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Conventional ternary chalcogenide phase change materials (PCMs) have been widely used for near-infrared to
mid-infrared applications but typically exhibit only two phases. In contrast, antimony sulfide (Sb2S3) is a binary
phase-change material that can take three states and consists of earth-abundant elements. Despite its potential as
a new class of PCM, Sb,S3 remains relatively underexplored. In the current work, we employ Raman spectroscopy
and nano-FTIR to investigate phase transitions of SbyS3 induced by femtosecond-pulsed and continuous-wave
lasers. In particular, nano-FTIR enables nanoscale characterization of reversible phase transitions and clear
identification of the typically elusive intermediate state. By integrating nano-FTIR and Raman spectroscopy, we
correlate morphological and chemical features with optical responses. Crucially, the nano-FTIR amplitude dis-
tributions under broadband excitation are governed not only by the magnitude of the dielectric constant but also
by the sensing depths. This work advances the understanding and application of binary chalcogenide PCMs for
mid-infrared photonic devices.

Introduction

Phase change materials (PCMs) offer a promising approach for
reconfiguring optical properties via external energy stimuli, such as
annealing, pulse laser, or electrical short pulse. Utilizing electrical [1] or
laser-induced [2] switching, the active programmable metasurfaces and
optical photonics are investigated. Combining ultra-thin film (below 55
nm) PCMs and polar substrates has gained attention in recent years.
Nonvolatile germanium-antimony-tellurium (GesSb2Teg or Ge;SbaTes),
sometimes with polar substrates, is systematically explored from
mid-infrared (mid-IR) to the far-IR range [3-6]. Nonvolatile PCMs'
natural properties contribute to reducing low energy consumption and
stability, making PCM-based devices highly appealing from a green
technology perspective. However, achieving precise control over metal
composition (e.g., Te-rich or Ge-rich) and ensuring homogeneity in
ternary materials, such as GeSbTe alloys, presents several inherent
challenges [7-9].

Recently, the binary chalcogenide antimony sulfide (SbyS3) has
garnered significant attention for its advantages over GeSbTe, including
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its earth abundance and low optical loss in the visible. A characteristic
nature of Sb,S3 against GeSbTe is its ability to form intermediate states
between crystalline and amorphous states. The intermediate state is a
mixture of crystalline and amorphous states, as identified by others [10,
11] SbySs has been explored for various applications such as program-
mable metasurfaces [2,12], nanophotonic devices [13], and silicon
photonics [1], spanning from the visible to the NIR spectrum. However,
in the mid-infrared (mid-IR) range, research has primarily focused on
chemically synthesized SbySs components doped with rare elements
[14,15].

Notably, there is a scarcity of studies on nanoscale mid-IR spectros-
copy of SbyS3 that demonstrate reconfigurable states. Nano-FTIR is a
variant of scattering-type near-field scanning optical microscopy (s-
NSOM) that integrates a broadband infrared illumination and interfer-
ometric detection for Fourier transform spectroscopy [16,17]. Unlike
conventional s-NSOM, which typically operates at single or a few
discrete wavelengths, nano-FTIR records a broad infrared spectrum.
This approach enables acquisition of infrared spectra with nanoscale
spatial resolution, enabling detailed chemical and structural
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characterization of phase change processes at the nanoscale.

In this work, we optically investigate Sb,Ss associated with the
amorphization and crystallization laser irradiation. We analyze the
three distinct states of SbaSs using Raman spectroscopy and nano-FTIR
following femtosecond laser-induced amorphization and continuous-
wave (CW) laser crystallization. In particular, the nanoscale optical in-
sights from nano-FTIR imaging provide strong evidence to advance next-
generation technologies, including high-density optical memory systems
and thermography applications in unmanned vehicles, surveillance
systems, and astronomy.

Results and discussion

The transition from crystalline to amorphous and the reverse process
can be accomplished using femtosecond pulses and CW lasers, respec-
tively. Generally, amorphization occurs through a melt-quench process
that involves heating the PCMs to high temperatures (above the melting
point) to melt them, followed by a short heating period to ensure rapid
cooling and prevent recrystallization, shown in Fig. 1(a). Crystallization
requires a longer heating time at moderately high temperatures (below
the melting point) to promote crystal formation and growth [18]. In
Fig. 1(b), the permittivities of amorphous and crystalline Sb,S3 collected
by ellipsometry are shown. The solid lines represent the real parts of the
dielectric functions (¢1) for amorphous (a-) and crystalline (c-) Sb,Ss,
with values of around 6 and 10, respectively. The dashed lines corre-
spond to the imaginary part of the dielectric function (e3) for a- and
c-SboS3. In Fig. 1(c), the simulated second-order amplitude (O2A)
spectra of nano-FTIR following the model [19] with a 10-nm ITO thin
film between the SbyS3 and substrate are shown. It is anticipated that the
two phases are distinguishable by nano-FTIR. Note that, as shown in
Figure S1, the existence of a 10-nm ITO thin film only affects the slight
shifts in the magnitude of the spectra. Additionally, around a 10 nm
thickness decrease, which could happen in the amorphization process as
discussed later, does not affect the trend of O2A spectra for a- and
c-SbyS3 as shown in Figure S1. While the crystal and amorphous phases
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of Sb,S3 are well known, an additional intermediate state has not been
investigated intensively except in a few studies [1,10], and thus iden-
tifying the intermediate state is the major focus of this work.

SbyS3 amorphization process by femtosecond laser (crystalline,
intermediate-crystalline, and fully quenched amorphous)

The fabrication of SbyS3 thin films began with the deposition of a-
SbyS3 on an ITO/glass substrate by e-beam evaporation. Following this,
the sample was annealed in vacuum after depositing a 15 nm protective
SiO4 layer by e-beam evaporation. A protective layer helps prevent
thickness changes [1,20]. As noted in our previous paper, the absence of
a protective layer results in a reduced Sb,S3 thickness [13]. Lastly, the
amorphization process was achieved via pulsed laser irradiation,
resulting in both intermediate-crystalline and fully quenched amor-
phous SbySs3 (denoted as IC and FQ), as illustrated in Fig. 2(b). The
detailed parameters of the femtosecond pulse laser and the CW laser are
shown in the Methods Section. The laser created a spatial gradient in
which the high-intensity center melts and quenches into an amorphous
state, while the lower-intensity periphery retains partial crystallinity in
intermediate states, as illustrated in Fig. 2(b). The intermediate state
was proved in both amorphization and crystallization.

Despite its relevance, the Raman characterization of locally revers-
ible Sb,S3 during amorphization and subsequent crystallization has not
been comprehensively investigated. When performing Raman spec-
troscopy, it should be noted that Sb,S3 exhibits high absorption in the
amorphous phase below 650 nm and in the crystalline phase below 700
nm [13]. Within the absorbing wavelength range, the phase change from
IC or FQ to the crystalline state can be induced during Raman spec-
troscopy measurement. Therefore, to avoid phase change during Raman
spectroscopy, a 785 nm CW laser was selected as the excitation source.
The laser beam diameter on the sample was 4.5 pm, as shown in Figure
S2. Fig. 2(c) shows the Raman features of crystalline SbySs appear at
195, 235, 280, and 309 cm™! (yellow dashed line). They show Sb-S
stretching modes in the orthorhombic phase. The gray line at 149 cm}
shows metallic Sb phase, and the peak corresponding to SbyO3 is at 115
em’! [1 3,20-23]. Utilizing pulse laser irradiation, both IC and FQ Sb,S3
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Fig. 1. (a) Schematic of Sb,S3 optical switching concept with a femtosecond (FS) and a CW lasers. (b) Permittivity of a-Sb,S3 and c-Sb,S3. Red and blue colors
represent the real and imaginary parts, respectively. (c) Calculated O2A spectra of nano-FTIR for the 150 nm Sb,S3 thin film on the ITO/glass substrate, where the

orange and blue show a-Sb,S3, and ¢-Sb,S3, respectively.
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a) OM image

(b) Amorphization
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Fig. 2. (a) Optical microscope image of the Sb,S3 thin film after the laser quenching process. An arrow shows the radial position of the laser whose intensity de-
creases. Scale bar is 5 pm. (b) Schematic of femtosecond (FS) pulsed-laser-induced melting-quenched process with a Gaussian beam irradiated on the device. Raman
spectra of Sb,S3 in (c) crystalline (Cry.), (d) intermediate-crystalline (Intermediate-Cry.), and (e) fully-quenched (FQ-Amo.) states.

were formed due to the Gaussian intensity distribution of the laser. As
the laser intensity was weaker at the perimeter, in Fig. 2(d), the major
peaks of crystalline Sb,S3 are still detectable but with lower intensity for
the IC. The Raman spectrum for the FQ is shown in Fig. 2(e), showing
broad features. Other leaf-like profiles of crystalline SboS3 Raman are
shown in Figures S3 and S4. In the experiment, with the SiO3 protecting
layer, the Raman measurements didn’t show major ablation and
oxidation peak (e.g. SbyO3) in the SbySs.

In Fig. 3, the three states (crystalline, IC and FQ) of the Sb,S3 films
were investigated via the nano-FTIR with a broadband laser covering
500-1500 cm™ range. To normalize the spectrum, a silicon wafer was

used as the reference for all the nano-FTIR results. In the optical mi-
croscope image shown in Fig. 3(a), the measured area is enclosed by a
black dashed frame. The irradiation region, located at the center of the
frame, appears pink in color, with sawtooth patterns along the edges.
Similar to the optical microscope image, the atomic force microscopy
(AFM) image shown in Fig. 3(b) classifies the three states. While FQ
SbyS3 has a smooth and no crystal texture, IC and crystalline Sb,S3 have
a leaf-like texture. Figs. 3(c) and 3(d) display second and third-order
optical amplitudes (O2A and O3A) of the nano-FTIR. In general, the
results indicate that amplitude increases with crystallinity, which cor-
relates with permittivity. However, O2A contains signals from deeper

(@)

max max
> >
3 3
=2 °
= =
o -
S S
@ @
—_ —_
N o
c c
o |
min min

0.16
S 014
S 012
§I 0.10
O .08

0.06

|eaibojodo |

A
El
3

=

pr : 1000

X (pm)

1050

1100 1150 1200
Wavenumber (cm")

1250 1300

Fig. 3. (a) Optical microscope image of the Sb,S; film where the laser beam irradiated. The scale bar is 10 pm (b) Topography of the area surrounded by the black
dashed frame in panel (a). Nano-FTIR mapping with an infrared broadband laser (500—1500 cm™) for the Sb,Ss sample showing (c) second-order amplitude (O2A)
and (d) third-order amplitude (O3A). (e) Nano-FTIR spectra of the Sb,S3 in three different states.
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regions than O3A [24]. Thus, in the O2A shown in Figure 3(c), some FQ
areas are brighter than the IC area because the FQ area is slightly thinner
than the IC area and the signal from the substrate is contributing.
Similarly, the O3A image shown in Fig. 3(d) does not completely
distinguish between the three states by amplitude. It is noted that a
highly precise and controllable laser system has been used to analyze the
intermediate states of the SbyS3 [10], but without performing infrared
spectroscopy. Figure 3(e) plots the O2A spectra, where the measured
locations are indicated in Fig. 3(c) with the same color. Overall, c-SbyS3
(red) has the largest amplitude, corresponding to the highest permit-
tivity among the three states, followed by IC (green) and fully quenched
(blue) SbySs. Note that this result may differ if other positions are
selected, such as the left boundary or the bottom right in Fig. 3(c). Also,
as mentioned earlier in Figure S1, although there is a ~10 nm change in
thickness in the IC and FQ areas from Fig. 3(b), this change has a
negligible influence on the O2A. To summarize the above findings, the
O2A intensity distribution among the three states is not entirely gov-
erned by the magnitude of the dielectric constant, and the same is true
for O3A. Therefore, to avoid issues with morphology or variations in
effective depth after irradiation, our proposed design concept should be
implemented within a selected frequency range to demonstrate three
distinct states, as explained in Fig. 4.

In Fig. 4(a), the scanning area of 5 x 15.5 pm? for the hyperspectral
imaging was selected, marked with a white frame in the AFM image. The
arrow indicates the line scan direction from FQ, IC, to the crystalline
state. Hyperspectral imaging of the O2A with the wavenumber ranges
limited to 900—1100 cm™, 1100—-1200 cm™, and 12001300 cm™ are
shown as Figs. 4(b), 4(c), and 4(d), respectively. In the 900—1100 cm’!
range, the results reveal two distinct regions: crystalline and irradiated
areas, which include IC and FQ. In the 1100—1200 cm’! range, the
permittivity of SbySs has strong wavenumber-dependence, such that the
three states of Sb,S3 are distinguished, ordered from top to bottom: FQ,
IC, and crystalline, each exhibiting well-defined edge boundaries.
Compared to the former two images, the images in the range of
1200—-1300 cm™ cannot distinguish the three states. A similar
wavenumber-range dependence is also observed in the O3A images, as
shown in Figure S5.

While Raman spectroscopy and nano-FTIR have been carried out to
study chemical states of the samples, the visible reflectance spectra of
three-state SbyS3 after amorphization are demonstrated in Figure S6.
The reflectance resonance dips start at 667 nm, 620 nm to 583 nm,
corresponding to the Cry, IC, and FQ, respectively. These dips include
changes in both refractive index and thickness. While Cry and IC states
exhibit a vein-like appearance, the FQ state appears smooth. Thus, the
reflectance spectra indicate that they can also be used to distinguish
between different states.

Applied Surface Science Advances 34 (2026) 101000
Sb,S;3 crystallization process by CW laser

In Fig. 5(a), the reconfiguration of SbySs through the CW laser irra-
diation in the FQ region is illustrated, and an optical microscope image
after the laser crystallization is presented in Fig. 5(b). In laser crystal-
lization, a 532 nm CW laser was applied at 2 mW power with a beam size
of 3 um. In Figs. 5(c) and 5(d) of the Raman characterization excited at
785 nm laser, the original FQ and laser-induced crystalline SboS3 are
observed. The former displays two broadband features, and the latter
exhibits crystalline features at 195, 235, 280, and 309 cm’l, indicated by
yellow dashed lines. The Sb peak is at 147 cm™l. However, character-
ization of the IC state was challenging with the Raman spectroscopy
based on the optical microscope, as the intermediate region’s size was
comparable to the beam diameter. In contrast, nano-FTIR enabled the
quantitative evaluation of the CW-laser-induced three distinct states of
Sb,S3, which will be discussed next.

Fig. 6 shows the nano-FTIR imaging of the CW-laser-induced crys-
tallization (LC) shown in Fig. 5. As shown in Fig. 6(a), the AFM image
displays the location of CW-laser irradiation, where the irradiated spot is
on the left side. Other results are shown in Figure S7. Figs. 6(b), 6(c), and
6(d) show the hyperspectral images at 900-1100 em™, 1100-1200 cm™!
and 1200-1300 cm™, respectively. While the 900-1100 cm™ and
1200-1300 cm™ ranges do not clearly differentiate the three states, the
image of 1100-1200 cm! range can differentiate them. The nano-FTIR
spectra shown in Fig. 6(e) are taken from Fig. 6(c), and they essentially
support the observation from the image shown in Fig. 6(c), where the LC
area has the highest intensity, followed by the IC and FQ areas. The
sequential progression of LC, IC, and FQ states corresponds to the
permittivity behavior with distinguished intensities, exhibiting the same
characteristics as those observed in Figs. 3 and 4. The spectra are
numerically modeled as shown in Figure S1. The fact that the numerical
spectra qualitatively reproduce the measured spectra validates the
measurements. In Fig. 6(f), line scans across the LC, IC, and FQ states are
shown, highlighting the distinct intensities of the three states resulting
from the crystallization process. The LC states have intensities greater
than 0.60, the IC states range from 0.60 to 0.53, and the FQ states exhibit
intensities below 0.53.

Although the advantages of nano-FTIR characterization have been
presented, it is constrained by the tip radius, which is typically on the
order of tens of nanometers, making atomic-scale analysis impossible.
Nevertheless, nano-FTIR is a powerful tool for characterizing chemical
states in regions of tens of nanometers or larger, as demonstrated in the
current work. In the case of SbaSs, selecting a specific wavenumber
range proved helpful for identifying phase changes. As the suitable
range depends on PCM, choosing the appropriate range is the key to
nano-FTIR characterization. It is anticipated that using nano-FTIR on
other PCMs will provide deeper, higher-resolution insights into phase
changes, facilitating the advanced applications of PCMs in reconfig-
urable photonic devices.
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1200-1300 cm’’. The imaging resolution is 0.14 x 0.1 p,m2 per pixel. (e) Point scans from the three different states shown in panel (c). (f) Line scans across LC, IC, and

FQ states, where the scan direction is shown in a dashed arrow in panel (c).

Conclusions

In this work, the femtosecond laser-induced amorphization and CW
laser-induced crystallization of Sb2Ss thin films deposited by e-beam
evaporation were studied by Raman spectroscopy and nano-FTIR. Using
nano-FTIR, we  quantitatively  distinguish  three  distinct

states—crystalline, IC, and FQ —which is difficult with Raman spec-
troscopy owing to its limited spatial resolution. We demonstrate that
only the wavenumber range where there is a strong wavenumber-
dependence in permittivity (1100-1200 cm') can provide clear
spatial resolution of these states in nano-FTIR. This study demonstrates
that nano-FTIR is a valuable tool for characterizing the phase transitions
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of Sb,Ss, providing critical insights for the design of advanced, recon-
figurable photonic devices. Our results pave the way for the develop-
ment of optical components with enhanced performance and reliability
through controlled nanoscale phase transitions.

Methods
Optical characterization

The refractive index and extinction coefficient were collected by an
infrared spectroscopic ellipsometer (SENDIRA, SENTECH Instruments
GmbH). The Raman spectra were measured by WITec alpha300 (WITec,
GmbH, Germany) with a 785 nm CW laser and a 100x (NA = 0.9)
objective lens (integration time 10 s, accumulation 1 cycle). The laser
power and beam diameter were 1.6 mW and 4.5 pm, respectively. For
Raman spectroscopy, both amorphization and crystallization were
measured at least three times.

The nano-FTIR was performed using a neaSCOPE (attocube systems
GmbH) with a Pt-coated tip of 35 nm radius (NSG 30/Pt). For hyper-
spectral imaging and line scan, amorphizations were measured at least
twice. Crystallization was measured once with an amorphous region.
The following conditions were used: an averaging of 3~4 ms integration
time, a 0.14x0.1 pmz area resolution (scan area 3.5 x 2.5 pmz), and a
tapping amplitude of 65.49 nm for crystallization. An averaging of 4~5
ms integration time, 0.31x 0.31 umz area resolution (scan area 5 x 15.5
pm?), and tapping amplitude 56.79 nm for amorphization.

Laser-induced phase change

For the amorphization, a femtosecond laser system (Spectra-Physics)
equipped with an optical parametric amplifier was used. The laser beam
had a wavelength of 532 nm, a pulse duration of approximately 100 fs, a
repetition rate of 1 kHz, an average power of 1.6 mW, and a one-
directional sweep rate of 50 pm/s. The laser beam was focused by an
objective lens (PL. LWDM40X; 40x, NA = 0.5).
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