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The modification of photonic nanoarchitectures occurring in butterfly wing scales with different nanostructures
was investigated experimentally and by modeling. Single crystalline, polycrystalline, simple thin film, and
pepper-pot-type photonic nanoarchitectures in the wing scales of different butterflies were investigated. By
atomic layer deposition (ALD) (additive) the color of all nanoarchitectures was red shifted and by plasma etching
(subtractive) the color of all nanoarchitectures was blue shifted in a controllable way. Langmuir-Blodgett mul-

tilayers of silica nanospheres were used as physical models. ALD produced color shifts similar to those for
butterfly wings. In the case of a simple thin film, a theoretical calculation reproduced the spectral alterations
well. For the more complex photonic nanoarchitectures, the general trends of the modifications were well
reproduced by more sophisticated models, but differences in the magnitude of the alterations were found,
attributed to the complex, random porous structures of the pepper-pot-type structures.

1. Introduction

Biological materials are made from a limited number of chemical
elements (mainly C, H, O, S, P, N, and a few trace elements), with a wide
variety of structural complexity [1-3]. Consequently, the structural
properties of biological materials are exciting for materials scientists for
replication [4], modeling [5], and devising potential applications [6].
Sub-micron structures are generated by diverse routes in nature; engi-
neering methods using artificial materials can be used to construct
similar structures [7,8]. It is useful to get a deeper insight into how the
physical properties of these often sophisticated nanostructures of bio-
logical origin can be affected, by modifying their structural and material
properties. An interesting example is of photonic nanoarchitectures,
whose color can be tuned by external influences [9-13].

The use of ready-made complex 3D structures based on biological
samples with the addition of a functional surface layer has been
demonstrated for various purposes, such as for optical pH detection
[14], gas and vapor detection [15,16], desorption-based vapor detection
[171, high sensitivity SERS detection as a biotemplate [18,19], enhanced
photocatalytic activity by tuning ZnO layer thickness [20], and for
investigating the movement of muscle cells using the optical response
signal of carbon nanotubes [11]. Oxygen plasma treatment can convert a
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superhydrophobic surface [21,22] to a hydrophilic one [11]. Atomic
layer deposition (ALD) can also change the surface properties [23]. ALD
is an important method in materials science, as highly conformal layers
can be grown at the molecular level, even with very large aspect ratios,
leading to a variety of applications [24,25].

In the case of insects, functional nanostructures in the cuticle
generate structural colors. These photonic nanoarchitectures exhibit
highly diverse structures: from lamellar multilayer structures [26,27],
through inverse opal-like [28], gyroid [29], and photonic amorphous
[30] structures, many examples can be found. The nymphalid butterfly
genus Morpho stands out as its optical properties have been particularly
well explored, including the structure of its wing-scale nano-
architectures [31,32]. Examples of replication and alteration of the
nanostructures have been published, where the wing scales were used as
biotemplates for sample preparation with variable reflectance [33].
Optical calculations have also been performed to determine structural
colors [34-36], and, in the case of the species Papilio blumei, a TiO2 ALD
coating was used to tune the wing reflectance [37,38]. The wings of
another Morpho species, Morpho sulkowskyi, were modified using oxy-
gen plasma treatment, which etched the nanoarchitecture, resulting in a
shift of structural color [39].

Bioinspired nanoarchitectures, self-assembled with the Langmuir-
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Blodgett (L-B) technique [40,41] from monodisperse silica nanospheres
with an appropriate diameter, can produce a series of photonic struc-
tures with diverse colors in the visible and infra-red ranges [41]. They
can be used as less complex comparison samples to better understand the
changes induced by a given treatment in the properties of photonic
nanoarchitectures of biological origin.

In this work, controlled modifications were performed on photonic
nanoarchitectures of structurally colored butterfly wings: of biological
origin, built mainly from chitinous materials; and of bioinspired samples
fabricated using the L-B method. Two distinct methods were used,
thinning by oxygen plasma treatment and thickening by ALD, to obtain a
series of optically modified sample sets. Scanning and transmission
electron micrographs were taken of the sample series thus obtained. The
samples were subjected to optical spectrometry, and the results were
compared to optical simulations. The two surface modification methods
were found to be well suited for precisely changing the structural colors
of photonic nanoarchitectures.

2. Materials and methods

Wing samples originated from three species representing the family
of Gossamer-winged butterflies (Lycaenidae, Papilionoidea, Lepidop-
tera): Blue Harlequin (Mimeresia neavei), Common Blue (Polyommatus
icarus), and Remus Greenstreak (Cyanophrys remus). The species P. icarus
is a Transpalearctic species inhabiting open landscape areas. The species
C. remus is Neotropical; the species M. neavei is Afrotropical; both live in
forested regions. The specimens examined were provided by the Lepi-
doptera collection of the Hungarian Natural History Museum.

For the preparation of the mono- and multilayer Langmuir-Blodgett
films, an approach was employed that we reported previously [42].
Briefly, Stober silica nanoparticles with ca. 500 nm diameter were syn-
thesized, suspended in ethanol, and mixed with chloroform in a 2:1
volume ratio. This was spread onto the water surface in a Langmuir
trough. After evaporation of the solvent, the particles were compressed
to form a close-packed monolayer as inferred from their surface pres-
sure-area isotherms. Langmuir-Blodgett monolayers were prepared by
vertical deposition of the interfacial films on 2-in. Si wafers. The
monolayer formation and deposition process was repeated, resulting in
multilayers consisting of 1, 2, 3, and 5 monolayers.

Pieces of butterfly wings and L-B samples were coated with 5, 10, 20,
30, and 40 nm thick Al,O3 layers in a Picosun Sunale R-100 ALD reactor.
A trimethyl-aluminum (TMA) precursor and water vapor as oxidant
were used for the deposition of Al;03. The TMA was electronic grade
purity and purchased from Strem Chemicals. The deionized water was
17 MQ purity. Both reagents were kept at room temperature. The carrier
gas and purging medium was 99.999% purity nitrogen. Flow rates of the
precursor gases and water were 150 sccm. During deposition, the pres-
sure in the chamber was kept at 15 mbar. In order to coat these very high
aspect ratio structures, longer pulsing times were needed so as to leave
the precursors enough time to diffuse into the pores. Whereas 0.1 s long
pulses and 3s purging times are enough to saturate flat surfaces, the
deposition cycles in this case were chosen as follows: the pulse lengths of
the precursors were 0.5 s, and the purging times were 15 s after the TMA
pulses, and 20 s after the water pulses. As the wing samples were ther-
mally sensitive, the growth temperature was maintained at 100 °C.

For wing surface treatment, the Diener Zepto low pressure plasma
system was used. Pieces of butterfly wings were cut of approximately
1 cm?, which were subjected to 1-5min of oxygen plasma etching at
0.4 mbar. At the start of the experiments, the vacuum chamber was
flushed a few times with oxygen.

Spectral characterization was done using Avantes modular fiber
optic instruments in the UV-VIS-NIR range. An Avalight DH-S-BAL light
source was used with an AvaSpec-HERO spectrophotometer and a
30 mm diameter integrating sphere was in contact with the samples for
the reflectance measurements. The angle-dependent measurements
were carried out using a home-made goniometric setup [43].
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Optical micrographs of wing scales in reflected light were taken
using a Zeiss Axio Imager Al microscope with the attached digital
AxioCam ICc 5 camera.

Samples of a few mm*“ were cut for scanning electron microscope
(SEM) inspection. To avoid undesired surface modification, metallic
coating to make the samples conductive was not applied. A Zeiss LEO
1540 XB SEM with careful parameter adjustment made it possible to
obtain images without charging artifacts.

For transmission electron microscopy (TEM), butterfly wing pieces
were wetted with acetone and embedded into EMbed812 (EMS) resin.
Sections of 70 nm were produced by a Leica Ultracut S ultramicrotome.
After staining with uranyl acetate and lead citrate, the sections were
observed using a Philips CM10 TEM equipped with a digital camera,
MegaView G2 and iTEM imaging analysis software by Olympus.

2

3. Results and discussion

The structural color of the butterfly wings in these investigations was
determined by the characteristic sizes of the photonic nanostructures
and the refractive indices of the materials building up the wing scales
(chitin and air). First, color modification of different ordered 3D struc-
tures was examined, using the special case of the male butterfly C. remus,
which has scales with different types of nanoarchitectures [43] on the
two sides of its wings. Each side of the wings has two layers of scales.
Cover scales form the upper layer, generating color from pigments and
photonic nanoarchitectures. Ground scales form the layer closer to the
wing membrane, containing melanin, a pigment with a broad absorption
band in the UV-VIS. In its original state, the cover scales of the blue
dorsal side contain a long-range ordered nanostructure, while on the
ventral side there are micron-sized crystallites in different orientations
resulting in differently colored domains [43] with peculiar light reflec-
tance patterns originating from a well-ordered gyroid structure [44].

The wing was cut into multiple narrow pieces to obtain enough
samples for the experiments, using their dorsal and ventral sides for
plasma treatment and ALD. The lack of larger samples meant that reli-
able reflectance measurements were not possible. Thus optical micro-
graphs were taken under the same illumination conditions, and focus
stacking of the images was applied to enhance the depth of field. There
was no other post-processing carried out, therefore the visible color shift
observed in the images is free from any artifacts (Fig. 1). The micron-size
domains (crystallites) on the ventral side cover scales kept their differ-
ences in color after treatment with both plasma etching and ALD, but
their color was blue-shifted (plasma etching), or red-shifted (ALD). Both
blue (dorsal wing side) and green (ventral wing side) samples followed
the general trend of red-shifting due to the ALD treatment and blue-
shifting due to the plasma etching (which was also observed for other
samples possessing different nanostructures). The chemical coloration of
the ground scales (indicated with red ovals in Fig. 1(a) and (f)) was
found to be brown, regardless of the surface modification that was
applied (Fig. 1(g), (h), (i), and (j)). The lack of change in coloration after
the applied treatment clearly shows whether a wing scale is colored only
by pigments (no color shift observed) or by pigments and photonic
crystal structure (color shift observed).

A different, open structure — the so-called pepper-pot structure — is to
be found in the wing scales of many male butterflies representing the
Lycaenid family studied by our group [45]. This quasiordered structure
is constituted of perforated layers of chitin, stacked in such a way that
the interlayer distance is maintained by pillars of chitin. It has chitin-
rich and air-rich layers. A typical example is the butterfly P. icarus
[46]. Fig. 2(a) shows electron micrographs of a typical scale, where the
spongy structure in the area between the ridges and the cross-ribs de-
termines the blue color. Because it is a highly-permeable structure, the
ALD precursors entered the deepest areas in the pores and resulted in
conformal thickening of the chitin nanostructures. Fig. 2(c) shows a
scale structure with a 40 nm ALD coating. The size of the holes de-
termines how thick the ALD layer can be; in these experiments the
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Fig. 1. Optical micrographs of Cyanophrys remus wings. (a) Pristine dorsal side; (b) dorsal side with 20 nm ALD and (c) dorsal side with 40 nm ALD; (d) dorsal side
after 2 min of plasma treatment and (e) dorsal side after 4 min of plasma treatment; (f) pristine ventral side; (g) ventral side with 20 nm ALD and (h) ventral side with
40 nm ALD; (i) ventral side after 2 min of plasma treatment and (j) ventral side after 4 min of plasma treatment. On (a) and (f) the red ovals mark brown-pigmented
ground scales below the layer of cover scales. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

intention was to avoid full closing of the pores. The result of the
conformal coating process is revealed precisely by TEM imaging as
shown in Fig. 2(d), where the outer Al;0O3 layer on the surface is darker
than the chitin. The thickness can be measured more precisely than on
the SEM images.

By contrast, oxygen plasma treatment erodes and thins the chitin: the
ridges become narrower and the cross-ribs are hardly visible. In the
pepper-pot region, the ratio of chitin to air voids is reversed, as can be
seen in Fig. 2(b). This process has a limit, as after a certain level the

material completely disappears, the integrity of the structure vanishes,
and the wing scale nanoarchitecture collapses. According to our exper-
iments, after 8 min of thinning in oxygen plasma the layers in the scales
were not preserved.

The change in the species-specific blue reflectance spectrum of
P. icarus (Fig. 3) was measured by means of an integrating sphere as it is
less sensitive to irregularities on the wing [46]. As with C. remus, ALD
shifted the reflected spectrum from P. icarus wings towards longer
wavelengths, while oxygen plasma treatment shifted reflections towards
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Fig. 2. Scanning and transmission electron micrographs of Polyommatus icarus cover scales on the dorsal wing surface. (a) Pristine; (b) after 2 min of oxygen plasma

treatment; (c) with a 40 nm ALD layer of Al,O3; (d) a TEM image of sample (c).
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Fig. 3. Optical reflectance spectra measured with an integrating sphere on Polyommatus icarus wings. (a) With increasing thickness of deposited Al,O3 layers, and (b)

after oxygen plasma treatment of increasing durations.

shorter wavelengths. The magnitude of the shifts was beyond 70 nm.
After 6 min of plasma treatment, the peak of the structural blue reflec-
tance completely disappeared and the characteristic spectrum of un-
structured pigmented (containing only melanin) brown scales was
obtained. Whether from the thickening or thinning side, until the
reflectance peak begins to collapse, these modifications can be used to
precisely tune the reflectance of porous photonic structures made by
both methods. As on porous 3D structures, the entire volume of the
samples can be accessed, therefore the surface modification techniques
have stronger effects on optical and chemical properties which may be a
benefit in applications [10,16].

To investigate the color change on a controllably built and open
structure similar to the P. icarus wing scale nanostructure, along with the
butterfly wing samples, a series of L-B samples were subjected to Al,O3
deposition. The Langmuir-Blodgett method is commonly used [40,41] to

prepare photonic crystals from monodisperse sphere layers (usually
polymer or silica) deposited in close packing onto flat surfaces in one or
more layers. Our experiments resulted in a set of samples with 1, 2, 3,
and 5 layers containing only minor irregularities. In the case of multi-
layers, the presence of additional spheres in lower layers may result in
small protrusions on the surface, or vacancy defects may occur, which
may affect the optical properties. Examples of such defects on the
topmost layer can be seen in Fig. 4(a). In the cross-sectional view of the
5-layer sample, Fig. 4(b), close packing can be seen clearly. Fig. 4(c)
shows the ALD coating covering the spheres in a homogeneous and
conformal manner in all layers of spheres, narrowing the free space
between them [47], which is similar to the closure of the pores observed
in the photonic nanoarchitecture of P. icarus. The accumulation of
deposited material makes the spheres hexagonal (see inset). In such a
porous structure there is a certain maximal deposition thickness because
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Fig. 4. Scanning electron micrographs of a L-B 5-layer sample. (a) Surface view of close-packed hexagonal order with vacancy (1) and additional silica spheres on top
(2); (b) cross-sectional view of the as-grown sample; (c) the sample shown in (b) with 40 nm of Al,O3 added.

complete filling of the voids results in a continuous material (except for
the obturated lower pores).

All pristine and ALD-deposited samples with different Al,O3 layer
thicknesses were measured with a goniometric UV-VIS reflectance
measurement setup according to the method already described [43]
under different incident and reflected angles. Here, an example of op-
tical characterization is presented, performed in a specular, 40° inci-
dence measurement on three samples. The ALD coating shifted the
reflectance peaks towards longer wavelengths as the thickness increased
(Fig. 5) in accordance with findings reported in Ref. [48]. The color of
the as-grown crystal depended on the size of the spheres, which was
determined by the synthesis parameters. With the help of ALD, this color
was tuned in a controlled way in arbitrary small steps, for layer thick-
nesses larger than 5 nm (to overstep the growth of separate islands). This
can be useful in applications, since, starting from a larger substrate with
the same structure, a set of similar and fine-tuned reflectances could
easily be obtained.

In order to obtain a numerical relationship between the structural
modifications and spectral characteristics of the reflected light, calcu-
lations were performed on multilayer models. The simplest case was a
thin layer of one material whose thickness decreased during plasma
etching. Recently, we demonstrated the origin of Mimeresia neavei’s
dorsal blue color as a single layer of chitin, the thin adwing lamina of the
wing scale [49]. According to TEM data, the thickness of the membrane
was measured as 201 4 20 nm and this chitin—air structure resulted in
light reflectance with its main peak at 425nm. The lamina is the
continuous layer of chitin constituting the adwing face of the scale. The
schematic structure of a butterfly scale is presented in Fig. 3 of Ref. [3].
The normal incidence reflectance measurement was in accordance with
the thin film model calculation. Fig. 3(b) shows the optical effect of
structure thinning after a few minutes of plasma treatment for the
pepper-pot structure. In the current experiment, the same treatment was
used for blue M. neavei wing pieces. Normal incidence spectra were
recorded on the untreated sample and on the samples after 1, 2, and

3 min of oxygen plasma treatment, as shown in Fig. 6(a). In Fig. 6(b) the
calculated spectra on a single thin layer of chitin have their main
maxima fitted with the experimental ones. To obtain the specific peak
positions, the thickness of the layer in the calculations was decreased
from 205 nm (untreated sample, as in [49]) to 145 nm. The correspon-
dence of wavelength minimum and maximum positions is nearly per-
fect. For intensity differences one has to consider that the real wing-scale
contains absorbing pigments, and the wing is formed by a mosaic of
partially overlapped ground scales (without structural color) and cover
scales (with structural color).

Next, a more complex method, the transfer matrix method [50,51],
was used to calculate the reflectance of a structure built of continuous
chitin and air layers. This modeled the P. icarus wing scales using layers
of the same thickness as natural scales measured from TEM images
(Fig. 3, and see Ref. [45] for detailed structural analysis). In the pristine
state, the scale’s nanoarchitecture is built of alternating chitin-rich
(refractive index ~1.56) and air-rich layers (see Fig. 1(i) in Ref [45])
as shown schematically in Fig. 7(a). To model the effect of ALD coating
onto the pristine nanoarchitecture, a refractive index of 1.7 was applied
with 10-40 nm thickness on both sides of the chitin layer. This is valid
because ALD forms a conformal cover layer regardless of depth in these
open wing scales — see Fig. 7(a) top. Next, the chitin thickness was
decreased (also on both sides) by plasma treatment (Fig. 7(a) bottom).
The calculated spectra, Fig. 7(b) and (c), give a good qualitative indi-
cation of the nature of the changes obtained during these experiments.
Such a simple model of the wing scales cannot reproduce perfectly the
measured spectrum because the surface of the butterfly wing shows
disorder on several levels [46], and the macroscopically measurable
spectrum represents the sum of these effects. In turn the model indicates
correctly not only the shift in the reflectance peaks but also the decrease
in reflected light intensity with the amount of modification (deposition
vs. etching). This is visible on the spectral plots of Fig. 3 and the darker
scales in Fig. 1(c), (e), (h), and (j).
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4. Conclusions

It was demonstrated on butterfly wing scales with open 3D nano-
structures that two structural modification methods offer fine and
controllable shifting of the reflected light spectrum, one increasing and
the other decreasing the reflectance wavelength peaks. The principles
and instrumentation of the two methods are completely different, they
are complementary in term of spectral modification they produce. In
terms of surface chemistry, one builds up the substrate with a conformal,
chemically inert coating, and the other removes the original super-
hydrophobic superficial layer. They open new routes to potential
applications.

The overall trends of the spectral modifications observed on butterfly
wings were reproduced using both physical and computer models. A
physical model, L-B samples of 1, 2, and 5 monolayers, closely matched
what had happened on P. icarus wings after ALD deposition of a 40 nm
Al,0O3 layer, namely spectral modifications of 80 nm. For M. neavei, the
simple thin-film model was found to correctly reproduce the spectral
shift of the natural samples. For the more complex pepper-pot structure
of P. icarus scales, the transfer matrix model was used to calculate the
spectral modifications; it predicted spectral shift values similar to those
found experimentally, with ca. +80 nm demonstrated, which means a
remarkable ~160nm of tuning possibility, promising for practical
applications.

The experiments with C. remus wings demonstrated that the same
trends as discussed above for P. icarus can be found for other photonic
nanoarchitectures: for the photonic single crystal type (blue, dorsal wing
side) and for the photonic polycrystal type (green ventral wing side).
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