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Abstract
Chalcogenide phase change materials (PCMs) have become one of the most
promising material platforms for the Optics and Photonics community. The
unparalleled combination of nonvolatility and large optical property modula-
tion promises devices with low-energy consumption and ultra-compact form
factors. At the core of all these applications lies the difficult task of precisely con-
trolling the glassy amorphous and crystalline domains that compose the PCM
microstructure and dictate the optical response. A spatially controllable glassy-
crystalline domain distribution is desired for intermediate optical response (vs.
binary response between fully amorphous and crystalline states), and temporally
resolved domains are sought after for repeatable reconfiguration. In this per-
spective, we briefly review the fundamentals of PCM phase transition in various
reconfiguring approaches for optical devices. We discuss each method’s under-
pinning mechanisms, design, advantages, and downsides. Finally, we lay out
current challenges and future directions in this field.
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1 INTRODUCTION

Since their discovery by Ovshinsky in 1968,1 chalcogenide
phase change materials (PCMs) have been predominantly
used in data storage,2 leveraging the nonvolatile response
and distinct electrical and optical properties of their
amorphous and crystalline states. However, developments
during the last decade have reinvented such materials in
applications exploiting their refractive index/permittivity
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contrast in amplitude or phase modulation in photonic
circuits,3–7 structural color,8,9,10 metasurfaces,11,12 optical
metamaterials,13,14 plasmonics,14,15 etc. This growing
interest has also translated into the development of
novel PCMs with optimized optical properties, that is,
Optical PCMs (O-PCMs).16 Moreover, shifting from digital
applications—resulting from switching between glassy
amorphous and crystalline states only, recent works
deploy the analog nature of PCMs to increase multi-level
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response via intermediate distributions of both phases
for gray-scale colors,8 higher density data storage,17
tunable optical response,5 etc. The precise control of
glassy-crystalline spatial and temporal distribution is
pivotal to having a robust multi-level and reconfigurable
operation, respectively. To achieve such distributions,
crystallization or amorphization processes require distinct
and precise heat stimuli from optical, electrical, or electro-
thermal pulses, whose spatial profile can be engineered.
The processing-structure-property relations are thus of
extreme relevance for PCMs in novel optical applications,
relations that remain largely unexplored despite the fact
that PCMs have been studied for decades.
In this work, we study the different state-of-the-art

mechanisms to control the glassy-crystalline microstruc-
ture of PCMs in a variety of devices and for different
applications. Moreover, we discuss our perspectives on
potential strategies moving forward. We focus on optical
readout only, which, compared to electrical signal read-
out from resistance change, provides more degrees of
freedom; namely, phase, amplitude, mode, polarization,
wavelength, etc. Furthermore, the ultrafast light propaga-
tion and “unlimited” bandwidth guarantee are promising
features of integrating PCMs into photonic devices.18

2 PHASE TRANSITION AS OPTICAL
MODULATION

Phase-change materials have introduced a new paradigm
in optics: solid-to-solid phase transitions as a mechanism
for optical modulation. Owing to their distinct optical
properties, the switching of a PCM between the amor-
phous and the crystalline states leads to tunable optical
response in a variety of optical devices. To understand this
mechanism, it is paramount to understand the underpin-
ning mechanisms for both crystallization and amorphiza-
tion (i.e., melt-quenching). In the crystallization process,
an external and localized thermal stimulus converts sub-
critical nuclei in the amorphous matrix into super-critical
nuclei, which will evolve into a larger grain of a thermody-
namically favored state.19 The glass transition temperature
(Tg) determines the thermal stability (i.e., retention of
properties) of PCMs in the amorphous state, and thus
high Tg is desired. However, this behavior naturally con-
tradicts the crystallization rate (Rcry). Note that Tg is the
separation of high viscosity state and low viscosity state
in glass solids while crystallization temperature (Tc) is the
transition temperature from glass solids to crystalline. For
amorphization, the external stimulus needs to exceed the
melting temperature (Tm) followed by quenching faster
than its critical cooling rate (Rcool). The supercooled liq-
uid will rapidly be quenched and form a glassy solid phase.
In practice, a relatively low Tm is desired to decrease the

energy required to switch. The crystallization process is
dictated by the rate at which atoms flip between different
coordination states,20 which is the process that ultimately
limits the programming speed, given that melt-quenching,
that is, Rcool, has to be faster to beat the crystallization pro-
cess. A comparison of experimental timescales is shown in
Figure 1A where we show the temporal evolution of the
temperature during amorphization and crystallization.
Phase transformation in the most common O-PCMs

consists mainly of two conjugate stages: nucleation and
growth. PCMs are classified into two categories by their
material properties, independent of switching methods:
1. Nucleation dominated: crystallization occurs through
the formation of nuclei in “random” locations of amor-
phous matrix. As temperature increases, nuclei grow until
they impinge on each other. Such materials, such as
Ge2Sb2Te5,21 with nucleation faster than crystallization,
can be switched in a few nanoseconds. 2. Growth dom-
inated: only one “single” nucleus among a few nuclei
precipitate in the amorphous matrix can potentially grow
to complete crystallization. Such materials, including
Ag3In4Sb76Te1722 and Ti-doped Sb2Se3,23 prefer to grow
directionally from the crystalline-amorphous interface
into the bulk with a growth rate larger than nucleation
rate, as shown in Figure 1B. Despite many interfacial and
dimensional factors associated with kinetics, the growth-
dominated crystallization process usually takes longer due
to significant activation energy. Recrystallization via either
mechanism has a certain level of dependence on the
stochastic spatial distribution of nuclei and their temporal
evolution. Therefore, designing the composition of PCMs
and engineering the external stimulus that induces phase
transformation to tailor the device for various applications
is inevitable yet challenging.
The contrast in optical properties between amorphous

and crystalline states results from unconventional bond
breaking and sharing of about one electron between adja-
cent atoms, coined as metavalent bonding.24 The optical
response from a PCM thin film or device, which can
be observed as, for instance, transmission change and
phase shift, all originate from the contrast in the real
(n) and imaginary (k) parts of refractive indices of the
PCM upon phase transformation. Figure 1B,C shows the
index modulations, Δ𝑛 = 𝑛𝑐𝑟𝑦𝑠 − 𝑛𝑎𝑚 and Δ𝑘 = 𝑘𝑐𝑟𝑦𝑠 −

𝑘𝑎𝑚, that could be achieved in different spectrum ranges
using the PCM Sb2Se3. Consider, for instance, embedding
a patch of Sb2Se3 into a photonic waveguide, a pure ampli-
tude modulation could be observed given that Sb2Se3 has
Δ𝑛 = 0 and Δ𝑘 ≠ 0 at 𝜆 = ∼ 300 nm. Contrarily, pure
resonance phase shift can be attained in the 𝜆 > 1200 nm

regime as the Δ𝑘 for Sb2Se3 goes to zero and Δ𝑛 > 0, like
demonstrated in elsewhere.5 Both phase and amplitude
modulations coexist in other bandwidths and together can
be exploited in structural color.9
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F IGURE 1 Reversible phase transition and optical properties modulation. (A) Illustration of the phase transition mechanisms.
Crystalline phase change materials (PCMs) are melted at a temperature higher than Tm and quenched rapidly to a temperature below Tc in
the amorphization process, which requires a short, powerful pulse. For crystallization, PCMs are annealed at a temperature slightly higher
than Tc for a relatively longer period. (B) Diagram of recrystallization evolution for growth-dominated and nucleation-dominated
mechanisms. (C) Shows refractive indices of Sb2Se3 in both states, highlighting different regions with properties leading to different
applications. (D) The electrical permittivity of Sb2Se3 and potential applications of negative values and negative to positive trasitions.

The main advantage of PCMs is their nonvolatil-
ity. They can retain information with minimal power
consumption when frequent switching is not required.
Moreover, PCMs have greater long-term stability and can
withstand drift when operating in the optical domain.
This is because structural relaxation and long-range-order
loss do not affect optical properties, while electrical
readout has significant variability, particularly in amor-
phous state25—although this effect can be suppressed
by using nanocomposites,26 heterostructures,27 bond
reconfiguration,28 and self-decomposition alternative.29
Electric field-induced elemental segregation in PCMs is
also avoided as current does not directly pass through
the active material when operating fully in the optical
domain.30,31
In addition to only the initial and final states, it is also

important to understand that the optical constants evolve
during nucleation, crystal growth, andmelt-quenching. As
a different ratio of glassy-crystalline domains results in
multi-level optical constants, the effective dielectric func-

tion of intermediate PCM can be approximated from the
following equation 32:

𝜀𝑒𝑓𝑓 − 1

𝜀𝑒𝑓𝑓 + 2
= 𝑓 ×

𝜀𝑐 (𝜆) − 1

𝜀𝑐 (𝜆) + 2
+ (1 − 𝑓) ×

𝜀𝑎 (𝜆) − 1

𝜀𝑎 (𝜆) + 2
, (1)

where 𝑓 is defined as the crystallization fraction, 𝜀𝑐(𝜆) and
𝜀𝑎(𝜆) are the wavelength-dependent dielectric functions
for crystalline and amorphous phases. Effective refractive
indices can be transformed from the resultant effective
dielectric function.
To avoid confusion, we are using the definition in optics

in the following discussion by setting crystalline state
as a baseline: write (amorphization), erase (crystalliza-
tion), and read (passive measurements with low-power
signal). To open our discussion, Table 1 semi-quantitatively
summarizes the features of several different switching
approaches in terms of reversibility, bits, speed, integra-
tion, resolution, uniformity, area, and energy consump-
tion, regardless of the PCM employed.
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TABLE 1 Overview of various switching methods used in photonic applications, that is, with optical readout. UH: Ultra-high; H: High,
M: Medium, L: Low, UL: Ultra-low. N/A: Not applicable or not yet demonstrated or measured in an optical multilevel context. Speed refers to
a full cycle of amorphous-crystalline-amorphous. Scalability is defined as the opportunity for a given method to be used in systems
comprising many phase change material (PCM) elements. Uniformity is defined as the capability of a given method to produce uniform
crystalline volumes such that the optical readout is significant.

Switching
method Approach

Reversibilitya

(cycles)
Levelsa

(bits)
Speeda

(ns)
Resolutiona

(nm) Scalability Uniformity *Energy
Optical Free-space32,33 >106 4 ∼101 102 H H pJ-nJ

On-chip7,29 106 6 ∼102 102 L H pJ-nJ
Electrical Direct34,35 103 2 ∼102 101 H L nJ

Indirect 6,36–39 104 b 5 104 −107 103 H M nJ-mJ
Scanning probe8,40–42 N/A 3 N/A 101 L M mJ
E-beam43–45 101 N/A 1010 101 UL L 200 keVc

Hotplate – N/A N/A N/A N/A N/A UH kJ
aMaximum number experimentally demonstrated.
bThis number of cycles has been demonstrated only between two levels. Demonstrations with 64 levels (i.e., 5-bit) have not shown more than 10 cycles.38,39
cThis refers to the accelerating energy of the electrons under a transmission electron microscope.44

3 OPTICAL SWITCHING

O-PCMs can be switched using optical pulses at wave-
lengths above their bandgap, given that power from the
pulses converts into the heat required to trigger the phase
transformation. The power and width of the pulses are
parameters that allow precise tunability by switching dif-
ferent O-PCM volumes, which in turn translates into
a precise control of the optical response. This mecha-
nism has long been explored using free-space lasers to
switch between the amorphous and the crystalline states,
which is, in fact, the mechanism used in rewritable com-
pact disks.33 More recently, a pump-probe mechanism
with both pulses propagating inside a photonic waveg-
uide was also proposed, as described in detail by Ríos
et al.46 An interesting feature of O-PCMs is their abil-
ity to “self-modulate” the energy they absorb, which
leads to similar pulses triggering both amorphization and
crystallization.46 Other advantages of optical switching
are achieving large area pattering for holograms 33,47 and
high-speed switching with femtosecond laser.48 When a
beam is shone on PCMs, the energy carried by electro-
magnetic waves is dissipated as heat propagating through
materials if the imaginary part of permittivity (𝜀′′) is
nonzero. The amount of heat being transferred to PCMs
depends on the magnitude 𝜀′′, which quantifies the mis-
alignment between dipoles and applied electric field. The
heat then dissipates, creating a temperature gradient. This
way, the heat transfer in the PCM is coupled to its optical
properties49:

Q =
1

2
𝜔𝜀′′

⇀

𝐸 ⋅
⇀

𝐸∗ = 𝜌Cp
𝑑𝑇

𝑑𝑡
+ ∇ ⋅ (−𝜅∇𝑇) , (2)

where here Q refers to the heat source, ω is the optical
frequency,

⇀

𝐸 is the electrical field, is 𝐶𝑝 the specific heat
capacity at constant pressure, 𝜅 is the thermal conductivity
of materials. Note that the intrinsic properties in the equa-
tions are all temperature dependent, that is, 𝜀 → (𝑇), 𝜌 →

(𝑇), 𝑘 → (𝑇) and 𝐶𝑝 → (𝑇). In particular, O-PCMs are well-
known for displaying strong thermo-optical coefficients
for temperatures below the crystallization temperature.50

3.1 Free-space laser switching

Assuming amonochromatic Gaussian beam focusing onto
the O-PCM, light is absorbed, and since such absorption
depends on the incoming power, the heat profile also
adopts a Gaussian shape. Phase switching is triggered
within the area that reaches the transition temperature,
that is, Tc or Tm. The wavelength of laser pulses chosen
depends on the PCMs’ bandgap. However, visible light can
be used to switchmost known PCMs, which display a large
extinction coefficient in this spectral range.51 Crystalliza-
tion is usually realized by a sequence of medium-powered
pulses while amorphization relies on a single high-power
pulse, as sketched in Figure 2A, for free-space switching
and free-space readout. Using these techniques, the glassy-
crystalline domains can be varied in space by tuning the
laser to pattern different spot sizes, for instance, amor-
phous domains within a fully crystallized film, as shown
in Figure 2B. The size of the domains and whether growth
occurs determines the total optical response in the form of
higher or lower reflectivity33 or change in color,32 as shown
in Figure 2C,D.
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LEE et al. 1547

F IGURE 2 Free-space laser switching. (A) Sketch of the Gaussian hotspot due to laser heating on an optical phase change material
(O-PCM) thin film. Arbitrary patterns can be transferred onto the O-PCM by controlling the pulse power and thus, the size of the
amorphous/crystalline domain, as shown in (B). (C) Experimental demonstration of multi-level (gray-scale) color on Sb2S3 thin films
(reproduced from 33), the scale bar equal is 20 µm. (D) Micrograph displaying a polycrystalline domain in amorphous material with
increasing size as a function of laser power, from the top down: 2.8, 3.8, and 4.9 mW. The scale bar is 200 nm (reproduced from 32).

Recently, the field has shifted to increasing the den-
sity of information storage using free-space laser by either
facilitating sub-diffraction limited features52 or gray-scale
under different levels of partial crystallization.53 Wang
et al. showed the recipe of using 532 nm and 5 ns pulse with
different energy densities and number of pulses to par-
tially crystallize (30mJ/cm2) and amorphized (56mJ/cm2)
Ge2Sb2Te5, realizing 4-bit in a single device.53 Many
applications were demonstrated using this approach, for
example, bio-inspired computing,54 optically reconfig-
urable metasurfaces55 highly confined surface phonon
polariton,56 infrared antennas,57 etc. Free-space laser in
visible wavelength is also an alternative to switch low-
loss PCMs, for example, Sb2Se358 and Ge2Sb2Se4Te1,59 for
telecommunications wavelength applications as on-chip
alloptical operation is not viable, as explained in the next
section. Nonetheless, this approach is constrained by the
scalability, design flexibility and compactness of photonic
integrated circuits (PICs).

3.2 On-chip waveguide integrated

PCMs can applied in PICs, and their microstructure can be
tuned using a pump-probe switching and readout proto-
col, as shown in Figure 3A. Instead of using direct incident
light beams as in free-space switching, light is confined
in low dimensional on-chip waveguiding structures and
evanescently coupled to the PCM placed on the cladding.
The attenuation of light propagating inside the PICs can
be considered as the interaction between the electrical
field and absorptive medium, given by 𝛼𝑑𝐵(𝜆) = 4.34 ⋅

4𝜋

𝜆
𝜅𝑒𝑓𝑓(𝜆), where 𝜅𝑒𝑓𝑓 is the effective extinction coeffi-

cient. The coupling to crystalline PCMs is usually stronger
due to high extinction ratios, and thus, the absorbed power
is higher than that of amorphous. As a consequence, and
considering that similar wavelengths are desired for both
switching and readout to reduce device complexity, only
absorptive materials, such as Ge2Sb2Te5 can be switched
with this technique in the C-L telecommunication bands
where most of the PIC work takes place.
In this technique, the PCM is initially prepared in

a fully-crystalline state following an annealing process
after deposition. This way, a reliable baseline for opti-
cal response is established, as opposed to relying on
as-deposited amorphous, a unique and non-repeatable
state.50 In the switching process, ultrafast thermo-optical
response takes place. The transmission initially decreases
during the pulse excitation and then increases to set in
its final state as the PCM cools down. The cooling time
needs to be considered because readout must happen after
the material microstructure forms and stabilizes. The size
of the amorphous domain, which adopts a parabolic-like
shape due to the asymmetry of the light-PCM interaction
(see Figure 3A–D) can be controlled by experimentally
tuning the pulse energy, that is, the power and length
of the switching pulse. Likewise, a transient thermo-
optical effect is observed in the recrystallization process.
In this step, however, the switching is done either by steps
or by engineering a double-stepped pulse17 because the
amorphous domain displays lower absorption than the
surrounding crystalline PCM. Thus, heating takes place
predominantly at their interface. Hence, nucleation takes
place from the border of the amorphous domain and
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F IGURE 3 Laser switching inside a waveguide. (A) Sketch of the device with a parabolic-shaped hotspot resulting from the absorption
of a switching pulse. The hotspot is asymmetric, starting from the side of incidence and reducing in size as the pulse is absorbed. (B)
Amorphization and crystallization processes. In the amorphization, the melt-quenched area corresponds directly to the parabolic-like shape
where T > Tm. During the crystallization, nucleation takes place at the edge between the amorphous and the crystalline domains, given the
stronger optical absorption of the latter. (C) Experimental demonstration of reversible, multi-level, and reliable switching of Ge2Sb2Te5 on a
silicon nitride waveguide. The amorphization (upwards) can be precisely done in steps since the hotspot size can be tuned via pulse power
modulation. (D) Colored micrograph of the waveguide used in (C) with a parabolic-like amorphous domain embedded in crystalline
Ge2Sb2Te5 (in blue).

advances into the crystalline region, one step at a time,
as depicted in Figure 3B. This process, while energy and
time-consuming, allows for precise control of the optical
response as the process can be stopped at any intermedi-
ate step. Details about the experimental setup/process to
pump laser pulses andmeasure transmission fully on-chip
are elaborated by Ríos et al.60

4 ELECTRICAL SWITCHING

Electrical switching adds another degree of freedom in
reconfiguring PCMs for optical applications. Additionally,
this switching mechanism bridges the gap between pho-
tonic devices and conventional electronics for seamless
scalability and compatibility. This mechanism relies on
resistive heating to control the state of the PCM. It can
broadly be classified into two groups: 1. Direct Joule heat-
ing, where current is directly passing through the PCM
itself, for example, cross-bar memories,61 or 2. Indirect
Joule heating, where the PCM is electrically isolated but in
thermal contact with another material undergoing resis-
tive heating, like a microheater.62 Indirect joule heating
has the benefit of heating large areas with high uniformity,
which ismost desired in photonic applications where large
modulation in the glassy-crystalline domains is necessary
to induce a significant optical modulation. On the other
hand, direct Joule heating is more energy efficient; how-
ever, it results in crystalline filaments, which are too small
compared to the wavelength and thus hinder any optical
modulation. In a nutshell, the electrical power that con-
verts to thermal power through Joule heating is obtained

by combining Maxwell’s equations and the heat diffusion
equations. The temperature distribution in homogeneous
materials can be expressed by63

𝑑𝑃

𝑑𝑉
= 𝜌𝐶𝑝

𝑑𝑇

𝑑𝑡
− 𝜅∇2𝑇 =

𝐽2

𝜎 (𝑇)
, (3)

where 𝑑𝑃

𝑑𝑉
is the power per volume, 𝜌 refers to the den-

sity of materials, 𝐶𝑝 is the heat capacity, 𝜅 is the thermal
conductivity of materials and 𝜎 is electrical conductiv-
ity. The temperature-dependent conductivity is important
as the transition temperature of PCMs is high and varies
from alloys to semiconductors. Joule heating in PCM
also has a unique characteristic—threshold switching—
current flowing in amorphous has nonlinear behavior
as applied electric field increases. When the threshold
voltage is reached, the conductivity drastically increases.
Heat dissipation along the fast-current flow enables fast
crystallization and reversible switching at relatively low
voltages.64

4.1 Direct Joule heating

In this method, power is transferred directly into PCM
in a current-driven scheme; besides, the metal electrodes
having thermal contact with PCM can be engineered as
resistive heaters to control thermal gradients.65 Nonethe-
less, the volume of materials that can be reversibly
switched via filamentation is constrained owing to the
short circuits forming between electrodes, leading to
very limited optical contrast in photonic devices. The
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electric field required for threshold switching also leads
to close spacing between two electrodes, which further
introduces optical loss. Despite the challenges and limi-
tations of direct heating, there have been several applica-
tions. Zhang et al. demonstrate waveguide transmission
with electrically-driven PCMs.34 Also, combining PICs
and plasmonic structures, strong light-matter interaction
is enhanced in a highly confined region of PCMs. The
optical mode size approaches similar dimensions to the
filaments that are switched within a nanogap by direct
electrical excitation, and thus, the interaction and optical
modulation are enhanced. This opens new opportuni-
ties for mixed-mode design (optical/ electrical switch and
optical/ electrical readout), which will be discussed in
Section 5.

4.2 Indirect Joule heating

Indirect joule heating improves the design flexibility by
using thermally robust materials as thermal contact in an
electro-thermal switching scheme. The major challenge
using “microheaters” is endurance arising from mechani-
cal failure of heaters and the void formation at the interface
of heater and PCMs owing to thermal expansion during
phase transition.66 Note that a maximum cyclability of
103 has been demonstrated using indirect Joule heating
while the direct Joule heating counterpart is several orders
of magnitude higher.67 From a materials selection per-
spective, conductive materials with high melting points
are required to build the microheater; additionally, spe-
cific optical responses can be imposed on the microheater
itself, for example, transparent versus reflective only. On
the PCMs side, low transition temperatures are desired to
minimize the power consumption and thermal fatigue of
the entire device. Moreover, the film quality of PCMs plays
an important role in minimizing defects and maximizing
uniformity.
Metal heaters are commonly used because of their high

conductivity, highmelting temperature, and thermal prop-
erties. They are especially useful in reflective applications.
Zhang et al. demonstrated using Pt microheaters with a
Ti adhesion layer to switch Ge2Sb2Se4Te1 pixels over 103
cycles.68 Castillo et al. also showed that microheaters are
plausible in large-area switching by integrating them with
a 50 × 50 µm2 thin-film transistor display.69 Yet, metal
heaters cannot be used in transmissive reconfigurable pho-
tonic devices. Transparent heaters, for example, ITO 70

and Ga:InO,71 are alternative candidates as they are also
conductive, thermally stable, and most importantly, less
absorptive in visible to near-infrared windows. Young-
blood et al. showed switching of GeTe72 using FTOheaters,
which is limited in its programming speed, given that

conductive oxides are usually 2–3 orders less thermally
conductive than metals. In such heaters, the heat dissi-
pation hinders both fast crystallization and melt-quench,
and only slow PCMs, that is, PCMs with crystallization
kinetics in the microsecond time scale, such as GeTe or
Ge2Sb2Se4Te can be selected.
Taking advantage of well-developed CMOS processes

in foundries, silicon is another robust alternative. On
one hand, silicon has a high melting temperature and
relatively large thermal conductivity. Doping silicon to
increase its electrical conductivity creates a route to pre-
cisely engineer temperature gradients directly on silicon
photonic waveguides, that is, the waveguide itself is part
of the microheater, as demonstrated by Ríos et al.5 High
dopant concentrations decrease the resistivity and heat-
ing will occur in the lower resistivity regions defined by
geometries, for instance narrow bridges with n doping
sandwiched by two relatively low-resistive contacts n++.5
With single-element doping, it can also be extended to
p++/p/p++ design.73 It is worth noting that higher dop-
ing increases heating efficiency at the cost of larger optical
loss due to free-electron absorption.74 Another way tomin-
imize insertion loss is by using p-i-n diode heaters since
the undoped silicon waveguide can be used as the intrin-
sic region. Zheng et al. demonstrated this design featuring
similar insertion loss compared to low n-doped n++/n/n++
microheaters, with lower operational voltages but similar
power consumption since p-i-n becomes highly conductive
under forward bias.75
When embedding these microheaters into photonic

waveguides (see Figure 4A), the amorphization has been
done in a single or double step since most of the PCM
cell is heated over the Tm simultaneously, as shown in
Figure 4B. Controlling the size of the amorphous domain
inside a crystalline film in a similar manner as opti-
cal switching is challenging but could be realized by
engineering the heater geometry to control its thermal
profile. Optical tunability using this method was demon-
strated by Ríos et al.5 using multiple bridged heaters,
that is, using five sections as opposed to a single larger
(typically a bow-tie geometry) conductive pad. Similarly,
crystallization takes place over the entire PCM volume by
randomly distributed nucleation, forming nuclei that grow
and merge to form a predominantly crystalline domain,
as depicted in Figure 4B. While the crystallization process
can be stopped at intermediate glassy-crystalline distribu-
tions, the random nature of the crystalline nuclei makes
electrical switching less reliable in attaining precise and
reproducible multilevel states, as shown in the experimen-
tal data in Figure 4C (compared to similar modulation in
Figure 3).
The microheaters can also be used in free-space optical

applications, as shown in Figure 5A. In this case, one of
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1550 LEE et al.

F IGURE 4 Waveguide integrated microheater. (A) Schematic of a doped-silicon microheater, in which the same silicon is both the
waveguide and the heater element. (B) Amorphization and crystallization processes defining the glassy-crystalline domain distributions. Note
that the geometry of the doped area determines the hotspot profile and dimensions. (C) Experimental transmission by electrically switching
Ge2Sb2Se4Te on silicon-on-insulator waveguides, measured at 1550 nm. (D) Scanning electron microscopy (SEM) micrograph of a device
cycled several times and finally ablated. The ablated area coincided with the waveguide, where the hotspot was predicted to extend over the
entire length of the PCM cell.

F IGURE 5 Large area microheater for free-space applications. (A) Schematic of microheater with PCM and free-space optical readout.
(B) Amorphization and crystallization processes defining the glassy-crystalline domain distributions—similar to those in Figure 4C) Raman
signal for crystalline (120 cm−1) and amorphous (160 cm−1) Ge2Sb2Se4Te upon reversible switching. (D) Optical microscope images of the
Ge2Sb2Se4Te cell after different switching events. Points 1–4 refer to those labeled in (C). The lack of uniformity on the surface displays the
random nature of both amorphization and crystallization, which, as observed in (c), prevents attaining reliable intermediate glassy-crystalline
distributions.

the most challenging aspects is having large areas (> 25
µm2) with a power consumption that increases quadrati-
cally with the side length of the heater. For such a task,
metal heaters have demonstrated the best performance.12
In addition, 2D materials have also been proposed, given
their superior optical, electrical and thermal properties,
an excellent alternative, particularly in applications requir-
ing transparent heaters. For example, Rios et al. showed
a patterned single-layer graphene applied on a SiO2

substrate for Ge2Sb2Se4Te1 using 7.5 V/13µs pulses for
amorphization and 6 V/20 ms for crystallization.76 How-
ever, such a device displays a strong scattering of surface
polar phonons, which affects heat dissipation and limits
the heating/cooling speeds. Consequently, like conductive
oxides, the PCMs that can be switched are those with slow
crystallization kinetics in the microsecond time scales. In
terms of glassy-crystalline domain distributions, the amor-
phization and crystallization follow a similar pattern as
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F IGURE 6 Crystallization via conductive atomic force microscopy. (A) Sketch of the setup to locally crystallize thin films of phase
change material (PCM) using conductive atomic force microscopy (c-AFM). (B) Crystalline domains in amorphous films grow as a function of
the pulse voltage applied using c-AFM. The glassy-crystalline domain ratio will depend on the size of the crystalline nuclei and whether they
merge or not to form a stronger color. (C) Experimental demonstration of gray-scale color writing using pointillism-like visual effects at the
macroscale. (D) c-AFM imaging of a single nuclei on AIST by applying a 10 V pulse.

the integrated microheater in Figure 5. The main differ-
ence lies in the difficulty of engineering the heat profile
by modifying the geometry significantly. Because of this,
amorphization is again relegated to a single-step process,
while multilevel relies on random nucleation processes
throughout the entire surface, thus hindering the precise
and repeatable multilevel response. Another issue with
these microheaters is that the amorphization process is a
violent event in which, after several cycles, all the nuclei
can disappear, thus preventing further recrystallization
and leading to device failure. An alternative to this issue
is having a PCM section outside the microheater that is
never heated above Tm and is connected to the active area
in a way that nucleation can take place from its always
crystalline state.77

4.3 Scanning probe lithography and
electron-beam switching

Besides conventional electrical switching methods, scan-
ning probe lithography provides a path to locally modify
the properties of PCM thin films, as depicted in Figure 6A.
This technique enables ultra-high-resolution pattering
down to tens of nanometers (see Figure 6D). Analogous to
direct joule heating, conductive atomic force microscopy
(c-AFM) has been used to pattern PCM thin films by apply-
ing current between the probe and a grounded sample
to create crystalline filaments. By using different voltage
biases, a pointillism-like gray-scale modulation of colors,
as demonstrated by Ríos et al. 8 and shown in Figure 6B,C.
Despite the ultra-high resolution, this technique is limited
to conductive substrates, which is not necessarily the case
for dielectric metasurfaces and most PICs. Also, reversible
switching is yet to be demonstrated. Thermal scanning
probe, a similar technique using the concept of indirect
joule heating and employing a resistive-heating probe, has

been used to locally heat and crystallize 30 nm thick GeTe
films40 and 30 nm Ge2Sb2Se4Te.41 A Multiphysics simula-
tion showed the prediction of local crystallization down to
tens of nanometers.42 In spite of the fact that this substrate-
blind approach resolves the substrate limitation of c-AFM,
the switching uniformity is a concern when the sample
being switched is thick since only the topmost part will
undergo crystallization.
Another even higher-resolution technology to pattern

PCMs is e-beam, which enables localized crystallization
and amorphization down to sub-10 nm resolutions. Studies
have shown electron irradiation-induced crystallization in
GaSb and Ge-, In-doped SbTe PCMs using a 120 kV beam43

and Si2Sb2Te5 thin films using a 100 kV system with a cur-
rent density of 100 pA/cm2 and exposures of 10 min.45
Moreover, Jian et al. demonstrated reversible switching in
Ge2Sb2Te5 without melt-quench.44 Despite the ultra-high
resolution, e-beam techniques suffer from massive energy
consumption and long exposure time, which further limits
large-scale patterning.

4.4 Mixed-mode

Most PCMs display strong electrical/optical contrast dur-
ing phase transition. For example, Ge2Sb2Te5 has a change
in electrical conductance of more than four orders of mag-
nitude, while in the extinction coefficient can be 5 times
larger in the near-infrared.78 Although the context focuses
on optical readout, optical and electrical information can
be decoded from PCMs. For data encoding, optical and
electrical switching can be applied simultaneously, assum-
ing the PCM is reconfigurable from both domains. New
“mixed-mode” devices are proposed and believed to facili-
tate emerging applications requiring conversions between
these two domains. It is obvious that the degree of freedom
is highly enhanced with this hybrid design. However, it is
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alsoworth noting that itmight potentially inherit both pros
and cons from both domains.
PCM nanowires show improved thermal stability, lower

melting temperature, and better crystallinity than their
thin-film analogs. Therefore, they are good candidates for
photonic waveguide integration with electrical and opti-
cal control. Lu et al. suspended GeTe nanowires between
two contacts on Si3N4 waveguides and detected both the
optical transmission and electrical conductance.79 How-
ever, the cyclability of such a device is limited and electrical
control is not yet demonstrated. The major challenge of
using direct joule heating is the limitation of switching
volume and, thus, having insignificant refractive index
contrast. To solve this, plasmonic-enhanced devices have
been proposed, using a plasmonic waveguide to confine
the mode on a smaller area where a filamentation process
occurs in a nanogap between twometal contacts.79,80 It is a
comprehensive mixed-mode realization, although further
work needs to be done to engineer reliable switching and
readout and further reduce the optical losses.

5 PROGRAMMING STRATEGY

Independent of the reconfiguration approach, back-and-
forth switching must be precise and repeatable between
crystalline, amorphous, and intermediate states. Establish-
ing a reliable operative “recipe” regardless of the switching
mechanism is key, as proposed by Ríos et al.60 Electrical
and optical switching methods allow the progressive crys-
tallization that displays both threshold and accumulation,
which are core nonlinear responses to the realization of
synapses81 and neurons.3 Moreover, they display a linear
propertymodulation between threshold and accumulation
that can be used for in-memory computing.54 Multi-level
operation in these and other applications is crucial and
can be achieved by controlling the number and energy of
the pulses depending on the initial and the target states.
Ideally, any level should be attainable with a single-shot
crystallization or amorphization stimulus, as done opti-
cally with remarkable precision. A two-step operation,
that is, full amorphization followed by partial crystalliza-
tion, is, however, still necessary for those mechanisms in
which single-short amorphization cannot achieve inter-
mediate levels since the entire PCM cell is amorphized at
once. A way to circumvent the latter situation is using a
double-step single-pulse programming scheme, as shown
in the optical domain by Li et al.17 This approach allows
programming any targeted level independent of the prior
state by always melt-quenching and controllably anneal-
ing to achieve the precise glassy-crystalline ratios. While
this is still to be demonstrated in electrical switching,
it can be an avenue to overcome the single-shot amor-

phization limitation imposed by having the entire PCM
reaching Tm simultaneously, although energy-demanding
and fatigue-inducing melt-quenching is required in every
event.
Another strategy to increase the cyclability of devices

is through material conditioning. This is, devices must
be trained by cycling several times, under the same
condition, until stable minimum and/or maximum val-
ues are found and repeatable behavior attained. Besides
optimizing programming procedures, it is important to
restrain any possible material inhomogeneity and segre-
gation stemming from multiple switching events. To do
so, a proven mechanism has been encapsulating PCMs
with inert and stable materials by suppressing undesired
interdiffusion, oxidation, and dewetting.82 Ideally, design-
ing PCMs that are robust against cyclic stress and thermal
expansion/compression will be the desired solution.

6 OPEN CHALLENGES

PCMs for photonics have a bright future, which is already
reflected in the increasing number of publications and
active research on the topic. To reiterate, precise switch-
ing plays a major role in the correct optical response
for any application. While we have highlighted various
approaches and devices to do so, there is still plenty of
work to do before PCMs can reachmaturity and be used in
technology-ready optical systems. Here, we identify some
of the pending challenges and discuss potential strategies
to overcome them.

6.1 Multi-level control

As mentioned extensively in Section 5, many applications
are pursuing higher and higher information density in
a single device nowadays. The accumulative and analog
nature of PCM is attractive, but it relies on precise control
of intermediate states via deterministic glassy-crystalline
domain distributions. The states have to be reliable and
cyclable. Ideally, bi-directional multi-level is desired; how-
ever, crystallization is intrinsically stochastic, arising from
the randomness of nuclei distribution and growth, espe-
cially during electro-thermal switching. An alternative
is to focus on multi-level modulation via amorphization
instead. This is, in fact, the key ingredient in the successful
optical switching in photonic waveguides (see Figure 3).
It is relatively easy to engineer the hotspots by control-
ling device parameters (e.g. the shape of the heater, the
pulse energy, etc.) and guarantee deterministic areas that
will undergo melt-quenching as long as they are heated
over Tm and provided proper material conditioning.5More
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in-depth numerical models will also help understanding
the dynamics behind the precise control of glassy and
crystalline domains.32

6.2 Path to scalability/cyclability

Although the choice of switching method highly depends
on the application and the PCMs of choice, it is worth not-
ing that microheaters are the most promising route to a
seamless, scalable platform (i.e., a platform in which hun-
dreds or thousands of PCMs can be switched in the same
system). Microheaters are compatible with silicon-based
platforms and inherit the maturity of CMOS technol-
ogy for on-chip integration. Nevertheless, and despite
the potential in terms of scalability, the state-of-the-art
devices show poor endurance and cyclability (∼103 cycles)
in comparison to all-optical approaches using the same
materials (∼107 cycles). The underlying failure mecha-
nisms are highly understudied, and it is imperative to
know their mechanisms to design failure-resistant devices
and materials. Lastly, higher operation speed, precision in
attaining a given intermediate level, and switching uni-
formity in large-area PCMs require significant research
efforts to bring such materials to real-world applications
territory.

6.3 Newmaterials and better
characterization data

There are many trade-offs when selecting PCMs and
switching mechanisms, as shown in Table 1. The selection
of the right PCM depends ultimately on the application
and, obviously, on the available alloys. The field should
move toward populating an optical PCM library with tai-
lored properties for specific applications but, more impor-
tantly, characterizing thoroughly their optical, electronic,
and thermal properties—the chalcogenide materials cur-
rently available are limited in number, and so is the rele-
vant characterization data given the strong research focus
on device and applications, many of which use empir-
ically developed switching mechanisms. Understanding
the crystallization dynamics and, crucially, the thermal
properties of ultra-thing PCMs is necessary to engineering
any type of robust and reliable device.
In terms of application, it is important to develop new

alloys with sought-after properties at specific spectral
windows (see Figure 1); namely, large refractive index,
large/vanishing extinction coefficient, positive/negative
permittivity, index contrast, etc. Ranging from single ele-
ments to quaternary alloys and beyond, the combinatorial
space is huge and still highly unexplored. Important

aspects of developing novel materials are to solve open
challenges in the current ones while displaying strong
optical modulation:

1. Restraining element segregation and oxidation upon
switching towards highly cyclable devices. These are
usually prevented using capping layers,82 but the chal-
lenge of finding solutions from amaterials design point
of view remains open.

2. Find PCMs with small or no volumetric changes upon
switching. Alternatively, find mechanisms to prevent
volumetric expansion, like demonstrated recently via
capping layer thickness control.83 This is crucial to
avoid mechanical variations that impact the lifespan
and cyclability.

3. Energy consumption during switching by developing,
for instance, PCMswith lower crystallization and amor-
phization temperatures; a challenge that has been
approached via doping of conventional PCMs.82

4. PCMs with slow crystallization kinetics for reversible
switching of thick (> 500 nm) structures, for exam-
ple,metasurface for tunable free-space optics, like those
achieved recently using Ge2Sb2Se4Te.12,68

5. PCMs with fast crystallization kinetics for high-
speed switching applications—can a PCM outperform
Ge2Sb2Te5 while displaying repeatable and strong opti-
cal modulation? Fast switching is pivotal for optical
neural networks with low latency.84

6. Developing PCMs with large bandgaps towards visible
wavelength modulation; like proposed recently moving
away from tellurides to selenides and sulfides.16 Such
alloys could open new horizons to PCMs, for instance,
in quantum photonics.

7. Broadband transparent PCMs with large index con-
trasts, ideally spanning into the visible wavelengths.
A precedent is the telluride-selenide-based compound
Ge2Sb2Se4Te for mid- and long-wave infrared.68

8. PCMs with high thermal stability and small/negligible
thermo-optical effect for temperatures below the crys-
tallization temperature. Such properties are important
to achieve devices that can be operated in a large
temperature range without distortion in the optical
response.
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