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ABSTRACT

In this work we combine the already mature silicon and silicon nitride platforms with novel reconfigurable
materials such as 2D materials, liquid crystals and phase change materials. An actively reconfigurable 1D
photonic crystal multi-channel filter based on Si-on-insulator and liquid crystal platforms is demonstrated with
extraordinary large quality factor, Q ∼ 104. A complete study and design of an optical routing and multilevel
volatile photonic memory based on graphene capacitor concept for future high performance computing using
Silicon rich nitride is shown with a bandwidth of 64 GHz and energy power consumption per bit as low as
0.22 pJ. Finally, an optical switch based on germanium-antimony-tellurium phase change material (GST) is
experimentally demonstrated for O-band operation with the extinction ratio as high as 10 dB between the
amorphous and the crystalline states.
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1. INTRODUCTION

1.1 Silicon Photonics

During the last 20 years, the silicon photonics technology has emerged as a powerful material to create photonic
devices. Companies like Lumentum, Intel, Rockley Photonics, IBM and Hewlett-Packard are focused on silicon
photonics as the future technology for the high-speed data processing as demonstrated by the first products on
the market.1 Furthermore, silicon photonics scientific community has developed process flows that allow effective
use of the CMOS fabrication infrastructure to build complex photonic circuits, where the information can be
transferred from electronic to optical domain and back again.2 The wafers that are commonly used in silicon
photonics are ”silicon on insulator”. The typical size is 12” wafer which consists of a 725 µm silicon substrate,
2 µm of oxide (buried oxide, or BOX) and 220 nm of crystalline silicon. For applications in the visible range
or in the mid-infrared, silicon is not a useful material due to its strong absorbent properties, however, silicon
nitride (Si3N4) shows far less absorbency in these ranges of the spectrum while retaining similar properties and
material interactions to those seen for silicon in the near infrared regime of the spectrum.3,4 The waveguides
structures and photonic circuits are patterns within the crystalline silicon or silicon nitride wafers, consequently,
the material properties of silicon and silicon nitride are important for the device design. Si3N4 optical properties
allow less confinement of the mode within the photonic circuits components, improving the interaction with the
materials that can be deposited on the top of the passive structures and avoiding the two photon absorption
problem in silicon,5 however, the footprint of the devices is larger than in silicon due to the bending losses of the
structures and the mode confinement.6

Silicon Photonics is now established as a mature technology for different applications such as biosensing,7

optical communications applications,1 high performance computing (HPC),8 quantum computing,9 etc. Silicon
and silicon nitride photonic integrated circuits (PICs) have been demonstrated by different devices such as: mod-
ulators,10–16 photodetectors,17 switchers,18 memories.19 A range of volatile20 and non-volatile21 reconfigurable
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photonic integrated circuits have been already demonstrated using key components such as integrated optical
modulators. These modulators are based on the plasma dispersion effect,22 quantum confined Stark effect23

or Frantz Keldysh effect.24 These processes are usually non-cost effective as they require tens of fabrication
steps and are only available for silicon and germanium based waveguides . Over the last 10 years, a substantial
effort has been pursued in terms of the simplification of fabrication processes by looking at novel reconfigurable
technologies for PIC providing equivalent or better performance compared to group IV based materials. Ideal
candidates are: liquid crystals, graphene enabled modulators or photodetectors, and optical phase change mate-
rials, which can easily be integrated to most passive photonic integrated circuits (PICs).

1.2 Functional Materials

1.2.1 Liquid crystals (LC)

A liquid crystal is a state of matter which is liquid-like and crystalline at the same time. Crystalline mesophases
possess some typical properties of a liquid, such as fluidity and the inability to support shear, formation and
coalescence of droplets. These mesophases also have certain crystalline properties, such as anisotropy of opti-
cal, electrical, and magnetic properties, as well as a periodic arrangement of molecules in one or more spatial
directions. Depending on the arrangement of the molecules in a mesophase, liquid crystals are subdivided into
nematics, smectics and cholesterics25 [Fig. 1].

• Nematic liquid crystal: In a nematic mesophase molecules possess a long-range orientational order with
molecular long axes aligned along a preferred direction. The preferred direction may vary throughout the
medium and is called a director. The orientation of the director is represented by a unit vector, d(r). In a
nematic, the molecules are able to rotate around their long axes, and there is no preferential arrangement
of their ends, even if they differ [Fig. 1(a)].

• Smectic liquid crystal: The important feature of a smectic mesophase, which distinguishes it from a
nematic or a cholesteric one, is its stratification.The molecules are arranged in layers and exhibit some
correlations in their positions in addition to the orientational ordering. The layers can slide freely over one
another. Depending on the molecular order in layers, a number of different types of smectics have been
observed. In a smectic, molecules are aligned perpendicular to the layers, without long-range crystalline
ordering within them [Fig. 1(b)].

• Cholesteric liquid crystal: In a cholesteric mesophase the average molecular orientation twists through
the medium with a certain periodicity, p. The cholesteric mesophase is similar to the nematic, it has a
long-range orientational order, but no long-range positional order of the centers of mass of molecules. It
differs from the nematic mesophase in the sense that the director varies throughout the medium in a regular
way even in an unstrained state. The director distribution is precisely what would be obtained by twisting
a nematic aligned along the y axis around the x axis. In any plane perpendicular to the twist axis the long
axes of the molecules align along a single preferred direction in this plane, but in a series of parallel planes
this direction rotates uniformly [Fig. 1 (c)].

The liquid crystals used to make electro-optic devices are usually of sufficiently high resistivity, hence they can
be treated as ideal dielectric materials. Because of the elongated shape of the constituent molecules, and their
ordered orientation, liquid crystals have anisotropic dielectric properties with uniaxial symmetry. The dielectric
permittivity is ε|| for electric fields pointing in the direction of the molecules and ε⊥ in the perpendicular
direction. Liquid crystals for which ε|| > ε⊥ (positive uniaxial) are usually selected for electro-optic applications.
When a steady electric field is applied, electric dipoles are induced and the resultant electric forces exert torques
on the molecules. The molecules rotate in a direction such that the free electrostatic energy, −1/2E · D =
−1/2

[
ε⊥E

2
1 + ε⊥E

2
2 + ε||E

2
3

]
, is minimized. The electric field components are in the direction of the principal

axes, due to the positive uniaxial condition. For a given direction of the electric field, minimum energy is
achieved, when the molecules are aligned with the field, so E1 = E2 = 0 and E = (0, 0, E), and the energy is
then −1/2 · ε||E2. If an electric field is generated by applying a voltage across transparent conductive electrodes
coated on the inside of the glass plates, the resultant electric forces tend to tilt the molecules toward alignment
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Figure 1. (a) Nematic liquid crystal (b) Smectic liquid crystal (c) Cholesteric liquid crystal

with the field, but the elastic forces at the surfaces of the glass plates resist this motion. The equilibrium tilt
angle θ for most molecules is a monotonically increasing function of voltage (V ) and can be described as:

θ =

{
0, V < Vc

π/2 − 2 · tanh
[
e−

V −Vc
V0

]
, V > Vc

(1)

where V is the applied voltage, Vc is the critical voltage at which the tilting process begins, and V0 is the
constant. When V −Vc = V0, θ ≈ 50◦ , as V −Vc increases beyond V0, θ approaches 90◦. When the electric field
is removed, the orientation of the molecules near the glass plates is reasserted and all of the molecules tilt back to
their original orientations, in planes parallel to the plates. The liquid crystal refractive index angle dependence
can be described by:

nc(θ) =
none√

n2o sin2(θ) + n2e cos2(θ)
(2)

where no and ne are the ordinary and extraordinary refractive indexes respectively. In a sense, the liquid-
crystal material may be viewed as a liquid with memory. Different reconfigurable photonic integrated circuits
can be designed and fabricated exploiting the tunability of the liquid crystal refractive index.

1.2.2 2D materials

Nowadays, the term of 2D materials is applied to a crystalline material which consist of a single or a few
layers of atoms, with a thickness varying from one atomic layer to more than ten nanometres.26 Owing to
their atomic layer thickness, strong light-matter interaction, high non-linearity, broadband optical response,
fast tunablility, controllable optoelectronic properties, and high compatibility with other photonic structures,
2D materials, including graphene, transition metal dichalcogenides and black phosphorus, have been attracting
increasing attention for photonic integrated applications.27–31 By fine tuning of the density of carriers by electric
field effect or optical effect, a tune in the physical properties can be achieved (e.g Fermi level or nonlinear
absorption). Consequently, the refractive index of the 2D materials can be instantly changed, making them
versatile for different reconfigurable PICs applications in optical communications.

• Graphene: Graphene is a single layer of a graphite crystal. It consists of a single atomic layer of pure
covalently bonded carbon atoms arranged in a two-dimensional hexagonal lattice structure. Each carbon
atom has six electrons surrounding its nucleus, two in the inner shell and four in the outer electron shell.
Three out of these four electrons are bound with the nearest-neighbour atoms electrons and creates the
strong chemical bonds that makes graphene one of the strongest materials, whereas the other electron in
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the outer electron shell of each carbon atom is delocalized in the entire graphene layer.32 The energy
band structure of the delocalized electron determines graphene’s conductivity. While in non-conducting or
semiconducting materials the full valence band and the empty conduction band are separated by an energy
gap, there is no gap between the conduction and valence bands in pure graphene. Thus, pure graphene can
be regarded as a zero-gap semiconductor. Similarly, while in metals the valence band is partially filled, in
pure graphene the Fermi level lies at the point where the conduction and valence bands meet (the Dirac
point).33

The duality between semiconductor and metallic behaviour can be controlled by tuning the position of
the Fermi level from the Dirac point, either by chemical additions, or, more easily, by using the electric
field effect applying a constant voltage (gating the graphene) between a graphene and a metallic layer or
a graphene capacitor, separated by a very thin insulator, thus the resulting electrical field modifies the
quantity of conduction carriers and consequently graphene’s electrical conductivity. For a given polarity of
the voltage, that is, for a given direction of the DC electric field, the conduction band fills up, which means
that electrons are added to the system. For the other polarity, the number of electrons in the valence band
is reduced, which means that holes are added to the system [Fig. 2].

Figure 2. Schematic of a graphene band diagram gated when (a) The Fermi level is under the valence band and no
absorption occurs since both, the valence and the conduction bands are empty. (b) Absorption takes place when the
Fermi level is between the valence and conduction bands generating electron-hole pairs and (c) Fermi level is above the
conduction band and no absorption occurs due to the full valence and conduction bands.

The unique opto-electronic behavior of graphene is due to both its two-dimensional (2D) structure that
confines electrons in one atomic layer and its low density of states (DOS) near the Dirac point, which
causes the Fermi energy (EF ) to shift significantly with variation of carrier density.34 For example, a Fermi
level up to 0.9 eV has been experimentally demonstrated using the electrostatic field gating technique.35

The tunable band-gap of graphene offers great opportunities and flexibility for infrared and visible light
manipulation on chip.

• Transition Metal Dichalcogenides (TMDs): 2D TMDs are atomically thin semiconductors of the type
MX2, where M is a transition metal atom and X is a chalcogen atom. Typically, TMDs have bandgaps
ranging from 1 to 2.5 eV, corresponding to near-infrared and visible frequencies. The band gap of bulk
TMD material down to a thickness of two monolayers is still indirect, so the emission efficiency is lower
compared to monolayered materials. The emission efficiency is about 104 greater for TMD monolayer than
for bulk materials.36 The band gaps of TMD monolayers are in the visible range (between 400 nm and
700 nm). Owing to their direct band gap, TMD monolayers are promising materials for optoelectronics
applications as emitters on chip. Two of the most used and promising TMDs materials are MoS2 and
WS2

37 which maintain some of the outstanding properties of graphene38[Fig. 3].
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Figure 3. Intrinsic single-layer graphene is a zero-bandgap semimetallic material while its Fermi level can be tuned up to
1 eV under external electric field, covering the range from THz to visible wavelength. The transition metal dichalcogenides
have layer number-dependent bandgaps ranging from 1.0 to 2.5 eV26 .

1.3 Phase change materials (PCMs)

Phase change materials are characterized by a unique optoelectronic property. They possess a pronounced
difference of optical and electronic properties depending upon their atomic arrangement, i.e. whether they
are amorphous or crystalline. At the same time they can be rapidly switched between the amorphous and
crystalline state. This combination of properties is attractive for various optoelectronic applications. This
technology initially found applications in optical disks (CDs, DVDs), due to significant advantages over other
existed technologies, such as the fast write time for changing the state, relatively high potential data density,
and ability to be rewritable.39–43 The phase change process can be thermally,44 optically45 or electrically46

driven, and can be sub-nanosecond depending on the specific alloy.47,48 Crystallization is achieved by heating
the material above the glass transition temperature and then slowly cooling it down. Typically, the thermal
excitation is achieved using a laser pulse, but can also be provided electrostatically or by any other method by
which heat can be transferred to the sample. The phase change can be either a liquid-solid change or a solid-solid
change where the molecular structure is reconfigured from an amorphous state to an ordered crystalline state
and most importantly it is a reversible process21 [Fig. 4 ]. In rewriteable optical data storage employing phase
change materials a short pulse of a focused, high intensity laser beam locally heats the phase change material
above its melting temperature. Rapidly cooling the phase change alloy with rates higher than 109K/s quenches
the liquid-like state into a disordered, amorphous phase. This amorphous state has different optical properties
than the surrounding crystalline state. Hence detecting regions with amorphous structure is straightforward
employing a laser beam of low intensity. To erase the stored information a laser pulse with intermediate power
is utilized. The laser locally heats the phase change film above the crystallization temperature. At elevated
temperatures above the glass transition temperature the atoms become increasingly mobile and can revert to the
energetically favourable crystalline state, erasing the recorded information. In electronic memory applications of
phase change materials a short and relatively high current pulse is used to locally melt the crystalline material.
The resulting amorphous state has a high resistance which exceeds the resistance of the crystalline state by
several orders of magnitude (102 − 103).49 An intermediate power pulse is used to heat the material above its
crystallization temperature to switch it back to the crystalline, low resistance state, while a low power pulse
is used to determine the resistance of the phase change material. Different phase change materials have been
developed where the temperature required to change the phase as desired can span a large range of possible
values.50 On changing the phase of the material, the refractive index for the material is altered, the tunability
of the refractive index gives rise to potential applications in reconfigurable photonic integrated circuits.
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Figure 4. Phase change material working principle. The PCM can be switched between states, optically, thermally or
electrically, when switch occurs from crystalline to amorphous (SET) or when switch occurs from amorphous to crystalline
(RESET)

2. RESULTS AND DISCUSSION

2.1 1D Photonic crystal based on liquid crystals

We have theoretically and experimentally demonstrated a Fabry-Pérot (FP) resonators based on a Si-air one-
dimensional photonic crystal (1D PhC) with coupled triple-cavity modes (or defects).51 These defects are ob-
tained by filling selected air channels in the 1D PhC with an actively reconfigurable fluid [Fig. 5 (a)]. Simulations
of the optical properties of these FP resonators were performed in the wide infrared spectral range. It is shown
that by changing the refractive index, nc, of the fluid simultaneously in all three channels, a set of narrow triple
resonance peaks can be obtained within wide stop-bands of different order in the infrared range [Fig. 6 (a)]. In
addition, at certain values of the central cavity nc, splitting of the triple resonance peaks into a single peak with
a significantly larger quality factor, Q = 21, 200, occurs [Fig. 6 (b)]. Prototype devices based on Silicon-On-
Insulator platform were fabricated and characterized by electro-optical and spectroscopic measurements. The
electro-optical measurements demonstrate the possibility of refractive index manipulation of the filler in the FP
cavities individually or simultaneously. Spectroscopic measurements performed in the range 1540–1630 nm using
fiber-coupling confirm the presence of triple resonance peaks in the 3rd stop-band in the absence of an electric
field applied to the FP channels. At an applied voltage of 10 V to the middle cavity, an increase of Q to 3720 in
the single peak is registered.52

Figure 5. (a) Schematic diagram of 1D PhC based on a Si-air structure with three central air cavities (c2, c4, and c6)
infiltrated with a nematic liquid crystal (LC) of tunable refractive index, nc. (b) Schematic diagram of 1D PhC in which
the refractive index of the central cavity nc4 is changed without changing nc in the edge cavities, giving a new sequence of
nc. The notation (a) stands for the lattice constant of the 1D PhC and is equal to a sum of the thicknesses of crystalline
Si (c-Si) rib, dSi, and the air (or LC) cavity, dair.51

The device was electrically driven by terminating probes on the contact pads during the transmission measure-
ments using a customized Microtech 2 probe coupler. Device transmission characteristics were initially assessed
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with no voltage applied to the channels. In Fig. 6(a) we demonstrate the realization of a triple resonance mode
obtained with a spontaneously aligned LC in the grooves with an average refractive index of 1.68. The simulated
resonance peaks obtained at 1,589.4, 1,608 and 1,629.6 nm demonstrate a Q factor of the order of 1,130 with
a total resonance wavelength spacing of 40.2 nm. Under an applied AC voltage of 10V, the refractive index
of c4 channel is decreased to 1.458. This results in the formation of a doublet at 1,607.6 and 1,617 nm and a
single resonance peak at 1,562.4 nm, with a significant increase of the Q factor to 3,720, see Fig. 6(b). Under
applied voltage, this peak is shifted by 27 nm from its original position at 1,589.4 nm, as shown in Fig. 6(a)
with no voltage applied. The fitted nc value corresponds to a homeotropic alignment of rod-like LC molecules
perpendicular to the Si walls, expected to occur with an applied electric field across the 1D PhC groove channels.
This experimental result demonstrates for the first time, electrically controllable, ultrahigh sensitivity of a single
resonance device based on the triple cavity Fabry-Pérot system. The LC filler in the 2nd and 6th cavities can
be replaced by any other liquid filler analyse or gas with arbitrary refractive index, while the electrically tunable
4th central cavity can be used as a highly-sensitive reference liquid. The nematic LC E7 can demonstrate a
relatively high-quality factor and sensitivity for high-order stop-bands in particular.

Figure 6. Simulated (black) and experimental (red) transmission spectra of (a) triple resonance system with refractive
index of LC filler of nc =1.68 in 2nd, 4th, and 6th grooves and (b) single resonance system realized by application of 10V
to the 4th groove and reduction of refractive index to nc = 1.458. A magnified view of the single resonance peak can be
found in the inset figure.51

2.2 Si-rich nitride graphene capacitor based micro-rings for HPC

We demonstrate the potential of a graphene capacitor structure on silicon-rich nitride micro-ring resonators for
multitasking operations within high performance computing (HPC) [Fig. 7]. Capacitor structures formed by two
graphene sheets separated by a 10 nm insulating silicon nitride layer are considered. Hybrid integrated photonic
structures are then designed to exploit the electro-absorptive operation of the graphene capacitor to tuneably
control of the transmission and the attenuation of different wavelengths of light. By tuning the capacitor length,
a shift in the resonant wavelength is produced giving rise to a broadband multilevel photonic volatile memory.
The advantages of using silicon-rich nitride as the waveguiding material in place of the more conventional silicon
nitride (Si33N4) are shown, with a doubling of the device’s operational bandwidth from 31.2 to 62.41 GHz achieved
while also allowing a smaller device footprint.53 A difference in the extinction ratio between the ON and OFF
states of 16.5 dB and energy consumption of <0.3 pJ/bit are obtained. Finally, it has been demonstrated that
increasing the permittivity of the insulator layer in the capacitor structure, the energy consumption per bit can
be reduced even further. Overall, the resonance tuning enabled by the novel graphene capacitor makes it a key
component for future multilevel photonic memories and optical routing in high performance computing.
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Figure 7. Schematic of a photonic integrated circuit for HPC using as the key component, reconfigurable SRN micro-rings
structures based on graphene capacitors for future volatile memories and optical routing.53

In order to calculate the speed of the device and the time response, we define an equivalent RC circuit [Fig.
8]. The time response of the RC circuit can be calculated using V (t) = V0e

−t/τ where τ = RC and the speed of
the device can be calculated using the response bandwidth, which is determined by:

Bdw =
1

2π[2(Rc +Rs)] · C
(3)

Figure 8. (a)HWGC cross-section showing the defined equivalent circuit of the graphene capacitor and contacts where
Rc,Rs are the contact and the sheet resistance respectively and C is the capacitance. dc is the graphene capacitor width
and ds is the distance between the contacts and the waveguide. (b) Time response of the HWGC.53

where Rc and Rs are the contact and sheet resistances of graphene respectively, and C is the capacitance of
the device. The contact resistance of graphene emerges from the Fermi level mismatch between the graphene
and the metallic electrodes. This parameter depends on the quality of the graphene and the metal selected for
the electrode.54 Experimental results have previously shown values of the contact resistivity (ρc) in the range of
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100 to 1000Ωµm.55,56 The total contact resistance of graphene is calculated as Rc = ρc/Lg. In our calculations,
we assumed a conservative value of ρC = 1000Ωµm. The graphene’s sheet resistance, is usually defined by the
resistance per square, RSQ. The values of RSQ for graphene are typically between 100 and 500 Ω/sq,57–59 in all
of our calculations, we assume a conservative value of 500 Ω/sq. To obtain the total sheet resistance of graphene,
we need to consider the contribution of all the squares constituting the device. The total sheet resistance can be
expressed as Rs = RSQ · dsLg

. The width of the graphene capacitor is selected to be dc=1.2 µm entirely covering

the waveguide [Fig. 8]. Using a (Si3N4) waveguide, the distance between the gold contacts is selected to be 1
µm to ensure that the metal does not contribute to the losses. A bandwidth response of 12.5 GHz has been
calculated in this case. Using SRN as the waveguide material instead of Si3N4, the contacts can be closer to
the waveguide (400 nm) without affecting the mode propagation [Fig. 9(a)], reducing by 600 nm the distance
between the graphene capacitor and the golden contact compared with Si3N4. Consequently, Rs is reduced
and the calculated device bandwidth increases to 15.6 GHz. For the best case scenario of contact resistance
(ρC = 100Ωµm) maintaining a conservative value in the sheet resistance (RSQ = 500Ω/sq), the bandwidth will
increase up to 31.2 GHz and 62.41 GHz for Si3N4 and SRN respectively [Fig. 9(b)]. Examining Eq. 3 one can
observe that when the capacitance and resistances are multiplied, the length of the device Lg is cancelled out;
therefore, the length of the device has no impact on the response bandwidth and only influences the insertion
losses (IL). The IL per unit length of our graphene capacitor devices are 0.13 dB/µm and 0.01 dB/µm for the
OFF and ON states respectively.

Figure 9. (a) Parametric sweep study of the keff in the mode against the distance between the contact and the graphene
capacitor (ds) for values between 200-1200 nm for Si3N4 (black line) and for Silicon Rich Nitride (SRN) (red line) (b)
Parametric sweep study of the contact resistance for Si3N4 platform (black line) and for SRN (red line).53

2.3 N-rich Silicon Nitride reconfigurable Mach–Zehnder interferometer based on phase
change material in the O-band

We have experimentally demonstrated a tuneable O-band N-rich Silicon Nitride Mach-Zehnder interferometer
(MZI) based on phase change material for future optical communications applications. The device operation is
based on the ON/OFF switching of the waveguide loss with the deposited Ge2Sb2Te5 (GST) patch which can
change state from amorphous to crystalline. An extinction ratio (ER) as high as 11 dB between the amorphous
(ON) and the crystalline (OFF) states of the MZI optical switch is achieved.

The optical platform consists of a 700 nm wide SiNx strip waveguide formed by etching a 600 nm thick SiNx
layer60 [Fig. 10 (a)]. This design allows both single TE and TM mode propagation with theoretically negligible
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losses in the O-band. A thin layer (10 nm) of phase-change material (PCM) deposited on top of the waveguide (5
µm lenght and 700 nm width) capped by a second layer of amorphous SiO2. In this work we focussed on the phase-
change alloy Ge2Sb2Te5 (GST), due to the well-established fabrication methodology and most importantly, due
to thoroughly known contrast optical properties for the two metastable phases: amorphous and crystalline which
determine the partial attenuation of the guided modes. Along with the characteristic non-volatile tunability
with switching times laying in the nanosecond scale47,48 this reconfigurable material provides a suitable platform
for stable optical modulation exploiting both, straight waveguides, and Mach-Zehnder interferometers in the
O-band, as demonstrated in this work.

The spectral response of the MZIs for a patch length of 5 µm for both: amorphous and crystalline states of
the phase change material and ∆L= 40 µm were characterised [Fig. 10 (b)] using an Agilent 8164B tuneable laser
source with a wavelength tuning range between 1260 and 1320 nm. The polarisation of the light was controlled
to ensure that only TM modes could propagate through the devices. All MZIs structures were connected to input
and output grating couplers consisting of a 10 µm width and 40 µm length with a period of 950 nm tapered
down to a single-mode waveguide of 700 nm. The angle of the optical fibres was selected to be 14o to ensure
maximum coupling at the wavelength of interest (1,310 µm). The crystallization of the phase change material
first occurs during the PCVD deposition of silicon oxide cladding for optimization of the grating couplers when
temperatures as high as 350 oC are reached61 changing the PCM to its crystalline state.

Figure 10. (a) SEM image of a reconfigurable MZI based on phase change material (GST). (b) Transmission for a MZI
with ∆L= 40 µm and LGST = 5 µm in the amorphous state (black line) and in the crystalline state (red line). The spectra
are normalized respect to the transmission of the amorphous state.62

3. CONCLUSIONS

In this work we have reviewed different functional materials with mature silicon and silicon nitride building blocks
to make them tuneable and actively reconfigurable. We have presented a tuneable 1D silicon integrated photonic
crystal based on liquid crystals with high quality factor. We have demonstrated the design of faster graphene
based optical routing silicon rich micro-ring resonators structures compared with standard silicon nitride, and
finally we have experimentally achieved a MZI switch based on phase change materials in the O-band.
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