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Abstract—Dispersion engineering, such as design of slow light
waveguide systems, is an effective tool for a wide range of
photonic applications, but present a difficult optical design
challenge. Most applications require a slow light waveguide
design that mitigates group velocity dispersion, and efficient
coupling solutions over the slow light operating bandwidth. In
this work, we optimize the slow-light dispersion relation of a
photonic crystal waveguide with three dimensional (3D) inverse
design methods. In addition, we design mode couplers to the
photonic crystal waveguide. The optimized waveguide supports a
slow light mode with a group index of ng = 25 and a normalized
bandwidth group index product of 0.38. A compact mode coupler
to a strip waveguide is designed with an average efficiency of
92.7% within the slow light operating bandwidth. Lastly, we
design a full etch grating which couples directly to the slow light
mode with a 32.5% average efficiency.

Index Terms—inverse design, slow light, dispersion engineer-
ing, phase delay, photonic crystal waveguide, mode converter,
grating coupler.

I. INTRODUCTION

SLOW light photonic crystal waveguides play a pivotal
role in exploring and enhancing photonic processes at the

chip level. The low group velocity enables strong light-matter
interactions and facilitates new device functionalities. Slow
light (SL) waveguides have been used to enhance nonlinear
effects, two-photon absorption, and interaction with gain ma-
terial or quantum systems [1]–[5]. Furthermore, the low-slope
dispersion relation, which characterizes slow light, results in
a large phase velocity change for a wavelength shift or a
change in the waveguide’s refractive index. This has made
SL waveguides a powerful basis for optical switching, as well
as for optical sensing [6]–[9].

Early SL photonic crystal waveguide devices relied on a
simple line-defect in hexagonal lattice. These devices suffers
from a large group velocity dispersion, as well as high losses.
Remedying these drawbacks gave rise to the field of dispersion
engineering, where alteration of the photonic crystal waveg-
uide periodic structure, e.g. resizing or shifting holes, tailors
the photonic crystal waveguide properties for the intended
application [10], [11]. Furthermore, mode mismatch between
the SL waveguide and a strip waveguide, commonly used for
on-chip routing, can lead to large insertion losses. Tapering has
shown high coupling efficiencies up to 97% for non-dispersion
engineered photonic crystal waveguides. [12] However, opti-
mizing the transitions to an altered photonic crystal waveguide
has proven to be more difficult [13]. Considerable efforts have
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therefore been aimed at improving the coupling efficiency to
dispersion engineered waveguides [10], [14]. Classical design
methods for photonic crystal waveguides and couplers still rely
on a trial-and-error approach, forming a barrier for their use
in applications.

The advent of photonic inverse design has resulted in con-
siderable improvements in the design of integrated photonics
[15]–[19]. Moving away from simple parameter sweeps, opti-
mizing arbitrary topologies has allowed for increased device
efficiencies and novel functionalities. Early on, inverse design
was recognized as a powerful tool for designing photonic crys-
tals, generating new band gaps lattices and shaping band edges
[20]–[24]. Similarly, inverse design was shown to be capable
to improve the group velocity dispersion of SL waveguides,
as well as full pulse delay devices [25], [26].

In this work, we use the inverse design methods to design
a SL waveguide, as well as coupling solutions to this SL
waveguide from a strip waveguide and from free-space. Unlike
most related work on photonic crystal waveguide optimization,
we rely on full 3D simulations instead of 2D simulations.
2D simulations, while computationally efficient, often do not
provide a representative optimization topology, do not capture
losses of 3D devices and do not allow for designs with out-of-
plane optical interactions. Considering the computational cost
of the 3D simulation we do not optimize the slow light system
as a whole, as was done in 2D [26]. Rather, we optimize
the components of the system separately. We first present
the optimization problems for both the SL photonic crystal
waveguide and the couplers. Subsequently, the different opti-
mized components (the waveguide, mode converter and grating
coupler) are optimized through the inverse design method, and
the resulting designs and performance are presented.

II. INVERSE DESIGN OPTIMIZATION PROBLEMS

Inverse design problems for optical devices are of the form:

minimize
p,E1,...,En

fobj(p,E1, . . . En) + α gfab(p)

subject to hEMi(p,Ei) = 0, i = 1, . . . , n,
(1)

The objective function, fobj , defines a figure of merit, which
need to be minimized as a function of a parametrization
vector, p, which describes the device structure, and the optical
fields, Ei, for a number of different modes i, e.g. different
wavelengths. The optical fields are linked to the structure
by constraining the problem to Maxwell’s equations, hEM .
Furthermore, to ensure the fabricability of the device, we can
add a penalty function, gfab, to the objective with a weight
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factor, α. In this work we use the penalty function described
in [27], which penalizes gaps and curvature in the design.

A. Slow light waveguide

Slow light waveguide design aims to obtain a periodic
structure with a low-slope linear dispersion relation, within a
certain bandwidth. Different figures-of-merits can be devised
for the optimization of these waveguides. The most direct
way would be to minimize the absolute difference between
the group velocity of the structure and the desired group
velocity for in a series of wavevectors, ki [28]. While effective,
this method is computationally expensive and prohibitive for
optimization with full 3D simulations, since the derivative of
the group velocity requires an additional adjoint simulation.
Alternatively, for a series of wavevectors, we can optimize
the difference between the different frequencies [25]. Here,
the derivative of the frequencies can be constructed with the
eigenvectors and thus does not require an additional solve
(Suppl. Info.). In this case the objective function becomes:

fobj(p) = F
(
{(ωi+1(p)− ωi(p)−∆ωi)

2|i = 1, . . . , n− 1}
)

(2)
where ωi is the angular frequency associate with ki and ∆ωi
is the target frequency difference. In order to reach a certain
target group index, ng , ∆ωi is set to ki+1−ki

ng
. F is a function

that combines and weighs the elements of set, and can be
implemented as a sum, the maximum, or the softmax function.

The underlying physics constraint, hEM , for this optimiza-
tion problem describes the dispersion relation, which results
from the eigenvalue problem:

hEMi = ∇k ×
1

µ
∇k × Ei − ω2

i ε(p)Ei = 0, (3)

where µ = 1 is the permeability, and ε(p) is the permittivity
of the structure, parametrized by p. ∇k× is the curl-operator
taking the bloch boundary condition for wavevector, ~k, into
account.

B. Slow light waveguide coupler

Coupling light to the SL mode can be challenging due to
low modal overlap and the large group index mismatch. This
leads to strong reflections and large insertion loss. Most slow
light photonic systems therefore incorporate tapers or mode
coupling devices. For a SL waveguide coupler, we need to
optimize the transmission in the waveguide mode. Considering
the input power of the source is normalized to unity, the
objective then becomes:

fobj(E1, . . . , En) =

n∑
i=1

1− |Ci · Ei|2 (4)

where Ci is a vector which evaluated the modal overlap for
the waveguide mode in a specific propagation direction. [29].

The electromagnetic constraint for this problem becomes:

hEMi = ∇× 1

µ
∇× Ei − ω2

i ε(p)Ei + jωiJi = 0 (5)
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Fig. 1. Slow light photonic crystal waveguide optimization. (a) Initial
permittivity distribution. The red box indicates the waveguide unit cell with
lattice constant, a. (b) Initial dispersion relation. The dashed line indicates
the target dispersion slope. (c) Final optimized permittivity distribution. (d,e,f)
Electric field magnitude, Ex, Ey and Ez , respectively (g) Final dispersion
relation and (h) final group index. The dashed line in (g) indicates the target
dispersion slope. The gray area shows the ±10% group index error. The dotted
lines in (g) and (h) indicate the wavenumber interval used in the optimization.
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Here the fields, Ei, result from the sources, Ji, corresonding
either the input waveguide mode or a vertically incident gaus-
sian beam, in case of waveguide coupler or grating coupler,
respectively.
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Fig. 2. Strip waveguide to SL photonic crystal waveguide coupler. (a)
Simulation set-up. The hatched area indicate PML regions. The shaded and
dark region indicate the design regions. The vertical lines with arrows on
the left and right of the design area indicate the source and modal overlap,
respectively. (b) Final structure. (c) Mode conversion efficiency of the final
structures. The dotted lines mark the slow light operation interval.

III. SLOW LIGHT WAVEGUIDE

The SL waveguide is based on an air-suspended silicon (ε =
12.11) slab with a hexagonal lattice with a lattice constant a =
400nm. The radius of the holes are 0.35a and the thickness of
the slab is 0.55a. The optimization starts from a single line-
defect PhC waveguide of which both sides are shifted apart
by an additional 0.26a. The design region of the waveguide
is 4.74a wide, encompassing row 1 and 2 on the side of the
defect line. The structure is mapped onto a uniform Yee-grid
with a a/20 pitch [30]. In order to avoid very small features,
we do not parametrize the design region on this grid directly
but use a coarse control grid with a a/6 pitch. The permittivity
of the simulation grid is the result of a cubic interpolation of
these coarse grid parametrization values [27]. Furthermore, in
this problem, we do not use a fabrication penalty.

The optimization starts with a continuous parametrization,
i.e the permittivity in the design region can take any value in
between that of silicon and air. The initial condition is derived
from the W 1.26 line-defect [12]. Outside the defect design
region, the regular hexagonal lattice is drawn. Inside the design
region, the continuous parametrization has been fitted to the
line-defect and smoothed, resulting in the unit cell shown in
Figure 1a. The continuous parametrization allows for more
aggressive changes to the structure, e.g., forming new holes,
compared to the levelset parametrization used later on in the
optimization process. Starting with this continuous relaxation
typically results in better starting conditions for the levelset
optimization.

The dispersion relation of this initial PhC waveguide is
shown in Figure 1b. The optimization objective using this
continuous optimization is Eq. (2) and uses eight wavenumbers
spanning from 0.325 2π

a to 0.425 2π
a . The ∆ω is chosen to have

a group index of 25, so that the photonic crystal waveguide has
a bandwidth of roughly 20nm around 1300nm. The weight
function used in Eq. (2) is a simple sum.

After 45 iterations of optimization using limited-memory
Broyden-Fletcher-Goldfarb-Shanno (L-BFGS) as optimiza-
tion method and the continuous permittivity parametrization,
we transition to a levelset parametrization [31]. A levelset
parametrization is a continuous function which defines waveg-
uide material where it is positive and air where it is nega-
tive. This parametrization thus describes an arbitrary binary
structure which can be fabricated. After fitting the levelset
parametrization the permittivity distribution described by the
continuous parametrization, we optimize with L-BFGS for an
additional 25 iterations using the same objective function as
before, and conclude with 24 iterations using Eq. (2) as the
objective function, but with softmax as the weight function.

The final optimized structure as well as the fields for
k = 0.375 2π

a can be seen in Figure 1c-f. The band diagram
of this structure is shown in Figure 1g. In between the
[0.325 2π

a , 0.425 2π
a ] wavenumber interval we reach an average

group index of 25.14, which is close to the ng = 25 target
value. Considering the group index is typically evaluated
with a 10% margin of error, the wavenumber interval can be
extended to [0.31 2π

a , 0.43 2π
a ] around ω = 0.312 2πc

a , resulting
in a normalized bandwidth group index product, NBGP, of
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0.38 [32].

IV. SLOW LIGHT TO STRIP WAVEGUIDE COUPLER

A mode converter for the SL waveguide of Figure 1c was
designed with inverse design using the objective function of
Eq. (4). We use four modes corresponding to the frequencies
for k = [0.330, 0.360, 0.390, 0.420] 2πa . The simulation set-up
for this problem is depicted in Figure 2a. The strip waveguide
mode is injected from the left towards the design region by
a total-field-scattered-field (TFSF) source. On the right of the
design region the modal overlap with the slow light mode in
the photonic crystal waveguide is evaluated. To reduce reflec-
tions of the slow light mode with the Stretched-Coordinate
Perfectly-Matched Layer (SC-PML) boundary condition, we
use 80 layers, as apposed to 10 layers, which is typically
used [33]. The inner design region (dark gray) is used in
the first optimization stage where the parametrization allows
for continuous permittivity values. The region is adapted so
as not to cut though any photonic crystal holes. We leave
60nm distance between design area and the holes. The final
optimization, which uses a level-set optimization, modifies
the outer design region (semi-transparent gray). During this
stage the PhC holes that overlap with this design area can be
altered. Finally, in addition to the EM constraint, a fabrication
penalty for a feature size of 50nm is added to the optimization
objective.

The optimization consisted of 45 L-BFGS iteration with
continuous parametrization, followed by 52 L-BFGS iterations
with level-set parametrization. The resulting structure con-
tained unconnected features. As the structure is suspended, i.e.
air cladding above and below, these unconnected features are
not allowed. We therefore manually connected these features to
the main structure and re-optimized. The final fully connected
design can be seen in Figure 2b, and the coupling efficiency
is shown in Figure 2c. Within the slow light frequency
interval (dashed lines), the device achieves an average coupling
efficiency of 92.7%.

V. SLOW LIGHT GRATING COUPLER

Light from a fiber or free space is commonly coupled on
to a chip by using end-coupling or grating couplers; however,
grating couplers are often prefered due to ease of alignment.
A grating coupler is typically followed by a waveguide taper
with a considerable length in order to transition to a single
mode waveguide. Here, we aim to design a grating coupler
which couples directly into the slow light waveguide from a
focused beam.

The simulation set-up for this optimization can be seen in
Figure 2a. The source depicted in the top inset is a TFSF
Gaussian beam source with a beam waist radius of 1µm
positioned 400nm above the waveguide slab. The design area
is 3.7× 3.7µm. For the objective function we again rely in
Eq. 4, which evaluates the modal overlap with slow light PhC
mode on the left side of the design area. As with the strip
waveguide coupler, we add a fabrication penalty for 50nm to
the objective.
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Fig. 3. Free-space to slow light photonic crystal waveguide grating coupler.
(a) Side (top) and top (bottom) view of the simulation set-up. The hatched
area indicate PML regions, the shaded and dark region indicate the design
regions. (b) Final structure from optimization. (c) Grating coupling efficiency
of the final structure. The dotted lines mark the slow light frequency interval.

The final structure is shown in Figure 3b. The opti-
mization consists of 30 L-BFGS iterations with a contin-
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uous parametrization and 62 L-BFGS iterations with level-
set parametrization. The coupling efficiency of the optimized
structure is shown in Figure 3b. Similarly as for the strip
waveguide coupler, the efficiency is high within the optimiza-
tion window and decreased strongly for higher frequencies.
Within the slow light frequency interval, the structure reaches
a 32.5% average efficiency. Since a full etch is used here,
the structure is symmetric in the z-axis, making the maximum
achievable efficiency for the device 50%. The efficiency could
be improved further by using a Gaussian beam with an angled
incidence, breaking the vertical symmetry (e.g., using a partial
or slanted etch), or placing a reflector under the structure.

VI. CONCLUSION

In this work, we optimize different components of an
integrated slow light waveguide system using inverse design
methods. A photonic crystal waveguide was optimized for
a particular group index value with minimal group velocity
dispersion. The resulting waveguide has a NBGP of 0.38.
Subsequently, we optimized couplers for this SL waveguide:
a strip waveguide mode converter with an 92.7% average
efficiency, and a full etch grating coupler with an average
efficiency of 32.5%. All optimizations were carried out using
full-3D solvers. The computational cost of optimizing the
slow light photonic system stayed manageable by separating
the slow light waveguide systems in waveguide and coupling
problems. This demonstration of implementable designs for
slow light systems heralds the use of inverse design for larger
integrated photonic systems which can benefit form slow light
waveguides, such as modulators, filters or phased arrays.

ACKNOWLEDGMENT

D.V. acknowledges funding from FWO and European
Union’s Horizon 2020 research and innovation program under
the Marie Sklodowska-Curie grant agreement No 665501.
N.V.S. and J.V. acknowledge funding from the Gordon and
Betty Moore Foundation (GBMF4744). L.S. and J.V. acknowl-
edge funding from Google. We acknowledge support from
the ERFI NewLaw program under the NSF award number
1741660. We also thank Google for providing computational
resources on the Google Cloud Platform.

REFERENCES

[1] B. Corcoran, C. Monat, C. Grillet, D. J. Moss, B. J. Eggleton, T. P.
White, L. O’Faolain, and T. F. Krauss. Green light emission in silicon
through slow-light enhanced third-harmonic generation in photonic-
crystal waveguides. Nature Photonics, 3(4):206–210, 2009.

[2] C. Monat, B. Corcoran, C. Grillet, M. Ebnali-Heidari, D. J. Moss, B. J.
Eggleton, T. P. White, L. O’Faolain, and T. F. Krauss. Slow Light
Enhanced Nonlinear Effects in Silicon Photonic Crystal Waveguides.
17(4):JWB1, 2013.

[3] Ryo Hayakawa, Norihiro Ishikura, Hong C. Nguyen, and Toshihiko
Baba. Two-photon-absorption photodiodes in Si photonic-crystal slow-
light waveguides. Applied Physics Letters, 102(3):1–4, 2013.

[4] Sara Ek, Per Lunnemann, Yaohui Chen, Elizaveta Semenova, Kresten
Yvind, and Jesper Mork. Slow-light-enhanced gain in active photonic
crystal waveguides. Nature Communications, 5:1–7, 2014.

[5] J. S. Douglas, H. Habibian, C. L. Hung, A. V. Gorshkov, H. J. Kimble,
and D. E. Chang. Quantum many-body models with cold atoms coupled
to photonic crystals. Nature Photonics, 9(5):326–331, 2015.

[6] Yosuke Terada, Keisuke Kondo, Ryotaro Abe, and Toshihiko Baba.
Full C-band Si photonic crystal waveguide modulator. Optics Letters,
42(24):5110, 2017.

[7] Toshihiko Baba, Hong C. Nguyen, Naoya Yazawa, Yosuke Terada,
Satoshi Hashimoto, and Tomohiko Watanabe. Slow-light Mach-Zehnder
modulators based on Si photonic crystals, 2014.

[8] Amit Kumar Goyal and Suchandan Pal. Design and simulation of high
sensitive photonic crystal waveguide sensor. Optik, 126(2):240–243,
2015.

[9] Hai Yan, Chun Ju Yang, Naimei Tang, Yi Zou, Swapnajit Chakravarty,
Amanda Roth, and Ray T. Chen. Specific Detection of Antibiotics
by Silicon-on-Chip Photonic Crystal Biosensor Arrays. IEEE Sensors
Journal, 17(18):5915–5919, 2017.

[10] Yong Zhao, Ya-Nan Zhang, Qi Wang, and Haifeng Hu. Review on the
Optimization Methods of Slow Light in Photonic Crystal Waveguide.
IEEE transactions on nanotechnology, 14(3):407–426, 2015.

[11] Sebastian A. Schulz, Jeremy Upham, Liam O’Faolain, and Robert W.
Boyd. Photonic crystal slow light waveguides in a kagome lattice. Optics
Letters, 42(16):3243, 2017.

[12] Pierre Pottier, Marco Gnan, and Richard M. De La Rue. Photonic crystal
tapers for coupling into slow-light photonic crystal channel waveguides.
Optics Express, 15(11):6569–6575, 2007.

[13] Somayyeh Rahimi, Amir Hosseini, Xiaochuan Xu, Harish Subbaraman,
and Ray T. Chen. Group-index independent coupling to band engineered
SOI photonic crystal waveguide with large slow-down factor. Optics
Express, 19(22):21832, 2011.

[14] Hemant Sankar Dutta, Amit Kumar Goyal, Varun Srivastava, and
Suchandan Pal. Coupling light in photonic crystal waveguides: A review.
Photonics and Nanostructures - Fundamentals and Applications, 20:41–
58, 2016.

[15] Logan Su, Rahul Trivedi, Neil Sapra, Alexander Y. Piggott, Dries
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