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» Topological photonic systems

= Overview of other applications
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200X200X200 pum

Lateral resolution: 200-250 nm
Aspect ratio: 2-3 without
corrections, 1 with corrections
Commercial polymers and
custom polymers

Metal coating, ALD coating, LBL
deposition

Printing on arbitrary substrates,
including no substrate
Wavelengths: 532, 680-1090,
1064. Power 2-4 W.
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3D Photonic crystals: micro- and nanostructures with a periodicity in dielectric constant. Maxwell’'s equations in
a periodic medium give a band structure, capable of shaping and molding the flow of light in the three
dimensions. Because they control light propagation volumetrically:

1-D 2.-D 3D J. D. Joannopoulos, S. G. Johnson, J. N. Winn,
and R. D. Meade, Photonic Crystals: Molding the

Flow of Light, 2nd ed. Princeton, NJ, USA:
Princeton University Press, 2008.

« Complete Photonic Bandgap (PBG)

« Full 3D light control through volumetric

interaction:
. . Srs composite Group Primitive D OA
= Tailored photon density of states e
= Control of spontaneous emission (Purcell s, two directions three directions {
enhancement or suppression)
= |sotropic optical properties & Gyroids B < = R
» Greater design freedom y £ 9.
. . . . . N 1 . 2-srs chiral B = P4,220'7 Tetragonal v X
» Higher device integration potential cpesshedr
 Characterization of nontrivial phenomena R L
» Challenges in fabrication .;‘ g
E.Goi, B. P.Cumming, M.Gu, Advanced Optical ' &?”}
Materials, 6, 1800485 (2018) 'g%t
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Gyroid PhCs are periodic dielectric structures based on the gyroid minimal surface, a chiral lattice with no mirror
symmetry, that can support complete photonic bandgaps and enable strong, isotropic control of light propagation.

Advanced optical materials

— )

— k
~ Sb2Te3

= Material synthesis |

= Design: srs networks

*  Photoresist

* PbS nanocubes, PbSe TR TR

Wavelength (nm1)200 e
quantum dots

PbS )

u GD'TPN fabrication nanocubes §3.5 Z
4
= Layer-by-layer deposition ;1 4.5
High-n o 5

protocol development %5_5 ‘
= Atomic Layer Deposition } § 52
« SbhoTes Polymer 7

core

Goi et al., A Layered-Composite Nanometric Sb2Tes Material for Chiral Photonic Bandgap Engineering, Phys. Status Solidi A, 215, 1800152 (2018).
Goi et al., Tuning the refractive index in gyroid PhCs via lead-chalcogenide nanocrystals coating, Adv. Opt. Mater. 4, 226-230 (2016)
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In photonics, topology allows the realization of nontrivial optical effects and new phases of light.

2D Dirac points, linear band 3D Weyl points The Weyl equation is the massless limit
crossings with conical dispersion. of the Dirac equation.

104 = *co - pY

Dirac points
055 Itdescribes chiral (handed) spin-72
particles, Weyl fermions, with linear
Energy-momentum dispersion relation:

E(p) = *¢|p|

In condensed matter and photonics,
quasiparticles near Weyl points (k)

* obeying the an effective Weyl
Hamiltonian:

H(k) = hvpo - (k — k)

Dirac cones in graphene.

E(k) = +hvp|k — k|

A. H.Castro Neto et al., Reviews of Modern PhySiCS, 81, Lu, L., et al. Wey| points and line nodes in gyro|d
1, 109-162 (2009). photonic crystals. Nature Photon 7, 294—299 (2013).

E. Goi - Nanoprinted systems for topological and neuromorphic photonics
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In photonics, topology allows the realization of nontrivial optical effects and new phases of light.

2D Dirac points, linear band 3D Weyl points - 3D linear point degeneracies
crossings with conical dispersion. between two bands

] « Sources or sinks of Berry
curvature in momentum space

» Carry a quantized topological

10.55 charge (Chern number)

« Topological protection against
perturbations

« Lead to robust, directional
surface states (Fermi arcs)

Dirac points

PhCs provide a deterministic,
tunable platform to study Weyl
physics. Under suitable symmetry,
the photonic band structure
develops points where:

Dirac cones in graphene.

A. H.Castro Neto et al., Reviews of Modern Physics, 81, Lu, L., et al. Weyl points and line nodes in gyroid w (k) ~ Wy T v |k _ kO |
1, 109-162 (2009). photonic crystals. Nature Photon 7, 294—299 (2013).

E. Goi - Nanoprinted systems for topological and neuromorphic photonics
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One possible starting point for obtaining Weyl points is a DG photonic crystal with a quadratic band degeneracy at the

Brillouin zone centre (IN) in an otherwise complete bandgap.
* High refractive index for the complete bandgap (4 or higher)

* Applying perturbations breaking either P or T

e T-hreakinn can he realized with avromaanetic materials
Quadratic point degeneracy with P & T symmetry Four Weyl points under P-breaking only
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Lu, L., et al. Weyl points and line nodes in gyroid photonic crystals. Nature Photon 7, 294-299 (2013).
E. Goi - Nanoprinted systems for topological and neuromorphic photonics
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Weyl points in microscopic high-refractive index 3D phtonic crystals: 2-srs networks with broken P-symmetry.
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Goi et al., Laser & Photonics Reviews 12, 1700271 (2018).

E. Goi - Nanoprinted systems for topological and neuromorphic photonics

£
-
<
[
c
Q
)
>
=

Wavelength (um)
Wavelength (um)




, : @ Institute of

Friedrich-Schiller-Universitat Jena

Weyl points in microscopic high-refractive index 3D phtonic crystals: 2-srs networks with broken P-symmetry.
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Weyl points in microscopic high-refractive index 3D phtonic crystals.
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Topological photonic systems
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Weyl points act as monopoles Berry curvature in momentum space, and carry chirality defined by quantized
topological charges (Chern number £1). This chirality leads to polarization-dependent effects, such as reversed

circular dichroism near Weyl points.

Goi et al., Laser &
Photonics Reviews 12,
1700271 (2018).

E. Goi - Nanoprinted systems for topological and neuromorphic photonics
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Overview of other applications

E. Goi - Nanoprinted systems for topological and neuromorphic photonics
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- Structures of great Neuromorphic photonic hardware
complexity in a single - .
fabrication step .

2

’ e Sub-micron feature size
weoee * GOMpatible with »

Efficiency (GMAC/ )

. photorosist . . . v
Direct e fabrication on arbitrary ’
10'
laser writing substrates w“
- Static polymer structures o DRI Goi etal,
p y - 102 10¢ 00 108 100 10% Photorzgé;b?
Computational speed (MMAC/s/cm?) '

Bioinspired structures 3D waveguide based

H. Yu, Q. Zhang, B. P. Cumming, E. Goi, et al., Adv. Sci. 8, 2100141 (2021). neural networks networks
Opt. Express 26, 32111-32117 (2018)

Nanoprinted holographic neural



Smart sensing modules

Reconstruction
of symmetric aberrations
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Trained with intensity input
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Goi et al., Light: Science & Applications 10, 40 (2021).
Goi et al., Nature Communications 13, 7531 (2022).
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With DMD and SLMs Intensity OAM Structured light
. y: /ﬁ )
%7“’. B
% v)
: 3 UL -
4 ,.;,dlﬂmlm‘ /\e@é
Compl Berry curvature describes how the phase of a wave ™. = -

e i e
evolves when we move through the band structure. 'tz‘:;,a.

captures the geometric properties of the eigenmodes, not

: : Forbes, A., Nothlawala,
just their energy.

F. & Vallés, A. Progress
in quantum structured
light. Nat. Photon. 19,

1291-1300 (2025)

How does it interact with structured light?

Aberrated PSF

Diffractive elements
performing optical
computation

CMOS sensor
Goi et al., Light: Science & Applications 10, 40 (2021).

Goi et al., Nature Communications 13, 7531 (2022).
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Potential projects with 3D photonic crystals
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* Double-gyroid PhCs host type | Weyl points via symmetry noatsl o S0
breaking
« Type-l: upright conical dispersion — point-like Fermi surface B —— E—z
» Type-ll: strongly tilted cones — open Fermi surface 2 2 2
« Geometry (unit cell deformation, symmetry, chirality) and A L

refractive index tuning allow control of band dispersion Marcus Stalhammar et al., PT symmetry-protected exceptional cones

e Transition in space from Type_| to Type-” Wey| points via and analogue Hawking radiation, 2023 New J. Phys. 25 043012
band t"tlng (geometry / arusotropy tunlng) PHYSICAL REVIEW LETTERS 124, 206802 (2020)
tich
Analogue Gravity & Quantum Effects g S %t g
» Type-ll Weyl points mimic tilted light cones — analogue curved spacetime < > g X
- Transition WPI-WPII corresponds to emergence of effective horizons < X 4 <
« Enables study of: g < 4
» Curved spacetime geometries in photonics (tilt or distortions of the X .. < X
cone S) event horizon Z
« Black hole analogues (event horizons with mode conversion) |
« Quantum-field-like effects in classical wave systems collapsing matet
space
Guan, S.,. et al. npj Quant Mater 2, 23 (2017), Phys. Rev. A 87, 013428 (2013) https://plato.stanford.edu/entries/ Spacetime'smg“'a”tﬁ/

Liu, H., Lai, P., Wang, H., Cheng, H., Tian, J. and Chen, S. (2023), Nanophotonics, 12: 2273-2294. lightcone.html
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GD-DLW
Advanced optical material processing (layer-by-layer, ALD)
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Topological
photonics
Fully deterministic and tunable platform

Access to band structure engineering in 3D

Direct measurement of dispersion, topological properties and,
eventually, surface states

WP position in momentum space is tunable by changing parameters
of the photonic crystal in real space

Provide a tailored spacetime for light: By carefully engineering Dirac
or Weyl points, we can make photons behave as if they are in
electromagnetic fields or in curved spacetime without any real

charges or gravity
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