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SUMMARY

Antimony sulfide, Sb2S3, is interesting as the phase-change material for applica-
tions requiring high transmission from the visible to telecom wavelengths, with
its band gap tunable from 2.2 to 1.6 eV, depending on the amorphous and crys-
talline phase. Here we present results from an interlaboratory study on the inter-
play between the structural change and resulting optical contrast during the
amorphous-to-crystalline transformation triggered both thermally and optically.
By statistical analysis of Raman and ellipsometric spectroscopic data, we have
identified two regimes of crystallization, namely 250�C % T < 300�C, resulting
in Type-I spherulitic crystallization yielding an optical contrast Dn � 0.4, and
300 % T < 350�C, yielding Type-II crystallization bended spherulitic structure
with different dielectric function and optical contrast Dn � 0.2 below 1.5 eV.
Based on our findings, applications of on-chip reconfigurable nanophotonic phase
modulators and of a reconfigurable high-refractive-index core/phase-change
shell nanoantenna are designed and proposed.

INTRODUCTION

Phase-changematerials (PCMs) that can be switchedbetween amorphous and crystalline phases by thermal

annealing or laser irradiation are being exploited in a wide range of reconfigurable photonic platforms that

expand from programmable photonics (Stegmaier et al., 2017; Delaney et al., 2021), neuromorphic

computing (Feldmann et al., 2019), non-volatile and rewritable data storage (Rı́os et al., 2015; Wuttig and

Yamada, 2007), to tunable metasurfaces and flat optics with amplitude/phase control (Abdollahramezani

et al., 2020), cloaking (Lepeshov et al., 2019), and reflective displays (Carrillo et al., 2019). Most PCMs contain

chalcogenides elements such as tellurium (Te) and/or pnictogens such as antimony (Sb), like the prototyp-

ical Ge2Sb2Te5 (GST) and its alloys (Wuttig and Yamada, 2007). GST is established as a mature technology

because of its large optical contrast (Dn= 2.17 andDk= 0.785 at l= 1,550 nm) (Pernice and Bhaskaran, 2012)

and resistance difference (Dr > 1,000U,m at l = 1,550 nm) between the amorphous and crystalline phases,

fast phase switching (nanosecond scale), large number of cycles of reversible transitions (billions of repro-

ducible cycles), and relatively low transition temperature (crystallization temperature Tc z 170�C and

melting temperature of Tm z 600�C) (Wuttig and Yamada, 2007). Nevertheless, GST has a non-null extinc-

tion coefficient of the crystalline (k = 1.49) and amorphous phases (k = 0.12) at telecommunication wave-

lengths, introducing absorption losses that impose limitations to applications in phasemodulation schemes

where phase control independent of amplitude changes of the propagating signal is required.

In general, as the chalcogenide element increases in atomic number, i.e., sulfur / selenium / tellurium,

the bandgap of the PCM tends to decrease. Therefore, Te-based PCMs have rather small gaps, typically

below 1 eV, making difficult to realize reconfigurable photonic components at visible frequencies.

Thus, in the last decade, numerous attempts have focused on identifying PCMs with large band gap and a

pronounced optical contrast at photon energies higher than 1 eV to enable optical amplitude and phase

modulations schemes in the visible range (Müller et al., 2021).
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In the quest for low-loss and high-bandgap PCMs, the sesqui-chalcogenide antimony sulfide, Sb2S3, with

octahedral-like atomic arrangement and a ratio of glassy and melting temperatures Tg (220�C)/Tm
(540�C) z 0.5 (Wuttig and Yamada, 2007) is gaining increasing interest (Dong et al., 2019; Delaney et al.,

2020) also because it has been shown to exhibit topological state transition under pressure (Sorb et al.,

2016). Sb2S3 has been reported to have an optical band gap of 2.05 and 1.72 eV for the amorphous and

crystalline phase, respectively, and a refractive index contrast Dnz 0.6 with negligible losses as the extinc-

tion coefficient, k, is less than 10�5 in both amorphous and crystalline phases at 1,550 nm (Delaney et al.,

2020; Dong et al., 2019). Interestingly, the phase transition temperature of Sb2S3 is accessible by diode

laser irradiation as Sb2S3 has a crystallization activation energy of 2.0 eV (Sreekanth et al., 2019), which is

similar to that of Ge2Sb2Te5 (2.3 eV) (Guo et al., 2019). Therefore, crystallization is achieved by thermal an-

nealing Sb2S3 to temperatures around 250�C, whereas amorphization involves heating above its Tm of

540�C and quenching to ‘‘freeze-in’’ the disordered state.

Sb2S3 synthesis over large area has been reported using a wide range of methods including chemical bath

deposition (Kondrotas et al., 2018; Cobianu et al., 2021), electrophoretic deposition (Hassam et al., 2021),

atomic layer deposition (Kim et al., 2014) and RF sputtering (Gao et al., 2019). In the 1990s, Sb2S3 was widely

studied for write-once-read-many times (WORM) optical storage applications, as problems related to sul-

fur loss upon phase change leading to film degradation were reported (Arun and Vedeshwar, 1996, 1997).

Very recently, Dong et al. (2019) reported the laser amorphous-crystalline-amorphous switching and ques-

tioned the WORM classification, although they did not measur the cycle endurance of Sb2S3. Delaney et al.

(2020) showed a decay in reflection change from 5% to 1% over 2,000 cycles of phase-change. On the other

hand, very recently, Gao et al. (2021) demonstrated that multi-pulse laser irradiation with low pulse energy

can improve cycling durability with respect to single-pulse, high-energy irradiation. Despite further studies

on the cycles endurance and reversibility of Sb2S3 are needed, integration of Sb2S3 in photonic circuits is

already being exploited in the design of Mach–Zehnder interferometers (MZIs) operating in the C and O

communication bands (Faneca et al., 2021).

In order to exploit the potential of Sb2S3 in those applications, it is highly desirable to understand better the

changes of structural property and to control the optical contrast that can be realized.

Considering the technological relevance that Sb2S3 is gaining, this work presents results of an interlabor-

atory study aimed at understanding how the structure and bonding nature of Sb2S3 determines its elec-

tronic and optical properties and how those properties change upon the amorphous-to-crystalline trans-

formation triggered by thermal annealing and laser irradiation. In the Round Robin test, Raman

spectroscopy was considered for establishing statistically structural fingerprints, as it is a sensitive probe

for isostructural transitions (Efthimiopoulos et al., 2016), whereas spectroscopic ellipsometry was ex-

ploited to obtain the spectral dependence of the refractive index, n, and extinction coefficient, k, in

the broad range of 1,700–190 nm (0.75–6.50 eV), in order to evaluate the spectral applicability of

Sb2S3 in reconfigurable devices. Those analyses were further corroborated by extensive chemical (energy

dispersive X-ray spectroscopy – EDX; X-ray photoelectron spectroscopy – XPS), morphological (atomic

force microcopy – AFM; scanning electron microcopy – SEM) and optical (polarimetry) characterization.

Therefore, first, the crystalline c-Sb2S3 and amorphous, a-Sb2S3, properties are statistically analyzed in

order to control and validate the interplay between phase transformation and optical contrast during

thermal and laser crystallization. Specifically, independently of the annealing atmosphere and of film

thickness, and depending on temperature we have identified two regimes of annealing, namely

250 % T < 300�C resulting in Type-I crystallized spherulitic structural network with an optical contrast

Dn z 0.4, and 300 % T < 350�C, resulting in Type-II crystallized bended structural network with different

dielectric function and optical contrast Dn z 0.2 at telecom wavelengths. Then, based on the established

optical properties, applications of an on-chip reconfigurable nanophotonic phase modulator and of a re-

configurable high-refractive-index (HRI) core/PCM-shell (Si/Sb2S3) nanoantenna are designed and

proposed.
RESULTS

Single crystal Sb2S3 (c Sb2S3): definition of band structure, dielectric function, and Raman

spectrum

This paragraph aims at defining the reference single crystal, c-Sb2S3, structure, band structure, and corre-

sponding anisotropic dielectric function.
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Figure 1. Interplay between structure and Raman spectrum of crystalline Sb2S3
(A) Sb2S3 crystalline structure. Arrangement of the nearest sulfur S(1), S(2), and S(3) atoms for Sb in the two different sites of

Sb(1) and Sb(2), forming (B) SbS3(E) and SbS5(E) units; (E) indicates the Sb electrons lone-pairs.

(C) Statistical analysis of the Raman spectra of single crystal Sb2S3; the shadow indicates the statistical variation of the

relative amplitude of the modes. The red line spectrum represents the mean value.

(D) Raman spectra of single crystal Sb2S3 indicating fitting of the Raman modes with Gaussian line shape function.

(E) Picture of the bulk crystal and of �150-nm-thick Sb2S3 samples as deposited (amorphous) and after annealing at

different temperatures (crystallized) for 5 min.
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As shown in Figure 1A, c-Sb2S3 is a biaxial anisotropic material that crystallizes in an orthorhombic structure

of space group symmetry Pnma (no. 62) with lattice parameters a = 1.13107 nm, b = 0.3863 nm, and

c = 1.12285 nm (Bayliss and Nowacki, 1972). This Pnma phase resembles a layered structure consisting

of (Sb4S6)n ribbon-like chains along the short b-axis held together by longer weaker bonds with significant

(but not entirely) van der Waals character, as they involve the electrons lone-pair in the 5s2orbital of Sb-

atoms. The coordination number of both Sb- and S-atoms is not straightforward, as can also be inferred

from Figures 1A and 1B, as three different S-sites and two different Sb-sites can be identified, with the

Sb(1) coordinated to three S-atoms in SbS3(E), and the Sb(2) coordinated to five S-atoms in SbS5(E) units,

being (E) the electrons lone-pair of Sb. Furthermore, those SbS3(E) and SbS5(E) units also have different

kinds of bonds, namely short and strong intra-ribbon bonds and long and weaker inter-ribbon bonds; spe-

cifically, Sb(2) in SbS5(E) forms intra-ribbon bonds with the five S-atoms and two more inter-ribbon bonds

with most distant S-atoms (McKenna, 2021). Those weak bonds as well as the Sb electrons lone-pair intro-

duce Peierls-like distortion (Gaspard, 2016), giving flexibility in reconfiguring the Sb2S3 structure as it will be

discussed below.

Because of those various types of Sb- and S-sites and bonds, the Raman spectrum of c-Sb2S3 is very com-

plex, and various spectra are reported in literature, also depending on the excitation laser source. Figure 1C

shows the statistical distribution of the relative amplitude of the unpolarized Raman modes of c-Sb2S3 re-

sulting from interlaboratory measurements. According to the group theory, 30 Raman-active modes are

expected (Liu et al., 2014), i.e., G = 10 Ag + 5B1g + 10B2g + 5B3g. As shown in Figure 1D, in the range

50–350 cm�1, we can resolve 10 Raman bands assigned according to (Liu et al., 2014), i.e., the modes

B1g/B3g at 70.4 cm�1, Ag at 89.7 cm�1 and B2g at 125.9 cm�1 (Ibáñez et al., 2016), Ag at 154.5 cm�1 and

the modes Ag at 191.1 cm�1, B1g at 206.6 cm�1, B1g at 237.7 cm�1, Ag at 281.4 cm�1, Ag at 303.3 cm�1,
iScience 25, 104377, June 17, 2022 3
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and B2g at 311.2 cm�1. The 191 and 238 cm�1 bands represent the anti-symmetric and symmetric S-Sb-S

bending modes, respectively. Although the 281.4 and 303.3 cm�1 anti-symmetric and symmetric S-Sb-S

stretching modes are usually ascribed to the trigonal pyramidal vibration modes of the SbS3(E) units

(Benjamin et al., 2015), their link with neighboring SbS3(E) and SbS5(E) units makes the unique assignment

of pure symmetric and anti-symmetric stretchingmodes of SbS3 and SbS5 units difficult (Ibáñez et al., 2016).

Noteworthy, the unit cell in Figure 1B shows that c-Sb2S3 has 50% of SbS3(E) units and 50% of SbS5(E) units.

From the mean value spectrum resulting from the statistical analysis, we identify the following modes ratio

as representative of c-Sb2S3, namely the Ag(303cm
�1)/Ag(281cm

�1) z 1.5 and the Ag(303cm
�1)/

Ag(191cm
�1)z 1.5. Considering that the Ag(303cm

�1) clearly has more contributions, we make the hypoth-

esis that the Ag(303cm
�1) is more representative of SbS5(E) units, whereas the Ag(281cm

�1) is more repre-

sentative of the SbS3(E) units; this hypothesis will be further supported during the discussion in the next

paragraphs on structural modifications during the amorphous-to-crystalline transformation.

Similarly, scattered data about the crystalline Sb2S3 dielectric function are present in literature, as often

referred to a crystalline state without clarifying if referring to a single crystal or a polycrystalline material.

Interestingly, optical constants were measured at specific wavelengths many years ago on natural cleav-

age surfaces by Tyndall and Drude (Drude, 1888; Tyndall, 1923). More recently, Shubert et al. (Schubert

et al., 2004) reported the complex dielectric function tensor of Sb2S3 obtained by cutting and measuring

by generalized spectroscopic ellipsometry the Sb2S3 crystal along the (100) (a-plane), (010) (b-plane), and

(001) (c-plane). Six different interband transitions associated with critical points (CPs) in the dielectric

function were identified, in good agreement with those measured by Shutov et al. (1969) by polarized

reflectivity. Nevertheless, no information about the bands involved in the interband transitions was pro-

vided. In order to establish a correlation between the dielectric function and interband transitions based

on the band structure and the dipolar transition matrix elements between occupied and unoccupied sin-

gle-electron eigenstates, the complex dielectric function has been calculated for c-Sb2S3 using first-order

time-dependent perturbation theory as implemented in SIESTA (Soler et al., 2002). Figures 2A and 2B

show the real, ˛ 1, and imaginary, ˛ 2, part of the complex dielectric function, ˛ = ˛ 1 + i˛ 2, calculated

for c-Sb2S3 for polarization parallel to the crystallographic axes (E||a, E||b, E||c). Noteworthy, the calcu-

lated dielectric function is in good agreement with those reported by Schubert et al. (2004). A critical

points analysis by using the minimum of the second derivative spectra of the dielectric function, d2

˛ 1/dE
2 and d2 ˛ 2/dE

2 (not shown here) calculated numerically reveals CPs in agreement with the exper-

imental measurements by Schubert (Schubert et al., 2004), as shown in the table at the bottom of Fig-

ure 2. For the assignment of the CPs, Figure 2C shows the orbital-projected bands (fatbands) and the

projected density of states (PDOS) of bulk Sb2S3 representing the contribution of the S 3p, Sb 5s, and

Sb 5p orbitals to each band. We notice that the highest valence bands are comprised primarily of S or-

bitals with 3p character and a minor contribution of a mixing between Sb 5s and Sb 5p levels and the

featured structure of the PDOS at around �1 eV has being suggested to indicate the formation of elec-

tron lone-pairs on the Sb-ions by Carey et al. (2014). The valence band maximum (VBM) is slightly dis-

placed from the G-point in the high symmetry line GZ (this direction corresponds to the c-axis of the

(Sb4S6)n chains perpendicular to the zigzag arrangement). Likely, the conduction band minimum (CBM)

is located at the same high symmetry line but closer to the Z-point. This results in an indirect funda-

mental band gap of 1.30 eV and a higher direct gap of 1.33eV. Our results are in agreement with pre-

viously reported first principles calculations using PBE functional (Sun et al., 2008; Carey et al., 2014),

although the location of the VBM and CBM in the Brillouin zone does not have total consensus

throughout the related bibliography. The shape of the band structure resembles the anisotropy of the

crystal structure of Sb2S3, having flatter bands in directions along a- and c-axes and larger band widths

perpendicular to both.

Considering the different contributions of the Sb and S atomic orbitals as in Figures 2D–2F), the following

interband transitions can be assigned to the CPs, as in the table. The peak E1 involves direct transitions near

theG-point (in theGY direction) for all polarization directions between the highest valence bands and lower

conduction bands comprisingmostly occupied S3p and Sb5s orbitals and empty Sb5p. The peak labeled E2

presents contributions spread over the momentum space, weaker for E||a case with respect to perpendic-

ular polarizations. Direct transitions occur between valence bands at�0.9 eV and higher conduction bands

around 1.5 eV and also between the lower valence bands at�1.5 eV and conduction bands in the minimum

valleys. The peak E3 is also composed of transitions delocalized in k-space. The contributions of E||b and E||

c are larger with respect to E||a polarization; for the first case, the stronger transition probabilities arise
4 iScience 25, 104377, June 17, 2022



Figure 2. Interplay between the calculated dielectric function, band structure, and DOS of Sb2S3
Calculated (A) real, ˛ 1, and (B) imaginary,˛ 2, parts of dielectric functions of c-Sb2S3 for polarizations along the crystallographic axes a, b, and c as compared

with values reported by Schubert et al. (2004).

(C) Orbital-projected band diagram and density of states of Sb2S3 on the S 3p, Sb 5p, and Sb 5s shells. The size of themarker is proportional to the strength of

the contribution. Band diagram of Sb2S3 representing the bands contributing to the interband transitions responsible of the CPs in the dielectric function for

polarizations along the crystallographic (D) a-axis, (E) b-axis, and (F) c-axis (the size of the symbol is a measure of the probability amplitude). The table at the

bottom summarizes the energy of the main critical points also compared with literature data from Schubert et al. (2004) and Shutov et al. (1969)).
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close to G, Z and X-points. The peak E4 comprise vertical excitations from low lying valence bands (<�1 eV)

and unoccupied conduction bands above 1.5eV mostly, also showing a wide distribution over k-space.

Peaks E5 and E6 present relative lower transition probabilities with respect to the formers;, it is noticeable

that intense contributions to E5 are found for E||a polarization in GY and XS directions.

Amorphous Sb2S3 films (a-Sb2S3): interlaboratory study of the structural (Raman) and optical

(ellipsometry) properties

This paragraph aims at defining and validating the structural and optical fingerprints of a-Sb2S3, namely the

dielectric function and the corresponding Raman spectrum. The XPS analysis revealed that the analyzed

a-Sb2S3 films were almost stoichiometric with an S/Sb atomic ratio of 1.45 G 0.05 estimated by both XPS and

EDX analyses.

Figure 3A shows the statistical analysis of Raman spectra of a-Sb2S3 films from two different batches

(Batch #1 (B-1) and Batch #2 (B-2)) produced 6 months apart on various substrates of glass, sapphire,

and Si(100) measured in different laboratories with different instruments. The Raman spectra of a-

Sb2S3 show good reproducibility and is characterized by a broad and intense mode at z 285 cm�1,

which could originate from the mixture of stretching and bending modes of distorted SbS3(E) and

SbS5(E) units and, hence, from the envelope of broadened Ag at 281.4 cm�1, B1g at 303.3 cm�1, and

Ag at 311.2 cm�1 vibrational modes. Indeed, a-Sb2S3 has larger Peierls-like distortion (Gaspard, 2016)

than c-Sb2S3, with bonding angles deviated slightly from 90�. Specifically, it has been reported that chal-

cogen-centered S-bonds slightly shift to larger angles (94.11�), whereas the corresponding Sb-centered
iScience 25, 104377, June 17, 2022 5



Figure 3. Statistical analysis of Raman spectra, optical properties, and morphology characterizing amorphous

Sb2S3
Statistical analysis of Raman spectra of a-Sb2S3 films measured from two different batches (B-1 and B-2) on glass, sapphire

and Si(100). Individual measurements are plotted in black, whereas the colored line represents the mean value.

(B) Topographical images recorded by SEM (gray) and AFM (colored) in various laboratories for a-Sb2S3 films.

(C) Statistical variation of the energy-dependent behavior of the real, ε1, and imaginary, ε2, parts of the a-Sb2S3 dielectric

function.

(D) Refractive index, n, and extinction coefficient, k, of a-Sb2S3 also compared with the data in literature (Delaney et al.,

2020; Dong et al., 2019; Hassam et al., 2021).
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angles decrease to 88.81� (Xu et al., 2021). Interestingly, such structural distortions are responsible for

the wider band gap of a-Sb2S3 than c-Sb2S3 and for the different electronic and optical properties, as

measured by ellipsometry.

Figure 3C shows the statistical variation of the energy-dependent behavior of the real, ε1, and imaginary, ε2,

parts of the isotropic a-Sb2S3 dielectric function, resulting in a bandgap of 2.2G 0.1 eV; all analyzed a-Sb2S3
samples behave in a similar way, regardless the thickness; the shadowed area indicates the effect of the

local Peierls-like distortions on the dielectric function. The isotropy of the a-Sb2S3 dielectric function was

proven by imaging polarimetry, as the Mueller Matrix measured on different a-Sb2S3 films revealed the

identity matrix, typical of isotropic materials, as shown in Figure S1 (Gutierrez et al., 2022).

The a-Sb2S3 index of refraction (n) and extinction coefficient (k) are compared with literature data in Figure 3D.

The different amplitude of the curves can be explained by the different contribution of voids resulting from a

large number of Sb-atoms electrons lone-pair (Xu et al., 2021), depending on the stoichiometry of the depos-

ited amorphous samples. Furthermore, more voids mean larger Peierls-like distortions, therefore, emphasizing

the role of those distortions on the a-Sb2S3 dielectric function. Specifically, the strength of an optical transition

and, hence, themaximumof ε2, decreases with increasing Peierls distortion, i.e., shortening Sb-S bonds. There-

fore, tailoring Peierls-like distortion in the a-Sb2S3 could be a way to increase the optical contrast between the

amorphous and crystalline phases.
6 iScience 25, 104377, June 17, 2022
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The surface topographical images recorded by SEM and AFM in various laboratories for a-Sb2S3 films with

thicknesses of z150 nm, shown in Figure 3B, confirms the presence of voids, with films characterized by a

grainy-like morphology. The measured grain size and roughness (root-mean-square roughness, RMS) are

statistically as 30G 5 and�3.5G 0.5 nm, respectively. The irregular shapes of the grains stem from the fact

that at room temperature during deposition, the kinetic energy is not enough to induce the coalescence of

the grains (Tigau, 2007).
Sb2S3 amorphous-to-crystalline phase change by thermal annealing and laser crystallization

Here we address the interplay between structure and optical properties induced by both thermal and laser

crystallization.

Figure 4 shows the representative optical, SEM, and AFM images of crystallized Sb2S3 upon thermal anneal-

ing. The annealing was run under various conditions in different laboratories (see STAR Methods). Note-

worthy, data from the various laboratories could be grouped in two different kinds of structures/morphol-

ogies independently of the annealing in vacuum, argon, and air, revealing the role mainly of the annealing

temperature (T= 250–300�C and 300–350�C) on the evolution of structure upon thermal crystallization. Spe-

cifically, Type-I crystallized c-Sb2S3, with an almost unchangedS/Sb ratio of 1.40G0.05 as fromXPS analysis,

consists of spherulitic crystals as in Figures 4C and 4D (Shtukenberg et al., 2012; Crist and Schultz, 2016) sur-

rounded by randomly oriented smaller crystallites as in Figure 4E. The spherulites consist of dense fibrils

radially grown from a single nucleation point, as can also be seen in the AFM image of Figure 4D. This spher-

ulitic thermal crystallization of a-Sb2S3 films is consistent with previous work (Bolotov et al., 1970; Sokol et al.,

1986; Gutierrez et al., 2022). Those spherulitic faceted crystallites obtained in the range 250–300�C increase

in the size and uniformity of distribution as well as compactness with the increase in annealing temperature,

as shown in Figures 4C (T = 300�C) and 4E (T = 250�C). The grain boundaries and surface features are clearly

seen in the AFM and SEM images in Figures 4B–4F, with large grains of the order of tens of micrometers.

Interestingly, Type-I c-Sb2S3is characterized by a very low surface roughness (RMS = 1.9 G 0.3 nm).

The Raman spectrum of Type-I crystallized Sb2S3 was statistically studied as shown in Figure 4A. Large

amplitude variations characterize the modes at 191, 281, and 303 cm�1. Interestingly, the statistically anal-

ysis of the intensity ratio between modes at 303 and 281 cm�1 has an average value Ag(303cm
�1)/

Ag(281cm
�1) z 1. The role of the crystallites orientations on the Raman amplitude is further emphasized

in Figure 4G, where the Raman maps of the modes at 191, 281, and 303 cm�1 taken in a region of randomly

oriented crystallites exposing different faces show a different amplitude of themodes. The large spherulitic

crystals as those considered in the map of Figures 5G–5I are characterized by the Ag(303cm
�1)/

Ag(281cm
�1) z 1.5 similarly to the c-Sb2S3.

Type-II crystallizedSb2S3,which resulted in a changedS/Sb ratioof 0.95G 0.05 frombothXPSandEDXanalyses,

showsbandedpatterns spherulites (see FigureS4), characterizedbyperiodic ringswith awidthof approximately

10 mmas shown in Figures 5G–5I. Careful SEMandoptical inspections as in Figures 5D–5G show hexagonal and

octahedral Sb and Sb2O3 (see Raman analysis Figure 5A) crystals localized on the white bright bands. Statistical

Raman analysis on thedifferent bright anddark bands shows significant differences in the intensity of theRaman

modes at 191, 281, and303 cm�1 in thosebands. Specifically, Raman spectra at thedark bands are characterized

by an intensity ratioAg(303cm
�1)/Ag(281cm

�1) >1.Conversely, Raman spectra at thebright bands are character-

ized by Ag(303cm
�1)/Ag(281cm

�1) < 1 with an increased intensity of themode at 191 cm�1. This is further shown

inFigure5Iby theRamanmapsof themodesat191, 281, and303cm�1 taken inanareacomprisingbothdarkand

bright bands. Thesemapsclearly showahigher intensityof themodes at 191 and281 cm�1 and lower intensity of

the 303 cm�1 mode at the bright bands. This behavior is inverted for the dark bands. The AFM of Type-II crys-

tallized Sb2S3 also shows different morphologies and roughness of the bright (RMS = 5.1 nm) and dark bands

(RMS = 4.0 nm), which is higher than the RMS of Type-I. Thus, from this contrast of bands, we infer the mobility

of Sb atoms along different crystallographic directions. On this, more detailed study is in progress to identify

them.

A further insight into the structural and optical properties of the Type-I and Type-II c-Sb2S3 was obtained by

imaging polarimetry of the thermally crystallized Sb2S3 films. A differential analysis of the Mueller matrix

(MM) was performed using the Mueller Matrix Differential Decomposition (Arteaga and Kahr, 2013),

from which the linear and circular birefringence and dichroism of the crystallized film can be obtained. Spe-

cifically, the dichroic properties are owing to the anisotropy of extinction coefficient Dkp,q for two
iScience 25, 104377, June 17, 2022 7



Figure 4. Structural and morphological characteristics of Type-I Sb2S3 crystallized at 250�C % T < 300�C
(A) Statistical distribution of the Raman spectra of thermally crystallized Sb2S3 films at 250�C % T < 300�C. Individual measurements are plotted in black,

whereas the red spectrum and shadowed regions represent the mean value and standard deviation, respectively.

(B) SEM image showing the flat morphology of Type-I crystallized c-Sb2S3. The orange dashed line is to guide eye to grain boundaries visible in the SEM

image as well as in the AFM images.

(C and E) Optical micrographs and (D and F) AFM topography images of a spherulitic crystal and of randomly distributed crystallites (crystallized at T = 250�C
for 5 min).

(G) Raman maps of the 191, 281, and 303 cm�1 modes taken at a region containing several randomly oriented larger crystallites (crystallized at T = 250�C for

10 min).
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orthogonal polarization states (p,q). The birefringent properties stem from the anisotropy in the real refrac-

tive index Dnp,q, entailing different phase shifts for two orthogonal polarization states (Gil Pérez and Ossi-

kovski, 2017). Therefore, expressions for linear dichroism in the x–y axes, linear dichroism in the 45–135�and
circular dichroism (LDxy , LD45� and CD), and linear birefringence in the x–y and 45–135� axes and circular

birefringence (LBxy , LB45� and CB) can be written as

LDxy =
2p

l
Dkx� y LBxy =

2p

l
Dnx� y

LD45� =
2p

l
Dk45� � 135� LB45� =

2p

l
Dn45� � 135�

CD =
2p

l
DkL�R CB =

2p

l
DnL�R

(Equation 1)
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Figure 5. Structural and morphological characteristics of Type-II Sb2S3 crystallized at T > 300�C
Raman and morphological features of Type-II crystallized c-Sb2S3.

(A) Raman spectrum of the segregated crystals of Sb and Sb2O3 appearing on the surface of bright bands.

(B) Statistical analysis of the Raman spectra on the dark and (C) bright bands of the bended spherulites. Individual measurements are plotted in black,

whereas the colored line and shadowed regions represent the mean value and standard deviation, respectively.

(D–F) SEM images of the surface of Type-II c-Sb2S3.

(G and H) Optical micrographs of the Type-II c-Sb2S3- showing the bended spherulites.

(I) Raman maps of the 191, 281, and 303 cm�1 modes taken at bright and dark bands. AFM morphologies of the dark and bright bands are shown as inset in

(B) and (C), respectively.
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Mueller matrices obtained for an excitation wavelength of 633 nm for the annealed a-Sb2S3 films in the

range of 250–350�C are shown in Figures S1–S3. Unlike in the case of the MM of a-Sb2S3 in Figure S1,

for Type I and Type II c-Sb2S3, strong signals are observed in the non-diagonal elements of the MM, espe-

cially on the elementsm24,m42,m34 andm43 as seen in Figures S2 and S3. As shown in Figure 6, through the

MMDD, the LDxy , LD45� , CD, LBxy , LB45� , and CB parameters were extracted from the MMs.

In the case of Type I in Figure 6A, these parameters show a strong birefringent behavior (LB s 0) with a

lower LD contribution arising from the different refractive index and extinction coefficients associated
iScience 25, 104377, June 17, 2022 9



Figure 6. Polarimetric and Mueller Matrix Differential Decomposition of Type-I and Type-II thermally crystallized

Sb2S3
(A) Type-I and (B) Type-II thermally crystallized Sb2S3 cross polarization, micrographs, and Mueller Matrix Differential

Decomposition. LDxy , LD45� , and CD parameters are the linear dichroism in the x–y axes, linear dichroism in the 45�–135�

and circular dichroism, respectively, whereas LBxy , LB45� , and CB parameters are linear birefringence in the x–y and 45–

135� axes and circular birefringence. The larger spherulitic crystal highlighted by the white square is equivalent to the

crystal shown in previous Figures 4C and D by optical micrography and AFM.
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with the dielectric tensor of Sb2S3 (Schubert et al., 2004). BothCD andCB are negligible. Cross-polarization

micrographs reveal big crystalline domains showing a slightly distorted maltase cross-pattern (i.e., the four

dark perpendicular cones diverging from the center of the crystal) typical of spherulites (as those in Fig-

ure 4C) (Bolotov et al., 1970; Gutierrez et al., 2022; Sokol et al., 1986). Therefore, Type-I c-Sb2S3 has a poly-

crystalline texture consisting of randomly oriented micron-size crystallites surrounding larger spherulitic

crystalline domains.

For Type II, polarimetric measurements in Figure 6B support a crystallization process forming banded

spherulitic crystals, as confirmed by the banded Maltese cross pattern seen in the cross-polarization.

The MMDD for Type-II shows strong signals of linear birefringent and dichroism taking alternating signs

between consecutives bands. Similar behavior, although with lower signals, can be seen in both CD and
10 iScience 25, 104377, June 17, 2022



Figure 7. Dielectric function and optical contrast for Type-I and Type-II crystallized c-Sb2S3
(A) Real, ε1, and imaginary, ε2, part of the dielectric function for Type-I and Type-II crystallized c-Sb2S3.

(B) Refractive index contrast between amorphous and Type-I and Type-II crystallized Sb2S3.

(C) Refractive index n, and extinction coefficient, k, for Type-I and Type-II c-Sb2S3 compared with values from literature

(Delaney et al., 2020; Dong et al., 2019; Hassam et al., 2021).

(D) Refractive index contrast between amorphous and Type-I and Type-II c-Sb2S3 also compared with values from liter-

ature (Delaney et al., 2020; Dong et al., 2019; Hassam et al., 2021).
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CB. Recent studies by Cui et al. (2014) concluded that concentric bands of CB of alternating sign is a uni-

versal signature of helical twisting in banded spherulites.

Both Type-I and Type-II c-Sb2S3 show local birefringent and dichroic behavior within the microscopic crys-

talline domains. Nevertheless, at the macroscopic level, considering the radial symmetry of spherulites as

well as the randomly oriented microcrystallites, they result in an overall isotropic response for the crystal-

lized film, supporting the isotropic dielectric function determined by ellipsometry.

Those two types of crystallization and structures can induce a different optical contrast during the amor-

phous-to-crystalline transformation. This is confirmed by the different optical properties reported in Fig-

ure 7. Figure 7A shows the real, ε1, and imaginary, ε2, part of the dielectric function of Type-I and Type-II

c-Sb2S3 as determined from the ellipsometric analysis. Interestingly, ε2 of spherulitic Type-I c-Sb2S3 shows

broadened CPs and a shape of ε2 similar to that along the a-axis (see Figure 2), leading to an optical

contrast of Dn � 0.4. Consistent with the different structure highlighted in Figures 5 and 6, a different

dielectric function spectrum characterizes Type-II c-Sb2S3. By comparing those spectra with c-Sb2S3 in Fig-

ure 2, it can be inferred that Type-II crystallized samples have a dielectric function resembling the average

of the three components along the three axis of the dielectric tensor in Figure 2 (consistently with the

bending scheme in Figure S4), leading to an optical contrast during the amorphous-to-crystalline transition

ofDn� 0.2 in the spectral region <1.5 eV. The spectra of the refractive index, n, and extinction coefficient, k,

are compared with data from literature in Figures 7C and 7D, whereas the values of absorption edge are

compared with literature data in Table 1.
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Table 1. Values energy band gap and absorption edge for crystallized and amorphous Sb2S3 films

Ref. Crystalline–band gap (eV) Amorphous–absorption edge (eV)

This work 1.61 G 0.05 2.20 G 0.05

(Dong et al., 2019) 1.72 2.05

(Hassam et al., 2021) 1.27–1.47 2.09–2.20

(Tigau, 2007) 1.71 1.96

(Medina-Montes et al., 2016) 1.63–1.70 2.00–2.03

(Medina-Montes et al., 2017) 1.65–1.68 1.96–2.06

(Cui et al., 2021) 1.73 –

(Sotelo Marquina et al., 2017) 1.7 2.2
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Laser crystallization has also been investigated using green CW lasers (514 and 532 nm) with wavelengths

above the absorption edge of both c-Sb2S3 and a-Sb2S3, operated at different power. Raman spectra taken

after laser irradiation at increasing power are shown in Figure 8. Comparing the Raman spectrum for the

lower power of 2.7 mW with those of Type-I and Type-II thermally crystallized samples, it can be noticed

that, statistically, the Ag(303cm
�1)/Ag(281cm

�1) < 1 and the modes below 150 cm�1 are predominant

than the 191 cm�1 mode, similarly to the Raman spectra of Type-II bright region, as also confirmed by

the AFM morphology shown in Figures 8C–8E, which is similar to the morphology reported in the inset

of Figure 4C. Therefore, we can infer that laser crystallization results in Type-II-like bright regions, consis-

tent with the fact that the segregation of Sb clearly appears by increasing the laser power, similarly to the

increase of temperature above 300–350�C. Optical and AFM images in Figures 8B–8D also show that for

laser powers higher than 7.4 mW, ablation of Sb2S3 at the center of the laser’s Gaussian intensity profile

occurs, indicating that the local temperature may exceed 450�C. At T > 450�C, we have also observed ther-

mally the loss of samples’mass, with the complete loss of the Sb2S3 at T� 550�C (Makreski et al., 2013). This

underlines the difficulty to reach the melting temperature of Sb2S3 of 540
�C without the loss of material,

which could be a challenge for the reproducibility over a large number of cycles of Sb2S3 phase change.
DISCUSSION

Sb2S3 crystallization by thermal annealing and green laser irradiation has highlighted two main regimes and

structures. A deeper insight into those regimes can be further gained by the XPS analysis reported in Figure 9.

Specifically, the fitting of the Sb3d3/2 photoelectron core level indicates threemain states of Sb, namely the Sb+5

atbindingenergy (BE)of 540.3eVowing to theSbS5(E) units, theSb
+3 atBE=539.9eVowing to theSbS3(E) units,

and the Sb-electrons lone-pair at the lowBE= 538.9 eV (Stamenkovi�c et al., 2021). The a-Sb2S3 has a certain rela-

tive volume fractionof thoseunits thatof coursedependson thedisorder inducedby thedepositionmethodand

conditions,withapredominanceofSbS3(E) units inour caseas inferredby thehigherSb+3fittingcomponent (the

perfect c-Sb2S3 has 50% of SbS3(E) and SbS5(E) units – see Figure 1). Interestingly, Type-I crystallized samples

show a ratio of the SbS5(E)-(40%) and SbS3(E)-(46%) units approaching the ideal 1:1 ratio of c-Sb2S3, consistent

with the Raman Ag(303cm
�1)/Ag(281cm

�1)� 1 (see Figure 4). Conversely, Figure 9 indicates that Type-II crystal-

lized samples show a ratio of the SbS5(E)-(22%) and SbS3(E)-(51%) units lower than 1, consistent with the Raman

Ag(303cm
�1)/Ag(281cm

�1) <1 (seeFigure 5). Therefore,wecan infer that thermal annealingat 250�C<T<300�C
yields a crystallized structure with SbS5(E) and SbS3(E) units close to the single crystal structure with large spher-

ulitic crystals as in Figures 4Cand4D, resulting in the absenceof theoxidationordegradation of this kindof crys-

tallized structure during the phase transformation. This also supports the use of Type-I Sb2S3 without any

capping layer, as in the present study.

Conversely, Type-II crystallization by thermal annealing at T > 300�C or laser irradiation, because of some

loss of sulfur, results in a reduced presence of SbS5(E) units and the appearance of Sb-segregation that

further oxidizes.

However, the possibility to switch between contrasts, i.e., Type-I and Type-II in controlled manner gives ex-

tra freedom in terms of photonic memory and the devices.

Those two identified regimes, and the negligible oxidation at T < 300�C, are consistent with a previous

study on the kinetics of the oxidation of Sb2S3 at temperatures from 300�C up to 500�C, i.e., below its
12 iScience 25, 104377, June 17, 2022



Figure 8. Structural and morphological analysis of laser crystallized Sb2S3
(A) Raman spectra of laser crystallized Sb2S3 using a 532-m laser at different power ranging from 2.7 to 15.6 mW.

(B) Micrographs of the laser crystallized spots, showing ablation of Sb2S3 at the center of the laser Gaussian profile. AFM

topography of laser crystallized regions at power of (C) 15.6 and (E) 2.7 mW.

(D) AFM topography of laser crystallized spots with line profiles showing the ablation of Sb2S3 at the center of the laser

spot.
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melting temperature (Padilla et al., 2014). Specifically, oxidation of Sb2S3 starts at 350�C and its rate in-

creases by more than two orders of magnitude to 500�C, staying negligible in an N2/O2 atmosphere at

T < 250�C. As supported by the change of the S/Sb ratio by XPS ad EDX, the oxidation at T > 350�C is

due mainly to the loss of sulfur, and mainly occurs at the surface of Sb2S3, whereas Type-II crystallization

homogenously involves the rest of the film depth. In this direction, crystallization could be improved

even at T > 350�C by a capping layer, although this study is still ongoing and requires optimization.

Conversely, for GST, the oxidation is more problematic and related to the different reactivities of Ge,

Sb, and Te, i.e., the oxygen exposure leads to a depletion of Te from GST surface and heterogeneous for-

mation of the Sb- and Ge-oxides, with Sb-oxides more in depth and Ge-oxides more toward the surface

(Golovchak et al., 2015).
Reconfigurable nanophotonic phase modulator on-chip

High-performance, low-loss, compact reconfigurable photonic devices on-chip are essential building

blocks of modern adaptive optical network (Cheng et al., 2018; Feldmann et al., 2019, 2021). Compact

and energy efficient phase modulator represent the first evolutionary step from reconfigurable devices

into programmable circuits.

Thus, our goal is the realization of low-loss nanophotonic phase modulator on-chip based on pioneer-

investigated PCM cell transition a-Sb2S3 4 c-Sb2S3. Controllable optical modulator is based on Si3N4

MZI on-chip, where the input optical signal splits into two arms by multimode interference (MMI) junction,
iScience 25, 104377, June 17, 2022 13
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Figure 9. Chemical XPS analysis of crystallized Sb2S3
High-resolution XPS spectra of the Sb3d3/2 photoelectron core level of (A) a-Sb2S3, (B) Type-I, and (C) Type-II crystallized Sb2S3. The spectra were fitted with

three components corresponding to the SbS3(E) and SbS5(E) units and Sb(E) electrons lone-pair.
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after a certain distance both modes recombine at the output MMI combiner in a single arm producing the

interference of both beams as in Figure 10B. Output intensity of the signal depends on the phase difference

between optical modes in two branches. The establishment of reconfigurable PCM cell atop one of the

arms of MZI results in the relative phase shift of the carried optical signal.

The design of the established nanophotonic device is based on the numerical investigation of the evanes-

cent interaction between the transverse electric (TE0) mode in the waveguide and integrated PCM cell atop

it. The reversible switching of PCM phase state generally can be triggered by appropriate heat stimulation

via evanescent part of intense guided mode (Feldmann et al., 2019, 2021; Rı́os et al., 2015; Stegmaier et al.,

2017) or by help of extra low-loss microheaters deposited in the vicinity of PCM cell (Wu et al., 2019; Zheng

et al., 2020b, 2020a). Joule heating elevates the temperature of PCM cell above the melting point following

quenching results in an amorphous phase-state, whereas an increase in the temperature above the glass

transition results in a crystalline phase-state.

The modeled evanescent interaction between the nanoguide mode and atop Sb2S3 cell in the amorphous

and crystalline states are shown in Figure 10A. We benefit from utilization Sb2S3 in the visible and infrared

(IR) region owing to negligible optical loss of both states and good optical contrast (Figure 7B). Therefore,

we consider reconfigurable MZI phase modulators equipped with PCM cell for wide application range

modulation of the signal in the visible and IR region, in particular at telecommunication band wavelength

l = 1,310 nm where standard optical fiber exhibits zero chromatic dispersion and at telecommunication

wavelength l = 1,550 nm obtaining minimum optical propagation loss. Upon phase transitions a-Sb2S3
4 c-Sb2S3, the guidedmode is lifted up owing to the refractive index change of PCM resulting in the modi-

fication of the mode phase.

The essential parameter to be determined is required PCM length Lp needed to attain p-phase difference

between optical modes in both branches as a result of the switching between cell states thus ensuring

amplitude key-switch (switching on/off) of the output signal with corresponding extinction ratio at neces-

sary wavelength. Simulation results are shown in Figure 10C, where owing to higher contrast of the refrac-

tive index of amorphous and crystalline states of Sb2S3 at visible wavelength range required thickness of

PCM cell is lower to obtain p-shift in comparison with IR guided modes.

Figure 11 shows the numerically simulated interface losses varying the thickness of the deposited Sb2S3
at 1,550 and 1,310 nm. In the figure, the results by the optical properties for the amorphous and crystal-

line (Type-I) Sb2S3 from this study (Blue lines) and Delaney et al. (2020) (Red lines) are compared. The

numerical results indicate lower interface losses for the present work optical constants by a factor of

opening the possibility of integrating the phase modulator, based on Sb2S3, in a programmable SiN pho-

tonic platform.

Further improvement, namely a decrease of two times Lp, can be reached by placing PCM cells in both arms

of MZI and antipolar switching of both cells (PCM cell in the one arm in the amorphous state, whereas PCM
14 iScience 25, 104377, June 17, 2022



Figure 10. Design ad simulation of MZI phase modulator with Sb2S3 PCM cell

(A) Simulated guided mode profile through the Si3N4 waveguide with a-Sb2S3am and c-Sb2S3 (Type-I) PCM cell h = 110nm

atop. Si3N4 waveguide dimensions are determined to support single TE0-like mode, namely at l= 740 nm: h= 200 nm,w =

500 nm; l = 930 nm: h = 200 nm, w = 700 nm; l = 1,310 and 1,550 nm: h = 334 nm, w = 1,200 nm; at l = 1,550: neffam =

1.64106, neffcr = 1.739502.

(B) The design of MZI phase modulator equipped with PCM cell atop one of the arms in two configurations: patterned

cells and unpatterned cell.

(C) PCM length Lp needed to attain p-shift of the mode in the arm equipped with the cell atop as a function of thickness of

PCM cell for different wavelength of the guided mode.
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cell in another arm – in the crystalline state and vice versa), which can be obtained by utilization controllable

individual microheaters (Ovvyan et al., 2016).

Another improvement strategy of the switching the states of PCM cell is patterning it into subwave-

length-nanostructures atop the center of the waveguide above the maximum electric field of the nano-

guide mode (Figure 10B) following in highly uniform heating of each micro-cell, resulting in an increase

of the switching contrast and a decrease of required PCM area in comparison with the unpatterned cell

(Wu et al., 2019).

Introducing PCM cell atop ring resonator on-chip establishes phase modulator and optical switch (Fang

et al., 2021; Stegmaier et al., 2017).

Further potential application of explored PCMmaterial is the introduction of a phase-gradient Sb2S3 meta-

surface atop photonic device, resulting in programmable broadband mode converter for realization

unique scalable optical functionalities (Karvounis et al., 2016; Li et al., 2017; Wu et al., 2021).

The cycling endurance of Sb2S3 is a matter of ongoing investigation and optimization worldwide. Pres-

ently, from literature, the cycling record reported for Sb2S3 varies from 30 cycles for a phase change de-

gree (PCD) of 90%–7,000 cycles for PCD of 20% (Gao et al., 2021), clearly indicating that work is needed
iScience 25, 104377, June 17, 2022 15



Figure 11. Analysis of losses for a Sb2S3-based MZI phase modulator

Comparison between Type-I (blue) and Delaney et al. (2020) (red) models of the Interface losses at (A) 1,550 and (B)

1,310 nm varying the deposition thickness of the amorphous (dashed line) and crystalline (dotted line) Sb2S3 over the

designed waveguide in Figure 10.
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to control the crystallization of Sb2S3 and consequently the cycles. In the case of GST, no considerable

degradation is detected experimentally after 1,000 cycles (Stegmaier et al., 2017) without extra optimi-

zation of the cell-design and its operation scheme. The number of operation cycles is eventually limited

by the endurance of the PCM cells, thus individual GST devices in endurance experiments have shown

1012 switching cycles (Kuzum et al., 2012). Noteworthy, the number of cycles is not the only relevant

parameter to consider.

Indeed, it should be noted that the absorption losses of both amorphous and crystalline phases of GST

PCM cell leads to fundamental limitation phase modulation circuits, namely it prevents optical phase con-

trol independently of changes in the amplitude of propagated light through the photonic devices in the

telecommunication band. Therefore, one of the ways to build efficient lossless phase modulator based on

integrated PCM cell on one of the arms of the MZI interferometer is Sb2S3, which shows extremely low

insertion loss (k, is less than 10�5), whereas remaining non-volatile at operating temperatures, where crys-

tallization and amorphization temperature are comparable with GST.

Furthermore, another potential benefit of Sb2S3 is the existence of two crystalline states of Sb2S3 (Type-I

and Type-II) explored in this work, which enables the multilevel operation of the phase modulator as

well as provides extra degree of freedom of non-volatile memory enabling applications of hybrid photonic

devices with integrated PCM cells.
Design and modeling of an Sb2S3 as high refractive index dielectric reconfigurable antenna

Dielectric nanoparticles, with a high refractive index (HRI), are able to locate and intensify electromagnetic

fields with Joule losses almost null. For characteristic incident wavelengths, confined displacement cur-

rents lead to resonances known as whispering gallery modes. These can be understood as rays enclosed

and traveling in a spherical cavity supported by multiple total internal reflections. According to the Mie

theory, these resonances can be either of electric or of magnetic character and can be independently

excited by changing the incident wavelength. For some situations, they can overlap in certain spectral re-

gions, leading to coherent effects between the scattered electromagnetic fields. These effects produce

characteristic angular distributions of the scattered electromagnetic energy; hence, HRI nanoparticles

can be used to control the direction of the scattered radiation. When those coherent effects are predom-

inantly between electric and magnetic dipole resonances, interesting directionality phenomena can be

found, like a minimum scattering in the forward direction or a null backscattered intensity phenomenon.

In the literature, these are known as the Kerker conditions (Kerker et al., 1983), light is scattered predom-

inantly either in the forward direction, being null in the backward direction (first Kerker condition or zero

backward (ZB)) or mostly in the backscattered direction, being minimum in forward (second Kerker con-

dition or minimum forward (MF)). In general, there are other coherent effects owing to interference

with higher order resonances that lead to a wider gamut of directionality effects (Tribelsky et al., 2015).

Consequently, HRI dielectric nanoparticles can be considered as nanoantennas whose radiation direction-

ality can be controlled depending on the incident wavelength, the external medium, and the geometry of
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Figure 12. Design, simulation, and Scattering diagrams for a reconfigurable Si-core/Sb2S3-shell nanoantenna

(A) Sketch of the proposed Si-core/Sb2S3-shell nanoantenna working for the amorphous and crystalline (Type-I) phases of

Sb2S3.

(B) Evolution of the Kerker conditions (ZB andMF) for both phases of Sb2S3 as a function of the exciting wavelength and of

the nanoantenna internal radius. The external radius is fixed to 90 nm. For an internal radius of 61 nm and an incident

wavelength of 590 nm, MF condition for the crystalline phase and ZB condition for the amorphous phase coincide (see the

text for details).

(C) Scattering diagrams for an incident wavelength of 590 nm, R1 = 61 nm, R2 = 90 nm, for both phases (crystalline and

amorphous). For the crystalline phase, light is scattered in both directions, whereas for the amorphous phase, most of the

radiation is scattered in the forward semi space direction (black arrow indicates the direction of the incident wavevector).

Extinction efficiency of the core-shell nanoparticle for the Sb2S3 (D) amorphous phase and (E) crystalline phase. In (D) and

(E), the dashed lines indicate the coherence points between the electric and magnetic dipole contributions.
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Figure 13. Scattering angular diagrams of Si-core/Sb2S3-shell nanoantennas

Scattering angular diagrams of the proposed core-shell nanoparticle for an incident wavelength of 590 nm, for an internal

and external radius of 61 and 90 nm, respectively, and for the crystalline and amorphous phases of Sb2S3. The percentage

of scattered light in both forward and backward directions, for both phases, is shown.
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the nanoparticle (Geffrin et al., 2012). Here, a core-shell geometry schematized in Figure 12 is analyzed,

with the core made of silicon (a conventional HRI material in the NIR; Garcı́a-Etxarri et al., 2011) and the

shell made of Sb2S3 as PCM, whose optical properties depend on its phase (amorphous or crystalline) as

described in Figure 7. Depending on the phase of Sb2S3, the direction of the scattered light can be either

in the forward or in a mixture of both directions (see Figure 12A). A core-shell geometry is selected to

have enough degrees of freedom to obtain the suitable conditions to generate the desired directionality

effects, as the optical properties of the phases of Sb2S3 do not permit by themselves to get these condi-

tions from a single nanoantenna made only of this material.

The internal and external radii have been optimized to get directional switching of the scattered radiation.

Here we consider the external radius of 90 nm and the internal radius of 61 nm. The first and second Ker-

ker conditions for both phases (either amorphous or crystalline) are plotted as a function of the nanoan-

tenna internal radius and the incident wavelength in Figure 12B. For an internal radius of 61 nm and an

incident wavelength of 590 nm, both MF and ZB conditions coincide for both phases. Therefore, by fixing

these parameters, a reconfigurable nanoantenna could be designed with the scattering diagram for an

incident wavelength of 590 nm shown in Figure 12C. For the crystalline phase, radiation is scattered in

both forward and backward directions, whereas for the amorphous phase, light is scattered predomi-

nantly in the forward semi space direction, being almost null in the backscattered direction. It is important

to point out that Kerker conditions are only valid when coherent effects between the electrical and

magnetically dipole resonances are predominant. In this case, higher order resonances have to be consid-

ered (in this case, the quadrupolar contributions is not negligible. See Mie coefficients a2 and b2 (Bohren

and Huffman, 1998) in Figure 12D. Nevertheless, a very efficient switching effect in the backward direction

can be achieved for these optimized parameters by controlling the crystallinity of Sb2S3. Figures 12D and

12E show the extinction efficiency (Qext) together with the electric and magnetic dipole modes contribu-

tion (ai and bi Mie coefficients; Bohren and Huffman, 1998) for the amorphous and crystalline phases,

respectively.

The angular scattering diagrams of the proposed core-shell nanoantenna are plotted for the two phases of

Sb2S3 in Figure 13. In this case, the intensity of the scattered radiation has been integrated for every scat-

tering angle to calculate the percentage of radiation scattered in either the forward semi space or the back-

ward semi space, as indicated in Figure 13 by arrows. A switching effect by changing the Sb2S3 phase is

clearly obtained in the forward and backward directions. For the former, we get a contrast ratio Am/Cr

of 2 (3 dB), and for the latter, we get a contrast ratio of 0.17 (8 dB). Furthermore, it is important to point

out that for the crystalline phase, the nanoantenna acts as a ‘‘beam splitter’’ by dividing the scattered power

between the forward and backward semi-spaces.
18 iScience 25, 104377, June 17, 2022
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Limitations of the study

The amorphous/crystalline cycle endurance of Sb2S3 has not been measured here. This study does not

make claims about the reversibility over a high number of cycles of phase changes. Based on our

methodology, we analyze statistically the structural and corresponding optical changes only over

one cycle, as after the reported crystallization, we went back to the same Rama spectra of the amor-

phous phase.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

c-Sb2S3 2D Semiconductor https://www.2dsemiconductors.com/sb2s3/

c-Si (100) MTI https://www.mtixtl.com/Si-P-a-101D05C2-US.aspx

Sapphire substrate PIKEM G200201

Glass slide CORNING 7059
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Maria Losurdo (maria.losurdo@cnr.it).
Materials availability

All materials used and generated in this study will bemade available on request from the Lead Contact with

a completed Materials Transfer Agreement.

Data and code availability

d Data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original codes.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMETAL MODEL AND SUBJECT DETAILS

Sb2S3 materials details

Sb2S3 single crystals, c-Sb2S3, were purchased from 2D semiconductors.

Amorphous Sb2S3 ,a-Sb2S3, films were deposited by chemical bath deposition (CBD) (Cobianu et al., 2021)

using 6.5 g of AR grade, anhydrous antimony chloride (SbCl3) dissolved in 33.5 mL of methanol and dissolv-

ing 46.5 g of sodium thiosulfate (Na2S2O3 x 5H2O) in 150 mL of deionized (DI) water (1.25 M solution). These

two solutions were mixed at a constant temperature of 15�C, and then DI water was added to obtain a total

volume of 750 ml of solution with a pH = 4.

a-Sb2S3 films were deposited on 400 Si(100) wafers, 200 sapphire wafers and glass slides, in order to check any

effect of the substrate on the a-Sb2S3 structure. The substrates were cleaned in 5% sodium hydroxide at

90�C followed by 1N HCl, and absolute ethanol. After rinsing in DI water, the substrates were dried at

80�C and then immersed in a vertical position in a beaker. The growth time was between 1h - 4h to have

a film thickness in the range 100 nm to 1mm.

For the interlaboratory study, two batches of samples of a-Sb2S3 with a thickness of approximately 150 nm

on various substrates of glass, sapphire, Si(100), were analyzed at the various laboratories of the co-author-

ing institutions. The same samples were thermally crystallized at the various laboratories in atmosphere of

argon, air and under vacuum; for the thermal annealing temperatures in the range 250 - 350�C were inves-

tigated. Temperatures higher than 350�C resulted in strong changes of stoichiometry and loss of mass of

films at T>450�C.

Additionally, the same set of a-Sb2S3 samples, without any capping layer, was also exposed to green

laser irradiation (514 nm and 532 nm) to assess the laser crystallization of the films. A laser power in the

range 2.7 – 15.6 mW was investigated with a laser spot diameter of z1 mm.
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METHOD DETAILS

Chemical and morphological characterizations

Scanning electron microscopy (SEM) was carried out for the morphological characterization of the samples

with a Zeiss Supra 219 40 FEG SEM equipped with a Gemini field emission gun. Energy-dispersive-X-ray

analysis (EDX) was used to check elemental composition of the films. Analyses were carried out at an extrac-

tion voltage of 3 kV and 221 a 30-mm aperture.

The elemental composition was cross-checked by x-ray photoelectron spectroscopy (XPS). XPS measure-

ments were carried out by a Scanning XPSMicroprobe (PHI 5000 Versa Probe II, Physical Electronics) equip-

ped with a monochromatic Al Ka x-ray source (1,486.6 eV), with a spot size of 200 mm. Survey (0–1,200 eV)

and high-resolution spectra (C1s, S2p, S2s, Sb3d) were recorded in FAT mode at a pass energy of 117.40

and 29.35 eV, respectively. Spectra were acquired at a take-off angle of 45� with respect to the sample sur-

face. Surface charging was compensated using a dual beam charge neutralization system, and the hydro-

carbon component of C1s spectrum was used as internal standard for charging correction, and it was fixed

at 285 eV.

Morphology was investigated by atomic force microcopy (AFM) in the interlaboratory study. The topog-

raphy images were acquired in three different laboratories using two instruments of AFM NX10 from

Park Systems in non-contact mode using PPP-NCHR tip probe with radius of curvature less 10 nm, and

Autoprobe CP (Thermomicroscope) used also in non-contact single-pass mode using a gold-coated Si

tips (their frequency is �80 Hz).
Raman spectroscopy

In the interlaboratory study, five different Raman setups in confocal configuration were used at different

laboratories for unpolarized Raman spectra acquisition. (i) A LabRam Horiba instrument operating with a

532 nm wavelength laser and a 3100 microscope objective (NA = 0.9). (ii) A Invia Reflex Renishaw

Raman instrument was used operating with a 532 nm wavelength laser and a 3100 microscope objective

(NA = 0.9). (iii) A Invia Reflex Renishaw Raman instrument was used operating with a 514 nm wavelength

laser and a 3100 microscope objective (NA = 0.9); (iv) A Xploraplus Horiba Raman operating with

532 nm laser and a 3100 microscope objective (NA = 0.9); (v) A Horiba LabRam Aramis VIS operating at

532 nm with a3100 microscope objective (NA = 0.9) was used. The size of the laser spot on the sample

was approximately 1 mm.

For the statistical analysis of the interlaboratory measurements ten random Raman spectra for each sample

were taken in each laboratory. The laser power was 0.2 – 2 mW for the characterization f materials without

inducing any phase change.
Spectroscopic ellipsometry

In the interlaboratory study, two different spectroscopic ellipsometers were used for the optical character-

ization at the various laboratories. (i) A phase-modulated spectroscopic ellipsometer (UVISEL Horiba) oper-

ating in the 0.75 – 6.0 eV energy range with a resolution of 0.05 eV and with the angle of incidence varying in

the range 55�-70�. (ii) A J.A. Woollam VASE M-2000 spectrocopic ellipsometer operating in the spectral

range 193 nm to 1690 nm at variable angles from 55 to 75�. All measurements were performed at ambient

conditions and at room temperature.

Ellipsometric spectra of the pseudodielectric function were analyzed by a simple isotropic model sub-

strate/Sb2S3/surface roughness. The substrate was experimentally measured before the deposition; the

surface roughness was modelled by a Bruggeman effective medium approximation (BEMA) of 50%

Sb2S3+50%voids with the thickness set at the RMS value from AFM.

The a-Sb2S3 was parameterized with a Tauc-Lorentz dispersion equation (Jellison and Modine, 1996); the

Tauc-Lorentz parameters and the thickness of the film were the fit parameters.

The crystallized Sb2S3 films were parameterized with an ensemble of Tauc–Lorentz oscillators for the

different electronic transitions of Sb2S3 as in Figure 2. The best fit was obtained by three oscillators,
24 iScience 25, 104377, June 17, 2022
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representing main CPs associated to interband transitions as described in main text. The values of Egap and

En obtained from the best fit of the ellipsometric spectra for the films are summarized in the Table below.
Table. Tauc-Lorentz parametrization of Type I and II thermalized crystallize Sb2S3

a- Sb2S3 Type I Type II

Egap (eV) 2.20 G 0.05 1.6 G 0.1 1.4 G 0.1

εN 1.5 G 0.1 2.4 G 0.1 2.1 G 0.1

A1 133.8 G 0.4 37.1 G 0.6 23.0 G 0.5

E1 3.78 G 0.05 2.20 G 0.05 2.41 G 0.05

C1 5.40 G 0.09 2.2 G 0.4 1.0 G 0.1

A2 17.1 G 0.6 15.2 G 0.4

E2 3.61 G 0.03 3.1 G 0.05

C2 1.9 G 0.3 1.5 G 0.4

A3 24.6 G 0.4 4.1 G 0.6

E3 5.51 G 0.06 5.82 G 0.07

C3 2.8 G 0.2 2.4 G 0.3
Polarimetry

Polarimetric measurements were performed with an adapted microscope set-up (Nikon Eclipse LV-N). The

microscope base structure includes a monochromatic unpolarized light source (CoolLED pE-100, 633 nm),

a polarizer (P1) before de sample holder, objectives (5x, 20x and 50x with NA of 0.15, 0.4 and 0.6 respec-

tively) and an analyzer (P2) before the CCD camera (The Imaging Source DMK 33UX174). To achieve the

measurement of the Mueller Matrix (MM) with the microscope two l/4 waveplate retarders (R1 and R2)

with controllable angular orientation of the fast axes were included. One after P1 and another before

P2. Both retarders are identical (ThorlabsWPH05M-633) and are mounted onto motorized rotation stations

(Thorlabs PRM1/MZ8) controlled by an ordinary laptop. We worked out a MATLAB routine that controls the

angular position of R1 and R2 fast axis synchronously with the acquisition process of the camera. The

routine consisted in measuring N images, with angular increments in the fast axis orientation of 180�/N
for R1 and 900�/N for R2 (5:1 speed ratio) between each image acquisition. As a result, in each pixel of

the camera we measured a full Fourier measurement cycle that was processed to obtain the corresponding

MMof a given part of the sample. As a result, a polarimetric image is obtained, i.e., an image that describes

with spatial resolution what changes are produced in the light polarization by a sample. The full process

(data acquisition plus post processing) took less than 20 minutes.

A differential analysis of the Mueller matrices using the Mueller Matrix Differential Decomposition (MMDD)

was performed (Arteaga and Kahr, 2013). The differential matrix m relates the Mueller matrix M as

dM

dz
= mM (Equation 2)

If the differential matrix, m does not depend on z, i.e., distance travelled along the direction of propaga-

tion, the solution of this differential equation is found by taking the logarithm of M, thus,

m = lnðMÞ (Equation 3)

The most general form of the differential Mueller matrix for a non-depolarizing medium is given as follows

(Azzam, 1978; Ossikovski, 2011; Arteaga and Kahr, 2013)

m =

0
BB@

a � LD � LD0 CD
� LD a CB LB0

� LD0 �CB a � LB
CD � LB0 LB a

1
CCA (Equation 4)

where LD, LD0 and CD are linear dichroism in the x-y axes, linear dichroism in the 45-135� and circular di-

chroism. LB, LB0 and CB stand for linear birefringence in the x-y and 45-135� axes and circular birefringence,

respectively. The value a is the absorption coefficient.
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First principles calculations

Density functional theory first principles calculations based on a numerical atomic orbital method were car-

ried out using SIESTA code(Soler et al., 2002). All the calculations were performed with the van der Waals

density functional scheme proposed by Dion et al. (2004) implemented in SIESTA (Román-Pérez and Soler,

2009) to simulate the electronic exchange and correlation. Core electrons are described by ab initio

optimized norm conserving pseudopotentials, generated following the recipe given by Hamann (2013),

available in the PSEUDODOJO(van Setten et al., 2018) in the Kleinman–Bylander fully nonlocal separable

representation. The 4d, 5s and 5p electrons were considered as valence electrons of Sb and explicitly

included in the calculations. For S, as valence electrons, 3s, 3p, and 3d were chosen.

The one-electron Kohn Shameigenvectors were expanded in a basis of localized numeric atomic orbitals (NAO)

as implemented in SIESTA code. The size of the basis set chosen for Sbwas simple z for the semicore 4d; double

z for the 5d polarization orbital and triple z for the 5s and 5p shells. The size of the basis set chosen for S was

double z for 3d polarization orbital; triple z for the 3s and 3p shells. In all cases the default cutoff radii of the

strictly localized wave function were employed, including a soft confinement potential to reproduce the decay-

ing tails of the functions. The electronic density, Hartree, and exchange correlation potentials, as well as the cor-

respondingmatrix elements between the basis orbitals, were calculated in a uniform real space grid. The equiv-

alent plane wave cut-off used to represent the charge density was 1000 Ry. For the Brillouin integrations, a

Monkhorst–Pack (Monkhorst and Pack, 1976) sampling of 6 3 18 3 6 was used. For the bulk structure compu-

tation, atoms and unit cell were allowed to relax until the maximum component of the force acting on any atom

was smaller than 0.01 eV Å�1, and the maximum component of the stress was 0.1 GPa.

Optical response

The frequency dependent optical response of the studied structures was obtained using first-order time-

dependent perturbation theory to calculate the dipolar transition matrix elements between occupied and

unoccupied single-electron eigenstates as implemented in SIESTA code. The optical constants of a solid

was derived from the complex dielectric function εðuÞ = ε2ðuÞ+ iε2ðuÞ. The frequency-dependent dielec-

tric function can be written within the dipole approximation as

ε2ðuÞ =
2p

mN

u2
p

u2

X
v;c

Z
BZ

dk

ð2pÞ3jMcvkj2dðεck � εvk � ZuÞ

where m is the electron mass, N is the number of electrons per unit volume, andu2
p = 4Ne2=m is the plasma

frequency, with e being the electron charge. The single particle electronic states jj of energy εwere labeled

by their crystal momentum k and their valence (V) and conduction (c) band index. The sum was over con-

necting valence and conduction states and over all the k points in the first Brillouin zone. The optical matrix

element was given by Mcvk = jckjbe ,pjjvk, where be is the polarization of the incident light and p is the mo-

mentum operator. The real part of the dielectric function ε1ðuÞ was obtained from the imaginary part using

the Kramers-Kronig relation.

In order analyze the origin of the peaks appearing in the spectra due to interband transitions, the values of the

optical matrix elementMcvk for every pair of conduction and valencebands at each k point with an energy differ-

enceequal to thephoton energy at which thepeak appearwere calculated. In thisway, thepair of bands contrib-

uting to the interband transition visible in the ε2ðuÞ spectra were analyzed. Convergence test were carried out to

determine the number of bands included in optical calculations. The optical mesh used was 4 3 12 3 4. The

gaussian broadening was set to 0.2 Ry. Optical response parallel to each of the crystallographic axes was calcu-

lated using the polarized type, which considers the application of the electric field in the given direction.
QUANTIFICATION AND STATISTICAL ANALYSIS

Ellipsometric fitting was performed using DeltaPsi2 software. Electromagnetic simulation of the on chip

modulator and nanoantenna were performed using Ansys Lumerical FDTD. Figures were produced with

MATLAB R2020a from the raw data.
ADDITIONAL RESOURCES

Any additional information about the film fabrication, annealing, tests and data reported in this paper is

available from the lead contact on request.
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