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The study of nonlinear optical responses in the mid-infrared (mid-IR) regime is essential for advancing ultrafast
mid-IR laser applications. However, nonlinear optical effects under mid-IR excitation are rarely reported due to the lack of
suitable nonlinear optical materials. The natural van der Waals heterostructure franckeite, known for its narrow bandgap and
stability in air, shows great potential for developing mid-IR nonlinear optical devices. We have experimentally demonstrated
that layered franckeite exhibits a broadband wavelength-dependent nonlinear optical response in the mid-IR spectral region.
Franckeite nanosheets were prepared using a liquid-phase exfoliation method, and their nonlinear optical response was
characterized in the spectral range of 3000 nm to 5000 nm. The franckeite nanosheets exhibit broadband wavelength-
dependent third-order nonlinearities, with nonlinear absorption and refraction coefficients estimated to be about 10~7 cm/W
and 10711 cm?/W, respectively. Additionally, a passively Q-switched fluoride fiber laser operating around a wavelength
of 2800 nm was achieved, delivering nanosecond pulses with a signal-to-noise ratio of 43.6 dB, based on the nonlinear
response of franckeite. These findings indicate that layered franckeite possesses broadband nonlinear optical characteristics
in the mid-IR region, potentially enabling new possibilities for mid-IR photonic devices.

Keywords: third-order optical nonlinearities, franckeite, mid-infrared, Q-switching
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1. Introduction

Mid-infrared (mid-IR) lasers have garnered significant at-
tention in recent years due to their extensive applications in
various fields such as environmental monitoring, medical diag-
nostics, and chemical sensing. On the other hand, mid-IR opti-
cal materials are crucial for developing advanced photonic de-
vices. When combined with mid-IR lasers, lasers can produce
coherent light in the mid-IR range, which is highly beneficial
for applications requiring precise and powerful light sources.
The development of mid-IR optical materials and fiber lasers
involves overcoming significant technical challenges, includ-
ing the need for materials with suitable transparency, dura-
bility, and nonlinearity. Although some preliminary research
and exploration have been conducted on optical materials in
the mid-IR spectrum,!'~"! researchers are still striving to find
stable mid-IR optical materials with broadband nonlinear re-
sponses.

Franckeite, a naturally occurring van der Waals (vdWs)
heterostructure, is the first naturally occurring quasi two-
dimensional (2D) vdWs heterostructure exfoliated from
bulk form composed of alternating SnS;-like and PbS-

like layers. In comparison with the artificial vdWs het-
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erostructures, franckeite-based vdWs heterostructures fea-
ture a desirable narrow bandgap and air stability, making it
well-suited for wide-band photoresponse and optoelectronic
applications.[3-19" Although franckeite is composed of a se-
quence of isotropic 2D layers, it exhibits optical in-plane
anisotropy.!'!! The effect of the crystal structural anisotropy
on the nonlinear harmonic generation in naturally occurring
2D heterostructure has also been explored.['>1%1 In addi-
tion, the layered franckeite exhibits a broadband nonlinear
optical response and ultrafast carrier dynamics in the near-

[I7.18] Franckeite also displays a strong

infrared wavelengths.
topological character with high concentration in both three-
dimensional and few-layered forms, with unique electronic
properties that are stable.!!”! Recent progress on franckeite
nanosheets highlight their potential as suitable candidate for
broadband nanophotonic devices. [20-24]

Accompany with broadband nonlinear optical proper-
ties, franckeite has seen considerable study in its applications
within lasers. Passive mode-locked ytterbium- and erbium-
doped fiber laser has been proposed using franckeite-based
saturation absorption (SA) as modulator.>2%1 The electronic
transport measurements indicate that franckeite is a p-doped

semiconductor with a mid-/far-infrared band gap.!®! Despite
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this, its exploration in the mid-IR range remains limited, high-
lighting a gap in the exploration of these materials’ potential.
Exploration of nonlinear optical response in the mid-IR region,
is highly desirable for ultrafast mid-IR tunable coherent laser
sources.!?”! This work seeks to underscore the need for ex-
panded research into franckeite, particularly in the underex-
plored mid-infrared region, which could unlock new avenues
for optoelectronic applications.

Here, the naturally occurring vdWs heterostructure
franckeite has been demonstrated to exhibit a wavelength-
dependent broadband nonlinear optical response in the mid-IR
spectral region. The layered franckeite was prepared through
liquid-phase exfoliation method. Furthermore, their nonlinear
optical behavior was investigated by Z-scan technique where
both open and closed aperture measurements were performed.
Further, it is utilized as a saturable absorber in fluoride fiber
lasers. These results showed that the layered franckeite has
the excellent third-order nonlinear characteristics in mid-IR
regime, which can broaden the range of applications for mid-
IR photonics.

2. Preparation and characterization

The process of liquid-phase exfoliation of natural occur-
ring vdWs superlattices introduces a novel method for creat-
ing ultrathin, air-stable, and clean vdWs heterostructures with
correct lattice alignments. ! In this study, the franckeite, from
Marin Mineral Company, was processed by liquid-phase ex-
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foliation method. Initially, the solid franckeite was pulver-
ized into powder form using a pestle and mortar, then dis-
persed in an N-methyl-2-pyrrolidone organic solvent, which
can help promote layer separation and the stabilization of
nanosheets.[?! Following ultrasonic treatment for two hours
at a water bath temperature of 22 °C, the mixture was cen-
trifuged at 5000 rpm for 10 min. Afterwards, the supernatant
was then spin-coated onto quartz glass substrates to fabricate
nanosheets for further experimental investigation. The thick-
ness measurement of the layered franckeite film, conducted
using an atomic force microscope, is presented in Fig. 1(a).
The cross-sectional view chosen for measurement, as illus-
trated in Fig. 1(c), reveals a height difference of approximately
7.7 nm between the substrate and the selected cross-section.
Considering previous reports that the thickness of a franck-
eite monolayer is around 1.7 nm,[®! it suggests that the film
consists of approximately five layers. The energy dispersive
x-ray spectroscopy diagram, depicted in Fig. 1(b), delineates
the elemental composition of the material. Sulfur is the pre-
dominant element, comprising 48.59% of the material, suc-
ceeded by lead with a 29.37% share, tin contributing 14.11%,
and antimony making up approximately 7.92%, which is also
consistent with the previous results.®! The linear optical trans-
mission spectrum from 900 nm to 2700 nm was assessed by an
UV-VIS-NIR spectrophotometer (UV-3600PLUS, Shimadzu),
revealing broadband absorption in the near-infrared to mid-IR
bands, as shown in Fig. 1(d).
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Fig. 1. Characterization of layered franckeite. (a) 2D atomic force microscope image. (b) Energy dispersive x-ray spectroscopy quantification
and its atomic proportions of bulk franckeite. (c) The height profile marked from panel (a). (d) The linear absorbance spectrum of few-layer

franckeite.
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3. Results and discussion
3.1. Nonlinear optical response of layered franckeite

To explore the broadband optical nonlinearity of franck-
eite, both open-aperture (OA) and close-aperture (CA) Z-scan
techniques are employed within femtosecond time domains.
A femtosecond Ti:sapphire laser, with an optical parametric
amplifier, facilitates the continuous tuning of the central wave-
length across a broad spectrum. The pulse laser utilized in this
study was femtosecond ultra-short pulse (Astrella Tunable-V-
USP-1k, Coherent), which operates across a wavelength range
of 3000 nm to 5000 nm, delivering pulses with a width of
about 35 fs at a repetition rate of 1 kHz.

A typical Z-scan experimental setup, as illustrated in
Fig. 2(a), includes a laser source, optical power attenuator,
beam splitter, focusing lens, high-precision motorized transla-
tion stage, detectors, and data processing system. The incident

Attenuator Lens

(a) .
Beam spliter 1[‘1

laser beam first passed through a continuously adjustable opti-
cal power attenuator. The laser beam was then divided into two
parts by a 1:9 optical beam splitter. One part was recorded by a
thermopile detector (818P-001-12, Newport) and a power me-
ter (Newport 2936) for reference. The other part was focused
onto the sample by an optical convex lens with a focal length
of 50 mm, resulting in a beam spot size of 80 um at the fo-
cal point. The sample was mounted on a computer-controlled
motorized translation stage. The transmittance of the sample
through an aperture was monitored in the far field as a function
of the sample’s position. Additionally, the transmittance of
the sample without the aperture was recorded. This allows for
simultaneous OA and CA measurements. All measurements
were conducted using CaF, lenses. By analyzing the experi-
mental data, the nonlinear optical parameters of the material
can be extracted.
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Fig. 2. Schematic diagram of the Z-scan setup and the saturation absorption characteristics of franckeite at 3000-nm wavelength. The solid line
represents the fitting of the experimental data. (a) The Z-scan experimental setup, (b) the Z-scan measurement, and (c) the dependence of transmittance

on input intensity for franckeite.

Figure 2(b) displays the OA results for layered franckeite
with an incident pulse intensity of 134 GW/cm? at a wave-
length of 3000 nm. The presence of a symmetrical peak at the
focal point suggests an increase in light transmittance as the
laser beam intensity grows when the sample approaches the
focal point, attributable to the SA effect of the layered franck-
eite. It is obvious that the nonlinear optical effect of the sub-
strate was negligible in comparison with the franckeite. To
quantitatively evaluate the nonlinear absorption coefficients of

the layered franckeite, these coefficients can be determined by

fitting the data with the following expression: (282!

_ BhoLes
2V2(1+22/23)

where Iy is the pump intensity at the focus, Les is the sample’s

T(z)= ey

effective length, and zg is the Rayleigh length. The nonlin-
ear absorption coefficient is fitted to be —2.43 x 10~ cm/W.
Moreover, we plot the relationship between nonlinear trans-
mission and incident laser intensity, as illustrated in Fig. 2(c).
These curves align closely with an SA model predicated on

one-photon absorption, and we can convert the positional co-
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ordinate axis variable into a light intensity variable to obtain
the trend of the franckeite’s transmittance with light intensity

I by the relationship as!!

ds
T=1—(—F7"— 2
(1+1/1sat+ans), ()

where ag is the modulation depth, and ayg signifies the unsat-
urated component, while I, is the saturated light intensity.
As depicted in Fig. 2(c), it is observed that as the light in-
tensity escalates, the transmittance through franckeite steadily
increases and then levels off, indicating that the material’s
absorption gradually approaches saturation, demonstrating its
potential use as a saturable absorber. The extracted modulation
depth, saturation intensity, and unsaturable loss are ~ 17.6%,
10.2 GW/cm?, and 34.9%, respectively.
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Fig. 3. The open-aperture Z-scan curves obtained at wavelengths of (a)
3500 nm, (b) 4000 nm, (c) 4500 nm, and (d) 5000 nm, respectively. The
solid lines show the fit to the experimental data.

To verify the broadband nonlinear optics responses of
franckeite, Z-scan technique was used to characterize the
franckeite in the mid-IR band, which ranges from 3000 nm
to 5000 nm. Figure 3 clearly shows that the normalized
transmittance gradually increases and then decreases on both
sides of the focal point for OA Z-scan. This behavior arises
We fit-

ted the nonlinear absorption coefficients of the three bands

from the optical SA characteristics of franckeite.

with incident intensity of 134 GW/cm?, and the estimated
nonlinear absorption coefficients are approximately —3.42 x
10~7 cm/W (at 3500 nm), —7.48 x 10~7 cm/W (at 4000 nm),
—4.41 x 1077 em/W (at 4500 nm), and —3.15 x 1077 cm/W
(at 5000 nm) respectively. The negative sign of the coefficient
indicates that the broadband saturated absorption characteris-
tics of layered franckeite.

Correspondingly, CA Z-scan measurement was used to
investigate the nonlinear refractive properties of franckeite.
Figure 4 illustrates that typical peak-valley profile Z-scan

curves can be achieved for all wavelengths. The general pat-
tern of the curve involves an increase followed by a decrease
in transmittance as the sample approaches and then moves
past the focal point. The results indicate that franckeite is
a self-defocusing medium, the nonlinear refractive index of
franckeite in the mid-infrared band is —1.97 x 10~!! cm*/W
(at 3500 nm), —1.19 x 10~ cm?/W (at 4000 nm), —2.81 x
1071 cm?/W (at 4500 nm), —0.88 x 107! cm?>/W (at
5000 nm), respectively. The wavelength-dependent nonlin-
ear absorption coefficient and nonlinear refractive index in
franckeite was then analyzed, similar to graphene, the non-
linear response is dispersionless over the wavelength range in
our experiments.3!) This may be attributed to the material’s
unique electronic structure, further demonstrating the stability
of franckeite, which is promising for application where a con-
stant response is important, for example, in such mid-IR robust

nonlinear devices as optical limiters and switchable elements.
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Fig. 4. The close-aperture Z-scan curves obtained at wavelengths of (a)
3500 nm, (b) 4000 nm, (c) 4500 nm, and (d) 5000 nm, respectively. The
solid lines show the fit to the experimental data.

Table 1 presents the nonlinear optical responses of sev-

(32431 Compared

eral typical 2D materials and heterojunctions.
with artificial van der Waals heterostructures and 2D materi-
als, the layered franckeite exhibits competitive nonlinear op-
tical response, which indicates that franckeite is a potential
nonlinear medium. In addition, previous studies on 2D mate-
rials and heterostructures have primarily focused on the near-
infrared spectrum with the well-developed near-infrared light
sources and optical devices. Despite the research conducted on
mid-infrared optical materials,*'~*! mid-IR optical materials
still face challenges such as stability and strong nonlinear re-
sponses to fully exploit their potential in various applications.
The results for broadband nonlinear optical effects of the lay-
ered franckeite can develop mid-infrared nonlinear optical re-

sponses of layered materials and expand their applications.
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Table 1. Comparisons of nonlinear optical parameters of typical heterojunctions and 2D materials.

Sample A (nm) B (cm/W) ny (cm?/W) References
hBN-GO 532 ~134x1078 2.58x10~13 [32]
Ag/MoS, 532 3.5x107* 6.5x1077 [33]

GaN/AlGaN/GaN - —3.37x 10712 —2.25x 1077 [34]
Al,03/Zn0O 800 1.39x107° 7.43x107 ! [35]
BiyS3/MoS, 800 —1.30x 1077 - [36]

InSe/graphene 1030 —5.81x 1077 - [37]

MoS,/BP/ MoS, 1550 —7.30x 10710 —3.04x 10718 [38]

Bi,0,Se 1550 —6.48 x 1077 ~2.03 x 1071 [39]

GaAs 1680 ~25%x10710 ~3x10713 [40]
BP 2100 ~—=57x10"1 - [41]
Graphene 2400 —1.90 x 1073 —2.50x 107° [42]
Cdo 2500 ~—=3.7x107"7 - [43]
3000 —2.43 x 1077 —1.20x 1071
3500 —3.42x 1077 —1.97x 1071
Franckeite 4000 —7.48 x 107 ~1.19x%x 10~ ! this work
4500 —4.41 %1077 —2.81x 1071
5000 —3.15x 1077 —0.88 x 1011

4. Mid-IR passively Q-switched Er’t:ZBLAN
fiber laser with franckeite

Motivated by the broadband saturable absorption and sub-
stantial modulation depth by franckeite in the mid-IR band, a
passively Q-switched Er*T:ZBLAN fiber laser incorporating
franckeite-based saturable absorber was developed, the exper-
imental setup can be found as previously shown.** Steadily
Q-switched pulse was not observed until the incident pump
power reached 0.5 W. Figure 5 summarizes the characteristics
of the Q-switched operation of the fiber laser modulated by
franckeite at an incident pump power of 1.58 W. In Fig. 5(a),

Intensity (arb. units)

—20 -—10 0 10 20
Time (ps)
1.0f (c)
z
= 0.8t
s A=2791 nm
2 06f
=
& 04f
w0
8
= ’\r’\w\NWW'vWJ W\'IW

2750 2800 2850

Wavelength (nm)

0,
2700

multiple pulse trains were measured at different time scales
of 1 ms, 200 ps, and 50 ps, demonstrating that the peak pulse
intensity remained stable and nearly unchanged, indicating ex-
cellent stability of the pulsed laser. The narrowest pulse width
recorded was 577 ns, as shown in Fig. 5(b). The output op-
tical spectrum, depicted in Fig. 5(c), shows the laser’s central
wavelength at 2791 nm. Figure 5(d) illustrates the frequency
spectrum with a center frequency of 98 kHz and a resolution
of 15 Hz, revealing a signal-to-noise ratio of 43.6 dB. These
findings indicate that the Q-switched fiber laser using franck-

eite demonstrates great stability.
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Fig. 5. Output characteristics of Er’T:ZBLAN Q-switched fiber laser based on franckeite. (a) Pulse trains with different spans, (b) the single

pulse of the laser, (c) optical spectrum, and (d) frequency spectrum.
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Fig. 6. (a) The relationship between the output power and the pump power; (b) the relationship between pulse width, pulse repetition rate, and
varying pump power; and (c) the variation of the average output power of the pulse within 1 hour.

The relationship between the output power and the inci-
dent pump power is illustrated in Fig. 6(a). By varying the in-
cident power from 0.5 W up to 1.58 W, the average pulse out-
put power increased from 65.4 mW to 266.6 mW. This demon-
strates that different power levels can be achieved in a stable
Q-switching state with a slope efficiency of 17.8%. The linear
relationship indicates the laser’s excellent power scaling capa-
bility. Figure 6(b) shows the relationship between both pulse
width and pulse repetition rate with the incident pump power.
As the pump power increases, the pulse width steadily de-
creases and the pulse repetition rate increases, consistent with
typical passively Q-switched lasers. The shortest pulse dura-
tion obtained was 577 ns at a frequency of 98.6 kHz, with an
incident pump power of 1.58 W. In Fig. 6(c), the variation of
the pulsed laser’s output power over time at maximum output
power was measured. Over a one-hour period, the fluctuation
(root-mean-square error, RMSE) of the output power was ap-
proximately 0.17%. This low fluctuation indicates good long-
term stability of the laser. These experimental results strongly
suggest that franckeite is a promising candidate for broadband

mid-infrared photonics and optoelectronics devices.

5. Conclusion

In conclusion, we have demonstrated that layered franck-
eite exhibits a broadband nonlinear optical response in the
mid-IR spectral region. We study the third-order optical non-
linear response by Z-scan method with nonlinear absorption
and refraction coefficients are estimated to be on the order
of 1077 cm/W and 10~ cm?/W, respectively. Based on the
broadband nonlinear response and the stability of franckeite,
an Er’T:ZBLAN-doped fiber laser produces laser pulses as
short as 577 ns, with a peak output power of 266.6 mW and a
maximum pulse repetition rate of 98.6 kHz. The results can
not only highlight franckeite’s remarkable nonlinear optical
characteristics in the mid-infrared spectrum but also under-

score its applicability in mid-infrared modulator devices.
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