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Additive Photonic Colorsin the Brazilian Diamond Weevil, Entimus
imperialis
S. Mouchet’, J.-P. Vignerof J.-F. Colomét C. Vandenbefh O. Depari

#Solid-State Physics Laboratory, Facultés UniveirsisaNotre-Dame de la Paix (FUNDP), Rue de
Bruxelles 61, B-5000, Namur, Belgium

ABSTRACT

Structurally colored nano-architectures found inniy organisms are complex optical materials, givirse to multi-
scale visual effects. In arthropods, these strastwften consist of porous biopolymers and formunatphotonic
crystals. A signature of the structural origin olaration in insects is iridescence, i.e., coloamfes with the viewing
angle. In the scales located on the elytra of treziBan weevilEntimus imperialiCurculionidae), three-dimensional
photonic crystals are observed. On one hand, ehttem interacts independently with light, produria single color
which is observed by optical microscopy and rarfges blue to orange. On the other hand, the codscgived by the
naked eye is due to multi-length-scale light eBeictvolving different orientations of a single pbwic crystal. This
disorder in crystal orientations alters the lighagmgation in such a way that the crystal irideseda removedEntimus
imperialis is therefore a remarkable example of additive @hiot colors produced by a complex multi-scale oigan
architecture. In order to study this specific natyhotonic structure, electron microscopy is usdte structure turns
out to be formed of a single type of photonic aystith different orientations within each scale the elytra. Our
modeling approach takes into account the disordére photonic crystals and explains why the stimectisplays bright
colors at the level of individual scales and a iraescent green color in the far-field.

Keywords. Beetle scale, natural photonic crystals, phottwicdgap materials, structural color, iridescenade@ptera,
nanoarchitecture, bioinspiration, biomimetics, batenials

1. INTRODUCTION

For centuries, humans have been interested insalod in their production methods in order to Umart in different
fields, e.g., painting, textile dye, ceramics detion, food coloring... or by simple wish to undenstgphenomena such
as the yellowing of tree leaves, the color charagesinset, the white coloration of clouds, the ot rainbows, those
of aurora borealisandaustralis..

Colors are generally divided into two categoriesoading to their origin: pigmentary colors, due delective
absorption of incident light by a pigment, and stawal colors, due to the interplay of light withysical nanostructures.
In living organisms, colors are produced by on¢hese two mechanisms or both simultaneously. Thaarkingdom
widely uses physical colors in order to displaypsising color effects:? It is the case for numerous butterflies, beetles,
birds, fishes...The structures at the origin of their colors wepimized for more than 500 million years. Photonic
crystals which are studied in this paper are oreamge of structural colors found in nature. Thewndgst in media
composed of a periodic distribution of materialghwilifferent refractive indices. The periodicity tie dielectric
permittivity influences light propagation. In thase of insects, the building materials are maiiyaad a biopolymer:
chitin (CgH;305N),,. These photonic structures are highly ordered extcemely sophisticated porous materials. Their
structures can be very complex leading to remaekabloration effects. Furthermore, these nanostrastwhich are a
source of inspiration for humans through a biomimeipproach can have other interesting propertieh sas a
hygrochromic behavidf (the ability to change coloration when soaked &tes), gas or vapor sensifig; antireflection
property*? light absorptiof?...
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In this paper, we investigated the diamond weEntimus imperialiCurculionidae Forster 1771. This beetle is
a Brazilian weevilwhose size reaches approximate cm (fig. 1). It is a very comon insect in Brazil where it live
mainly on tree leaves. This bee#ighibits green spots on its elytra. The origin ofstiebloration is physical desf the
fact that it is not iridescent, as mapitysical structure. For a long time,tihad been useds decoration by several
Amazonian populations and nowadatyis usedin jewellerywith other materials such as go

Figure 1.Photograph of the Brazilian weeEntimus imperialis(colors available onlin

This beetle has already bestudiedpreviously** but this article consists in a deeper study ofligiiet interaction
with the photonic nanostructures. Vdemonstral here that the color of the weevil due to the presence of three-
dimensional photonic crystals and fbist purpos we used optical and electron microsieapspectrophotometry (SP),
microspectrophotometry (MSPphotonic ban structure calculations, and simulations of reflaceaspectra by Rigorot
Coupled Wave Analysis (RCWAX) *® We also asseshe diffraction properties ahe photonic structure found on
cuticle.

This beetle isan astonishing exampof additive photonic colors produced by complex ti-length-scale organic
structures: the weevil colds produced by isordered set of ordered photonic cryst&8lach crystal reflects light
independently, giving rise to singbeight colors ranging from blue to orange (as obsetwedptical microscopy), while
the color perceivetdy human eye in the i-field is matt green. The interaction of liglith distinct orientations of th
photonic crystal at different length scales altBese colors in such a way that a-iridescent coloration is exhibite

2. METHODOLOGY
2.1 Samples

We obtained samplefsom a commercial insect supplier, who ideled themto species lev asEntimus imperialis
They were caught in the municipality of Linhares in tB&ate ofEspirito Santan January 1983. This long per
between capture and observatidr@sl no major consequence on the coloration of thesets. This fact calls for the
structural origin of the coloration of these Curenldae. Pigmentary colors would indeed have bleddby ultraviole
rays since then.

2.2 Morphological and optical characterizations

In order to get @eep understanding of the corrx behavior of natural photonic nanostructuress igsential to realiz
morphological and optical characterizatioln spite of the fact that microscopy provided with a two-dimensional
image from a three-dimensiorsttuctur, it allowed us however to describe preciselyghetonic structure at the orig
of the coloration.For microscopy observatio, we used an Olympus BX6dptical microscope equipped with

Proc. of SPIE Vol. 8480 848003-2

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 10/12/2012 Terms of Use: http://spiedl.or g/terms



Olympus XC50 camera and an Olympus BX-UCB lamp ai s a Field Emission Scanning Electron Microscop
JEOL-7500F. In the latter case, samples whose siges typically5 x 5 mm? were coated by 25 nm-gold layer.

In order to get a quantitative description of tlidocs produced by the nanostructures, it is manmgatoresort to
spectrophotometry (SP). Reflectance spectra wesuaned thanks to an Avantes AvaSpec-2048-2 spécttometer
and an Avantes Avalight-DH-S-BAL deuterium/halogiéght source. The measurements were realized icutpe
configuration, i.e., the absolute incidence ancd@&in angles were equal. The spot size of thelémge beam on the
sample was several square millimeters. We note tthetmeasured quantity was the reflection factat aot the
reflectance. In this paper, the reflection fadtois defined as the ratio between the reflectechsitg/ and a reference
intensityW with a correction factoB taking into account the noise due to light raysicy from other sources than the
lamp used for the measurements:

I-B
R=9 @)
The reference intensityy was acquired using a white reference standard t&gaWWS-2 based on PTFE. The reflection
factor of some samples, reflecting light very dii@gally, can exceed 100% at some wavelengths. Ale ho be

especially careful when using reference standacdume the results can vary according to this stdnda

Reflectance spectra of well defined zones on timepkss were recorded using a microspectrophoton{bteiP).
The set-up was mainly composed of an optical mawps linked to an Avantes AvaSpec-2048-2 spectropheter. A
halogen light source illuminated the beetle elgtan incidence angle of about 40° with resped¢hé&énormal to the
sample. Like in SP measurements, the reflectiotofasas in fact measured. The typical size of thaminated spots
was smaller than500 pum?.

2.3 Dominant wavelength estimation

The dominant wavelength formula provides us witleatimate of the position of the peak in the reflace spectrum of
a multilayered structure as soon as the layer tieiskes and their refractive indices are knBWhBecause of the
periodicity of the multilayer, light cannot actyalbropagate at some wavelengths inside the matéfridgde incidence
angle (with respect to the normal to the multilayisré andn, is the incidence medium refractive index, then the

position of the reflectance maximuiris given by:
1= 2a |n2-nZsin2 @

= 2)

m

wherea is the periodp is the effective refractive index of the multilayendm is an integer whose value is determined
so that the dominant wavelength belongs to thebldspart of the electromagnetic spectrum. For @étphotonic
structure, this value is generally equalmo= 1. This formula is valid for weak refractive indewrdrasts and for
wavelengths relatively longer than the period

By calculating an effective refractive index, theiltitayer is approximated by a homogenous effectivedium.
We can estimate the average refractive inglessing the rules of capacitantewhich is based on the calculation of the
weighted averages of the dielectric constants fdaritie medium. The weights depend on the relatolames of the
different materials composing the photonic strugtur

At normal incidencef = 0°), the dominant reflected wavelength can be eséichasing:

2an
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A two- or three-dimensional photonic crystal candpproximated by a multilayered medium dependinghan
orientation of the crystd ' When light illuminates such a crystal, it canded be viewed as a periodic stacking of
homogenous layers. According to its orientatioe, photonic crystal will be assimilated to a speaifiultilayer’® In the
same way it is applied for multilayered reflectan,average refractive indéxof a homogenous effective medium can
be calculated using the rules of capacitatices well. The dominant wavelengttreflected by the photonic crystal can
be estimated using the following formtftd®

=2 (4)

wherep is the distance between two parallel reticulaneacorresponding to a given orientation and replare the
multilayer perioda. We note that this formula is only valid in a n@lrincidence configuration.

2.4 Numerical computation aspects

Dominant wavelength calculations provide us wittirst clue regarding the reflected color withoutyanore details. In
order to realize a rigorous study of natural phmamystals, it is necessary to combine experinmestiaracterizations
with numerical predictions. These predictions based photonic model of the structure have to bepared with SP
measurements.

In our numerical study, we calculated the reflectaspectra of the photonic structure model by RigsrCoupled
Wave Analysis (RCWA) method, which solves exadtly Maxwell’'s equations governing light propagatiomptically
inhomogeneous medfa.*® This computational method was used for the assmssai the diffraction properties of the
photonic crystal and the calculation of total refisce spectra. At lea8tx 8 plane waves were needed in Fourier series
expansion of the spatially varying dielectric camstin order to achieve numerical convergence.

The photonic band structure of the idealized photamystal was calculated using the MIT Photonigi@s
package (MPBY with 64 x 64 x 64 plane waves.The calculated band gaps correspdndeflected wavelengths.

2.5 Chromaticity diagram

Since the description of a color cannot be resgtidb its reflectance spectrum, we decided to bsechromaticity
diagram defined by th€ommission Internationale de I'Eclairag€CIE) in 1931 according to a method developed
elsewheré! In this representation, colors perceived by thendnu eye are quantified using reflectance spectta an
presented on a 2-degree observer chromaticity afafft ** The two independent coordinatés,y) are called
chromaticity coordinates. We note that this diagiamnly valid for representing the colors percdil®y human eyes
but not by other animals.

3. RESULTSAND DISCUSSION

3.1 Morphology

In spite of the fact thaEntimus imperialisexhibits dull green spots when seen at long distanbservations made by
optical microscope reveal flat and elongated scaligs shiny colors on its cuticle (fig. 2a-d). Theales are also
observed with the electron microscope at highernifi@gtion (fig. 3a-b). These scales are gathereddts around
cavities (fig. 2b) forming rows (fig. 2a). The amge length of the scales is 100 um (£ 15 um) wihidkewidth at half-
length is 50 um (x5 um) and the thickness 2200(#250 nm). They reflect strongly light at specifiavelengths
giving rise to various colors ranging from blueotange (fig. 2b-d). One single scale is often dididhto a few photonic
domains differing by their colors (fig. 2c). Thaaiof these domains is typically 30 or 40 um. Weenbat the thorax
and legs are also covered with such shiny scales.
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(d)

Figure 2. Optical micrographs of the cuticle suefaBcales reflect many colors, ranging from blueremge. Each scale is made up of
several photonic crystal domains. (a) Two rowscales. (b) Scales gathered around a cavity. (@rgetl view of the scales in (b).
(d) Junction between the two elytra. (colors avddanline)

Images obtained by electron microscopy show thetgriio nanostructure inside the outer shell of theles
(fig. 3c-f). It consists in a three-dimensional phuc crystal made of thin chitin layers with a tdamensional triangular
lattice of cylindrical perforations (average diagretl35 *+ 14 nm) on which a two-dimensional tridlaguattice of
cylindrical protrusions (average diameter: 160 ¥ is found. The height of these protrusions58 am (+ 25 nm).
The distancer between the centers of two neighboring perforatisr280 + 10 nm. The chitin layer thickness i@
This structure is similar to the one found on théate of Pachyrrhynchus congestus pavonitteller 1921):8 a weevil
from Philippines, characterized by orange circuilags on the dorsal and ventral side of the th@nack abdomen. Here,
the photonic polycrystal is, however, made of phatocrystal grains which are larger than the onesnd in
Pachyrrhynchus congestus pavonius
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Figure 3. Electron micrographs of the sca{e$ Two rows of scales. (b) Enlatyeiew of the scales in (. (c-f) Electron micrographs
of broken scales showing the inner nanostructutbephotonic crystal. It is ade of chitin layersvith cylindrical perforations an
protrusions arranged according to a timensional triangular lattice. The two basis ves of the unit celwhich are parallel to the

chitin layeis are drawn in yellow (f). (colors available online

The unit cell of thgphotonic crystacontains three sites: one protrusion, one empgyasitl oneperforation (fig. 4).
The size othe unit cell is of the order visible light wavelengths.
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Protrusion (A)

Empty site (B)
Hole (C)

> Chitin layer

Figure 4. Schematic view of the photonic crystatdnsists in a stack of perforated chitin layergezed by cylindrical protrusions.
The unit cell is made up of one protrusion (A) spgche chitin layers, one empty site (B) and ornégpation (C). An ABC stacking
of these chitin layers leads to a face-centereitdHCC) structure. The two basis vectors of the celitwhich are parallel to the
chitin layer are drawn in yellow. (colors availableline)

Analyzing the possible stacking schemes on thesbafielectron micrographs following the same metlasd
described elsewheréwe determined that the stacking of the chitin tayie each photonic domain of the polycrystal
forms a face-centered cubic structure (fig. 5)tf=ions (A), empty sites (B) and perforations &3 vertically aligned
and repeated in that order leading to an ABC stBekh photonic crystal grain is iridescent giviiggerto very different
reflected colors depending on the orientation ef ¢hystal. Using the relatiosh = v/2a between the lengthi of a cube
edge and the distanaebetween two neighboring perforation centers (aeiteed from electron microscopy images), we
evaluated the crystal parameteto be 396 nm.

Figure 5. Orientation of two basis vectors of tiné gell (parallel to the chitin layer) in the FCQtiee. Two reticular planes are
highlighted in green and red. The nomof vectorsd, andd, is equal to the distance between two neighboraxfppation centers.
(colors available online)

3.2 Reflectance

Orientational disorder in the photonic polycrystelsninates the iridescence effect. In order tchhgt this behavior,
reflectance spectra were acquired from differemtqhic crystal domains using MSP (fig. 6a). Thee s the analyzed
zones was smaller thars00 um?, i.e., of the order of the size of the photonigstal domains. Reflectance peaks are
observed at very various wavelengths accordindhéoposition on the scale. These peaks correspotigetdifferent
colors observed by optical microscopy (fig. 2) amet due to the selective reflection on the photarrigstals.
Reflectance spectra acquired by SP (fig. 6b) demift incidence and reflection angles in a speagafiguration do
not present the characteristic iridescence shifinahe case of many other natural photonic nancsires” % >*These
spectra differ from those obtained by MSP. Theyenereasured from a defined zone of the samples wéimsewas
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equal to a few millimeters. As we will see, theyd@e seen as the result of an average of the spmeiasured on single
photonic crystal domains by to MSP.

200 T T T T T T T 100

—
— 157
—30°
80 — A"

=
3

Reflection factor [%]
3

Reflection factor [%]

L L L I L
200 450 500 550 600 650 700 750 800 EUO 4850 500 5§50

I L I I
600 650 700 780 800
Wavelength [nm]

(a) Wavelength [nm] (b)

Figure 6. (a) Reflectance spectra correspondingffiereint photonic crystal domains measured by nspsztrophotometry. The
orange curve is due to a measurement made on tgbhwging photonic domains with different orientets. (b) Reflectance spectra
obtained by spectrophotometry at different incideand reflection angles (measured with respedtambrmal to the cuticle) in
specular configuration. (colors available online)

3.3 Theoretical predictionsand numerical simulations

In spite of the fact that the photonic nanostruetisr polycrystalline, i.e., one single scale is emafl the same crystal
with different orientations, we first consider tbase of a crystal having one unique orientationc&ithe size of the

photonic crystal domains is several tens of microms study of one single orientation is relevavith respect to e.g.,
MSP measurements.

Photonic band structure was calculated using MFBvace™ (fig. 7). Of course, the refractive index contrdse
to air and chitin is too small to generate compleaed gaps. However, partial band gaps observetisndiagram
correspond to the reflected wavelengths for a rarigeavevector directions. Incident waves with wawgths of 577,
506, 472 and 487 nm cannot propagate in the plotgstal according tdL, I'X, WK andT'K directions, respectively,
and are therefore reflected by the crystal. Themeelengths correspond to some of the peak positiwasured by MSP

(fig. 6a). The structure observed by electron nscopy is therefore at the origin of the coloratiafishe diamond
weevil.
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Figure 7. Photonic band structure of the crystahfbin the scales dntimus imperialisPartial band gaps are highlighted by color
rectangles. (colors available online)

Approximating the three-dimensional photonic cri/siaa homogenous effective medium and applying(@g.we
can easily estimate the dominant wavelengths fteftein thel'L, I'X andT'K directions which correspond to tg11),
(100) and (110) directions in the direct space, respectively. Asslg a structure made of &in,;, = 1) and chitin
(Menivin = 1.56 2%) with a filling factor f (ratio between the chitin volumig,,;;;, in the unit cell and the total unit cell
volumeV,, calculated from electron micrographs) equaf te V_,;.in/V. = 0.47, we evaluated the effective refractive
indexn to bel.23.

In the case of thé111) direction, thep parameter (eq. 4) is equal to the third of theyoliel of the cube (fig. )

p =dv3/3 =ay/2/3 = 229 nm and the dominant reflected wavelength is thereéopeal tol = 2 x 229 x 1.23/1
563 nm.

Applying this approximation to th€100) direction,p is now equal to the half of the cube edbep = d/2
a/v2 = 198 nm and the dominant reflected wavelength is equal$o2 x 198 x 1.23/1 = 487 nm .

In the case of th€110) direction, the distance between two reticular gfaisp = dv2/3 = 2a/3 = 187 nm and
the dominant reflected wavelengthlis= 2 x 187 x 1.23/1 = 459 nm.

According to the orientation of the photonic nanosture, crystal facets with different Miller indis are exhibited
on the scale surfaces. As we can deduce from tbtpic band structure, the reflectance spectruriesaccording to
the crystal facet. Using RCWA, we calculated rafl@ce spectra corresponding to ttiel1) direction at different
incidence angle8 (fig. 8). At normal incidence, the main peak ispioned at 578 nm. This is perfectly in accordance
with the wavelength predicted from the photonic datructure. Other peaks are located at 288 andnB804The

T This value is obtained by considering a FCC symmetrthe photonic crystal. We note that we can alstain the parameter
(equal to the distance between chitin layers) bgraing the chitin layer thickness and the protrusieight*® Accordingly,p = 79 +
150 = 229 nm, which is exactly equal to the third of the cubiagdnal. This result confirms in fact the FCC symyaeif the
photonic crystal.

Proc. of SPIE Vol. 8480 848003-9

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 10/12/2012 Terms of Use: http://spiedl.or g/terms



dominant wavelength approximation shows us thasahgeaks correspond to the= 2 harmonicsl = 2pn/m =
2 X 229 x 1.23/2 = 282 nm. The blue shift of the reflectance spectrum wittr¢asing incidence angles, also predicted
by eq. (2) is observed (fig. 8).

Reflectance [%)]

200 300 400 500 700 800 900 1000

600
Wavelength [nm]

Reflectance [%]

200 300 400 500

700 800 900 1000

600
Wavelength [nm]

Reflectance [%]

| h | |
600 700 800 900 1000

Wavelength [nm]

1 !
800 300 400 500

Figure 8. Reflectance spectra calculated for(1Hel) direction of the photonic crystal at incidencelasg equal to 0°, 30° and 60°
(from top graph to bottom graph).

The peak positions determined by the photonic lsingtture, approximation of the dominant wavelenE8WA
and MSP are all in good agreement (table 1). We ti@t the greater difference at short wavelenigtbegplained by the
fact that the calculation of the effective refraetindexn is valid at long wavelengths. The related colaes yellow,
green and blue, as observed by optical microschigy?).

Table 1. Comparison of the peak positions determinyethe photonic band structure, approximatiorhefdominant wavelength,
RCWA and microspectrophotometry.

Directions Band structure Dominant wavelength RCWA MSP
(111) orTL 577 nm 563 nm 578 nm 566 nm
(100) orIX 506 nm 487 nm Not calculated 491 and 507 nm
(110) orTK 487 nm 459 nm Not calculated 464 and 482 nm

3.4 Assessment of the diffraction in the visible range

In order to show how light interacts with the phatocrystals and to find out the origin of the d#fve aspect of the
matt green coloration, we assess the diffractiapgrties of the nanostructure by considering thi@gdeity in the plane
of the chitin layers. A reciprocal lattice veci@r(norm:g) must be added to the component of the incidenewector

kT| that is parallel to the photonic crystal surfataking this into account, the dominant reflected/slangth formula (at
normal incidence) beconies

Ay = __zn (5)

(22
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The specular reflection predicted by eq. (4) cqoesls to the casg = 0, i.e., no diffraction. The lateral periodicity
therefore induces reflectance peaks (due to difrakr at wavelengths shorter than the main peakelesngth predicted

by eq. (4).
For the(111) direction, the norm of the six shortest non zgneectors is:

2 2m

9=52 (6)
wherea is equal to 28Gim.

By plugging that expansion @f into eq. (5), diffraction peaks located at 2688 (m = 1) and 205"m (n = 2),
both below the visible range, are predicted. Higtiéfraction orders (largefj-vectors) give rise td, values below
200nm.

Solving Maxwell's equations using RCWA provides wih reflectance spectrum components correspontiing
each reciprocal lattice vectgt. For the six reciprocal lattice vectors mentioradxbve, reflectance peaks are found at
about 224hm and 203im. The difference between these values and theshicped by eq. (5) is explained by the fact

that eq. (5) is valid strictly at wavelengths mulatger tharp = a./2/3 = 229 nm. These results confirm the fact that
the photonic crystal does not diffract visible ligbut UV light) and therefore that the matt grestor is not due to
diffraction. The incident light is only speculargflected by a single photonic domain.

3.5 Polycrystalline aspects

In this section, the disorder in the photonic ay$icet orientation is discussed. The diversitgabrs produced by the
different photonic crystal orientations is repraednon the chromaticity diagram using reflectarnmectra measured by
MSP (fig. 9a). However, the coloration perceivediiy naked eye is an additive color, i.e., a spatiarage of all these
colors. Chromaticity coordinates, when they arecwated from reflectance spectra measured by SBpétular
configuration (fig. 6b) with the incidence andleranging from 0° to 45°, do not change very muckthwhe angle
(fig. 9b). This result is an indication that theriety of colors produced by the different photooigstal orientations is
“mixed” when it is observed in the far-field. Indken the SP measurements, the illuminated arsauh larger (several
square millimeters) than the size of a single phictorystal domain.

The color mixing effect was confirmed by simulagorChromaticity coordinates, when they are caledldtom
simulated reflectance spectra corresponding tq/thé) orientation of the photonic crystal at differentident angles
(fig. 8) are scattered across the chromaticity miag(fig. 9¢). Change of the incidence angle gives to yellow, green
and blue colors. These are the iridescent colaas ¢hn only be observed when measuring reflectamca single
photonic crystal domain, using MSP. The chromaticibordinates calculated from the average of theflectance
spectra are plotted on fig. 9d. We insist on tlut filaat the result corresponds to the averageeo$piectra and not to the
average of thec andy chromaticity coordinates. Averaging over the pggien directions (or angles) is a common
method used in order to simulate the diffusive prtips due to the disorder exhibited by naturaicstres® *® The
chromaticity point in fig. 9d is located in the samegion as those in fig. 9b. We remind here thatdomparison of
colors using the chromaticity diagram is quite ctiogged. The distance between two chromaticity fsoidepends
indeed on their positions on this diagram.

We note that, in the SP measurements, every dggtaphic orientation contributes to the coloratighile in the
numerical simulations, only thg11) direction is taken into account. It would be ief&ing to introduce the effect of
orientational disorder in our numerical simulatigns., other orientations should be considerea)wvéler, the study of
other crystallographic directions is more compkchto perform because of the anisotropy of the ealitof the photonic
crystal. In the case of an inverse opal, the igytraf the unit cell (one single sphere) allows itoudate the reflectance
spectra for different directiorf§.It is probably useless to study the effect of diso by a method such as ray-tracing
because the orientation of the scales and the spaetiection on them do not really allow light ves to interact with
several photonic crystal domains. We are curreatlgpting the RCWA method in order to be able ta@udate the
reflectance spectra independently of the oriematibthe non diffracting photonic crystal with asti®pic unit cell. It
could also be interesting to calculate the averdgeflectance spectra for a realistic statistitiatribution of incidence
angles.
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Figure 9. Chromaticity diagrams. (a) Diversity ofars produced by the interaction of light with igotonic polycrystal structure.
The coordinates were calculated from reflectaneetsp obtained by microspectrophotometry (fig. @a) Colors according to the
incidence anglé (ranging from 0° to 45° by step of 15°) determitfiexn reflectance spectra measured by spectropleitgrim
specular configuration (fig. 6b). (c) Colors accagito the incident angke (ranging from 0° to 75° by step of 15°) calculafiezm
simulated reflectance spectra corresponding t@tha) orientation of the photonic crystal (fig. 8). Colstyellow at small incidence
angles and turns to blue as the angle increasge€o{dr obtained by averaging the simulated refiectaspectra of fig. 8. (colors
available online)

All these results demonstrate that the additivercof the weevil is actually due to a mixing of iars colors
produced by different orientations of the photatrigstal present in the polycrystal structure (fi). The chromaticity
diagrams (fig9) confirm our observations by optical microscofhe matt green coloration is due to multi-lengthlsc
coloration phenomena. Each photonic crystal dorigiridescent, reflecting a color depending on ¢hgstallographic
orientation. However, the color is not due to thisgle phenomenon but rather to the interactiodigsft with the
disordered polycrystalline structure. Each scaleimposed of photonic crystal domains (several ¢émsicrometers in
size) with different orientations and irregulareirfaces between them. Furthermore, scales areppsed. The optical
responses of the nanoscale structures are addedcim a way that the reflectance becomes indeperafettie
observation angle: whatever the illumination condi are, the green coloration of the beetle isoatrthe same. These
multi-scale visual effects could serve effectivitg ecological needs of the insect. Its color isaiely important since
the beetle appears strongly colored from everymsien direction when observed at (very) shortatises. This could
play a role in interspecific recognition. In the-feeld, the green matt omnidirectional color isopably involved in
camouflage.
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Figure 10. The different orientations of thieotonic crystaexhibit various colors. This disorder leadghe loss of the iridescer by
a spatial average of all these cao. (colors available online)

As in the case dEntimus imperiali, bright colors visible from any directions in tfa-field and due to FCC three-
dimensionalphotonic crystals were also observed on thticle of weevils Pachyrhynchus arg?®, Pachyrrhynchus
congestus pavonitfsand Eupholus magnifici®®), longhorn beetlesPeudomyagrus waterhou®” and Prosopocera
lactator’®) and butterflies Cyanophrys rem®). The non iridescent color in these cases also due to spatial
averaging of the colors produced bydisordered polycrystalline structure with differerientations of one single
ordered photonic crystal, leading tmnidirectional colorswithout iridescence Contrasting with these cases,
ultrastructure found inside the scalesthe diamond weevil is nearly a perfect thokmensional photonic crystal: tl
size of the photonic crystal grai reaches about several tens of micrometers whd only a few microns for the other
insects.

4. CONCLUSION

The green coloration of the cavities found on tmaziBian diamond weeviEntimus imperiali is due to scales covering
its cuticle. The scalesigplay a great diversity of colors ranging from élto orange.Inside scales, three-dimensional
photonic crystals are observedll having the same structure but exhibitingafiéht orientations. TI photonic crystal
structure consists in the stackingtbin perforated chitin lays covered by cylindrical protrusions with a f-centered
cubic symmetryThe photonic crystals are very regular and tsizereaches several tens of micrometit is worth to
note that a photonic crystal of that sigevery difficult to produce artificially.

Comparison between microspectrophotometric measmemand band structure calculas enabled us to
determine that the colors of the different phot crystal domains are due to then diffractin¢ mode of interaction of
light with variousorientations of the photoncrystal. The matt green color of tivesect isan additive photonic color,
i.e., an average of all the single colpreduced by individual photonic cryst: This principle is similar to the one us
in impressionist paitings for which a set of small spots made thaonKsrtsh strokes with different colors gives rise
anoptical mixing of colors occurring in the eye oéispectator observing the paintingdidtanceln Entimus imperialis
there is a multi-lengtiscale effect: polcrystalline structures inside juxtaposszhles. The relative disorder found on
cuticle of theinsect leads to the loss of iridescence effectslywed by the crystaldin such a multiscale structu a
diffusive and nonridescent color can be created by light interfee without diffractionin photonic crystal grair.
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