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Abstract Frequency conversions using various all-fiber nonlinear devices can benefit many applications, in-
cluding communications, sensing, microscope, and imaging. In this study, we report in-fiber second harmonic
generation (SHG) in an optical hollow-core fiber (HCF) that can be used for frequency conversion. The HCF
filled with a dispersion of gallium selenide (GaSe) nanosheets in the ultraviolet-cured optical adhesive sup-
ports a well-propagating mode in the fiber core, which enables effective light interaction with dispersed GaSe
nanosheets and a strong SHG process. Based on theoretical analysis, the optimal HCF length for maximizing
SHG is approximately 0.41 mm. The broadband SHG of the GaSe-filled HCF device is demonstrated by
tuning the pump wavelength from 1460 to 1600 nm. Moreover, a time-varied SHG in the device is revealed
due to additional second-order susceptibility induced by the polarization of silica. The proposed device with
a compact and robust structure has the potential to be connected to existing all-fiber telecom and sensing
systems for numerous nonlinear engineering applications.
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1 Introduction

So far, a pristine optical fiber was seldom used in frequency conversion based on second-order nonlinear
processes, such as the second harmonic generation (SHG) and sum-frequency generation, due to the
centrosymmetry of fused silica [1], although weak surface SHGs could be observed due to the break
of centrosymmetry at the core-cladding interface [2], which hinders the implementations of nonlinear
all-fiber devices based on second-order nonlinear processes. Thus, various fiber postprocesses, such as
optical poling [3], thermal poling [4], and electric field poling [5], have been performed to break silica
fiber’s inversion symmetry. However, these methods require complex operations, thereby leading to
increased costs, low device reliability, and low production yield. Recently, we have excited SHG using
gallium selenide (GaSe) nanoflakes integrated with microfibers with a wide operating wavelength range
covering O, C, and L bands [6]. Nevertheless, a delicate microfiber with GaSe nanosheets exposed to air
is easily susceptible to environmental disturbances, such as vibrations, dust capture, and oxygenization.
Therefore, achieving the SHG in a wide wavelength range with a robust structure will still be appealing.

In this article, we report a hollow-core fiber (HCF) filled with GaSe nanosheets to implement strong
SHG with high reliability and stability. The lack of centrosymmetry endows GaSe with high second-
order nonlinear susceptibility x(? [7], and this material with a moderate laser damage threshold [8] is
an ideal option for second-order nonlinear processes [6]. With the advantages of nonresonant excitation
and strong light-matter interaction, we observed SHG from a GaSe-filled HCF device in the wavelength
range of 1460-1600 nm and at 1064 nm, implying a broadband operation wavelength range. In addition,
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Figure 1 (Color online) (a) Schematic of HCF device and the input fundamental mode 1 LP¢; (w) and output modes 1-4, including
LPo1(w), LP11(2w), LP2; (2w), and LPg2(2w). (b) Characterizations of a large GaSe nanosheet using an atomic force microscope
and stacked GaSe nanosheets using a scanning electron microscope. (c) and (d) Optical microscopic images of the GaSe-filled HCF
device under bright and dark fields, respectively.

the SHG intensity produced by the HCF device depends on pump illumination time, which is attributed
to periodic X£2)(2w = w + w) generated by second- and third-order nonlinear processes of an MMF
through the HCF device. Considering the popularity of the fiber system [9-11], the proposed all-fiber
frequency generator assisted by layered GaSe nanosheets may provide a method for developing broadband
nonlinear fiber devices based on the second-order nonlinearity, such as new laser sources and all-optical
signal processing. Moreover, the HCF device exhibits self-enhanced SHG intensity induced by the second-
and third-order nonlinear processes, which provide another flexibility for realizing enhanced SHG based
on this mechanism.

2 Device design and characterizations

2.1 Device fabrication and characterizations

Figure 1(a) depicts the structure of the HCF device. To assist the light coupling and propagation, an
SMF and an MMF are connected with the HCF, as shown in green, red, and blue regions. A hollow quartz
tube with an inner diameter of 127 pm was used to wrap the three regions. The inner and outer diame-
ters of HCF are 40 and 125 wm, respectively, making it convenient to connect with SMF and MMF. As
depicted in Figure 1(a), the optical adhesive with GaSe nanosheets is filled into the HCF to form a stable
waveguide structure, supporting multimode propagation of the pump light and SHG due to the relatively
large inner diameter. The phase-match condition can be well-satisfied between LPg;(w) and LP1;(2w),
LP21(2w), and LPg2(2w) with their mode profiles shown in Figure 1(a) and numbered 1-4, respectively.
According to the theoretical calculation, the phase-mismatch parameter AfSsug = 28(w) — 8(2w) be-
tween the pump fundamental mode and the three SHG modes is quite small [12], with the magnitude of
10~* rad/pum, and a long nonlinear interaction length is feasible before dephasing between the fundamen-
tal and SHG modes. Notably, other high-order SHG modes were not considered due to relatively large
effective refractive index (RI) differences with the pump fundamental mode and extremely low mode
conversion.

In the HCF device fabrication process, GaSe was selected as the nonlinear material. Owing to the
nonresonant pump, the transparency of GaSe nanosheets was high in 0.7-18.0 um wavelength range [13],
making it a reliable material for exciting SHG in a wide range. The e-GaSe with the AA stacking sequence
leads to the absence of an inversion center for an arbitrary layer, which can be fabricated by chemical
vapor deposition. As a consequence of the Dy point group of e-GaSe nanosheets [7], the only nonzero
element dys in second-order nonlinear susceptibility tensor x(?) was 180 pm/V, which was seven times
that of the widely used LiNbOjs crystal [14, 15], enabling considerable SHG. To obtain the thickness of
the GaSe nanosheets, we characterized a relatively large GaSe nanosheet by an atomic force microscope.
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From Figure 1(b), the thickness of a GaSe nanosheet was ~4 nm, corresponding to five layers with a
monolayer thickness of ~0.83 nm [6,7]. Besides, the size of GaSe nanosheets used in the device fabrication
processes ranges from 0.05 to 1 wm, which are characterized in the inset of Figure 1(b) using a scanning
electron microscope.

Based on the capillarity phenomenon [16], the HCF core was filled with a mixture of GaSe nanosheets
and the ultraviolet-cured optical adhesive (~0.3 mg/uL), and then the mixture was cured under the
illumination of a ~375 nm light source. Finally, we filled 80% glycerol, whose RI was approximate to
that of silica, into the gaps among SMF, HCF, and MMF to eliminate their optical interfaces. The RI
of the cured optical adhesive was ~1.56, which was higher than that of HCF, indicating that a stable
waveguide was fabricated (Figure 1(c)). This HCF device with inner-filled GaSe nanosheets is immune to
oxidation [17] and dust absorption, enabling long-term stability of the SHG excitation. From Figure 1(d),
the GaSe nanosheets scattered red light when a 655 nm red-light source was launched from the SMF of
the HCF device.

2.2 Selection of the hollow-core fiber length

For the device design, the HCF length was required to be optimized for maximum SHG intensity. The
scattering loss and generation of SHG were simultaneously considered, wherein the quite small absorption
coefficient 0.3 ecm~! of GaSe was negligible [13]. The quadratic-dependence of SHG intensity I(2w) on
pump light intensity I(w) and HCF length L can be expressed as follows [18]:

I(2w) = I*(w)|p|* L?sinc? (ABsuc L/2), (1)

where the nonlinear coupling parameter p oc [ P®)(2w)-e(2w)dS is determined by the coupling of second-
order polarization to SHG modes in which e(2w) and P(?)(2w) express the normalized electric field vec-
torial profiles of SHG modes and normalized amplitude vector of nonlinear polarization, respectively [18].
Notably, the integration was performed in an infinite plane that includes the HCF cross-section. To ex-
plore the optimal length of HCF corresponding to maximum SHG intensity, we initially fabricated a device
with an HCF length of 1.1 mm. The transmission of the HCF device without filling GaSe nanosheets
was simulated as 31%; then, according to the calibration results between the input and output power
from the fabricated device, the loss factor o was calculated as 2.5 mm~!, most of which must be the
contribution of scattering loss of GaSe nanosheets. Assuming perfect phase-match and setting p as an ar-
bitrary constant, we differentiated (1) with respect to L to obtain dly, (L)/dL = 2L(1 —aL)[1,(0)e~*L]2.
Subsequently, with the assistance of I(L) = I(0)e~*L, which can be applied to both pump light and SHG,
we calculated the dependences of pump and SHG intensities on HCF length (Figure 2). The intensities of
the pump light and SHG had been normalized with respect to their maximum values. Intuitively, owing
to the scattering loss and conversion to SHG, the pump light intensity always declined exponentially with
HCF length L. However, the SHG intensity increased with L due to the conversion of the pump light
energy to SHG and then decreased when the scattering loss dominated the frequency-conversion process.
Specifically, the SHG intensity approximately increased quadratically when L was relatively small (inset
of Figure 2), where the green curve represents the quadratic dependence. Nevertheless, when L was
sufficiently large, owing to the scattering loss, the SHG intensity decreased almost exponentially with L.
Consequently, the SHG exhibited a maximum intensity at 0.41 mm, and we defined an acceptable range
(0.24-0.62 mm) and marked it as faint yellow in Figure 2, corresponding to above 80% maximum SHG
intensities. In practical fabrication, limited by the optical fiber cleaver structure and the difficulty in
manual operation, we fabricated the HCF as ~0.36 mm, whereas the corresponding SHG intensity was
almost the same as the calculated maximum.

3 Experimental arrangement and results

The experimental arrangement for measuring SHG is illustrated in Figure 3. The pump light from a
picosecond laser propagated along the SMF and then intensely interacted with GaSe nanosheets in the
HCF. To separate the SHG from the pump light, a collimating and filtering system comprising two
collimators, a dichroic mirror, and a reflector was configured to filter out the pump light. A segment of
MMF was used to realize the maximum collection efficiency of the SHG signal. Then, the SHG intensity
was monitored in real-time using a spectrometer.



Hao Z, et al. Sct China Inf Sci  June 2022 Vol. 65 162403:4

~036mm |

1.0 Quadratic fitting
SHG
0.8
2
7 e
8 0 0.03
g
B 051
= SHG
g
S Pump light
Z

< -

(=}
>~ BB
—_
=1
—_
W

Length of the HCF (mm)

Figure 2 (Color online) Dependence relationships of SHG and pump laser intensities on the length of HCF. The orange and green
curves in the inset represent the evolution of the SHG intensities with the length within 0.03 mm when the loss is considered or
not, respectively.

Figure 3 (Color online) Experimental arrangement for exciting and measuring second harmonic generation. DM: dichroic mirror.
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Figure 4 (Color online) (a) Log-log plot of SHG intensities at 775 and 532 nm; (b) broadband tuning of SHG when the pump
wavelength ranges from 1460 to 1600 nm.

3.1 Power-dependence and broadband tuning of second harmonic generation

Considering a 1550-nm picosecond laser with 8.8 ps pulse width and a 18.5 MHz repetition rate to
independently implement the SHG as an example, the power-dependence of the SHG at 775 nm (labeled
SHG) was examined by modulating the pump power. The result is log-log plotted in Figure 4(a), showing
a fitting slope of 2.074+0.01 in the entire power range. It agreed well with the prediction value 2 in (1).
Besides, the waveguide chromatic dispersion was weak due to the relatively large diameter (40 pm) of
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Figure 5 (Color online) Additional Xéz) grating enhanced second harmonic generation with pump time, including three parts:
initial preparation-stage I, growth-stage II, and saturation-stage III.

the HCF, meaning that effective RlIs of phase-matched modes would slightly evolve with pump wavelength,
which approximately enables a relaxed phase-match condition in a wide wavelength range. Therefore, the
device can be tailorable for a broadband wavelength operation. To verify this, far away from 1550 nm, a
laser at 1064 nm supplied by another picosecond laser with 11 ps pulse width and a 19.5 MHz repetition
rate was applied to excite the SHG at 532 nm (labeled SHG2). The results are shown in Figure 4(a). As
the pump power increased, the slope 1.9240.06 of power-dependence also approached the theoretical value
2. However, from the spectra of SHG; and SHGs at two wavelengths in the inset of Figure 4(a) and the
curves of power-dependences, the intensity of the SHG; clearly exceeded that of SHGo. This observation
could be attributed to mechanisms that contain mainly absorption at short wavelength regions below
700 nm induced by GaSe nanosheets but also likely that of silica [19]. Moreover, the dependence of
SHG at more available pump wavelengths ranging from 1460 to 1600 nm was investigated and is shown
in Figure 4(b), by replacing the picosecond laser in Figure 3 with a widely tunable picosecond optical
parameter oscillator (OPO). The varied OPO output power with wavelength, modal interference, and
wavelength-dependent phase-mismatch parameter caused obvious fluctuations in the SHG intensity during
wavelength scanning. Still, the broadband character of the GaSe-filled HCF device was demonstrated for
the excitation of second-order nonlinear processes.

3.2 Additional xff ) grating enhanced second harmonic generation intensity

To assess the SHG output stability of the HCF device, we characterized the SHG intensity continuously
for 150 min, and a ~1.29 times’ enhancement was observed, which could be ascribed to the poled MMF
after the HCF device. With the 1550 nm laser as the pump laser, the applied experimental setups were
the same as that illustrated in Figure 3. The evolution of the SHG intensity could be divided into three
parts: initial preparation-stage I, growth-stage II and saturation-stage III. For region I corresponding
to 0-36 min in Figure 5, only slight fluctuations in the SHG intensity were observed. However, for the
exponential growth stage of region II from 36 to 130 min, the SHG intensity almost grew exponentially
with the pump illumination time [20,21] and reached the maximum value at 130 min. After 130 min in
region III, the SHG intensity saturated and stopped growing.

These interesting observations, including self-enhanced SHG in growth-stage II and plateaued SHG
maximum intensity in saturation-stage III, could be ascribed to the second- and third-order nonlinear
processes of silica fiber [22]. For the growth-stage II, the gradually developed second-order nonlinear
susceptibility xff )(2w = w + w), which periodically distributed along the successive MMF after the HCF
device, leading to a growing SHG, was also observed in a previous report [23]. Specifically, analogous to
the usual second-order optical rectification, a direct-current (DC) polarization Ppc was induced, which
originated from the third-order nonlinear susceptibility x(*)(0 = —2w + w + w) of the silica fiber (MMF)
after the GaSe-filled HCF device, as shown in (2) [22]:

Poc = (3¢0/4)Re[x® By, EX EXexp(iAfpcz)], (2)
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where the pump light and SHG excited by GaSe nanosheets contributed to £, and Ej,,, respectively, and
the z-axis is the axis of the optical fibers. The phase-mismatch parameter is Afpc = f(2w) — B(w) — B(w),
where f(w) and §(2w) represent the propagation constants of the fundamental and high-order modes of

the SHG, respectively. Considering the contribution to the formation of the periodic Xg )(2w =w+w),
SHG excited by GaSe nanosheets was called the seed second harmonic generation (SSHG). The DC
polarization Ppc would create a DC electric field Epc whose polarity changed with the fiber with a
21t/ APpc phase-match period. The DC electric field Epc will redistribute the electric charges and break
the inversion symmetry in the silica. According to the relation x§>2) = vPpc, the periodic X%Q)(Qw =
w + w) was generated along the HCF device, where vy is a constant characterizing the magnitude of
the Xg)(2w = w + w). After 130 min, the SHG intensity saturated due to the SHG generated by the

periodic Xg)(Zw = w + w) induced an additional ijl)(2w = w + w), which was 7/2 out of phase with

the periodic Xg) (2w = w + w). The additional ijﬁ (2w = w + w) also corresponded to a DC electric field
EJIDC. When the electric field Ebc was comparable to Epc, the periodic redistribution process of charges

ceased, leading to the saturated SHG [22]. Notably, the magnitude of the periodic Xg) (2w = w+w) relied
on both the intensity of SSHG excited by GaSe nanosheets and the pump power. Therefore, additional
grown SHG in a couple of hours could be due to the polarization of successive MMF, and then the total
SHG intensity was contributed by the GaSe nanosheets and the SSHG-induced SHG in MMF. Provided
no SSHG was produced by GaSe nanosheets, the total SHG intensity would remain constant even after
a 12-h pump [22]. This indicated that, under the same pump power, the total saturated SHG intensity
would increase markedly and more quickly if we replaced GaSe with other distinguished second-order
nonlinear materials such as tellurium (Te) nanowire with dy; = 650 pm/V [24], providing a possibility of
an HCF device filled with various nonlinear materials in practical applications.

4 Conclusion

In summary, we demonstrated an efficient SHG from a GaSe-filled HCF. By optimizing the HCF length
based on the theoretical calculation, we obtained strong SHG with the assistance of GaSe nanosheets.
Investigations on the power-dependence and broadband tuning of SHG indicate that the GaSe-filled
HCF device can not only produce SHG under sub-milliwatt average power’s pump but also possess an
operation wavelength range over 100 nm, which could be enlarged to longer wavelengths due to the
negligible absorption coefficient when A > 0.7 um [13]. Further studies on the stability of the device in
150 min pump illumination time revealed ~1.29 times enhanced SHG due to the second- and third-order
nonlinear processes in silica. Therefore, the proposed HCF frequency converter in an all-fiber structure
can be developed for high-performance engineering applications and then merged with other nonlinear
devices using fiber telecom systems.
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