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Abstract: Antimonene has been found to possess excellent nonlinear refractive and saturable absorption properties 

recently. To further investigate its optical limiting properties, we prepared uniform antimonene quantum dots 

(AMQDs) via a facile ionic liquid-assisted exfoliation method. Thereafter the nonlinear absorption of the atomically 

thin AMQDs was studied using the open aperture Z-scan technique in the nanosecond laser pulse regime. Z-scan 

measurements indicate that the prepared AMQDs exhibited superior optical limiting properties at 532 nm and 1064 

nm excitation, implying the antimonene hold potential for developing broadband nonlinear optical devices.   
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1 Introduction 

Among various nonlinear optical materials, optical limiters have been applied in laser beam 

shaping and laser damage prevention. [1-4] Up to now, diverse optical limiters have been 

developed, such as two-dimensional (2D) materials, [5, 6] inorganic carbon-based materials, [7,8] 

conducting polymers, [9] small organic molecules, [10] and quantum dots. [11-13] Compared with all 

the other optical limiting materials, 2D materials have received the most attention due to their 

special structure. [14, 15] Since the discovery of single layer graphene in 2004, the optical limiting 

properties of graphene and graphene-like 2D materials have been studied comprehensively. [16-21] 

Significant progress has been made in the development of graphene-like 2D optical limiting 

materials, such as transition metal dichalcogenides (TMDs, e.g., MoS2, 
[19] WS2, 

[20]) and black 

phosphorous (BP) [21]. To further compare the reported 2D optical limiting materials, we find the 

zero bandgap and weak electronic on/off ratio of graphene limits their use in nonlinear optical 

applications. [22] The bandgap of 2D TMDs is ranging from 1 to 2.5 eV and the relatively wide 
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bandgap is not applicable in near-infrared nonlinear optical device [23, 24]. Black phosphorous 

(BP), possessing a thickness-dependent direct band-gap (0.3-1.5 eV), show promising nonlinear 

optical properties in both visible and near-infrared region. [25,26] Regrettably, BP is unstable in air 

and prone to degradation in the atmosphere. [27, 28] What’s more, the process of synthesizing 

single atomic layer BP is complicated. So stable and easily prepared 2D material with wide 

band-gap similar to black phosphorus is needed. 

Fortunately, antimonene (AM) has been recently explored as an interesting 2D layered 

material similar to BP. [29, 30] The stable few-layer AM can be isolated from the typical semimetal 

bulk Sb. Theoretical calculations point out that the monolayer AM possesses a bandgap of 1.2-

1.3 eV and extraordinary physical properties, such as high carrier mobility and thermal 

conductivity. [31-33] Up to date, Zhang et al. [34, 35] investigated nonlinear optical response of few-

layer AM and AM quantum dots (QDs) at the visible wavelength, and it is shown that AM 

possesses a giant nonlinear refractive index of ≈10-5 cm2 W-1. Simultaneously, Zhang et al. [36] 

studied the saturable absorption properties of few-layer AM. To extend its nonlinear optical 

properties, the optical limiting properties of the AM are needed to be investigated. 

In this work, we prepared high-quality and stable AMQDs with an average size of 2 nm by 

sonication-assisted exfoliation of Sb powder in 1-ethyl-3-methylimidazolium trifluoroacetate 

([EMIM]CF3COO) according to the previous method. Then we investigated optical limiting 

properties of the prepared AMQDs dispersed in water and N, N-dimethylformamide (DMF) via 

open aperture Z-scan technique. The results indicate the prepared AMQDs exhibited superior 

optical limiting properties at 532 nm and 1064 nm excitation in the nanosecond laser pulse 

regime, facilitating the use of AMQDs in future photoelectric devices. 
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2 Experimental section 

2.1 Preparation of Antimonene Quantum Dots (AMQDs) 

AMQDs were prepared according to our previous work method. Briefly, Antimony (Sb) 

shots (99.999%) were purchased from Aladdin. 1-ethyl-3-methylimidazolium trifluoroacetate 

([EMIM]CF3COO) (≥99%) was purchased from Lanzhou Greenchem ILs, LICP, CAS, China 

(Lanzhou, China). Appropriate amount of Sb powder was put into a 20 mL vial with 10 mL of 

[EMIM]CF3COO, and continuously sonicated for 10 h in ice bath at 500 W delivering the 

ultrasound power in pulses 1 s long every 2 s (GUIGO-92-IIDN ultrasonic processor equipped 

with a 6 mm sonotrode, China). The resulting dispersion was centrifuged and washed. 

2.2 Characterizations 

Transmission electron microscopy (TEM, JEM-2100F, JEOL, Japan) and atomic-force 

microscopy (AFM, SPA-300HV, Japan) were applied to characterize the morphology of the 

AMQSs. X-ray diffraction (XRD, D8 Discover, Germany) were used to analyze the crystal 

structure of AMQSs. Raman spectra were recorded using a Renishaw in via Raman Microscope 

System with an excitation wavelength of 514 nm. UV/vis absorption spectra were obtained using 

UV/vis spectrophotometer (HITACHI U-3900). 

2.3 Z-scan setup. 

The nonlinear optical response of AMQSs is further investigated at 532 nm and 1064 nm via 

open aperture Z-scan technique according to the previous work. [13] Briefly, 4 ns (FWHM), 532 

nm and 1064 nm laser pulses with a repetition rate of 10 Hz from a Q-switched Nd:YAG laser 

(Continuum, Model Surelite SL-I-10) were used as the light source. Two corresponding 

pyroelectric detectors (Laser Probe, RJ-735; with RJ7620 dual channel power meter) were used 
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to measure changes in laser transmission. The samples were placed in quartz cells with a 

thickness of 2 mm.  

3 Results and discussion 

 

Fig. 1 Structural characteristics of AMQDs: (a) TEM and (d) HRTEM images of the AMQDs. (b) Statistical 

histogram of diameter distribution of 280 samples corresponding to (a). (d) Wide-angle XRD patterns of the 

AMQDs. 

AMQDs were prepared via ion-intercalation and sonication-assisted exfoliation of Sb powder 

in [EMIM]CF3COO. After a complete exfoliation, AMQDs were characterized by Transmission 

electron microscopy (TEM).  As shown in Figure 1a, the AMQDs possess uniform size and good 

dispersibility, which suggest that high-quality AMQDs has been obtained in this way. As shown 

in Figure 1b, over 280 samples were measured to get the diameter distribution of AMQSs and 

the result indicates that the average size of the product is ~2 nm. Figure 1c exhibits the high-

resolution TEM (HRTEM) of a single AMQD and the lattice distance is ~0.195 nm, which can 
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be corresponded to (015) lattice plane. Furthermore, the crystal structure of AMQDs was further 

confirmed by X-ray diffraction (XRD) spectrum. As shown in Figure 1d, the diffraction patterns 

of AMQDs can be assigned to (003), (012), (110), (015) and (202) lattice planes of hexagonal Sb 

(JCPDS NO. 350732). But the peaks of AMQDs are dramatically weakened compared to bulk Sb, 

since the graphene-like nanosheets lack long-range atomic order in the third dimension. [37]  

 

Fig. 2 Morphological characterizations of AMQDs: (a) AFM image of the AMQDs. (b) Height analysis of typical 

samples. (c) Statistical histogram of the thicknesses distribution of 30 samples corresponding to (a). (d) Raman 

spectra of the as-prepared AMQDs and its bulk counterpart. 

The height of the sample was characterized by atomic force microscopy (AFM). Figure 2a is 

the AFM image of AMQDs, height and thickness analysis of more than 30 selected AMQD 

samples is shown in Figure 2b and Figure 2c. The result show that the average thickness of 

AMQDs is 0.7 nm, and more than 54% of the AMQDs have thicknesses in the range of 0.4~0.6 

nm, i.e. around monolayer. [29] In order to further investigate the structure and quality of AMQDs, 

Raman spectroscopy was carried out and Figure 2d presents the Raman spectra of bulk Sb and  

http://dict.youdao.com/w/lattice%20plane/#keyfrom=E2Ctranslation
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Fig. 3 Characterizations of AMQDs of linear spectral absorption: (a) Photographs of the AMQSs dispersed in water 

and DMF. (b) UV-vis absorption spectra of AMQSs dispersed in water and DMF. 

AMQDs excited by the 514 nm laser. All the samples show two modes of resonance peaks, A1g 

mode peak and Eg mode peak. Bulk Sb crystal owns A1g mode peak at 139.8 cm-1 and Eg mode 

peak at 105.1 cm-1 originating from the microcrystalline. After exfoliation, the AMQDs show 

different A1g mode peak at 147.2 cm-1 and Eg mode peak at 112.5 cm-1, indicating the successful 

preparation of antimonene. Figure 3a is the photograph of our prepared AMQDs dispersed in 

water and DMF, which shows that the products have excellent dispersion in these two solvents. 

Figure 3b is the ultraviolet-visible (UV-vis) absorption spectra for AMQDs respectively, 

showing broadband absorption of AMQDs.  

In order to investigate the nonlinear optical absorption of AMQDs, a typical open aperture Z-

scan measurement was carried out via the method of the reported literature. [13, 37] Briefly, open 

aperture (OA) Z-scan experiments were performed at 532 and 1064 nm. The linear 

transmittances of all the samples were adjusted to be T = 75% at 532 nm and 85% at 1064 nm 

with pulse width of 4 ns (FWHM). The input laser pulse energy was 4.3 µJ, 15 µJ and 42 µJ at 

532 nm and 44 µJ, 150 µJ and 220 µJ at 1064 nm, respectively. In this measurement, normalized 

transmittance of 1.0 indicates that the material plays no nonlinear absorption behavior. When the 
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normalized transmittance above 1.0, the sample exhibits saturable absorption. In contrast, the 

sample exhibits reverse saturable absorption.  

 

Fig. 4 The open-aperture Z-scan measurements of the as prepared AMQDs dispersed in water: Open-aperture Z-

scan curves of AMQDs dispersions and a linear transmittance of 75% at 532 nm (a) and a linear transmittance of 85% 

at 1064 nm (c). (b) and (d) The plots of transmittance versus input fluence corresponding to (a) and (c), respectively. 

Figure 4a shows the open aperture Z-scan data of AMQDs dispersed in water with different 

input laser energy at 532 nm. The results show that the sample exhibits weak nonlinear optical 

absorption at low input laser pulse (4.3 µJ). But when the input laser pulse was 15 µJ, the 

AMQDs exhibits stronger optical limiting properties. Along with the increase of incident pulse 

energy (42 µJ), the transmittance is significantly reduced, indicating the stronger optical limiting 

performance. Similarly, when the input laser pulse energy was more than 220µJ, the AMQDs 

also present good optical limiting effects at 1064 nm. In addition, a plot of normalized 

transmittance versus input influence is presented in Fig. 4b and Fig. 4d for AMQDs with input 

laser pulse energy of 42 µJ at 532 nm and 220µJ at 1064 nm. The optical limiting onset fluence 

(Fon), defined as fluence where transmittance starts to fall to 95% of its original value can be 
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extracted, [5] is about 0.48 J cm-2 at 532 nm and 1.04 J cm-2 at 1064 nm. Furthermore, we also 

studied the nonlinear optical absorption of AMQDs dispersed in DMF. As shown in Figure 5a 

and 5c, the AMQDs show strong optical limiting performance both at 532 nm and 1064 nm as 

the input laser energy increases. The Fon values is about 0.11 J cm-2 with input laser pulse energy 

of 42 µJ at 532 nm (Figure 5b) and 1.13 J cm-2 with input laser pulse energy of 220µJ at 1064 

nm (Figure 5d). In our study, the mechanism of the optical limiting properties of the AMQDs 

system is expected to be a result of the combination of nonlinear scattering [8, 38] and free carrier 

absorption. [39, 40] This clearly indicates the such strong optical limiting performance of AMQDs 

in different media implies their potential for developing broadband optical limiting devices. 

 

Fig. 5 The open-aperture Z-scan measurements of the as prepared AMQDs dispersed in DMF: Open-aperture Z-scan 

curves of AMQDs dispersions and a linear transmittance of 75% at 532 nm (a) and a linear transmittance of 85% at 

1064 nm (c). (b) and (d) The plots of transmittance versus input fluence corresponding to (a) and (c), respectively. 
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4 Conclusion 

In summary, we have synthesized high-quality AMQDs through sonication-assisted 

exfoliation of Sb powder. Additionally, we thoroughly investigated the nonlinear optical 

properties of AMQDs via open aperture Z-scan technique and found that the prepared AMQDs 

exhibit broadband optical limiting response from visible to near-infrared wavelengths. The 

mechanism of such optical limiting performance is expected to arise from a combination of free 

carrier absorption and nonlinear scattering. This property makes the new antimonene a good 

candidate for use in broadband nonlinear optical and optoelectronic devices. 
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