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Abstract: A passively Q-switched compact dual-wavelength Er: SrF; laser, operating at a 2729.73 nm
and 2747.2 nm wavelength, was demonstrated by utilizing CsPbCls quantum dots (QDs) as a
saturable absorber (SA). The maximum average output power with the shortest duration of 510 ns
and a repetition rate of 45 kHz was achieved at 190 mW, and the corresponding maximum single
pulse energy and the peak power were 73.69 uJ and 141.7 W, respectively. The results present an
efficient dual-wavelength laser source, and the halogen perovskite quantum dot has the potential to
be employed as an excellent saturable absorber in mid-infrared pulsed solid-state lasers.
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1. Introduction

In the mid-infrared (MIR) region, pulsed laser sources around 3 pm are regularly
employed in various applications, including laser surgery, gas sensing, environmental
monitoring, nonlinear spectroscopy science, and so on [1-3], even for the generation of
terahertz using the difference frequency method (DFG) based on various dual-wavelength
pulsed lasers operating from nano-second to pico-second [4-7]. In the MIR region, rare-
earth ions, Tm3*, Er®*, and Ho®* [8-10], are usually used for laser crystal doping emitting at
~2.8-3 um. Because of the much longer lifetime of 445 /2 compared with 4q /o of Erd* [11],
a self-terminating process will affect the high-efficiency output of the laser. However, this
situation can be improved by increasing the doping concentration.

Up to now, there have been reports of continuous-wave and pulsed laser operation in
Er:SrF; crystals [12,13]. In 2018, Liu et al. substantiated Er3*-doped SrF, crystal growth
using the temperature gradient technique, and they subsequently demonstrated a passive
Q-switched mode-locked laser using a semiconductor mirror and bismuth nanosheets as
a saturable absorber [14]. The results confirmed that an SrF; crystal with a low phonon
energy of ~280 cm~! is suitable for producing mid-infrared lasers owing to the more
negligible probability of nonradioactive transitions [12]. Simultaneously, schemes for
generating pulsed lasers include Q-switched, Q-switched mode-locked, and continuous
mode-locked. Active pulsed lasers with electro-optic (EO) modulation or acousto-optic
(AO) modulation [15-18] can obtain narrower pulse widths, but the system volume will be
larger and more complex, which is not convenient for compactness and miniaturization.
Relatively speaking, although the pulse width obtained with passive modulation will
be wider, this method is more conducive to integrating systems, such as miniaturized
terahertz radiation sources. By adopting an appropriate saturable absorber (SA) as a
passive modulator, Q-switched and mode-locked operations are not difficult to achieve.
Innumerable SAs have been reported, such as doped crystals of U**: SrF, and Cr®*:
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YAG [19,20] with better stability and performance, and novel micro-nano materials with
more compact cavities have also been reported. Among these SAs, two-dimensional micro—-
nano materials have attracted much more attention because of their superior nonlinear
absorption characteristics over a wide wavelength range, including graphene [21,22], black
phosphorus (BP) [23], perovskite-structured materials [24-26], hexagonal boron nitride
(hBN) [27], transition-metal dichalcogenides (TMDs) [28], and so on, resulting from the
arrow band gap or direct band gap, high carrier mobility, and fast switching speed [29-32].

In comparison, benzylamine lead (II) bromide and all-inorganic perovskites have
attracted extensive attention due to their better room temperature stability and absorption
wavelength tunability for visible-to-infrared light based on their perovskite structure and
quantum confinement effects [33]. In 2019, the nonlinear optical properties of benzylamine
lead (II) bromide perovskites were verified by Aamir Mushtaq et al., and they demon-
strated the tunable nonlinear behaviors from a saturable absorber (SA) to reverse saturable
absorption (RSA), which is attributed to the interplay between single- and two-photon
absorption by the carriers in the conduction band [34]. In 2021, Xu et al. reported the
nonlinear optical characteristics of all-inorganic CsPbBrs perovskite quantum dot-doped
borosilicate glasses [35]. Benefits from the high gain of the fiber itself, passively Q-switched
or mode-locked in a fiber laser by all-inorganic halide perovskite (CsPbBr3z) and organic—
inorganic halide perovskite quantum dots (CH3NH;Pbl;, CH3NH3Pbl;_Cly, MASnI3) can
be seen in public reports [36,37]. However, the resulting pulse width is still not as good as
active modulation. Particularly, as with all solid-state lasers, typical pulse widths generated
using Q-switched perovskite are around ~660 ns [38,39], which could be better improved
by designing the cavity and optimizing the saturable absorber.

In this paper, we prepared high-quality, all-inorganic perovskite CsPbCl; quantum
dots, stable at room temperature, using a hotplate synthesis method. Simultaneously, the
nonlinear absorption properties of CsPbCl3 quantum dots were verified using an 80 MHz
femtosecond laser, confirming that it can be used as a saturable absorber. Then, we created
a passively Q-switched compact dual-wavelength Er: SrF; laser by utilizing the CsPbCl3
quantum dots as an SA operating stabilizer.

2. Device Characterization and Experiment

High-quality CsPbCls QDs were prepared with a hotplate synthetic scheme adding
Cs-oleate into PbCl, precursor stock solution in gas-free conditions at 150 °C [40]. The
original reaction solution dispersed in hexane was centrifuged at 8000 rpm for 10 min in a
high-speed centrifuge, and then we took the washed supernatant for characterization.

The average size and morphology of the CsPbCl; QDs were characterized by trans-
mission electron microscopy (TEM, HT7800, Hitachi, Tokyo, Japan). The TEM image of
CsPbCl; QDs depicted a shape close to cubic, and the average size was 6~8 nm. As can be
seen in Figure 1a, the CsPbCl; QDs were distributed equally without overlapping, which
indicated an excellent mono-dispersing in a non-polar solvent. The photoluminescence (PL)
spectrum exhibited in Figure 1b was recorded with our self-built micro-measuring system
equipped with a spectrometer (USB4000, Ocean Optics, FL, USA), and the wavelength of
the pump laser source was 360 nm. The center wavelength of the PL emission peak was
408.9 nm, and the half-peak width (FWHM) was 15.8 nm, which represents good agreement
with Ref. [40].
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Figure 1. (a) TEM image of the CsPbCls perovskite QDs; (b) normalized PL spectra for the CsPbCls
perovskite QDs’ dispersion; (¢) normalized open-aperture Z-scan results for CsPbCls QDs at 500 mW
incident laser energy with an 80 MHz repetition and an 808 nm femtosecond laser; (d) nonlinear
transmission of CsPbCl3 QDs with a modulation depth of 8.3% and 0.17 mJ /mm? saturation intensity
(the green lines represent the upper and lower limits of the modulation depth).

The nonlinear absorption characteristic of the QDs was measured using an open-
aperture (OA) Z-scan system with an 80 MHz repetition rate femtosecond laser and a pulse
width of 60 fs at 800 nm. In the Z-scan experiment, the laser beam was focused by a 200 mm
lens and collimated by a 200 mm lens to fill the aperture of the objective lens. The Z-scan
experimental results (represented by dots) and the theoretical fitting (represented by lines)
in Formula (1) [41] for the nonlinear absorption are shown in Figure 1c, and they exhibited
saturable absorption properties.

T:(z,szl):iM (1)

where qo(z) = bIoL.¢r/ (1+ z2/ z%), Iy is the on-axis peak intensity, b is the nonlinear
absorption coefficient, z is the location of the sample, zg = (tw("2) /A expresses the Rayleigh
range, wy is the waist radius of the beam, Loy = (1 — e"(Lxp))/ &g is the effective length, L
is the sample length, and  is the linear absorption coefficient. The nonlinear absorption
coefficient of the CsPbCl; QDs was approximately 1.28 x 1072 mW /cm?.
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The nonlinear transmission of CsPbCl; QDs was measured by the 3-pm pulsed
laser, shown in Figure 1d. Curve fitting for the extracted data was exhibited using
Formula (2) [42]:

T=1—AR-exp(—I/I) — Tys )

where T is the transmission of the QDs-SA, I; the saturable intensity, AR is the modulation
depth, and T is the unsaturated loss. The saturable intensity, modulation depth, and
unsaturated loss for the CsPbCl3 QDs-SA obtained by fitting the measured data using
Formula (2) were 0.17 mJ/mm?, 8.3%, and 18.5%, respectively.

Subsequently, the passively Q-switched dual-wavelength solid-state laser based on
the CsPbCl3 perovskite QD saturable absorber was investigated. The passively Q-switched
laser experimental diagram is presented in Figure 2. To ensure that the SA was placed
inside the laser cavity with high efficiency, we needed to fabricate a laser cavity mirror
with high transmittance covered by a CsPbCl; QDs dispersion. The CsPbCl; QD saturable
absorber was prepared by way of spin-coating. Firstly, we added 4 mL n-hexane to the
prepared CsPbCl; QDs, which were placed in a 4 mL centrifuge tube. Then, the centrifuge
tube was put into an ultrasonic cleaner to dissolve the CsPbCl; QDs fully for 30 min. The
tube was centrifuged at 8000 rpm for 10 min to remove larger crystal particles. Finally, the
supernatant, including the CsPbCl; QDs, was collected, which was dropped on the YAG
mirror operating at 2000 rpm in a spin coater. Then, the mirror was placed in a dry box for
10 min, creating the CsPbCl3; QDs-SA.

b
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,_‘-—-"""’ ' Coupling LD
— M, system
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Figure 2. Passively Q-switched experimental setup with the CsPbCl3 QDs-SA.

The pump source (BWT, Beijing, China) was a fiber-coupled semiconductor laser with
a central wavelength of 976 nm. The fiber core diameter of the laser was 105 pm. Through
a 1:1 coupling system with a focal length of 46.6 mm, a numerical aperture of 0.22, and
light transmittance from 808 to 1064 nm, the pump laser was focused on the laser crystal.
The laser gain medium was a 4 at. % Er: StF, crystal with a size of 3 x 3 x 10 mm®. In the
experiment, the crystal was wrapped in indium foil, mounted in a copper heat sink, and
cooled at a water-cooled temperature of 16 °C. A familiar straight compact cavity of about
8 cm in length was used as a laser cavity, and the mirror, M;, worked as an input flat mirror
with high transmittance (HT) at 976 nm and high reflectivity (HR) at 2940 nm. Another
mirror, M, was a planoconcave output mirror with different curvature radiuses: a 100 mm
curvature radius with two transmittances of 1% and 4% (T = 1% or 4%, R = —100 mm) and a
200 mm curvature radius with 1% transmittance (T = 1%, R = —200 mm). The output pulsed
laser was recorded by a detector (PPS03, Vigo, Mazowiecki, Poland) and an oscilloscope
(DSO-X3104A, Agilent Technologies, CA, USA). The laser spectrum and the power were
detected with a spectrometer (OSA207C, Thorlabs, NJ, USA) and a power meter (PM100D,
Thorlabs, NJ, USA).

3. Results and Discussion

The output performance between the continuous wave (CW) laser power and the
passively Q-Switched laser power versus the absorption pump power is described in
Figure 3a,b, respectively. The CW output power was first measured with three output
mirrors. When the transmittance and curvature radius of M, were 1% and 100 mm, a
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maximum output power of 210 mW was achieved with an absorbed pump power of 2.87 W,
corresponding to an optical-to-optical conversion efficiency of 7.3% and a slope efficiency
of 7.35%. For the output mirror with values of T = 4% and R = —100 mm, the CW output
power reached the maximum value of 105 mW, and for the output mirror with T = 1%
and R = —200 mm, the CW output power reached the maximum value of 190 mW. Then,
the CsPbCl3 QDs-SA was inserted into the laser cavity, as shown in the laser setup in
Figure 2. The Q-switched laser pulse started appearing when the absorbed pump power
approached 0.51 W. The average output power is shown in Figure 3b, and the maximum Q-
switched output powers were 75 mW, 67 mW, and 77 mW with My: T = 4%, R = —100 mm,
and T = 1%, R = —100 mm or —200 mm, respectively. The corresponding highest optical
conversion efficiency and slope efficiency were 2.68% and 2.97%, respectively. Illustrations
in Figure 3a,b present the diversification of the laser emission spectrum recorded with
an optical spectrometer, which clearly shows that the central wavelengths were from
2729.73 nm and 2747.19 nm in the CW laser mode to 2728.24 nm and 2745.97 nm in the
Q-switched laser mode. The change in the laser wavelength caused by the nonlinear phase
delay resulting from the high optical intensity of the continuous light output in the pulsed
light output is consistent with Refs. [43,44].

90

200} | | 2729.730m (a) _ 2728.24nm (b)
~ ! =751 i
%1 ok 2747.190m E 2745.97nm )

- - 60 B

. ; T

7] I 0 s man s avelength (nm)

212(] Wavelength (nm) j 345 - Hanclength

n' o

= 80F 23}

=S =

< 20} P Toe=1% @ R=—100 mn 5 5 : 1 CsPHCL@Toc=1% R=-100 mm

o Toc=4% @ R=-100 mr I5r r CsPbCl@To=4% R=—100 mm
. b Tye=1% @ R=-200 mm l > CsPbClL@To~1% R=-200 mm

—_ 1 1 1 L 1 0 i L 1 1 L 1
0.5 10 1.5 20 25 30 0.5 1.0 15 20 25 30

Absorbed pump power (W) Absorbed pump power (W)

Figure 3. (a) Average output power of CW laser; (b) average output power of Q-switched laser. Insert

laser emission spectrum.

After adding the QDs-SA to the laser cavity, the pulse duration, repetition rate, single
pulse energy, and peak power of the Q-switched operation were drawn as functions of
the absorbed pump power, as seen in Figure 4. It can be seen that the repetition rate
gradually increased and the pulse width gradually became narrower as the absorbed pump
power rose. When the parameters of My were T = 1% and R = —100 mm, the maximum
repetition frequency was 39 kHz, and the narrowest pulse width was 520 ns. Replaced by
T = 4%, the narrowest pulse of 510 ns was gained with a maximum repetition frequency
of 45 kHz. In the case where the output mirror with values of T = 1% and R = —200 mm
was used, the maximum repetition frequency was 43 kHz, and the narrowest pulse width
was 800 ns. Compared with the CsPbBrz and CH3NH;Pblz perovskite SAs reported in
Ref [38,39], the minimum pulse duration was 510 ns at a repetition rate of 45 kHz. Our
pulse duration was better than theirs. In the case of M2, with the values of T = 1% and
R = —100 mm, the maximum single pulse energy was 73.69 ], and the corresponding peak
power was 141.7 W.



Crystals 2022, 12, 1265 60f9

?45 - (a) - 1400 |
= 40l / -
=" 21200}
~ S
S35t =
g Z1000f
=30}
g: 0 E
= 2 so00f
5T =
% —3=CsPhClL@ T e=1% R=-100 mm =¥ 00k == CsPbClL@T,-=1% R= 100 mm’
o 20 —#— CsPbCly@Ty=4% R=100 mm ’ == CsPbClL@ T, —4% R=100 mm
‘ —‘—Cbl‘bch(ﬁ" .l.()(' l% R-200 Illrll —-‘—(_Ql’h{.l @T, _|"0 R= —°(lll mm
15 400 —
] 1.5 2.0 2 5 3.0 0.5 L. (J 1. ‘i 2 (J 2 5 ? 0
Absorbed pump power (W) Absorbed pump power (W)
150

-
S
T
—_
o
~

(d)

130

ey o == CsPbCL@ Tae=1% R=—100 mm
Zoof 31 10 | == CSPhClL@ To.~4% R=100 mm
=, ~— B : I g™ 70
. b sl CsPDCLL @ T = 1% R=200 mm
80 = 90
=50k =
: 2
5 S0t
w40 =
2 <

- o T [ 50k
: =#=CsPbCly@Toe=1% R=—100 mm|

30r — 8= CSPHCL@ T o =4% R=—100 mm) 30} /
—h—CsPbCl @Toc— 19 R=-200 mm| %
: 10— :
10 1.5 '?(I 73 3() lU 1.5 20 ”S %U
Absorbed pump power (W) Ahsorbed pump power (W)

Figure 4. (a) Repetition rate and (b) pulse width versus absorbed pump power for the passively
Q-switched laser; (c) Pulse energy and (d) peak power versus absorbed pump power for the Q-
switched laser.

With the absorbed pump power increasing, the repetition rate increased, while the
pulse duration decreased gradually. Typical Q-switched pulse trains are shown in Figure 5,
depicting the pulse sequence of a single pulse under the output mirror with different
transmittances. The minimum pulse duration was 510 ns at a repetition rate of 45 kHz.

T=1%, R =—100 mm 1 ps/div

520 ns

T=1%,R=-200 mm

IR R “J!ii: |

800 ns

ml AN

Figure 5. Typical pulse trains and temporal pulse profiles displayed by the oscilloscope.
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4. Conclusions

In conclusion, we demonstrated a 2729.73 nm and 2747.19 nm passively Q-switched
compact dual-wavelength solid-state Er: SrF, laser with a CsPbCl; QDs-SA. The maximum
average output power with the shortest duration of 510 ns and a repetition rate of 45 kHz
was measured at 190 mW, and the corresponding maximum single pulse energy and
peak power were 73.69 ] and 141.7 W respectively. The results present an efficient dual-
wavelength laser source, and the CsPbCl; QDs-SA shows potential for mid-infrared pulsed
laser modulation.
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