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ABSTRACT: Phase transitions can occur in certain materials such as transition metal oxides
(TMOs) and chalcogenides when there is a change in external conditions such as temperature and X(\,Q\"i& N
pressure. Along with phase transitions in these phase change materials (PCMs) come dramatic 008" ‘%o:“\%o
contrasts in various physical properties, which can be engineered to manipulate electrons, photons, % ®
polaritons, and phonons at the nanoscale, offering new opportunities for reconfigurable, active % el
nanodevices. In this review, we particularly discuss phase-transition-enabled active nanotechnologies %3 ©

e s 0)
in nonvolatile electrical memory, tunable metamaterials, and metasurfaces for manipulation of both 2 o

90

free-space photons and in-plane polaritons, and multifunctional emissivity control in the infrared
(IR) spectrum. The fundamentals of PCMs are first introduced to explain the origins and principles
of phase transitions. Thereafter, we discuss multiphysical nanodevices for electronic, photonic, and
thermal management, attesting to the broad applications and exciting promises of PCMs. Emerging
trends and valuable applications in all-optical neuromorphic devices, thermal data storage, and
encryption are outlined in the end.
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1. INTRODUCTION

The realization of dynamic and reconfigurable functional
nanodevices has been a long-term pursuit, where many avenues
have been explored. Spatiotemporal control can be achieved via
operation near critical points where physical properties of
materials present strong dependencies on external conditions."
For instance, electrical gating is one important approach in
nanoelectronics. Applying electrical potential can be used to
modulate the resistivity of AgS nanodots via the removal of
dopant atoms” and to modulate the bandgap®™* of low-
dimensional nanomaterials such as graphene and black
phosphorus (BP). In nanophotonics, multiphysics processes
can be exploited, using optical nonlinearity,” thermal-optic
effect,’ electro-optical effect,’ and nanomechanical actua-
tion”™"" to tune electromagnetic wave response of materials
for multiple functions. However, further applications of these
modulation technologies are hindered due to different
limitations. For example, chemical engineering is usually slow,
mechanical control is faced with the problems of accuracy and
reliability, and optical nonlinearity and thermal-optical effect are
too weak, which require high excitation power. All these factors
restrict the tuning range and efficiency of nanodevices.

Phase transition, a physical process for a medium varying from
one state to the other, is ubiquitous and offers an alternative
avenue to modulate the response of materials. One of the most
well-known examples is the phase transition of water among
solid, liquid, and gas states: when ice absorbs enough heat it
transits to liquid states; when liquid water is heated to the boiling
point, it can transfer to the gaseous state. Besides, the ambient
pressure plays deterministic roles in the phase transition of
water. Together, the property of water, such as density, viscosity,
and others, can vary significantly. Beyond this commonly
observed transformation among basic states, many more
complicated kinds of phase transitions can exist, all usually
accompanied by dramatic change of specific or multiple physical
properties. For instance, the electrical conductivity drops
suddenly after metal-to-insulator transition (MIT);"> materials
lose their permanent magnetic properties when heated above
the Curie point, known as ferromagnetism to paramagnetism
switching;' optical dielectric constant changes obviously in the
presence of amorphous and crystalline phase change."*

Taking advantage of these tailorable physical properties, the
phase transition has become a promising route toward active
nanotechnologies, spanning from electronics, photonics, and

thermotics to many other important scientific branches.'> > In

this work, we selectively focus on two classes of PCMs, TMOs
and chalcogenides, for reconfigurable nanotechnologies. We
note that, although there are various material systems with
exciting phase transition properties, we focus on these two
emerging PCMs because they host various phases, which can be
flexibly modulated in the nanoscale and that our discussions of
its modulation mechanism herein can facilitate the under-
standing of other systems and technologies (such as inorganic
and organic compounds for heat storage), for which the
interested readers can refer to several existing literature.””*

TMOs are compounds formed by combining transition
metals with oxygen atoms. One of their peculiar properties is
MIT, accompanied by change of various physical properties.
The vanadium dioxide (VO,) is a typical TMO, which switches
from insulator to metal state at Ty = 67 °C. During its MIT,
both the optical and thermal properties change dramatically
(dielectric constant of 4.9 switch to —35 + 119i near 10.6 um;>’
and thermal emissivity can drop with large contrast at IR
region26), making the material a gromising candidate for
reconfigurable photonic devices>*”*® and thermal radiation
control.****7*! Furthermore, the phase change temperature of
TMOs can be controlled via doping various impurities such as
tungsten, offering more freedom to manipulate this transition. In
addition, considering that the in situ fine modulation of ambient
temperatures could be available with the resolution of few tens of
nanometers, TMOs hence could support the nanoscale tunable
functionalities in the field of optics, information technology, and
energy. Examples include photonic metacanvas,” IR camou-
flage,”® thermal imaging sensitizer (TIS),” and temperature-
adaptive radiative coolers,”" which we will discuss in detail.

Alternatively, the amorphous-to-crystalline transition occurs
in binary and ternary chalcogenide alloys when the material is
heated above its phase transition temperature.”” During the
phase change process, both the electrical conductivity and the
refractive index increase.”> Chalcogenides can support large
resistance contrast and nonvolatile property during the
transition, important for electrical NVM and breaking the
limit of classical memory.”® Besides, the continuous crystal-
lization and reamorphization process of chalcogenides can
enable neuromorphic devices including artificial neurons,®"**
synapses,”® and other novel devices,”’ ™’ providing a new
platform of neuromorphic computing. In optical systems where
high integration, miniaturization, programmability, and multiple
functionalities are favored, chalcogenide nanostructures can be a
suitable candidate. The composition of those deeply sub-
wavelength nanostructures can form an artificial media, with
optical properties that are unattainable in nature, known as
metamaterials, where each constituent structure is called the
meta-atom.** The direct engineering of phase-change meta-
atoms would pave a new way to modulate the overall meta-
devices and to realize tunable nanophotonic devices.*'
Furthermore, various nanophotonic phenomena, enabled by
the resonance or enhanced light confinement at nanoscale,
strongly depend on surroundings, while chalcogenides may be
introduced to modulate those nanoscale optical events.*””*° In
addition, the emissivity of chalcogenide films increases
obviously in IR region during the crystallization process,
enabling active control of thermal radiation for thermal emitters
and camouflage technology.*’—°

One thing should be noticed is that although TMOs and
chalcogenides can both have phase transitions when temper-
ature changes, there are many differences in their material
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properties. For example, the property change of VO, (a typical
TMO) across the phase transition is volatile, which means
continuous power should be applied to keep the material at a
constant temperature. On the other hand, phase transitions in
GeSbTe alloy (a typical chalcogenide) are stimulated by pulsed
heating and are nonvolatile, leading to no energy in need for
material property maintaining. Comparison between properties
of VO, and GeSbTe alloy is listed in Table 1.

Table 1. Differences between VO, and GeSbTe Alloy

VO, (a typical GeSbTe alloy (a typical
TMO cha.lcogenide?P
volatility volatile nonvolatile
phase transition scheme background pulsed heating driven
temperature
driven
energy consumption during low high
phase transition
contrast low high

transition speed sharp and fast gradual and slow

In Figure 1, we have summarized the excitation, phase
transition, and typical applications of TMOs and chalcogenides
in electrical nanodevices, nanophotonics, and thermal radiation
control. In last few decades, there are various literature reviews
on recent advances of PCMs in nanophotonics,‘“’52 meta-
surfaces,””>>>* nonvolatile memory,””>>~>’ and neuromorphic
devices.”™*” However, a comprehensive introduction from
material physics and chemistry (particularly on emerging
TMOs and chalcogenides) to their applications in nanodevices
(including electronics, nanophotonics, and thermotics) is still
lacking. In this review, we start by introducing the physics and
mechanism of transition oxide and chalcogenide PCMs. Then its
feasible applications are reviewed from the aspects of electrical
nanodevices, wave manipulation in nanophotonics, and thermal
radiation control. Benefiting from the dramatic change of
physical properties during the process, we illustrate phase
transition as the perfect method to build novel programmable
and dynamic nanodevices. Finally, we discuss major obstacles in
the current development of PCM-based nanotechnologies and
provide our prospect of future developing trends.

2. MATERIALS PHYSICS AND CHEMISTRY OF PHASE
TRANSITION

2.1. Introduction of Phase Transition

Phase transitions describe the process in which a crystal or
electronic structure undergoes a change between two different
states. This review is focused on structural phase trans-
formations that lead to useful electrical, optical, and thermal
property contrasts. Phase transitions occur when an initial phase
is unstable relative to a second phase. For example, heating
glassy silica above 1000 °C can result in crystalline quartz
because quartz is more stable at 1000 °C than the disordered
structure of glassy silica. Yet the opposite transition happens at
1715 °C when the disordered state of molten silica is
thermodynamically more stable. Quenching molten silica at a
higher rate than that of crystallization transform the material
back to its glassy solid state. However, the glassy silica to quartz
phase transformation results in a rather small change to the
material’s intrinsic electronic and optical properties, which may
not be suitable for reprogrammable devices. In contrast, local
structural changes in the common PCMs result in radical

changes to the refractive index and electrical conductivity, and it
is these property changes that are now providing a new way to
design programmable nanodevices.

The most well-studied PCMs were originally developed for
data storage. Indeed, they were successfully commercialized by
Panasonic for rewriteable compact and digital versatile discs.
More recently, both Samsung and Intel have commercialized
electronic memory devices that are based on the same family of
PCMs, namely those along the Sb,Te;—GeTe pseudobinary
compositional tie-line. Beyond data storage, the enormous
property contrast exhibited by PCMs has been used to adjust the
resonant frequency of optical metamaterial filters®’ = and
microring waveguides;*”®> achieve homeostasis by controlling
surface emmisivity,”® create low energy reflective displays,®
perform arithmatic,®® control the transmission of GHz, surface
plasmon polariton (SPP), and optical waves,””~”" modulate
surface phonons, and control the movement of micro-
particles.”>”?

Many properties need to be considered when designing or
selecting PCMs for nanodevices, such as contrasts of physical
properties between two states, the minimum refractive index,
optical loss at the operation wavelength, archive stability,
switching speed, switching power and energy, fabrication
precision, multilevel ability, and write—erase cyclability.
Currently, no single PCM composition is well-suited to
programming all conceivable nanodevices.”* For example,
Sb,Te;—GeTe PCM:s are better suited to mid-infrared (MIR)
photonics than near-infrared (NIR) and visible photonics
because in the MIR they exhibit a large change in the real part
of the refractive index with low absorption. These Sb,Te;—
GeTe PCMs were originally designed for data storage where
archival stability and high rates of crystallization are key
considerations. But for many emerging photonics applications,
such as off-line trained optical neural networks (ONNs) for
feedforward inference operations, the PCM is used to program
weights of the network, and the programming time and
cyclability are unimportant because these devices are
infrequently trained. In contrast, the multilevel ability, refractive
index contrast, and low absorption are of greater concern.
Currently, there are a handful of candidate PCM compositions
that seem suitable for low-loss programmable photonics
applications in the visible and NIR spectral bands. We believe
that more effort from the photonics-materials community is
required to design bespoke PCM for different applications.

Although most materials can exist in amorphous and
crystalline states, for example, quartz and glassy silica are both
made of silicon dioxide, only a small fraction of these materials
exhibit physical properties that make them ideal for program-
mable photonics and data storage. An ideal PCM should have a
large refractive index change between phases, be capable of
reversible switching between phases, rapidly change phases with
low input energy, and have phases that are stable under the
typical operating conditions of the device. Clearly, the stability
requirement is contradictory. For example, PCM needs to be
stable at room temperature yet be unstable and change phase
rapidly with moderate input energy. Such structural changes
require atomic mobility to exhibit a highly nonlinear response to
the input energy. We can see now why the phase transition
between glassy silica and quartz is unsuitable for active
photonics. The refractive index difference between silica and
quartz is either 0.07 or 0.03, depending on the polarization of the
light. Above the glass transition temperature, the melting
temperature is 1710 °C, and SiO, is considered a strong liquid,
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Figure 1. Excitation, phase transition, and typical applications of PCMs. (a) Excitation methods to stimulate phase transition, including electrical pulse
(top), optical illumination (middle), and direct heating (bottom). (b) Two kinds of phase transitions which are discussed in this review: amorphous-
to-crystalline transition (left) and insulator-to-metal transition (right). (c) Applications of PCMs on electrical nanodevices: NVM (top) and
neuromorphic device (bottom).*® The bottom panel is adapted with permission from ref 58. Copyright 2020 Wiley-VCH. (d) Applications of PCMs
on nanophotonics and some typical examples including phase control (top left), 1nten51ty control (top right), and integrated device (bottom). (e)
Applications of PCMs on thermal radiation control: thermal camouflage (top left),"” spatial control (top right),*’ imaging sensitizer (bottom left),””
and radiative cooling (bottom right).>" The top left panel is reproduced with permission from ref 47. Copyright 2018 The Author(s). The top right
panel is reproduced with permisson from ref 60. Copyright 2022 Wiley-VCH. The bottom left panel is reproduced with permission from ref 29.
Copyright 2020 The authors. The bottom right panel is reproduced with permission from ref 31. Copyright 2021 The American Association for the
Advancement of Science.

which means that the atomic mobilities do not show the abrupt
changes that are necessary for amorphous PCMs to be stable at
room temperature yet crystallize rapidly when heated above the
glass transition temperature. In contrast to the silica-quartz
phase transition, several binary and ternary chalcogenide PCMs
and TMOs that can fulfill these requirements have been

In 1959, Morin pioneered the work of MIT VO, and
demonstrated the reversible crystal structural transition at the
critical temperature T. of ~340 K (68 °C)."” During the
transition, the VO, changes from its high-temperature rutile (R)
to low-temperature monoclinic (M) phase. The VO, (R) crystal
shows a body-centered cubic structure with linear V—V chains of

developed. ~2.85 A, which is lower than the critical V=V distance of ~2.94
2.2. TMOs A, leading to the shared electrons in the d-orbital and the bulk
2.2.1. Introduction of TMOs. TMOs are compounds metallic property (Figure 2a).*" The VO, (M) displays a slightly

distorted crystal structure made of zigzag V—V chains with two
different chain lengths of ~2.65 and ~3.12 A, resulting in the
insulating property (Figure 2a).*” In 1971, Goodenough first
described the molecular band structures of VO, (R/M).*! The
metallic VO, (R) has a partially overlapped z* and d// bands,
while the insulating VO, (M) has an elevated 7#* band and a split

formed by combining transition metals with oxygen atoms.
Some of them, such as VO,”™”” and MoO,,”®”" show the
peculiar property of the reversible MIT, at which the physical
properties change dramatically, including their electrical
resistivity, dielectric constant, transmittance/absorbance, and

thermal emissivity. Among them, VO, is the most studied one
75—77

and presents as a textbook of MIT materials.

15453

d// band, leading to a band gap of ~0.7 eV (Figure 2b).

https://doi.org/10.1021/acs.chemrev.2c00171
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Figure 2. Crystal structure and band structure of VO,. (a) Schematic crystal structures of insulating monoclinic (M1 and M2) and metallic tetragonal
(rutile R) VO,. The V atom and oxygen atoms are 1nd1cated as gold and blue spheres, respectively. The V—V distances are also indicated. (b)

Schematic band structure of the VO, (M) and VO, (R).*

Reproduced with permission from ref 80. Copyright 2011 American Chemical Society.
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nanoparticles with different W doping levels. (f) Calculated electron localization function (ELF) maps and (g) the total transferred electrons from V to
O atoms of pristine VO,, W-VO,, and Mg-doped VO, (Mg- vO,).”® Reproduced with permission from ref 98. Copyright 2021 Royal Society of

Chemistry.

The mechanism of VO, phase transition has been under
debate for decades between the Perierls and the Mott—Hubbard
models.*> ¢ The Peierls model describes the nature of the
phase transition and suggests that the insulating is driven by the
crystal structural distortion alone, while the Mott—Hubbard
model suggests that strong electron—electron correlations are

15454

involved in the transition, which contributes to the unusual
phenomena, such as the ultralow conductivity.”” Both of the two
models have been strongly supported by experiments, and the
debate remains by now.**"*° This may be attributed to the

challenge in decoupling the electronic and structural portions
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during the ultrafast transition, and the mechanism may differ
when the transition is driven by different stimuli.**

2.2.2. Properties of TMOs. The phase transition of metal
oxides can be driven by many different stimuli, and the property
change varies a lot from case to case.® Here, we concentrate on
VO,, as it is the most commonly used TMO in current tunable
nanodevices. The VO, MIT was achieved by many methods that
can be classified as thermal, magnetical, electrical, mechanical,
optical, and electrochemical stimuli. Also, the transition leads to
significant properties difference in electric, optical, thermal, and
even mechanical properties. As a textbook material, VO, has
been widely investigated in diverse devices and applications, and
a detailed summary of VO, regarding its different stimuli-
responsive transitions and the extensive applications can be
referred to recent review works.***® On the basis of the range of
its applications, we mainly focus on the property of nano-
photonics and long-wave infrared (LWIR) thermal radiation.

The MIT transition leads to significant changes in its optical
properties. One of the most investigated properties is its
transmittance/absorbance modulation in visible-to-near-infra-
red (Vis-to-NIR) regions. The high-temperature metallic VO,
shows a much lower NIR absorbance than the low-temperature
insulating VO,. The temperature-dependent transmittance
characteristic makes it a promising material for energy-saving
smart windows.*>*¥*? So far, a lot of works have been reported
to improve the modulation performance, including the methods
by increasing the crystallinity, introducing dopants, tuning the
nanoscale morphology, and so on, the detail of which can be
referred to a more focusing summary work for VO, in smart
window applications.”*”" In general, the VO,-based smart
window exhibits two merits: (1) the “passive” work mechanism
by applying the temperature-dependent transmittance change,
and (2) working in a “silence” way, where the visible change is
negligible and indiscernible. One of the interesting nano-
photonic works is to apply the VO,-based photonic crystal to the
smart window.”' Long’s group proposed a hexagonal-closed-
packed monolayer structure consisting of VO,—SiO, core—shell
spheres and demonstrated the photonic bandgap in the visible
region by tuning the diameter of the core—shell spheres from
~400—800 nm while maintaining the NIR modulation of VO,
This method is effective to produce blue, green, and yellow
glasses using the yellow-brown VO,.

The surface plasmon resonance of VO, is interesting because
it only appears on the metallic state but is being quenched on the
insulating state. This active/dynamic characteristic makes VO,
distinct from those classic plasmonic materials such as gold,
silver, and aluminum. Ke et al. demonstrated active localized
surface plasmon resonance (LSPR) on patterned VO, nano-
particles.”” The LSPR can be reversibly switched on by elevating
the temperature to transit VO, from insulating to the metallic
state while being entirely quenched at a lower temperature
(Figure 3a). Also, the LSPR in VO, is affected by the local media
reflective index,””” crystal sizes, and particle shapes (Figure
3b).”>"* Above the critical transition temperature, the nano-
particles exhibit a strong electrical field near their interfaces
(Figure 3c). In their following work, they verified that the
particle size and W dopants are effective to control the LSPR
energy (Figure 3d,e), for example, the energy decreases to ~0.7
eV on the sample with a W doping level of 10 at. %. They also
pointed out that there is less electron transfer from W to its
neighboring O atoms (Figure 3f) and suggested that the effect of
the charge of cations (Barder charge transfer) plays a dominant

role over a number of valence electrons to determine the free
carrier density (Figure 3g).

The emissivity change of VO, during phase transition has
witnessed increased attentions recently. A VO, thin film
decreases its emissivity in the LWIR region with changes from
its insulating to metallic states.”® This property was applied for
thermal camouflage in early reports.”® Quite recently, two
groups applied the material to building envelopes by
constructing Fabry—Perot resonator structures for enhance-
ment of the emissivity change to meet the energy-saving
demands.”"”” Wu’s group reported the sample constructed of
patterned W-VO, in BaF, film with an Ag-based back reflectance
layer.>’ The sample shows a low emissivity ~0.2 on low
temperature and a high emissivity ~0.9 on high temperature
with a low absorptance in the solar spectrum, which is able for
building roofs. Long’s group reported applying the switchable
emissivity of VO, in smart window applications.”” In their work,
the sample has a multilayer structure consisting of VO,,
poly(methyl methacrylate) (PMMA), indium tin oxide (ITO),
glass, and ITO in sequence. Besides the switchable emissivity in
the LWIR region, their sample is also transparent in solar spectra
and can be dynamically modulated in NIR, while maintaining a
nearly constant transmittance in the visible range.

2.2.3. Modulation of Ty Modulating the phase transition
of VO, has been attracted long-standing research interest. One
of the most efficient methods is to introduce the substitutional
dopants, such as W, Mg, and so on.®> Most of these methods
target to reduce its intrinsic critical temperature of ~68 °C to
near room temperature, thus making it more suitable for some
applications such as temperature-independent camouflage, TIS,
which will be discussed in section 5. To our knowledge, the W
doping is the most efficient and the most widely used method to
reduce the critical transition temperature by ~15—30 °C/at.
9%.% Reza’s group observed the W dopants in insulating VO,
nanowire generate anisotropic localized stress” while introduc-
ing more uniform stress distraction in metallic VO,. They
further proved that this lattice-stress difference gives an
energetic consequence of structural distortion and transition.

Different from substitutional dopants, interstitial dopants
such as H atoms can tune the VO, from insulating to metallic
phases without destroying its lattice framework.'”’ Son’s group
achieved the reversibly H intercalation by depositing Pt on VO,
surface as catalysis.'’" The H atom, known as the smallest and
lightest atom, can stay on the interstitial sites in VO, lattice to
form metallic H,VO, by filling the interinteger d-band.

Besides, lattice strain/stress can also be generated by the
interfacial lattice mismatch in epitaxial films. Muraoka et al. grew
VO, thin film on TiO, (001) and (110) surface and found out
the epitaxial stress can compress and expend the VO, alone x-
axis, leading to a tunable critical temperature.lo2 In detail, the
critical transition temperature decreases significantly from 341
to 300 K for VO, grown on TiO, (001) and increases to 369 K
for VO, on TiO, (110). The effect is also thickness dependent
and becomes less obvious for thick epitaxial VO, film due to the
stress relaxation effect alone out-of-plane directions.'*>'** Wu’s
group modulated the phase transition by applying the strain
onto a single VO, nanowire directly, and they plotted a phase
diagram of VO, by considering both the stain and temperature
effects.'”

2.2.4. Fabrication Technologies. So far, plentiful tech-
nologies have been developed for VO, syntheses, such as
hydrothermal method, vapor deposition, template-/mode-
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Figure 4. VO, polycrystals fabricated by the template-/mode-assisted method. (a) Monolayer colloidal templates consisted of polystyrene spheres.
Atomic force microscope (AFM) topographic images of the monolayer colloidal templates on its surface (i) and edge (ii). Inset of (ii): the high analysis
on edge. (iii) Scanning electron microscope (SEM) images of the colloidal templates before (inserted figure) and after the O-plasma treatment. (b)
SEM images of produced VO, (M/R) crystals. The samples are produced with hexagonal nanoparticles (i—iii), nanonet (iv—vi), and nanodome arrays
(vii—ix) with tunable periodicity from 160, 490, to 830 nm. Inset of (viii): the tiled view to illustrate the hollow dome structure.”” Reproduced with

permission from ref 92. Copyright 2017 American Chemical Society.

assisted replication, and so on. In general, VO, (M/R) tends to
grow alone on its c-axis, resulting in rod and wires structures.

The hydrothermal method has been used to develop VO,
crystals with different sizes, shapes, and dopants. The summary
of hydrothermal synthesis of VO, can be referred to other
focusing review work.'”® Doped VO, is achievable by adding
dopants elements (e.g., W, Mg, F, Fe) in precursors, and a more
complex structure can be realized through post-treatment. For
example, the group of Gao and Luo has successfully produced
core/shell W-VO,/TiO, nanorods.'” In their process, the V
and W precursors are mixed in an autoclave and undergo 260 °C
for 48 h to produce the W-VO, nanorods. The TiO, shell is
prepared by mixing the produced W-VO, crystals in Ti solution
precursor and the TiO, shell forms during an 80 °C hydrolysis
process. Furthermore, vapor deposition is widely applied for the
fundamental study of VO, properties as the product usually
comes with very high crystallinity with a rode morphology with
dimensions from several hundred nanometers to micro-
scale.®”'%" "M% The epitaxial growth method can obtain high-
quality VO, thin film with a controllable thickness in sub-100
nm, althou%h high-quality substrates are usually re-
quired. 1OLIOS L2 Bogides, the template-/mode-assisted meth-
od is appropriate to prepare VO, polycrystals in sub-100 nm
scale with controllable size, shape, and composition (Figure
4)'92,98

Despite the sufficiency of preparation methods for VO,(M/
R), it is still challenging to prepare high-quality VO,(M/R) in
sub-50 nm with well-controlled size and shapes. One reason is
that the V element shows many valences (e.g., V>, V¥, and V"),
and the vanadium oxide can exist in different forms, such as
V,0;, VO,(M/R), VO,(B), V,0s, and so on. Another reason is
that the synthesis requirement of VO,(M/R) is harsh, which
commonly requires a high-temperature process.

2.3. Chalcogenide PCMs

2.3.1. Introduction of Chalcogenides. Because of its
remarkable change of refractive index and thermal emissivity

during phase transition, TMOs have been widely apglied in
many fields including meta-canvas,” IR camouﬂage,9 TIS,”
encryption,113 smart windows,*>° and much more. However, a
disadvantage of TMO-based devices is that the material must be
heated continuously to maintain the desired property. Contra-
rily, phase change chalcogenides can latch into metastable
amorphous or crystalline phases without a continuous supply of
heat. This nonvolatile property has led to many new program-
mable nanodevices.

Chalcogenides are materials composed predominantly of
either sulfur, selenium, or tellurium. These elements belong to
group 6 of the periodic table. Many chalcogenides crystallize at
temperatures sufficiently high that their amorphous state is
relatively stable at room temperature, yet the crystallization
temperature is sufficiently low that it can be accessed using a
focused laser diode irradiation or electrical Joule heating. This
means that both the amorphous and crystalline states can be
stable at room temperatures. When many tellurium-based
materials crystallize, their physical properties undergo a
pronounced change where electrical conductivity and low-
frequency refractive index increase. It is these alterations that are
now being exploited in programmable displays, metamaterials,
on-chip photonics, nonvolatile memories, and so on.

Chalcogenides can exist naturally as minerals; two of the most
well-known being FeS, (pyrite) and AuTe,. In fact, AuTe, was
the main reason for the goldrush town in Southwest Colorado
being named “Telluride”. One can, therefore, understand from
an etymological perspective that the word chalcogenide is
derived from the Greek for “ore former”,''* a word that has
existed in the scientific literature since the early 1930s.'"
Historically, oxide materials are the oldest known glass-forming
systems, especially in silica; it has thus become a tradition to
treat them separately from more recently discovered chalcoge-
nide compounds. Scientifically, oxide materials behave rather
differently from other chalcogenides. For example, the band gap
energy of SiO, is approximately 10 eV and therefore it is
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ref 18. Copyright 1991 American Institute of Physics.

insulating, yet many chalcogenides have band-gaps below 3 eV
and are, therefore, semiconducting.116

N. A. Goryunova and B. T. Kolomiets” seminal work on the
semiconducting properties of amorphous chalcogenides ini-
tiated a new field in amorphous semiconductor solid-state
physics."'” Ultimately, this field led to Stanford Ovshinsky
discovering that many telluride materials exhibit threshold
switching, a field-driven effect in the amorphous state of
chalcogenides where a substantial current flows that can cause
Joule heating and a subsequent amorphous to crystalline phase
transition."'® This was the start of the phase change
chalcogenides era. Since then, chalcogenide phase transitions
have been successfully commercialized for both optical and
electrical data storage,"”''” and now their programmable
properties seem well suited to new forms of computing®>'*’
and programmable photonics.”*>"*!

2.3.2. The Physical Origin of Amorphous-to-Crystal-
line Phase Transition. Alloys along the GeTe—Sb,Te;
pseudobinary tie-line tend to fulfill many of the specifications
required for high-speed programmable devices, including high
crystallization rates, enormous property contrast, and non-
volatility. These phase change alloys are among the most well-
studied PCMs because they were originally developed and
commercialized for data storage.15 The Sb,Te; and GeTe
binaries have also been grown as layers within phase change
superlattices'”> and SLL structures,'”’ which exhibit lower
switching energies than their alloy counterparts. The attractive
properties of these materials have recently fueled an explosion of
interest in Sb,Te;—GeTe alloys with researchers and engineers
reimagining their application in reprogrammable photonics and
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thermotics. For this reason, we discuss the physical origin of
their properties in some details in the following paragraphs.

In 1990, the Ge,Sb,Te; (GST) ternary compound was first
commercialized by Matsushita Electrical (Panasonic Corpo-
ration) for optical memory applications.'** GeTe was chosen
because it has a high optical contrast between amorphous and
crystalline states, which is needed to accurately read data from an
optical disc. However, the crystallization speed of as-deposited
GeTe is relatively slow. In contrast, Sb,Te; was known to
crystallize rapidly. It was hypothesized, therefore, that alloying
Sb,Te; with GeTe may enable high crystallization rates and high
optical contrast, an ideal combination for optical data storage.'®
The phase diagram for the GeTe—Sb,Te; system was first
published by Abrikosov and Danilova-Dobryakova in 1965
(Figure 5a)."® The phase diagram exhibits a relative flat melting
temperature at 611 + 19 °C across a wide compositional change
from ~20% GeTe to ~84% GeTe. Ternary compounds exist
along with the phase diagram by periodically stacking GeTe and
Sb,Te; in hexa$onal unit cells with a face-centered cubic (FCC)
stacking rule.'”* These compounds have two prominent
crystallization events. At lower temperatures, the amorphous
material first crystallizes into an FCC structure, and then at a
higher temperature, the FCC structure transforms into a stable
hexagonal crystal. This is clearly seen in the lower panel of Figure
Sa, which shows the amorphous = FCC and FCC — hexagonal
crystallization temperatures as a function of composition. Note,
the reversible amorphous <> FCC transition is normally used for
data storage. The optical, electrical, and phase change
performance of GeTe—Sb,Te; alloys can be tuned by the
GeTe:Sb,Te; ratio. The hypothesis that allowing GeTe with
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proportion of these different three center four electron (3c/4e) different interactions within a PCM will radically change its macroscopic properties.
Reproduced with permission from ref 132. Copyright 2020 The Authors.
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Sb,Te; would produce a ternary compound that crystallized
quickly and exhibited a large optical contrast was correct. In
1991, Yamada et al. showed this in their seminal paper on the
application of GeTe—Sb,Te; for data storage. It has been shown
that the optical transmission contrast increases with the GeTe
concentration, while the crystallization time decreases with the
Sb,Te; concentration (Figure Sb). Later, GeTe was found to
recrystallize from its melt-quenched state much faster than
crystallization of the as-deposited amorphous material.'®'*®
This difference is due to the reamorphized state retaining crystal
nuclei; hence the melt-quenched amorphous state does not need
time to nucleate a crystal.

To understand the physical properties of Sb,Te;—GeTe
alloys, we must first discuss their crystal and electronic
structures. Matsunaga and Yamada used X-ray diffraction
studies to show that the FCC phase of the Sb,Te;—GeTe alloys
is important for data storage. The FCC phase of GST, which is
the most commonly studied PCM due to its commercial success
in digital video disk (DVD)—random access memory (RAM)"**
and electronic memory,''? is constructed of two sublattices, with
Te atoms occupying one sublattice and a mixture of Sb, Ge, and
vacancies occupying the other.'® Robertson proposed that
bonding in GeTe can be resonant covalent if the bond lengths
are similar.'*® Note, however, that GeTe is a ferroelectric crystal
with three short and three longer GeTe bonds, but when this
material is alloyed with Sb,Te;, the Ge—Te and Sb—Te bond
lengths become more similar, and it was supposed that resonant
bonding is possible.

Resonant bonding can explain the large refractive index of the
crystalline Sb,Te;—GeTe alloys.'”” The electrons in a
resonantly bonded crystal are delocalized along the p-orbital
bonds across multiple unit cells. Delocalized electrons are easily
polarized by an external electric field, and polarizability is
directly connected to the dielectric permittivity via the
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Clausius—Mossotti relation. Therefore, explaining the unusually
large dielectric permittivity of Sb,Te;—GeTe PCMs being due
to resonant boding is reasonable.'*’

There are distinct differences in the short-range order
between crystalline and amorphous Sb,Te;—GeTe alloys.
Indeed, Kolobov et al. used extended X-ray absorption fine
structure (EXAFS) spectroscopy to show that Ge atoms are
predominantly 6-fold coordinated with the FCC crystalline
phase in FCC GST yet in the amorphous state occupy a mixture
of tetrahedral, pyramidal, and defective octahedral sites.'>* This
difference in local structure is important because valence
electron delocalization, which enhances the dielectric permit-
tivity, requires the p-orbitals to align across neighboring bonds,
and any disruption to this alignment will lower the dielectric
permittivity.>”'** Thus, a simple model emerges to describe
how the optical properties of GST depend on the local structure.
That is, the local structural transition of Ge atoms from
predominantly octahedral sites to a mixture of pyramidal,
tetrahedral, and defective octahedral sites disrupts electron
delocalization and its concomitant molecular polarizability, and
this causes a radical decrease in the GST refractive index.

Although the description of resonant bonding in GST
provides a neat way to describe the property contrast in the
Sb,Te;—GeTe system, this form of bonding is not the same as
the textbook resonant bonds that are observed in graphene and
benzene. For example, the carbon atoms in graphene are bound
together by a strong covalent sp> backbone with p, orbitals
pointing out of the two-dimensional (2D) surface and
delocalized across it. These p, orbitals do not interact with the
sp> backbone (Figure 6b). In contrast, GeTe—Sb,Te; crystals
tend to share delocalized p-orbital electrons along the structure’s
backbone, and consequently, small changes in the backbone
structure produce radical changes to the macroscopic properties
of the GeTe—Sb,Te; PCMs. Wuttig et al. introduced the
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concept of metavalent bonding (MVB), which is a whole new
bonding category, to distinguish this different bonding behavior
from resonant bonding."*" It has been noted that the atomic
coordination number and electronic conductivity of MVB
materials take intermediate values between covalent and metallic
solids and have a substantial anharmonic lattice instability.
Therefore, it is suggested that the properties resulting from the
metavalent bond can be tuned by the degree of electron sharing
along the p-orbitals. Elliott and Lee, however, explain this
tunability as not being a property of the bond itself, rather the
result of mixing different bonding types. This mixture can result
in a distribution of bonds with cubic GST exhibiting a subset of
the bonds that are also present in amorphous GST. The
argument for this assertion is based on bond character; the bond
character in cubic GST overlaps with bond characters seen in
amorphous GST. From an atomistic perspective, the interatomic
bond distances in cubic GST are on average longer than those in
amorphous GST. Moreover, the bond-length distribution
indicates that axial bonds are dominant in cubic GST. Axial
bonds can form three center/four electron (3c/4e) hyperbonds,
which exhibit stronger electron delocalization than two center/
two electron (2c/2e) covalent bonds, thus explaining the large
dielectric permittivity seen in cubic GST. Moreover, hyper-
bonding can also explain the reason that 6-fold coordinated
atoms are possible in both cubic and amorphous GST using
three p-orbitals and simultaneously allowing S- and 6-fold
coordinated Ge and Sb atoms in amorphous GST. Parts c and d
of Figure 6 compares the model proposed for delocalization by
Wauttig et al.'>’ with that proposed by Lee and Elliott."*”
Although these two viewpoints are somewhat different, they
both agree that bonding in the Sb,Te;—GeTe alloys is not the
same as resonant bonding in graphite and benzene, and they also
agree that there is substantial valence electron delocalization,
which radically increases the dielectric permittivity when
amorphous Sb,Te;—GeTe alloys crystallize. It is worth noting
that Sb,Tej is a topological insulator, and the interplay between
spin—orbit coupling and the crystalline electric field further
seems to further enhance the dielectric permittivity."*> The
valence-electron delocalization-dependent permittivity change
is essential in programmable electronic and photonics devices.
Therefore, throughout this review, we refer to bonding in the
crystalline phase of the GeTe—Sb,Te; alloys as “delocalized-
bonding”, rather than resonant, metavalent, or hyperbonding
because it encompasses all these possibilities.

The Sb,Te;—GeTe alloys have one major drawback for
photonics: they strongly absorb light in the visible and NIR
spectrum due to interband electronic transitions. Although the
bandgag can be tuned by changing the relative ratio of Sb,Te; to
GeTe,"”" they seem suboptimal for visible and NIR photonics
applications. For this reason, Sb,S;, Ge,Sb,Se, Te; (GSST), and
Sb,Se; have been proposed.'”*~"*” All of these compositions
have a wider bandgap than GST, with Sb,S; having the largest
bandgap and is consequently transparent to the red end of the
visible spectrum. The refractive index change of these materials
is large and sufficient to tune resonant photonic devices. The
switching times tend to be longer than GST, and further work
needs to be done to understand and then optimize the switching
mechanism. Nonetheless, recent studies on the switching
cyclability of Sb,S; show the potential of designing nonvolatile
photonic devices with cyclable optical states.'*®

Different PCMs are needed to meet the programming
requirements for specific applications. Typically, the properties
of a chalcogenide PCM are controlled through doping and

alloying with other PCMs, which can tailor their properties for
the application. For example, if phase change memories are
employed in automobile engine microcontrollers, they must
operate at high temperatures and the RESET (amorphous) state
of the PCM must be stable against spontaneous crystallization.
Because crystal nucleation is a stochastic process, controlling the
nucleation process can increase the programming speed and
repeatability.*”'*" Indeed, the inference accuracy of emerging
phase change neural network devices depends on the accuracy to
which multibit interconnection weights can be stably pro-
grammed. For this reason, Sb,Te;—TiTe, heterostructures have
been designed whereby the Sb,Te; layers act as a consistent seed
from which the TiTe, layers can be switched with a high degree
of repeatabilitgr, thus increasing the multibit programming
repeatability."”” Therefore, doped-GeTe, with its higher
crystallization temperature, has been proposed for automobile
applications.

2.3.3. Stimulation Technologies of Chalcogenides.
Phase transitions are driven by thermodynamics. For a material
to change phase in a nonvolatile manner, it should lower its
enthalpy. The simple picture of crystallization in the GeTe—
Sb,Te; alloys is based on thermally induced atomic relaxations
into a lower energy crystalline phase. The atoms should be given
sufficient thermal energy to overcome an activation energy
barrier. For GST crystallization tends to happen between 420
and 650 K, depending on the heating rate."*' Amorphization, on
the other hand, is rather different. In this case, the crystal should
melt and then be quenched into the amorphous phase.
Quenching is necessary because amorphous GST is higher in
enthalpy than the crystalline phase and the atoms should not be
given time to relax, otherwise, they will move back into their
thermodynamically metastable crystalline structure. The local
structure of molten GST is characterized by shorter bond
distances'** and a prevalence of 4-fold coordinated Ge atoms."**
However, the energetically more favorable cubic GST alloy is
characterized by 6-fold coordinated atoms. This means the free
energy of the crystal and amorphous structures must cross at a
temperature close to the melting point such that the amorphous
structure becomes more energetically favorable. Amorphization
involves locking atoms into lower coordination by removing
energy from the structure at a sufficient rate to prevent them
from moving back into their lower energy 6-fold coordination
sites. For GST, the quench rate needs to be ~10'° K/s."® The
phase stability also depends on pressure, which can slow
recrystallization.'** Indeed, phase change compositions that do
not exhibit a change in volume during the phase transition
require less energy to switch because no work is done on the
surrounding structures.'*> Finally, limiting configurational
entropy change during a phase transition can be used to
substantially increase phase transition efficiency. If one
considers that GST consists of a spectrum of different atomic
conﬁgurationslzg’132 or microstates, then limiting the number of
microstates that can exist will increase the efficiency of the phase
transition. This can be achieved using interfacial phase-change
memories (iPCMs),"*” which will be discussed in section 3.

Chalcogenides phase transitions depend not only on
temperature but also the heating and cooling rates. These
effects are most visible if one measures the crystallization
temperature of GST. At relatively low heating rates, such as 50
K/s, GST crystallizes at 452 K with high activation energy, but at
40 000 K/s, the crystallization temperature increases to 625 K
with a much lower activation energy.'*' This activation energy
lowering at high heating rates allows amorphous GST to
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Figure 7. Changes in the potential landscape due to quenching and annealing Sb,Te;—GeTe PCM. At room temperature, the PCMs lowest energy
state is crystalline. However, heating the material to its melting point raises the energy of the crystalline structure, AU,,, disproportionately to the
amorphous state, and the disordered state becomes more stable, thus melting and disordering occur. At room temperature, the amorphous state is at a
local minimum in the potential landscape. It is only possible to access this state under out-of-equilibrium conditions; e.g, rapid quenching. If the
quenching rate is sufficiently high and the atoms lose energy sufliciently quickly, then they can be trapped in a disordered state, which is higher in
potential and therefore less thermodynamically stable than the crystalline state. The material is stable because a potential barrier, E,.;, prevents the
material from spontaneously decaying at room temperature. However, heating the material above the crystallization temperature, T, raises the crystal’s
free energy (AU, — TAS) by AF, and modifies the potential landscape by lowering the activation energy to E,,. For GST, E,, = 2.3 eV when the
crystallization occurs at approximately 150 °C,"*® but if crystallization occurs at much higher temperatures due to high heating rates, then the activation

141
energy can be lower. +

crystallize in nanoseconds when heated to a high temperature
with short heat pulses but be stable for years at room
temperature. The amorphous phase is usually accessed by
heating the material to its melting temperature and then
quenching the atoms into a somewhat disordered structural
state. The power of the heat pulse used for amorphization is
greater than that needed for crystallization because melting
happens at a still higher temperature and because melting is an
endothermic phase transition. Generally, the heat pulses used for
amorphization are shorter than those used for crystallization
because often only bond angles and distances need to change to
invoke a change in the material’s optical properties, i.e., diffusion
of atomic species is not necessary. Moreover, longer-duration
heat pulses cause heat to diffuse into the PCM surroundings,
which concomitantly decreases the quench rate. For amorphiza-
tion, the quench time must be shorter than the PCM’s shortest
crystallization time. Thus, short heat pulses, which do not
substantially increase the thermal mass and associated quench
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rate, are generally used for amorphization. In contrast, a longer
heat pulse with lower heat power should be applied to
recrystallize the PCM.

Phase transitions occur to lower the free energy of the
material, and this fact is the key to understanding both melting
and crystallization in PCMs. It is informative to consider the
potential landscape when considering phase transitions. Figure 7
illustrates how the potential landscape changes when a typical
data storage PCM, such as GST, undergoes a write <> erase
(RESET < SET) phase transition. The free energy is lower for
the ordered (crystalline) state than the disordered (amorphous)
state at room temperature. However, the potential landscape
changes when the crystal is heated and at the melting
temperature the free energy of the disordered state is lowered
by entropy (—TAS) to the point that the disordered state
becomes more stable than the crystalline state, and therefore the
crystal melts. The material must be quenched at a rate higher
than that required for recrystallization in order to lock in the
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disordered structure and form the amorphous phase. For
example, GST must be quenched from 900 K to <300 K within
50 ns to prevent recrystallization. The amorphous phase is then
stabilized by activation energy, E,.;, which for GST is 2.3 eV
This energy is equivalent to a temperature of 27 000 K, and
therefore it would seem almost impossible for GST to crystallize
in a few 10 s of nanoseconds at temperatures between 450 and
700 K. However, at elevated temperatures the crystallization
activation energy for GST decreases to (E,,). This new
activation energy is enforced because the crystallization
temperature increases dramatically with the heating rate s, and
this allows GST to crystallize quickly at high temperatures. As
the temperature is lowered, the ordered crystalline phase is
stabilized relative to the amorphous phase by high activation
energy and a substantially lower free energy. The write <> erase
(RESET « SET) cycle is complete.

Heating the chalcogenide PCMs is generally achieved by
either (1) irradiating with a laser pulse at a wavelength that is
absorbed by the PCM, (2) passing a current through the PCM
such that Joule heating is possible, and (3) passing a current
through a resistive filament that is in contact with the PCM. The
electrical, optical, chemical (diffusion and reactions), and
thermal performance of the device materials need to be
holistically designed to ensure efficient switching. For example,
surrounding the PCM with a low thermally conductive material
will reduce the heat input power required to melt the PCM,
hence lowering the input power needed to melt the material.
However, surrounding the PCM with a low thermal conductivity
material lowers the quench rate, which makes amorphization
difficult. In electrical devices, the metals of the electrodes tend to
have a relatively high thermal conductivity, hence only small
filamentary electrodes are used that tend to minimize the heat
conduction. Or, in line cells, the PCM can be patterned as a
dumbbell shape such that the current density and heating are
highest in only the narrowest area of the cell.'*’ Because
chalcogenide PCM:s tend to have a low thermal conductivity, the
electrode interface remains cool. In optical data storage, ZnS-
SiO, is often used as a thermal buffer to insulate the PCM from
the Al reflector layers. The thickness of the ZnS-SiO, can be set
to optimize heating and quenching rates. The thermal properties
of one-dimensional (1D) and 2D materials also present
interesting opportunities to design phase-change devices that
can switch with extraordinarily low energies. For example,
single-walled carbon nanotube (CNT) electrodes, graphene,
and transition metal dichalcogenides (TMDCs) have all been
used to substantially improve the efficiency of GST electrical PC
deViCeS.l48_150

To model electrical and optical responses of PCMs during a
phase transition, thermodynamics and crystallization kinetics
need to be considered. First, the model should describe the
crystal microstructure evolution and then calculate the
concomitant optical or electrical properties. Multiphysics
phase-field'>' and an open-source cellular automata model
have recently been developed for this purpose.'>” The cellular
automata model, in particular, not only accurately predicts the
optical response of the microstructure and optical properties of
the polycrystalline and amorphized states of GST but also
intermediate states, which is important for developing devices
with a multilevel optical response.

2.3.4. Fabrication of Chalcogenides. Phase change
chalcogenides are usually sputter deposited onto photonic
devices. Although many tellurides can be sputtered using a direct
current (DC) power supply, generally radio frequency

sputtering is preferred because chalcogenide sputtering targets
tend to have high electrical resistance. Certain chalcogenides,
such as Sb,S;, have a very high sputtering rate, and the power
supplied to the target needs to be relatively low to control the
final film thickness. The main problem with sputtering is that the
coatings are not conformal, and therefore it is challenging to fill
high aspect ratio vias. For this reason, atomic layer deposition
(ALD),"’ chemical vapor deposition (CVD),"** and electro-
deposition' > techniques have been developed. Although these
techniques can fill high aspect ratio holes, they require
complicated precursor materials that often contaminate the
deposited film. For example, ALD-grown GST films tend to be
contaminated with oxygen, hydrogen, and carbon imlp_urities, 153
which can affect the phase transformation behavior.'*°

The GeTe—Sb,Te; superlattices and the Sb,Te;-based
topological insulators have not properly been exploited for
photonics applications, and many of the optical properties still
need to be studied. However, their low switching energy and
their wide gamut of attractive properties surely point photonic
researchers in a new direction. Growing these superlattices is
more complex than simply sputtering a chalcogenide film from
an alloy target at room temperature because the films exhibit a
high degree of (001) crystalline orientation. This requires
optimizing the crystal growth process at elevated temperatures;
typically, in the range of 200 to 300 °C.">” The methods to grow
the superlattices exploit vdWs epitaxy'>® using either sputter-
ing,"*>"*” molecular beam epitaxy (MBE),'*" or pulsed laser
deposition (PLD)."*"'* The main advantage of sputtering is
that it can produce highly uniform films over large areas, and the
process is relatively simple. However, the sputtering plasma may
damage the growing crystal, and therefore care must be taken to
confine the plasma close to the sputtering target. This can be
achieved by using low-power plasmas. The main disadvantages
of MBE are the small sample sizes and the inability to
stoichiometrically deposit from alloy source materials. However,
the crystal growth parameters are better controlled by MBE and,
consequently, it has the potential to produce films with large
crystal grains or even single crystals. PLD can also produce
epitaxial films, but unlike MBE, the source materials can be alloy
targets and a background gas pressure can be introduced to
influence the crystal growth. Indeed, PLD Sb,Te;—GeTe
superlattices are usually grown in a background pressure of
Ar.'°'7'% Interestingly, the PLD growth of Sb,Te; can be
performed at a lower temperature than that required for
sputtering and MBE because of laser ionization effects extending
adatom diffusion lengths.'®> This is important because the
typical growth temperatures used in MBE and sputtering are
close to the temperature where Te atoms stop adhering to the
substrate. An important trick has been developed by Saito to
improve the quality of vdW epitaxially grown superlattices.'** It
involves a two-step process, where a 4 nm thick amorphous
Sb,Te; layer is initially deposited at room temperature to seed
templated growth of a highly oriented crystal at elevated
temperature.'“* Although not explicitly studied for superlattice
growth, we suspect that CVD-based approaches may also be
used to grow superlattices. Indeed, CVD has already produced
high-quality Sb,Te; nanowires.'*®

3. PHASE TRANSITION FOR ELECTRONIC
NANODEVICES

As early as 1968, Ovshinsky reported reversible electrical
switching phenomena. At room temperature, chalcogenides are
in the amorphous phase, in which atoms are disordered and
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BV. (c) Iterative RESET and cumulative SET process. (i) Possible achievable resistance values as a function of partial RESET pulses with varying
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? Reproduced with permission from ref 32. Copyright 2010 American Chemical Society.

show the covalent type of bonding.”” After the transition to the
crystalline phase, long-range order of delocalized-bonding is
built, facilitating high electric polarizability.">” On the basis of
this principle, electrical resistivity can change dramatically when
phase transition happens in these chalcogenides, which provides
opportunities for their follow-up applications. In this section, we
start by introducing the electrical properties of chalcogenide
PCMs, followed by discussion of their applications on NVM and
neuromorphic devices.

3.1. Electrical Properties of PCMs

The energy bandgap in the amorphous phase is larger than that
in the crystalline phase, leading to higher electrical resistance.
For example, the bandgap of the commonly used material
Ge,Se,Te; is ~0.7 eV in the amorphous phase, compared to
~0.5 €V in crystalline phase,'®® and this results in a resistance
contrast in ~2 orders.'”'®® In the crystalline state, the
conduction/valence bands are well-defined just like typical
semiconductor materials, while in the amorphous state the
bandgap is occupied by many localized states, which remarkably
contribute to the density of states.'”” However, these states
cannot provide mobile carriers for electrical conductance due to
their highly localized character. Therefore, the bandgap in the
amorphous phase means the energy range with deficient mobile
carriers instead of a gap with no energy states.””

The electrical resistance in the amorphous phase can be
described by Poole—Frenkel (PF) effect, which is affected by an
external electrical field and thermal excitation.'”® The
conductivity of amorphous PCMs is dependent on the
temperature, as shown in Figure 8a."”" Becaue of the thermal
activation effect, the resistivity of S0 nm thin films decreases
gradually with increasing temperature until the phase transition
point, at which the resistivity drops sharply due to the
crystallization process. As discussed, the disorder—order phase
transition can happen under different external stimulations. In
electrical devices, a typical crystallization method is to apply a
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voltage/current pulse with relatively low amplitude and long
width to PCM cells, heating the material above the
crystallization temperature (T.). For reamorphization, a short
pulse with high amplitude is needed to increase the temperature
above the melting point (T,,) and then quenches quickly. For
the most used GST devices, the SET (crystallization) time is
tens of nanoseconds, while the RESET (reamorphization) time
is tens of picoseconds. The most peculiar electrical characteristic
of PCM is the threshold of switching in current—voltage (I-V)
curves. For instance, Figure 8b reports the I-V curves of Ge/Sb
SLL structures with different voltages.'” If the PCM is initially
in amorphous state with high resistivity, the curve suddenly
snaps back under continuously increasing voltage. The voltage
value at the abrupt change point of resistivity is known as
threshold voltage (Vy,). It is worth noting that reaching this
specific V—I point does not necessarily lead to phase change as
the material needs enough long time to be heated above T, and
crystallize.”

Usually, the resistivity of intermediate states is related to the
ratio of the crystalline to amorphous parts.”® Multiple
intermediate resistance levels can be achieved starting from
either an amorphous or crystalline state. By sending a series of
electrical pulses with a fixed width but various amplitudes to
materials in crystalline phase, the volume of amorphous phase
can be gradually increased."”*"”* This process is named iterative
RESET, describing the gradual transition from SET (crystalline,
highly conductive) to RESET (amorphous, highly resistive)
state. Contrarily, cumulative SET can be achieved by applying
pulses with the same width and small amplitude.'”>"”* The
resistance changes through the iterative RESET and cumulative
SET process are illustrated in Figure 8c.'”’ The multiple
resistance levels achieved in PCMs play a key role in multiple
level cell (MLC) and neuromorphic devices.”® Apart from the
volume ratio of composite phases, the intermediate resistance is
also influenced by the percolation of carriers through dispersive
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crystalline grains.”” For instance, Figure 8d shows the schematic
drawing of two different intermediate state configurations,
which can be described by the percolation path of crystalline
grains. In state A, the current is impeded by an amorphous high-
resistive block, leading to a relatively higher resistance compared
with state B, in which no barrier blocks the current path. Because
of the stochasticity in crystallization process, the distribution of
crystalline grains varies in different devices and programming
cycles, which causes cell resistance fluctuation even in the same
intermediate level.

3.2. Phase Transition Based Nonvolatile Memory (NVM)

The electric field driven reversible phase transition is reported in
1869, while its application of memory devices has been only
realized based on GeTe in 1986'* and GeTe—Sb,Te,
pseudobinary alloy in 1987."”° Phase transition-based memory
is first commercialized in the optical field including compact
disks (CDs), DVDs, blu-ray disks, and high-definition digital
versatile disks (HD DVDs)."> The NVMs based on phase
transitions utilize the resistance contrast between the
amorphous (RESET, high resistivity) and crystalline (SET,
low resistivity) to store the data. When the memory is working, a
weak readout electrical pulse that does not disturb the SET/
RESET state will be sent to the cell, measuring the resistance of
memory units. Recently, artificial intelligence (AI) technologies
are developed to achieve accurate target recognition, recom-
mendation system, automatic drive, and other tasks by designing
programs mimicking neural networks of human brains. Running
these software algorithms requires a high level of computing
power and a large space of data storage, raising the issue of how
to store the massive data accurately and read it quickly. The
interest in phase transition-based NVM is triggered by the fast
development of optical phase-change technology and a need of
breaking the limit of classical memory.

In general, an excellent memory should have good perform-
ance including fast SET speed, low RESET energy, good thermal
stability and cyclicity, long data retention, large resistance
contrast, and low resistance drift. To achieve these objectives,
many technologies are developed in recent decades. Herein, we
focus on research progress in phase transition based NVMs and
discuss how to improve those technologies from perspectives of
doping, exploring alternative materials, redesigning the memory
cell, and adopting heterogeneous structures.

3.2.1. Compositional Modification via Doping. Doping
impurities in semiconductors is a typical technique to control
carrier densities, Fermi level, and other properties,'’® widely
used in configuring PCM to enhance memory cell performances.
From the early 2000s, many dopants, includin _; c,/ 77
N, 1827185 oy 186-188 \ 189 (3 189 o 190 p 191 g 1192BN193
and SiC,'”™* have been used in GeSbTe or GeTe alloy with
reported enhanced performance. Dopants can increase the
disorder or form new types of bonds in amorphous states,
leading to higher resistance and increased T.. High resistive
PCM can help decrease the RESET energy, and the elevated T,
can enhance the thermal stability. Therefore, most research in
this area focuses on reducing RESET power and improving
thermal stability. In a memory cell, data retention temperature
for 10 years (Tmyears) is a significant parameter to evaluate the
thermal ability, which can be defined by the Arrhenius
equation55

E
t=1exp| ———
[ kBTlOyears] (1)

where ¢ is the failure time for the initial resistance to drop to its
half value, 7 is a proportional time constant, E, is the activation
energy for crystallization, and kg is the Boltzmann constant.

In 2003, Honi et al. tried to increase the PCM resistivity by
doping nitrogen. With 7% N doping, the grain size was
suppressed, leading to high resistivity and increasing the T by 50
°C when compared to that of the undoped GST.'** The
memory cell can operate with 0.6 mA—50 ns RESET current
with 27 cycles, which is reduced by 60% in contrast to the
undoped GST of 1.5 mA. However, the resistance contrast of
this device is only 6—38, still not large enough for long-term
memory application. Later in 2012, Cheng et al. incorporated N
in the material along the Sb,Te; and Ge tie-line. Through
abundant Ge concentration and N doping, the crystallization
temperature can be elevated to 413 °C with the reduced RESET
current of 50—100 A and resistance contrast of 1—2 orders.'**
Compared to conventional GST material, the 10-year retention
temperature is increased by around 33 °C from 87 to 120 °C,
satisfying the requirements of good thermal stability in many
fields such as the automotive industry. Using a similar method of
doping N in Ge-rich GST, 10-year data retention of 210 °C was
reported with the expense of resistance drift.'”> Nevertheless,
the increased T in these works causes low crystallization speed
and long SET time. To this end, Sc doped GST alloy was
proposed recently, which can be set with an ultrashort electrical
pulse of 6 ns, 10-year retention temperature of 119 °C, and 77%
RESET power reduction compared to the GST cell.'”” The
octahedral Sc—Te motifs in RESET state act as crystallization
precursors and shorten nucleation incubation time, therefore
yielding the ultrafast switching speed. Meanwhile, the smaller
grain size in Sc-doped GST alloy results in larger crystalline
resistance, which can explain the significantly reduced RESET
power and good thermal stability.

Compared to GST, GeTe shows higher T, (~185 °C) and 10-
year retention temperature (~94 °C) %6 Zhang et al.
investigated the effect of doping Cu in GeTe and found that
the crystallization temperature can be enhanced to 230 and 260
°C for Cuys(GeTe)y 4 and Cuy13(GeTe), g7, inducing 10-year
data retention at 151 and 185 °C, respectively.'*° The enhanced
thermal stability can be explained by the large number of bonds
introduced by the dopants, which increases the activation energy
for SET state. Meanwhile, the increased resistance contributes to
the reduced SET pulse in only 80 ns, much faster than the GeTe
PCM cell. However, its disadvantage is that the resistance
contrast of ~2 orders can only remain stable within 2.8 X 10°
cycles, which may not meet the requirement of a commercial
device. To this end, Hu et al. reported Cu-doped GeTe material
Ge,oCu,y(Te,,in 2018, which can be used as a PCM memory cell
to achieve 10-year data retention at 159 °C with an electrical
pulse of $ ns up to 1 X 10° cycles.'*® Besides, other dopants were
also explored in GeTe in the last decades. For example, under
SET pulse width of 6 ns, 10-year data retention at 149 °C is
achieved by doping Ni.'"®” The device can keep the resistance
contrast of 2 orders for ~3 X 10* operation cycles. Recently, the
device performance of Ru doped GeTe alloy was analyzed, and
Rug 3GegyTes, was reported to show 114.9 °C data retention for
10 years with 6 ns SET pulse length. The good thermal stability
is due to the refined grain size in the crystalline phase, which can
improve the adhesion between the PCM and the surrounding
material.'”!

Additionally, other characteristics of phase transition-based
memory such as resistance drift were also improved by
incorporating with impurities.'”®'®" The resistance drift in
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Table 2. Device Performance of Doped GeSbTe—GeTe Alloy

material

C-doped GeSbTe

SET pulse width
250 ns

RESET power/current/voltage

N-doped GeSbTe 100 ns S0—100 uA

Cu-doped GeSbTe 300 ns 1.5V

Sc-doped GeSbTe 6 ns 77% power reduction than GST device
Ga-doped GeSbTe 2 s 4V

SiC-doped GeSbTe 20 ns 3V

C-doped GeTe 1 pus 30% current reduction than GST device
N-doped GeTe 100 ns 30 mA

Cu-doped GeTe 80 ns 2.5V

Ni- doped GeTe 6 ns Lower than GeTe device
Ru-doped GeTe 6 ns 3V

>50% current reduction than GST device

resistance
thermal stability cyclability drift refs
10-year @ 128 °C 1 X 10 cycles v =0.046 178, 180, 181
10-year @ 210 °C 1 X 107 cycles 182, 184, 195
10-year @ 134 °C 3 X 10* cycles 187
10-year @ 160 °C 1 X 10° cycles 171,192
10-year @ 135°C  1.05 X 10° cycles 190
10-year @ > 120 °C 1 X 10° cycles 194
10-year @ 127 °C 177
10-year @ 154 °C v=0.145 183
10-year @ 185 °C 1 X 10° cycles 186, 188
10-year @ 149 °C 3 x 10* cycles 189
10-year @ 144.9°C 8.5 X 10* cycles 191

SET states originates from the stress release after quick
quenching in the RESET process, which causes the material
relaxation to lower energy state. Basically, the resistance drift is
governed by a power-law relationship as”>>>>"

0

R(t) = R<t0>[i]
b (2)

Here ¢ is the time since the cell is programmed, and R(f,) is the
resistance at time #,. The power term v is the drift coefficient
which can evaluate the resistance drift. Hubert et al. investigated
the device performance of carbon-doped GST (C-GST) and
found that the drift coefficient v decreased much from 0.119 to
0.046 when the carbon concentration increased from 0 to
15%."”? The main reason for the smaller drift coefficient is the
reduced resistance in the amorphous state, as reported by
Lacaita group.'*® Besides, the resistance drift in the amorphous
state was evaluated in C-GST (5%) and C-GST (10%)
recently.'®" With the same operating voltage, the cyclability
and resistance drift performance are continuously enhanced by
doping more C in GST. The researchers argue that the stable
resistance in RESET state roots in the generation of C—Ge
chemical bonds when GST is doped with a low C concentration.
When increasing the carbon concentration to 10%, the structure
distortion is moderated by C—Sb bonds, which further improves
the resistance stability. The summary of device performance
based on doped GeSbTe—GeTe alloy is shown in Table 2.
Even without new chemical elements, changing the
composition of PCMs can modify the device’s performance.
Cheng et al. explored Ge-rich Ge,Sb,Te, which is dubbed as
“golden composition” and examined the performance of a 128
Mb PCM test chip based on this material. " Although there is a
sacrifice on switch speed and resistance drift, experiment results
show a 30% reduction of RESET current and ~100 °C increase
of T, when compared to conventional GST material. In 2014,
the effect of Ge composition in Ge,Te,_, on resistance drift was
explored.””® In the flexible glasses state (x < 0.25), the drift
coefficient reduces with decreasing Ge content until 0.0S.
However, after the Maxwell rigidity transition from a flexible to a
rigid state, the material exhibit even worse resistance drift. This
work presented the relationship between stiffness and resistance
stability, which is suggestive for further material modification.
3.2.2. New Material Developments. Along with doping
the traditional GST, alternative new materials have also been
explored as NVM candidates. Sb—Te alloys present fast
crystallization speed due to their growth-dominated mechanism
in the SET process, in contrast to the nucleation-dominated
mechanism of GST."”” However, the low T, and poor data
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retention limit their applications in phase transition based NVM.
Accordingly, many researchers devoted themselves to optimiz-
ing the Sb—Te alloy performance by incorporating this kind of
material with other chemical elements. Among all elements,
titanium doped Sb—Te (Ti—Sb—Te) alloy is commonly used
and can achieve fast switching speed with low RESET
power.'””72** The decreased power consumption roots in the
resistance increase in the crystalline phase due to reduced
mobility and thermal conductivity.”*”*** By doping Ti, the
crystallization temperature will be improved, leading to
improved thermal stability and 10-year data retention temper-
ature. Simultaneously, fast phase transition can still be realized
because of the small grain size (in nanometers) and point defects
introduced by the Ti atoms in the growth-dominated
crystallization process.”’>*”® Furthermore, the reduction of
grain size and density change during phase transition can help
improve the adhesion between substrate and PCM, which
contributes to the device’s stability. Zhu et al. fabricated a T-
shaped PCM cell based on Ti, ,Sb,Te; alloy, and the device can
be SET in 6 ns with 107 cycles.”®’ Compared to the GST cell
with the same bottom electrode contact (BEC) size, the RESET
power of the Tiy,Sb,Te; cell can be reduced by ~78%. They
explained the enhancements by the Ti-centered atomic motifs
(TCAMs), which can fix the local structures in both amorphous
and crystalline states. The robustness of the atomic structure can
facilitate the fast phase transition and lower energy con-
sumption.

Apart from titanium, other elements were also doped in Sb—
Te alloy includin AL S, 140206 Ey 207 Ag,zo8 Zn, > v,
Mo,”"" and Ta.*'* After incorporation with these impurities,
most of the doped Sb—Te materials show good performance in
SET speed (due to growth-dominated crystallization process)
and thermal stability (increased crystallization temperature via
doping effect). In 2017, Rao et al. demonstrated a Sc,,Sb,Te;-
based conventional phase-change random-access memory
(PCRAM) which can achieve a switching speed of 700 ps
with no need of preprogramming.'*’ The ultrafast writing speed
can be attributed to both the suppressed stochasticity of
nucleation, which is due to the strong chemical bonds between
Sc and Te. Furthermore, ~4 X 107 cycles can be achieved with
RESET energy 1 order of magnitude lower than that of the GST
device. Recently, Ta doped Sb—Te alloy was reported with
ultrafast SET speed of 2 ns and good thermal stability.”'> When
Ta is doped as impurity, it tends to strongly bond with the Te
atom, which makes the device able to retain the data for 10 years
at 115 °C. Moreover, combining Ta and Te leads to the increase
of Sb—Sb homogeneous bonds and causes an ultrahigh
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operation speed. The grain size is limited to smaller values due to
the three-dimensional (3D) confinement of the Ta impurity,

structure, and phase stability of 124 S1S inorganic compounds.
After further analyses such as bond angle, cohesive energy, and

contributing to efficient Joule heating and lower power
consumption. To further improve the material stability,
codoping of two different dopants in Sb—Te alloy can help
reduce the volume change. For instance, codoping of O-Ti*"
Ge—Bi,>** Sc—Bi,*'® Al—Sc,*'° and Sc—Y?'” have been reported
in recent years for performance optimization.

With the development of simulation and material modeling
methods, more candidates for phase transition-based material
are screened and proposed.218’219 Liu et al. screened 158
candidates by checking the compounds, bandgap, local
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Born effective charge, 52 materials were proposed to be
potentially used in nonvolatile memory applications, including
CdPb;Se,, AgBiTe,, TIBiTe,, etc.””’

3.2.3. Novel Cell Designs. Apart from material modifica-
tion, new designs of memory cells have also been demonstrated
to reduce power consumption. As the RESET current is
proportional to BEC area,” one strategy is to minimize the
contact size by optimizing architectural design such as edge

221 222-225

contact type, confined volume type, p-trench
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Figure 11. NVM based on superlattices and SLL heterostructures. (a) A phase-change random access memory (PCRAM) cell with GeTe—Sb,Te; SLL
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type,”>%**’ ring type.”****” The schematic diagrams of these cell

designs are shown in Figure 9.

In edge contact type cell, the contact area between PCM and
BEC is determined by the thickness of bottom electrodes instead
of the photolithography area in conventional bottom contact
type structures. By decreasing the contact size to ~4000 nm? a
low RESET current of 0.2 mA can be realized with an electrical
pulse of 30 ns.”?! Alternatively, confining the volume can also
result in a small contact area, leading to a high-density memory
cell with a reduced RESET current of 80 uA.”** Another type of
structure design is named a p-trench, in which two neighboring
cells share a common top electrode. The BEC area is confined by
the width of the trench, where PCM is deposited in one
direction and by the thickness of the heater sidewall in the other
direction.”*® By using this y-trench design, the RESET current
was reduced to 400 A from 700 pA in the traditional bottom
contact structure.”*” In 2006, Jeong et al. developed an advanced
BEC with a ring-type contact scheme, in which the TiN is only
deposited in the bottom and outer part of the bottom
electrode.””” Compared to the memory cell with the same
size, the contact size of the ring-shaped BEC is reduced, leading
to a decreased RESET current of 0.57 mA. Simultaneously, the
contact area variation with disturbed BEC size is smaller than the
conventional type of contact, which means a reliable cell
distribution between the device to device.

3.2.4. Heterostructures with a Single Interfacial Layer.
During the operation process, the thermal energy generated by
Joule heat is mainly distributed near the interface between PCM
and BEC. However, because of the good thermal conductivity of
bottom electrodes, the heat will dissipate into surrounding
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materials, leading to low thermal efficiency. Accordingly, the
power consumption could be reduced by inserting a barrier with
high thermal resistance to increase the heating efficiency of cells.
In recent years, various materials have been explored to be used
as thermal isolators to reduce RESET power. In 2008, Kim et al.
proposed a PCM cell with low RESET power by inserting a thin
Cgo film (several nanometers) between GST and BEC, the cross-
section image of which is shown in Figure 10a(i).>*" Both the
interfacial contact resistance and sheet resistance contribute to
the increased total electrical resistance in the SET state, leading
to a considerable boost of Joule heatings. Simultaneously, the
Cgo film acts as a thermal isolator to confine the heat dissipation
due to its low thermal conductance, resulting in a dramatical
reduction of the RESET current after the insertion of the Cy,
film (Figure 10a(ii). Thereafter, tungsten trioxide (WO,)**" and
titanium dioxide (TiO,)***~*** were also exploited as thermal
barriers to decrease power consumption.

One issue of memory cells with a single interfacial layer is the
poor stability and endurance due to the atomic intermixing of
PCMs and thermal barrier materials.”***** To solve this
problem, a 2D thermal isolator with the thickness of a
subnanometer was introduced. In 2015, Ahn et al. reduced the
RESET current to ~40% by inserting a graphene layer of similar
size of the BEC between the GST and the W plug while
sustaining 10° cycles."*® The cross-sectional transmission
electron microscope (TEM) image and electrical properties of
the memory device are shown in Figure 10b. Although graphene
is highly conductive in the direction parallel to the surface plane,
it has high thermal resistance in the cross-plane direction due to
the weak vdWss interfaces.””® The thermal resistance restricts the
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heat flow to surrounding materials and enhances the heating
efficiency. Then in 2016, Zhu et al. reported GST—graphene—
GST structure, in which the graphene layer acts as external
electrical and thermal resistance.”*® Additionally, the upper GST
films can prevent heat dissipation through the top electrode in
the crystalline state. Thus, the RESET energy could be further
reduced to 1.5 nJ with 10° cycles. Lately, the advantage of small
BEC size and 2D thermal barriers was combined by introducing
avolume confined cell with insertion of MoS, ultrathin (0.6 nm)
layer."*® The schematic diagram of the memory structure is
demonstrated in Figure 10c(i), in which the oxide filament layer
is introduced to reduce the contact area between the PCM and
the BE. The experimental results show that the confined cell
volume contributes 70% reduction of the RESET current while
the 2D MoS, film is responsible for the other 30% decrease due
to its low thermal out-of-plane conductivity. The RESET power
of devices with different structures is exhibited in Figure 10c(ii).

3.2.5. Superlattices and Superlattice-Like (SLL) Heter-
ostructures. As mentioned, doping is an effective method to
increase the data retention temperature by escalating T, of
PCMs. However, the excellent device performance of fast
switching speed <10 ns together with a good endurance >10°
cycles has not been reported yet in memory cells based on
homogeneous PCMs.> In this context, the advent of super-
lattices and SLL heterostructure paves a new way to further
enhance the performance of phase transition-based nonvolatile
memories. The concept of SLL structure was first proposed by
Chong et al. in 2006.”*” Instead of using homogeneous GST
material, they applied a 50 nm thick GeTe—Sb,Te; SLL
structure with a mole ratio of 2:1, which is the same as GST
(Figure 11a(i). A significant reduction of SET/RESET current
was achieved due to the 30% lower thermal conductivity of SLL
improved thermal efficiency, as well as the fast crystallization of
Sb,Te;, leads to the fast SET speed with S ns pulse width. The
memory cell can retain its good performance for 107 cycles,
which is mainly because of the small active area, short duration
of temperature high than the melting point, and the stable
chemical bond of Ge—Te and Sb—Te near the interfaces. With
this experimental demonstration of SLL reported, more efforts
have been devoted to study the physics behind the enhanced
performance of GeTe—Sb,Te; SLL structures. For instance, the
effect of GeTe sequence on phase transition has been
studied.”*®”* Through first-principal calculations, it is reported
that the Ge—Te—Ge—Te sequence has the lowest energy in
(GeTe),(Sb,Te;), superlattice and therefore cannot be
operated with SET/RESET cycles.”*® By comparing character-
istics of GeTe—Sb,Te; superlattice and single Sb,Te; alloy with
the same GeTe top layer, Ohyanagi et al. found that only the
region around the top layer is responsible for the switching.”*’

Apart from GeTe—Sb,Te; SLL structures, other hetero-
structures have also been explored. The design principle of SLL
is to achieve good endurance, high thermal stability, and rapid
crystallization speed. For example, Tan et al. deposited GST and
N-doped GST (N-GST) film alternately and achieved both low
RESET current (37% reduction) and high endurance (~10°
cycles) due to compositional matching between N-GST and
GST, which reduced the interfacial diffusion gradient and the
phase change-induced stress.”*' Another strategy is to combine
the material with good thermal stability and the alloy with fast
phase change speed. In 2017, Hu et al. fabricated the SLL
GeTe—Sb thin films, and the phase switching speed of GeTe
alloy was enhanced by incorporating with Sb material.”** The

experiment results indicate that the resistance in the RESET
state, as well as the switch time, is lower with thicker Sb films
when the size of the GeTe layer is fixed as 5 nm. In the same year,
Liu et al. combined SnSb, and SbSe to form a multilayer
structure and investigated its performance.”*’ Because of the
fast-switching speed of SnSb, and excellent thermal stability of
SbSe, the SLL can switch from RESET to SET state in only S ns
with 10-year data storage under 122 °C.

Another technology is depositing superlattices to improve the
device performance. The critical difference between the SLL
heterostructures and superlattice structures is that SLL
structures are deposited at room temperature in an amorphous
state, while superlattices need to be grown with preferred
crystallographic orientation. As a pioneer in this field, research
group of Tominaga demonstrated iPCM data storage devices for
the first time in 2011 (Figure 11b(i)."*” They aligned the (111)
direction in a GeTe layer and the c-axis of a Sb,Te; layer and
formed heterostructure, in which the chemical bond changes
from covalent type (RESET state) to resonant type (SET state)
when optical pulses are applied. The device can switch from
RESET to SET state in just 25 ns due to the pre-existing
nucleation interfaces provided by Sb,Te; layers (Figure 11b(ii).
The SET energy of this proposed device is 11 pJ, which is much
smaller than 90 p]J of a conventional GST device. The switching
performance with ultralow energy consumption can be reserved
even after 10° cycles (Figure 11b(iii). The decreased power
consumption of iPCM relies on interfacial atomic transitions,
which minimize the change in entropy and lead to fast and low
energy switching. By lowering the entropy of the RESET state,
the device properties such as resistance variations can be highly
repeatable with a million cycles. In addition, the cycle limit of the
iPCM does not depend on film thickness strongly, which means
the device can be switched between SET and RESET states for
more than a billion cycles with an ultrathin film (15 nm).
Another exotic characteristic of iPCM structure is that it can
exhibit a topologically nontrivial band structure, and its
properties can be engineered through strain controlling
approach.”****> Then in 2019, Okabe et al. investigated the
switching mechanism of GeTe—Sb,Te; iPCM and found that
the thermal properties of iPCM account only for ~13%
reduction of RESET current change when compared with
traditional GST alloys.”*® Another significant cause of the
reduced RESET energy is the void migration process, in which
the random voids distributed in iPCM move and concentrate
around BEC, leading to smaller BEC area and RESET current.
Recently, the resistance drift in GeTe—Sb,Te; iPCM was
analyzed by Zhou et al.**’ Through electrical transport
measurement, it has been shown that interface defects and
body defects in bulky PCMs account for the suppressed
resistance drift. Therefore, the reliability properties of PCM can
be optimized through structural parameters such as the single
period length of the superlattice.

An alternative method is to confine the atoms to prevent long-
range diffusion along the pulsing direction by introducing
multilayer heterostructures assembled from sheets of confine-
ment material and PCM. In 2019, Ding et al. proposed the basic
requirements of confinement material,"*” which should (1) be
dynamically robust as effective diffusion barriers, (2) be
chemically inert and have weak coupling to PCM, (3) have
similar local arrangements to that of the crystalline PCM, (4) be
thermally resistive to prevent thermal diffusion, (5) have almost
same electrical resistance as PCM, and (6) be compatible to
current PCMs and devices. On the basis of these selection
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Figure 12. PCM-based neuromorphic devices. (a) A self-resetting spiking phase-change neuron based on PCM.>* Reproduced with permission from
ref 34. Copyright 2018 IOP. (b) Synaptic weight change as a function of the relative timing of pre- and postspikes.’® Reproduced with permission from
ref 39. Copyright 2012 American Chemical Society. (c) Different relationships between the weight change and the relative timing of pre- and
postspikes. Top left: antisymmetric Hebbian learning rule. Top right: antisymmetric anti-Hebbian learning rule. Bottom left: symmetric Hebbian
learning rule. Bottom right: symmetric anti-Hebbian learning rule.”® Reproduced with permission from ref 38. Copyright 2013 The Authors.

principles, TiTe, was chosen as confinement material, and
Sb,Te; was picked as PCM. The memory device built on the
TiTe,/ Sb,Te; heterostructure showed fast switching speed and
low energy consumption, which is attributed to the improved
thermal efficiency via the confinement layers and the potential
nucleation sites introduced by TiTe,. Furthermore, such
heterostructure exhibits ultralow resistance drift with v =
0.002 at the RESET state and v = 0.001 at the SET state. This
can be explained by the absence of Ge and tetrahedral defects in
Sb,Te; as well as the limited structural relaxation in the
heterostructure. Recently, SLL structures with other composi-
tions have also been investigated including such as V,0;/ Sb,248
GeTe—Bi,Te;,”* and much more.

3.3. Phase Transition Based Neuromorphic Devices

In past decades, Al technologies are developed and shown to
endow the powerful capability of massive date processing using,
for example, artificial neural networks. However, the current von
Neumann structure limits the computational power due to the
heavy data transmission between processors and memories.”®
Thus, novel computing structures have been proposed to break
this bottleneck, where PCMs provide a new platform to achieve
neuromorphic computing. The name neuromorphic computing
originates from its imitation of neural networks in the human
brain, which is mainly composed of neurons and synapses. A
neuron consists of three parts: dendrites, soma, and axons
(Figure 1c). When the dendrites receive a postsynaptic potential
pulse (PSP), the soma decides to fire a presynaptic pulse (PRP)
if the amplitude of the PSP exceeds the threshold, and then the
axon transfers the new pulse to the next neuron. Between two
adjacent neurons, the synapse determines the weight of spiking
pulse transmission from PRP to PSP, which changes during the
“learning” process, which is named “spike-timing-dependent
plasticity” (STDP). If the PRP stimulates the adjacent neuron to
transmit a new pulse, the synaptic efficacy will be increased as
long-term potentiation (LTP). On the other hand, if the PRP
happens after the emission of the next neuron, these two spiking
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pulses will be considered as unrelated and the strength between
the neurons will be compressed, which is termed as long-term
depression (LTD).

PCMs are suitable for neuromorphic devices due to their
threshold switching and gradual crystallization/amorphization
characteristics.”® Besides, the high performance including
excellent thermal stability, fast switching speed, and low energy
consumption make PCMs possible for large-scale production
and commercialization. The basic principles of neuromorphic
devices are similar to that of PCM-based memory.”® However,
because neuromorphic devices regguire multiple resistance levels,
which deserves special attention.”” For instance, to emulate the
continuous weight change of synapsis, the resistance window
between amorphous and crystalline states should be large
enough to sustain multiple intermediate levels. Simultaneously,
the resistance in intermediate states should be stable and robust
to avoid misidentifications, which requires ultralow resistance
drift and variability between different cycles. What is more,
during iterative RESET/cumulative SET process, the resistance
increase/decrease should follow a linear relationship.

Artificial neurons are important building blocks of spike-based
neural networks in modern technologies,58 which can be built
based on PMCs. The basic function of an artificial neuron is to
process incoming signals and fire a new pulse when the sum
value exceeds the electrical threshold. In 2016, Tuma et al. used
the effective thickness of the amorphous region in mushroom-
shaped GST to represent the neuronal membrane potential,
which can be measured by the electrical conductance.’® By
sending crystallizing pulses to amorphous GST alloy, the PCM
can crystallize gradually. Simultaneously, the electrical con-
ductance increases and surpasses the firing threshold of 6y, = 2
uS. After that, the crystalline GST will be RESET to amorphous
state by applying an electrical pulse with high amplitude and be
ready for the next cycle. On the basis of this concept, a spiking
phase-change neuron with self-resetting characteristic was put
forward, the schematic diagram of which is demonstrated in
Figure 12a.>* Under the electrical excitation, the conductance of
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Figure 13. PCM-based computing device and improvement methods. (a) A nanoscale phase-change memory device with arithmetic computing. (i)
Schematic of the PCM mushroom-type cell used for the base-10 accumulator response. (i) The resistance changes of the PCM cell with the
application of each of 10 input pulses. (iii) Showing the simulated structure of the active region after the first, fifth, ninth, and tenth pulses (i.e., state-1,
state-S, state-9, and state-10). Dark blue regions, materials in the amorphous state; various colors, materials in the crystalline state. (iv) The number of
(~100 ns) pulses needed to switch a cell from high-resistance to low-resistance with different pulse amplitudes.’” Reproduced with permission from ref
37. Copyright 2013 Wiley-VCH. (b) A bidirectional artificial synapse. Ry is the initiation state. For the gradual reset process, the application of 10
potentiation pulses (PP, voltage of 1.25 V) is needed first to set the cell to R; (“memory window initialization” step). Then 20 depression pulses (DP,
voltage of 1.6 V) are applied to reach gradually R, (blue curve). Otherwise, the device is set suddenly to R, via the application of 30 DP (red curve),
or the cell is set abruptly to R, without a RESET transition (green curve).*® Reproduced with permission from ref 36. Copyright 2018 Wiley-VCH. (c)
The resistance drift of different levels during the iterative RESET process in TiTe,/Sb,Te; heterostructure."*” Reproduced with permission from ref
139. Copyright 2019 The American Association for the Advancement of Science.

phase-change cells can decrease abruptly, resulting in a sudden
increase of voltage at the junction point of the phase-change cell
and its series resistor R,. With a high input exceeding the Vg of
the comparator, a RESET electrical pulse with high amplitude
will apply on the artificial synapse and RESET the PCM cell.

Another important component of neuromorphic devices is
the synapse, the weight of which can be adjusted through the
learning process via STDP. In 2012, Kuzum et al. proposed a
PCM array to emulate neural networks, with the GST cell
playing the role of synapses.”” The prespike is set as a pulse train
composed of depression (amplitude increases) and potentiation
(amplitude decreases) pulses, while the postspike is designed as
a 120 ms continuous weak pulse with an 8 ms negative pulse at
the center. By controlling the sequence of prespike and
postspike, the synaptic weight can be changed and quantified
using an exponential relationship as

Aw = Ae 27

()
where Aw is the synaptic weight change in percentage, At is the
interval between the prespike and postspike, A is the parameter
describing the amplitude, and 7 is the time constant representing
the curve shape. A comparison of the STDP behavior between
PCM cells and biological data is exhibited in Figure 12b. The
rate of synaptic weight change concerning spiking time interval
can be modified by controlling the time constant 7. By
decreasing the time spacing between the pulses in prespike,
the SDTP curve becomes sharp, which means a smaller 7 value.
Apart from the conventional exponential relationship between
the weight change and the time interval, other learning rules can
also be achieved via dedicated designing of the pulse shape of
pre- and postspike. For example, Figure 12c shows various
learning rules by applying spikes with different shapes, including
antisymmetric Hebbian learning rule (top left), antisymmetric
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anti-Hebbian learning rule (top right), symmetric Hebbian
learning rule (bottom left), and symmetric anti-Hebbian
learning rule (bottom right).**

Beyond basic artificial neurons and synapse devices, other
novel devices for computing are also reported. One interesting
device is to achieve arithmetic computing using the accumu-
lation property of GST materials (Figure 13a(i), which means
the abrupt resistance decrease lower than the decision level after
several crystallization pulses.”” The resistance decreases
gradually with the first nine input pulses of 1.085 V and 60 ns
and drops suddenly with the application of the 10th electrical
pulse (Figure 13a(ii). The composition changes during the
accumulation process accordingly (Figure 13a(iii). In addition,
the number of crystallization pulses needed for the switch can be
controlled by the electrical pulse amplitude. Therefore, arbitrary
bases can be achieved (Figure 13a(iv). On the basis of the
multilevel resistance, addition, subtraction, and division can be
realized for decimal numbers.

As we discussed above, the ideal resistance change during the
iterative RESET/cumulative SET procedure should follow a
linear relationship. However, because of the quick quenching
process in RESET operation, asymmetric weight change usually
happens in LTP and LTD. One approach to tackle this problem
is to slow down the amorphization process by choosing an initial
resistance level.’® Starting from a partial amorphous state,
Barbera et al. demonstrated that the resistance can gradually
decrease under the excitation of identical electrical pulses,
realizing bidirectional artificial synapse. The comparison of
resistance change between the initial partial amorphous state
and crystalline state is indicated in Figure 13b.

Another problem in neuromorphic devices is the resistance
drift. Different from several intermediate levels in multilevel
memory, there can be over a hundred states in synaptic devices

https://doi.org/10.1021/acs.chemrev.2c00171
Chem. Rev. 2022, 122, 15450—15500


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00171?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00171?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00171?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00171?fig=fig13&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews pubs.acs.org/CR

REVIEY

a(i (i)
- (b) T Crystal lneo,,m
35 o z : a%
80\ 250 S
2 i 2 oS
" 3 - | N | [ I-
=
v 25 A ZnS/Si0,
c
L2
o
2 15 4 25
& ; ‘
| Amor housl i
5 ROrPToUS 15 . =
350 400 450 500 350 400 450 500
Wavelength, nm Wavelength, nm 0 0.8 1.6
b (i) (i) | Normal incidence (0 = 0 deg) - (iii) L
MD ED bc-ss‘r 7 07
0.8 - 6 0.6
8s 05
i 5 4 04
o g X
0.4 Ss 0.3
@ 2
0.2
o.zL
1 01
0 0
1250 1300 1350 1400 1450 1500 1550 1600
A, nm
C(i Electric dipole Amorphous ii iii 9 T T T T T T
(i (it (i) ———
o5 ] |
“n > S
£ 3 ED2—A2 4
GsT 3
phase E (O » -
Anapole change 2 v \"’N
o _: =
g8 e
s — Ext-0% / Ext-50%
% Eg ® Ge/Sb 4 -6 A iEDS — Ext-25% / Ext-75%
2 Te y Ext-50% / Ext-100%
Bl Semicrystaliine T_. -9 L L L L L L
2.5 3 35 4 45 5 5.5 6
X
Wavelength (um)
ii 0 0
To  mm Si (i) ﬂ\ , ﬂ\
B GSssT SiO. o o
LT g0 g 4
H 6 S
- S
Hggs'r ' % -20 5
1 £ £ -8
] HS\ 1 o o
2 2
y i S.30f—f=0 §-10
F - =
T Hoo | £=0.6 12
X sio2| | f=1 TE ™ f=1
' -40 14
____________________ 1450 1550 1650 1450 1550 1650

Wavelength (nm) Wavelength (nm)

Figure 14. Tunable metasurfaces comprising PCMs for dynamic light intensity control. (a) A reconfigurable all-dielectric UV-HEV metamaterial. (i)
Artistic schematic of nanograting structure containing a GST film sandwiched between two ZnS/SiO, layers. (ii) Measured reflection spectra of the
nanograting metamaterial for the amorphous (left) and polycrystalline (right) states of the GST layer. (iii) The distribution of electric field for the
nanostructure with amorphous (top) and crystalline (bottom) GST.>’® Reproduced with permission from ref 276. Copyright 2019 American
Chemical Society. (b) A reconfigurable hybrid silicon/PCM metasurface with multilevel control. (i) Schematics of the hybrid silicon/PCM
metasurface containing arrays of silicon/GST nanodisks. (ii) Reflectance spectra for the device with the GST layer in both amorphous and crystalline
states. (iii) Multilevel tuning of the hybrid metasurface. Starting from the amorphous state (bottom panel), the metasurface is first switched to the
crystalline state (scan 1) and then switched back to amorphous GST (scans 2—7). 278 Reproduced with permission from ref 275. Copyright 2020
Optical Society of America. (c) A multispectral optical switch with multilevel control capabilities. (i) Conceptual illustration of an ED resonance and
an anapole excitation in a GST sphere. (ii) SEM image of the GST nanodisks in the multispectral optical sw1tch with multilevel control capabilities (the
scale bar represents 2 ym). (iii) Extinction contrasts of GST disks (R = 1 yem) with different crystallinities.* Reproduced with permission from ref 46.
Copyright 2019 The Author(s). (d) a dual-polarization optical filter based on GSST. (i) Structure of the Bragg grating filter. (ii) Transmission spectra
of the optical filter for six crystallization levels with TE (left) and TM (right) mode.””” Adapted with permission from ref 299. Copyright 2021 The
Optical Society.

to emulate the continuous weight change smoothly, posing
much challenging requirements on stability for artificial
synapses. One effective approach to alleviating this problem is
to use SLL structures to suppress the spontaneous resistance
drift."*”**” Figure 13c shows the resistance drift of different
levels during the iterative RESET process, which is restrained by
the limited structural relaxation of amorphous Sb,Te; sublayers.

4. PHASE TRANSITION FOR NANOPHOTONICS

In past few decades, nanoelectronics has developed rapidly,
mostly based on silicon-based microchips. Recent development
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in Al technology and massive data have required greater
demands on computing power and large-scale data storage,
raising the issue of how to break the limitation of traditional Von
Neumann architecture. However, the saturation of conventional
silicon technology makes it obstructed by Moore’s law.**’
Similar problems also exist in other nanoelectronic devices,
where the integration of electrodes and circuits hinders further
reduction of footprint. The advent of nanophotonics, especially
on-chip integrated photonics, provides a new platform owing to
its small footprint, low cost, and low power consumption.**!
Moreover, optical components such as metasurfaces, made of
assembly of deeply subwavelength nanostructures, and inte-
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grated photonics have attracted huge interest and opened great
opportunities for optics and photonics for their unique
capabilities in controlling light properties in terms of phase,
frequency, dispersion, momentum, and polarization.***>*7>>*
Beyond the static metasurfaces with fixed functionality, actively
controlled optical components have practical and fundamental
significances in autonomous vehicles, robots, display, aug-
mented and virtual reality, consumer electronics, telecommuni-
cations, and sensing devices, and could lead to the alluring on-
demand optics and photonics."**®

To achieve the object of active metasurfaces, many
technologies have been proposed in recent years. One approach
is to use optical nonlinearity to modulate the refractive index of
materials through laser pulse.”*****” However, an ultrafast laser
with high power is needed, and the tuning range is rather limited
and volatile.”>® An alternative way is to use carrier injections
through an electrical field, which is usually exploited in
ITO>’7% and 2D materials.”**™>°° A disadvantage of
electrical stimuli is that they are naturally slower than optical
processes.’ Another strategy is to mechanically modulate
metasurfaces using a microelectromechanical system
(MEMS)'1267268 op stretching flexible materials”****”° to
change their optical properties. Nevertheless, the complexity
and instability restrain its application in a wider range.
Furthermore, chemical modulation has also been demonstrated
by altering optical properties via chemical reactions such as
hydrogenation and dehydrogenation processes””'~>"* and
others. This tunable technology is only suitable for specific
materials (such as magnesium and palladium) and can only be
exploited to change the material property of top surface.

Beyond the above technologies, phase transition based on
PCMs opens a new opportunity for such tunable and
reconfigurable optical components in the UV, visible, and IR
spectra due to its large refractive index contrast, various
excitation methods (Figure la), and fast switching speed.
Furthermore, exploiting PCMs to control the flow of different
polariton waves can further expand their applications and
manipulate light on-chip at the nanoscale in a programmable
fashion. Therefore, many types of tunable metasurfaces have
been demonstrated, including tunable absorbers and fil-
ters,*2757279 phase masks,”*"**" beam steering,zs’zgz_284
display,zs’(ﬁ’285 metalens,”®°7>*° and enhanced third-harmonic
generation (THG).*® On the other side, memory units,”"*"
switches and modulators,””> > programmable neural net-
works,”” and arithmetic operations™* are some of the examples
of tunable integrated photonic devices proposed. In this section,
we first review the application of PCM:s as the building block of
tunable optical components for light manipulation from the
aspects of intensity, wavefront, and tunable integrated photonic
devices. Then the recent advances of PCMs on modulation of
light at nanoscale are discussed in plasmonic devices, low-loss
phonon polaritons, and vdWs polaritonic devices.

4.1. Tunable Metasurfaces for Dynamic Light Intensity
Control

When the dielectric constant changes dramatically during the
phase transition, the resonance in nanostructures can be
modulated and presents large contrast on reflection, scattering,
or transmission spectra. Therefore, various tunable metasurface
comprising PCM:s have been proposed for intensity control from
the range of ultraviolet (UV) to MIR. Figure 14a(i) shows the
schematic of a nonvolatile reconfigurable all-dielectric meta-
material operating in the UV to high-energy visible (HEV)

consisting of a layered composite of low-loss ZnS/SiO, and
relatively low refractive index GST.”’° The measured reflection
spectra of the metamaterial with different periodicities
demonstrate that reflection resonances at UV—HEV wave-
lengths can be substantially modified by light-induced
amorphous—crystalline phase transitions of GST (Figure
14a(ii). After crystallization, the electric field in the overlying
ZnS/Si0, layer is enhanced because the penetration of fields
into the GST layer was minimized (Figure 14a(iii), and this
causes stronger resonance with higher quality factor Q (up to Q
~ 15) without a change in resonance wavelength.

In the NIR region, a hybrid silicon/PCM metasurface
consisting of arrays of silicon/GST nanodisks (measured
nanodisk diameters of 668 nm) on a SiO, substrate was
proposed for light intensity control near the optical
communication wavelength (Figure 14b(i).””> Amorphous
GST has a similar complex refractive index to amorphous
silicon in the spectral region interest (1 = 1300 nm to 4 = 1600
nm), while crystalline GST shows obvious contrast with
amorphous silicon with refractive index An ~ 1.6 and extinction
coefficient Ak ~ 1.1. Taking advantage of the permittivity
change during phase transition, the electric dipole (ED)
resonance at 4 = 1540 nm can be regulated with an absolute
modulation depth of 70% (Figure 14b(ii). Furthermore,
reversible multilevel tuning is also achieved by using a single
laser pulse with different intensities. Gradual restoration of ED is
demonstrated as the GST layer is reamorphized continuously
(Figure 14b(iii). This work paves a new way for a wide range of
design possibilities and can be potentially applied in various
fields.

Due to its high refractive indices in amorphous states, GST
can satisfy the prerequisite of strong Mie resonances at the MIR
range.'”* Combining this possibility with its distinctive
tunability, Tian et al. proposed a shifting between ED
(amorphous) and anapole (crystalline) resonance in GST
nanospheres (Figure 14c(i).*® Moreover, a multispectral optical
switch with multilevel control capabilities is also demonstrated
in the metasurface consisting of a GST nanodisk array (Figure
14c(ii). For example, by changing the crystalline phase of GST
nanodisks from C = 0% to C = 50%, the GST nanodisks would be
undergoing three varied switching at three different wavelengths
simultaneously, obtaining a 6 dB contrast ratio (Figure 14c(iii).
This enables simultaneous “on” and “oft” states in different
spectral regions. The same behavior was observed when
crystalline phase of GST nanodisks were changed from C =
25% to C = 75% (red line) and from C = 50% to C = 100%
(yellow line).

By dedicatedly designing the pattern of nanostructures,
polarization-dependent tunable devices can be realized.””” ™%
As an illustration, Wang et al. reported a dual-polarization
optical filter based on the combination of a subwavelen%th
grating waveguide and low-loss GSST PCM (Figure 14d(i).””
Because of the geometric asymmetry, TM and TE mode
experience different effective indices in the grating, leading to
separate transmission control of TE and TM mode. By gradually
adjusting the crystallization fraction f, the proposed Bragg
grating filter can provide up to 20 nm (17 nm) red-shift with
intensity modulation of 6 dB (0.15 dB) at 1550 nm for TE (TM)
polarization (Figure 14d(ii).

4.2. Tunable Metasurfaces for Wavefront Manipulation
For light waves, the control of phase is crucial, as it is an essential

way to manipulate wavefront. Thanks to its contrast of refractive
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Figure 15. Tunable metasurfaces comprising PCMs for wavefront manipulation. (a) Electrically reconfigurable metasurface based on GST. (i)
Schematic of the electrically tunable metasurface on the electrothermal switching configuration. (ii) Top-view SEM image of the fabricated beam
steering metasurface consisting of (top) an array of repeating unit cells and (bottom) schematic of each unit cell. (iii) Measured deflection efficiencies
of different diffraction orders at 1 = 1550 nm.”** Reproduced with permission from ref 282. Copyright 2021 The Author(s), under exclusive license to
Springer Nature Limited. (b) Optically reconfigurable PCM-based metasurface. (i) Schematic of writing a reconfigurable photonic device in a 70 nm
thick GST film sandwiched between two layers of 70 nm thick ZnS-SiO, films. (ii) Schematic of writing two superimposed Fresnel zone pattern,
erasing one of them, and rewriting it. The patterns were imaged at 1 = 633 nm.**' Reproduced with permission from ref 281. Copyright 2015 Nature
Publishing Group. (c) A lithography-free photonic metacanvas based on VO,. (i) Schematic of laser writing different photonic operator patterns on a
metacanvas. (i) Schematic of the experimental setup of dynamic transition between different optical fields. (iii) Transmitted light intensity normalized
by the profile of the incident light intensity.”* Adapted with permission from ref 25. Copyright 2017 Wiley-VCH.

indices during phase transition, PCMs are exploited in tuning
the wavefront of metasurfaces to realize various functionalities
such as beam steering, metalens, phase mask, and switchable
spin—orbital coupling. For instance, Zhang et al. proposed an
electrically tunable metasurface that can achieve polarization-
independent phase gradience.”*” By depositing the metasurface
on the metal heater, electrical pulses can be applied to achieve a
reversible switch between the amorphous and crystalline states
through the electrothermal effect (Figure 15a(i). Each unit cell
consists of two GSST circular meta-atoms with radii of 560 and
470 nm, respectively (Figure 15a(ii). A long duration and low-
voltage pulse (S00 ms, <12 V) triggered the amorphous—
crystalline phase transition via Joule heating, and a short and
high-voltage pulse (S ps, 20—23 V) triggered crystalline—
amorphous phase transition via a melt-quench process. As
shown in the measured deflection efficiencies (Figure 1Sa(iii),
the reflected light at 1550 nm couples to the +1 order mode (6 =
32°) in the amorphous phase and the 0 order mode in the
crystalline phase with contrast ratio to be 8.6 dB.

Owing to the development of modern photonics, it is possible
to precisely stimulate the phase transition in desired positions
via a focused laser spot. Recently, a platform for reconfigurable
optics comprising a thin GST film sandwiched between two
ZnS/SiO, layers is reported to realize various functions.”*’
Pulses from a Ti: sapphire laser at A = 730 nm are focused to
excite crystallization (0.39 nJ)/reamorphization (1.25 nJ),
leading to changes in the complex refractive index (Figure
15b(i). The right Fresnel zone in the written pattern for focusing
the incident light to foci can be erased and then restored on the
GST thin film (Figure 15b(ii). Similar functions can also be
obtained using VO, film (Figure 15c(i).”” First, the metacanvas
is heated up to the transition temperature (T = 68 °C) where
the VO, film was kept in the insulator phase. Then, the desired
pattern is written by a focused laser in the VO, film by locally
heating and changing its phase to metallic. Finally, the pattern
could be erased by reducing the global temperature down. The
metacanvas should be reheated to be ready for rewriting a new
pattern. On the basis of this technology, dynamic transitions
between different optical fields are demonstrated using two

https://doi.org/10.1021/acs.chemrev.2c00171
Chem. Rev. 2022, 122, 15450—15500


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00171?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00171?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00171?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00171?fig=fig15&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews pubs.acs.org/CR Review
a(i) =—] (i) (i) | Crystaline, .
P———— -10 g =10
£ 5 8 20
5 5
» — Crystalli B
600 nm ,‘_‘! -30 _23 Y Y — Agﬁﬁgwgﬁs E =0 ] L]
— Recrystallized I_|><_I
0 jz -404 o Amorphous L
1560 Toe se e
1561.2 1561.6 1562.0 0 1 2 3 4 5 6
Wavelength [nm] Switching cycle
b (i) (i) (iii)
aGST 0 0
I esT = o 5 | {'VW
—— z Cross 5 Cross
v 510 1
a = 2 15 Bar 10 Bar
cGST g-zg 45 Wv—’
y =22 ] aGST ¢GST
., 5pm -30 . . -20 . .
. 1510 1520 1530 1540 1510 1520 1530 1540
[ G

Wavelength (nm) Wavelength (nm)

c(i
99939,
oo, S a0 TR, 009
Write/ °
Erase f@
) 1'%
o Write *Georsh
Rosd o Erase H °Te
- H
&1é
00 26%229009%03000050900%0303%0 999309509 0 o
S 2 e
40 100 2 S . -
Number of Write/Erase cycle P,PsPyPs P; Rys Rsy Ps  RsgeaRez Rag Ry
d (l) . (iv) v)
§5 Nth Layer Input N th activation map T
ide §
wavegu! £
H
M (e
gotaray —(HEHCHEINS L 5 oA B 1 G
32
. Levels
(i)

datain

capping
Input layer

IDum

Control

Figure 16. Tunable integrated photonic devices comprising PCMs. (a) A high-performance optical switch working near the optical communication
wavelength. (i) Optical micrograph of the resonant switch with inset showing the PCM strip on top of the SiN waveguide. (ii) Normalized
transmittance spectra of the resonant switch, showing complete ON/OFF modulation of the resonant peaks. Inset: transmittance modulation in
broadband. (iii) Resonance extinction ratio modulation of the device upon laser switching.*”> Reproduced with permission from ref 292. Copyright
2019 The Author(s). (b) A nonvolatile PCM-clad silicon photonic 2 X 2 switch. (i) Schematic showing the photonic switch. (ii) Normalized optical
field intensity distribution in the device for amorphous GST (a-GST) and crystalline GST (c-GST) at 1550 nm. (iii) Measured transmission at the
cross and bar ports with amorphous and crystalline GST.*** Reproduced with permission from ref 304. Copyright 2019 American Chemical Society.
(c) Integrated all-photonic nonvolatile multilevel memory. (i) Schematic of the operational principle of all-optical on-chip memory metadevice.
Reading, writing, and erasing are performed by ultrashort optical pulses through the waveguide. (ii) Repetitions of the switching cycle over S0 cycles.
Shaded areas show the measured confidence interval. (iii) The GST-based microdevice can be operated with eight levels by increasing the readout
power by a factor of 10. Each level can be reached from a higher level by applying a partial Erase R,_,.”" Reproduced with permission from ref 71.
Copyright 2015 Nature. (d) A programmable waveguide mode converter for a convolutional neural network. (i) Schematic of the GST array deposited
on a waveguide. (ii) SEM image of the complete PMMC, and schematic of the measurement and control units. The GST phase gradient metasurface is
encapsulated in the red box and the mode selector in the yellow box. (iii) The mode contrast I is controlled at 64 distinct levels enabling 6-bit
programming resolution. (iv) Schematic of optical convolution for image processing consisting of an array of k> PMMC used as photonic computing
core. (v) Top: The grey-scale image of the “cameraman” is used as the input image; bottom: All the sharp edges in the original picture are highlighted
by combining the horizontal and vertical edges.””” Reproduced with permission from ref 297. Copyright 2021 The Author(s).

metacanvas F; (linear polarizer) and F, (concentric-ring 4.3. Tunable Integrated Photonic Devices
grating) (Figure 15c(ii). With the existence of both F; and F,,
the circularly polarized incidence is transformed into linear

polarized light (via F,), which is further transformed into a two-

Apart from active metasurfaces and metamaterials, PCMs can
also be integrated into many photonic chips and achieve a wide
range of functionalities. For example, an optical modulator near

lobe pattern (via F,). By sequentially erasing F, and F,, the
original tow-lobe pattern is converted into a donut shape (via
erasing F;) and uniform field (via erasing F,) (Figure 15c(iii).
These lithography-free reconfigurable metasurfaces provide a
new method to design functional flat optics in large freedom.

the optical communication wavelength is proposed by
exclusively using the change in the real part of the refractive
index (Figure 16a(i).”” In this work, the authors computation-
ally optimized Ge,Sb,Se,Te,_, alloys to achieve the highest
figure-of-merit (FOM), where FOM = An/Ak (An, the change
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of real part of the refractive index; Ak, the change of the
imaginary part of the refractive index), which is further
integrated on top of a SiN waveguide, illustrating modulation
of ON/OFF transmission between amorphous and crystalline
states (Figure 16a(ii). A large contrast ratio of 42 dB and low
insertion loss of <0.5 dB are achieved with six switching cycles,
which outperforms the nanomodulator based on the traditional
GST material with a similar design (Figure 16a(iii).
Furthermore, a 2 X 2 silicon photonic switch is demonstrated
using GST.*** The operation principle of this coupler is based
on the mode modification of TE-polarized supermodes in the
three-waveguide structure, in which a thin layer of GST is
deposited on the middle waveguide (Figure 16b(i). The phase-
matching condition can be satisfied with an amorphous state,
completing the power transfer from the input port to the cross
port. Contrarily, the coupling wavelength of crystalline GST is
much larger than that of amorphous GST. Hence, most of the
input light cannot be cross-coupled but rather propagates to the
bar port (Figure 16b(ii). This optical switch can work with a
bandwidth of 30 nm and be potentially applied in optical
interconnects, neuromorphic computing, and quantum comput-
ing (Figure 16b(iii).

Fast development in Al technology renders higher demands
on computing power and large-scale data storage, beyond the
capability of traditional Von Neumann architecture. To this end,
integrated photonics based on PCMs have opened great
opportunities for nonvolatile multilevel memory and on-chip
computing. An integrated nonvolatile all-photonic memory
based on GST is proposed by utilizing the evanescent coupling
between light traveling along the waveguide and the GST
element.”" In this microdevice, the reading, writing, and erasing
were performed by ultrashort optical pulses (Apy = 1560 nm)
through the waveguide (Figure 16¢c(i). The phase state of GST
part atop microdevices determined the information saved in the
corresponding memory unit, which dictates readout trans-
mission coefficients. The light was absorbed more (21%) when
the GST was in the crystalline phase due to high optical loss of
GST material around the operational wavelength of Ap . =
1570 nm. A single 100 ns optical pulse was used for writing, and
a sequence of six consecutive 100 ns pulses was used for erasing.
The memory data is reproducible for at least S0 cycles (Figure
16¢(ii). This nonvolatile memory can be operated with eight
levels by increasing the readout power by a factor of 10 at speeds
approaching 1 GHz (Figure 16c(iii), validating its potential as
all-photonic on-chip memory to outperform conventional von
Neumann architectures.

Another way to eliminate the limitation of traditional
computing systems is to introduce neural networks for data
storage and processing,’”” in which neuromorphic photonic
devices has been raised as an auspicious hardware accelerator.
Recently, Wu et al. reported a programmable waveguide mode
converter using GST metasurface, which can be integrated as the
photonic computing core in an optical convolution for image
processing.””” It consists of a linear array of 30 nm thick GST
nanoantennas with tapering widths on a 1.8 ym wide and 330
nm thick SiN waveguide (Figure 16d(i). The GST metasurface
was designed in a way that its equivalent wavevector was equal to
the difference between the two spatial modes of the waveguide
so that it could efficiently convert the TE; mode to the TE,;
mode when GST was in the crystalline phase. This mode
conversion would be diminished when GST was amorphous, as
GST film would have a smaller refractive index and would not
satisfy the required phase gradient. Figure 16d(ii) shows the

SEM image of the programmable metasurface mode converter
(PMMC) device and the measurement and control units.
Optical pulses are used to control the phase of GST
metasurfaces and program PMMC devices to control the
proportion of output TE; mode to input TE; mode. The PMMC
controls the mode contrast at 64 distinct levels between —0.73 to
+0.67 at 1555 nm, corresponding to 6-bit programming
resolutions (Figure 16d(iii). This mode contrast could be
used as elements in a matrix in a multiply accumulated
operation, which is the constitutional step of matrix-vector
multiplication (MVM) in all neural network algorithms. Optical
convolution for image processing is schematically shown,
consisting of an array of k> PMMC used as a photonic
computing core to store the kernel matrix (Figure 16d(iv). The
patch of pixels of the image (top panel of Figure 16d(v) is
encoded as optical pulses and input into the channels, and the
TE, and TE; outputs were summed and measured. The
horizontal and vertical edges were detected separately and
then combined to highlight all the sharp edges (bottom panel of
Figure 16d(v). By using nonvolatile GST material in the
integrated photonic device, they have enabled programming and
in-memory computing capabilities for on-chip neural network
algorithms.

4.4, Phase Transition for in-Plane Polaritons

4.4.1. Polaritons in Different Types of Materials. For
conventional photonic devices, one obstacle to manipulate a
light beam at the nanoscale is Abbe’s diffraction limit, which
hinders further reduction of element size from about one-half of
the operation wavelength.306 Polaritons, hybrid excitation of
matter and photons, can overcome the diffraction limitation and
provide a new way to control electromagnetic waves. Hence,
manipulating light propagation and dispersion by exploiting
polaritons has been attracting significant attention from the
nanophotonics community in recent years. The propagation
behaviors of polariton waves are determined by specific material
characteristics, such as SPP*”” (photon hybrid with charge
oscillations), phonon polariton®**~*'" (photon hybrid with
phonons), and exciton polariton®'*~*'* (photon hybrid with
exciton). Typically, SPPs in metal suffer from intrinsic optical
losses with a lifetime of ~10 fs.”'” These losses limit the
transmission output and shorten the propagation lengths of
SPPs. Polar crystals, such as SiC,>%8 a-quartz, 19 and calcite,*"!
support strongly confined phonon polaritons (PhPs) in their
Reststrahlen band (negative permittivities) in the IR spec-
trum.”*1%?29723 Because phonons have inherently long
lifetimes (~1 ps) and low optical loss,*** the SPhPs have
lower propagation losses and longer lifetimes as compared to
SPP counterparts.

Particularly, the recent emergence of atomically thin, 2D vdW
materials of varying electronic types enables new avenues for
light-matter interactions from UV—visible to terahertz spectral
ranges, as hosts for ultraconfined polaritons within atomically
thin volumes.’*>™>*® For instance, 2D semimetals such as
graphene and small bandgap semiconductors such as BP exhibit
tunable and highly confined SPPs***~**" and have led to
applications such as molecular sensing, tunable THz generation,
and electro-optical light modulation.”**™**° Likewise, natural
hyperbolic vdW crystals such as h-BN,**%32%:322:33¢
MoO;, %773 and a-V,04,>*° support hyperbolic PhPs,
which exhibit long lifetimes, ultralow loss (i.e., long-range
transport), ray-like collimation, and ultrahigh field confinement,
enabling a plethora of unparalleled opportunities in PhP-based
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Figure 17. PCM-based plasmonic devices for intensity control. (a) Electrically tunable nanoantenna based on GST. (i) Schematic showing an optical
antenna comprised of a GST nanobeam stacked on top of a silver nanostrip, separated by a thin AL, O; layer. (ii) The simulated total scattering cross-
section of the optical antenna with a-GST and ¢-GST. (iii) Dark-field, white-light-scattering images of the antenna taken after a set pulse and a reset
pulse, showing a notable change in the scattering intensity. The scattered light intensity measured along the antenna length is plotted in the inset.**
Reproduced with permission from ref 350. Copyright 2021 The Author(s), under exclusive license to Springer Nature Limited. (b) A phase-change
metamaterial with the capability of nonvolatile color display. (i) 3D schematic of the phase-change MIM absorber structure and the materials used. (ii)
Magnitude of the magnetic field (in the direction perpendicular to the plane) in the MIM absorber with the GeTe layer in the amorphous (left) and
crystalline (right) phase. (iii) Optimized reflectance spectra of the cyan (left), magenta (middle), and yellow (right) pixels, as obtained by finite
element method (FEM) simulation.* Reproduced with permission from ref 43. Copyright 2019 The Authors. (c) Active control of surface plasmon
waveguides. (i) Schematic showing active control of surface plasmon waveguides with a PCM. (ii) Measured intensity distributions in the amorphous

(top) state (I,) and change of intensity (AI) after crystallization of the PCM (bottom).*’ Reproduced with permission from ref 69. Copyright 2015

American Chemical Society.

functional nanodevices.”*' In the visible frequency regime,

TMDCs support exciton-polaritons, which were recently
demonstrated in MoSe, with a small polariton wavelength
(down to 300 nm) and a long propagation length (up to 12
pum) 313

With the galloping development of polariton-based nano-
devices, how to actively control in-plane polaritons has become a
new objective in the community. To date, many technologies
have been proposed to modulate the polariton behavior,
including twisting the angle between optical axes of two
adjacent metasurfaces,”*”***~** hydrogenation of the surface
atoms,””>**** and photoexcitation to inject electron—hole
pairs.349 Nevertheless, these modulation methods are rather
slow or only limited in specific materials. With different methods
to stimulate phase transition in PCMs, such as electrical
pulses,”*>**° optical laser pulses,”" and thermal scanning
probes,”” it is possible to have simultaneous control of size,
position, and phase-transition depth of meta-atoms.*>> Hence,
exploiting PCM:s with tunable electronic or lattice properties has
become a competitive approach to control the flow of different
polariton waves and programmably manipulate light on-chip at
the nanoscale. Herein, we discuss the applications of PCMs on
modulation of in-polaritons from the aspects of plasmonic
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devices, low-loss phonon polaritons, and vdWs polaritonic
devices.

4.4.2. Phase Transition Based Plasmonic Devices.
Surface plasmons have been viewed as an emerging candidate
of information technologies, facilitating high-capacity, high-
speed, and integrated plasmonic chips. Because of its sensitivity
to the dielectric constant in surrounding materials, plasmonic
resonance can be widely modulated by incorporating PCMs
with metals, resulting in light intensity change during phase
transition.”” 93947358 Ror example, Wang et al. recently
stacked GST film on a silver strip, which can serve as heating
stage and plasmonic resonator simultaneously (Figure 17a(i).
By sending SET and RESET current pulses through the silver
nanostrip, GST can transform between amorphous and
crystalline states, leading to the contrast of scattering cross-

""" ).>*° Modulation of beam amplitude
makes it possible to exploit PCMs to realize multiple
functionalities. For example, Figure 17b demonstrates a
switchable phase-change metamaterial resonant absorber with
nonvolatile color generating capabilities by embedding GeTe in
metal—insulator—metal (MIM) nanostructure (Figure 17b(i).*
When the PCM is in the crystalline state, plasmons can be
excited and result in a transversal magnetic resonant mode,

https://doi.org/10.1021/acs.chemrev.2c00171
Chem. Rev. 2022, 122, 15450—15500


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00171?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00171?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00171?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00171?fig=fig17&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews pubs.acs.org/CR

REVIEY

Amorphous Crystalline

Vim

Max Max

M GST-225
W sio2
m Al

b (i) Symmetric PSOIs Asymmetric PSOIs OFF
-20&(x,y) -20(x,p)+é(x.y) None
M2 A X -
VR \* VB R
@\ ' DO QDS i
A A
e

w Jﬁ"\f‘,
/\

.. % ©m

Amorphous OTe Semicrystalline Crystalline

‘GST crystallinity

Intensity (a.u.)

Semicrystalline Crystalline

— Amorphous
— Crystalline
<
X
2 16
c
g 14 )\p?mp
0 A robe
= 12 H p:o e
2 :
© 10
Plasmonic mixed- =
mode memory cell 8
6
-100 0 100 200 1400 1450 1500 1550 1600

X position (nm) Wavelength (nm)

Figure 18. PCM-based plasmonic devices for phase control and waveguide memory. (a) Reconfigurable metasurfaces incorporated with PCM for
beam steering. (i) Schematic showing the design of actively controlled beam steering. (ii) Anomalous reflection (6, = 33.6°) with amorphous GST
layer. (iii) Specular reflection with crystalline GST layer.** Reproduced with permission from ref 45. Copyright 2018 The Authors. (b) Active
switching of PSOIs in phase-change metasurfaces. (i) The schematic diagram of active PSOIs enabled by the proposed phase-change metasurfaces. (ii)
SEM images of the fabricated metasurface consisting of top Au and GST nanobar deposited on Au film. (iii) Measured diffraction patterns at different
crystallization levels under RCP and LCP illumination (left) and interference patterns obtained through the interference of the orbital angular
momenta (OAM) beams and a titled circularly polarized Gaussian beam (right).**” Reproduced with permission from ref 367. Copyright 2020 Wiley-
VCH. (c) Plasmonic memory cell integrated into a photonic waveguide. (i) Schematic of an integrated plasmonic—photonic waveguide memory with
dual electrical—optical functionality though embedded PCM (GST) (ii) Simulation of the field enhancement within the nanogap when the GST is in
amorphous (top) and crystalline (bottom) state. (iii) The transmission of the device before and after crystallization. The significant change in the
refractive index changes the coupling between the nanogap and waveguide, which reduces reflection from the input waveguide, thereby increasing the
overall transmission of the device in the crystalline state.”’® Reproduced with permission from ref 370. Copyright 2019 The Authors.

leading to wideband absorption in the visible range. Contrarily,
the resonant mode is switched off with amorphous PCMs,
leading to flat, pseudowhite reflection spectra. The magnetic
fields in the amorphous and crystalline states are shown in Figure
17b(ii). By adjusting the geometry of MIM absorbers, the peak
position of the reflection spectra can be shifted to present cyan,
magenta, and yellow colors (Figure 17b(iii).

plasmonic switch is achieved when GST is applied on a
waveguide to control the propagation of SPP at an Au/SiO,
interface (Figure 17c(i). By using a laser pulse to reversibly
control the phase of GST transition from its amorphous to
crystalline structural phase, the refractive index, transmission,

and absorption coefficient of SPPs are modulated, thus enabling

Another application is to employ modulated light intensity to
achieve optical switching function.®”>*! For instance, a
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optically switching of SPP. As shown in Figure 17c(ii), the
intensity at the out-coupling grating changes strongly upon
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changing the GST phase, leading to a strong differential signal
(AI ~ 31%) upon phase transition of GST.

Apart from intensity control, phase modulation is also
required to achieve many important photonic devices in
nanoscale. Incorporating PCMs with nanostructures can allow
the continuous phase shifter through applied voltage.”>” An
intuitive application of actively controlled phase shift is beam
360 Figure 18a(i) shows a schematic diagram of MIM
metasurface with a dielectric layer involving GST sandwiched
between the top Al strip and bottom Al blanket. Different phase
shifts can be realized in the amorphous and crystalline states via
tuning the width of the top aluminum strip."> Hence, by
delicately designing the width of aluminum strip in each unit cell,
the metasurface can switch between anomalous reflection (6, =
33.6°) in the amorphous phase (Figure 18a(ii) and specular
reflection in the crystalline phase (Figure 18a(iii).

.45
steering.
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Vortex beams have huge potential to be applied in quantum
information, encryptions, and optical communications. Conven-
tional devices such as spatial light modulators (SLM) used to
create vortex beams have the problem of huge volume, large unit
cells, and limited bandwidth, which hinders its further
applications.*®' The advent of metasurfaces offers a novel
approach to the research of vectorial and vortex beam generation
due to its freedom of phase design, miniaturization of footprint,
and flexible manipulation.**>*% Furthermore, the combination
of PCMs makes it possible to achieve the reconfigurable and
switchable generation of vortex beam and photonic spin—orbit
interactions (PSOIs).**"**"7** For example, tuning between
symmetric and asymmetric PSOls is demonstrated using a GST-
based MIM metasurface (Figure 18b(iii).**” In the amorphous
state, the metasurfaces are only characterized by geometric
phase (Pancharatnam—Berry phase, i.e., PB phase) of —20¢-
(w,y), resulting in symmetric PSOIs; while in the semicrystalline
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~1% Reproduced

state, an additional propagation phase of ¢(«,y) is introduced to
the PB phase. Under this condition, asymmetric coupling with
independent control of two different spins (left-handed and
right-handed circular polarization, i.e., LCP and RCP) can be
achieved. When GST is fully crystallized, PSOIs are switched off
and only mirror reflection exists (Figure 18b(iii). The switching
ability of PSOIs may provide an inspiring envision in optical
encryptions and information security.

While plasmonics permits strong light—matter interactions in
nanoscale, the optical loss of metal plasmon at optical
frequencies limits the propagation lengths of SPPs and makes
guiding light inefficient. Some integrated approaches have been
developed by combining plasmonics with nanoscale photonics,
which allow for both low-loss light delivery and strong light—
matter interaction in a compact footprint.370 For example,
Nikolaos et al. first demonstrated a plasmonic-phase-change
memory cell integrated into a photonic waveguide (Figure
18c(i). The memory device can be electrically or optically
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switched between binary or multilevel states. As shown in Figure
18c(ii), one can reversibly regulate the intensity of the electrical
field within the nanogap by switching between its highly resistive
amorphous phase and conductive crystalline phase. Hence, the
overall transmission of the device is largely modulated by the
phase transition (Figure 18c(iii). In addition, this device can also
be simultaneously read out both optically and electrically,
offering a new strategy for merging computing and communi-
cations technologies. This work integrated plasmonics,
photonics, and electronics, providing an exciting outlook in
the development of switchable and reconfigurable meta-devices.

4.4.3. Reversible Switching of Low-Loss and Highly
Confined Polaritons. Thus far, most on-chip plasmonic
devices are limited by their high optical loss and low light
confinement. The high research interests have been changed to
controlling low-loss PhPs in polar crystals and highly confined
polaritons in vdW materials.”® The same approach by employing
PCM can also be used to actively control PhPs, for example, the
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PCM such as GST on quartz as illustrated in Figure 19a. The
bottom bulk polar substrate supports surface phonon polaritons
(SPhPs). Li et al. demonstrated that a thin layer of GST on a
quartz surface can dramatically squeeze the wavelength of
SPhPs, while the local switching of the PCM after direct laser-
writing structurin% can create rewritable SPhP resonators
(Figure 19a(iii).”" The scattering-type scanning near-field
microscopes (s-SNOM) measured SPhPs wavelengths have
been squeezed down to (4,/50), which is three times smaller
than previously reported SPhPs in bulk polar crystals. The V-
shaped marker after writing can be clearly seen in AFM
topographic image. At the frequency of 943 cm™', the
permittivity of ¢c-GST is larger than that of a-GST, causing a
brighter optical signal. At the frequency of 1120 and 1127 cm™,
SPhP fringes can be observed because of the negative
permittivity of quartz (Figure 19a(iii). This PCM enabled
reversible optical switching of SPhP has inspired a large amount
of studies of active polaritonic optics and meta-optics in many
other polar and vdW materials.

Besides propagating mode, the localized resonance mode in a
nanocavity can also be enhanced and regulated by combing
PCM with polar crystals. Figure 19b(i) shows an Au planar
cavity with a high Q factor (~150) fabricated on a thin film of
GST deposited on a SiC substrate.””’ The enhanced highly
confined SPhP resonance can be switched off by directly
annealing the metasurface on a hot plate, which causes material
crystallization (Figure 19b(ii). All the above approaches toward
advanced control on the propagation of ultraconfined polaritons
empower unique opportunities for many nanocircuit function-
alities, e.g., on-chi7p optical switching,69 reconfigurable wave-
front shaping,"**”> metasurface arrays,”* and polaritonics
lensing nanodevices.*

4.4.4. Phase Transition for van der Waals (vdWs)
Polaritonic devices. The polaritons in vdW materials are
highly tunable, for instance, suspending h-BN on substrates that
are made of phase-change materials, examples of VO, (Figure
20a(i)***”* and GST (Figure 20b(i),* the effective index (1,4 =
k,/ky) of PhPs can be reduced by a factor of 25 simply by
changing the substrate from dielectric to metallic behavior.”’* As
a result, by mimicking conventional refractive optics and
engineering the geometry of planar polaritonic elements
(bottom PCM layers), in-plane practical functionalities such
as polariton steering, prism, and lensing have been real-
ized."”**?7>%”* One typical example is the polariton lensing**
within an h-BN slab on VO, substrate. Because of the different
1.5 of PhP modes on dielectric and metallic domains of the VO,,
when PhP with low-n.g 4 propagates to a high-ng,,, region with a
convex interface, the n. difference between two mediated
polaritons results in a gradual phase accumulation within the
curved lens; hence, the transmitted PhP gets focused into a spot
(Figure 20a(ii). Such an approach requires locally heating the
VO, into microscale polaritonic elements. However, this
approach suffers from limitations because VO,’s different phases
cannot coexist at the same temperature, and thus in close spatial
proximity as is desirable for the realization of polaritonic devices.
Another strategy by utilizing PCM GST has been demonstrated
experimentally, which can realize rewritable waveguides and
refractive optical elements such as lenses, prisms, and metalenses
for PhPs in hBN (Figure 20b). In experiments, a subwavelength
laser spot was used to write and erase patterns on the GST films
with high spatial resolution. One example is the polariton
steering; "~ due to the different n, of PhPs on amorphous or
crystalline GST, the propagating PhP undergoes positive

refraction at the domain boundary (Figure 20b(ii). Further-
more, by using GST as switchable meta-atoms, it is also possible
to achieve planar meta-optics for polaritons. Because by utilizing
direct laser writing, arbitrary patterns can be written, erased, and
rewritten in the hBN-GST heterostructure. For instance, the
elements in metalens-1 and metalens-2 are truncated c-GST
waveguides defined in an a-GST environment. By varying the
length (metalens 1) and width (metalens 2) of each element to
create the hyperbolic phase profile, focusing effects have been
achieved of the two designed metalenses (Figure 20b(iii) and
(iv). This approach can be readily combined with other
polaritonic vdW materials and other phase-change materi-
als,"** thereby enabling a whole range of deeply subwave-
length and programmable polaritonic devices on-chip.

5. PHASE TRANSITION FOR THERMAL RADIATION

As discussed above, the dramatic change of complex permittivity
can be exploited to a wealth of applications in tunable
nanodevices via active modulation both on photons and
polaritons, during which the optical spectra are modified. On
the basis of Kirchhoff’s law of thermal radiation, the emissivity of
an arbitrary body in thermodynamic equilibrium is equal to the
absorptivity in the IR region, that s, £(1) = a(2).2%*"> Hence, an
abrupt change of thermal emissivity is expected during phase
transition. Taking advantage of the tunable thermal emissivity,
different functionalities have been realized including thermal
camouﬂage,‘w’96 anticounterfeiting,"’76 radiative cooling of
buildings,‘?’77 and much more.*?”%3”° Nevertheless, the
dramatic variation of thermal properties can only happen
around the phase change temperature, which hampers further
applications of PCMs in a wide range of temperatures. One
effective method to overcome this limitation is to alter the
temperature of 9phase transition, for instance, through doping
impurities.'*"'?"**973% One notable example is doping
tungsten in VO, to expand its applicable range of emissivity
modulation.*®® Recent advances on the W-VO, have been
reported for a variety of functions, such as temperature-
independent camouﬂage,26 thermal imaging sensitizer,”” as
well as the radiative cooler.”"

In this section, we first summarize the implementations of
PCMs on thermal emissivity modulation and relative
applications. Then, we introduce the doping method which
modulates the phase transition point of VO,. The modified
thermal properties in turn expand the applications of VO,, which
are reviewed at last.

5.1. Phase Transition Based Thermal Emission Control

5.1.1. IR Camouflage. According to Kirchhoff’s law of
radiation,””® the spectral emissivity £(4) is equal to spectral
absorptivity in thermodynamic equilibrium. The thermal

. . L 384
radiance per unit angle is given by

p.(T) = / B(T, D)e(2) di
0 (4)
where B(T,1) is the spectral radiance of a blackbody. Therefore,
the possibility of tailoring £(1) across phase transition allows for
flexible tuning of P,,4 (T) below the blackbody counterpart. This
artificial reduction of P4 (T) is the principle behind an IR
camouflage, causing an apparent temperature captured by the IR
camera to be lower than the actual temperature, thus concealing
the target object in a colder background.
A typical PCM used for thermal camouflage is VO,. In the
simplest case, a blanket layer of VO, is deposited on a substrate
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Figure 21. IR camouflage based on PCMs. (a) An adaptive thermal camouflage based on electrically heated VGC nanothickness sandwich structure.
(i) (left) The thermal radiance of the background coating (black line) and the VGC film (heating, red curve; cooling, blue curve). (inset) The structure
of the electrically tunable VGC-based device. (right) Thermal images of camouflage processes by direct (A1—B1) and hysteretic (A2—H2—B2)
heating strategies. (ii) Transmittance change of the VGC film over 100 000 cycles.”® Reproduced with permission from ref 96. Copyright 2015
American Chemical Society. (b) Thermal camouflage based on GST film. (i) Schematic showing the thermal camoutflage. Perfect camouflage can be
achieved by changing the GST phase on a GST-Au bilayer film-covered tank surface. (ii) Thermal images of background and object at different
temperatures and annealing times. The object is annealed at 200 °C for 0, 40, and 60 s to obtain various GST crystallization depths. The three
conditions on the diagonal line show adaptive thermal camouflage at different temperatures.” Reproduced with permission from ref 47. Copyright

2018 The Author(s).

with high thermal absorption, such as sapphire, mica, or polymer
materials. When VO, is in the insulator state, it is basically
transparent to the thermal IR spectra with wavelength ranging
from S to 20 ym, so the surface shows high absorption to thermal
IR by the substrate material. When VO, switches to the metal
state, the surface becomes much more reflective to IR*>*® because
the plasmonic energy of free electrons in the metal state is ~1
eV,”® much higher than the energy of thermal IR photons (~0.1
eV). Therefore, the thermal emissivity in the metal state is
smaller than that in the insulator state, which is suitable for
thermal camouflage. For instance, Xiao et al. fabricated an
adaptive thermal camouflage system consisting of a VO,/
graphene/CNT (VGC) sandwich structure.”® Thanks to the
great electrical conductivity of graphene/CNT substrate, it is
efficient to use an electrothermal method to stimulate the phase
transition. By using a layer of silver thermal glue (average
emissivity & 0.67) in a two-terminal current-controlled
structure, the thermal camouflaging behavior of the VGC film
is investigated (Figure 21a(i), inset). The thermal radiance of
the surface demonstrates an abrupt decrease when the
temperature rises above Tyyy, allowing regulation of the
apparent IR temperature to the same as that of the background.
For example, during the heating process, the detected
temperature difference (AT1) between the VGC film and the
background decreases from 5.1 to 0.7 °C (the background
remains at X1 point but the VGC film change from Al to Bl
point through heating). Also, the VGC film can blend into the

background when it is shifted from H2 to B2 point (Figure
21a(i). The reliability of the VGC structure is also explored by
measuring the transmittance change. It is shown that the
nanothickness sandwich structure design enables fast switching
by electrical Joule heating, and the system exhibits excellent
cyclability over 100 000 cycles (Figure 21a(ii).

An alternative material for camouflage is the widely used PCM
GST. In the MIR range from 6—14 pum, the average thermal
emissivity increases dramatically due to the phase transition
from amorphous (transparent) to crystalline (absorptive)
state.*” Therefore, GST film can be blended into the background
with different temperatures by controlling its crystalline depth
(Figure 21b(i). Qu et al. demonstrated that the GST thin film
can be used as an effective coating to achieve thermal camouflage
from 30 to SO °C via modulating its annealing time (Figure
21b(ii).

5.1.2. Self-Adaptive Radiative Cooling. For a comfort-
able living environment for humans, more than half of the
household energy is consumed on heating and cooling in
countries like the United States.**® To cut this portion of energy
consumption and reduce the greenhouse effect, the radiative
heat exchange between households and the 3K outer space has
been extensively investi§ated for an energy-free approach of
building cooling.”®”~**" Daytime radiative cooling was
developed in the past few years by using roof coatin%s with
high thermal emissivity and low solar absorption.””*~*"* This
technique with fixed, cooling-optimized properties, although
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successful in reducing the cooling energy in hot summer
daytime, continues to efficiently radiate heat during cold nights
and winter and thus increases the energy cost in heating. The

issue of overcooling is a critical limitation for conventional static

15481

thermal regulation.’”” Therefore, it is a timely demand to
develop a coating material with dynamic emissivity that
automatically shuts off or reduces the radiative cooling power

at low temperatures.
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VO, is an ideal candidate for this dynamic emissivity property
due to its temperature-driven MIT. Effective emissivity
modulation can be achieved by integrating VO, with various
optical resonant structures. The design of the Fabry—Perot
cavity is a relatively simple approach to building a surface with
high emissivity exclusively at high temperature based on the
mechanism described in section 5.2. In 2018, Ono et al
proposed a self-adaptive radiative cooling design using the VO, /
MgF,/W cavity structure (Figure 22a(i).””” An 11-layer
bandpass filter consisting of Ge/MgF, stack structure is
integrated on the top surface of the reported cavity structure
to eliminate the absorption in the solar wavelength range
(Figure 22a(ii). Theoretical calculations indicate a significant
increase of the thermal emissivity in the MIR region driven by
the insulator-to-metal transition of VO, (Figure 22af(iii).
Therefore, when the ambient temperature is higher than the
critical point of phase transition, the adaptive radiative cooling is
turned on with high emissivity. On the contrary, the radiative
cooling will be much reduced when the ambient temperature is
lower than the critical point.

In addition to the Fabry—Perot cavity, metamaterial surfaces
can also enhance the emissivity of the metal state via plasmonic
resonance of adjacent blocks. Sun et al. fabricated a smart
radiator that consists of a bottom aluminum reflector, a SiO,
spacer layer, and VO, block arrays (Figure 22b(i).>”* When the
metasurface is heated from 25 to 80 °C, the absorptivity within
the MIR range increases gradually (Figure 22b(ii). The insulator
state and metal state emissivity are measured at 25 and 90 °C,
respectively, showing a modulation depth of &y — & = 0.43
(Figure 22b(iii).

5.1.3. Dynamic Spatial Control of Thermal Emission. In
addition to the spectral control, how to spatially modulate
thermal emission is another crucial yet challenging issue as it is
highly demanded for information apglications, such as IR target
simulation,®” combat recognition,””® and encryption.’’® To
achieve active control of spatial patterning, many technologies
have been proposed including utilizing thermoelectric meth-
o0d,¥73%8 light-sensitive materials,””” and metamaterial based on
MEMS.**° Nevertheless, large thickness (~5 mm) is required in
the thermoelectric devices; the modulation range of emissivity is
very limited (~0.12) by using UV illumination to generate light-
induced carrier; the MEMS-based metamaterial increases the
complexity of fabrication. Consequently, spatially resolved
active control of thermal emission for further applications is
still elusive.

The advent of PCMs opens a new direction to realize
reconfigurable and spatial control of thermal radiation.''* The
phase transition of VO, at precise locations can be achieved
through a highly focused laser spot, leading to spatially resolved
emission control. Also, by controlling the duration of laser
pulses, nine levels of thermal emission at the same temperature
are demonstrated. However, maintaining the thermal pattern
requires sustaining power supply to keep the sample at a desired
temperature and the motif will be erased in about 9 s after
removing the device from the heat stage. Recently, Xu et al.
developed a nonvolatile reconfigurable metasurface with
independent coding in both visible and IR range.”’® The
metasurface consist of a stack of Au/ZnS/GST and a capping
layer. When illuminated by a focused high-power ns laser pulse,
submicrometer-sized bumps are created due to the evaporation
of GST, which can efficiently scatter the incident white light
(Figure 23a(i). Simultaneously, ms laser pulse can be focused to
stimulate local crystallization, causing modulation of thermal

emissivity in the midwave infrared (MWIR, ~3 ym) and LWIR
(~8.3 um) regions (Figure 23a(ii). Hence, simulaneously
generating different patterns in visible and IR bands is achieved
on the same sample, which can be used in practical applications
such as optical data storage, encryption, and anticounterfeiting
(Figure 23a(iii).

One possible limitation of the method discussed above is the
requirement of a tightly focused laser source, which blocks its
scalability for further applications. To this end, spatial thermal
emission control via an expanded beam is demonstrated by Kim
et al.*’ First, the GST film is illuminated by a spatially modulated
laser beam and then annealed at an appropriate temperature.
Then the GST layer is irradiated uniformly, which causes
crystallization (Figure 23b(i). As the reflectance in visible light
only depends on the near-surface structure, the pattern cannot
be recognized by the naked eye. However, the measured
emission of a film is affected by the ratio of the thickness
between the crystalline and amorphous states. Therefore, the
designed pattern can be captured by an IR camera (Figure
23b(ii). To illustrate, thermal images of a “dog” figure are
obtained by annealing the sample at different temperatures T,
(Figure 23b(iii). It can be noticed that the overall emissivity of
the sample increases with the value of T,, which is due to the
improved proportion of materials in the crystalline state.
Furthermore, when the sample is annealed at 190 °C, the
color contrast fades away because it is fully crystallized.

5.2. Thermal Properties and Applications of W-doped VO,
(W-VO,)

With the dramatic change of thermal emissivity across the MIT
at Tygr = 67 °C, VO, has been widely used for dynamic thermal
radiation control.'* As we discussed above, the modulation of
thermal emissivity roots from the optical property changes
during the phase transition, which causes the regulation of
absorptivity in the IR range. In the metallic state, the complex

permittivity of VO, is expressed by the Drude model ag> 585400
2
_ @
€=y~ —5———
o” + iwl’ (s)

where w, €, @, and I" represent the angular frequency, the
high-frequency dielectric constant, the plasma and the collision
frequency, respectively. In the insulating state, VO, is a dielectric

medium and the permittivity is usually described by the Lorentz
400

2
Sjwp

£i=£m+2—

2 . 2
= ©)

where @, S, j, and y; refer to phonon vibration frequency, the
oscillation strength, the phonon mode index, and the scattering
rate, respectively.

However, the thermal conductivity of VO, was found to show
only insignificant variation across its MIT, limiting its thermal
conduction applications in a wider temperature range.’®' One
possible method to deal with this problem is to adjust its phase
transition temperature via doping impurities. For example, Tyt
of VO, can be effectively lowered down to —100 °C through
doping tungsten (W) following d Ty r/dx = —25 °C, in which x
is the atomic fraction of the W dopant.**>**"**! The ability to
regulate the thermal properties of VO, expands its application
range in the field of optics, information technology, and energy.
Examples of such applications include IR camouflage, thermal
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imaging sensitizers, and temperature-adaptive radiative coolers,
which will be discussed separately in the following subsections.

The formation of W, V,_,0, alloy provides a new opportunity
to regulate Ty effectively. For instance, Liu et al. used aqueous
sol—gel method to process thin VO, films with W doping ratio
up to 49%.%%° A consistent decrease of Ty was observed with an
increase in W doping ratio, and emissivity modulation is
available at lower temperatures down to 30 °C. In another work,
Mao et al. prepared a thermochromic W-VO, coating on cotton
fabrics, demonstrating its potential for practical IR stealth
applications.””" However, most IR camouflage based on W-VO,
is active that requires external heating for emissivity modulation.
Pixelated energy inputs are needed for the operation of such
camouflage, which is typically limited to objects with uniform
and slow-varying temperature profiles. In light of this limitation,
Tang et al. developed a novel, energy-free IR camouflage using a

15483

meta-material platform with graded doped W doping in VO,.*
By judiciously designing the W profile, the temperature
dependence of integrated emissivity £(T) can be engineered
in a nearly arbitrary manner near room temperature, and
unprecedented manipulation of IR radiance can be achieved
(Figure 24a(i). When &(T) is programmed as inversely
proportional to T, thermal radiance from the surface becomes
temperature independent (Figure 24a(ii), leading to the
development of a unique camouflage that is mechanically
flexible, power-free, and immune to spatial and temporal
perturbations (Figure 24a(iii). Furthermore, an IR decoy
based on the material platform is demonstrated, which can
intentionally deceive the IR camera with a counterfeited image,

achieving a more advanced stage of counter-IR detection.

The MIT of VO, can be utilized to develop another
application named TIS, which is based on the same principle
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of thermal radiance modulation, while the temperature depend-
ence of emissivity is engineered to be positive rather than
negative as in the case of camouflage. In IR imaging, the
temperature reading (Tjz) is obtained by assuming that the
object surface has a constant wavelength-integrated emissivity
(gy). For a general case, the Ty deviates from the actual
temperature T via P,,q = &, 6Tig = €T, in which ¢ is the actual
emissivity of the surface. The deviation can be shown from the
equation:

1/4

dT _ (i] (1 +

dT £ (7)
and this differentiation would be equal to (e/g,)"* for
conventional materials with T-independent . In contrast, if
€ can be engineered to have a strong and positive dependence on
T, the large d In &/In T would contribute to a significant
amplification of dT/dT, thus enhancing the sensitivity of
thermal imaging.

The desired T-dependence of € can be realized by combining
the MIT property of VO, with a Fabry—Perot cavity structure.
This photonic structure consists of an IR transparent dielectric
layer (spacer) sandwiched between a bottom metal mirror and a
top VO, layer. The top VO, layer is typically thinner than 50 nm.

ldlne)
4dInT

The thickness of the dielectric spacer d follows the equation**®
Y
4n ®)

in which 4, n, and N represent the resonance wavelength (8—13
um for thermal IR), the refractive index of the spacer and an odd
integer, respectively. The insulating state of VO, is transparent
to thermal IR, and incoming IR radiation will be reflected by the
bottom metal mirror with little absorption. In contrast, when the
VO, switches to the metal state, a photonic resonance peak at a
wavelength between 8 and 13 ym will form in the cavity
structure, greatly enhancing IR absorption. This abrupt increase
of the absorption by MIT indicates strong and positive T-
dependence of € according to Kirchhoff’s law of radiation.

Although many previous works have theoretically and
experimentally demonstrated this VO,-based photonic struc-
tures,”””*9%*% the study is limited to material and optical
property characterization, with little relevant to the application
of TIS. Such an idea was first proposed and experimentally
realized by Tang et al, and an unprecedented 15 times
refinement of thermal sensitivity was achieved based on a W-
VO,/BaF,/Ag structure (Figure 24b(i).”” Two key techniques
were developed as an indispensable support to this innovated
application: One is the fabrication of the nanothickness
photonic resonance structure on thin flexible substrates instead
of thick rigid ones, allowing attachability of the membrane to the
target surface and quick surface temperature equilibration; the
other is the delicate engineering of MIT temperature via W
doping, which effectively adapts the MIT temperature (e.g,, to
human skin temperature) depending on the scenario of the
applications. TIS enables noise equivalent differential temper-
ature (NEDT) down to 3 mK in an uncooled bolometer for the
first time. This millikelvin NEDT breaks the long-existing
bottleneck in bolometer sensitivity” and greatly improves
imaging quality. Many promising applications based on TIS,
including in operando electrical analysis, early stage cancer
screening, and building structure defects detection were
demonstrated (Figure 24b(ii).

As we discussed in section S5.1.2, nanocavities and
metasurfaces based on VO, have been reported for adaptive
radiative cooling.”””*** These preliminary works indicate the
teasibility of self-adaptive emissivity switching based on the MIT
of VO,. However, such studies are either purely theoretical or
mostly limited to material property characterization, lacking
focus to develop and test the technology for practical
applications. Several issues need to be addressed for actual
household thermal regulation. First, the emissivity contrast
between the insulating state and metallic state is typically 0.3—
0.5, which should be improved for more effective radiative
power management. Second, the solar absorption property is a
critical factor that needs to be optimized for all-season energy
reduction, while this issue is either overlooked or not
satisfactorily solved in existing works. The solar absorption, if
not optimized, would overwhelm the radiative cooling effect.
Third, to regulate the building temperature close to the human
comfort zone, the emissivity switching temperature needs to be
set at around 22 °C, which cannot be achieved using VO, due to
its MIT temperature at 67 °C. Lastly, existing dynamic radiative
coolers are mostly produced on small and rigid substrates like Si,
while the development of a new fabrication process for high
production scalability and mechanically flexibility is clearly
needed for practical rooftop applications.

In this regard, Tang et al. recently made a major breakthrough
in the realization of a temperature-adaptive radiative coating
(TARC), effectively addressing all of the above issues and
advancing the technology close to practical household
applications.”’ By integrating W doped VO, with a plasmonic
enhanced metamaterial design, the thermal emissivity of TARC
automatically switches from 0.20 for ambient temperatures
lower than 15 °C to 0.90 for temperatures above 30 °C. From a
holistic perspective of energy saving through the year, the solar
absorption coefficient of TARC is optimized to around 0.25,
which maximizes the source energy saving for most climates
(Figure 24c(i). The capability of TARC to self-adaptively
modulate radiative power is fully characterized both in a cryogen
cooled vacuum chamber and in an actual outdoor environment.
The outdoor tested surface temperature regulation results of
TARC are highly consistent with theoretical calculations based
on physical modeling and the local weather database (Figure
24c(ii). Simulations show TARC saves more energy than all
existing roof coatings in most climates, especially those with
strong seasonal variations. In addition, TARC was produced
with high mechanical flexibility, can be upgraded to achieve high
durability, and is promising for large-scale production. The wide
application of TARC will notably benefit energy savings and
environmental preservation by cutting greenhouse gas emis-
sions.

6. CONCLUSION REMARKS AND OUTLOOK

In this review, we focus on research of TMO and chalcogenide
PCMs, including their material chemistry and physics and
related applications in the nanotechnologies. Because of their
exotic characteristics including multiple excitation methods, fast
switching, and dramatic change of physical properties, PCMs
have been proved to achieve dynamically tunable nanodevices in
electronics, nanophotonics, and thermotics. The basis for all
applications is the dramatic change in physical properties (e.g.,
electrical conductivity, dielectric constant, and thermal
emissivity) across the phase transition. Similar to their industrial
applications in earlier optical storage (e.g, CD, DVD, blu-ray
disks, and HD DVD)), electrical nonvolatile memories have been
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developed based on the electrical resistance contrast of
chalcogenide PCMs. The technology to stepwise control the
crystallization/amorphization process further lays the founda-
tion for its construction of neural network devices. In
nanophotonics, PCMs can be embedded in various metasurfaces
and metamaterials to achieve multifunctionality via both phase
and intensity control. Additional functionalities and novel
integrated devices can be obtained by designing the nanostruc-
tures and precisely controlling the degree and the spatial
location of phase transition. While the PCMs can be exploited to
modulate the thermal radiation spectrally or spatially, wider
applications including imaging sensitizer and temperature-
independent thermal camouflage can be realized by regulating
the Ty of VO,. In the following, we outlook the challenges and
next-step developments of PCMs for multiphysical nano-
technologies.

6.1. Future Tunable Electronic Devices

With the ability of nonvolatility, lower power consumption, high
thermal reliability, and cyclability, nonvolatile memories based
on chalcogenides have been demonstrated, providing a new way
to break through the bottleneck of current computing
architecture. However, during the process of device design
and optimization, some parameters may conflict with each other.
For example, data retention temperature can be improved by
doping PCMs with impurities, which however causes an increase
in crystallization temperature, leading to a longer switching time
to accumulate the increased activation energy.”> One potential
solution is exploiting growth-based materials rather than
nucleation-based materials. Alternatively, using heterostructures
instead of homogeneous alloy in memory cells can introduce
additional interface energy generated by the interface layer,
which can also help improve the crystallization speed. Besides,
the interface between two different materials in heterostructures
can prevent atomic diffusion in the amorphous state, which
contributes to lower resistance drift. As for the issue of power
consumption, most attention is focused on the RESET process
due to the high amplitude required for material melting. In
section 3.2.3, we summarized several novel designs with smaller
BEC to reduce the RESET current. Nevertheless, it has been
claimed that the lower contact size can result in a high RESET
current density, which is not desired for industrial applica-
tions.*”® Therefore, how to balance these device performances
and produce remarkable PCM nonvolatile memories still needs
to be explored in future studies.

Applying electrical pulses in various manners makes it
possible to realize a gradual crystallization/amorphization
process, causing chalcogenides to be a promising candidate for
neuromorphic and arithmetical devices. The fundamental
requirements for a perfect electronic device for computing
tasks are fast, reliable, accurate, scalable, and have low power
consumption.”® Fast and reliable switching for data storage has
been demonstrated in NVM applications. The PCM-based
memory cells can switch in subnanoseconds and retain
information for more than 10 years. Moreover, after decades
of intense investigation, PCMs have become the most mature
technology, and some manufacturing companies have paid
continuous attention to developing chips based on PCMs.
These endeavors promote the integration of PCMs with today’s
complementary metal-oxide semiconductor (CMOS) technol-
ogy for scalable production, which also decreases the cost. As in
the early stage, two crucial problems are important for further
development of electrical neuromorphic devices. First, the

electrical resistance drops suddenly, leading to a nonlinear
change in different intermediate states. This may be solved by
. . . S8
screening appropriate dopants to modulate material fragility.
Alternatively, this problem can be tackled by slowing down the
amorphization process and choosing a suitable initial level.”” In
addition, ultralow resistance drift is also needed for accurate
operations. Introducing appropriate impurities and SLL
structures have been proved to be effective ways to reduce
drift,"*"1?***>**7 and it is expected to realize further modulation

. . . . 407
on the aging process and even achieve rejuvenation.

6.2. Reconfigurable Active Nanophotonics

The high contrast of dielectric constant before and after phase
transition provides an effective way to dynamically modulate the
phase, intensity, and polarization of light at the nanoscale. To
date, many reconfigurable active metasurfaces and metamate-
rials with multiple functionalities have been presented.””*"" In
addition, benefiting from the highly confined property of SPPs,
more applications have been realized such as tunable nano-
antenna,”>° color display,43 beam steering,45 OAM modula-
tion,>*” nonvolatile photonic mernory,370 and so on. While SPPs
face the problem of intrinsic optical loss due to Joule heat,
strongly confined PhPs in polar crystals emerge as a counterpart
with low loss and longer lifetimes.>***"" Therefore, more
tunable complex functionalities in the IR spectrum are
anticipated to be realized by integrating PCMs with PhPs.

For tunable metasurfaces and metamaterials, future research
direction is to realize in situ, pixel-by-pixel control of the
amplitude and phase either via electrical*>**° or optical*>**'
switching method, which can provide large freedom for
mutifunctionality design. In this regard, the visible spectrum is
the most challenging waveband.”” One reason is the resonant
damping rooting from both plasmonic and dielectric losses from
PCMs, which may affect the device efficiency and phase
coverage. Besides, the geometrical parameters of nanostructures
are typically small due to the short operation wavelength,
causing the difficulty of focusing the laser spot small enough for
pixel-by-pixel switching. To solve these problems, research on
novel PCMs with low loss should be a potential direction for
future work."* Another approach is to decrease the thickness of
the PCM. What is more, developing electrically addressable
metasurfaces could be a promising approach to promote the
realization of pixel-by-pixel switching.

Until now, the tunability of PCM-based metadevices has been
mostly limited to optical writing and thermal annealing. Now,
the electrically driven tunable metasurface is technologically
important because it enables the development of more
convenient, miniaturized, and electrically controlled reconfig-
urable optical functionalities. However, there are still some
challenges of electrically driven PCM-based metasurface: (1)
The bottom integrated resistive microheater forbids operation
in the transmission regime, which may be limiting for some
applications. (2) Although the crystallization process requires a
long low-voltage pulse through Joule heating, a short high
voltage is required to reamorphize the PCM through melt-
quench process. Creating such pulses is not achievable in small
electronic devices which limit their possible applications. (3)
The integrated photonic metadevices and metasurfaces require
independent control of all unit cells; however, the electrical
tuning of these unit cells is quite hard due to challenges such as
heat crosstalk between neighboring unit cells and complicated
and sophisticated circuitry are required to provide such short
high voltage for many unit cells. (4) Another important
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limitation on electrical tuning of such metadevices would be
high power consumption and heat generation, which are not
ideal conditions for many consumer electronics.

So far, the majority of research on PCMs is in the UV, visible,
and infrared spectrum. This is due to the large refractive index
change of these materials in these spectrum ranges. Another
reason could be huge interest of industry and researchers in the
novel applications in these spectra, such as optical communi-
cation, waveguides, sensors for gas detections, optical displays,
holograms, and much more. However, the use of these materials
in terahertz and microwave spectrum is an attractive topic that
could be investigated.***~*'°

In terms of integrated photonic devices, the research focus is
now shifting toward all-optical neuromorphic devices, the
ultimate object of which is to produce large-scale compact
photonic neural networks for data storage and computing
tasks.""'™*'* The advantages of ultrafast speed, parallelism,
broad bandwidth, and low loss make the optical approach
appropriate for implementations for hardware construction of
neural networks. Although the development of ONN:s is still in
its early stage, PCMs are very promising for photonic
neuromorphic computing due to their large contrast, multilevel
control, and nonvolatility. However, some challenges still need
to be addressed, such as the integration between the light
sources and on-chip devices, implantation of PCM patches array
on the electrode array, and the design of the electrically/
optically driven and addressable techniques. Future develop-
ment of integrated tunable devices requires the advancement of
all the fields relating to optical nanodevices, including on-chip
micro-/nanolasers, transparent electrical electrodes, high power
supply with a small footprint, and the novel PCMs with low
power consumption.

On all accounts, dynamic reconfigurable nanophotonic
devices should meet the requirement of fast switching, high
endurance and stability, lower power consumption, and good
cyclability for practical applications and large-scale production.
However, only a few works demonstrated reversible switching
over multiple cycles,***"*"%*"> and the cyclability of PCM-
based active photonic devices needs to be explored and verified
in depth. Toward practical applications, more device perform-
ances including stability, efficiency, reliability, and power
consumption are suggested to be investigated in terms of
materials evolution and optimization of the practicable device in
the future.

6.3. Dynamic Thermal Radiation Control

In the thermal IR spectrum, the thermal emissivity can have
drastic variation during the phase transition, leading to the
realization of various functions such as thermal camouflage, "’
anticounterfeitin?376 radiative cooling of buildings,3 7 and
much more.*>*”® However, the thermal radiation modulation
that only occurs near the phase transition point blocks its further
applications to a wide range of temperatures. Besides, for some
specific applications such as thermal camouflage, a continuous
power supply is needed to sustain the VO, sample at the desired
temperature, which is power-hungry.”® The emergence of
doping in PCMs to modulate their thermal properties has
opened new horizons to break these limitations. Ty of VO, can
be effectively decreased to —100 °C via doping.”****"*%!
Furthermore, by judiciously designing the dopant profile in VO,
films, the integrated emissivity €(T) as a function of temperature
can be nearly arbitrarily modulated around room temperature
(e.g, inversely proportional to T* or positively dependent on T),

15486

leading to more fascinating functionalities including temper-
ature-independent thermal camouflage, thermal decoy, and
TIS.*** For future developments, more materials such as
conventional GST and other chalcogenides could be inves-
tigated following the doping method. Because of their sharp
transformation and nonvolatility, these materials with modu-
lated thermal emissivity may have the potential to be exploited in
more fields such as high-temperature IR camouflage and thermal
signal processing.*'

In addition, a tightly focused laser can be used to precisely
control the position and depth of phase transition, enabling
spatially resolved, dynamic multilevel control of thermal
radiation.'**’® As the coded patterns are only visible in the
IR region, this reconfigurable thermal coding technology is
promising for energy harvesting, thermal management,41 8
and encryption.*” Furthermore, the independent tunability
with dual-mode in the visible and IR bands further improves the
information density, which is potential to ulteriorly extend the
applications in anticounterfeiting, camouflage,"”’”*** and
thermal data storage.
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ABBREVIATIONS

1D = one-dimensional

2D = two-dimensional

3D = three-dimensional

AFM = atomic force microscope

a-GST = amorphous GST

Al = artificial intelligence

ALD = atomic layer deposition

BEC = bottom electrode contact

BP = black phosphorus

CD = compact disk

C-GST = carbon-doped GST

c-GST = crystalline GST

CMOS = complementary metal-oxide semiconductor
CNT = carbon nanotube

CVD = chemical vapor deposition

DC = direct current

DP = depression pulse

DVD = digital video disk

ED = electric dipole

ELF = electron localization function

EXAFS = extended X-ray absorption fine structure
FCC = face-centered cubic

FEM = finite element method

FOM = figure-of-merit

GSST = Ge,Sb,Se,Te,

GST = Ge,Sb,Te;

HD DVD = high-definition digital versatile disk
HEV = high-energy visible

iPCM = interfacial phase-change memory
IR = infrared

ITO = indium tin oxide

I-V = current—voltage

LCP = left-handed circular polarization
LSPR = localized surface plasmon resonance
LTD = long-term depression

LTP = long-term potentiation

LWIR = long-wave infrared

MBE = molecular beam epitaxy

MEMS = microelectromechanical system
Mg-VO, = Mg-doped VO,

MIM = metal—insulator—metal

MIR = mid-infrared

MIT = metal-to-insulator transition

MLC = multiple level cell

MVB = metavalent bonding

MVM = matrix-vector multiplication
MWIR = midwave infrared

NEDT = noise equivalent differential temperature
N-GST = N doped GST

NIR = near-infrared
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NVM = nonvolatile memory

OAM = orbital angular momenta

ONN = optical neural network

PCM = phase change material

PCRAM = phase-change random-access memory
PF = Poole—Frenkel

PhP = phonon polariton

PLD = pulsed laser deposition

PMMA = poly(methyl methacrylate)

PMMC = programmable metasurface mode converter
PP = potentiation pulse

PRP = presynaptic pulse

PSOI = photonic spin—orbit interaction

PSP = postsynaptic potential pulse

RAM = random access memory

RCP = right-handed circular polarization

SEM = scanning electron microscope

SLL = superlattice-like

SPhP = surface phonon polariton

SPP = surface plasmon polariton

s-SNOM = scattering-type scanning near-field microscopes
STDP = spike-timing-dependent plasticity
TARC = temperature-adaptive radiative coating
TCAM = Ti-centered atomic motif

TEM = transmission electron microscope

THG = third-harmonic generation

TiO, = titanium dioxide

Ti—Sb—Te = titanium doped Sb—Te

TMDC = transition metal dichalcogenide
TMO = transition metal oxide

UV = ultraviolet

vdW = van der Waal

VGC =VO,/graphene/CNT

Vis-to-NIR = visible-to-near-infrared

WOj; = tungsten trioxide

W-VO, = W-doped VO,
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