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Abstract: The saturable absorber of niobium diselenide (NbSe;), with a wide working bandwidth
and excellent nonlinear optical response, was prepared using liquid-phase exfoliation. Its saturation
intensity and modulation depth were 5.35 MW /cm? and 6.3%, respectively. Stable mode-locking
with a center wavelength of 1558.7 nm of an erbium-doped fiber laser based on a NbSe, saturable
absorber was successfully achieved. The maximum average output power of the mode-locked laser
was 6.93 mW, with a pulse width of 1.3 ps and a repetition rate of 25.31 MHz at a pump power of
550 mW. The results show that NbSe; is a promising photoelectric modulation material owing to its
excellent nonlinear optical properties.

Keywords: niobium diselenide; saturable absorber; nonlinear absorption characteristics; fiber laser;
mode-locked laser

1. Introduction

Ultrashort pulse lasers have been widely applied in medical diagnosis, optical de-
tection, material processing, precision machining and fiber communication due to their
advantages of a narrow pulse width and high peak power [1-3]. Passive mode-locking tech-
nology is the main method used to achieve ultrashort pulse output. Compared with other
lasers, fiber laser has the advantages of a low cost, compact structure, high efficiency, easy
integration and good stability. Therefore, passive-mode-locked fiber lasers have become a
research hotspot [4-6].

The passive mode-locked laser cannot be realized without the help of a saturable ab-
sorber (SA). Although the traditional semiconductor saturable absorption mirror (SESAM)
has a mature preparation technology and high stability, it is expensive and has a narrow
working band [7]. Therefore, it is necessary to explore new SAs. The detailed study of
graphene material has aroused research interest in SAs based on two-dimensional (2D)
materials. Researchers have found that many 2D materials exhibit special linear and non-
linear (e.g., saturable absorption) properties in terms of optics, ranging from visible to
mid-infrared light. This research shows that 2D materials have many potential applications
in optical devices [8-11]. Exploring 2D materials with excellent optical properties is a key
factor in developing high-performance pulsed lasers [12].

To date, 2D materials with saturable absorption have been discovered, including
graphene [13,14], black phosphorus (BP) [15,16], topological insulators (TIs) [17,18], MX-
enes [19,20] and transition metal dihalides (TMDs) [21-24]. Among them, TMDs have
garnered considerable attention due to their fast saturation recovery time and large modu-
lation depth [25-28]. TMDs have a chemical formula of MX;, where M represents transition
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metal elements (W, Mo, Nb, Ta) and X represents chalcogen elements (S, Se, Te) [29-32]. In
recent years, NbSe, has become a hot research topic in TMDs due to its unique properties,
such as an excellent photoelectric response, high carrier mobility and superconductiv-
ity [33-35], making it a popular candidate material for optoelectronic device applications.
In 2018, Shi et al. deposited NbSe, quantum dots onto a D-type fiber to achieve mode-
locked lasers that operate at 1 and 1.5 pm [36]. In 2020, Chen et al. prepared a NbSe;
saturable absorber using the mechanical stripping method and realized a mode-locked
pulse output with a central wavelength of 1036 nm and a pulse width of 174 ps [37]. In the
same year, Yang obtained a mode-locked laser with a pulse width of 697 fs and a central
wavelength of 1556.3 nm using an optical deposition method [38].

In this paper, we prepared an NbSe, SA using liquid-phase exfoliation (LPE). The
nonlinear test results show that the saturation intensity, modulation depth and nonsaturable
absorption were 5.35 MW /cm?, 6.3% and 67.18%, respectively. We inserted the SA into an
erbium-doped fiber laser, successfully achieving a stable mode-locked pulse laser output
at pump powers ranging from 90 to 550 mW. At a pump power of 550 mW, the pulse
width, repetition rate and average output power were 1.3 ps, 25.31 MHz and 6.93 mW,
respectively. The center wavelength of the mode-locked laser was 1558.7 nm. The root
mean square (RMS) instability of the mode-locked laser at the pump power of 550 mW was
less than 1%. We achieved a higher output power and more stable laser output than other
reported results of mode-locked lasers based on NbSe, SA. The experimental results show
that NbSe;, has excellent nonlinear optical properties and future applications in ultrafast
photonics devices.

2. Preparation and Characterization

In our experiment, NbSe, nanosheets were prepared using the LPE method due to its
low cost, simple operation and easy realization of large-scale preparation. Firstly, we added
50 mg of sodium dodecyl sulfate (SDS) and 300 mg of polyvinyl alcohol (PVA) to 20 mL
of deionized water (DI), heated it to 90 °C, and kept it for half an hour to fully dissolve
the SDS and PVA. Secondly, we added 100 mg of NbSe, powder to the above solution
and placed it in an ultrasonic cleaning machine for 10 h. Finally, the mixed solution was
centrifuged at a speed of 5000 rpm for 1 h, and } of the supernatant was taken to make the
NbSe; nanosheet solution used in our experiment. The nanosheet solution was dropped
onto the fiber jumper and the fiber was dried in the drying cabinet for 24 h. As shown in
Figure 1, we deposited NbSe;-PVA on the end face of the fiber jumper.

- (b) ©
= .

Figure 1. Preparation process of NbSey-PVA SA. (a) SDS and PVA mixture. (b) NbSe, powder.
(c) NbSe,-PVA dispersion. (d) Dispersion was dropped onto fiber end face. (e) NbSe,;-PVA was
deposited on fiber end face.

(a)
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The nanosheet solution was spin-coated onto the silicon substrate for characterization.
Raman spectroscopy was used to characterize NbSe, nanosheets, and the corresponding
results are presented in Figure 2. Figure 2a illustrates that two peaks were observed at
227.7 and 238.5 cm 1, which correspond to the Ajg and E! 2¢ vibrational modes of NbSe;,
respectively. These findings are similar to those reported previously [38]. The scanning
electron microscopy (SEM) image of the NbSe, nanosheets is shown in Figure 2b. NbSe;
nanoparticles were uniformly distributed on the substrate. Furthermore, atomic force
microscopy (AFM) was employed to characterize the material. As illustrated in Figure 2c,
the thickness of NbSe, nanosheets was about 50 nm according to the marked line profiles.



Photonics 2023, 10, 610

30f7

Intensity (a.u.)

100 150 200 250 300 350 400
Raman shift (cm™)

Height (nm)
2

20 45.6nm

[ 100 200 300 400 500
Horizontal distance (nm)

2

50.7nm

1.0 2.0 3.0 4.0 pm

Height (nm)
5

-
5

. 3 . |
0
0 1.0 2.0 3.0 4.0 pm ' rsemenn
(c)
Figure 2. (a) Raman spectrum of NbSe; nanosheets. (b) SEM image of NbSe, nanosheets. (c) AFM

0

image of NbSe; nanosheets.

A technique using a balanced twin-detector measurement was used to measure the
saturable absorption characteristics of NbSe, nanosheets. The experimental setup is il-
lustrated in Figure 3a. The pump laser, with a tunable wavelength in the near-infrared
range, has a pulse duration of 300 fs and a repetition rate of 75 kHz. The experimental
results were fitted using a non-linear transmission function. The relationship between light
transmittance T and incident light intensity I can be described as follows [39]

AT
T=1-—"7-+—-T, 1
51/, s )
where AT is the modulation depth, Is,¢ is the saturation intensity, and Ty is the nonsaturable
absorption. The dependence of transmittance on the pump fluence is shown in Figure 3b.
According to the fitting results, the modulation depth, saturation intensity and nonsaturable
loss of NbSe, SA are determined to be 6.3%, 5.35 MW /cm? and 67.18%, respectively.

Ultrafast laser Detector
Coupler

Attenuator

@)
Figure 3. Cont.
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Figure 3. (a) Balanced twin-detector measurement system. (b) Nonlinear transmittance diagram of
NbSe; nanosheets.

3. Results and Discussion

The experimental setup of mode-locked fiber laser based on NbSe,-PVA SA is depicted
in Figure 4. A ring cavity structure was adopted, including a pump source (a 976 nm laser
diode LD), 976 /1550 nm wavelength division multiplexer (WDM), erbium-doped fiber
(EDF), polarization controller (PC), polarization-independent isolator (PI-ISO), NbSe,-PVA
SA, single-mode fiber and 90/10 output coupler (OC). The pump light was coupled to the
laser cavity through 976/1550 nm WDM. A 0.7 m single-mode erbium-doped fiber (Er80-
8/125) was employed as the laser gain medium. PC was applied to adjust the polarization
state of the laser. We used PI-ISO to ensure the unidirectional propagation of light in the
laser cavity. The 90/10 OC was applied to the output laser. The total length of the ring laser
cavity is about 8 m.

LD

PI-ISO

-

Figure 4. Erbium-doped mode-locked fiber laser based on NbSe,-PVA SA.

During the mode-locked experiment, the PC was adjusted to change the polarization
state in the cavity. The laser pulse was observed using 5 GHz photodiode (Thorlabs,
DETO08CFC /M) and 500 MHz real-time oscilloscope (KEYSIGHT DSOX3052T). At a pump
power of 90 mW), the laser changed from continuous light to a mode-locked pulse, which
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was observed using the real-time oscilloscope. A stable mode-locked laser was obtained as
the pump power was further increased, from 90 to 550 mW.

At a pump power of 550 mW, the pulse sequence diagram of the mode-locked laser
observed by the oscilloscope is illustrated in Figure 5a. The pulse interval is about 39.5 ns,
corresponding to a repetition rate of 25.31 MHz, which is consistent with the result esti-
mated from the cavity length. Then, the mode-locked laser spectrum was measured by a
spectral analyzer (Agilent 86142B) with a resolution of 0.06 nm, and the result is demon-
strated in Figure 5b. The center wavelength of the mode-locked pulse is 1558.7 nm, and the
3 dB bandwidth is 4.69 nm. The mode-locked laser was measured with an autocorrelator
(A.PE. pulseCheck), and the data are shown in Figure 5c by the sech? fitting. The full
width at half maximum (FWHM) of the autocorrelation trace is 2 ps, which means that
the pulse duration is 1.3 ps, assuming a hyperbolic secant shape. The calculated time-
bandwidth product (TBP) is 0.753, whereas the theoretical limit value of TBP is 0.315. Our
experimental results indicate that the mode-locked pulse has some chirp. Figure 5d shows
the radio frequency (RF) spectrum measured by an RF signal analyzer (Agilent N9020
A). The repetition rate of the mode-locking laser is 25.31 MHz, and the signal-to-noise
ratio (SNR) reaches 80 dB, indicating a highly stable mode-locking operation. Figure 5e
demonstrates the relationship between the output power and pump power. At a pump
power of 550 mW, the output power is 6.93 mW and the corresponding optical conversion
efficiency is calculated to be 1.26%. The calculated single pulse energy and peak power are
about 0.27 n] and 207.7 W, respectively. To test the stability of the laser, the output power
curve of the mode-locked laser for 30 min at a pump power of 550 mW was measured, as
shown in Figure 5f. The calculated RMS instability of the output power of the mode-locked
laser is less than 1%.
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Figure 5. Output characteristics of the laser at 550 mW pump power. (a) Pulse train. (b) Spectrogram.
(c) Autocorrelation trace. (d) RF spectrum. (e) Relationship diagram between the output power and
pump power. (f) Stability of output power of mode-locked laser at pump power of 550 mW.
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Removing the NbSe,-PVA SA from the cavity and observing that no mode-locked pulsed
laser is generated, even after adjusting the polarization controller and changing the pump
power, confirms that the mode-locked operation is indeed caused by the NbSe,-PVA SA.

4. Conclusions

In summary, we prepared an NbSe,-PVA saturable absorber using LPE and inserted
it into a homemade erbium-doped fiber laser. The laser produced stable mode-locked
pulses with an output power of 6.93 mW, a center wavelength of 1558.7 nm, a repetition
rate of 25.31 MHz, and a pulse width of 1.3 ps at a pump power of 550 mW. The output
power of the mode-locked laser was measured for 30 min at the maximum pump power.
The RMS instability of the output power was less than 1%. The results suggest that
NbSe; has excellent nonlinear optical properties and promising applications in the field of
ultrafast lasers.
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