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Abstract We present a novel bandwidth control mechanism using phase-change materials (Sb2Se3)
to enable wide-bandwidth tunability in silicon photonic grating-assisted contra-directional couplers. The
bandwidth dynamic range, obtained using experimentally validated simulation models, is 9.1 nm, surpass-
ing the 3.2 nm achievable with conventional thermal control methods. ©2024 The Author(s)

Introduction

Silicon photonic (SiPh) Grating-Assisted Contra-
Directional Couplers (GACDCs) are versatile in-
tegrated photonic components, allowing for a
broad range of add-drop filtering and switching
applications[1],[2]. They are characterized by a
wide-band flat-top spectral response and a flex-
ible design space that allows precise tailoring
to the desired application. Additionally, grat-
ing waveguide geometry can be customized for
more exotic applications outside traditional single-
mode/polarization filtering, such as mode multi-
plexing and polarization splitting/rotation, further
enhancing their importance as potential building
blocks within photonic integrated circuits[3],[4].

Despite their numerous promising attributes,
GACDCs suffer from drawbacks such as their
large footprint, particularly when narrow filtering
or dynamic bandwidth control are required[5],[6].
Their active tunability is also critical, as these de-
vices depend on conventional Thermo-Optic (T-O)
or Electro-optic (E-O) tuning mechanisms, which
have some limitations within the SiPh platform. Dy-
namic bandwidth control requires modulation of
the effective index along the propagation direction
and is therefore limited by the maximum achiev-
able index shift. As a result, these mechanisms
are better suited for minor adjustments or cali-
bration, rather than major shifts in the bandwidth.
Moreover, they require continuous static power
consumption to preserve the index change.

We propose a novel bandwidth control mech-
anism for GACDCs leveraging SiPh-compatible
Phase-Change Materials (PCM), which are a class
of materials whose crystalline/amorphous fraction
can be dynamically controlled, thus allowing for
modulation of their optical properties[7]. The index
contrast between the crystalline and amorphous
states in PCMs can realize a larger dynamic con-
trol than traditional T-O/E-O-based methods while
providing a nonvolatile solution to maintain the
state. After exploring several PCMs with different
layer geometries, we opted to design and analyze

a Sb2Se3-based GACDC and evaluate its perfor-
mance in the C-band, resulting in enhanced non-
volatile tuning capabilities compared to a thermally
controlled device. The accuracy of our simulation
models and the passive design of the devices con-
sidered have been validated through experimental
measurements of multiple fabricated GACDCs.

Device Design and PCM Analysis
GACDCs are four-port devices that implement
wavelength-selective add-drop filtering using
Bragg’s grating structures in an otherwise uncou-
pled asymmetric waveguide system. The dis-
tributed Bragg mirror allows for the frequency-
selective coupling of the forward propagating
mode of the input waveguide to the backward
mode of the second[8]. By precisely engineering
the width and pitch (Λ) of the grating, the contra-
directional coupling coefficient can be tailored for
a specific wavelength. The target channel from
the input waveguide is therefore reflected and cou-
pled into a second waveguide, while the remaining
spectrum propagates through. This behavior is
symmetrically mirrored on the add port, leading to
an add-drop filtering operation.

Fig. 1(a) depicts the main geometrical param-
eters of a GACDC, which define the spectral
response. The drop channel central wavelength
depends on the phase-match condition, defined
by the average effective index of the coupled
waveguide system and the pitch of the grating,
while the bandwidth depends primarily on the
corrugation geometry and the coupling gap.
Beyond the choice of optimal waveguide geometry,
different design strategies can enhance the perfor-
mance. Undesired intra-waveguide reflections can
be minimized by shifting the corrugations by 180°
between the two sides of the waveguide[9]. Side
lobes and out-of-band ripples can be attenuated
by introducing grating apodization, which smooths
the transition between intrinsic waveguides and
corrugated regions, e.g., using the hyperbolic
tangent-based profile:
∆w (n) = ∆wmax

2

[
1 + tanh

(
β
(
1− 2

∣∣ 2n−N
N

∣∣α))],



Fig. 1: (a) Schematic of the GACDC structure under investigation. (b) Refractive index and extinction coefficient for Sb2Se3 and
Ge2Sb2Te5. (c) Drop channel wavelength shift (∆λ) as a function of the crystallization fraction (Xf ) and Sb2Se3 thickness.

where α=3,β=2, and n is the index of the period.
In this article, the devices (based on T-O and

PCM control) have been designed and simulated
considering all aforementioned design optimiza-
tions. Considering Fig. 1(a), in our GACDCs, W1

= 570 nm and W2 = 430 nm. The coupling gap is
200 nm, and ∆w1 and ∆w2 are 60 nm and 100 nm,
respectively. Both structures use a symmetric grat-
ing period (Λ1,2 = 318 nm for the T-O device and
Λ1,2 = 297 nm for the PCM-based structure) to
achieve the same central drop wavelength despite
the difference in waveguide geometry due to the
added Sb2Se3 layer. This is done to allow for a di-
rect comparison in the same reference bandwidth.
The length of both devices is n=2000 periods.

GACDC structures are traditionally tuned via
T-O effects, by adjusting the effective indices of
the waveguides using segmented metallic heaters
to calibrate the central wavelength and tailor the
bandwidth[10],[11]. However, T-O-based tuning is
limited by silicon T-O properties as well as ther-
mal crosstalk, which affects adjacent components.
Moreover, the volatile nature of T-O tuning makes
it an energy-inefficient solution. On the other hand,
PCMs offer a novel solution for controlling de-
vice properties, enabling extensive tuning of SiPh
waveguide characteristics. PCMs exhibit a large
shift in optical properties between their amorphous
and crystalline states while remaining stable in the
intermediate states. This allows for modulation of
optical properties as a function of the crystalliza-
tion fraction (Xf ), which can be done thermally or
optically[12],[13].

By depositing a PCM layer on top of silicon
waveguides, we can leverage the shift in the re-
fractive index to control the spectral properties of
our device. The maximum index shift, as well as
the absorption profile, can vary wildly between dif-
ferent PCMs (see Fig. 1(b)), leading to different
choices of material depending on the application
requirements. We have explored two PCMs as
candidates for dynamic bandwidth control, namely
Ge2Sb2Te5 (GST) and Sb2Se3. The optical and
thermal properties have been extracted from[14],
and the data have been used to fit the mate-

rials in our device simulations. GST-enhanced
structures have been proposed in static switching
applications[15]. However, GST imposes significant
losses as a result of its high extinction coefficient in
the crystalline state. Meanwhile, the shift in chan-
nel wavelength is relatively smaller when Sb2Se3
is used due to its smaller refractive index contrast
compared to GST. This enables a finer control
over the phase-match condition, hence the drop
response bandwidth. Moreover, Sb2Se3 has negli-
gible absorption in the C-band (1.53 µm–1.56 µm),
making it an excellent candidate for phase-only
modulation needed in our proposed application.

The challenge of achieving precise small-step
crystallization ratios can be mitigated by choosing
the most suitable material and the optimal PCM
layer geometry. The geometry of the Sb2Se3 layer
is determined by analyzing the drop-channel wave-
length shifts based on the crystalline fraction (Xf )
and the thickness of the PCM layer (hPCM), as
shown in Fig. 1(c). By selecting hPCM=50 nm, the
phase-match condition can be tuned across the
entire C-band (∆λ ≈45 nm). Further increase in
the PCM layer thickness would not be beneficial
for a C-band tunable add-drop filter, only leading to
higher modal mismatch between the PCM-loaded
waveguide in the GACDC and the default silicon
waveguides, as well as necessitating a more pre-
cise control mechanism.

Simulation Models and Bandwidth Tunability
The devices (based on T-O and PCM control)
have been simulated using different techniques
and models, ranging from the Eigen Mode Ex-
pansion (EME) method and 3D Finite-Difference
Time-Domain (FDTD) method available in ANSYS
Lumerical[16], to Coupled-Mode Theory (CMT) an-
alytical models[17] that we developed in MATLAB.
These models were further refined and verified
using experimental results from the fabrication of
passive GACDCs, fabricated using electron-beam
lithography at Applied Nanotools (Fig. 2(a)–(b)).

The response of our fabricated device shows
a ∆λ ≈30 nm blue shift, attributed to manufactur-
ing variations such as reduced corrugation width



Fig. 2: (a) Response of the fabricated GACDC in comparison to the simulated structure and post-fabrication simulation. (b) SEM
image of part of the GACDC fabricated, showing some smoothing in the gratings. (c) Effect of crystallization fraction on the central
response of the GACDC. Chirping profiles and bandwidth tunability ranges for (d,e) thermal control of the silicon waveguide and

(f,g) proposed control of the PCM layer crystallization fraction.

and smoothing of the grating profile[18] (see Figs.
2(a) and 2(b)). These effects are accounted for in
the fitted model by simulating the as-fabricated ge-
ometry using EME, and adjusting the waveguide
effective index curves and coupling coefficients in
the CMT model. Due to its greater flexibility, the
CMT model was used for subsequent simulations.
The parameters were calibrated through the geo-
metric simulations on the Lumerical platform. The
contra-directional coupling coefficient κ=14 × 103

was determined to offer the best fit with respect to
the experimental results, showing a bandwidth of
BW=2.68 nm.

Following model validation, we simulated the
device response by varying Xf , as depicted in
Fig. 2(c): applying different Xf biases allows
sweep of the channel along the entire C-band.
To dynamically control the drop-response band-
width of the GACDC, chirping techniques are nec-
essary. Modulating the effective indices along
the propagation direction creates multiple regions
with different phase-match conditions, enabling
the shaping of the drop spectrum, since the device
response is equivalent to the cascaded response
of these regions. The conventional bandwidth con-
trol consists of introducing a monotone thermal
gradient across the device, with respect to the
room temperature (∆T ) . This method, shown in
Fig. 2(d,e), leads to a bandwidth tunability range
of ∆BW=3.2 nm for the maximum thermal range
of ∆T=100 °C, representing a reasonable temper-
ature range. The passive bandwidth (∆T=0 °C) of
the device is not considered at room temperature,
but instead at ∆T=50 °C: without any thermal bias
the bandwidth adjustment would lead to a shift
of the central wavelength, while a positive bias
allows for symmetric adjustment, maintaining a
consistent central channel[19].

The result of our proposed Sb2Se3-based

GACDC is presented in Fig. 2(g). The GACDC
gratings are covered by PCM and divided into four
regions, each of which is controlled by an inde-
pendent heater. The CMT simulations assume
this staircase profilematla, as shown in Fig. 2(f),
while crosstalk between the crystallization states
would not compromise the response, with just mi-
nor effects on the ripples and the roll-off. Four
147 µm-long heaters based on Ti/TiN with a thick-
ness of 110 nm and a width of 2 µm, and a 600 nm
spacing on top of Sb2Se3 are used[20]. Our simula-
tion results show that an electric pulse with power
of 100 mW with a pulse duration of 4 µs is required
to fully crystallize the PCM. Like in the thermal
case, we bias the device to Xf=0.5 to maintain a
consistent central wavelength. By introducing a
crystallization chirp of 20% along the device, the
tunability range of the bandwidth is increased to
∆BW ≈ 9.13 nm. Higher Xf gradients could ex-
tend the bandwidth further, but introduce notch in
the drop response. Longer devices can mitigate
this problem, but the comparison with the thermal
tuning scheme would become unfair, as the bottle-
neck of T-O control is the maximum temperature
change instead of the length.

Conclusion
We presented a Sb2Se3-enhanced GACDC that
offers three times the dynamic bandwidth control
compared to thermally controlled GACDCs, while
considering the same number of grating periods
to ensure flat-top behavior in both schemes. The
Sb2Se3 control scheme provides a further improve-
ment in bandwidth tunability for longer devices, far
beyond the thermal bottleneck of traditional solu-
tions. In addition, the effective index shift, available
through the crystallization fraction bias control in
Sb2Se3, allows for the nonvolatile tuning of the
channel across the entire C-band, which is infeasi-
ble through thermal-only control techniques.
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