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Abstract: In this study, the output energy in topological insulators (TIs)-based Erbium-doped
fiber laser (EDFL) was improved using two strategies: bidirectional pumped laser cavity and
saturable absorber (SA) with high damage threshold and large modulation depth. Using the
chemical vapor deposition (CVD) method, Bismuth Selenide (Bi>Ses) film was synthesized and
improved to a SA. Employing this CVD-Bi;Se; SA in an EDFL, bright and bright-dark soliton
operations were achieved. The average output power/pulse energy was 82.6 mW/48.3 nJ and
81.2mW/47.5 nJ, respectively. The results demonstrate that CVD-Bi,Ses can act as an excellent
performance material to improve output power performance in TISA-based EDFL.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Mode-locked fiber lasers are desired by variety of applications, e.g. optical communications,
optical sensing, material processing, biomedical diagnostics and spectroscopy [1-3]. A main
strategy was typically used to obtain mode-locked operations in fiber lasers: incorporating a
saturable absorbers (SAs) whose optical transmittance increases with the increase in the light
intensity in a laser cavity. Recently, graphene [4—8] and other two-dimensional (2D) materials
(e.g. topological insulators (TIs) [9-21], transition metal dichalcogenides (TMDs) [22-30],
black phosphorus (BP) [31-34] and so on [35-38]) is preferred for SA production due to its
strong optical nonlinearity, broad spectral absorption, ultrafast response time and the ease of
all-fiber integration [39]. Because of the ever-growing demand for mode-locked fiber lasers,
high-performance SAs made of 2D materials have aroused rising attention.

Recently, a class of materials called TIs, e.g. Bismuth Selenide (Bi;Ses), Bismuth Telluride
(BipTes) and Antimony Telluride (Sb,Te3), have been demonstrated to be excellent 2D materials
to fabricate SAs for Yb, Er and Tm-doped mode-locked fiber lasers [9-21]. Among them, Bi,Ses
is prominent for its properties of low saturation intensity, ultrafast recovery time, large modulation
depth and high damage threshold. Besides, Bi,Ses as a type of Dirac material, has a topologically
non-trivial bandgap of 0.3 eV, corresponding to a wide optical absorption range, offering the
possibility to be used as a SA when the wavelength of the light is shorter than 4 um. Moreover,
due to the giant third order nonlinearity of Bi,Ses, various mode-locked operations could be
achieved in Bi;Ses SA based fiber lasers. In 2012, Zhao et al. reported a wavelength-tunable
picosecond mode-locked fiber laser with BipSes SA [9]. Since then, diverse Bi;Se; SA based
mode-locked fiber lasers have been demonstrated in a couple of years. Previous contributions

#364494 https://doi.org/10.1364/OE.27.024670
Journal © 2019 Received 8 Apr 2019; revised 20 Jun 2019; accepted 6 Aug 2019; published 15 Aug 2019



Research Article Vol. 27, No. 17/19 August 2019/ Optics Express 24671

Optics EXPRESS

were mainly focus on the operation in conventional soliton state. However, the output power
of TISA based mode-locked fiber lasers still needs to be further improved. To the best of our
knowledge, the average output power of TISA based mode-locked fiber lasers is generally lower
than 10 mW. Yan et al. experimentally demonstrated a mode-locked Er-doped fiber laser (EDFL)
with Bi;Te; SA, of which the maximum average output power of the harmonic soliton pulse is
45.3 mW with a reputation rate of 2.95 GHz, corresponding a single pulse energy of 15.4 pJ
[40]. Besides, for BioSe; SA based mode-locked fiber lasers, the reported maximum average
output power is even lower. In 2018, Xu et al. demonstrated a Bi;Ses SA based mode-locked
EDFL, which could achieve various mode-locked pulses generations, including large-energy
pulses, dark solitons and soliton rains [41]. At the soliton rains mode-locked state, the maximum
average output power is 33.8 mW, which is the largest value of output power in ever reported
Bi;Ses; SA based mode-locked fiber laser. Those limitations could be overcome by employing
high-quality BiSe; SAs with a high optical damage threshold that could operate at high-power
condition are essential. Up to date, mode lockers based on BiySes were prepared by polyol
method and liquid-phase exfoliation (LPE) method. These methods are capable of controlling the
phase formation, particle size and morphology of the BirSes nanosheets and have the advantages
of easy-preparation, low cost, etc. However, with the above method, the crystalline quality of
the obtained Bi,Ses nanosheets is not sufficiently excellent, and the particle size is in a small
scale. To solve this problem, a suitable synthesis method should be introduced to prepare Bi,Ses
SA. As we know, chemical vapor deposition (CVD) is an effective method for synthesizing
high-crystalline quality layered 2D materials. Furthermore, the layer numbers of 2D materials
fabricated via CVD method are controllable and the shapes are uniform. In general, using CVD
method, the saturation intensity and modulation depth are controllable via changing the layer
number, and the damage threshold could be much higher than any other synthesis method due to
the excellent crystalline quality.

In this paper we demonstrated an EDFL mode-locked by a CVD- Bi;Ses; SA, which achieved
two different mode-locked operations. The CVD-Bi,Ses SA can serve as an excellent device
to achieve diverse high pulse operations in fiber lasers for its properties of excellent saturable
absorption, highly nonlinear effect and high damage threshold. For the bright and bright-dark
soliton operations, the maximum average output power/single pulse energy was 82.6 mW/48.3 nJ
and 81.2 mW/47.5 nJ with a pump power of 1.7 W, respectively. To the best of our knowledge, in
constant to the reported TISA based mode-locked EDFL, 82.6 mW is the highest average output
power. As a result, using CVD-Bi;Se; SA and pumped by two pump sources, the output power
is improved in TISA based EDFL.

2. CVD- Bi,Se; SA fabrication and characterization

The Bi;Se; sheets synthesizing experiment was carried out in the horizontal tube furnace
(OTL1200) using a two-step growing process. See the details of the progress in Fig. 1. First,
deposit a Se layer on the SiO, substrate as a seed layer to produce nucleation sites around Se
and force the BiySe; sheets growing with a lateral direction. Besides, the Se-rich environment,
provided by the seed layer, was necessary to increase the Se: Bi flux ratio. Se powder is used
as the evaporation source in the center of the constant temperature zone. In the meantime, a
SiO; substrate cleaned using ultrasonic machine with the solutions of acetone, ethyl alcohol
and deionized water was placed in the downstream zone, 15 cm far away from the Se powder.
At a ramping rate of 10 °C/min and the Ar gas flow of 50 sccm, the Se layer was deposited on
the SiO, substrate at the target temperature of 200 °C for 20 min under a base pressure of 2 Pa.
Second, the Bi,Ses sheets started to grow on the Se/SiO, substrate using CVD method. Bi,Se;
powder, as the source material, was positioned near the hot center region where the temperature
is close to the preset temperature (550 °C). The Se/SiO; substrate was placed in the downstream
zone (15 cm far from the BirSes powder). The quartz tube was purged with Ar gas, and then the
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source material was deposited on the substrate, carried by the Ar with a gas flow of 50 sccm.
To avoid the Se from the Se/SiO, substrate being volatilized and to ensure the BiySe; sheets
can be deposited uniformly, the part of the tube containing the source material and substrate
was removed from the furnace during the ramping process. It took about 55 min to rise the
temperature to 550 °C at a ramping rate of 10 °C/min. The part of the quartz tube containing
the source material and substrate was moved to the center of the furnace, while the furnace was
heated to the preset temperature of 550 °C. The Bi,Ses sheets started to grow for 20 min when
the temperature was stabilized. Finally, the quartz tube was naturally cooled down to the ambient
temperature in an Ar atmosphere.
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Fig. 1. Schematic of the experimental setup for the synthesis of Bi,Ses sheets.

To incorporate the synthesized BiySes sheets into a fiber laser, the thermal release tape was
used to transfer the CVD- BiySe; from the SiO, substrate onto a fiber ferrule. The transfer
process is illustrated in Fig. 2. First, the thermal release tape was mounted upside down, facing
the Bi;Ses/Si0,, and pressed with a finger (or something else) to be bonded to the material.
Subsequently, the tape with a few layers Bi,Ses sheets was stripped off from the substrate and
stick on a fiber head. A heating platform was used to release the material from the thermal
release tape. When the platform was raising to 120 °C, the fiber ferrule/tape was moved onto the
platform and kept for ~ 5 min till the tape was separated from the fiber head. Finally, few layers
Bi,Ses sheets was transferred to the fiber head and SA was successfully prepared.
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Fig. 2. Preparation process of the CVD-Bi;Sesz SA.

The surface morphologies of the sample were imaged under a scanning electron microscope
(SEM, ZEISS Sigma 500). The SEM image in Fig. 3(a) shows the hexagonal morphology
of the uniform Bi;Ses nanosheet with a multi-layered structure. The size of the nanosheet
was measured to be a few microns. The synthesized sample was further measured under an
atomic force microscope (AFM, Bruker Multimode 8) to characterize the thickness of BirSes
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nanosheet. As shown in Fig. 3(b), the AFM image clearly exhibits the surface morphology of
the BirSes nanosheet with a layered-hexagonal structure. Figure 3(c) shows the difference in
height from the substrate to the BipSes nanosheet, which corresponds to the thickness of about
120 nm of the synthesized sample. To characterize the Bi,Ses incorporated in the fiber laser, the
synthesized BiySes was transferred onto a SiO, substrate using a thermal release tape, and the
corresponding SEM and AFM image were measured respectively. Figure 3(d) shows the SEM
image with a resolution of 20 pm. The irregular nanosheets were randomly distributed on the
substrate, suggesting the transfer method was extremely effectual. The transferred nanosheets
were micron-sized, offering the possibility to ensure that the BiSes can cover the fiber core after
the preparation process of SA. The AFM image was recorded to analyze the thickness of the
transferred nanosheets, as shown in Fig. 3(e), and the corresponding height difference from the
substrate to the BipSes nanosheet is shown in Fig. 3(f). The thickness of the transferred sheet
was 27 nm, much lower than that of the synthesized sample, which allows for a good optical
transmittance.

2 pm

Fig. 3. (a) SEM image of the CVD-Bi;Ses, (b) AFM image of the BiySes, and (c) height
profile of the selected area in (b); characteristics of the transferred Bi,Sej3 sheet: (d) SEM
image, (¢) AFM image, and (f) height profile of the selected area in (e).

The chemical composition of the synthesized sample was measured under the energy dispersion
spectroscopy (EDS) in the SEM system. As shown in Fig. 4(a), the EDS spectrum demonstrated
the recorded signals of C, O, Si, Se, and Bi. The signal of C atomic was attributed to the Carbon
tape that used to hold the measured sample. The peaks of Si and O are assigned to the SiO;
substrate. The ratios of C, O, Si, Se, and Bi are 29.17, 2.98, 9.84, 34.63 and 23.39, respectively,
as shown in the inset of Fig. 4(a). The atomic ratio of Se and Bi is 1.48: 1, which reveals a
high purity of the synthesized BirSes. It is noteworthy that the atomic ratio of O and Si is 0.30:
1, which is not consistent with the actual ratio in the SiO, substrate. This phenomenon might
due to the inherent nature of the EDS instrument. It is generally known that since the detection
voltage is difficult to be completely suitable, the atomic ratios of the elements with a small atomic
number (e.g. Carbon, Nitrogen and Oxygen) measured using EDS technology are unreliable.
Therefore, the measured atomic ratio of O atomic does not have much reference value.

Structural characterization of the synthesized Bi;Se; sheets was tested using a Raman
spectroscopy (Horiba HR Evolution 800). In the range of 50-200 cm™', the Raman spectrum
was recorded with a 532 nm laser for excitation at ambient temperature, as shown in Fig. 4(b).
The figure reveals that there are three characteristic peaks appeared in the Raman spectrum:
the out-of-plane vibrational mode A{ . at71.3cm™!, in-plane vibrational mode Eé at 129.8 and
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Fig. 4. Characteristics of the BiySe3 sheet: (a) EDS spectrum, (b) typical Raman spectrum,
(c) XRD pattern, and (d) linear transmission of the transferred BiSe; sheet.

the out-of-plane vibrational mode A% at 172.0cm™!. This result confirmed that the Bi;Se;
crystal was synthesized. X-ray diffraction (XRD, Bruker D8) was performed to explore the phase
structure of the BiySe; sample, as shown in Fig. 4(c). The (003) family diffraction peaks, which
includes (003), (006), (009), (0012), (0015), (0018), and (0021) were detected, suggesting that
the synthesized Bi,Se; was rhombohedral structure along C axis [0001]. All the diffraction
peaks exhibit high intensity, which evidences the high crystalline quality of our Bi,Se3 sheet
grown by CVD method.

To characterize the absorption property of the synthesized BiSes, the linear transmittance
spectra of the BipSe3/SiO; (after a transfer process) and SiO; substrate were investigated using a
UV/Vis/NIR spectrophotometer, as shown in Fig. 4(d). In comparation to the SiO, substrate, the
maximum transmittance of Bi»Ses/SiO, in the wavelength range of 400-2100 nm was decreased
from 94% to 69%. The minimum transmittance was 66.86% while the corresponding light
wavelength was 1544 nm, which was close to the operating wavelength of our EDFL. Obviously,
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Fig. 5. The nonlinear absorption curve of the BiySez SA.
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the Bi,Ses sheets had a wide optical absorption range due to the bandgap of 0.3 eV. This feature
allows BiySes to work as SAs when the wavelength of the light is shorter than 4 pm.

Using the power-dependent transmission technique and a homemade nonlinear polarization
rotation (NPR) EDFL with a pulse width of 560 fs at 1560.3 nm and a repetition rate of 33.6
MHz, the nonlinear saturable absorption property of the prepared Bi,Se; SA was investigated.
In the experiment, the BiSe3 SA exhibited an excellent saturable absorption property. As shown
in Fig. 5, the fitting curve shows that the saturation intensity and modulation depth are 6.59
MW/cm? and 15%, respectively.

3. Experimental setup

The experimental setup is schematically shown in Fig. 6. A 974 nm laser diode (LD) and a
976 nm LD with the maximum output power of 544 mW and 1294 mW was used to provide
bidirectional pump, and two 980/1550 wavelength-division multiplexers (WDM) were used to
deliver the pump energy into the cavity. A piece of 62 cm long Er-doped fiber (EDF, Liekki Er-80,
8/125) with a dispersion parameter of 15.7 ps/nm/km served as the gain medium. The peak core
absorption and Er** concentration were 80 dB/m and 3150 ppm, respectively. There were two
PCs to adjust the cavity birefringence in our fiber laser. Besides, a polarization-independent
isolator (PI-ISO) was used to force the unidirectional operation of the ring cavity. The 60/40
optical coupler (OC) was used to extract the output of the laser pulses. To regulate the net
dispersion value of the cavity, a 100 m long single-mode fiber (SMF, SMF-28) with dispersion
parameter of 17 ps/nm/km was added into the cavity. The total length and net cavity dispersion

were 120.2 m and -2.603 ps?, respectively.
m Output (60 %)

~
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Fig. 6. The experimental setup of the passively mode-locked fiber laser.

4. Results and discussion

It is generally known that self-mode-locked operation can be achieved sometimes with a
long-length laser cavity. Hence, before carrying out this experiment, we tested the operation
characteristic of the EDFL without the BiSes SA. No pulse generation had been observed by
carefully adjusting the PCs and the pump power, which implies that the self-mode-locked or the
Fabry-Perot cavity effect does not exist in this laser cavity. After the Bi;Se; SA was inserted
into the ring laser cavity, different stable mode-locked operations could be achieved by adjusting
the pump power and the state of polarization controlled by the PCs. In the following, two
mode-locked operations that had been achieved in our EDFL are to be reported.

In this section, we primarily discussed the bright-soliton mode-locked state performance at the
pump power of 1.7 W in our EDFL, as shown in Fig. 7. Figure 7(a) shows the typical output
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optical spectrum with the center wavelength located at 1557.908 nm. The corresponding 3-dB
bandwidth was 0.342 nm. The single pulse trace shown in Fig. 7(b) has a pulse width of about
7.78 ns. This wide pulse duration was primarily attributed to the large net dispersion value,
which was caused by the long-length laser cavity. The typical pulse train shown in the inset of
Fig. 7(b) reveals that the pulse-to-pulse interval was 0.58 ps, which was well consistent with the
1.71 MHz fundamental frequency and the 120.2 m cavity length as well. This suggests that the
pulse laser operated at the mode-locked state. To test the stability of this mode-locked operation,
the RF spectrum was recorded, as shown in Fig. 7(c). The fundamental frequency was located at
1.71 MHz with a signal to noise ratio (SNR) of 42 dB. It noteworthy that the signal measured by
the spectrum analyzer was only 25% of the output power. Consequently, the actual SNR should
be higher than 42 dB. The achieved pulse duration was on a ns level, and the shape of the pulse
did not exhibit a Gaussian or Hyperbolic secant profile. Thus, the RF spectrum tested in a broader
range was not obtained in our experiment. The relations between the average output power and
the pump power is shown in Fig. 7(d). The laser started to operate at the mode-locked state when
the pump power was 600 mW. Obviously, the output power risen from 48.3 to 82.6 mW with the
increase in the pump power from 0.6 to 1.7 W, and the corresponding single pulse energy rose
from 26.8 nJ to 48.3 nJ. To the best of our knowledge, 82.6 mW is the largest value of the average
output power in TISA based mode-locked EDFL.
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Fig. 7. Characteristics of the dual-wavelength bright-soliton pulse laser: (a) output optical
spectrum, (b) single pulse trace and the inset is digital oscilloscope image, (c) RF spectrum,
and (d) the relationship between the average output power, single pulse energy, and the pump
power.

Due to the giant third-order nonlinear optical (NLO) coefficient, Bi»Se3 SA exhibits excellent
NLO effect, which makes it likely to achieve versatile mode-locked operations, e.g. multi-
wavelength pulse, rectangular pulse and multi-soliton generation. In our experiment, after the
polarization state of the laser cavity was regulated by carefully adjusting the two PCs, another
stable mode-locked state, the bright-dark soliton pair operation, was achieved in our Bi,Se; based
EDFL at the pump power of 551 mW. It is worth noting that the mode-locked threshold of both
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two mode-locked operations are relatively high. This phenomenon was mainly caused by the
large insertion loss of the Bi;Ses SA. After testing, the insertion loss of the SA is 6.6 dB, which
is enough to cause an increase in the threshold. In addition, the value of the modulation depth
of the BipSe; SA was 15%, together with the large insertion loss, leads to a high mode-locked
threshold. The characteristics of the bright-dark soliton pair mode-locked pulse laser are shown
in Fig. 8. The typical triple-wavelength optical spectrum in Fig. 8(a) obviously shows that the
center wavelengths of the two separated spectra were 1556.876, 1558.332 and 1559.386 nm with
3-dB bandwidth of 0.209, 0.354 and 0.235 nm, respectively. As mentioned above, Bi>Se3 has
extremely high NLO coefficient that the NLO effect in the BiSe; based mode-locked EDFL
is overly strong. In particular, the BiSes synthesized using CVD method has a large area in a
um-scale, so its NLO effect should be higher. Besides, the polarization of the PCs could combine
with the birefringence effect of the SMF to generate the spectral filtering effect, thereby achieving
the multi-wavelength pulse. The trace of a single pulse, containing both bright and dark soliton
simultaneously, is shown in Fig. 8(b). In accordance with the soliton theory and the previously
work of Guo ef al. in 2015, this pulse profile was termed as bright-dark soliton pair that exhibits
the shape-preserving property of soliton [17]. The analysis of the trace shown in Fig. 8(b) reveals
that the pulse durations of the bright and dark pulse were 2.59 and 5.59 ns, respectively. The
difference with symbiotic solitary-wave pairs is that our bright and dark soliton are different in
the pulse width, which is attributed to the high NLO effect caused by the Bi;Se3 SA. The pulse
train recorded with a bandwidth of 10 ps is shown in the inset of Fig. 8(b). The figure shows that
the pulse-to-pulse interval was 0.58 s, which corresponded to the total length of the laser cavity
of 120.2 m. The RF spectrum was recorded to demonstrate the stability of the EDFL, as shown
in Fig. 8(c). The SNR is 41 dB with the fundamental frequency of 1.71 MHz. For the same
mentioned reason, the actual value of SNR should be larger than the recorded value. Figure 8(d)
displayed the output energy performance of the EDFL. With the rise in the pump power from
0.55 W to 1.7 W, the average output power increased from 40.1 to 81.2 mW, and the pulse energy
rose from 23.5 to 47.5 nJ.

It is worth mentioning that the saturation absorption was not due to the direct-bandgap
absorption, because the laser was operated at 1.5 um region and the corresponding photon
energies were about 0.83 eV, larger than the topologically non-trivial bandgap of Bi;Ses (0.3
eV). Due to the Dirac-like band structure of Bi,Ses and Pauli blocking, the saturation absorption
effect will occur by the excitation from a strong light with single-photon energy larger than the
bandgap [42].

Several representative EDFLs based on TISA were summarized in Table 1 to highlight the
output energy performance of our CVD-Bi,;Se; based EDFL. The mode-locked pulse with the
output power of 45.3 mW was achieved in a Bi; Tes mode-locked EDFL [40]. However, the pulse
energy was limited to 15.36 pJ. The Bi;Sez EDFL listed in the table achieved the soliton rain
mode-locked state with an output power of 33.8 mW [41]. However, the single pulse rain contains
several soliton pulses so that the single pulse energy should be lower than the pulse energy of
62.87 nJ. In our study, the values of average output power and pulse energy were up-regulated
significantly. 82.6 mW is not only the peak of the average output power compared with the
mentioned TISA based EDFL, but also an extra high value compared with the other SAs-based
EDFL. Differently with the mentioned works, a large pulse energy was obtained simultaneously in
our experiment. Since CVD-Bi,Ses exhibits high-crystalline quality, the damage threshold of the
BirSes SA was extremely large, offering the ability to support the high pulse energy. Additionally,
the CVD-Bi,Se; has a low saturable intensity of 6.59 MW/cm? and a large modulation depth of
15%, offering the possibility to generate the ultrafast and high-energy pulse. This suggests that
BiSe; grown by CVD method can exhibit a high performance in the laser applications.
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Table 1. A Comparison of Passively Mode-locked EDFL Based on TISA*

ag (o) Tgy Output Pulse energy
SA material Platform (MW - cm™2) Wavelength power (mW) (n)) Ref.
(nm)
Bi,Se3 (LPE) Fiber ferrule 5.2/12 1560 0.86 0.023 12
Bi,Se; (LPE) Fiber ferrule 3.8/25 1567-1569 9.7 1.1 43
Bi;Se; (LPE) Fiber ferrule 4.1/26 1561.6/1562.1 10 2.82 16
Bi;Se; (LPE) Fiber ferrule 3.9/12 1557.5 1.8 0.14 11
Bi,Se; (LPE) Fiber ferrule 6.9/7.06 1560.5 33.8 62.87 41
Bi,Tes (LPE) Fiber ferrule 2/180 1557 0.4 0.046 44
Biy Tez (ME) Side-polished fiber  15.7/— 1547 0.8 0.053 45
Bi,Tes (LPE) Fiber ferrule 1558.12 0.59 0.485 46
~ 1558 0.73 0.6
~ 1558 0.82 0.674
Biy Tes Fiber ferrule 10.39/6.48 1571 11 1.03 47
— ~ 30 2.801
Bi,Te3 (PLD)  Microfiber 6.2/28 1564 453 15.36 pJ 40
SbyTez (ME) Side-polished fiber  6/31 1565 1 44.8 pJ 48
SbyTe; (PVD)  Side-polished fiber ~ 14.9/228 1564.6 6.2 0.19 49
1564.6 42 0.13
1568.8 9 0.27
Sby Tes (ME) Side-polished fiber  6/31 1561 1 29 pJ 50
SbyTes (LPE) Side-polished fiber  3.9/106 1556 0.9 39.6 pJ 51
Sby Tes (ME) Fiber ferrule —/— 1558.6 0.5 0.105 52
SbyTez (ME) Fiber ferrule —/— 1558.5 0.5 0.133 18
1558.2 45 14.8 pJ
SbyTes Fiber ferrule 13/212.3 1558 5.34 0.21 53
SbyTe; (PLD)  Microfiber 7.42/175 1530 12 0.127 54
BiySe; (CVD)  Fiber ferrule 15/6.59 1557.908 82.6 48.3 Our work
1556.876/ 81.2 47.5
1558.332/
1559.386

@ ag, modulation depth; Igy, saturable intensity; ME, mechanical exfoliation; PVD, pulsed magnetron sputtering.
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Fig. 8. Characteristics of the triple-wavelength bright-dark soliton pair: (a) output optical
spectrum, (b) single pulse trace and the inset is digital oscilloscope image, (c) RF spectrum,
and (d) the relationship between the average output power, single pulse energy, and the pump
power.

5. Conclusion

To sum up, the output energy performance of TISA based EDFL was enhanced using bidirectional
pumped laser cavity and the CVD grown Bi,Se3; SA which has a large damage threshold. Using this
CVD-Bi;Ses SA in an EDFL, the 8§2.6 mW/48.3 nJ bright mode-locked pulse and 81.2 mW/47.5
nJ bright-dark soliton pair pulse were achieved easily. To the best of our knowledge, 82.6 mW is
the largest value of the average output power in TISA based mode-locked EDFL. According to the
results, the CVD-Bi;Ses with the large modulation depth, third order nonlinearity and damage
threshold could act as an excellent SA material to improve the output energy performance in
mode-locked fiber lasers.
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