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Q-switched and mode-locked Er-doped fiber laser
using PtSe, as a saturable absorber
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We report a passively Q-switched and mode-locked erbium-doped fiber laser (EDFL) based on PtSe;, a new
two-dimensional material, as a saturable absorber (SA). Self-started Q-switching at 1560 nm in the EDFL was
achieved at a threshold pump power of 65 mW, and at the maximum pump power of 450 mW, the maximum
single Q-switched pulse energy is 143.2 nJ. Due to the polarization-dependent characteristics of the PtSe,-based
SA, the laser can be switched from the Q-switched state to the mode-locked state by adjusting the polarization
state. A mode-locked pulse train with a repetition rate of 23.3 MHz and a pulse width of 1.02 ps can be
generated when the pump power increases to about 80 mW, and the stable mode-locked state is maintained
until the pump power reaches its maximum 450 mW. The maximum single mode-locked pulse energy is
0.53 nJ. This is the first time to our knowledge that successful generation of stable Q-switched and mode-locked

pulses in an Er-doped fiber laser has been obtained by using PtSe, as a saturable absorber.
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1. INTRODUCTION

Q-switching and mode-locking are two main ways to generate
pulses [1-4]. Among the two technologies, saturable absorbers
(SAs) play a vital role in passive Q-switching and mode-locking
[5-13]. Fiber lasers have the advantages of simple structure,
small size, low price, and high environmental stability [12—17].
Therefore, it is clear that the development of pulsed lasers
depends greatly on the development of saturable absorbing
materials. Traditional SAs, such as semiconductor saturable
absorber mirrors (SESAM), face many defects, such as narrow
working bandwidth and complex manufacturing packages,
which greatly limit the development of pulsed lasers. With
the advancement of material science, new nanomaterials such
as carbon nanotubes (CNTs) [8,9], graphene [10-12], gra-
phene oxide [13], black phosphorus (BP) [17,18], and topo-
logical insulators (TT) [19-22] have emerged one after another,
and their performance has been qualitatively improved as their
prices have declined. Recently, transition-metal dichalcogenides
(TMDs) (e.g., MoS, [23], WS, [24,25], TiS, [26], MoTe,
[27,28]) have attracted much attention from laser researchers
due to their thickness-dependent band gap and unique absorp-
tion property [29,30]. PtSe, also attracts our attention as a
new member of the layered TMDs family [31-35]. PtSe,’s
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characteristic of having a widely tunable band gap allows it
to effectively respond to near-infrared light, and its photo-
responsivity is comparable with that of BP [36]. Monolayer
PtSe, has an indirect band gap of about 1.2 ¢V, while the band
gap of double-layered PtSe, is reduced to 0.21 eV. Three or
more layers of PtSe; have a zero band gap, and the macroscopic
properties are represented by semimetals [31]. Compared to
MoS,, a TMD material that has been widely studied in the
field of laser mode-locking, PtSe; has a higher carrier mobility
that is comparable to that of graphene [35-38]. Therefore, it
can produce a fast nonlinear response to incident light and can
achieve narrower pulses. In addition, the narrower energy band
gap of PtSe; allows it to have nonlinear effects in a wider wave-
length range. Moreover, the characteristics of the zero bandgap
of multi-layered PtSe, and the high carrier mobility are similar
to graphene, although there is a large difference in the band
structures. Therefore, PtSe, has the potential to substitute for
graphene as an excellent SA.

In this paper, we report an erbium-doped fiber laser (EDFL)
based on PtSe, as an SA with obvious polarization-dependent
saturable absorption, and we have obtained both passive
Q-switching and mode-locking pulses. As far as we know,
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it is the first time that PtSe, has been used as an SA for both
Q-switching and mode-locking in a fiber laser.

2. EXPERIMENTAL SETUP

In our experiment, the PtSe, thin films are grown by the
chemical-vapor-deposition (CVD) technology on a sapphire sub-
strate, which are commercial products (6 Carbon Technology,
Shenzhen, China). The optical microscope image shows that
the grown PtSe, film exhibits a good continuous uniformity over
a large area (not shown here). The surface morphology and height
profile of the PtSe, thin film are obtained from atomic force
microscopy (AFM) imaging, as shown in Fig. 1(a). From the
AFM image, the thickness of the used PtSe, film is determined
to be 4.7 & 0.4 nm by the height profile, indicating that the
number of layers of the PtSe, sample is around five. The Raman
spectrum of the PtSe, film is shown in Fig. 1(b). Three character-
istic peaks could be observed: (1) the peak at 179.6 cm™, cor-
responding to the in-plane vibration of Se atoms in opposite
directions within a single layer, (2) the peak at 206.5 cm™!, which
corresponds to out-of-plane vibration of Se atoms, (3) and the
longitudinal optical (LO) peak at 235.4 cm™!, which is attributed
to the overlap of the A2u mode and Eu mode. The Raman spec-
trum observed here is in good agreement with that reported in
Ref. [39]. The linear absorption of the PtSe, film was measured
in the range from 200 to 1600 nm using a Hitachi spectropho-
tometer, and broadband absorption can be observed in Fig. 1(c).
The absorption peak characterized by a flat profile is located be-
tween 409 and 652 nm, and 1600 nm is at the absorption edge,
showing that the used PtSe, films have the potental of working
as SAs in the near-infrared region. Measurements on different
positions yield nearly identical results, confirming the uniformity
of the PtSe, films.

The PtSe,-based SA is fabricated with a PtSe,-covered-
microfiber structure, as shown in Fig. 2(a). First, we transfer
the PtSe, film from the sapphire substrate onto a polydimethyl-
siloxane (PDMS) sheet. To avoid the impact of contamination
on light guiding, a new dry transfer method using a two-layer-
composite-structure of polyethylene terephthalate and silica gel
was applied to transfer the PtSe, film with a size of 3 mm x
3 mm from the sapphire substrate to the PDMS sheet [40].
With this method, the transferred 2D material possesses a cleaner
and more continuous surface, a lower doping level, and a higher
optical transmittance and conductivity than that transferred by

thermal release tape and polymethylmethacrylate (PMMA).
Therefore, there is litde effect of contaminants on the experi-
ment, and the reproducibility of the experiment is satisfactory.
Then, the microfiber is sandwiched between a low-refractive-
index substrate MgF, (with a refractive index of 1.37 at a wave-
length of 1.55 pm) and the PtSe, film supported by PDMS
(with a refractive index of 1.413 at a wavelength of 1.55 pm).
The microfiber is drawn from single-mode fiber (SMF) using the
flame-brushing technique, with a waist diameter of ~7.5 pm,
a stretching length of 20 mm, and an insertion loss of 0.1 dB.
The total length of the PtSe, film on the microfiber is about
3 mm, as shown in Fig. 2(b).

Since the microfiber-based SA is used to interact with the
evanescent field of light waves through the side of the micro-
nanofibers, the PtSe,-based SA has different absorption effects
for light with different polarization states in the fiber. In the
experiment, we measured the saturable absorption characteris-
tics of the transverse-electric (TE) and transverse-magnetic
(TM) modes of the SA by adjusting the polarization controller
in the optical path. The polarization-dependent saturable ab-
sorption, as shown in Figs. 2(c) and 2(d), is measured by a
homemade mode-locked laser with 380 fs wide pulses at
1.55 pm. We found that the absorption of the TE mode is
significantly less than that of the TM mode at the same pump
power. This is due to the fact that the direction of the electric
field of the TE mode is parallel to the plane of the PtSe,, so that
the TE mode electromagnetic wave has less interactions with
the PtSe, plane when passing through the device, which results
in less propagation loss. The transmittance of the TE mode
increased from 24.90% to 29.80%, with a modulation depth
of 4.90%, and the saturable intensity is 0.34 GW /cm?, as
shown in Fig. 2(c). The modulation depth of the TM mode
is 1.11%, and the saturable intensity is 1.23 GW /cm?, which
are shown in Fig. 2(d). In Table 1, we quantitatively compare
our PtSe,-based SA with several nanomaterial-based SAs work-
ing around 1.5 pm. It can be seen that the modulation depth
of the PtSe,-based SA is comparable to reports of other nano-
materials, while the saturable intensity is larger than those of
others. The difference in saturable intensity is mainly due to
the structure that we used to fabricate the PtSe,-based SA.
With the PtSe,-covered-microfiber structure, the PtSe, inter-
acted with the evanescent field of the light wave, which is
much weaker than the field in the fiber center. Therefore,
the saturable intensity of our SA is larger than that of other
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Fig. 1. (a) AFM image of the CVD-grown PtSe, film on the sapphire substrate. The red curve shows the thickness along the white dashed line.
(b) Representative Raman spectrum of PtSe, film taken at a 514 nm excitation wavelength. (c) Absorption spectrum of the PtSe, film.
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(a) Structure of the PtSe,-based SA. (b) Optical image and optical microscope image (inset) of the PtSe,-based SA. (c) Nonlinear optical

transmission of TE mode in PtSe,-based SA. (d) Nonlinear optical transmission of TM mode in the PtSe,-based SA.

reported results, but the saturable intensity is easily decreased
by using a thinner microfiber, which shows the flexibility of the
microfiber-based structure.

Using the PtSe, SA, we built an all-fiber erbium-doped ring
laser, as shown in Fig. 3. We used a high-concentration erbium-
doped fiber (Thorlabs Er80/4-125) with a length of 95 cm as the
gain medium and a laser with a wavelength of 980 nm as a pump
source directly through a wavelength-division multiplexer. In ad-
dition, there are a polarization controller (PC), a 10:90 output
coupler, and a polarization-independent isolator in the cavity. All
the optical components, except the erbium-doped fiber, are made

of single-mode fibers. The total length of the cavity is 8.7 m.

Table 1.
Output Properties Based on Them

The laser output pulse is detected by a 200 MHz photodetector
and a 2 GHz oscilloscope, while the spectrum is monitored by a
spectrometer with a resolution of 0.1 nm. The dispersion coeffi-
cient of the single-mode fiber is -17 ps/(nm - km), and the
dispersion coefficient of the Er-doped fiber is 28 ps/(nm - km).
According to the length of the fiber in each part of the resonant
cavity, the net cavity dispersion is calculated to be -0.138 ps?.

3. EXPERIMENTAL RESULTS AND DISCUSSION

In the experiment, when the pump power increases to 65 mW,
the laser starts to output stable Q-switched pulses. Typical

Saturable Absorption Properties for Different Nanomaterial-Based SAs at 1.5 ym and Mode-Locked Lasing

Material Modulation Depth Saturable Intensity Pulse Duration Refs.
Single-walled carbon nanotubes 11.20% 15.5 MW /cm? 0.47 ps (8]
Graphene 18.17%—65.88% 0.53-1.09 MW/cm® 1.23 ps (10]
Graphene oxide 2.6% 60 MW /cm? 0.20 ps (13]
BP 8.1% 6.55 MW /cm? 0.95 ps [17]
BPQDs 36% 3.3 GW/cm? 1.08 ps [18]
Bi,Tes 1.7% 630 MW /cm? 2.94 ps [19]
Bi, Te, 6.20% 28 MW /cm? 0.32 ps [22]
Mos, 4.3% 34 MW /cm? 0.71 ps 23]
WS, 15.1% 157.6 MW /cm? 1.49 ps (25]
TiS, 18% 9.91 MW /cm? 1.04 ps [20]
MoTe, 25.50% 9.6 MW /cm? 0.23 ps [27]
PtSe, 1.11%—-4.90% 0.34-1.23 GW/cm® 1.02 ps This work
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Fig. 3. Structure of the PtSe,-SA-based EDFL. WDM, wavelength
division multiplexer; EDF, Er-doped fiber; OC, optical coupler;
PI-ISO, polarization-independent isolator; PC, polarization controller;
SA, saturable absorber.
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Q-switched laser output properties under a pump power
of 445 mW are shown in Fig. 4. The repetition rate of a
Q-switched pulse train is about 79.2 kHz, while the pulse
shape is similar to a Gaussian shape with a pulse width of
0.9 ps. The corresponding spectrum is shown in Fig. 4(c), from
which we can see that the 3 dB spectral bandwidth of the
Q-switched output is 1.85 nm and the center wavelength is
1560 nm.

Furthermore, the variations of the Q-switched pulse proper-
ties with the pump power are also studied. Figure 5(a) shows
the repetition rate and the pulse duration as a function of
pump power. By increasing the pump power from 92.8 to
445 mW, the repetition rate increases monotonically from
20.5 to 79.2 kHz, and the pulse duration decreases from 4.6
to 0.9 ps, which results from the increase of the pump rate for
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the upper laser level. The increase of the repetition rate and
the reduction of the pulse width present typical features of pas-
sively Q-switched lasers. The output power increases from 0.91
to 11.34 mW when the pump power varies from 92.8 to
445 mW, and the highest single pulse energy is about 143.2 nJ
as presented in Fig. 5(b). This suggests that PtSe, as an SA can
make the laser operate in a stable Q-switched state.

Due to the polarization-dependent characteristics of SA,
the above-mentioned laser can be switched from a Q-switched
state to a mode-locked state by adjusting the polarization state.
Mode-locked pulses are generated when the pump power in-
creases to about 80 mW. The stable mode-locked state main-
tains at even pump power up to a maximum of 450 mW, and
the output single pulse energy can be up to 0.53 nJ. Figure 6
shows typical output characteristics of the mode-locked laser
with a pump power of 250 mW. As presented in Fig. 6(a), the
pulse repetition rate is about 23.3 MHz, which matches the
cavity length well and indicates that the laser is working in
the mode-locked state. Figure 6(b) is the pulse autocorrelation
trace that can be well fitted by the hyperbolic secant function
with a width of 1.58 ps, which indicates the real pulse width of
approximately 1.02 ps. Figure 6(c) is the corresponding optical
spectrum, whose 3 dB bandwidth is ~6 nm, and the center
wavelength is 1563 nm. There are four groups of sidebands
on both sides of the center wavelength, which shows a clear
characteristic of the traditional negative dispersion soliton and
is consistent with our calculation of the net dispersion in the
resonant cavity. The radio-frequency (RF) spectrum of the
mode-locking state is measured and shown in Fig. 6(d)
with a resolution bandwidth of 300 kHz. The signal-to-noise
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(a) Output pulse train, (b) single pulse profile, and (c) optical spectrum of the Q-switching EDFL at a pump power of 445 mW.
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(a) Pulse repetition rate and pulse width versus pump power. (b) Average output power and single pulse energy vary with pump power.

ratio (SNR), which is up to 61 dB, shows that the fiber laser
operates in a highly stable regime. To confirm the long-term
stability of the mode-locked operation, fluctuation of the 3 dB
spectral bandwidth is measured and shown in the inset of
Fig. 6(c). The results show that the mode-locked pulses can be
stable for hours. The durations of the mode-locked laser pulses
are comparable to those of the reported lasers mode-locked with
other nanomaterials as shown in Table 1, which indicates that
PtSe, is a strong competitor for acting as an SA. To confirm the
contribution of the PtSe,-based SA to mode-locking operation,
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we remove the PtSe;, film covering the microfiber and just cover
the microfiber with a piece of PDSM, which is the same as the
one supporting the PtSe, film. By carefully adjusting the PC
and pump power, no laser pulses can be observed in this case.
Therefore, the mode-locking operation is caused by the PtSe,-
based SA. Owing to the PtSe,-covered-microfiber structure,
PtSe, interacts with the evanescent field of light waves outside
the microfibers. Therefore, this PtSe,-based SA has relatively
high damage threshold. Also, the PtSe, was not damaged dur-

ing our experiment.
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bandwidth fluctuation of the laser), and (d) RF spectrum of the mode-locked EDFL.
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4. CONCLUSIONS

In this paper, stable Q-switched and mode-locked EDFLs are
obtained by using 4.7 nm thick PtSe, film as an SA. Self-started
Q-switched pulses at 1560 nm were achieved with a threshold
pump power of 65 mW. The output power increased from
0.91 to 11.34 mW when pump power increased from 92.8
to 445 mW. The maximum single Q-switched pulse energy
is up to 143.2 nJ. A mode-locked EDFL was also obtained
for a threshold pump power of 93 mW, with a pulse width of
approximately 1.02 ps and maximum single pulse energy of
about 0.53 nJ. The results experimentally verify the feasibility
of using PtSe, as an SA. We believe that better performance
could be obtained for PtSe,-based mode-locking by optimizing
the CVD-grown layer thickness and quality.
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