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Abstract: In this article, a high-quality saturable absorber 
(SA) based on a two-dimensional ternary chalcogenide 
Ta2NiS5 nanosheet has been successfully fabricated and 
used in 1- and 1.5-μm spectral regions to generate ultra-
fast laser pulses. The Ta2NiS5-based SA is fabricated by 
mechanical exfoliation and sandwiched between two fiber 
ferrules to form a fiber-compatible SA. On the basis of the 
twin-detector technique, nonlinear optical absorption of 
the Ta2NiS5-SA is characterized by 64.7% and 11.95% modu-
lation depths with 1.3 and 0.72 MW/cm2 saturation intensi-
ties at 1028 and 1570 nm, respectively. When Ta2NiS5-SA is 
integrated into Yb- and Er-doped fiber laser cavities, stable 
self-starting Q-switched pulses are observed. Furthermore, 
by adjusting the cavity structure and optimizing dispersion 
in the cavity, we obtain hybrid mode-locking and mode-
locking fiber laser operation at 1029 and 1569 nm, respec-
tively. These results validate the performance of Ta2NiS5 as 
a broadband SA for the generation of ultrafast laser pulses, 
offering new opportunities of ternary transition-metal 
dichalcogenide alloys in future photonic devices.

Keywords: fiber laser; Q-switched; mode-locked.

1   Introduction
The increasing requirements of pulsed fiber lasers in scien-
tific research and industrial applications have stimulated 
the continuous exploration of novel saturable absorbers 
(SAs) [1–4], which are compact and low-cost nonlinear 
optical elements that convert the continuous wave into 
a train of ultrashort optical pulses [5–7]. The use of SAs 
has become an effective approach to accumulate enough 
nonlinear phase shift without lengthening the cavity of 
fiber lasers [8–10]. Traditional SAs, such as semiconduc-
tor saturable absorber mirrors, have narrow wavelength 
tuning ranges and are complex components for fabrica-
tion [11]. Since the first use of atomic-layer graphene to 
mode-lock fiber lasers [12], researchers have been paying 
much attention to the investigation and application of 
new 2D materials in ultrafast photonics. Another 2D mate-
rial, black phosphorus (BP), has its own layer-dependent 
direct bandgap (0.3–1.5 eV) [13, 14], which can be used in 
the infrared band [15–17]. However, the stability of BP is 
a major obstacle in its applications [18]. Up to now, with 
the advancement of materials science, new nanomateri-
als such as antimonene [4] and transition-metal dichal-
cogenides (TMDs) (MoS2 [19], WSe2 [20], SnS2 [21]) have 
experienced rapid development because of their large 
third-order optical nonlinearity and ultrafast carrier 
dynamics [22, 23].

To date, 2D ternary materials have been extensively 
studied because of their unique structures with the addi-
tion of a third element. Ternary materials provide more 
freedom to tune their physical properties by changing 
the proportion of the elements [24]. As a member of the 
ternary chalcogenide family, the quasi-one-dimensional 
(1D) material Ta2NiS5 exhibits not only 2D properties with 
a layered crystalline structure stacked by weak van der 
Waals interactions but also 1D properties with chain struc-
tures in individual layers [25, 26]. The structure of Ta2NiS5 
can be characterized by a series of zigzag wave chains, in 
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which [TaS6]2 dimer chains consisting of two [TaS6] octa-
hedral single chains are periodically interconnected with 
NiS4 tetrahedral single chains [24]. This chain structure 
leads to strong in-plane anisotropy in Ta2NiS5. Bulk and 
monolayer Ta2NiS5 are both semiconductors with a direct 
bandgap of 0.36 and 0.39 eV, respectively, indicating that 
few-layer Ta2NiS5 is likely to be used in broadband func-
tional photoelectric devices [27].

Monolayer or few-layer SAs can be produced through 
a variety of methods, such as mechanical exfoliation 
[28], liquid-phase exfoliation (LPE) [29], and chemical 
vapor deposition (CVD) [30–32]. The nonlinear satura-
ble absorption properties of few-layer Ta2NiS5 have been 
studied by Yan et  al. for LPE [33]. However, they only 
achieved Q-switched pulse at 1.9 μm in an all-solid-state 
laser.

In this article, we propose and experimentally demo-
nstrate that fiber lasers (i.e. Yb- and Er-doped) can be 
Q-switched and mode-locked by exploiting the broadband 
saturable absorption of the ternary chalcogenide Ta2NiS5. 
The modulation depth of Ta2NiS5-SA is 64.7% at 1028 nm 
and 11.9% at 1570 nm. To the best of our knowledge, this 
is the first report where Ta2NiS5 as an SA is used to achieve 
ultrafast pulse generation in all-fiber Yb- and Er-doped 
lasers, which underscores its applicability as a broadband 
SA material.

2   Fabrication and characterization 
of Ta2NiS5-SA

Bulk crystals of Ta2NiS5 were synthesized by the chemi-
cal vapor transport (CVT) method. Ta/Ni/S in the molar 
ratio 2:1:5 giving a total weight of 0.3 g was mixed with 
10 mg of iodide and sealed in an evacuated quartz tube. 
The sealed tube was placed in a three-zone furnace. The 
growth zone was pre-reacted at 800°C for 30 h and kept 
for 6 days. The reaction zone was pre-reacted at 500°C for 
30 h and then at 880°C for 3 days. Finally, the furnace was 
naturally cooled down to room temperature and then the 
single crystals were collected.

Ta2NiS5 crystal belongs to the orthorhombic space 
group Cmcm (63) and is a layered compound [26]. The 
structure of Ta2NiS5, based on Inorganic Crystal Structure 
Database, is shown in Figure 1A and B, indicating that 
the layers are composed of distorted NiS4 tetrahedra and 
TaS6 octahedra connected to each other by sharing S-S 
edges, which are bonded by weak van der Walls forces. 
In addition, the thickness of a single layer of Ta2NiS5 cal-
culated from the structure is 0.63 nm [26]. Single crystals 
of Ta2NiS5, which are typically a few millimeters long and 
about 0.1  mm wide (inset in Figure 1C), were grown by 
CVT from their elementary powders [34]. The X-ray dif-
fraction (XRD) patterns of the powder confirmed that the 
as-synthesized crystals were Ta2NiS5 crystals (Figure 1C). 
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Figure 1: Characterization of Ta2NiS5. 
Structures of Ta2NiS5 viewed (A) from the a-axis and (B) from the b-axis. (C) XRD pattern of Ta2NiS5 layered microflake. Inset: SEM image. 
(D) TEM image of a typical Ta2NiS5 nanosheet. Inset: The corresponding SAED pattern. (E) AFM image and (F) height profile along the white 
imaginary line in (E).
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More details on the synthesis procedure are given in 
 Experimental Section of Ref. [34].

Ta2NiS5 nanosheets were prepared by micromechani-
cal exfoliation. Transmission electron microscopy (TEM) 
image (Figure 1D) and atomic force microscopy (AFM) 
height topography (Figure 1E) demonstrate the layered 
structure of the Ta2NiS5 nanosheets. Inset in Figure 1D 
shows the corresponding selected-area electron diffrac-
tion (SAED) of the Ta2NiS5 nanosheet, giving clear bright 
spots, which confirms its single-crystalline structure. AFM 
measurements revealed that the thickness of exfoliated 
Ta2NiS5 nanosheets was ~1.4 nm.

The nonlinear optical absorption of the Ta2NiS5 was 
characterized using the twin-detector technique reported 
in our previous work [35]. A home-made passively mode-
locked fiber laser operating at 1028 nm was used as the 
pump light (6.6 ps pulse duration, 35.95  MHz pulse rep-
etition rate). From measurements and curve-fitting, the 
following SA parameters were extracted: saturation inten-
sity Isat ~ 1.3 MW/cm2 and modulation depth αs ~ 64.7% 
at 1028  nm (Figure 2A). The same measurements were 
also carried out at 1570  nm (246 fs pulse duration, 
50.18  MHz pulse repetition rate). The measured para-
meters were Isat ~ 0.72 MW/cm2 and αs ~ 11.95% (Figure 2B). 
Thus, Ta2NiS5-SA shows saturable absorption in both 
wavelengths.

3   Ytterbium-doped 1-μm fiber laser
The demonstrated saturable absorption of the Ta2NiS5 
at 1030  nm indicates that the device could be used to 
generate a regular train of Q-switched and mode-locked 
pulses in this spectral region. The experimental setup is 
shown in Figure 3. A LD laser (VLSS, Connet, Shanghai, 
China) emitting at 976 nm with a maximum output power 

of 600 mW was used as the pump source. The pump light 
was launched into the laser cavity using a 980/1030 nm 
wavelength-division multiplexing (WDM; 980/1030-HF-
B-05-NE, OF-Link, Suqian, China) coupler. A 28-cm-
long Yb-doped single-mode fiber (Liekki Yb 1200-4/125, 
Vancouver, WA, USA) was used as the gain medium. 
Two polarization controllers (PCs)  (FPC-200, OZ Optics, 
Jiaxing, China) were used to optimize the Q-switching 
and mode-locking operation as well as the intracavity 
birefringence. The Ta2NiS5-SA device was placed after the 
PCs. A polarization-independent isolator (PIISO-1030, 
OF-Link, Suqian, China) was used to ensure unidirec-
tional propagation. An 8-nm bandpass filter (BPF; BPF-
1030, OF-Link, Suqian, China) was added to the cavity for 
wavelength selection. A coupler (SR4889, AFR, Zhuhai, 
China) with 10% output was employed to output the 
laser.

The output was connected to an optical spectrum 
analyzer (Ocean Optics HR2000, Shanghai, China), a 
commercial autocorrelator (APE Pulse Check USB, Berlin, 
Germany), an RF spectrum analyzer (Tektronix RSA5103B, 
Shanghai, China), and a real-time oscilloscope (Tektronix 
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Figure 2: Ultrafast-optical property of Ta2NiS5-SA. 
Nonlinear optical transmission of SA at (A) 1 μm and (B) 1.5 μm.

Figure 3: Schematic of ytterbium-doped fiber laser setup.
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DPO3053, 500 MHz, 2.5 GS/S, Shanghai, China) together 
with a photodetector (Thorlabs DET10A/M, Shanghai, 
China) to allow measurements of the spectra and the 
pulse train.

3.1   Q-switched ytterbium-doped fiber laser 
(YDFL) with Ta2NiS5 SA

Figures 4A shows a typical Q-switched pulse train of the 
Ta2NiS5 SA. The pulse trains are shown for a pump power 
of 320 mW in the insert of Figure 4A, where the minimum 
pulse width is 1.07 μs. The optical spectrum at a pump 
power of 320  mW is shown in Figure 4B. The central 
wavelength of the laser signal is located at 1029  nm. 
The modulation range of the repetition rate and the 
full width at half-maximum (FWHM) of the pulse dura-
tion were found to be 104.6–212.3 kHz and 1.72–1.13 μs, 
respectively, by changing the pump power, as shown in 
Figure 4C. Figure  4D plots the pulse output power and 
the pulse energy of Q-switching vs. the pump power. With 
the increase of the pump power from 240 to 380 mW, the 
pulse output power and the pulse energy changed to 

11.5–23.9  mW and 109.9–112.5 nJ, respectively, with the 
maximum pulse energy of 117.2 nJ.

3.2   Hybrid mode-locking YDFL with Ta2NiS5 SA

Although we obtained a stable Q-switched pulse train, 
no mode-locking phenomenon was observed when we 
increased the pump power and adjusted the PCs. During 
subsequent experiments, we found that the output power 
in the cavity was low and the fluorescence brightness of 
the gain fiber was abnormal. Therefore, we removed all 
the connected fiber ferrules in the cavity, replaced them 
with direct fiber fusion, and checked all the melting 
points. In the experiment using the polarization-inde-
pendent isolator to study the separate mode-locking of 
materials, we only observed the mode-locking signs but 
could not obtain stable mode-locked output. Therefore, 
the polarization-dependent isolator was replaced and the 
mode-locking was assisted by NPE.

With the suitable state of PC and a pump power of 
180  mW, stable passive mode-locking operation was 
obtained. Figure 5A shows the typical spectrum of the 

0.0

–15 –10

Frequency = 157 KHz

–5 0
Time (µs)

1.07 µs

Time (µs)

In
te

ns
ity

 (
a.

u.
)

In
te

ns
ity

 (
a.

u.
)

In
te

ns
ity

 (
a.

u.
)

5 10 15 1020 1024 1028 1032

Wavelength (nm)

λ0 = 1029 nm

1036 1040

240 260 280 300

Pump power (mW) Pump power (mW)

O
ut

pu
t p

ow
er

 (
m

W
)

Output power (mW)
Pulse energy (nJ)

P
ul

se
 e

ne
rg

y 
(n

J)

320 340 360 380 240 260 280 300 320 340 360 380

100

120

140

160

180

200

220

102

104

106

108

110

112

114

116

118

0.2

0.4

0.6

0.8

1.0
0.0

–2 0 2 4

0.2

0.4

0.6

0.8

1.0

A

C

B

D

1.2

1.4

0.0

0.2

0.4

0.6

0.8

1.0

1.0

P
ul

se
 d

ur
at

io
n 

(µ
s)

Pulse duration (µs)
Repetition rate (kHz)

R
ep

et
iti

on
 r

at
e 

(k
H

z)

1.1

1.2

1.3

1.4

1.5

1.6

1.7

10

12

14

16

18

20

22

24

Figure 4: The results of Q-switched YDFL. 
(A) Q-switched pulse width at the pump power of 320 mW. (B) Optical spectrum. (C) Pulse repetition rate and pulse duration vs. pump power. 
(D) Single-pulse energy and average output power vs. pump power.
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mode-locked fiber laser. Here, the central wavelength and 
3-dB spectral bandwidth were 1029 and 6.8  nm, respec-
tively. The spectrum with steep edges display the typical 
characteristic of the all-normal-dispersion fiber lasers [36]. 
Figure 5B and inset show the corresponding oscilloscope 
trace. The interval between adjacent pulses is 26.8  ns, 
corresponding to a repetition rate and cavity length of 
37.27  MHz and 5.48  m, respectively. The RF output spec-
trum (inset of Figure 5C) shows that the signal-to-noise 
ratio is 62 dB. The pulse width was deduced to be 10.15 ps 
from the autocorrelation trace (Figure 5D). The maximum 
output power is 37.9 mW, corresponding to a single-pulse 
energy of 1.017 nJ.

In order to verify the contribution of Ta2NiS5 SA in the 
mode-locking operation, we removed the SA and observed 
only the mode-locking phenomenon of NPE. The mode-
locked pulse trains emerged when the pump power was 
increased to 120 mW. We measured the pulse duration as 
6.6 ps, which is shorter than 10.15 ps. It implies that the 
insertion of SA has an impact on the loss and dispersion 
in the cavity, which will affect the output of mode locking.

4   Erbium-doped 1.5-μm fiber laser

The experimental setup is shown in Figure 6. The total 
length of the laser cavity is 4.53 m, corresponding to the 
dispersion of –0.076 ps2, which contains a 56-cm Er-110-
4/125 EDF. The oscillator also consists of a 980/1550 
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Figure 6: Diagram of the Erbium-doped fiber laser setup.
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wavelength-division multiplexer, a 10% OC, a PI-ISO, 
and a PC.

The output was connected to an optical spectrum ana-
lyser (HORIBA IHR550, Shanghai, China), a commercial 
autocorrelator (APE Pulse Check USB, Berlin, Germany), 
an RF spectrum analyzer (Agilent E4407B, CA, USA), and 
a real-time oscilloscope (Tektronix DPO3053, 500  MHz, 
2.5 GS/S, Shanghai, China) together with a photodetector 
(Harmoniclaser UltraPD-1550, Yancheng, China), to allow 
measurements of the spectra and the pulse train.

4.1   Q-switched erbium-doped fiber laser 
(EDFL) with Ta2NiS5 SA

We could achieve self-starting Q-switching operation, 
generating a steady train of pulses (typical pulse charac-
teristics are shown in Figure 7A with the minimum pulse 
duration of 1.55 μs, centered at 1561  nm (Figure  7B). By 
increasing the pump power, the repetition rate could be 
tuned from 30.02 to 137.6 kHz, whereas the corresponding 
pulse duration decreased from 5.8 to 1.72 μs (Figure 7C). 
Figure 7D shows the variation of the output power and 

single-pulse energy of the Q-switched EDFL vs. the pump 
power. As the pump power is raised from 110 to 620 mW, 
the output power increases from 0.44 to 9.6  mW, with 
an increase in pulse energy from 14.6 to 69.7 nJ and a 
maximum pulse energy of 72.11 nJ.

4.2   Mode-locked EDFL with Ta2NiS5 SA

In order to adjust the dispersion to realize mode-lock-
ing operation, we added a 65.44-m single-mode fiber in 
the cavity. Thus, there is a large negative dispersion of 
–1.45 ps2 in the cavity, which is helpful for the formation 
of solitons.

Mode-locked pulses are generated when the pump 
power increases to about 150  mW. As presented in 
Figure  8A, the pulse repetition rate is about 2.92  MHz, 
which matches the cavity length well. Figure 8B depicts 
the RF spectrum with a resolution of 1 kHz; the signal-to-
noise ratio is up to 67 dB. Figure 8C is the corresponding 
optical spectrum, whose 3-dB bandwidth is ~4.89 nm and 
the center wavelength is 1569  nm. The optical emission 
spectrum was recorded by an optical spectrum analyzer 
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(HORIBA IHR550) with a resolution of 0.05  nm. In addi-
tion, the fiber connected to the optical spectrum analyzer 
is a multimode fiber; so when the pulses are transmitted 
from the single-mode fiber to the multimode fiber, it can 
excite higher order modes and produce inter-mode inter-
ference, and thus the optical spectrum may not be as clean 
as would be expected. Figure 8D is the pulse autocorrela-
tion trace, which can be well fitted by the sech2 function, 
indicating that the real pulse width is 1.45 ps. The pulse 

broadening is attributed to the larger negative dispersion 
and the 1.5-m-long fiber pigtails used between the output 
coupler and the autocorrelator. Generally, higher modula-
tion depth of the absorber will lead to shorter achievable 
output pulse duration [37].

In Table 1 we compare the Ta2NiS5-based SA with 
several nanomaterial-based SAs working around 1.5 μm. It 
can be seen that the maximum single-pulse energy of the 
mode-locked pulses obtained in this work is comparable 

Table 1: Comparison of the output performance of 1.5-μm mode-locked fiber laser based on various 2D materials.

SA   Repetition rate 
(MHz)

  Pulse width 
(ps)

  Output power 
(mW)

  Single pulse energy 
(nJ)

  Peak power   Wavelength 
(nm)

  Reference

Sb2Te3   4.75   1.8   0.5   0.105  58 W   1558.6   [38]
rGO   16.79   1.17   3.16   0.18  161 W   1544.02   [39]
PtSe2   23.3   1.02   12.3   0.53  519 W   1563   [40]
CuS2   8.064   1.04   4.4   0.54  524 W   1530.4   [41]
TiS2   5.34   1.04   26.9   5.05  4.85 kW   1569.5   [42]
Ta2NiS5   2.92   1.45   18.6   6.37  4.39 kW   1569   This work
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(A) Pulse trains of mode-locking operation at a pump power of 320 mW. Inset: Oscilloscope trace. (B) RF spectra. (C) Optical spectrum. 
(D) Autocorrelation trace for the output pulse.
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to that of other works described in Table 1. Thus, Ta2NiS5 
is a promising material in high-energy pulsed laser 
generation.

5   Conclusions
In summary, stable passively Q-switched and mode-
locked YDFL and EDFL were demonstrated using the 
ternary chalcogenide Ta2NiS5 as SA. The few-layer Ta2NiS5 
was prepared by mechanical exfoliation. By inserting the 
Ta2NiS5-SA into different laser cavities, the Q-switched 
YDFL exhibited 1.07 μs minimum pulse duration and 
117.2 nJ maximum pulse energy. The hybrid mode-locked 
YDFL achieved 10.15 μs pulse duration with an SNR of 
~62 dB. And the Q-switched EDF laser was able to generate 
pulses with pulse energy of 72.11 nJ and minimum pulse 
duration of 1.55 μs. Stable mode-locked EDFL operation 
was successfully achieved with maximum pulse energy of 
6.37 nJ and pulse width of 1.45 ps with a repetition rate of 
2.92 MHz. These experimental results highlight the poten-
tial of Ta2NiS5 as a wideband SA for pulsed lasers and will 
greatly support 2D materials-based SA family.
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