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The uniformly sized two-dimensional (2D) bismuthene quantum dots (BiQDs) were fabricated through the liquid-
phase exfoliation (LPE) route and characterized comprehensively. By transferring the BiQDs onto a quartz
substrate, BiQDs saturable absorber (SA) was prepared and applied in a Tm:YLF bulk laser. To get the best output
performance of passive Q-switching (PQS) laser with BiQDs-SA, three output couplers with different trans-
mittance were applied in laser implementation. The stable solid-state 2 pm laser was obtained, generating a

maximum peak power of 8.1 W and shortest pulse width of 440 ns with the T = 5% output coupler. To the best of
our knowledge, it is the first demonstration of BiQDs-SA for Q-switching operation around 2 pm, implying that
the BiQDs-SA can be considered as a promising optical modulator for the mid-infrared (MIR) pulses producing.

1. Introduction

In recent decades, the pulsed lasers in the mid-infrared (MIR) region,
especially around 2 pm, have drawn a plenty of attention due to the
potential application prospects in numerous fields (such as medicine
treatment, materials processing, free-space communication, and detec-
tion) [1-4]. Additionally, the pulsed laser emitting the radiation around
2 pm is an effective approach of driving MIR optical parametric oscil-
lators (OPOs) [2]. Basically, Q-switching is usually employed to
generate pulsed laser via active or passive techniques. Up to date,
extensive Q-switching operations in thus MIR regime have been
demonstrated in terms of solid-state and fiber lasers. Among them, the
thulium (Tm>") ion is extremely attractive for emitting lasers in this
region because of its wavelength emission at ~2 pm (°F4 — >Hg transi-
tion). Therefore, Q-switched all-solid-state 2 pm lasers based on
Tm-doped gain medium have been reported [5-7]. Compared with the
complicated and bulky active Q-switching technique, passive
Q-switching (PQS) technique is one more efficient means to obtain
pulsed lasers, possessing some obvious advantages for instance compact,
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easily-operated and low-cost [8].

For the PQS operation, the most critical component is the saturable
absorber (SA). For the last few decades, numerous novel SAs have been
utilized in lasers operating around 2 pm wavelength, including carbon
group materials like graphene [9], single-walled carbon nanotubes
(SWCNTs) [10], and other layered two-dimensional (2D) nanomaterials
for instance transition metal chalcogenides (TMDs) [11], black phos-
phorus (BP) [12], and topological insulators (TIs) [13]. Although the 2D
materials have the advantages of being readily available, the amorphous
morphology and hundreds-nanometers sizes usually lead to poor uni-
formity [11-13], which makes the pulse unstable. In addition to the 2D
materials, quasi zero-dimension quantum dot (QD) with size of several
nanometers exhibits excellent optoelectronic properties due to the
quantum confinement effect and size-edge effect [14]. So far, re-
searchers have fabricated carbon and MoS; QDs and employed them in
photovoltaic devices [15], optoelectronics [16], and biological analysis
[17,18]. The impressive results stimulated researchers to make more
effort to explore QDs family members.

On the other hand, the Group-VA monolayers arouse much interest
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Fig. 1. The morphological and structural feature of as-prepared BiQDs. (a) TEM image. (b, c) HRTEM images with different lattice fringes. (d) Statistical analysis of
the size based on an amount of about 100 BiQDs captured in the TEM image. (e) AFM image. (f, g) Height profiles along the green lines in (e). (h) Statistical analysis
of the heights based on approximately 40 BiQDs measured by AFM. (i) The linear absorption spectra of the BiQDs sample range from 270 nm to 2000 nm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

due to their broadband absorption property, which caused by wide
range of band gaps from 0.36 to 2.62 eV. As the most concerned Group-
VA 2D material, black phosphorus (BP) has been indicated to possess
excellent nonlinear optical (NLO) properties and employed as SA in bulk
laser generation [13]. Recently, Xu et al. synthesized BP quantum dots
(BPQDs) and investigated their NLO properties [19]. However, the
development of BP-based applications was limited by the inherent
instability and susceptibility to oxidation in ambient condition [20-22].
Therefore, researchers not only focus on solving the issues of oxidation
and long-term stability [23,24], but also continuously develop new
Group-VA 2D materials with excellent optoelectronic property and good
chemical stability [25]. Unlike BP, another Group-VA material, bismuth
(Bi), is typical semimetal in a layered bulk state of nature [26], which
possesses higher chemical stability than BP in normal condition. Based
on first-principle calculations [26-28], it is also theoretically predicted
to possess enhanced stability and unique properties. In this case, with
considering the high scalability, Bi has attracted more attention among
monoelemental 2D nanomaterials. Inspired by the unique feature of

graphene and TMDs QDs, as well as the novel chemical and physical
properties of bismuth materials, we synthesized high quality BiQDs for
the NLO research.

In this work, uniform-sized BiQDs (approximately 4 nm) were pre-
pared by the liquid-phase exfoliation (LPE) route. The NLO properties of
BiQDs were investigated by the Z-scan technique. Owing to the saturable
absorption feature, the BiQDs were successfully applied in 2 pm solid-
state pulse laser as an optical modulator. A passive Q-switching (PQS)
Tm:YLF laser was presented with employing BiQDs as the SAs for the
first time. The stable PQS laser pulse with the minimum pulse width of
440 ns at the repetition rate of 93.6 kHz are realized with T = 5% OC,
corresponding to the single-pulse energy of 3.6 pJ and the peak power of
8.1 W. The demonstration of BiQDs-SA based PQS laser operating
around 2 pm region may promote the development of high-quality 2D
monoelemental QDs in optical modulation field. In addition, it is also
very meaningful for broadening the research path of 2 pm solid-state
lasers.
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Fig. 2. NLO properties of the BiQDs-SA at 2 pm. (a) OA Z-scan results with different pump intensities (the inset data show the maximum intensity at z = 0). (b) NLO

transmittance measurement results.

2. Experimental sections
2.1. Synthetic methods

Firstly, the original Bi powder was dissolved in N-methyl pyrrolidone
(NMP) solution with a concentration of 5 mg/mL. Then the mixed so-
lution was bath sonicated for 48 h with applying a power of 400 W. The
work temperature was kept at 5 C by the built-in cooling water system
during the whole process. Subsequently, the above mixture was filtrated
through a porous anodized aluminum oxide (AAO) membrane, whose
pore diameter is 100 nm, to eliminate large-sized Bi particles and then
filtered again through an AAO membrane with a 20 nm pore diameter to
obtain the BiQDs/NMP shallow dispersion. Ultracentrifugation with a
speed of 18,000 rpm was carried out to the BiQDs/NMP dispersion for
25 min and the obtained precipitate was dehydrated in a vacuum oven
for 24 h at 80 C.

2.2. Fabrication of BiQDs SA

The obtained BiQDs precipitate dispersed in NMP solution was
sonicated, and then the supernatant was dropped carefully onto a quartz
substrate, spread evenly, and finally dried in an oven with the constant
temperature of 65 C for 12 h.

2.3. Characterization

The high resolution transmission electron microscopy (HRTEM)
images were captured by a Philips Tecnai 20U-Twin HRTEM at an ac-
celeration voltage of 200 kV. Digital Instruments Dimension 3100 AFM
was utilized to explore the topographic morphology. A UV-VIS-NIR
spectrophotometer (Hitachi U-4100) was used to obtain the linear ab-
sorption of the prepared BiQDs sample.

3. Results and discussion
3.1. Characterization and discussion

The morphological and structural characterizations of as-prepared
BiQDs were shown in Fig. 1. TEM and HRTEM were utilized to
observe the morphology of BiQDs. From the TEM images in Fig. 1(a), the
average diameter of as-prepared BiQDs was counted as 3.8 + 0.6 nm
(Fig. 1(d)). The HRTEM images of BiQDs show lattice spacing of 0.21 nm
(shown in Fig. 1(b)) and 0.32 nm (shown in Fig. 1(c)), corresponding to
the (110) and (012) planes of the Bi crystal, respectively. The topo-
graphic morphology of BiQDs was characterized by atomic force mi-
croscope (AFM) (see Fig. 1(e)). Given that the average inter-atomic
distance of one layer in bulk Bi is about 0.34 nm, the measured thick-
ness of 4.5, 3.8, 2.7, and 4.4 nm (Fig. 1(f and g)) were corresponding to

BiQDs with about 13, 11, 8 and 13 layers, respectively. The average
thickness obtained by statistical AFM analysis was 3.6 + 1.0 nm (Fig. 1
(h)), corresponding to about 11 + 2 layers. The linear absorption spectra
ranging from 270 nm to 2000 nm were measured by a UV-VIS-IR
spectrometer. In Fig. 1(i), it shows clearly that the as-prepared BiQDs
sample undergoes a long process of the monotonically decrease from the
ultraviolet to the mid-infrared regions.

The NLO properties of BiQDs-SA were investigated by the open-
aperture (OA) Z-scan technique. The laser source was a home-made
acousto-optic modulator (AOM) PQS laser emitting the pulses at 2 pm.
As shown in Fig. 2(a), the Z-scan experimental results with different
pump laser intensities were obtained. The experimental data were
analyzed by the fitting equation as follows [29]:

> t]o Z7 _ PBegLeglo
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where Loy = (1 —el™) /aqg represents the effective length, ag is the linear
absorption coefficient, Iy represents the on-axis peak intensity, L and S
represent the sample length and the effective nonlinear absorption co-
efficient, respectively.

From Fig. 2(a), it can be seen that the nonlinear absorption phe-
nomenon is obviously observed at each pump intensity, that is, the
transmittance increases nonlinearly with the augment of illuminating
laser pump intensity (the sample was moved toward Z = 0). All
normalized transmission curves show a symmetrical peak with respect
to the focus (z = 0), implying that the nonlinear saturable absorption
dominates the nonlinear process. In addition, it can be also concluded
that the NLO response of BiQDs enhanced with the increasing pump
intensities. The OA Z-scan results indicated that BiQDs have a strong
optical switch capability at 2 pm band and is promised in optical
modulator applications. To further investigate the NLO property of
BiQDs at 2 pm, the simple NLO transmission measurement has also been
presented. The laser source emitted laser pulses with the width of 70 ns
and a repetition rate of 5 kHz. As shown in Fig. 2(b), the measurement
data were fitted by the following equation [29],

T=1—-ATexp(—1/Is)—Ty 2
Here, AT is the modulation depth, I is the saturable intensity and Tys
represents nonsaturable losses. The linear transmission of the BiQDs at 2
pm was determined as 69.4%. According to the fitting results, the
modulation depth, saturation intensity and nonsaturable loss were
determined as 15.4%, 183.9 kW/cm? and 14.9%, respectively. The
nonlinear absorption characteristics indicated that the as-prepared
BiQDs could be a potential optical modulator at 2 pm wavelength.
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Fig. 3. Schematic of laser experiment setup.

Fig. 4. AOP versus absorbed pump powers for the BiQDs-SA based Q-switched Tm:YLF laser. Dots represent measurement data and curves represent the linear fitting
(a) In CW and (b) Q-switching regime.

3.2. Laser experiment and results BiQDs-SA, a PQS Tm:YLF laser with diode pumped was demonstrated

(Fig. 3). The laser cavity was 1.5 cm long. A 794 nm fiber coupled diode
To further investigate the practical saturable absorption property of laser was used as the pump source. The numerical aperture (NA) and

Fig. 5. The output performance versus absorbed pump powers from Tm:YLF PQS lasers.
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diameter of the coupling fiber core are 0.22 and 200 pm, respectively.
The pump laser beam was focused into the gain medium by a 1:1 im-
aging module. The input mirror M1 is a concave dichroic mirror with a
radius of curvature of 200. Its surface is anti-reflectivity (AR) coated
from 750 nm to 850 nm (R < 2%) and high-reflectivity (HR) coated from
1850 nm to 2100 nm (R > 99.9%). The flat mirror M2 is utilized as the
output coupler (OC). To investigate the laser output characteristic, three
OCs with the transmittance of 1%, 3% and 5% from 1820 nm to 2100 nm
were utilized. The laser gain crystal is a 3 at.% doped Tm:YLF crystal (3
x 3 x 10 mm®). To effectively reduce the thermal effect, the gain me-
dium was wrapped with a thin indium foil and then embedded in a brass
heat sink, which was maintained at 17 C by semiconductor and wind
cooling. The SA was placed closely to the output coupler (OC) to saturate
it by the beam waist formed in this cavity. The pulse temporal behavior
was detected by a InGaAs biased photodetector (DET08 C/M, THOR-
LABS Inc., USA) and recorded by a DPO 7104C digital phosphor oscil-
loscope (Tektronix Inc., USA). A power meter (MAX 500AD, Coherent
Inc., USA) was employed to evaluate the average output power (AOP).

The continuous wave (CW) Tm:YLF laser characteristic were recor-
ded firstly. As displayed in Fig. 4(a), all sets of AOP with different
transmittances OCs are increased almost linearly. At 1.8 W absorbed
pump power, the maximum output power for OCs with T = 1%, 3% and
5% were 622, 583 and 568 mW, respectively. It can be seen that for CW
Tm: YLF lasers, using T = 1% OC was beneficial to obtain the maximum
output power. To investigate slope efficiencies of CW lasers with
different OCs, we analyzed the output power data with linear fit as
shown in Fig. 4(a). The highest slope efficiency was 47.8% with T = 5%
OC, which was higher than 43.9% of T = 1% and 47.2% of T = 3% OCs.
Fig. 4(b) shows the AOP performance of BiQDs-SA based PQS lasers.
With the absorbed pump power increased form 0.7 W-1.8 W, the AOP
augment almost linearly for all three sets of T = 1%, 3% and 5%. At 1.8
W absorbed pump power, the maximum AOP of 0.33 W was obtained
with T = 5% OC in PQS operation, which was higher than 0.31 W and
0.09 W for T = 1% and 3% OCs, respectively. The slope efficiencies of
PQS lasers with different OCs were also obtained through linear fit. The
highest slop efficiency of BiQDs-SA based Tm:YLF lasers was 28.7% for
the T = 5% OC, which was higher than 8% and 26.1% for T = 1% and 3%
OCs.

The absorbed pump power dependent output pulse characteristics
were also summarized. From Fig. 5(a), the pulse width decreased
monotonically for all OCs. In fact, the pulse width t, can be expressed as
t, = 8.1t; /In Gy [30,31], where t. is the round-trip time of light and Gy is
the small gain of the laser crystal. In our case, since we did not pump the
laser crystal much hard, InGg can be considered as the linear increasing,
leading to the almost linearly monotonical decrease of the pulse dura-
tion. Under the maximum absorbed pump power of 1.8 W, the minimum
pulse width for T = 1%, 3% and 5% OCs were 499, 668 and 440 ns,
respectively. Fig. 5(b) shows the variation of pulse repetition rates with
the increasing absorbed pump power. It can be seen that the repetition
rates show monotonically augmentation tendency for all three OCs.
Within the absorbed pump power range in the laser operation, the
repetition rates increased from 49 to 82, 33 to 69, and 54-94 kHz for
OCs of T = 1%, 3% and 5%, respectively. The repetition rate f versus
absorbed pump power can be proportional to the excited state lifetime
and the pump rate [31-33]:

P 1
m)} 3

S|z In(
where 7 is the lifetime of the excited state level in the laser crystal, Pgp
and Py, represent the absorbed pump power and the absorbed pump
power threshold of laser generation. It can be also concluded that the
repetition rate varies almost linearly with the increasing absorbed pump
power. Then the single pulse energy was calculated through dividing the
average output power by the repetition rate, and the peak power was
further obtained by dividing the single pulse energy by the pulse width.
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Fig. 6. Temporal profiles of pulse (top) and pulse train (bottom) with minimum
pulse width.

The variations of single-pulse energies and peak powers against absor-
bed pump powers were also displayed in Fig. 5(c and d). Both them
augmented steadily with increasing absorbed pump powers. Since the
single pulse energy and peak power are calculated based on the output
power, pulse width, and repetition rate, they also show a nearly linear
trend with the increasing absorbed pump power. For single-pulse en-
ergy, the maximum value of 4.5 pJ was obtained with the OC of T = 3%,
which was higher than that of 1.2 and 3.6 pJ for T = 1% and 5% OCs.
Meanwhile, the maximum peak power of 8.1 W with the OC of T = 5%
was also calculated, which was higher than that of 2.3 and 6.7 W for the
cases of T = 1% and 3% OCs. From the comparisons in laser performance
with the different transmittances OCs, it can be concluded that for BiQDs
SA based Tm:YLF Q-switched lasers, the pulses with shortest pulse
duration and highest peak power can be produced with the T = 5% OC.
The temporal profile of single pulse and pulse train with the shortest
pulse duration of 440 ns at the repetition rate of 94 kHz was recorded, as
shown in Fig. 6.

4. Conclusions

In summary, BiQDs was successfully fabricated and employed in Q-
switched Tm:YLF laser operating at 2 pm. The obtained minimum pulse
width was 440 ns at a repetition rate of 94 kHz with an OC of 5%
transmittance. A maximum single-pulse energy of 4.5 pJ and a
maximum peak power of 8.1 W were delivered from the realized BiQDs-
SA based Tm:YLF laser with OCs of T = 3% and 5%, respectively. The
laser experimental results indicate the huge potentiality of BiQDs-SA
acting as a new type of optical modulator in 2 pm laser generation.
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