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This study focused on realization of new kind of infrared sensor based on 3D
photonic crystal. Ordinary infrared sensors based on semiconductors can produce infrared-sensitive

photodetectors, such as photodiodes. However, this approach requires high purity semiconductors and
their processing using advanced equipment in cleanroom and vacuum conditions. In this study, small
infrared-sensitive photonic crystal structures were realized quickly in an ordinary laboratory
environment. The sensors are optically readable, and therefore are free of electrical noise
characteristic to traditional sensors. Their application may contribute to infrared sensing and
imaging used in biological, medical, and security applications.
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Conventional infrared (IR) sensors exploit
electronic response of narrow-gap semiconductors,
or bolometric response of materials. However,
fabrication of semiconductor-based IR detectors
often requires advanced semiconductor growth and
micro-/nano-fabrication techniques, while their

high sensitivity operation requires external cooling.

Traditional bolometric sensors have large size and
considerable thermal mass, which limits their
response speed.
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It was suggested recently that optical response of
3D nanostructured dielectrics can be exploited for
IR detection[1]. Such detectors would be more
compact, have faster response time, and higher
sensitivity than traditional bolometric detectors.
The optical response concerned here is related to
the structural color phenomenon found in naturally
existing dielectric systems having nanoscale
periodicity, such as gemstone opals, wings of some
bugs and butterflies, fish scales, etc. [2] that are
similar to the naturally existing photonic crystals
(PhC). Structural color originates from photonic
band gap (PBG) or photonic stop-gap (PSG)
reflectivity band of the PhC. It was demonstrated
some time ago that color of blue scales covering
wings of Morpho butterflies (reflectance band
centered on the visible wavelengths around 450nm
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Figure 1. Schematic mechanism of IR

sensitivity in Morpho butterfly wing (a),
artificial PhC (b), modification of optical
reflectivity due to IR absorption (c).

can be modified by IR radiation absorbed in the
chitine, a protein composing the scales. IR
absorption leads to heating and thermal expansion
of the PhC lattice, and a change in the PSG optical
reflectivity as is explained in Fig. 1(a-c).
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Practical replication of structural color materials is
of considerable practical interest for various
applications[3], including IR sensing. However, it
requires

fabrication of 3D PhC structures with PBG/PSG
spectral regions at visible wavelengths, which is
very challenging using natively 2D planar
lithography and semiconductor nano-processing
techniques.

In this study we have used using femtosecond
Direct Laser Write (DLW) technique[4] for
realization of 3D PhC structures exhibiting
structural color, which is controllable in a wide
range of wavelengths corresponding to the color
range from red to blue, depending on the PhC
lattice period and dielectric filling ratio. This
approach provides a useful route to obtain porous
dielectrics  exhibiting structural color, for
applications in PhC-based IR optical sensors.
Optical setup used for the DLW experiments is
schematically shown in Fig.2(a). The laser source
for DLW was a femtosecond oscillator with a
temporal pulse length of 100fs, a central
wavelength of 800nm, and a repetition rate of
80MHz. The laser beam was attenuated/switched
by an acousto-optical modulator (AOM) and
focused into the bulk of photoresist film by an oil-
immersion microscope objective lens with a
numerical aperture NA=1.35. Laser writing was
facilitated by translating the sample, which was
mounted on a computer-controlled three-
dimensional translation stage along a preset
trajectory. To ensure a proper non-linear exposure
of photoresist at the focus, and a sufficient
resolution of the DLW, stage translation speed was
typically set in the range of 50-100um/s, while
average laser power at the focus was around 2mW.
In situ observation of the fabrication process
employed a light-emitting diode illuminator, and a
video camera.
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3D woodpile photonic crystal architecture[5] is
explained schematically in Fig. 2(b). The structure
is built from dielectric rods, arranged into layers
and stacked vertically. In all fabricated samples
fixed ratio between the in-plane and vertical lattice
periods, denoted as a,, and a. respectively, was



I
i
<= illumination

sample

xyz stage xyz stage

— —
AO shutter

video
camera

[

b)

air (n=1) Ay

< nx1.6

8lasg Substrgg,

Figure 2. Experimental DLW setup (a),
schematic explanation of 3D woodpile structure
on a glass substrate and its geometrical
parameters (b).

maintained such that a, = 0.35a,y, and symmetry of
the PhC unit cell was close to face-centered cubic
(fcc). Cross sectional shape of the woodpile rods is
elliptical due to inherent elongation of two-photon
point-spread function at the focus of the writing
laser beam. For the focusing direction along the
vertical axis (i.e., normal to the woodpile planes)
and NA of the lens used, ratio between the minor
(in-plane) and major (vertical) diameters of the
ellipse, denoted as d,, and d. respectively, was
d,/dy = 2.7.

Structural characterization of the fabricated
samples was performed using Scanning Electron
Microscopy (SEM). Optical reflectivity spectra of
the samples were measured using a home-made
micro-reflectivity setup at visible wavelengths, and
a Fourier-Transform Infra-Red (FTIR) micro-
spectrometer.

The initial samples for DLW used negative-tone
Zr-containing hybrid organic-inorganic photoresist
SZ2080 intended for 3D laser lithography
applications [6]. Prior to DLW, the resist was drop-
cast and dried on a microscope cover glass
substrates (thickness of about 180 um). During the
DLW, the laser beam was focused into photoresist
through the glass substrate as shown in Fig. 2. The
exposed samples were developed and dried.
According to the Maxwell’s scaling behavior[7]
frequency of photonic bands, PSGs, and other
characteristic features in a PhC band diagram is
proportional to the PhC lattice period and inversely
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Figure 3. Structural color and its origin, (a)
optical microscopy images of several samples
with different lattice parameters, (b) SEM
image of a selected PhC structure, (c)
comparison between the measured sample
reflectivity and the simulated photonic
band diagram.

proportional to the average refractive index.
Design value of the PhC lattice period is set
directly during DLW, while average refractive
index depends on the dielectric filling ratio in the
structure, which is controlled indirectly by
adjusting the average laser power and the size the
optically exposed region at the focus of the writing
beam.

Figure 3 summarizes structural and optical
properties of the fabricated woodpile PhC samples
exhibiting structural color. The samples in the
array in Fig. 3(a) have the same footprint area of
(25%25)um’, and the same number of layers N =
20, but their in-plane lattice period axy and the
fabricating laser power Py, increase from a,, = 700
nm and Pj,s = 1.9 mW. with increments of 50 nm
and 0.1 mW, respectively, starting from the origin
point of the array (bottom-left corner). Bright color
dependent on the lattice period and average laser
power can be seen, and exhibits a red shift with
increasing lattice period and writing laser power
(that is, dielectric filling ratio) in qualitative
agreement with Maxwell’s scaling behavior, thus
indicating that its origin is linked to the periodicity
of the PhC. Scanning electron microscopy (SEM)
images shown in Fig. 3(b) for one sample
demonstrate high quality and high spatial
resolution of DLW fabrication. Woodpile rods
have lateral thickness a,, = 135nm, while its in-
plane lattice period (distance between two
neighboring woodpile rods), designed to be 1000
nm, is ireduced to 940 nm due to shrinkage of the
PhC lattice by a relative amount of 5%. Fig. 3(c)
summarizes interpretation of the physical



mechanism of structural color by comparing the
experi- mental reflectivity spectrum of the PhC
structure shown in Fig. 3(b) with photonic band
diagram simulated using finite-difference time-
domain (FDTD) technique. As can be seen from
the band diagram, a fundamental PSG opens along
the observation (woodpile layer stacking) direction
at the wavelength of 1400 nm wavelength. Thus,
fundamental PSG as a source of structural color
can be ruled out. However, the visible reflectivity
band occurring near the 700 nm spectrally overlaps
with regions in the band diagram containing high
density of nearly horizontal high-order photonic
bands, known to have a low group velocity, and to
exhibit a strong back-scattering. It can be
concluded, that resonant backscattering should be
associated with coupling losses between incident
plane waves and slow-light modes inside the
PhC[8]. Hence, this study has demonstrated that
exploitation of high-order photonic band
dispersion allows realization of PhC-based
structural color materials without the need to
downscale their lattice period.

SEM data in Fig. 3(b) shows that PhC structures
are non-uniform due to the photoresist shrinkage.
This is evident from the bottom plane (attached to
the glass substrate) being visibly wider than the top
plane of woodpile PhC. Non-uniform deformation
distorts clarity and intensity of the structural color,
but during the experiments it was difficult to avoid
photoresist shrinkage, especially when woodpile
rods become thin approaching the diameter of 100
nm. To avoid this problem, PhC samples were
fabricated not attached to the substrate using cages
consisting of four massive photoresist rods
attached to the substrate, and connected by a ring
at the top, as shown schematically in Fig. 4(a). This
geometry allows uniform shrinkage/swelling and
ensures thermal and mechanical isolation of the
PhCs from the substrate. As a result, more intense,
and environmentally sensitive structural color can
be expected, as is evidenced by the optical
microscopy images shown in Fig. 4(b). As can be
seen, the structures exhibit more intense colors in
a wider spectral range range. Fig. 4(c) shows
reflectivity spectra of several selected PhCs from
the previous panel. Spectral position of the
reflectance peak wavelength is correlated with the
visible color of these samples.

In summary, porous dielectric structures with
woodpile photonic crystal architecture were
fabricated by femtosecond direct laser write
lithography in photoresist and characterized,
structurally and optically. The fabricated samples
were found to exhibit resonant high-reflectance
bands at visible wavelengths depending on the
lattice parameters. Experimental and theoretical
characterisation of the samples have indicated that
the structural colour occurs due to strong optical
reflectivity associated with slow light in the PhC.
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Figure 4. Coloration in uniform PhCs. (a)
schematic explanation of encaged woodpile
geometry, the woodpile and cage are shown
inside the droplet of photoresist, i.e., prior to
development, (b) optical microscopy images
of PhCs with different lattice periods
fabricaded using different laser powers
indicated in the Figure, (c) optical reflectivity
spectra of several PhCs from the previous
panel.

This finding has one attractive feature for future
applications. Since high-frequency photonic bands
are responsible for the slow light effect, central
frequency of the high reflectivity region is
relatively high. As a consequence, it is possible to
obtain strong reflectivity bands at visible
wavelengths without the need to severely
downscale the lattice period. The floating PhC
structures realized in this study can be used for IR
sensing applications in a similar manner as the
natural scales of Morpho butterfly, and become



building blocks of novel IR sensing and imaging
devices.
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