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Abstract: Phase-change materials (PCMs) are the cornerstone for the development of reconfig-
urable and programmable photonic devices. Sb2S3 has been recently proposed as an interesting
PCM due to its low-losses in the visible and near-IR. Here, we report the use of imaging
polarimetry and spectroscopic ellipsometry to reveal and directly measure the optical properties
of Sb2S3 both in crystalline and amorphous states obtained upon crystallization by annealing in
the air of chemical bath deposited amorphous Sb2S3. The Mueller Matrix polarimetric analysis
reveals the strong anisotropy of the Sb2S3 crystallites which crystallize in radial spherulitic
domains in contrast to the optical isotropy of the amorphous films. A refractive index contrast
of ∆n= 0.5 is demonstrated while maintaining low-losses at telecommunications C-band, i.e.,
λ= 1550 nm.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Phase-change materials (PCMs) can undergo fast and reversible changes between two or
more stable crystalline phases with different optical and electrical properties. The contrast
in optoelectronic properties between phases is the key feature for the development of a new
generation of reconfigurable integrated photonic platforms with application in programmable
photonic processing [1], non-volatile memories [2,3] and neuromorphic computing [4], as well
as tunable nanophotonic metasurfaces and flat optics with active amplitude/phase control [5,6].

All the former applications have been demonstrated using prototypical Ge2Sb2Te5 (GST) as
PCM. This material combines switching times in the sub-nanosecond scale reproducible for
billions of cycles, low transition temperature (melting temperature Tm ≈ 600°C and crystallization
temperature Tc ≈ 170°C) and large optical and electrical contrasts (with difference between
refractive indices of the amorphous and crystalline phases ∆n= 3.56 and ∆k= 1.37 at telecom
wavelengths; and difference in the resistivity of ∆ρ > 103Ω·m). Nevertheless, while new
successful developments in the field of reconfigurable photonics using GST are pursued, other
PCMs are being sought to reduce losses in the visible and near-IR spectral ranges. Ideally, a
PCM should have a large change in the refractive index to achieve a high modulation in the active
spectral region while keeping a low extinction coefficient to prevent energy loss [5].

In chalcogenide materials, it is known that as the chalcogen element decreases in atomic
number (i.e. Te → Se → S), the bandgap of the material tends to increase (e.g. band gap energies
of Sb2Te3, Sb2Se3 and Sb2S3 are 0.2, 1.2 and 2.1 eV respectively [7–9]) as well as their air
stability [10]. Therefore, recent research on PCM materials has focused on light chalcogenides.
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Recently, the performance and capabilities of Sb2S3 as PCM has been demonstrated by Dong et
al. [7]. Delaney et al. [11], performed over 2000 switching events on Sb2S3, while showing
not full reproducibility between events. These studies so far have shown a decay in reflection
change at all points in the durability cycle, with a drop from 5% to 1% seen over the first 2000
cycles. Reported energy band gaps for amorphous and crystalline Sb2S3 are 2.05 and 1.72 eV
as opposed to the 0.5 and 0.7 eV reported for amorphous and crystalline GST [7]. Sb2S3 has
low melting and crystallization temperatures (Tm ≈ 550°C and crystallization temperature Tc

Fig. 1. (a) Unit cell of crystalline Sb2S3. Sb and S atoms are represented in brown and
tallow respectively. (b) Photograph of the as grown and thermally crystallized Sb2S3 film of
thickness of approximately 100 nm and 1 µm. (c) Raman spectra of the as grown amorphous
and thermally crystallized Sb2S3. (d, e) Micrographs of the crystallization process evolution
taken on the 100 nm film (after 1 min, 2 min and 5 min of annealing) from the formation of
initial seed crystals on the amorphous material to complete crystallization of the sample. (f)
X-ray diffraction pattern of as-deposited 100 nm Sb2S3 film and annealed at 250°C. Vertical
red lines indicate the Bragg position of Sb2S3.



Research Article Vol. 12, No. 4 / 1 Apr 2022 / Optical Materials Express 1533

≈ 250°C). Sb2S3 crystallizes in an orthorhombic structure with space group symmetry Pnma
(no. 62) with lattice parameters a= 1.1302 nm, b= 0.3834 nm, and c= 1.1222 nm with excellent
cleavage on (100) and crystals commonly elongated along the b axis. Interestingly, Sb2S3 is
a layered materials with van der Waals interaction between chalcogenides (sulphur) planes as
shown in Fig. 1(a). Sb2S3 is a biaxial anisotropic material, and optical constants were measured
at specific wavelengths many years ago on natural cleavage surfaces, i.e., along axes b and c, by
Tyndall [12] and Drude [13]. Recently, Schübert et al. [14,15] reported the complete dielectric
function tensor. Nevertheless, while single crystals and bidimensional (2D) layers of Sb2S3 are
birefringent, thermal annealed Sb2S3 are polycrystalline consisting of a texture of micron-sized
crystalline domains for which it is still an open question their degree of anisotropy and how
this can affect the performance of the optical devices. In this context, imaging Mueller Matrix
(MM) polarimetric analysis in combination with optical microscopy becomes a key technique to
analyze the optical behavior of microtextured biaxial anisotropic thin film samples [16].

In this work, imaging polarimetry is used to study the optical properties of amorphous chemical
bath deposited Sb2S3 thin films as well as of thermally annealed films. Imaging polarimetry
reveals the spherulitic crystallization leading to anisotropic, birefringent, and dichroic Sb2S3
micro-crystals in the film. The refractive index spectrum of both the amorphous and thermally
crystallized phases is reported as well as the refractive index contrast, i.e., the key parameter for
the benchmarking of this material as PCM.

2. Methods

2.1. Film fabrication

Sb2S3 films were deposited by chemical bath deposition (CBD) [17] at 15°C using antimony
chloride (SbCl3) and sodium thiosulfate as precursors. At that temperature, a SbCl3 was dissolved
in 4 mL of methanol (0.35 M solution) and 1.1 g of Na2S2O3 was dissolved in 25 mL of deionized
(DI) water (0.28 M solution). These two solutions were mixed, and then DI water was added to
obtain a total volume of 50 ml of the liquid phase, which had a pH equal to 4. The final mixture
was vigorously stirred for 5 minutes. The glass substrates were cleaned in 5% sodium hydroxide
at 90°C followed by 1N HCl, and absolute ethanol. After rinsing in DI water, the glass slides
were dried at 80°C and then immersed in a vertical position in a beaker. The growth time was
between 2 h - 4 h to have a film thickness in the range 100 nm to 1 µm.

2.2. Structural characterization

Raman spectroscopy was performed in with LabRam Horiba set up using a ×100 microscope
objective (NA= 0.9) and excitation wavelength of 633 nm allowing us to monitor the structural
changes induced by the thermal crystallization.

The crystalline structure was determined by X-ray diffraction, in thin film geometry. The
measurements were performed with an Ultima IV diffractometer (Rigaku Corp., Japan), equipped
with parallel beam optics and a thin film attachment, using Cu Kα radiation (λ= 1.5405 Å),
operated at 30 mA and 40 kV, over the 2θ range 5-70°, at a scanning rate of 1°/min, with a step
width of 0.02°; the fixed incidence angle was set at 0.5°. Phase identification was performed using
Rigaku’s PDXL software, connected to the ICDD PDF-2 database. The lattice constants were
refined using diffraction line position and the crystallite size was estimated from the diffraction
line width (full width at half maximum, FWHM) using the Scherrer equation.

2.3. Optical characterization

For statistical analysis of the optical properties, amorphous and spherulitic crystallized samples
were measured in 5 points on two different batches of samples of thickness 100 nm following the
same deposition and subsequent crystallization process.
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Optical properties, namely spectra of the complex pseudodielectric function, ⟨ε⟩ = ⟨ε1⟩ + i⟨ε2⟩,
were measured by spectroscopic ellipsometry (UVISEL Horiba) in the photon energy range
0.75–6.5 eV with a resolution of 0.05 eV. In order to check anisotropy of samples, measurements
at various angle of incidence in the range 55°-75° were performed indicating that the films were
mostly isotropic. The ellipsometric measurements were fit to a three-media substrate/film/air
model, where the glass substrate was experimentally measured prior deposition; the Sb2S3 layer
was parameterized using the Tauc–Lorentz oscillators model [18].

Spectral transmittance measurements were performed with a microscope set-up (Nikon
Eclipse-NiU) where the sample, located in the sample holder, was illuminated by an aplanatic
achromatic condenser lens (variable NA1.4) and the transmitted light collected by an optical
system consisting of an objective (Nikon, infinity corrected, NA0.45) and a focusing lens to
concentrate the transmitted light at the entrance of an optical fiber (NA0.22). This guides the
light to a spectrograph (ANDOR SR3031A) with a CCD camera (ANDOR DV420A-OE) which
is controlled by a PC. The camera signal, previously corrected by the spectra of the illuminating
lamp, is suitably analyzed to get the desired spectral data.

Polarimetric measurements were performed by an imaging polarimeter that allowed measuring
the Mueller Matrices (MM) at different wavelengths in the visible spectrum. The instrument used
in the experiment is a dynamic rotating compensator polarimeter. It consisted of a Polarization
State Generator (PSG) composed of a Polarizer (P1) and a λ/4 waveplate Retarder (R1), a
sample holder, a 5× Microscope Objective (MO) with a numerical aperture of 0.15 aligned in
the transmission configuration, which allowed studying the sample in the microscopic range,
and a Polarizer State Analyzer (PSA), which in turn was composed of another λ/4 waveplate
retarder (R2) and an analyzer (P2). The microscope objective was interchangeable so that
measurements with different magnifications were possible. Finally, the images were captured
with a 12-bit camera. Both retarders rotated synchronously with a speed ratio of 5/2, completing
a full Fourier measurement cycle of 200 images of 640× 640 pixels with which the low noise
MM was calculated by means of a Fourier transformation algorithm [19]. Retarder R1 rotated in
angular steps of 2π/200 rad. In total, the full process of one measurement required 10 min. The
light source was a supercontinuum laser (FemtoPower 1060 made by Fianium), which allowed
performing measurements in the visible spectrum, from 480–680 nm. The wavelength selection
was performed by a calibrated diffraction grating and a diaphragm. For the results shown here,
the wavelength was centered at λ= 634 nm with a FWHM= 3 nm, a spectral width high enough
to lose coherency and avoid a speckle pattern.

The differential representations of an optical medium are useful in determining the optical
properties from measurements [20]. Here, we perform a differential analysis of the Mueller
matrices using the Mueller Matrix Differential Decomposition (MMDD). The differential matrix
m relates the Mueller matrix M as

dM
dz
= mM (1)

If the differential matrix, m does not depend on z, i.e., distance travelled along the direction of
propagation, the solution of this differential equation is found by taking the logarithm of M, thus,

m = ln(M) (2)

The most general form of the differential Mueller matrix for a non-depolarizing medium is given
as follows [20–22]

m =

⎛⎜⎜⎜⎜⎜⎜⎜⎝

α −LD −LD′ CD

−LD α CB LB′

−LD′ −CB α −LB

CD −LB′ LB α

⎞⎟⎟⎟⎟⎟⎟⎟⎠
(3)



Research Article Vol. 12, No. 4 / 1 Apr 2022 / Optical Materials Express 1535

where LD, LD′ and CD are linear dichroism in the x-y axes, linear dichroism in the 45-135° and
circular dichroism. LB, LB′ and CB stand for linear birefringence in the x-y and 45-135° axes
and circular birefringence, respectively. The value α is the absorption coefficient.

The dichroic properties of a medium are due to the anisotropy of its extinction coefficient
∆kp,q that results in different absorptions for two orthogonal polarization states (p,q). Conversely,
the birefringent properties stem from the anisotropy in the real refractive index ∆np,q, entailing
different phase shifts for two orthogonal polarization states [23]. Therefore, expressions for LD,
LD′, CD, LB, LB′ and CB can be written as

LD = 2π
λ ∆kx−y LB = 2π

λ ∆nx−y

LD′ = 2π
λ ∆k45◦−135◦ LB′ = 2π

λ ∆n45◦−135◦

CD = 2π
λ ∆kL−R CB = 2π

λ ∆nL−R

(4)

3. Results

As grown large area CBD Sb2S3 samples were annealed for 5 minutes in ambient at 250°C,
as shown in Fig. 1(b) in order to ensure a homogenous coverage of crystalline domains. The
as-deposited films show a uniform orange color that after annealing turns into dark brownish.
Figure 1(c) shows the Raman spectra of the as grown Sb2S3 showing two broad peaks characteristic
confirming its amorphous state, and further supported by the lack of peaks in the X-ray diffraction
(XRD) spectrum in Fig. 1(f). The broad Raman bands at ≈ 140 and 300 cm−1 correspond to
Sb-S and S=S vibrational modes. After annealing, several peaks appear in the Raman and
XRD spectra consistent with Sb2S3 crystallites formation. The Raman spectrum of the thermally
crystallized Sb2S3 shows peaks due to vibrational modes of symmetry groups Ag at 154 cm−1

(lattice mode), 190 cm−1 (anti-symmetric S–Sb–S bending mode), 285 cm−1 (anti- symmetric
Sb–S stretching mode), and 308 cm−1 (symmetric Sb–S stretching vibration), and B1g/B3g at
241 cm−1 (symmetric S–Sb–S bending mode) [24,25]. Fig. 1(d) shows the micrographs of the
100 nm Sb2S3 film at different stages of the crystallization process i.e., after 1 min, 2 min and 5
min of annealing. From the first micrograph it can be seen how crystal seeds (blue regions) appear
in the amorphous film (purple regions). With increasing annealing time, the crystalline domains
grow steadily until covering most of the film and ultimately completing the crystallization of the
film. Higher magnification micrographs are shown in Fig. 1(e) where crystalline domains in the
amorphous background can be appreciated.

Already the difference in color between the amorphous and crystalline domains in Fig. 1(d)
indicates the difference in the refractive index between the two phases. Both the 100 nm and
1 µm amorphous films were measured in the 200-1600 nm range using spectroscopic ellipsometry
before and after the thermal crystallization to determine the refractive index, shown in Fig. 2(a).
The 100 nm and 1 µm amorphous Sb2S3 films have the same refractive index, indicating that the
refractive index of the amorphous phase is independent of thickness (the films were deposited
under the same experimental conditions; only the deposition time was changed). Interestingly,
for the fully crystallized films, the same refractive index was measured for both the 100 nm and
the 1 µm both crystallized at same annealing temperature of 250°C. We found that the refractive
index, and of course crystallization, depends on the temperature of the annealing rather than on
thickness. From the Tauc-Lorentz parameterization of the Sb2S3 layer in each sample, the band
gap was determined to be 2.10± 0.05 and 1.80± 0.05 eV for amorphous and crystalline Sb2S3,
respectively.

These values are in good agreement with those reported by Dong et al. [7], i.e., 2.05± 0.05 eV
and 1.72± 0.05 eV respectively. However, differences in the value of refractive index are observed.
For RF sputtered Sb2S3 films, the refractive index has been reported to be n= 2.7 and 3.3 at
1550 nm for amorphous and crystalline, respectively, in contrast to the values of n= 1.94 and 2.45
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Fig. 2. (a) Refractive index (n+ ik) of as-grown amorphous and thermally crystalized
Sb2S3. (b) Transmittance of the as-grown amorphous and thermally crystalized Sb2S3. (c)
Refractive index contrast ∆n and ∆k between amorphous and thermally crystalized Sb2S3.
(d) Difference in the transmittance spectra ∆T measured on the as-grown amorphous and
thermally crystalized Sb2S3 film.

reported here. These values of refractive index for our CBD Sb2S3 films are closer to that reported
for electrophoretic deposited Sb2S3 films, [26] indicating an effect of the deposition method and
parameters on the density of the amorphous Sb2S3 film and consequently on the crystallized film
density. For reference, at 1550 nm the values of the refractive index tensor measured in a single
crystal along the optical axes are na ≈ 2.89, nb ≈ 3.74 and nc = 3.55 as reported by Schübert et al.
[14]. From the measured values of the refractive indices of the amorphous and crystalline Sb2S3
phases, the refractive index contrast is stablished as shown in Fig. 2(b). From 700 to 1600 nm
the value of ∆n= 0.55–0.60 while keeping ∆k < 10−2. These values of ∆n are comparable to
those reported by Delaney et al. [11] (∆n ∼0.60 in the 800–1550 nm range) and slightly lower
than that reported by Dong et al. [7] (∆n= 1 at 600 nm) for RF sputtered films. Transmittance
measurements performed on both amorphous and thermally crystallized Sb2S3 films are shown
in Fig. 2(c). The transmittance values for the amorphous films are higher, consistent with its
lower refractive index and higher energy band gap. The difference in transmittance ∆T measured
between amorphous and thermally crystallized film is shown in Fig. 2(d). A maximum of ∆T as
high as 0.5 is reached at 550 nm, indicating that Sb2S3 can work as a PCM at optical frequencies.

The imaging Mueller Matrix (MM) was measured in multiple points of two different as-grown
amorphous Sb2S3 samples of thickness 100 nm showing same optical response. As the MM is
measured in transmission, the lower of the fabricated thickness was chosen as it allows us to have
the highest signal in the detector minimizing the signal-to-noise ratio. The MM measured on
amorphous Sb2S3 as shown in Fig. 3. This reveals an almost identity matrix with only non-null
elements in the diagonal. From this, and considering the MMDD described above, the linear
birefringence (LB), linear dichroism (LD), circular birefringence (CB) and circular dichroism
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(CD) can be obtained as shown in Fig. 4. These parameters show clearly a non-birefringent and
non-dichroic behavior characteristic of an isotropic amorphous phase.

Fig. 3. Experimental Mueller matrix of amorphous Sb2S3films measured at λ= 634 nm
with a 5× microscope objective.

The imaging Mueller Matrix (MM) was also measured after the annealing of the Sb2S3 film in
crystallized state in which both amorphous and crystalline domains coexist as shown in Fig. 5.
Element m11 represents the micrograph of the studied region. Its morphology consists in round
crystalline domains embedded in the amorphous matrix. In this case, and differently from the
amorphous Sb2S3 in Figs. 3, the MM matrix elements m24, m42, m34 and m43 are non-null in the
crystalline domains. As shown in Fig. 6, through the MMDD, the LB, LD, CB and CD parameters
can be extracted revealing clearly a birefringent behavior (LB ≠ 0) in the crystalline domains
with a slight LD due to the different refractive index and extinction coefficients associated to the
dielectric tensor of Sb2S3 [14,15], and a lack of optical activity given by the null values of CB
and CD.

To better understand those birefringent domains appearing in the film and its relation to
crystallization process, cross-polarization measurements on an isolated crystalline domain were
performed as shown in Fig. 7. The cross-polarization images present the characteristic Maltese
cross pattern (i.e., the four dark perpendicular cones diverging from the center of the crystal). This
behavior, characteristic of birefringent materials, is the result of a crystallization process obeying
a fast radial growth in a fibrous manner starting from a central seed consistent with spherulitic
structures [27]. Generally, the name spherulite is given to radially polycrystalline aggregates
with an outer circular/spherical envelope depending of the dimensionality [28]. The spherulitic
crystallization of amorphous Sb2S3 has already reported in literature when applying similar
annealing conditions revealing that the splitting planes (i.e., the boundary between the fibers) not
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Fig. 4. Mueller Matrix Differential Decomposition of amorphous Sb2S3 film measured at
λ= 634 nm. LD, LD′ and CD parameters are linear dichroism in the x-y axes, linear dichroism
in the 45-135° and circular dichroism, respectively. LB, LB′ and CB parameters stand for
linear birefringence in the x-y and 45-135° axes and circular birefringence, respectively. The
blue dots are just dust on the film surface.

Fig. 5. Experimental Mueller matrix of partially thermally crystallized Sb2S3 films
measured at λ= 634 nm with a 5× microscope objective.
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Fig. 6. Mueller Matrix Differential Decomposition of partially thermally crystallized Sb2S3
films measured at λ= 634 nm. LD, LD′ and CD parameters are linear dichroism in the
x-y axes, linear dichroism in the 45-135° and circular dichroism, respectively. LB, LB′

and CB parameters stand for linear birefringence in the x-y and 45-135° axes and circular
birefringence, respectively.

necessarily coincide with the cleavage planes but only depends on the fastest growth direction
[29]. Deep crystallographic analysis using electron microscope crystal lattice imaging techniques
was performed by Sokol et al. [30] to study the spherulitic crystallization of amorphous Sb2S3.
The observation of the Maltese cross pattern signifies only that the anisotropic crystals are
arranged in such a way as to conform Fig. 7(c) in which it can be distinguished a radial and
tangential refractive index [27] which usually match a crystallographic axis in the case of Sb2S3
[29]. Within this context, the Maltese cross pattern can be understood as if each radial fiber in
the crystal can be regarded as a linear polarizer. If their direction coincides with that of one of
the crossed polarizers, then little light is transmitted. The transmission is increased when the
crystalline fibers make a non-zero angle with both polarizers reaching a maximum value when the
angle between fiber and polarizers is 45°. Noteworthy, although several Mueller matrix imaging
analysis of polycrystalline spherulitic materials have already been reported in literature [31–34],
none of them has addressed studies on this type of crystallization on phase-change materials.

Although this spherulitic crystals give a local linear birefringent and dichroic behavior within
the micro-crystallite domains, at the macroscopic level, considering full spherulites illuminated
with unpolarized white light, the anisotropic behavior with radial symmetry of each spherulite is
averaged giving as a result an overall isotropic response also for the crystallized film, consistently
with the macroscopic ellipsometric measurement (over mm-size spot). On the contrary, if
working with smaller size spots in a way in which only parts of the spherulites are illuminated,
because now the radial symmetry lost, linear birefringence and dichroism effects need to be
considered. Therefore, the appropriate consideration of isotropy/anisotropy and, thus, the
spherulitic growth, is needed for the correct and accurate modelling of the interaction of light
with PCMs in phase-change photonic devices.
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Fig. 7. (a) Micrograph and (b) cross-polarization measured on an isolated crystalline
domain. (c) Sketch of the anisotropy in spherulitic structures indicating spatially the radial
and tangential refractive indices (nr and nt).

4. Conclusions

In this work, we assessed the optical properties of Sb2S3 phase-change material using spectroscopic
ellipsometry and imaging polarimetry. Amorphous Sb2S3 thin films over centimeter scale
substrates were prepared by chemical bath deposition and crystallized by thermal annealing in air.
Imaging polarimetry reveals the spherulitic crystallization leading to birefringent and dichroic
Sb2S3 micron-sized crystals, which because of their radial symmetry results in isotropic behavior
of crystallized films at macroscopic scale. The refractive index and extinction coefficient spectra
of both the amorphous and thermally crystallized phases have been reported as well as the
refractive index contrast, which is the key parameter for benchmarking this PCM. A contrast of
refractive index of ∆n= 0.5 is demonstrated while the main advantage is maintaining low-losses
at telecommunications C-band, i.e., λ= 1550 nm.
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