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Abstract: Indium selenide (InSe) is a typical layered metal-chalcogenide semiconductor that has potential for developing ultrafast 
optoelectronic devices. In this work, InSe-polyvinyl alcohol (InSe-PVA) film is employed as saturable absorber and prepared by 
mixing InSe nanosheets solution and polyvinyl alcohol solution. The nonlinear absorption properties of the InSe saturable ab-
sorber (InSe-SA) are investigated, showing that the nonsaturable absorption and modulation depth are 37.5% and 9.55%, respec-
tively. Traditional soliton lasers are generated in erbium-doped fiber (EDF) laser-employed InSe as a mode-locker. The central 
wavelength and pulse duration of the traditional soliton pulse are 1568.73 nm and 2.06 ps, respectively, under a repetition rate of 
1.731 MHz. The maximum average output power is 16.4 mW at the pump power of 413 mW. To the best of our knowledge, this is 
the first demonstration of a traditional soliton pulse with InSe as a mode-locker. The experimental results further demonstrate that 
InSe is an outstanding nonlinear absorption material in ultrafast fiber laser. 
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1  Introduction 
 

Two-dimensional (2D) materials exhibit distinct 
properties of electric conductivity, mechanics, and 
optics compared with traditional materials. These 
unique and layer-dependent optical properties, such 
as the high damage threshold, fast response recovery, 
and excellent nonlinear property, have attracted par-
ticular attention for ultrafast optoelectronic devices. 
Benefitting from these advantages, pulsed fiber laser, 
which has been widely used in the fields of industrial 
manufacturing (Huang D et al., 1991) and biomedi-
cine (Chen JM et al., 2020; Xie et al., 2020), and in 
scientific research (Goda and Jalali, 2013), is typi-

cally applied in the field of 2D materials (Huang WC 
et al., 2018, 2019; Ge et al., 2019; Guo B et al., 2019; 
Guo SY et al., 2019). Graphene was the first devel-
oped and thoroughly investigated 2D material. In 
2009, it was first demonstrated as saturable absorber 
(SA) for generating fiber laser (Bao et al., 2009; 
Zhang H et al., 2009). The application of graphene 
has inspired the full development of 2D materials as 
SA. In the past decade, a series of 2D materials, in-
cluding topological insulators (TIs) (Liu H et al., 2014; 
Sotor et al., 2014a; Guo QX et al., 2019; Xu NN et al., 
2019), MXene (Jhon et al., 2017; Jiang et al., 2018; 
Sun et al., 2018; Wu Q et al., 2019; Wang C et al., 
2020), transition metal dichalcogenides (TMDs) (Liu 
WJ et al., 2017; Niu et al., 2017, 2018; Wu LM et al., 
2018; Hu et al., 2019; Liu JS et al., 2019; Xie et al., 
2019; Li L et al., 2020; Ma et al., 2020; Wang GM  
et al., 2020; Zhang HN et al., 2020), and various 
monoelemental materials (Xene) (black phosphorus 
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(BP) (Sotor et al., 2014b; Chen Y et al., 2015; Song 
et al., 2016), such as graphdiyne (Zhao et al., 2019), 
phosphorene (Luo et al., 2015; Li D et al., 2015; Xu 
YH et al., 2017; Mao et al., 2018), antimonene (Song 
et al., 2017; Liu GW et al., 2019), bismuthene (Guo B 
et al., 2018; Lu et al., 2018; Wang C et al., 2019), 
silicone (Xing et al., 2017; Wang MX et al., 2019; Liu 
GW et al., 2020), and tellurene (Guo J et al., 2019; Xu 
NN et al., 2020; Zhang WF et al., 2020), have been 
developed as SA and exhibit favorable performance. 

Indium selenide (In2Se3 or InSe), which is a 
typical Ⅲ-Ⅴ group metal-chalcogenide compound 
(MX or M2X3), has a structure of Se-In-Se-In-Se 
quintuple layers (In2Se3) or four covalently bonded 
Se-In-In-Se atomic planes (InSe) (Mudd et al., 2013; 
Feng et al., 2016). The adjacent layers are bonded 
through van der Vaals interactions, which indicates 
that nanosheets are prepared by mechanical exfolia-
tion or the liquid phase exfoliation (LPE) method. 
Additionally, bandgap has a remarkable layer- 
dependent property that varies from 1.45 to 2.8 eV 
(In2Se3) (Quereda et al., 2016) or from 1.2 to 1.4 eV 
(InSe) (Lei et al., 2014).  

Indium selenide has experimentally demon-
strated strong nonlinear absorption properties and has 
been widely developed as SAs for generating ultrafast 
pulsed fiber lasers. In 2018, In2Se3 nanosheets were 
mechanically exfoliated from α-In2Se3 crystal and 
directly transferred into a fiber ferrule to serve as a 
mode-locker for achieving Tm-doped fiber laser 
(Ahmad et al., 2018a). The generated mode-locked 
pulse duration was 5.79 ps at a repetition rate of 
6.93 MHz. In another work, the passively Q-switched 
operation was achieved based on In2Se3 as SA (Ah-
mad et al., 2018b), and the generated pulse can be 
tuned from 1533 to 1573 nm. Yan et al. (2018) pre-
pared In2Se3 via the magnetron-sputtering deposition 
method. Passively mode-locked fiber lasers were 
successfully generated by employing fabricated 
α-In2Se3 as SAs operating at 1.5 and 2 μm. Wang GM 
et al. (2019) demonstrated a wavelength-switchable 
vector-soliton fiber laser. The central wavelength can 
be switched from 1558 to 1530 nm. Meanwhile, the 
applications of InSe have been under investigation. 
Yang et al. (2018) reported passively Q-switched and 
mode-locked erbium-doped fiber (EDF) lasers based 
on InSe as SAs. The pulse repetition rate varied over a 
range of 5.58 to 13 kHz under Q-switched operation, 

and the pulse duration was 2.96 ns with a repetition 
rate of 1.74 MHz under mode-locked operation. In 
another contribution, employing InSe as SA, the sta-
ble mode-locked operation was achieved with a 
maximum pulse energy of 9.26 nJ at a repetition rate 
of 1.76 MHz in a Yb-doped fiber laser (Xu NN et al., 
2018). Fu et al. (2019) reported an InSe-based large- 
energy mode-locked EDF laser. In this case, the 
maximum pulse energy was as high as 20.4 nJ with a 
repetition rate of 586.3 kHz. Previous studies proved 
that indium selenide (In2Se3 and InSe) exhibited fa-
vorable performance for SAs in generating pulsed 
fiber lasers. However, compared with other 2D ma-
terials, such as graphene, MXenes, and TMDs, po-
tential applications have not been investigated, such 
as the generation of traditional soliton (TS) and dis-
sipative soliton (DS) pulses. 

In this study, InSe-polyvinyl alcohol (InSe-PVA) 
film is fabricated by desiccation after blending InSe 
nanosheets solution and PVA solution. The nonlinear 
saturable absorption properties are further investi-
gated using a power-dependent system. The 
nonsaturable absorption, modulation depth, and sat-
uration intensity are 37.5%, 9.55%, and 
1.68 MW/cm2, respectively. An EDF laser is con-
structed by sandwiching the InSe-PVA film between 
two fiber ferrules as SA. The TS pulses are generated 
with a pulse duration of 2.06 ps under a repetition rate 
of 1.731 MHz. This is the first demonstration of TS 
operation employing InSe as SA. The experimental 
results verify that InSe is significant in developing 
new ultrafast photonic devices. 
 
 
2  Preparation and characterization of InSe-SA 

2.1  Preparation of InSe-SA 

Generally, the fabrication of InSe-SA includes 
two steps: fabrication of few-layer InSe nanosheets 
and fabrication of InSe-SA. In our experiment, the 
dispersion solution of InSe nanosheets is purchased 
(Haolai Tech., China) (Fig. 1a). The InSe nanosheets 
are prepared using the LPE method, which is the 
dominant method for preparation of 2D materials. 
The procedure for the fabrication of InSe-SA is shown 
in Fig. 1b. The InSe nanosheets solution and PVA 
solution (w(PVA)=5%) are blended at a volume ratio 
of 1:1. Then, the hybrid InSe-PVA solution is stirred 
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for 1 h to obtain a uniform InSe-PVA solution in a 
magnetic stirrer. Finally, we drop the hybrid InSe- 
PVA solution on a clean plastic substrate for desicca-
tion. After desiccation under 25 ℃ for 72 h, a piece of 
thin InSe-PVA film is formed. This thin film is the 
desired InSe-SA. 
 
 
 
 
 
 
 
 
 
 
 
 

2.2  Characterization of InSe and InSe-SA 

Raman spectrometry (HR Evolution, Horiba 
Scientific, Japan), X-ray diffraction (XRD, SmartLab, 
Rigaku, Japan), scanning electron microscopy (SEM, 
Sigma HD, Zeiss, Germany), energy-dispersive X-ray 
spectroscopy (EDS, Oxford Instruments, UK), and 
atomic force microscopy (AFM, Dimension Icon, 
Bruker, Germany) were introduced to verify the 
quality and properties of the InSe nanosheets, and the 
measurement results are shown in Fig. 2. The Raman 
property is measured using a 532 nm laser source 
under room temperature for InSe nanosheets. As 
shown in Fig. 2a, three observed Raman peaks cor-
respond to 116.3, 173.7, and 226 cm−1, respectively, 
which are consistent with the reported results (Mudd 
et al., 2013; Feng et al., 2016; Quereda et al., 2016). 
The XRD measurement of InSe nanosheets is shown 
in Fig. 2b. The diffraction peaks, i.e., (002), (004), 
(006), (008), and (110), are identical to the standard 
pattern of InSe (JPCDS No. 34-1431). Raman spec-
trum and XRD indicate that the prepared InSe-SA 
shows high purity and good quality. The SEM and 
EDS results are shown in Figs. 2c and 2e, respectively. 
The SEM image depicts that the nanosheets possess a 
minimal layered structure. The EDS result reveals 
that only In and Se exist in the measured sample, 
which further confirms the purity of InSe nanosheets. 
Fig. 2d shows the AFM image. The thickness and 
profiles corresponding to line 1 and line 2 are shown 

in Fig. 2f. The profiles reveal that the thickness of the 
InSe nanosheets is approximately 15 nm, which cor-
responds to approximately 20 layers of InSe. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The nonlinear saturable properties of SA are 
decisive in the performance of the proposed fiber 
laser and have been systematically investigated. The 
measurement system is shown in Fig. 3a. The pulse 
source is a homemade fiber laser, and the central 
wavelength, pulse duration, and repetition rate of the 
incident laser are 1564.8 nm, 0.97 ps, and 12.5 MHz, 
respectively. First, an optical attenuator is inserted to 
continuously adjust the input power of the incident 
light. Then, the incident laser beam is divided into 
two beams using an 80:20 output coupler (OC). After 
passing through the InSe-SA, the larger one is re-
ceived by detector Ⅰ. The smaller one is directly 
measured by detector Ⅱ as the reference. The varying 
transmission of InSe-SA according to the input power 
is displayed as the dot in Fig. 3b. The experimental 
data are fitted using the two-level saturable absorp-
tion model (Bao et al., 2009): 

(a) (b)

 Stir for 1 h

 Desiccation for 72 h

5 wt% polyvinyl alcohol (PVA) solution

InSe nanosheets and PVA at the volume 
ratio of 1:1

Fig. 1  The image of commercial InSe nanosheets dis-
persion solution (a) and the procedure for the fabrication 
of InSe-SA (b) 
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Fig. 2  Raman spectrum of the InSe nanosheets (a), mea-
surement and theoretical XRD results of InSe nanosheets 
(b), SEM image of InSe nanosheets (c), AFM image of 
InSe nanosheets (d), EDS result of InSe nanosheets (e), 
and thickness and profiles of InSe nanosheets (f) 
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where T(I) is the transmission of the InSe-SA, I the 
power of the incident pulse, Isat the saturation intensity, 
and αs and αns the modulation depth and nonsaturable 
absorption, respectively. The fitted line is shown as 
the solid curve in Fig. 3b. After curve fitting, the 
nonsaturable absorption, modulation depth, and sat-
uration intensity are 37.5%, 9.55%, and  
1.68 MW/cm2, respectively. The results indicate that 
the InSe-SA shows typical characteristics of saturable 
absorption. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3  Fiber laser setup 

 
The schematic of the proposed fiber laser setup 

is shown in Fig. 4. The pump source is a laser diode 
(LD) centered at 976 nm. The 980/1550 nm wave-
length division multiplexer (WDM) is employed to 
couple the pump source to the ring cavity. A piece of  
9 m long EDF (MP980), whose dispersion value is  

−18 ps/nm/km, is employed as the laser gain medium. 
A polarization controller (PC) is used to adjust the 
polarization state of the cavity. The unidirectional 
propagation of the light in the ring cavity is ensured 
by a polarization-independent isolator (PI-ISO). A 
10/90 OC is inserted to extract the testing signal for 
various measurements. The InSe-SA is sandwiched 
between two fiber ferrules that are inserted into the 
ring cavity. A piece of 100 m long single mode fiber 
(SMF) (SMF-28), whose dispersion value is  
17 ps/nm/km, is employed to adjust the total disper-
sion of the ring cavity. The pigtail fiber of other ele-
ments is SMF-28. The total length of the ring cavity is 
approximately 118.7 m. Thus, the net dispersion of 
the total cavity is calculated as approximately 
−2.17 ps2. The characteristics of the output pulse, 
including the spectrum, pulse train, pulse duration, 
repetition rate, and average output power, are moni-
tored by an optical spectrum analyzer (AQ6370B, 
YOKOGAWA, Japan), an autocorrelator (FR-103XL, 
FEMTOCHROME, USA), a digital oscilloscope 
(DPO4054, Tektronix, USA), a radio frequency 
spectrum analyzer (RF) (FPC1000, R&S, Germany), 
and a power meter (GR-103A, ZEYE, China). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4  Experimental results and discussion 
 

First, we insert the PVA film without InSe 
nanosheets between the fiber ferrules, and a  
continuous wave (CW) is observed. However, no 
mode-locked or Q-switched operations are observed 
by adjusting the pump power and the state of the PC. 
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Fig. 3  Typical system schematic for measuring saturable 
absorption properties (a) and the measured and fitted 
nonlinear absorption property of InSe-SA (b) 
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Fig. 4  Schematic of fiber laser setup 
LD: laser diode; WDM: wavelength division multiplexer; 
EDF: erbium-doped fiber; PC: polarization controller; SMF: 
single-mode fiber; SA: saturable absorber; PI-ISO: polari-
zation-independent isolator; OC: optical coupler 
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Then, we insert the film of InSe-SA into the cavity. 
The CW operation is generated from the proposed 
EDF laser at a pump power of 5 mW. However, no 
pulsed operation is achieved by adjusting the state of 
the PC. Then, we gradually increase the pump power, 
and at the pump power of 35.8 mW the stable 
self-started mode-locked laser pulse train appears. As 
predicted by the pump hysteresis phenomenon, the 
single pulse mode-locked operation is also achieved 
by decreasing the pump power to 19 mW. Further-
more, by continuously increasing the pump power, 
stable mode-locked operation can be recorded with 
the pump power from 19 to 413 mW. The mode- 
locked operation is destroyed with a pump power 
larger than 413 mW. Fig. 5 provides the pulse char-
acteristics of the passively mode-locked operation. 
Fig. 5a depicts an optical spectrum of the pulse. The 
central wavelength and 3-dB bandwidth are 
1568.73 nm and 1.56 nm, respectively. Kelly side-
bands at both sides of the spectrum, a typical feature 
of the soliton fiber lasers with negative dispersion, 
indicate that the pulses generated in the laser cavity 
are TS, which confirms that the laser works at the TS 
mode-locked operation. Fig. 5b provides the pulse 
train within 5 μs. The pulse interval of 577.7 ns be-
tween adjacent pulses corresponds to a 118.7 m long 
ring cavity, which further confirms that the laser  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

works at the mode-locked operation. Fig. 5c shows 
the autocorrelation trace of a single pulse. The trace is 
well-fitted using a sech2 profile. The full width at half 
maximum (FWHM) of the sech2 profile is 3.18 ps, 
and thus the pulse duration is 3.18 ps×0.648=2.06 ps. 
The time-bandwidth product (TBP) is 0.401, which is 
larger than the standard value of 0.315, indicating that 
the pulse is slightly chirped. The RF spectrum meas-
urement is conducted, and the fundamental frequency 
is 1.731 MHz with a signal-to-noise ratio (SNR) up to 
53 dB, which is consistent with the pulse interval of 
577.7 ns.  

To further confirm the stability of the passive TS 
mode-locked operation, more measurements are ex-
ecuted. Fig. 6a provides a pulse train within 20 μs. No 
obvious intensity modulation is observed over such a 
long span. The optical spectra evolution within 1 h is 
shown in Fig. 6b. It shows that the spectrum is con-
sistent over a long time. This shows that the fiber laser 
works in a highly stable TS mode-locked operation. 
Fig. 7 depicts the evolution of the average output  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In
te

n
si

ty
 (

a
.u

.)

1.2

0.8

1.0

0.4

0.6

0

0.2

0−10

Time (μs)

−5 105

Wavelength (nm)

0

40
30

20
10

50

−10

−30
−20

−50
−40

−60In
te

n
si

ty
 (

d
B

m
)

15651561 1569 1573 1577
−70

(b)

(a)

Fig. 6  Stability characteristics of the TS mode-locked 
operation: (a) the pulse train in a range of 20 μs; 
(b) optical spectra evolution within 60 min 

(a) (b)

(d) f=1.731 MHz

SNR≈53 dB

In
te

n
si

ty
 (

d
B

m
)

−10

−30

−20

−50

−40

−70

−60

In
te

n
si

ty
 (

a.
u.

)

0.6

0.2

0.4

0

15661562 1570 1574
Wavelength (nm)

2.50
Time (μs)

−2.5

In
te

n
si

ty
 (

a.
u.

)

1.2

0.8

1.0

0.4

0.6

0

0.2

−100

In
te

n
si

ty
 (

d
B

m
)

−40

−60

−80

−20

577.7 nsλc=1568.73 nm

Δλ=1.56 nm

7.50−7.5

Time (ps)
−5.0 −2.5 5.02.5 1.76

Frequency (MHz)
1.741.70 1.72

τAC=3.18 ps

(c)
1.0

0.8
Experimental 
data

Sech2 fitting

Fig. 5  Characteristics of mode-locked operation: (a) the 
spectrum with 3-dB bandwidth of 1.56 nm centered at 
1568.73 nm; (b) the pulse interval of 577.7 ns between 
adjacent pulses; (c) autocorrelation trace for an output 
pulse with sech2 fit and the FWHM being 3.18 ps; (d) the 
RF spectrum with a fundamental repetition rate of 1.731 
MHz and the SNR greater than 53 dB 



Liu et al. / Front Inform Technol Electron Eng   2021 22(3):325-333 330

power with an increase in the pump power. The av-
erage output power increases with the increase of the 
pump power under the TS mode-locked operation. 
The increasing trend is well fitted by a linear line, 
which indicates that the average output power linearly 
increases. The maximum average output power is 
16.4 mW at a pump power of 413 mW. To verify the 
effect of the InSe-SA, we remove the SA from the 
laser cavity. Only the CW laser can be obtained, no 
matter how the pump power is adjusted and regardless 
of the state of PC. This proves that the mode-locked 
operation of the fiber laser is attributed to InSe-SA. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1 systematically summarizes the perfor-
mance of the fiber lasers based on In2Se3 or InSe as 
SA. Overall, In2Se3 and InSe are demonstrated for 
passively mode-locked and Q-switched operations at 
1, 1.5, and 2 μm. The In2Se3-SA-based fiber lasers 
have picosecond level (Zhang WF et al., 2020) and 
even femtosecond level (Xu NN et al, 2020) TS 
pulses. However, the pulse durations of the reported 
InSe-SA-based fiber lasers are at the nanosecond 
level (Mudd et al., 2013; Quereda et al., 2016). The 
proposed fiber laser can generate a TS pulse with a 
pulse duration of 2.06 ps. This is beneficial for im-
proving the peak intensity of the ultrashort pulse. 
 
 
5  Conclusions 
 

In summary, favorable performance in the gen-
eration of TS lasers employing InSe as SA has been 
experimentally demonstrated. InSe-PVA film has 
been prepared by InSe nanosheets solution and PVA 
solution. The nonlinear absorption properties of the 
InSe-SA have been investigated, showing a typical 
saturable absorption property. The nonsaturable ab-
sorption, modulation depth, and saturation intensity 
are 37.5%, 9.55%, and 1.68 MW/cm2, respectively. 
The EDF laser has been designed and constructed by 
employing InSe-PVA film as SA. TS pulses centered 
at 1568.73 nm with a pulse duration of 2.06 ps have 
been obtained. The average output power increases  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1  Comparison of different In2Se3 or InSe based SA fiber lasers 

Material Material 
fabrication 

SA 
fabrication 

Modulation 
depth (%) Operation Central wave-

length (nm)
Pulse 

duration Reference 

In2Se3 Mechanical exfoliation Sandwiched 14.6 Mode-locked 1503.8 5.79 ps Ahmad et al. 
(2018a) 

In2Se3 Mechanical exfoliation Sandwiched 22.48 Q-switched Tunable Tunable Ahmad et al. 
(2018b) 

In2Se3 Magnetron- 
sputtering deposition 

Microfiber 4.5 
6.9 

TS 
TS 

1565 
1932 

276 fs 
1.02 ps 

Yan et al.  
(2018) 

In2Se3 LPE Sandwiched 14 TS Switchable 1.88/1.76 ps Wang GM et al. 
(2019) 

InSe LPE Microfiber 3.4 Q-switched Tunable Tunable Xu NN et al. 
(2018) 

InSe LPE Sandwiched 4.2 Mode-locked 1068.36 1.37 ns Xu NN et al. 
(2018) 

InSe LPE Sandwiched 16.5 Mode-locked – 389.2 ns Fu et al. (2019) 
InSe LPE Sandwiched 9.55 TS 1568.73 2.06 ps This work 

SA: saturable absorber; LPE: liquid phase exfoliation; TS: traditional soliton 
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linearly with the increase of the pump power. The 
study further shows that InSe is a promising material 
for developing ultrafast optoelectronics devices. 
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