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Abstract: In this paper we investigate the impact of the periodicity along three orthogonal axes
of the blue wing scales of Morpho butterflies, whereas most of previous studies modeled the
scale structure only considering one or two photonic crystal dimensions. Moreover, the
previous optical studies of these scales focused on the light reflected by the wing whereas we
investigate the light propagation along the lamellae, this direction corresponding to the third
dimension of the photonic crystal structure. Simulation results obtained using the finite element
method are compared with measurements and/or literature. These calculations, performed for
different scale models and orientations, show that a significant part of the non-reflected light,
essentially red and infrared, is guided by the lamellae towards the base of the scales where it
can be more easily absorbed and the heat more quickly transferred to the hemolymph. This new
phenomenon could contribute to the thermal balance of the insect and further illustrates the
multifunctionality of the wings of Lepidoptera.

1. Introduction

Some species of Morpho butterflies are famous for the metallic blue color seen on the dorsal
side of their wings. For example, we can mention the males of Morpho menelaus or Morpho
rhetenor species (Fig. 1). Thanks to the use of electron microscopy in biology from the 1940s
[1], we now know that this specific color results from optical interactions between illuminating
light and the periodic sub-structures of wings (which are scales, ridges and lamellae shown in
Figure 2) [2-8]. Interference and diffraction phenomena, respectively generated by light
interactions with a stack of nanometric lamellae and a grating of micrometric ridges, result in
the reflection of blue wavelength light. Thus, the blue color does not result from blue pigment
absorption, but is mainly due to the wing geometry.




Fig. 1. Dorsal side of a Morpho rhetenor male: A) Macroscopic view; B) Magnified view (using
an optical microscope) revealing the scales which cover each wing.
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Fig. 2. Scanning Electron Microscopy (SEM) images and schematic representations of the three
periodicities of a Morphidae blue scale: the ridges lattice (A, D), the lamellae multilayer (B, E),
and the membranes between the lamellae called “microribs” (C, F, G). The periodic structure
consists of an alternation of air and a chitin-proteins complex. The periodic alternation of the
two different refractive indices (air and chitin-proteins complex) is present at different length
scales and for different directions: the y direction for the ridges grating (in grey), the z direction
for the lamellae multilayer (in blue) and the x direction for the microribs (in orange). Figure 2.G
gives a schematic representation of the SEM image in Figure 2.C: it shows a side view of a ridge
and emphasizes the presence of microribs.

Other contributions to this blue color reflection have also been highlighted in recent years,
using modeling approaches or experimental studies. In particular, the controlled disorder of the
wing geometry, including size variations over a scale as well as scales orientation disorder, has
been shown to broaden the blue reflection peak [9, 10]. Another example concerns the presence
of melanin inside the sub-micrometric structure which seems to reinforce the blue color
saturation [11]. Besides these theoretical studies on the origin(s) of this blue, researchers have
tried to reproduce this optical effect by making structures more or less similar to real butterfly
wing template [4, 12-21]. Thus to obtain inverse or direct replicas of the wing geometry,



different techniques have been used : we can mention a direct writing by electron beam
lithography [12] or using a Focused lon Beam (FIB) [13], the Atomic Layer Deposition method
[14, 15], precursors infiltration methods [16-19], and sol-gel deposition [20].

Most of the studies on Morpho butterflies focus on the blue color of some males, in other
words the light reflected by the dorsal side of their wings. In this paper, we propose to change
the traditional viewing angle by studying the light propagation along the lamellae towards the
wing membrane. Our interest for this direction has been aroused regarding our Morpho blue
wing replicas obtained using sol-gel deposition in a previous work [21]. Indeed, these inverse
replicas highlight the quasi-perfect lattice formed by the microribs, the smallest scale sub-
structures (shown in orange in Figure 2.F). These microribs are located between lamellae,
orthogonally to the lamellae length, and regularly spaced along them. We have thus decided to
investigate, using finite element calculations, the transmitted light in this later direction
corresponding to the third periodicity direction of the photonic crystal formed by the blue wing
scale.

In the first part of this paper, we describe the chosen Morpho wing structure. A second part
is then dedicated to the modeling method and the evaluated parameters, and finally in a third
part, our results are presented in graphical form and discussed. We present in particular the
reflectance of the wing (ratio of the reflected radiant flux to the incident one) and its
transmittance (considering the transmitted radiant flux) in the lamellae direction.

2. The Morpho blue wing: a natural 3D photonic structure

The studied Morpho wing structure we chose is a Morpho rhetenor one (Fig. 1). This blue wing
is multiscaled, that is to say composed of different sub-structures at different length ranges: the
centimeter, micrometer and nanometer ones (Fig. 2). First of all, the wing (about 5 cm long) is
covered with scales (100 pm long and 50 um wide) arranged like roof tiles (Figs. 1.B and 2.A).
There are two different types of scales: transparent cover scales and blue ground scales, but the
cover scales of Morpho rhetenor are atrophied. In this particular case, the macroscopic color of
Morpho wing is mainly due to ground scales. It explains our species choice: the Morpho
rhetenor wing structure is easier to model as only one scale type is considered. When looking
at these ground scales, it appears that each one is covered with a lattice of parallel ridges (600
nm apart), each ridge being provided by a stack of 11-12 lamellae (about 50 nm thick) (Fig.
2.B). The cross-section of a ridge presents of-a Christmas tree shape, schematically shown in
blue in Figure 2.E. Optically behaving as a multilayer (of 100 nm period), the stack of lamellae
selects a blue color by interferences, whereas the lattice of ridges scatters this blue light by
diffraction [2,3].

Due to the periodic nature of its sub-structures and the associated control of light, a Morpho
blue wing can be regarded as a photonic crystal. It can be presented as a one-dimensional, two-
dimensional or three-dimensional photonic crystal, as we consider or not all the periodic sub-
structures. This natural photonic crystal is viewed as a two-dimensional one while considering
the propagation within the plane formed by the periodicity axis of the ridge grating (y-direction
in Figure 2.D) and the normal to lamellae multilayer (z-direction in Figure 2.E). The blue scale
is viewed as a 3D photonic crystal when also considering the presence of microribs that are
small membranes between the lamellae (Scanning Electron Microcopy (SEM) image in Figure
2.C or schematically in orange in Figures 2.F and 2.G). They are arranged like a quasi-perfect
lattice of 30 nm thick membranes periodically separated with air. Depending on SEM images,
the measured spacing between adjacent microribs is comprised between 60 nm and 105 nm.

Thus, the periodic arrangement of microribs forms a third periodicity of the wing scale
geometry whose direction corresponds to the third space dimension (x direction in Figure 2.F).
These periodic microribs complete the description of our natural 3D photonic structure
presenting three orthogonal periodicity directions at three different length scales.
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3. Modeling: unit cell, indicators and method

The detailed structure of the studied wing scale being now presented, we move to the 3D
electromagnetic modeling using the finite element approach to determine its electromagnetic
behavior. The use of this electromagnetic modeling method to determine the optical response
of the Morpho scale has already been validated in a previous article published in 2013 by
Mejdoubi et al. (for a 3D model) [22] and in the work of Siddique et al. in 2013 (for a 2D
model) [23]. Several other methods have also been used and presented in literature, as the
Finite-Difference Time-Domain method (FDTD) [24-27], the Rigorous Coupled-Wave
Analysis (RCWA) [28-29], and a modal method similar to the RCWA [30]. Most of these
authors used 2D models and therefore could not take into account the presence of microribs.
For this purpose, a 3D model is necessary and a 3D finite element approach allows its accurate
simulation.

As the finite element method can only handle small volumes in terms of wavelength, the
periodic structure of the studied scale is modeled by infinitely repeating a unit cell along two
space directions (namely x and y directions) (Fig. 3A), thanks to specific boundary conditions
imposed on the vertical faces of the studied unit cell: periodic boundary conditions emulate the
infinite periodicity along x and y directions. Other boundary conditions, namely Perfectly
Matched Layers (PML), are used at the top and bottom faces (orthogonal to z-axis) to model
free-space propagation of the incident wave in the (-z) direction.

The finite element method appears very well suited to model the electromagnetic properties
of a Morpho blue wing as it permits a precise description of the 3D scale geometry. However,
the arrangement of scales on the wing, and the structural disorder between them, cannot be
reproduced by this way because of the large area that would have to be modeled. We only can
model an infinite periodic scale and consider it as representative of the whole wing.

3.2 Unit cells

Based on the work of Mejdoubi et al. [22] previously performed in our team, the
simulated geometry, composed of two ridges, has been improved to more precisely model the
real scale structure deduced from several photographs. The thickness of the lamellae was
slightly reduced and we added the 160 nm thick scale membrane (Fig. 3.A), the 30 nm thick
microribs (Fig. 3.B) and the holes present at the bottom of the ridges (200 nm diameter) (Fig.
3.C).

Four different versions of this new cell have been studied. The two first ones called version
1 and version 2 take into account the presence of microribs spaced respectively by 60 nm and
105 nm along x-axis (Fig. 3.B). They correspond to the more realistic geometries. To better
understand the effect of the microribs, we have also extracted the optical properties of a model
without microribs called version 3 (Figure 4.A) and a model with microribs of infinite thickness
called version 4 (Fig. 4.B, the space between lamellae being filled in this case). In Section 4,
the simulation results associated with these 4 models will be compared.
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Fig. 3. A) Studied unit cell composed of two ridges of a Morpho rhetenor scale and considering
the presence of the scale membrane (pointed by a black arrow). The incidence direction of
illuminating plane wave in xz plane is indicated by 6; angle with respect to z-axis. B) Details of
the 30 nm thick microribs (pointed by a yellow arrow) located between lamellae and spaced by
60 nm apart (for unit cell version 1). C) Holes present at the bottom of the ridges (200 nm
diameter).



Fig. 4. Two of the unit cells versions: A) version 3 : the two ridges geometry is drawn without
microribs; B) version 4 : the microribs between lamellae are characterized by an infinite
thickness. It results in a general thickening of ridges and lamellae.

3.3 Optical properties

We investigate a frequency range from 750 THz (wavelength of 400 nm) to 350 THz
(or 857 nm). Our model considers the dispersion of the material optical properties versus
wavelength, so the complex refractive index can be written 7i(1) = n(4) + ik(1). Several
refractive index values are available in literature: the constant n = 1.56 is often mentioned for
works on optical properties of insects [3, 31, 32] and curves of real index dispersion have been
presented over the visible wavelength range [33-37]. In these last papers, the n values are
comprised between 1.53 and 2, and the k values of the imaginary part are between 0.02 and
0.14. In this work, we have chosen to measure the cuticle (wing material) index of a Morpho
species, according to a new approach in which measurements are made on the wing membrane.
We assume that the material of the wing membrane is the same as the ridges one (composed of
the same melanin-chitin-proteins complex). In this calculation, the refractive index is
determined by fitting the measured reflectance and transmittance of the wing membrane (see
supplementary materials). The dispersive properties of the obtained complex refractive index
are taken into account in simulations.



4, Results and discussion

To show the relevancy of our unit cell model, we calculate the reflectance R versus wavelength
for each unit cell version presented above (Figs. 3 and 4). As the incident light is not polarized
in measurements, simulations are performed while considering successively, for the incident
field propagating along xz plane, the two electromagnetic polarizations: the Transverse
Magnetic (TM) polarization with electric field tangential to the incidence plane, and the
Transverse Electric (TE) polarization with electric field normal to xz incidence plane. The
reflectance is then obtained for each polarization from incident and reflected Poynting vector
flows through surfaces placed above the sample and normal to the incidence and reflection
directions. The total reflectance R presented in this paper is the arithmetic mean of the ones
associated to TM and TE incident polarizations:

R(1) = RTM(l):RTE(l) 1)

It has to be noticed that, as conversion between TE and TM polarizations could occur, the
reflected Poynting vector flow may contain a polarization conversion contribution. We have
chosen not to distinguish both contributions to use the same indicator as in measurement.

In order to check our proposed wing model is suited to study the optical behavior of real
wing, the simulated averaged reflectances are compared with measurements on a natural
Morpho rhetenor wing. Experiments have been performed using the spectrophotometer Cary
5000 equipped with an integrating sphere and using a normally incident light beam illuminating
a wing surface of 1 cm? In order to consider both incident polarizations, reflectances are
deduced from intensity measurements obtained for two orthogonal positions of the wing
sample. The experimental averaged reflectance R presented in Figure 5.A and compared to
simulation results corresponds to the arithmetic mean of the reflectances obtained for both
sample positions..
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Fig. 5. A) Comparison between measured (in yellow) and simulated reflectances of a Morpho
rhetenor wing. The results obtained for the 4 presented versions of the simulated unit cell are
shown: version 1 in red, version 2 in pink, version 3 in green, version 4 in blue. The incident
plane wave used in modeling has an incidence angle 6 in the xz plane of 10° to correspond to
experimental conditions. B) Comparison of simulated reflectances of the version 1 model (with
microribs spaced apart by 60 nm) for different incidence angles of the illuminating plane wave
in xz plane: the typical iridescence of the Morpho wing is observed via the shift of the maximum
reflectance wavelength when the incidence angle increases.
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We can see in Figure 5.A that the wavelength corresponding to the maximum of reflection
(450 nm) is very similar in experiments and simulations when considering unit cell models
version 1 (microribs spaced by 60 nm), version 2 (microribs spaced by 105 nm), and version 3
(without microribs). A significant difference is only visible with version 4 (infinite microribs)
response, for which the maximum reflection wavelength is higher. This shift to longer
wavelengths can be explained using a simple multilayer model of alternatively air and chitin-
proteins complex films. The associated interferential effect leads to an increase of the
maximum reflection wavelength with an increase the thickness of higher refractive index films
[38]. Even if the simple model used in our simulations, reduced to a small cell infinitely
repeated along two axes, cannot totally represent the complexity of the real wing, the
similarities between simulated and measured reflectances show the suitability of our model for
studying the electromagnetic properties of the Morpho wing.

To verify that our model can reproduce the iridescence phenomenon observed with blue
Morpho wings, simulations have been performed by varying the angle of incidence of the
illuminating plane wave in xz plane (Figure 5.B). As expected and observed with Morpho
butterflies, the optical response shows a shift of the main reflection peak to shorter wavelengths
when the incidence angle increases: thus the observed color turns from blue to purple. This
wavelength shift is associated to a decrease of the peak reflectance value; this decrease of color
intensity is also observed with natural wings.

It is to be mentioned that, even if the reflectance profiles are quite similar at 0° and 10° of
incidence, comparison with measurement results are performed in Figure 5.A with a 10°
incidence angle as it is closer to experimental conditions. In our measurement, using a Cary
5000 spectrophotometer equipped with a microspot tool and an integrating sphere, the incident
light arrives perpendicularly to the wing laying on the ventral side membrane. Nevertheless,
the scales and the lamellae are not parallel to the wing membrane. The ridges are tilted from
the scale membrane by about 3° whereas the scales are fixed on the wing membrane with an
inclination angle of about 7° [38], resulting in a total tilt of 10° between ridges and the wing
membrane in the xz plane (Figure 6.A). Therefore, the incident plane wave used in our
simulations has a 10° angle of incidence in xz plane, unless otherwise noted.

In addition to the reflectance, the power transmitted in the lamellae direction has also been
extracted from simulation results. This propagation direction, indicated by x direction in
Figures 3, 6 and 7, is of particular interest as it points towards the wing membrane. The dorsal
wing membrane is connected to scales through pedicels pointed in Figures 6.A, C and D by red
arrows. Thanks to simulations, we can thus quantify light power propagating in the lamellae
direction towards the wing membrane.


elodie
Texte surligné 
of


Fig. 6. A) Schematic drawing of a longitudinal section of a Morpho ground scale to show the
different slopes of the scale structure on the wing membrane: in brown the wing membrane; in
yellow the scale membrane; in blue the lamellae of one ridge; and in orange the microribs. The
two last colors and the mentioned directions are the same as in Figure 2. E), F) and G)
Magnifications of scales of Morpho rhetenor blue wing: the ridge lattices of ground scales are
pointed by white arrows, the atrophied cover scales are pointed by black arrows and the pedicels
which link scales with wing membrane are pointed by red arrows in the 4 pictures.

Pwith scale model (TM)

Trm = P
without scale (TM)

Trm
_ Re(fs l-[with scale model (TM)- dS)

Re(fs l-[without scale (TM)- dS)

_ Trm + Tre
2

Fig. 7. A) Transmittance T mathematical formulae used in this paper; B) Schematic drawing of
the integration surface S of Poynting vector II flow.
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This transmitted power is evaluated as a transmittance T which is the ratio between the
power transmitted through the lateral cell surface S in the presence of the scale model (Figure
7.B) and the power transmitted through the same surface in free-space (in the absence of the
scale in the simulated volume). Both powers are calculated as the flow of Poynting vector
through S. The surface S does not exactly correspond to the lateral surface of the unit cell as it
ends before the scale membrane to only consider the transmission through both ridges. Both
polarizations are considered for the incident plane wave and the arithmetic mean of TE and TM
transmittances is then calculated (Figure 7.A). The simulated averaged transmittances T are
presented in Figures 8 and 9.

Firstly, Figure 8 shows the transmittances versus wavelength for different incidence angles
in xz plane (10°, 30°, 60°, and 70°) when considering the version 1 model (the most realistic
one). We observe a strong transmittance increase from shorter wavelengths to higher ones, with
values between 5% and 15% at 400 nm against 30% to 60% at 800 nm. The near-infrared
wavelengths are thus better guided along the lamellae to the wing membrane than the visible
ones.

Butterflies are heliothermal organisms, that is, they get most of their energy from sunlight.
The latter is either directly absorbed by the wings and transmitted to the muscles via the
hemolymphatic network which crosses them (dark butterflies), or directly concentrated on the
thorax by the wings playing the role of concentrator (light butterflies). Morphos is a special
case, with males of almost half of the species reflecting a very large part of the violet, blue and
green radiations, that is to say the most energetic part of the solar spectrum. Females, with the
exception of those of the genus Morphos, are essentially pigmentary coloured and therefore do
not have this problem [39-41].

We can thus presume that collecting infrared light is helpful for butterfly to warm up. The
light heat could be transmitted from the membrane to its lymphatic lattice. This precise guiding
seems to participate to the energy balance of the Morpho butterfly.

We can also note that the highest transmittances are obtained whatever the wavelength for
the 10° angle of incidence. Thus, for this angle corresponding to an incidence normal to the
wing membrane (Figure 6.A), the membrane receives the maximum of light power.
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Fig. 8. Transmittances T versus wavelength for the version 1 model (the most realistic one) and
for different incidence angles of the illuminating plane wave in xz plane.
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Figure 9 shows the transmittances versus wavelength for a 10° degree incidence angle and
for the four different versions of the scale model. Little difference is observed between the
results obtained with the first three models, despite a slight decrease of the transmission with
the insertion of microribs. To observe a more significant difference of the transmittance values,
the quantity of matter between the lamellae has to be more important, as with microribs of
infinite thickness (version 4); indeed, light is worse guided with thicker ridges. It means that
the presence of cavities between microribs improves light flow towards wing membrane, in
particular in the near-infrared range. Due to their small thickness in terms of wavelength
(30nm), the influence of microribs on optical properties is weak: reflection and transmission
properties observed for the three models with thin ridges (versions 1, 2 and 3) are very similar.
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Fig. 9. Transmittances T versus wavelength for an incidence angle of 10° and for different scale
models.

The comparison of electric field amplitude cartographies associated with the models version
1 (microribs spaced by 60 nm) and version 3 (without microribs) also shows the weak influence
of the presence of microribs, regardless of the polarization TM or TE. Figure 10 presents this
comparison for a TM polarized incident plane wave; very similar results are obtained for TE
polarization. Whereas the thinness of ridges and lamellae facilitates near-infrared light flow
towards the wing membrane, and consequently butterfly warming, the role of microribs doesn’t
seem to concern the optical behavior but is maybe only mechanical, to keep the lamellae parallel
to each other despite the thinness of their junction to ridges.

These observations are also consistent with literature, in particular regarding the impact of
microribs on the reflectance. To our knowledge, Lee and al. [24] are the only ones who have
studied (using FDTD simulations) a 3D model of a Morpho rhetenor wing considering
microribs. Their study, that only concerns light scattering by the wing and not its transmission
to the membrane as in the present paper, does not show a particular photonic role of these small
structures. Regarding the transmitted light to the wing membrane, we have shown that the
thinness of ridges and lamellae associated to microribs improves light guiding by lamellae
structure.
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5. Conclusion

Using simulations and measurements, we have studied in this paper the optical behavior of
a Morpho rhetenor wing in visible and near-infrared ranges. This study has focused on a new
direction of propagation, namely the third dimension of the natural photonic crystal formed by
blue wing scales. We have shown that the light is transmitted towards the wing membrane, in
particular in the near-infrared range; this phenomenon probably participates to butterfly
heating. The architecture of the lamellae lattice appears to favor this guiding of light. The
presence of microribs, whose role could be mechanical to keep the thin lamellae parallel to each
other despite wing movements, permits ridges and lamellae to be thinner and, as a consequence,
improves the near-infrared light propagation towards the wing membrane.
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light easier propagates through the structure at higher wavelength (714nm) than at shorter one
(461nm).

SUPPLEMENTARY MATERIALS

Alary membrane.

The wing consists of a double membrane, both developed independently and united at the final
formation stage of the wings. The membranes are stretched over a network of tracheae that
provide lymphatic circulation. These tracheae are connected by a very dense network of
tracheoles on which the different types of scales are implanted. Thus, each scale is directly
connected to the network of veins [42].

13



ventral membrane

50 um Dorsal membrane

Figure S-1. Morpho menelaus alary membrane. Most of the scales were removed on both sides. One can
distinguish the two membranes of the wing, and on the ventral membrane, the scales pedicels joined by a thin
tracheole.

Finite element method

The finite element method involves the exact resolution of Maxwell equations in the
frequency or time domains. In this work, we use the commercial software ANSYS HFSS based
on the finite element method applied in the frequency domain. Any complex shape can be
drawn and the material properties are described through their complex permittivity and
permeability. From simulation results of the considered model, we have extracted the reflected

electric field E, the amplitude reflection coefficient r as well as the reflectance R according to:

Er
T =E_0 (S-l)
R=Irl?=2r (S-2)
® = Re(, T.dS) = Re(J, ?.dﬁ (S-3)
0

Where E; and Eo correspond respectively to the amplitudes of the reflected electric field and
of the incident electric field, ®; and ®q correspond to the reflected and incident flows of the

Poynting vector il through the surface S situated above the simulated scale, o is the vacuum
permittivity.
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Refractive index determination

To measure the n and k values, we first remove scales from both sides of a Morpho menelaus
wing using a razor blade (Fig. S-2.A). The wing membrane appears and we measure the
reflectance R (ratio of the reflected radiant flux to the incident one) and the transmittance T
(considering the transmitted radiant flux) of this membrane. To do this, we use a Cary 5000
spectrophotometer equipped with an integrating sphere. Due to the small sample size in this
case, a microspot tool is used to generate a 1mm diameter illuminating spot. To extract the
complex refractive index, the measured reflectance and transmittance are then fitted to a
simplified model of the membrane (one 860 nm thick layer of infinite lateral dimensions)
through the use of a commercial multilayer modeling software called “Filmwizard” from CSI
[43]. This 860 nm thickness of the membrane model corresponds to the average value of
thickness measurements performed on SEM cross-section images of the real membrane shown
in Figure S-2.A. The initial refractive index of the membrane used to initialize the optimization
process, chosen from the paper of Vukusic et al. [32], is equal to the constant complex value
1.56 + i 0.06. Finally, through the fitting process, the software calculates n and k values of the
wing membrane for wavelengths from 250 nm to 800 nm. The obtained values are presented in
Figure S-2.B and we can note that their averaged values in the visible wavelength range
(380nm-700nm) are Neuticule = 1.63 and Keuticule = 0.04; these mean values are consistent with the
literature mentioned above. These measured real and imaginary index values versus wavelength
have been used in all our simulations.

2,5

1,5

without scales

0,5

n and k of Morpho menelaus membrane

250 350 450 550 650 750
Wavelength (nm)

Figure S-2. A) Membrane of a Morpho menelaus wing after removing scales; B) n and k
measured values of the membrane shown in A that are used for our ridge models.
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