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Using direct laser writing, arrays of optically responsive ionogel
structures were fabricated. To demonstrate their responsive nature,
visible colour changes in the presence of different solvent vapours
were investigated. This represents a new departure for photonic
structural colouration, in which the fabricating structure shows a
programmable, controllable, and dynamic stimuli response.

Introduction

Photonic sensors offer an adaptable means of detecting analytes
in the gaseous state, with minimal power consumption, low
operating cost and high sensitivity, thereby representing a
promising alternative to instrument-based systems."” To date,
the fabrication of periodic dielectric materials, to achieve
structure-based photonic sensors, has been attained through a
range of disparate approaches. These techniques serve to achieve
feature sizes that are comparable with the wavelength of the
interrogating light, thereby resulting in reflection or transmission
of bright iridescent colours. Lithographic techniques (in hard
and soft materials), adapted from the semiconductor industry,
such as ebeam lithography,” etching,’ and nanoimprint
lithography’ have been used to produce high-fidelity nanostruc-
tures in 2D and 3D. Self-assembly of colloidal nanoparticles, self-
ordering of cholesteric liquid crystals,® and sol gel chemistry® have
also been used to generate responsive films which have found use
as antireflection coatings and photonic crystal sensors (sensitive
to pH, temperature, electric field, light, and a range of relevant
biological analytes).'®"> Using deposition methods to yield
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innovative material-based photonic structures may ultimately
hinder potential fabrication form-factors, while top-down
methods which focus on complex 2D/3D photonic structures,
have been generally restricted to a limited number of materials
(silicon, glass, metals, and diamond).

Direct laser writing (DLW) by two-photon polymerisation
(2PP) relies on the simultaneous absorption of two photons of
light to excite an initiator molecule. During the 2PP process, the
beam of a near-IR femtosecond laser (780 nm) is focused into a
highly defined ‘spot’, known as a volume element (voxel). This
irradiation can provide enough energy to initiate poly-
merisation of a photosensitive material by absorption of two
photons, with reported spatial resolution of less than 200 nm."?
DLW via 2PP has been used to great avail for the fast generation
of extremely reproducible microscopic structures, and for the
generation of complex hierarchical 3D photonic structures. In
2011, Farsari and co-workers demonstrated the potential of
using the technique for the generation of three-dimensional
photonic structures.'* This approach, using organic inorganic
hybrid photoresists, has been extended in recent years to more
complex hierarchical architectures. This enables the generation
of bioinspired structural coloration, mimicking the lamella on
the Morpho peleides butterfly wings. It allows for imitation of
naturally occurring photonic arrays, such as periodic micro-
spheres, lunulae, and multilayer lamellae, among others.">™’
More recently, the group of J. Yang exploited such high-
resolution 3D fabrication combined with high temperature-
induced irreversible shrinkage (at 450 °C) of a commercially
available photoresist (IP-Dip) to generate 12 repeat-layer
scaffolds.'® Upon heating, different degrees of shrinking
resulted in a range of different lattice constants, which corre-
spond to a wide variation of reflected colours. Moreover, they
extended this approach to confer structural coloration onto
3D microscopic structures. Subsequently, they have used a
modification of another proprietary photoresist, based on iso-
bornylacrylate (Veroclear), to generate a shape-memory poly-
mer. In this instance, by heating above the glass transition
temperature of the polymer, they demonstrated the ability to
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apply a load to the structures which can be used to reversibly
negate the photonic response."®

To date, many 2PP structures in the literature use vendor-
purchased photoresists, with high concentrations of monomers
and crosslinkers, to generate high-resolution, rigid structures.>*>*
While the generation of optical components from hard plastics
serves an important purpose, there exists a world of additional
potential which can be achieved through microfabrication in
stimuli-responsive materials.>>** Using this approach, it is also
possible to generate structures which possess controllable nano-
scale photonic behaviour with programmable hierarchical struc-
tures, to create a new generation of responsive photonics. In
this regard, herein we demonstrate the first example of DLW-
fabricated photonic arrays capable of reversible response to
vapours (isopropanol, ethanol, water) under atmospheric condi-
tions. This is achieved by combining DLW fabrication with soft,
stimuli-responsive polymers. The method described here can now
be expanded to a wide range of soft polymer structures and a
variety of stimuli that could generate (reversible) expansion of the
polymer structure (e.g. vapours, local chemical environment,
temperature, light, and electric field).

Results and discussion

The role of solvent and solvent concentration in pre-polymer
photoresists is a critical aspect of DLW, in which structures are
fabricated in a voxel-by-voxel manner. It is therefore essential to
achieve efficient polymerisation and crosslinking in each voxel,
and most often this paramount requirement results in photo-
resists with high concentrations of liquid monomers (or mini-
mal solvent content) and multi-armed crosslinkers.>*>® While
these ensure high fidelity structures, with high resolution, they
often result in highly crosslinked polymers which render the
materials unsuitable for the efficient inclusion of a stimuli-
response.”® In the past three years we have started to see
responsive hydrogel actuators being introduced to DLW, but
their library remains relatively limited.””>° Herein, using an
ionic liquid (IL) as cosolvent, we have achieved successful
solubilisation of all photoresist components with high solvent
content (>40 wt%). Fig. 1a depicts the use of a tetrabutyl
phosphonium chloride IL to allow for successful solubilisation
of the acrylamide monomer, pentaerythritol triacrylate cross-
linker, in addition to the 7-diethylamino-3-thenoylcoumarin
photo-initiator, for DLW fabrication of high fidelity ionogel
structures. The use of ILs as photoresist solvents for DLW is
ideal for the fabrication of soft ionogel structures and can be
applied to a wide range of monomers and crosslinkers used for
the fabrication of soft responsive hydrogels at the macroscale.
The inherited tunability of ILs to yield desired solvation proper-
ties has led to them being known as designer solvents and their
use as ‘greener’ alternatives for various synthetic processes.*’
Herein we explore the advantages of 2PP-enabled fabrication
of soft hydrophilic microstructures with sub-micron features,
by fabricating periodic 2D grid structures that display
structural colour controlled by the geometry of the repeating

This journal is © The Royal Society of Chemistry 2021

View Article Online

Journal of Materials Chemistry C

a)
Photoresist

b B
S

Glass substrate

i

@» Monomer

Crosslinker

Initiator

N
lonic Liquid /_\FHP{;/ 0.0 I

11
i U‘JJJJJJJJJ U Kg
seisaiiiit

Fig. 1 Direct laser writing for the fabrication of responsive photonic
structures. (a) Schematic of the direct laser writing process and photoresist
composition; all structures were fabricated in the oil immersion configu-
ration; SEM images (b) and angle-dependent optical microscopy images
(c) of periodic photonic structures obtained through alternate fabrication
of two types of square arrays, creating a checkerboard pattern. Scale bar
represents 2.0 um in (b) and 200 pm in (c).

unit (Fig. 1b and c) and the angle of the observer. Through the
use of finite difference time domain (FDTD) analysis, predic-
tion of transmission spectra for suitable designs and simula-
tion of swelling-induced size changes can be achieved
(ESL T Section S1.5). For the purpose of this work, we concen-
trate on a single set of geometries (Fig. 2a), comprising a
periodic grid of 2.75 pm by 2.75 um (a), line width (d) of
0.5 um, and varying heights z (1.5 pm, 2.0 pm, 2.5 um,
3.0 um and 3.5 pm). The effect of varying each of these
parameters is shown in the simulations presented in Fig. S4
(ESIt). For optical measurements, each grid array covered a
total area of 290 um by 290 pm, achieved through sequential
fabrication of a 5 x 5 array of 58 um x 58 pm repeating units.
The corresponding optical and scanning electron microscope
(SEM) images (Fig. S5-S8, ESIf) show the homogeneity of the
features and the fidelity of the overall array with respect to the
CAD design. To our knowledge, the fabricated lines of ~0.5 um
in width represent the smallest features achieved in crosslinked
acrylamide copolymer fabricated to date via 2PP. This achieve-
ment represents a significant step for the generation soft
hydrogel materials with sub-micron features, and the ability
to incorporate stimuli response into microscopic DLW-
fabricated structures. The optical microscope images of the
arrays shown in Fig. 2b, demonstrate the vibrant transmitted
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Fig. 2 Design, images, and transmission spectra of photonic grid arrays.
(a) The photonic structures were achieved through sequential fabrication
of 58 um x 58 pm repeating units of designed line width (d), height (h) and
distance between parallel lines (a). For improved control of grid height
during the DLW fabrication process, a second iteration contained a thin
film underneath the photonic structures, of a nominal height (hy). (b)
Transmission optical microscopy images of the fabricated structures with
the film underneath, where the designed height of the grid structure is (top
to bottom) 1.5 pm, 2.0 ym, 2.5 um, 3.0 um and 3.5 um, respectively.
(c) Corresponding measured transmission spectra with and without the
under-structure film, and comparison with FDTD simulated spectra for
grid structures of designed dimensions (a, d and h).

colours and the dramatic changes seen with increasing struc-
ture height. This is supported by the simulations and measured
transmission spectra shown in Fig. 2c. Details of the transmis-
sion measurements can be found in ESL{ Sections S1.4
and S3.1.

In DLW, discrepancies in the design and fabricated grid
heights can often be caused by minor variations in interface
values between the substrate and monomeric photoresist
(Fig. S4, S7 and S11-S13, ESIY). Inclusion of a thin film
(hp = 1.0 pm, Fig. 2a) underneath the structures, serves to
compensate for any variation in height (Fig. S1, ESIt), resulting
in greater homogeneity across structures and better agreement
with simulated spectra, as shown in Fig. 2c and Fig. S11 (ESIt).
From the simulations, presented in greater detail in Fig. S4
(ESIY), it is clear that variation in square size (here represented
by a, the distance between two neighbouring lines) has only a
minimal impact on peak positions in the predicted spectrum.
Variation of height (%) and line width (d), however, are seen to
have a dramatic impact on the position of main spectral bands
and the relative intensity number of resulting peaks and
troughs.

As the material used for these microstructures is based on
the hydrophilic acrylamide monomer, they have the ability to
swell in the presence of polar solvents in the liquid and vapour
state. To interrogate the possibility of employing this behaviour
to yield a measurable visual response upon exposure to
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Fig. 3 Transmission spectra of the photonic structures of designed height
h = 3.5 um with film, before (black) and after 1 min in the presence of
solvent vapours (isopropanol - top; ethanol — middle and water — bottom)
where the gas vapours were transported using dry air at a flow rate of
1Lmin "

different vapours, we developed a simple bubbling system, in
which gas vapours were transported using dry air as a carrier,
through a flow-in flow-out quartz cell. By initially exposing the
samples to a flow of compressed dry air, it was possible to
eliminate any contributions from relative humidity changes in
the environment. Capturing images and transmission spectra
using a bespoke optical system (Fig. S2, ESIt), the optical
response of the arrays was observed in real time. To study the
spectral diversity of vapour responses of the photonic struc-
tures, three model solvents were selected, namely isopropanol,
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Fig. 4 (a) Transmission spectra of the photonic structures of different
designed heights (top to bottom: 1.5 ym, 2.0 pm, 2.5 pm, 3.0 pym and
3.5 um) at different time points, under a 1 L min~* flow of water vapour.
(b) Transmission spectra of a nominated array of h = 3.5 pm in the
presence of water vapours over time (0-270 s). (c) Data extracted from
b showing the peak shift over time in the presence of water vapours (dry air
carrier flow rate was 0.5 L min~?) for the three maxima. Integration time
was set to 3.94 s.
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Fig. 5

(a) Transmission image of a grid array where each column is composed of five repeating units of different heights (left column, the designed

height of the grid structure is (top to bottom) 1.5 pm, 2.0 pm, 2.5 pm, 3.0 pm and 3.5 pm, respectively). (b) The same array upon exposure to water vapours
for approximately 20 s (Video S1, ESL. t = 0:26) and (c) upon saturation with water vapours for approximately 88 s (Video S1, ESI. t = 1:34). (d) The array
returns to its original colour 4 s after the gas flow is stopped. A flow rate of 1 L min~ was used for the dry air carrier gas. Scale bar represents 50 um.

ethanol, and water. The dynamic responses of arrays upon
exposure to these solvent vapours over the whole visible spec-
trum is exemplified in Fig. 3 for a 3.5 um tall array. The
observed red shift in the transmission spectrum increased with
the polarity of solvent (isopropanol < ethanol < water) and
was greater for higher flow rate of the exposing solvent
(Fig. S15, ESIt). The redshift of the spectral peaks indicates
increased size of the grid linewidth and height (Fig. S4 and S17,
ESIt) and can be used to accurately differentiate the response
from a mere influence of modulating ambient refractive index.
It is also noteworthy that, while the presence of a thin base layer
underneath the grids served to produce greater homogeneity of
height and colour, the arrays fabricated without this layer
exhibit larger spectral shifts (Fig. S16, ESIt). This can be
attributed to a greater symmetry of expansion, upon introduc-
tion of the underlying film, by overcoming the restriction
caused by direct attachment of the grid to the substrate.

The fast and notable response gave the opportunity to follow
the spectral changes in real time. An example of such a
response to water vapour is shown Fig. 4.

Fig. 4a shows a significant red shift in the spectral bands
which is observed upon coming in contact with water vapour.
The response increases with respective height of the arrays. The
greatest shift in wavelength in all cases, combined with a
significant peak broadening, is observed for the longest wave-
length band in the transmission spectrum of each array
(Fig. 4¢). The transmission spectra, in the presence of the water
vapour for a flow rate of 1 L min ™, can be simulated for a 5% to
7.5% expansion of the linewidth and height (Fig. S16, ESIT).

Fascinated by the dynamic response of different arrays, we
sought to fabricate a rudimentary pixelated sensor, in which
the different colours are achieved using different height arrays
(Fig. 5). Five different heights, from 1.5 to 3.5 um, were woven
sequentially up and down, creating a reoccurring pattern of
orange (1.5 pm), blue (2.0 pm), red (2.5 pm), pink (3.0 pm), and
green (3.5 pm). In the presence of water vapour the colours are
seen to rapidly change, shown in Fig. 5b, with the most
dramatic response visible for the higher arrays. Upon accumu-
lating large amounts of water, which serves to fully hydrate the
structure and to condense in the voids, the visible photonic

This journal is © The Royal Society of Chemistry 2021

response of the thinner arrays is completely disrupted,
revealing a pattern created only by the taller arrays (Fig. 5c¢).
SEM images of this array, in Fig. S18 (ESIY), serve as a useful
comparator. Within 4 seconds of ceasing the water vapour flow,
the initial state fully returns (Fig. 5d). This can be used, quite
impressively, to generate appearing and disappearing motifs
whose colour and responsiveness can be pre-programmed into
the fabricated design. The resulting spectral differences can be
further explored to analyse the vapor-response diversity of the
sensor, by employing principal components analysis (PCA) and
hierarchical cluster analysis (HCA) tools. These approaches are
extremely beneficial in deciphering the nature of diverse spec-
tral features caused by exposures of the sensor to different
vapours and vapour concentrations.

Additionally, more complex 3D structures can also be rea-
lised, showing that the material reported here is suitable for
2PP-fabrication of self-supporting 3-dimensional periodic
structure. This is demonstrated through the fabrication of a
woodpile structure, comprising 15 sequentially layered lines,
which is presented in Fig. S9, ESL

Conclusions

A soft, hydrogel material was fabricated into a responsive
photonic array with sub-micron features. This was made pos-
sible through the use of an appropriate ionic liquid co-solvent,
which allowed for dissolution of all components and subse-
quent fabrication using DLW. The resulting periodic structures
swell reversibly in the presence of solvent vapours, to generate a
measurable optical response which is determined by the polar-
ity of the solvent. The working principle is explained using
FDTD analysis, where the experimental colour and wavelength
changes are correlated with changes in the dimensions of the
structures in real time. The principle presented herein can be
applied to a wide range of polymer formulations (including
stimuli-responsive hydrogels) and structural designs, to achieve
functional photonic structures that will grant the desired
spectral changes in response to the stimulus of interest.
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