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ABSTRACT

We present a novel bandwidth programmable photonic integrated filter enabled by Phase-Change Materials
(PCM). PCMs are used to enhance and unlock dynamic and non-volatile spectral shaping in Grating-assisted
Contra-Directional Couplers (GACDC). Through the use of chalcogenide PCM, such as Sb2Se3, the spectral
response of these devices can be programmed beyond the traditional limitations of thermo-optic control, while
maintaining identical footprint and similar losses. The device is designed and simulated considering thermal
control of the crystallization fraction of the Sb2Se3 layer, which is compatible with traditional micro heaters
available in standard manufacturing process.

Keywords: Grating Assisted Couplers, Bragg Grating, Add-Drop Filters, Phase Change Materials, Bandwidth
flexible,

1. INTRODUCTION

Grating-assisted Contra-Directional Couplers (GACDCs) are a class of versatile photonic integrated components,
seeing application as wide band add-drop filters,1 with the capability of targeting less conventional applications
such as multi-channel,2 mode-specific3 and polarization asymmetric4 multiplexing.
Through precise tailoring of the waveguide geometry and grating structures all these functionalities can be
achieved, enhancing their importance as building blocks for Silicon Photonics (SiPh) and in general for all
platforms of Photonic Integrated Circuits (PICs).
Despite their numerous promising attributes, GACDCs have some drawbacks, such as large footprint and length,
especially when targeting small channel bandwidths,5 as well as their dynamic tunability, which is constrained
by the Thermo-Optic (TO) and Electro-Optic (EO) effects available on the SiPh platform.
The dynamic control if the GACDC response required modulation and chirping of the effective index of the
structure along its length, posing a constraint both on the maximum magnitude (TO/EO limitation) as well as
power-efficiency, due to the large footprint that must be excited.
In this work, we propose SiPh compatible Phase-Change Materials (PCM) as an energy efficient and enabling
technology to improve the tunability of GACDC. PCM are a class of materials whose amorphous/crystalline
fraction can be dynamically changed,6 allowing non-volatile and reconfigurable effective index control throughout
the waveguide device.
We evaluate the required PCM geometry and optimal material, found to be Sb2Se3, and showcase the wider
dynamic range available, considering the equivalent TO shift when crystallization/quenching temperatures are
provided through a micro-heater structure.
The device and responses are simulated through a variety of techniques, with the main simulation model for the
GACDC passive response being validated through experimental results.



Figure 1: (a) GACDC geometry highlighting the main design parameters as well as the Sb2Se3 layer structure. (b)
Generic four port response of a GACDC device. (c) Comparison of the refractive index and extinction coefficient
of different PCM (Sb2Se3 vs Ge2Sb2Te5) between their amorphous and crystalline state (Silicon refractive index
is also depicted for reference). (d) Channel wavelength shift (∆λ) as a function of PCM thickness (Sb2Se3) and
crystallization fraction (Xf ).

2. DEVICE DESIGN

GACDCs in their straightforward implementation are four-port add-drop filters, leveraging Bragg gratings to
introduce frequency-selective coupling in an uncoupled asymmetric waveguides structure. Through the gratings,
the forward and backward propagating fields of the waveguides are selectively coupled, resulting in a non-periodic
flat-top frequency response.7 This response can be shaped through the design of the uncoupled waveguides and
the periodic Bragg corrugations geometry, with the widths and pitch affecting the channel wavelength and
coupling coefficients. The general schematic of the device can be seen in Fig. 1a, highlighting both the main
waveguide parameters, as well as the proposed PCM-loaded geometry: in the following simulations we consider
the Sb2Se3 layer on top of a single waveguide, although the analysis can be generalized to the case where both
waveguides are enhanced with the PCM layer.
Fig. 1b depicts instead the generic response for a GACDC device, depicting the main flat-top channel present at
the drop port, as well as the add port crosstalk, through port transmission, and backward reflection.
Parasitic effects, such as intra-waveguide reflection and side-channel ripples, can be minimized through optimal
design techniques, like introducing corrugation apodization8 to limit the side ripples, and introducing out-of-
phase grating to limit the reflection peak.9

The geometry of the simulated device considers both these techniques, with an hyperbolic tangent based apodiza-

tion profile ∆w (n) = ∆wmax
2

[
1 + tanh

(
β
(
1− 2

∣∣ 2n−N
N

∣∣α))], where α=3,β=2, and n is the index of the period.

The waveguides have been simulated with widths W1 = 570 nm and W2 = 430 nm. The coupling gap is 200 nm,
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and ∆w1 and ∆w2 are 60 nm and 100 nm, respectively. The pitch in considered symmetrical between the
waveguides, which are simulated for n = 2000 periods, albeit different between the TO control case and the
PCM-enhanced structure (Λ1,2 = 318 nm for the T-O device and Λ1,2 = 297 nm for the PCM-based structure):
this is necessary to maintain the same central operating wavelength despite the additional Sb2Se3 layer, which
affects the passive effective index of the device and would lead to a severe central channel shift between the two
simulation. The overall effect on the coupling due to the mismatch length is negligible for this study, due to the
main focus on the tunability range.
GACDC are typically tuned through TO effects,10,11 which can be used to control both the central channel
wavelength and its bandwidth. The main disadvantages of TO control are the crosstalk between components,
which limits the density of integration, the magnitude of the index shift, which is dictated by the material (Si or
SiN) and the low power efficiency, due to the volatile nature of the tuning mechanism. PCMs on the other hand
can surpass these limitations, as they provide a larger tuning range while maintaining low power and crosstalk
resiliency.
PCMs are characterized by a large shift in optical properties between their crystalline and amorphous state,
while stable even in their hybrid state: by controlling their crystallization fraction (Xf ) through either thermal
or optical means,12,13 PCMs can unlock non-volatile programming of the waveguide index, which can be lever-
aged for many application in PICs.
In this analysis we envision a Sb2Se3 layer placed on top of one of the two GACDCs arm, allowing persistent
control of the phase-match condition between the coupled mode: the choice of Sb2Se3 is due to its advanta-
geous properties with respect to other known PCMs such as Ge2Sb2Te5. Fig. 1c depicts the properties of both
materials,14 comparing their refractive index range and extinction coefficient: even though GACDC utilizing
Ge2Sb2Te5 have been investigated,15 Sb2Se3 is better suited for phase-modulation due to both its lower intrinsic
losses (Ge2Sb2Te5 exhibit high absorption in the crystalline state) as well as refractive index range compatible
to Silicon, which minimizes modal mismatch in both crystalline and amorphous state.
The thickness of the Sb2Se3 layer has been designed after simulation of the index shift for different geometries
(Fig. 1d): due to the difficulties in achieving precise small-step crystallization control in PCMs, it is important to
optimize the geometry based on the desired tunability range. In this analysis we focus on C-band transmission,
as such choosing a layer height hPCM=50nm provide enough range to compare the two control techniques in the
whole band.

3. SIMULATION MODELS AND TUNABILITY ANALYSIS

The GACDC has been simulated through a well-established Coupled-Mode Theory (CMT) model.16 This
model has been validated against other simulation techniques such as EigenMode-Expansion (EME) and Finite-
Difference Time-Domain (FDTD) methods available in commercial level simulation platform (Ansys Lumerical,
Synopsys RSoft), as well as experimental measurement on passive GACDCs realized through electron-beam
lithography at Applied Nanotools (Fig. 2a). The CMT model is shown to predict accurate responses in terms
of bandwidth and ripples, albeit requiring minor index compensation to match the experimental result central
frequency. The fabricated passive GACDCs are affected by channel shift, due to grating smoothing and other

Figure 2: (a) Comparison between CMT model prediction and EME simulations, fitted on the experimental
response measurement of a passive SiPh GACDC. (b) Range of channel tunability for the thermally tuned
GACDC. (c) Range of channel tunability for the Sb2Se3 enhanced GACDC.



non-idealities of the manufacturing process, nonetheless the spectral behavior is shown to be in accordance to
the simulation models.
In order to ensure proper comparison between the two control techniques we must consider a temperature profile
compatible with the phase-change transition of the chosen material: for Sb2Se3 we can consider a crystallization
temperature Tg = 473K and a melting temperature Tl = 884K, which has been shown to be achievable through
SiPh compatible integrated micro-heater technologies,17.18 During the reconfiguration of the PCM layer, the
material must be heated to temperatures higher then Tg to induce crystallization, gradually increasing Xf , while
switching back to the amorphous state requires melting (T ≥ Tl) and rapidly cooling the material, leading to
quenching.
While longitudinal modulation of the index can be used to achieve control of the channel bandwidth, which was
shown to benefit from Sb2Se3-loaded design,19 in this work we focus on exploring the central channel tunability.
Starting from the thermal simulation, and considering Silicon thermo-optic coefficient as dn

dT = 1.8× 10−4 K−1,
we can simulate the GACDC drop response shift through the CMT model. Considering a temperature bias
relative to the ambient temperature in the range Tl ≥ T ≥ 0 the resulting tunability range is shown to be equal
to ∆λ = 20.18 nm, as shown in Fig. 2b. For the Sb2Se3 device, the CMT simulations model the additional PCM
layer as index shift for the loaded waveguide. The intermediate values of the refractive index and extinction
coefficient for Sb2Se3 have been determined through the use of the Lorentz model, extracting the structure ef-
fective index through the waveguide geometry simulation.
The tunability effect as a function of the crystallization fraction (Xf ) can be seen in Fig. 2c, which highlights
a clear increase up to ∆λ = 45.47 nm. This result shows not only an twofold improvement in the dynamic
tunability of the operating wavelength, but also a severe improvement in power-efficiency. While the power must
be continuously applied to the micro-heater to maintain the desired state in the thermal control case, which
lead to high power consumption, especially for T ≈ Tl, the PCM tuning mechanism only requires power dur-
ing the reconfiguration of the crystallization fraction, with short pulses (t ≤ 1 × 101 µs) to reach temperatures
T = Tg ≈ 473K, with the erasing of the state (Xf = 0) requiring extremely fast pulses to reach the melting
temperature T ≥ Tl = 884K.

4. CONCLUSIONS

We demonstrate that Sb2Se3-enhanced GACDCs can overcome the limitations of traditional thermo-optic control,
drastically increasing power efficiency. Considering identical temperatures to ensure a valid comparison, we
showcase how PCM can be leveraged to extend the tunability range, more than two times the shift achievable
through thermo-optic effects. This tuning mechanism can be further extended to reach ranges outside the C-band
by increasing the Sb2Se3 layer thickness, while maintaining identical tuning scheme. The energy efficiency is
drastically improved, only requiring active power during state transition, against the continuous power required
by the equivalent thermal tuning scheme.
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