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Polylactic acid 3D interconnected nanonetworks
as high reflectance distributed Bragg reflectors

Pedro M. Resende® and Marisol Martin-Gonzalez (= *

Natural systems found ways to exploit light at the nanoscale, devising complex 3D structures that behave
as photonic crystals, able to produce structural coloration. Distributed Bragg reflectors are a particular
example of 1D photonic crystals, used in different applications, including structural coloration. Currently
distributed Bragg reflectors rely on multi-material deposition or material doping to achieve high refractive
index contrast, unlike the biological counterparts that often rely on single-materials through structural
variations. In this work, we report single-material polymeric distributed Bragg reflectors fabricated from
the infiltration of polylactic acid into 3D anodic aluminium oxide templates. These templates act as
sacrificial scaffolds for the nanostructuration of the polymeric material, generating a 3D polymer network
with periodic modulations. The obtained structures present very high reflectance, above 95%, with a low
number of periods around 20 repeating layers. These structures offer a new approach to the generation
of flexible single-material DBRs with high reflectance, an important issue in all-polymer photonic systems.

Introduction

Many biological systems in nature are imbued with hierarchical
structures that confer environmental advantages and ensure
survivability. Several species of insects, such as butterflies and
beetles, and several plants, present repeating hierarchical
structuration able to produce strong structural coloration.
The exploitation of light by these species has long intrigued
scientists leading to the development of a wide array of photo-
nic structures for coloration, light guiding, and light
manipulation.’™ Distributed Bragg reflectors (DBRs) are an
example of this type of photonic structure, corresponding to
1D photonic crystals. DBRs present a layered structure with
periodic modulation of the refractive index, which is respon-
sible for the observed photonic stop band. The photonic
response of these structures can be tailored by controlling the
materials and layer periodicity, presenting strong responses
across a vast range of the electromagnetic spectrum, including
the visible range. These properties led to the application of
DBRs in, e.g., sensing, photovoltaics, solar concentrators, and
highly reflective mirrors.*”® Typically, DBRs have been pro-
duced through physical deposition of high refractive index
inorganic materials, such as TiO,, SiO,, SnO,, ZnO, etc.">""
These methods generally require costly infrastructure and have
low compatibility with large-area fabrication or the use of
flexible substrates. Employing nanoparticle dispersions of high
permittivity oxides directly addressed the higher cost besides

Instituto de Micro y Nanotecnologia, IMN-CNM, CSIC (CEI UAM + CSIC), Isaac
Newton, 8, E-28760, Tres Cantos, Madrid, Spain. E-mail: marisol. martin@csic.es

© 2022 The Author(s). Published by the Royal Society of Chemistry

being compatible with several solution coating techniques.
Nevertheless, flexibility, stretchability, or bendability are also
desired properties for the new generation of flexible organic
devices. Different approaches have been used to improve
mechanical properties, which include: (i) embedding nanoparticle
dispersions into polymer matrixes or an intermediate polymer/
inorganic composite, allowing the modulation of the dielectric
properties of the individual layers;>'*™® (ii) deposition of thin
oxides into flexible substrates;>” ™ (iii) and the use of polymeric
dielectric media, through the use of amorphous homopolymers,
block copolymers, or liquid crystals.'>*'92

These approaches have allowed the coupling of inorganic
DBRs into flexible systems, the generation of hybrid composites
that neatly integrate into organic devices or the complete
replacement of inorganic constituents with flexible polymeric
materials. However, hybrid systems and composites raise other
concerns, particularly long-term operation under stress, or
conformational coating. On the one hand, when inorganic
films are coupled with flexible substrates, continued stress
may lead to DBR deterioration, decreasing the device’s overall
performance. On the other hand, hybrid composites may suffer
from deterioration due to fracture formation or polymer matrix
degradation. For hybrid materials, the post-use processing
should also be considered, as the combination of different
materials makes it difficult to perform separation, disposal, or
recyclability. Despite this, these systems were already inte-
grated into flexible systems, such as photovoltaics, OLEDs, or
solar concentrators;>” >'*> and in sensing applications relying
on the selective swelling of polymeric layers.*'® Finally, all-
polymer systems managed to tackle many of the issues found in
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inorganic films or hybrid materials, but still present low
refractive index contrast, requiring a high number of layers in
the DBR to attain strong photonic responses. All-polymer DBRs
opened new possibilities for the functionalization of these
structures for sensing. Examples include the use of hydrogels,
block copolymers, and liquid crystals with selective response to
different chemical and physical stimuli, such as vapors, acids,
or electric fields, resulting in stopband shifts from selective
layer swelling.>®'72627

Some works have proposed single-polymer or single-
material DBRs reducing material usage and bypassing the need
for later material separation.®'>?*® Unfortunately, these works
still rely on the same doping agents, such as oxide nano-
particles, to obtain higher refractive index contrasts. True
single-material polymeric DBRs would result in flexible and
bendable structures with a simple after-use disposal procedure
that could be coupled with many of the current organic device
systems. Polymer nanostructuration into porous networks con-
stitutes an approach to single-material DBRs by generating
porosity modulations that result in refractive index variations.
This can be done through hard-template nanostructuration,
such as 3D anodic aluminium oxide (AAO) templates. AAO
templates have been extensively used in polymer nanostruc-
turation and research, due to their ease of fabrication and
application, and their compatibility with many different poly-
mer infiltrations and synthesis procedures.”>*° Remarkably,
these templates were also investigated as stand-alone DBRs,
either through the deposition of metals or in-depth modulation
of refractive index.*™*® Their continued research led to the
development of 3D AAO templates, as photonic structures and
scaffolds for material nanostructuration. In particular, these
structures opened new research opportunities for the genera-
tion of 3D polymeric architectures.*® Only a few works have
explored the use of 3D AAO for polymer nanostructuration,
which motivates the application of these structures and the
combination of novel polymeric materials.>**3” Our group
has previously reported on the fabrication of these structures
from polyethylene, a commodity thermoplastic, resorting to
polymer melt infiltration.> The final structures presented 3D
architectures that resulted in structural coloration. The same
approach was later used to obtain insight into polymer organi-
zation inside these new 3D confinement geometries.>®> Despite
the bright colorations that were obtained in these works, the
high degree of crystallinity of polyethylene lead to strong light
scattering, deterring these structures from being applied as
high-performance photonic components, but rather finding the
best use in coloration applications. In this sense, there is still a
need for the employment of different polymeric materials with
different properties, such as low crystallinity or amorphous, intrin-
sic physical properties, or the use of more environmentally-friendly
polymers. Demonstrating the feasibility of these 3D AAO templates
for polymer nanostructuration can help propel their application in
the fabrication of high-performance photonic systems entirely
composed of polymeric materials.

Polylactic acid (PLA) presents itself as a good proof-of-
concept candidate due to its biodegradable and biocompatible
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properties. PLA is a thermoplastic polymer produced from the
ring-opening polymerization of lactide.*®*° This material offers
other advantages compared to other commonly used homopoly-
mers: production from renewable sources; consumption of car-
bon dioxide during fabrication; processability and recyclability.*®
PLA was already the subject of several fundamental polymer
studies,*®™*” the development of composites, and the application
in different areas including, e.g, drug delivery or cell culture,***°
sensing and energy harvesting,”*> and flexible electronics and
microfluidics.>*® Within photonic applications the majority of
published works focused on the fabrication of waveguides and
gratings.>®®® The resulting photonic structures in these works
demonstrated good reflectivity around near to far IR, but with no
examples within the visible spectrum.®** The fabrication of PLA
DBRs would result in true single-material photonic structures that
could directly be applied in several flexible and organic devices,
such as solar cells, photovoltaics, solar concentrators, OLEDs, or
their use as highly reflective coatings and generation of structural
coloration.® The additional biocompatibility and biodegradability
of PLA also bring the possibility to combine these structures with
biological functions, such as in situ monitoring, cell culture, tissue
engineering, and light delivery and sensing.>*°%%*

In this work, we report the fabrication of single-polymer and
single-material DBRs based on 3D PLA nanonetworks, by the
implementation of polymer nanostructuration with 3D AAO
templates. The development of these nanonetworks resorts to
an accessible and easy template fabrication technique, based
on a current density pulsed anodization approach, followed by
the melt infiltration of PLA. The resulting PLA DBRs
(3D polymeric nanonetworks — NNs) present strong structural
coloration and high-reflectance along the visible spectrum,
demonstrating the possibility to fabricate PLA-based photonic
structures from the simple anti-replication of sacrificial 3D
inorganic templates, without resorting to the use of doping
agents or coupling with high refractive index inorganic materials
in the final structure.

Experimental section
Reagents and materials

High purity aluminium sheets (Al, 99.999% wt) for anodization
were purchased from Advent Research Materials (UK). Polylactic
acid (PLA, granules with 0.3 mm average diameter) for the melt
infiltration was purchased from Goodfellow Ltd. (UK). Acetone
and isopropanol were purchased from Carlo Erba Reagents
(Spain). Ethanol absolute was purchased from PanReac Appli-
Chem. Sulfuric acid (H,SO,, 96%) was purchased from J. T. Baker.
Perchloric Acid (HClO,, 70%) was purchased from Alfa Aesar.
Copper Chloride (CuCl,, 97%) was purchased from Aldrich.
Orthophosphoric Acid (H;PO,, 85%) was purchased from Prolabo.

3D AAO templates

The used 3D AAO templates were produced following a galvanic
anodization process in a 1.1 M H,SO, (25% v/v ethanol)
solution. In this method, a periodic square-wave current

© 2022 The Author(s). Published by the Royal Society of Chemistry
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density profile is applied during anodization, alternating
between a high and low value of current density. This method
produces intercalated layers of nanopores with different
diameters and porosities. The gradual etching of the smaller
diameter nanopores (grown under low current density) leads
to the connection of adjacent pores, and ultimately to the
formation of a transversal interconnection, perpendicular to
the vertical nanopores. This process results in 3D AAO tem-
plates with strong structural coloration. A detailed description
of this method and the used parameters can be found in the
literature.”** The aluminium substrates were cleaned in ultra-
sonic baths of acetone, deionized water, isopropanol, and
ethanol, each for the duration of 5 minutes, before performing
an electropolishing process. Electropolishing was performed in
an HCIO, and Ethanol solution (1:3 ratio in v/v, HCIO, : Etha-
nol), under 10 °C and vigorous stirring, by applying a constant
potential of 20 V for 5 minutes. The substrates were then
immersed in ethanol and deionized water and finally dried
with an air-gun. The galvanic anodizations and the chemical
etching were performed for 3 days: in the first 1.5 days, the
substrates were actively anodized after which they were kept in
contact with the electrolyte for the remaining 1.5 days at zero
current density. This approach ensures the formation of the
transversal connections typical in these 3D AAO templates
while maintaining good template uniformity. The anodization
electrolyte was kept at —1 °C. After the anodization process,
the samples were removed from the electrolyte, cleaned with
deionized water, and dried with an air-gun. In this work, three
different profile periodicities were used that resulted in 3D AAO
templates with different photonic responses within the visible part
of the spectrum. The produced templates presented reflectance
maxima at 465, 535, and 597 nm, visually corresponding to blue,
green, and orange respectively.

PLA infiltration

PLA was infiltrated inside the 3D AAO templates through melt
infiltration. Polymer melt infiltration has been extensively used
in the literature for the fabrication of polymeric nanowires and
nanotubes.>”®® The polymer is heated above its fusion tem-
perature and allowed to spontaneously flow inside the cavities/
pores of the template. PLA granules were first melted into a film
with an average thickness of 0.5 mm by placing the granules on
a glass slide and heating the polymer for a few seconds at
170 °C in a hot plate while applying constant pressure. The
polymer film was then quenched by placing the glass slides on
top of a metallic heat dissipater, kept under 0 °C. The resulting
films were then cleaned in an ultrasonic bath of ethanol for a
duration of 6 minutes. The melt infiltration process was then
performed by placing the PLA films on top of the AAO
templates and storing them inside a low-vacuum desiccator
chamber equipped with a heating plate. The infiltration was
performed at 170 °C and low pressure (ca. 100 mbar) for the
duration of 4 hours. During infiltration, constant contact
pressure was applied with a metallic cylinder to flatten and
spread the molten polymer across the entire AAO surface.
The samples were then removed from the desiccator and left
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to cool down to room temperature. The amount of PLA used for
each infiltration was in excess (the thickness of the PLA films
was much greater than that of the 3D AAO templates), ensuring
there was enough bulk material to fill the templates. The
remaining bulk material after the infiltration was not removed,
serving as support for the PLA nanonetworks.

PLA nanonetworks

To obtain the polymeric nanonetworks two additional etching
steps were performed after the infiltration process, to remove the
Al substrate and the AAO template. The aluminium substrate
was first removed in an aqueous solution of CuCl, and HCI
(10.8 g and 150 mlL, respectively, total solution volume of
450 mL), followed by 3D AAO template dissolution using an
aqueous solution of H;PO, (10% wt) at room temperature, for a
minimum of 12 h. During template dissolution, structural
coloration could be gradually observed. After the complete
removal of the template, the samples were removed, cleaned
with deionized water, and dried with an air-gun, after which they
presented strong coloration.

Characterization techniques

Scanning Electron Microscopy (SEM) imaging was performed
with an FEI Verios 460 HR-SEM. The observation was done
under low current and voltage settings (13 pA and 1.3 kV,
respectively), fast acquisition, and scanning interlace, avoiding
structural damage due to polymer melting. For cross-section
imaging, the different samples were immersed in liquid nitrogen
and then fractured by quickly cutting the samples with a sharp
and clean blade. Spectrophotometry was performed with a UV-vis
spectrometer from PerkinElmer (Lambda 950 UV-vis), equipped
with an Integrated Sphere module. This module allows the
measurement of the total and diffuse reflectance spectra in direct
light incidence (at 8°). The total spectra are measured from the
total reflected indecent beam that exits the main chamber
aperture. The diffuse component is measured through a small
side-aperture, roughly at 45° relative to the sample normal. For a
perfectly flat and specular surface, the diffuse component is zero.
The specular component was extracted by subtracting the diffuse
spectrum from the total reflectance spectrum. The measurements
were performed relative to a high reflectance spectrophotometry
standard (Spectralon, corresponding to 100% reflectance), with a
beam spot size of 10 mm per 5 mm. The measured spectra were
within the 200 to 1000 nm range, after which the maxima of
reflection of each sample was extracted.

Results and discussion

The preparation of all-PLA DBRs (NNs) started with the fabrication
of several 3D AAO templates with different reflectance responses
in the visible spectrum, in this case, around blue, green, and
orange, with average maxima, /Asp a0, at 465, 535, and 597 nm
respectively. These templates were subsequently used in the melt
infiltration of PLA, by placing previously prepared PLA films on
top of the templates, and keeping the polymer and template at
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170 °C for 4 hours and under low vacuum, as described in the
Methods section. During the melt infiltration process, the molten
PLA flows inside the 3D AAO template filling the nanopores and
cavities. The presence of periodically spaced transversal inter-
connections (perpendicular to the vertical pores typically found in
AAO templates) in these templates allow the polymer to flow into
the sides, forming a porous horizontal PLA layer that connects
adjacent polymeric material. Through this method, a fully 3D
polymer network can be obtained. An excess of PLA was used to
ensure the templates were fully infiltrated, in addition to provid-
ing support for the PLA NN through the remaining bulk film. After
the infiltration process, the samples were left to cool down
naturally to room temperature. To finally obtain the PLA NN,
several etching procedures were applied, starting with the
chemical removal of the remaining Al substrate from the tem-
plates, followed by chemical dissolution of the oxide with a dilute
phosphoric acid solution, effectively releasing the polymeric NNs
from the templates. A strong coloration could be immediately
observed after the complete dissolution of the template. The
chemical processing step did not introduce any visible degradation
to the polymer. This is illustrated in Fig. 1a, starting with the
polymer infiltration and followed by chemical etching and
release of the PLA NN. The generated NNs are shown in
Fig. 1b, below the originally employed 3D AAO templates. The
PLA NNs presented strong structural coloration, visibly corres-
ponding to blue, green, and orange wavelengths, with
measured maxima, Apra nn, at 498, 546, and 600 nm, respectively.

2 Melt Infiltration
PLA film —= ‘ n— \,)
D /
\\\E‘/\/' “."
3D AAO Nl PLA-filled AAO

B (oo =465 M. -

SFAF A~

180° Rotation
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A wavelength shift from the used 3D AAO to the resulting PLA NN
was observed, being more significant for lower wavelengths.
A difference in coloration intensity can also be observed between
the original 3D AAO templates and the obtained PLA NN,
suggesting the resulting PLA DBRs present a stronger coloration.
Physically, aluminum oxide (alumina) has a higher refractive
index than PLA, and it should be expected that the higher
refractive index contrast of alumina/air would produce more
intense reflections. The apparent discrepancy in the observed
intensity can be explained by the presence of background mate-
rial, in this case, the aluminum substrate below the 3D AAO
templates that acts as a highly reflective mirror. The perceived
intensity depends not only on the value of the reflectance maxima
but also on the background reflectance (analogous to signal-to-
noise ratio). The high reflectivity of the aluminum surface across
the entire visible range contributed to the analyzed spectrum,
decreasing the perceived intensity. In the case of the PLA NN, as
there was no reflective background material (in this case a black
non-reflective surface), the transmitted light was absorbed or
scattered in other directions and was not reflected. From
Fig. 1b, a remaining ring of Al can also be seen in these images,
which served as additional support for the PLA film and NNs,
allowing easy sample manipulation. Despite this, the PLA film/
PLA NN could be separated from the supporting Al and be easily
manipulated without damage, as shown in Fig. 1c. In this image,
it can be seen that the intermediate stage composed by the PLA-
filled 3D AAO is transparent, without any colored reflections.

Chemical Etch

—

PLA NN/DBR

Al | \PLA film

PLA-filled AAO

\

1cm

[ S

PLA NN/DBR

Fig. 1 The fabrication method and resulting PLA NN. (a) Fabrication method of the PLA NN, starting with polymer melt infiltration, followed by removal
of the Al substrate and finally chemical etching of the AAO template, releasing the NN/DBR. (b) Images of the used 3D AAO templates, presenting
structural coloration in the blue, green, and orange parts of the visible spectrum, and the corresponding obtained PLA NN, also reflecting in the blue,
green, and orange parts of the visible spectrum. (c) Sample of PLA-filled AAO separate from the supporting substrate, before and after the AAO removal,

presenting coloration only after removing the template.
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The coloration can only be observed after the chemical etching of
the template, releasing the PLA NN, as shown in the bottom image
of Fig. 1c.

The reflectance spectra of the produced PLA NNs were
assessed with spectrophotometry measurements. Fig. 2 shows
the different obtained spectra and the respective relationship
between the used templates and the resulting NNs. In particular,
Fig. 2a, shows the total, specular, and diffuse reflectance spectra
for the orange PLA NN. In this case, the first-order reflection can
be observed at ca. 600 nm, with a second-order peak also visible
at 302 nm, corresponding to half the wavelength of the first-
order peak. The total reflectance at the first-order peak was
observed to reach almost 100%, in accordance with the visibly
high reflectivity of these samples. The measured diffuse compo-
nent presented overall very low values (around 2%), with a peak
below 20% that followed the same trend as the total obtained
spectra. The similar shape of the diffuse spectrum (Fig. 2a),
including the increase around the peak maxima, can be
explained by the surface roughness and thickness variations of
the bulk PLA support, as seen in Fig. 1b. These surface defects
present on the bulk support led to an increase in light scattering,
increasing the diffuse reflections at the interfaces. A decrease of
the diffuse component could be achieved by decreasing surface
roughness through a finer control on the surface melt spread
ensuring a more consistent thickness for the bulk support film,
and so, decreasing light scattering at the interfaces. Despite this,
the diffuse component is observed to be very low across the
entire visible spectrum likely due to the low crystallinity of PLA, a
behavior that is expected considering the used templates present
very small pore sizes (below 20 nm, on average) that hinder
polymer crystallinity, as well as the absence of any thermally
induced crystallization process post-infiltration. The total reflec-
tance spectra for the obtained samples are plotted in Fig. 2b,
where the gradual red-shift of the first-order reflection peak can
be observed from the blue to the orange samples (498, 546, and
600 nm). This shift agrees with the initial 3D AAO templates,
with 3D AAO having longer wavelengths resulting in PLA NNs
with responses also at longer wavelengths, pointing to a good
correspondence between the obtained coloration, with low
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deviation, and the anti-replication of the 3D network structure.
In addition to the first-order peaks, second-order reflections can
also be seen on the left side of the plots, presenting the same
behavior. The observed behavior and the presence of second-

order peaks can be predicted from the Bragg-Snell equation:®”%®

mi = 2d\/nk; — n2, sin® 0

where n.¢ is the layer effective refractive index, n,; is the
refractive index of air (~1), d is the thickness of the layer, 0
is the angle of incidence with respect to the normal of the
surface, m is an integer (reflection order), and 4 is the wave-
length of the incident/reflected light. From the equation, it can
be seen the reflected wavelength 4 has a direct dependence on
the layer period/thickness d. The equation can also predict the
location of high-order reflections. Under the same conditions,
i.e., same refractive index, layer thickness, and angle of inci-
dence, the equation can only be satisfied if the reflected
wavelength equals 4/m. This means that a second-order reflec-
tion, corresponding to m = 2, will be observed at a wavelength of
A/2, at half the first-order peak. From this argument, it can be
concluded that the observed main peaks in Fig. 2b, with high
reflectance, correspond to first-order reflections, while the
peaks observed at the left-most side of the spectra correspond
to second-order reflections, with maxima around A/2. All the
measured samples presented first-order peak reflectance values
above 95%. In Fig. 2c, a plot is shown relating the 3D AAO template
reflection maxima (43paa0), With the maxima obtained for the
resulting PLA NN (Zpra nn)- The graph shows a linear relationship
between these variables, with a good linear fit (equation shown in
the graph), allowing the determination of the PLA NN coloration
based on the maxima of the 3D AAO templates.

Lastly, the morphology of the generated PLA NNs was
assessed through SEM imaging. Several SEM micrographs can
be seen in Fig. 3, showing the cross-section and top-view of the
obtained PLA NN orange sample. In Fig. 3b a cross-section is
shown for the intermediate stage corresponding to the PLA-
filled 3D AAO, with an average thickness of 5.1 pm. From the
micrograph, an estimation of the number of repeating layers

100 F1 T T 1 T T T ] '3_\ T T T . T € 650 T T T T
| 1\600 nm £ 27 Order 1+ Order ® Ao VS Aap o
= mn P | c / 600 nm Linear Fit
2 80 : / : Total = A / s OUO ]
——Di 2| 1 / 1S

8 60} 1302nm | 1 ormuse 1 | 7 £
= | | B l o /| 546 nm 2550 | .
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o 1 o / ~ 500l ]
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0t |‘ L 1 | I 1 “I L] = | 1 L 1 | 1 450 XPLA NN|: 0755? X }L:&DA‘AO ’ 14?513
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Fig. 2 Measured reflectance spectra and wavelength relationship. (a) Total, diffuse, and specular reflectance spectra for the orange PLA NN, presenting
the first-order peak around 600 nm, and a second-order peak at 302 nm. (b) Total reflectance spectra for the obtained samples, showing a gradual red-
shift of the PLA NN response. (c) Linear relationship between the first-order reflectance peaks of the used 3D AAO templates and the fabricated PLA NN.
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Fig. 3 SEM characterization and structure scheme. (a) Microstructure of a 3D AAO template and respective scheme: the structure is composed of two
distinct layers of vertical nanopores (corresponding to the blue areas, grown under high current density — High J) and transversal interconnections
(yellow areas, grown under low current density — Low J), effectively forming a bilayer stack. (b) Cross-section SEM micrograph of a PLA-filled 3D AAO
(orange PLA NN), with an average thickness of 5.1 um. (c) Cross-section of the sample in (b), after a 7 hour etching process, showing the partial dissolution
of the template and release of the PLA NN. (d) Cross-section of the PLA NN after complete template removal, with average thickness around 5.2 um.
(e) Top-view micrograph of the same sample, presenting pillar-like formations with sizes ranging from 94 up to 116 nm. (f) High magnification cross-
section of the sample shown in (d), presenting a network-like morphology. (g) Scheme illustrating the 3D structure of the PLA NNs observed in (f),
composed by a bilayer stack (230 nm): a layer of vertical nanowires (130 nm) connected to horizontal porous layers of polymer (100 nm).

(or periods) can be made, yielding around 22 periods. Fig. 3c
shows the cross-section of the same sample after being
immersed in a phosphoric acid-based etchant for 7 hour, slowly
releasing the PLA NN from the oxide. The completely released
PLA NN can be seen in Fig. 3d, in which part of the cross-
section can also be seen to be covered by the bulk polymer. This
is due to the plastic deformation of the polymer during sample
preparation for SEM imaging. Nevertheless, from these images
an estimation of the total thickness can still be obtained,
resulting in an average thickness of 5.2 pm. This value is
approximately the same observed in the micrograph in Fig. 3b
suggesting that the etching procedure and the gradual release of
the NN did not induce polymer expansion or vertical swelling,
which would increase the final total thickness of the nano-
structures. A higher magnification image of the PLA NN structure
is shown in Fig. 3f, showing in detail the observed layered-
structure. A scheme is shown in Fig. 3g, illustrating the observed
morphology of these NN (in Fig. 3f) composed by a bilayer stack
(230 nm): a layer of vertical nanowires (130 nm) connected to a
horizontal porous layer of polymer (100 nm). This structure
corresponds to the anti-replication of the vertical nanopores and
horizontal interconnections respectively, as seen in Fig. 3a. The
measurements shown in Fig. 3g of the stack period (and individual
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layer thickness) correspond to the values obtained for the PLA NN
orange sample (shown in Fig. 3b—f). The average thickness of the
vertical nanowires was measured to be around 32 nm, which is
slightly above the expected nanopore sizes for the fabricated 3D
AAO templates, typically ranging from 10 up to 20 nm.>*>*® This
suggests that polymer relaxation takes place at the nanowire level,
slightly increasing their diameter without changing the total thick-
ness of the NNs. A top-view micrograph of the PLA NNs can also be
seen in Fig. 3e presenting vertical pillar-like formations, with sizes
ranging from 94 up to 116 nm. Given that the average nanowire
diameter is around 32 nm, it can be concluded that the pillar-like
formations observed in these top-view micrographs correspond to
bundles of nanowires, that likely collapsed due to surface tension.

The performed SEM characterization successfully shows
that the observed coloration of these structures is a conse-
quence of the periodic nanostructuration, as observed in Fig. 3.
Furthermore, the obtained reflectance spectra can reach values
above 95% despite the low number of periods, which for the
observed case was only 22 periods. This is an important result
considering the typical low refractive index contrast that
polymeric systems present. DBR stacked-layer morphologies
composed of polymeric materials tend to require several tens
of stacks to obtain strong structural coloration and in many

© 2022 The Author(s). Published by the Royal Society of Chemistry
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cases the use of composite layers through the addition of high
refractive index inorganic materials. Lastly, the approximate
NN porosity was also estimated, as this constitutes an impor-
tant parameter for applications such as sensing, filtration,
biological applications like cell cultures and tissue engineering,
and the fabrication of composite materials. The porosity was
calculated based on the sample mass variation before and after
the chemical etching of the AAO template. As the fabricated 3D
AAO templates do not present well-ordered nanopore arrays
and are composed of a random spatial distribution of pores, it
becomes difficult to determine a value of porosity from simple
geometrical arguments.*>® This difficulty justified the approxi-
mation of the porosity through an indirect method, i.e., the use
of the mass variation before and after AAO chemical etching.
For the case of the PLA NNs, the porosity introduced from
nanostructuration corresponds to the volume fraction of AAO.
This volume is later replaced by air after the AAO chemical
dissolution. The measurement of mass variation allowed the
determination of the AAO mass that was present for the
considered sample. The volume occupied by the 3D AAO could
then be estimated through the density value of amorphous
Al, O3, which for sulfuric-acid based AAOs was reported to be in
the order of 2.8 g cm™>.”° The sample AAO mass (mass variation)
for the sample shown in Fig. 1c was determined to be 0.61 mg,
which corresponded to an AAO volume of ca. 2.179 x 10~ * ecm?®,
The total volume occupied by the PLA NN and the AAO was also
calculated, based on the surface area of the sample (1.064 cm?)
and the thickness (from Fig. 3a, 5.1 pm), resulting in a value of
5.43 x 10" em®. The AAO volume fraction can then be deter-
mined as the ratio of the AAO volume by the total volume,
(2.179 x 107 %/5.43 x 10~*) x 100 = 40.15%. As mentioned, after
the chemical removal of the AAO, the volume that was previously
occupied by the amorphous Al,O; is replaced by air, and
assuming negligible polymer expansion, it can be concluded
that the porosity of the fabricated PLA NNs is around 40%.

Conclusions

In this work, we have demonstrated the fabrication of single-
polymer/single-material PLA-based distributed Bragg reflectors,
through the anti-replication of sacrificial 3D inorganic templates
(3D AAO). A linear relationship was observed between the
coloration of the used templates and the resulting PLA DBRs,
allowing the determination and tailoring of the DBR photonic
response. Very high total reflectance values were obtained for the
fabricated samples, with values above 95% despite the low
number of layers (around 20 periods/stacks), which represents
an important result, as polymeric materials typically present very
low refractive indexes and low contrast in photonic applications.
This method successfully circumvents this issue, without
resorting to high refractive index additives or the fabrication of
a hybrid or composite material. The obtained PLA DBRs also
presented very low diffuse reflectance across the visible range,
likely due to the low crystallinity of PLA under such small nano-
confinement geometries. This represents an important step for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the application of these structures as high-performance photonic
components, presenting low light scattering. The observed
morphologies through SEM imaging confirmed that the
observed coloration arises from the nanostucturation of the
polymeric material. Lastly, an estimation of the NN porosity
was performed through the sample mass variation from AAO
dissolution, yielding a value of around 40%. These results open
the possibility to employ these structures in biological systems,
like membranes, drug delivery, monitoring and sensing, with the
additional benefit of presenting biodegradable properties.
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