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Abstract

To achieve the modification of photonic band structures and realise the dispersion
control towards functional photonic devices, composites of photonic crystal templates
with high refractive index material are fabricated. A two-step process is used: 3D
polymeric woodpile templates are fabricated by direct laser writing method followed
by chemical vapour deposition of MoSy. We observed red shifts of partial bandgaps

at the near-infrared region when the thickness of deposited MoS, films increases. A
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~ 10nm red shift of fundamental and high order bandgap is measured after each 1 nm
MoS, thin film deposition and confirmed by simulations and optical measurements using

angle-resolved Fourier imaging spectroscopy system.
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1 Introduction

3D photonic crystals have a large range of applications due to their potential for showing om-
nidirectional photonic bandgaps.! This enables the creation of low-loss waveguides,®? light
bending,** waveguide splitters,? optical diodes,” negative refraction® and self-collimation™
for example. Another possibility is the confinement of light in a small volume,®*"¥ which
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has several applications in quantum technologies such as single-photon sources
photon interfaces.*?

Such 3D photonic crystals can be fabricated using Direct Laser Writing (DLW).%4 How-
ever this technique is limited to the fabrication of low refractive index polymeric materials,

which leads to partial narrow bandgaps. Additional postprocessing, such as single?6

or
double inverse backfilling™” with high refractive index materials, is therefore usually neces-
sary to obtain a full bandgap. Aside from full bandgaps, high refractive index contrast can
also be used to tune photonic bands, open and enlarge bandgaps and control the disper-
sion of photonic crystals. This can be done using conformal coating with high refractive
index materials. Such efforts have previously been made in one-dimensional (1D) photonic
crystals™ and butterfly wings (naturally occurring photonic crystals).™ In 2005, Biswas et

al. successfully demonstrated a full photonic bandgap at 6-7 pm by coating a polymeric

three-dimensional (3D) woodpile structure?”#! with titania (TiO;).%* Furthermore, in 2010,



Buso et al.*® demonstrated bandgap shifts from a polymeric woodpile photonic crystal after
coating it with successive 20nm CdS layers, with a shift of 375nm shift after an 80nm CdS
coating.

Herein, a similar process is applied, but at a smaller scale (photonic bandgap at ~
1:3 m) and using thin (< 10 nm) molybdenum disulphide (MoS,) films. MoS, has been
gaining attention as an emerging material in various applications due to its properties such
as semiconducting nature, high on/off current ratio (108) at room temperature and mobility
of about 200 cm?(V's) 12427 Bulk MoS, can act as an indirect bandgap semiconductor with
high refractive index comparable to that of silicon, while monolayer MoS, possesses a direct
band gap which makes it a good candidate for a light emitting medium. In this paper,
we treat this material as bulk and focus on its high refractive index property. Conformally
coated polymeric templates of photonic crystal structures could be used to enhance nonlinear
optical responses of materials, such as MoS,,“% for highly efficient 3D all-optical switching for
fast and energy-efficient memory devices.**3¥ MoS, is also an infrared transparent material
and could therefore be a good candidate for mid-infrared sensing applications.32

For the polymeric templates, a woodpile structure®® was chosen, as it is a well-known
simple photonic crystal, that can be easily fabricated by using layer by layer lithographic

#4500 (enabling mass production) or DLW."? Alternatively, Rod-Connected Dia-

approaches
mond structures, which have larger bandgaps for identical index contrasts,”® could be used
instead in future work. However, these can only be made by DLW, so are limited to a slow
writing process.

The fabrication procedure involves steps wherein 3D polymeric woodpile templates (see
Figure 1)) are fabricated by DLW, followed by low temperature chemical vapor deposition
(CVD) of MoS, on it.®? The optical properties of the composite structures are then examined
by measuring reflection spectra changes after successive thin film coatings via our in-house

built angle-resolved Fourier imaging spectroscopy (FIS) system. 1240541



2 Geometry description

Figure 1: Simplified schematics of: (a) a non-coated woodpile template, (b) a thin film
MoS,-coated woodpile template, (c) the resulting rod cross sections after each MoS, thin
film coating. Different colours are used to indicate the thin films coated in sequence. The
scale of the thin film coatings relative to the inner polymer ellipse has been increased for
clarity. (d) SEM image of the fabricated woodpile template.

Figures|l] (a)-(c) illustrate the design of the woodpile template and the thin film coatings
and Figure|l|(d) shows a Scanning Electron Microscope (SEM) image of the fabricated wood-
pile template. The parameters of the fabricated Body-Centered Cubic (BCC) woodpile44 4
are given as: a8y = a, = 1 m, where ay is the vertical period and ay the lateral rod distance.
The rod height h ~ 580nm is larger than the rod width w ~ 240nm, due to the aspect ratio
limitations in the write process.*” The number of horizontal layers was Niayers = 24, while
the number of rods in each layer alternated between Nyogs = 27 and Nyogs = 28, with the

top two layers having 27 rods each. These parameters correspond to a BCC woodpile with

27 x 27 x 6 periods. The size of the woodpile was 27 x 27 m.
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