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Programmability is an essential feature in modern-day photonic
systems, and is crucial to enable technologies from next-genera-
tion data centers [1] to quantum information processing [2]. Such
programmability is generally achieved by traditional modulation
methods, such as thermo-optic (TO) effect, free-carrier dispersion,
electro-optic (EO) effect, and mechanical tuning. These physical
effects are, however, more suitable for modulating light, but not
ideal for programmability. This is because modulators are opti-
mized for high-speed and low-power operation, but programma-
bility only requires infrequent switching. Although TO effect and
micro-electro-mechanical-systems (MEMS) can offer slow but
large extinction ratio (>60 dB) tuning, their large static power con-
sumption (>10 mW) and high driving voltage (>20 V) are pro-
hibitive to future photonic systems. For programmable photonic
applications with infrequent switching, zero static energy holding
of the programmed states is more important than the power and
latency of individual switching event. Hence, a “set-and-forget”
reconfiguration will be highly desirable for applications such as
routing photons in photonic integrated circuits (PICs), setting
phase masks in spatial light modulators (SLMs), or trimming pho-
tonic resonators to the same resonance frequency. Chalcogenide-
based phase-change materials (PCMs), exemplified by Ge,Sb,Tes
(GST), present an ideal solution to the above scenarios thanks to
their reversible and bistable phase transition, multilevel operation,
and large refractive index contrast (An > 1). They can also be pro-
grammed in a fast time scale (ps to ns), and moderate switching
energy (p] to f]) [3-5]. Despite recent progress in PCM-based pho-
tonics, several outstanding challenges remain. For example, how to
extend the operation range to the visible wavelengths where the
material loss becomes critical? How to increase the endurance of
the PCM-based devices for practical use, ideally > 10° cycles?
How to achieve a deterministic multilevel operation? How to
attain 2w phase shift using PCMs? How to fabricate PCM-based
photonic devices via foundry processes? How to control a large
2D array of phase-change pixels/switches individually, see the
Supplementary materials S4? In this perspective, we aim to answer
these questions by briefly discussing the advances in the field, the
limitations, followed by potential solutions to address these limita-
tions. In Table S1 (online), we compare the key performance met-
rics of the state-of-the-art in PCM-based programmable photonics.
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For an in-depth background on PCM photonics, we refer the read-
ers to other review papers [3-5].

Extending the operation range to the visible. In the early days,
PCMs were widely used in rewritable compact disks to store data.
They were typically designed to be highly absorptive in the visible
wavelength so that they can be easily switched by laser pulses.
Later they found applications in electronic memory, where data
is stored in the high and low resistance of the memory cell, render-
ing the optical absorption of the materials entirely irrelevant. It is
only recently, with the advent of PCM-integrated photonics [4,5]
has the loss become critical. The proximity of the PCMs to the opti-
cal mode in a waveguide can lead to a significant loss even for a
very short PCM segment, e.g., crystalline GST typically
gives > 1 dB/um insertion loss on a waveguide. Apart from PCM,
we also need to pay attention to the loss incurred by the micro-
heaters needed to actuate the phase transition electrically. Fig. 1
shows the transparency windows of six different PCMs (in their
amorphous state) and microheaters, along with the potential appli-
cations in different wavelength ranges. These six PCMs represent
the most widely reported PCMs in the field of photonics due to
their lower optical losses and reversible switching over many
cycles. To simplify the discussion, we only plot the transparency
window in the wider bandgap amorphous state because the PCMs
need to be transparent in at least one state to be useful. PCMs that
have lower loss in the amorphous state but absorptive in the crys-
talline state (e.g., GeTe, GST, Ge,Sb,Se Te; (GSST), and Ge,Sb,Ses
(GSSe) in the near IR) can be used for amplitude modulation such
as photonic memory [6]. PCMs transparent in both amorphous and
crystalline states (e.g., Sb,Ses and Sb,S3 in the near IR) are ideal for
phase-only modulation [7,8]. It can be seen from Fig. 1 that as new
PCMs are discovered, there is a general trend of increasing the
bandgap of the PCMs to achieve lower losses. The bandgap of the
GST can be widened by gradually substituting Tellurium with Sele-
nium, creating GSST and GSSe [9]. Removing the Germanium fur-
ther widens the bandgap, yielding Sb,Se; which is transparent in
both amorphous and crystalline states in the near IR wavelengths
[10]. Finally, the bandgap can be further increased by replacing
the Selenium with the more electron affinitive Sulfur, which leads
to Sb,S; - the only PCM that has a transparency window in the vis-
ible spectrum [11]. Looking at our material toolbox, we now have a
wide range of options for a PCM that can work in the near to mid-IR
regime. Meanwhile, doped silicon also makes a reliable, scalable,

2095-9273/© 2023 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

Please cite this article as: Z. Fang, R. Chen, V. Tara et al., Non-volatile phase-change materials for programmable photonics, Science Bulletin, https://doi.org/
10.1016/j.scib.2023.03.034



https://doi.org/10.1016/j.scib.2023.03.034
mailto:rogefzr@uw.edu
mailto:arka@uw.edu
https://doi.org/10.1016/j.scib.2023.03.034
http://www.sciencedirect.com/science/journal/20959273
http://www.elsevier.com/locate/scib
https://doi.org/10.1016/j.scib.2023.03.034
https://doi.org/10.1016/j.scib.2023.03.034

Z. Fang et al.

Science Bulletin xxx (XXxx) Xxx

Wavelength (nm)

3000 1500 1000 750 600 500 375
Aerospace Computing
Quantum optics  Imaging Display
o 3
- 7
& | Spectroscopy  LIDAR  Biosensing —1_0
§ /A§ Smart window VR
< 3
&
@ GeTe
§e] )
.S Ge2Sbh2Tes optogenetics AR
a
=2 Gez2SbaSesTet “
©
B (@A)
= Ge2SbaSes
5]
8 Sb2Ses
£ Sb2Ss
©
=
©
[}
§ [ Doped silicon ] =
ITO T
- Q
[ Graphene g
0 100 200 300 400 500 600 700 800
Frequency (THz)

Fig. 1. (Color online) Transparency windows of PCMs and microheaters from visible to mid-IR wavelengths and their potential applications in photonics.

and transparent microheater for the electrical control of PCMs in
this range [12]. Indeed, proof-of-concept PCM-integrated photonic
devices have been demonstrated for relevant applications in this
regime, including optical computing and optical interconnects.
However, the choices become scarce when the wavelength extends
to the visible (1 ~ 400-700 nm), where Sb,S3 is the only candidate,
whose transparency window only partially covers the visible range
(~600-700 nm). A transparent PCM in the entire visible range can
unlock several emerging applications from augmented/virtual real-
ity (AR/VR) display to quantum photonics. For example, AR dis-
plays require selected pixels to be dimmed so that the displayed
image is not overpowered by the ambient light (https://www.mag-
icleap.com/webinar-four-optics-breakthroughs-to-power-enter-

prise-ar). Such “local dimming” functionality requires reversible
sub-ms switching between the bistable transparent and opaque
states. A PCM transparent (absorptive) in the amorphous (crys-
talline) state in the visible range will be ideal for achieving unpo-
larized dimming, compared to the current polarized dimming
based on liquid crystals which blocks > 50% of the ambient light
in the transparent state. Secondly, photonic quantum information
technologies require single photons to be routed in a PIC with
low loss and energy consumption. Currently, the quantum PIC is
generally tuned by thermo-optic phase shifters which are pro-
hibitive in terms of power consumption. A PCM transparent in both
states in the visible can provide non-volatile and energy-efficient
routing of solid-state single photon emitters (generally ranging
from ~ 400-900 nm) [13]. To push the PCMs’ bandgap wider,
materials with stronger covalent bond formers, such as Oxygen,
may have to replace Sulfur to create semiconductor or metal oxides
that have bandgap in the ultra-violet range [14]. It is also worth
investigating when the phase-change properties of the material
cease to exist as the material bandgap keeps increasing, which
can be modelled using density functional theory and molecular
dynamics simulations. In terms of electrical control, both graphene

and Indium Tin Oxide (ITO) are transparent microheaters in this
range (though ITO has lower absorption than graphene). In partic-
ular, graphene has recently been shown to be a very robust and
energy-efficient microheater thanks to their atomically thin nature
[7].

Increasing the device endurance. Commercialization of PCM-
based photonic devices depends heavily on their endurance, i.e.,
how many cycles the device can be switched reversibly before fail-
ure. Previous commercialized PCM technologies, such as electronic
memory, exhibit a typical endurance of > 1 billion cycles [15]. It
seems natural that PCM-based photonic devices should also target
an endurance of at least 1 billion cycles. In practice, this is a chal-
lenging proposition for photonic devices because, depending on
the applications, the switching volume of the PCMs is around five
to six orders of magnitude larger than in electronic memory
(~100 pm? vs. ~100 nm?, assuming the same thickness). Such a
large switching volume renders many failure mechanisms, which
play relatively minor roles in electronic memory, dominant in pho-
tonics. These include surface oxidation, drastic volume change, ele-
mental segregation, and dewetting in the molten state [16]. For
these reasons, the best record in electrical switching so far has
been ~5000 cycles in PIC [17]. Hence, instead of focusing solely
on the formidable challenge of increasing the cyclability from 103
to 10°%, we ask: how many cycles do we actually need for relevant
applications? First, consider the scenario where a PCM-based non-
volatile phase shifter is used to correct the phase error in a Mach-
Zehnder interferometer (MZI) or trim a microring’s resonance
wavelength [8]. Once these calibrations are completed after the
fabrication, which can be accomplished within a few switching
events, any further adjustments will hardly be required since an
on-chip laser normally has a fixed emitting wavelength. In this
case, an endurance of 1000 cycles will be more than enough, which
has already been reported [7,17]. Another relevant application is
in-memory optical computing, where PCMs have shown promising
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results for expressing weights [5]. If used purely for inference, a
low endurance may be sufficient. However, for general purpose
computing, the weights need to be constantly updated, and very
high endurance comparable to the phase-change electronic mem-
ory will likely to be necessary for any practical use.

In addition to PICs, PCMs can also be used in tunable meta-
optics [3]. For example, a non-volatile spatial light modulator
(SLM) will be highly desirable in the scenario where a stable phase
mask is required. Liquid-crystal-based SLMs commonly suffer from
phase jitter and pixel crosstalk, which can be circumvented by con-
trolling the optical phase with PCMs, as no bias is required to
maintain the optical phase distribution. Consider static usage, such
as laser beam shaping, where the phase mask does not constantly
change and assume ~10 reconfigurations per day, an endurance of
104 cycles will lead to a lifetime of almost 3 years. However, certain
applications of SLMs, such as displays, require constant refreshing
of the pixels (>60 Hz), so high endurance (>10'°) may be needed to
operate up to 5 years. Similarly, recent works have demonstrated
non-volatile beam steering using PCMs in phase-gradient metasur-
faces [18], with potential application in ranging. Ranging requires
constant scanning of the laser beam; hence very high endurance
(>10°) will be necessary. Finally, we would like to emphasize that
traditional switching metrics, like switching speed, may not be
appropriate for evaluating PCM-based photonic devices. These
metrics are relevant only when a device is constantly being turned
on and off, for example a modulator. In such cases, a switch being
turned on and off in nano-second time scale, will last only for 10 s,
even with an endurance of 10'°. Hence, improving PCM switching
speed has little or no significance in practical applications.

There are several potential strategies to reach endurance
greater than a billion cycles. Two important lessons we can learn
from the electronic memory to improve the endurance is to reduce
switching volume and use backup devices. Instead of switching a
large area of PCMs (>100 um?), we can pattern the PCMs into dis-
crete subwavelength patches to minimize dewetting and stresses
from the drastic volume change. Secondly, backup switches can
be used to improve the overall endurance of a group of switches.
Once a switch in the group failed, it will be automatically con-
nected to a working one. Such scheme is particularly attractive
for PICs but has issues in free space because a wavefront will
always interact with all the pixels, including the failed ones.

Deterministic multilevel operation. The crystallization of PCMs is
based on nucleation and growth, which are intrinsically stochastic
processes [19]. Partial phase transition will inevitably lead to vari-
ation in the optical state as the volume and location of the
switched material are slightly different each time. There has been
tremendous progress in pushing the number of attainable levels in
PCM-based photonics, reaching up to 5-bit operation via optical
switching [20] and, more recently, in electrical switching [8] using
low-loss PCMs Sb,Ss, see Table S1 (online). Conventionally, differ-
ent amplitudes or pulse durations are used to tune the degree of
partial phase transition to achieve multi-levels. Recently, it was
shown that multilevel operation could be obtained in Sb,S3; by
exciting it with multiple electrical pulses with the same duration
and amplitude [8], leading to an additional degree of freedom in
fine tuning the optical states. In this way, the optical states of
the devices can be controlled simply by the number of excitation
pulses without the need to change the pulse shape. Despite the
progress in increasing the optical levels, there has not been an
effective solution for the optical state variation caused by the
non-deterministic phase transition. For many applications, such
as SLMs and optical computing, precise control of the optical levels
is necessary. One potential solution is to use many PCM cells and
exploit the complete phase transition of each cell. Complete phase
transition is found to be highly deterministic as the entire volume
of materials is switched. For example, one requires N — 1 discrete
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cells of PCMs on a waveguide to achieve N number of transmission
levels. The contrast between the levels can be controlled by the
size of the PCM cells. However, such a scheme only works for inte-
grated photonics where light is tightly confined in the waveguide,
and the optical mode has a limited spatial extent. In addition, N
levels will also require N — 1 control signals, leading to compli-
cated electrical routing as N becomes large. In the free space, spa-
tial light modulation requires the light to interact with multiple
pixels simultaneously, which collectively generates a phase mask.
The light interacting with any individual pixel will only experience
a binary switching of phase or amplitude if there is only a complete
phase transition. One solution is to stack multiple layers of PCMs
along the optical axis, where each layer is individually controlled
by microheaters. However, this method will require complicated
electrical wiring and suffer from significant optical losses as light
passes through layers of PCMs and microheaters. A simple solution
for the multilevel control of a 2D array of phase-change pixels will
be a promising future research direction.

21 phase control. In integrated photonics, a maximum of &
phase shift is generally enough for modulating MZIs or microrings.
Thanks to the large effective index change of PCM-silicon hybrid
waveguides, the typical L can be as short as a few tens of microns
[8,21]. In free space, however, full 21 phase control is necessary for
spatial light modulation. In liquid-crystal-based SLMs, 2t phase
shift is achieved by using a very thick (>1 pm) LC layer. Switching
the same thickness of PCM turns out to be extremely difficult
because as PCM becomes thicker, the cooling during amorphiza-
tion becomes slower, and at some point the material can no longer
hit the critical cooling rate for amorphization. For example, GST is a
fast PCM that typically requires a cooling rate of ~1 K/ns to reach
the amorphous state and reversible switching is difficult for thick-
ness > 30 nm. Instead of using fast PCMs, PCMs with slow phase-
change kinetics can be used, such as GSST, Sb,Ss, and Sb,Se; which
also happen to have lower losses. For example, 250-nm-thick GSST
can be switched by long pulses of 5 ts (amorphization) and 200 ms
(crystallization) to yield large modulation, but at the cost of limited
cyclability (40 cycles) [18]. Another approach to enhance the phase
shift is via optical resonators such as metasurfaces. Recent work
shows that by patterning Sb,S; into a Huygen’s metasurface, near
271 phase shift can be obtained in the visible range through the
spectral overlap of the electric and magnetic dipole resonances
[22]. However, the thick material (160 nm) causes difficulty in
reversible switching, and only two cycles have been demonstrated
(Table S1 online). Using resonant metasurfaces also limits the
bandwidth that 2w phase shift is maintained. Hence, although
there is no perfect solution yet to achieve 2w phase shift, high
endurance, and broadband at the same time, the combination of
optical resonance and the slow PCMs could potentially provide a
solution towards a larger phase modulation.

Fabrication via foundry processes. So far, all PCMs-based pho-
tonic devices have only been fabricated either completely or par-
tially in the university cleanroom. One recent work has reported
the fabrication of silicon waveguides in a foundry, but the deposi-
tion, patterning, and encapsulation of PCMs were performed in a
back-end-of-the-line process [21]. Foundry fabrication is a crucial
step towards the scalability and the ultimate commercialization
of PCM-based photonic technology. Large companies like Intel
and IBM already have products on the market based on phase-
change electronic memory with GST in their fabrication line. One
would assume bringing PCMs into silicon photonics foundry would
be straightforward. However, foundry compatibility proves to be a
more challenging task. In fact, silicon photonics fabrication has
very different processes from the memory cell, including material
deposition, etching, metallization, and oxide cladding. The poten-
tial risks of introducing PCMs into a photonics foundry process,
such as contamination, are extremely difficult to evaluate. Working
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with well-known PCMs such as GST may have an edge on this
because the toxicity of the materials is very well-studied, com-
pared to new PCMs such as Sb,Se; where Selenium is highly vola-
tile and toxic. One potential solution will be dedicating a line solely
to PCM-based photonics. Demonstrating an application using PCMs
that have a large market will help to draw investment interest
from big semiconductor companies. Electronic memory has set
an excellent example for the commercialization of PCMs, which
we can all learn from. Further discussion on the foundry compati-
bility is included in the Supplementary materials S3.

To summarize, we have discussed important open questions in
the field of PCM-based programmable photonics. We proposed
potential solutions and future research directions. We believe that
the visible range hosts enormous opportunities for PCMs with
many unexplored applications, from quantum optics to AR/VR. A
wide-bandgap PCM that is transparent across the entire visible
spectrum will be a game changer. Secondly, we argued that device
endurance should be evaluated based on applications, and simi-
larly the potential applications should be guided by the available
endurance. Next, we discussed the factors that are currently limit-
ing the precision of optical levels and maximum phase shift and
proposed strategies to address these issues. Finally, we addressed
another essential element for scalability: the foundry compatibility
of phase-change photonic devices. A dedicated fab line for PCMs-
based photonic devices will be a crucial step before commercializa-
tion. Still, before getting there, a scalable prototype must be
demonstrated to draw market interest from investors and large
semiconductor manufacturers.
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