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Layered TasNiS; Q-Switcher for Mid-Infrared
Fluoride Fiber Laser

Qinwen Duan, Lingling Yang, Yuan He, Longlong Chen, Jie Li, Lili Miao

Abstract—We have demonstrated the stable Q-switched Er-
doped fluoride fiber laser with the help of the few-layered Ta,NiS5
in the mid-infrared spectral range. We fabricated the mid-infrared
saturable absorber mirror (SAM) by depositing the layered
Ta,NiS5 on a gold mirror. The layered Ta; NiS5 exhibited saturable
absorption behavior with modulation depth 36% and saturation
intensity 32.2 GW/cm? at 2800 nm, respectively. With the Ta;NiS5-
SAM, stable Q-switched pulses around 2.8 ;«m wavelength can be
delivered with a pulse duration of 1.20 us and a repetition rate
of 102 kHz under an incident pump power of 860 mW from the
ZBLAN fiber laser cavity. The experimental results confirm that
TaoNiSs has great potentials as broadband saturable absorber
in mid-infrared regions, paving the way for the application of
low-dimensional ternary chalcogenide in broadband optoelectronic
devices.

Index Terms—Infrared lasers, fiber lasers, Q-switched lasers,
optoelectronic materials.

1. INTRODUCTION

HE pulsed mid-infrared (MIR) fiber laser sources can cover
T the absorption window of the molecular fingerprints of the
gases, liquids and solids [1], [2], which are highly required for
the versatile applications ranging from laser microsurgery, re-
mote atmosphere sensing, environmental detection to laser radar,
etc. With the evolution of the high-power MIR fiber laser, the
Er**-doped ZBLAN fiber laser has aroused extensive attentions
for the high slope efficiency due to the effective energy-transfer
up-conversion process. By integrating the nonlinear absorption
characteristics of the saturable absorber (SA) into the laser
cavity, the Er-doped fluoride fiber laser can be modulated to
deliver the optical pulses. However, the immature nonlinear
optical modulators hinder the performance improvement of
the pulsed fiber laser. Traditional SAs, such as semiconductor
saturable absorber mirrors (SESAM) and Fe?T: ZnSe crystal,
have been successfully employed to generate MIR pulsed fiber
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lasers. Whereas, it has many inherent disadvantages reflected in
the complicated and expensive manufacturing process, as well
as the narrow operating band.

Since the discovery of the atomic-layer graphene, two dimen-
sional (2D) materials are studied widely to realize light modula-
tion, owing to the broadband absorption, fast relaxation time
and easy-fabrication procedures. Recently, the graphene and
graphene-like low-dimensional materials [3]-[16] have been
applied as SAs to generate the Q-switched pulses in MIR region.
However, the performance of the pulsed MIR fiber laser needs to
be improved, especially the nonlinear optical modulation com-
ponents. Inspired by the requirements to develop high-power,
stable MIR fiber lasers, it is necessary to explore the novel
nonlinear optical materials and modulators.

With the evolvement from single-component to binary com-
ponent nonlinear optical materials [17]-[21], the 2D ternary
materials have exhibited special rare optoelectronic properties
with the addition of a third element. The bandgap can be tuned
between the characteristic bandgaps of the two constituting
binary compounds [22], [23]. As a ternary chalcogenide family
member, the TagNiSy portrays attractive physical properties
which show obviously 2D characteristics and a huge in-plane
anisotropy. This shows undeniable coupling among the 1-D
chain structure via the angle-resolved high-resolution photoe-
mission spectroscopy [24]. There are three sets of chain struc-
tures in TagNiS5, allowing considerable in-plane anisotropy of
electrical and optical properties [25-27]. Moreover, the mono-
layer TasNiS5 has a 0.36 eV direct bandgap, and the bulk
TasNiS5 exhibits a 0.39 eV direct bandgap [28], which shows
that it has great potential in broadband applications. Recently,
TasNiS5; SAs have been demonstrated to accomplish Q-switched
and mode-locked fiber lasers at 1029 nm, 1569 nm [29] and 1.9
pm waveband [30]. However, the non-linear optical response
and laser application based on the layered TasNiS5 have not been
explored above 2 pm mid-infrared region, which can strongly
prove the great potential of TasNiS5 as a broadband nonlinear
material.

Here, the few-layer TasNiS5-SA was fabricated success-
fully using simple liquid phase exfoliation (LPE) method
and deposited on the gold mirror. By Z-scan measure-
ment, the nonlinear saturable absorption property of few-
layer TagNiS; was investigated. Based on the TasNiSs
SA, a stable passively Q-switched Er’*-doped ZBLAN
fiber laser at 2.8 pm has been demonstrated successfully
experimentally.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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Fig. 1. (a) SEM image of the layered TagNiSs. (b) The surface morphology
of TagNiSs measured by AFM. (c) The surface thickness parameter of TagNiS5
measured by AFM. (d) The X-ray photoelectron spectroscopy (XPS) of the mul-
tilayered TagNiS5. (e) XRD pattern of TagNiS5 powder. (f) Linear transmission
spectrum of the TagaNiS5 placed on a CaFy substrate.

II. MATERIAL CHARACTERIZATIONS

The few-layered TasNiS5; was fabricated utilizing a simple
liquid phase exfoliation (LPE) method with the Ta;NiS5 powder
(Six Carbon Technology) [26], [28], which is a convenient and
cost-effective way for fabricating low-dimensional materials.
A high-purity TagNiS5 single crystal was grounded in an agar
mortar, and then dissolved in N-Methyl pyrrolidone (NMP) and
sonicated for more than 4 hours to ensure dispersion of large
particles. The ice begs were then used to lower the temperature
during ultrasonication to prevent overheating of the solution. At
five-thousand rpm for a quarter an hour, the solution was then
centrifuged and the TasNiS5 supernatant was deposited on the
gold mirror, and then dried for 24 hours under an infrared oven
lamp.

The structure of layered TasNiS; was visualized by the
electron-scanning microscopy (SEM) as shown in Fig. 1(a).
A relatively smooth surface of the TasNiS5 film was observed
through surface morphology under an atomic force microscope
(AFM) measurement, as shown in Fig. 1(b). It can be found
from Fig. 1(c) that layered TasNiS5 are uniformly dispersed
on the substrate. The mean thickness of the layered TasNiS5
is 16.6 nm corresponding to a 26 layers thickness [31]. The
X-ray photoelectron spectroscopy (XPS) in Fig. 1(d) shows the
elemental binding energies of the obtained layered TasNiSs.
The Ta 4f shows three obvious peaks, 23.2 ¢V, 25.2 eV, and 28.3
eV, among which the two main peaks of 23.2 eV and 25.2 eV
correspond to the Ta 4172 and Ta 4f5 /5 of Ta** in TasNiSs,
respectively [27], [32]. Ni 2p shows the main peaks 854.0 eV,
which were fitted to the binding energies of Ni>* in TayNiS5
[27], [33]. Two main peaks located at 161.5 and 162.7 eV were
fitted as the dominant state of the S~ in TayNiS; [27]. The
X-ray diffraction pattern (XRD) of the TagNiS5 powder shown
in Fig. 1(e) meets its characteristics under normal conditions
[27], which confirmed that the composition of the powder was
TagNiSs. Fig. 1(f) displays that the layered TagNiSs was placed
on a CaF; substrate and its linear transmission spectrum was
measured between 1000 nm and 3000 nm, which has a transmit-
tance about 60%.
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Fig. 2. The saturable absorption characteristics of TagNiSs at 2800 nm. (a)

Open-aperture Z-scan curves; (b) Nonlinear transmittance curve.

The narrow bandgap endows the layered Ta;NiS5 to exhibit
broadband resonant absorption above 3 pm. With the increasing
intensity of the incident light, the saturable absorption of the
layered TagNiS5 can be realized via the Pauli-blocking principle.
With the help of femtosecond laser setting at a repetition rate
of 1 kHz and a pulse width of 35 fs working at 2800 nm
wavelength, the nonlinear optical absorption behavior of the
few-layered TasNiS5 was characterized with the open aperture
Z-scan technique, as demonstrated in Fig. 2. The measurement
results of Z-scan can be analyzed by the formula:

do
- 2v/2 (1 + 22/22)

where Z; is the Rayleigh length, and g9 = BloL.g, and § is
the nonlinear absorption coefficient, and /j is the pulse intensity
measured at the focus, and L. is the effective length of sample.
The saturation intensity and modulation depth can be obtained
by fitting the experimental data with the equation:

T (I)=1-ATexp(—1/1)

T(z) =1 (1)

- Tns (2)

where T(I) is the transmission, and AT is the modulation depth,
and /, I, and T, are incident pulse intensity, saturation intensity
and non-saturation loss, respectively. The modulation depth of
TasNiS;5 is 36% and the saturation intensity of TagNiSs5 is 32.2
GW/cm? according to the fitting result.

III. RESULTS AND DISCUSSIONS

The experiment setup of the Q-switched Er**-doped ZBLAN
fiber laser based on TasNiS5-SAM is shown in Fig. 3, and the
inset shows the real photo of the TaaNiS5-SAM. A fiber-coupled
976 nm laser diode (105 pum core diameter and NA = 0.15)
with 50 W maximum output power is collimated and focused
by plano-convex lens L1 (Thorlabs N-BK7, f = 25.4 mm) and
plano-convex lens L2 (Thorlabs CaFs, f = 50 mm). Between
the two lenses, a dichroic mirror M1 (High transmittance to
pump light and high reflection to laser 2.8 pm) was set at
45° angle corresponding to the pump light and laser. A 3.9
m double-cladding Er**-doped (7 mol% doping concentration)
ZBLAN fiber (Le Verre Fluoré, France) was used as the gain
medium, which has a 15 pym diameter core and 0.12 numerical
aperture. The ends of fiber were fixed in stainless-steel V-grooves
then perpendicularly cleaved at the front end to provide Fresnel
reflection and acted as the laser output coupler, meanwhile
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Fig. 3. Experiment schematic of Q-switched Er*+:ZBLAN fiber laser based
on ternary chalcogenide TaaNiS5-SA. Inset, the real photo of the TaaNiS5-
SAM.
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Fig. 4. (a) Q-switched pulse sequences delivered at pump power of 50 mW

and (b) Q-switched pulse sequences delivered at a max pump power of 860 mW.
The single pulse is shown in the inset. (¢) RF spectrum characteristics and (d)
optical spectrum characteristics.

the rear end was cleaved at an 8° angle to avoid the parasitic
oscillation. Two 20 mm focal-length plano-convex CaF; lenses
L3, L4 was used to make the 2.8 ym radiation accurately parallel
and focused on the TasNiS5-SAM, which is served as SA and
the terminated cavity feedback. The reflectivity of the TaaNiSs
coated mirror at 2.8 pgmis about 51.3%. Eventually, the resonator
based on Ta;NiS5-SA was completed to realize the fiber laser
oscillation. The optical spectrum was then measured by a 0.1 nm
scanning resolution mid-infrared spectrometer. The frequency
spectral was monitored by a highly sensitive spectral analyzer
to furtherly obtain signal-to-noise ratio (SNR), and the pulse
trains were monitored by 4 GHz bandwidth oscilloscope with
the use of an HgCdTe detector.

The passively Q-switched pulse can be observed upon an
increment of the pump power to S0 mW. Fig. 4(a) shows the
pulse trains characteristics with 18.2 kHz repetition rate at
this pump power, and the pulse width of 2.35 us could be
observed in the inset. Maintaining a stable Q-switching pulse
trains is simple before exceeding the 860 mW pump power.
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Fig.5. (a) The relationship between repetition rate and pulse width with pump
power. (b) The curve of output power and single pulse energy varying with the
pump power.

From Fig. 4(b) and inset, the repetition rate and pulse duration
can be obtained about 1.20 us and 102.4 kHz at 860 mW pump
power, respectively. The non-optimized deposition procedure
can’t guarantee the film quality, which will lower the damage
threshold of the SAM, and thus the available pump power and the
output power. We measured the RF spectrum of the Q-switched
pulse at the highest 860 mW pump power, as demonstrated
in Fig 4(c). The SNR of the Ta;NiS5-SAM based Q-switched
pulse trains were greater than 42 dB, which indicates its high
stability and excellent characteristics of Ta;NiS5-SA. Fig. 4(d)
shows the optical spectrum with 2803.7 nm central wavelength,
along with the 3-dB bandwidth about 0.8 nm. The relationship
between repetition rate and pulse width with pump power are
shown in Fig. 5(a). The pulse width decreases as the pump power
increases. Conversely, the repetition rate increases as the pump
power increases. The repetition rate ranges from 18.2 kHz to
102.4 kHz, and the corresponding pulse width varies from 2.35
ps to 1.20 ps. Fig. 5(b) shows that both the output power and
the single pulse energy change with the pump power. The output
power increases almost linearly with the pump power with a
slope of 18.5%, but the single pulse energy increases slowly
as the pump increases. Eventually, the highest stable output
power and single pulse energy obtained are 168 mW and 1.64
], respectively.

Table I has summarized the typical recent reports of the ~3
pm pulsed fiber lasers modulated by some 2D-materials. From
the experimental results, the Ta;NiS; shows stable nonlinear
optical response and excellent Q-switched laser performance,
especially the signal-to-noise ratio (SNR), which is important
for the practical laser applications. In addition, the TasNiS5-
SAM has shown stable physicochemical property and nearly
the same optical response even after two months. We will
optimize the TasNiS;5-based saturable absorber and the cavity
configuration to realize the mode-locking operation in our future
work.

IV. CONCLUSION

In conclusion, we demonstrated the Q-switched ZBLAN
fiber laser operation with the few-layered TasNiS5 prepared
by LPE method. With the Ta;NiS; SAM, the Q-switched
ZBLAN fiber laser has delivered the stable pulses with the
SNR of 42.4 dB, repetition rate 102 kHz, and pulse width
1.20 ps successfully at 2.8 pm wavelength. The experimental
results validate the broadband nonlinear optical response of
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TABLE I
TYPICAL PULSED MID-INFRARED FIBER LASER MODULATED BY 2D MATERIALS
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SNR Modulation Saturation
SAs bs(um) T (ns) (dB) Depth (%) Intensity Refs.
Graphene 2.78 0.042 43.5 10 2 MW/cm? [4]
Black phosphorus 2.97 2740 37.7 41.2 3.77 MW/cm? [7]
BixTes 2.98 1370 37.4 513 2.12 MW/cm? [10]
NiTe, 2.80 708 33 17.7 0.12 MW/cm? [13]
WS, 2.87 1730 40.5 29.4 1.24 MW/cm? [14]
MoS; 2.75 806 40 5 6.8 mJ/cm? [15]
PtSe 2.87 620 30 39.6 74 MW/cm? [16]
TasNiSs 2.80 1200 42.4 36 32.2 GW/ecm?  This work
the layered ternary chalcogenide in the mid-infrared region, [17] W.Zhao et al., “Origin of indirect optical transitions in few-layer MoSa,
and indicate that the ternary chalcogenides have great appli- WSs, and WSes,” Nano Lett, vol. 13, no. 11, pp. 5627-5634, 2013.
. L. . . [18] Z. Ye et al., “Probing excitonic dark states in single-layer tungsten disul-
catlf)n potential in the high-performance MIR optoelectronic phide.” Nature, vol. 513, no. 7517, pp. 214-218, 2014.
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locking at 1.06 and 1.55 pm,” Opt. Exp., vol. 23, no. 21, pp. 27509-27519,
2015.
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