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Hccnenyrorcs GOTOHHBIE KPUCTAILIbI, KOTOPbIE €CTECTBEHHBIM 00pa30oM BCTPEYAIOTCS B NEPhSIX HEKOTOPHIX BHAOB ITHUIl CO
CTPYKTYPHBIM THIIOM OKPAacKM C TOYKH 3PEHHs BO3MOXHBIX ONTHYECKMX NMPHIOXKeHHIl. Pa3paboTaHa mapamerpuueckas Tpex-
MepHas Mozenb (JOTOHHOTO KPUCTAJlIa, COCTOSIIEIO U3 TBEPABIX LUIHHIPUIECKHX MEJIAHOCOM, BCTPOCHHBIX B KEPATHHOBYIO
MaTpHIly, Ul U3y4eHUs TOro, KaKk TeOMEeTpHUs CTPYKTYpHI CB3aHA C ONTHYECKUMHU CBOHCTBaMH. IIOTEHIMATBHO KIIOYEBEHIE
0COOCHHOCTH, 3aJI0)KCHHBIC PUPOJIOH B M3aiiH (POTOHHBIX KPUCTAIUIOB B NTHYBHUX MEPbSX, MOTYT ObITh YCIICLIHO peaan30Ba-
HBI TEXHHYECKH JUIS JATYMKOB B ONITUYECKOM JHANa30He BOJIH. Bo3MOXkHbIE CEHCOpPHBIE YCTPOHCTBA TAKOTO TUIIA MOTYT UMETh
IPEUMYIIECTBA U3-3a HU3KOTO DHEPTONOTPEOICHNUS, BEICOKOH TyBCTBUTENBHOCTH, HEOONBIINX Pa3MEPOB U T. A.

Knrouegwie cnosa: pomonnbviii Kpucmaii, CmpyKmyphas okpacka, onmudeckue 0amuuxi, ompaglicenue.

The photonic crystals that occur naturally in feathers of some species of birds involving structural type of coloration from the
perspective of optical applications are investigated. A parametric 3D model of the photonic crystal composed of solid cylindri-
cal melanosomes embedded in keratin matrix for studying how the geometry of the structure relates to optical properties was
developed. Potentially the key features embedded by nature into the design of the photonic crystals in bird’s feathers can be
successfully technically utilized for sensing application in optical wave range. The possible sensing appliances of this type

might advance regarding to low power consumption, high sensitivity, small dimensions etc.

Keywords: photonic crystal, structural coloration, optical sensors, reflectance.

Introduction

The realm of birds is extremely diverse — more
than 10 000 species of birds are found on our planet.
Different species have inherent unique appearance,
however from the physical point of view all these
colors in birds are created by just two main mecha-
nisms. The first one is pigmental (pigmentary) type
of coloration, which is quite simple and well known
[1]. Pigments are colored chemical substances that
can be found in both plants and animals. The colora-
tion realized by pigments is independent of the
structure of the feather. When the outer white light,
which is a combination of wavelength from 400 to
750 nm, illuminates the structure of a feather, part of
the initial wavelengths is absorbed but part is re-
flected. We see the reflected light, thus if, for exam-
ple, only the red wavelength is reflected we see the
bird as red.

The second type of coloration — structural col-
oration — is not so common as pigmental and is di-
vided into two subdivisions: iridescent and non-
iridescent [2]. Structurally colored feathers produce
their colors by a non-pigmentary way as they are

typically made of only few proteins, most com-
monly, melanin and keratin. The structural color is a
result of interference of light on sub micrometer
structures inside of the feather. Despite this very
limited range of materials involved in structural col-
oration of birds, the photonic crystals in the struc-
tures of feathers produce full range of colors of visi-
ble spectrum. Iridescent feathers contain cylindrical
rodlets in their structures called melanosomes. For
iridescent type coloration, the observable colors are
changing at different viewing angles. Tiny spherical
air pockets in the feathers can scatter incoming light,
resulting in a specific, non-iridescent color. For non-
iridescent coloration the color is not changing at
different viewing angles and from this point of view
it is similar to pigmentary type of coloration. Blue
colors in feathers are almost always produced in this
manner.

Structural coloration results from the interac-
tion of light waves with featured structures having
the same order of size as the wavelength of light.
The structures most commonly have a cylindrical or
spherical shape. Structural coloration is typically
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described by light scattering from a multilayer struc-
ture and thin-film interference [3].

1 Setup of the model

To get an insight into the physical mechanism
of coloration of birds, we developed a numerical 3D
model (using finite element method solver for elec-
tromagnetic structures Ansys HFSS 14, which is 3D
electromagnetic simulation software for designing
and simulating high-frequency electronic products)
with material parameters assigned taking into ac-
count their dispersive character for every protein
involved into the structure. As the model incorpo-
rates a number of geometrical parameters influenc-
ing the resultant spectral characteristics, we imple-
mented the model to be fully parameterized to make
a well-rounded study. In the model of the photonic
crystal shown in Figure 1.1, we implement the fol-
lowing main features. The incident light is repre-
sented as a plane wave, linearly polarized with two
orthogonal polarizations TE and TM. The sources of
excitation of these waves in Ansys HFSS are deter-
mined by ‘Floquet ports’ which are located at the top
and bottom of the structure in Figure 1.1. There are
two pairs of periodic planes along YZ and YX trans-
lating the structure along X and Y axes which are set
as ‘Master’ and ‘Slave’ boundary conditions.

In Figure 1.1, a cross section of a photonic
crystal representing the microstructure inside a
feather of some birds is shown. Notably, there are
only two main material components (keratin and
melanin) involved in the structure, which as a whole
surrounded by air. In the model, we take into ac-
count the dispersion of material parameters for both
melanin and keratin and losses of electromagnetic
radiation inside the structure. The real part of the
wavelength-dependent refractive indices of keratin
and melanin, n; and n,, was calculated with the
Cauchy formula n =4+ B\A> (A is the wavelength of
light), using for keratin 4, = 1.532 and B, = 5890 nm’
and for melanin 4,, = 1.648 and B,, = 23700 nmz; the
imaginary component of the refractive index for
keratin was assumed to be negligible in the visible
wavelength range, but that of melanin was taken to
be k,=a,exp(-\A/b,), where a,=0.56 and
b, =270 nm [4], [5].

The structure of the photonic crystal in Figure
1.1 is limited by the keratin layer (depicted in red),
the thickness of which is 3 um. The bottom of the
matrix is ragged having a saw-tooth structure which
serves as an impedance matching intermediate sur-
face between keratin and air and helps avoiding
Fabry — Perot oscillations in reflectance spectra.
Initially all the geometrical parameters of the struc-
ture in the model are set as default by assigning
them as follows: the keratin thickness is 3 um, the
thickness of the upper keratin layer is 100 nm, the
diameter of melanosomes D =100 nm (they are
magnified in Figure 1.1 for convenience), the num-
ber of layers is 7, the inter-layer spacing (distance
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between adjacent layers) /=150 nm, the arrange-
ment of melanosomes represents a rectangular lat-
tice. By default, the model incorporates a normal
incidence of light. For the case of an oblique inci-
dence, the TE polarization of electric field is in the
YZ plane and TM polarization is along the X-axis.

i—» X
Incident light lz

Air

Keratin

0.75 uym

Air
Figure 1.1. — Schematic of an array composed of
solid melanosomes immersed in keratin matrix
nside a feather’s barbule of some birds with specific
structural type of coloration

The structure we study in Figure 1.1 is actually
represents half of the real structure found in barbules
of feathers. However the reflectance from the half of
the structure very closely follows the reflectance
from the full structure of the double-stacked photon-
ic crystal. In the real structure of a photonic crystal
in bird feathers, the rows of melanosomes are not
ideally arranged, and the diameters of the melano-
somes differ slightly from each other. The imperfec-
tions lead to reducing the peak reflectance leaving
the shape of the spectra virtually the same [6].

2 Results of modeling

We start our analysis of reflectance spectra by
varying value of the number of melanosome layers.
Figure 2.1 (a, b) shows that with increasing the num-
ber of layers an obvious increase in peak reflectance
is observed, the bandwidth slightly narrows and a
small bathochromic (towards longer wavelengths)
peak shift occurs. Despite we applied the imped-
ance-matching surface for the bottom keratin sur-
face, the tiny high-frequency oscillations in spectra
in Figure 2.1 (a, b) are still visible for the cases of
pure keratin matrix and for unitary and triple layer(s)
of melanosomes, however the oscillations com-
pletely disappear for higher number of melanosomes
in the stack, as it is shown for 5 layers.
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Figure 2.1. — Results of modeling. (a, b) Reflectance spectra vs. number of layers in the array;

(c, d) Reflectance spectra vs. diameter of melanosomes; (e, f) Reflectance spectra vs. inter-layer spacing
(distance between centers of adjacent layers); (g, h) Reflectance spectra vs. angle of incidence. The case of nor-
mal incidence (0°) was considered in figures (e—f); (i, j) Reflectance spectra vs. number of layers for the case
when the keratin layer is replaced by the air. In the case of (¢, d, e, f, h) the number of layers
of melanosomes was seven
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The diameter of melanosomes is one of the key
parameters which strongly influences the perk re-
flectance while causing only slight changes in the
peak wavelength positioning. Figure 2.1 (¢, d) dem-
onstrates the reflectance dependence on the diameter
of melanosomes and indicates that the dependence is
not monotonous: with increasing the diameter of
cylinders the reflectance first increases reaching its
peak at 80 nm and then changes the trend into oppo-
site decreasing almost twice at 140 nm from its peak
value.

The dependence of reflectance on interlayer
spacing (which is a distance between adjacent layers
of melanosomes) is radically different from the de-
pendence on diameter of melanosomes from the
point of view of the peak shift. As Figure 2.1 (e, f)
shows, in this case both the peak wavelenth position-
ing and peak shift are strongly depending on the
parameter of interlayer spacing. The peak of reflec-
tance reaches its maximum at 150 nm at which the
stack of melanosomes is closely packed as the inter-
layer spacing is also (as default) has the length of
150 nm. This behavior can be interpreted with the
following rule A =2(nd, +n,d,) for a multilayer

composed of two components with refractive indices
n; and n, and thicknesses d; and d,. As an example,
taking n;=1.55 and n,=1.65 and d,=d,=75 nm
(half of the interlayer spacing at close packing),
yields A__ =480 nm. Higher (lower) values of the

wavelengths will result to an increasing (decreasing)
multilayer period. We must emphasize, however,
that light interference in the combined structure con-
sisting of the upper thin-film-like keratin cortex and
the multilayer stack of melanosomes ultimately de-
termines the reflectance spectrum. Increasing the
interlayer spacing leads to reduction in the peak
magnitude, which almost decreases twice at 210 nm
and to changing in the shape of the spectrum, which
transforms substantially into two-peak profile.

To study the iridescent properties of the pho-
tonic crystal, we performed angle dependence analy-
sis for TE and TM modes. Figure 2.1 (g, h) reveals
the peculiarities of spectra transformations with in-
creasing the incidence angle. First of all, the TE and
TM spectra differ strongly from the point of view of
the peak height but have the same trend for the peak
shifting. From the peak shift, it definitely follows
that the appearance of the structure will acquire a
purplish tint with observing at oblique angles.

The total reflectance of the spectra we have just
analyzed is not impressively high staying in its peak
on the level of 30% which might not be sufficient at
some image or sensing applications but seems to be
quite enough for color signalling in birds’ communi-
cations. The reason for that lays in low refractive
index contrast between melanin and keratin. To
demonstrate the potential ability of increasing the
peak reflectance in some artificial photonic crystals
based on the same principle, we replaced the keratin

max
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matrix by air for studying the increment of reflec-
tance. Figure 2.1 (i, j) depicts the reflectance spectra
in this case when the melanosomes are surrounded
by air. First, one can see that the spectra became
wider and, second, the peak reflectance doubled in
comparison with reflectance in Figure 2.1 (a, b).

It is necessary to note, that there is one more
parameter that influences both peak reflectance and
peak wavelength. The parameter is the thickness of
the upper-keratin layer or keratin cortex, which is
the distance between the top keratin surface the up-
per layer of melanosomes. With increasing cortex
thickness both the peak reflectance and peak wave-
length also increases.

Conclusion

Full parametric analysis of a photonic crystal
found in birds feathers reveals details of the physical
mechanism of colors formation in this type of pho-
tonic crystals. The type of photonic crystal utilizes
materials with very limited refractive index contrast,
therefore, it is reasonable to continue our modeling
by considering more complicated photonic crystal
with hollow melanosomes [7]. The knowledge ob-
tained in this analysis can be applied at the stage of
designing photonic optical sensors, indicators, dis-
plays with new types of light reflectors with recon-
figurable spectrum and almost zero power consump-
tion, metamaterials [8]-[12]. As our analysis indi-
cates, the number of layers of cylinders in the pho-
tonic crystal for satisfactory spectra recognition (or
formation) can be limited by just 5-7 layers. The
best parameter for the reflecting color controlling in
the photonic crystal is the interlayer spacing while
the diameter of cylindrical melanosomes is respon-
sible for the magnitude of the peak reflectance.
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