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1. Introduction

The experimental discovery of graphene has evoked ever-
increasing scientific interests among remarkable 2D material,[1] 
such as novel photonic and optoelectronic properties.[2] Beyond 
graphene, there are several limited types of mono elemental 
2D materials including silicone,[3] germanene,[4] and stanene[5] 
in Group-IVA (the carbon group). Graphene and Group-IVA 
analogs, silicene and germanene belong to zero band-gap 
semimetals, showing drawbacks in logic switching of semicon-
ductor[6] and light emitting related devices.[7] Other typical 2D 
semiconductors, MoS2, MoSe2, WS2, and WSe2 with band gaps 

Antimonene, a new type of 2D group-VA material beyond phosphorene, is theo-
retically predicted to exhibit remarkable electronics and optical properties with 
enhanced stability. However, its more general and practical applications seri-
ously lag behind due to a shortage of effective synthesis techniques in delivering 
high-quality few-layer antimonene (FLA) and antimonene quantum dots (AQDs), 
and deep understanding of the mechanism in light-antimonene interaction. 
Herein, based on electrochemical exfoliation and sonochemical approaches, FLA 
is synthesized with an average thickness down to 31.6 nm and AQDs with an 
average lateral size of 3.4 nm, and the corresponding nonlinear optical response 
is further investigated at the visible wavelength for the first time. It is shown 
that antimonene possesses a giant nonlinear refractive index of ≈10−5 cm2 W−1 
and a high stability in ambient condition for months. The experimental findings 
may be considered as an important step toward antimonene-based nonlinear 
photonics devices (Optical Switcher, Kerr shutter, beam shaper, etc.), in which 
their unstable counterpart phosphorene may not compete with.
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lower than 2.0 eV, may exhibit limitations 
especially in optoelectronic devices with 
photoresponse in blue and UV range.[7,8] 
However, Group-VA monolayers possess 
a broad range of band gaps from 0.36 to 
2.62 eV, and thus light emitting wave-
length spans from the near-infrared to 
visible, showing unique advantages for 
broadband photoresponse.[7] Mono-layered 
arsenene and antimonene in Group-VA 2D 
materials are indirect wide band-gap semi-
conductors. If under strain, they become 
direct band-gap semiconductors. Con-
cerning arsenene and antimonene, such 
dramatic transitions of electronic proper-
ties may open a new door for nanoscale 
transistors with high on/off ratio, blue/
UV optoelectronic devices, and nanome-
chanical sensors based on new ultrathin 
semiconductors.[8] Group-VA monolayers, 
such as puckered phosphorene, arsenene, 

and buckled bismuthene, show carrier motilities as high as sev-
eral thousands of cm2 V−1 s−1.[7] A class of monolayer Group-VA 
allotropes has five typical honeycomb and four nonhoneycomb 
structures; however, among the possible arsenene, antimonene, 
and bismuthene allotropes, their β phases with buckled forms 
are the most stable structures, which are different from the 
lowest energy configuration of phosphorene.[7] The conduc-
tion band minimum and valence band maximum energy levels 
of Group-VA monolayers might facilitate the designing of 2D 
crystal based van der Waals heterostructures, which are also 
very promising for optoelectronic applications.[7] Because of 
the weak interlayer interactions, α and β-phosphorus, arsenic, 
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antimony and bismuthene layered bulk crystals are expected to 
be mechanically or chemically exfoliated in order to form a 2D 
Group-VA monolayer structure,[7] which may be beneficial to 
achieve large-scale applications. Unlike black phosphorus (BP), 
arsenic, antimony, and bismuthene are typical semimetals in 
their natural, layered bulk state,[7] whose stabilities are higher 
than black phosphorus in ambient condition. The lattice 
thermal conductivity of antimony, bismuthene, and antimony-
bismuthene alloys, which are of great importance for thermo-
electric and thermomagnetic cooling applications.[9] In all, the 
outstanding properties of Group-VA elements should render 
these materials suitable for future applications in high-speed 
ultrathin transistors and in blue light-emitting diodes (LEDs) 
and photodetectors.

As the most heavily investigated Group-VA 2D material, each 
atom in phosphorene was covalently bonded with three adja-
cent phosphorus atoms to form a puckered honeycomb struc-
ture.[10–12] It attracts increasing interests after the first dem-
onstration of a high-performance transistor device based on 
few-layer phosphorene in 2014.[13] The monolayer phosphorene 
is predicted with a direct band gap of ≈1.5 eV[14] and a trend 
of band-gap decreasing as the number of layers increases.[14] 
However, BP-based applications remain challenging due to 
its intrinsic instability and ease of oxidation under the joint 
interaction of oxygen and water.[15–17] Researchers therefore 
not only focus on mitigating its oxidation issue and enhancing 
its long-term stability under ambient condition,[18,19] but also 
continuously searched for new type of Group-VA 2D materials 
with novel optoelectronic properties and more importantly with 
enhanced stability.

Very recently, another group-VA element 2D material, anti-
monene, had been theoretically predicted with enhanced sta-
bility and extraordinary properties according to first-principle 
calculations.[7,8,20,21] Zhang et al. predicted that the most stable 
antimonene has buckled structures, and the electronic band 
structures transit from semimetal in the bulk into semicon-
ductor in the single-layer form.[8] Accordingly, antimonene pre-
sents high carrier mobility,[7] superior thermal conductivity,[22] 
strain-induced band transition,[8,23] and spintronic response.[24] 
The maximum band gap of monolayer antimonene is 2.28 eV, 
filling the gap between MoS2 (less than 2 eV) and BN (above 
5 eV).[8] As theoretically predicted, there exist two phases of 
antimonene (i.e., α-antimonene and β-antimonene), and the 
energy band gaps of α-antimonene are smaller than that of 
β-antimonene.[7] In spite of the rapid progress of theoretical 
findings, experimental investigations on the synthesis and 
optical studies on antimonene remain almost untouched.[25–27]

Antimonene could be readily obtained through mechanical 
exfoliation, but the quantity remains very limited, restricting 
its potentials toward large-scale applications.[26] Tsai et al. dem-
onstrated the synthesis of multilayer antimonene nanoribbons 
at room temperature by a plasma-assisted process, but the as 
synthesized multilayer antimonene turns out to be noncon-
tinuous, similar to a pile of multilayer nanoribbons.[27] Ji et al. 
demonstrated that few-layer antimonene (FLA) monocrystalline 
polygons could be synthesized on various substrates through 
van der Waals epitaxial growth.[28] In spite of its large poten-
tials, the existing fabrication methods possess some disad-
vantages in a certain degree. The structural variety of cleaved 

surfaces is limited and it therefore becomes difficult to handle 
with.[29] Recently, epitaxial growth[28,30] has been employed for 
the synthesis of few-layer antimonene. However, scalability of 
these methods needs further improvement. Electrochemical 
exfoliation has been considered as an easy and scalable method 
for obtaining large-scale nanomaterials. The electrochemical 
approach potentially has many advantages over traditional 
chemical methods and is considered to be more promising for 
the mass production of 2D materials.[30] Compared with the 
mechanical exfoliation, molecular assembly, and chemical vapor 
deposition, the electrochemical approach can have a lower cost 
for mass production (see Figure 1).[2] Moreover, it can avoid 
using harsh chemicals by taking advantage of electrochemical 
activation, bringing up a simpler purification step.[31] There-
fore, it is important to explore the electrochemical exfoliation 
method in order to satisfy requirements of large-size synthesis, 
as recently realized in the electrochemical exfoliation synthesis 
of graphene,[32,33] MoS2,[34] and phosphorene.[35] The synthesis 
of antimonene with both high quality and large quantity in a 
cost effective way is highly desirable and meaningful for prac-
tical applications. Herein, a facile, environmentally friendly, 
and cost-effective multiple electrochemical exfoliation approach 
has been demonstrated. Besides, a sonochemical method has 
also been employed, where the solvent molecules enter into 
the bulk antimony and expand the interlamination spaces, and 
finally clave the layers of bulk materials into quantum dots.

Very recently, optical response in antimonene had been inves-
tigated by photoluminescence measurements.[27] But the light-
antimonene interaction remains unclear, preventing future 
photonics applications based on 2D antimonene. All-optical 
signal processing, including signal regeneration and control-
ling light by light, plays a critical role for the ultrahigh bit rate 
communication systems.[36–38] Until now, various nonlinear 
optical materials such as chalcogenide glass,[39–42] lithium nio-
bate,[43–45] and highly nonlinear silica fiber[46–48] that have been 
explored to date show weak nonlinear susceptibilities and fail 
to support efficiently all optical processing. However, a number 
of limitations, such as small total phase shift, large scattering 
loss, excessive optical absorption loss, and liability of optical 
damage, still exist and eventually render researchers unable to 
find practical materials for all-optical processing applications. 
Consequently, there are strong motivations on the pathway of 
searching for new nonlinear optical materials with remarkably 
large third-order nonlinear susceptibilities (or nonlinear refrac-
tive index n2), for laser pulse or beam shaper, optical switcher, 
wavelength converter, etc.[49–51] The nonlinear refractive index 
of the 2D materials, such as graphene,[52] Bi2Se3,[53] and black 
phosphorus,[54] could be measured by the Z-scan technique. In 
2015, Zhou et al. reported that the nonlinear refractive index 
of the multilayer MoS2 film is two orders of magnitude larger 
than the monolayer MoS2 film measured by Z-scan in the near-
infrared region.[55] The nonlinear refractive index of the 2D 
materials dispersion could be measured by spatial self-phase 
modulation (SSPM). SSPM has been employed to investigate 
the intrinsic light matter interaction in atomically thin 2D 
crystals such as MoS2, WS2,[56] topological insulators,[57] MoS2/
TiO2,[58] and BP.[59] SSPM refers to a phenomenon where a set 
of concentric circular diffraction rings merges if under an illu-
mination of a high-intensity laser through a uniform thin film 
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or bulk material.[60,61] A calculation method for estimating the 
nonlinear refractive index and the third-order nonlinear suscep-
tibility has been developed and proposed based on SSPM effect 
of graphene solution dispersions.[60] It is essential that optical 
materials with a large nonlinear refractive index show unique 
advantages toward all-optical signal processing, ultrashort 
optical pulse shaper, wavelength conversion, and all-optical 
switching.[62] However, the nonlinear refractive index or third-
order nonlinear susceptibility in antimonene was completely 
unexplored. In this work, we investigated the nonlinear optical 
properties of FLA and antimonene quantum dots (AQDs) by 
analyzing the corresponding SSPM effect. Our experimental 
and theoretical findings provide important support for further 
researches in antimonene-based nonlinear photonics.

2. Results and Discussion

2.1. Preparation and Characterizations of FLA

The experimental process for electrochemical exfoliation is 
illustrated in Figure 1a. A two-electrode electrochemical cell 
was used for the electrochemical exfoliation. An intact bulk Sb 
(99.5%) purchased from Aladdin was directly connected to the 
conducting wire of a DC power supply (Wuhan Corrtest 310). 

Bulk Sb was used as the working electrode 
and partially placed into the electrolyte in 
order to avoid electrolysis and contamination 
of the connected conducting wire. A Pt wire 
with a diameter of 0.5 mm was used as the 
counter electrode, and 0.2 m Na2SO4 (≥99.0%, 
Aladdin) aqueous solution was employed 
as the electrolyte. The electrochemical exfo-
liation process was conducted at a constant 
voltage of −6 V. This process was kept for 
60 min in order to ensure a complete inter-
calation and exfoliation action of the Na+ ions 
inside cathodic Sb. The obtained electrolyte 
containing exfoliated Sb nanoflakes was cen-
trifuged at a speed of 6000 rpm for 30 min. 
The sediment was collected and washed 
by ultrasonication in DI water for 10 min. 
The centrifugation-washing process was 
repeated for three times. Then the dispersion 
was dried in vacuum at 60 °C for 24 h and 
diluted in N-methyl-2-pyrrolidone (NMP) for 
characterization.

The height and phase of the electrochemi-
cally exfoliated Sb nanoflakes were charac-
terized by atomic force microscopy (AFM) 
observation by using an ICON Bruker system 
in a tapping mode, with samples dispersed 
on Si/SiO2 substrates by a drop-casting 
method. The microstructure was charac-
terized by transmission electron micros-
copy (TEM) using the FEI Tecnai G2F30 
field-emission TEM equipment operated at 
300 kV. Raman spectrum was acquired by 
the Renishaw Via confocal Raman micro-

scope equipped with a 514 nm Ar ion laser as the excitation 
light. X-ray photoelectron spectroscopy (XPS) was performed 
on the PHI 5000 VersaProbe II using an Al Kα (λ = 0.83 nm, 
hυ = 1486.7 eV) X-ray source operated at 2 kV and 20 mA. The 
AFM image of the electrochemically exfoliated few-layer anti-
monene (see Figure 1b) shows that the nanoflake has a height 
of ≈31.6 nm with a smooth surface and an irregular profile. 
TEM image (Figure 1c) shows that nanoflakes had a lateral size 
of ≈10.3 µm. High-resolution TEM (HRTEM) image (Figure 1d) 
exhibits a rigid arrangements of lattice planes. The observed 
interdistance of the lattice fringes is 0.228 nm, in accordance 
with the (100) interplanar distance of the rhombohedral gray 
antimony (0.225 nm).[28] Raman spectrum of the multilayer 
antimonene nanoflake shown in Figure 1b was further char-
acterized with the bulk antimony as a comparison. As shown 
in Figure 1e, the bulk antimony exhibits the typical sharp 
scattering peaks of the vibration Eg and A1 modes,[28] which 
locate at 111.7 and 149.7 cm−1, respectively. For the multilayer 
rhombohedral antimonene of 31.6 nm, the peak positions of 
Eg and A1 were blueshifted to 113.8 and 150.9 cm−1, respec-
tively. In addition, the intensity ratio of the Eg and A1 peaks 
decreases from 0.07 to 0.068 as the thickness decreases down to  
31.6 nm. The reduced intensity ratio can be attributed to the 
faster attenuation of the intensity of the interplanar A1 vibration 
mode compared with the in-plane Eg vibration mode.[28] XPS 
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Figure 1. Characterization of the prepared multilayer antimonene. a) Schematic illustration of 
the two-electrode system used for the electrochemical exfoliation of antimony (Sb), with bulk 
Sb, Pt wire, and Na2SO4 aqueous solution as the working electrode, counter electrode, and 
electrolyte, respectively. b) Typical AFM image of an electrochemically exfoliated multilayer 
antimonene nanoflake. c,d) TEM and HRTEM images of the multilayer antimonene. e) Raman 
spectra of the bulk antimony and the 31.6 nm thick multilayer antimonene shown in (b). f) XPS 
spectrum of the Sb 3d5/2 peak of the exfoliated multilayer antimonene.
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spectrum (see Figure 1f) shows a sharp sym-
metric photoelectron peak at 528 eV, corre-
sponding to the SbSb 3d5/2 orbital bonding. 
The monopeak indicates the nonoxidation 
feature of few-layer antimonene.

From ref. [59], we know that liquid-
phase exfoliation is an effective method for 
obtaining high-quality few-layer phosphorus. 
Although this facile method could obtain 
FLA, the products are irregular antimonene 
nanoflakes and it cannot satisfy the require-
ment of larger size synthesis (see Section S1, 
Supporting Information). While AFM image 
of the electrochemically exfoliated FLA shows 
the nanoflake with a smooth surface and 
an irregular profile. The synthesis of anti-
monene with both high quality and large 
quantity in a cost effective way is highly desir-
able and meaningful for practical applica-
tions. Herein, an electrochemical exfoliation 
approach has been used for FLA preparation 
rather than liquid-phase exfoliation.

2.2. Preparation and Characterizations of AQDs

This study now presents a sonochemical exfo-
liation method on the synthesis of a highly 
dispersed ultrasmall AQD. In Figure 2a, the 
exfoliation strategy involves ultrasound probe 
sonication together with ice-bath sonication 
of Sb powder in NMP. As reported in a recent 
study,[63] ultrasound probe sonication in ethanol could easily 
achieve a large quantity of FLA with high quality. Although this 
facile method could address the problem of high yield of anti-
monene, the products are irregular antimonene nanosheets. 
Therefore, in our work, both probe and ice-bath sonication 
are combined in order to synthesize AQDs from powder Sb. 
For comparison, our combined strategy is more reproducible 
to obtain more uniform and smaller particles than liquid exfo-
liation with single probe sonication, and we can also achieve a 
higher yield of materials than mechanical isolation. The prepa-
ration progress is shown in Figure 2a. Both ultrasound probe 
sonication and ice-bath sonication last for 9 h, which were then 
contrifugated at a speed of 7000 rpm for 30 min.

The characterizations of AQDs are shown in Figure 2b–e. The 
AFM image of the AQDs is shown in Figure 2b. The heights are 
shown in Figure 2c and the average height is about 3.2 nm. TEM 
was employed to investigate the morphology of AQDs. The TEM 
images in Figure 2d evidence the existence of ultrasmall AQDs, 
and the average size approximates 3.4 nm. Two typical Raman 
peaks of antimonene can be seen in Figure 2e; for the AQDs, the 
peak positions of Eg and A1 blueshift to 116.3 and 151.9 cm−1.

2.3. High Stability of Antimonene

The material stability under ambient condition plays a critical 
role in practical application aspects. Theoretical calculations 

predicted that both α-phase and β-phase antimonene are 
stable.[21,22] Recently, high stability of β-phase antimonene has 
been experimentally studied.[28] Another common allotrope of 
antimony has an orthorhombic structure (α-phase), similar 
to that of black phosphorus investigated in ref. [28]. However, 
there is lack of direct experimental evidence on the stability of 
α-phase antimonene. Therefore, it is compulsory to verify the 
stability of α-phase antimonene in air. Figure 2a illustrates the 
Raman spectroscopy measurements of the freshly made syn-
thesized antimonene and the same sample after 25 d of aging. 
Optical image indicates the stability as specific flakes remain 
unchanged, as shown in Figure 3a. Both A1g and Eg peaks in 
the Raman spectra of one freshly made antimonene have good 
consistency with that stored for 25 d. Figure 3b shows the linear 
absorption spectrum of the FLA and AQD dispersion ranging 
from 300 to 800 nm, measured by the spectrometer (Agilent 
Technologies Cary60). No obvious change has been found for 
different days, which further verified the relative stability of 
α-phase few-layer antimonene and AQDs in ambient condition.

2.4. Nonlinear Optical Properties of Antimonene

In the nonlinear optical experiment (Figure 4), a quartz cuvette 
was used to contain the dispersion solution (FLA and AQDs, 
respectively). A continuous wave laser was focused onto 
the antimonene suspension by a lens with a focal length of 
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Figure 2. Characterization of the prepared antimonene quantum dots. a) Preparation of anti-
monene quantum dots, b) typical AFM image, c) the average size of AQDs, d) TEM image, 
and e) Raman spectra of the bulk antimony and the antimonene quantum dots shown in (a).
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200 mm. The distance between the lens and the front surface 
was 180 mm. After exiting the cuvette, the laser beam started to 
diverge into conical diffraction rings, which were projected on 
a laser beam profiling digital camera (WinCamD-FIR2-16-HR) 
placed at a distance of 250 mm away behind the sample.

During the experiments, we found that SSPM diffrac-
tion rings were rapidly distorted after the incident laser beam 
passing through the dispersions. The rings quickly grew up at 
the first instant, and then the upper half part of the rings began 
to collapse, and finally became stable. In Figure 5a, SSPM dif-
fraction ring pattern of antimonene dispersions by using a 
532 nm (SPROUT-H-5W) continuous wave is demonstrated. 
Figure 5(①–③) is a photograph showing a typical pattern of 
the diffraction rings, taken with a camera (Canon EOS-70D). 
Figure 5(④–⑥) is a photograph showing a typical pattern of 
the diffraction rings, taken with a laser beam profiling digital 
camera. Figure 5(⑦–⑨) is radial intensity distribution of the dif-
fraction rings recorded by a laser beam profiling digital camera. 
From Figure 5b, SSPM diffraction ring pattern of antimonene 
dispersions using a 633 nm (HNL210L) continuous wave was 
also carried out. We found that the SSPM diffraction rings were 
distorted in a slower speed than that of 532 nm after the inci-
dent laser beam passing through antimonene dispersions. The 
number of rings is fewer than that of 532 nm. All pictures in 
Figure 5 are measured at the case of maximum output power 
and a quartz cuvette of 10 mm thickness, while the extension 

to other output power and quartz cuvette thickness is more 
straightforward.

In the following, we investigated the dependence of the 
nonlinear effect on the laser intensity, wavelength, and quartz 
cuvette thickness. With the increasing of the laser power, 
larger number of rings could be observed. The number of 
rings quasi-linearly increases with the incident intensity, as 
shown in Figure 6. Similar distorted diffraction rings have 
also been observed under various intensities. In Figure 6a, 
the total numbers of rings in FLA and AQDs were investi-
gated with a 532 nm continuous wave laser. It is shown that 
the number of rings of FLA is larger than that of AQDs. A 
comparison experiment on antimonene solution in NMP 
with 10 and 5 mm quartz cuvette was also carried out. We 
observed similar SSPM phenomena In Figure 6b, the num-
bers of rings of FLA and AQDs were investigated with the 
633 nm continuous laser. It is shown that results are similar 
to that of 532 nm. Furthermore, in a control experiment with 
pure NMP solvent, no diffraction pattern was observed. On 
the basis of these experiments, we are able to conclude that 
the diffraction rings could only be traced back to the spatial 
self-phase modulation of the antimonene sheets other than 
artifacts.

When a laser beam passes through a nonlinear optical 
medium, in terms of the third-order nonlinearity, the refractive 
index can be expressed as[64]

n n n I= +0 2  (1)

where n0 and n2 are the linear and nonlinear refractive indexes, 
respectively. The value of n0 is given in Section S2 (Supporting 
Information).

When laser beam passes through an antimonene suspen-
sion, the phase shift Δψ is 

n
n I r z z

L∫ψ π
λ

∆ = 

 


2

( , )d0
2

0

eff  (2)

where λ is the wavelength, r is the radial position, and Leff is the 
effective optical thickness of the sample dispersions. We can 
have the effective thickness of cuvette by[64]

Adv. Optical Mater. 2017, 1700301

Figure 3. a) Raman spectrum of few-layer antimonene just prepared and kept in air for 25 d. Note that the Raman spectrum remains unchanged.  
b) Time-dependent transmittance spectrum.

Figure 4. Schematic diagram of the nonlinear optical experimental setup. 
a) Orientation of nanoflakes without laser irradiation. b) Alignment of 
nanoflakes under laser irradiation.
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0
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L z z z
L

1 / deff
2
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2 1

0∫ ( )= +
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 (4)

where L is the thickness of quartz cuvette. For a Gaussian 
beam, the intensity I(0, z)at the center is twice of the average 
intensity I measured in the experiment, and Δψ = Δψ0exp  
(− 2r2/a2), where a is the 1/e2beam radius. The total number of 
rings N is determined by Δψ(0) − Δψ(∞) = 2Nπ for a given laser 
intensity.[57] Thus, after a simple derivation, we have[64]

n
n L

N

I

λ=
2

2
0 eff

 (5)

In our experiment the nonlinearity n2 can be easily  
obtained by finding N/I at the maximum laser power in  
Figure 6.

The third-order nonlinear susceptibility χ total
(3)  is defined 

to measure the nonlinearity of materials. Due to the slope of 

number of rings and intensity, the χ total
(3)

 of the nanoflake can 
be estimated by 

n

L

N

I
χ λ

π
=

×
c

2.4 10
d
dtotal

(3) 0
4 2

eff

 (6)

The value of effective thickness of cuvette is given in Sec-
tion S3 (Supporting Information). Based on the different slopes 
in Figure 6 and the various effective optical thickness of the 
sample dispersions, it is shown that the value of (dN/dI)/Leff 
is a constant. It is also shown that the third-order nonlinear 
susceptibility is independent of the quartz cuvette thickness. 
Herein, it is essential to obtain the third-order nonlinear sus-
ceptibility for monolayer of the antimonene nanosheets 

Nχ χ=total
(3)

monolayer
(3)

eff
2  (7)

According to the formula T N T=total eff
2

monolayer ,[65] where 
Ttotal is the transmittance of the antimonene dispersions and 
Tmonolayer is the transmittance of an antimonene monolayer. In 
ref. [28], the transmission of an antimonene monolayer was 

Adv. Optical Mater. 2017, 1700301

Figure 5. SSPM diffraction ring pattern of antimonene dispersions with a continuous wave, a) λ = 532 nm, Pout = 130 mW b) λ = 633 nm, Pout = 28 mW: 
①–③ Photograph taken with a camera; ④–⑥ photograph detected by a laser beam profiling digital camera; and ⑦–⑨ radial intensity distribution of the 
diffraction rings.

Figure 6. Number of rings of FL antimonene and AQD solutions increases with the intensity at different wavelengths and the corresponding SSPM 
patterns: a) λ = 532 nm and b) λ = 633 nm, each figure includes two quartz cuvette thickness, i.e., L = 10 mm and L = 5 mm, respectively.
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determined to be 98.5%. In our experiment, the transmittance 
of the FLA and AQDs dispersions with 532 nm is 54.6% and 
54.52%, respectively, so Neff = 40. For the 633 nm aspect, the 
transmittance of the FLA and AQDs dispersions with 532 nm is 
58.5% and 56.5%, so that Neff-FLA = 36, Neff-AQDs = 38. The non-
linear refractive index and third-order nonlinear susceptibility 
of antimonene are shown in Table 1.

In this work, we also compare SSPM results for several 2D 
materials with different types of lasers in Table 2. From this 
table, we can find that the order of magnitude of nonlinear 
refractive index in antimonene obtained from SSPM was close 
to that of BP and larger than that of graphene.[66] Considered 
as the same Group-VA 2D material, antimonene, with a non-
linear refractive index similar to BP, shows higher stability than 
BP, suggesting that antimonene can be considered as a poten-
tial candidate for optical switching and optical communication 
applications. Graphene is a zero band gap sentimental, which 
prevents graphene-based light emitting devices. However, the 
band gap of monolayer α-antimonene and β-antimonene is 
1.18 eV and 2.28 eV, respectively, which cor-
responds to a photon wavelength spans from 
the near-infrared to visible, showing unique 
advantages for broadband photoresponse.

3. Discussion and Analysis

In our experiment, we found that both non-
linear optical response (diffraction rings) 
of FL α-antimonene sheets and QDs by 
532 nm are higher than that of 633 nm (see 
the videos in the Supporting Information). To 
investigate this phenomenon, we show the 
alignment of electron motion and the energy 
band structure of the antimonene sheets in 
Figure 6. From Figure 7a, we consider one 

phase of antimonene (i.e., α-antimonene) 
suspensions in NMP. Energy levels of 
antimonene monolayers calculated at the 
HSE06 level of theory[8] indicate that energy 
band gap of α-antimonene is 1.18 eV and 
its quasidirect band gap is 1.43 eV at the 
Г point, respectively. In Figure 7b, we see 
that the 532 and 633 nm photons all fall 

into the conical regime of the band struc-
ture so they all can excite electrons that then 
delocalize and move under interaction with 
the light field. Their band structures are dif-
ferent from that of a single-layer antimonene 
crystal, marked by gaps at the Γ point in 
momentum space.[8]

Based on the relation between laser wave-
length and band gap, the third-order non-
linear optical response can be divided into 
two types, i.e., resonant third-order non-
linear optical response[67] and nonresonant 
third-order nonlinear optical response.[68] In 
our experiment, the 633 nm (1.96 eV) wave-
length is closer to the quasidirect band gaps 

of 1.43 eV than that of 532 nm (2.33 eV). Relatively, laser wave-
length at 633 nm is much closer to the resonant band gap while 
nonresonance absorption occurs at 532 nm. The nonresonant 
third-order nonlinear optical response is considered to be an 
ultrafast process. In antimonene, there exist three s-bonding 
orbitals and a lone pair of electrons, unable to form π-type 
bonding state.[8] This property allows them to respond almost 
instantaneously with respect to ultrafast optical excitation.[68] 
Due to the strong coupling between light and antimonenes,[67] 
resonant third-order nonlinear optical response is considered to 
be a slow process. It is clear that the nonlinear optical effect 
induced by 532 nm is stronger than 633 nm. In our experi-
ment, we observed more diffraction rings for 532 nm.

Besides, under the 532 nm measurement experiment, the 
laser power was relatively high. When light passed through the 
dispersion solution, light was absorbed and the solution was 
heated, where tiny gas bubbles could be seen moving upward 
in a speed of a few centimeters per second. The net result was 
that the upper part of the liquid has a lower density, resulting 
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Table 1. Nonlinear refractive index and the third-order nonlinear susceptibility of antimonene.

FL QDs

λ [nm] 532 633 532 633

n2 [cm2 W−1] (2.88 ± 4.5%) × 10−5 (0.979 ± 4.5%) × 10−5 (1.91 ± 4.6%) × 10−5 (0.719 ± 5.3%) × 10−5

χ(3) [e.s.u.] (3.98 ± 0.3%) × 10−9 (1.74 ± 0.1%) × 10−9 (2.87 ± 0.7%) × 10−9 (1.29 ± 1%) × 10−9

Table 2. SSPM results for different 2D materials.

2D materials Type of laser n2 [cm2 W−1] χ(3) [e.s.u.] References

Graphene 532 nm continuous 10−7 10−7 [66]

MoS2 488 nm continuous 10−5 10−9 [23]

MoSe2 488 nm continuous 10−7 10−9 [23]

WS2 488 nm continuous 10−7 10−9 [23]

Bi2Te3 1070 nm continuous 10−5 10−8 [24]

Bi2Te3 1070 nm pulse 10−8 10−7 [24]

MoS2/TiO2 700 nm pulse 10−5 [1]

BP 350–1160 nm pulse 10−5 10−8 [26]

Antimonene 532 and 633 nm continuous 10−5 10−9 this work

Figure 7. Micromechanism for the observation of SSPM. a) Schematic showing the alignment 
of electron motion and antimonene sheets in an incident field, where light propagates from 
left to right. Electrons oscillate with the field. b) Band structure that allows broad spectrum 
excitation of free carriers.
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in a smaller effective n0 for the upper part. Furthermore, the 
decreasing of refractive index in upper part solution caused a 
convex lens effect. Compared to initial laser propagation, the 
corresponding diffraction angle reduced and then deformed 
ring patterns.

4. Conclusions

In conclusion, α-phase few-layer antimonene and antimonene 
quantum dots with high quality and enhanced stability had 
been successfully fabricated for the first time, and its non-
linear optical Kerr response at the visible band had been well 
characterized by the SSPM measurement technique. Its long-
term stability has been observed after aging in air for 25 d 
by Raman spectroscopy and transmission spectrum. SSPM 
effects of the antimonene dispersions (i.e., FLA and AQDs) 
had been observed at the visible wavelength, from which the 
nonlinear refraction index of antimonene is measured to be 
≈10−5 cm2 W−1. Experimentally, we found that FLA possesses 
a relatively larger nonlinear refractive index than that of the 
AQDs. Our systematic study evidenced that antimonene, unlike 
unstable black phosphorus, could be considered as a new kind 
of promising optical Kerr material with enhanced stability, par-
ticularly at the short wavelength range. Our work may provide 
an inroad for developing antimonene-based photonics, which 
may compensate for the gap that graphene or black phos-
phorus could not fulfill in another aspect. In the future, it is 
anticipated that antimonene-based photonics devices such as 
passive Q-switcher, detector, or light modulator might come 
up, encouraged by the strong nonlinear optical response and 
enhanced stability in antimonene.

However, the light matter interaction in antimonene is far 
from understanding and there remain at least five unexplored 
antimonene-related properties/applications that deserve our 
strong attention. First of all, the internal carrier dynamics of 
multilayer antimonenes remain completely unknown, and it 
might be fundamentally interesting to understand the role of 
carrier dynamics in antimonene, from both the ultrafast and 
slow processing. Second, due to the high third-order nonlinear 
refractive index, it is promising for an all-optical switch device, 
which is the core of ultrafast all-optical Network for informa-
tion transmission and the key to solve the “information bot-
tleneck” in optical fiber communication system. Third, anti-
monene polygons show high electrical conductivity and good 
optical transparency in the visible light range, promising in 
transparent conductive electrode applications. Fourth, the var-
ious conduction band minimum and valence band maximum 
energy levels of Group-VA monolayers might facilitate the 
designing of 2D crystal based van der Waals heterostructures, 
which are also very promising for electronic and optoelec-
tronic devices. Last but not the least, antimonene has excellent 
thermal conductivity; the thermal conductivity of the layered 
antimony is 200 W Mk−1, which will lay a theoretical founda-
tion for the research and development of new thermal mate-
rials and thermal insulation materials, and will also solve the 
problem of heat dissipation of flexible electronic devices. All in 
all, this new 2D material exhibits divisive promising applica-
tions in electronics, optics, sensors, solar cells, etc.
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