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ABSTRACT On-surface isolation of few-layer antimonene by micromechanical exfoliation leads 

to nano-flakes with a variety of thicknesses. Whereas Raman spectroscopy fails to provide 

information, the optical properties of the antimonene thin flakes allow a simple and quite 

accurate identification of the different thicknesses based on the optical contrast. We measure the 
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optical contrast of flakes using different illumination wavelengths in the visible spectrum, and 

their thickness using atomic force microscopy. The optical contrast is then quantitatively 

accounted for by a Fresnel-law-based model yielding the refractive index and absorption 

coefficient of these thin crystals in the visible spectrum. Hence, the optical microscopy data can 

be quantitatively analyzed to determine the thickness of the flakes in a fast and nondestructive 

way useful for future nanodevices fabrication. 

 

The experimental isolation of graphene, just a single atomic layer of graphite, by 

micromechanical exfoliation1 triggered the rising of a whole new family of 2D materials.2,3 

Among the last isolated are phosphorene4,5 and antimonene,6-9 a single atomic layer of 

phosphorus and antimony, respectively. Both share a similar band gap of ~ 1 eV (for the 

antimonene case only predicted). Antimonene shows, in comparison with black phosphorus, 

outstanding stability under ambient conditions.6-9 Theoretical calculations predict different 

interesting properties for this material: an electronic structure with a bandgap in the ultrafast 

optoelectronics applications range,6,10,11 high carrier mobilities,12,13,14 topological behavior15,16 

and optical properties17,18 that would make  antimonene suitable for numerous optoelectronics 

applications, ranging from solar cell and light-emitting devices to touch screens and photo-

detectors,17-21 but without the above mentioned instability of isolated layers of black phosphorus, 

which are highly hygroscopic (they tend to take up moisture from air) degrading in a few hours 

of exposition, which limits their application.22,23 

Recent studies have shown both experimentally and theoretically that insights into the optical 

properties of few-layer antimonene based on Raman spectroscopy are hampered.6,7 Tsai et al. 

synthesized multilayer antimonene on an InSb substrate by a plasma-assisted approach and 
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studied its photoluminiscence response, finding a peak that emerged at ~ 610 nm.24 According to 

the authors, the as-synthesized multilayer antimonene was defective and non-continuous like a 

pile of multilayer nanoribbons uniformly distributed on the substrate, and they attributed this 

peak to a turbostratically-stacked nanoribbon structure and a quantum confinement effect. 

In this work, we perform a combined characterization by atomic force microscopy (AFM) and 

quantitative optical microscopy of micromechanical exfoliated few-layer β antimonene (FL-Sb) 

crystals, as experimentally identified in ref. 6 (Figure 1 shows relevant views of the β-Sb phase 

atomic lattices).  

 

Figure 1. Relevant views of the β antimony atomic lattice. (a) 3D representation. (b) Top view. 

 

We study the optical contrast dependence on the FL-Sb flakes as a function of their thickness 

and the illumination wavelength. From these measurements and using a simple model based on 

the Fresnel law, we obtain their refractive index and absorption coefficient in the visible 

spectrum (wavelengths ranging from 450 to 650 nm). The obtained values are in good agreement 

with theoretical calculations,17,18 pointing towards antimonene as a suitable material for 

optoelectronic and photonic devices. Since Raman spectroscopy cannot be used for the 

identification of antimonene thin flakes, we have studied the optical contrast dependence with 

the flake thickness providing a simple, quick and quantitative procedure to identify the number 

of layers of antimonene using optical microscopy. 
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EXPERIMENTAL 
Sample preparation. Bulk commercially available crystalline antimony material (99.9999 %, 

Smart Elements) was used. We followed a double step transfer strategy4 to prepare FL-Sb flakes, 

as explained in ref. 6. The procedure starts by mechanical exfoliation of a macroscopic freshly 

cleaved crystal of antimony by repetitive pealing using adhesive tape and a first transfer of 

antimony sheets from the adhesive tape to a thin layer of viscoelastic polymer (Gelfilm from 

Gelpak). A second transfer is then performed by pressing the polymer against a SiO2/Si substrate 

(300 nm oxide silicon grown thermally on a Si (111) crystal). This double step strategy allowed 

cleaner flakes deposition (since the tape is not pressed against the substrate there is less 

adhesive) and a higher yield of larger flakes on the silicon oxide substrate. 

Optical microscopy. The quantitative measurements of the optical contrast of FL-Sb flakes 

were carried out with a Nikon Eclipse LV100 optical microscope using non-polarized 

illumination under normal incidence with a 50× objective (numerical aperture NA = 0.55). The 

illumination wavelength was selected by means of eight narrow band-pass filters (10 nm full 

width at half maximum FWHM) with central wavelengths 450, 500, 520, 546, 568, 600, 632 and 

650 nm purchased from Edmund Optics. 

Atomic force microscopy. AFM measurements were carried out in contact mode under 

ambient conditions using a Cervantes Full-mode AFM from Nanotec Electronica SL. WSxM 

software (www.wsxmsolutions.com) was employed for both data acquisition and image 

processing.25,26 Contact mode AFM has been chosen to avoid possible artifacts in the flake 

thickness measurements.27 OMCL-RC800PSA cantilevers (probe.olympus-global.com) with a 
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nominal spring constant of 0.39 Nm–1 and tip radius of 15 nm were employed. Low forces of ~ 1 

nN were used for imaging to ensure that the flakes suffer no damage by the tip. 

 

RESULTS AND DISCUSSION 
Figure 2 shows optical and AFM characterization of FL-Sb flakes deposited onto a 300 nm 

SiO2/Si substrate (Experimental Section for details). Optical microscopy enables quick 

identification of the flakes and their lateral size. 

 

Figure 2. Optical and AFM characterization of FL-Sb flakes. (a) and (c) Optical microscopy 

images under white illumination of different FL-Sb flakes on a 300 nm SiO2/Si surface. (b) and 

(d) are AFM topography images of the areas inside the dashed squares in (a) and (c) respectively. 

Inset profiles are taken along the dashed lines in the images. 
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In addition, it is possible to obtain an initial rough estimation of the thickness of the flakes due 

to a light interference effect, usually referred to as interference color.28 AFM allows for a more 

accurate measurement of the thickness of the flakes. Different flakes with heights from tens of 

nm down to 2-3 nm (corresponding to ~ 4-7 layers) can be optically identified. AFM revealed 

smaller crystals down to the single- and bi- layer cases in the surroundings of the larger ones6 but 

they were not large enough to be optically identified. 

To study the optical contrast of these FL-Sb flakes an approach based on the Fresnel law 

similar to the one developed by Blake et al.29 has been used. This method has been widely 

employed to study the optical contrast of different 2D crystals such as graphene,29-31 transition 

metal dichalcogenides,32-34 mica35 or hexagonal boron nitride.36 

We have quantitatively studied the optical contrast (C), which depends on the flake thickness 

(d) and the illumination wavelength (λ): 

𝐶𝐶(𝑑𝑑, 𝜆𝜆) =  𝐼𝐼𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓−𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑓𝑓𝑠𝑠𝑓𝑓
𝐼𝐼𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓+𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑓𝑓𝑠𝑠𝑓𝑓

             (1) 

where Iflake and Isubstrate are the reflected light intensities from the flake and the SiO2 substrate, 

respectively. The reflected intensity for normal incidence of monochromatic light can be written 

as:29 

𝐼𝐼𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑑𝑑, 𝜆𝜆) = �
𝑟𝑟01𝑒𝑒𝑖𝑖(Φ1+Φ2) + 𝑟𝑟12𝑒𝑒−𝑖𝑖(Φ1−Φ2) + 𝑟𝑟23𝑒𝑒−𝑖𝑖(Φ1+Φ2) + 𝑟𝑟01𝑟𝑟12𝑟𝑟23𝑒𝑒𝑖𝑖(Φ1−Φ2)

𝑒𝑒𝑖𝑖(Φ1+Φ2) + 𝑟𝑟01𝑟𝑟12𝑒𝑒−𝑖𝑖(Φ1−Φ2) + 𝑟𝑟01𝑟𝑟23𝑒𝑒−𝑖𝑖(Φ1+Φ2) + 𝑟𝑟12𝑟𝑟23𝑒𝑒𝑖𝑖(Φ1−Φ2)�
2

 

𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑓𝑓𝑠𝑠𝑓𝑓(𝑑𝑑, 𝜆𝜆) = � 𝑠𝑠02+𝑠𝑠23𝑓𝑓
−2𝑖𝑖Φ2

1+𝑠𝑠02𝑠𝑠23𝑓𝑓−2𝑖𝑖Φ2
�
2
             (2) 

 

where the subindexes 0, 1, 2, and 3 refer to the media: air, FL-Sb flake, SiO2, and Si, 

respectively. Fig. S1 in the Supporting Information shows a schematic diagram of the 

experimental setup. ñj (λ) = nj – iκj is the complex refractive index of the medium j, Φj = 2πñjdj/λ 



 7 

is the phase shift introduced by the medium j, with dj the thickness of this medium j, and rjk = (ñj 

– ñk)/(ñj + ñk) the amplitude of the reflected path in the interface between the media j and k. 

Isubstrate is obtained by considering that medium 1 is air instead of a flake. The SiO2 layer of 

thickness d2 is optically characterized by a wavelength-dependent refractive index n2 (λ) with no 

imaginary part,37 ranging from 1.465 at 450 nm to 1.456 at 650 nm. As the thickness of the Si 

layer is several orders of magnitude larger than SiO2 layer, it can be considered as a semi-infinite 

film. It is optically characterized by a wavelength-dependent refractive index ñ3 (λ),37 ranging 

from 4.682 – 0.1491i at 450 nm to 3.847-0.016i at 650 nm. For a given wavelength we have two 

unknown variables n1 and κ1 and a number of equations that is the number of measured 

thicknesses. The solution of this system is, therefore, overdetermined and we use least-squares 

fitting to find out ñ1 (λ). Since least-squares fitting can sometimes lead to different solutions with 

similar convergence criteria (this is a well-known problem in fitting methods), in these cases we 

have chosen the solutions that best match the contrast observed in the optical images. 

More in detail, we have analyzed the optical contrast of 10 antimony flakes with thicknesses 

ranging from d1 = 2 up to d1 = 100 nm (~ 4 to 270 layers), under a well-defined illumination 

wavelength using narrowband optical filters spanning the visible spectrum (Experimental Section 

for details). Figure 3 shows optical microscopy images of several flakes under white illumination 

(Figure 3(a)) and under selected wavelengths (Figure 3(b)-(e)). 



 8 

 

Figure 3. Different optical images acquired by using white light (a) and by using narrow 

bandwidth filters ((b)-(e), 500, 546, 600 and 632 nm respectively). 

The measured optical contrast versus thickness for the four wavelengths in Figure 3 is shown 

in Figure 4. Optical contrast accurately follows eqs (1) and (2). Solid lines correspond to fits to 

the Fresnel law choosing the few-layer antimonene complex refractive index values that best fit 

(within the criterion above mentioned) the experimental data for each wavelength. 

λ = 500 nm λ = 546 nm

λ = 600 nm λ = 632 nmWhite light
10 µm
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Figure 4. Measured optical contrast (small dot symbols) of few-layer antimonene flakes onto a 

300 nm SiO2 substrate versus their thickness from AFM measurements at different illumination 

wavelengths λ (nm): 500 (a), 546 (b), 600 (c), and 632 (d). Solid lines and shaded areas are the 

contrast and its uncertainty obtained from the fit to the Fresnel law. Note that (b), (c), and (d) 

have been vertically displaced for the sake of clarity by 1, 2, and 3 units, respectively. 

 

The complex refractive index for FL-Sb obtained from similar fits as in Figure 4 at different 

illumination wavelengths is shown in Figure 5. Figure 5(a) shows both real (n, refractive index) 

and imaginary (κ, extinction coefficient) parts of the FL-Sb complex refractive index in the 

visible spectrum. Figure 5(b) shows the absorption coefficient, which is obtained from the 

extinction coefficient using the relation α = 4πκ/λ38 and it is usually expressed in cm-1. The 
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absorption coefficient describes the decay of light intensity which traverses through the unit 

distance in a medium. 

 

Figure 5. (a) Determined refractive index (blue open circles, left axis) and extinction coefficient 

(red filled circles, right axis) for FL-Sb as a function of the incident wavelength. (b) Determined 

absorption coefficient (black filled squares) for FL-Sb as a function of the incident wavelength. 

In both (a) and (b) the shaded areas represent the uncertainty of the data. 

 

Our results for the complex refractive index and absorption coefficient as a function of the 

wavelength are in good agreement with previous theoretical calculations of these magnitudes for 

single layer antimonene performed over broader spectrum ranges17,18: the refractive index, n, in 

the visible range is around 1.5 and the extinction coefficient, κ, around 1.2. Both magnitudes 

450 500 550 600 650
0.5

1.0

1.5

2.0

2.5

0.5

1.0

1.5

2.0

2.5

 κn

λ (nm)

450 500 550 600 650
1x105

2x105

3x105

4x105

5x105

α 
(c

m
-1
)

λ (nm)

(a)

(b)



 11 

calculated for single layer antimonene17,18 show similar dispersion relations despite lower values 

for the extinction coefficient. It is interesting to notice the behavior of the absorption coefficient, 

α, showing an increase from the IR to the UV zone, starting more markedly from a resonance at 

λ ~ 580 nm. This tendency of the absorption process is predicted by the theoretical calculations, 

starting in the IR part of the spectrum and peaking in the UV part. To gain further insight into the 

physical origin of the observed behavior, a simple analytical model can be applied to describe the 

dispersion relation of the obtained complex refractive index. We have used the two-pole 

Sellmeier equation,39 resulting in an absorption resonance around 580-600 nm (in good 

agreement with that observed in the absorption coefficient, α), that points to the presence of a 

gap of electronic absorption around these values (Supporting Information for details). 

In order to determine optimal conditions for the optical identification of ultrathin antimonene 

layers we have plotted the calculated contrast as a function of incident light wavelength and SiO2 

thickness (Figure 6). We define as optimal conditions for the optical identification the 

combination of wavelength and thickness that maximizes the absolute values of the layer 

contrast. To this end, we have used the obtained complex refractive index of FL-Sb to calculate 

the optical contrast of antimonene flakes, considering a thickness of 3.73 Å for the monolayer.6 

Albeit quantum confinement and/or excitonic effects can affect the optical properties, the use of 

the here reported complex refractive index can help to find the optimal conditions to visualize 

single and bilayer antimonene crystals. This has been reported in the literature with other 

monolayer materials, where the refractive index of the bulk has been successfully applied to 

study the optical properties of ultrathin crystals, including materials presenting band gap 

dependence with the number of layers.29,32,40 
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Figure 6. Optical contrast as a function of incident light wavelength and SiO2 layer thickness for 

antimonene. 

 

Figure 6 shows two characteristic negative contrast bands centered at thicknesses of 80 and 

230 nm (at 450 nm wavelength) that shift towards higher thicknesses with increasing 

wavelength. In particular, the highest contrasts are found for thicknesses around 80 and 220-250 

nm at wavelengths below 550 nm. For the case of the two most commonly used substrates, 90 

and 300 nm of SiO2 thickness, whereas the wavelengths for the 90 nm substrates are very similar 

as for the optimal 80 nm case, for the 300 nm thickness (the thickness used in the present study) 

the optimal wavelength is ~ 580 nm. This wavelength is, indeed, close to the one which the 

human eye has maximum sensitivity, ~ 562 nm,41 which might help to detect the lower terraces 

when using this oxide thickness substrates. In this case, the use of light illumination at this 

wavelength will ease the optical identification of ultrathin antimonene layers (Fig. S3a,c in the 
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Supporting Information). A similar contrast plot has been obtained estimating theoretical (n, k) 

values for monolayer antimonene in the visible region from ref. 17 (Fig. S3b). Despite a decrease 

in the contrast magnitude, the observed trend is similar, presenting the same two characteristic 

negative contrast bands as in Figure 6, leading to similar optimal conditions. 

 

CONCLUSIONS 
We have studied the dependence of the optical contrast with the flake thickness and the 

illumination wavelength of few-layer antimonene flakes on SiO2/Si substrates produced by 

mechanical exfoliation of bulk antimony crystals. From the contrast versus thickness 

measurements and applying a Fresnel-law based model we have determined the refractive index 

and the absorption coefficient in the visible spectrum of these ultrathin antimonene flakes. The 

obtained values are in good agreement with theoretical calculations, pointing towards 

antimonene as a suitable material for optoelectronic and photonic applications. Since Raman 

spectroscopy fails to provide information on few-layer antimonene, we have demonstrated that 

optical microscopy can be used as a simple tool to identify ultrathin antimonene crystals and to 

distinguish them from thicker flakes. We have investigated the optimal combination of 

wavelength and SiO2 thickness to better identify mono- or few-layer antimonene crystals when 

deposited in commonly used SiO2/Si substrates. Thus, optical microscopy is a suitable technique 

to identify and determine the thickness of antimony flakes in a fast and non-destructive way. 

This work can be considered as a starting point towards deeper experimental studies of the 

optical properties of few-layer antimonene and will ease the integration of ultrathin antimonene 

crystals on future nanodevices. 
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