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1. Introduction

Two-dimensional (2D) transition metal dichalcogenides
(TMDCs) are quantum materials that possess the merits of
atomic thinness, direct bandgap, and spin-orbit coupling, thus
holding promise for light-emitting and optoelectronic device
applications!'~®!. Moreover, their extraordinary nonlinear prop-
erties that are dependent on the number of layers have been
extensively studied, establishing their indispensable role as
building blocks in nonlinear optical devices'” ). For example,
the second-order nonlinear optical coefficient of monolayer
tungsten disulfide (WS,) is on the order of nanometers per
volt'®), at least 2 orders of magnitude higher than those of non-
linear crystals (e.g,, lithium niobate)!'”). However, being atomi-
cally thin results in a low harmonic signal of nanowatt!®!, limited
by the efficiency of light absorption and emission. To enhance
the intrinsically weak nonlinear optical processes, various nano-
structures have been proposed to regulate the local density of
optical states in layered TMDCs, including waveguides!®>],

. ey 242 27-32
microcavities??* %!, and metasurfaces’>’>%. Among them,
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Transition metal dichalcogenide two-dimensional (2D) materials, exhibiting extraordinary properties absent in their bulk
forms, have garnered significant attention in the field of nonlinear optical devices. However, the atomic-level thickness
limits the light absorption, which makes the intensity of the nonlinear signal extremely weak. Through transferring mono-
layer WS, onto a silica microsphere, we report a giant second-harmonic generation (SHG) enhancement for approximately
146 x 107 times. The second-harmonic (SH) signal reaches 2.56 MHz pumped by a continuous wave laser of 2.5 mW.
It is attributed to an enhancement of the pump laser due to the whispering gallery mode of the microsphere cavity.
This work demonstrates the potential of microcavity-integrated monolayer 2D materials for nonlinear optics in integrated

whispering gallery mode (WGM) microcavities stand out for
their ultrahigh quality (Q) factors and very small mode volumes,
and they have found broad applications ranging from frequency
conversion* " and quantum computing[36’38] to optical sens-
ing"®”). In the WGM microcavity, the optical field propagates
and undergoes total internal reflection at the inner surface. If
the optical field returns to the starting point after one round trip
with a phase difference that is an integer multiple of 2z, a stand-
ing wave mode is formed within the microcavity. In particular,
transverse-electric WGMs offer the polarizability along the in-
plane direction of layered TMDCs, perfectly aligned with their
nonlinear susceptibility.

However, the integration of layered TMDCs with WGM
microcavities has remained challenging. High-performance
photonic integrated devices require the pick-and-place tech-
nique with high precision and uniformity when transferring lay-
ered, large-area TMDCs onto the on-chip WGM microcavities.
Besides, any fragments introduced during the transfer process
would inevitably decline the Q-factors of the microcavities, thus
degrading the device performance. To address these challenges,
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we develop the dry transfer method by dynamically heating
the microcavities, which relies on the inherent van der Waals
force and allows for manipulation of large-area TMDCs. As
for the Q-factor control, the spherical microcavities formed
through surface tension are good candidates, in which their
atomically smooth surfaces assure the ultrahigh Q-factor (over
10° attainable)!?!.

In this work, we study microcavity-enhanced second-
harmonic generation (SHG) in monolayer WS,. It is found that
with a high-Q silica microsphere (MS), the second-harmonic
(SH) signal generated by a continuous-wave (CW) laser is much
stronger than that for a pulsed laser, reaching the generation
rate of 2.74 X 10° cps at a pump power of 2.5 mW. The WGM
resonance remarkably boosts the SHG process, leading to an
enhancement factor of 1.46 X 10” compared to that in the bare
monolayer. The TMDC-integrated MSs serve as a versatile plat-
form for the fundamental studies of ¥® and y® nonlinear opti-
cal processes'*!. Moreover, as movable scanning microprobes,
they would promote applications including portable quantum
light sources, Raman spectroscopy, imaging, and surface chemi-
cal analysis!*?).
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2. Experiments and Methods

2.1. Experimental setup and SHG enhancement mechanism

The experimental setup is shown in Fig. 1(c). To match the cavity
mode with a very narrow bandwidth, we choose a tunable con-
tinuous laser (Santec TSL-550) in the 1550 nm band as the pump
light source. A portion of the input light’s energy is amplified and
directed into a periodically poled lithium niobate (PPLN) crystal
to generate a laser whose wavelength exhibits synchronous varia-
tions with the pump light, enabling simultaneous characterization
of the transmission spectra in both frequency bands. During the
SH test, the output of the PPLN crystal is disconnected to prevent
it from affecting the results. The pump light and generated SH
signal are collected from the microcavity using a tapered fiber.
The tapered fiber exhibits a minimum diameter of 1.6 pm and
demonstrates transmission efficiencies of 88.1% at 1550 nm
and 66.7% at 775 nm, respectively. In order to ensure the stability
of experimental results, we cause the fiber and cavity to be in
direct contact to achieve the overcoupling state, although this
may reduce the loaded Q factor. The SH signal coupled by the
fiber is separated from the pump light by a wavelength division
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Fig. 1. (a) Schematic of SHG in monolayer WS, enhanced by the microsphere. The incident light and SH signal are coupled through a tapered fiber. (b) Measured
spectra of the SH signal (red) as well as the pump laser (blue). (c] Schematic of experimental setup for measurement of SHG and transmission spectra. BS, beam
splitter; FPC, fiber polarization controller; SP, 350 nm short pass filter; PD, photon detector; WDM, wavelength division multiplexer.
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multiplexer (WDM) and measured using a spectrometer. The ~ 2.2. WS,-integrated microcavity
pump light is fed into the photodetector simultaneously to
observe the transmission spectrum of the cavity in real time.
The SH intensity of monolayer WS, is mainly determined by
its properties (second-order nonlinear susceptibility tensor) and

the energy of the pump light. Th? monolayer WS, has P63/mmc (PDMS) as the sample base. During the transfer process, the
crystal symmetry, which means it has a second-order nonlinear

dibility th ) s d ——d. - glass slide holding the MS is positioned onto the heating plate.
SUSCEPUDILLLY. SENSOr WIth NONZETo leMENts dyyy = “@ux = Meanwhile, the monolayer material slowly approaches the MS

_ _ (8] NP . .
Ayxy = —dyy, . The polarization information of the SH signal 1, 4er the control of a piezo translation stage. Stop moving

In the experiment, the monolayer WS, (Six Carbon Tech.) is
carefully transferred onto the surface of the silica MS made from
single-mode fiber at telecom. In order to facilitate the sub-
sequent transfer process, we choose polydimethylsiloxane

reads the material after contact with the surface of the MS and increase
the temperature of the heating plate. In the process of gradual
E,(w)? warming, the volume of the cavity will slowly expand to make
Ey(w)? its contact area with the material larger. Since PDMS is soft,
P,(2w) dyy 0 dig 5 the cavity will not be damaged by extrusion during the transfer
P,2w) | =26e,| dyy - dye E.() , (1)  Pprocess. When the temperature reaches 180°C, we slowly sepa-
p p 2E,(w)E,(w) rate the sample from the MS, and the material in contact with the
P.(2) E surface is transferred to the cavity due to van der Waals force.

2E,(w)E,(w) Y
The whole transfer process is completed in a dry environment,

2E,(0)Ey(@)

which avoids the influence of the solution to the Q factor in the
wet transfer. Compared with the single-layer discrete triangular
where Ej(w),i= a,b,z are the components of the pump along  single crystal grains, the continuous material does not need to be
the crystal orientations. Assuming that the absolute value of  precisely located, and the transferred material area is larger.

the nonzero elements of the tensor matrix is d, the components Figure 2(a) shows the silica MS with a diameter of 52 pm. We
of the SH signal read conduct Raman spectroscopy tests at different positions on the
surface of the cavity, and the results match those of monolayer

P,(2w) = —4eydE, ()E, (o) WS,, which demonstrates the effectiveness of the transfer

method. The microcavity is fabricated by employing a high-
power laser to melt the single-mode fiber at 1550 nm. Compared
with other microstructures made by electron-beam lithography,
the spherical cavity not only has a simpler fabrication process

Obviously, only the electric field within the material plane  butalso has good properties. By this method of melting standard
contributes to the SH signal. Fortunately, the MS cavity not only optical fiber, we can easily fabricate microcavities with Q factors

Py(20) = —2&,d|E,(w)* — Ey(@)’]. )
P,2w)=0

increases the energy of the light field but also provides the in-  reaching up to the order of 10”. Due to the new material transfer
plane field, which makes it possible to effectively enhance the  technique, the modes of the cavity after transfer correspond well
SHG of monolayer WS,. to those without transfer, and the Q factors decrease by 1 order

The light field of the fundamental mode is confined to a nar-  of magnitude. On the one hand, dust and moisture in the air will
row and thin ring region near the equator of the MS as the sche-  attach to the microcavity and the 2D materials during the trans-

matic shown in Fig. 1(a). The fundamental modes possess  fer process. The decrease in surface cleanliness leads to a reduc-
extremely small mode volume and high energy density, which  tion in the Q factor. On the other hand, during the transfer, the
facilitates the light-matter interaction. The higher-order cavity =~ microcavity may experience slight deformation due to heating
modes with in-plane polarization can also enhance the SHG  and pressure, resulting in a change in the Q factor of the micro-
process. However, as the mode order increases, the number of ~ cavity modes. Figure 2(b) shows the typical transmission spec-
nodal points of the optical field in the three directions of spheri- ~ trum with different modes of the MS. Figure 2(c) presents a
cal coordinates increases, which causes the energy distribution ~ transmission spectrum of the cavity mode near 1546.2 nm,
of the optical field to spread, leading to a decrease in the  whose Q factor is up to 1.2 X 10°.

enhancement effect. In theory, the 2D materials near the equator Distinct from other WGM microcavities (microrings, micro-
of the cavity can participate in the frequency-doubling process.  disks, and microtoroids), the spherical surface enables the cavity
Part of the energy of the light field is distributed outside the sur-  to fully contact the material during the transfer process, thereby
face, which can excite the SH of monolayer WS,. Figure 1(b)  increasing the transfer area. Such a large transfer area greatly
shows a typical SH and the corresponding pump spectra mea-  increases the range of light-matter interaction, which is a major
sured by an optical spectrum analyzer. The SH signal appears ~ advantage of the MS compared to other structures supporting
at 771.41 nm when pumped at 1542.83 nm. It is important to  localized surface plasmons****!. The WGMs of the MS can
emphasize that there are many modes that can resonate with ~ propagate in a small volume near the surface, and the simulation
the microcavity, which reduces the limitation on the wavelength ~ of the electric field distribution is shown in Fig. 2(a). Some
of the pump light source. WGMs possess E-fields predominantly parallel to the plane of
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Fig.2. (a) The CCD image of the microcavity in the x-y plane. We make Raman spectra measurements at positions A and B, and the results are shown in the insets
(left). Inset figure (right) shows the simulation of electric field distribution of the microsphere with a monolayer WS, on its surface in the y-z plane. The red arrow
represents the polarization direction of the electric field. The x-axis is the direction of the light field propagating. The two-dimensional material depicted in the
figure is purely schematic, with an actual thickness of less than 1nm. (b) Transmission spectrum of a microsphere without a material. (¢) Transmission spectrum
at 1546.2 nm. The Q factor of the mode reaches 1.2 x 10°. (d) SH wavelengths versus the corresponding pump wavelengths. The figure shows the measurement
results for resonant modes near wavelengths with equal intervals. As the pump wavelength changes, the mode corresponding to the fundamental frequency also
changes, causing the SH intensity to fluctuate. However, the SH wavelength remains half of the pump wavelength. Inset: experimental results at a smaller
wavelength range. The color of the data point represents the intensity of the doubled frequency signal.

material to excite SHG of WS, monolayer film. Thanks to the
large number of modes in the microcavity, the SH signals can
be observed when the pump wavelength changes from 1530
to 1570 nm. The strengths of the signal are related to the reso-
nance modes; therefore, at the same pump power, there is still a
significant difference in SH power. Figure 2(d) presents the
dependence between SH and pump wavelength, which clearly
demonstrates a linear relationship with a slope of 0.5. Moreover,
the inset in Fig. 2(d) shows the wavelength dependence in a
smaller wavelength range, with the color of each data point
representing the intensity of the SH signal. It should be noted
that there are a large number of modes in the cavity that can
excite the SHG, and it is not possible to measure at every
resonant wavelength. Therefore, the inset only shows the data
points with higher intensity. In addition, we conduct frequency-
doubling tests on the MS cavity without monolayer WS,, and no
SH signal is observed when the pump wavelength resonates with
the microcavity. The significant difference in the test results
between the two cases indicates that the SH signals originate
from the monolayer material.

3. Results

For monolayer materials at the non-enhancement case, the
SH intensity of pulsed laser (MenloSystems TERA K15, band-
width 72 nm) pumping is much greater than that of the CW laser

pumping under the same pump power (using a reflective optical
system in the experiment) as shown in Figs. 3(a) and 3(b). The
objective lens (Mitutoyo, M Plan NIR 20X) used in the experi-
ment has a magnification of 20 times and a working distance of
20 mm. The experimental results of the microcavity enhanced
case are opposite, which proves that the MS has the ability to
greatly enhance the SHG of monolayer WS,. In Fig. 3(c), the
CW laser-pumped SH signal has a narrower bandwidth and
higher intensity, which is much greater than the non-enhance-
ment case. Due to the continuous laser possessing a very narrow
bandwidth, basically all the energy was bound in the spherical
cavity when the pump light resonated with the mode. As for
the pulsed pumping case, there is no significant difference
between the two cases, primarily because most of the laser
energy does not resonate with the microcavity. Nevertheless,
the energy of the pulsed light resonating with the microcavity
modes causes some irregular peaks to appear in the spectrum.

Furthermore, the intensity dependence between the SH sig-
nal and incident light pumped at 1542.83 nm is indicated in
Fig. 3(e). The Q factor of the WGM mode at 1542.83 nm reaches
1.12 X 10°. Experimentally, we achieve the maximum signal by
optimizing the pump wavelength for each input power level.
As the pump power increases, the intensity variation of the SH
signals can be divided into three stages: A, B, and C. In stage A,
the SH power is very low and remains essentially unchanged
with the pump power, as there is little energy resonating with
the microcavity. In stage B, the counts of SH rapidly increase
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Fig. 3. (a), (b) Measured SH spectra of the cavity-enhanced monolayer WS, under CW laser input and pulse laser input, respectively. (c), (d) Measured SH spectra
of the monolayer WS, under CW laser input and pulse laser input, respectively. (e) Dependence between SH power and input power for the same pump mode at
1542.83 nm. A-C represent different variation processes of SH power. Inset: schematic of the SHG process. The black arrows represent the pump lights. The red

Lorentzian shapes represent the pump cavity modes.

to 2.56 MHz, and the conversion efficiency of SHG with a pump
power of 2.5 mW comes up to 1.08 X 1077 /W. At this point, the
increase in pump energy causes thermal effects that lead to the
broadening and redshift of the cavity mode, resulting in a signifi-
cant increase in the proportion of resonating energy and a rapid
rise in the SH power. In stage C, the SH signal remains stable
near 3 MHz. On the one hand, the increase in pump power
enhances the energy resonating within the microcavity. On
the other hand, the continuous increase of the pump laser exac-
erbates thermal effects, causing a detuning between the pump
wavelength and the cavity mode. Under the interplay of these
two effects, the energy resonating in the cavity remains at a sta-
ble level, resulting in the SH power remaining essentially
unchanged. In the non-enhancement case, the SHG exhibits an
extremely low conversion efficiency of 7.42 X 1071° /W pumped
by the CW laser at 1542.8 nm. The intensity of SH enhanced
by the MS is improved by about 1.46 X 107 times compared with
the non-enhanced case. Such a huge enhancement proves that
the MS has the ability to improve the SHG of monolayer
WS,. The intensity of the frequency-doubling signal remains
sufficiently high to cater to a wide range of application scenarios.

4, Discussion and Conclusion

Even if the enhancement factor reaches 107, a few aspects can
be improved further. First, the light field energy is mainly dis-
tributed inside the spherical cavity, which results in only part
of the energy participating in the excitation of the 2D material
located on the surface. Due to the atomic thickness of the

monolayer WS,, it has little effect on the energy distribution in
the microcavity as the simulation results shown in Fig. 4(a).
A small increase in the number of material layers has no signifi-
cant effect on the energy distribution but will lead to a decrease
in the SH signal“®). When the material thickness is over 10 nm,
the energy ratio of the material layer increases significantly,
but this simultaneously leads to an escalation in energy dissipa-
tion, which results in a decrease in the Q factor of the cavity.
Compared with multilayer cases, the monolayer material has
the least influence on Q factor and the strongest SH signal.
In future work, transferring a single layer of material inside a
microcavity could significantly increase the energy involved in
the nonlinear process, although this approach would greatly
increase the difficulty of sample fabrication.
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