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Research Results (Including Purpose, Results, Figures, etc.)

The purpose of this project is development of micro-scale uncooled thermal sensors offering advantages over
conventional detectors in terms of sensitivity, compactness, and reduced power consumption. This goal is
pursued by realizing photonic structures whose working principles are radically different from those of traditional
IR detectors. Traditional detection schemes exploit electronic response of narrow-gap semiconductors, or
bolometric response of IR absorbers. These approaches rely on advanced semiconductor growth and micro-
/nano-fabrication, detectors require cooling for high sensitivity, and their response speed is limited due to their
considerable thermal mass. Development of micro-total analysis systems (uTAS), Micro-Opto-Electro-
Mechanical Systems (MOEMS) and microfluidic systems require compact, high-sensitivity uncooled IR
detectors that can be easily integrated into these systems during fabrication process. One of the new photonic
strategies for implementation of improved IR detectors was described recently (Nature Photonics 6, 195 (2012))
and exploits thermal expansion of 3D photonic crystal (PhC) lattice under IR irradiation. Its proof-of-the principle
demonstration for all-optical remote IR sensing was demonstrated using natural 3D PhC structure of blue scales
of Morpho butterfly wings, but more realistic applications require artificial PhC structures composed of organic
material similar to the natural protein (chitin) composing the wing scales, and exhibiting the structural color
phenomenon. Fabrication and characterization of artificial 3D PhCs exhibiting similar IR sensitivity is the main
goal of this research project. Reaching this goal is a big challenge, since it requires 3D structuring biocompatible
organic materials with spatial resolution better than 1 pm. At the present time very few nanostructuring
techniques can satisfy this requirement. We have used femtosecond laser nanolithography known as Direct Laser
Writing (DLW) technique for the fabrication of 3D PhC structures. Previously we have pursued fabrication of
3D PhC structures exhibiting e structural color phenomenon, and control of the structural color via PhC lattice
parameters and fabrication conditions. Here, we use post-fabrication thermal treatment (annealing) of the samples
in order to further reduce their lattice period and tune their structural color by exploiting the lattice shrinkage.

The main results achieved during this research effort are summarized below. Figure 1 outlines experimental
procedure for the fabrication of 3D PhC structures in photoresist ZS2080. Photoresist is exposed by a tightly
focused femtosecond laser beam, which is translated to draw a 3D woodpile structure. Chemical development
dissolves unexposed photoresist leaving the exposed 3D woodpile PhC structure. Using careful control of the
DLW exposure, diameter of woodpile rods of less than 200nm can be achieved. The figure also illustrates how
in order to allow the fabricated structures to shrink uniformly without distortions, encaged PhC samples not
attached to the supporting glass substrate were fabricated.

Figure 2 describes in detail shrinkage of 3D woodpile architecture PhC due to thermal treatment. Since thermal
treatment destroys organic component of photoresist $22080, this leads to volume and size reduction of
photoresist lines. According to the data in the Figure, thermal treatment at 400°C allows one to achieve lattice
shrinkage by up to 60%.
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Fig. 1 Schematic explanation of fabrication procedure of 3D PhC structures using DLW technique (a), 3D
woodpile photonic crystal sample fabricated attached to the glass substrate (b), encaged 3D woodpile sample that

is not attached to the substrate.
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Fig. 2 Woodpile PhC sample before (a) and after (b) annealing at 400°C illustrates shrinkage of the structure due
to pyrolysis of organic component of the photoresist used, quantitative evaluation of shrinkage is given in the

table (¢).
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Fig. 3 Reflectivity spectra of several samples before and after thermal treatment, illustrating strong blue-shifts of
the photonic stop gap reflectance peaks due to structure shrinkage. Optical images of the samples shown as insets
to the plot illustrate size reduction sue to shrinkage and change of the apparent structural color.




Figure 3 summarizes optical properties of a 3D woodpile architecture PhC samples before and after thermal
treatment. When the lattice period decreases due to photoresist shrinkage, photonic stop gap (PSG) wavelength
is expected to exhibit a blue-shift due to the so-called Maxwell’s scaling behavior. This expectation os indeed
confirmed by the experimental data in Fig. 3. Interestingly, amplitude of the reflectance peak has increased after
the last annealing step (400°C). This behavior is attributed to increased refractive index of the photoresist., which
has been now depleted of the organic component and consists mostly of denser inorganic component possessing
a higher refractive index.

The above results illustrate that post-DLW thermal annealing of the PhC samples provides a versatile method to
control their optical properties, including structural color. These findings are important from the practical
standoint, since they enable realization structural color in PhCs without the need to downscale their lattice period
during DLW fabrication of the initial samples. In the future we plan to focus stronger on this method to control
structural color and optical as well as thermal properties of microstructured polymers.
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Research plan for the next year (from April 1, 2020 to March 31, 2021), if the collaboration research is
continued.

The main goals of research proposed for the next year, and the research methods are outlined below:

1) Theoretical and experimental studies of structural color modified by thermal treatment and lattice
shrinkage. These studies will be conducted using FDTD numerical simulations and optical
characterization of real samples fabricated by DLW technique. We will try to determine parameters of
the PhC structures for which strongest and most environmentally-sensitive structural color can be
obtained, and modified by thermal annealing. We expect realization of 3D woodpile architecture PhC
strictures having lattice period less than 500 nm using this approach.

2) Studies of thermal properties of photoresists $Z2080, SU-8 and others will be continued in order to modify
and maximize values of coefficient of thermal expansion (CTE) obtainable in these materials, which is an
important requirement for PhC-based IR sensors.

3) Experimental studies of thermally properties of the fabricated PhC structures will be continued, with a
special focus on the possibility to realize anisotropic flow of thermal energy in these samples.

All participants will be involved in the planning and realization of the proposed experiments as well as
interpretation of the obtained data. To promote collaboration between the teams participating in these activities,
joint research seminar(s) will be held.




