/R A =
Acta Phys. -Chim. Sin. 2023, 39 (7), 2212028 (1 of 7)

[Article] doi: 10.3866/PKU.WHXB202212028 www.whxb.pku.edu.cn

Giant Enhancement of Optical Second Harmonic Generation in Hollow-
Core Fiber Integrated with GaSe Nanoflakes

Xiaoyu Wang 2T, Yang Cheng "1, Guodong Xue ', Zigi Zhou !, Mengze Zhao ', Chaojie Ma ', Jin Xie "2,

Guangjie Yao "2, Hao Hong ', Xu Zhou #”, Kaihui Liu ', Zhongfan Liu 23"

I State Key Laboratory for Mesoscopic Physics, Frontiers Science Center for Nano-optoelectronics, School of Physics,
Peking University, Beijing 100871, China.

2 Beijing Graphene Institute (BGI), Beijing 100095, China.

3 Center for Nanochemistry, College of Chemistry and Molecular Engineering, Peking University, Beijing 100871, China.

4 Guangdong Provincial Key Laboratory of Quantum Engineering and Quantum Materials, School of Physics and Telecommunication
Engineering, South China Normal University, Guangzhou 510006, China.

Abstract: All-fiber functional devices are superior to )

conventional optical crystals for next-generation integrated %" Pou”n': ase suspenson
optics owing to their natural compatibility with optical fiber s %Rubw » b
systems. Nonlinear optical fiber devices play an important role in " g

Reversed \\
frequency conversion and optical parametric amplification. needle HCF
However, optical fibers are unsuitable for all-optical systems /'*3’;\ 4
owing to the intrinsic properties of pure quartz. Optical second \°\“}

—— GaSe nanoflakes

harmonic generation (SHG), which is significant in practical
optical applications, is theoretically forbidden in traditional
centrosymmetric  non-crystalline  fused  silica fibers.
Consequently, generating giant second-order optical processes
in optical fibers remains challenging. Many studies have
attempted to artificially break the centrosymmetry of fused silica fibers using various poling techniques, such as thermal or
electric field poling, which can enhance the second-order nonlinear optical susceptibility. However, these methods require
difficult and complicated fabrication processes, and the corresponding hybrid optical fibers exhibit an inefficient harmonic
generation process, which greatly increases the cost and limits the development of all-fiber nonlinear functionalization.
Therefore, there is an urgent need for new fabrication methods and technical means for functionalizing optical fiber devices
that can improve the second-order nonlinear effect while remaining simple and practical. Herein, we propose an improved
solution-filling method that can effectively deposit highly nonlinear GaSe nanoflakes directly on the inner walls of hollow-
core fibers (HCF) with a length of up to half a meter. In addition, the as-fabricated hollow-core fiber integrated with GaSe
nanoflakes (GaSe-HCF) is used to demonstrate that the second-order nonlinear effect of the optical fiber is enhanced by
the ultrahigh nonlinear effect of the GaSe materials. Compared to previously reported MoS2-embedded hollow-core fibers
(MoS2-HCF) and conventional optical fibers, the SHG of the GaSe-HCF is three and two orders of magnitude stronger than
that of bare HCF and MoS2-HCF, respectively. A GaSe-HCF with a length of up to half a meter was successfully prepared
using the new filling method and exhibited good expansibility. The pressure process was exploited by adding a short length

GaSe-HCF GaSe-HCF
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of air column to effectively fill the HCF with the highly nonlinear GaSe suspension, and expand the applicability of this
method. Our results will provide a novel and highly efficient strategy to manufacture nonlinear optical fibers integrated with
other nanomaterials and can be used to fabricate new all-fiber devices with strongly enhanced second-order nonlinear
optical processes, thus broadening nonlinear optics and optoelectronics applications.
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1 Introduction

Optical fibers have been the foundation of modern
communications, and they are constantly developed into many
types of optical fiber devices for constructing all-fiber optical
systems, due to the advantages of high communication capacity,
high integration, and small volume. High nonlinear optical fibers
and based-fiber devices play an important role in frequency
conversion and optical parametric amplification. However, as an
important and efficient nonlinear process, the second-order
nonlinear process does not occur in conventional optical fiber
because of the intrinsic inversion symmetry of fused silica. SHG
in optical fiber has been intensively studied for more than 30
years since it was discovered in doped-silica fibers in the early
1980s '. Great efforts have been devoted to introducing the
periodic structure in fiber to meet the quasi-phase matching
conditions of the SHG, including periodic poling by thermal
process 2, external electric field 5%, or optical field *~'! on silica
optical fibers. However, those methods need to meet some
extremely confined conditions like over kilovolts voltage, high
temperatures over 200 °C, or high-power femtosecond lasers,
thus inevitably introducing complex fabrication processes.

Integrating other materials with optical fiber to enhance SHG
is another approved effective way, such as two-dimensional
transition metal dichalcogenides with high second-order optical
nonlinear susceptibilities '>!3. The integration of few-layer
nonlinear nanomaterials and optical fiber can effectively
enhance the SHG conversion efficiency in the optical fiber by
increasing the interaction length. Recently, Liu et al 13
successfully fabricated optical fibers with ultrahigh nonlinearity
by embedding two-dimensional MoS: crystals into the holes of
a photonic crystal fiber or an HCF by a chemical vapor
deposition method, which opens a new horizon for all-fiber
nonlinear optics and optoelectronics applications. In addition,
Zhao et al. '* focused on integrating high-nonlinearity few-layer
materials with different structural fibers by using a dip-coating
technique to enhance second-order nonlinear processes under
nonresonant excitation conditions. However, the existing
fabrication methods still have some issues, such as inefficient
nonlinear conversion efficiencies, complicated fabrication
processes, and batch manufacturing difficulties. Thus, it is
essential to develop more efficient routes to integrate micro-
nano scale materials and optical fibers to realize commercial
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applications of high-nonlinearity and multi-functional
nanomaterials in all-fiber systems.

Here, we report a novel syringe-filling method for the
convenient and scalable fabrication of GaSe-HCF with a length
of up to half a meter. With its simple and unique structural
characteristics of hollow core, the HCF has been a novel
platform for all-fiber optical devices, including low-loss optical
waveguides 577, fiber sensors %22, mode-locked fiber
lasers 2*2°, optical modulators 263!, and laser frequency

32-37

converters . The corresponding bulk GaSe is a well-known

nonlinear crystal with second-order optical nonlinear
coefficient 2 orders of magnitude larger than that of the widely
used LiNbOs crystal 3%3° and two-dimensional monolayer
GaSe shows much stronger SHG intensity than other two-
dimensional atomic crystals even under nonresonant
condition '2. Therefore, taking advantages of both the large
second-order optical nonlinear coefficients of GaSe and the
strong light-material interactions in HCFs, we report that the as-
grown GaSe-HCF exhibits about two orders enhanced SHG
intensity compared to high-nonlinearity MoS2-HCF consistent
with the previous reports !>. Our results propose a highly
efficient fabrication strategy for the tight integration of various
functional nanomaterials and porous fibers. The greatly
enhanced SHG in GaSe-HCF suggests an exciting all-fiber

device in nonlinear optics and optoelectronics applications.

2 Methods
2.1 Deposition of GaSe nanoflakes into HCFs

GaSe sources (99.999%, SixCarbon Technology Shenzhen,
China) were grounded into nanoflakes with a diameter smaller
than that of the inner hole of the HCF by using a mortar. For
effectively and evenly filling the GaSe materials into the fiber,
GaSe nanoflakes were dispersed in a GaSe-alcohol mixture and
subjected to ultrasonic treatment for 10 min. Subsequently, a
pipette was used to drop the mixed suspension into the barrel of
the syringe, then the GaSe suspension can be successfully pre-
filled into the HCF with the pressure of the air column produced
by inserting the plunger into the barrel. Next, the pre-filled
optical fiber was placed on a quartz plate which was loaded onto
a heating stage. After that, the two ends of HCF were supported
with PDMS pads and baked for 180 min at 80 °C for drying and
deposition.
2.2 Characterization of GaSe-HCFs

Optical images were taken with an Olympus BXS51M
microscope by focusing on the holes in the fiber walls. Raman
and in situ SHG spectra were collected with a homemade optical
system excited using a 514 nm laser with a power of ~0.3 mW
and a 1064 nm laser with a power of ~1 mW, respectively. A
scanning electron microscope (Thermo Fisher, Quattro S,
Thermo Fisher Scientific, USA) was used to characterize the
morphology of the GaSe-HCF.
2.3 SHG measurements

Two systems were alternatively used in our harmonic

generation measurement. The SHG spectra of GaSe-HCF,

MoS2-HCF, and bare HCF were measured with a commercial
laser (Rainbow 1064 OEM, NPI Lasers, China). In addition,
pump fluence-dependent SHG was excited using a Coherent
Vitara-T oscillator and an optical parametric amplifier 9850
laser system (~100 fs, 250 kHz, 1200-1600 nm). The excitation
laser was focused using a Nikon objective (x4, NA = 0.1). After
filtering out the excitation laser, the SHG signal was recorded
using a Princeton SP2500 spectrometer equipped with a
nitrogen-cooled silicon charge couple device camera via a

transition system.

3 Results and discussion

In our design, commercial few-layer GaSe nanoflakes with
thic knesses of several nanometers up to ~2 um were deposited
onto the inner hole walls of an HCF (the hollow core diameter
of ~50 pm and wall thickness of ~50 pm) by the novel syringe-
filling method (Fig. 1). Compared with a capillary filling method
based on the capillary effect '3, the syringe-filling method is
more efficient in directly injecting the solution into the HCF,
especially for the solid-liquid mixed suspension. In the process,
the problem of liquid leakage resulted from the mismatch
between the fiber and the shaft of the needle (a bare HCF with a
cladding of ~150 um in diameter and needle hole of ~300 pum in
diameter) is perfectly solved (Fig. 1), in which the extra glue in
the gap and consequent secondary pollution are avoided. The
sealing property provides a high enough pressure inside the
syringe to effectively fill the solid-liquid mixed suspension into
the HCF. The detailed procedures are as follows. (1) The end of
the needle shaft is put into the rubber stopper, and one end of the
HCF is inserted through the needle subsequently (Fig. 1a). (2)
After that, a pipette is used to drop the suspension into the barrel
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Fig. 1 The schematic of novel syringe-filling method.

The syringe structure is reconstructed by adding a rubber stopper at the front of the
syringe and putting the end of the shaft of the needle into the rubber stopper, finally
inserting the end of HCF through the needle. Subsequently, a pipette is used to drop the
suspension into the barrel of the syringe, and the GaSe suspension can be successfully
pre-filled into the HCF with the pressure of the air column between the plunger and the
suspension by inserting the plunger into the barrel. Next, the pre-filled optical fiber is
pulled out from the rubber stopper and placed on a quartz plate loaded onto a heating
stage. After that, the two ends of HCF are supported with PDMS pads and baked for

180 min at 80 °C for drying and deposition. Eventually, the GaSe-HCF can be obtained.
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of the syringe (Fig. 1b). (3) Then the GaSe suspension is
successfully pre-filled into the HCF with the pressure of the air
column produced by inserting the plunger into the barrel (Fig.
1¢). (4) Next, the pre-filled optical fiber is pulled out from the
rubber stopper and placed on a quartz plate loaded onto a heating
stage. (5) In addition, both ends of HCF are supported with
PDMS pads and baked for 180 min at 80 °C for drying and
deposition (Fig. 1d). Eventually, the GaSe-HCF can be obtained
(Fig. le). (6) In order to make GaSe coated into the HCF
adequately, multiple deposition procedures are adopted to
achieve a full-filled GaSe-HCF.

The successful filling of high-quality GaSe nanoflakes into
the HCF is confirmed by in situ comprehensive characterizations
(Fig. 2). The optical contrast of GaSe-HCF and bare HCF
indicates the obvious difference that the yellow color in the fiber
core region of GaSe-HCF is deeper than that in bare HCF,
showing its full coverage of GaSe film on the fiber hole wall
(Fig. 2a,b). Furthermore, to acquire direct evidence, we
characterized the cross-sectional morphology of GaSe-HCF
using a scanning electron microscope (SEM). As shown in the
additional SEM images at different magnifications, we observed
that the few-layer GaSe flakes are tightly attached to the hole
walls and the thicknesses of the GaSe nanoflakes are in the range
of several nanometers to 2 pm according to the SEM image (Fig.
2¢). A typical Raman spectrum of GaSe flakes consisting of
three characteristic peaks is depicted in Fig. 2d including the Al g
mode (~132 cm™!), E%g mode (~212 cm™!), and A%g mode (~308
cm1), which is consistent with the previous report for GaSe
flakes '24042 Among these modes, Ai; and A7; modes
correspond to the out-of-plane vibrational mode of the GaSe
lattice, while the E%g mode is associated with the in-plane

Bare HCF
2
,
100 200 300
0 um Raman shift (cm-')

6‘!‘

vibrational mode 3°. Then, the initial SHG signal of a GaSe-HCF
is measured with bare HCF as a reference, where GaSe-HCF
shows notably enhanced SHG at ~532 nm and no obvious SHG
signal from bare HCF at the low power density of excitation light
with wavelength at ~1064 nm (Fig. 2e). Moreover, under our
optimized conditions, we have already realized long and uniform
GaSe-HCF with lengths up to ~50 cm (Fig. 2f). Obviously, with
the pr oposed filling method, a great variety of nano-functional
materials could be selectively filled into optical fibers with
different porous structures, which could widely expand the
applications in all-fiber functional devices. Herein, considering
the loss-related effects and SHG transmission efficiency, a
shorter fiber of 3—5 cm length is used in this paper.

For further exploring the SHG effect of GaSe-HCF, a home-
built experimental optical system is employed (Fig. 3a,b). As a
rule, an efficient nonlinear wavelength conversion process in an
optical fiber happens under the condition that photon energy is
within the bandgap of nonlinear material to avoid absorption. In
this regard, a long wavelength of fundamental frequency (FW)
light at ~1360 nm (or ~0.91 eV) is chosen to generate SHG light
at ~680 nm (or ~1.82 eV), since the GaSe flakes have a direct
bandgap of ~2.0 eV %, where the energies of the incident and
generated photons are both smaller than the bandgap to ensure
low propagation loss at both excited and emitted wavelengths.
To preliminarily test the transmission spectra of the GaSe-HCF,
the spectra of the FW light and the SHG light are recorded (Fig.
3c,d) by the test system of transmission light as designed in Fig.
3b. The excitation laser (i.e., FW light) at 1360 nm is focused on
the fiber core by a x4 microscope objective, and its polarization
direction is varied by a half-wave plate (HWP) after a polarizer.
The output SHG light beam from the GaSe-HCF (or bare HCF)
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Fig.2 Characteristic of GaSe-HCF.

(a) Optical image of the HCF with a core diameter of ~50 um. (b) The corresponding side views of bare HCF and GaSe-HCF. (c) SEM image of a cross-section of GaSe-HCF.

(d) Raman spectrum of GaSe at the inner hole wall of the GaSe-HCF. (e) The spectra of the SHG for GaSe-HCF and bare HCF at the same excitation conditions.

(f) The GaSe-HCF with GaSe nanoflakes coated onto the inner hole walls with a length of up to half a meter.
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Fig. 3 Schematic of the experimental setup for SHG measurement and the initial optical transmission spectra.

(a) Schematics of SHG (2w) and FW (o) in GaSe-HCF. (b) Schematic of the experimental setup for SHG measurements.

(c) The spectrum of the FW for an averaged input power. (d) The spectrum of the SHG emitted from the end of the GaSe-HCF.
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Fig. 4 Greatly enhanced SHG in a few-centimeter GaSe-HCF and the SHG transmission properties.

(a) The SHG spectra of GaSe-HCF, MoS>-HCF, and bare HCF under 1360 nm excitation. (b) The SHG spectra of GaSe-HCF with different input powers.

(c) Log-log plot between SHG power and input power of FW light for the GaSe-HCF. (d) The image of the SHG signal propagation in a GaSe-HCF.

is collected by a X20 microscope object and imported into CCD
and spectrometer after filtering the FW light by a filter. Two
CCDs (labeled as CCD 1 and CCD 2) are placed respectively in
the optical paths on both sides of the fiber, to record the
transmission or reflection of the optical image from the two end
surfaces of the fiber.

GaSe-HCF shows a much stronger enhanced SHG effect than
MoS:-HCF, MoS: is
nonlinear material with an obvious SHG effect in the field of
two-dimensional materials (Fig. 4a). Under the same condition,
the SHG intensity from GaSe-HCF is nearly two orders of
magnitude higher than that of MoS2-HCF, as shown in Fig. 4a.
For ease of presentation, the SHG intensity from bare HCF has
been scaled up by a factor of 5 and scaled down by a factor of 50
in GaSe-HCF (Fig. 4a). Here, the MoS2-HCF is fabricated by the
chemical vapor deposition method as same as reported

although two-dimensional famous

previously !3. As a comparison, a bare HCF still shows a weak

SHG effect that originates from the inner surface between the air
and silica of the HCF. This surface effect eventually leads to
slight SHG due to centrosymmetry breaking at the surface '“.
These data indicate that the GaSe-HCFs are sufficiently
available for some applications such as all-fiber optical
frequency converters 3°. The SHG light increases exponentially
with FW light with an index of ~2.2, which further confirms its
second-order nonlinear process (Fig. 4b,c).

It is crucial for an efficient nonlinear process arising from
direct interaction between the guided modes and materials, and
thus the transmission process of SHG is recorded, as shown in
Fig. 4d. The FW light at ~1360 nm is transmitted in the annular
fiber core along a GaSe-HCF or a bare HCF. The FW light
interacts with the GaSe-coating film through the evanescent light
at the interface between the GaSe film and silica. The upper left
panel in Fig. 4d is recorded by CCD 1 in Fig. 3b displays that
most of the SHG signal (in red color) is generated in the hollow
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core at the front end, but leaks into the air outside the fiber
quickly when it propagates along the fiber with ~5 cm length.
This proves that the propagation mode is not a fundamental
mode but a leak mode for the SHG at ~680 nm. Meanwhile, the
SHG signal can steadily propagate in the annular fiber core along
the whole fiber, as in the upper right panel and bottom panel in
Fig. 4d.

4 Conclusions

In summary, we proposed a novel syringe-filling method
available for integrating HCF and nanomaterials where
nanoflakes are coated on the fiber hole walls with fiber lengths
up to half a meter. Based on this method, an all-fiber second
harmonic frequency converter consisting of a GaSe-HCF
demonstrates its strong light-matter interaction and a highly
efficient SHG effect. The strong enhancement of SHG in GaSe-
HCEF is 2-3 orders of magnitude higher than that in MoS2-HCF
or bare HCF. Our results may have an inspiration on the design
and preparation of all-optical devices based on nano-functional
materials, showing promise to expand the applications of

nanomaterials in all-fiber systems.
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