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The nonlinear absorption properties of two-dimensional bismuthene nanosheets have great value for
application in the photonics field. In this work, bismuthene nanosheets with a thickness of around 4 nm
were prepared using the liquid phase exfoliation (LPE) method. The infrared waveband nonlinear

absorption properties of bismuthene nanosheets were investigated using the open aperture Z-scan
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Accepted 21st October 2021 technique with four wavelengths of 950, 1064, 1200, and 1500 nm, respectively. Bismuthene nanosheets
exhibited broadband saturated absorption (SA) properties at the infrared band. The lower saturated

DOI: 10.1035/d1ra06046e intensity indicated the advantages of bismuthene as a saturated absorber in the application of ultra-fast
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1 Introduction

In the past two decades, two-dimensional (2D) layered mate-
rials were a hot research area due to their unique electronic
structures and abundant surface atoms since the discovery of
graphene.' The special structure and quantum confinement
effect endow them with unique optoelectronic properties,
such as significantly different nonlinear optical behaviors.”™*
Antimonene, first discovered in 2015 with high stability and
carrier mobility, can be widely used in electrocatalysis, energy
storage, and optical devices.>”® In 2017, Lu et al. first discov-
ered the strong nonlinear optical response of antimonene in
the visible light band, which promoted the application of
antimonene in nonlinear optical devices and other fields.*®
Wang et al. employed antimonene in Er- and Tm-doped fiber
lasers to realize ultrafast lasers with mode-locked pulse
output.”* Recently, owing to copious applications in opto-
electronics, there is a growing interest for low-dimensional
materials with second and third order nonlinearities such as
few-layer graphene,"”” 2D graphdiyne,”® MoS, nanoflakes,**
semi-organic single-crystal," metallic oxide thin film,"**” low-
dimensional material from bismuth oxyhalide'® and so on.
Shinji Yamashita focused on the nonlinear optical properties
of graphene and carbon nanotube to further their superior
application value in fiber lasers, modulators, and other
fields." Zhang et al. discovered the broadband Kerr nonlinear
effect of 2D graphdiyne and revealed its important application
value in photonic diodes.”® R. I. Woodward et al. devoted to
research the second- and third-order nonlinear of monolayer
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MoS,, highlighting the potential for telecommunications.**
And more than dozens of MOFs have been discovered and
their unique properties are gradually being revealed and
unearthed.?*>*

As a group-VA elemental material, bismuth (Bi) received
tremendous interests owing to its advantages in electronic-
transport and semi-metallic bonding.*>** When the dimension
is lowered down to the nano-scale level, the transition from
semi-metal to semi-conductor occurs because of the quantum
confinement effect, which makes low-dimensional bismuth
holding promising application potential in the fields of Q-
switcher,” electrode,*®?® energy storage®* and optoelectronic
devices® etc. Bismuth nanorod® displayed excellent optical
limiting properties at both 532 and 1064 nm excitations.
Bismuth nanospheres® presented obvious nonlinear refraction
properties under 800 nm excitations. In 2005, Tomoharu
Hasegawa et al. explored the third-order optical nonlinearities
in bismuth-based glasses through the Z-scan technique and
found excellent nonlinear optical behaviors, which can promote
the application of bismuth in nonlinear devices.** E. M. Dianov
et al. have realized the development and application of bismuth-
doped fiber laser, value in the field of fiber photonics.*® What's
more, Bismuth also has important applications in the fields of
plasmonics, nanophotonics, and magnetooptics.***” However,
there is little research on the nonlinear absorption properties of
bismuth in the broadband near-infrared band, which gives us
new research directions and inspirations.

In fundamental research's foundation of pure Bi material,
this work investigated the nonlinear absorption responses of 2D
bismuthene nanosheets using Z-scan technique from 950 nm to
1500 nm wavelengths, which will provide new insights for
nonlinear photonic devices and promote its application in near-
infrared ultrafast lasers.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Bismuth crystal, (b) Prepared bismuthene dispersion liquid.

2 Experimental section
2.1 Sample preparation

Bismuthene nanosheets were prepared by the LPE method.
Bismuth crystal (Fig. 1(a)) with 100 mg was ground for about 5
hours to peel off with the participation of absolute ethanol. The
nanosheets were dispersed using 40 kHz ultrasonic wave in the
dispersion liquid for about 1.5 hours. And then the dispersion
was centrifuged for 30 minutes. One fifth of the upper disper-
sion liquid was collected for the nonlinear absorption
measurement and the sample characterization. Hereto, the
bismuthene dispersion liquid has been prepared successfully,
which is shown in Fig. 1(b).

2.2 Characterization

Scanning electron microscope (SEM) was employed to detect
the morphology characteristics of bismuth crystal and bismu-
thene nanosheets. Fig. 2(a) shows the SEM image of bismuth
crystal. It can be seen that bismuth crystal possesses apparent
layer structure, which indicates that bismuth can be exfoliated
easily by LPE or other exfoliation method. Fig. 2(b) gives the
SEM image of exfoliated bismuthene nanosheets. Bismuthene
nanosheets display two-dimensional layer structure, and there
are apparent stratified structures at the edge, which are marked
by red circles. The thicknesses of bismuthene nanosheets are

L L]
Section (pm)

Fig. 2 SEM images of (a) bismuth crystal, (b) bismuthene nanosheets,
(c) AFM of bismuthene nanosheets and (d) corresponding heights of
trances 1, 2.
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Fig. 3 (a) Measured and calculated XRD results of bismuth powders,

(b) Raman spectrum of Bi crystal and bismuthene nanosheets.

measured by atomic force microscopy (AFM) shown in Fig. 2(c).
The corresponding heights of line 1, 2 are given in Fig. 2(d). As
shown, the heights of bismuthene nanosheets are around 4 nm.

X-ray diffraction (XRD) measurements were used to detect
the crystalline of the bismuth powders, which is shown in
Fig. 3(a). The characteristic peaks of 2 theta at 22.467°, 27.165°,
37.949°, 39.618°, 44.553°, 45.872°, 48.689°, 55.640°, 59.324°,
62.174°, 64.496°, 67.443°, 70.764°, 71.865°, 81.145° and 85.320°
correspond to the crystallographic plane of (003), (012), (104),
(110), (015), (006), (202), (024), (107), (116), (122), (018), (214),
(300), (208) and (220). The XRD patterns of the measured results
of Bi powder match well with that of calculated results and can
be indexed to be hexagonal rhomb-centered phase of
bismuth.***° In order to explore the structural characterization
of samples further, Raman spectra was measured. The charac-
teristic peaks of Bi crystal and bismuthene nanosheet are shown
in the Fig. 3(b). Two peaks at E, (71.17 ecm™') and A,
(98.35 cm ™) belongs to the in-plane vibration and out-of-plane
vibration modes of bismuthene nanosheet*. The vibrational
modes of bismuthene nanosheet of E, and A;, show slight blue
shifts comparing to that of Bi crystal, which indicates the
nanosheets are effectively exfoliated.

Fig. 4 gives the relationship between linear transmittance
and wavelengths of prepared bismuthene nanosheets, which
was detected by ultraviolet-visible-nearinfrared spectropho-
tometer. The effects of alcohol and quartz cell have been elim-
inated. The peaks around 950 and 1500 nm forebode weak
absorption. The transmittances at 950, 1064, 1200 and 1500 nm
are 59.5%, 53.1%, 52.8% and 55.0%, respectively. According to
the equation T, = exp(—ayl), where T is linear transmittance
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Fig. 4 Relationship between linear transmittance and wavelength.
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Fig. 5 Experimental (points) and fitting (solid lines) results of open-
aperture Z-scan curves of bismuthene nanosheets at different
wavelengths.

and / = 2 mm is the thickness of the sample interact with the
laser, the linear absorption coefficients «, can be calculated to
be 2.60, 3.16, 3.19, 2.99 cm ™' at 950, 1064, 1200 and 1500 nm
wavelengths, respectively.

2.3 NLA properties of bismuthene nanosheets

The nonlinear absorption properties of bismuthene nanosheets
were measured by open aperture Z-scan technique using
nanosecond laser. The pulse duration and repetition rate are 6
ns and 10 Hz, respectively.

Fig. 5 shows the Z-scan results for bismuthene nanosheets
with different pulse energies and four wavelengths at 950, 1064,
1200, 1500 nm, respectively. A peak of wave can be observed at
the largest point of energy density (Z = 0) at each wavelength.
With the increasing of excited intensity, the increasing trans-
mittance manifests the apparent saturated absorption proper-
ties of bismuthene nanosheets at the four excited wavelengths
mentioned above. When the excited wavelengths were 950, 1064,
1200, 1500 nm and intensities were 64.0, 11.9, 15.9, and 31.8 pJ,
respectively, the maximum normalized transmittances of wave
peaks were 143%, 157%, 155%, and 148%, corresponding to the
normalized modulation depth of 43%, 57%, 55%, 48% at four
wavelengths. The lower excited intensity and larger modulation
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Fig. 6 Relationship of normalized transmittance with excited energy
density of bismuthene nanosheets with four excited wavelengths.
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depth at 1064 and 1200 nm wavelengths imply much more
superior nonlinear absorption properties, comparing to other
wavelengths at 950 and 1500 nm wavelengths.

Fig. 6 gives the variations of normalized transmittance with
excited energy density at four excited wavelengths. The results
exhibited that 2D bismuthine nanosheets owned a lower nonlinear
threshold at 1064 and 1200 nm, which is consistent with the
experimental results in Fig. 5, implying the great potential of bis-
muthene as a saturable absorber in these wavebands.

3. Results and discussion

The nonlinear absorption theory based on Z-scan is expressed
by following eqn (1):

1—a(l)l

T= (1)

1—060[

where T is normalized transmittance, and «, is the linear
absorption coefficient. With the saturated absorption part is
solely considered, the «(I) can be expressed as follows:
— 0(()

1+ 1(z)/I

where I, is the saturable intensity. I(z) = Io/(I + 2°/z,°) is the
power density at z-position of sample, I, is the peak power
density at z = 0 and z, is the Rayleigh length. The normalized
transmittance can be expressed as eqn (3):

0(015[
=1 15+10/<1+zz/zoz>}/(1*%” (3)

a(l) (2)

Using eqn (3), the saturable intensity I with different wave-
lengths were calculated. Fig. 7 shows the relationship between I
and wavelengths. The I at 950, 1064, 1200 and 1500 nm with
excited intensities of 64.0, 11.9, 15.9 and 31.8 puJ were 105 + 3,
26 + 1, 37 + 2 and 3841 MW cm™ >, respectively. The I, at
1064 nm was the lowest and the I at 950 nm was the largest. The
reason may be the different absorption intensities at different
wavelengths, which could be reflected in the linear trans-
mittance spectrum (Fig. 4). A strong peak in Fig. 4 around
950 nm indicated the weak absorption and the slight trough
around 1064 nm implied the strong absorption. Analogously,
the nonlinear results at 1200 and 1500 nm wavelengths
exhibited similar properties. In addition, the linear and
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Fig. 7 Relationship between saturable intensity and wavelength.
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Table 1 Linear and nonlinear absorption coefficients at different
wavelengthsof bismuthine nanosheets

Wavelength

(nm) T (%) @ (ecm™') Modulation depth I, (MW cm™?)
950 59.5 2.60 43%@64.0 1J 105 + 3

1064 53.1 3.16 57%@11.9 uJ 26 £1

1200 52.8 3.19 55%@15.9 pJ 37+2

1500 55.0 2.99 48%@31.8 1J 38+1

nonlinear absorption results of bismuthene nanosheets were
generalized in Table 1. In a word, our results demonstrated the
excellent and broadband saturated absorption properties of
bismuthene nanosheets, which will provide guidance for the
application of bismuthene in the ultrafast and high-energy laser
field.

4. Conclusions

In summary, we successfully exfoliated the bismuthene nano-
sheets using liquid phase exfoliation (LPE) method. And the
saturated absorption properties at 950, 1064, 1200, 1500 nm
have been studied by open aperture Z-scan method. The results
demonstrated that bismuthene nanosheets display excellent
and broadband saturated properties in near-infrared wave-
lengths, especially for 1064 and 1200 nm wavelengths. The
lower saturation absorption coefficient at 1064 and 1200 nm
also implyed bismuthene nanosheets have great potential
application in nonlinear optics, especially in infrared wave-
lengths. And our research is of great significance for enhancing
the application of bismuthene as a saturated saturable absorber
in the field of ultrafast lasers in the near-infrared.
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