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We demonstrate a bio-inspired coating for novel imaging and
sensing designs: the coating sorts different colors and linear polar-
izations. This coating, composed of conducting, nanofibrous poly-
aniline in an inverse opal film (PANI-IOF), is inexpensive and can
feasibly be deposited over large areas on a range of flexible and
non-flat substrates. With PANI |OFs, light is scattered into azimuth-
ally polarized Debye rings. Subsequently, the diffracted speckle
patterns carry compressed representations of the polarized illumi-
nation, which we reconstruct using shallow neural networks.

Introduction

Many insect species have evolved complex, light-sensing struc-
tures that span multiple scales of order;'™ these structures
filter specific colors and are sensitive to different degrees of
light polarization in ways that confer advantages in particular
environmental niches.>”® For example, locusts and other flying
insects sense the horizontally polarized light from water sur-
faces, which aids navigation.” Although humans do not sense
the vector quality of light, polarized light patterns are shaped
and filtered by anisotropic materials and oblique-angled light scatter-
ing, reflection, and refraction.” As such, polarization-sensitive optics
offer novel sensing capabilities. For example, polarization informa-
tion can be used to enhance the resolution of and enable the image
reconstruction in turbid or cloudy environments.”"***

Generally, insects’ sensitivity to light polarization coincides
with the presence of polarization-sensitive detectors.”® This
sensitivity is analogous to conventional optical analyzers that

“ Department of Mechanical Engineering, University of California, Riverside,
Riverside, CA 92521, USA. E-mail: Luatv@ucr.edu

b Division de Fisica Aplicada, CICESE, Carretera Ensenada-Tijuana 3918, Ensenada,
BC, 22860, Mexico

“ Department of Chemistry, University of California Riverside, Riverside, CA 92521,
USA

t Electronic supplementary information (ESI) available. See DOI: 10.1039/

d1nh00465d

This journal is © The Royal Society of Chemistry 2022

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Insect-inspired nanofibrous polyaniline multi-
scale films for hybrid polarimetric imaging with

@ Xiaojing Weng,? Miguel A. G. Mandujano,? Baurzhan Muminov,’

“and Luat T. Vuong (&) *?

New concepts

Polarimetric color sensors, although they are increasingly in demand,
remain expensive. Inexpensive alternatives to compact polarimetric sen-
sors may lie in computer vision algorithms, which extract and deconvolve
information from conventional sensor data with optical encoders. This
research, for the first time, demonstrates novel optical physics associated
with multi-scaled, ordered polymers, and its promising prospects in
computer vision applications. Our work connects self-assembled
materials to metasurfaces, which shape scattering from subwavelength
conducting domains in combination with periodically-patterned
geometries and diffraction. Unlike metasurfaces that are usually
fabricated by using top-down methods, our multi-scale polymers with
photonic crystal structures and vertically aligned nanofibers are
synthesized in bottom-up approaches, which greatly reduce the cost.
The highly ordered periodic structure not only provides strong
structural color, but polarization sorting, which occurs largely via the
dipole scattering of vertically-aligned nanofibers. To provide insight on
the potential applications, we demonstrate non-coaxial polarimetric
imaging with neural networks using our multi-scale materials as an
optical encoder, to separate color and polarization. Our work points to
numerous opportunities for self-assembled multi-scale materials for
hybrid optical computing and imaging applications.

achieve polarization detection, which requires either an inte-
gration of sensors for different polarization measurements or
one camera with a moving polarizer. Although some commer-
cial products carry spectral and polarization-sensitive pixels to
extrapolate polarization without bulky or moving optics, these
camera sensors require a high degree of complexity in both
fabrication and calibration techniques.">'® An alternative
solution is to introduce computer vision algorithms, which
extract and deconvolve information from conventional sensor
data.'”™*° However, in order for computational approaches to
be utilized efficiently, information must be filtered or com-
pressed. Optical diffusers, metamaterials, or other optical
encoders serve this purpose and are advantageous, if not
necessary for computation-based image reconstruction.**>°
Using both optics and computation reduces time, power,
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memory, and complexity requirements; this hybrid approach
may also provide additional information via a single sensor
shot, which is useful for image enhancement.?”~*°

In this communication, we show that multi-scaled struc-
tures with both material anisotropy and surface patterning may
be employed for polarization-sensitive computer vision applica-
tions. Our insect-inspired design stems from knowledge of
the corneal nanostructures on compound eyes,”* which would
optically shape and sort light via scattering. Such structures
would enable polarization sensitivity without polarization-sensitive
analyzers. While the existence of polarization sensitivity with
polarization-insensitive sensors and image preprocessing in an
insect superposition compound eye have been suggested,*>>">
our work indicates that this implementation is not only possible
but feasible.

Here, instead of purely dielectric or metal metasurfaces, we
show that conducting polymer nanowire assemblies have tre-
mendous potential, especially for large-surface applications:
e.g., surfaces with areas the size of camera lenses. We select
polyaniline (PANI) as the material and fabricate multi-scale
features in photonic crystal films via a bottom-up approach.
PANI is a linear polymer with rich chemistry and tunable
electrical and optical properties.**® The low cost, low toxicity,
ease of synthesis, high stability (compared to other conducting
polymers), and good compatibility (with a variety of
material types) make PANI a promising candidate for energy
storage, optoelectronics, spintronics, sensing, and biomedical
applications.*>*”%®

We harness PANI's capacity to form nanofibers when the
monomers are distributed freely in solution. When aligned,
these nanofibers respond actively to switch the absorbed
polarization of light.** With self-assembled PANI multi-scale
structures, there are numerous opportunities for inexpensive,
large-area fabrication over flexible and non-flat substrates. To
our knowledge, although multi-scale photonic crystals are
widely found in nature,’®*' the production of multi-scale
photonic structures capable of filtering color and polarization
has not been demonstrated in a synthetic material fabricated
by bottom-up methods.

When PANI nanowires are aligned and organized into
periodic lattice structures, the color and polarization features
of an image are spatially “pooled” together and separated in
the scattered diffraction patterns. This pooling is important
for sensing the scattered light as it increases the intensity
measured by a sensor. In our approach, we produce two-
dimensional (2D) PANI inverse-opal films (IOFs) with open-
pore structures where the PANI nanowires are aligned radially
to the polystyrene (PS). The ordering of PANI nanowire struc-
tures in combination with the ordering of the larger-scale
periodic lattice yields an imaging point spread function that
separates polarization (azimuthally) and color (radially).*?

The unique, polarization-sensitive diffraction of the PANI IOF
may find a variety of applications for enhanced and non-coaxial
imaging with scattered light. “Enhanced” refers to the fact that
the PANI IOF is a transparent subwavelength monolayer coating
through which direct, high-resolution conventional imaging is
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still possible. In this way, the additional dimension of the image
(i.e., polarization in our case) drawn from the diffraction may
simultaneously be used to infer additional information about a
conventional image or scene.**** “Non-coaxial” refers to a geo-
metry where the object, imaging lens, and a sensor are not
aligned. One distinct motivation for achieving non-coaxial image
reconstruction with an optical film is high-field-of-view computa-
tional cameras, which are not limited by the camera pupil
function.*®™*® Our PANI IOF directs scattered light into a diffrac-
tive mode, which may be captured by a sensor for high-field-of-
view imaging.

The strength of the PANI IOF diffraction is notable: although
the angular separation of color follows that of a multi-layered
Bragg feature, light only interacts with a sub-wavelength mono-
layer grating structure. In this way, the strong light interactions
with the conducting polymer assemblies are analogous to
metasurfaces with sub-wavelength, semi-metallic domains,
though with low transmission losses. With PANI IOFs, we
reconstruct the illuminated polarized patterns from a small
sample of the diffracted light speckle using simple, shallow
neural networks. The image compression and color filtering
from the speckle,” which is only visible with the lattice
structure, reduces the number of pixels needed in postproces-
sing. Therefore, the implementation of multi-scaled scattering
structures such as PANI IOFs can reduce the precision required
of sensors, or the algorithmic complexity (the number of neural
network layers) required for image reconstruction.

Results

PANI IOFs are generally synthesized through hard-templating
strategies.’®>" In this work, 2D PS nanosphere assemblies are
formed at the air-water interface; then, PANI grows around
those PS nanospheres via chemical oxidative polymerization,
which leads to the open-pore structures.>® The PS film of close-
packed nanospheres is formed by slowly dripping a suspension
of 5 wt% PS nanospheres in ethanol and H,O (v/v = 1/1) onto
the air-water interface. Adsorption of the PS nanospheres at the
air-water interface is thermodynamically favorable and solvent
convection squeezes the nanospheres into the close-packed
assemblies.”® The PS film is collected on a glass substrate, left
to dry, and transferred to the PANI synthesis solution. During
the transfer, due to the minimization of the surface energy, the
PS film peels off the substrate and settles on top of the solution.
After polymerization and removal of the PS templates, a green
film is collected on a glass slide (Fig. 1a, inset). Although
there has been research with polyaniline in two-dimensional
photonic crystal structures, the synthesis of monolayer polyani-
line and its multi-scale, hierarchical structure are rarely men-
tioned. Additionally, previous work generally focuses on the
structural color without mentioning its polarization-responsive
properties.’*>® The optical characteristics of PANI’s multi-scale
structure are underexplored.

The multi-scale morphology of the PANI IOF is evident from
its electron microscopy characterization (Fig. 1). The top-view

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 SEM images of PANI IOF: (a) top-view, (b) cross-section. The inset in (a) is a digital image of the PANI IOF on a glass slide. High-magnification TEM
(c and d) and SEM (e) images of PANI IOF showing the vertical alignment of nanofibers. (f) TEM image of PANI nanofibers formed in solution. (g) Dispersion
of transmittance showing the structural color of the PANI IOF. The detector is fixed along the sample normal, while the incident angle (6;) increases. The
angles in (g) are values for the 6; shown in the inset. The inset digital image shows the structural color of the film viewed at an angle. The scale bars are
2 um in (@ and b), 500 nm in (c), 100 nm in (d), and 200 nm in (e, f and the inset of c).

and cross-section SEM images (Fig. 1a and b) show the single-
layer, hexagonally packed nanocup arrays with openings of
670 nm in diameter. The radial alignment of the nanofibers
is observed in TEM and SEM images (Fig. 1c-e). The nanofibers
around the nanocups maintain a similar shape but are nar-
rower compared to the nanofibers in solution (Fig. 1f). The
PANI IOFs have nanofibers in the middle (Fig. 1c) and spiny
nanofibers around the sides of the nanocups (Fig. 1d). These
images indicate that the nanofibers are radially aligned. The
alignment of the nanofibers is also observable from the SEM
images (Fig. 1e), which show the spiny protrusions pointing
from the nanobowl to the substrate. The vertical growth of the
nanofibers is due to the low concentration of the aniline
monomers absorbed on the PS surface. Others have utilized
this alignment to engineer surface hydrophobic interactions
and energy-related devices.”’° By contrast, we achieve two
scales of order: IOFs composed of closed-packed spherical
nanovoids and the radial packing of nanofibers around the
pores. PANI IOF shows structural color as a 2D photonic crystal
(Fig. 1g, inset). When fixing the detector at the sample normal
and measuring the diffraction through the sample with an
increasing incident angle, the peak continuously redshifts in
the visible light range (Fig. 1g).

The structural color of the PANI IOF exhibits strong polar-
ization dependence. Fig. 2a-c shows a comparison of the

This journal is © The Royal Society of Chemistry 2022

diffraction spectra with s- and p-polarized light irradiation. In
our setup (Fig. 2a), a polarizer is placed in front of a white light
source. The polarized light is incident on the PANI IOF at an
angle of (#;), and the scattered light in the transmission
direction is collected by an optical fiber that is placed at a
specific angle to the sample normal (0p). Fig. 2b and ¢ show the
corresponding dispersion spectra, when 0y, is fixed at 15° and 6;
is increased from 0° to 60°. With s-polarized light illumination,
the transmission peak shifts with the angle 0; in a manner that
is governed by diffraction and the lattice period. The —1 order
appears for angles of incidence determined by the grating
equation:

6; = sin”! <sin Op + i) (1)
T
where T is the periodicity of the PANI IOF that can be calculated
3
by T = %(d + r) where d = 670 nm and r = 25 nm are the sizes

of the pore and the edge respectively. A black line in Fig. 2b
shows this relation for a lattice spacing of 645 nm, which
follows the diffraction peak measured in the experiments.
Without a periodic lattice structure i.e., with a random PANI
film, the diffracted light from s-polarized light illumination
from the PANI IOF has lower intensity.

Nanoscale Horiz., 2022, 7, 319-327 | 321
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(a) Experimental setup of the polarization-dependent transmissive spectral measurement where 0; and 0 are the incident and detector angles.

Transmitted spectral dispersion of the PANI IOF illuminated by (b) s-(transverse-electric) and (c) p-(transverse-magnetic) polarized light where 0; changes
from 0° to 60° with 0p fixed at 15°. The spectra are normalized by the incident light power. The black line in (b) represents the expected position of
diffraction peaks for a grating with 645 nm periodicity. (d) Photographs of the Debye ring diffraction or infinity point spread function from normally
incident 532 nm monochromatic light with 0°, +45° and —45° polarizations. The white arrows indicate the polarization direction of the laser. (e) Change
of diffraction intensity with the incident polarization (from s to p) for a PS nanosphere opal (black squares), a PS hanosphere opal coated with PANI (red

circles), and a PANI IOF (blue triangles).

The p-polarized transmitted diffraction peak is not observed
in-plane when the PANI IOF is illuminated with p-polarized
light. Instead, the p-polarized light is scattered and measured
outside of the plane of incidence. Fig. 2d shows the
polarization-dependent diffraction of the PANI IOF. This Debye
ring of the photonic structure is produced with a 532 nm laser
at normal incidence (Fig. 2e) and is also the point spread
function for a point that is located at a far distance from the
sample. Here, the ring is shown on a piece of white paper,
and the photos are taken from the back side of the paper.
In contrast to the complete ring produced by self-assembled
solid spheres,®® the light scattered from PANI IOF exhibits
incomplete rings. The parts of the ring on the axis of the
light polarization are missing. The Debye ring is largely azi-
muthally polarized when the incident light is unpolarized,
circularly polarized, or carries components of both s- and
p-polarizations. Spaces in the Debye ring are observed when
the light polarization is linearly polarized.

A comparison of the polarization-dependent transmission
characteristics of the PANI IOF with other periodic nanostruc-
tures further reveals its unique properties (Fig. 2e). Here we
vary the angle between the linear polarization axis and the
plane of incidence from s (transverse-electric) to p (transverse-
magnetic). We measure the relative intensity for a fixed inci-
dent angle (0; = 30°) and fixed detection angle (0p = 15°). We
plot the transmitted intensity, normalized by the maximum

322 | Nanoscale Horiz., 2022, 7, 319-327

intensity (Imax) that is measured in this range. The extinction ratio
between s and p-polarized light is calculated to be 21:1 according
t0 Imax/Imin: 1 Where I;, is the minimum intensity measured in
this range. Hexagonally packed PS nanospheres (PS) and compo-
site films of PANI over PS (PS-PANI) show a higher ratio of
transmission I/I,,y for p-polarized light than for s-polarized light,
which is a trend that would be expected and associated with
simple refraction and Fresnel equations. However, the Debye
rings from hexagonally packed PS and PS-PANI composite films
are round or exhibit three-fold symmetry associated with the
close-packed geometry; the Debye rings for PS and PS-PANI
(Fig. S1, ESIt) are not broken as they are for PANI IOFs. The
curves in Fig. 2e point to the contrast in the polarization trends
associated with light refraction and light scattering.

We attribute the polarization-dependent structural color
of the PANI-IOF to its multi-scaled structure: the ordered
nanovoids and the alignment of the PANI nanofibers function
in concert to produce the azimuthally polarized Debye ring
(Fig. 3). In the absence of the nanowires or with a nanosphere-
dominated structure (with ordered PS nanospheres or PS-PANI
nanospheres), the Debye ring is uniformly polarized and almost
unchanged with polarization (Fig. S1, ESIT); therefore, there is
minimal spatial filtering of the polarization. On the other hand,
in the absence of a periodic lattice structure (with an unpat-
terned layer of randomly oriented nanowires), the dipole scat-
tering is randomly directed and diffuse.

This journal is © The Royal Society of Chemistry 2022
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(a) A combination of lattice diffraction and scattering produce an azimuthally polarized Debye ring. (b) Three models for COMSOL simulation (The

olive green and blue arrows indicate the direction of light propagation and polarization, respectively). (c) Far-field electric-field distribution in the x-z
plane with 500 nm light illumination (The blue arrow indicates the polarization direction). The scattering (d) cross section Cs, and (e) efficiency Qgc, for
three incident-light geometries on 30 nm diameter x 120 nm length PANI nanowires.

The underlying mechanism of the polarization-dependent
dipole scattering of the PANI is expected to stem from both
dielectric and semi-metallic optical properties of the 20 to
100 nm diameter nanowires.®"®> We simulate the light scatter-
ing from a single nanowire (30 nm diameter x 120 nm length)
with 3 orthogonal geometries (Fig. 3b). The far-field electric
field distribution of the PANI nanowires in this range of
frequencies indicates that the dominant oscillation for charges
is a dipole excitation. Fig. 3c shows the far-field distribu-
tion when the PANI IOF is illuminated with 532 nm light and
1V m ™" electric fields. This dominant mode and dipole scattering
from a single nanowire explains why the experimentally-measured
Debye ring is broken where the polarization vector intersects with
the ring.

The role of the nanowire alignment is subject to interpreta-
tion. With the 3 geometries studied, the calculated scattering
cross-section Cy., is greatest when light is polarized along the
length of the nanowire in geometry 1 (Fig. 3d). However, Cg, is
a measure of the power scattered by a single nanowire and in
this geometry, the transversal area is also larger since the wire
is aligned perpendicular to the direction of light. When we
normalize and calculate the scattering efficiency Qgca = Cscal4,
where A is the transversal area normal to the direction of light,
the calculated scattering efficiency Qs., is greatest when light
travels along the length of the nanowire in geometry 3 (Fig. 3e).
In other words, the PANI scattering is strongest for geometry 1
when we normalize by number of nanowires, but strongest for
geometry 3 when we normalize by the sample surface area.

This journal is © The Royal Society of Chemistry 2022

To demonstrate the usefulness of the PANI IOF structure for
polarimetric imaging, we choose two non-coaxial imaging
geometries that employ the PANI IOF as the optical encoder
for spectral and polarization filtering. White light from a
stabilized tungsten-halogen lamp (Thorlabs SLS301) is colli-
mated and imprinted with a polarized pattern using a liquid-
crystal spatial light modulator SLM (HOLOEYE LC 2012). A
polarizer is used in front of the SLM. The beam is 7 mm in
diameter and is imaged on the PANI IOF sample. No further
polarization or spectral filter is used. The basic setup is shown
in Fig. 4a.

In the first demonstration, we capture light with a digital
single-lens reflex (DSLR) camera with a narrow aperture setting
and long shutter time: we image the plane of the PANI IOF.
As shown in the upper-left inset of Fig. 4b for the letter “U” (a
200 x 200-pixel image), the background (white) and the letter
shape (black) are s- and p-polarized, respectively. Since the
image is not amplitude-modulated, the pattern is not observed
when imaging the light transmitted through the PANI IOF,
either when viewed directly or imaged on a screen. However,
when looking at the sample from the angle where the scattered
light is captured, the letters and numbers are detected clearly
and with high contrast. The clarity of the shapes confirms the
sensitive response of the PANI-IOFs to polarized light.

In this first experiment, the DSLR camera isolates the
polarization-encoded patterns that illuminate the polyaniline
film. Additionally, the camera imaging system requires a
narrow-aperture multi-lens system with a long shutter time.

Nanoscale Horiz., 2022, 7, 319-327 | 323
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Fig. 4 (a) Experimental setup for the direct polarimetric imaging of
diffracted light where the incident angle (6; = 30°) and detection angle
(0p = 15°) are fixed. A spatial light modulator imprints the polarized pattern
onto the collimated white light, which is imaged onto the plane of the IOF
film. (b) Left, top: illustration of the polarization for a “"U" pattern where the
shape and background are vertically and horizontally polarized, respec-
tively. Remaining tiles: color digital images captured by a DSLR camera. No
other spectral filters or polarization filters are used.

This camera provides additional spatial filtering and fine
adjustment of depth of field and focus plane, which is neces-
sary in order to remove the diffractive artifacts from the SLM
pixel grid. To move towards inexpensive and lightweight alter-
natives for polarimetric imaging, we employ the PANI IOF as a
diffractive encoder in a second experiment.

In this second experiment, we use the PANI IOF as a
polarimetric encoder for lensless imaging with a shallow neural
network. Here, the combination of polarization-dependent
light absorption and scattering in the PANI IOF provides spatial
correlations of the illuminated patterns.®® The setup is similar
to that shown in Fig. 4a with a few changes. First, instead of
imprinting the beam with typeset letters and numbers, we
imprint 5000 images of the MNIST handwritten dataset
(Fig. 5a) and train a neural network to learn from 80% of these
5000 images. Second, instead of imaging with a DSLR camera
in the plane of the PANI IOF, we use a simple convex lens and
bare CCD sensor (Thorlabs DCU224M) to image a plane that is
4 millimeters from the PANI IOF. At this location, the camera
captures speckle patterns, which do not resemble the objects.
These speckles vary slightly depending on the polarized pat-
tern. From the 1024 x 1280 pixel images containing speckle
patterns, a block of 600 x 600 pixels is acquired by the camera
and downsized to 28 x 28 pixels (Fig. 5b). This array of 8-bit
integer numbers is normalized to a range of 0 to 1, reshaped
into a 1-D vector, and provided as an input to the neural
network.

This neural network is a simple, dense, 2-layer mode
Both layers of the model use a rectified linear-unit (‘relu’)
activation function, a mean-squared-error (‘mse’) loss function,
and adaptive moment estimation (‘adam’) strategy for updating

1.27
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the weights. The reconstructed images (Fig. 5¢c) agree well with
the ground truth images (Fig. 5a) and the numbers are distin-
guishable. Fig. 5d illustrates our rationale and shows how the
azimuthally-polarized Debye ring could be used to calculate the
first Stokes value with a 2-layer shallow neural network. With a
similar, 2-layer neural network—but with logistic regression for
the final neural network layer—we achieve a classification
accuracy of 87%. Although the accuracy of this approach may
not be impressive compared to other lensless imaging
approaches, this is the first demonstration, to our knowledge,
of non-coaxial polarimetric imaging. This proof-of-concept
experiment with PANI IOF demonstrates viability for polari-
metric lensless imaging in low-power, real-time applications.

Discussion and conclusion

The PANI IOF’s nanowire alignment within a periodic pattern
leads to scattered light being directed into azimuthally polarized
rings with different radii depending on the color (Fig. S2, ESIT and
eqn (1)). In our experimental demonstrations using a non-coaxial
white-light source and CCD camera sensor (to capture a portion of
this ring), we demonstrate conventional and lensless polarimetric
imaging. In both cases, the multi-scaled structure is critical for the
polarimetric image reconstruction.

That is, when we replace a flat, unstructured PANI film for
the PANI IOF, it is not possible to repeat the polarimetric image
reconstruction from either experiment. In the first experiment
(Fig. 4), there is no diffracted mode or Debye ring: the camera
does not have the sensitivity to image the polarization-
dependent scattering. In the second experiment (Fig. 5), the
measured speckle patterns are faint, small, and barely visible;
following the previously used process but using a longer
camera integration time, we are unsuccessful at reconstructing
images using the PANI flat film. With a variety of dense model
architectures, we find that lensless imaging is not available
with flat PANI films as it is with the PANI IOFs.

While polarization-dependent scattering and absorption is
present in the speckle patterns of an unstructured PANI flat
film, the scattered light is too diffuse to be imaged with a
conventional 8-bit camera. Our results therefore identify impor-
tant considerations when pairing optical encoders and detec-
tor/sensors for hybrid computer vision approaches. We
anticipate that polarimetric imaging is possible with PANI flat
films if a more sensitive detector or camera sensor is used. Non-
line-of-sight imaging through scattering environments is
achieved with single-photon avalanche detectors, for
example.®*"®® We note that the degree of order in a PANI IOF
influences the diffraction and measured speckle intensity.
Given connections to insect sensing,®” we consider that the
degree of order in optical encoders is an important considera-
tion for lensless imaging applications.

The structural color and spectral filtering may further be
tuned by the PANI environment in future efforts. While the
diffraction cone angle closely follows a Bragg relation [eqn (1)],
the optical properties of PANI may be chemically tuned.

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Test results from lensless polarimetric image reconstruction from scattered light using a two-layer neural network. (a) Ground truth images of the
unseen test set composed of MNIST handwritten digit images. These images are imprinted with polarization with the SLM. (b) Cropped and resized
speckle pattern imaged 4 mm from the PANI IOF. (c) Test images reconstructed by a two-layer neural network. (d) Schematic showing the prediction of
the first Stokes vector and rationale for using a 1-hidden-layer shallow neural network.

Acid-doped PANI is highly absorbing at 435 nm and 875 nm
due to polaron transitions. After deprotonation, the 875 nm
band blueshifts. This chemical tunability does not affect the
structure of the PANI IOF, which is fixed; however, the angle of
the transmitted light changes when the PANI spectra changes.
This chemical tunability of PANI's properties in a multi-scale
structure would spatially filter a broad band of colors and may
enable hyperspectral computational imaging with a conven-
tional broadband sensor.

In conclusion, we report on the polarization-dependent
diffraction of multi-scale structured monolayer PANI IOFs.
The highly ordered 2D pore arrays and the PANI nanofibers
around the pores contribute to spatially separate colors and
different linear polarizations of light. The insect-inspired PANI
IOF hexagonal structure is arguably more versatile than any
linear grating due to this radially symmetric geometry. The
lattice structure redirects scattered light and does not simply
filter via absorption. To get a sense of the possible applications,
consider an insect with a similarly structured PANI-IOF-coated
lens as part of its visual apparatus; for this insect lens, both s-
and p-polarizations are preserved and spatially separated
regardless of the relative rotation of the insect with respect to
the object. In other words, the main advantage of our structure,
which utilizes scattering-based diffraction, is that it transmits
and shapes more information than a linear polarizer that
operates purely with absorption.

This journal is © The Royal Society of Chemistry 2022

When PANI IOFs serve as the polarization-filtering layer, we
are able to image polarized patterns conventionally and recon-
struct the image from the speckle with shallow neural net-
works. The degree of order of the PANI IOF influences the
intensity of the diffracted ring as well as these speckle patterns.
Further research will explore how PANI IOFs may provide the
full Stokes characterization for detecting polarization ellipti-
city. We believe the robust preparation of the IOF and the
tunability of the PANI itself will make it a promising material in
various areas such as compact polarimetric imaging, multi-
modal sensing, and computing applications.
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