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ABSTRACT 

Dielectric optical nanoantennas are promising as fundamental building blocks in next 

generation color displays, metasurface holograms, and wavefront shaping in optical devices. Due 

to the high refractive index of the nanoantenna material, they support geometry-dependent Mie 

resonances in the visible spectrum. Although phase change materials, such as the germanium-

antimony-tellurium alloys and post-transition metal oxides, such as ITO, have been used to tune 

optical antennas in the near-infrared spectrum, reversibly tuning the response of dielectric antennas 

in the visible spectrum remains challenging. In this paper, we designed and experimentally 

demonstrated dielectric nanodisc arrays exhibiting reversible tunability of Mie resonances in the 

visible spectrum. We achieved tunability by exploiting phase transitions in Sb2S3 nanodiscs. Mie 

resonances within the nanodisc give rise to structural colors in reflection mode. Crystallization and 

laser induced amorphization of these Sb2S3 resonators allow the colors to be switched back and 

forth. These tunable Sb2S3 nanoantenna arrays could enable the next generation of high-resolution 

color displays, holographic displays, and miniature LiDAR systems.  

 

KEYWORDS: tunable nanophotonics, dielectric nanoantenna, phase change materials, Mie 

resonance, structural color 
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Introduction 

Dielectric optical nanoantennas behave as resonators at optical frequencies by supporting 

both electric and magnetic dipoles, in addition to higher order modes.1-3 Directional scattering 

arises when these dipoles interact constructively or destructively, i.e. fulfilling the first and second 

Kerker’s conditions respectively.4, 5 Dielectric nanoantennas have been used to demonstrate 

holograms,6-8 color microprints,3, 9-11 miniaturized lasers,12, 13 localized field enhancement,14 

hybrid metal-dielectric antenna,15 high-quality factor resonators,16, 17 and optical beam steering.18, 

19 However, the operating wavelengths in these demonstrations are fixed after fabrication because 

the optical constants of the chosen high refractive index materials, such as Si, TiO2 and GaP,20 

cannot be tuned.  

Broadly, there are two different ways to dynamically control Mie resonances of dielectric 

nanoantennas. The refractive index of the local environment surrounding the resonators can be 

altered, for example using liquid crystals (LCs).21, 22 Indeed, Si dielectric nanoantennas with a 

bandgap of 1.1 eV can be embedded in a LC and when the LCs phase is switched from nematic to 

isotopic, Mie resonances can be switched over a narrow band around 1550 nm (i.e., 0.8 eV).21, 22 

However, the switched LC state is volatile and requires a constant energy supply to keep its state. 

Another approach to tune Mie resonators is to fabricate the actual resonator from materials with 

tunable optical properties, such as vanadium dioxide (VO2). The VO2 metal-insulator transition 

has been used to demonstrate electrically-tuned beam steering of radio frequency (RF) 

electromagnetic waves at ~100 GHz.23 However, these approaches are limited to the infrared or 

RF spectrum where the material absorption is minimal. Thus far there have been no practical 

demonstrations of reversibly tunable Mie resonances within nanodiscs in the visible spectrum.  
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Patterning the dielectric nanoantennas directly out of chalcogenide phase change materials 

(PCMs) can provide non-volatile and energy-efficient devices with a tunable optical response.24-27 

The non-volatility of chalcogenide PCMs originates from the optical constants being highly 

sensitive to different atomic bonding configurations.27-29 Among all the PCMs, Ge2Sb2Te5 

(GST)24, 30, 31 and its variants32 are most commonly used in programmable photonics because of 

the success of Ge2Sb2Te5  in phase change optical memory and data storage.33 However, these data 

storage PCMs possess small bandgaps of ~0.5 eV34 and consequently absorb visible light, reducing 

the quality-factor of the resonances. Therefore, tunable dielectric resonances in these materials are 

limited to the infrared spectrum.  

Recently, we proposed antimony trisulfide (Sb2S3) as a wide bandgap alternative PCM for 

phase change programmable photonics in the visible spectrum.35 Sb2S3 has a bandgap of 1.70 to 

2.05 eV, moving the absorptance band-edge to the visible spectrum at λ ≈ 600 nm. More 

importantly, the refractive index of Sb2S3 is high, and it can be tuned from 3 to 3.5 in the visible 

spectrum.35 To date, only Fabry-Perot-like tunable resonances have been achieved in multi-layer 

Sb2S3 thin film stacks.35-37 Gao et al recently showed that by carefully tuning the laser pulses used 

to switch Sb2S3, it can be cycled 7000 times,38 which is very promising for practical applications. 

We hypothesized, therefore, that these characteristics of low absorption, high refractive index, and 

refractive index tunability in the visible spectrum could make Sb2S3 ideal for non-volatile, high-

speed, and reversible tuning of Mie resonance-based devices. In this case, the tunability is achieved 

by tuning the resonator itself, instead of tuning the local environment or changing the shape/size 

of the resonator. However, we expect switching Sb2S3 nanostructures to be more challenging than 

thin films, as nanostructures are likely to be damaged when amorphized by lasers. Chalcogenide 

Mie resonator nano discs that can be used in reprogrammable visible photonics are typically an 
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order of magnitude thicker than the films used in the programmable thin film absorbers. Therefore, 

we need to develop methods to reversibly switch relatively thick Sb2S3 nanodiscs for beam 

steering, LIDAR, and holography applications to be practical.  

In this paper, we present the design, fabrication, and characterization of a tunable Sb2S3 

dielectric nanoantenna array with Mie resonances in the visible spectrum. In the amorphous state, 

the nanostructured Sb2S3 antennas exhibit strong reflected structural color. The Mie resonances 

and concomitant reflected colors can be reversibly switched by crystallization and laser-induced 

amorphization. These demonstrable manipulations of Mie resonances in the visible spectrum are 

one step toward high-resolution color displays,39 holographic displays40 and miniature LiDAR 

scanning systems.18, 19 

 

Results 

The high refractive index of Sb2S3 means that Sb2S3 nanodiscs with a 50 nm diameter 

resonate in the visible spectrum. Figure 1(a) shows the resonator array schematic. Sb2S3 

nanostructures were fabricated on top of a 200-nm-thick SiO2 on silicon substrate. A 20-nm-thick 

palladium (Pd) layer on top of the Sb2S3 nanodisc was used as an etch mask during fabrication. In 

developing the fabrication method for Sb2S3 nanostructures, we tested both the negative tone 

hydrogen silsesquioxane (HSQ) and positive tone polymethyl methacrylate (PMMA) resists. For 

the case of HSQ, the NaOH/NaCl salty developer also etches Sb2S3 within five seconds of the 

development process. Thus, we used PMMA resist instead, and investigated several different types 

of metallic hard masks, such as Cr, Ti, Au with a Ti adhesion layer and Pd. We found that Pd 

provides the best selectivity for etching Sb2S3 using inductively coupled plasma (ICP) with Cl2 gas 

chemistry (see details the Methods section). As the Q-factor of the nanoantennas drops 



 6

significantly in the presence of the substrate, a 70-nm-thick Si3N4 encapsulation was used as an 

anti-reflection coating for the exposed substrate and it effectively mimics a “free-space” 

environment.3 As a result, the Sb2S3 nanodiscs could achieve sharper resonances by satisfying 

Kerker's conditions, since the Si3N4 layer here suppresses reflectance elsewhere through the second 

order anti-reflection resonance (see the Fig. S1 for further details). Conveniently, the Si3N4 

encapsulation also prevents sulfur loss through evaporation during switching and therefore widens 

the window of laser pulse conditions that can be used to amorphize the nanodiscs. 

The atomic arrangements of Sb2S3 in the amorphous and crystalline states are shown 

schematically in Figure 1(c). The corresponding optical constants of Sb2S3 in both states are shown 

in Figure 1(d)-(e). The refractive index contrast between the amorphous and crystalline state, ∆𝑛, 

is ~0.5 in the visible and near-infrared spectrum. In contrast, the refractive index change of liquid 

crystals is usually less than 0.2.21, 22 Note, the refractive index of polycrystalline Sb2S3 is slightly 

different to that previously reported.35, 37 Unlike, Ge2Sb2Te5, Sb2S3 crystallizes with large 

birefringent grains, which means that the Sb2S3 refractive index here is an effective medium of the 

different polarization states. As the grain distribution depends on the crystallization process,41 

some variability is to be expected for different annealing conditions. For instance, the refractive 

index of crystalline Sb2S3 at λ = 900 nm was measured to be ~3.4, while the average refractive 

index of birefringent material reported in the reference paper37 was around 3.0. Figure 1(e) shows 

that amorphous Sb2S3 is essentially transparent for wavelengths longer than λ ≈ 600 nm. When 

Sb2S3 switches into the crystalline state, n increases, and its optical absorption edge red shifts to λ 

≈ 800 nm. That is, crystalline Sb2S3 is transparent for wavelengths longer than λ ≈ 800 nm. The 

ellipsometry measurement and fitting results for the Sb2S3 thin films in both amorphous and 

crystalline states can be found in the supporting information at Fig. S2. 
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Figure 1. Schematic of dielectric Sb2S3 antenna array and refractive index information. (a) 

Schematic design of the Sb2S3 nanodisc array on a Si substrate with 200-nm-thick SiO2 film and 
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encapsulated by a 70-nm-thick Si3N4 film. (b) The nanodisc array cross-section. The diameter of 

the nanoantenna and the gap between the nanoantennas are denoted as D and g respectively. (c) 

Crystal structure of Sb2S3 in the amorphous and crystalline states. (d) Refractive index n and (e) 

Extinction coefficient k of Sb2S3 for both amorphous and crystalline structural phases. 

 High resolution color prints that exploit Mie scattering from dielectric nanoparticles can 

be used in both transmission and reflection modes using either forward or backward scattering; 

that is by satisfying Kerker's first or second conditions. Here, the nanostructured Sb2S3 color 

palette exploits Kerker’s second condition, where the forward scattered light is suppressed. We 

designed the color resonators by performing three-dimensional full-wave simulations of resonator 

arrays using the finite-difference time-domain (FDTD) method to solve Maxwell’s equations. 

Sb2S3 nanodiscs with a diameter D of 190 nm and a gap size g of 90 nm show a large resonance 

shift between the amorphous and crystalline states, as shown in Figure 2(a)-(b). In the amorphous 

state, the simulated reflection spectra show a resonance dip at λ = 565 nm that red shifts to λ = 630 

nm after crystallization. And there is a resonance peak at λ = 600 nm in the amorphous state that 

shifts to λ = 690 nm in the crystalline state.  

 In order to shed light on the optical response of the structure, multipole decomposition was 

carried out on the Sb2S3 nanodiscs, where the detailed formulation of multipole decomposition is 

reported in the reference.3 The nanodisc scattering cross-section was decomposed into electric 

dipole (ED), magnetic dipole (MD), electric quadrupole (EQ), and magnetic quadrupole (MQ) 

modes as shown in Figure 2(c)-(d).3 In the amorphous state, the absorption dip at λ = 565 nm in 

Figure 2(a) is due to excitation of a strong ED. On the other hand, the strong reflection peak at λ 

= 600 nm is due to the second Kerker’s condition. At this point, the ED and MD have equal 

amplitudes and are almost π radians out of phase, so Kerker’s second condition is approximately 
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satisfied.3, 42 This is seen in Figure 2(c) and highlighted in Fig. S5. Note, that at λ = 600 nm, 

amorphous Sb2S3 has a low optical absorption because interband transitions are prohibited. 

However, upon crystallization the band gap of Sb2S3 decreases, which enables interband 

transitions at λ = 600 nm and consequently the absorption of 600 nm light becomes significant. 

Therefore, in the crystalline state, destructive interference occurs at longer wavelengths, below the 

crystalline bandgap, where absorption is lower. This causes a 100 nm change in the resonant 

wavelength. We also note that when the Sb2S3 nanodiscs switch from amorphous to crystalline, 

the simulated color switches due to a change interplay of electric and magnetic dipole resonances, 

which are shown Fig. S6. At this point, the simulations show that when the Sb2S3 nanodiscs are 

switched from amorphous to crystalline, a large color change is expected due a combined effect of 

a refractive index and optical absorption change, which effects the relative phase and amplitude of 

the electric and magnetic dipole resonances, and concomitantly alters the conditions necessary for 

backscattering. 

 The simulated spatial distribution of electric |E| and magnetic |H| fields at the resonant 

wavelength, λ = 600 nm in the amorphous state and λ = 690 nm in the crystalline state, are shown 

in Figure 2(e) and (f). In the amorphous state, the spectrum exhibits a sharp resonance, and both 

electric and magnetic fields are excited and highly confined in the dielectric nanoantenna. After 

crystallizing, the material switches into the more absorptive crystalline state and consequently the 

resonance broadens, and the corresponding electric field is weakly confined to the crystallized 

nanodisc. In addition, at shorter wavelengths, such as λ = 425 nm, the electric field is mostly 

located at the Si3N4 layer because crystalline Sb2S3 has a large optical absorption. The modal 

distributions at other resonance wavelengths for both amorphous and crystalline states can be 

found in supporting information Fig. S7 for more details. 
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 The Pd etch mask was left as part of the nanoantenna after etching because removing it 

could introduce undesired damage to the underlying Sb2S3. To study the effect of the Pd layer on 

the optical performance of the structures, we simulated the optical resonance of the Sb2S3 nanodisc 

without the 20 nm-thick Pd layer, as shown in Fig S8 in the supporting information. We see that 

the Pd cap suppresses the MD contribution and enhances the ED contribution to the scattering, due 

to its weak but non-negligible plasmonic response. 

 Another important point is the sharp dip in the simulated reflectance at λ = 565 nm, which 

corresponds to near perfect absorption in the amorphous state. The strong ED in Sb2S3 

nanostructures concentrates the light energy and absorbs it due to the non-zero k values. The 

absorbed power spectra and power field maps are shown in Fig. S9. Due to the low reflectance at 

this wavelength, the reflectance can change significantly when the material is switched between 

its amorphous to crystalline structural phases.  
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Figure 2. Finite-difference time-domain (FDTD) simulation of the nanostructured Sb2S3 

nanoantenna array with a diameter D of 190 nm and a gap size g of 90 nm. (a)-(b) Reflectance 

spectra, and (c)-(d) multipolar decomposition calculations of the scattering cross sections (SCS), 

, for the MD, ED, MQ, and EQ modes for the amorphous state crystalline state. Simulated electric 

and magnetic field distributions for (e) amorphous state at the wavelength of 600 nm and (f) 

crystalline state at the wavelength of 690 nm.  

 The fabricated Sb2S3 nanodiscs exhibit a wide tunable color gamut. Figure 3(a) shows the 

bright-field optical microscope images for a matrix of 15 µm ×15 µm pixels in the amorphous 

state. Note, each color pixel is composed of an array of same-sized Sb2S3 nanodisc Mie resonators, 

where the diameter, D, of the resonators increases from 50 nm to 280 nm, and the gap size, g, is 

increased from 20 nm to 200 nm. The SEM image of the smallest gap of 20 nm before depositing 

Si3N4 film is shown in Fig. S10 in the supporting information. As one would expect, the color of 

the array strongly depends on both the disc diameter and the gap. After crystallizing the nanodiscs 

at 300 C, the reflected color gamut substantially changes, as shown in Figure 3(b). One can see 

that for nanodiscs with D > 140 nm become blue and darker because the Sb2S3 nanodiscs in the 

amorphous state can support resonances in the wavelength band between λ = 600 nm and λ = 800 

nm. In contrast, crystallization causes higher optical absorption for wavelengths shorter than λ = 

800 nm and the resonance red-shifts into the near-infrared, see Figure 1(e), which in turn effects 

the reflected color. The spectral shift is clearly seen by comparing the amorphous and crystalline 

reflectance spectra. Indeed, Figures 3(c) and 3(d), show the effect of changing the nanodisc 

diameter on the reflectance spectra for the crystalline and amorphous states respectively.  

 We observe substantial changes in the reflectance spectrum for nanodiscs diameters larger 

than 100 nm. This is because smaller nanodiscs tend to resonate at shorter wavelengths, which 
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strongly absorb the incident light. The SEM images of the D =190 nm, g = 90 nm nanodisc arrays 

before and after depositing Si3N4 are shown in Figure 3(e) and (f), respectively. Note that the gap 

size in Figure 3(e) is less than 90 nm and the diameter of the nanodisc is larger than 190 nm due 

to the effect of the Si3N4 conformal coating on the nanodiscs’ side walls. The bright field optical 

microscope image of the Sb2S3 color palette and the SEM image of nanoantenna array before 

depositing Si3N4 is shown in the supporting information Fig. S11. 

 We studied the effect of the substrate material by fabricating Sb2S3 nanostructures on a pure 

glass substrate. Similarly, a 70-nm-thick Si3N4 film was also deposited on top of Sb2S3 

nanostructures for encapsulation to prevent the loss of sulfur during annealing and laser switching 

processes. The optical micrographs of Sb2S3 nanodiscs on the silica substrate for both amorphous 

and crystalline states are shown in the supporting information, Fig. S12. However, the glass 

substrate with 70-nm-thick Si3N4 encapsulation layer will introduce a strong background in the 

reflectance spectrum, which consequently reduces the color saturation. The reflection spectra of 

Sb2S3 nanodiscs with D=190 nm, and gap=90 nm on a glass substrate with 70-nm-thick Si3N4 

encapsulation layer are shown in the supporting information, Fig. S13. 
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Figure 3. Reflected color of the nanostructured Sb2S3 nanoantenna in amorphous and 

crystalline states. Bright field optical microscope images of the nanostructured color palette when 

Sb2S3 nanostructures are in the (a) amorphous state and (b) after annealing at 300 C for one hour 

under argon atmosphere. Here, the dash square line highlights the Sb2S3 nanoantenna array with a 
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diameter D of 190 nm and a gap size g of 90 nm. (c)-(d) Reflection spectra for nanoantenna with 

gap size g of 90 nm, diameter D being changed from 70 nm to 280 nm for amorphous and 

crystalline states respectively. (e)-(f) Scanning electron micrograph (SEM) images of Sb2S3 

nanoantenna array with a gap of 90 nm and diameter of 190 nm before and after depositing Si3N4. 

(g) Direct comparison of the reflection spectra for nanoantenna in the amorphous state and 

crystalline state. (h) Corresponding International Commission on Illumination (CIE) 1931 

chromaticity diagram for nanoantenna in the amorphous state and after annealing. (i) Measured 

Raman spectra from samples in the amorphous and crystalline states showing the sharper peaks at 

156 cm-1, 184 cm-1, 238 cm-1, 284 cm-1 and 309 cm-1 for the crystalline Sb2S3 in the orthorhombic 

phase.  

 The phase change material tuned spectral shifts are also seen in the bright field microscopy 

images, which are shown in Figure 3(a) and 3(b) as an obvious color change. Again, we generally 

see that the color contrast is clearer for nanodiscs with diameters greater than 100 nm. Indeed, the 

190 nm disc clearly switches from pink to blue, so we select this particular nanodisc array to study 

in more detail. Figure 3(g) compares its measured reflection spectra in the amorphous and 

crystallized states. We see that the resonant dip wavelength shifts from λ = 532 nm in the 

amorphous state to λ = 659 nm in the crystalline state. We have indicated this color change on the 

International Commission on Illumination (CIE) 1931 chromaticity diagram in Figure 3(h). To 

demonstrate that this color change is due to Sb2S3 crystallizing, Raman spectra are provided in 

Figure 3(i). In the amorphous state, there are two characteristically broad Stokes shifts at 100 cm-1 

and 290 cm-1. In contrast, crystallization causes several individual and sharper peaks at 156 cm-1, 

184 cm-1, 238 cm-1, 284 cm-1 and 309 cm-1, hence confirming that the color change is caused by a 

change in the near and mid-range local atomic structure order. We also measured micro X-ray 
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diffraction (XRD) from an area of a 600 µm × 600 µm the nanodisc structure before and after 

heating to 300 oC. The XRD patterns shows that the Sb2S3 nanoantenna arrays are initially in an 

amorphous state and annealing causes crystallization into a structure that is readily indexed by the 

characteristic Sb2S3 diffraction lines. The indexed patterns are provided in Fig. S14 in the 

supporting information. The simulated Sb2S3 color palette and reflection spectra of Sb2S3 

nanoantenna arrays for both amorphous and crystalline states are provided in the supporting 

information, Fig. S6. Note that the scattering efficiency of Sb2S3 nanoantenna arrays (Fig. S15) 

and individual Sb2S3 nanodiscs (Fig. S16) exhibit a similar red-shifting resonance to that when the 

disk diameter D increases. This trend is important because we can select the disk diameters 

required to resonantly absorb light in either the crystalline or amorphous phase. 

  

 

Figure 4. Characterization results of the tunable Sb2S3 dielectric nanodisc array. (a) SEM 

images for Sb2S3 nanodiscs with a diameter D of 190 nm and a gap size g of 90 nm in the 
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amorphous state, after annealing and after laser amorphization. The corresponding optical 

micrographs are shown in the insets. (b) Raman spectra and (c) Reflection spectra for Sb2S3 

nanodisc arrays in the amorphous state, after annealing and after laser amorphization. (d) Thermal 

simulation for Sb2S3 nanoantenna laser amorphization using femtosecond laser. 

 Generally, the features of the measured and simulated reflection spectra agree well. We have 

seen that the Sb2S3 nanodisc arrays exhibit substantial changes to their color when they are 

crystallized. Resonances in the reflection spectra red shift when the nanodiscs are switched from 

amorphous to crystalline, which is due to the increase in the refractive index of Sb2S3. In addition, 

we observe a broader resonance in the crystalline state than that of the amorphous state because 

the Mie resonances cannot be excited efficiently when the optical absorption is high. At the same 

time, there exists some small differences between the measured and simulated results, which are 

likely due to non-ideal geometries in the actual samples while idealized geometries were used in 

simulations. For instance, the simulations did not account for the thinning or deformation of the 

20-nm-thick Pd hard mask after etching and rounding of the top edge and slanted sidewalls of the 

nanodiscs, which will alter the ED and MD resonances, and impact the reflection spectra. A more 

accurate simulation will require accounting for the Sb2S3 crystal orientation and the effect of 

birefringence of individual antennas, and precise geometries of the structures, which detract from 

the main emphasis of this work. Nonetheless, the simulations performed for this work sufficiently 

capture the trends that are observed in the experiments. In what follows, we discuss reversibility 

of the colour, i.e., re-amorphization of the Sb2S3 nanodisc arrays. 

  For display applications, reversible changes to the scattered color must be demonstrated. 

Therefore, we switched the Sb2S3 nanodiscs from their polycrystalline state back to the amorphous 

state using femtosecond laser pulses. Again, we choose to study the D=190 nm, g=90 nm nanodisc 
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arrays and found that laser amorphization caused the color to change from blue back to purple. To 

switch the nanodiscs, we used a train of 780 nm, 100-fs laser pulses at a frequency of 80 MHz. At 

the wavelength λ = 780 nm , the optical absorption of the crystalline Sb2S3 nanodiscs is sufficiently 

low that a large volume of the nanodisc beneath Pd can be heated above the 550 C melting 

temperature, as shown in the simulations in Figure 4(d). This condition is necessary for 

re-amorphization via melt-quenching. Moreover, once the surface has amorphized, its absorption 

at λ = 780 nm lowers, and deeper layers of Sb2S3 within the nanodisc can be heated with a 

succession of pulses. In this way, we believe it will be possible to achieve multilevel switching 

and continuous analogue changes in color on the same nanoantenna array. Indeed, we previously 

demonstrated this effect in thin films.37 The pulses were raster scanned across the nanodisc arrays. 

The optimal scan speed was 10 m/s, and the average laser power was 12 mW.  

 Figure 4(a) shows the SEM images and optical micrographs for Sb2S3 nanodisc arrays in the 

as-deposited amorphous state, after crystallization, and after laser re-amorphization. The reflected 

color clearly switches back from blue to purple after amorphization. We also see in Figure 4(c) 

that the re-amorphized reflectance spectrum has resonances at similar wavelengths to the 

as-deposited amorphous state. SEM images for the different states show that the nanodiscs are not 

damaged by this crystallization and laser amorphization cycle. The laser-switched amorphous state 

was confirmed using Raman spectroscopy. We see in Figure 4(b) that the Raman peaks are 

substantially broadened at 100 cm-1 and 300 cm-1 and the crystalline features at 156 cm-1 and 184 

cm-1 are heavily suppressed, which confirms re-amorphization. The discrepancy in the reflectivity 

spectra between re-amorphized and as-deposited states could be due to the Sb2S3 being slightly 

too thick to fully re-amorphize throughout the film thickness. Indeed, this effect is seen in Fig 4(d), 
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which shows the simulated temperature distribution in the nanodiscs generated by the laser pulse 

train.  

 Unlike the reversible switching of thin Sb2S3 layer in stacks,37 reversible switching Sb2S3 

nanodisc arrays is more difficult. In layered structure, the Sb2S3 thickness was only 20 nm, thus 

the thermal mass was relatively small and the metallic layer underneath the Sb2S3 stack could 

quench the molten state into an amorphous structure. In contrast, the Sb2S3 nanodisc structure is 

more easily destroyed once the material melts. However, we found that the amorphization using 

12 mW 780 nm, 100 fs laser pulses at a scan speed of 10 µm/sec did not affect the structure and 

shape of our fabricated Sb2S3 nanodisc, see Figure 4(a). It seems that the Si3N4 encapsulation layer 

is able to add sufficient surface tension to prevent the molten disc from losing its shape. This effect 

is similar to our previous results with annealed encapsulated plasmonic structures.43 Similar effects 

of Si3N4 encapsulation for changing surface stresses has been observed in GST.44 

 To better understand the laser amorphization of Sb2S3 nanodisc arrays, a detailed study on 

the Raman spectra was performed and it is included in the supporting information at Fig. S17. 

There are major differences between the as-deposited, annealed, and re-amorphized Sb2S3 

nanodisc arrays as observed on the Raman spectra in the band of 280 cm-1 to 310 cm-1. In contrast 

to the three Gaussians that were required to fit the crystalline film across this band, a single 

Gaussian accurately fits the broader re-amorphized peak, which is seen in Fig. S17(b). We expect 

that amorphization creates defects in the local atomic tetrahedral and pyramidal structures, which 

then become distorted due to local structural vacancies, thus lowering their symmetry. This 

symmetry breaking causes peak splitting and results in a broad distribution of Sb sites with slightly 

different local structures. The split peaks merge into a single broad Raman peak, which is 

adequately fitted by a single Gaussian, as seen in Fig. S17(b). Note, this re-amorphized Gaussian 
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is centred at a wavenumber of 279 cm-1. As the Sb-S bond length from the centre of the pyramid 

plane to the Pyramid apex is longer than those bonds at the centre of the pyramid, we suppose 

amorphization precedes by first breaking these longer bonds. For comparison, the as-deposited 

amorphous nanodisc Raman spectrum is presented in Fig. S17(c). Again, the strongest feature in 

the spectrum occurs in 280 cm-1 to 310 cm-1 band and it can also be fitted with a single Gaussian 

peak centred at 281 cm-1. The width of the fitted as-deposited and re-amorphized peaks are also 

similar at 65 cm-1 and 66 cm-1, respectively. Thus, we conclude that from the perspective of the 

highest energy and highest amplitude Raman modes, the laser re-amorphized and as-deposited 

amorphous nanodiscs are very similar.  

 At lower energies, the re-amorphized and amorphized spectra appear slightly different. The 

re-amorphized pattern exhibits an additional mode at 135 cm-1 and the Ag mode at 155 cm-1, is still 

present yet heavily suppressed. Others have shown that the B1g mode at 127 cm-1 blue-shifts under 

hydrostatic pressure45 and we speculate that this peak at 134 cm-1 could be related to the B1g mode 

hardening. The most probable reason for laser amorphization not eliminating the peak at 155 cm-

1 is that the re-amorphized crystal structure is slightly different to the as-deposited amorphous 

structure; a feature not uncommon in chalcogenide phase change materials.46 Indeed, the 

as-deposited amorphous structure was formed by an out-of-equilibrium deposition process, which 

tends to produce a variety of metastable structures that would be different in melt-quenched 

amorphous structure. 
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Figure 5. Cyclability test of the Sb2S3 nanodisc arrays. (a) Reflectance spectra for laser 

amorphization and after annealing states. (b) Raman spectra for laser amorphization and 

after annealing states. 

 The cyclability of the color change is important for display applications. Therefore, we 

studied the switching cyclability of the Sb2S3 nanodisc array. The samples were successively laser 

amorphized (10 µm/sec and 12 mW) and annealed at 300 °C several times. The changes to both 

the reflectance and Raman spectra are highly cyclable. The resonant wavelength of reflection 

spectra for both amorphous and crystalline states do not show deterioration during the cycling, as 
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shown in Fig. 5(a). We measured the Raman spectrum after each laser amorphisation and annealing 

step to ensure that the material is not damaged, as shown in Fig. 5(b). After each laser 

amorphization step, the Sb2S3 nanodisc arrays exhibit a similar amorphous Raman signal. 

Similarly, the crystalline Raman signal is repeatable after annealing. 

 Potential optimizations of this work could be carried out from the following several aspects. 

First, the nanofabrication process needs to be further optimized to improve the switching 

performance. For example, if an alternative dielectric etching mask is successfully developed, the 

whole Sb2S3 nanostructures can be uniformly heated within a short time-scale, where the 

corresponding thermal simulation is shown in Fig. S18 in the supporting information. Besides the 

heating process, a good melt-quenching and heat dissipation into the substrate can be optimized 

via the thermal design of the structure.  

 Although the color saturation achieved so far is somewhat limited, these Sb2S3 resonators 

can still be used in the visible and near-infrared region. One potential approach to improve the 

color saturation is to carefully engineer the height, shape and the capping layer of the Sb2S3 

resonators. Nevertheless, this paper presents the feasibility study on patterning Sb2S3 

nanostructures for structural color applications. We believe that this work will intrigue the research 

community to continue developing the chalcogenide nanostructures, next-generation chalcogenide 

materials, and device designs that can further extend the color saturation coverage.  

 During the course of this manuscript submission and peer review process of this work, we 

became are aware of the report of complementary study,47 where Sb2S3 nanostructures with 

different shapes and sizes are used to achieve dynamic color displays by controlling both the phase 

and polarization state of the reflected light. This important work used a micro-heater to 

demonstrate the switching of the nanostructures, but in a one-way crystallization manner. Here, 
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we demonstrated that the color and structural phase of similar nanostructures can actually be 

reversed switched. Considering both of these results, we infer that with suitable thermal and 

electrical device designs, electrically reversible Sb2S3 nanodisc arrays-based displays are feasible. 

 Our work clearly demonstrates that reversible switching is possible using a combination of 

ex-situ heating and laser amorphization. In the next step, the device design needs to introduce an 

in-situ micro-heater with nanosecond heating and quenching capability for both crystallization and 

re-amorphization process to be possible. Moreover, the long-term aim for this work is to develop 

electrically addressable Sb2S3 nanodisc pixels. 

 

Conclusion 

 Sb2S3 nanodiscs provide a means to reversibly tune Mie resonances in the visible 

spectrum. We show the potential for large reflectance changes at specific wavelengths and the 

corresponding color changes. Arrays of Sb2S3 nanodiscs with Mie resonances exhibit strong 

structural color, which can be tuned by reversible amorphous ↔ crystalline phase transitions. The 

largest spectral changes occur when the size of the nanodiscs permit resonances at photon energies 

slightly below the band gap energy of Sb2S3. The lower absorption of amorphous Sb2S3 allows 

Kerker’s conditions for backscattering to be met at shorter wavelengths, whilst the smaller 

bandgap of crystalline Sb2S3 means that the resonance must occur at longer wavelengths where 

optical absorption is sufficiently low so that both the magnetic and electric dipoles have similar 

scattering amplitudes. These results unequivocally show that Mie resonances can be tuned using 

Sb2S3 in the visible spectrum. This work also sets the foundation for a whole host of potential 

programmable and nanophotonic devices that operate at visible and near infrared wavelengths. 



 23

Indeed, high-resolution color displays,39 holographic displays40, 48 and miniature LiDAR scanning 

systems that exploit dielectric resonances are clearly the next steps.18, 19, 49 

 

METHODS 

Sb2S3 Sputtering via Radio Frequency (RF) Sputtering. Sb2S3 film with a thickness of 150 nm 

was RF-sputtered onto a 200-nm-thick SiO2 thermal oxide on Silicon. The chamber base pressure 

was 5.7×10-5 Pa, and the sputtering pressure was 0.5 Pa. The 150 nm Sb2S3 film was deposited 

from a two-inch diameter Sb2S3 alloy target with a purity of 99.9%. 

 

Nanopatterning of PMMA Resist by Electron Beam Lithography (EBL). First, the 

poly-methyl methacrylate (PMMA, A5) resist was diluted in anisole solvent with a ratio of 1:1, 

where the resist was spin coated onto a cleaned substrate at 3k round-per-minute (rpm) to obtain a 

PMMA thickness of ~100 nm. After that, the PMMA resist was baked at 180 °C for 2 minutes to 

evaporate the anisole solvent. Electron beam exposure was then carried out with an acceleration 

voltage of 100 keV and a beam current of 100 pA, with an exposure dosage of ~5 mC/cm2.50 After 

the electron beam exposure, the PMMA sample was developed in the methyl isobutyl ketone 

(MIBK) and isopropyl alcohol (IPA) solution with a volume mixing ratio of 1:3, at a temperature 

of -10 °C for 15 seconds,51 followed by blow drying the sample with nitrogen.  

 

Evaporation of Pd Film, Lift Off Process, and Dry Etching of Sb2S3 and Growth of Si3N4 

Film by ICP-CVD. A 20-nm-thick Pd film with 2-nm Ti adhesion layer was evaporated onto the 

nanostructured PMMA resist by using electron beam evaporator (Denton), at a pressure of 5×10-7 

torr and a deposition rate of 0.5 Å/s. The lift off process of this sample was carried out in the N-
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Methyl-2-pyrrolidone (NMP) solution at the temperature of 70 °C. After the lift off process, the 

sample was cleaned by Acetone solvent, IPA solvent dried using nitrogen. Sb2S3 etching was 

carried out by inductively-coupled-plasma (ICP, Oxford Instruments Plasmalab System 100) with 

the Cl2 gas chemistry,52 at a DC power of 100 watts and a coil power of 300 watts. The Cl2 with 

flowed into the etching chamber at 22 SCCM, under a process pressure of 10 mTorr, and a 

temperature of 10 oC. To protect the Sb2S3 nanodiscs during the annealing process, a 70-nm-thick 

Si3N4 film was used to encapsulate the nanodisc array. It was deposited conformally using ICP 

chemical vapor decomposition (CVD) at 150 oC. 

 

Annealing and Laser Amorphization Process. Since these sample exhibit a strong color change 

in the visible spectrum, the crystallization temperature is readily observed as a color change. This 

might not be so simple for other nano disc array devices that do not exhibit optical changes in the 

visible spectrum. Annealing the sample in a Linkam furnace at 300 °C for 1 hour was sufficient to 

fully crystallize the nanodiscs. The annealing was performed in an argon atmosphere flowing at 4 

SCCM to prevent oxidation, with a heating rate of 5 °C/min. The laser amorphization for Sb2S3 

nanodiscs was conducted using femtosecond laser pulses from Photonics Professional GT 

nanoscale 3D printing system by Nanoscribe GmbH. The 100 fs laser pulses had a wavelength of 

780 nm and were delivered at an 80-MHz repetition rate. The raster scan was performed on the D 

= 190nm, g = 90 nm nanodisc array sample. The optimized scan speed was 10 µm/s, and the laser 

power was 12 mW. 

 

Characterizations. The optical reflectance spectra of Sb2S3 nanodisc arrays were measured using 

a Craic micro-spectrometer, with a ×36 objective lens with a numerical aperture of 0.50. Moreover, 
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the optical images of the color palettes were captured by an Olympus microscope (MX61) using 

the “analySIS” software. The objective was a ×10 MPlanFL N, NA=0.30 lens. Before the image 

was captured, a white color balancing was carried out on a 100-nm-thick aluminum film,3 which 

was prepared by electron beam evaporation.53 SEM images were taken at an acceleration voltage 

of 10 keV with the Elionix, ESM-9000 SEM. 

 

Numerical Simulations. The optical simulations of the Sb2S3 nanodisc arrays were performed 

using Lumerical’s finite-difference time domain solver. A plane source with wavelengths between 

380 nm and 800 nm was input in the negative z-direction perpendicular to the nanodisc array and 

substrate. A field monitor was placed 100 nm above the plane source to measure the reflected 

power, while another field monitor was placed perpendicular to the substrate along x=0 nm to 

measure the electric and magnetic fields in the cross-section of the nanodisc. Periodic boundary 

conditions were set for the x- and y-boundaries, while the perfectly matched layer (PML) boundary 

condition was set for the z-boundaries. A mesh override region with a mesh size of 2 nm was set 

to surround the Sb2S3/Pd nanodisc. The Si3N4 encapsulation and the SiO2 layer were also included 

to increase the simulation accuracy. Refractive index data for Si, SiO2 and Pd were taken from 

Palik,54 while the refractive index data for Si3N4 were taken from Philipp.55 Refractive index data 

for the amorphous and crystalline phases of Sb2S3 were measured using an ellipsometer as shown 

in Figure 1. The tabulated data for these measurements is available at www.actalab.com/data. 

Multipole decomposition analysis was carried out using the COMSOL Multiphysics 5.6 Optical 

Wave Optics Module, which exploits the Finite Element Method. A single unit-cell of the structure 

was simulated using periodic boundary conditions under normally incident plane-wave. Calculated 
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fields were used to perform the multipole decomposition based on the formula as shown in the 

supporting information of Reference.3 

 

Thermal simulation. The heat delivered during the femtosecond laser switching can be regarded 

as an instantaneous heating process due to the extremely short duration in comparison to the 

thermal diffusion time. The heat gradually diffuses outward. The energy flux of a femtosecond 

laser pulse is written as 

2
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where q is the pulse energy, 𝑤  is the 1/e2 radius, r is the spatial coordinate. Governed by the Beer-

Lambert absorption law, the intensity of the femtosecond pulse decreases exponentially with 

propagation distance into the material. Therefore, the absorbed pulse energy density is  
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where R is the reflectivity of sample, 𝛼 is the absorption coefficient of material. Using the heat 

capacity equation, the temperature increase due to fs laser heating can be calculated by 
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where 𝜌  is the mass density and c is the specific heat capacity. Now, we have obtained the 

instantaneous temperature distribution ΔT(r,z) generated by a femtosecond laser pulse. ΔT(r,z) can 

be used to model the heat diffusion process as an initial temperature distribution condition that is 

governed by the unsteady heat conduction equation: 
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where k is the thermal conductivity. 
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