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Bismuth nanosheets as a Q-switcher for
a mid-infrared erbium-doped SrF. laser
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Bismuth nanosheets (Bi-NSs) were successfully prepared and employed as saturable absorbers to generate a diode-
pumped dual-wavelength Er>*:SrF, laser in the mid-infrared region. Q-switched pulses with a maximum output
power of 0.226 W were obtained at an absorbed pump power of 1.97 W. A repetition rate of 56.20 kHz and a
minimum pulse duration of 980 ns were achieved. To the best of our knowledge, we present the first application
of Bi-NSs in a mid-infrared all-solid-state laser. The results prove that Bi-NSs may be applied as an optical

modulator in mid-infrared photonic devices or as a mode-locker and Q-switcher.

© 2018 Chinese Laser Press
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1. INTRODUCTION

Mid-infrared solid-state lasers have attracted increasing
attention owing to their broad applications in the military,
medical treatments, and air pollution monitoring [1,2].
Mid-infrared solid-state lasers have a low cost, simple structure,
and rare-carth ions doped crystals as the gain medium. They are
directly pumped by the laser diode (LD) and can thus effec-
tively achieve miniaturization and high efficiency. Tm?*,
Er’T, and Ho’" are the main rare-earth ions emitting at 2—
5 pum in the mid-infrared region [3-7]. Indeed, Er’**-doped
lasers have efficient emissions involving a transition from the
4111/2 to the 4113/2 state around 2.8 pm, which is in the strong
absorption region of water. They are thus an ideal pumping
source for mid-infrared and far-infrared optical parametric
oscillations (OPOs) [8].

However, the lifetime of the upper laser energy level
(Er*:41},/,) is always shorter than that of the lower laser
energy level (EP*:41 )3 5) in 2.8 pm Er’*-doped laser materi-
als. This phenomenon is known as the self-terminating process.
Generally, this problem can be easily solved. Improving the
doping concentration of Er’* is one effective way to achieve
the desired laser output: with the increase in Er’* doping
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concentrations, the lifetime of Er**:1,5 , decreases faster than
that of EF*:41, /2 owing to the cross relaxation between the
two levels. Furthermore, codoping with deactivating ions such
as Pr’* and Nd>* is another effective way to depopulate the
Er+:41,, 2 level [9-11]. However, only few studies have
reported successful laser outputs. In StF, and CaF, crystals,
the trivalent rare-earth ions tend to form clusters even at
low doping concentrations [12]. Furthermore, the phonon
energy is lower in fluoride materials than in oxide materials,
which can greatly reduce the probability of nonradiative
transitions [13].

In recent years, two-dimensional (2D) materials have at-
tracted much attention owing to their outstanding properties
and widespread applications, particularly as optical modulators
in pulse lasers. Owing to the large operating bandwidth, con-
trollable bandgap, and easy fabrication method, 2D materials,
including the graphene family [14-19], transition metal dichal-
cogenides [20-23], topological insulators [24—28], phosphorus
[29-34], and the recently discovered MXene [35] and antimo-
nene [36,37], have been considered as low-cost substitutes for
saturable absorbers (SAs) in semiconductor saturable absorber
mirror (SESAM) devices. Bismuth nanostructures, a novel 2D
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material, show unique electronic and optical properties. With
their moderate bandgap, high carrier mobility, and high stabil-
ity at room temperature, bismuth nanostructures have become
an increasingly interesting topic of discussion for researchers
[38]. The saturable absorption property of bismuthene was first
demonstrated in a 1559 nm fiber laser by Lu ez al [39].
However, to the best of our knowledge, the application of bis-
muth nanosheets (Bi-NSs) as an SA in the mid-infrared spectral
region has not been reported.

In this work, by using Bi-NSs as an SA, a stable passively
Q-switched Er’*:StF, laser was obtained. The saturable
absorption behavior of Bi-NSs is demonstrated at 2.8 pm.
In addition, this study provides a detailed analysis of the
passively Q-switched laser, including the variation of output
power, pulse width, and repetition rate under different
transmissions of output mirrors.

2. CHARACTERIZATIONS OF THE BI-NSs SA
AND EXPERIMENTAL SETUP

The Bi-NSs were synthesized from bismuth powder using a
sonication method. In a typical procedure, 200 mg of bismuth
powder was added into a glass bottle with 100 mL of pure
N-methylpyrrolidone (NMP), followed by 6 h in an ice bath
(SBL-22DT, with a power of 70% of 600 W). Then, the sol-
ution was probe sonicated for 24 h (BILON-1800Y, with a
power of 60% of 1800 W) and kept in an ice bath for another
6 h. After that, the solution was centrifuged for 20 min at a
speed of 3000 r/min. The supernatant was collected and cen-
trifuged for another 20 min at a speed of 7000 r/min, and the
Bi-NSs were finally obtained as the precipitate. The precipitate
was washed twice with deionized water. Then, trichloromethane
was added, and the solution was obtained after ultrasonication
for 2 h. Finally, 100 pL of solution was spin coated at a speed of
1000 r/min for 15 s for the uniform adhesion of the Bi-NSs on
fused quartz plates (JGS3 with 1 mm thickness). The structure
of the Bi-NSs was confirmed by high-resolution transmission
electron microscopy (HRTEM), as shown in Fig. 1(a). The
Raman spectrum of Bi-NSs is shown in Fig. 1(b). Two peaks
near 69 and 95 cm™! are indicative of the bismuth structure,
which correspond to an earlier report [40]. To identify the thick-
ness of the Bi-NSs, the atomic force microscopy (AFM) was
taken. As shown in Figs. 1(c) and 1(d), the AFM image shows
that the thickness of the Bi-NSs was no more than 2.5 nm.

The nonlinear absorption mechanism of the Bi-NSs has
been described in detail in Ref. [38]. The nonlinear optical
properties of Bi-NSs SA were characterized by Z-scan method
with a nanosecond pulsed laser at 2.8 pm. The repetition rate is
50 kHz, and the pulse duration is 50 ns. The beam waist was
about 60 pm, and the Rayleigh length was about 0.2 mm. The
transmittance has a relation with the input optical intensity by
the formula [41]

a

C141/I

where @ is the saturable absorption, also defined as the modu-
lation depth, a, is the nonsaturable loss, and /| is the saturable
intensity. By fitting the experimental data, the nonlinear trans-
mittance curve is shown in Fig. 2. The modulation depth and
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Fig. 1. (a) HRTEM image, (b) Raman spectrum, (c) AFM image of
the bismuth nanosheets, and (d) typical height profiles.
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saturation fluence are found to be 1.82% and 3.59 kW /cm?,
respectively. Considering the Fresnel reflection loss of the JGS3
substrate, the nonsaturable loss of the Bi-NSs SA was calculated
to be about 3.7%.

A schematic of the experimental device is shown in Fig. 3.
The pump source was a commercial 972 nm fiber-coupled LD
with a core diameter of about 50 pm and a numerical aperture
(NA) of 0.15. The pump light was transmitted through the
fiber and expanded into the gain medium by a coupling system
of 1:2. The 3 at. % Er>":StF, crystal was grown by the tradi-
tional Bridgman method, which is described in detail in
Ref. [42]. The uncoated Er’*:StF, crystal was mounted on
a copper block stabilized at 12°C by cycling cooling water.
The laser resonator consists of a concave mirror (IM) and a
plane output coupler (OC), with a physical length of about
48 mm. The IM with a 100 mm radius of curvature was anti-
reflection coated for 974 nm and high-reflection coated for
2.7-2.95 pm. For the OC, we used different coated plane mir-
rors with transmissions of 1%, 3%, and 5% for 2.7-2.95 pm.
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Fig. 2. Nonlinear transmission of Bi-NSs SA.
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Fig. 3. Schematic of the passively Q-switched Er*T:SrF, laser with
a Bi-NSs SA.

3. RESULTS AND DISCUSSION

Continuous-wave (CW) laser operation was first carried out
with different OC transmissions, and the average output
powers are shown in Fig. 4. With an OC transmission of 3%
at an absorbed pump power of 1.97 W, a maximum output
power of 393 mW and corresponding slope efficiency of
21.3% were obtained. The Bi-NSs were used as the SA and
inserted into the resonator to operate the laser in the passively
Q-switched regime. By carefully adjusting the position and an-
gle of the Bi-NSs SA, the output laser displayed stable pulse
repetition rates and uniform pulse trains when the absorbed
pump power reached about 1 W. Under the same incident
pump power and OC transmission, the maximum average out-
put power was 226 mW, with a slope efficiency of 13.6%.
Figure 5 shows the Q-switched output power as a function
of the absorbed pump power with different OC transmissions.
The inset (a) shows the fluctuation of the maximum output
power was about 8.4% for 70 min detection. Figures 6(a)
and 6(b) display the laser beam profile and light intensity dis-
tribution, respectively, which were recorded by a detector
(NS2-Pyro/9/5-PRO, Photon). The results indicate that the
generated beam has an excellent TEM, transversal profile.
The pulse repetition rate, pulse duration, single-pulse en-
ergy, and peak power as functions of the absorbed pump power
for different OC transmissions are shown in Figs. 7(a)-7(d).
With increasing absorbed pump power, the repetition rate
and peak power increased and the pulse duration gradually
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Fig. 4. CW output power versus the absorbed pump power for
different OC transmissions.
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Fig. 5. Q-switched output power versus the absorbed pump power
for different OC transmissions. Inset (a) shows the maximum output
power versus time.

Fig. 6. (a) Laser beam profile and (b) 3D light intensity distribution

recorded at the maximum output power for the Q-switched laser.

decreased. The maximum output power, pulse repetition rate,
pulse duration, single-pulse energy, peak power, and wave-
length under different OC mirrors were recorded at the
absorbed power of 1.97 W and are detailed in Table I.

According to these results, the best OC transmission is around
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Fig. 7. (a) Pulse repetition rate, (b) pulse duration, (c) single-pulse
energy, and (d) peak power versus the absorbed pump power for
different OC transmissions.
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Table 1. Experimental Results Achieved under Different OC Mirrors

oC Max. Output Power Repetition Rate Pulse Width Single-Pulse Energy Peak Power Wavelength
Transmission (mW) (kHz) (ns) ()] W) (nm)

1% 162 39.1 1170 4.14 3.54 2799.1

3% 226 56.2 980 4.02 4.10 2730.5 + 2752.2
5% 205 47.6 1237 4.30 3.48 2732.6 + 2737.0

2 us/div

Pulse width ~980 ns;/ﬂ \‘,
;N

D it ORI S T L e A

400 ps/dlv Rep 56 2 kHz

Fig. 8. Q-switched pulse trains recorded at 2 and 400 ps/div, under
an absorbed pump power of 1.97 W for the OC transmission of 3%.

3% under the same conditions. Figure 8 shows the typical
pulse trains recorded at different time scales by a digital
oscilloscope (Tektronix DPO4104, 1 GHz bandwidth). At the
maximum absorbed pump power, the repetition rate recorded
at 400 ps/div was 56.2 kHz and the single-pulse duration
recorded at 2 ps/div was 980 ns.

Figure 9 shows the reliability of the laser emission spectra
recorded under the OC transmission of 3% by an optical
spectrum  analyzer (MS3504i). The central wavelengths are
2729.5 and 2751.7 nm for the CW laser, and the full width
at half-maximum (FWHM) are 0.70 and 1.0 nm following
a Gaussian fit. The laser emission spectrum is consistent with
the emission spectrum of the Er**:SrF, crystal reported in
Ref. [42], which exhibits two emission peaks around 2727
and 2745 nm. The simultaneous dual-wavelength laser can
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Fig. 9. Optical spectra recorded in the CW regime and Q-switched

regime for OC transmission of 3%.

be used as a light source for the generation of terahertz emission
[43]. For the Q-switched laser operation, the central wave-
lengths are 2730.5 and 2752.2 nm and the corresponding
FWHM are 0.91 and 0.9 nm, respectively. A redshift in the
lasing wavelength was observed. Reference [44] describes the
cause of the phenomenon in detail. The short wavelengths
located near the emission peaks are more likely to oscillate
for the CW laser. When inserting Bi-NSs into the cavity,
the insertion loss of the fused quartz substrate was high and
the gain at different wavelengths was discrepant, so the wave-
length shifted toward either longer or shorter wavelengths [45].
As the intracavity loss changed, the Stark energy levels of Er3t
split and the laser energy level (Er3*:41;, /2) were lowered. The
residual population did not decrease efficiently in the lower la-
ser energy level (Er3T:41 ;5 /2) as the level has a longer lifetime.
Therefore, the laser would oscillate at longer wavelengths.

4. CONCLUSION

In conclusion, we successfully demonstrated the first, to the
best of our knowledge, dual-wavelength passively Q-switched
Er’*:SrF, laser at 2730.5 and 2752.2 nm, with Bi-NSs as the
SA. For an absorbed pump power of 1.97 W, a maximum aver-
age output power of 226 mW was achieved. The shortest pulse
duration of 980 ns was obtained with a repetition rate of
56.2 kHz, corresponding to a single-pulse energy of 4.02 pJ
and a peak power of 4.1 W. The results indicate that Bi-NSs,
which are affordable and can be easily prepared, exhibit reliable
and excellent features as a promising SA for pulse lasers in the
mid-infrared region.
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