
Review

Sajjad Abdollahramezani, Omid Hemmatyar, Hossein Taghinejad, Alex Krasnok,

Yashar Kiarashinejad, Mohammadreza Zandehshahvar, Andrea Alù and Ali Adibi*

Tunable nanophotonics enabled by chalcogenide
phase-change materials

https://doi.org/10.1515/nanoph-2020-0039

Received January 17, 2020; accepted March 9, 2020

Abstract: Nanophotonics has garnered intensive attention

due to its unique capabilities inmolding the flow of light in

the subwavelength regime. Metasurfaces (MSs) and pho-

tonic integrated circuits (PICs) enable the realization of

mass-producible, cost-effective, and efficient flat optical

components for imaging, sensing, and communications. In

order to enable nanophotonics with multipurpose func-

tionalities, chalcogenide phase-change materials (PCMs)

have been introduced as a promising platform for tunable

and reconfigurable nanophotonic frameworks. Integration

of non-volatile chalcogenide PCMs with unique properties

such as drastic optical contrasts, fast switching speeds,

and long-term stability grants substantial reconfiguration

to themore conventional static nanophotonic platforms. In

this review, we discuss state-of-the-art developments as

well as emerging trends in tunable MSs and PICs using

chalcogenide PCMs. We outline the unique material prop-

erties, structural transformation, and thermo-optic effects

of well-established classes of chalcogenide PCMs. The

emerging deep learning-based approaches for the optimi-

zation of reconfigurable MSs and the analysis of light-

matter interactions are also discussed. The review is

concluded by discussing existing challenges in the

realization of adjustable nanophotonics and a perspective

on the possible developments in this promising area.

Keywords: phase-change materials; reconfigurability;

metasurfaces; photonic integrated circuits; deep learning.

1 Introduction

In recent years, an ever-increasing competition has arisen

between two exciting technologies, i. e., electronics and

photonics, to realize ubiquitous functionalities from im-

aging and communication to sensing and medicine [1–3].

Despite the striking progress of electronics in data pro-

cessing and storage as well as logic operations, photonic

platforms are preferred for information transportation,

mostly because of the higher speed and larger bandwidth

[4–6]. However, to beat the fingerprints of electronics, i. e.,

integrability and reprogrammability, photonics needs to

evolve into the next generation of miniaturized systems

incorporating reconfigurable platforms with adjustable

properties to fully manipulate the key features of photons,

the information carrier in photonic platforms.

Metasurfaces (MSs) and photonics integrated circuits

(PICs) are currently the two mature nanophotonics plat-

forms to manipulate light in many on-chip and free-space

applications, respectively. MSs, the two-dimensional (2D)

analog of metamaterials, have attracted significant atten-

tion due to their unprecedented ability to control incident

electromagnetic fields in the subwavelength regime [7–9].

Owing to their judiciously engineered optical scatterers, or

the so-called meta-atoms, arranged in a periodic or aperi-

odic texture, the amplitude, phase, polarization, and fre-

quency of the impinging light can be spatially and

spectrally manipulated, making a big step towards the

realization of the next-generation flat optics [10–13]. A

myriad of novel phenomena and optical functionalities

have thus been demonstrated including beam shaping and

steering [14, 15], imaging polarimetry [16, 17], large-angle

holography [18, 19], directional lasing [20], analog

computing [21, 22], quantum emission [23], nonlinear
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generation [24], structural coloration [25, 26], and bio-

sensing [27, 28]. Similarly, complementary metal-oxide

semiconductor (CMOS)-compatible silicon (Si) and silicon

nitride (SiN) PICs have experienced phenomenal trans-

formations over the past decade. Several key in-

frastructures such as modulators [29], (de)multiplexers

[30], filters [31], and detectors [32] featuring low optical

attenuation, high optical mode confinement, wide opera-

tional bandwidth from vis to beyond IR, and immunity to

electromagnetic interference have enabled a wave of

ubiquitous applications including data communication,

spectroscopy, and sensing [33–36].

However, themain challengewith the developed static

MS configurations is that their assigned functionality re-

mains fixed once fabricated, hinderingmany practical free-

space applications that need real-time tuning [37–57]. On

the other hand, most on-chip photonic demonstrations are

based on the application-specific designs of PICs. To orient

the potential of PICs for emerging applications of micro-

wave photonics, neuromorphic computing, and quantum

computation, high reconfigurable and general-purpose

platforms, similar to the field-programmable gate array

(FPGA) in electronics, are indispensable [58–65].

There exist several approaches in which external

stimuli such as electric current, electrostatic fields, heat,

chemical reactions, mechanical forces, magnetic fields,

and optical pumping are applied to adapt the functionality

of MSs dynamically. Such approaches rely on the incor-

poration of two-dimensional materials (including gra-

phene and transition-metal dichalcogenides) [66], highly

doped semiconductors (such as Si and germanium) [67],

transparent conductive oxides (such as indium tin oxide)

[68], phase-transition materials (such as vanadium diox-

ide) [69], metal hydrides (such as hydrogenated palladium

and magnesium) [70], liquid crystals [71], micro-electro-

mechanical devices [72], elastic platforms [73], and plas-

monic–metal/semiconductor heterostructures [74–77]

with nanophotonics frameworks. On the other hand, PICs

primarily rely on intrinsic thermo-optics and electro-optics

effects of Si and SiN to enable reconfigurable building

blocks. However, the modest range of these properties has

spurred the development of hybrid integrated platforms

employing secondary materials including electro-optics

organic polymers [78], 2D materials [79], phase-transition

materials [80], noble metals [81], and semiconductors [82].

Amongst existing approaches, the integration of

phase-change materials (PCMs), specially chalcogenide

alloys, with nanophotonic platforms offers the most

promising path to reconfigurable optical functionalities.

This stems from a unique property of chalcogenide PCMs

that allows for reliable and repeatable switching of its

optical/electrical attributes over billions of switching cy-

cles. The most critical concern for the realization of fully

reconfigurable PCM-based MSs and PICs is the develop-

ment of a reliable approach for the phase conversion in the

PCM element. So far, most reports have relied on the direct

thermal conversion of plain or patterned arrays of PCM

inclusions by external stimuli, such as bulky thermal

heaters or focused light from a continuous wave laser with

a wide beamwidth covering the whole surface of the

structure. It is worth mentioning that these approaches are

one-way, meaning that only full or partial crystallization of

initially amorphous PCMs can be achieved. To exploit the

potential of PCMs to the fullest extent, reprogrammable

pixelated PCM-based MSs and PICs capable of locally

controlling the amplitude and phase profiles of the scat-

tered or guiding light are of great importance. To enable

tuning at the pixel level, employing short electrical cur-

rents or laser pulses as external stimuli for selective

switching of the PCM state within the MS unit-cells is

essential. This is also applicable to the reconfigurable PICs

where optical functionalities are adjusted through the local

modification of the state of incorporated PCM nano-

structures. The existing laser switching methods and op-

tical set-ups for characterization of dynamic PCM-based

nanophotonic devices were outlined in reference [83]. At

present, optical switching for addressing individual sub-

wavelength PCM patterns appears more accessible; how-

ever, an extensive effort is required to adopt an electrical

alternative.

Due to the fast-developing research in dynamic

nanophotonics, several review articles have been pub-

lished that extensively investigated the advantages and

drawbacks of the available tuning approaches [84–103]. In

this article, we specifically outline the current achieve-

ments and ongoing developments in hybrid PCM-based

nanophotonics technology, including both on-demand MS

and PIC platforms. We mainly focus on the application of

PCM-based MSs in the mid-infrared (mid-IR) and near-

infrared (near-IR) frequency regimes, and sparsely discuss

applications in the visible (vis) spectral range.

The paper is organized as follows. We first introduce

the fundamental properties of chalcogenide PCMs. Next,

we review reconfigurable multifunctional MSs (both plas-

monic and dielectric) for global and local tailoring of

amplitude and phase of light. Then, we discuss the emer-

gence of chalcogenide PCMs in the PIC technology, which

is envisioned for the next generation of high-speed CMOS-

compatible computation and communications systems.

Next, we outline the emerging field of deep learning in

analysis, design, and optimization of dynamic PCM-based

nanophotonics. Finally, we conclude the article with an
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outlook and a perspective on the rapidly growing field of

reconfigurable nanophotonics using nonvolatile chalco-

genide PCMs.

2 Chalcogenide-based PCMs:

material properties

Reversible switching of a material’s phase between amor-

phous and crystalline states and its application in data

storage date back to the 1960s in chemical and metallur-

gical studies of ovonic threshold switching in disordered

structures [104]. Since then, search for new PCMs has led to

a diverse portfolio of potential candidates that includes

elemental materials such as Si [105] and compounds such

as transition-metal oxides [106] and chalcogenide glasses

[107, 108]. Formost applications, an ideal PCM should offer

high-speed and low-power phase-switching, a large num-

ber of switching cycles, long-term thermal stability of the

amorphous phase, and a large optical/electrical contrast

between two phases. Considering these criteria, chalco-

genide glasses based on germanium (Ge)-antimony (Sb)-

telluride (Te) (or shortly GST) alloys, and particularly Ge

2Sb2Te5, stand out in the pool of PCM materials. Phase

transition in GST alloys is accompanied by a large refrac-

tive index contrast (e. g., Δn ≈ −1.5 at 405 nm wavelength)

and resistivity change (∼3 orders of magnitude), features

that have found immediate applications in commercialized

rewritable optical disks [109, 110] and electronic memories

[107, 111]. Most importantly, the property change in GST is

non-volatile, meaning that the static power-consumption

for data storage is virtually zero.

As Figure 1A schematically shows, applying a long-

and moderate-energy pulse to amorphous GST (a-GST)

heats the material up to its glass-transition temperature

(Tg), which drives the phase transition to its crystalline

state (c-GST). Conversely, applying a short- and high-en-

ergy pulse heats the c-GST above its melting temperature

(Tm) and then suddenly cools it down, yielding a-GST by

the melt quenching of the c-GST. A typical cooling rate of

1 °C/ns is needed for themelt-quenching ofmost GST-based

PCMs [86].We note thatmanymaterials can be amorphized

via the melt-quenching process, but they mostly display a

negligible optical constant upon the phase transition (e. g.,

galliumarsenide [GaAs]). Therefore, a systematic approach

needs to be taken for the identification of PCM materials

that can fulfill the requirements of practical applications.

Given the complexities of phase-transition mechanisms

and difficulties of theoretically predicting the material

properties in the amorphous state, we limit our discussions

to only major GST-based alloys. However, at the end of this

section, we set a semi-empirical guideline for searching

new PCMs.

The phase diagram shown in Figure 1B helps classify

different PCMs based on Ge–Sb–Te alloys. GeTe was the

first chalcogenide-based PCMmaterial to show a relatively

fast crystallization with a large optical contrast [112].

Subsequently, several GST alloys such as Ge1Sb4Te7,

Ge2Sb2Te5, and Ge1Sb2Te4 were identified [110, 113] all

along a pseudo-binary line that connects the GeTe and

Sb2Te3 compounds. Moving from GeTe towards Sb2Te3 on

the pseudo-binary line, crystallization speed increases, Tg
and Tm decrease, and data retention (i. e., the retention of

the amorphous state) decreases. In other words, Sb2Te3
offers the fastest crystallization speed, but its amorphous

state is unstable. In contrast, GeTe offers a very stable

amorphous phase, but its crystallization dynamic is rela-

tively slow. Therefore, a compromise between the crystal-

lization speed and the amorphous stability can bemade by

selecting a ternary composition close to the center of the

pseudo-binary line. For example, Ge2Sb2Te5 offers a fast

Figure 1: Principles of phase transformation in GST-based PCMs. (A)

Schematic illustration of the reversible switching of the GST phase

between amorphous and crystalline states. A long pulse with a

moderate amplitude enables amorphous-to-crystalline conversion.

A short pulse with a large amplitude enables crystalline-to-

amorphous conversion via the melt-quenching process. (B) The

phase diagram of the Ge–Sb–Te system. The dashed line shows the

pseudo-binary line, which connects GeTe and Sb2Te3 compositions.

Most popular GST-based PCMs can be identified on this line. (C, D)

Rocksalt (cubic) and spinel structures of GST with octahedral and

tetrahedral Ge coordination, respectively. As shown in C, most GST-

based PCMs contain up to ∼25% vacancy-type defects at Ge/Sb sits.

(E) Role of Se doping in modifying the switching mechanism (hence,

speed) of a representative GST alloy. t0: nucleation time of as-

depositedfilm, t′: nucleation time of the pre-conditionedfilm, and tc:

time needed for the full crystallization of the film. Panels (C–E) are

adopted from [114], [115], and [116], respectively.

S. Abdollahramezani et al.: Tunable nanophotonics by phase-change materials 1191



crystallization speed (<20 ns) with a moderate Tg (100–150 °

C) that ensures the long-term data retention (∼10 years). It is

also important to note that deviation from the canonical

stoichiometry (i. e., (GeTe)n(Sb2Te3)m; n,m: integers) reduces

the switching speed, primarily because the crystallization

proceeds through a slow phase-segregation step [112, 114].

This concept was behind the addition of extra Sb to the

Ge1Sb2Te4 alloy to make the phase switching speed

compatible with slow CD-writers in the early days of optical

data recording [113]. Similarly, slowcrystallization speeds (µs

regimes) were observed in nonstoichiometric Ge15Te85 doped

with Sb and S [104].

In the crystalline phase, GST alloys form a cubic lattice

similar to that of a rocksalt structure (Figure 1C) inwhich Te

atoms occupy one lattice site and the Ge/Sb atoms

randomly occupy the remaining lattice sites. However, fast

crystallization cycles locally distort the ideal cubic struc-

ture shown in Figure 1C.Moreover,most studiedGST-based

PCMs contain up to ∼25% vacancy-type defects in the Ge/

Sb sublattice [115, 117], an important characteristic that

seems to be directly linked to the switching properties of

GST alloys. We note, however, that the cubic structure is a

metastable phase (around ∼150 °C) that can further tran-

sition to a stable hexagonal structure once the Ge2Sb2Te5
alloy is heated to ∼310 °C, a transition that has been argued

as a disadvantage for the 225 stoichiometry of GST alloys

(i. e., Ge2Sb2Te5) [118].

Unlike the crystalline phase, the arrangement of atoms

in the amorphous phase is the subject of debate. Most

studies have assumed that a-GST is locally similar to the

crystalline phase, but it lacks the long-range atomic order

observed in the crystalline phase. However, this notion has

been challenged in several experimental X-ray spectros-

copies that echo a pronounced difference in the local

arrangement of atoms in amorphous and crystalline pha-

ses, that is: “the Ge atoms that occupy octahedral positions

in the crystalline phase switch to tetrahedral coordination

in the amorphous phase.” [116, 119]. To explain the

discrepancy between these two narratives, Welnic et al.

conducted a density functional theory (DFT) study to

identify possible atomic arrangements in Ge1Sb2Te4 as a

representative stoichiometric GST alloy [116]. This study

revealed that the Ge1Sb2Te4 alloy may establish two

different crystal structures: (i) the distorted cubic structure

with ‘octahedral’ Ge bonds (as shown in Figure 1C), and (ii)

a spinel structure in which Ge atoms form ‘tetrahedral’

bonds with Te atoms, while Sb/Te atoms occupy atomic

sites identical to those in the rocksalt structure (see

Figure 1D). Interestingly, the ground-sate energy of the

cubic structure is only ∼30 meV per atom less than that of

the spinel structure. Thus, the difference in reported local

orders of a-GSTmay stem from the competition between two

energetically similar structures with significantly different

local atomic arrangements. In addition, the assumption of

the spinel structure can successfully explain the increase in

the larger bandgap of the amorphous phase as compared to

the crystalline state with the cubic structure.

Switching the phase from a-GST to c-GST generally

involves two events: nucleation of small crystallites and

the subsequent growth of these crystalline domains [114].

To the first order, the nucleation process is governed by the

thermodynamics of the phase change (i. e., a temperature-

controlled process), while the speed of the crystal growth is

primarily governed by the kinetics of the phase change

(i. e., the atomicmotion of elements). At high temperatures,

above Tm (∼600 °C for Ge2Sb2Te5), GST is in a liquid

(molten) phase with highly mobile atoms. Thus, crystalli-

zation of GST is thermodynamically allowed once the

temperature drops below the melting point, and the

probability of crystalline nucleation increases as the tem-

perature further drops, reaching the maximum probability

at the glass-transition temperature, Tg. However, at low

temperatures close to Tg, the crystalline nuclei cannot

efficiently grow because the atomic mobility is extremely

small. Thus, fast crystallization of a-GST occurs at inter-

mediate temperatures between Tg and Tm, which is 150–

250 °C for the cubic structure and 300–350 °C for the hex-

agonal structure. It is uniquely interesting that a-GST al-

loys remain amorphous for over 10 years at room

temperature, but the very samematerial can be crystallized

in only ∼20 ns upon heating up to only a few hundred

degrees of Celsius, a feature that can behardly found in any

other PCM outside chalcogenide glasses.

Here, we would like to emphasize that the crystalliza-

tion of melt-quenched GST films is strikingly different than

the crystallization of as-deposited films. In a detailed

study, Coombs et al. showed that crystallization of as-

deposited films proceeds through a nucleation-dominated

process, while in the melt-quenched films crystallization is

growth dominated [114]. Apparently, the melt-quenching

process leaves some subcritical crystalline domains in the

amorphous matrix, so that the slow nucleation step can be

bypassed in the subsequent re-crystallization cycles.

Therefore, crystallization of a melt-quenched GST alloy is

significantly faster than that of an as-deposited amorphous

film. However, this study suggests that the application of a

short pulse can pre-condition an as-deposited film so that it

mimics the fast switching speed of a melt-quenched film.

For instance, using a pre-conditioning laser pulse of 100 ns

width, the crystallization time of the GeTe film can be

reduced from 1 µs to only 30 ns, which reflects the

switching of the crystallization mechanism from the
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nucleation-dominated mode to the growth-dominated

mode. We note that the presence of residual crystalline

nuclei inmelt-quenched films could be explained based on

the low interfacial energy between amorphous matrix and

crystalline domains, as demonstrated in undercooling ex-

periments performed on GST alloys [120, 121].

The switching behavior and the optical/electronic

property contrast, induced by the phase switching, can be

customized by changing the composition of a chalcogenide

PCM, primarily through the substitutional doping of

isoelectronic elements (i. e., parenthesis in Figure 1B) in

ternary GST alloys. For example, the doping of GST alloys

with selenium (Se) atoms forms a quaternaryGe–Sb–Se–Te

PCM that is referred to as GSST [122]. A recent study shows

that an optimized addition of Se to the Ge2Sb2Te5 alloy can

significantly reduce the optical loss in the near- to mid-IR

spectral range. Indeed, the optimized GSST alloy (i. e.,

Ge2Sb2Se4Te1) shows a broadband transparency in the 1–

18.5 µmwavelength range, while offering a large refractive-

index change (Δn ≈ 2) without a loss penalty (i. e., Δk ≈ 0).

DFT calculations show that increasing the Se content

widens the bandgap of the GSST alloy, leading to a smaller

optical loss in the IR regime. In addition, compared to the

GST alloys, GSST alloys show a smaller density of states

close to band edges, which reduces the free-carrier ab-

sorption loss in the IR regime. Interestingly, the substitu-

tion of the Te by Se does not change the crystal structure of

GSST as it still forms cubic (metastable) and hexagonal

(stable) structures similar to the GST case.

Increasing the Se content in GSST monotonically in-

creases the crystallization temperature, which translates

into a better stability of the amorphous phase. However,

this stability comes at a major drawback that is explained

in further detail in reference [114], that is: the crystalliza-

tion becomes significantly slower as the Se replaced the Te

in a GST alloy. As shown in Figure 1E, the time needed for

the onset of nucleation in as-deposited GSST (i. e., t0) and

pre-conditioned GSST (i. e., t′) and the total time needed for

the completion of the GSST crystallization (i. e., tc) mono-

tonically increase with the Se content in the GSST. In fact,

the tc increases from ∼20 ns in GST to ∼3 µs in a GSST alloy

with only ∼25% Se content, showing more than a 100-fold

reduction in the crystallization speed. An even slower

crystallization speed can be expected in results reported in

reference [122], where Se content is even larger and reaches

∼80% in the optimized composition (i. e., Ge2Sb2Se4Te1). It

is also interesting that the influence of pre-conditioning on

the crystallization speed becomes weaker as the Se content

is increasing (compare t0 and t′ in Figure 1E). The slower

dynamics in GSST is attributed to the nucleation-domi-

nated crystallization which is intrinsically sluggish [114].

The large optical contrast in GST-based PCMs stems

from the pronounced change of local atomic arrangements,

in which the Ge coordination switches between octahedral

(in crystalline) and tetrahedral (in amorphous) bonds. Such

an atomic change is reflected in the ∼7% volumetric

expansion of the GST following the crystalline-to-amor-

phous conversion, as experimentally evidenced in X-ray

diffraction measurements [123]. In addition, quantum me-

chanical calculations, using the Fermi’s golden rule, show

that such a local structural alteration leads to a large change

in the elements of thematrix that governs optical transitions

between two initial andfinal states inGST-basedPCMs [124].

Considering the central role of Ge atoms in the coordination

change, one can expect that a largerGe content inGSTalloys

provides a larger optical contrast, as can be seen in a com-

parison between, for instance, Ge8Sb2Te11 with Δn + iΔk

≈ −1.48 + i1.35 and Ge2Sb2Te5 with Δn + iΔk ≈ −1.2 + i1.05 at

405 nm wavelength [125]. However, the exact mechanism

behind this trend is not well understood. Welnic et al. sug-

gest that a lowerdensity of vacancies inGSTalloys enhances

the optical contrast, and the addition of the Ge may help in

achieving this goal [116]. However, Kolobov et al. argue that

the presence of the vacancies at Ge/Sb sites is an intrinsic

part of the GST structure and the addition of the Ge will not

reduce the vacancy density [119]. Experimental studies

support this argument, as the addition of extra Ge/Sb atoms

did not reduce vacancy sites and instead led to the phase

segregation and the accumulation of extra Ge/Sb atoms at

the grain boundaries [115, 126]. It is very important to notice

that the origin of the optical contrast in PCMs is strictly

different from that of the covalent semiconductors (e. g., Si

and GaAs) in which local atomic arrangements remain

intact, and the optical contrast stems primarily from the

smearing of electronic states and the formation of tail states

in the bandgap of the amorphous phase.

Reevaluating the portfolio of successful PCMs shows

common characteristics that canbe further employed for the

identification and, yet better, predictionof alternative PCMs.

First, all identified PCMs show distorted octahedral struc-

tures. Second, a relatively large density of intrinsic va-

cancies seems to be mandatory for the structural stability.

Third, unlike most semiconductors with sp3-hybridized

bonds (i. e., tetrahedral coordination), atomic bonds in

PCMs display p-type characteristics. The p-type bonding (i)

guarantees the 6-fold coordination in the crystalline state,

(ii) is prone to distortion (because it is weaker than sp3

bonds) which is necessary for the crystal stabilization, and

(iii) can be easily broken for the fast switching of bonds from

octahedral to tetrahedra on amorphization. Interestingly, p-

type bonding has been shown to occur in alloys with more

than four valance electrons [129]. Thus, considering these
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similarities, the search for new PCMs can be narrowed down

to the alloys of group 15 and 16 with octahedra structures,

more than four valance electrons, and proper Tg and Tm
values. Also, special attention should also be paid to the

specific stoichiometry of PCM alloys to eliminate the phase

segregation during phase-transition cycles, if the fast

switching speeds are desired. Though, for an ultimate

search, the development of a robust model for the amor-

phous phase seems mandatory for the prediction of the

novel PCM materials using the first principle calculations.

The holy grail of the optical modulation/switching is

the large change in optical constants, andmore specifically

the refractive index of active regions in photonic devices. In

Figure 2, we have presented real and imaginary parts of the

refractive index for some promising chalcogenide-based

PCMs, including two promising binary compounds, GeTe

and Sb2S3. Ideally, a PCM with a large Δn and a small Δk is

desired. As described by the well-known Kramers–Kronig

relation, however, the real and imaginary parts of the

refractive index are not independently controllable. Thus,

the relative ratio of the index change to the loss change

(i. e., Δn/Δk) serves as a figure ofmerit (FOM) for comparing

various PCMs. As shown in Figure 2E, for operation in vis,

NIR, and telecommunication wavelength (i. e., 1.55 µm),

Sb2S3, GeTe, and Ge2Sb2Se4Te1 provide the best FOMs,

respectively.We note that such a conclusion is solely made

based on the FOM.However, based on the switching speed,

for instance, Ge2Sb2Te5 offers a faster response than both

Ge2Sb2Se4Te1 and GeTe. Therefore, in the selection of PCM

materials, the ultimate application should be considered.

We would like to mention that the inclusion of PCM

materials in optical device platforms (discussed below) ne-

cessitates several fabrication considerations beyond the

intrinsic material properties. First, most GST-based PCMs are

prone to rapid oxidation upon long ambient exposures. Thus,

PCMs are usually capped by a protecting layer (e. g., SiO2,

Ta2O5, ZnS, ITO, etc.) that can withstand high-temperature

phase switching events as well as fulfill the requirements of

conversion stimuli (i. e., electrical vs. optical). Second, in

some cases, an irreversible diffusion of metal atoms into

PCMs may be expected, which degrades the phase switching

behavior in hybrid metal-PCM devices (e. g., plasmonic

platforms). Addition of a diffusion-barrier layer or the use of

alternative plasmonic metals (e. g., TiN) [130] can fix this

issue. We note that the addition of capping/diffusion-barrier

layersmay affect the details of the phase conversion in PCMs,

probably because of modifying the nucleation/growth of

crystalline domains as the interfacial energies at amorphous-

crystalline, amorphous-capping layer, and the crystalline-

capping layer will be modified. Such effects may be behind

the reported change of the crystallization temperature

following the capping of the Ge2Sb2Te5 alloy with ZnS-SiO2

capping layers [120]. Finally, device architectures should

support fast thermal time-constants to allow for the rapid

temperature change (∼109
°C/s) needed for the amorphization

via the melt-quenching, a factor that calls for the use of ma-

terials with proper thermal coefficients (e. g., thermal

conductance, heat capacitance, etc.).

3 Active amplitude controls with

tunable phase-change

metasurfaces

3.1 Hybrid plasmonic/PCM metasurfaces

for global amplitude control

To highlight the unique capabilities of PCMs in meta-optic

applications, early studies leveraged an easy-to-fabricate

layer of PCM as the functional material. Although later

Figure 2: Optical constants of popular PCMs for optical

applications. (A, C) Refractive index (n), and (B, D) extinction

coefficient (k) of several PCMs in amorphous and crystalline states,

respectively. (E) The FOMof PCMs listed in panels A–D.Δn andΔk are

defined as the relative change of n and k between amorphous and

crystalline states. References: GeTe and Ge2Sb2Te5 [86],

Ge2Sb2Se4Te1 [127], and Sb2S3 [128].
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rather complex patterned PCM nanostructures were

utilized, so far, a vast majority of demonstrations of

optical functionalities has been limited to the global

control of PCMs across the entire MS. Herein, a

comprehensive review of developed hybrid plasmonic

and dielectric MSs using PCMs for global amplitude

control is presented. Throughout this review, the so-

called modulation depth (MD) and extinction ratio (ER)

are considered as quantitative representations of the

amplitude modulation of the reflected, transmitted, or

absorbed light. For the reflected light, MD is defined as

as the difference between the maximum reflected power

(Pmax) and the minimum reflected power (Pmin) normal-

ized by the incident power value (Pinc) at a specific

wavelength, i. e., MD = (Pmax − Pmin)/Pinc. Moreover, ER

is described in terms of the logarithm of the ratio of the

maximum to theminimum reflected power, i. e., ER = −10
log10(Pmax/Pmin). It is noteworthy that based on the

operation principle of the device under test, Pmax and

Pmin are associated with either amorphous, semi-crys-

talline, or fully crystalline state of PCMs.

Hybrid PCM-plasmonic MSs have been considered as a

promising set of candidates for the real-time control of the

key properties of light due to the high sensitivity ofmetallic

nanoantennas to the ambient changes. Such striking

sensitivity originates from the spanned nature of localized

surface plasmon resonance modes which are concentrated

outside of nanoantennas. Based on the first-order pertur-

bation theory, the resonance frequency change Δω is

governed by Δω/ωR � ∭ΔεE2dr3/ ∭ εE2dr3, in which E is

the total electric field and Δϵ is the induced change of the

dielectric permittivity and the integration spans over the

unit-cell of an MS [135]. Accordingly, the phase transition

in the PCM in contact with the meta-atom significantly in-

fluences the effective permittivity of the unit-cell and thus

the resonance behavior, which enables the spatio-tempo-

ral and/or spectro-temporal control of the incident light.

In a pioneering work by Samson et al., an innovative

electro-thermal-optic switch by employing a homogeneous

plasmonic MS composed of a periodic array of Au asym-

metrically split resonators covered with a thin layer of GLS

is implemented (see Figure 3A) [131]. By applying electrical

pulses, ∼10 ms duration and >45 V amplitude, to the

electrodes connected to the embedded 200-nm-thick GLS

film and the patterned metallic layer, up to 150 nm blue-

shift in the narrowband Fano resonance is observed in the

near-IR wavelength range. This large tuning range stems

from the significant refractive-index contrast of GLS after

its uniform phase transition from the amorphous to the

crystalline state. Such an ultrathin configuration provides

a transmissionmodulationwith a contrast ratio of 4:1 upon

phase-change ofGLS.Wenote, however, that the reversible

electrical switching was not reported in this work.

In a followingwork [132], Gholipour et al. enhanced the

resonance shift by replacing GLS with a layer of Ge2Sb2Te5
embedded between two ultrathin supporting layers of ZnS-

SiO2 (see Figure 3B). They have shown a global reversible

phase transition across a large area of the 15 nm-thick GST

layer by applying a single laser pulse with varying dura-

tions and peak intensities. As a proof of concept, a 50 µm

beamwidth laser pulse of 0.1 mWµm−2 intensity with the

duration of 50 ns and 0.25 mWµm−2 with the duration of

100 ns have been exploited for amorphization and crys-

tallization of the GST layer, respectively. Such an all-opti-

cal, bidirectional, and non-volatile MS offers a remarkable

resonance shift of 200 nm with 2.5-fold MD in the trans-

mitted near-IR light and 1.3 µm resonance shift with 4-fold

contrast ratio in the mid-IR band, respectively.

To demonstrate the potential of PCMs for the design of

highly tunable MS optics, Chen et al. explored the use of

intermediate phase transitions in Ge2Sb2Te5 integrated into

a plasmonic crystal [133]. Their proposed structure consists

of a 20-nm-thick PCM layer sandwiched between an array

of Au disks and a quartz substrate, as shown in Figure 3C.

To realize the stepwise nonvolatile tuning of the lattice

resonance over a 500 nm range (from near- to mid-IR), the

fabricated sample was uniformly baked on a hot plate for

different time periods (up to 60 min) but at a fixed tem-

perature of 135 °C. To reveal the relation between the

crystallization fraction and the annealing time, the exper-

imental results (i. e., optical reflection spectra) were theo-

retically reconstructed in full-wave simulations, amapping

scheme that gives an intuitive understanding between the

degree of the phase change in the PCM layer and the optical

response of the MS.

Following these pioneering reports, several other

groups proposed alternative types of hybrid PCM-plas-

monic architectures for the realizations of dynamic meta-

devices. Cao et al. published several theoretical proposals

using Ge2Sb2Te5 for the tunable perfect absorption in the

vis and mid-IR regimes [136, 137]. They numerically

demonstrated a tri-layer fishnet MS comprising of metal-

PCM-metal elliptical nanoholes in a broken symmetry ar-

chitecture and realized a narrow band Fano resonance (see

Figure 3D) [134]. To show the potential of the proposed

configuration for high-speed all-optical switching appli-

cations, a comprehensive photothermal model was used to

study the temporal variation of the temperature as the PCM

film was exposed to ultrafast laser pulses. Their results

showed that a low-intensity pump light with the fluence of

9.6 µW µm−2 and pulse duration of 360 ps can convert the

phase of a 160-nm-thick GST layer from the as-deposited to
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the crystalline state in a one-way fashion. Such a phase

transition resulted in a 1 µm tuning range of the supported

Fano resonance mode with sharp transparency peaks in

the mid-IR regime (see Figure 3D). In another work, the

same group introduced a tri-layer planar chiral MS in the

shape of a gammadion combined with a thin GST layer.

Using this structure, they reported a large frequency shift of

58% (in mid-IR) for the circular dichroism (CD), defined as

the difference in the transmittance of right-handed and

left-handed circularly-polarized light [138]. Their photo-

thermalmodel predicts ∼5 ns crystallization transition time

to uniformly heat the 24-nm-thick GST layer to 883 K

through a low light intensity of 0.016 mWµm−2.

NewhybridMSdesignswere exploredbyRudé et al. for

the demonstration of ultrafast (i. e., ps regime), broadband

(up to 385 nm spectral shift), and large (up to 60% MD)

optical tuning of the optical transmission in the vis-near-IR

spectral range [139]. As shown in Figure 4A, the

investigated platformwas formed by structuring a 2D array

of nanoholes in an Au film underneath a thin layer of

Ge2Sb2Te5 (∼20 nm). A remarkable modulation tuning of

the extraordinary optical transmission response using both

thermal- and current-induced structural transitions was

thoroughly discussed.

To promote the applicability of reconfigurable MSs in

the C-band communications, Carrillo et al. demonstrated a

1D array of hybrid nanogratings for the amplitude modu-

lation with an MD of ∼77% and an ER of 20 dB [142]. The

proposed design benefits from an ITO capping layer for

protecting a 60-nm-thick GST layer from the environmental

oxidation while still allowing both optical and electrical

access. Through a comprehensive sensitivity analysis

considering the side effects of fabrication imperfections

and critical design parameters on the metadevice perfor-

mance, a systematic study of the optimization of the

structural design was proposed. Furthermore, to explore

Figure 3: Pioneering reports on dynamic plasmonic/PCM based MSs for the global control of the amplitude response. (A) Electro-thermal-

optic switching [131]. Left: a hybrid structure consists of an array of patterned Aumeta-atoms deposited on a SiNmembrane coveredwith GLS.

Right: the spectral response of the transmission/reflection modulation contrast ratio associated with the phase transition of GLS (inset:

scanning electron microscope (SEM) image of the fabricated meta-atom). (B) Bidirectional and all-optical amplitude modulation [132]. Left:

artistic impression of a PCM-based MS for the all-optical modulation. A laser pulse controls the phase of overlying PCM film between

amorphous and crystalline states for the high-contrast transmission and reflection switching of the information-carrying laser. Right: near-IR

(top) and mid-IR (bottom) transmission/reflection modulation contrast ratios associated with the phase switching of the GST film. The SEM

image of fabricated meta-atoms are shown in the insets. (C) Active tuning of lattice plasmon resonances [133]. Left: the sketch of the GST-Au

hybrid plasmonic MS for controlling the near- to mid-IR resonant wavelengths (inset: fractional crystallization as a function of the heating

time). Right: experimental measurements and simulation results from the continuously tuned MS, which is thermally treated at different

baking time at the fixed temperature of 135 °C. (D) The dynamic tuning of Fano resonances [134]. Left: illustrations of asymmetric elliptical

nanoholemeta-atoms for the fast tuning of the supported Fano resonancemode. Right: the transmission spectrumof thewholeMS in cases of

amorphous and crystalline states.
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the in situ switching of the PCM state, electro-thermal

simulations using electrical pulses, applied between the

top and bottom layers of the MS, were carried out.

Regardless of the plasmonic metal type (Au, Al, W, and

TiN), numerical results show that a 2.4 V and 50 ns RESET

pulse with a 15/5 ns rise/fall time can uniformly amorphize

the GST layer. On the other hand, for crystallization, a SET

pulse of 1.4 V and 100 ns with a 30 ns rise/fall time was

employed. It is worth noting that during the amorphiza-

tion, the uniformly distributed temperature exceeds the

melting point of GST (i. e., 600 °C), while during the crys-

tallization cycle, the GST layer experiences ∼425 °C tem-

perature, which is necessary for a rapid (a few tens of

nanosecond) process. The same group later presented an

experimental demonstration of a more practical architec-

ture for the on-demand quality factor control [143].

Dual-functional opto-electric nanoscale devices using

PCMs have gained significant attention recently. Raeis

Hosseini et al. took the advantage of a uniquely tunable

metadevice framework with a bifunctional behavior; as a

tunable MS for perfect absorption of vis light and as a

resistive switching memory device for data storage [144].

The structure consists of an array of Ag nanosquares on a

25-nm-thick Ge2Sb2Te5 film deposited on the top of an Al-

coated Pt mirror. Following the phase transformation, a

narrowband (∼50 nm) to wideband (∼400 nm) perfect

absorption in the vis spectral range and bipolar resistive

switching with high ON/OFF ratio (∼106) occurs.
In contrary to the conventional metal-insulator-metal

(MIM) tri-layer reflective MSs, Dong et al. experimentally

demonstrated a transmissiveMS by eliminating the bottom

metal reflector [145]. The fabricated MS exhibits a trans-

mission dip that can be switched from 3 to 6 µm upon the

phase transformation in a 65-nm-thick GST film on a hot-

plate. The sparse distribution of the nanosquare array

significantly reduces the device capacitance and facilitates

the nsec-order electrical switching speed of the GST layer.

The proposed structure enables collinear filter design

necessary for the spectrally selective microscale mid-IR

hyperspectral imaging.

The ability to control the thermal emission from an

object with subwavelength thickness has attracted a

growing interest to a wide range of applications, including

radiative cooling and energy harvesting [146]. According to

the Kirchhoff’s law, the absorptivity of material equals its

emissivity at equilibrium conditions, thus MS absorbers

can be employed as thermal emitters within the mid-IR

spectral band [147]. Qu et al. utilized an MIM architecture

(as shown in Figure 4B) incorporating a 350-nm-thick

Ge2Sb2Te5 layer to dynamically manipulate the thermal

emission with zero-static power [140]. By baking the sam-

ple on a hot plate for a fixed time period of 60 s at varying

Figure 4: Common hybridized plasmonicMSs using PCMs for the global amplitudemanipulation near- andmid-IR regimes. (A) Ultrafast wide-

range tuning of optical resonances [139]. Top: a hybrid PCM-plasmonic MS for controlling the bimodal and transient extraordinary optical

transmission response using external stimuli. Bottom: calculated transmission spectra obtained from numerical simulations (dashed curves)

and experimental measurements (solid curves) for two states of GST comparedwith the results of a bare perforated Au array as a reference. (B)

Dynamic thermal emission [140]. Top: an artistic schematic and a SEM image of the fabricated PCM-plasmonic thermal emitter. Bottom:

experimental measurements of continuously tuned emissivities of the thermal emitter annealed at different temperatures for a fixed period of

60 s (left). Emissivities and modes evolution calculated from numerical simulations at corresponding crystallization fractions (right). (C)

Multispectral thermal emission [141]. Top: a 3D perspective view of the PCM-based thermal emitter MS. Bottom: SEM images, experimentally

measured emissivity, and numerically calculated emissivity of the hybrid MS with an arrays of Au nanosquares with different widths and

identical lattice constants.
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temperatures, the emissivity, bandwidth, and peak wave-

length can be finely tuned. In a follow-up work [148], they

developed a dual-band thermal emitter with an engineered

array of Au nanoellipses to excite higher-order magnetic

resonanceswith aperpendicular polarization along short and

long axes. The polarization of the thermal emission is rotated

by 90° at the 9.55 µm peak wavelength upon the partial

conversion of the PCM film (∼40% crystallization fraction).

Inspired by these initial studies, several exciting technologies

such as wide-angle and near-perfect dynamic thermal cam-

ouflage devices [149] and switchable and wavelength-selec-

tive thermal emitters [150, 151] were demonstrated.

More recently, multispectral thermal emission using a

PCM-plasmonic MS in the mid-IR wavelength range (2–

3 µm) was studied [141]. The MIM architecture is formed by

the arrangement of three distinct pixels where each pixel

consists of uniform Au nanosquares with a different width

designed to radiate at a distinctwavelength (see Figure 4C).

The developed multiphysics heat transfer model shows

that the reversible switching of perfect emissivity between

two distinct wavelengths can be achieved by the phase

transition in a 50-nm-thick Ge2Sb2Te5 within only 300 ns.

The introduction of new PCMs with higher optical con-

trasts and lower loss in themid-IR regime (such as Ge3Sb2Te6)

made another avenue for the realization of dynamicMSswith

a stronger tunability range. Authors in reference [152] studied

the behavior of PCM-plasmonic MSs with three different

configurations: Al nanoantennas arrays underneath, inside,

or on topof a sputtered 50nm-thickPCMlayer (seeFigure 5A).

The proposed structure relies on the Wood’s anomaly to

achieve a narrowband resonance for switching applications.

Indeed, in a lattice of resonant nanoantennas, the interfer-

ence between the nanoantenna resonance and the Bragg

resonance of the lattice generates narrow resonances.

Experimental results show that, upon the structural transition

of the PCM, a large tuning range to the full width at half

maximum (FWHM) ratio (about 1.03) can be achieved.Michel

et al. later demonstrated the reversible tuning of these reso-

nances by using ultrafast laser pulses as the stimulation

source for the phase conversion in Ge3Sb2Te6 [156]. They used

800nm fs pulseswith a 1.65mJ energy per pulse, a 50 fs pulse

width, and repetition rates up to 960 Hz focused at 230–

270 µm area on the sample. Moreover, to improve the optical

functionalities and simplify the fabrication process, they

avoided the deposition of capping and buffer layers.

In several applications, such as perfect absorption and

thermal emission, Ohmic losses within the constitutive

materials are favorable to enhance the overall performance

of the optical device and its FOM. In this regard, Tittl et al.

presented the first experimental demonstration of a band-

and consequently temperature-selective switchablemid-IR

perfect absorber [153]. As depicted in Figure 5B, their pro-

posed structure is aMIM architecture composed of a spacer

layer of Ge3Sb2Te6 sandwiched between an Al back

reflector and an array of Al nanosquares. Thanks to the

strong gap surface plasmon (GSP) mode, nearly perfect

absorption (>90%) independent of the incident angle and

polarization occurs. A resonance shift over 500 nm in the

reflectance response upon the structural transition of GST

from the amorphous to the crystalline state was experi-

mentally realized. By simultaneously increasing the num-

ber of pixels and reducing the FWHM of the resonances,

such an interesting platform offers diffraction-limited

multispectral thermal imaging capability with high reso-

lution (see the right panel of Figure 5B).

The first experimental demonstration of tunable chiral

MSs using PCMs was reported by Yin et al. [154]. The au-

thors leveraged the transparency window of Ge3Sb2Te6
(between 2.8 and 5.5 µm) for large spectral tunability (from

4.15 to 4.90 µm) of the CD response in the mid-IR regime.

They utilized this effect in combination with a static chiral

bias-type layer to flip the sign of the CD signal. The un-

derlying system consists of a 50-nm-thick layer of PCM

sandwiched between a Born–Kuhn type chiral plasmonic

dimer comprising of corner-stacked nanorods (Figure 5C).

The ease of fabrication with no additional lithography step

and optimum near-field coupling of the generated local-

ized surface plasmon with the functional materials are the

two-fold advantages of this architecture.

So far, most MS optic applications have been incor-

porated in PCMs as a tunable dielectric medium. However,

the inherent plasmonic properties, i. e., negative relative

permittivity, of some PCMs upon transition from the

amorphous to the crystalline state have gone somewhat

overlooked. In 2018, Gholipour et al. demonstrated that

upon transition of a 70-nm-thick structured layer of

Ge2Sb2Te5 from amorphous to polycrystalline phase, the

material functionality is switched from dielectric to the

metallic (i. e., plasmonic) in the ultraviolet (UV) to near-vis

spectral range [155]. As shown in Figure 5D (middle panel),

while the real part of the relative permittivity of a-GST is

positive at wavelengths below 660 nm, it exhibits negative

values necessary for the generation of a surface plasmon

polariton (SPP) mode. Figure 5D (middle panel) shows the

plasmonic FOM, defined as the ratio of the real part of the

propagating SPP wavevector to its imaginary part which is

a representation of the SPP decay length, for the poly-

crystalline GST and a series of widely used noble metals. It

is clear that in the UV to near-vis range, polycrystalline GST

has comparable FOM values to their counterparts’ albeit

surpassed by Al. The authors fabricated a hybrid MS using

focused ion beam milling of a multistack ZnS-SiO2/GST/
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ZnS-SiO2 layer to create a 1D array of nanogratings on top of

the glass substrate. In the case of TM-polarization (incident

electric field perpendicular to the grooves), the MS in-

troduces resonances for both extreme states of GST, which

manifest themselves in the transmitted and reflected

visible colors (inset in Figure 5D). In the as-deposited

amorphous phase, there exist displacement current reso-

nances owing to the contrast between the GST as a high

index dielectric and the low-index ambient. However, for

the crystalline phase, the fundamental mode is a plas-

monic resonance regarding the opposing signs of relative

permittivity at the interfaces between the GST and the

surrounding dielectric medium. Thanks to the anisotropic

nature of nanogratings, the resonant peaks disappear

when the MS is illuminated with a TE-polarized (incident

electric field parallel to the grooves) light. Accordingly, the

patterned structure functions as an effective medium with

a non-dispersive response.

3.2 Hybrid dielectric/PCM metasurfaces

for global amplitude control

Plasmonic MSs governed by localized and lattice surface

plasmon modes exhibit high dissipation losses, limited

scattering cross-sections, and low efficiency. To mitigate

Figure 5: Innovative hybridMSs for adaptivemeta-optic applications. (A) Low lossmid-IR resonance tuning [152]. Left: Schematic of the hybrid

MS for resonance tuning. Three different layouts with Al nanoantennas below, in the middle, and on top of the PCM layer (top). SEM image of

the fabricated sample (bottom). Right: Simulated (dotted lines) and experimental (solid lines) reflectance spectra illustrating the resonance

shifting characteristics for different sample layouts with amorphous (black) and crystalline (red) states. The strongest shift can be observed in

case 1. (B) Multispectral thermal imaging [153]. Left: Schematic of the switchable perfect absorber metadevice and SEM micrographs of

fabricated perfect absorber metadevices with nanoantennas of different widths. The Ge3Sb2Te6 layer is sandwitched between an array of Al

nanoantennas and an Al back reflector (inset: conceptual illustration of phase transition in Ge3Sb2Te6 molecules). Middle: Experimental

measurements and corresponding simulated reflectance spectra from the two representative MSs. Right: Representative reflectance spectra

for two distinct perfect absorber pixelswith designwavelengths of 3.4 and 3.9 µm, respectively (top). Color-coded reflectance froma supercell

of 20 µm at the design wavelengths. The arrangement of pixel is distinguishable from the colormap (bottom). (C) Switchable chirality [154].

Top: Perspective view of a dynamic chiral plasmonic dimer stack embedding a layer of Ge3Sb2Te6 (red box) and SEM image of the fabricated

right-handed MS (scale bar = 1 µm). Bottom: Overall experimental response of the bias layer overlaid with the active chiral dimer. Upon

amorphous to crystalline transition of the PCM, the CD signal sign becomes opposite at the wavelength of 4200 nm for both fabricated

enantiomers. (D) Plasmonic transition in GST. [155]. Left: Cut-away section view of the hybrid ZnS-SiO2/GST/ZnS-SiO2MS and top SEM image

of the fabricated MS (removed areas by focused ion-beam milling are depicted in dark). Middle: Relative permittivity of Ge2Sb2Te5 in its

amorphous and crystalline states achieved from ellipsometric measurements (top). FOM comparison for polycrystalline GST and common

plasmonic materials (bottom). Right: Experimentally measured spectral dispersions of the hybrid MS with different grating periods (as

labeled) and GST states under excitation of a TM-polarized illumination.
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these drawbacks, CMOS-compatible high-index and semi-

conductor MSs with a wealth of distinct optical resonances

have been introduced as promising alternatives. In this

regard, dynamic dielectric MSs that rely on high-contrast

PCM nanostructures enabling adaptive functionalities

have gained increased interest recently.

Karvounis et al. experimentally demonstrated bista-

ble, rather high-quality transmission and reflection reso-

nances using a 300-nm-thick array of non-diffractive sub-

wavelength Ge2Sb2Te5 nanogratings (see Figure 6A) [157].

Upon TE-polarized excitation, anti-phase displacement

currents along the GST core and a circulating magnetic

field in the cross-section of the core occur (see Figure 6A).

To tailor the electromagnetic response of the MS, GST

nanogratings are converted from the amorphous to the

crystalline state by raster scanning of a 532 nm continuous

wave laser with a spot diameter of 0.5 µm and intensity of

3 mWµm−2. Such a structural transitions shift the initial

near-IR resonance by as much as 10% providing switching

contrast ratios of up to 5:1 (7 dB) in reflection and 1:3 (−5 dB)
in transmission under a TE-polarized illumination (see

Figure 6A, middle panel).

Pogrebnyakov et al. presented an optimized design

and the experimental realization of a tunable polarization-

insensitive MS using 150-nm-thick Ge2Sb3Te5 nano-

structures to switch the optical functionality from a high

transmittive filter to a highly absorptive device in the near-

IR wavelength range [158]. As depicted in Figure 6B, the

transmission resonance of the structure in the amorphous

state is governed by a leaky guided-mode resonance

induced by the periodic pattern of air voids within the GST

layer. Due to the increased intrinsic loss of crystalline PCM,

Figure 6: All-PCMMSs for active tailoring of the scattering light. (A) All-dielectric PCMs [157]. Left: Oblique incidence and cross-sectional SEM

images of the fabricated MS using focused ion beam milling. The electric field profile overlaid with arrows representing the direction and

magnitude of themagnetic field under TE-polarized illumination. Middle: Microspectrophotometrically measured reflection and transmission

spectra for the amorphous and polycrystalline MS with p = 750 nm and s = 130 nm under TE-polarized illumination. Right: Micro-

spectrophotometrically measured reflection (red) and transmission (black) spectra for the amorphous (solid lines) and unstructured (dashed

lines) MS with p = 850 nm and s = 130 nm under TM-polarized illumination. (B) Tunable guided mode resonance [158]. Left: Schematic of the

optimized design and SEM images of the fabricated bistable transmittive/absorptive MS. Right: Experimental transmittance, reflectance, and

absorbance spectra of theMSwith amorphousand crystalline states. Bottom: Formationof the guidedmode resonance in the so-calledfishnet

MS using ray tracing illustration. (C) Active control of anapole modes [159]. Left: Top SEM image (scale bar = 1 µm) and 3D atomic force

microscope (AFM) image of the fabricated GST nanodisks. Middle: Conceptual illustration of the excited electric dipole resonance and the

anapole mode in a GST nanosphere in the amorphous and polycrystalline state, respectively. Right: Evolution of extinction spectra from

experimental measurement and numerical simulations of GST nanodisks with radius of 1 µm and height of 220 nm. The good agreement

between the experimental and simulation results justifies that appropriate baking durations were adopted for the phase transformation of

GST to the intermediate states. Bottom: Near electricfield distribution of the fundamental modes in the cross-section xy-plane for amorphous,

50% crystalline, and fully crystalline nanodisk, respectively.
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the field intensities in the structure is greatly reduced

which results in transmission dropwith a 7:1 contrast ratio.

Tian et al. performed a comprehensive mode analysis

of structured phase-change alloys using the rigorous

multipole decomposition technique [159]. The study shows

that the high refractive index of Ge2Sb2Te5, coming with

low loss in the mid-IR regime, empowers its nanostructure

(which is a nanodisk) to support a diverse set of multipolar

Mie resonances including ED, MD, and anapole state (see

Figure 6C). Moreover, the dramatic optical contrast of GST

enables dynamic controllability of these resonances lead-

ing to progressive spectral shifting of fundamental reso-

nance modes. As a proof-of-concept, they showed that the

ED-to-anapole shifting can be achieved by inducing 50%

phase-change at any given wavelengths in the mid-IR

spectral range (see Figure 6C). Multimodal shifting be-

tween the scattering bright and dark modes over a broad-

band region facilitatesmultispectral optical switchingwith

high ERs. Notably, the intermediate phase transformation

of the 220-nm-thick GST nanodisks was carried out by

baking the sample on a hotplate with fixed temperature of

145 °C and different durations up to 9 min. Using a similar

configuration, the same group demonstrated trans-

mittance contrast up to 30 dB between two extreme phases

of a 400-nm-thick GST nanodisk near the multipolar res-

onances in the mid-IR spectral range [160].

Leveraging the optical contrast of PCMs, Petronijevic

et al. demonstrated optical tuning of the electromag-

netically induced transparency effect in a Ge2Sb2Te5/Si

MS [161]. The constitutive unit-cell is composed of a

coupled dipole nanoantenna, which supports an electric

dipole-like low-Q bright mode, and a square shape

nanoring, which supports a magnetic dipole-like high-Q

dark mode, hybridized by a thin (17 nm) layer of GST.

When GST is in its amorphous state, an EIT-like trans-

mission peak due to destructive interference of coupled

modes in the transmission dip occurs. Crystallization of

GST redshifts the resonances and destroys the EIT-like

effect. Simulation results show a contrast ratio up to 10

in the telecommunication range. In a follow-upwork, the

same group utilized a 100-nm-thick layer of GeTe with

structured Si nanobars to experimentally demonstrate

switching of the collective dipole-like resonance of a

hybrid MS with moderate contrast ratio (∼5) at the

wavelength of 1.55 µm [162]. The crystallization process

was carried out through slow heating of GeTe above its

crystallization temperature (∼ 200 °C). More recently,

several innovative hybrid MSs for active manipulation of

fundamental resonance modes of constituent meta-

atoms through the phase transition of embedded PCMs

have been proposed [163–166].

Tian et al. demonstrated a polarization-insensitive

broadband perfect absorber in the vis-near-IR region using

a PCM-based MS. The MS is composed of an array of

Ge2Sb2Te5 nanosquares separated from the Au mirror by a

stack of low-index dielectric and high-index PCM layers.

Thanks to the excited dipole/quadrupole resonances from

the patterned GST structure and the cavity resonancemode

from the GST planar cavity, near-perfect absorption peaks

are achieved in the wavelength range from 350 to 1500 nm.

A study on temporal variation of temperature through a

heat transfer model revealed that the temperature of GST

can be raised from room temperature to ∼480 K in just 0.56

ns with a light fluence of 1.11 × 108 Wm−2. This not only

lowers the power requirements for the phase trans-

formation of PCMs but also decreases the crystallization

process time to less than 1 ns.

Reconfigurablenanoscale optical cavities arepromising

candidates for applications such as displays and artificial

retina devices. In a distinct, wide-angle display framework,

Schlich et al. reported full color-switching by utilizing a

thick multilayered reflective display incorporating a 18-nm-

thick layer of Ge2Sb2Te5 on top [169]. In their approach, a

train of femtosecond laser pulses is employed to detune the

resonance condition of the Fabry–Perot (F–P) cavity by

transforming the phase of the GST layer. In another work,

Yoo et al. leveraged a stack of PCM layers in an optical F–P

cavity to generate a distinct artificial color spectrum [170].

The highly absorbing nature of PCM layers combined with

the strong optical interference effect governed by the cavity

enables multiple color appearances by the selective phase

transition of PCM layers. This concept was pursued by

integrating a subwavelength optical cavity, which incorpo-

rated two separated layers of GeTe, with a joule heater

element to produce a tunable micro-display rendering four

different colors [171]. Also, more recently multispectral

thermal imaging and gas sensing have been demonstrated

in the mid-wave IR range by tuning the GST spacer between

two cascaded Ge:Si distributed Bragg reflectors [172].

3.3 Hybrid plasmonic/PCM metasurfaces

for local amplitude control

In the previous subsection, the adaptive functionalities are

governed by global control on the amplitude of the incident

light through a uniform structural transition of PCMs all over

the metadevice. To harness the high potential of PCMs, local

tuning of the individual meta-atoms in a reversible fashion is

indispensable. In this subsection, recent developments

enabling pixel-by-pixel programming of the MS using finely

focused optical beams and localized electrical currents
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are discussed. We distinctly discuss both plasmonic and all-

dielectric MS platforms with resonant and non-resonant

meta-atoms exploiting PCMs to enable dynamic meta-optics.

A bistable transmittive MS with a periodic arrangement

of coupledAl nanopatches and 70-nm-thickGe2Sb2Te5, as the

dielectric spacer, was proposed to tune far-field radiation

patterns in the mid-IR frequencies range [173]. Numerical re-

sults show that GST with as-deposited state satisfies Kerker’s

condition, in which constructive (destructive) interference

occurs between the radiation of the electric and magnetic

dipoles in forward (backward) direction, while the crystalline

state only supports electric dipole resonance mode. As a

result, the directive radiation pattern in the amorphous state

is transformed into the omnidirectional scattering upon

switching the state of the PCM layer to the crystalline.

Recently, Michel et al. demonstrated that phase

switching of the PCM with localized laser spots can arbi-

trarily tune the resonance of an individual hybrid meta-

atom up to one FWHM [167]. The investigated MS is

composed of a 2D arrangement of Al nanorods deposited

on a Si substrate and covered by a 75-nm-thick Ge3Sb2Te6
layer which is protected by a thin capping film of ZnS-SiO2

(see Figure 7A). A semiconductor laser diode (660 nm

central wavelength, sub-microsecond pulse duration)

generating an elliptical beam spot, that is matched to the

elongated shape of the nanorod, was employed for the

writing process. While the aspect ratio of the long to the

short axis (i. e., a/b) was kept constant during the experi-

ments, the size of the elliptical beam spot was modified by

changing the laser pulse power. As shown in Figure 7A

(right bottom), by increasing the laser spot size, the reso-

nance frequency redshifts from 4.98 µm (vertical light blue

line) in the amorphous state to 5.84 µm (vertical light yel-

low line) in the fully crystalline case. Comprehensive

simulations and experiments were performed to reveal the

complicated relationship between the crystallization depth

and the temperature gradient in the PCM layer. Figure 7A

(right-top) depicts the resonance shifts for each crystalli-

zation depth (i. e., d) as a function of spot size (i. e., a)

achieved from self-consistent multiphysics simulations.

These findings show that through simultaneous control of

the lateral size, crystallization depth, and position of the

optically induced crystalline spot within each unit-cell,

precise tuning of the reflection amplitude shift (less than

1 µm here) and phase shift (less than π/6 here) can be

achieved.

Figure 7: Dynamic PCM/plasmonic MSs for local amplitude control. (A) Resonance tuning by local programming [167]. Left: Schematic of the

stacked layers of the hybrid MS. A-PCM and C-PCM stand for amorphous and crystalline PCM, respectively. Selected nanorod antennas are

locally addressed (or crystallized) using a semiconductor laser generating an elliptical beam profile. Bright field image of locally addressed

nanoantennaswith increased spot sizes (scale bar = 1µm). Bottom:Normalized reflectance spectra of 6 ×6unit-cells addressedwith different

crystalline spot sizes. Optical microscope images of the super cells written with three different spot sizes of a = 0, 1.73, 3.19 µm (scale

bars = 1 µm). Right: Cross section view of a unit-cell simulated for the same spot size but different crystallization depths (i. e., d). Colored

spectra of resonance shift versus the writing spot size and the crystallization depth calculated from numerical simulations. Black crosses are

achieved fromexperimentalmeasurements. (B) Tunable color display [168]. TOP: SEM images of the fabricated color displayMS for generating

different colors (insets: opticalmicroscope images from theMSunder white light illumination). Middle: Experimental reflectance spectra from

cyan, magenta, and yellow color pixels, respectively. Bottom: Representation of the reflectance spectra in the middle panel in the CIE 1931

chromaticity space (inset: sketch of the simulated MIM meta-atom and the PCM-based MS). A binary image generated by a combination of

pseudo-white amorphous and cyan crystalline pixels and the corresponding optical microscope image of the fabricated MS.
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Utilizing a MIM structure confining a thin layer of GeTe,

a tunable optoelectronic color generation system was pro-

posed more recently [168]. In the crystalline state, the gap

plasmonmode characterized bymirrored currents in the top

and bottom Al layers excites a transversal magnetic dipole

mode that absorbs the incident light (see Figure 7B). Given

the optimized geometrical parameters, such a resonant

absorber can selectively absorb the red, green, and blue

spectral bands of the vis spectrum and generate vivid cyan,

magenta, and yellow pixels. By switching the state of the

PCM to the amorphous phase, the resonant peak is sup-

pressed and a reflective pseudo-white color is realized.

Figure 7B illustrates a binary image composedof amorphous

(with pseudo-white color) and crystalline (with cyan color)

pixels generatedusing the experimentallymeasured spectra

(right-top) and experimentally achieved from the fabricated

MS written using a scanning laser (right bottom).

3.4 Hybrid dielectric/PCM metasurfaces

for local amplitude control

To highlight the potential of reprogrammable pixelated

MSs, Hosseini et al. [174] demonstrated the first represen-

tation of a high resolution, high speed, and low power

consumptionmicrodisplay (see Figure 8A). They employed

a simple optoelectronic reflective framework in which a 7-

nm-thick layer of Ge2Sb2Te5 is sandwiched between two

layers of ITO as a transparent conductive oxidematerial. By

applying electric current pulses through a conductive tip of

an atomic forcemicroscope (AFM), they switched the phase

of GST from the amorphous to the crystalline in the nano-

meter scale. Due to the high optical contrast between the

two solid states of GST, a vivid pattern of a color image can

be imprinted using this technique. The authors improved

the resolution of such color displays by replacing contin-

uous films of ITO/GST/ITO with a crossbar type pixelated

array of the same stack where each pixel can be randomly

accessed and manipulated through the conductive AFM

probe. To verify this, an array of subwavelength pixels

(300 nm × 300 nm with 200 nm pitch) was fabricated and

electrically switched using a nanoscale conductive tip.

Figure 8A shows the resulting optical images in which the

optical contrast between the amorphous and crystalline

pixels is striking. Reflective and semi-transparent type

color displayswithwide-viewing-anglewere demonstrated

on both rigid and flexible substrates. Also, to assess the

electrical switching characteristics of a single pixel within

a more easy-to-measure architecture, vertically crossbar-

like ITO/GST/ITO devices with an active area of

300 nm × 300 nm were fabricated (see Figure 8A). The

experimental current-voltage measurements show 350

Figure 8: Pixel-by-pixel crystallization for local control of the amplitude response. (A) Local addressing approach by an electric current [174].

Left top: Cross-section view of two different GST-basedMS platforms used as electronic displays as well as the schematic of a conductive AFM

tip used for localized phase transformation of GST. Left bottom: Constructed image on a continuous ITO/GST/ITO stack and lithographically

defined 300 × 300 nm pixels using electric current pulses (white pixels are amorphous regions. Scale bar = 10 µm). Reflective and semi-

transparent type electronic displays sputtered on a flexible boPET substrate. Right: Optical microscope image of ITO/GST/ITO crossbar-like

devices (scale bar = 100 µm inset: false-color SEM image of one single pixel). I–V curve demonstrating the crystalline switching behavior.

Resistance evolution of a single pixel after several SET (low resistance) and RESET (high resistance) cycles. (B) Multilevel crystallization using

ultrashort laser pulses [175]. Left: Measured change in the optical reflectivity [(Rc−Ra)/Ra] of the GST sample versus the number of induced

pulses (for three different pulse energies). Ra and Ra are the peak reflectivity in the center of the crystalline spot (enclosed in the red circle) and

the average reflectivity of the amorphous region (enclosed in the green square). The original grayscale portrait of a kid and the written 8-level

grayscale image into the GST film. Right: eight levels of crystallization shown in the spiral plate pattern with 34 µm diameter. Pulse numbers

are increased counter-clockwise (from 5 to 85) as shown by arrows. Average reflectivity change of each level with the corresponding standard

deviation bar.
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times increase in the resistance between amorphous and

crystalline phases at the threshold voltage of 2.2 V.

Notably, a SET direct current can transform the device to its

low resistance (or crystalline phase) while the amorph-

ization process can be performed by applying a 100 ns

RESET pulse and amplitude of 5 V to set back the device to

its high resistance state. Later, the same group reported

improvements in the off-line color depth modulation and

resolution leveraging a similar approach and substituting

Ge2Sb2Te5 with a growth dominant phase-change alloy

Ag3In4Sb76Te17 (AIST) [176].

Wang et al. took benefit of multilevel crystallization

state of PCMs in a stacked platform of dielectric/GST/

dielectric to realize high-density optical data storage and

grayscale holography [175]. Using a home-built optical

system including an ultrafast pump-probe laser connected

to a beam scanning apparatus, a grayscale image was

written to the sandwiched 50-nm-thick Ge2Sb2Te5 layer. By

reading out the reflectivity of a single pixel in the center of

the written spot (0.64 µm FWHM, 50 × objective lens,

NA = 0.8), a mapping between the crystallization level and

number of induced laser pulses (with different pulse en-

ergies of 0.21, 0.28, and 0.36 nJ) was achieved (see

Figure 8B). Given 730 nm wavelength writing laser and

∼1 µmgird size, they also demonstrated a storage density of

1.7 Gbit/in.2 considering eight distinct crystallization levels

(equivalent to 3 bits/mark). Recently, the same group used

a similar approach to imprint a grayscale image on a 70-

nm-thick Ge2Sb2Te5 film, which was used later as a

photomask with multilevel absorption [177]. This mask

enables submicron lateral resolution grayscale photoli-

thography to finely control the local exposure dosage

necessary for 3D sculpting of photoresists used for fabri-

cation of 3D MSs. Other groups have reported grayscale

image recording by taking advantage of the multilevel

structural evolution of PCMs induced by focused laser

beams with different pulse energies [178, 179]. Also, com-

puter-generated hologram patterns with 1 µm pixel pitch

and 16 × 16 k resolution were realized by the local phase

transition of a 20-nm-thick Ge2Sb2Te5 film [180]. This was

accomplished by excimer laser (308 nm wavelength, 30 ns

pulse width, 600 Hz repetition rate) photolithography with

a fluence of 60–80mJcm−2 on the surface of the PCM layer.

The refractive index change due to the crystallization

of GST shifts the resonance governed by thin-film inter-

ference condition in each pixel which can be applied to

realize a broadband, full-color diffracting hologram panel.

Recently, a rewritable full-color computer-generated ho-

logram using PCM-based color-selective diffractive optical

components has been demonstrated [181]. The recorded

spatial binary pattern in the Ge2Sb2Te5 layers combined

with thickness-tailored substrates generate color-selective

optical diffractions that can be tuned by inducing inter-

mediate states in GST.

4 Active phase control with tunable

phase-change metasurfaces

The potential functionalities of reconfigurable PCM-based

MSs discussed in the previous section are restricted to the

amplitude modulation of the scattered light. To enable

real-world, on-demand applications, dynamic optical

components tailoring the phasefront of the incident light is

essential. More recently, several groups have demon-

strated tunable phase-gradient MSs employing PCMs,

thereby extending the capability of dynamic wavefront

shaping, such as reconfigurable beam-steering, tunable

focusing, and switchable photonic spin-orbit interactions.

In the following section, a review of the recent progress on

the implementation of PCM-based MSs for active tuning of

the phasefront of the scattered light is provided.

4.1 Hybrid plasmonic/PCM metasurfaces

for global phase control

So far, the proposed dynamic MSs utilized resonant

dispersive meta-atoms, which intrinsically limit the oper-

ational bandwidth of corresponding optical functional-

ities. To facilitate dispersionless phase control while

making the scattered amplitude from the phase response

decoupled, Pancharatnam–Berry (P–B) or geometric phase

MSs have been introduced as an effective paradigm. By

spatially varying the orientation of identical meta-atoms

around their optical axis, not only wideband gradient MSs

can be realized, but also the fabrication tolerance is alle-

viated. In this regard, Yin et al. demonstrated the first dy-

namic P–B based MS consisting of two differently sized

interleaved meta-atoms arranged on top of a low-loss 50-

nm-thick layer of Ge3Sb2Te6 [182]. As shown in Figure 9A,

when the GST layer is in the amorphous state, the reso-

nance condition is only fulfilled formeta-atomswith longer

lengths. However, upon conversion of GST to the crystal-

line state, onlymeta-atomswith the shorter length strongly

interact with the incident light at the same wavelength.

This enables interweaving of two functionalities using two

parallel rows of meta-atoms with appropriate lengths

interleaved in a supercell architecture. As depicted in

Figure 9A, by rotating the longer and shorter meta-

atoms clockwise and counter-clockwise, respectively, an
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opposite phase gradients can be imparted to the trans-

mitted circularly polarized (CP) light leading to a cross-

polarized light with +1 and −1 order diffraction, respec-

tively. Moreover, by encoding the quadratic phase distri-

bution of cylindrical metalens in the spatial orientation of

plasmonic meta-atoms, a bifocal focusing can be realized

upon switching the state of GST, although the overall ef-

ficiencies are less than 10%. It is notable that resonant

meta-atoms in the spatial multiplexed MSs have relative

low scattering cross-section thus decreases the overall ef-

ficiency compared to the conventional schemes.

Zhang et al. have experimentally demonstrated

switchable spin-orbit interactions using a hybrid P–B

phase MS [183]. A MIM configuration is adopted in which

the insulator layer is comprised of a thin layer of MgF2 on

top of a 600-nm-thick Ge2Sb2Te5 film sandwiched between

the bottom Au substrate and the top array of Au nano-

antennas (see Figure 9B). Due to the judiciously engineered

meta-atoms, when the GST is in the amorphous state, the

reflectance of the cross-polarized light from the MS is as

high as 60%, while the co-polarized reflectance is less than

10%. Accordingly, the MS exhibits a highly efficient half-

wave plate functionality with the polarization conversion

ratio (PCR) overcoming 80% in the mid-IR spectral range.

By annealing the a-GST active layer and converting its state

to the crystalline, the MS functions as a simple mirror with

a relatively low PCR of 10%. The authors leveraged this

effect to dynamically manipulate the coupling between

spin and orbit momentums of photons in a broadband

wavelength range from 8.5 to 10.5 µm. As a proof-of-

concept illustration, three MSs controlling the spin-orbit

interactions were fabricated and characterized, which

enabled spin Hall Effect, vortex beam generation, and

holography in the amorphous case (see Figure 9B). The

state transition of the a-GST to the c-GST simply destroys

the geometric phase phenomena and thus deactivates

these optical functionalities.

More recently, de Galarreta et al. demonstrated a

reconfigurable MS for beam steering applications in the

operating spectral range of 1530–1570 nm [184]. As shown

Figure 9: Illustration of adaptive functionalities using hybrid plasmonic/PCM MSs for active control of the global phase profile. (A) Dynamic

phasefront switching [182]. Left: 3D illustration of dynamic a P-B phase MS consisting of two types of meta-atoms; large length (A) and short

length (B).While in the amorphous state, only type A interactswith the incident light and deviate the beam into the left, in the crystalline phase

type B does this job but into the opposite direction. Middle: Infrared camera images and intensity plots of the transmitted beams in the

amorphous and crystalline state. Right: Transmitted beam intensity for cylindrical bifocal metalens imaged at different distances z from the

MS. In the amorphous state, a bright line appears at z = 0.5 mm, whereas in the crystalline case the focal line changes to z = 1mm. SEM image

of a portion of the fabricated cylindrical metalens. (B) Switchable photonic spin–orbit interactions [183]. Left: Schematic representation of the

MS topology, the constituent materials, and optical performance of three designed MSs in the amorphous and crystalline states. Right:

Experimentallymeasured intensity distributions of the designedMSs for switchable spin Hall effect, vortex beamgeneration, and holography.

(C) Reconfigurable beam-steering [184]. Top: Schematic of theMIMmeta-atom and its phase evolution as a function of width (i. e., Aw) for both

amorphous (blue curve) and crystalline (red curve) states. The stars correspond to the widths selected to fabricate the supercell of the MS.

Bottom: Artistic rendering of Huygens principle for the reconstruction of the reflected light under normal incidence, and measured angular

reflectance spectra for both cases of amorphous and crystalline. SEM image of the fabricated sample for beam steering applications.
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in Figure 9C, theMS is comprised of SiO2, ITO, GST, and ITO

multilayer stack sandwiched between an Al back reflector

and a top array of periodically arranged Al nanoribbons

with different lateral widths. The choice of Al as the plas-

monic material not only reduces the fabrication cost but

also makes the whole process CMOS compatible. Further-

more, the spacer layer between the nanoantennas and the

PCM layer can be removed due to less diffusion of Al

compared to Au in GST. This maximizes the interaction of

the PCM layer with the near fields of the plasmonic nano-

antennas. However, its relatively low melting temperature

(around 660 ∘C) makes the amorphization process of the

GST layer challenging due to possible deforming or even

melting issues. It is notable that the MIM configuration not

only supports the fundamentally enhanced GSP mode,

characterized by the antiparallel displacement current, but

also does the subwavelength feature of the dielectric

spacers facilitate the quenching process during the

amorphization. Herein, the gradient phase control is ach-

ieved by slightly detuning each nanoribbon width from the

specified center resonant frequency (see Figure 9C). Beam

steeringwith simultaneouslymultiple reflecting angles can

also be achieved by pixelating theMSwhere each pixel can

specifically be designed to steer the incident light at a

different angle.When the GST is in its amorphous state, the

MS functions as an anomalous reflector to a predesigned

angle while in the crystalline state the incident beam ex-

periences no phase gradient, and thus the incident light is

specularly reflected.

4.2 Hybrid dielectric/PCM metasurfaces

for global phase control

Choi et al. recently demonstrated wavefront switching in

the near-IR spectral range utilizing a high-index MS

comprising of an arrangement of rotating 260-nm-thick, U-

shaped Ge2Sb2Te5 nanoantennas [185]. As shown in

Figure 10A, two types of nanoantennas are used, in which

type 1 exhibits large cross-polarized light transmittance

(CPT) in the amorphous state under CP light illumination

while exhibiting near-zero CPT for the crystalline phase. On

the other hand, type 2 is optimized to show the same per-

formance in the crystalline and amorphous states,

respectively. Leveraging a multiplexed supercell (with

1.16 µmsize) of both types of nanoantennas arranged based

on the P–B phase principle, two distinct applications, i. e.,

anomalous refraction angle switching and dispersionless

active hologram were implemented. As shown in

Figure 10A, the nonresonant scattering characteristic of

these engineered meta-atoms grants wide (over 500 nm)

operational bandwidth and high signal-to-noise ratio

(above 7 dB) adaptive functionalities. Furthermore, a reli-

able fabrication process for dry etching of a 260-nm-thick

layer of GST to form nanostructures with sharp side walls

was also provided.

More recently, Shalaginov et al. introduced an active

metalens platform comprising of an array of judiciously

patterned Ge2Sb2Se4Te1 Huygens meta-atoms sitting on

top of a CaF2 substrate (see Figure 10B) [186]. A generic

design methodology enabling phase minimization error

while maximizing the optical efficiency on the trans-

formation of GSST from the amorphous to the crystalline

state was presented. The continuous [0, 2π] phase pro-

files required for the bifocal focusing in the amorphous

(with NA = 0.45) and crystalline (with NA = 0.35) cases

are discretized to four equidistant phase levels.

Accordingly, 16 distinct meta-atoms are necessary to

cover all possible combinations of phase jumps upon the

structural transition of GSST. Through full-wave simu-

lations, a library of Huygens meta-atoms with distinct

geometries, including ‘I’, ‘H’, and ‘+’, was generated by

sweeping the structural parameters to achieve the 16

optimal meta-atoms corresponding to 16 phase-value

transitions (see Figure 10B). Consequently, a bistable

varifocal metalens with diffraction-limited performance

(focusing efficiencies above 20% at both states) and low

cross talk (switching contrast ratio of 29.5 dB) was

experimentally demonstrated at the mid-IR wavelength

range around λ � 5.2 µm. For further validation, stan-

dard USAF 1951 resolution charts images were captured

by a meta-lens in its two states. Figure 10B depicts that

USAF 6.2 (half-period of 8.8 µm) and USAF 5.6 (half

period of 7.0 µm) are greatly resolved in the amorphous

and crystalline states, respectively, which are well-

matched with the theoretical resolution limits of 7 µm

and 9 µm, respectively.

4.3 Hybrid plasmonic/PCM metasurfaces

for local phase control

In 2015, Chen et al. demonstrated a hybrid metalens con-

sisting of a 1D array of Au nanoslits filled with 100-nm-thick

Ge2Sb2Te5 (see Figure 11A) [187]. Theoretical results show

that the F–P resonancemode supported inside each slit can

be spectrally adjusted by changing the crystallization frac-

tion of the GST. This way, the phase of the transmitted light

at the operating wavelength of 1.55 µm can be controlled

over a 0.56π range. However, in experiments, only two

states of amorphous and fully crystalline can be achieved

that limits the number of feasible optical phase patterns to
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two. The crystallization process is carried out through

scanning of a laser beam (532 nm, 4 mW, focused by a

100× objective lens) along the slits at a speed of 0.2 µ/s. As a

proof-of-concept demonstration, two distinct phase profiles

were encoded into two different samples by selectively

crystallizing the GST slits. Figure 11A illustrates the far-field

patterns of on- and off-axis metalenses in comparison to an

amorphous reference sample.

In reference [188], the authors proposed a hybrid

PCM-plasmonic MS to locally tailor the amplitude, phase,

and polarization responses of the reflected light using a

unique addressable MIM structure (see Figure 11B). They

leveraged the two fundamental modes of the structure,

i. e., short-range SPP coupled to the intermediate 180-nm-

thick Ge2Sb2Te5 nanostripe, and the propagative SPP

mode tunneling to the GST nanospacer (see Figure 11B).

By taking advantage of the multistate phase transition of

the GST, they have shown a drastic modification in the

mutual interaction of such enhanced modes leading to an

inherently broadband response. Electro-thermal simula-

tions results show considerable control on the key prop-

erties of the reflected light in the near-IR spectral range;

broadband, high-efficiency phase shift up to 315°, and

reasonable amplitude modulation up to 60%. A recon-

figurable, high numerical aperture, and diffraction-

limited varifocal metalens was implemented by address-

ing crystallization fraction of each meta-atom. The focal

point can change from ∼5λ to ∼20λ while preserving the

high-resolution feature comparable to the Airy disk (see

Figure 11B).

Figure 10: Dynamic high-index MSs for active control of the global phase response. (A) Wideband wavefront switching [185]. Top: An

arrangement of periodic U-shaped nanoantennas with large/zero CPT for amorphous/crystalline states (type 1) and crystalline/amorphous

states (type 2) over wide near-IR wavelength range under illumination of a CP light. Representation of a multiplexed array of nanoantenna

types 12 with different orientation angle θ1 and θ2, respectively, into a subwavelength size supercell. The phase of the transmitted cross-

polarized light is determined by 2θ1(x,  y) and 2θ2(x, y) in the amorphous and crystalline states, respectively, with suppressed chromatic

dispersion according to the principle of P–B phase. Experimentally measured CPT spectra for nanoantenna types 12 for amorphous and

crystalline phases. Bottom: SEM image of the fabricated sample (scale bar = 500 nm). Captured Fourier plane images of the reconstructed

hologram images and deflected light for both GST phases in five discrete wavelengths. (B) Diffraction-limited varifocal focusing [186]. Top:

Schematic representation of a dynamic bifocalmetalens using engineeredGSSTmeta-atoms to focus the light at f1= 1.5mmand f2=2.0mm in

the amorphous and crystalline states, respectively. Middle: Constructed library of 16 different meta-atoms to provide all 16 possible phase

combinations in accordance with 4-level phase discretization (a and c stand for amorphous and crystalline, respectively). Resolved lines of

USAF resolution charts in both phases. Bottom: Comparison of the aberration-free Airy beam intensity profile (dashed black curve) with the

diffraction-limited focusing profile of the bifocal meta-lens in its amorphous (blue solid curve) and crystalline (red solid curve) states,

respectively (inset: SEM image of a portion of the fabricated meta-lens and 2D images of the focal spot captured by an IR camera).
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4.4 Hybrid dielectric/PCM metasurfaces

for local phase control

Employing high-speed optical pulses is an alternative

approach for local conversion of PCM-based MSs as

nanosecond and microsecond laser pulses were conven-

tionally used in the optical data storage technology for

robust reversible switching between the extreme state of

PCMs. In 2015, Wang et al. successfully demonstrated

multilevel switching of Ge2Sb2Te5 enabled by careful con-

trolling of the energy and the number of stimulating optical

pulses from a femtosecond laser [189]. They implemented

this technology by developing a set-up consisting of a

spatial light modulator for writing the optical pattern (with

a diffraction-limited resolution of 0.59 µm using an

objective lens with NA = 0.8) and an imaging system

for reading the exposed zones to optical pulses (see

Figure 12A). The system used a pulse picker connected to a

high-repetition-rate femtosecond laser (85 fs pulses with

85 MHz repetition rate at the wavelength of 730 nm) to

control the intensity andduration of the femtosecond pulse

trains. The experimental results show light-induced phase

transition within an extremely small volume, down to

0.02 µm3, of a 70-nm-thick GST layer sputtered on a glass

substrate coveredwith a ZnS–SiO2 film, which is promising

for realization of dynamic three-dimensional MSs. Several

on-demand optical functionalities including bichromatic

and multifocus Fresnel zone plates, super-oscillatory lens,

wavelength-multiplexed focusing lens, andhologramwere

imprinted to the same area without changing the structure

of the optical system. Such a reprogrammable MS is

enabled via writing, erasing, and rewriting of 2D binary or

greyscale patterns induced by sub-microscale phase tran-

sition of GST (see Figure 12A).

In 2016, Chu et al. proposed an all-dielectric MS con-

sisting of an array of different-length Ge2Sb2Te5 nanobars

that can be selectively reconfigured to locally control the

phase profile of the incident light (see Figure 12B) [190]. In

this sense, dynamic gradient MSs can be realized by

varying the period of constituent super cells comprising of

meta-atoms with amorphous, partial, and/or full crystal-

line states. Simulation results indicate high performance

specular and anomalous reflection angle controlling by

switching thematerial state of 180-nm-thick GST nanobars.

Each GST nanobar here works as a dipole antenna, whose

resonance condition is imposed by the refractive index of

the induced crystallinity, capable of abruptly modulating

the phase of the reflected wave (see Figure 12B).

Recently, a hybrid MS consisting of dielectric/PCM

meta-atoms in which GST nanoposts are enclosed by Si

nanorings was proposed to locally tailor the phase front of

the transmitted light [191]. Such a novel scheme provides

an enhanced electromagnetic field inside the core via the

strong interference of optically induced electric and mag-

netic dipoles. The resulting rather high-Q resonance mode

together with the large accessible refractive index changes

due to the state transition of GST offer a remarkable phase

shift of 325° and large transmittance (more than 0.6) at the

Figure 11: Local phasemanipulation using plasmonicMSs in combination of PCMs. (A) Phasefront engineering principle [187]. Top: Schematic

of the planar meatlens and the electric field of the first order F–Pmode in the cross-section of the GST slit. Experimentally measured focusing

pattern in xz-plane for two different metalenses with on- and off-axis focusing capabilities corresponding to the binarized discrete phase

distributions, respectively, (insets: the corresponding simulation results of the metalens using the binarized GST crystallization levels). The

calculated phase profiles (blue curves) and the implemented binarized discrete phase distributions (red circles) are depicted for each

metalens. Bottom: The relative phase and normalized electric field intensity as a functions of the crystallization level at the point monitor

(black dot in the top panel). (B) Reconfigurable multifunctional MS [188]. Left: Artistic rendering of the an electrically reconfigurable MS with

pixel-by-pixel addressability. Simulated magnetic field profiles for short evanescent and propagative surface plasmon resonance modes.

Middle: Normalized reflected electric field patterns and evolution of reflectivity (left axis) and phase (right axis) as a function of the

crystallization level. Right: Simulated intensity profiles of the reflected light from the tunable metalens in the transverse cross section for

nominal focal lengths of 20λ, 10λ, and 5λ, respectively.
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operational wavelength of 1340 nm. Several optical func-

tionalities using such a unique MS including bifocal

focusing and anomalous transmission have been demon-

strated.

Forouzmand et al. theoretically investigated a high-

index MS consisting of a 1D array of Ge2Sb2Se4Te1 nano-

ribbons separated from the Au substrate with a thin film of

low-index dielectric [192]. By locally transforming the ma-

terial state of each meta-atom using a focused optical

beam, the strength and spectral position of ED and MD

resonance modes governed the overall response of the

meta-device can be modified at will. Relatively large phase

agility (∼270∘) and high performance (more than 45%) are

granted through operation in the the so-called off-reso-

nance regime (around 1.55 µm), where the inherent dissi-

pative loss due to the pronounced light-matter interaction

within the lossy PCM is suppressed. Dynamic control over

the adaptive functionalities such as beamdeflection can be

achieved with such a platform.

In a distinct work, Chaudhary et al. experimentally

demonstrated polariton refractive- and meta-optics

in the mid-IR by employing a heterostructure consist-

ing of Ge3Sb2Te6 and hexagonal boron nitride (hBN)

[193]. As a proof-of-concept, arbitrary rewritable pat-

terns including waveguides and diffraction-limited

metalenses have been realized to effectively manipulate

the phonon polariton (PhP) propagation. This can be

achieved through engineering the refractive index of the

underlying GST using focused beam of writing/erasing

optical pulses inducing crystalline and reamorphous

zones.

5 Phase-change photonic

integrated circuits

The recent development of large-scale programmable Si

photonic devices with small footprints, low power con-

sumption, and high bandwidth (in contrast to the band-

width-limited electronic circuits) is attributed to the

massive progress in PICs [1, 194]. Considering the features

listed above, PCM-based PICs have the potential to revo-

lutionize the architecture of next-generation computers

and data storage systems. In the following subsections, we

will first review recent progress on the implementation of

integrated phase-change switches andmodulators. Then, a

comprehensive overview on the usage of these key ele-

ments in realization of on-demand applications including

all-photonic memories, arithmetic processors, non-von

Figure 12: Dynamicmanipulation of the phasefront by all-PCM-basedMSs. (A) Optically reconfigurable MS. Top: Writing and reading process

of a 2D pattern corresponding to various optical components including lenses and diffractive elements. The write channel carries ultrafast

laser pulses for imposing continuous change in the refractive index of the GST film which is under observation through the read channel.

Schematic illustration of the multilayered stack and the experimental setup. Bottom: Realization of Fresnel zone patterns focusing a plane

wave into two different focal points. First, superimposed Fresnel zone patterns are written on the sample, then one of them is erased, and

finally, both patterns are restored. Transmission focal spots generated by each of the implemented patterns (scale bar = 10 µm). (B) Dynamic

beam deflection. Left: Schematic diagram of the all-PCM gradient MS and its unit-cell consisting of a GST nanorod on top of a ZnS-SiO2 layer

and anAuback reflector. Selection rule for theGSTmeta-atoms; by changing thematerial state of the two optimizedGST nanobars, a binarized

phasemodulation can be achieved. Middle: Design of a supercell of the dynamic gradientMSwith different superlattice periodicities (i. e., Ls)

to achieve deflection angles of 0, −20°, and −40°, as well as the corresponding spatial phase profiles. Right: Numerically simulated scattered

electric field intensity plots for different deflection angles corresponding to Ls =∞, 2400 nm, and 4800 nm, respectively, under normal

illumination at λ = 1550 nm.
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Neumann computing platforms, and brain-inspired syn-

aptic neural networks (NNs) will be presented.

5.1 Integrated phase-change photonic

switches and modulators

Switches and modulators play key roles in the PICs.

Generally, these components are implemented using

Mach–Zehnder interferometers (MZIs) (with wide oper-

ational bandwidth) [58, 61, 195] and microring resona-

tors (with high modulation strength and narrow

operational bandwidth but high sensitivity to the fabri-

cation imperfections) [196, 197] through the plasma

dispersion effect (with weak modulation of the refractive

index) [198], the thermo-optic effect (which suffers from

large footprint, low speed, and high power consump-

tion) [199], or the electro-optic effect (associated with

higher speed but less switching efficiency and the dis-

turbing thermal drifting issue) [200]. To overcome the

aforementioned constraints for realization of high-per-

formance and large-scale reconfigurable integrated

photonic networks, an ideal switch should have three

important features: low static and dynamic power con-

sumption, high switching contrast, and ultrafast

switching speed. In this regard, PCMs, due to their

distinct characteristics such as high scalability (down to

nanometer scale) [86], non-volatility (leading to zero-

static power consumption) [86], energy-efficient revers-

ible switching (down to ∼10 aJ/nm3) [201], extremely

high complex refractive index contrast over a wide

spectral range (resulting in high ON-OFF ratio) [202],

ultrafast transition down to sub-nanoseconds [203],

long-term state retention (for at least 10 years) [204], and

high cyclability (potentially up to 1015 switching cycles)

[205, 206] have been successfully demonstrated for

realization of near-ideal integrated photonic switches

[207–212].

The crucial issue in most integrated phase-change

photonic switches is the phase transition of the incorpo-

rated PCM between its different phases. This phase tran-

sition can be performed by Joule heating of the PCM

element using external heaters (thermal effect), optical

pulses (photothermal effect), or electrical pulses (electro-

thermal effect). Each of these phase transitionmechanisms

determines the switching performance of the device

enabling specific applications. Therefore, in this subsec-

tion, with a focus on the mechanism used for the phase

transition of the PCM, we present a comprehensive review

on the development of integrated phase-change photonic

switches and modulators.

We start with integrated phase-change photonic

switches based on the thermal annealing approach in

which the incorporated PCM element is initially in its

amorphous state, and switching occurs by slowly (using an

oven or hotplate) or quickly (using a rapid thermal pro-

cessing (RTP) system) annealing the sample so that the

phase of the PCM is set to the crystalline state. This was

experimentally demonstrated using an integrated photonic

SiN-on-insulator platform consisting of a nanophotonic

Si3N4 bus waveguide which was coupled to a racetrack

resonator partially covered by a Ge2Sb2Te5 thin film (see

Figure 13A) [213]. The input light that is set at the resonance

wavelength of the racetrack resonator (on-resonance) can

be coupled to or isolated from the racetrack resonator

based on the phase state of GST. In fact, the dramatic dif-

ference in the complex refractive index of the GST upon its

phase change from amorphous to the crystalline state

(performedby annealing the sample at 200 °C for 3min on a

hotplate) strongly affects the attenuation inside the race-

track resonator, and in turn, changes the resonance con-

dition by detuning the resonance wavelength of the

racetrack resonator. In the low-loss amorphous case, the

resonance condition of the racetrack resonator remains

unchanged and the light propagates through the racetrack

resonator as the a-GST film does not present (bottom left

panel in Figure 13A). Therefore, the on-resonance input

light traveling through the bus waveguide is critically

coupled (where the round-trip loss rate is equal the

coupling rate) to the racetrack resonator, and conse-

quently, no power is transmitted to the output of the bus

waveguide (transmission ‘0’). However, state transition to

the highly absorptive crystalline phase increases the

attenuation coefficient of the propagating mode inside the

racetrack. This alters the resonance condition of the race-

track resonator, and thus, the off-resonance input light in

the bus waveguide can no longer be coupled to the race-

track resonator and is completely transmitted into the

output port of the bus waveguide (transmission ‘1’).

It is noteworthy that the determining factor in the

operation of photonic phase-change switches is the heat-

induced refractive index change of the PCM [209, 213, 215].

A discussion on the effect of annealing processes on the

switching dynamics to optimize the switching performance

was presented in reference [214]. The authors studied the

thermo-optical effect of a thin film of Ge2Sb2Te5 deposited

on top of a Si3N4 waveguide as shown in Figure 13B. The

waveguide is designed to ensure a single-mode operation

when there is no GST on top (see the right top field profile).

Even after the deposition of a thin layer of GST, the prop-

agation condition does not tangibly change due to the low

loss feature of the amorphous state. Upon transition of a-
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GST to its highly-absorptive crystalline phase (on a hot

plate at 200 °C for 5 min), the effective complex refractive

index changes which influences the evanescent coupling

between the propagating light in the waveguide and the c-

GST film and thus alters the waveguide mode (see the right

bottom field profile). To study this thermo-optical effect,

the authors used a transmission spectrum analysis of MZIs

and a transient optical pump/probe measurement scheme

for calculating the change in the imaginary and real parts

of the refractive index of GST, respectively. The left bottom

panel in Figure 13B shows the transmission spectrum of an

MZI integrated with a GST element. A redshift in the spec-

trum and a decrease in the ER are observed upon heat-

induced phase transition of GST.

While the resonator-based configuration presented in

Figure 13A enables narrowband switching applications,

other configurations have been investigated for broadband

switching performance. In 2008, Ikuma et al. proposed a

2 × 2 integrated photonic switch using a short PCM wave-

guide placed between two Si waveguides in a directional

coupler configuration in which the transmitted power

through the bar and cross ports are controlled by the

state of the Ge2Sb2Te5 [216]. Inspired by this work, some

groups have demonstrated broadband directional coupler

switches relying on the dramatic contrast in the extinction

coefficient of the incorporated PCMs [127, 212, 217]. In 2019,

Xu et al. experimentally implemented phase-change Si

photonic 1 × 2 (see Figure 13C) and 2 × 2 (see Figure 13D)

one-way switches by using an asymmetric directional

coupler configuration incorporated with Ge2Sb2Te5 [212].

High bandwidth (more than 30 nm with −10 dB cross talk)

and relatively low loss (∼1 dB) switching performance was

demonstrated in the telecommunication band. The accu-

rate phase transition of the PCM from its initial amorphous

state to the crystalline state was performed by performing

rapid thermal annealing of the device at 200 °C for 10 min

under the flow of nitrogen to prevent oxidation. The

switching operation for the case of the directional coupler

1 × 2 switch relies on the phase-match condition between

the GST-on-Si hybrid waveguide (cross output) and the Si

waveguide (bar output). For the low-loss a-GST, the effec-

tive refractive index of the TE mode in the hybrid wave-

guide is close to that of the Siwaveguide (which is designed

for the single-mode operation) resulting in an evanescent

coupling of the input light from the Siwaveguide (bar input

port) to the hybrid waveguide (cross port) as shown in the

middle top and right panels in Figure 13C. For the highly-

absorptive c-GST, however, a strong phase-mismatch

between the two waveguides happens due to the huge

difference between their effective refractive indices. As a

Figure 13: Integrated photonic phase-change switching based on thermal effects. (A) Top: Schematic of the integrated photonic SiN-on-

insulator platform for wideband switching operation. Bottom: The simulated field profile of the TM mode showing the interaction of the

propagatingmode inside thewaveguidewith theGST thin filmon top in the amorphous (left) and the crystalline (right) states [213]. (B) Left top:

The SEM image of a Si3N4waveguide partially covered by a 10-nm-thick GST layer. Right: The waveguide mode without (upper panel) and with

(lower panel) the c-GST layer. Left bottom: Optical transmission spectra of an MZI incorporated with a GST element which is initially in its

amorphous state. Upon thermal annealing of the sample, a spectral shift and a decrease in the ER are observed [214]. (C, D)Operation principle

of the integrated photonic 1 × 2 (C) and 2 × 2 (D) directional coupler switches. Left: The schematic of the integrated photonic switches. Middle:

Simulated normalized optical field intensity of the switch for amorphous (top) and crystalline (bottom) state of the GST. Right: The measured

transmission spectra at the cross and bar ports with a-GST (top) and c-GST (bottom) [212].
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result, the input light in the Si waveguide is isolated from

the hybrid waveguide and fully transferred to the bar

output (see the middle bottom and right panels in

Figure 13C). The operation principle for the directional

coupler 2 × 2 switch can be explained similarly where

coupling between the supermodes traveling through the

three-waveguide system (two Si waveguides as cross and

bar waveguides with one GST-on-Si hybrid waveguide as

shown in the left panel of Figure 13D) can be modified by

controlling the GST phase. When GST is in its amorphous

state, the symmetric modes of the Si waveguides can be

efficiently coupled to the antisymmetricmode of the hybrid

waveguide due to the phase-matching condition. As a

result, the input light from the first Si waveguide (bar

waveguide) is completely coupled to the GST-on-Si hybrid

waveguide and then is fully coupled to the second Si

waveguide (cross waveguide), and finally, fully delivered

to the cross port (see the top middle and the right panels of

Figure 13D). On the other hand, in the crystalline phase, the

phase-matching condition is not met anymore which re-

sults in the isolation of the input Si waveguide from the

GST-on-Si hybrid waveguide, and thus light is transferred

into the bar output (as shown in the bottommiddle and the

right panels of Figure 13D).

In a distinct work, a non-conventional chalcogenide

PCM, namely GSST, with lower extinction coefficient than

that of traditional GST alloys, was employed to demon-

strate a similar functionality using a directional coupler

configuration [127]. The experimentally measured results

show broadband integrated photonic 1 × 2 and 2 × 2

switches with low insertion loss (0.01 to 0.4 dB in the C-

band) and cross talk (i. e., the contrast ratio between the

ON/OFF- state at the output ports) over 15 dB (>25 dB at

1550 nm).

Thermal treatment of the PCM using a hotplate or RTP

system isa slowprocess thatmakes suchdevices impractical

for ultrafast switching applications. More importantly, it

limits the device functionality to the one-way switching

(from initial amorphous to crystalline) since the re-

amorphizationmechanism is a fastmelt-quenchingprocess,

which cannot be performed using such simple bulky ther-

mal heaters. Furthermore, pixel level addressing is hindered

due to the global conversion of all PCM inclusions across the

photonic chip. Therefore, to realize the desired ultrafast and

reversible (two-way) switching application, other means

including optical and electrical pulses have been consid-

ered. We continue the review by discussing the recent de-

velopments using short optical and electrical pulses to

reversibly change the state of PCMs, and thenpoint out some

recent researches investigated mixed-electro-optic effects

for switching and modulation applications.

The optical excitation of the integrated PCM element

can be performed using an out-plane focused laser beamor

an in-plane guided laser light. While the former enables

ultrafast switching performance, the latter adds many

interesting fully-integrated on-chip applications such as

on-chip all-photonic memories and mathematical opera-

tors. In the following, we first review those works used the

free-space optical excitation approach, and then present

some recent works utilizing an in-plane stimulus.

Ikuma et al. demonstrated a pioneering work on one-

way optical gate switching by incorporating a thin layer of

Ge2Sb2Te5 with a Si core waveguide (see the left panel in

Figure 14A) working in the 1525–1600 nm wavelength

window with MD of 12.5 dB [218]. The authors used 660 nm

free-space laser pulses with peak power of 89 mW and

FWHMof 500ns to switch the GST from its amorphous (ON)

state to crystalline (OFF) state. Later, they successfully

demonstrated a reversible optical gate switch consisting of

a shallow-etched Si corewaveguide formedon a silicon-on-

insulator (SOI) substrate and covered by a thin layer of

Ge2Sb2Te5 (see the right panel in Figure 14A), working in

the same operational wavelength range [219]. They used an

out-plane illuminationwith a peak power of 19mW/94mW

(453 ns/8.4 ns FWHM) for crystallization/re-amorphization

processes.

Since in references [218] and [219] the size of GST ele-

ments are larger than the laser spot size, a semi-crystalline

zone appears around the beam spot that increases the

insertion loss. To overcome this drawback, the authors

leveraged a multimode interference (MMI) Si waveguide

integrated with a Ge2Sb2Te5 nanodisk (with a diameter of

1 µm) covered by a ZnS-SiO2 capping layer (see Figure 14B)

[207]. The operation principle of such a reversible optical

gate switch with a wide operating wavelength range of

100 nm around 1575 nm is shown in the right panel of

Figure 14B. The GST is initially in its OFF-state where c-GST

with high extinction coefficient significantly absorbs the

propagating light resulting in a near-zero power trans-

mission. On the other hand, the low-loss a-GST allows

propagation of light in the waveguide with a high optical

transmittance (∼1). The amorphization (switching from

OFF- to ON-state) is performed by irradiating the GST

element using a laser pulsewith awidth of 40ns and apeak

power of 160 mW. To set back the state of the switch to its

initial OFF-state (i. e., the re-crystallization process), a laser

pulse with a width of 400 ns and a peak power of 50 mW

was used.

Instead of relying on the difference in the imaginary

part of the refractive indices of the two material phases,

Rude et al. benefited from the remarkable change in the

real part of the refractive index of Ge2Sb2Te5 (Δn ≈ 2.5 while
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Δk ≈ 1 at λ = 1.55 µm as shown in Figure 2). They experi-

mentally implemented a reversible optical switch

comprising of a Si racetrack resonator partially covered

with a thin layer of GST and coupled to a bus waveguide as

shown in Figure 14C [208]. An out-plane focused illumi-

nation from a 975 nm diode laser with laser power of 12mW

(45 mW), pulse duration of 300 ns (20 ns), FWHM of

80 ns (8 ns) for crystallization (re-amorphization) of a 1-µm

diameter GST element was used. This way, the authors

could reversibly modulate the optical path of themicroring

resonator and consequently tune the resonance frequency

of the racetrack resonator. Experimental measurements

show switching operation at telecommunication wave-

lengths (around λ � 1.55 µm) with MD of 12 dB (see

Figure 14C).

Recently, Zheng et al. demonstrated broadband, fast,

and reversible optical amplitude and phase modulation in

a hybrid integrated photonic platform (see Figure 14D)

[210]. The simulatedmode profiles of the hybrid waveguide

at 1550 nm justify a dramaticmodification of the lightmode

attributed to the phase transition of the evanescently

coupled Ge2Sb2Te5 nanostrip. The GST is initially in the

highly-absorptive crystalline state resulting in a high op-

tical transmission at the output (see the lower panel in

Figure 14D). The state of GST can be controlled by short

(440 ps) optical pulses in a two-way process.While a single

reset pulse with effective energy (with respect to the

effective area of the GST strip under illumination of a

120µmdiameter laser spot) of ∼620 pJ (∼9 aJ/nm3) was used

for amorphization, a train of same duration pulses with

Figure 14: Photonic integrated phase-change switches and modulators triggered with free-space illuminations. (A) The schematic (top) and

SEM images (bottom) of the pioneeringwork on one-way (left) [218] and reversible (right) [219] optical gate switching. (B) Left: Schematic of the

optical gate switch consisting of a 1 × 1 MMI waveguide with a circular-shaped GST cell on top exited by external out-of-plane laser pulses.

Right: The waveforms of laser pulses (upper diagram) and optical transmission at output (lower diagram) with a sequence of OFF/ON/OFF

operations [207]. (C) Left: A reversible optical switch consisting of a Si racetrack resonator (partially deposited by a thin film of Ge2Sb2Te5)

coupled to a Si waveguide. Middle and right: The evolution of the transmission spectrum during crystallization (middle) and re-amorphization

(right) showing the reversible switching operation [208]. (D) Left: Schematic of the GST-on-Si photonic modulator (inset: cross-section of the

hybrid waveguide). Right: The mode profiles of the hybrid waveguide at 1550 nm for amorphous (top) and crystalline (bottom) states. Bottom:

Transmitted output spectra of the modulator employing a 2 µmwidth GST element excited with a train of pulses with different pulse numbers

[210]. (E) Left: Optical image of the resonant switch in which a low-loss GSST nanostrip deposited on top of a SiN ring resonator as shown

in the inset. Middle and Right: The transmission spectra of the switch showing complete ON/OFF modulation of the resonant peaks when

integrated with Ge2Sb2Se4Te1 (middle) outperforming the traditional resonant switch with the similar configuration but integrated with

Ge2Sb2Te5 (right) [122].
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∼200 pJ energy (∼3 aJ/nm3) could re-crystalline GST. By

varying the number of pulses, reversible (from amorphous

to initial crystalline state) and quasi-continuous (from

amorphous to several intermediate states) switching

operation with a high ER up to 33 dB was shown (see the

lower panel in Figure 14D). However, due to the high

absorptive behavior of c-GST at λ � 1550 nm, this device

rendered low quality factor resonances [93, 210, 213].

So far, the majority of works have benefited from the

dramatic refractive index and extinction coefficient

contrast (i. e., Δn and Δk) due to the unique non-volatile

phase-transition in PCMs. However, this limits the

switching performance of PCM-based nanophotonic de-

vices due to the low FOM, defined as Δn/Δk, of PCMs. To

outperform previous integrated photonic switches, more

recently, Zhang et al. used Ge2Sb2Se4Te1 featuring low

optical losses in awidewavelength range of 1–18.5 µmwith

a large refractive index contrast of Δn ∼ 2 resulting a large

FOM. By using a hybrid SiN ring resonator (see the left

panel in Figure 14E) reversible switching operation with a

low insertion loss of <0.5 dB and record contrast ratio of

42 dB was experimentally demonstrated. The authors

compared their results with a similar photonics platform

employing Ge2Sb2Te5 as demonstrated by the middle and

right diagrams in Figure 14E [122]. To show the repeatability

of the switching operation, the GSST film was reversibly

converted from amorphous to crystalline using 105 optical

pulses with 30 nswidth and 1µs periodicity, and crystalline

to amorphous using a single 100-ns-width pulse.

Hitherto, integrated photonic switches have employed

an external bulky source to enable phase transformation of

the functional material, which inhibits the realization of a

fully integrated on-chip platform. In 2017, Stegmaier et al.

demonstrated a pioneering fully integrated, reversible all-

optical 1 × 2 switch [215]. The proposed device is shown in

Figure 15A inwhich a sub-micrometer Ge2Sb2Te5 element is

placed on top of a ring resonator which is evanescently

coupled to two parallel waveguides. The widths of the

waveguides are appropriately designed to ensure the sin-

gle-mode (TE-like) operation. If the input probe light

wavelength is the same as the resonance wavelength of the

ring resonator (on-resonance condition), the propagating

light is partially coupled to the ring resonator and divided

betweenDROP andTHROUGHports (see the orangemarker

in Figure 15A). On the other hand, the probe light with off-

resonance wavelength is not coupled to the ring resonator

and is fully directed to the THROUGH port. Therefore, by

setting the probe signal on-resonance (at 1562.3 nm) and

switching the phase of the GST element between low-loss

amorphous state and highly-absorptive crystalline state,

the ratio of the power coupled to the DROP and TROUGH

ports can be controlled (see the lower panel in Figure 15A).

For the initial case, the evanescent interaction between the

c-GST element and propagating light in the ring resonator

increases significantly. Accordingly, the loss within the

ring resonator becomes more than the coupling loss to the

waveguide leading to a weakly coupling regime between

the ring resonator and the waveguide. Therefore, in the

crystalline state, the on-resonant light is directed to the

THROUGH port (black curve in the lower panel of

Figure 15A). On the other hand, the on-resonant light

(when GST is in the amorphous state) is completely

coupled to the ring resonator and then fully transmitted to

the DROP port (red traces in the lower panel in Figure 15A).

This stems from the fact that the ring resonator is designed

to be critically coupled to the waveguide (i. e., when the

loss in the ring resonator is equal to the coupling loss)

when the GST is in its low-loss amorphous phase. The

probe signal used in this work consists of 500 ps optical

pulses with 2.5 pJ energy (which are wide enough in width

and low enough in energy to prevent any possible phase

transition). The amorphization of the GST was performed

by ‘write’ signals consisting of two 1 ps optical pulses (with

25 ns interval) of 95 pJ energy, while the re-crystallization

was achieved using six groups of pulses with decreasing

energy (each group contains one hundred 1 ps pulses with

identical peak power) as described in reference [215]. With

a simpler concept, later, Zhang et al. used a Si asymmetric

MZI (AMZI) integrated with a micrometer-scale Ge2Sb2Te5
element on top of the ring resonator to boost the switching

ER to more than 20 dB [221]. By controlling the number of

pulses, the intermediate states of GST that enable tunable

switching operation were demonstrated.

To improve the transmission contrast and power con-

sumption of such integrated phase-change photonic

switches, recently, Keitz et al. proposed to integrate a PCM

element with a photonic crystal waveguide instead of a

conventional bare photonic waveguide [220]. Figure 15B

shows the proposed all-photonic reversible switch in

which a sub-micrometer Ge2Sb2Te5 cell is placed on top of a

photonic crystal waveguide and evanescently coupled to

the center of a high quality factor photonic crystal cavity.

The authors properly designed the photonic crystal cavities

to guarantee high quality factor (i. e., with minimum

scattering losses) resonance modes to enhance the inter-

action between the guided mode in the photonic crystal

waveguide with the GST cell. As a result, when the GST cell

is in its highly absorptive crystalline state, it more effec-

tively absorbs the guided light. This enables a higher

switching contrast with lower power consumption (∼14%)

in comparison with the conventional integrated phase

change photonic switches using a bare waveguide.
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Moreover, relying on the high refractive index contrast

granted by GST, the authors showed the shift of resonance

wavelengths that enables a tunable wavelength filter (see

the bottom left panel in Figure 15B). While a single high-

power pulse with 100 nswidth can perform amorphization,

a train of five consecutive groups of 100-ns-width pulses

(each group contains five pulses with identical peak power

that monotonically decreases in following groups) can re-

crystallize the GST element (see the bottom right panel in

Figure 15B).

The high-power optical pulses used in the previous

works can cause deformation in the PCM cells which

Figure 15: Fully integrated phase-change switches and modulators enabled by on-chip optical pulse triggers. (A) Top: Operation principle of

an all-photonic integrated phase-change switch consisting of a GST element (inset) on top of a ring resonatorwhich is evanescently coupled to

two parallel waveguides. For the on-resonance condition (when the laser wavelength is equal to the resonance wavelength of the ring

resonator), the power is divided between THROUGH and DROP ports, while for the off-resonance condition (the laser wavelength is detuned

from the resonance wavelength of the ring resonator), all power is delivered to the THROUGH port. Therefore, to control the state of GST

optically, the ‘write’ signal wavelength should be adjusted to that of the ring resonator (on-resonance condition). Bottom: Transmission

spectra of the ring resonator in the THROUGH (upper panel) and DROP (lower panel) port showing that the on-resonance light is delivered to

either the THROUGH port in the crystalline state (black curve) or DROP port in the amorphous state (red trace) [215]. (B) Top: Illustration of a

reversible all-photonic switch consisting of a photonic crystal cavity waveguide integrated with a GST cell evanescently coupled to the center

of the cavity. Bottom left: The change in both transmission and spectral position of the resonancemodes of the cavities due to phase transition

of GST. Bottom right: The switching scheme used for amorphization (using a single 100 ns optical pulse with 100% peak poser) and re-

crystallization (using five groups of pulses with decreasing energy, in which each group contains five pulses with an identical peak power)

[220]. (C) Left: Operation principle and the false-colored SEM image of the 1 × 2 optical switch working based on optically induced phase

transition of the seven subwavelength GST nanodisks patterned on a SiN microring resonator. Right (left pannel): The stepwise change in the

optical transmission of a simple SiN waveguide covered by five GST nanodisks (the structure is not shown here) as the phase of the GST

nanodisks changes using optical pulses. Multiple transmission levels are achieved by step-wise re-crystallization of the encapsulated GST

nanodisks area (red) and the unencapsulated unpatterned GST patch (blue) (inset: SEM image of the GST patch deformed after one optical

pulse). Right (middle pannel): The transmission spectra at the through and drop ports of the 1 × 2 optical switch near a resonance of the

microring resonator when the phase of GST changes fromamorphous (high (low) transmission at drop (through) port) to crystalline (redshifted

high (low) transmission at through (drop) port). Right (right panel): Transmission spectra achieved from the drop and through ports upon

amorphization (set) using optical pulses and stepwise re-crystallization (reset) using electrical pulses applied to the ITO heater. Up to 20

intermediate transmission levels are achieved enabling multilevel switching [211].
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significantly increases the optical loss. To address this

issue, recently, Wu et al. presented an innovative config-

uration by replacing the common rectangular GST cell with

an array of subwavelength GST nanodisks (the seven blue

circles in the false-colored SEM image shown in the left

panel in Figure 15C) on top of a SiN microring resonator of

an add-drop filter [211]. These Ge2Sb2Te5 nanodisks (with

diameters of 500 nm) are encapsulated with a 50-nm-thick

Al2O3 layer conformally grown by atomic layer deposition

(ALD). The advantages of this configuration are twofold: (i)

the pump light can heat the small GST nanodisks more

uniformly than the relatively large micro-scale GST cell

resulting in more efficient phase transformation, and (ii)

the conformally deposited Al2O3 layer can minimize the

surface energy when high-power optical pulses are used

for phase transition of GST. Therefore, patterning and

encapsulating processes can prevent the GST film from

deformation. The authors also employed an array offive 10-

nm-thick GST nanodisks placed on top of a simple Si3N4

waveguide to demonstrate reversible switching with less

than 1 dB insertion loss and more than 20 dB contrast ratio

in the telecommunication window. When the GST nano-

disks are in their crystalline (amorphous) state, they

significantly (negligibly) absorb the propagating probe

light in the waveguide resulting in a low (high) optical

transmission at the output. A single 50-ns-width optical

pulse (220 pJ energy) was used for the amorphization of the

five initially crystalline nanodisks. Also, trains of laser

pulses for the stepwise re-crystallization process were

employed in which each intermediate state was achieved

by a train of 50 gradually decreased energy laser pulses

with 50 ns duration each. This enablesmultilevel switching

as shown in the left diagram of Figure 15C. For a systematic

comparison, a traditional device in which a rectangular

GST cell that fully covers the waveguide width was fabri-

cated. The SEM observation (inset in the left diagram of

Figure 15C) reveals that the GST film is deformed after the

first high-power amorphization pulse which significantly

reduces the transmission contrast (more than 50%).

Figure 15C shows the operation principle of a 1 × 2 switch

designed near the critical coupling regime in which light is

mostly delivered to the drop portwhenGST is in its low-loss

amorphous state. The crystallization process largely red-

shifts the resonance of the microring resonator leading to

high transmission in the through port (see the middle di-

agram in Figure 15C). In this work, the phase of the GST

nanodisks can be stepwise controlled both optically and

electrically. In the all-optical switching scheme, the

amorphization is achieved by using a single ‘set’ pulsewith

a width of 50 ns and total energy of 250 pJ (see the middle

diagram in Figure 15C). On the other hand, in a stepwise re-

crystallization process, the intermediate steps are realized

using a train of 50 ‘reset’ pulses (each with 50 ns duration)

gradually decaying energy (see the middle diagram in

Figure 15C). Due to the low absorption nature of a-GST, the

re-crystallization process relies on high-energy pulses. To

address this issue, a mixed electro-optic switching

approach was proposed in which optical pulses with a

width of 50 ns and total energy of 500 pJ are used for

amorphization, while electrical pulses of 5 s duration and

1 V amplitude are applied to the underlying ITO heater (to

provide a prolonged heating) for stepwise re-crystalliza-

tion. This way, up to 20 intermediate transmission states

enabling multilevel switching operation are achieved (see

the right diagram in Figure 15C).

In another work, Lu et al. experimentally studied

photothermal switching operation of PCMs by embedding

a GeTe nanowire into a nanophotonic circuit [226]. The

GeTe nanowire is evanescently coupled to a Si3N4 photonic

waveguide and electrically contacted to two Au electrodes.

While the former guides the optical signals sent by an off-

chip fiber-coupled pump-probe setup for triggering/prob-

ing the state of GeTe nanowire, the latter enables electrical

probing of GeTe phase through a RF setup. The reversible

phase transition between amorphous and crystalline states

of GeTe was carried out using nanosecond optical pump

pulses. The state of the GeTe nanowire can simultaneously

be measured through monitoring the intensity of the

transmitted probe light and the slope of the I–V cure. In the

amorphous state, the resonant Mie scattering observed in

the GeTe nanowire significantly enhances the light-matter

interaction between the light propagating through the

waveguide and evanescently-coupled GeTe nanowire (on-

resonant). As a result, the transmitted power at the reso-

nance wavelength is significantly reduced. On the other

hand, due to the dramatic refractive index change upon the

state transition, the light is not coupled anymore to the

crystalline GeTe nanowire (which is off-resonant) resulting

in a high optical transmission. The experimental results

show a decrease in themeasured resistance (from ∼3MΩ to

6 kΩ) and an increase in the optical transmission upon the

full cross-sectional amorphization of the initially crystal-

line GeTe nanowire (with diameter of 300 nm) by using

optical pump pulses with 50 ns duration and ∼10.7 nJ en-
ergy. To reset the switch, a 50 ns optical pump pulse with

6.2 nJ energy was used to re-crystallize the GeTe nanowire.

So far, realization of ultrafast, reversible phase-change

photonic switches/modulators using free-space and on-

chip laser pumps has been successfully demonstrated. For

the former case, the alignment and focusing of the out-

plane optical beam on the PCM inclusion is a slow process

and constrained by diffraction-limitation of light. For the

1216 S. Abdollahramezani et al.: Tunable nanophotonics by phase-change materials



latter case, the routing process of the pump light and

switching of a large-area PCM are cumbersome [227].

Accordingly, these approaches cannot be practical for

large-scale integration. To address these limitations,

recently, electro-thermal-optic [222, 223, 228, 229] and

mixed-mode electrical/optical [224, 226] approaches have

been employed to enable reversible phase transformation

of large PCM inclusions.

In 2017, Kato et al. experimentally demonstrated a

current-driven reversible optical switch by integrating a

2.25  ×  3 µm2 ITO microheater with a 30-nm-thick

Ge2Sb2Te5 film on top of an MMI Si waveguide (see

Figure 16A) [222]. The thickness of ITO was optimized to be

30 nm to reduce the switching energy while keeping the ER

above 30 dB. By amorphization of both GST patches using a

100 ns current pulse of 20 mA, the propagating light ex-

periences low loss resulting in high optical transmission

(on-state). On the other hand, by re-crystallization of both

GST patches using a 100 ms pulse of 12 mA, the probe light

is highly absorbed resulting in a low optical transmission

(off-state). An intermediate state was also obtained by

amorphization of one GST patch, while maintaining the

other one in the crystalline state. An average ER of 1.2 dB

was experimentally demonstrated over the wavelength

range of 1525–1625 nm.

More recently, Zhang et al. experimentally demon-

strated an optical memristive switch consisting of an MMI

Si waveguide accommodating a Ge2Sb2Te5 nanodisk on top

(see Figure 16B), which can be set/reset by employing

electrical pulses [223, 228]. The top panels in Figure 16B

show the structure of the switch in which a Si strip

orthogonally crosses the center of the MMI, and is heavily

P++-doped at the center, where GST presents. The 30-nm-

thick GST nanodisk with diameter of 1 µm is covered by a

30-nm-thick layer of ITO film to prevent oxidation. By

applying an electrical pulse, the doping stripe behaves as a

resistive heater and transforms the state of GST based on

thermal conduction heating. According to the self-imaging

principle, the propagating light is focused into the center of

the MMI, and so significantly interacts with the GST

nanodisk leading to a high-performance switching. The

optical power distributions in theMMI in themiddle panels

of Figure 16B show that the initially low-loss a-GST does

not absorb the light resulting in a high optical transmission

(ON-state) while the highly-absorptive c-GST significantly

absorbs the light leading to a low optical transmission

(OFF-state). The authors showed that multilevel optical

transmission levels in the OFF-state can be achieved

through a stepwise crystallizationprocess by either varying

the pulse duration from40 to 200 ns orfixing the amplitude

to 3.5 V, or by varying the pulse amplitude from 3 to 6 V

while fixing the pulse duration at 100 ns. This enables

multistep switching performance with five distinct inter-

mediate steps as shown in the bottom panel of Figure 16B.

On the other hand, multiple optical transmission levels in

the ON-state can be achieved through a stepwise

amorphization process by using high power short electrical

pulses with fixed duration of 20 ns and varying amplitude

from 11 to 11.8 V, or a fixed amplitude but varying duration

from 10 to 20 ns.

Although the architecture presented in reference [226]

enables the mixed-mode readout, the switching process is

realized through optical set/reset pulses. In reference [224],

the authors demonstrated not only both optical and elec-

trical readout through transmission spectrum and resis-

tance measurements, respectively, but also set/reset

operations within a single optoelectronic device. In this

work, Farmakidis et al. leveraged a small-footprint plat-

form of an electrically connected nanoplasmonic structure

intersecting with an integrated photonic waveguide. This

not only benefits from the strong light-matter interaction

and low-loss switching in a subwavelength regime but also

enables both electrical and optical reversible switching

and readout operations in a hybrid integrated phase-

change binary/multilevel memory. The top left panel in

Figure 16C shows the schematic of the demonstrated device

in which a Si3N4 rib waveguide is coupled to a plasmonic

nanogap (with a tapered geometry) filled with a 75-nm-

thick Ge2Sb2Te5 film protected from environmental oxida-

tion by a 5-nm-thick SiO2 capping layer. The state of GST

can be reversibly switched between its amorphous (high

resistance and low optical transmission) and crystalline

(low resistance and high optical transmission) by sending

either optical pulses through the waveguide or electrical

pulses through the Au electrodes. The Si3N4 waveguide is

coupled to a plasmonic MIMwaveguide (formed by two Au

electrodes and the portion of GST in the nanogap region as

shown in the cross-section view in the bottom left panel of

Figure 16C). The field enhancement inside the nanogap

depends on the state of the GST. For the low-loss a-GST,

the light propagating in the Si3N4 waveguide is strongly

coupled to the nanogap region resulting in a strong field

enhancement in that region (as shown in the bottom left

panel in Figure 16C) and low optical transmission at the

output. For highly absorptive c-GST, however, this

coupling is highly reduced, resulting in a lower field

enhancement (as the lower electric field intensity in

Figure 16C demonstrates) and in turn, higher optical

transmission. The right panels in Figure 16C show both

the electrical (upper panel) and optical (lower panel)

switching of the device which can be readout with both

electrical means (i. e., the change in the device’s
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resistance between two Au electrodes) and optical means

(i. e., the change in the optical transmission of the

waveguide). For optical switching, partial crystallization

of GST is performed by sending piecewise optical set

pulses (7.5 mW peak power for 8 ns followed by 3 mW for

400 ns) through the waveguide while a single rectangular

reset pulse with 7.5 mW peak power and 8 ns duration is

used for re-amorphization. Moreover, the authors suc-

cessfully demonstrated the electrical switching of the

device by sending an electrical reset pulse with 10 ns

duration (5 ns rise/fall time) and 350 mV peak amplitude

through the Au contacts for re-amorphization. A trian-

gular pulse with 5 ns rise and 500 ns fall time and 350 mV

peak amplitude was used for the crystallization process.

In both cases, a CW optical probe signal and a constant

voltage source (Vbias � 50 mV) were used to simulta-

neously monitor the change in the optical transmission

and resistance, respectively.

Figure 16: Regular and mixed-mode electro-thermal-optic integrated photonic phase-change switching. (A) The schematic (left) and SEM

image (right) of a current-driven phase-change optical switch in which a Gs2Sb2Te5 thin film is placed on top of an ITO microheater

incorporated with a Si waveguide [222]. (B) Top: The structure and operation principle of an optical memristive switch consisting of a GST

nanodisk covered by a thin layer of ITO both on top of an MMI structure. Middle: Simulated field distributions of the propagating light in the

MMI waveguide for ON-state (a-GST) and OFF-state (c-GST) switching, respectively. Bottom: Multilevel switching operation by partially

crystallizing the GST nanodisk [223]. (C) Top left: The structure and operation principle of a mixed-mode plasmonic/phase-change integrated

photonic device which consists of two tapered Si3N4waveguides (for delivering the light) and two Au electrodes. Bottom-left: The pronounced

field enhancement inside the plasmonic gap for low-loss a-GST (upper panel) while an attenuation in the field enhancement is observed for

highly-absorptive c-GST (lower panel). Right: Electrical (upper panel) and optical (lower panel) programming of the device which can be

readout with both electrical means (the change in the device’s resistance between two Au electrodes) and optical means (the change in the

optical transmission) [224]. (D) Top: Schematic representation of the phase-change integrated nanophotonic cell incorporated with a

graphene heater connected to an external pulse generator. For more clarity, the SiO2 cladding layer is hidden. Bottom: Energy efficiency (η) as

a function of pulse width (left) and GST thickness for different pulse widths (right). The pulse power is chosen as low as 5 mW to prevent any

phase conversion in GST. The inset in the left plot shows the energy efficiency insensitivity to the power of a pulse with 10 ns duration [225].
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In a pioneering work, Rios et al. demonstrated a hybrid

framework incorporating a graphene heater to electro-

thermally switch a large area of GSST [231]. Minimal optical

loss, high intrinsic in-plane thermal conductivity, low heat

capacity, and scalability make graphene a potential

candidate for efficient conversion of PCMs in reconfig-

urable PICs. Inspired by this work, Zheng et al. recently

investigated electrical switching of phase-change inte-

grated nanophotonic cells incorporated with graphene

microheaters [225]. As shown in Figure 16D, the proposed

reconfigurable platform consists of a GST-on-Si hybrid

waveguide conformally covered with a monolayer of gra-

phene capped with a film of SiO2. The authors defined

global metric called energy efficiency (η) as the ratio of the

absorbed heat energy in the GST cell at the end of the pulse

and the applied electrical pulse energy to analyze the heat

performance in the amorphization and crystallization

processes. As shown in Figure 16D, increasing the pulse

width considerably degrades the energy efficiency of

heating. Although this effect is fairly decoupled from the

pulse power, it is highly dependent on the GST thickness.

The authors concluded that high energy efficiency can be

achieved thanks to the short pulses with optimized high

power applied to a thin film of GST. Time transient analysis

has shown fast switching speed of ∼80 MHz enabling en-

ergy-efficient transformation of GST (19.2 aJ/nm3 and

6.6 aJ/nm3 for crystallization and amorphization, respec-

tively). Their optical performance analysis also revealed

that strong attenuation (∼6.46 dB/µm at 1.55 µm) and op-

tical phase modulation (∼0.28 π/µm at 1.55 µm) can be

achieved upon complete phase transition of the incorpo-

rated GST cell.

More recently, Taghinejad et al. have developed an

ITO-based µ-heater platform for the fast, energy-efficient,

non-volatile, multistage, and reversible switching of the

crystalline phase in PCMs [230]. They leveraged the coex-

istence of electrical conductivity and optical transparency

of ITO for the direct and low-loss integration of Ge2Sb2Te5

Figure 17: Reversible multi-stage switching of GST based on the Joule heating using ITO µ-heaters [230]. (A) Cross section schematic (top left)

and top view SEM image (top right) of the fabricated µ-heater for the stepwise conversion of the microscale GST patch. Optical reflection

spectra of theGST/ITO/SiO2/Si stack normalized to that of the ITO/SiO2/Si stack (bottom).α stands for the crystallization level extracted using

the transfer-matrix method. (B) Left: False-colored SEM image of the fabricated device for conversion of the GST nanopatch through the Joule

heating in the underlying ITO bridge. Right: The GST nanopatch resistance as a function of the number and amplitude of applied 200ms wide

voltage pulses. The arrow shows the re-amorphization of GST by the application of a 20V pulse with 50 ns width. (C) Optical image of a phase-

shifter fabricated in a SiN platform (top) and the false-colored SEM image of the integrated GST/ITO segment (bottom left). Extracted phase

shifts and the corresponding optical loss for several intermediate crystalline state of the GST cell (bottom right).
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into PICs for beyond-binary electrical reconfiguration of

optical functionalities in miniaturized, yet scalable, device

footprints (see Figure 17A). The authors developed a

mixed-mode readout framework for the systematic electro-

optical characterization of induced phase transition in the

GST cell due to the controlled Joule heating generated by

ITO µ-heater. Figure 17A depicts the normalized optical

reflection spectra for the GST microcell upon conversion

from the amorphous to the full-crystalline state with mul-

tiple intermediate states. Themodulation of peaks and dips

in this diagram were used for the back-calculation of

the crystallinity fraction of the GST layer based on the

Lorentz-Lorenz effective medium theory. For the case of

miniaturized GST nanocell, where reflection spectrometry

is challenging, a four-electrode platform was devised to

study the state transition of the PCM throughmonitoring its

electrical properties. Electrical pulses of 200mswidth with

varying amplitude were applied to the µ-heater, and the

resistance of the GST nanocell was measured after each

pulse. Figure 17B shows that the GST resistance mono-

tonically decreases starting from the amorphous state

(high-resistance) to the crystalline state (low-resistance)

with a staircase profile (representing the induced inter-

mediate states) by increasing the height and number of

applied pulses. Their results show energy-per-pulse con-

sumption for amorphization and crystallization processes

are ∼10 nJ and ∼6.5 nJ, respectively, in the test devices with

the possibility of the sub-nJ operation in the final device

configurations. To showcase the practical applications of

the platform, an ultracompact, fast, and high-resolution

optical phase-shifter that relies on the large refractive-in-

dex change of a GST nanocell integrated into the SiN

framework has been demonstrated for the first time (see

Figure 17C). By applying optimized electrical pulses to the

µ-heater, the phase of optical signals can be gradually

shifted between 0–50∘ with multiple intermediate values

corresponding to the intermediate crystalline states of GST.

5.2 Integrated phase-change photonic

binary and multilevel memories

Nowadays, the explosive growth of information is pretty

obvious in every aspects of science, technology, and en-

gineering. Such exponentially increasing volume of data is

reaching to a volume beyond the capacity of available

computing/storage paradigms. Classical computers use

the von Neumann framework in which data are transferred

between the central processing unit (CPU) and memory

units for processing and storage, respectively. Thus, the

constant exchange of data between CPU andmemory units

limits the overall computing efficiency and leads to a traffic

jamwidely referred to as the vonNeumann bottleneck [232,

233]. This bottleneck can be efficiently addressed through

the introduction of a new paradigm that enables simulta-

neous storage and processing (i. e., arithmetic operations)

of data in a single unit. PCMs seem a perfect fit for such a

paradigm. First, the non-volatile nature of PCMs can sup-

ply the short- and long-lasting storage needs. Second, the

stimulation pulses, used for the phase transition of PCMs,

can be wisely employed as the command signals for the

implementation of logic operations. In other words, the

width, height, and even shape of a pulse can be used as

effective knobs for themanipulation of the state of PCMs, in

which the data is encoded. Third, the use of optical pulses

(as the stimulation) brings the superiority of the optical

domain over the electrical domain, namely the ultrawide

bandwidth, multiplexing capability, low residual cross-

talk, and high-speed operation. In addition, with the inte-

gration of PCMs with the rich portfolio of optical

components (e. g., waveguides, resonators, and switches)

the data processing capabilities can be extended from a

phase-change integrated nanophotonic cell to the system

level. Thus, reading, writing, manipulation, and routing of

the information can all be performed in an all-photonic

scheme, a trend that will set the stage for the next-gener-

ation processors including emerging quantum computers.

Optical contrast, switching speed, and number of

distinguishable optical states are the crucial parameters of

PCMs for memory operation. Due to the dramatic refractive

index contrast of GST over the vis and near-IR spectral

range, and its nanosecond scale switching rate with high

reproducibility and durability obtained over 1012 switching

cycles [237], this alloy has been used as a suitable candi-

date for an integrated PCMphotonics non-volatilememory.

As the first demonstration, in 2012, Pernice et al. proposed

an all-optical multilevel memory (in which the state of the

GST can be changed from amorphous to different inter-

mediate states) consisting of a microring resonator

partially covered by a thin film of GST and coupled to a

nanophotonic waveguide (see Figure 18A) all in a SiN

platform to enable broadband optical applications [234]. A

control port (the red SiN waveguide in Figure 18A) is used

to deliver high-intensity optical pulses (with 600 fs width

and less than 5.4 pJ for writing) for the phase switching

(i. e., writing/erasing), and also to provide a low-intensity

readout pulse for reading the states of the operating

memory. When GST is in its low-loss amorphous state, the

light traveling inside the microring resonator does not

experience significant loss, so the propagating mode
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remains confined inside the SiN portion of the waveguide

(see the bottom panel in Figure 18A) and the resonance

condition of the microring resonator does not change. As a

result, the input light is critically coupled to the ring

resonator, and then, coupled to the Readout Drop port,

resulting in a 0% transmission in the Readout Trough port

(level ‘0’ of the memory or ‘erasing’). On the other hand,

upon the switching of the GST to its highly-absorptive

crystalline state, the traveling light is highly absorbed by

the GST (see the mode profile in the lower panel in

Figure 18A), which changes the resonance condition of the

microring resonator (the resonance wavelength is different

from that of the input light). Therefor, the input light can no

longer be coupled to the microring resonator resulting in a

90% transmission in the Readout Through port (level ‘1’ of

the memory or ‘writing’).

Figure 18: All-optical fully integrated on-chip phase-change binary andmultilevelmemories. (A) Top: The schematic of an all-opticalmultilevel

memory consisting of a SiN waveguide coupled to a SiN ring resonator partially covered by a thin film of GST. Bottom: The simulated modal

profile of the SiN waveguide covered by a-GST and c-GST [234]. (B) The operation principle of an all-optical fully integrated on-chip multilevel

memory. Top: The schematic of the memory including a straight waveguide partially covered by a GST element which can be programmed by

ultrafast optical pulses (passed through thewaveguide) and readbymonitoring the amplitudeof the optical signal at the exit port. Bottom-left:

Simulated field distribution showing the low (high) absorption of propagating light in the waveguide by amorphous (crystalline) GST resulting

in large (small) transmission at the exit port uponwriting (erasing) theGST cell. Bottom-right: Demonstration of thewrite/erase process (upper

panel) and the resulting multilevel transmission in the readout port (lower panel) [209]. (C) A multibit and multiwavelength architecture. Top-

left: The schematic of aWDM-enabledmemorydevicewithwrite signal at three differentwavelengths (λ1, λ2, λ3) associatedwith three different

resonance wavelengths of the three ring resonators with three different radii. Top-right: The SEM image of the fabricated device shown in top-

left [103, 209]. Bottom: Thewavelength-selective readout of three PCM cells shown in the top panel by using 500 ps pulses. (D) Top: Schematic

of an all-optical memory in which optical pulses with PWM are used to alter the pulse widths (τ0 and τ1 for example) which enables a control

over the transmission through the waveguide. Bottom: The experimental demonstration of 12 different levels obtained by using a train of

pulses with different widths τ (inset) from 5 to 20 ns [235]. (E) Left and middle: Concept of dual-pulse programming in which a single

rectangular pulse with different amplitudes is used for amorphization (writing), while a double-step pulse is used for re-crystallization

(erasing). Right: 34 memory levels achieved using fixed-width programming dual-pulses (inset) following the approach shown in the middle

panel [236]. (F) Left and middle: Concept of single double-step programming in which a single dual-power pulse is used for arbitrary

amorphization and re-crystallization of the GST by varying the amplitude and/orwidth of the second portion of the double-step pulse. Bottom:

Arbitrary switching between transmission levels independent of the previous state [236].

S. Abdollahramezani et al.: Tunable nanophotonics by phase-change materials 1221



Recently, multilevel data storage was also achieved by

Rios et al. via controlling the crystalline fraction in a PCM

film. The authors used a simpler structure and experi-

mentally demonstrated an eight-level memory with

switching speeds of ∼1 GHz and switching energies of

13.4 pJ with the ability to arbitrarily switch between

different intermediate states [209]. Figure 18B shows the

schematic of this functional layer. Since the GST cell is

evanescently coupled to the waveguide, the phase state of

the GST cell can determine the effective refractive index

(see the bottom-left panel in Figure 18B), and accordingly,

the optical attenuation through the waveguide. For

switching the GST cell between its different states, high-

power optical pulses are used. To amorphize (write) the

GST cell, a single rectangular high-power pulse (with short

width of 10 ns and switching energy of 13.4 pJ) is used (see

the bottom-right panel in Figure 18B). Upon transition to

the amorphous state, the low-loss GST cell does not absorb

the passing light in the waveguide, leading to a high-

transmission state (level ‘1’). On the other hand, a train of

consecutive pulses with decreasing energy is used to

perform a step-wise partial re-crystallization (erase) of the

GST cell. When the GST cell is in its fully crystalline state,

the evanescent coupling between the waveguide and the

highly-absorptive c-GST leads to a significant attenuation

in the traveling light, resulting in a low-transmission state

(level ‘0’). Therefore, the content of the memory cell is

encoded in the state of the GST layer (i. e., ‘0’ in fully

crystalline state and ‘1’ in amorphous state), or equiva-

lently, stored in the intensity of the transmitted light at the

readout port (‘0’ for low-transmission and ‘1’ for high-

transmission). It is worth mentioning that partial re-crys-

tallization of the GST using a single rectangular pulse is

practically challenging because if the phase transition

happens before the end of the pulse, the remaining optical

energy can heat up the GST further to the melting tem-

perature, and cause immediate re-amorphization. There-

fore, by applying the erase scheme described above, they

prevented the re-amorphization of already crystallized re-

gions of the GST cell, and enabled access to intermediate

re-crystallized states (or storage levels). For the readout of

these states, measurement of the degree of attenuation of

the transmitted light associated with the level of re-crys-

tallization of the GST cell is required. To do so, a single low-

power light pulse (with 500 ps width and 0.48 ± 0.03 pJ

energy) is sent out along thewaveguide, and the amount of

the transmitted power identifies the state of the memory.

Authors in reference [209] further used the wave-

length-division multiplexing (WDM) to demonstrate

multiwavelength operational schemes for accessing indi-

vidual memory elements (see Figure 18C) [103]. To do so,

they employed the wavelength-filtering property of three

ring resonators with three different resonance frequencies

(∼1 nm separation around 1550 nm) coupled to a bus

waveguide. The design contains GST cells with a footprint

of 1  ×  1 µm2 deposited on top of the ring resonators as

shown in Figure 18C. Since only on-resonance lights can be

coupled to the ring resonators (i. e., no off-resonant

coupling), the three memory cells can be addressed

selectively for writing, erasing, and reading cycles. Using

such WDM technique as well as the multilevel addressing,

very recently, Feldmann et al. experimentally demon-

strated the addressing of 256 memory elements to realize

an all-photonic non-volatile memory with a storage capa-

bility of up to 512 bits of data in a 16 × 16 array of memory

elements.

In contrast to the approach in reference [209] (i. e.,

single pulse writing and multipulse erasing), Cheng et al.

demonstrated that using a pulse-width modulation (PWM)

approach, the efficiency of the re-crystallization process in

terms of speed, energy and process control can be

improved [235]. Figure 18D demonstrates the concept of

PWM switching in which optical pulses with different

widths (τ), but with a fixed peak power (amplitude), are

traveling through a waveguide to switch a GST cell evan-

escently coupled to the waveguide. By changing τ, the re-

crystallization and amorphization of the GST can be

controlled, leading to different levels of the memory (i. e.,

τ0 for level ‘0’, and τ1 for level ‘1’). More importantly, in

their approach, each specific PWM sequence of pulses re-

sults in a particular re-crystallization state, independent of

the starting state, meaning that each particular memory

level can be directly accessed from any other stored level.

As an example, Figure 18D shows a reversible 12-level

memory implemented by a train ofmultiple (N � 10) pulses

with identical peak powers of Ppeak � 1.4 mW and the

periodicity of p � 30 ns (inset in Figure 18D) but different

widths from 5 to 20 ns. Each particular width is used for

reaching to a different level. More interestingly, this

approach was used for the realization of ‘OR’ and ‘NAND’

logic gates using integrated photonic devices, which is

discussed in detail in the reference [235].

All the proposed all-photonic data storage/addressing

schemes listed above are promising as they can reduce the

latency related to the electronic memories and the high

power consumption for back-and-force electrical-to-opti-

cal data conversion. However, the use of multiple high

power pulses for re-crystallization (erase command) not

only slows down the programming operation, but more

importantly, lowers the power efficiency and the signal-to-

noise ratio, limiting the number of intermediate levels in

the memory [213, 227, 238]. To overcome these
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shortcomings, Li et al. proposed the same integratedphotonic

configuration to [209], but with a single double-step (dual-

power) pulse for the erasing command (see Figure 18E). Using

this modification, they successfully implemented a high-

efficient multilevel memory with the ability to store up to 34

nonvolatile levels associated with over 5 bits [236]. This

multilevel operation was achieved by using a dual-pulse

programming approach (see the left panel in Figure 18E) in

which afixeddouble-step erase pulse (with 250 nswidth)was

used for the step-wise crystallization, while a single rectan-

gular writing pulse was used for amorphization (see the

middle panel in Figure 18E). Bymonotonically increasing the

amplitude of the programming pulse, they achieved 34

resolvable memory levels as shown in the right panel in

Figure 18E. More interestingly, to enable arbitrary switching

between the memory levels, authors used only one double-

step pulse for both amorphization and re-crystallization (see

the lower-left panel in Figure 18F). In this approach, the first

part of the double-step pulse is used to remove the previous

state of the memory by bringing the PCM above its melting

temperature before re-crystallization (lower middle panel in

Figure 18F). Then, byvaryingboth theamplitudeandwidthof

the second part of the double-step pulse, arbitrary switching

between different crystallization levels can be achieved

(middle and right panel in Figure 18F).

We note that in the studies listed above, GST cells

indirectly interact with the on-chip guided light. The

reason is that by placing the GST cell in the path of light

passing through the waveguide, significant attenuation

will be imposed due to highly absorptive nature of c-GST,

which results in high insertion loss. Therefore, in most

cases, it is preferable to place the GST cell on top of the

waveguide so that the light evanescently interacts with it.

5.3 Integrated phase-change photonic

arithmetic processors

The multistate scheme offered by the integration of non-

volatile PCMs with nanophotonics can set the stage for an

all-photonic computer in which the processing and storage

operations can simultaneously occur in the same location.

This is in contrast to the von Neumann approach in con-

ventional computers in which the data is being con-

tinuously transferred between a CPU (for processing) and

an external memory (for storage). In a representative

demonstration, Feldmann et al. incorporated a GST cell at

the crossing points of a rectangular waveguide array to

enable independent manipulation of individual cells as

shown in Figure 19A [227]. This abacus works based on the

progressive crystallization of embedded PCMs and can

perform arithmetic operations such as addition, multipli-

cation, subtraction, and division, a set of operations

required for a non-von Neumann arithmetic calculator. As

an example, the operation principle of the addition of

‘6 + 6 � 12’ in the base 10 is represented in Figure 19B. Two

PCM cells are used to represent the quantity of the first (red

beads in the lower row of Figure 19B) and second (blue

beads in the upper row of Figure 19B) digits of a two-digit

system. These GST cells are initially in the amorphous

states (high transmission) that represents the number zero.

By performing a stepwise crystallization of the GST cell by

using groups of identical picosecond pulses (each sets a

predetermined crystallization fraction) different numbers

are generated. In this case, each group consists of five

consecutive pulses each with pulse energies of 12 pJ, and

each group causes one crystallization step which is equal

to one unit number. Due to operation in the base-10 system,

the width and energies of the pulses are chosen such that

10 groups of pulses can fully crystallize the cell from its

initial amorphous state, mimicking numbers 0–9. There-

fore, to perform ‘6 + 6’, first, the level of the first PCM cell is

set to six by sending six groups of pulses down to the

waveguide. Then, to add the second summand of ‘6’, more

six groups of pulses are sent through the waveguide. Once

the cell reaches to the 10th level, the device is reset (re-

amorphized) to level 0 by using 10 19 pJ pulses. During the

resetting of the first PCM-cell (to zero), the carryover of 10 is

stored in the second PCM-cell by sending the correspond-

ing pulse sequence and setting this cell to level 1. The

resetting of the first cell and setting the second cell are

carried out before applying the rest of the input sequence.

Then, after applying remaining input sequences, the final

states of the first and second cells are 2 and 1, respectively,

representing the expected answer of 12 at the end of the

calculation. This operation can be used for implementing

other elementary operations by sequential addition

(multiplication), addition of the nine’s complement of the

second number to the first number (subtraction), and by

sequential subtraction (division) [103]. An example of

multiplication of ‘4 × 3 � 12’ is shown in Figure 19C.

Recently, the implementation of scalar, and more

interestingly, matrix-vector multiplication (MVM) opera-

tion using integrated phase-change photonics have been

demonstrated [238]. TheMVM is an important operation for

modern data science such as image processing and ma-

chine learning (ML). Figure 19D shows a photonic memory

device consisting of a Si3N4/SiO2 waveguide with a thin

layer of GST (10 nm) and an ITO capping layer (10 nm) atop.

The transmittance state T is determined by a write pulse

Pwrite used for amorphization and re-crystallization of the

GST cell (Figure 19E). For theMVMoperation, several scalar
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multiplications each in the form of ‘c � a × b’ should be

performed. To implement thismultiplication, instead of the

successive addition in two PCM cells (as explained above

and an example shown in Figure 19C), authors used a

single PCM cell to directly carry out this multiplication. In

their approach, the multiplier, a, is mapped into the

Figure 19: All-photonic integrated phase-change arithmetic processing. (A–C) An all-photonic abacus. (A) Left: The schematic of the

waveguide crossing array with a PCM cell placed at each waveguide crossing point, which can be addressed by two optical pulses. Right: AFM

image of a singlewaveguide crossing [227]. (B) and (C) Elementary arithmetic operations in base 10. (B) The operation principle of ‘6 + 6 � 12 ’.

Resembling the operation of an abacus, when the 10th level (upper row in abacus, in the inset) is reached, a carryover is performed and the cell

is reset to its initial state. (C) The operation principle of addition of multiplication ‘4 × 3 � 12’, which is calculated by performing successive

additions [227]. (D–H) All-photonic matrix-vector multiplication (MVM) operation. (D) The schematic of the integrated GST-based photonic

memorywhich is programmedand readby optical pulses and ismonitoredby a CWprobe [238]. (E) Determination of the transmittance state, T,

of the device by applying a write pulse Pwrite for changing the phase-state of the GST cell from crystalline (base-line) to any intermediate state

[238]. (F) The scheme for multiplication of two scalars a (coded in the transmittance level associated to the phase state of the GST cell) and b

(coded into the input power Pin) [238]. (G) The readout power Pout represents the results of the multiplication of low-power read pulse Pin

(which does not change the phase state of the GST cell) by the modulated transmittance, T, calculating the c � a × b [238]. (H) Left: Extension

of the operation principle shown in (D)–(G) to MVM in which the matrix elements Aij (first element) are coded into the transmittance of the

GST cells, i. e.,Gij, while the vector elements xn are coded into the input power of readout pulses Pn. Right: The optical image of the fabricated

device used for the implementation of theMVMof (1 × 2) × (2 × 1) [103, 238]. (I–L) Realization of parallelMVMoperations for the convolution

processing [239]. (I)Mapping of the input image into a large inputmatrix aswell as stacking the convolution kernels into a largefiltermatrix. (J)

The schematic of an all-photonic convolution processor via integrating an on-chip comb generator (for encoding the input images) with an

array of interconnected waveguides coupled to PCMs cells (for realization of the kernel matrix). (K) The MVM operation proposed as the

photonic tensor core. (L) Experimental results for the edge detection task on the handwritten digit ‘4’ using sequential MVM operations.
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transmission state T of the single cell (same as the previous

approach), but themultiplicand, b, is mapped into the power

of an input pulse Pin (see Figure 19F). Therefore, the multi-

plication is performed when the propagating light passes the

evanescently coupled PCM cell, and the calculated result can

be readout from the output power Pout (see Figure 19G). By

designing an appropriate integrated photonic circuitry con-

sisting of multiple PCM cells, the authors experimentally

implemented the MVM of a (1 × 2) matrix by a (2 × 1) vector

which is shown in Figure 19H. Moreover, other form of

arithmetic operations, such as logic operations can be per-

formed, as described in details in references [235, 240].

More recently, Feldmann et al. implemented in-memory

computing by integrating phase-change reconfigurable PICs

with chip-based frequency combs resulted from dissipative

Kerr soliton states of microcombs. Such a unique framework

enables a photonic tensor core for optical convolution pro-

cessing in theSiNplatform [239]. Theauthors combinedmany

parallel MVM operations for realization of 2D convolutions to

implement a photonic convolutional neural network (CNN). It

is well-known that in each of the convolution layers of a CNN,

a filter matrix passes through the input image to perform the

convolution operation and generates the corresponding pixel

in the output image. The idea in reference [239] is to rearrange

the pixels of input images and stack them into the rows of a

large inputmatrix as shown in the left panel of Figure 19I. On

a similar process, it combines all the convolutional filters and

arranges the kernel matrices into the columns of a large filter

matrix (i. e., kernel matrix) as shown in the right panel

Figure 19I. Thisway, for each convolutionoperation, a certain

number ofMVMoperations between each of the input vectors

and the filter matrix should be performed. As shown

in Figure 19J and K, the image data are encoded onto the

individual comb teeth with different wavelength (the input

elements Xi in Figure 19K), and multiplied with the con-

volutional kernels encoded into the phase-states of the PCM

cells coupled with a matrix of inteconnected waveguides

(matrix elements aij in Figure 19K). The results from each

column are added and then read by a photodetector. As a

proof-of-concept demonstration, the authors experimentally

performed the edge detection task on an input image of a

handwritten digit ‘4’ as shown in Figure 19L.

5.4 Integrated phase-change photonic

synapses and neuromorphic

processors

Another attractive capability of the integrated phase-

change photonic platform is its ability to implement all-

photonic synapses [241, 243] and neurons [242] as the

central components for the hardware realization of brain-

inspired neuromorphic computing which can enhance the

efficiency of many important computational tasks, such as

image processing, speech recognition, artificial intelli-

gence, and deep learning, in terms of operation speed and

energy consumption. The physical implementation of an

integrated phase-change photonic synapse was first pre-

sented by Cheng et al. [241]. Figure 20A presents the con-

ceptual illustration of neurons and synapses. A neuron

(pre-neuron) generates action potentials (or spikeswithfire

time tpre) that propagates along the axon and transmits

through a junction to the next neuron (post-neuron) that

generates the post-synaptic action potentials (withfire time

tpost). The junction is called a synapse (inset in Figure 20A)

with the synaptic weight w that determines the connection

strength between the two neurons. The change in synaptic

weight, Δw, is called synaptic plasticity which is deter-

mined by neural co-activities and spike timing based on the

well-known Hebbian learning or spike timing-dependent

plasticity (STDP) rule. According to an asymmetric form of

STDP, this synaptic plasticity has the form of Δw � Ae−Δt/τ,

in which Δt � tpost − tpre, and A and τ are constants, mea-

ning that a smaller (larger) spike timing difference results

in a larger (smaller) increase in synaptic weight (inset in

Figure 20A). The structure of the photonic synapse pro-

posed by Cheng et al. is shown in Figure 20Bwhich consists

of a tapered SiN waveguide with evanescently coupled

discrete Ge2Sb2Te5 islands on top enabling control over the

optical transmission level which represents the synaptic

weight. A low-power probe light (pre-synaptic spike) from

pre-neuron passes through the photonic synapse and is

directed to the post-neuron (from port 2 to port 3) by using

an optical circulator (the red circle in Figure 20B). This

circulator also guides the high-power optical pump pulses

(working in a different wavelength from probe pulses)

entered from port 1 to port 2 to change the synaptic weight.

Before measuring the optical transmission, the PCM

islands are at fully crystalline state (by annealing the de-

vice on a hotplate at ∼250 ∘C for 10 min) resulting in the

optical transmission of T0 which is defined as the baseline

for readout and associated to a synaptic weight ‘0’. The

reason behind using multiple PCM islands (instead of a

single patch) is the need for precise control of synaptic

weighting, and more importantly, the ability to move be-

tween different crystallization levels using fixed-duration,

fixed-power pulses (see the upper panel in Figure 20C). The

authors in reference [241] showed that by varying the

number of optical pulses sent down to the waveguide, fine

control over the optical transmission change (ΔT � T − T0)
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and thus synaptic plasticity (Δw) can be achieved. More

importantly, they showed that the change in the synaptic

weight (or equivalently ΔT) is exponentially and mono-

tonically dependent on the number of optical pulses (N )

applied, as shown in the lower panel in Figure 20C, which

resembles the STDP rule. Therefore, by using an all-pho-

tonic structure based on an interferometer and fitting the

exponential function of ΔT � Aer×N , where A and r are

fitting constants, to the synaptic plasticity governed by the

STDP rule (i. e.,Δw � Ae−Δt/τ), a correlation betweenΔt anN

to mimic the STDP behavior can be developed.

In a follow-up work, Feldmann et al. implemented an

all-photonic spiking NN consisting of four neurons, 60

synapses, and 140 optical elements in total, a platform

capable of supervised and unsupervised learning [242].

Figure 20D shows the schematic of the presented all-pho-

tonic network consisting of N pre-synaptic input neurons

(which are not shown here) to generate the pre-synaptic

input spikes, N interconnecting synapses (green region) to

weight the pre-synaptic spikes, and one post-synaptic

neuron (the red region) to receive the post-synaptic spikes

and generate the output spikes. In this work, each synapse

is implemented by a PCM cell placed on top of an optical

waveguide in which the synaptic weighting (plasticity) is

attributed to the phase transition of the synaptic PCM cell

as described previously (panel I in Figure 20D). Then, theN

input waveguides are coupled to N small ring resonators,

each with a specific resonance wavelength (diameter), to

combine and feed the input pulses (i. e., post-synaptic

spikes) into a single output waveguide based on a WDM

scheme shown in panel II in Figure 20D. This upper output

waveguide guides the light into a neuronal (large) ring

resonator with a PCM cell placed on top and at the wave-

guide crossing as shown in panels III and IV in Figure 20D.

Upon phase switching of this neuronal PCM cell between

amorphous and crystalline states, the resonance condition

of the neuronal ring resonator shown in panel IV in

Figure 20D is changed. This way, the coupling between this

neuronal ring resonator and the lower probe waveguide

canbe controlled. The probe light in the lowerwaveguide is

properly adjusted to be on-resonance when neuronal PCM

cell is in the crystalline state. Therefore, when the incoming

combined pulses are weak enough so that the neuronal

PCM cell stays in crystalline state, the probe light is

Figure 20: All-photonic fully integrated phase-change synapse and neuromorphic processor. (A) Conceptual representation of neurons and

synapses. The inset shows a synapse junction and synaptic plasticity ruled by STDP, i. e., Δw � Ae−Δt/τ , in which Δt � tpost − tpre, where A and τ

are constants [241]. (B) Schematic of an on-chip integrated photonic synapse consisting of a tapered waveguide (dark blue) covered by

discrete GST islands (yellow). GST islands are initially crystalline (i. e., T 0 = ‘0’). Change in the transmission level (i. e., ΔT /T 0), by modifying

the crystallization level of GST, is attributed to the synaptic plasticity of the device (Δw). ΔT /T 0 can be controlled by the number of triggering

pulses similar to those in the STDP in the neural synapse shown in A [241]. (C) Top: Five optical transmission levels of the devices related to the

fiveweights of the photonic synapsewhich are obtained by optical pulseswith 50 ns duration and404.5 pJ energy. Bottom: The dependency of

the synaptic weight (ΔT /T 0) to the number of pulses which can be fitted by an exponential fitting function of ΔT � Aer×N to resemble the STDP

in a neural synapse shown in A [241]. (D) Top: Schematic of the all-photonic neurosynaptic system implemented in [242] comprising of N pre-

synaptic neurons (generating pre-synaptic spikes) and one output neuron (the red region) which interconnected byN synapses (green region).

Bottom: The input spikes are weighted by plastic synapses (I), and combined and directed into an output waveguide using theWDM technique

(II), and fed into a PCM cell (III) on a large ring resonator (IV) mimicking the biological neural functionality of an actual neuron. (E) Optical

microscope image of a fabricated neuron in which four inputs are weighted by four synapses and coupled to four small ring resonators to be

delivered to the output waveguide [103, 242].
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strongly coupled to the neuronal ring resonator. Conse-

quently, no output spike is transmitted into the output

waveguide. On the other hand, when the incoming pulses

are strong enough to switch the PCM cell to its amorphous

state, the probe light becomes off-resonance. As a result, it

will be completely directed to the output waveguide

without coupling to the ring resonator, resulting in output

spikes. Therefor, this neuron resembles basic integrate-

and-fire functionality of a biological neuron in which an

output spike is generated only when the power of weighted

sumof input spikes becomesmore than a certain threshold.

Figure 20E shows the optical image of one of these all-

photonic neurons fabricated on a SiN platform. Using the

neurosynaptic platform described above, authors in refer-

ence [242] employed both supervised (when the spiking

feedback in Figure 20D is open) and unsupervised (when

the spiking feedback in Figure 20D is closed) learning to

perform the pattern recognition task.

6 Emergence of deep learning in

analysis, design, and

optimization of phase-change

nanophotonics

Despite striking advancements in meta-optics, considering

it as a shifting paradigm is highly dependent on complex

architectures realizing adaptive functionalities with un-

precedented performances. Accordingly, employing new

optimization algorithms to facilitate design of non-con-

ventional MSs with large number of structural parameters

is indispensable [244, 245]. Herein, we outline the funda-

mental challenges of traditional design approaches and

discuss deep learning algorithms as a new paradigm in

intelligent design and analysis of light-matter interactions

of reconfigurable metadevices based on PCMs.

Increasing the number of design parameters helps the

designer to find the optimal structure by searching over a

broader (i. e., higher dimensional) optimization landscape.

However, this comes at the expense of more design com-

plexities that necessitate the development of new ap-

proaches for the design of non-trivial nanostructures.

Additionally, new techniques are urgently needed for

knowledge discovery, i. e., obtaining valuable insight

about the underlying physics of light-matter interactions,

in these nanostructures. Traditional optimization ap-

proaches mostly rely on a significant amount of iterations

to get to a final design from an initial guess. Even by

allocation of remarkable computational resources, such

time-consuming techniques are not guaranteed to

converge to the global optimum. Moreover, they do not

provide much insight into the dynamics of wave propa-

gation unless a large set of simulations is performed. Thus,

the development of new efficient approaches for rapid,

accurate, and detailed analysis, design, and optimization

of nanophotonic devices is urgently needed and long

overdue.

The widely used current approaches for design and

optimization of MSs can be divided into two categories: (i)

algorithms that rely on an initial guess and iterative search

for an optimal result in the predefined design space. This

category includes the brute-force and evolutionary tech-

niques (e. g., genetic algorithms) [246–248]. Such algo-

rithms are customized for a specific device functionality,

i. e., for any arbitrary design problem, all the steps must be

repeated to find the corresponding optimal structure.

Although, they have been widely used in nanophotonics

design and optimization problems, they suffer from

remarkable computation complexity and often result in

local optimum (rather than global optimum) solutions; (ii)

algorithms employing artificial neural networks (ANNs) to

optimize topologies of nanophotonic structures. While

being more reliable in providing the global optimum de-

signs, such data-driven algorithms require a large amount

of training instances to be practical for the real-world ap-

plications [249–267].

Thus far, most ML-based approaches have been used

to perform the design and analysis of optimized MSs with a

fixed optical functionality, however, the superiority of

these techniques over their counterparts is disclosed when

multifunctional MSs are the point of contacts. Recently,

Kiarashinejad et al. [268, 269] developed a resolution to the

existing challenges in the analysis of the phase-change

reconfigurable MSs by: (i) reducing the dimensionality of

the complex problem using ML-based approaches; (ii) us-

ing the unique features of NNs for the design and optimi-

zation of the problem in the reduced dimensionality space;

and (iii) studying the fundamental physics of light-matter

interactions in hybrid dynamic MSs unlocked by the ML

approach. In addition, such a technique is not problem-

specific, i. e., once it is trained for a given class of MSs, it

can be used to design structures with a wide range of

feasible functionalities. The schematic of this method is

shown in Figure 21A [268]. First, the dimensionality

reduction technique is used to reduce the dimension of

both response (path 2) and design (path 4) spaces with an

acceptable level of reconstruction error. While a well-

known autoencoder network is trained to reduce the

dimensionality of the response space, the authors pro-

posed a new architecture, called pseudo-encoder, which
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can predict the structure responses in the reduced response

space given an unseen set of design parameters. The

bottleneck (i. e., the NN layer with theminimum number of

neurons) of the pseudo-encoder represents the reduced

design space. Accordingly, the relation between the

reduced design and original response (path 5) and reduced

response (path 3) spaces becomes close to one-to-one. To

solve the inverse problem, the authors proposed the ar-

chitecture in the bottom panel of Figure 21A, in which the

reduced design parameters for a given desired response

can be found. Since the relation between the reduced

design space and the original design space is not one-to-

one, the last step of the optimization (i. e., finding the

actual design parameters of the original design space) can

be performed using other appropriate techniques. The

authors showed that a feed forward NN modeling the

relation between the original design space and the reduced

design space can be used to facilitate the exhaustive search

of the original design space to find the set of optimal

design.

In a following work, Kiarashinejad et al. showed that

their approach can also provide valuable insights about the

underlying physics of light-matter interaction in tunable

MSs [269]. The authors used their proposed technique to

assess the role of different design parameters on the

response of phase-change reconfigurable MSs. This

knowledge was then used to provide better designs for the

same MS functionality. Figure 21B (top left panel) shows

the schematic of a reconfigurable MS formed by encapsu-

lating an array of GST nanostripes between Au nano-

ribbons on top and a blanket of Au back reflector. The

supercell of the structure has seven design parameters (5

geometrical design parameters and two crystallization

level or equivalently indices of refraction of GST). The

response of the structure is its far-field reflection spectrum

that is sampled uniformly at 40 points in the 150–300 THz

frequency range. This constitutes a 7 × 40 dimensional

problem. Leveraging the technique proposed in reference

[268], this problem can be reduced to a 4 × 7 dimensional

space with less than 0.05% error using only 1700 simula-

tions of the random structures to train the autoencoder and

pseudo-encoder. The weights of the first (leftmost) layer of

the single-layer pseudo-encoder in the bottom left panel of

Figure 21B are used to disclose the impact of each design

parameter on the overall response of the structure. It is

clear that the height of the GST nanostripes is the most

significant design parameter while the the crystallization

levels of the GST nanostripes have lower importance

(see top right panel). To verify such a claim, the authors

studied the impact of three different h values on the

Figure 21: LeveragingDL for analysis, design, and optimization of dynamic phase-changeMSs. (A) Top: Applying the dimensionality reduction

technique to the design (using pseudo-encoder) and response (using autoencoder) spaces to mitigate the computational cost of forward and

backward problems [268]. Bottom: Schematic of an NN architecture to model a semi-inverse problem where the original response space is

related to the corresponding reduced design space. (B) Top left: 3D illustration of the dynamic PCM-based MS studied in [269]. The design

parameters are the thicknessof GSTnanostripes (h), the crystallization level of eachGSTnanostripe (m%
1 andm%

2 ), the unit cell periodicities (p1
and p2), and Au nanoribbon widths (w1 andw2). Bottom left: Architecture representation of a pseudo-encoder used to study the impact of each

design parameter on the overall response of theMs. The input layer is fedwith the design parameters while the output layer is associatedwith

the reduced response space. Top right: The weights of the first layer of the pseudo-encoder highlighted with the yellowish stripe. It shows h is

the most dominant parameter in the design of the MS. Bottom right: Electromagnetic field distributions in a unit cell of the structure under

consideration. Electric field profile (represented by arrows and coded by the rainbow colorbar) and magnetic field (presented by the thermal

colormap) for a unit cell with different heights.
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electromagnetic field profile of the hybrid MS given that

other parameters remain fixed. Figure 21B (bottom right

panel) shows that the coupling between the short- and

long-range surface plasmon modes, sustained by individ-

ual top and bottom plasmonic interfaces, significantly

changes by modification of the GST thickness. The evolu-

tion of thismode from the non-coupling regime (lower h) to

the high-coupled regime (higher h) plays the key role in

defining the reflection spectrum.

Recently, An et al. presented a deep learning-based

(DL-based) technique to form a forward and inverse model

for designing phase-change reconfigurable MSs [270]. This

method utilizes a deep neural network (DNN) to relate the

design space (i. e., geometrical parameters of a unit cell of

the MS) to the response space (i. e., the real and imaginary

parts of the complex transmission spectrum). To avoid the

adverse effects of the potential abrupt changes in the phase

or amplitude response of theMS in the training process, the

authors wisely decomposed the optical response in real

and imaginary parts, which grant the smoothness of the

data and thus, a more realistic trained model. This

approach meaningfully accelerates the design of MSs

compared to the conventional optimization approaches.

7 Perspective and outlook

Despite the impressive achievements of tunable nano-

photonics with phase-change chalcogenide materials,

which we outlined in this review, we anticipate further

growth of interest in this topic. In this subsection, we

describe our vision of further research and perspectives in

this actively growing area.

First of all, PCMs will continue playing a critical role in

actively tunable functional MSs. As we discussed above,

MSs have found many applications from microwave to

optical frequencies including ultra-thin lenses, imaging,

optical information processing, nonlinear optics, analog

computation, and invisibility cloak [24, 271, 272]. Changing

the direction in which an input electromagnetic wave is

traveling is one of the most interesting features that MSs

offer. In the past few years, gradient MSs have been

extensively used to steer the direction of an incident wave

in reflection and/or transmission. Although this class of

MSs offers unprecedented possibilities to manipulate the

direction of the wave flow, they still face challenges that

limit their functionalities. Gradient metal MSs are mostly

designed based on the generalized law of reflection and

refraction [7] suffer from low efficiencies [273, 274]. The

reason is twofold: high material losses of traditional

(metallic) meta-atoms and low deflection efficiency arising

from the fact that this approach does not take into account

the impedance mismatch between the input and desired

output waves. Moreover, most of the proposed fabrication

techniques result in gradient MSs with static functional-

ities. In other words, once an MS is fabricated based on

these methods its functionality is fixed and cannot be

changed.

Recently, the implementation of gradient optical MSs

based on high-index dielectrics causes a high interest

because of their low optical loss and novel regimes of light-

matter interaction [27, 38, 40, 275]. PCMs are dielectrics and

semiconductors with relatively high refractive index, and

therefore, the optical response of PCM nanoparticles is

governed by Mie resonances [159], exhibiting lower dissi-

pation losses especially in near-IR and mid-IR. As we have

discussed in previous sections, the ability of PCMs in active

tuning along with their relatively weak optical loss makes

them very attractive for various gradient MSs-based

tunable photonic devices including reflectors [190], filters

[145], polarizers [276], and holograms [277]. We envision

further growing of research works on this topic in the near

future.

It has been recently shown that the issue of low

deflection efficiency of gradient MSs can be overcome with

the new approach to the MSs design based on the concept

of metagratings [273]. Metagratings are periodic arrays of

polarizable particles where the period is comparable to the

wavelength. When such a structure is illuminated with an

incident wave, in addition to possible scattering into the

specular directions, other Floquet modes can, in principle,

carry energy away from the surface. Depending on the

angle in which the incident wave is illuminating the sur-

face and also the periodicity of the metagrating, the

different number of propagating Floquet modes can be

present. The direction of these Floquet modes can be

controlled by the periodicity of the structure making such

surfaces a rich platform for efficient manipulation of elec-

tromagnetic waves. MSs designed based on this approach

can reroute the incident wave to the desired direction with

100% efficiency. Also, MSs designed based on this method

do not require subwavelength structures lifting fabrication

challenges faced by conventional gradient MSs. The use of

reversible PCMs would make it possible to erase and

rewrite the pattern on the PCM surfaces to achieve the

metagrating operation that can be used for controlling

electromagnetic waves in a wide range of wavelengths and

frequencies. An integration of this platformwith a 2D pulse

shaper can be used to imprint the designed pattern on the

chosen substrate materials, as it has been done for zone-

plate devices in reference [189] or for polariton nano-

photonics in reference [193].
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Recent studies in light scattering engineering made it

feasible to tailor structures with unique scattering proper-

ties. One of such unusual scattering phenomena is the

bound states in the continuum (BICs) with unboundedly

large Q-factors and vanishing scattering lines in open

systems, which have been recently discovered in photonics

[278–283]. The existence of these states allows designing

optical MSs with diverging and potentially infinite life-

times. It has been demonstrated that the use of BICs in

lasers, nonlinear optics, and sensors allows significant

boosting of the performance of these vital applications.

Nanoparticles made of high-index dielectrics governed by

Mie modes have been demonstrated to be a powerful

platform for tailoring BICs-supporting nanostructures and

MSs [283, 284]. However, the reported devices supporting

BICs are rather static, with just a few exceptions [285]. We

belive that BIC-supporting dielectric MSs can be made of

PCMs that will make them tunable and reconfigurable

significantly expanding the possibilities of their practical

application.

Another example of unusual scattering phenomena

that can benefit from the use of PCMs is the so-called

exceptional points (EPs) arising in non-Hermitian struc-

tures [282, 286]. Exceptional points correspond to the case

when pairs of eigenstates and corresponding eigenvalues

of a non-Hermitian operator (e. g., Hamiltonian or S-ma-

trix) coalesce. In structures comprising a balanced

amount of gain and loss known as parity-time symmetric

[282], EPs can arise at a real frequency and hence can be

detected via CWmonochromatic excitation. The existence

of EPs results in a nonlinear dependence of the response

of a system to variation of the system’s parameters (e. g.,

frequency detuning, amount of loss or gain). This pecu-

liarity makes them interesting for ultra-sensitive sensor

devices, single-mode lasers and quantumoptics [282]. The

use of PCMs provides a fruitful approach to precise

tailoring material loss in space and time and hence can

facilitate the designing and realization of structures

supporting EPs [287] especially in the integrated on-chip

scenario.

The advances of nanophotonics can facilitate the

reduction of the power consumption of PCMs-based pho-

tonics structures. Usually, to take full advantage of a pro-

nounced change of the dielectric function of PCMs, bare

PCMs have to be transformed from the amorphous to the

fully crystalline phase, which requires relatively strong

laser fields or strong external electrical bias [86, 159, 173,

288, 204]. For example, the full transition from crystalline

to amorphous phase for bare GST material requires a peak

intensity of ∼1 mWµm−2 [289]. Although such intensities

are not weak, they are much weaker than those used in

other reversible approaches including electron-hole

plasma excitation that requires laser intensities of ∼103
–

1055 mWµm−2 [92, 290–293], and comparable with the in-

tensity of thermo-optical nonlinearity of Si [294]. As

we discussed above, the power consumption and

tuning intensities of PCMs-based devices can be signifi-

cantly reduced via strong optical heating araising at sur-

face plasmonic resonances of metal nanostructures [141,

145, 295].

The use of PCM in nanoantennas with several

employed coupled resonant modes allows efficient tuning

of their power pattern [173, 296]. In contrast to the spectral

properties of an antenna, its scattering pattern demon-

strates a stronger tunability because it relies rather on the

relative phases of involved modes. For example, in paper

[296], a hybrid metal-semiconductor core-shell nano-

antenna made of silver Ag core and phase-changing GeTe

shell has been designed to possess switching between the

superscattering regime and nonradiative cloaking state

with remarkably low power consumption. It has been

shown that tuning of the PCM crystallinity leads to a

tremendous change in the total (∼15 times) and forward

(∼100 times) scattering with the characteristic intensity of

∼10 µWµm−2 which is ∼2 orders of magnitude weaker than

for bare GeTe material or Si particles tuning by thermal

heating.

Integrating chalcogenide PCMs with PICs has enabled

reversible switching between arbitrary states, whichmakes

them near-ideal candidates for all-photonic implementa-

tion of switches and modulators, memories, arithmetic

processors and neurosynaptic systems. However, there is

still room for improvement of integrated phase-change

photonic devices to outperform their electronic counter-

parts [103]. On top is the switching energy required for

phase transition of the PCM. Although the switching en-

ergy falls in the range from 50 pJ to a few nJ [209, 211, 215,

236], a 0.1 pJ switching energy has already been demon-

strated in an electronic phase-change memory [201].

Therefore, it is very crucial to develop new architectures

such as plasmonic nanogaps [297, 224], photonic crystal

cavities [220] and crossing waveguides [228, 223] offering

hotspots inwhich thePCMelements could be exposed to an

enhanced electromagnetic field to reduce the required

transformation energy. It is noteworthy that judiciously

designed configurations can help increasing the optical

contrast and consequently relaxing the necessary switch-

ing energy [211]. Another aspect is the switching speed.

While several types of triggering optical/electrical pulses

(single pulses with tens of nanosecondwidths, or groups of
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picosecond pulses) have been used for stepwise crystalli-

zation of the PCM element, the finite crystallization time of

PCMs has limited the switching speed [203]. To improve

this, pulse shape engineering is necessary. Recently, a

qualitative study on the origin andmechanismof the phase

switching in the PCMs has been reported in reference [298]

to describe the switching dynamics for precise control

during amorphization and crystallization. The third area

for improvement is the maximum number of cycles that a

PCM cell can be switched between states, or the durability

of the switching process. An endurance of more than 1015

cycles has been reported for electronic phase-change

memories with ultra-scaled volumes to prevent elemental

segregation due to the partial melting process upon

repeated cycling [205]. Therefore, for the realization of all-

photonic ultrafast processing applications, a higher num-

ber of cycles is needed. To do so, one may use some new

materials development approaches reported in references

[299, 300].

To harness the disruptive concept of meta-optics in the

realization of on-demand adaptive functionalities, design

of dynamically reconfigurable MSs with unprecedented

performance is indispensable. Although increasing the

number of design parameters spans the optimization

landscape (or equivalently space dimensionality) that

helps electromagnetic designers find the best possible so-

lution, this freedom adds serious complexities to the

design process.While employing conventional approaches

such as topology and multiobjective optimization tech-

niques have resulted in high-performance complicated

metadevices, so far, suchmethods have been limited to the

context of non-tunable meta-optics with predefined fixed

functionalities. Newly emergent deep learning approaches

as a powerful platform for intelligent analysis, design, and

optimization of tunable MSs, leveraging functional mate-

rials including PCMs, can empower electromagnetic de-

signers to effectively overcome hyper-dimensional

problems with reasonable computational resources.
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