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SUMMARY

Phase Change Materials (PCMs) have demonstrated tremendous potential as a platform for achieving
diverse functionalities in active and reconfigurable micro-nanophotonic devices across the electromag-
netic spectrum, ranging from terahertz to visible frequencies. This comprehensive roadmap reviews the
material and device aspects of PCMs, and their diverse applications in active and reconfigurable micro-
nanophotonic devices across the electromagnetic spectrum. It discusses various device configurations
and optimization techniques, including deep learning-based metasurface design. The integration of
PCMs with Photonic Integrated Circuits and advanced electric-driven PCMs are explored. PCMs hold
great promise for multifunctional device development, including applications in non-volatile memory, op-
tical data storage, photonics, energy harvesting, biomedical technology, neuromorphic computing, ther-
mal management, and flexible electronics.

INTRODUCTION

Phase change materials (PCMs) are emerging as a versatile platform for enabling diverse functionalities in active and reconfigurable nano-
photonic devices. PCMs offer stable and energy-efficient means of tuning and reconfiguring devices across a broad spectral range, from ul-
traviolet (UV) to terahertz (THz). Their unique and distinguishing characteristic lies in ultrafast switching speeds and a highly stable phase
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change state that consumes zero energy. The optical and electronic properties of PCMs undergo rapid changes upon stimulation by optical
and electrical pulses. These promising attributes, combined with CMOS compatibility, render PCMs suitable for an array of applications,
including memory devices, tunable spatial light modulators, and flat lenses.

Progress in this field can be categorized into two primary domains. First, extensive research has been dedicated to the material aspects of
PCMs, resulting in significant advancements in understanding material properties and structural transformations during phase changes. Second,
various device configurations have been devised to enhance light-matter interactions and achieve tunability across different devices. Concur-
rently, ongoing efforts involve optimizing these devices, leveraging emerging technologies like deep learning for metasurface design and
development.

Integrating PCMs with photonic integrated circuits (PICs) necessitates significant enhancements to surpass their electronic counterparts.
Therefore, the forthcoming phase of research must focus on advancing energy efficiency, switching speed, and switching repeatability within
these platforms.

This roadmap is structured into four key sections. It commences with an exploration of the material aspects of PCMs. Following that, it
delves into the capacity to tune PCMs for photonics applications. The third section focuses on advancements in device engineering to facil-
itate the widespread adoption of PCMs in PICs. Finally, the fourth section spotlights advanced electric-driven PCMs capable of converting
electrical energy into thermal energy.

The roadmap starts with "optical behaviour of PCMs from visible to THz" section by J.H.K. et al., explaining the optical properties of the
PCMs from visible to THz frequency range. Over the broadband range, PCMs have different physical properties and corresponding different
applications. There is a demand for further research and development in the field of PCMs to enhance their performance and make them
suitable for various applications across the broadband range. In section "property-design of chalcogenide-based PCMs", Wuttig et al., ex-
plains material engineering aspects and property design of chalcogenide PCMs through a detailed understanding of chemical bonding and
tailoring its material properties for various applications.

The significance of tunable PCMs in reconfigurable photonics applications cannot be emphasized enough. The section "tunable plas-
monics with chalcogenide-based PCMs" by Prabhathan et al. explains tunable plasmonics enabled by PCMs. The conventional plasmonic
materials such as gold and silver are not suitable for tuning the plasmonic resonance in the UV to visible frequency. Advanced materials
and device configurations are required to meet the challenges in the UV and visible plasmonic tunability of various PCMs. In the section
of "THz reconfigurable photonics with PCMs", by S.Z. et al., the authors delineate the hurdles and prospects pertaining to tunable photonics
facilitated by PCMs within the THz frequency range. THz applications are in their nascent stages of development primarily because of the
extended wavelengths in the THz spectrum and the substantial phase transition areas of PCMs, posing technical challenges for dynamic
phase transitions. These challenges manifest in the development of THz reconfigurable devices that necessitate optical and electrical control
integration. The emphasis is on surmounting current technological limitations and formulating innovative PCM compositions characterized by
high index contrast, rapid response times, and minimal energy consumption.

The section "PCMs for integrated photonics" by C-C.P. et al., reflects the perspective on the key advances need to facilitate mainstream
adoption of PCMs in PICs. The section "PCM antimonide sulfide devices" by M.L., solely focuses on PCM antimonide sulfide (Sb,S3) devices.
Although there has been progress in this area, the integration of Sb,S3 with a commercial production line is still a challenge. The stability of the
material and the development of a practical mechanism to induce the phase transition are identified as the focus of future research. Section
"programmable Si photonics based on PCMs", authored by Z.F. et al., delves into the realm of programmable silicon photonics facilitated by
PCMs. PCMs present an appealing prospect for achieving “set-and-forget” tuning in silicon photonics, characterized by their compact device
footprint and remarkable energy efficiency. Nevertheless, certain challenges warrant attention, including enhancing endurance, attaining
CMOS-level voltage control, mitigating insertion loss, augmenting the extinction ratio, enabling multilevel operation, and ensuring seamless
compatibility with existing production processes. The successful resolution of these challenges could pave the way for PCMs to offer solutions
for large-scale programmable gate arrays.

Section "chalcogenide photonic ICs for reconfigurable and nonlinear functionality", by C.K.L. et al., of the roadmap focuses on the
status of chalcogenide PICs and the promising platforms for integrating these materials. This section recognizes that a single platform cannot
fulfill the diverse requirements for various functions, including microwave sources, signal processing, non-volatile memory, and optical
computing. Therefore, the focus lies in investigating the heterogeneous integration of distinct material systems to realize the desired chal-
cogenide PICs.

The section "ultrafast and non-volatile all-optical switch enabled by all-dielectric PCMs" by H.T. et al., discusses the status, current and
future challenges in the field of ultrafast and non-volatile all-optical switch enabled by all-dielectric PCM. Advancement in the field of recon-
figurable phase change photonic metasurfaces is explained and future research directions are outlined in the section "reconfigurable phase

change photonic metasurfaces" by A.M. et al.

PCMs represent just one of numerous materials that must coexist alongside a variety of other materials on a planar substrate for integrated
photonic applications. The summary in section "engineering multi-material solutions for PCMs-based integrated photonics" by M.K. et al.,
highlights key issues that must be considered when choosing suitable, often diverse material solutions, needed to realize specific optical
functions.

In the last section "PCMs for electro-thermal conversion and storage" by H.Y. et al., advanced functional electric-driven phase change
materials (EPCMs) that can convert electrical energy into thermal energy is presented as a significant material that plays a key role in sustain-
able energy utilization.
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Figure 1. Refractive index variation of PCMs from visible to terahertz

The refractive indices are obtained from the literatures Adapted from.> '

Optical behavior of PCMs from visible to terahertz by J.H.K., Y.J.Y., Y.L., H-H.J., Y.M.S.

PCMs are thermal energy-induced active materials, which show large optical property changes. Representatively, Ge-Sb-Te (GST) and its fam-
ily materials have attracted great attention in various applications due to its non-volatile and fast/reversible phase change (i.e., between amor-
phous and crystalline states). The phase change is originated by the reconfiguration of atomic bonding induced by thermal energy at critical
temperature (T, = 160°C, i.e., crystallization) and melting temperature (T,, = 600°C, i.e., re-amorphization with quenching). In the case of
transition metal oxides, VO, has been used in many applications, which shows a drastic complex refractive index change at low temperature
(T, = 70°C). Also, the composition x of W,V ,O, determines the transition temperature (e.g., 0.015 of x shows T, at 22°C). Also, owing to their
large optical index variations and excellent CMOS compatibility, PCMs have been utilized in various fields of research (e.g., memory devices,
tunable color filters, thermal emission modulator, and tunable metasurfaces). It is noteworthy that each application has different operating
wavelengths, which demand appropriate optical properties (complex refractive index and its variation). Therefore, the guidelines for case-by-
case designs of photonic structure upon target applications are required by suggesting alternative active materials." Fortunately, a great
tunability of the PCMs and various promising active materials provide an opportunity for strategic demonstration of diverse optical
properties.

Over the broadband range, PCMs have different physical properties and corresponding applications, so it is essential to present several
cases and accurate indices. As described in Figure 1, PCMs and phase transition materials, which include Ge,Sb,Tes (GST-225), Ge3Sb,Teq
(GST-326), Ge,SbySe Tey (GSST-2214), GeySb,Se,Tes (GSST-2223), GeySbySesTe, (GSST-2232), GeySb,SeqTeq (GSST-2241), GeySb,Ses,
Sb,Ss, Sb,Se; and VO, show various refractive indices and variations ranges. The extinction coefficient (k) of PCM is also considered as
an important factor in many applications. For example, the extinction coefficient of GSST is varied as a Te is substituted by a lighter Se
atom, which increases the band gap and reduces the excessive loss. The presence of the extinction coefficient is a crucial point since it funda-
mentally limits many applications, including tunable metasurfaces, optical memory devices, and optical communications. On the other hand,
in some cases, non-trivial phase shift has been utilized for ultrathin colorations based on the presence of extinction coefficient.”>'® For
example, the modulation of complex refractive index shows drastic color modulation based on the phase change from amorphous to crys-
talline state resulting in blue-shifted color change.'® As discussed, engineering the optical properties of active materials is necessary to apply
active materials into appropriate applications in a broad range of targeted spectra.

PCMs have excellent reversibility, fast-tunability, and stability, therefore, they have been widely used in various applications such as struc-
tural coloration, metasurface, photonic memory, thermal radiation, and THz plasmonics (Figure 2). However, the innate limitation of PCMs,
i.e., high-power consumption while phase change, is still a significant problem, leading to huge energy loss. Furthermore, PCMs possess large
optical losses in visible and near-infrared (NIR) wavelength regimes. These two factors should be considered for designing reconfigurable
optical devices. For example, GSST alloy provides advantages compared to GST such as broadband transparency (i.e., low optical loss at
short wavelength range) and larger switching volume (i.e., efficient phase change over the structures), while showing great reversibility.
Accordingly, recent destinations of PCMs are targeted to reach high-performance/broadband operations by developing and searching
for new/advanced materials. Together with the PCMs, recent progress on diverse active materials have been accelerated for achieving pho-
tonic responses with suitable complex refractive index tuning.”® Among them, optically active materials have shown the excellent ability in low
energy consumption or transparent optical property (i.e., low extinction coefficient at shorter wavelength range). For example,
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Figure 2. Applications of tunable photonics with PCMs

Reproduced with permission from.'’*?

electrochemical modulations that cause refractive index variations in conducting polymers require relatively mild driving energy. Due to their
small energy consumption, even lower than commercial e-paper, they have been presented in diverse tunable photonics, such as color
display, wavefront steering, or thermal emission modulator. However, the chemical reaction of electrochemical reconfigurable photonics
limits the modulation speed. Meanwhile, some cases of free-carrier pumping in dielectric or semiconductor show very fast modulation fre-
quencies up to GHz level. However, they also have limitations of narrow modulation range and energy loss. As described in above, comple-
mentary guidelines for the material selection and development of the physical properties are important.

In conclusion, the excellent reversibility, stability, and optical properties of PCMs allow promising/high-performance technologies to suc-
cessfully present applications including structural color, metasurfaces, photonic memory, thermal radiation, and THz plasmonics. Corre-
sponding to the target wavelengths (but broad range), the optical/physical properties (e.g., complex refractive index, variation range, and
modulation thickness) are varied with each active material. The rapid development of material engineering and modern physics, optically
active materials, e.g., PCMs, carrier-pumping dielectric/semiconductor, electrochemical reaction induced conducting polymer, and liquid
crystals, have shown remarkable abilities toward achieving practical/futuristic applications. Nevertheless, tunable photonics are in an early
stage and still need to be developed to solve the limitations of material itself. To satisfy the industrial needs, such as optical loss, energy ef-
ficiency, scalability, reversibility, and modulation speed, the designation of tunable photonics should be carefully addressed according to the
target applications and further technical development are necessary.'

Property-design of chalcogenide-based phase change materials by M.W. and M.J.M.

The application potential of PCMs has fascinated scientists and engineers for decades. One of the first people to realize this potential was
S. R.O., who wrote a paper about reversible electrical switching phenomena in disordered structures already in 1968.7* A few years later, he
reported with a team of colleagues on the rapid reversible light-induced crystallization of amorphous semiconductors.?® Both findings initi-
ated the development of novel technologies. Electrical switching processes are now utilized in non-volatile electronic memories and
threshold switches, while laser-induced reversible switching of chalcogenides is employed in rewritable optical disks. Today, there are
many more potential applications, which can be realized with PCMs, i.e., materials which can be switched rapidly and reversibly between
amorphous and crystalline phases. Such applications include neuromorphic computing,® photonic switches” and displays® to mention
just a few. Given the striking range of potential applications as well as the remarkable material properties which enable those, it is surprising
that there are on-going debates about the origin of these properties. In the following, we will demonstrate how a detailed understanding of
chemical bonding in PCMs can help to tailor material properties for various applications of this material class.

In the last two decades, quantum-chemical tools have been developed which enable the quantification of chemical bonds in solids. This
approach has recently been utilized to characterize bonding in chalcogenides like GeTe and Sb;Tes.””*° These concepts are in part based on
the quantum theory of atoms in molecules (QTAIM). Using this scheme, the number of electrons transferred between adjacent atoms (more
precisely their corresponding basins) can be calculated. To compare different solids and their degree of charge transfer, the number of elec-
trons transferred by an atom is divided by the formal oxidation state. This renormalized electron transfer hence provides a quantitative mea-
sure of the degree of ionic bonding. Furthermore, the number of electron pairs formed between adjacent atoms can be determined from the
corresponding delocalization index. These two quantities have been shown to span a map.®' The result is depicted in Figure 3, where instead
of the number of electron pairs formed between adjacent atoms, the number of electrons shared between adjacent atoms is given as the y
axis. This map separates different bonding mechanisms rather well. lonic bonding is characterized by pronounced electron transfer between
adjacent atoms, while in covalent bonding pronounced electron sharing (electron pair formation) prevails. The large number of nearest neigh-
bors in metals leads to a small number of electrons shared between adjacent atoms. In conjunction with moderate charge transfer this locates
solids which employ metallic bonding in the lower left corner of the map. Between covalent and metallic bonding, another bonding
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Figure 3. 2D map classifying chemical bonding in solids

The map is spanned by the number of electrons shared between adjacent atoms and the electron transfer renormalized by the formal oxidation state. Different
colors characterize different material properties and have been related to different types of bonds. Adapted from.””*" Filled and open symbols represent
thermodynamically stable and metastable phases. The red — black line describes the transition from ideal covalent bonds to perfect ionic bonds. The dashed
green line indicates metavalently bonded solids with perfect octahedral arrangement like cubic Sb, AgSbTe, and PbS, while distorted octahedrally
coordinated structures are situated above it, characterized by a larger number of electrons shared. Map adapted from.

mechanism is located, which is characterized by a characteristic property portfolio including large values of the Born effective charge Z* and
the optical dielectric constant e... Solids which are characterized by these properties have been denoted as ‘metavalent’ solids or incipient
metals.®’ Crystalline GeTe and GeSb,Te, fall into this category.***!

Interestingly, these metavalent solids have a property portfolio which differs significantly from solids which employ ionic, covalent, or
metallic bonding. This implies that metavalent bonding is indeed a fundamental and unique bonding mechanism in solids, a claim that
has recently been confirmed based on property classification™ and detailed DFT calculations.”® Amorphous PCMs on the contrary employ
ordinary covalent bonding, i.e., a 2c — 2e bonding.”” Hence, PCMs undergo a change of bonding mechanism from metavalent to covalent
bonding upon vitrification.?” This finding helps to understand why PCMs undergo a significant change of properties upon crystallization.
More importantly, the map in Figure 3 can also be employed to describe and predict property trends. This is depicted in Figure 4, where
systematic changes in crystallization speed are displayed.’®**’ The crystallization speed is crucial for PCMs, since this process is the time
limiting step for PCMs."® Hence, it is important to identify chalcogenides which crystallize rapidly.

Our findings are summarized in Figure 4, which shows the metavalently bonded solids are characterized by fast crystallization. More impor-
tantly, Figure 4 shows systematic trends. Upon increasing the number of electrons shared in the crystalline state, crystallization proceeds more
slowly. Hence, fast alloys are located close to the dashed line in Figure 3, where metavalent solids with minimum distortion, i.e., perfect octa-
hedral coordination are found. Hence, Figure 3 in conjunction with Figure 4 provides a roadmap where PCMs are located which crystallize
rapidly.

While the two figures discussed here provide a new avenue to design PCMs for optical applications, Figure 4 only shows property trends
for one important criterion, the crystallization speed. PCMs must meet several additional requirements including the optical contrast, a suf-
ficiently large bandgap, good cyclability, good chemical stability and several other quantities.”’*? All these requirements must be met.
Hence, it is mandatory to find property trends like the one shown in Figure 4 also for all other relevant material properties. It will be crucial
to understand and design property trends in this multidimensional space. For example, there is a strong push to develop PCMs which have
pronounced contrast also for shorter wavelengths. This can be accomplished by replacing tellurides by selenides or even sulfides. Figure 4
shows that such Te-Se alloys still employ metavalent bonding, if the concentration of Se is not too high. Indeed, such compounds have a larger
bandgap. Yet, they are also typically much slower in crystallization speed.”®*” Hence, either property compromises must be identified or
maps like Figures 3 and 4 need to be employed to identify sweet spots in multi-dimensional property space.

As already mentioned in the last paragraph, identifying correlations for relevant material properties is one of the most pressing needs for
material scientists. Fortunately, the concepts of machine learning and property classification could help to solve this task. We are optimistic
that such property correlations will be identified and understood with the tools to quantify chemical bonding discussed here. Yet, there are
three other potentially promising directions that should be considered as well. In recent years, several materials have been identified which
share some of the remarkable properties with PCMs. Crystalline halide perovskites, for example, also employ a bonding mechanism which
closely resembles metavalent bonding.”® This helps to explain the strong absorption and favorably low effective masses of this material class.
If it would be possible to also stabilize glassy halide perovskite this could lead to PCMs which would work at much shorter wavelengths, since
these halide perovskites have larger bandgaps. Furthermore, it would in general be interesting to explore the border regions of metavalent
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Sb,Ses represents a covalently bonded material, while typical phase change materials like Ge;Sb,Tes or GeTe are metavalently bonded. Adapted from.**=7

bonding toward covalent bonding,*” ionic bonding™ and metallic bonding.* It is expected that in these border regions interesting material
properties should be located.

Finally, it seems worthy to also explore how material properties change in reduced dimensions. It has recently been suggested that the
properties of metavalent solids respond strongly toward confinement.*® This implies that reducing the thickness of such chalcogenides will
also modify material properties, an alternative to stoichiometry tailoring. Indeed, recent findings show that the structure and properties of thin
films such as crystalline GeTe show interesting confinement effects, while no comparable effect has been found for amorphous GeTe films.** It

will be interesting to follow systematic studies of such confinement effects in metavalent solids.

Tunable plasmonics with chalcogenide phase change materials by P.P., K.V.S., J.T., R.S.

Chalcogenide PCMs enabled optical platforms are highly promising for reconfigurable nanophotonics systems due to their large variation
in optical contrast during the structural phase transition from amorphous to crystalline. Various PCMs have been widely explored in
different configurations together with metals and dielectrics to tune the spectral response from UV to THz spectral bands. Among
them, Ge,Sb,Tes (GST) and its other stoichiometric combinations are highly promising due to their fast-switching speed and low-loss
at infrared (IR) to THz region. Figure 5 explains a chronological graph showing various PCM based platforms explored for tunable nano-
photonic applications from UV to THz. This include PCMs such as gallium lanthanum sulfide GL,*’ Ge,Sb,Tes (GST) in near-IR (NIR), 852
GST in mid-IR (MIR) to THz, "% GST in visible (VIS),”*”"** GesSb,Tes in MIR,%“® GesSb,Teq in NIR” Ge,Sb,SesTer (GSST) in
MIR,°GSST in NIR,”"7° GST in VIS to NIR,”4”® bismuth telluride (Bi:Te) in the VIS,”” Sb,S5 in the VIS to NIR,27* Sb,Ses in the VIS to
NIR.>7>% From Figure 5, it is evident that a substantial amount of research has been done in the NIR to THz region of the electromagnetic
spectrum to demonstrate tunable nanophotonic properties using PCMs, especially on a GST platform. Nevertheless, comparatively less
materials were explored in the UV-VIS region. In addition, PCMs also explored in the microwave frequencies particularly for switching

97
applications.

Tunable plasmonics by PCMs

For chip-scale reconfigurable nanophotonic systems, dynamic tuning of optical and plasmonic properties in the UV to visible frequency range
are particularly important.®>??"% The conventional plasmonic materials such as gold and silver are not suitable for tuning the plasmonic
resonance in this frequency band. Therefore, alternate tunable plasmonic materials with high plasmonic figure of merit (FOM) are required
to meet a comparable functionality to that of a noble metal. For tunable plasmonics applications, different PCM-integrated tunable structures
have been demonstrated, where PCM only works as a switching agent for metal-based plasmonics. To realize low-loss tunable plasmonic
devices at UV-visible wavelengths, all-PCM plasmonic structures without a lossy metal is required. A dielectric to plasmonic transition in
the UV-visible wavelength range was demonstrated by switching the structural phase of GST from amorphous to crystalline [33]. This indicates
that a nanostructured thin film of GST shows plasmonic resonance only in the crystalline phase.®*?®% |t has been reported that the different
stoichiometrically engineered PCM alloys also show negative real permittivity in the amorphous phase. For example, plasmonic resonance
was reported using the nanopatterned thin films of amorphous Bi:Te.”” However, the thin film of PCMs should show negative real permittivity
in both amorphous and crystalline phases for tunable plasmonics applications.

Recently, the tunable plasmonic resonance in the visible wavelength range was experimentally demonstrated using Sb,Tes based
subwavelength structures.?>”%”" The plasmonic resonance of a Sb,Tes based metasurface is continuously tuned using an electrical
signal. Figures 6A and 6B illustrate the optical image of a fabricated microheater integrated tunable device and the scanning electron
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Figure 5. Various PCM platforms explored for demonstrating tunable nanophotonic applications in the UV to THz spectral range

microscope image of Sb,Tes based metasurfaces, respectively. Since Sb,Tes offers the fastest crystallization speed, its glass transition
and melting temperature decrease, as a result it can be crystalized and re-amorphized at lower temperatures compared to GST. In
Figures 6C and 6D, we show the electrical continuous tuning of plasmonic resonance of metasurface by switching the phase of
Sb,Tes from amorphous to crystalline. As it is shown, the continuous tuning of plasmonic resonance toward lower wavelength
with increasing current (20-60 mA) was obtained. We noticed a blue shifted wavelength of ~50 nm with a DC current of 60 mA
(temperature <100°C).

For light manipulation and control, a wide variety of materials are available in the NIR to visible spectral bands, providing numerous func-
tionalities with a broadband spectral response and low loss. However, in the UV region, most of the material is characterized by narrow spec-
tral response and high absorption, limiting its application in areas where a high refractive index is required, such as anti-reflection coating,
filters, and waveguides. Thus, exploring new material platforms in the UV region will have far reaching advantages for establishing reconfig-
urable optical devices for the next generation photonic systems. Currently, we are working on novel PCM based platforms to explore plas-
monic effects at UV wavelengths. Our results have shown that large spectral tunability in UV frequencies (250-350 nm) is possible by using
Sb,Tes based metasurfaces. One of the fundamental challenges that need to be addressed in UV plasmonics is the generation and detection
of UV light sources. The prevailing light source in the UV is characterized by limited operational wavelengths, poor tunability, low output po-
wer and higher cost. Whereas UV detectors are low in quantum efficiency and limited in bandwidth of operation. Another critical challenge in
UV plasmonics would be the fabrication difficulties associated with extremely small feature size (<100 nm). Moreover, realizing a negative
index of refraction in the UV and deep-UV spectral band has technological interest for lithography and imaging applications.

The plasmonics effect in UV and visible regions are highly influenced by the precision in fabrication of these nanoscale subwavelength
structures. For the UV region, the feature size is much less than 100 nm and pose great challenges in the tolerance of fabrication errors. Pre-
vailing fabrication methods such as electron beam lithography and focused ion beam lithography can reach a limit of ~5-10 nm in resolution
but offering a limited throughput and lower accuracy. Extreme ultraviolet (EUV) lithography is widely used in the current semiconductor fabri-
cation field, and it provides a higher throughput with a better accuracy. For instance, EUV lithography at 13.5nm wavelength will provide a sub
10 nm resolution required for such PCM based UV metasurfaces. New PCM materials are to be explored in the UV region for a low-loss optical
response. Such new PCM materials in a nanostructure dimension combined with conventional UV material will enable novel quasi materials
with modified optical response of phonons and polaritons, thus developing a new platform for UV plasmonics.

We outlined recent research progress in PCM based reconfigurable nanophotonics together with our works on tunable plasmonics with
PCMs. Tunable plasmonics using novel PCM based nanostructures are highly promising due to its diverse functionality arising from capability
to change its material and electronic property over a wide spectral range. More specifically, the PCM fabricated nanophotonic structures will
pave the way for advancing the functionalities in integrated photonic devices in terms of high reconfigurability, high miniaturization, stability
with low power consumption and CMOS compatible fabrication. The UV-VIS spectral region is an area of significant interest for future inves-
tigations due to the limited availability of low-loss PCM that possess the necessary properties for advanced reconfigurable nanophotonic de-
vices. Exploring novel reconfigurable devices based on UV-VIS metasurfaces offer a promising alternative to traditional optics based on
refraction and reflection, opening a wide range of possibilities for diverse functionality.
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Figure 6. Sb,Te; based metasurfaces and optical properties

(A) Optical microscope image of fabricated microheater integrated Sb,Tes/Si PCM device.

(B) Scanning electron microscope image of fabricated Sb,Te; based metasurfaces.

(C and D) Measured reflectance spectra of 2D grating holes with applied current (c) hole diameter = 120 nm and period = 200 nm and (d) hole diameter = 80 nm
and period = 150 nm. Adapted from #>7%"

Terahertz reconfigurable photonics with PCM by S.Z., T.C., Z.T.

Due to exceptional properties such as distinct spectral fingerprints, increased available bandwidth, nonionizing nature, and greater
penetration depth, THz radiation offers significant potential for applications in biomedical examinations, sensing, communications,
and security inspections.””"'% The advancement of THz devices capable of manipulating THz wavefronts is crucial for facilitating these
applications. In recent years, reconfigurable photonic devices utilizing PCMs for THz radiation have gained increasing attention, partic-
ularly non-volatile reconfigurable metasurface devices based on Ge,Sb,Tes (GST) which is among the most widely used PCMs. There
has been some recent research investigating the potential of utilizing PCMs in THz reconfigurable photonics. Pitchappa et al. were
among the first to explore the use of chalcogenide PCMs for active THz photonics.”” They utilized resonant metamaterial devices in-
tegrated with GST to achieve multidimensional control of THz waves. Through varying the annealing time and temperature, they
were able to achieve a continuous modulation of THz conductivity by controlling the percentage of crystalline sites. Additionally,
the integration of GST with an asymmetric split ring resonator (ASRR) enabled the realization of both two-level (ON-OFF) and multilevel
switching of Fano resonance. Subsequently, a 2 X 2 multicolor spatial light modulators for THz spectral band was demonstrated by
electrical switching of GST. Each Fano resonance was independently transformed to multiple states. In addition, they exploited the
semiconducting nature of GST in the different crystallographic phases to achieve variable ultrafast volatile switching under optical exci-
tation. They further demonstrated a GST integrated Fano resonant meta-device fabricated on a flexible substrate.'” Based on the po-
wer of optical stimulus, either non-volatile switching or volatile switching of Fano resonance was realized. When the optical power was
higher than the threshold power, the multilevel non-volatile states were achieved by controlling the optical stimulus power and time.
When the optical power was less than the threshold power, the volatile switching was achieved through photodoping of the semicon-
ducting GST film. The research demonstrated the non-volatile phase transition characteristics of GST at the THz regime through
thermal, electrical, and optically controlled ultrafast volatile modulation. These findings enabled the exploration of non-volatile recon-
figurable THz devices. The crystallization process of GST was achieved using thermal, electric, and optical stimuli. However, the re-
amorphization process, which is essential for reversible switching, has yet to be investigated. Figure 7 shows a pictorial representation
of the roadmap for THz reconfigurable photonics with PCM.

Liu et al. explored the reversible phase-transition characteristic of GST using thermal annealing and laser pulses.””* Through this
research, they were able to incorporate GST into the functional resonator and realize a dynamically reconfigurable electromagnetically
induced transparency (EIT) metasurface at the THz regime. Through the control of annealing temperature and modulation of the crystalliza-
tion ratio of amorphous GST, Liu et al. were able to achieve multilevel modulation of conductivity and group delay. They also demonstrated
the ability to perform ten cycles of ON-to-OFF active control of the EIT using nanosecond laser pulses. Following the same approach, Cao
et al. presented a non-volatile reconfigurable meta-device for manipulating the extraordinary optical transmission (EOT) effect in the THz re-
gion."%1% The multilevel modulation of EOT was realized by continuously changing the annealing temperature. They further accomplished
reversible switching (ON/OFF) of the EOT through optical pumping. Using more diverse modulation methods, Chen et al. demonstrated re-
configurable and non-volatile THz hybrid plasmonic dimer structure by integrating GST.”*>® The THz response of GST was characterized by
the thermally stimulated crystallization and optically stimulated re-amorphization process. Integrating tunable characteristics and multiple
functions into a single metasurface attracted extensive attention. Chen et al. proposed a reconfigurable bifunctional metasurface, which
can function as a switch between broadband polarization and absorption.”>* Incorporating GST with phase-discontinuities metasurfaces
to achieve the phase modulation of THz wavefront is essential for reconfigurable THz functional devices. Zhang et al. combined GST with
phase-discontinuities metasurfaces to realize multiple non-volatile reconfigurable THz modulators, including anomalous deflectors, meta-
lenses, and focusing optical vortex generators.'”'%” Repeated switching and multilevel modulation of devices was realized with the help
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Figure 7. Roadmap for THz reconfigurable photonics with PCM
The metasurface tree shows developments and future of THz reconfigurable metasurface research. The ripe fruits: the research have been reported and realized
experimentally. The unripe fruits: the futuristic research that are on the roadmap.

of thermal annealing and optical stimulus. Subsequently, through further optimization of metasurfaces, dynamically switchable THz meta-de-
vices were proposed.'%'%” Temperature tunable EIT in THz frequencies was demonstrated by fabricating metasurface on ferroelectric plat-
form.'® Through thermal annealing and laser pulses, reversible and repeated switching of multiple devices including the dynamic beam
splitter, bifocal meta-lens, dual mode focusing optical vortex generators, and switchable metalenses/focusing optical vortex generators
have been realized. However, a critical challenge in this spectral region is the limitation in switching speed when dealing with larger areas
of THz PCM devices. Switching methods such as laser and electrical pulse-based annealing are often restricted to small areas, which hinders
scalability and affects the overall surface area of the device.

The large wavelength of the THz wave presents challenges for phase transition methods, as the phase transition area of GST can be on the
order of centimeters. However, the above research has successfully characterized the THz spectral properties of GST and achieved multilevel
crystallization and amorphization processes through thermal annealing and optical stimulus, respectively. The feasibility of optically
controlled ultrafast amorphization of GST with a diameter of 1 cm has been demonstrated using a nanosecond laser, and the crystallization
process has been shown with an optical stimulus for 10 min. It should be noted that the ultrafast switching from amorphous to crystalline state
has not yet been realized in the THz region. The reasons have been illustrated.>* "% Applying more than two optical pulses with a duration
of 10 ns can induce the transition from amorphous to FCC (face-centered cubic) phase. However, the FCC to HCP (hexagonal close packed)
phase transition process cannot be realized using optical pulses of such short duration. Additionally, inducing switching of GST for large-area
devices through electrical pulses is extremely challenging due to the electrothermal effect. However, switching from amorphous to crystalline
state is feasible for GST placed in the gap using electrical pulses on the order of seconds. Therefore, achieving ultrafast large-area GST switch-
ing under the current phase transition conditions is extremely difficult.

The development of spatially selective, energy-efficient, and ultrafast-responsive THz meta-devices can be achieved by optimizing struc-
ture design and material composition in the future. A recent proposal involves integrating GeTe into metasurfaces, allowing for optical control
of THz waves.”® However, the use of contact masks to achieve specific coding functionality and reflective working mode limits their potential
applications. Despite the many appealing features of GST, including non-volatility, reconfigurability, high endurance, and high operation
speed, its applications in the THz band are still in the early stages. In the future, the development of integrated and optically/electrically
addressable THz reconfigurable devices and novel PCM compositions with large contrast, ultrafast response, and moderate energy con-
sumption will be a challenge. Another important goal is the development of various THz reconfigurable photonics devices. The control of
THz surface waves is crucial for the realization of THz on-chip systems. Recently, Chen et al. proposed the dynamic surface wave switching
at THz regime using a mechanically reconfigurable metasurface.”® > Yet, non-volatile reconfigurable generation and shaping of THz surface
waves have not been reported. Metasurfaces integrated with GST show great promise as potential candidates for achieving tunable THz to-
pological and nonlinear photonics, which will continue to play crucial roles in advancing the development of next generation cutting-edge
THz technology.

Phase change materials for integrated photonics by C-C.P., B.M., T.G., and J.H.

A familiar face in the electronic memory industry, PCM is only a new player in the integrated photonics arena. The recent surge of interest in
PCMs for photonic applications is motivated by their unique ability of providing giant, non-volatile optical contrast.'’®""" Conventional elec-
tro-optic or thermo-optic modulation mechanisms rely upon miniscule, volatile index changes of the order of 1072 or less. As a result, on-chip
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light routing traditionally demands long switching devices that constantly consume electrical power. In contrast, the large index change af-
forded by structural transition in PCMs enables ultra-compact optical phase shifters. Moreover, PCM devices allow quasi-passive “set-and-
forget” operation — only drawing power during switching operation. These singular characteristics underpin demonstrations of PCM enabled
on-chip routing,''*""® optical memory,'? analog computing,'* transient photonics,”*”® among others. The intriguing prospects of PCM inte-
gration with PICs prompts the question that we seek to address in this perspective: what advances are still needed before these laboratory
prototypes can be transitioned to industry-ready technologies?

Tailoring PCMs for photonics

Classical Ge-Sb-Te (GST) alloys are characterized by strong optical absorption due to their small bandgap and large free carrier absorption,
particularly in the crystalline state. The optical loss limits the attainable performance of individual devices, and more importantly, cripple scal-
able integration in functional photonic systems, since the excess losses quickly multiply in a large-scale PIC involving many switching ele-
ments. This shortcoming has spurred the development of a cohort of new low-loss PCMs, exemplified by Ge,Sb,Se Te (GSST),”""?/
Ge,Sb,Ses (Meng et al.), Sb,S3,%" and Sb,Ses.” For applications in the telecom wavelength range, GSST is suited for intensity modulation
due to the low optical attenuation in its amorphous state, whereas the sulfides and selenides are ideal for phase-only modulation benefitting
from their bistate transparency.''”

Building on these pioneering efforts, continuing exploration of new PCM compositions specifically tailored for photonic applications is an
area where ample opportunities for promising material innovations are present. Since photonics stipulates requirements on PCMs very
different from those for memories applications,””*""® re-examination of previously studied (and even discarded) PCM alloys, possibly
leveraging data mining and high-throughput computational techniques, likely will also yield useful discoveries.

On the device application front, several key questions are yet to be addressed to facilitate the adoption of these new PCMs in mainstream
photonic platforms. Film deposition processes offering large-area (wafer-scale) uniformity and batch-to-batch reproducibility ought to be
validated. Device-to-device and cycle-to-cycle variations of switching parameters should be mitigated. Cycling endurance of the materials
must be significantly improved. Moreover, integration processes of these materials with standard silicon photonics platforms needs to be
developed and qualified.

On-chip electrical switching: Consistency and endurance

PCMs typically use Joule heating to trigger phase transition. Compared to ultrafast laser switching, integrated resistive micro-heaters offer a
more versatile and reliable route toward chip-scale integration of PCM devices. Doped silicon heaters represent a seamless interface for PCM
integration with silicon photonic devices (Rios et al., LT Eor SiN platforms, metal, indium tin oxide (ITO) or graphene1 12113 117.118 heaters
are potential alternatives.

Consistency of the electrothermal switching process is an open topic calling for more systematic investigations. Specifically, fluctuations of
switching parameters (voltage amplitude or electrical pulse duration) from device to device and cycle-to-cycle variations of phase-change
behavior must be minimized. The former likely results from variations of PCM material quality or contact and other parasitic resistances of
micro-heaters. The latter, which is detrimental to multilevel or analogue operation of PCM devices, could be correlated with stochastic nucle-
ation in PCMs.”®?" Thorough understanding and mitigation of these mechanisms will be essential for practical deployment of PCM photonics.

High endurance electrically switched PCM photonics is another area where much improvement is necessary. Even though cycling lifetime
of the order of 10° to 10® has been routinely realized in electronic PCM memories and more recently in RF switches,''” the endurances of PCM
photonic devices often remain in the level of a few thousands or even less (Rios et al. 2003 £ar from the intrinsic lifetime of these ma-
terials. While such endurance figures can already fulfill the demand of selected applications such as photonic trimming, transient pho-
tonics,”*”® and reconfigurable optical neural networks with offline training,''® they fall short of more general photonic switching specifica-
tions: for instance, a device that switches only once every minute over a two-year period already entails an endurance of 10°. An
endurance record for PCM photonic devices exceeding half a million cycles has recently been reported (Meng et al.). This important milestone
demonstrates the promise of achieving high-endurance PCM photonics through judicious engineering of the heater geometry and material
as well as capping layer composition and thickness.'”” Moving forward, systematic studies on various failure modes of PCM integrated pho-
tonics and pertinent mitigation strategies will be essential to further performance improvement.

Scalable PIC integration and manufacturing

The maturing ecosystem of photonic foundry manufacturing has qualified fabless photonics as a cost-effective model for introducing
new materials and designs into the mainstream PIC industry. Integration of PCMs into the standard integrated photonics fabrication
and packaging processes is therefore the rational choice if they are to make significant impacts on practical applications. To their credit,
chalcogenides are no stranger to semiconductor manufacturing. For example, Intel’s XPoint memory uses a GST-based PCM as the
storage element and an As-doped Ge-Si-Se alloy as the selector. In addition, the PCMs can be readily deposited using physical vapor
deposition methods at low substrate temperatures, a process compatible with backend-of-the-line integration. A strawman PCM inte-
gration process therefore involves foundry tape-out of active PIC chips with embedded doped silicon-on-insulator heaters, opening
windows in the top oxide cladding to expose the waveguide heaters at selected regions deposition and patterning of PCM in the oxide
trenches, deposition of capping layers and cladding to encapsulate the PCM elements, and finally an additional lithographic patterning
step on the cladding to allow access to the metal contacts. In the initial validation phase, steps including and after PCM deposition can
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Figure 8. Optical properties of Sb,S3
(A) Variation of the optical bandgap of Sb,S; as a function of layered-3D polymorph crystalline-to-crystalline transition occurring by stress/pressure variation.
(B and C) 532 nm laser writing of the amorphous-to-crystalline transition, as confirmed by the Raman spectra in (c).

be performed in dedicated facilities. Once the process is vetted and the added values introduced by PCMs are established, the entire
process can become part of the standard process design kit (PDK) portfolio offered by one or more leading photonic foundries. Only
then can PCM truly claim its spot in mainstream integrated photonics and fulfill its potential in enabling next-generation programmable
photonics.

PCM antimonide sulfide (Sb,S3) devices by M.L.

In the last few years there has been an incredible increase of interest in antimony trisulfide or antimonite, Sb,S3, which is a PCM with good
Earth abundance, non-toxic composition, and affordable cost. Sb,S3 is an archetypal layered material that contains parallel Sb;S, chains
formulatedin 2 X 1 crumpled sheets, held up by weak van der Waals forces.'' The beauty of this layered structure is that several polymorphs
crystalline-to-crystalline phase transitions are possible in addition to the amorphous-to-crystalline one, leading to a change of the refractive
index and, therefore, optical modulation of light. A set of pressure-induced polymorphic and electronic phase transitions may occur in
response to external stress stimuli due to the change of pressure. As an example, an electronic topological transition with a redistribution
of charge density near the conduction band maximum (CBM) and a change of bandgap from indirect 1.73 eV to direct 1.35 eV at approxi-
mately 4 GPa has been recently demonstrated, whereas a layered-to-3D-bulky structure with a bandgap of 0.68 eV occurs at 11 GPa (see Fig-
ure 8).'?” In addition, there is the most commonly exploited crystalline-to-amorphous phase transition with an optical bandgap change from
1.73 eV to 2.05 eV for the amorphous phase, and a refractive index contrast An = 0.6 with negligible losses, as the extinction coefficient, k, is
less than 107> in both amorphous and crystalline phases at 1550 nm.? Interestingly, the phase transition temperature of Sb,S3 has a crystal-
lization activation energy of 2.0 eV, %8792 \which is even lower than that of GeySbyTes (GST)(2.3 eV)'? making the amorphous-to-crystalline
phase transition accessible thermally at T = 230°C and also by green laser diode irradiation'”' (see Figure 8) and near-field probe techniques.
Starting from a homogeneous amorphous Sb,S3 film, a focused green laser can write an arbitrary pattern by inducing a local phase transition,
with the pixel size of the pattern determined by the focal point of the laser.

This makes Sb,S3 a good PCM candidate for solar cells,"* as a promising thermoelectric material,’%"%? while low absorption losses in the
near infrared as well as in the visible, make Sb,S3 interesting for tunable NIR and visible photonics applications beyond data storage, such as
holographic displays®' reprogrammable visible and NIR light routers and beam steerers.

To design active photonic Sb,S3 devices, we need to know the refractive index in both its amorphous and crystalline states, and today this
is enabled by the fact that we have determined the spectral dependence of the refractive index of Sb,S3 not only for the amorphous and
crystalline states but also for various crystallized phases, also depending on the Sb,Ss deposition methodology.'?' The truly low-loss switch-
able refractive index opens new directions in programmable integrated photonic circuits, switchable metasurfaces, and nanophotonic de-
vices, as discussed here.

Reconfigurable photonic devices
Despite the fact that further studies on the cycles endurance and optimization of reversibility of the Sb,S3 amorphous-to-crystalline transition
are needed, integration of Sb,S3 in photonic circuits is already being exploited in the design of reconfigurable photodetectors and silicon
nitride Mach-Zehnder interferometers (MZls) operating in the C and O communication bands.'*®

Photodetectors can be designed based on Sb,S3-based metal-dielectric-metal (MDM) cavities. Au-Sb,S3-Au works as a hot electron
photodetector (HEPD) for tunable for absorption and responsivity in the spectral range 720 nm-1250 nm for the crystalline phase and
604 nm-3542 nm for the amorphous phase. The single resonance cavity and thus the sensitivity of the designed HEPD device can be changed
to the double resonance cavity via the crystalline-to-amorphous phase transition. Noteworthy, the maximum predicted responsivities for the
single and double cavities are 20 and 24 mAW ™", respectively, at 950 nm and 1050 nm wavelengths which are the highest among all previously
proposed planar HEPD devices.'”
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Figure 9. Switchable modulators and metasurfaces

(A) The design of MZI phase modulator equipped with PCM cell atop one of the arms in two configurations: patterned cells and unpatterned cell.

(B) Microscope image of the Sb,S3-based MZI device on InP waveguide, with the colorized-SEM image of Sb,S3 patterned on the InP waveguide. Adapted
from-ﬂ%[)

(C) Scheme of the resonant Sb,S3-LN metasurface with a pair of Au electrodes, with the reflection spectra showing the tunability and the shift of the plasmon
resonance with different gate voltage from 0V to 200 V. Adapted from.®*

In the context of tunable photonics applications ranging from the visible to the near-infrared region, a reversible and ultrafast
(~70 ns) Sb,S3 amorphous-to-crystalline phase transitio'?’ and a cyclability where Sb,S3 can switch up to 7000 times depending on the
extent of amorphization'”® have been demonstrated, making Sb,Ss; suitable for non-volatile phase modulator building blocks in the O
and C-bands.

Teo et al.'”” have demonstrated programmable 1 X 2 optical couplers also based on Sb,S3 showing the best overall performance, even
compared to GST, with the lowest insertion losses of 0.04 dB/um in both the amorphous and crystalline phases, to design a 2-bit tunable
Sb,S3 directional coupler with a dynamic range close to 32 dB, where the bit-depth of the coupler appears to be limited by the crystal-
lization stochasticity, pointing out that a better control of the crystallization dynamics of Sb,S; still needs to be achieved. Indeed, our
recent studies'”' on the crystallization dynamics revealed that it is not a matter of stochasticity but of the spherulitic and inverted spher-
ulitic crystals that depend on local temperature. Those various crystallized states could enable 2-bit weights in a conceptual Sb,S3 pro-
grammable photonic integrated circuit (PIC), quantized neural network, which could down-scale deep neural networks in space-limited
platforms, such as mobile devices.

Further improvement, of Sb,S; based MZI can be reached by a design we recently proposed'?’ consisting in placing the PCM Sb,S; cells in
both arms of MZI and antipolar switching of both cells (PCM cell in the one arm in the amorphous state, while PCM cell in another arm — in the
crystalline state and vice versa), can be obtained by utilization controllable individual microheaters'?? (see Figure 9).

While most of the studies focus on silicon photonics, where the high thermal conductivity of the waveguide material makes heating the
PCM energy inefficient, very recently, a Sb,S3-reonfigurable InP waveguide Mach-Zehnder interferometer (MZI) to make an optical switch
in the telecoms conventional-band achieving 18 dB on/off switching at 1540 nm has also been demonstrated.'*

Additionally, switchable metasurfaces combining Sb,S3 as a subwavelength refractive index grating on top of lithium niobate (LN) are be-
ing proposed, as shown in Figure 9. Such a refractive index grating is comprised of periodical distributions of amorphous and crystalline
Sb,S3, which can be “written”, “erased” or “rewritten” with a customized writing beam (laser or ion). Simulation results show that the resonant
Sb,S3-LN metasurface has extremely narrow linewidth and high Q factors. The optical spectra can be continuously tuned by not only the duty
cycle of the grating, but also the crystallization fraction of the switched Sb,S3. Combining with the nonlinear and electro-optical properties of
LN, the hybrid metasurface provides an unprecedented possibility of active nanophotonics such as nonlinear propagation and electro-optical

A
control .®

Challenges and perspective

Despite the presented devices, challenges associated to the integration of Sb,S; with a commercial production line, the stability over time,
and practical stimuli for the phase transition will drive future research, as there is still need for more research to further improve the cyclability
and the energy savings to make the PCM Sb,S3; competitive with conventional GST.

Cycling endurance. A major challenge for integrating Sb,S3 in devices is its stability. An Sb,S3 film would segregate antimony (Sb) upon
high temperature (T > 300°C) treatment so that the devices usually suffer from a limited number of cycles reproducibility, causing a drift in the
response. A common way to solve or reduce this issue is the use of encapsulating protective layers, such as ZnS: SiO5 to prevent sulfur loss and
reduce Sb-segregation. More studies on the role of the capping layer in the dynamics of the phase transition are also needed.
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Multi-level optical states. The control of phases and of the crystallization fraction will enable more degrees of freedom in the design of
multi-functional devices. All the applications considered so far are binary, i.e., all have two states amorphous/crystalline, whereas controlling
the percentage of the phase transition locally would enable neuro-inspired computing. Intermediate switching states by partial amorphiza-
tion or progressive crystallization under optical excitations by combining multiple optical pulses with various amplitudes, widths, and time
intervals, could be implemented to create crystalline pixels along the waveguide length as a desirable feature of reprogrammable couplers.
We could also envisage including an embedded heater below the Sb,S; PCM, but a proper thermal design needs to be implemented.

Speed of transition.  Better control of the material engineering, including doping and alloying could contribute to lower the transition tem-
perature, or to enable new phases or allow mechanically and electrically activated phase transitions, such as polymorph crystalline-to-crys-
talline transition by strain modulation or electronic transition by electron redistribution, which have the potential to improve the speed of
the phase transition.

Power consumption. Reducing power consumption is another step toward practical applications. This is especially true for the crystalline-
to-amorphous reverse transition when high power heat pulses are needed to melt-quench the material from crystalline to amorphous. To
reversibly switch Sb,S;3 it must be heated above its 550°C melting temperature and then quenched into its amorphous phase. This could intro-
duce some damage not only into the material but in the device. Therefore, strategies are needed to improve the energy efficiency of the laser-
induced amorphization by inserting appropriate thermal barriers to efficiently confine energy within the PCM layer. As an example, very
recently, a layer of two-dimensional (2D) material, either MoS, or WS,, between the silica or silicon and the PCM has been reported to reduce

the required laser power by at least 40% during the amorphization process.'’

Plasmonic coupling.  To further extend the reconfigurability of the working frequency from telecom to the UV-visible spectral range (500-
300 nm) tunable plasmonic responses of nanostructured Sb,S3 and of integrated plasmonic structures are exploited. The plasmon resonance
of gratings of Sb,S; can also be considered a design parameter for tuning the Sb,S3-based optical devices. Additionally, the crystallization/
amorphization of Sb,S3 can be used to control the surface plasmon resonance of plasmonic nanostructures, to confine surface phonon polar-
itons and to create active metamaterials.

Manufacturing.  From a device manufacturing point of view, Sb,S3 requires optimization of recipes for dry etching and cleaning processes.
Furthermore, the possibility to integrate both pump and probe optical pulses on chip would be needed to reduce footprints, switching speed
and energy consumption.

Thus, to achieve the goal of phase-change photonics on various platforms, it is important for the understanding of material properties of
PCMs to more complex situations occurring in devices, which include interface effects, stoichiometric variation, aging, stress relaxation,
extensive cycling, nano size effects, complex pulsing schemes with consideration also of non-isothermal and non-equilibrium conditions.

Programmable silicon photonics based on phase-change materials by Z.F., R.C., A.M.

Silicon photonics has evolved from lab research to commercial products in the past decade as it plays a more crucial role in next-generation

W34and

large data centers.”*? More recently, it has also found niche applications in optical neural network,"** quantum information processing,
light detection and ranging."*” Despite the progress, most silicon PICs still rely on thermo-optic and carrier dispersion effect to tune the cir-
cuits, which are weak, volatile, and power hungry. In order to overcome these limitations, PCMs offer a viable solution which promises zero-
static power consumption and enormous index contrast (An ~ 1)."'%""® Here, we review the recent progress and challenges in the field of
programmable silicon photonics based on PCMs and discuss the technologies necessary to tackle the challenges.

Modulation, either of light phase or amplitude, is a fundamental building block for programmable PICs. For certain applications such as
optical modulators, the modulation needs to be fast and is generally realized via carrier dispersion'*® or electro-optic effect.’®’~"*? On the
other hand, tuning of the PICs, such as light routing and trimming, only requires slow speed and is traditionally achieved by micro-elec-
tro-mechanical systems (MEMS)'° and thermo-optic effect. The drawbacks of these methods are their volatile nature — a constant power
or bias must be applied to maintain the state. The static power consumption, not contributing to the active tuning of the PICs, becomes domi-
nant. It is hence highly desirable to have a “set-and-forget” type switch to tune the PICs, requiring no static power or bias. Chalcogenide-
based PCMs, exemplified by the technologically mature Ge,Sb,Tes(GST), are well-studied in the random-access memory (RAM) and optical
storage community'*' and hence can provide a feasible route to achieving such “set-and-forget” switch. The modulation is achieved by
changing the PCM between its amorphous and crystalline phases (which have vastly different optical properties) via heating by optical or elec-
trical pulses. The first demonstration of a PCM-based silicon photonic switch was realized on a GST-clad micro-ring resonator which was
switched by a free-space laser.'* Later studies'”'?'** showed that GST is an ideal material for integrated photonic memory and amplitude
modulation since it undergoes a gigantic change in optical absorption (>1 dB/um) upon their material phase transition. However, this also
implies that GST is a lossy material, prohibiting its use in phase-only modulation - essential for post-fabrication trimming and arbitrary linear
optics. Although device engineering could to some extent circumvent losses,”’>*~*1% such a fundamental limit of GST prompts the active
search for low-loss PCMs,””~"#" which are not necessarily the best candidates for electronic memory in the early days. Sb,Ses and Sb,Ss, in
particular, exhibit low-loss in both amorphous and crystalline states in the C band and O band, making them ideal candidates for phase-only

modulation in silicon photonics.®'*°
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A broadband directional coupler switch based on GST
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Figure 10. (top) A broadband 2x2 silicon photonic switch based on GST and doped silicon PIN heaters

Adapted from Chen, Rui et al. “Broadband Nonvolatile Electrically Controlled Programmable Units in Silicon Photonics.” ACS Photonics 9.6 (2022): 2142-2150.
(bottom) A low-loss phase shifter based on Sb,Se; controlled by a graphene heater. Adapted from Fang, Zhuoran et al. “Ultra-low-energy programmable non-
volatile silicon photonics based on phase-change materials with graphene heaters.” Nature Nanotechnology 17.8 (2022): 842-848.

Although optically switching PCMs offers a fast and convenient way to tune the PCMs without inducing additional losses to the
PICs,'?"%1431%5 racently the field has moved toward electrical switching which promises better scalability. Various heater materials for actu-
ating the phase transition in PCMs have been tested, such as ITO,%**'* doped silico,””""**>¢11¢ metals,"*®"°0 and graphen.''?!1%117:118
The most promising ones are silicon PIN**7*""¢ and graphene,''*""® where high switching endurance (>2,800 cycles), broadband operation,
phase-only modulation, and ultralow switching energy are recently demonstrated (see Figure 10). Leveraging on these advancements in elec-
trical control, a plethora of active PIC building blocks has been realized, such as phase shifters (Rios et al. 112113 micro-ring switch,®"° and
broadband directional coupler switch.>*>°

The ultimate goal for PCM-based programmabile silicon photonics is to create large-scale generic PICs that can be programmed to be
used for any desired functionalities. To create such an optical programmable gate array, akin to the electronic field-programmable gate array
(FPGA), several crucial challenges must be addressed.

1) First, switching voltage must be reduced to CMOS level (<1V). Although recent progress in silicon PIN''® and graphene' "™ micro-
heaters have achieved low voltage switching (<5V), switching large and thick PCMs to attain full 7t phase shift remains to be challenging
with low voltages (Rios et al.).

Secondly, current GST-based silicon photonics still suffers from high insertion loss (IL) (>1dB) and low extinction ratio (ER) (<10dB).
Wide bandgap PCMs such as Sb,S3 and Sb,Se3 can reduce the insertion loss below 1dB but achieving <0.1dB IL and >30 dB ER simul-
taneously proves to be more difficult.

Third, analog or multilevel operation of electrically tunable PCM devices remains elusive. Recent work has demonstrated 14 distinct
phase levels using a graphene heater,''”""® but still far less than what has been achieved using optical switching'®'
from large state variations.

n

@«

and suffers

152 the

4) Fourth, device endurance still must be improved. While commercial products normally require cyclability of >1 billion cycles,
highest endurance demonstrated in silicon photonic devices is only half a million cycles at high driving voltage (>10V)."*#"%0
Lastly, PCMs must be made fully compatible with the current silicon photonics foundry process to realize wafer-scale manufacturing.
Although companies like Intel and IBM have already had PCMs such as GST in their foundry for RAM devices, introducing new PCMs
into silicon photonics foundry will be more challenging due to drastically different chemical and physical processes involved in the fabri-
cation.

Sl

A few strategies can be adopted to address the above challenges. To begin with, further reduction of switching voltage below 1V requires
the co-optimization of microheaters both electrically and thermally. In the case of silicon PIN heaters, the doping profile, concentration, loca-
tion (distance between the doping and intrinsic region), and the silicon slab waveguide thickness all need to be carefully designed to achieve
low resistance heaters while not inducing significant optical losses. If a graphene heater is used, graphene transfer must be optimized to avoid
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wrinkles and ruptures so that the sheet resistance can be reduced. Mechanical transfer of graphene sandwiched by hexagonal boron nitride'>”

was shown to be effective at obtaining low sheet resistance. Meanwhile the contact resistance should be minimized to increase the voltage
drop across the graphene heater region. To achieve this, one-dimensional edge contact can be used.'** Low switching energy can also be
realized by using thick capping layer which reduces the heat dissipation from the PCMs but will lead to trade-off in switching speed. Secondly,
low IL and high ER require the discovery of new wide bandgap PCMs with large refractive index change (4n > 1). High ER can also be realized
by switching large volumes of PCMs (>50 nm thickness) where PCMs with slow phase change kinetics can have an advantage.”'' Mode
mismatch between the bare waveguides and the PCM-loaded waveguide can also incur additional scattering losses, where engineering
the shape of PCM patch into tapers may help to reduce such loss. Third, deterministic multilevel operation can be realized using segmented
heaters where n independently controlled heaters are used to express n+1 levels and each PCM patch is switched in a binary fashion. How-
ever, this approach will lead to an increased number of electrical leads and hence complexity in control. Alternatively, analogue tuning can be
127128 \yhich requires multiple pulses to fully change the states, where the number of
levels are determined by the number of input pulses. The drawback is that such a method relies on the stochastic nature of phase transition

achieved by using growth dominated PCMs such as Sb,S3

and deterministic operation may require complex pulse engineering. Further, device endurance can be potentially improved by either ther-
mal engineering or using thicker and denser atomic-layer-deposited (ALD) Al,O3 capping. One failure mechanism of PCM is the PCM ablation
caused by localized hot spots. The hot spots can be a result of non-uniform doping or uneven surfaces, and the higher temperature at the
heater center. Material ablation at the hot spots can easily occur during amorphization which requires heating the entire PCM above the
melting point. Engineering the shape of the heater can help to reduce the thermal non-uniformity.”*’> Another method is to use a heater
much wider than the PCM area to ensure the PCM lies in the region where the temperature is uniform. One common failure mechanism orig-
inates from the reflowing of the molten PCMs during amorphization. PCMs segregate into small islands due to the reflow and consequently
the same pulse conditions can no longer cause switching.”*>° Thicker (>100nm) and denser ALD Alumina encapsulation can potentially pre-
vent the reflowing. Nano-patterning PCMs into smaller (subwavelength) sizes has also been shown to mitigate reflowing.'** Finally, foundry
compatibility can be motivated and accelerated by a growing interest in PCM-based silicon photonics from more research groups. Since a
wafer is usually shared among multiple research groups, a larger demand for PCM-related processes, such as deposition and etching, will
make it more attractive for the foundry to open up a dedicated line for PCMs. Moreover, demonstrating a commercially relevant silicon pho-
tonics product based on PCMs may also help to draw attention from larger companies such as Intel and IBM which can help to push the PCMs
into their silicon photonics fabrication line.

Overall, PCMs can provide an attractive solution for the “set-and-forget” tuning in silicon photonics, while enabling compact device foot-
print and high energy efficiency. Although tremendous progress has been made to improve the performance of the PCM-based devices,
remaining challenges, such as endurance, CMOS-level voltage control, low insertion loss, high extinction ratio, multilevel operation, and
foundry compatibility must be resolved before the PCM approach can provide practical solutions to a large-scale programmable gate array.
We have identified several potential opportunities to address these challenges.

Chalcogenide photonic integrated circuits for reconfigurable and nonlinear functionality by C.K.L., M.M. and B.J.E.

Pursuing optical materials and devices with exceptional tunability has been one of the key priorities in the field of integrated photonics. Thus
far, chalcogenide glasses (ChGs), which are composed of one or more chalcogens (S, Se, Te) and other network formers such as As, Ge, Sb,
Ga, Si or P appear to be the perfect candidates for fulfilling such a vision owing to its capability of demonstrating a wide range of optical
properties.’*> By tailoring ChGs' material constituents and glass composition, they can be engineered to possess high photosensitivity,
wide infrared (IR) transparency window, thermally driven solid (amorphous) - solid (crystalline) phase change characteristics, and large optical
nonlinearity. These striking features have prompted a series of research activities ranging from waveguide writing, post-fabrication grating
inscription,'*® mid-IR devices — supercontinuum generation and spectroscopy, non-volatile memory devices, non von Neumann (in-memory
and neuromorphic) computing, to various types of nonlinear optical effects — Kerr, four-wave mixing, stimulated Raman scattering (SRS),
stimulated Brillouin scattering (SBS) to name a few.

The last decade has seen a drastic growth of chalcogenide PICs, particularly in the context of PCMs and SBS. These PICs sought to provide
high-performance reconfigurable optical signal processing units, which can eventually replace their electronic counterparts. Chalcogenide
PCMs — GST, GSST, Sb,S3 and Sb,Ses systems — undergo a phase transition and large refractive index change when heated.'*%'*>15" Em-
ploying this unique feature in PICs can result in the development of non-volatile photonic switches that can provide a significant step forward
in realizing energy-efficient programmable gate arrays, optical computing and memories.''" Despite the good prospects, PCMs are generally
lossy in the near-infrared regime (~10" dB/cm) and not suitable to be used as the backbone of PICs — "waveguides”. In contrast, ChG such as
As,S3 has already been processed into waveguides with relatively low propagation losses (~0.2 dB/cm) and reasonably high Kerr and SBS
nonlinearity (~7 x 107'° m/W)."*® SBS, a coherent light-sound interaction in nonlinear waveguides, has seen unprecedented success in
the area of integrated microwave photonics.'>” However, monolithic ChG waveguide structures offer limited access to mature component
libraries compared to CMOS foundries. Also, they can easily suffer from coupling losses and pump back reflection at the fiber-chip interfaces,
which limit the device performance and pose challenges for nonlinear signal processing architectures/functionalities.

High losses, excessive power consumption, lack of versatility and active electro-optics (EO) components, and large device size are unde-
niably the detrimental factors that motivate a rapid shift toward heterogeneous integration schemes. Recent research efforts have been
focusing on exploring heterogeneous architectures where ChGs are deposited in CMOS-compatible photonic systems to achieve practical
applications. These include the deposition of tiny strips or metasurfaces of chalcogenide PCMs onto popular platforms such as silicon on
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Figure 11. Fully integrated and reconfigurable microwave or optical signal processor

(A) The proposed architecture incorporating tunable bandpass filtering or non-volatile computing, microwave photonics signal processing, linear isolators and
some active on-chip components such as lasers, EO-modulator, arrayed waveguide grating (AWG), true time delay (TTD) unit, Erbium doped amplifiers, and
photodetectors, Adapted from.'

(B) Silicon PIN diode heaters, Adapted from." '

C) Graphene microheater, Adapted from,""”""® licensed under a Creative Commons Attribution (CC BY) license.

)
D) Chalcogenide PCM coated waveguide, Adapted from.'*
161

(
(
(E) Nonlinear SBS waveguide, Adapted from.
(F) Vertical taper technology for off-chip coupling, Adapted from.'“” Figures and insets adapted from the ref, 'e-"18142161-163,

insulator (SOI),"*? silicon nitride (SiN),"*® indium phosphide (InP),"* or lithium niobate (LN).%* The challenges of these proposed PCM hybrid
systems lie in the micro-heating strategies' '“"' %" to maximize the switching efficiency and speed, as well as the cycle’s endurance. To
achieve that, further optimization on minimizing the thermal resistance while keeping the waveguide losses low after the addition of heating
pads is necessary. From the perspective of nonlinear PICs, chalcogenide waveguides have been seamlessly interfaced with the standard SOI
systems via adiabatic mode transition.'®" It is also worthwhile to highlight that the recent advanced taper technology has enabled smooth
chalcogenide vertical tapers to be overlaid on a lower index contrast platform, thus delivering negligible mode overlap losses and back-
reflection at the material transition and the fiber-chip interface.'®”

Ultimately, one can expect that a fully reconfigurable and nonlinear chalcogenide PIC will comprise a plethora of heating pads and passive
couplers as shown in Figure 11. Meanwhile, further development of active optoelectronic components — lasers, amplifiers, and photodetec-
tors — in such a system also cannot be neglected. While there has been excellent progress in establishing these components driven by the
market of telecom networks,'*” LIDAR and sensing,'®" the long existing question as to whether there is a single platform that can provide most
components required in chalcogenide PICs yet remains unsolved.

We provide a table showing some key photonic aspects of a few emerging base platforms for chalcogenide PICs (see Table 1). Silicon is
certainly a dominant platform for integrated electronics, and the existing research and manufacturing infrastructure is vast, which can be uti-
lized in the field of SOl-integrated optics.'* The large index contrast and fiber-pigtailing technologies offer extra advantages for compact
and low-cost devices. Active effects are also possible through carrier-injection effects and thermo-optic mechanisms, and photodetectors can
be integrated through germanium epitaxy.'*” There has also been considerable effort and positive results in the use of flip-chip techniques to
integrate laser technology onto SOls."*? This makes it naturally a strong contender in many applications in which mass production is an impor-
tant factor. By leveraging these advantages, we have demonstrated an integrated microwave photonic notch filter by interfacing As,S3
nonlinear waveguides with the foundry-produced active silicon photonic chip.'®® The optimization of the backend-of-line process in this
work represents a major milestone toward a fully integrated chalcogenide device.

InP photonics, the rival of silicon is also believed to provide compelling advantages when it comes to the level of monolithic integra-
tion.'®’ The active and passive functions in such a lll- V material have proven to be challenging as it requires multiple epitaxy steps to
achieve different bandgaps/lattice constants. Despite those challenges, Infinera Corporation has delivered a versatile and densely inte-
grated InP system for high-value devices (e.g., >100 GB/s DWDM transceiver chips). It is also interesting to note that recent research
has promoted the use of InP in SOI systems.'®® Whether it is physically or commercially viable to develop the processes, materials, tech-
nology and required level of device performance for incorporating chalcogenide PCMs and nonlinear PICs in the InP/SOI platform is how-
ever another question completely.

Lower index contrast glasses — doped silica'®” and SiN — offer some relief from issues such as poor coupling efficiency to off-chip devices,
linear and nonlinear absorption, though at the cost of less functionality and bigger device size. However, the erbium ion implanting
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Table 1. Popular material platforms for heterogeneous integrated chalcogenide photonics (adapted and modified from?"%%)

Doped silica Silicon Silicon-on- Indium Lithium niobate
Aspect (Ge:SiOy) nitride (SiN) insulator (SOI)®  Phosphide (InP)  (LN/LiNbO3)
Refractive index @ 1550 nm 1.5 2.1 3.5 3.1 2.21 (0), 2.14 (e)°
Bending radius (um) 10000 — 500 50 — 150 5—100 100 80
Loss @ 1550 nm (dB/cm) 0.003 —0.2 0.01—0.2 0.1—3 1.5—3 0.027
Fibre-to-chip coupling loss (dB) ~ Negligible 0.5 2 3 0.5
Nonlinear index (m?W™") 2.7 x107%° 2.6x107"7 4.5x107"® 1.5x 107" 1.8x107"7
Two-photon absorption Negligible Negligible 0.25 60 N/A
(em GW™)
Modulation bandwidth N/A 30 GHz with graphene 30 GHz with free- 55 GHz with 175 GHz with
and technology 33 GHz with PZT carrier plasma QCSE-EAM Electro-optic modulation

dispersion

Detector Flip chip or 2-D  Flip chip or 2-D Materials Ge (50 GHz) 40 GHz N/A

Materials
Optical amplification N/A 30 dB (Erbium ion implant)  N/A >20dB N/A

(laser output)

%including nanowires and shallow etched ribs.
Po/e denotes the ordinary and extraordinary axis of the LiNbOj3 crystal; EAM, electro absorption modulator; PZT, lead zirconate titanate; N/A, not applicable.

technology in SiN demonstrated lately has again boomed as a powerful tool in PICs, allowing a record-breaking 30 dB on-chip signal ampli-
fication which could potentially lead to lossless and large-scale programmable circuits.”” " Finally, thin-film lithium niobate (LN) has also
received enormous attention and interest owing to its excellent electro-optic, all-optical nonlinearities and acousto-optic effect.’®” Not
only do these features enable frequency comb generation and various modulation schemes, but also open opportunities to high-perfor-
mance non-reciprocal devices — a highly demanding component that protects the on-chip lasers from unwanted reflection.

We have discussed the status of chalcogenide PICs and the promising platforms for ChGs to integrate with. We recognize that there is no
single base platform that can accommodate all functionalities required for realizing the desired chalcogenide PICs (microwave sources and
signal processing, non-volatile memory, optical computing etc.) and thus research efforts should be put into exploring the heterogeneous
integration of diverse material systems.

Ultrafast and non-volatile all-optical switch enabled by all-dielectric PCM by H.T., Y.W., Q.H., Y.L., Z.L. and X.M.

The development of computer and internet technology is accompanied by the continuous growth of data processing and transmission rates.
However, current optoelectronic hybrid system is restricted by the existence of “electronic bottlenecks”, which limits the further improvement
of the data exchange rate,'’%"”" so the concept of all-optical computing and all-optical communication has emerged. All-optical switches
have been extensively studied as one of the fundamental components. Chalcogenide materials have attracted much attention in the field
of all-optical research due to their non-volatility and reversible phase transitions induced by laser pulses or electrical pulses. As the most
typical chalcogenide material, Ge;Sb,Tes (GST) can be reversibly switched between two stable states, amorphous and crystalline. While
for most solid-state materials, their amorphous and crystalline phases have very similar optical properties, PCMs exhibit significant contrast
in refractive index (n) and extinction coefficient (k)."/%~"7°

Phase change all-optical device based on Fano resonance

Photonic devices based on PCMs can be divided into two types: on-chip and free-space systems, and phase-change photonic devices in free-
space systems are mainly based on the plasmon resonance of metal materials to control light.'’""®° However, since it is based on metallic
metamaterials, high loss of metal increases the device loss and high conductance of metal weakens the thermal accumulating for the tran-
sition process, which may have negative effect on the device switching speed.'®' Dielectric materials have lower losses, which can also
decrease the thermal loss due to its lower thermal conductance. All-dielectric phase-change photonic devices use the Fano resonance effect
to realize the modulation of a specific frequency spectrum. Such as a GST region onto the waveguide of the micro-ring resonator and modu-
lated the state of GST by applying laser illumination from the free spac.'” This modulation changed the effective refractive index of the wave-
guide, leading to the control of the resonance wavelength position and achieving the switching function. We have provided a Table 2 to show
the latest advancements in the field of phase-change optical switches.

Therefore, we investigate an ultrafast and non-volatile all-optical switch enabled by all-dielectric PCM and photonic crystals (PhCs). A pe-
riodic structure is etched on the top layer of SOl silicon, PCM and dielectric material film are stacked on the Si layer, as shown in Figure 12.

182,183

Similar to hybrid plasmonic metamaterials, the dimensions and the refractive index (or dielectric constant) of PhCs surface can influence
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Table 2. Statistical summary of the latest advancements in phase-change optical switches

PCM/si PCM/Mach- PCM/silicon PCM/Au PCM/All-dielectric
Aspect microring Zehnder PIN diode metasurface photonic crystal
Insertion loss 25dB 25dB N/A N/A 2.8dB
Response times 5us <400ns N/A 50 ns 4.5 ps
switching cycles 100 times >2000 1000 times 50 transition cycles 10'? times between
two states
On/off ratio 12.36 dB at 1550.384nm 26.7 dB at 1554.1nm 14.7dB 4dB 5.4 dB at 1550 nm;

7.4 dB at 1580 nm

the Fano resonance frequency.®” Thus, by tuning the structure dimension and surface refractive index, the spectrum of the device may red- or
blue-shift so that the selection of the switching wavelength and the switching function can be finely realized. The proposed structure uses
ultra-thin PCM as dynamic components, which means that the phase change process can be achieved by using a laser with a lower energy
level. The periodic design of nanoscale circular hole enables switching functions in a very small area, which has the advantages of high inte-
gration and multiplexing in free space.

Current and future challenges

From an industrialization point of view, it adapts to modern CMOS integrated technique, which makes massive manufacture possible. By inte-
grating with optical waveguide, the device can be more practical for all-optical communication. The signal transmission of “node to node
mode” in optical communication can be safer and more efficient. Cycling number of GST can be trillions of times, %% '#*18> thus the theoretical
lifetime is much longer than some other similar devices.

However, the light transmittance in the on-state is still limited by the intrinsic extinction coefficient of PCM, which hinders the switching
contrast ratio (~20dB) close to practical devices. Exploring PCM with smaller losses (such as GSST) and improving structural design to improve
contrast are possible solutions. Another challenge for ultrafast and non-volatile all-optical switching enabled by all-dielectric PCM is the need
for a mature, matched laser control system, which is essential for realizing the integrated control of multiple optical circuits, ensuring the sta-
ble phase transition cycles of the PCM, and improving the durability of the device.

The high-speed and low-energy characteristics of phase-change optical switches make them crucial components for future photonics-
based logical operations. With the continuous advancement of phase-change optical switch technology, we can anticipate their widespread
applications in areas such as photon logic gates, optical storage and computing, optical communication networks, and quantum computing
and communication. Moreover, the progress in integrated optoelectronic chip technology will facilitate the integration of optical switches
with other photonic devices, enabling highly integrated optoelectronic systems. This will provide faster and more efficient solutions for infor-
mation processing and communication in the future. However, further research and technological breakthroughs are necessary to enhance
the reliability, stability, and integration level of phase-change optical switches. It is believed that in the near future, phase-change optical

Input
light Control

Output
light

Figure 12. Operation principle of the proposed phase change all-optical switch
The phase change materials thin film is sandwiched by ZnS/SiO, and SiO,. Laser pulses control the phase transition between amorphous and crystalline states,
which show dramatic refractive index difference. The resonance wavelength can be finely tuned by changing dimeter D and period P.
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switches will play a significant role in logical operations, bringing about revolutionary changes in photonics-based computing and
communication.

Reconfigurable phase change photonic metasurfaces by A.M., Y.C., A.S.A., V.B. and B.G.

Metamaterials are composite materials artificially engineered with unique electromagnetic properties not found in naturally occurring mate-
rials. Initially conceived as a paradigm to design novel electromagnetic properties, unachievable through traditional chemical formulations,
the metamaterial concept has seen rapid growth in many scientific fields and applications ranging from nonlinear nanophotonics to biomed-
ical assays. The unprecedented electromagnetic phenomena exhibited in metamaterials arise from sub-wavelength periodic and/or non-pe-
riodic metamolecule resonators embedded within a host medium of a particular chemical composition. Deliberate micro/nano-structuring of
the geometrical resonator design and specific formulation of material stoichiometries aid to elicit remarkable electromagnetic behavior
because of the engineered effective permittivity and permeability, and by extension the refractive index. Initial THz frequency optical
metamaterials were demonstrated with the use of plasmonic metals, such as gold, silver, and aluminum, to enable the engineering of optical
wavefronts through the extreme confinement and localization of light, induced by the resonant excitation of conduction electrons — plasmons.
All - dielectric metamaterials based on Mie resonances — creation of electric and magnetic dipoles in dielectrics — provided an alternative
mechanism for achieving high confinement of light at subwavelength scales; thus, avoiding the ohmic losses associated with the plasmonic
platform. Well-documented metamaterial behaviors include negative refractive index with implications for invisibility cloaking applications,
perfect absorption for high-efficiency imaging and detection systems, and ultra-thin meta-lenses to realize compact and aberration free op-
tical systems.'®® In the past decade, significant research interests have shifted focus to transforming the passive and static nature of classical
metamaterials into tunable and adaptive metadevices. These metadevices have incorporated reconfigurable materials within the subwave-
length metamolecule framework to alter their electromagnetic properties in the presence of an external stimuli.

The transformation of passive metamaterials into active metadevices serve as foundational building blocks to tackle current and emerging
challenges in applications such as information transfer, signal processing, sensing, imaging, and display technologies. Active tunability of
metamaterial properties can be differentiated into two categories: altering the physical geometry of the subwavelength resonators or modu-
lating the permittivity/permeability of the surrounding media through the incorporation of a functional material. Geometrical alterations of
the resonant structure can be further subdivided into two approaches: by changing the near-field interaction between adjacent periodic res-
onators or by changing the shape and dimensions of individual resonators itself. These approaches are one of the initially demonstrated so-
lutions for achieving reconfigurability in plasmonic and metamaterial-based devices. The ubiquitous split ring metamolecule has been fabri-
cated on stretchable membranes, thermal and magnetically driven cantilevers, electro-static platforms, and piezoelectric actuators, to
illustrate resonant frequency tunability through physical displacement.’®” Modulation of the inherent electromagnetic properties of the sur-
rounding media has also been proven as an effective method of changing resonant conditions in both plasmonic hybrid and all-dielectric
metamaterials. Such examples include the thermo-optic effect (temperature dependence of refractive index), free carrier concentration mod-
ulation (refractive index change due to the accumulation or depletion of charge carriers), non-linear electro-optic effects such as Pockels and
Kerr effect, and phase transition materials with markedly different refractive indices between two distinct material states (vanadium dioxide,
gallium, and liquid crystals)."**'*” One significant drawback underpinning these approaches lie in the inherent volatility associated with the
switching mechanism, requiring constant energy input for operation.

This has compelled researchers to explore a non-volatile, bistable, and reconfigurable material platform to meet the needs of next-gen-
eration information processing and telecommunication advancements. Chalcogenide phase change materials (ChG - PCM) — compounds
containing group 16 or ‘chalcogen’ elements of the periodic table such as sulfur, selenium, and tellurium, are the most promising material
platform to meet these requirements. Since its early implementation as an optical data storage medium in CDs/DVDs, phase change chal-
cogenides have gained popularity among emergent memristive electronic devices, integrated photonics, and optical metamaterials.®'"°
Chalcogenide compounds are compositionally tunable, through combinatorial high throughput stoichiometric engineering techniques, to
have a wide range of properties from the UV —visible to the mid-infrared spectral range; chalcogenides exhibit photoconduction, exceptional
infrared transparency, high optical non-linearity, plasmonic, epsilon-near-zero, and high refractive index dielectric properties.”*'®® Specif-
ically, by applying short optical or electrical pulses, phase change alloys such as Ge:Sb:Te (GST) can be switched in a reversible and non-vol-
atile fashion between two opto-electronically distinct phases: a covalently bonded amorphous phase and a resonantly bonded crystalline
phase. Transitioning from the crystalline to the amorphous phase constitutes a melt-quench process, initiated by a short duration high inten-
sity excitation to momentarily raise the temperature above the material melting point, while the reverse transition requires an annealing pro-
cess involving a longer duration low intensity excitation to hold the temperature above the glass transition temperature (lower than melting
point). The versatile nature associated with phase change chalcogenides, together with its compatibility with existing complementary metal
oxide (CMOS) fabrication processes have facilitated a wide range of active tunable nanophotonic metamaterial demonstrations including all-
optical switching, polarization modulation, wavefront manipulation including beam — steering, and multispectral imaging.'®”'?°

While the last decade has seen researchers concentrate mostly on proof-of-principle device demonstrations that enable the incorporation
of phase change into the metamaterial architecture, the ensuing decade is inevitably concerned with designing devices that serve specific
industrial applications with well-defined operational parameters. These include synaptic weights for photonic hardware neural nets in
emerging neuromorphic processors and accelerators, temperature tolerant silicon photonic modulators with built-in memory functionality,
addressable adaptive metasurfaces for smart cameras and sensors as well as local control of emission for quantum optics applications. While
phase change chalcogenide semiconductors have been used in memory applications where requirements in repeated cycling (endurance) of
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Figure 13. Integration and packaging of phase change metasurfaces
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(A-D) Shows schematic and scanning electron microscopy of metadevices fabricated on (a, b) tip and (c, d) side of optical fiber, Adapted from.

such devices is lower in comparison with applications that are currently being explored for phase change nanophotonics where in the context
of signal modulation in telecommunication networks or synaptic weights in neuromorphic computing, switching on the order of >10'? cycles
are desirable. Therefore, exploring various switching protocols and mechanisms in conjunction with more complex device architectures that
attempt to confine and reduce elemental migration in phase change layers has become a global effort that will lead to major reductions in the
drift and noise associated with repeated switching events while enhancing the cyclability limit of various alloys. In most traditional phase
change metamaterial and metasurfaces demonstrated thus far, due to the larger lateral footprint of such devices arising from their reliance
on collective resonances in arrays of metamolecules, the challenge in low noise and drift, endurance cycling is compounded as transitions over
relatively large micron-scale lateral areas is typically pursued using microheaters as compared to the small nanoscale vias used in electronic
PCRAM devices. While the microheater approach provides favorable spatially uniform phase transitions over large lateral areas, it requires
high power consumption and the incorporation of lossy metallic heaters, if fast switching is desirable. Metamaterial device architectures
that take advantage of filamentation as in PCRAM rather than large area microheater based switching should yield much lower power con-
sumptions and higher endurance that may require a major reconsideration of device architectures going forward. In the coming decades,
more emphasis will start to be placed on packaging and integration of the developed devices into emerging computing and telecommuni-
cation networks reliant upon optical fiber or waveguide architectures'?" (Figure 13). While germanium antimony telluride (GST) has been tradi-
tionally favored, due to its inherent losses across visible/telecommunication frequencies, there is an ongoing global search for new alloys with
more favorable insertion losses across commercially important spectral bands. This is also due to the patenting of new alloys becoming a
financially lucrative endeavor. More recently the identification of selenium and sulfur-based alloys (e.g., GSST, SbS or SbSe) with lower optical
losses has seen widespread adoption.”""'*> However, many important aspects of their performance such as switching speed limits, endur-
ance cycling, grain sizes and chemical/environmental stability are yet to be fully understood and remain justifiably active areas of research.

In the quest for a low optical loss, fast switching alloy with universal endurance, the wide adoption of high throughput stoichiometric en-
gineering techniques for the identification of precise compositions that exhibit low loss and favorable switching dynamics is essential in accel-
erating advances on this front.'® On this front, several new alloys have recently been introduced with widespread adoption that present more
favorable optical properties across visible and near infrared wavelengths, although further characterization of switching limits and endurance
on these alloys is a necessity going forward (Figure 14). Furthermore, this should be extended to exploring not just tuning of chemical compo-
sition but also exploring bottom-up growth techniques that enable controlling not just the thickness but the internal morphology of phase
change films. This can lead to the growth of phase change films and metasurfaces with tunable optical properties and high endurance without
changing chemical composition. Switching dynamics, modulation contrasts, drift and endurance are a strong function of not just the material
platform, but also the device architecture in phase change chalcogenide metasurfaces.'®'”* Therefore, aside from the need to develop
mass-manufacturable fabrication and packaging techniques, there is a necessity to develop precise theoretical and simulation frameworks
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Figure 14. Visible and near infrared dispersion of figure of merit defined for a reconfigurable phase change nanophotonic medium (FOM = 'E:), where
n, is refractive index of amorphous phase and k. extinction coefficient of the lossy crystalline phase
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Figure 15. Comparison of different forms of photo-ionic movement possible in various chalcogenides
It illustrates a comparison of the Ag photodoping, Photo-induced surface deposition (PSD) and photo-induced chemical modification (PCM) phenomena.

that couple thermal, optical, and electronic physics for precise design of the temporal switching dynamics of such devices. The development
of an end-to-end PDK for standardized widespread development of phase change metasurface based technologies is a global necessity that
will need to be addressed by academic and/or commercial entities to enable mass-production and adoption of these technologies.

One of the major points of instability in phase change metasurfaces is the melt-quench transition that is required as part of a full phase
change cycle. Avoiding this transition will yield higher endurance devices with lower drift going forward. On this road, the chalcogenide alloys
also have other non-volatile transitions ripe for exploration as alternatives to phase change.'” For instance, A severely overlooked property of
metal doped amorphous chalcogenide semiconductors (MdACs), particularly certain sulfides and selenides, is that they exhibit directional
photo-induced long-range movement of their constituent metal ions when exposed to light with a photon energy equivalent/higher than
the optical band gap of the chalcogenide host. This “photo-ionic” movement results in substantial and non-volatile changes of material prop-
erties (refractive index and conductivity) at the nanoscale facilitating robust, low power, non-binary dynamic modulation of light'?® (Figure 15).
Therefore, exploration and utilization of such alternative non-volatile effects that operate without the need for a power-intensive and desta-
bilizing melt-quench process inherent to phase change should pave the way to higher endurance device platforms.

Chalcogenide phase change metamaterials and metasurfaces have become an essential part of the nanophotonic technology toolkit
going forward, their considered design can enable a new generation of adaptive optoelectronic devices with tunable responses and built-
in memory functionality. The rapid advancements in materials engineering fueled through more sophisticated stoichiometric engineering
and bottom-up growth techniques coupled with Multiphysics modeling and simulation platforms that enable integration of these devices
with mature global photonic platforms such as optical fibers and waveguides will lead to the establishment of a uniquely important device
family for a myriad of optoelectronic applications going forward.

Engineering multi-material solutions for phase change materials-based integrated photonics by M.K., K.A.R.

The reversible switching property of PCMs has opened the way toward next generation memory applications such as phase-change random
access memory. More recently due to the development of novel compositions aimed to reduce optical loss while maintaining high contrast
switching attributes, PCMs have become viable options in the field of integrated photonic applications. In such an application, the PCM plat-
form offers the opportunity to arbitrarily control light-matter interactions such as transmission, reflection, and beam steering. Ge-Sb-Te (GST),
the most well-known, traditional PCM exhibits a low figure of merit (An/Ak) for such integrated photonic applications due to a high optical loss
upon its phase change process. This has necessitated the development of new PCM compositions which can be manufactured with high qual-
ity and fidelity. Recently, alternative compositions based on Ge-Sb-Se-Te and Sb-Se have been demonstrated to be competitive candidates
which can mitigate this high optical loss challenge, while still exhibiting a large refractive index contrast.”"*7>% Meanwhile, lingering is-
sues such as cycling degradation and low quenching speed of both traditional and alternative PCMs have been a bottleneck limiting their
acceptance in mainstream PCM platforms. Here, we summarize key strategies demonstrated by various researchers to date and suggest
novel approaches in material chemistry, optical properties, and multi-material processing interactions that exhibit promise toward the circum-
vention of these known issues.

Cycling degradation

While the Sb-Se system has an ultra-low optical loss in both glassy and crystalline states over the telecommunication frequency range,'* its uti-
lization as PCMs has been reported to undergo a degradation issue upon multiple cycling. Sb-Se system'’s phase diagram indicates that a slight
deviation from the stoichiometry (i.e., 60 at% of Se) can easily form undesirable secondary phases, leading to a change in the conductivity of the

iScience 26, 107946, October 20, 2023 21




¢? CellPress iScience
OPEN ACCESS

PCM and potentially affecting its cycling performance.’” This phenomenon is exemplified in recent works by Delaney et al., where Mach-
Zehnder interferometer structures based on Sb-Se as an example of PCM-based platforms suffer structural damage that initiates typically at
the corner of the active layer of Sb-Se, thereby limiting cycling durability to ~350 cycles.”'*> Here, the degradation of the cycling performance
is attributed to capping layers, often used as part of PCM-based structures. In this configuration, capping layer interfaces typically have a much
lower conductivity, limiting a necessary heat dissipation route. Hence, an increase in local temperature leads to the formation of voids and local
non-stoichiometry, thereby ultimately causing cycling inconsistency. A possible strategy to mitigate the issue suggested in various studies is to
spatially modulate pulse power applied to the PCM region such that a region prone to damage can be stimulated to a lesser degree. The cre-
ation of such local non-stoichiometry within PCM-based structures has been also observed in Ge-Sb-Te-based systems.'”® Under electric pulse
activation, Sb and Te can exhibit electromigration in opposite directions. Since Sb is observed to move faster than Te, such cross electromigra-
tion can eventually lead to void creation and local non-stoichiometry. To mitigate this issue, a two-way approach is employed in.'* First, the
polarity of the electric pulse is reversed so that those spatially displaced atoms migrate back and fill the void. Second, by capping a PCM region
with a metallic surfactant layer, a conductive channel can be created even in the presence of voids which otherwise make resistance go higher. In
summary, the abilities to spatially modulate pulse power, reverse pulse polarity, and vary capping layers such as the use of metallic layers are
three key methods that have been demonstrated to alleviate such a lingering degradation issue within PCMs.

Quenching kinetics

The ability for PCMs to be rapidly converted from a crystalline state to a glassy state is one of key metrics that defines switching performance.
This phase transition rate, which allows rapid cooling from the melted media to allow formation of a disordered, glassy state, has been consid-
ered a challenge for key candidate PCMs. Here, the reorganization (diffusivity) of constituent atoms dictates the quenching kinetics. A recent
computational study on the self-diffusivity of Sb,Tes as a candidate for single-phase PCMs is relevant,'”” due to its structural similarity to that
of Sb,Se3 and same constituent elements existing in Ge-Sb-Se-Te-based PCMs. In the study, the ab-initio molecular dynamics simulation is
employed to estimate the evolution of Sb,Tes's time-dependent mean-squared atomic displacements as a function of temperature with an
ultrafast cooling rate (i.e., quenching). As an example, the melting/cooling time + temperature of this system, 618°C over a duration of 100ps
(typical switching time observed with other PCMs), corresponds to a self-diffusivity of the material system on the order of ~6.56 A and is ex-
pected to be lower with decreasing temperature as quenching proceeds. This value is just slightly greater than average nearest-neighbor
nearest neighbor distances of Sb-Sb: 3.26 A, Sb-Te: 3.85 A, and Te-Te: 3.16 A2 leaving room for kinetic improvement, thus necessitating
the further improvement of candidate PCM system and their neighboring platform materials.

New approaches to kinetic improvement

While the aforementioned low-loss candidate PCMs in key infrared spectral window provide a unique alternative to the more lossy traditional
Ge-Sb-Te, their switching time, defined as the duration of time to crystallize with an applied heating pulse and quench via a rapid cooling of
the melted phase, is slower as compared to those of other conventional PCMs. This limits, as of this time, their application as ultrafast data
storages and integrated photonic platforms. The key bottleneck for the slow switching rate is the quenching step which employs amorphiza-
tion through melting followed by rapid quenching. Here, the kinetics of melting and subsequent rapid quenching is largely dictated by the
PCM’s melting temperature and thermal conductivity, respectively. Specifically, a lower melting temperature facilitates the solid-to-liquid
phase transition while a higher thermal conductivity enables better heat extraction allowing a higher quenching rate. Meanwhile, as the num-
ber of constituent elements increases in composite alloys, their liquidus temperature at/near the eutectic compositions has been reported to
be correspondingly suppressed, indicating that the melting temperature of a PCM would decrease as more elements are added into the sys-
tem. Efforts to this challenge are ongoing, where elemental additions could induce significant configurational entropy via random population
of atoms on one type of lattice sites in the crystalline phase, thereby preventing phase separation and stabilizing a eutectic phase. This
approach employing compositional mixing will enable alternative candidates based on Ge-Sb-Se-Te and Sb-Se as well as their variants
with additional elements to be evaluated with the goal of lowering the energy barrier for the atomic reorganization, facilitating the PCMs’
switching. While chalcogenide-based PCMs inherently have low thermal conductivities, we envision that quenching can be enhanced by mak-
ing them into low-dimensional nanostructures. Such strategies, specifically, meta-layers or conformally coated layers on substrates with com-
plex surface topography, will exhibit surface-to-volume ratios greater than that of a bulk counterpart. These structures will allow pre-existing
heat within PCMs to efficiently drain off into neighboring materials, further enhancing performance.

Phase change materials for electro-thermal conversion and storage by H.Y., X.C.

Depending on the scenario requirements, energy conversion and storage are essential for practical energy utilization. Advanced functional
electric-driven PCMs can convert electrical energy into thermal energy, thus playing an important role in sustainable energy utilization.
Recently, PCM-based electro-thermal conversion and storage technology have shown great potential in the thermal management of elec-
tronic devices, power vehicles, human body, and off-peak power storage systems.”>?°" Due to the inherent insulating nature of pristine
PCMs, PCMs are usually encapsulated to trigger their electro-thermal conversion and storage using electrically conductive supporting scaf-
folds.?%?°% The main electrically conductive supporting scaffolds include carbon nanotubes (CNTs), graphene and its derivatives, biomass-
derived carbon, metal-organic frameworks (MOFs)-derived carbon, graphite, highly graphitized carbon, and MXene (Figure 16). In addition to
electrical conductivity, thermal conductivity is also an important factor affecting the electro-thermal conversion and storage capacity of com-
posite PCMs.
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Figure 16. Main conductive supporting scaffolds for electric-driven composite PCMs
Adapted with permission from.”*?%*

PCM-based energy conversion and storage systems are promising to address the high-energy consumption problem of fossil fuels and
intermittency problem of renewable sources due to the storage and release of large amounts of latent heat through phase transition pro-
cesses with small temperature changes. However, the inherent low thermal conductivity (0.2-0.3 W/m-K) and electrical conductivity
(10711073 S/m) of pristine PCMs makes them impossible to achieve electro-thermal conversion alone.” ' Intriguingly, the introduction
of highly thermally and electrically conductive supporting scaffolds endows PCMs with electro-thermal conversion and storage function.
The fundamental mechanism of electro-thermal conversion and storage of composite PCMs is as follows. When the conductive composite
PCMs are connected to the circuit, joule heat is generated due to the collision between moving electrons and other groups or molecules.”™"’
In the initial stage, the temperature of composite PCMs rises sharply by the generated joule heat until the melting point of composite PCMs is
reached. At this time, PCM molecules begin to undergo an order-disorder phase transition, and the thermal energy converted from electrical
energy is stored in the form of latent heat. Generally, a higher applied voltage will lead to a higher electro-thermal conversion and storage
efficiency. It is worth noting that the electro-thermal conversion process of composite PCMs cannot be triggered below the critical driving
voltage. Lower operating voltage and higher electro-thermal conversion and storage efficiency are two key metrics pursued simultaneously.

Table 3 summarizes various composite PCMs for electro-thermal conversion and storage. Carbon materials (e.g., graphite,”*® carbon
nanotube,”®® graphene,””® carbon fiber,””%? biomass derived carbon®'?) are conventional electrically conductive supporting scaffolds for
joule heating of PCMs. Except these highly conductive fillers, some novel conductive materials have also been utilized for electro-thermal
conversion and storage of PCMs recently, such as MXene'%*'% and MOF-derived carbon.””’ In general, hybrid conductive fillers are advan-
tageous to the construction of highly continuous thermally and electrically conductive channels.?**?** For instance, our group””’ prepared a
CNT/porous carbon hybrid to encapsulate octadecane via high-temperature carbonization of ZIF-67@IRMOF-3 with core-shell structure.
Compared with single porous carbon, ZIF-67@IRMOF-3 derived CNT-penetrated porous carbon exhibited a more denser 3D conductive
network. Abundant CNTs facilitated the interfacial interaction between carbon support and octadecane, enabling fast thermal transforma-
tion. Resultantly, CNT/porous carbon hybrid-based composite PCMs achieved a record-high electro-thermal conversion and storage effi-
ciency of 94.5% at an ultralow critical triggering voltage of 1.1V, showing great application potential in thermal management of electronic
devices.

Although the introduction of highly thermally and electrically conductive supporting scaffolds have greatly enhanced the thermal and elec-
tric response capabilities of PCMs, there are still some challenges that hinder the large-scale practical applications of composite PCMs.
Conventionally, a high proportion (20-40 wt. %) of conductive fillers is usually required to be incorporated into PCMs to obtain high thermal
and electrical conductivities.”'* However, a high proportion of conductive fillers will inevitably reduce the loading content of PCMs, thereby
reducing the thermal storage capacity of composite PCMs due to their inactive characteristics. Furthermore, random conductive fillers tend to
aggregate after undergoing multiple thermal cycles, eventually leading to partial separation of fillers from PCMs. Consequently, the thermal
and electrical conductivities of composite PCMs greatly decline due to the discontinuous contact between conductive fillers and PCMs. Some
conductive fillers exposed on the surface of composite PCMs inevitably increase convection heat dissipation at the solid-air interface, which is
not conducive to achieving high energy conversion and storage efficiency at a low voltage.””” Another challenge is the structural brittleness
and rigidity of most composite PCMs, which is caused by the fragility of the supporting scaffolds. It is also noteworthy that the flexibility of
some reported flexible composite PCMs will decline sharply or even disappear completely in the crystalline state of PCMs. The insufficient
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Table 3. Summary of composite PCMs for electro-thermal conversion and storage

Melting  Thermal Electrical Input Conversion
Melting enthalpy conductivity conductivity voltage efficiency
Functional fillers PCMs point (°C) (J/g) (W/m-K) (S/m) V) (%) Reference
Graphite Pentaerythritol  186.6 292.3 85 323 0.34 92.7 Li et al., 2021°%
Graphite foam Paraffin 51.0 209.2 1.38 - 5.0 74.6 Liu et al., 2022a,
2022b, 2022¢, 2022d°74?
CNT n-Eicosane 43.0 217.3 = = 1.3 74.7 Liu et al., 2013%%°
CNT@porous Octadecane  31.9 135.9 - 526.3 1.1 94.5 Li et al., 202077
carbon
Graphene PEG10000 47.6 118.7 - - 1.5 94.0 Kou et al., 2021°%°
Graphene aerogel Paraffin 47.8 193.7 2.99 2.99 1.5 50.5 Li et al., 201677
Graphene/cellulose  PEG6000 67.6 182.6 1.03 = 10.0 = Wei et al., 2019°'°
Graphene/cellulose  Paraffin 46.7 147.9 1.42 3.38 5.0 - Xue et al., 2020°""
SiOy/carbon fiber Paraffin 61.2 183.8 0.73 4.95 3.0 82.2 Liu et al., 2022a,
2022b, 2022¢, 2022d°7 ¢
Carbon fiber Paraffin 39.22 182.2 0.53 19.6 3.0 81.1 Umair et al., 2020%'
rGo/BN PEG10000 59.5 164.1 1.06 - 7.0 87.9 Yang et al., 2020a,
2020b, 2020¢'%-102
MXene/porous Paraffin 40.0 215.7 - 9.62 8.0 - Cao et al., 2022a,
carbon 202210410
Copper foam PEG6000 63.6 152.5 0.33 30.81 2.25 85.6 Xiao et al., 2021%'"°

flexibility of composite PCMs often results in difficult fixation in a narrow space or non-intimate contact between composite PCMs and target
objects (e.g., lithium batteries, smartphones, chips, skin).?'

Compared with microencapsulation, 3D stabilized interpenetrating filler scaffolds (e.g., aerogel, foam, sponge, fiber) require a smaller
proportion to achieve highly thermal and electrical conductivities and high energy storage density.?'“?'” The conductive pathways con-
structed by 3D filler scaffolds are affected by a combination of pore structure, spatial arrangement, and degree of orientation. The rational
combination of these factors plays a significant role in reducing the electric and thermal resistance to enhance the electro-thermal conversion
and storage capability of composite PCMs. Compared with random structures, highly array-oriented 3D scaffolds with regular pore structure
and high specific surface area are more conducive to improving the electro-thermal conversion and storage capability of composite PCMs.
This is because array-oriented 3D scaffolds can provide sufficient active interfaces for the crystallization of PCM molecules and establish
continuously interpenetrating electrical and thermal conduction channels to reduce interface resistance and can adapt to the volume expan-
sion during the phase transition process to guarantee the uniform distribution of PCM molecules.?'*?'® The fabrication methods of 3D array-
oriented scaffolds for electric-driven composite PCMs mainly include chemical vapor deposition,”® high-temperature carbonization,””’

21%jce-templated method,”'" etc. In addition, selecting flexible supporting scaffolds with good thermal and electrical conduc-

freeze casting,
tivities for PCMs is one of the most common approaches to endow flexible composite PCMs with high electro-thermal conversion and storage
capability. There are usually two strategies to prepare flexible conductive supporting scaffolds. One strategy is to directly assemble conduc-
tive fillers into flexible scaffolds through various methods, such as high-temperature carbonization,
tro-spinning.”’” Another strategy is to choose flexible porous scaffolds as templates to grow conductive fillers.?'® These practices provide
constructive guidance for the development of high-performance electric-driven PCMs.

Advanced functional electric-driven PCMs have broadened the application range of PCMs from conventional thermal energy storage to
thermal management of electronic devices and the human body. Herein, we review the recent advances in electric-driven PCMs and highlight
the current and future challenges. In general, highly ordered orientation and flexible supporting scaffolds are more favorable for the practical
applications of electric-driven PCMs. While electric-driven PCMs have made some progress, there is still large room for improvement.
Balancing low voltage driving and high energy conversion efficiency is a difficulty in future research. The microscopic mechanism of elec-
tro-thermal conversion of PCMs is still unclear, requiring in-depth and systematic revealing. The influences of filler-filler interface and filler-
matrix interface on the thermophysical properties of composite PCMs have not been well studied. It is necessary to establish a standardized
test method to evaluate the electro-thermal conversion and storage efficiency of composite PCMs.

2 chemical polymerization,”®® and elec-

CONCLUSIONS

The advancement of high-performance broadband PCMs will bring about new innovations and applications, as well as have a significant
impact on thermal energy storage, thermal management, and reconfigurable photonics. The stable and power-efficient tuning and
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reconfigurability across a wide spectral band, ultrafast switching speed, and zero-energy stable phase change state of PCMs make them a
unique solution. The optical and electronic properties can be quickly altered by stimulation with optical or electrical pulses, making PCMs
a versatile material with a range of potential applications.

The roadmap has discussed advancements in two main categories of applications: reconfigurable nanophotonics and thermal energy
management, using different types of PCMs.

For reconfigurable nanophotonics employing chalcogenide PCMs, several crucial challenges and avenues for research advancement war-
rant attention. Foremost among these challenges is the imperative to enhance the energy efficiency of these materials. While chalcogenide
PCMs hold the potential for versatile operation through diverse material configurations, they confront critical issues related to energy effi-
ciency and optical losses. The optimization of these materials is imperative to curtail energy consumption and bolster overall performance.
Another challenge lies in overcoming the technical complexities associated with dynamic switching and reconfigurability in the long wave-
length region. The larger feature size of these platforms in this context can impose limitations on the speed and precision of switching.
Conversely, in shorter wavelength regions such as UV and visible light, optical loss emerges as the primary restraining factor. Pioneering ef-
forts are required to devise strategies for minimizing optical loss in these materials, thus elevating the overall performance of the system.

For thermal energy storage applications, PCMs have the potential to play a pivotal role in advancing the field. Specifically, advanced func-
tional electric-driven PCMs have expanded the scope of PCM applications beyond conventional thermal energy storage to encompass ther-
mal management for electronic devices and even human comfort. The highly ordered orientation and adaptable supporting structures make
electric-driven PCMs well-suited for practical applications. While electric-driven PCMs have made notable strides, substantial room for
improvement remains. A key challenge is striking a balance between low-voltage operation and high energy conversion efficiency: a task
that presents difficulties in future research. In essence, researchers must seek methods to minimize the voltage necessary for driving the phase
change process while simultaneously maximizing the storage and release of energy through this process. The subsequent objective is to iden-
tify materials capable of being charged and discharged with low voltage, all while maintaining a high level of heat energy conversion effi-
ciency. This pursuit is intricate, as enhancing energy conversion efficiency often necessitates higher voltage, potentially at odds with the
goal of reducing voltage. Overall, the development of electric-driven PCMs holds significant potential for further improvement, and it is
poised to remain an active area of research in the foreseeable future.

Recent strides in fabrication techniques and the embrace of innovative design principles have markedly alleviated the constraints on PCM-
based devices in recent years. This has translated into enhanced energy efficiency and reduced optical losses, ultimately yielding more prac-
tical and dependable PCM-based devices. The realm of phase change photonics is poised to remain a focal point of research attention, given
its immense potential to reshape the landscape of next-generation technologies. The merging of static photonics with dynamic, flexible pho-
tonics introduces on-demand, adaptive capabilities, marking the dawn of a new era characterized by enhanced flexibility and performance in
photonic systems. Moreover, the integration of PCMs into neuromorphic computing and artificial intelligence holds the promise of signifi-
cantly augmenting the speed and efficiency of these systems.

In conclusion, the development of PCMs-based devices is a rapidly evolving field with significant potential for revolutionizing a wide range
of technologies. Further research and development in this area is expected to lead to even greater advancements in the coming years.
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