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Toward Nonvolatile Switching in Silicon Photonic Devices

Jorge Parra, Irene Olivares, Antoine Brimont, and Pablo Sanchis*

Nonvolatile switching is still a missing functionality in current mainstream
silicon photonics complementary metal-oxide-semiconductor platforms.
Fundamentally, nonvolatile switching stands for the ability to switch between
two or more photonic states reversibly without needing additional energy to
hold each state. Therefore, such a feature may push one step further the
potential of silicon photonics by offering new ways of achieving photonic
reconfigurability with ultrasmall energy consumption. Here, a detailed review
of current developments that enable nonvolatile switching in silicon photonic
waveguide devices is provided. Nonvolatility is successfully demonstrated
either based on device engineering or by hybrid integration of silicon
waveguides with materials exhibiting unique optical properties. Furthermore,
several approaches with high potential for evolving toward a nonvolatile
behavior with enhanced performance are also being explored. In most cases,
many development steps are still necessary to ensure reliable devices.
However, this research field is expected to progress in the coming years
boosted by current and emerging applications benefiting from such
functionality, such as new paradigms for photonic computing or advanced
reconfigurable circuits for programmable photonic systems.

1. Introduction

Driven by the growing market demand, silicon photonic inte-
grated circuits (PICs) have reached an unprecedented degree
of maturity.[1] Over the past decade, many photonic innovation
ecosystems have emerged mostly in the United States, Europe,
and Asia, making cutting edge and photonics technologies
within reach of tech companies. Their emergence, sustainability,
and growth largely rely on the fabless/foundrymodel that already
proved successful for electronics.[2] As a result, PICs with ever-
increasing complexity can be now fabricated in well-established

J. Parra, I. Olivares, Dr. A. Brimont, Prof. P. Sanchis
Nanophotonics Technology Center
Universitat Politècnica de València
Camino de Vera s/n, Valencia 46022, Spain
E-mail: pabsanki@ntc.upv.es

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/lpor.202000501

© 2021 The Authors. Laser & Photonics Reviews published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivs License,
which permits use and distribution in any medium, provided the original
work is properly cited, the use is non-commercial and no modifications
or adaptations are made.

The copyright line for this article was changed on 23 June 2021 after
original online publication.

DOI: 10.1002/lpor.202000501

low-to-high volume silicon microelec-
tronics foundries using mature com-
plementary metal-oxide-semiconductor
(CMOS) compatible processes.[3] Each
foundry holds a unique process design
kit (PDK) encompassing standard and
more advanced photonic building blocks.
Despite a focused 20-year-long research
and development effort, which has al-
lowed high-performance silicon photonic
building blocks to become fully mature
and commercially available, nonvolatile
functionalities are still missing from
standard libraries.[4]

An ideal PIC augmented with non-
volatile capabilities would encompass an
interconnected mesh of reconfigurable
elements, where switching between sta-
ble and reversible photonic states is dy-
namically achieved using a certain kind
of mechanism consuming an ultrasmall
amount of energy. Nonvolatility implies
that no static energy or holding power is
required to retain any of the states once it
is set. This ultralow energy consumption

coupled with an optimal switching performance opens up
a wealth of possibilities wherever highly scalable nonvolatile
switching solutions would suppose a significant added value.
In fact, owing to the fast spread of photonics in many fields,
access to nonvolatile functions is expected to become of high
importance in countless current and emerging applications re-
quiring energy efficiency and full reconfigurability, namely, pro-
grammable integrated photonic,[5] power-efficient switching in
data centers,[6,7] photonic memories,[8,9] neural networks,[10] or
large-scale photonic phased arrays for light detection and rang-
ing (LIDAR) systems,[11–13] just to name a few.
Optical bistable performance is a necessary condition to build

nonvolatile photonic devices. Here, we focus on bistability based
on a looped hysteretic response or latching operation that acts
on the effective index of a photonic waveguide structure and
allows to retain two (bistable) or more (multilevel) states in a
nonvolatile way. Figure 1 describes the fundamental perfor-
mance of a generic nonvolatile photonic switching element.
The variation of the effective index, which can have a complex
nature (neff + j𝜅eff ), yields to a control of the optical phase and
absorption in a separate or coupled scheme depending on
the underlying mechanism. Such control can be driven by an
electrical or optical excitation for enabling nonvolatile phase or
intensity actuators. The optical switching performance can be
assessed by different metrics. On one hand, for phase actuators,
a large variation in the real part of the effective refractive index
(Δneff ) is desired together with low losses and the smallest
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Figure 1. Description of the fundamental performance of a generic nonvolatile photonic switching element. Optical bistable performance is achieved by
means of a looped hysteretic response that acts on the effective index of a silicon-based waveguide structure under optical or electrical excitation. The
variation of the effective index, which can have a complex nature (neff + j𝜅eff ), yields to a control of the optical phase and absorption in a separate or
coupled scheme depending on the underlying mechanism. Thereby, nonvolatile switching between two (S1 or S2) or more photonic states is enabled.

variation of the imaginary part between photonic states
(Δkeff ≈ 0). On the other hand, large variations of the imag-
inary part (Δkeff ) with minimum losses (minimum keff for S1 or
S2 in Figure 1) are desired for intensity actuators. Such metrics
will determine the insertion loss and extinction ratio of the non-
volatile device. However, it should not be forgotten about other
metrics such as energy consumption, switching speed, retention
time, footprint, or integration issues. Ideally, the perfect non-
volatile device would maximize all the metrics. In practice, there
exist trade-offs among them, and the most suitable nonvolatile
approach will be chosen by weighting such metrics. Thereby, a
photonic device with access to nonvolatile switching functions
should be engineering to fulfill the requirements of a specific
application.
In this review, we propose to analyze and compare the existing

solutions for nonvolatile switching that might be integrated
on the silicon photonics platform. The simplest way to achieve
optical bistability on silicon is by exploiting its refractive index
variation under a high optical power excitation combined with
a photonic structure that provides optical feedback. However,
the bistable response is volatile, even though the holding power
may be strongly reduced. Therefore, two main strategies are cur-
rently followed for providing nonvolatility in silicon photonics
devices. On one hand, nonvolatile switching can be enabled by
device engineering. The natural approach is staying within the
realm of electronic memory-like device engineering in which
nonvolatile switching appears as a result of controlled dynamics
of charge carriers or taking profit from the resistive switching
effect. However, micromechanical systems (MEMS), which
take advantage of the electrostatic and mechanical forces at the
nanoscale to move and displace photonic waveguide structures,
have become a promising alternative with quick progress in the
last years. The second main strategy for nonvolatile switching
is the hybrid integration of materials with unique optical prop-

erties on silicon waveguide structures. In particular, desirable
materials are those in which the refractive index can be changed
between two or more stable values reversibly. Chalcogenides,
mainly germanium-antimony-tellurides, are the most mature
candidates due to their intrinsically nonvolatile response at
room temperature. However, vanadium dioxide (VO2) also
deserves consideration because, despite its bistable response
is shifted from room temperature at regular conditions, the
possibility of a nonvolatile switching performance is still in
the spotlight. On the other hand, ferroelectrics materials are
emerging due to their unique ultrafast and ultralow energy
electro-optical response. Finally, the use of liquids with dif-
ferent refractive index changes has also been proposed and
demonstrated.
The paper is structured as follows: the mechanisms for induc-

ing optical bistability on silicon are initially described. Then, the
proposed approaches for enabling nonvolatile switching based ei-
ther on device engineering ormaterial integration are thoroughly
reviewed. The review has been mostly focused on experimental
results and devices with operation at telecom wavelengths unless
otherwise stated. Finally, the reviewed approaches are compared
in terms of their strengths and weaknesses whereas their per-
spective for fueling the entrance of nonvolatility in the silicon
platform is discussed.

2. Optical Bistability on Silicon

Optical bistability can be achieved by combining an intensity-
dependent refractive index change with a photonic structure,
such as a ring resonator, providing optical feedback. The mech-
anisms for changing the refractive index have been based
on the thermo-optic and plasma dispersion effects induced
by optical absorption. Nonvolatility cannot be achieved using
those approaches. However, very low holding powers have been
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Figure 2. a) Silicon microring resonator used for demonstrating optical bistability. b) Hysteresis curve of output optical power as a function of the input
optical power injected into the microring resonator. c) Influence of the optical bistability on the transmission spectrum of the ring resonance when the
input power is increased (wavelength is shifted from low to high) Reproduced with permission.[14] Copyright 2004, The Optical Society.

demonstrated by taking profit from the large refractive index
of silicon and engineering photonic waveguide structures with
high optical field confinement.

2.1. Thermo-Optic Effect

Optical bistability was first proven in silicon devices by using
a microring resonator.[14] The microring resonator is shown in
Figure 2a. The bistable performance arises from the combined
effect of the resonance wavelength shift when the input optical
power increases and the dependence of the output power on the
signal wavelength with respect to the resonance. Figure 2b shows
the resulting hysteresis in the output versus input optical power
response. Nonvolatility is not achieved so that holding power is
always required for exploiting the bistability. Furthermore, the
hysteresis curve is highly dependent on the input wavelength
that could be an issue for implementing practical devices. On
the other hand, the bistable performance may be also observed
in the asymmetry and abrupt change in one of the edges of the
ring resonance when the input signal is wavelength scanned, as
it is shown in Figure 2c. Such effects are accentuated when the
input optical power increases.
The resonance wavelength shift is driven by thermal effects

induced by optical absorption. The absorbed light is transformed
into thermal energy that changes the refractive index of the
silicon via its thermo-optic coefficient. Optical absorption may
be originated from linear and nonlinear contributions. The role
of the different contributions will depend on the photonic struc-
ture, waveguide geometry, and fabrication process.[15–17] Linear
optical losses are attributed to surface state absorption, which
gets stronger in unpassivated waveguides. Optical bistability
driven by predominantly linear losses was demonstrated with a
holding power of 800 µW, switching energies above 400 pJ, and
switching times in themicrosecond range.[14] On the other hand,
the nonlinear absorption contributions arise from two-photon
absorption (TPA) and the associated free carrier absorption
(FCA). Optical bistability driven by nonlinear optical losses was
achieved in an ultracompact photonic crystal featuring holding
powers as low as 40 µW, switching energies in the order of
picojoules, and switching times of hundreds of nanoseconds.[18]

The energy consumption is significantly reduced owing to the
high-quality factor and small mode volume of the cavity. The
small size of the cavity also minimizes the switching time.

However, the speed is ultimately limited by the slow response
associated with thermal effects.

2.2. Plasma Dispersion Effect

Optical bistability based on carrier effects induced by TPA has
been proposed to reduce the switching time in comparison with
thermal-based approaches. In this case, the refractive index of sil-
icon decreases as the input power is increased due to the plasma
dispersion effect. Switching times in the nanosecond range have
been demonstrated by using amicroring resonator but at expense
of high holding power of around 5.5 mW and high insertion
losses up to 12 dB.[19] On the other hand, thermal effects induced
by optical absorption cannot be generally neglected. Therefore,
the variation of the silicon refractive index is influenced by two
opposite effects that degrade the bistable performance and, in
particular, the stability of the high-power state. The influence
of thermal effects has been minimized by modifying the fabri-
cation process for achieving ultrasmooth Si/SiO2 interfaces.

[20]

However, the carrier lifetime is also increased which gives rise to
longer switching times. Ultrahigh quality nanocavities based on a
photonic crystal structure have also been employed for reducing
the switching energy.[21] Despite amore critical narrowband oper-
ation, the high optical confinement allowed to drastically reduce
the switching energy down to 100–200 fJ and the holding power
to values between 1.6 and 7.9 µW.[22] On the other hand, the
plasma dispersion effect can also be exploited by using more effi-
cient p-i-n junctions integrated into the silicon waveguide. In this
case, even lower switching energies down to a few femtoseconds
and speeds up to 20 GHz have been predicted.[23] Nevertheless,
it should be noted that, in all cases, the optical switching per-
formance is volatile and highly wavelength-dependent because
photonic cavities are required to provide optical feedback.

3. Nonvolatile Switching Enabled by Device
Engineering

Optical switching with a nonvolatile response can stem from de-
vice engineering without the need of optical feedback. The main
approaches rely on the adoption of electronic nonvolatile config-
urations, such as flash memories or resistive switching devices,
or novel switching devices driven by MEMS actuators.
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Figure 3. a) General scheme of an electronic nonvolatile flash memory. b) Detailed view of charge trapping (top) and floating gate (bottom) approaches.
c) Capacitance–voltage curves of a flash memory device in the frequency range of 10 kHz to 1 MHz. The hysteresis is due to the trapped charges in the
stored layer. Reproduced under the terms of a CC-BY 4.0 license.[24] Copyright 2017, The Authors. Published by Springer Nature. d) Photonic waveguide
structure based on a floating gate approach and e) experimental nonvolatile change of the optical response in a microring resonator. Reproduced under
the terms of a CC-BY 4.0 license.[25] Copyright 2016, The Authors. Published by Springer Nature.

3.1. Mimicking Electronic Memories

Microelectronics provides not only tools for fabricating PICs
but also knowledge regarding nonvolatile devices. One of the
most natural approaches to provide nonvolatility to photonic
integrated waveguides is the adaptation of the well-known
and proved flash memory cell. In this case, the waveguide is
combined with different CMOS-compatible materials such as
oxides, doped-semiconductors, and metals. Therefore, such
devices would come with the main advantage of maximum
CMOS compatibility together with a nonvolatile behavior. A
bistable response at room temperature arises by using a metal-
oxide-silicon (MOS) structure in which the gate oxide is replaced
by a three-layer stack. The stack comprises a charge storage
layer sandwiched between a tunneling and blocking oxide. The
concept is schematically illustrated in Figure 3a. Depending on
the nature of the middle layer, the structure may be classified
into two groups: floating-gate and charge trapping devices. Both
approaches rely on the injection of carriers via the tunneling
effect from the silicon substrate. While in a floating gate scheme
the charge is stored in a conductor or a heavily doped semi-
conductor, charge trapping devices use a dielectric layer, such
as silicon nitride, to retain the injected carriers, as shown in
Figure 3b.
The increase in the flatband voltage owing to the trapped

charges is taken advantage of to obtain nonvolatility. Thereby,
a counter-clockwise hysteresis is obtained when performing
capacitance–voltage measurements, as depicted in Figure 3c. For
positive voltages, charges are injected from silicon to the storage
layer whereas, for negative voltages, carriers are tunneled back to
the substrate. There are three main physical effects used to in-
ject carriers through the tunneling oxide: i) direct and ii) Fowler-
Nordheim tunneling, and iii) hot carrier injection. While the first
two do not require the source and drain electrode to inject carri-
ers, for hot carrier injection an applied voltage is needed to make

the electrons gain kinetic energy through the channel.When they
have enough energy to jump the oxide barrier, they are injected
into the charge store layer thanks to the vertical field created by
the gate voltage. Finally, for charge trapping devices, the Poole-
Frenkel effect trap-assisted tunneling should be considered when
modeling the current and carrier distribution across the trapping
layer.
One of the main differences between floating gate and charge

trapping schemes is found in their reliability. Owing to the
conducting nature of the floating gate, a single defect in the
thin tunnel oxide causes the complete discharge of the device.
This issue is avoided in charge trapping devices, thus allowing
for thinner tunnel oxides and lower programming and erasing
voltages. On the other hand, longer retention periods are easier
to achieve in floating gate structures owing to their larger detrap-
ping barrier height. In general, a balance must be established
among speed, oxide thickness, and charge retention.

3.1.1. Plasma Dispersion Effect

The integration of the flash memory with silicon photonics has
been mainly done by placing the charge store layer as near as
possible to the waveguide structure.[25–28] The optical phase is
then changed by means of the plasma dispersion effect owing to
the overlap of the guidedmode either with the trapped carriers or
with the screened charge inside the silicon waveguide. An addi-
tional interferometric or resonant photonic structure is required
to transform the optical phase change into an optical intensity
variation. The first photonic device following the flash memory
approach was proposed in 2006 by integrating a charge trapping
structure based on silicon nitride into a silicon microring.[26]

However, only simulations were provided. The carrier injection
process was carried out with voltages below 10 V. One of the con-
straints of this configuration is the proximity of the metal control
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Figure 4. a) Nonvolatile optical switch based on exploiting ITO unique properties in a floating gate approach. b) Simulated optical switching performance
for the two states with low/high optical losses in the so-called metal-oxide-metal-oxide-semiconductor (MOMOS) waveguide. c) Optical mode at each
switching state. Reproduced with permission.[32] Copyright 2019, The Optical Society.

gate to the guiding structure. A thick blocking oxide is needed to
avoid excessive optical losses and, consequently, around 100 V
is needed to discharge the device. A similar approach has been
experimentally demonstrated for trimming purposes.[27] In this
case, the carrier injection from the silicon substrate was aided
by exposing the device to ultraviolet light. More recently, a new
configuration based on using hafnium oxide as trapping layer
has also been proposed by means of simulations to reduce the
switching time to around 100 µs with gate voltages between 20
and 30 V.[29]

A nonvolatile performance has also been demonstrated by us-
ing the floating gate approach.[25,28] The cross section of the pro-
posed waveguide structure is depicted in Figure 3d. During the
charging process, the carriers are injected into the floating gate
using a typical floating gate memory structure. Once injected,
those carriers redistribute inside the charge storage layer and
change the effective refractive index of the guided mode via the
plasma dispersion effect. A microring structure was also used to
transform the optical phase change into an optical intensity vari-
ation. Figure 3e shows the experimental nonvolatile change of
the microring optical response. The transition between the un-
charged and charged state is achieved in the millisecond range
with a gate voltage of 20 V demonstrating, in addition, a multi-
level operation for intermediate injection times.

3.1.2. Integrating Advanced Materials

Recently, several works have also investigated through simula-
tions of the use of graphene and transparent conducting oxides
(TCOs), such as indium tin oxide (ITO) or cadmium oxide (CdO),
as materials for the floating gate in flash memory structures. De-
spite graphene exhibits stronger free carrier dispersion than sili-
con, the weak interaction of the optical mode with the atomically
thin material results in still large footprint devices. Phase actua-
tors with a length of around 650 µm for a 𝜋 phase shift together
with ≈3 dB of loss, and intensity actuators with around 330 µm
of length to attenuate 20 dB, have been reported.[30] However, the
length could be drastically reduced by replacing graphene with
TCOs. In that regard, TCOs exhibit a large free carrier dispersion
effect that is combined with a strong light–matter interaction ow-
ing to the epsilon-near-zero (ENZ) regime.[31] Therefore, broad-
band and ultracompact nonvolatile devices have been prospected.
A 5-µm-long intensity device has been proposed using ITO.[32]

The device is shown in Figure 4a. Extinction ratios greater than

10 dB in a bandwidth of 100 nm were reported. Such values were
enabled by the increase of optical absorption in the ITO with
carriers together with the ultrahigh confinement of the optical
mode within the ITO floating gate owing to the ENZ regime.
The simulated optical switching performance is shown in Fig-
ure 4b, whereas the optical modes at each state are depicted in
Figure 4c. Interestingly, this difference in the shape between the
typical photonic mode and the ENZ mode was also exploited for
nonvolatile switching by integrating the nonvolatile waveguide in
a directional coupler.[33] On the other hand, phase shifters could
be attained by using high-mobility TCOs instead of ITO to reduce
the loss while maintaining a large change on the real part of the
effective index. By replacing ITO with CdO, a 𝜋 phase shift could
be obtained in 30 µm with an optical loss of around 1 dB.[34] Yet,
the main pending challenge is the experimental demonstration
of all these proposed devices.

3.2. Resistive Switching Devices

Resistive switching has been largely investigated for enabling re-
sistive random access memories (RRAMs) based on the bistable
behavior present in the electric response.[35,36] Basically, the elec-
trical resistance is changed between a low and high resistive state
following a pinched current–voltage hysteresis loop. Here, we fo-
cus on resistive switching based on the formation and destruc-
tion of conductive nanofilaments across an active material sand-
wiched between two electrodes.[37,38] For photonic applications,
the resistance change may give rise to a variation of the optical
losses with also a hysteretic response.[39] However, the optical
switching performance will depend not only on the active mate-
rial but also on the surrounding materials and device structure.

3.2.1. Resistive Switching with Amorphous Silicon

The resistive switching effect was first demonstrated in hybrid
plasmonic waveguides by using amorphous silicon as active
material.[40] Figure 5a shows the hybrid plasmonic waveguide.
Plasmonic waveguides allow high optical mode confinement
on the ultrathin active layer, as is depicted in Figure 5b. Metal
filaments are formed in the amorphous silicon layer by silver
ions injected from the top silver electrode when a positive voltage
is applied. The formation of metal filaments increases optical
losses. The associated optical transmission variation is depicted
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Figure 5. a) Nonvolatile optical switching based on resistive switching in amorphous silicon: hybrid plasmonic waveguide device, b) optical mode show-
ing the light confinement at the amorphous silicon layer, and c) measured electrical and optical switching performance. Reproduced with permission.[40]

Copyright 2013, American Chemical Society. d) Plasmonic device based on resistive switching on amorphous silicon at an atomic scale, e) SEM image
of the fabricated device and f) measured optical switching response. Reproduced with permission.[41] Copyright 2015, American Chemical Society. g)
Hybrid plasmonic waveguide for nonvolatile optical switching based on resistive switching in silica, h) simulated optical mode, and i) measured optical
switching response for two different waveguide lengths. Reproduced with permission.[42] Copyright 2014, The Optical Society.

in Figure 5c. The maximum extinction ratio is not achieved at
0 V which penalizes the nonvolatile performance. Such behavior
is because the bistability of the electrical switching is usually
shifted at positive voltages, as can also be seen in Figure 5c.
Nevertheless, a switching power as low as 0.15 µW is achieved.
On the other hand, the insertion loss is around 4.2 dB. The
propagation losses of the plasmonic waveguide and the coupling
losses to the connecting silicon waveguides need both to be
considered for minimizing insertion losses.
Resistive switching in amorphous silicon has also been ex-

ploited for optical bistable switching at an atomic scale.[41] The
device is shown in Figure 5d,e. The active region is driven as a
plasmonic nanocavity in which a single nanofilament is created
or erased. The resulting optical bistable response is shown in Fig-
ure 5f. Nonvolatility switching is not achieved, but the ultrasmall
scale of the active region allows reducing the holding power to a
few nanowatts and achieving switching energies as low as 12.5
fJ. However, the switching bandwidth is limited to 1 MHz. Fur-
ther work is also required to investigate the influence of quantum
effects on the optical switching mechanism.

3.2.2. Resistive Switching with Silicon Dioxide

Resistive switching has also been demonstrated in hybrid plas-
monic waveguides with silicon dioxide as active material.[42] Fig-
ure 5g shows the waveguide cross section which is based on a

layer stack made of gold, silicon dioxide, and ITO on top of the
silicon waveguide. The optical mode is depicted in Figure 5h. The
photonic structure was initially intended for carrier modulating
in the ITO layer. Instead, a nonvolatile optical switching perfor-
mance was achieved owing to a resistive switching effect in the
silica layer. The silica layer was deposited by RF sputtering which
is expected to originate a high number of defects. Metal filaments
are formed in the silica by ions injected from the top gold elec-
trode. The formation of filaments is expected to be facilitated by a
large number of defects in the silica. Figure 5i depicts the optical
transmission as a function of the applied electrical voltage for dif-
ferent lengths of the plasmonic waveguide. Nonvolatile switching
with an extinction ratio of around 5 dB and a switching power of
200 nW was achieved. However, a dependency of the extinction
ratio with the duration of the applied electrical pulses was found
when studying the dynamic performance. Thereby, the switch-
ing energy was between 60 µJ and 1 nJ depending on the switch-
ing duration. Furthermore, a frequency response of 30 MHz and
high insertion losses above 10 dB were reported.

3.2.3. Resistive Switching with Other Materials

The resistive switching effect has also been proved in a large va-
riety of materials and layer stacks that could give rise to new ap-
proaches for nonvolatile optical switching. However, there is not
yet a clear material candidate and there are still challenges for

Laser Photonics Rev. 2021, 15, 2000501 2000501 (6 of 18) © 2021 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 6. a) SEM image of optical switch driven by an electrostatic comb actuator. Optical switching with volatile performance is based on the dis-
placement of a central movable waveguide with respect to the input/output fixed waveguides, as shown in the two smaller SEM images at the right. b)
Measured optical transmittance as a function of the applied voltage and induced displacement. Reproduced with permission.[52] Copyright 2008, AIP
Publishing. c) Nonvolatile optical switch based on a precompressed microspring structure driven by two electrostatic comb actuators. d) The central
movable photonic waveguide section is moved to the right position after the precompressed microspring structure is switched. The insets show that
there is a gap between the movable and fixed sections during the movement that is minimized when the switching process has finished. Adapted with
permission.[53] Copyright 2009, IEEE.

developing reliable devices.[38] For photonics, oxide compounds
such as HfO2,

[43] TiO2,
[44] ZnO,[45] or silicon-rich oxides[46,47]

could be good alternatives owing to their low optical losses at
telecom wavelength and CMOS compatibility. Electrical mem-
ory devices may be built in a relatively easy way as they basically
rely on a simple layer stack. However, the integration in silicon
photonic waveguide devices remains an open challenge. On the
other hand, a good understanding and control of the underlying
physics are also of paramount importance. The formation and
destruction of the conductive nanofilaments have been mainly
attributed to electrochemical metallization, valence change, and
thermochemicalmechanisms.However, themost suitablemech-
anism or combination of mechanisms for optical switching and
their influence on the device performance is still unclear.[48] Elec-
trochemical metallization is based on the diffusion from ions of a
metal electrode, and it has been themechanism used in photonic
waveguide devices featuring resistive switching. The valence
changemechanism usually dominates onmaterials with oxygen-
related defects. Conductive filaments are formed by oxygen va-
cancies induced by ions migration. Electro-optical switching has
been demonstrated with ZnO in the mid- and large infrared
(from 5 to 18 µm) but on a simple layer stack device.[49] Con-
cerning the lastmechanism, thermochemical reactions and Joule
heating dominate the forming and destruction of the filaments.
In this case, unipolar switching is more effective but the influ-
ence of the thermal processes on the device speed would need to
be carefully analyzed. Furthermore, electro-optical switching has
not been demonstrated to the best of our knowledge.

3.3. Silicon MEMS Devices

The integration of MEMS in photonic devices for enabling novel
designs of tunable components has emerged as a very promising
field in the past years.[50,51] Tunability is achieved by amechanical
actuation mechanism that changes the optical properties of a
photonic waveguide or structure. One of the simplest ways for
achieving optical switching is by a lateral displacement of a
movable photonic waveguide in between two fixed waveguides,
as can be seen in Figure 6a.[52] The movable waveguide is sus-
pended in air and driven by an electrostatic comb actuator, but
the optical switching performance is volatile. The waveguide is
moved by the electrostatic force induced by the actuation voltage,
whereas the original position is restored when the voltage is no
longer applied owing to the resulting spring force originated in
the suspended structure. Figure 6b shows the measured optical
transmittance as a function of the applied voltage and induced
lateral displacement. An experimental extinction ratio of 15 dB
was achieved for a displacement of 540 nm using 65 V. The
measured switching time was around 10 µs. Despite the high
actuation voltages required, the switching energy consumption
is low owing to the capacitive operation of the electrostatic
actuator.
Nonvolatile optical switching can be achieved by modifying

the MEMS actuator for enabling a nonvolatile bistable move-
ment. This has been experimentally demonstrated by using a
precompressed microspring structure that can be switched be-
tween two stable positions.[53] The switching device is shown in

Laser Photonics Rev. 2021, 15, 2000501 2000501 (7 of 18) © 2021 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH

 18638899, 2021, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/lpor.202000501 by U

niversitat Politecnica D
e V

alencia, W
iley O

nline L
ibrary on [17/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.lpr-journal.org


www.advancedsciencenews.com www.lpr-journal.org

Figure 7. a) Cross section of coupler structure proposed for nonvolatile optical switching performance with movable waveguides in the vertical direction
driven by b) two vertical comb electrostatic actuators. Reproduced with permission.[54] Copyright 2019, SPIE. c) Silicon switch based on the same coupler
structure but driven by a volatile bistable actuator. d) Measured optical transmission response as a function of the actuation voltage. Reproduced with
permission.[55] Copyright 2016, The Optical Society.

Figure 6c. The precompression is only obtained after fabrication
by locking a hook structure located at the center of the device.
The nonvolatile optical switching performance is obtained by a
lateral displacement of the central movable photonic waveguide
section by switching between the precompressed states of the
microspring structure by means of the electrostatic comb actua-
tors, as depicted in Figure 6d. A switching voltage above 36 V was
required while the measured switching time was around 0.5 ms.
On the other hand, insertion losses of 3 dB of the whole assembly,
including fiber-to-waveguide coupling losses, were reported.
A similar concept has been proposed for enabling a non-

volatile optical switching performance but on a silicon coupler
structure with movable waveguides in the vertical direction.[54]

The cross section of the coupler structure is shown in Figure 7a.
The movable waveguide is fabricated in an additional suspended
polysilicon layer with residual compressive stress. Thereby, two
mechanical stable states can be achieved by taking advantage of
such precompressed stress and proper design of the geometry of
the suspended structure. The movement is driven by two vertical
comb electrostatic actuators, as depicted in Figure 7b, which
generate the required electrostatic force to exceed the critical
bending force of the movable waveguide structure.
A full demonstration of nonvolatile optical switching has not

yet been reported and only the mechanical parts have been de-
signed and experimentally characterized. However, the optical
switching performance of the vertical coupler structure has been
demonstrated in previous devices.[55] The switch device and prin-
ciple of operation are depicted in Figure 7c. In this case, the elec-
trostatic actuator was based on a parallel-plate arrangement with
volatile performance. Thereby, the movable waveguide is pulled
down to the fixed bus waveguide when the voltage is applied to

the actuator. The optical transmission response as a function of
the actuation voltage is shown in Figure 7d. It can be seen that
the optical switching performance is volatile. However, an optical
bistable operation is achieved owing to the nonlinear behavior of
the electrostatic force applied by the actuator. Insertion losses as
low as 0.47 dB and ultralarge extinction ratios above 60 dB were
demonstrated. Furthermore, switching times down to 300 ns and
switching operations over 10 billion cycles were also reported.
One of the main challenges is that the fabrication requires addi-
tional process steps for enabling the suspended waveguide struc-
tures and MEMS actuators, which require tighter control and
increase the complexity of the overall manufacturing. However,
their potential for large-scale integration has been proved with
success. Recently, a large switching matrix with 240 × 240 el-
ements and maximum insertion losses below 10 dB has been
demonstrated.[56]

4. Nonvolatile Switching Enabled by Materials
Integration

The integration of materials with a refractive index that can be
switched between bistable states upon an external excitation rep-
resents another promising strategy for enabling a nonvolatile op-
tical switching performance on silicon waveguide devices.

4.1. Chalcogenide Compounds

Chalcogenide compounds are currently used in the development
of nonvolatile memories for removable optical data storage such

Laser Photonics Rev. 2021, 15, 2000501 2000501 (8 of 18) © 2021 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 8. a) Hybrid GST/Si waveguide optically activated with an in-plane optical pumping. Reproduced with permission.[65] Copyright 2018, The Op-
tical Society. b) Hybrid device based on a silicon multimode interference to reduce insertion losses and increase switching speed. Reproduced with
permission.[66] Copyright 2012, The Optical Society. c) Hybrid ring resonator to increase extinction ratio and reduce energy consumption. Reproduced
with permission.[67] Copyright 2018, The Optical Society. Nonvolatile optical switching in (b) and (c) was triggered with an out-of-plane optical pumping.

as rewritable DVDs.[57] The main benefits are the possibility of
enabling simple memory cells with small energy consumption,
long data retention, and multilevel storage capability. How-
ever, the use for photonic applications has only been recently
addressed.[58–60] Until now, the most promising results have
been achieved by using germanium-antimony-tellurides and,
in particular, Ge2Sb2Te5, usually named GST.[61] The material
can be switched between an amorphous and crystalline state
in a reversible and nonvolatile way. The refractive index is
drastically changed between the two states with possible in-
termediate values by partial crystallization. A refractive index
of 4.69 + j0.19 (amorphous) and 8.03 + j1.88 (crystalline) has
been reported at 1.55 µm.[62] Thereby, ultracompact devices may
be accomplished that makes GST one of the most attractive
candidates for enabling nonvolatile silicon photonic devices
with a multilevel operation. However, it should be highlighted
that, while maintaining the large variation between both states,
different refractive index values can be found in the literature.[63]

Therefore, ideally, the refractive indices should be measured
for an optimal device design because they can vary significantly
owing to fabrication and deposition processes.[64]

Hybrid GST/Si waveguides can be simply made by depositing
a small thin layer of GST on top of the silicon waveguide as
depicted in Figure 8a. The GST layer must be covered to avoid
oxidation from the air as the phase state is triggered by heat. On
one hand, the crystalline state is achieved by heating the material
above the crystallization temperature (≈160 °C), typically with
values around 180–250 °C. On the other hand, thematerial needs
to be heated above the melting temperature (≈600 °C) and then
quenched by rapid cooling (≈ns) for amorphization. The reach
of such high temperature increases the energy consumption. On
the other hand, the switching time between states is generally
slower for crystallization and physically limited to hundreds of
picoseconds.[68] However, the operation speed will depend on
the excitation used for driving the thermally mediated phase
change and the influence of the generated heat on the photonic
structure.[63] Optical pumping has been the dominant approach
until now for analyzing the nonvolatile switching performance
in hybrid waveguide devices. Out-of-plane optical pumping was
used in the first demonstration of a hybrid GST/Si waveguide
device.[69] The switching speed and insertion losses were further

improved by designing a silicon multimode interference waveg-
uide, shown in Figure 8b, with optical light concentrated on a
1 µm-diameter circular-shaped GST film deposited on top.[66]

Hybrid GST/Si waveguides with a few micrometer lengths and
GST thicknesses of 20 nm have also been integrated on silicon
ring resonators, as depicted in Figure 8c, for achieving extinction
ratios of 12 dB[70] and even larger than 30 dB.[67] However, the
switching performance in cavities and multimode structures is
influenced by undesired variations of the silicon refractive index
owing to heat and free carriers, which may also be induced by
the strong optical absorption.[66,70]

On the other hand, in-plane optical pumping was first
demonstrated with SiN waveguides, as shown in Figure 9a.
Optical pulses with switching energies of 533 pJ were required
to achieve an optical contrast of 21% in a 5 µm-long hybrid
waveguide.[72] However, nonuniform heating of the GST layer
occurs with an in-plane optical pumping excitation, as also
depicted in Figure 9a. Hence, switching to the crystalline state
with a single optical pulse is challenging owing to the rapid
increase of optical absorption which could lead to reamorphiza-
tion if the phase transition occurs before the end of the optical
pulse.[73] A train of optical pulses with decreasing energy has
been proposed to avoid reamorphization of already crystallized
regions, as shown in Figure 9b, which could also be exploited
for enabling a nonvolatile multistate operation. However, the
switching time response and energy consumption will notably
increase. More recently, a double-step optical pulse approach,
depicted in Figure 9c, has been demonstrated to reduce the
energy consumption and increase the overall speed during
the crystallization process.[71,74] On the other hand, in-plane
optical pumping with hybrid GST/Si waveguides has been
only reported in few works.[65,75] A switching energy of ≈1 nJ
was required for nonvolatile optical switching on a 2 µm-long
hybrid GST/Si waveguide with 5 dB extinction ratio.[65] On the
other hand, a switching energy of 9.5 nJ and switching time
of 3.8 µs were used to obtain a maximum optical contrast of
12% in a 4 µm-long hybrid GST/Si rib waveguide.[75] In general,
higher energy but faster speed is achieved compared with hybrid
GST/SiN waveguides owing to the higher thermal conductivity
of silicon and lower confinement of the optical mode in the
GST layer.

Laser Photonics Rev. 2021, 15, 2000501 2000501 (9 of 18) © 2021 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 9. a) Nonvolatile switching with in-plane optical pumping was first demonstrated with SiN waveguides. Nonuniform heating of the GST layer
occurs with this kind of excitation. b) Optical pulses for driving the GST phase change. A single optical pulse is sufficient for amorphization while a
train of optical pulses with decreasing energy has been proposed for crystallization. Reproduced with permission.[72] Copyright 2015, Springer nature.
c) Energy consumption and operation speed were improved by using a double-step optical pulse for crystallization. a,c) Reproduced under the terms of
a CC-BY 4.0 license.[71] Copyright 2019, The Authors. Published by AAAS.

Figure 10. a) Hybrid GST/Si waveguide device electrically activated by means of Joule heating applied with ITO heaters. Reproduced under the terms
of a CC-BY 4.0 license.[76] Copyright 2017, The Authors. Published by IOP Publishing. b) Similar device but based on heating the silicon below the
GST layer and c) measured nonvolatile optical switching response triggered by single voltage pulses. Reproduced under the terms of a CC-BY 4.0
license.[78] Copyright 2019, The Authors. Published by Elsevier. d) Improved hybrid GST/Si waveguide device to reduce insertion losses. Reproduced
with permission.[79] Copyright 2019, American Chemical Society. e) Plasmonic structure for exploiting both the electrical and optical changes in the GST
layer and reduce energy consumption. Reproduced under the terms of a CC-BY 4.0 license.[80] Copyright 2019, The Authors. Published by AAAS.

Nonvolatile optical switching has also been electrically demon-
strated in a hybrid GST/Si waveguide by means of Joule heating
applied with ITO heaters.[76] The use of ITO as a heater allows for
reducing optical losses and may reduce power consumption.[77]

The hybrid waveguide structure is shown in Figure 10a. The GST
is placed on top of a silicon wide waveguide. The extinction ra-
tio was only 1.2 dB owing to the small active region and weak
interaction with the optical mode. Furthermore, high switching
energies of 14.4 and 4.2 mJ for the amorphization and crystal-

lization, respectively, were required. Recently, nonvolatile optical
switching in a similar hybrid GST/Si waveguide device has also
been demonstrated by means of electrical excitation but heating
the silicon below the GST layer.[78] The hybrid GST/Si waveguide
structure is shown in Figure 10b. The silicon was highly doped
below the GST to optimize the heat transfer process and achieve
an ohmic contact with the metallic electrodes but high insertion
losses of 7.5 dB were reported owing to a nonamorphization of
the whole active region.

Laser Photonics Rev. 2021, 15, 2000501 2000501 (10 of 18) © 2021 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 11. a) VO2 refractive index at the insulating and metal states for telecom wavelengths and b) typical hybrid VO2/Si waveguide. Reproduced with
permission.[88] Copyright 2010, The Optical Society. c) Hysteretic variation of the imaginary part of the refractive index as a function of temperature at
a wavelength of 1550 nm. Reproduced with permission.[93] Copyright 2021, IEEE.

By using electrical excitation, a single voltage pulse could be
used for both crystallization and amorphization, as can be seen
in Figure 10c. However, as a difference with optical excitation,
the amorphization process could be now more critical because
an efficient heat dissipation or electrical pulses with fast fall
times are required to avoid recrystallization when switching
from the crystalline to the amorphous state. In further work,
the GST region was optimized with a small circular geometry
(Figure 10d) for a more efficient amorphization process thus
reducing insertion losses.[79] Furthermore, the influence of
parameters such as the electrical pulse duration and voltage
and GST size were analyzed. Nonvolatile optical switching and
multilevel operation were demonstrated with switching energies
of around 10 nJ and switching times above 100 ns. A plasmonic
structure, shown in Figure 10e, has also been proposed to exploit
both the electrical and optical changes in the GST layer.[80] The
stronger light–matter interaction allows to drastically reduce
the footprint. The nonvolatile switching performance was char-
acterized by driving the device with both optical and electrical
excitations. The switching energy with optical excitation was
reduced by a factor of 6 (around tens of pJ) compared to previous
works.[72] On the other hand, subvolt voltages were sufficient
for electrically driving the GST state. However, in this case, the
optical contrast was only around 0.6%.
One challenge of GST is that the optical absorption is relatively

high (between 1 and 4 dBµm−1) at the amorphous state, which in-
creases the insertion losses of the final device. A possible solution
is to engineer the photonic structure in a clever way. By following
this strategy, a 1 × 2 switch with insertion losses lower than 1 dB
has been recently demonstrated by patterning and encapsulat-
ing the GST into subwavelength structures.[81] Furthermore, the
subwavelength patterning allowed GST to be switched more ef-
ficiently, i.e., with lower energy consumption, and faster. On the
other hand, the use of other GST alloys, such as Ge2Sb2Se4Te1
(GSST)[82–84] or Ge2Sb2Se5 (GSS),

[85] with smaller optical losses
at both phase states in the telecom wavelength range has also
been proposed to implement nonvolatile photonic devices with
lower insertion losses.

4.2. Vanadium Dioxide

Vanadium dioxide (VO2) also stands out as a promising ma-
terial for photonics.[86,87] The key feature of this material is a

reversible phase transition between an insulating and metallic
state. At telecom wavelengths, the refractive index is drastically
changed between both states, as shown in Figure 11a. At 1.55 µm,
the value changes from 3.21 + j0.17 (insulating) to 2.15 + j2.79
(metallic).[88] Therefore, ultracompact devices with a broad re-
sponse can be developed. However, it should be noted that vari-
ations of those values are also found in the literature.[89] Sim-
ilar to GST, the typical hybrid VO2/Si waveguide is comprised
of a standard silicon waveguide with a thin VO2 layer on top,
as illustrated in Figure 11b. The interaction that exists between
the optical mode and the VO2 at both states leads to a change
on the effective refractive index that translates in both an op-
tical phase and optical loss variation that can be exploited for
optical switching. Ultracompact (<20 µm) VO2/Si waveguides
with large extinction ratios between the insulating and metal-
lic state for TE (≈25 dB) and TM (>40 dB) polarization either
using a straight waveguide[90,91] or in a Mach-Zehnder interfer-
ometer or microring resonator[92] have been demonstrated. On
the other hand, competitive insertion loss below 0.05 dB µm−1

for TE polarization and 0.3 dB µm−1 for TM polarization has
been achieved by engineering the morphology of the VO2
layer.[90]

The dominant mechanism for triggering the VO2 phase tran-
sition has been temperature. The variation of the imaginary part
of the refractive index, or extinction coefficient, as a function of
temperature and at a wavelength of 1550 nm is depicted in Fig-
ure 11c. The extinction coefficient shows a hysteretic response
but centered around 65 °C. Therefore, holding power is required
to exploit the bistability induced by the hysteresis loop. However,
thermal requirements are more relaxed in contrast with chalco-
genides as the phase change occurs near room temperature and
is not restricted by a minimum cooling rate. Localized heating
on the hybrid VO2/Si waveguide can be achieved by means of
Joule heating with a metallic microheater. Figure 12a,b shows a
waveguide device with a lateral microheater optimized with two
metals to reduce the energy consumption.[90] The optical power
variation for TM polarization as a function of the applied electric
power is depicted in Figure 12c. The optical loss significantly in-
creases when the VO2 is switched to the metallic state. Optical
switching between the two optical states was carried out by ap-
plying short electrical pulses while using a static electrical power
of around 25 mW. Switching energies between 200 and 300 nJ
and switching speeds around 3–4 µs were reported for this kind
of heater-based device.[91]

Laser Photonics Rev. 2021, 15, 2000501 2000501 (11 of 18) © 2021 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 12. a) Hybrid VO2/Si waveguide controlled by a lateral microheater, b) SEM image of the active region, and c) measured optical power variation as
a function of the applied electrical power to the heater. Reproduced with permission.[90] Copyright 2018, The Optical Society. d) Hybrid VO2/Si waveguide
controlled by electrical gating, e) optical image of the fabricated device, and f) measured optical power variation as a function of the applied voltage to
the electrodes. Reproduced with permission.[94] Copyright 2015, The Optical Society.

However, the physics across the VO2 phase transition is com-
plex, and it has been the subject of intense research. Intermediate
metastable states and interplayed electronic and structural ma-
terial aspects are involved.[87] In such a way, one of the main
open questions is how to control them for enabling a nonvolatile
optical switching performance with fast speed operation. In
comparison with the heat-driven devices, an electric field gating
approach has been demonstrated to reach lower consumptions
(few nJ) and faster switching speeds (down to ≈1 ns) but at the
expense of higher optical losses and lower extinction ratios.[94,95]

Figure 12d,e shows an electrical gated hybrid VO2/Si waveguide
device and Figure 12f the measured optical transmission versus
applied voltage for different lengths.[94] The switching response
is volatile. However, electrical gating with a nonvolatile response
has been demonstrated by including an ionic material like an
electrolyte between the VO2 and the electrode.[96,97] The elec-
trolyte is used to inject/extract ions from the VO2, resulting in
a stabilization of the VO2 phase transition at room temperature.
Yet, the experimental demonstration of such an approach in a
waveguide structure has not been reported and is still an open
challenge.
On the other hand, optical excitation has been proved as the

fastest way to induce the VO2 phase transition with timescales in
the femtosecond range[98–100] that would open a path to develop
ultrafast all-optical bistable devices. However, until now, switch-
ing times from several seconds to hundreds of picoseconds have
been achieved for hybrid photonic waveguide devices driven by
optical pumping.[93,101–104] Only very recently, sub-ps switching
times with switching energies between 6 and 360 nJ have been re-
ported for a hybrid VO2/Si photonic waveguide with out-of-plane
optical pumping.[105] Therefore, a photothermal mechanism is
still mostly dominant, and the difference in the timescales may
be explained by the different characteristics of the control light
source and the size of the VO2 patch. Furthermore, the all-optical
switching response remains volatile. Further work is required for
elucidating if ultrafast switching speeds down to the femtosec-

ond are really feasible on integrated waveguide devices and non-
volatility could be enabled. In the latter, the twomain research di-
rections are the reduction of the transition temperature by doping
the VO2 layer

[106–108] or the control and stabilization of interme-
diate states by strain.[109,110]

4.3. Ferroelectrics

The use of ferroelectric materials such as lithium niobate,[111]

barium titanate (BTO),[112] or lead zirconate titanate (PZT)[113] on
various PIC platforms has generated intense research activities
mostly owing to the demand of high-performance modulators
for datacom applications. The key feature of ferroelectrics is their
Pockels effects which enable electro-optical phase switching at
ultrafast speeds without an optical loss variation. Furthermore, a
hysteretic response in the variation of the relative permittivity (re-
fractive index) can be achieved by exploiting the ferroelectric do-
main structure and the change of the Pockels coefficients depend-
ing on such domain structure. The hysteretic curve has typically
a butterfly shape, as depicted in the upper plot of Figure 13a, that
depends on the poling process of the ferroelectric domains and
the coercive electric field of material. Yet, a nonvolatile switching
performance can be achieved by shifting the hysteric curve, as
seen in the lower plot of Figure 13a, by means of a permanent
internal electric field induced across the ferroelectric film.[114]

Among the ferroelectric materials, BTO exhibits one of the
largest Pockels coefficients, and a value as high as 923 pm V−1

has been demonstrated in hybrid BTO/Si waveguide devices
(Figure 13b).[112] The measured hysteresis in the electro-optical
phase response in a similar BTO/Si waveguide is depicted in
Figure 13c.[115] The hysteresis originates from the ferroelectric
domain switching driven by the electric field applied across the
BTO layer, as described in the schematics below. Furthermore,
the preservation of the hysteresis has been proved at fast speeds
(RF frequencies up to 60 GHz)[112] and, more recently, even at
cryogenic temperatures (4 K), which could find application for

Laser Photonics Rev. 2021, 15, 2000501 2000501 (12 of 18) © 2021 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 13. a) Butterfly-shaped variation of the relative permittivity at a wavelength of 633 nm with the applied electric field in the ferroelectric material
of PLZT (lead lanthanum zirconate titanate). In the lower plot, the response is shifted by inducing an internal electrical field for enabling nonvolatility.
Reproduced with permission.[114] Copyright 2008, The Japan Society of Applied Physics. b) Hybrid BTO/Si waveguide and optical mode for TE polariza-
tion. Reproduced under the terms of a CC-BY 4.0 license.[112] Copyright 2019, The Authors. Published by Springer Nature. c)Measured hysteresis in the
electro-optical phase response around 1550 nm in a similar BTO/Si waveguide. Reproduced with permission.[115] Copyright 2019, IEEE. The schematics
below describe the ferroelectric domain switching under the influence of the applied voltage. d) Ring resonator based on a hybrid BTO/Si waveguide
and e) nonvolatility observed in the wavelength shift variation versus applied voltage. Reproduced with permission.[116] Copyright 2016, IEEE.

Figure 14. a) Cross section of a liquid-controlled switch device based on a directional coupler and b) SEM image of the fabricated device. c) Required
microfluidic system to guide the liquid onto the chip. Reproduced with permission.[121] Copyright 2017, IEEE.

quantum photonics.[117] Nevertheless, the key challenge for
enabling a nonvolatile switching is that the best approach to
induce the internal electric field to shift the hysteretic response
is still unknown and will depend on the ferroelectric material
and waveguide structure. For instance, a nonvolatile electro-
optical response was observed in a ring resonator based on a
hybrid BTO/Si waveguide (Figure 13d).[116] Figure 13e shows the
wavelength shift of the resonance as a function of the applied
voltage. The origin of the nonvolatility was attributed to an
internal electric field induced by redistribution of free charges
at the layer interfaces. On the other hand, stability over time is
also a major challenge (see supplement of ref. [112]). Recently,
multistate electro-optical switching has been reported but with
retention times of only 6 min.[118]

4.4. Liquids

The use of liquids on silicon photonic devices has also been
proposed and demonstrated for enabling nonvolatile photonic
switching with an optical broadband operation.[119,120] The

switching performance relies on electrowetting actuation, which
allows two liquids exhibiting different refractive indices to be
moved and deposited on top of a photonic device. Nonvolatility
stems from the remaining liquid when the actuation voltage is
removed. Optical switching has been achieved by using a liquid-
controlled switch device based on a directional coupler.[121] The
cross section of the coupler and a scanning electron microscopy
(SEM) image of the fabricated device are shown in Figure 14a,b.
The oxide cladding lying on top of one of the coupler waveguides
is locally removed to maximize the overlap between the optical
mode and the liquid. The refractive indices of the two liquids
were 1.43 and 1.63 for providing a large enough index difference.
However, even so, long switching lengths of 0.6 and 1.4mmwere
required following an adiabatic design for achieving a broadband
operation with an extinction ratio above 11 and 38 dB, respec-
tively.
An additional experiment was reported to improve the switch

performance via substituting the high-index liquid by air to
achieve a larger refractive index change. As a result, the extinc-
tion ratio was improved above 20 dB for the shortest length,

Laser Photonics Rev. 2021, 15, 2000501 2000501 (13 of 18) © 2021 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Table 1. Qualitative comparison of the approaches for enabling nonvolatile photonic switching in silicon-based devices.

Approach Phase
actuator

Intensity
actuator

Excitation Switching
energy

Switching
speed

Footprint Manufacturing
process

GST/Si − ++ O/E + + ++ ++

Flash memory + + E + − + ++

Resistive switching − ++ E ++ + ++ +

Liquid/Si ++ − E + − − +

Note: ++ Excellent; +Medium;− Limited; O/E Optical/Electrical.

although the use of air instead of liquid increased the actuation
voltage. On the other hand, insertion losses below 1 dB were
reported, while a value lower than 0.02 dB was predicted to be
achievable through design optimizations. A 16 × 16 switching
matrix based on the liquid-controlled coupler switch has also
been successfully demonstrated.[122] However, the required volt-
ages or switching energies have not been provided, and switching
times are limited to the millisecond range. Furthermore, a mi-
crofluidic system is required to guide the liquid onto the chip,
as depicted in Figure 14c. The long-term stability and potential
switching degradation at high temperatures also remain as open
challenges.

5. Conclusions and Perspectives

Optical bistability with ultralow holding power can be simply
achieved in silicon by using a photonic structure that provides
optical feedback. However, nonvolatility is not possible because
the optical bistability is driven by the optical power of the pump-
ing signal. Thereby, several and diverse approaches have been
proposed for enabling nonvolatile photonic switching in silicon
waveguide devices.
Table 1 summarizes the main approaches where nonvolatile

switching has been demonstrated in silicon waveguide devices.
Nowadays, the dominant approach is based on the integration of
GST which provides a large and nonvolatile multilevel change
on its refractive index at room temperature that gives rise to ul-
tracompact devices. However, GST exhibits a rather high opti-
cal absorption at telecom wavelengths, which makes it difficult
to induce phase shifts with low optical loss. Hence, although
GST has been mostly proved for optical memory cells, it is
not the best candidate for phase actuators. Other chalcogenides
such as GSST may provide lower optical losses but experimental
demonstrations are needed. On the other hand, the temperature-
driven switching process limits the switching speed and energy.
Switching speeds in the nanosecond range and switching ener-
gies around few nanojoules have been typically demonstrated in
GST/Si waveguides with a few micrometers length and triggered
by both optical and electrical excitations. Nevertheless, a switch-
ing energy as small as 16 pJ has been recently demonstrated by
using plasmonic waveguide structures but at expense of a low
extinction ratio (<1 dB).[80]

Electronic approaches could be used to remove the tempera-
ture mechanism. In this way, flash-like devices may be an option.
One of the main advantages is that the fabrication is based on
standard CMOS process steps. However, current experimental
demonstrations rely on the weak plasma-dispersion effect of

silicon and show slow switching speeds and high driving volt-
ages. A switching time of 600 ms with voltages up to 20 V has
been required for achieving extinction ratios above 20 dB in a
ring device.[25] Larger phase shifts and absorption changes are
predicted by using alternative materials with superior properties,
such as graphene or ITO. Yet, although several works have shown
promising results, there is no experimental demonstration to
date. On the other hand, resistive switching is another alterna-
tive to achieve ultracompact footprints, fast switching, and low
driving voltages but only for intensity actuators. However, this
research field is still incipient, with only few demonstrations
with relatively large insertion losses and many open questions
about the optimal active materials and waveguide structure as
well as control of the underlying physics to ensure reproducibil-
ity. Switching energies as low as 12.5 fJ with an extinction ratio
up to 9.2 dB have been demonstrated but with a nonvolatile
plasmonic device and switching speeds in the microsecond
range.[41]

Following a different approach, liquid/Si devices have been de-
veloped for providing a nonvolatile phase shift with low optical
losses andwithout the need of extra processing steps. In this case,
switching speeds are slower (in the millisecond range) owing to
the underlying actuation mechanism and its utilization may be
restricted owing to the necessity of a microfluidic system. How-
ever, high extinction ratios above 20 dB with insertion losses be-
low 1 dB have been demonstrated by means of a directional cou-
pler device.[122]

Table 2 summarizes the solutions for optical switching with
bistability but where nonvolatility is still under progress. Silicon
MEMS devices have emerged in the past year as a strong solution
for implementing photonic switching devices. The mechanical
displacement of photonic waveguides allows to obtain very low
insertion losses (<0.5 dB) and ultralarge extinction ratio (>60 dB)
with switching times of 300 ns.[55] Long-term stability and high
scalability have also been demonstrated. However, nonvolatility
still needs development, large footprints are required, and the
fabrication process requires additional steps that increase the
complexity and cost of the final device. On the other hand, VO2
could be an alternative material for GST by providing also a large
optical contrast but with faster speeds and lower switching ener-
gies. This could allow optical memory cells of a few micrometers
long with switching times potentially in the femtosecond range.
Very recently, sub-picosecond switching times with switching
energies down to 6 nJ have been demonstrated for VO2/Si
photonic waveguides by using out-of-plane optical excitation.[105]

However, the material change is volatile, and the strategies for
enabling a nonvolatility switching performance have not yet

Laser Photonics Rev. 2021, 15, 2000501 2000501 (14 of 18) © 2021 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Table 2.Qualitative comparison of the approaches for enabling optical bistable switching in silicon devices but where nonvolatility is still under progress.

Approach Phase
actuator

Intensity
actuator

Excitation Switching
energy

Switching
speed

Footprint Manufacturing
process

MEMS ++ ++ E + + − +

VO2/Si − ++ O/E + ++ ++ ++

Ferroelectrics/Si ++ − E ++ ++ + +

Note: ++ Excellent; +Medium; − Limited; O/E Optical/Electrical.

been demonstrated in waveguide devices. In addition, VO2 is
also not favorable for developing phase actuators owing to the
large optical loss in the metallic state.
A wide range of applications ranging from programmable

photonics and LIDAR systems to neuromorphic computing
could benefit from nonvolatile phase actuators. Ferroelectrics
provide an optical phase shift without loss variation, owing to
the electro-optical Pockels effect, together with fast speeds and
ultralow energy consumption. Among them, BTO stands out
as an excellent choice owing to its high Pockels coefficient and
CMOS compatibility. Switching speeds in the picosecond range
have been demonstrated in BTO/Si devices with an estimated
switching energy as low as 96 fJ.[112] However, the optimal route
for enabling a reproducible and long-term nonvolatile switching
performance has not yet been demonstrated.
In conclusion, to date, the optimal nonvolatile approach will

be probably different depending on the target application. On
the one hand, the best performance metrics, such as switching
energy, speed, extinction ratio, or insertion losses show trade-
offs among the different proposed approaches. Nonvolatile inten-
sity actuators with high performance have been demonstrated,
however, the best option for enabling nonvolatile phase actua-
tors is still an open issue. On the other hand, the integration
into the silicon photonics platform with the lowest complexity
and high scalability might be an important requirement. In addi-
tion, critical issues such as the long-term stability or retention
times have not been demonstrated in most of the devices re-
ported so far. Nevertheless, despite all these challenges, it seems
clear that nonvolatile elements will be progressively integrated
on the silicon platform in the next years. We expect that this
review will stimulate future research and development endeav-
ors in this promising field and open up new ways for enabling
nonvolatility.
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