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ABSTRACT: All-inorganic perovskite nanocrystals have been widely reported as ((@) g N\
.. . . . s . . WDM

promising light-harvesting and light-emitting semiconductor nanomaterials. However, [SO‘ ?5%'

their nonlinear optical properties and laser applications have rarely been explored, . 980 nm LD Agc/
. o I . . ——

especially for pulse laser modulation in the telecommunication C-band window. Herein, X

we experimentally demonstrated a passively Q-switched erbium-doped fiber laser M .~

(EDFL) operation at the C-band region using perovskite CsPbBr; nanocrystals as a

saturable absorber (SA). The broadband linear optical absorption in the 300—2000 nm

range and the nonlinear optical absorption at the C-band range of around 1560 nm were

discovered and investigated in CsPbBr; nanocrystals. The CsPbBr;-based SA exhibited good saturable absorption performance with

a modulation depth and saturation intensity equivalent to 19.1% and 10.9 MW/cm?, respectively. By integrating the CsPbBr; SA into

an EDFL cavity, a passively Q-switched operation with a central wavelength of 1560 nm, a threshold pump power of 60 mW, and the

shortest pulse duration of 5.96 us was achieved. In addition, such a Q-switching operation exhibited long-term stability. Our results

indicate that the CsPbBr; perovskite nanocrystals can serve as an efficient candidate for constructing pulsed lasers in the C-band or
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even longer NIR wavelength region.

1. INTRODUCTION

Pulsed lasers are promising tools in many fields of scientific
research and industry because of their favorable properties of
large pulse energy and high peak power, including
biomedicine, spectroscopy, optical communications, laser
processing, and others.' > In general, the passive Q-switching
technique is one of the most practlcal for generating pulsed
lasers due to its many advantages.”” In such passive Q-
switching lasers, saturable absorbers (SAs) are employed as
nonlinear optical modulators, whose transmittance increases as
the input laser intensity increases, thus allowing continuous
wave lasers into pulsed lasers. Over the past decades, numerous
efforts have been dedlcated to developing SA materials
including graphene,”’ carbon nanotubes (CNTs),”'" topo-
logical insulators (TIs),"""” transition-metal dichalcogenides
(TMDs)," > transmon metal oxides (TMOs),"”~"" black
phosphorus (BP),”° and semiconducting polymer dots
(Pdots).”"*> However, these SAs suffer from their inherent
limitations. For example, graphene suffers from relatively low
modulation depth, while CNTSs require precise control of their
diameter for generating a specific absorption spectrum.” TIs
need complicated preparation processes * TMDs and TMOs
generally have large band gaps.”> Furthermore, BP is easily
oxidized,* and Pdots require complex tuning in broadband
operation.”” Therefore, it is of great significance to explore new
SA materials for realizing potential applications in a Q-
switched pulsed laser.

CsPbBr; perovskite nanocrystals (PNCs), as one of the most
efficient optical materials, have recently drawn considerable

© 2022 The Authors. Published by
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attention due to their attractive properties, such as large
absorption coeflicient, low defect density, high gain value, high
charge-carrier mobility, and low saturation intensity.””** These
properties make them promising candidates for optoelectronic
devices, especially in laser applications.””*" In the last few
years, significant efforts have been devoted to synthesizing
CsPbBr; PNCs, investigating their nonlinear optical absorption
performances, and exploiting their potential in the field of
pulse laser engineering.”"** For instance, as early as 2016,
Zhou et al. used CsPbBr; nanocrystals as SAs for generating
mode-locking pulses in the ~1 pm wavelength region.’
Subsequently, in 2017, Li et al. reported the Q-switched pulses
generation in the visible wavelength range (515 nm) using
CsPbBr, perovskite quantum dots as SAs.”* Recently, Liu et al.
and Zhou et al. have demonstrated that CsPbBr; nanocrystals
have the potential to realize pulsed laser modulation by mode
locking at ~1.6 and ~2 um regions, respectively.*>*® To the
best of our knowledge, despite the significant research efforts
described above, pulsed laser generation with CsPbBr;
nanocrystals in the telecommunication window of the C-
band has not been reported to date. The C-band (1530—1565
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nm) has been regarded as one of the most promising regimes
for optical communication applications due to its lower fiber
loss and lower optical nonlinearity in fiber optic communica-
tion systems.””’® Thus, exploring the nonlinear optical
properties and related laser applications of the perovskite
nanomaterials at the C-band region has great significance.

In this work, we demonstrated the pulsed laser generation
operating at the C-band telecommunication wavelength based
on the CsPbBr; SA (Scheme 1). The CsPbBr; PNCs with an

Scheme 1. Schematic Diagram of Passively Q-Switched
Operation for Pulsed Laser Generation at the C-Band
Region Based on CsPbBr; PNCs SA

C-band

Pulse Laser

average particle size of ~20 nm were synthesized by a hot
injection method, and linear and nonlinear optical properties
of the PNCs in the near-infrared region were systematically
investigated. By inserting CsPbBr; PNC-based SA between
two fiber connectors in an erbium-doped fiber laser (EDFL),
stable Q-switched pulses generating in the C-band region with
a central wavelength of 1560 nm were successfully achieved.
Our results showed that the CsPbBry PNCs can be promising
SA candidates for the generation of Q-switched laser pulses in
the C-band and hold great potential to extend the region of
nonlinear responses for broadband optical applications.

2. RESULTS AND DISCUSSION

2.1. Fabrication and Characterizations of CsPbBr;
PNCs. In our experiment, the manufacturing process requires
two steps to obtain CsPbBr; PNC-based SA film. First, the
CsPbBr; nanocrystals were synthesized by the hot injection
method according to the previously reported literature with a
similar procedure.’® Briefly, PbBr, (0.18 mmol) was added
into a 50 mL two-necked flask containing a mixture of oleic
acid (OA, 0.8 mL), oleylamine (OAm, 0.8 mL), and 1-
octadecene (ODE, S mL). The resulting solution was
evacuated and refilled with nitrogen for 30 min at 120 °C.

After that, the solution was heated to 185 °C and OAm (0.8
mL) and OA (0.8 mL) were injected. Subsequently, the Cs-
oleate (64 uL) was quickly injected into the solution and the
mixture was cooled in an ice bath for S s. The as-obtained
CsPbBr; PNCs were collected by centrifugation, washed with
hexane and ethyl acetate, and finally redispersed in acetone and
toluene (1:3). In the second step, the as-prepared CsPbBr;,
PNC liquid solution and 15 wt % acetone solution of poly-
methylmethacrylate (PMMA) were mixed (volume ratio 1:1)
by ultrasonication. Then, the mixed solution was kept for 24 h
and without any precipitates. The CsPbBr;-based SA film was
prepared by dropping the solution onto a glass substrate,
followed by drying at room temperature.

The morphology, size, and nanostructure of the prepared
CsPbBr; sample were studied by transmission electron
microscopy (TEM), high-resolution TEM (HRTEM) com-
bined with selected area electron diffraction (SAED), and X-
ray diffraction (XRD). TEM image shows that the as-prepared
CsPbBr; nanoparticles are nearly cubic in shape with a size of
around 20 nm (Figure la,b). The HRTEM image and the
corresponding SAED pattern indicate the single-crystalline
nature of the CsPbBr; nanocrystals, as shown in Figure 1c,d.
The clear lattice fringes were determined to be 0.59 nm, which
corresponds to the d spacing for the (001) crystal plane of the
monoclinic CsPbBr; perovskite structure. The structure
schematic of CsPbBr; PNCs is represented in Figure le, in
which the inorganic cage of PbBrs octahedra shares corners to
form a three-dimensional network, and the larger Cs-site
cations are localized in the 12-coordinate cubo-octahedral
cavities within the network.** X-ray diffraction (XRD) is
further characterized to confirm the crystal structure of the
obtained CsPbBr; perovskite samples. As shown in Figure 1f,
the main diffraction peaks at 26 values of 15.1, 21.5, 30.6, 34.4,
37.8, and 43.7° are assigned to the (100), (110), (200), (201),
(211), and (202) planes of the reported monoclinic phase of
CsPbBr; (JCPDS No. 18-0364), demonstrating the formation
of pure monoclinic CsPbBr; structure.*’

To further determine the chemical composition and
elemental distribution of the resulting CsPbBr; PNCs,
energy-dispersive X-ray spectroscopy (EDX) measurement
was performed. As shown in Figure 2a, the EDX spectrum
confirms the existence of Cs, Pb, and Br elements in the PNCs,
except for most of the signals of C and Cu from the carbon-
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Figure 1. (a) TEM image of CsPbBr; PNCs. (b) Size distribution histogram of CsPbBr; PNCs. (c¢) HRTEM image of a single CsPbBr; PNC. (d)
SAED pattern of CsPbBry PNCs. (e) Structure schematic of CsPbBr; perovskite lattice. (f) XRD profile of CsPbBr; PNCs.
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Figure 2. EDX spectrum (a) and STEM image (inset) of CsPbBr;
PNCs, and its corresponding element mapping images of (b) Cs, (c)
Pb, and (d) Br.

supported copper grid. Furthermore, the corresponding
element mapping images obtained by scanning randomly
chosen PNCs (inset of Figure 2a) reveal the uniform
distribution of Cs, Pb, and Br elements in the whole region
of the cubic nanoparticles (Figure 2b—d), further indicating
the successful synthesis of CsPbBr; PNCs.

2.2. Linear and Nonlinear Optical Properties of
CsPbBr; PNCs-Based SA. To better investigate the linear
optical property of the CsPbBr; PNCs, we first measured and
compared the optical absorption in the wavelength range of
300—2000 nm of the CsPbBr; PNCs colloidal solution and the
CsPbBr; PNCs film. As represented in Figure 3a, the CsPbBr;
solution displays a strong band gap absorption ranging from
300 to 600 nm and a broad and relatively weak optical
absorption from 600 to 2000 nm. As a comparison, the
absorption spectrum of CsPbBr; film with the same
concentration was also measured. As shown in Figure 3b, a
remarkably enhanced absorption in the NIR spectral region
(800—2000 nm) can be observed in the CsPbBr; film. While
the film without CsPbBr; PNCs shows a very weak absorption

in the entire range from 300 to 2000 nm. The significantly
enhanced absorption of CsPbBr; film in the NIR region may
be caused by ed§e states and crystallographic defects of the
PNCs film,**>*® which endow the CsPbBr; nanomaterials
with the potential to serve as SAs for pulsed laser generation in
the NIR wavelength range.

Subsequently, saturable absorption characteristics of the
CsPbBr; PNCs film were also investigated. The relationship
between the transmission ratio of the film and the
corresponding pump power density was measured using a
homemade pulsed fiber laser at 1560 nm with a repetition rate
of 34 MHz and a pulse width of 800 fs. Figure 3¢ shows the
obtained data fitted by the formula a (I) = a,/(1 + I/L,) + a,
(where a (I) is the absorption coefficient, a; and a,, are the
saturable and nonsaturable absorption components, respec-
tively, and I and I are the input and saturable intensities,
respectively).""** Using the formula, the corresponding values
of modulation depth, saturation intensity, and nonsaturable
loss were calculated to be 19.1%, 10.9 MW/cm?, and 31.2%,
respectively. These results indicated that the CsPbBr; PNCs
film possessed the potential for constructing pulsed lasers in
the C-band region.

2.3. Q-Switched Pulsed Laser Generation in the C-
band Region. To evaluate the feasibility of CsPbBr; PNCs as
a SA for laser application, a Q-switched fiber laser system was
constructed, as shown in Figure 4. The system consists of a

fro @)
\ CsPbB, film SA

Figure 4. Schematic illustration of the self-built erbium-doped fiber
laser (EDFL) system with a CsPbBr;-based SA.
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pump source, a 980/1550 nm wavelength division multiplexer
(WDM), an erbium-doped fiber (EDF), a polarization-
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Figure 3. (a) Absorption spectrum of the CsPbBry PNCs solution. (b) Absorption spectra of the film with and without CsPbBr; PNCs. (c)
Relationship between the transmittance of the CsPbBr; PNCs film at 1560 nm and the pump peak density.
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Figure S. Q-switched pulse output results in the EDFL cavity based on CsPbBr; PNCs SA. (a) Q-switching optical spectrum at C-band. (b)
Typical Q-switching pulse train. (c) Single Q-switching pulse profile. (d) Pulse duration and repetition rate as functions of pump power,
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Figure 6. (a) Output power of the Q-switched EDFL as a function of the pump power. Radio-frequency spectra of the Q-switched fiber laser
operating at 35.7 kHz (b) and 43.8 kHz (c). (d) Time-dependent emission spectra of the Q-switched laser at C-band recorded at 10 min intervals.

independent isolator (PI-ISO), an optical coupler (OC), and a
CsPbBr; PNC film-based SA. Specifically, a 980 nm laser diode
(LD) was used as the pump source, which could reach the
maximum output power of 800 mW. The 980/1550 nm WDM
was employed to couple the pump light into a laser cavity.
Also, a 23 cm long EDF was used as the gain medium, which
was pumped via the 980/1550 nm WDM. The EDF has core/
cladding dimensions of 8/125 ym, a numerical aperture of 0.2,
and an absorption of 80 dB/m at 1530 nm. The total EDFL
cavity length is about 5.4 m. In addition, the PI-ISO was used
to guarantee the unidirectional transmission of the laser
operation. The CsPbBr; SA was sandwiched between two fiber
connectors of the EDFL cavity to induce Q-switched
operation. The generated pulse laser signals were exported

45507

through the 10 dB OC and analyzed using an optical spectrum
analyzer, a digital oscilloscope with a 12.5 GHz photodetector,
and a power meter.

Next, the laser output performance was systematically
investigated. Figure S5 exhibits the Q-switched results with
the CsPbBr; SA. The fiber laser started to operate in a
continuous wave regime at a pump power near 60 mW. By
gradually increasing the pump power from 60 to 250 mW, the
Q-switching operation state can be clearly observed. The
emission spectrum of the Q-switched EDFL at a pump power
of ~190 mW is shown in Figure 5a. The emission wavelength
centers at ~1560 nm, showing that the typical Q-switched laser
output in the C-band of optical telecommunications was
obtained. Figure Sb exhibits the corresponding pulse train of
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the Q-switching operation. The interval time between two
adjacent pulses is determined to be 25.87 us with a repetition
rate of 38.7 kHz. The single pulse profile is represented in
Figure Sc. A pulse duration of 7.92 us was obtained. Figure 5d
shows the dependences of pulse duration and repetition rate
on pump power. As the pump power was increased from 60 to
250 mW, the pulse duration varied from 20.73 to 5.96 s, and
the corresponding repetition rate could be changed between
10.97 and 49.70 kHz. It was clearly observed that the pulse
duration decreased and the repetition rate increased with the
increase of the pump power, which indicated a typical passively
Q-switched laser feature.

Furthermore, we further investigated the output power of
the Q-switched laser as a function of the pump power. As
shown in Figure 6a, the output power exhibited a linear
increase with the increase of pump power from 60 to 250 mW,
and the maximum output power was about 1.9 mW,
corresponding to a slope efficiency of ~0.8%. The radio-
frequency spectra of the Q-switching operation in different
regimes are given in Figure 6b,c. The signal-to-noise ratio
(SNR) of the frequency peaks at ~35.7 and 43.8 kHz were
measured to be ~34 and 37 dB, respectively, indicating a good
Q-switching operation. In addition, it should be pointed out
that the long-term stability of laser operation is of great
significance for wide and potential applications. To examine
the stability of the Q-switched laser operation based on
CsPbBr; SA, we monitored the output spectra every 10 min for
1.5 h, as represented in Figure 6d. During this time of
operation, the emission spectra did not show any obvious
changes in wavelength and intensity. These results indicated
that the CsPbBr; PNCs-based SA was stable and promising for
constructing Q-switched lasers in the telecommunication C-
band window.

3. CONCLUSIONS

In summary, we have demonstrated CsPbBr; PNCs as a SA for
generating Q-switched pulsed laser in telecommunication C-
band. CsPbBr; PNCs with an average size of 20 nm were
synthesized by a hot injection method. The excellent nonlinear
saturable absorption property of CsPbBr; PNCs film at the C-
band region was discovered and investigated. By inserting
CsPbBr; SA into the EDFL cavity, stable Q-switched pulse
laser operation was successfully achieved in the C-band region
with a central wavelength of 1560 nm, a maximum pulsed
repetition rate of 49.70 kHz, a maximum output power of 1.9
mW, and the shortest pulse duration of 5.96 us. This work not
only demonstrates that the CsPbBr; SA can be used as a
promising candidate for pulsed laser generation in the
telecommunication C-band region but also inspires further
exploration of perovskite nanomaterials for potential applica-
tions in nonlinear optic, broadband ultrafast photonics, and
optical communications.
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