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Broadband Complete Polarization Control via
Inverse-Designed Photonic Crystal Slabs
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using wave plates and polarizers, which

Polarization is a crucial characteristic of electromagnetic fields, and the ability mainly rely on their materials properties

to fully control it has many useful applications. While novel nanophotonic
devices have been designed to achieve unprecedented capability to

like anisotropy. Nowadays, nanophotonic
devices such as photonic crystal slabs!**!

manipulate light on demand, their usage in the complete control of
polarization states for the transmitted light has been relatively limited, and
traditional design methods always produce devices with narrow operation
bandwidths. In this work, a two-phase topology optimization strategy is
proposed in conjunction with adjoint method to inverse design photonic
crystal slabs capable of complete polarization control. It successfully produces
devices operating over a broad bandwidth that is significantly larger than the
current state-of-the-art designs, and their performances are also robust to
material loss. This is also find that the C,, symmetry of the structure can
regularize the problem, so that less simulation time and faster convergence
can be obtained without compromising performance. This study
demonstrates the power of the inverse design method, which can be further
applied to achieve more complex polarization control and beyond.

1. Introduction

As a very important and unique property of electromagnetic
waves, polarization underpins a wide range of photonic technolo-
gies for optical communication,!!! spectroscopy,!?) and biomed-
ical imaging.[®! Conventionally, polarization control is achieved

and metasurfaces!”*! offer new avenues for
tailoring electromagnetic waves’ polariza-
tion. They are capable of realizing vari-
ous functionalities with unprecedented per-
formance, for example, Yu Guo et al.l'%]
achieved complete polarization conversion
for reflected light using photonic crystal
slabs, which is topologically protected; Vir-
ginie Lousse et al."l designed a photonic
crystal slab that can selectively reflect and
transmit electromagnetic waves depending
on its polarization by reducing the struc-
ture’s rotational symmetry; Sergey Kruk
et al.l”] used metasurfaces to control polar-
ization utilizing the generalized Huygens
principle, and demonstrated high efficiency
half-wave plates, quarter-wave plates and
vector beam q-plates. Importantly, these
nanophotonic devices rely on its sub-wavelength nanostructures
to manipulate the polarization of electromagnetic waves. This al-
lows them to achieve compact footprints, broad design flexibility,
and precise control-attributes that are essential for both funda-
mental research and practical applications.

Intuition-based approaches are frequently applied to design
nanophotonic devices, where geometry structures are inspired
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by prior physics knowledge and the specific parameters are
fine tuned to achieve expected performance. Lately, along with
breakthroughs in computer science, a new design strategy
called inverse design was rapidly developed. Powered by effec-
tive algorithms including adjoint optimization,['>'*] machine
learning!*>!®) and convex optimization, 718! inverse design meth-
ods automatically optimize devices’ geometries to satisfy user-
defined objectives. Furthermore, they can always lead to high
performance devices with nonintuitive patterns. Unlike conven-
tional intuitive strategies, inverse design is not limited by peo-
ple’s intuition, and thus can fully exploit the design space, po-
tentially delivering structures with improved performance and
unanticipated properties. Moreover, inverse design is highly
automated and efficient. It is increasingly used in designing
nanophotonic devices: Wei Ma et al.['?] utilized machine-learning
models to inverse design multifunctional metasurfaces, imple-
menting polarization-multiplexed multicolor holograms; Zin Lin
et al.l?l introduced an end-to-end inverse design method for
metasurfaces, and achieved multi-channel imaging; F. Calle-
waert et al.[?!l used an objective-first algorithm to inverse design
high efficiency metasurface polarization beamsplitters. While
these works have taken polarization into consideration, few have
focused on the modulation of the polarization states of electro-
magnetic waves, especially in photonic crystal slab devices. Fur-
thermore, polarization-control nanophotonic devices designed
by conventional methods typically operate only at specific wave-
lengths or in a narrow spectral range.l”]

In this paper, through an adjoint-based inverse-design ap-
proach, we develop photonic crystal slabs capable of achieving
complete polarization control at normal incidence with a high
efficiency (average 85%). At the same time, its operational band-
width (1300 nm to 1540 nm) is nearly two times as large as pervi-
ous polarization control devices based on nanophotonics.”) With-
out adding any physical knowledge in advance, the initial struc-
ture automatically evolves into a stripe-like structure. In addi-
tion, it has many fine features to compensate for the dispersion
and achieve broadband performance. Inspired by the optimized
structures, we further consider the effect of geometric symmetry
on our optimization problem. It is found that by appropriately
setting the constraint on structural symmetry, the optimization
process can be sped up. Also, competent results can be obtained
even when the degrees of freedom shrank due to the symmetry.
It indicates that co-polarization is preferable to achieve complete
polarization control, and geometric symmetry can be used as a
good regularization.

2. Experimental Section

The inverse design approach achieves complete polarization con-
trol by realizing large meridian coverage on the Poincaré sphere.
Complete polarization control means the polarization state of the
outputlight can cover the whole Poincaré sphere (from a practical
point of view, the normal incidence case was consider). This prob-
lem was simplify to covering a single meridian on the Poincaré
sphere. Considering a linearly polarized input, The output light
would like to achieve the meridian coverage by optimizing and
designing the geometric structure of the photonic crystal slab’s
unit cell. The output polarization passing through the structure
was expected to traverse all polarization ellipses with a fixed prin-
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Figure 1. The design target of the photonic crystal slab. a) The illustration
of the polarization-control photonic crystal slab. Different linearly polar-
ized light, normally incident on the designed device, transmit with com-
plete polarization states. b) The polarization states’ trajectory of input light
on the Poincaré sphere; S;, S,,and S; were the first, second, and third
Stokes parameters, respectively. c) The polarization states’ trajectory of
output light on the Poincaré sphere.

cipal axis direction while individually rotating the input polariza-
tion direction, as shown in Figure 1a.

Specifically, the polarization state’s evolution was illustrated
on the Poincaré sphere. For the incident light, its polarization
state’s trajectory was shown in Figure 1b. While its polarization
direction was rotated, its polarization state will move continu-
ously and fully cover the equator (S; = 0) on the Poincaré sphere.
After the polarization conversion by the designed photonic crystal
slab, the output polarization state should correspondingly cover
the meridian (S, = 0) as shown in Figure 1c. The output polariza-
tion will gradually change with the input polarization direction.
It transforms sequentially from linearly horizontal polarization
to right circularly polarization (S; = 1), linearly vertical polariza-
tion, left circularly polarization (S; = —1), and finally back to the
linearly horizontal polarization. Having the S, = 0 meridian cov-
ered, all the other meridians can then be covered by rotating the
whole system synchronously.

The optimization method used was topology optimization
based on adjoint method. Topology optimization[??] was an ap-
proach that represents the optimized structure in pixels. Usually,
each pixel takes a design variable p called material density that
was either 0 (void) or 1 (solid), and they can change continuously
during the optimization to enable gradient-based optimization.
The pixel size were set to 20 nm X 20 nm here for a balance be-
tween the degree of freedom, simulation accuracy and simulation
time. As we were optimizing photonic crystal slabs, the struc-
ture was then represented by a 2D gray-scale bitmap as shown
in Figure 1c. The mapping from design variables p to material
properties € (for the case) was called material interpolation. There
were different strategies for different purposes, and the filtering-
threshold scheme was adopted for further discretization of de-
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Figure 2. The description of the design process. a) The objective value at each iteration in the first optimization phase, with transmission as the FoM.
b) The objective value at each iteration in the second optimization phase, with axial ratio as the FOM. The dotted vertical line indicates transition from
continuous optimization to discrete optimization. c) The illustration of one optimization step labeled in (b) with green and purple dots.

signed structures. The detailed implementation of this scheme
can be found in Section S1 of the Supporting Information. Topol-
ogy optimization explores the full design space and can thus lead
to devices with better performances. While it provides thousands
of degrees of freedom for optimizations, calculating the gradient
of figure of merit (FoM) with respect to these design variables
can be computationally expensive. For example, in direct differ-
entiation, thousands of simulations (as many as the number of
design variables) should be run to obtain the gradient for each it-
eration, and it was impractical for many problems. However uti-
lizing the Lorentz reciprocity, adjoint method(?*! can efficiently
calculate the gradient. Regardless of the number of design vari-
ables, it only needs two simulations to obtain the gradient. A de-
tailed derivation of it can be found in Section S2 of the Supporting
Information. With the gradient information, the structure was
iteratively optimize of photonic crystal slabs using the L-BFGS-
B2l algorithm to achieve satisfactory results.

The process of each iteration was shown in Figure 2c. First, in
the forward simulations, linearly polarized light was shined nor-
mally on the photonic crystal slab being optimized. This gives
the field distributions and the FoM. Then in the adjoint simula-
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tions, circularly polarized light was normally shined on the opti-
mized structure from the original transmitting direction so that
the corresponding field distributions were obtained. Combining
the field distributions from forward and adjoint simulations, the
gradient field was calculated using adjoint method and update
the photonic crystal slab’s geometry with the gradient, starting
the next iteration.

In addition to the complete polarization control, the objec-
tives also include high transmission efficiency for practical ap-
plication. However, simply optimize these two objectives simul-
taneously do not provide satisfactory results. The optimization
process can easily get trapped in the middle due to the compe-
tition between these two objectives (more details can be found
in Section S3 of the Supporting Information). Notice that the
main target was the complete polarization control, and the re-
quirement of high transmission efficiency can be moderately
relaxed. Therefore, a two-phase optimization strategy was de-
signed. The first phase was the transmission optimization phase,
which aims to improve the transmission efficiency. During this
phase, transmission amplitude was set as the FoM. The material
densities were continuous variables constructed under a filtering-
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Figure 3. Results of our inverse designed photonic crystal slab. a) Geometry structure of the designed polarizarion-control photonic crystal slab. c)
Transmission and axial ratio spectra of the designed device with input light 45 degree linearly polarized for lossy material b) Transmission and axial ratio
spectra of the designed device with input light 45 degree linearly polarized for lossless material. d) Polarization states’ trajectories of output light on the
Poincaré sphere at four wavelengths. The color of points on trajectories indicate the polarization direction of input linearly polarized light, and the size

of points indicate the intensity of output light.

threshold scheme.[>2%] The parameter # in the threshold step
was fixed at a small value to enable free evolution of the variables,
which was call continuous optimization. The objective value at
each iteration was shown in Figure 2a. The second phase was the
axial ratio optimization phase, where the axial ratio was set as the
FoM and the coverage of the output polarization state was tried
to improve. After the continuous optimization, the discrete op-
timization was conducted by gradually increasing the parameter
p to “push” material densities to 0 or 1, and ultimately produced
discrete structures which were manufacturable. The evolution of
the objective value in this phase was shown in Figure 2b.

3. Results

To achieve the broadband performance, we set the wavelength
range of our optimization to 1300-1500 nm, which is signif-
icantly larger that the best broadband complete-polarization-
control device based on nanophotonics to date. We evenly sample
the data points in this range, and construct the overall FoM by tak-
ing the average of the sampled FoM as FoM = }." | FoM(w,)/n.
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Free-standing silicon (Si, refractive index n ~ 3.51) photonic crys-
tal slabs are designed here with surrounding material set as oil
(refractive index n ~ 1.44). The optimization starts with cylinders
in a hexagonal lattice, and the thickness is fixed during the op-
timization. We randomly generate initial structures with various
thicknesses and radii, and find the best result from cylinders with
180 nm radius and 690 nm thickness. We arrive at a fully dis-
crete structure after two phases of the optimization, as shown
in Figure 3a. The transmission and the axial ratio spectra of the
transmitted light at normal incidence are shown in Figure 3b.
By the convention that axial ratio of the circularly polarized light
should exceed 0.75 to experimentally perform well, the usable
wavelength bandwidth of the optimized device reaches 240 nm
(1300-1540 nm). It is almost twice as large as the best one de-
signed by an intuition-based approach,/’! and the average trans-
mission is as high as 85% in this range. Also notice that the ma-
terial is not ideally lossless in the experiment, and the inclusion
of a loss term might deteriorate the performance of the device,
so we further examine the effect of material loss for our design.
We add an imaginary part of 0.01i to the refractive index and re-
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calculate the transmission and the axial ratio spectra as plotted
in Figure 3c. It shows that the wavelength range that meets the
requirement is not shortened but broadened to 340 nm (1300—
1640 nm), as the sharp resonant peaks are flattened, and the over-
all transmission only decreases about 7%. This demonstrates the
robustness of our design toward material loss. A detailed discus-
sion about material loss’s impact on our designed structure can
be found in Section S4 of the Supporting Information.

It is worth noting that we do not add any prior knowledge dur-
ing the optimization. This is an important advantage of inverse
design, because the result will not be limited by designers. More-
over, it can always produce devices with high performance and
inspiring structures, which in turn improve our understanding
to the underlying physics. In our case, we find that the struc-
ture automatically evolves into a stripe-like shape. This is intu-
itively reasonable, as this structure can induce anisotropy for the
x- and y- polarized light, thus enabling polarization conversion.
Also, the optimized structure has many fine features. They en-
able the wide operational bandwidth because they compensate
for the chromatic dispersion, which can spoil the performance of
polarization conversion. And this is a difficult part to overcome
with traditional design methods, as limitations of both design-
ers and computational resources constrain the complexity of the
structure. To illustrate it, we provide a detailed comparison be-
tween the performance of our optimized structure and the stripe
structure in Section S5 of the Supporting Information.

For better visualization of the results, the trajectory of the
transmitted light’s polarization states on the Poincaré sphere are
shown in Figure 3d. We display the trajectories for different wave-
lengths and characterize the transmitted light with points of dif-
ferent colors and sizes. The color of these points reflects the po-
larization direction of the incident linearly polarized light, and
the size of the points reflects the transmission efficiency. As seen
from the point sizes, the transmittance is very high (above 70%)
in all cases (different wavelengths and polarization directions of
the incident light). It is shown that at all wavelengths, the output
polarization states can fully cover the meridian (S, = 0) as our
design target. We also notice that when the input light is x- or y-
polarized (purple or yellow), the output polarization states lie on
S, =1 (x-polarized) and S; = —1 (y-polarized) respectively. This
means that cross-polarization is almost non-existent here, and it
is also supported by the final structure. Not imposing any symme-
try during the optimization, it automatically evolves to the geome-
try that tends to have C,, symmetry. Under normal incidence, this
structure forbids TE and TM modes’ cross-polarization, which
implies that co-polarization is sufficient to achieve broadband
complete polarization control.

In order to verify our assumption, we consider the structure
possessing C,, symmetry as shown in Figure 4a. The number of
design parameters is reduced to a quarter by only considering
the upper right portion of the structure, the smallest irreducible
asymmetric unit. During the optimization, the geometry in the
simulation is constructed by unfolding the smallest unit accord-
ing to symmetry operations of the C,, group. Then after perform-
ing the forward and adjoint simulation, gradients with respect to
the complete structure are calculated through adjoint method.
We then fold these into the smallest unit to produce gradients
with respect to the design variables that we will eventually use in
the optimization. Optimizations start from the same initial struc-
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tures, cylinders in a square lattice, with various thicknesses and
radii. We optimize the transmission efficiency for both asymmet-
ric structures and C, text — symmetric structures, and results are
plotted in Figure 4b. The colors of scatters indicate the transmis-
sion of optimized structures, and the coordinates show the ra-
dius and thickness of the initial structure. It shows structures
with forced C,, symmetry perform equally well as the asymmet-
ric ones. This indicates the extra degrees of freedom from asym-
metry do not significantly improve polarization control capabil-
ity here. Thus, we only need to consider the C, text — symmet-
ric structure which forbids cross-polarization under normal inci-
dence.

This simplification reduces the computational time. For ex-
ample, in FDTD (Finite Difference Time Domain), simulations
for x- and y- polarized incident light are 4 times faster. Those
polarizations can be used to construct incident light with arbi-
trary polarization states. Besides, the average number of itera-
tions for convergence decreases by almost 20% (from 17 to 13.5).
This also suggests that imposing C,, symmetry regularization to
the structure is beneficial for the problem here. As a demonstra-
tion, we follow the same optimization routine for the C, text —
symmetric geometry, and obtain an optimized structure as shown
in Figure 4c. The transmission and the axial ratio spectra are
plotted in Figure 4d with a usable wavelength range of 234 nm
(1293-1527 nm), which is as good as the result with the asym-
metric structure.

4, Conclusion

In summary, we propose a two-phase topology optimization strat-
egy using adjoint method, and successfully optimize photonic
crystals that enable high-efficiency complete polarization control
in the largest wavelength range, to the best of our knowledge.
We verify the robustness of our designed structure against ma-
terial loss, and it turns out that the usable wavelength range is
not decreased but rather increased owing to the suppression of
resonances. While not imposing symmetry, the optimized struc-
ture automatically evolves into a stripe-like geometry that tends to
have C,, symmetry. Inspired by this phenomenon, we discuss the
effect of imposing structural symmetry on the optimization and
find that C, text — symmetric structures can provide a good regu-
larization to our problem by allowing only co-polarization for TE
and TM modes. While our discussion is limited to the normal-
incidence case, we envision that this method can be applied for
more complex inclined situations, and geometrical constraints
can be used to make the designed structure easier to fabricate.
Moreover, as the adjoint method is general for any polarization,
the proposed method can be applied to other polarization con-
trol devices.

5. Computational Detail

FDTD method is used to perform forward and adjoint simula-
tions, and the simulated fields are extracted and postprocessed
using Python. Periodic boundary condition is used to simulate
the photonic crystal, and the Fourier transform is used to obtain
electromagnetic fields at multiple wavelengths through a single
time domain simulation. As both forward and adjoint simula-
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Figure 4. The process and results of optimization with symmetric geometry. a) The unfolding and folding process that impose symmetry. b) Distributions
of the optimization results (transmission) with asymmetric and C,, symmetric structures that start from the same initial geometries. The color of
scatters indicates the transmission of the optimized structures. c) Geometry structure of the designed polarizarion-control photonic crystal slab with
C,, symmetry. d) Transmission and axial ratio spectra of the designed C,, symmetric device with input light 45 degree linearly polarized.

tions require plane wave excitation at normal incidence with dif-
ferent polarization, we set two periodic/Bloch type plane wave
sources with orthogonal polarizations to achieve arbitrary polar-
ization. It is found that 1000 fs simulation time is enough for the
simulation to converge. All computations are performed on our
server (24-core CPU@3 GHz, 512 GB RAM). The optimization
of the asymmetric structure takes 67 hours, and the optimization
of the C2v-symmetric structure takes 35 hours.
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Supporting Information is available from the Wiley Online Library or from
the author.
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