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Phase-change materials (PCMs) have emerged as versatile platforms for
reconfigurable photonics as a result of their tunable optical properties in
amorphous and crystalline states. This review focuses on their application
in generating switchable structural color in the visible spectrum, highlight-
ing how abrupt changes in refractive index and absorption enable active
control of interference-based coloration. We examine the optical behav-
ior of widely studied PCMs, such as Ge2Sb2Te5 (GST), VO2, Sb2S3, and
Sb2Se3, and assess their performance in terms of index contrast, optical
loss, and spectral coverage. Switching mechanisms, including thermal, elec-
trical, and all-optical actuation, are compared in the context of dynamic
modulation and device integration. Finally, we present recent experimental
demonstrations of structural color generation, ranging from multilayer in-
terference stacks to nanoscale FIB-patterned metasurfaces, with particular
emphasis on wide-bandgap PCMs that enable high-resolution, low-loss color
rendering. We conclude by describing key challenges related to scalability,
endurance, and addressability, and highlight future directions toward fully
reconfigurable nanostructured photonic systems.
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I. INTRODUCTION

The study of color dates back centuries. Isaac
Newton’s 1666 work with prisms revealed that white
light splits into a continuous spectrum of colors. Al-
though Newton focused on absorption and transmission,
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later research identified structural color, where periodic
nanoscale structures manipulate light through interfer-
ence, diffraction, or scattering rather than relying on
molecular absorption (Nassau, 1987). This mechanism
explains the vibrant iridescence of butterfly wings, pea-
cock feathers, and opals and has become a key focus in
photonics and display technologies (Ko et al., 2022).

Ancient artifacts provided early evidence of nanostruc-
tured optical effects. One of the earliest known exam-
ples is the Lycurgus cup, an ancient Roman artifact that
exhibits a striking color shift between red and green de-
pending on the light source and viewing angle. This effect
results from the plasmonic resonance caused by the gold
and silver nanoparticles embedded in the glass (Freestone
et al., 2007). Later advances in optics and material sci-
ence during the mid-20th century provided new ways to
manipulate light at subwavelength scales. In 1947, Den-
nis Gabor developed holography, introducing a method to
capture and reconstruct optical wavefronts, which later
was used in applications in three-dimensional imaging
and data storage (Gabor, 1972). Around the same time,
research into photonic crystals revealed their ability to
create photonic band gaps, controlling light propagation.
At the same time, plasmonic nanostructures and meta-
surfaces allowed fine-tuning of reflection, absorption, and
scattering (Fang et al., 2020; Han et al., 2019; Ren et al.,
2020; Wuttig et al., 2017). These breakthroughs have
led to tunable photonic systems, where structural color
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can be dynamically adjusted for applications in imag-
ing, adaptive optics, and reconfigurable displays (Ozbay,
2006; Yu et al., 2014; Zhang et al., 2019).

In 1959, Richard Feynman introduced the idea of
manipulating matter at the atomic scale in his lecture
”There is Plenty of Room at the Bottom,” a concept
that later became fundamental to the development of
nanoscience (Feynman, 1960). This vision is directly rele-
vant to structural color research, where nanoscale control
enables the tuning of optical properties beyond what is
achievable with traditional pigments. Nassau et al. clas-
sified color generation mechanisms into five main cate-
gories: (i) vibrations and excitations, (ii) ligand field ef-
fects, (iii) molecular orbital transitions, (iv) energy bands
and (v) geometrical and physical optics. Structural color
falls into the last group, governed by interference, diffrac-
tion, and scattering phenomena responsible for the vivid
colors seen in natural and engineered systems (Nassau,
1987).

The interaction between light and matter is central
to all optical phenomena. Since Dirac and Fermi laid
the groundwork for quantum electrodynamics (Dirac and
Bohr, 1927; Fermi, 1932), it has been understood that
light can behave both as a wave and as photons coupling
with material excitations such as plasmons, phonons, and
excitons (Rivera and Kaminer, 2020). Light can also
be transmitted, reflected, absorbed, refracted, polarized,
diffracted, or scattered in engineered nanostructures de-
pending on the geometry and composition of the mate-
rial and the wavelength of the light, which directly affects
perceived color (Ko et al., 2022). Metasurfaces and plas-
monic arrays apply these effects to control the optical
behavior at the nanoscale (Rivera and Kaminer, 2020).
Research on photonic crystals and resonant nanostruc-
tures has made it possible to control visible light at scales
below the diffraction limit, with practical use in thin film
coatings, optical routing, and light modulation (Selvaraja
et al., 2018). However, most of these structures remain
fixed after fabrication, which limits their integration into
systems requiring tunable or reprogrammable responses.

Structural color results from nanoscale structures that
alter light through interference, diffraction, and plas-
monic resonance (Nassau, 1987). In thin films, variations
in optical path length between interfaces produce angle-
dependent color shifts, as seen in soap bubbles and oil
films. Periodic nanostructures, such as photonic crystals
and gratings, diffract light by wavelength, while metallic
nanostructures support plasmon resonances that enhance
selective absorption and scattering (Carrillo et al., 2019;
Ko et al., 2022). Techniques such as electron beam lithog-
raphy and focused ion beam milling allow fine-tuned fab-
rication of nanoscale features, enabling the practical use
of structural coloration in areas such as optical imaging,
anticounterfeiting, and bioinspired coatings (Ŕıos et al.,
2016; Yimam et al., 2024). However, once fabricated, the
optical behavior of these systems generally cannot be al-

tered. Phase-change materials (PCMs) have been inves-
tigated as an alternative, as their phase transitions be-
tween amorphous and crystalline states result in marked
variations in the optical properties (Wuttig et al., 2017).

Phase-change materials are key for achieving tunable
structural color because of their reversible changes in op-
tical properties. Germanium-antimony-tellurium (GST)
(Ding et al., 2019; Hosseini et al., 2014; Wuttig et al.,
2017) and antimony selenide (Sb2Se3) (Dong et al., 2019;
Yimam et al., 2024) are two widely studied chalcogenide
alloys. These materials show reversible phase transitions
that change the real and imaginary components of the
complex refractive index (Cao and Cen, 2019). Their
ability to rapidly switch, maintain long-term stability,
and withstand repeated cycles makes them suitable for
optical and resistive memory devices (Abdollahramezani
et al., 2020). In GST, crystallization occurs around
160◦C, while re-amorphization is achieved by heating
above 600◦C (Ko et al., 2022). During this transition,
the refractive index drops (∆n ≈ -1.5 at 405 nm) and the
absorption increases, shifting the reflected color toward
shorter wavelengths (Abdollahramezani et al., 2020; Ŕıos
et al., 2016). However, strong absorption in the visible
range causes optical losses and limits efficiency. Alloys
such as Ge-Sb-Se-Te (GSST), offer lower absorption and
broader transparency windows (Dong et al., 2019). Re-
searchers have also investigated antimony sulfide (Sb2S3)
and antimony selenide Sb2Se3 for its wide band gap and
reduced absorption in the visible spectrum (Dong et al.,
2019). Its stable structure and strong refractive index
contrast make it a strong candidate for use in tunable
optical coatings and display technologies (Yimam et al.,
2024).

PCMs can be switched using thermal, optical, or elec-
trical inputs. Techniques include laser pulses (Cheng
et al., 2021; Liu et al., 2020; Raeis-Hosseini and Rho,
2017; Sun et al., 2017), voltage-driven switching (Hos-
seini et al., 2014; Sreekanth et al., 2021; Wang et al.,
2020), and ion-beam exposure (Hafermann et al., 2018).
Electrical switching is particularly useful in integrated
photonic systems because it allows for discrete modu-
lation of optical states without needing constant power
input. This approach has been successfully used on plat-
forms such as metasurfaces, Fabry–Pérot resonators, and
plasmonic gratings for dynamic color control (Carrillo
et al., 2019; Ŕıos et al., 2016). Furthermore, partial crys-
tallization creates intermediate states that allow one to
gradually adjust the reflectance, rather than just switch-
ing between two fixed levels (Ŕıos et al., 2016).

This review focuses on the role of phase-change ma-
terials in achieving dynamically tunable structural color,
particularly within the visible spectrum. It explores how
specific chalcogenide compounds alter optical constants
during phase transitions and how these changes have
been harnessed in nanostructured devices. We also dis-
cuss practical design challenges, material limitations, and
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recent efforts to improve performance and integration in
real-world systems.

II. OPTICAL PROPERTIES OF PHASE CHANGE
MATERIALS

Phase-change materials (PCMs) such as Ge-Sb-Te al-
loys stand out from conventional solids because of their
fundamentally distinct bonding mechanisms across phase
states. Unlike SiO2, which maintains similar optical be-
havior in both phases due to consistent covalent bonding,
GST alloys exhibit sharp differences in optical response
as they switch from covalent to metavalent bonding (Zhu
et al., 2018). In the crystalline phase, this bonding mech-
anism increases the electronic polarizability and signifi-
cantly alters the dielectric function (Ding et al., 2019).

As shown in Figure 1 a), GST-225 and GST-326,
among the compositions that are the most widely used,
lie along the pseudo-binary GeTe–Sb2 –Te3 link (Ding
et al., 2019). Compositions such as GST–225 and
GST–326 are widely used in optical storage and metasur-
faces for their reliable switching and strong optical con-
trast (Wuttig and Yamada, 2007; Yamada et al., 1987).
However, even small changes in stoichiometry can lead
to noticeable changes in optical behavior (Lencer et al.,
2008; Raoux et al., 2014).

Figure 1 b) shows that the phase transition of GST-
225 begins in the amorphous phase, where the atoms lack
long-range order. The structure becomes more ordered
upon crystallization after exposure to an external stim-
ulus (i.e., thermal, electrical, or optical), but retains va-
cancies, introducing free carriers that affect optical ab-
sorption and reflectance (Michel et al., 2017). Although
crystallization is generally thermally induced and exper-
imentally accessible, reversing to the amorphous phase
typically requires high-intensity, short-duration pulses
and precise thermal quenching (>10 K/ns) (Wuttig et al.,
2017), often requiring additional buffer layers such as
Si3N4 or TiN to prevent interdiffusion (Lu et al., 2019).

Figure 1 c) presents the complex dielectric functions
ϵ1 and ϵ2 for GST-225 in both amorphous and crys-
talline states (Ding et al., 2019). The contrast between
these phases, observed in the changes of both compo-
nents (∆ϵ1 and ∆ϵ2) of the dielectric function, extends
across nearly the entire spectral range. A low-loss spec-
tral window emerges in the amorphous phase below the
bandgap (∼ 0.7 eV), where interband transitions are
absent. Meanwhile, free carriers from vacancies in the
crystalline state lead to finite absorption. In the visi-
ble spectrum, c-GST shows negative values of ϵ1, a be-
havior usually seen in plasmonic metals (Raoux et al.,
2014). This dielectric-to-plasmonic transition supports
applications such as tunable photonic systems, includ-
ing dynamic color filters and reconfigurable window tech-
nologies (Gholipour et al., 2018). Although GST-225 is

widely used, other compositions, such as GST-326 or Se-
doped variants, have shown better contrast and lower
losses in the mid-IR range (Michel et al., 2017; Raoux
et al., 2014; Zhang et al., 2019).

Figures 1 d) and e) compare the refractive index N
and the extinction coefficient K for GeTe, Ge2Sb2Te5
and GeSb2Te4 in the amorphous and crystalline states
(Wuttig et al., 2017). Crystallization leads to a substan-
tial increase in N, especially below the band gap, most
notably in the infrared region below 1 eV, where inter-
band transitions are inactive. For some PCMs, this in-
crease exceeds 50%, a behavior absent in conventional
semiconductors such as InSb and AgInTe2. This behav-
ior cannot be explained by the density changes alone but
instead stems from resonant bonding in the crystalline
phase, which enhances the electronic polarizability and
results in a large high-frequency dielectric constant ϵ∞
(Lencer et al., 2008; Lucovsky and White, 1973; Shportko
et al., 2008; Wuttig et al., 2017). Above the bandgap,
the optical constants still differ, although both phases
become more absorptive. The contrast persists well into
the infrared, making PCMs highly suitable for broadband
photonic and optoelectronic applications, such as tunable
optical modulators and reconfigurable IR filters (Wuttig
and Yamada, 2007).

Figures 1 f) to i) present optical data for Sb2S3 and
Ge2Sb2Te5 (GST), highlighting key differences that make
Sb2S3 a promising candidate for visible range photonics
(Dong et al., 2019). Sb2S3 shows a larger band gap than
GST, with a redshift on its absorption edge from 2.05
eV (amorphous) to 1.72 eV (crystalline), allowing visible-
light operation with significantly reduced losses (Arun
and Vedeshwar, 1997). This wide band gap results in a
near-zero extinction coefficient (k) in both phases across
large portions of the visible range (400-900 nm), unlike
GST, which remains highly absorbing (Lee et al., 2005).
The refractive index change (∆n ≈ 1 at 614 nm) is sub-
stantial, offering strong tunability without introducing
high absorption (Dong et al., 2019).

Figure 1 f) uses a radar plot to benchmark Sb2S3
against GST and VO2 in several performance indica-
tors, including ∆n, band gap, extinction coefficient, and
switching time. Sb2S3 demonstrates a favorable bal-
ance—combining fast, nonvolatile switching (∼70 ns)
with broadband transparency and high refractive index
modulation. Compared to VO2 which requires constant
energy to maintain its phase, and GST that suffers from
high absorption in the visible range, Sb2S3 combines high
optical contrast with low losses, making it a promising
candidate for reprogrammable visible photonics (Massal-
ski et al., 1986; Tominaga et al., 2009).

Figures 2 a) to d) explore how ultrathin phase change
films enable reflectance control and dynamic color tun-
ability in the visible spectrum (Hosseini et al., 2014). In
this architecture, a GST layer is embedded between two
ITO electrodes and placed on a reflective Pt backplane.
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FIG. 1: Comparison of optical properties for phase-change materials (PCMs) relevant to tunable
photonics. a) Ternary Ge-Sb-Te phase diagram showing common compositions including GST-225 and GST-326,
adapted from (Ding et al., 2019), originally based on data from (Lencer et al., 2008). b) Complex dielectric
functions ϵ1 and ϵ2 of GST-225 in amorphous and crystalline states, adapted from (Ding et al., 2019), using data
from (Shportko et al., 2008). Shaded regions indicate low-loss (blue) and plasmonic (gray) regimes. c) Schematic
illustration of GST thermal switching dynamics, adapted from (Ding et al., 2019). d, e) Refractive index, extinction
coefficient, and reflectance for GeTe, Ge2Sb2Te5, and GeSb2Te4 (PCMs), compared to conventional semiconductors
AgInTe2 and InSb, in the amorphous (d) and crystalline (e) states, adapted from (Wuttig et al., 2017). f) Radar
plot comparing Sb2S3, GST, and VO2 in terms of ∆n, bandgap, absorption, switching time, and energy density at
600 nm, adapted from (Dong et al., 2019). g) Tauc plot showing a bandgap redshift in Sb2S3 from 2.05 eV
(amorphous) to 1.72 eV (crystalline), adapted from (Dong et al., 2019). h, i)) Real (n) and imaginary (k) parts of
the refractive index for Sb2S3 and GST in both phases, highlighting the low-loss and high-contrast response of
Sb2S3 in the visible, adapted from (Dong et al., 2019).

The phase transition alters the refractive index of GST,
leading to a measurable shift in the reflectance spectrum
through interference with the ITO spacer. As shown in
Figure 2 b), simulated and measured reflectivity spectra
for both phases show strong agreement, confirming that
a GST film of a few nanometers thick can induce pro-
nounced color changes throughout the visible range. In
particular, thinner GST layers show stronger contrast,
with reflectance changes exceeding 300% depending on
the thickness of the ITO spacer (Figure 2 c)) (Hosseini
et al., 2014). This effect results from phase-dependent
interference that boosts reflection in selected parts of the
spectrum. For example, ITO spacer thicknesses of 70 nm,
150 nm, and 180 nm boost reflectivity in the blue, green,
and red regions, respectively. The color switching capa-

bility is visually confirmed in Figure 2 d), where films ex-
hibit distinct hue changes upon crystallization. These re-
sults highlight the potential for the use of sub-wavelength
GST pixels in reconfigurable displays and metasurfaces,
supported by electrical switching and high spatial reso-
lution (Burkhard et al., 2010; Hosseini et al., 2014).

Figures 2 j) and k) demonstrate how the absorption
properties of Sb2S3 enable dynamic control of the res-
onant behavior in ultrathin photonic structures (Dong
et al., 2019). A 21 nm Sb2S3 film deposited on a reflective
substrate exhibits perfect absorption at λ––472 nm in the
amorphous state, which red-shifts to 565 nm upon crys-
tallization. This shift is primarily driven by changes in
the absorption coefficient, as the variation in the real part
of the refractive index is relatively minor (∆Re(n) ≈ 0.3).
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FIG. 2: Visible-range reflectance control and color tuning using ultrathin PCMs. a) Schematic of a
reflective multilayer device consisting of ITO/GST/ITO on a metallic mirror, where phase-change-induced refractive
index variations modulate the optical path. b) Simulated and measured reflectivity spectra of amorphous and
crystalline GST-based stacks for various ITO spacer thicknesses, demonstrating phase-dependent spectral tunability.
c) Calculated percentage reflectance change (∆R) for different GST and ITO thicknesses, showing amplification of
contrast in thinner films. d) Optical micrographs of fabricated devices illustrating color variation across samples
before and after crystallization. e) Schematic of a multilayer resonator incorporating Sb2S3 between Al and Si3N4

layers, designed for tunable absorption in the visible. f) Complex-plane reflection coefficient of the Sb2S3 resonator
at λ = 600 nm, illustrating changes in amplitude and phase across interfaces. g) Optical color response as a function
of Sb2S3 thickness and phase, with visible chromatic shifts across the 425-710 nm range. h) Photographs of 24
nm-thick Sb2S3 samples showing the visual change in reflectance between amorphous and crystalline states. i)
Simulated and measured reflectance spectra for amorphous and crystalline states, confirming the tunable behavior.
j) Absorbance spectra of 21 nm Sb2S3 thin films showing red-shift of the resonance from 472 to 565 nm upon
crystallization. k) Absorption coefficient (α) as a function of wavelength, indicating that switching is primarily
driven by changes in the imaginary refractive index. a-d) adapted from (Hosseini et al., 2014); e-k) adapted from
(Dong et al., 2019).

Instead, strong modulation arises from the red-shifted
absorption edge and the resulting change in the imagi-
nary refractive index, which dominates the interference
condition within the sub-wavelength multilayer (Dong
et al., 2019). This behavior shows how wide-bandgap
PCMs such as Sb2S3 can support strong optical contrast
in the visible, not through resonant bonding like GST,
but via phase-induced changes in absorption-driven in-
terference (Dong et al., 2019; Kats et al., 2013).

Figures 2 e) to i) present how structural and optical
modulation in Sb2S3-based resonators enables spectral
control in the visible range through thickness-dependent
design (Dong et al., 2019). In Figure 2 e), a mul-

tilayer stack composed of Al/Si3N4/Sb2S3/Si3N4/Al is
used, where Si3N4 acts as a diffusion barrier, and the
thin layer of Al improves the Q factor and allows electri-
cal switching. The resonant condition is tuned by varying
the thickness of Sb2S3 between 11 and 68 nm, resulting
in a red shift of the reflectance peak from 425 to 710 nm
(Figure 2 g)). The resulting color change is visible in Fig-
ure 2 h), which compares the amorphous and crystalline
states and is quantitatively supported by the measured
and simulated reflectance spectra in Figure 2 i).

The observed red-shift arises primarily from a narrow-
ing of the band gap upon crystallization: from 2.0 to 1.7
eV and a significant increase in the imaginary part of the
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refractive index, from 0.08 to 0.83 at 550 nm. Although
the change in real refractive index (∆Re(n) ≈ 0.9) re-
sults in only a small optical path length variation (∼32
nm), the sharp absorption-edge modulation strongly af-
fects the resonance condition. This effect is captured
in the complex reflection coefficient map in Figure 2 f),
which shows a shift in phase and amplitude of the re-
flected wave at λ = 600nm.

These results highlight that, unlike GeTe–Sb2Te3-
based PCMs where optical contrast is dominated by res-
onant bonding and delocalized electrons, Sb2S3 achieves
tunability through density-driven absorption changes.
Upon crystallization, the density increases by ∼35%, and
the refractive index below the bandgap rises by ∼33%,
well described by the Clausius-Mossotti relation (Dong
et al., 2019; Ghosh and Varma, 1979). This mechanism
enables broadband, reconfigurable color tuning in the vis-
ible range, with potential for laser and electrically driven
switching at speeds comparable to GST (Behera et al.,
2017; Dong et al., 2019; Wuttig and Yamada, 2007).

A. Outlook and Perspectives

Visible-range photonics demands materials with both
strong tunability and low absorption. Ge–Sb–Te alloys
provide high optical contrast through resonant bonding,
but their use in the visible range is restricted by free
carrier absorption in the crystalline phase (Ding et al.,
2019; Wuttig et al., 2017). This behavior, highlighted in
the extinction coefficient spectra of Figure 1e, originates
from vacancies acting as sources of intraband transitions,
which dominate losses in the red and near-infrared.

In contrast, PCMs based on sulfide and selenide such as
Sb2S3 and Sb2Se3 combine high refractive index modula-
tion with minimal absorption in the visible. Dong et al.
show that Sb2S3 maintains extinction coefficients close to
zero across large portions of the visible spectrum while
still achieving ∆n ≈ 1 at 614 nm (Dong et al., 2019).
Yimam et al.. report that Sb2Se3, with its wide band
gap and compatibility with FIB milling, enables struc-
tural color tuning at the nanoscale (Yimam et al., 2024).
Both materials operate via shifts in the polarizability and
absorption edges without the free-carrier losses seen in
tellurides.

Although GST-based multilayers have demonstrated
color modulation via phase-induced interference (Hos-
seini et al., 2014), their tunable range is limited by ab-
sorption losses. In contrast, the stacks incorporating
Sb2S3 shown in Figures 2e-k achieve spectral control
through crystallization-driven changes in the absorption
edge, with limited reliance on refractive index variation.
This enables visible-range tunability with thinner films
and higher reflectance contrast.

Despite these advantages, widebandgap PCMs lack
comprehensive datasets across different deposition meth-

ods, and few studies compare their optical response under
repeated switching. Endurance, switching energy, and
stability under ambient conditions remain critical gaps
for materials such as Sb2Se3. Integration into address-
able, low-power photonic systems will also require tighter
control over thickness and phase purity at the nanoscale.

Future design strategies should focus on achieving
large ∆n with low k in the visible spectrum while leverag-
ing mechanisms beyond bonding transitions. Hybrid tun-
ing schemes, which combine interference, absorption edge
control, and nanoscale patterning, offer a path toward
high-efficiency, programmable optics. Materials such as
Sb2S3 and Sb2Se3 are strong candidates for this direction,
combining optical contrast, processability, and compati-
bility with thin-film nanofabrication.

III. SWITCHING MECHANISMS AND OPTICAL
MODULATION

A. Thermal switching

Thermal switching in phase-change materials relies on
externally induced temperature changes to trigger re-
versible transitions between the amorphous and crys-
talline states; unlike electrical switching, which requires
localized Joule heating, thermal approaches typically use
uniform substrate heating or pulsed laser exposure, meth-
ods that are electrode-free and well suited for large-area
or planar systems. Although the optical implications of
this transition in GST-225 have already been addressed
in the context of dielectric contrast (see Figures 1b-c and
Section II) (Ding et al., 2019), these phase changes are
fundamentally rooted in temperature-driven atomic rear-
rangements. Heating above the glass transition temper-
ature (Tg) enables crystallization, while melt quenching
from above Tm restores the amorphous state. These pro-
cesses define thermal switching as a reliable and contact-
less method for tuning optical properties through struc-
tural reconfiguration.

Beyond GST, the thermal switching behavior of
wideband-gap PCMs such as Sb2S3 offers a complemen-
tary perspective rooted in the analysis of the energy land-
scape. As shown in Figure 1 g-i and Figure 2 e-k, Dong
et al. illustrate the 2.0 eV activation barrier that governs
the crystallization of Sb2S3 (Dong et al., 2019; Kolobov
et al., 2004). Although we previously discussed the opti-
cal advantages of Sb2S3 in terms of refractive index con-
trast and low visible absorption, its thermal behavior also
reflects high stability at room temperature and sharply
defined switching thresholds: greater than 573 K for crys-
tallization (Massalski et al., 1986) and greater than 801
K for remorphization (Behera et al., 2017). This high-
lights how thermal modulation is not limited to bonding
transitions (as in GST), but can also be driven by well-
engineered energetic asymmetries. These characteristics
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FIG. 3: Representative demonstrations of electrical switching mechanisms in phase-change materials
(PCMs). (a) Schematic voltage and temperature pulse profiles used for inducing crystallization and amorphization
in GSST-based metasurfaces via electrothermal control. The voltages V1 and V2 correspond to annealing and
melt-quenching cycles, respectively. Adapted from (Zhang et al., 2021) (b-d) Tunable optical response of a GSST
metasurface as a function of pulse voltage: (b) reflection spectra under incremental voltage pulses (10.5-11.3 V), (c)
corresponding redshift in resonance wavelength, and (d) extracted crystalline fraction vs. voltage showing
continuous modulation. Adapted from (Zhang et al., 2021), (e-h) Electrically induced image construction on a
blanket ITO/GST/ITO/Pt stack using conductive AFM. (e) Schematic of the setup, (f) original grayscale image,
(g) electrically written pattern after phase change, and (h) experimental pixel array reconstruction. Adapted from
(Hosseini et al., 2014). (i-k) Electrical switching of Sb2S3 using current pulses in a W/Sb2S3/W structure. (i)
Device layout and optical images before and after switching with increasing current (15.0-15.7 mA), (j) pulse timing
diagram and simulated structural states, and (k)finite element simulation of local Joule heating under applied bias.
Adapted from (Dong et al., 2019).

position Sb2S3 as a thermally stable, low-loss platform
for nonvolatile and reconfigurable photonic systems.

B. Electrical Switching

Electrothermal switching provides a scalable and fully
solid-state approach to electrically driven modulation in
phase-change metasurfaces. Zhang et al. implemented
this concept using a low loss chalcogenide alloy, GSST,
structured into metaatoms atop reflective heaters. By ap-
plying tailored voltage pulses, crystallization is induced
through long, low-voltage Joule heating, while short,
high-voltage pulses trigger re-amorphization via melt-
quenching (Fig. 3 a)) (Zhang et al., 2021). By avoiding
current flow directly through the PCM, this design en-

sures homogenous switching across large areas, essential
for consistent multi-level tuning in optically thick films.

Figure 3 b) presents the reflectance spectra recorded
after the crystallization pulses of increasing voltage; the
resonance peak shifts to longer wavelengths as the frac-
tion of crystallized volume in the GSST layer increases.
The resonance shifts from 1190 to 1680 nm as the pulse
voltage increases, indicating that the device supports in-
cremental changes in optical response instead of discrete
switching states. The resonance shift as a function of
pulse voltage is presented in Figure 3 c), while the ex-
tracted crystalline fraction versus the voltage derived by
the Lorentz-Lorenz effective medium theory is shown in
Figure 3 d) (Zhang et al., 2021). The strong correlation
between electrical input and optical output highlights the
suitability of GSST for fine-tuned metasurface control,



8

FIG. 4: Optical switching mechanisms in phase-change materials. (a-c) Laser-based optical writing,
erasing, and re-writing of Fresnel zone-plate metasurfaces on GST films using a Ti:sapphire pulsed laser system.
The focused laser pulses locally induce phase transitions between amorphous and crystalline states, enabling
reversible and reconfigurable photonic patterns. (d) Schematic of laser-induced switching in a V-shaped GST region
on quartz, illustrating directional phase conversion under nanoscale irradiation. (e) Optical phonon-polariton modes
at 1120 and 1127 cm–1, captured during laser-induced re-crystallization, further confirm the phase-dependent
optical response at sub-diffraction scales. These demonstrations highlight the viability of contactless, high-resolution
optical switching for non-volatile metasurface programming and structural color applications. Adapted from (Ding
et al., 2019), (a–c) adapted from (Wang et al., 2016), and (d-e) adapted from (Li et al., 2016).

with phase uniformity enabled by the optimized heater
geometry established earlier.

Thin-film PCMs, particularly GST, have been widely
studied in optical data storage, yet their integration
into display and visualization systems has only recently
gained momentum. Hosseini et al. pioneered an opto-
electronic approach based on nanoscale electrical switch-
ing of GST integrated into multilayer reflective stacks. In
their design, a GST film is sandwiched between transpar-
ent ITO electrodes and deposited on a reflective substrate
Pt, forming a vertical architecture where localized crys-
tallization modulates reflectivity through interference ef-
fects (Fig. 3 e). Using conductive AFM (CAFM), they
demonstrated nanoscale patterning of arbitrary grayscale
images, such as the Radcliffe Camera (Fig. 3 f)), by in-
ducing controlled phase transitions in selected regions of
the PCM. Electrical switching of the blanket film pro-
duced a clear visual contrast between the amorphous and
crystalline areas, observable under standard optical mi-
croscopy without the need for image enhancement (Fig.
3 g)). This contrast closely matches that achieved in
300 nm x 300 nm lithographically defined pixel arrays
(Fig. 3 h)), supporting the reliability of the continu-
ous film switching approach and its applicability to high-
resolution reconfigurable PCM-based displays.

Dong et al. demonstrated electrical switching of Sb2S3
by integrating it with tungsten filaments that act as re-
sistive heaters. The configuration enables Joule heat-
ing upon current application, driving a phase transition
without direct current flow through the PCM. Figure 3
i) shows optical images of the device before and after two

successive current pulses (15.0 and 15.7 mA, 2 µs). As
the current increases, a distinct region undergoes crystal-
lization, which is reflected by a change in visible contrast.
Figure 3 j) shows the current and voltage profiles used for
pulse application, with schematic representations of the
amorphous and crystalline phases. Finite element simu-
lations of the heat distribution (Fig. 3 k)) confirm that
the central region exceeds the crystallization threshold of
Sb2S3, resulting in localized switching. Although effec-
tive, this design exhibits sensitivity to current overshoot,
which can induce thermal ablation. However, it confirms
that Sb2S3 allows fast reversible switching through elec-
trically delivered thermal pulses in a metal-PCM-metal
geometry (Dong et al., 2019).

C. Optical Switching

Optical switching of phase-change materials enables
localized, reversible control of optical properties using
short, high-intensity laser pulses to induce crystallization
or amorphization without physical contact. This mecha-
nism is based on foundational concepts from optical data
storage, where precise heating and quenching modulate
the atomic structure of materials such as GST. As shown
in Figure 4 a-c, Ding et al. (Ding et al., 2019) demon-
strated how femtosecond laser pulses can write, erase,
and rewrite Fresnel zone plate metasurfaces in GST films.
Devices such as lenses and grayscale holograms were re-
configured by modulating the number and energy of laser
pulses, enabling diffraction-limited resolution with focal
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spots below 1 µm.

This laser-driven mechanism eliminates the need for
Joule heating or electrodes, offering spatial selectivity
and high-speed operation compatible with all-dielectric
platforms. Wuttig et al. (Wuttig et al., 2017) highlighted
how such optical patterning enables the creation of func-
tional nanophotonic devices without lithography or met-
als, mitigating optical losses while allowing for pixel-level
reconfiguration. Notably, Figure 4d-e presents results
from Li et al. (Li et al., 2016), showing the directional
switching of the crystalline domains in an amorphous
GST matrix and the corresponding shifts in mid-infrared
phonon-polariton modes, further confirming the phase
sensitivity of optically defined resonators.

Dong et al. (Dong et al., 2019) extended this con-
cept to Sb2S3, demonstrating reversible switching us-
ing nanosecond pulses, challenging its classification as
a write-once material. Transitions were induced entirely
by localized absorption, bypassing substrate heating, and
allowing modulation at sub-100 ns timescales. This ap-
proach retains the low-loss character of Sb2S3 in the vis-
ible, supporting its use in reconfigurable color devices.
Building on this, Yimam et al. (Yimam et al., 2024)
employed focused ion beam sculpting of Sb2Se3 to fine-
tune reflectance across nanoscale domains, highlighting
new opportunities to combine optical phase control with
geometric structuring in display and metasurface tech-
nologies.

D. Outlook and Perspectives

Although thermal, electrical, and optical switching
all enable phase transitions in PCMs, their operational
regimes, device compatibility, and integration challenges
differ significantly. Thermal switching, though concep-
tually simple and uniform across large areas, lacks spa-
tial selectivity and is slow due to heating and cooling
cycle constraints. Its value lies in experimental acces-
sibility and scalability for planar architectures, but it is
less suited to applications demanding local control or fast
modulation.

Electrical switching offers compact integration with
voltage-driven architectures, allowing reversible transi-
tions via Joule heating or conductive AFM. As demon-
strated by Zhang et al. and Hosseini et al., electrother-
mal and nanoscale switching methods unlock multilevel
reflectance tuning and pixel-addressability without re-
quiring optical alignment. However, direct contact and
heat dissipation challenges persist, especially in dense ar-
rays. Device reliability is sensitive to electrode design,
and amorphization requires precise pulse engineering to
avoid thermal overshoot.

In contrast, optical switching uniquely combines non-
contact operation with sub-micrometer precision. The
work of Ding et al., Wuttig et al., and Dong et al.

demonstrates that laser pulses enable reversible pattern-
ing of PCMs with high spatial resolution, enabling de-
vices such as grayscale holograms, metasurface lenses,
and polaritonic resonators. This approach avoids metal-
induced losses, supports fast switching, and directly ben-
efits from advances in optical storage technologies. How-
ever, its scalability to large-area applications and inte-
gration with electronics remain less developed.

A compelling direction emerges from Yimam et al.,
who demonstrate that focused ion beam (FIB) nanos-
tructuring of Sb2Se3 films offers spatial control and re-
flectance tuning at resolutions beyond the diffraction
limit. Although FIB does not involve thermal or photonic
excitation, the resulting local changes in thickness and
structure mimic the optical contrast achievable through
laser writing. This blurs the distinction between geo-
metric and phase-based modulation, suggesting hybrid
strategies in which material reconfiguration and physical
structuring co-engineer the optical response.

Overall, future development of reconfigurable photon-
ics will likely benefit from hybrid switching platforms
that combine the scalability of thermal activation, the
integration potential of electrical control, and the spa-
tial precision of optical methods. Materials such as
Sb2S3 and Sb2Se3, with wide band gaps and low ab-
sorption in the visible, offer a promising foundation for
these approaches. Efforts to expand endurance, reduce
energy consumption, and develop addressable architec-
tures will be critical to advancing PCMs toward pro-
grammable optical metasurfaces, structural color dis-
plays, and rewritable nanophotonic components.

IV. APPLICATIONS IN NANOPHOTONICS AND
OPTOELECTRONICS

The pronounced and reversible changes in refrac-
tive index and absorption across phase states in PCMs
have opened new pathways for dynamic optical devices.
Among the most promising applications is the genera-
tion of tunable structural color, where phase transitions
can actively modulate the interference-driven coloration
of nanostructured surfaces. This capability enables a
shift from static optical components toward reconfig-
urable photonic elements, such as metasurfaces and dis-
play pixels, with optical responses that can be updated
post-fabrication. Early demonstrations by Hosseini et al.
showed that ultrathin GST films embedded within ITO-
based multilayers could act as electrically reconfigurable
reflectors. As discussed in Section II, these films were
used to render complex microimages, including univer-
sity logos and building facades, with high optical contrast
and a sub-10 µm pixel definition. Although not reprinted
here, these experiments remain pivotal in demonstrating
that PCM-based reflectors can reach display-level reso-
lution using purely electronic switching without mechan-
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FIG. 5: High-resolution structural color generation using 3D nanopatterned Sb2Se3 thin films. a-b)
Grayscale images of “Girl with a Pearl Earring” and “Starry Night” used as digital templates for nanopatterning.
c-d) SEM images of the Sb2Se3 metastructures after focused ion beam (FIB) milling on reflective substrates. e)
Atomic force microscopy (AFM) scan of the printed surface, showing nanoscale height variations with lateral
resolution below 50 nm; subpanels (i-iii) illustrate fine surface features and extracted height profiles. (f-g) Optical
micrographs of the fabricated metasurfaces in the amorphous phase. (h-i) Corresponding optical images after
crystallization, showing clear phase-dependent contrast and coloration. j) Structural color rendering based on
FIB-controlled milling depth: i contrast states generated by varying depth from 5 to 20 nm; ii corresponding
BSE-SEM image showing depth-dependent contrast; iii crystallization-induced additional contrast state. Together,
these demonstrate grayscale and spectral tuning through geometric and phase control in Sb2Se3 films. Figure
adapted from Figures 4 and 5 in (Yimam et al., 2024).

ical parts. Recent advances have expanded these capa-
bilities using widebandgap PCMs with lower optical loss,
such as Sb2Se3. In particular, Yimam et al. introduced
a novel fabrication approach that combines focused ion
beam (FIB) milling with thin film Sb2Se3 to achieve re-
configurable ultrahigh-resolution structural color. Figure
X presents this concept. The grayscale digital artworks
were nanoprinted onto thin films of Sb2Se3 deposited
on reflective gold substrates a-b). The corresponding
nanostructures revealed through SEM c-d) and AFM e)
profiling demonstrate controlled surface relief over tens
of nanometers in height. This nanoscale topography di-
rectly modulates visible reflectance.

The panels f-i) show the printed structures in amor-
phous and crystalline forms. The change in phase causes
visible differences in hue and brightness in the same re-
gions. The colors deepen or shift in some areas while oth-
ers gain contrast, making the effect perceptible without
magnification. Finally, panel j) illustrates grayscale con-
trast generation by controlling the local grinding depth
and lateral dimensions. The subpanels i)-iii) demon-
strate how geometric tuning and crystallization can be
used independently or jointly to modulate reflection
and contrast. Together, these results demonstrate that
3D nanostructuring of Sb2Se3 enables dynamic, repro-

grammable color control with diffraction-limited resolu-
tion without relying on lossy metals or organic emitters.

A. Outlook and Perspectives

Although recent demonstrations have pushed struc-
tural color resolution to the diffraction limit using FIB-
patterned Sb2Se3 films (Yimam et al., 2024), several chal-
lenges remain. Focused ion beam milling, though precise,
is inherently slow and unsuitable for large-area or scal-
able manufacturing. Moreover, while phase-change mod-
ulation offers high contrast, current demonstrations lack
electrically addressable architectures at the nanoscale.
Earlier approaches using multilayer stacks and electrical
switching (Hosseini et al., 2014) remain more compatible
with integration, but suffer from absorption losses and
limited spatial tunability. Bridging these approaches,
combining high-resolution patterning with fast localized
switching, will be essential to advance dynamic PCM-
based displays and metasurfaces. Furthermore, the long-
term cycling stability, endurance and environmental ro-
bustness of wideband-gap PCMs like Sb2Se3 require fur-
ther investigation before deployment in practical recon-
figurable photonic systems.
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V. CONCLUSIONS

Phase-change materials provide a compelling platform
for reconfigurable photonics, especially in the context of
structural color generation in the visible spectrum. This
review has examined how the strong contrast in refrac-
tive index and absorption between phase states enables
dynamic tuning of optical responses and how this tun-
ability can be exploited through thermal, electrical, and
optical switching mechanisms. Among the materials sur-
veyed, wide-band-gap chalcogenides such as Sb2S3 and
Sb2Se3 offer promising optical performance with minimal
losses in the visible range, expanding the design space be-
yond traditional PCM systems such as GST and VO2.
Practical demonstrations, including electrically pro-

grammable metasurfaces and FIB-fabricated nanoprints,
illustrate the potential for subwavelength-resolution
structural color with dual-phase functionality. However,
challenges remain in scaling fabrication methods, achiev-
ing fast and addressable switching, and improving long-
term endurance and environmental stability. Future ad-
vances will depend on the integration of nanoscale pat-
terning techniques with efficient switching architectures
and on further material innovation to balance optical per-
formance, reliability, and manufacturability.
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son, Clara Rivero-Baleine, Tian Gu, Hualiang Zhang,
and Juejun Hu (2021), en“Electrically reconfigurable non-
volatile metasurface using low-loss optical phase-change
material,” Nature Nanotechnology 16 (6), 661–666.

Zhu, Min, Oana Cojocaru-Mirédin, Antonio M. Mio,
Jens Keutgen, Michael Küpers, Yuan Yu, Ju-Young
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