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CsPbBr3 nanocrystal is used as the saturable absorber (SA) for mode-locking Tm-doped fiber laser in a ring fiber
cavity. The modulation depth, saturable intensity, and non-saturable loss of the fabricated SA are 14.1%, 2.5 MW/cm?,
and 5.9%, respectively. In the mode-locking operation, the mode-locked pulse train has a repetition rate of 16.6 MHz with
pulse width of 24.2 ps. The laser wavelength is centered at 1992.9 nm with 3-dB spectrum width of 2.5 nm. The maximum
output power is 110 mW with slope efficiency of 7.1%. Our experiment shows that CsPbBr3 nanocrystal can be used as an

efficient SA in the 2-um wavelength region.

Keywords: nanocrystal, saturable absorber, mode-locking, fiber laser

PACS: 42.55.Wd, 42.60.Fc, 42.70.—a, 78.67.—n

1. Introduction

Passively mode-locked fiber lasers are widely applied
in the fields of optical sensing, nonlinear frequency con-
version, material processing, particle accelerating, and so
on.['31 Compared with Q-switched operation, mode-locking
can produce pulses with shorter pulse width, which makes
it possible to achieve high peak power laser output. In real
saturable absorber (SA) based passively mode-locked fiber
lasers, the SA acts as a key photonic component with in-
tensity dependent loss in the laser cavity, which transforms
continuous wave to periodical laser pulse trains. Real SA-
based ultrafast fiber lasers have attracted much attention be-
cause of their compactness, stability, and flexibility. Un-
til now, many different kinds of materials have been ex-
plored and used as SAs in the ultrafast fiber laser field, such
as semiconductor saturable absorber mirror (SESAM),!
(CNT),15-81

transition metal dichalcogenides, H2-171 plack
18,19]

carbon nanotube graphene,’]

[10,11]

topological
insulators,
phosphorus,|

Xene (e.g., X = antimon,?! bismuth?!!), flexible gold
2] 23]

long-term stable group VA materials
nanomaterials (e.g., gold nanorods,??! gold nanostars,!
gold nanobipyramids>*!), and so on.[>>-3!] Besides, zero-
dimensional core—shell structures and two-dimensional lay-
ered van der Waals heterostructures are demonstrated to en-
hance the nonlinear optical modulation property.3>331 So far,
many different low-dimensional (including zero-, one-, and
two-dimensional) nanomaterials have shown broadband (from
visible to mid-infrared wavelength region) nonlinear optical
response properties and great success has been achieved in
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ultrafast solid-sate and fiber lasers. For example, a CNT-
based SA has been employed in a versatile multi-wavelength
mode-locked fiber laser by Liu ef al.!®) Because CNT is in-
sensitive to environmental perturbation, they also revealed the
entire buildup process of solitons and soliton molecules in
mode-locked Er-doped fiber lasers by the use of CNT SA and
time-stretch dispersive Fourier transform (TS DFT) technique
in their work.[”8] Although different kinds of nanomateri-
als have been used in pulsed lasers, they also suffer from
some disadvantages, which restrict their further development
in photonic and optoelectronic devices. CNT has a high opti-
cal damage threshold, but the scattering loss needs to be im-
proved. SESAM has good nonlinear modulation property with
narrow optical response bandwidth. Graphene has fast carrier
mobility and broadband saturable absorption property (single
layer absorption is ~ 2.3%), but the modulation depth is low
and the non-saturable loss should be improved. Topological
insulators have gapless surface states, showing advantages of
large modulation depth and third-order nonlinear susceptibil-
ity, however, the preparation process is relatively complicated.
Black phosphorus has layer-dependent bandgap energy but
accompanied with easy oxidation. So currently researchers
are still exploring ideal nanomaterials that can be used in the
ultrafast laser field.

All-inorganic colloidal nanocrystals of cesium lead halide
perovskites CsPbX3 (X = Cl, Br, I) have emerged as a
new kind of optoelectronic material.[3*33 These perovskite
nanocrystals show high photoluminescence quantum yield (up
to 90%) and exhibit broad (400-700 nm) photoluminescence
wavelength tunability through halide substitution and size
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control, which make them attractive in light emitting diode
(LED) field. The third-order nonlinear optical properties of
CsPbX3 nanocrystals have also been explored in some previ-
ous work.3%371 However, there have been few reports about
their nonlinear absorption property in the 2-um wavelength
region.

In this paper, we report the nonlinear saturable absorption
of CsPbBr3 nanocrystal in the 2-pum wavelength region. The
modulation depth and saturable intensity were measured to be
~ 14.1% and 2.5 MW/cm?, respectively. Then we employed
it as SA to passively mode-lock a Tm-doped fiber laser in a
ring cavity. Our experiment shows that CsPbBr3; nanocrystal
can be an efficient SA for 2-um pulsed fiber laser.

2. Experiment

The fabrication process of CsPbBr3 nanocrystal has been
described in detail in our previous paper.[?%! The linear optical
absorption spectrum of CsPbBr3 nanocrystal from 300 nm to
2500 nm (1 nm resolution) is shown in Fig. 1. We can see that
it has steady absorption from 300 nm to 600 nm. Then the
absorption drops dramatically near 800 nm, which is due to
its bandgap. And it has relatively low absorption at the 2-pm
wavelength region compared with that at the visible light re-
gion. The moderate absorption at the 2-um wavelength region
may be caused by edge states and crystallographic defects of
the CsPbBr3 nanocrystal film. The inset in Fig. 1 is the corre-
sponding SEM image of CsPbBr3 nanocrystal, indicating that
the nanocrystal size is near 20 nm.

Absorption/arb. units

500 1000 1500 2000 2500

Wavelength/nm

Fig. 1. Linear absorption spectrum of CsPbBrz nanocrystal from
300 nm to 2500 nm. The inset is the SEM image of CsPbBr3 nanocrys-
tal, the black label is 20 nm.

We fabricated CsPbBr; SA by drop coating the corre-
sponding toluene liquid solution on a gold mirror and dried
it at room temperature to form a CsPbBr; nanocrystal film.
The mirror covered with the film acts as a reflective saturable
absorption mirror in the laser experiment, and it is different
from the transmission type SA which is sandwiched between
two fiber connectors, such as in Refs. [6]-[8]. After that, we
used a reflection method to investigate the nonlinear absorp-
tion property of the CsPbBr3 nanocrystal SA. A home-made

mode-locked fiber laser (central wavelength ~ 2010 nm, pulse
width ~ 80 ps, repetition rate ~ 55.6 MHz) was used as the
pump source. The reflected output power was measured with
a power meter (Thorlabs) with increased incident probe power.
The experimental setup of the nonlinear absorption measure-
ment is shown in Fig. 2(a), and the incident probe power could
be varied through rotating a A /2 plate. The experimental data
were fitted with the equation R = 1 — otgexp(—1/Lsat) — Ons,
where R is the reflection of the pulsed laser, ¢ is the modula-
tion depth, I is the incident probe intensity, Iy, is the saturable
intensity, and o, is the non-saturable loss. The corresponding
result is shown in Fig. 2(b). We can see that the modulation
depth, saturable intensity, and non-saturable loss are 14.1%,
2.5 MW/cm?, and 5.9%, respectively.
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Fig. 2. (a) Experimental setup of the nonlinear absorption measurement,
(b) nonlinear saturable absorption property of CsPbBr3 nanocrystal.

The laser mode-locking experiment setup is shown in
Fig. 3. A fiber ring cavity is adopted to achieve passive mode-
locking. The pump source is a7 W 793 nm laser diode (BWT).
The pump laser is coupled into the cavity through a fiber com-
biner (ITF), then absorbed by ~ 3 m Tm-doped double-clad
fiber (Nufern, SM-TDF-10P/130-HE, absorption of 3 dB/m
@793 nm). Other fibers in the cavity are all single-mode fibers
(SMF-28e). The group-velocity dispersion (GVD) of Tm fiber
and SMF-28e fiber are —130 ps>/km and —78 ps’/km, respec-
tively. The total cavity length is ~ 12 m and the net cavity
dispersion is —1.092 ps®. The 2-um laser travels unidirection-
ally in the cavity with the aid of a circulator (AFR). CsPbBr;
nanocrystal SA is placed at port 2 of the circulator, so laser
passes through the CsPbBr; nanocrystal SA twice (1— 2 —
SA— 2 — 3) in every trip. A fiber coupler (AFR) is used to
output laser every roundtrip with 20% ratio. Because most of
pump power is absorbed by the Tm-doped fiber, and the resid-
ual is absorbed by pigtails’ clad of the circulator at port 2, there
is negligible pump power entering the circulator and reaching
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the SA. A polarization controller (PC) placed in the cavity is
for the control of intra-cavity birefringence.

combiner 793 nm LD

CsPbBr3 SA o
v 38
Tm fiber I:[ <
C : :
1 =
o
PC

20% output

coupler

Fig. 3. Experimental setup of mode-locked Tm-doped fiber laser with
CsPbBr3 nanocrystal SA.

In the experiment, the laser output power was measured
with a power meter (Thorlabs). The optical spectrum was
detected with a spectrometer (Sandhouse). The single pulse
waveform was measured with a commercial autocorrelator
(APE). A 2.5 GHz oscilloscope (Agilent) was combined with a
photodetector (Newport, 1 GHz) to real-time monitor the tem-
poral pulses. The radio frequency (RF) spectrum was mea-
sured by combining the photodetector with a frequency spec-
trum analyzer (CETC-41).

In the experiment, stable mode-locked pulses occurred

at pump power ~ 1.9 W when we carefully rotated the PC.
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Fig. 4. Mode-locking result of Tm-doped fiber laser: (a) pulse train, (b) radio

The relationship between the pump power and output
power is described in Fig. 5(a). Continuous wave mode-
locking appears at pump power ~ 1.9 W, then the output power
has linear increase with the pump power. The output power

reaches ~ 110 mW at the pump power of 3.44 W. The slope

Figure 4 shows the mode-locking result. Figure 4(a) is the
recorded pulse train with a pulse interval of 62 ns, which cor-
responds to ~ 12 m cavity length. The pulse train has some
noise, which may be due to environmental perturbation (e.g.,
temperature and air flow) or randomly distributed birefrin-
gence in the ring fiber cavity. Figure 4(b) is the RF spectrum of
the laser pulses, showing 36.3 dB signal-to-noise ratio (SNR)
of the fundamental frequency at 16.6 MHz with 500 Hz res-
olution. The SNR can be improved through optimizing the
fabrication process of the CsPbBr3 nanocrystal SA film, or
other cavity parameters like cavity birefringence, cavity loss,
and output coupling ratio. The single pulse waveform was
measured with an autocorrelator and it shows that the pulse
width is 24.2 ps. The laser wavelength in Fig. 4(d) was mea-
sured with 0.15 nm resolution and the central wavelength is
1929.9 nm with 3-dB bandwidth of 2.5 nm. The mode-locked
pulses that work in the anomalous dispersion region have no
Kelly sidebands, thus we suspect that the mode-locking sta-
bility is not high enough (SNR< 40 dB) to achieve resonant
coupling between the soliton and dispersive waves. The time-
bandwidth product was calculated to be 4.9, showing relatively
high chirp in the cavity. The high chirp may be caused by the
high fiber nonlinearity (or self-phase modulation) experienced
by laser pulses in the fiber ring cavity.
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frequency spectrum, (c) single pulse waveform, and (d) optical spectrum.

efficiency is 7.1% with linear fitting, and may have space to be
improved with more careful cavity designs, such as the length
of the gain fiber, the output ratio, and the modulation depth
of the SA. Figure 5(b) shows the stability measurement of the

mode-locking state at the maximum output power within 1 h.
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We can see that in the first half hour, the output power is al-
most unchanged, but in the second half hour it has ~ 6% power
fluctuation without losing mode-locking state, which may be
due to the thermal effect of the CsPbBr; nanocrystal SA at
high power laser output. It should be mentioned that the fab-
ricated CsPbBr3 nanocrystal SA can work for several months
in mode-locking experiment, with no obvious degrading of the
output laser properties.
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Fig. 5. (a) Relationship between pump power and output power, (b)
stability measurement in 1 h.

3. Conclusion

In this paper, we have successfully prepared CsPbBr3
nanocrystal SA, and used it to passively mode-lock a Tm-
The CsPbBr; nanocrystal SA has mod-
ulation depth, saturable intensity, and non-saturable loss of
14.1%, 2.5 MW/cm?, and 5.9%, respectively. In the mode-
locking operation, the pulse repetition rate is 16.6 MHz with

doped fiber laser.

24.2 ps pulse width. The laser wavelength is centered at
1929.9 nm with 2.5 nm 3-dB width. The maximum output
power is 110 mW without damaging the SA. Our experiment
shows that CsPbBr3 nanocrystal can be an efficient SA for the
2-um wavelength region, and has potential to be a candidate
in high power mode-locking fiber laser oscillators.
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