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In this paper, the results of studies on sub-micrometer planar structures used for aimed frequency-
dependent electromagnetic radiation dissipation are presented. The proposed specific geometry of pe-
riodic parts of surface structures should enable the occurrence of phenomena related to selective re-
flectance and interference. The inner porous structure should lead to the formation of destructive inter-
ference of electromagnetic radiation and its dissipation. The investigated structures were irradiated by
a Gaussian-type radiation source. The propagation was analyzed using the MEEP software package for
electromagnetic simulation via the finite-difference time-domain method. The reflectance spectra were
obtained by the Fourier transform of the response to the short pulse. The obtained results showed that
the surface structures are mainly responsible for reflected electromagnetic spectrum composition, while
the porous parts were responsible for thermal radiation dissipation.
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electromagnetic radiation dissipation

1. Introduction

In nature, there are many structures, the map-
ping of which allows the transfer of evolutionarily
optimized patterns in order to achieve selected func-
tional properties of chosen technical solutions [1, 2].
Examples of such an approach include the applica-
tion of structure types met in shark scales in the
production of algae-resistant hulls [3], or abalone
shells, the structure of which is an inspiration for
reinforcement applied in materials engineering [4].
One of such designs is also the wing structure of but-
terflies from the Archaeoprepona demophon family
[5] (see Fig. 1), which was the inspiration for the
research carried out in this paper.

Fig. 1. Photo of the butterfly of the Archaeopre-
pona demophon family [5].

The biological function of this butterfly wing sur-
face is to obtain angle-dependent reflections, known
in science as structural colors, as well as to absorb
heat energy from infrared radiation. The introduc-
tion of solutions inspired by these phenomena into
technical devices may allow for the improvement of
heat dissipation technology [6] in devices exposed
to high temperatures or the improvement of meth-
ods for obtaining colored surfaces that do not lose
their properties due to pigment fading [7]. In this
paper, we performed a theoretical analysis of the ab-
sorption and reflection spectra of structures based
on a butterfly wing. For this reason, we have pre-
sented the results of FDTD calculations of Gaus-
sian pulse propagation and transmittance spectra
evaluated on both porous and periodic surfaces of
biologically inspired structures.

2. Computational methods

For all calculations, we have used the MEEP
software package [8], which implements the finite-
difference time-domain (FDTD) method for sim-
ulating electromagnetic wave propagation. Based
on the areas marked in Fig. 2, the parameters of
pores present in the substrate structure were de-
termined. It was found that their moderate size
was about 0.4 µm. Figure 3 was used to deter-
mine the structural parameters of the periodic pat-
tern present in a wing surface [9]. The analyzed
transmission electron microscopy (TEM) images
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Fig. 2. TEM images of butterfly wing with marked characteristic patterns that were transferred to theoretical
model [9].

Fig. 3. TEM images of butterfly wing with cross-
section pattern with marked characteristic struc-
tures that were transferred to theoretical model [9].

revealed that the observed structures have tree-like
patterns. The height of observed trees was moder-
ately 1.5 µm. The branches on that pattern had
about 0.05 µm thickness and the same distance
between themselves. Their length decreased with
the distance from the base of the trunk from 0.4
to 0.05 µm. The distances between neighboring pat-
terns were around 0.05 µm on the bottom of the
structure.

The obtained parameters allowed us to create 6
basic shapes of different complexity. All analyzed
shapes are presented in Fig. 4a–f.

Fig. 4. Types of structures analyzed in the model:
(a) reference structure of substrate, (b) substrate
with holes, (c) substrate with a surface ridge (comb
structure), (d) substrate with surface Christmas
tree pattern, (e) substrate with holes and surface
ridge, (f) substrate with holes and Christmas tree
pattern.

A substrate in the form of a simple block was
used as a basic reference structure, as presented
in Fig. 4a. Then, the porous substrate, as well as
substrates with surface periodic patterns, were cho-
sen for further analysis (see Fig. 4b–d). The last
part of the analysis was performed for combined
structures, as presented in Fig. 4e, f. The opti-
cal property, i.e., ε value, was set to 2.44 for all
solid structures, which is similar to values found in
the literature [9]. The light source was placed in
front of the structure, in the middle, at a distance
of 6 µm. In applied simulation, space was set as
a 2D 16 × 16 µm2 and was digitized. The 60 pix-
els represented a length of 1 µm. Also, in order to
reach numerical stability, a 0.5 Courant criterion
was used. Based on such assumed variables and the
working area, the time step in the simulation was
5 ns. The Gaussian pulse was set in TE mode (TE
— electric part of the electromagnetic wave) in such
a way that in 2D simulation the Ex and Ey com-
ponents of the electromagnetic field were parallel to
the x and y axis of the computational domain, re-
spectively. The component Ez was the current com-
ponent, which was modulated in time. Due to the
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Fig. 5. Scheme of the measurement environment
implemented in the MEEP program to perform the-
oretical research.

MEEP program using current types of sources, the
source used in the simulation was not a hard type.
Such prepared structures and the light source were
placed in the air area surrounded by PMLs (per-
fectly matched layers) of 1 µm thickness, as can be
seen in Fig. 5.

The transmittance spectra were obtained by the
Fourier transform of the response to a short pulse
of a flat wave. The Fourier transform was calcu-
lated just after an analyzed structure, before PML.
The calculations were performed along a vector per-
pendicular to the longer side of the substrate. The
obtained transmittance results were normalized by
a similar calculation performed for a source placed
in an empty box filled with air. Gaussian-pulse
radiation source, with 1.875 [2πC/a] central fre-
quency and 3.223 [2πC/a] width, which represents
UV(A)–VIS–IR(A) wavelength area, was used for
both types of calculations.

3. Results and discussion

In Fig. 6, the electromagnetic (EM) wave propa-
gation in the computational cluster with different
types of reflecting/absorbing structures was pre-
sented. Red and blue colors on the exposed picture
represent positive and negative peaks of Ez com-
ponent of the electromagnetic field with respect to
the surroundings in white, which are treated as zero
amplitude. The EM source applied in the simulation
generated flat pulses that have a temporal inten-
sity profile, which has a Gaussian shape. Subject-
ing such an impulse to a Fourier analysis reveals
that in its spectrum, different frequencies appear,
distributed around the 1.875 [2πC/a] central fre-
quency, with a width of distribution equal to 3.223
[2πC/a]. In all the panels of Fig. 6, three different
areas of EM distribution can be seen. The first area
represents the emitted pulse modified by its back-
ward superposition with a reflected wave from the
surface of a structure. The second one represents in-
ternal propagation in the substrate region. The last
area represents the transmittance region behind the
structure. As can be seen in Fig. 6a, b, d, e, the

EM pulse for any periodic structure results in the
presence of a reflected flat return pulse in the back-
ward direction, but also a clearly visible symmet-
rical bent at an accurate angle for the Christmas
tree-shaped structure and at a wide angle of deflec-
tion for the comb structure. For a substrate with-
out a periodic structure, we only observe distinctive
back reflection. In the second area, the inner zone
of the substrate, the pulse propagation frequency is
changed. It increases the most for solid areas with-
out a periodic structure or with a structure in the
form of a comb; for the substrate behind the Christ-
mas tree structure, the observed changes in the
propagation frequency are weaker. In porous areas,
they remain unchanged in relation to the incident
pulse. EM propagation for the last area in the trans-
mittance region behind the examined structure was
focused and significant for the comb surface pattern,
dissipated but clearly present for the Christmas tree
surface pattern, and almost vanished for the plane
surface and porous structure. The presence of com-
bined structures resulted in moderate transmittance
compared to less complex structures (lower than for
surface patterns with a solid substrate and smaller
than for those with a plain porous substrate).

In Fig. 7, the transmission, reflectance, and sum-
marized loss spectra for all investigated structures
are presented. As can be seen in Fig. 7a, the sub-
strate made of a flat block has the smoothest shape
of all dependencies for VIS–IR(A) wavelengths. In
the UV(A) region, sharp peaks on transmission and
reflectance curves are present. This type of struc-
ture strongly reflects selective values of UV(A) and
the whole VIS area, especially wavelengths from
the blue VIS region. Reflectance rapidly decreases
in the IR(A) area. Transmittance spectra in the
reference structure show reversed behavior to re-
flectance spectra, i.e., high values for selective wave-
lengths in the UV(A) region and rapid growth in the
red VIS–IR(A) wavelength area. Losses observed
for that structure have very low values for short
waves, starting from about a few percent and in-
creasing systematically to approximately 20% for
a wavelength of 700 nm. The introduction of peri-
odic structures (Fig. 7b and d) on the surface of the
analyzed sample leads to the creation of irregular,
jagged dependence for all measured quantities. The
analysis of the loss dependence shows that for both
tested structures, there is a clear increase in their
overall value. For the comb-shaped surface struc-
ture, the greatest changes occur within UV(A) and
VIS regions up to a value of approximately 600 nm.
Their value reaches an average of 50% and a max-
imum of 75% for the 450 nm peak. For wave-
lengths above 600 nm, they assume an average value
of 20%. All these changes mainly correspond with
a reduction of reflectance, with the exception of
the UV(A) region, where changes correspond to
a reduction in both transmittance and reflectance
quantities. Analysing Fig. 7c, it can be seen that
the presence of holes in the substrate leads to
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Fig. 6. EM wave propagation in the computational cluster, with five types of reflecting structures: (a) sub-
strate with holes, (b) substrate with surface ridge (comb structure), (c) substrate with surface Christmas tree
pattern, (d) substrate with holes and surface ridge, (e) substrate with holes and Christmas tree pattern.

Fig. 7. Transmission spectra for EM wave propagated in the computational cluster, with five types of reflecting
structures: (a) reference block substrate, (b) block substrate with surface ridge (comb structure), (c) block
substrate with holes, (d) block substrate with surface Christmas tree pattern, (e) block substrate with holes
and surface ridge, (f) block substrate with holes and Christmas tree pattern.

vanishing transmittance almost on the whole spec-
trum, with exceptions seen for chosen frequency
peaks of intensities lower than 50%. We also note a
large increase in reflected rays in the short wave
region, which is slowly fading till 700 nm wave-
length. Over that value, reflectance varies around
50%. The losses generally increased to moderately
35%, achieving the highest value of 75% for a peak
near 475 nm. Interesting results were also obtained

for tree-like surface structure in Fig. 7d. All de-
pendencies had a less jagged structure than that
observed for the rest of the modified samples. It
was observed that the maximum of losses shifted
from the red-VIS region in the direction of shorter
wavelengths, compared to the reference structure.
Its middle was found at 550 nm and had a 3.5 times
higher value. The changes observed in the transmit-
tance spectrum were also significant. The presence
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of a wide optic window for UV(A) was found. Over
that window, transmittance fell down to almost
10%, and starting from 550 nm, grew systemati-
cally to reach 100% near 900 nm. From an analysis
of reflectance spectra in Fig. 7d, one can see that
almost in all examined regions, reflectance was close
to 0% except in the area of wavelengths from 400
to 550 nm. That shows the presence of reflection
in the blue–green VIS region. The combination of
surface structure and holes in the substrate leads
to different effects. In the case of a comb struc-
ture with holes on the substrate, we can see the
growth of losses, especially for shorter waves, and
an increase in reflectance for longer wave area (over
600 nm). Transmittance fades almost to 0% except
in some narrow areas, especially for short waves in
the UV(A) region. In the case of a tree-like sur-
face structure with pores in the substrate, we can
see that the strongest reflection is still present in
the blue–green VIS region, but there are also small
amounts of rays reflected in the IR(A) region from
750 to 850 nm. The losses are quite high, but trans-
mittance is higher than for the sample with the
same surface structure and lack of holes.

4. Conclusions

In this paper, a theoretical analysis of the absorp-
tion and reflection spectra of structures based on a
butterfly wing was performed.

The results of FDTD calculations of Gaussian
pulse propagation and transmittance spectra eval-
uated on biologically inspired structures revealed
that the porous structure of the substrate was re-
sponsible for a dissipation of the electromagnetic
radiation. This observation is based on the increase
in recorded losses as well as reflected radiation. The
obtained results are coherent with postulated as-
sumptions.

The periodic comb-like structure led to a more
jagged dependence of all quantities, while another
periodic structure, a tree-like one, was responsible
for the increase in losses as well as transmittance
in UV(A), VIS-red, and IR(A) areas. In this case,
the reflectance was reduced to blue and green VIS

region. The reflectance in such a range is coherent
with the structural colors of the investigated bio-
logical structure and is a proof that the structure
parameters for the tree-like surface model have been
selected correctly.

To sum up, the use of structures based on pores
leads to the dissipation of EM radiation, and the
Christmas tree structure allows to obtain structural
colors.
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