only

contributing susceptibility element.
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Fig. 2. (a) SHG of Janus MoSSe monolayer under the 800-nm fundamental excitation. (b) SHG intensity as a function of excitation power

(plotted on a log—log scale). The slope is extracted from linear fitting.
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Fig. 3. (a) Ilustration of the setup used for the orientation-resolved SHG spectroscopy. The fundamental and second-harmonic paths are represented
by the red and green lines, respectively. The half-wave plate is rotated counterclockwise by an angle of 6 /2. (b) SHG intensity as a function of 6,
measured with the aligned configuration. The red curve with six-fold symmetry is the best fitting to data according to Eq. (3). The zigzag (ZZ) and
armchair (AC) directions of the Janus MoSSe monolayer are determined with respect to the common direction (see the red arrowed lines).

Moreover, the dependence of p(z) on the in-plane ori-
entation of Janus MoSSe monolayer enables the orientation-
resolved SHG spectroscopy. Our setup, consisting of a linearly
polarized excitation laser, a half-wave plate in the common op-
tical path, and an analyzer before the spectrometer entrance, is
illustrated symbolically in Fig. 3(a). Based on the Jones calcu-
lus of polarization optics,?>! the second-harmonic output has
the intensity

I, )

@
IsyG o< ’JAJHP ‘

where Jp and Jy are the Jones matrices of the analyzer and the
half-wave plate, respectively. As for the fundamental path, the

laser polarization and hence p(®) are influenced by the rotat-
ing half-wave plate. Overall, the angular dependence of SHG

intensity is (see Note 2 in the supplementary materials)

IsnG () o< sin® [3(0 + 6,) — @], 3)

where 6 is twice the rotation angle of the half-wave plate (see
Fig. 3(a)), 6, is the angle between the laser polarization and
If the

laser polarization, the fast axis of half-wave plate, and the pass

the x-axis, and @ is a configuration-specific phase.

plane of analyzer are all aligned to a common direction, this
phase will vanish. The SHG intensity measured with such
an aligned configuration is shown in Fig. 3(b). The six-fold
theoretical curve well fits the polarization response. The fit-
ted 6, = —19.9° £0.6° determines the zigzag direction of the
Janus MoSSe monolayer with respect to the common direc-
tion. Also, as evidenced in Eq. (3), the aligned configuration
with @ = 0 allows the direct identification of in-plane orienta-
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tion: the maximum of SHG intensity pointing to the armchair
direction, while the minimum to the zigzag.
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Fig. 4. (a) Wavelength-dependent SHG of Janus MoSSe monolayer.
The excitation wavelength was tuned from 760 to 1080 nm, with 20-nm
resolution. (b) SHG intensity as a function of second-harmonic energy.
Upper-right inset: linear absorption spectrum of Janus MoSSe mono-
layer measured in the relevant spectral range. Upper-left inset: energy-
level diagram illustrating the resonance process. The two-photon tran-
sition is resonant with the C-exciton state, which is responsible for the
observed SHG enhancement.

Furthermore, the electronic structure of Janus MoSSe
monolayer is reflected by the wavelength-dependent SHG
spectroscopy. As shown in Fig. 4(a), the excitation wavelength
was tuned from 760 nm to 1080 nm with 20-nm steps, and
the second-harmonic emission is the most pronounced around
450 nm. The SHG intensity is plotted in Fig. 4(b) as a function
of second-harmonic energy. The position of SHG enhance-
ment (~ 2.7 eV) is coincident with the C-exciton energy of
Janus MoSSe monolayer (2.72 eV;[?3! also see the upper-right
inset in Fig. 4(b) for the linear absorption spectrum, which
shows a clear peak at ~ 2.7 eV). This coincidence implies that
the two-photon transition is resonant with the C-exciton state,
which is illustrated by the energy-level diagram in the upper-
left inset of Fig. 4(b).153¢ The light-matter interaction is par-

ticularly strong under resonance, thus the second-order sus-
ceptibility becomes large.[*°! Specifically, the resonant SHG
intensity of Janus MoSSe monolayer is ~ 60 times stronger
than the nonresonant value, indicating a nearly eight-fold en-
hancement of its susceptibility element xy(yzy)

4. Conclusion

In summary, we have investigated the SHG of Janus
MoSSe monolayer in terms of excitation power, crystal ori-
entation, and exciton resonance. In order to describe the SHG
under paraxial focusing and detection, we derive a reduced
second-harmonic polarization that lies within the monolayer.
Based on this reduced polarization together with Jones calcu-
lus accounting for the optical setup, the zigzag and armchair
directions of the Janus crystal are quantitatively resolved to an
accuracy better than £0.6°. Moreover, the SHG intensity is
enhanced by a factor of ~ 60 (or nearly eight-fold increase of
xy(yzy)) when the two-photon transition is in resonance with the
C-exciton state. Our work unveils the SHG properties of Janus
MoSSe monolayer, which may enable novel applications in
on-chip optical sourcing and integrated photonic circuits.
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