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Extreme Optical Properties Tuned Through Phase 
Substitution in a Structurally Optimized Biological Photonic 
Polycrystal
 Biological photonic structures evolved by insects provide inspiring examples 
for the design and fabrication of synthetic photonic crystals. The small scales 
covering the beetle  Entimus imperialis  are subdivided into irregularly shaped 
domains that mostly show striking colors, yet some appear colorless. The 
colors originate from photonic crystals consisting of cuticular material and 
air, which are geometrically separated by a triply periodic D-surface (dia-
mond). The structure and orientation of the photonic crystals are charactized 
and it is shown that in colorless domains SiO 2  substitutes the air. The experi-
mental results are incorporated into a precise D-surface structure model used 
to simulate the photonic band structure. The study shows that the structural 
parameters in colored domains are optimized for maximum refl ectivity by 
maximizing the stop gap width. The colorless domains provide a biological 
example of how the optical appearance changes through alteration of the 
refractive index contrast between the constituting phases. 
  1. Introduction 

 In the near future, photonic band gap materials are expected 
to play the same important role in photonics as semiconduc-
tors do in electronics. [  1  ]  Biological photonic crystals, particularly 
those of insects with their ability to display beautiful colors, [  2  ,  3  ]  
provide models to learn the principles used by nature to open 
up photonic band gaps. [  4–6  ]  Many species of weevils (Coleop-
tera, Curculionidae) generate strikingly brilliant colors with 3D 
photonic crystals consisting of cuticular material (chitin and 
proteins) and air, which are encased in small scales located on 
their exoskeletons. [  7–12  ]  Based on ultrastructural investigation, 
the photonic crystals of a number of weevil species have been 
described and modeled as opal-type structures, [  7  ]  face centered 
cubic (f.c.c.) inverse opal structures [  8  ,  10  ,  11  ]  and diamond-based 
structures. [  9  ]  Recently, many biological 3D photonic crystals 
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have been shown to be bicontinuous cubic 
structures, [  13  ,  14  ]  whereas those found in 
scales of weevils correspond to the D-sur-
face (diamond) structure. [  12  ,  13  ]  

 Here we investigated scales of the neo-
tropic weevil  Entimus imperialis  to charac-
terize the structure and orientation of the 
photonic crystals in differently colored 
domains as well as in previously unde-
scribed colorless domains, where we show 
that the air phase is substituted by a solid 
SiO 2  phase. Such modifi cations result in 
a change of the refractive index contrast 
between the constituents that leads to 
modifi cations of the photo nic stop gap 
size. This concept is widely used to tune 
the optical properties of synthetic photonic 
crystals and is also used to experimentally 
modify those of natural photonic crys-
tals. [  2  ,  15  ]  A D-surface model based on the 
structural parameters obtained from high-resolution scanning 
electron microscopy (SEM) analysis was used to validate the 
relationship between orientation and observed colors by calcu-
lating the photonic band structure. Simulations reveal that the 
photonic crystal in the scales of this beetle can possess extremal 
optical properties. In colored domains, the structural param-
eters are optimized for opening the largest stop gaps possible 
for any orientation resulting in maximum refl ectivity and thus 
brilliance, whereas in the same photonic structure the stop gap 
width is reduced dramatically by decreasing the refractive index 
contrast between the two phases, which leads to a colorless 
appearance and transparency of the respective domains.   

 2. Results and Discussion  

 2.1. Structural Analysis of the Photonic Crystal 

 Individual scales from the elytra of  Entimus imperialis  
( Figure    1  A) are leaf-shaped with slightly convex surfaces, about 
100  μ m long, 30–60  μ m wide, 6  μ m thick and show strongly 
iridescent colors that cover nearly the full visible spectrum 
(Figure  1 B). [  10  ,  12  ]  In contrast to other weevil species, [  8  ,  9  ]  indi-
vidual colored domains are relatively large and have sharp, 
defi ned borders (Figure  1 C). Upon close inspection using light 
microscopy, we observed that certain domains are colorless and 
appear transparent (Figure  1 D).   
1wileyonlinelibrary.com
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     Figure  1 .     The neotropic weevil  Entimus imperialis  (Coleoptera, Curculionidae). A) Habitus of 
the investigated specimen. Reproduced with permission. [30]  Copyright 2012, Elsevier. B) Light 
microscopy image of scales located in a depression on the dorsal surface of the otherwise black 
elytra. C) Individual scale with three differently colored domains. D) A scale with a colorless 
domain (arrow) through which the dark orange color of a subjacent scale is visible.  
 2.1.1. Structure and Orientation of the Photonic Crystal in Colored 
Domains 

 In colored scales, exposure of the photonic crystal both par-
allel and perpendicular to the scale surface using focused ion 
beam (FIB) milling reveals that fourfold-connected solid struts 
constitute it. Morphometric measurements on SEM images 
from all inspected colored domains show that the length of the 
struts and the angles between them are equal ( Figure    2  A–D). 
This arrangement corresponds to the tetrahedral coordination 
of the fourfold bonded carbon atoms in a diamond lattice and 
confi rms earlier fi ndings in the scales of this and other weevil 
species. [  9  ,  12  ]  Different observed colors correspond to different 
orientations of the same photonic crystal in each domain, 
making every scale act like a photonic polycrystal with a dia-
mond lattice (Figure  2 A–D). The structure of this type of pho-
tonic crystal is a bicontinuous cubic structure, [  13  ]  where space is 
divided into two continuous subvolumes, namely, cuticular net-
work and an air phase, separated in this case by a triply periodic 
intermaterial dividing surface (IMDS) [  16  ]  generating a D-surface 
structure. [  12  ,  13  ]  Using high resolution scanning electron micro-
graphs of all exposed domains, we morphometrically derived 
the parameters necessary to calculate a D-surface model that 
exactly reproduces the biological photonic structure. We meas-
ured the distances between neighboring ramifi cation points in 
the respective  < 110 >  direction in all exposed domains and used 
the average value of 288 ( ± 8) nm to determine the lattice con-
stant, which is 407 ( ± 11) nm. The thickness of the struts is sim-
ilar in all investigated domains and amounts to an average of 98 
( ± 7) nm. The equal lattice constant and thickness of the struts 
in all domains implies that the volume fraction of cuticular 
material is uniform over all scales. We quantifi ed this volume 
fraction by measuring the diameter of the holes and the thick-
ness of the neck of the struts in yellow domains (Figure  2 A) 
and determined the ratio to be 1.61 ( ± 0.07). Subsequently, the 
2 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
D-surface model was adapted by fi ne tuning 
the parameter  t  (for details see Experimental 
Section) until the ratio between hole dia-
meter and strut thickness equaled the experi-
mentally determined value. The obtained  t  is 
0.36 ( ± 0.03), resulting in volume fractions of 
35% cuticular material and 65% air ( ± 1.5%), 
respectively. The orientation of the photonic 
crystal in differently colored domains was 
determined by cutting visualizations of the 
D-surface model along different crystallo-
graphic lattice planes (insets in Figure  2 A–D) 
to exactly fi t the structures observed in situ. 
Upon identical visual appearance of structure 
and model, the Miller index of the exposed 
lattice plane corresponds to the orienta-
tion of the photonic crystal in each sample 
with respect to the scale surface. The cor-
responding normal directions of the lattice 
planes oriented parallel to the scale surface 
(Figure  2 A–D) are close to the  < 111 >  direc-
tion in yellow domains, the  < 100 >  direction 
in green and light blue domains and the 
 < 110 >  direction in dark blue domains.    
 2.1.2. Structure and Orientation of the Photonic Crystal in Colorless 
Domains 

 Colorless, transparent scales have been observed before in the 
weevil  Pachyrhynchus argus  [  7  ]  and have been explained by the 
absence of an inner opal-type photonic crystal as found in colored 
scales. Therefore, it was surprising that removal of the shell on 
colorless domains using FIB exposed a solid core showing clearly 
distinguished periodic patterns of light and dark contrasted fea-
tures (Figure  2 E,F) whose arrangement and dimensions resem-
bled the section profi les of the solid phase in exposed surfaces of 
the photonic crystal in colored domains (Figure  2 ). By adjusting 
visualizations of the D-surface model for colored domains cut 
along different crystallographic lattice planes, it was possible to 
match the section profi le of the solid phase to the pattern of the 
dark contrasted features observed in colorless domains. When 
they match, the complementary light contrasted areas resemble 
the section profi le of the air phase (Figure  2 E,F). This similarity 
indicates that colorless and colored domains contain structurally 
similar 3D photonic crystals, which implies that the air in color-
less domains is substituted by a solid phase.   

 2.1.3. Composition of the Second Solid Phase in Colorless Domains 

 Comparison of qualitative energy-dispersive X-ray (EDX) 
spectra recorded on exposed colorless and colored domains of 
the same scale show an almost equal carbon to oxygen ratio 
and an additional, strong silicon peak in colorless domains 
( Figure    3  A). Under the assumption that the composition of 
the cuticular phase is the same in both types of domains, the 
elevated silicon and oxygen signals should originate from the 
solid second phase present in the colorless domains. This is 
supported by the high electron optical contrast between the 
two phases observed in the colorless domain, which should not 
heim Adv. Funct. Mater. 2013,  
DOI: 10.1002/adfm.201203597
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     Figure  2 .     Microstructure of the photonic crystal in colored and colorless domains. The electron microscopy images show the photonic crystal exposed 
parallel to the scale surface. The grayscale inserts show corresponding visualizations of the D-surface model. The numbers are Miller indices of 
the exposed lattice planes for A) yellow (3 3 2); B) green (1 -7 40); C) light blue (1 2 10); D) dark blue (10 14 -3), and E,F) two colorless domains; 
E) (13 10 16) and F) (1 3 9). The inset light microscopy images show the exact probed locations on the respective scales.  
appear due to the absence of topological contrast of the sam-
ples resulting from FIB preparation (Figure  2 E,F). However, 
since we used an in-lens detector, which can also detect back 
scattered electrons that generate characteristic atomic number 
contrast, the silicon rich phase appears light and the carbon 
rich cuticular network dark contrasted.  

 Transmission Fourier transform infrared (FTIR) spectra 
(Figure  3 B) obtained from a scale with a colored domain and a 
colorless domain (Figure  3 C, right) reveal the presence of two 
strong peaks at 1020 and 1091 cm  − 1  in the colorless domain, 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 
DOI: 10.1002/adfm.201203597
which are typical for Si-O stretching modes from SiO 4  tetra-
hedra [  17–20  ]  and are absent in the colored domain. An integra-
tion of the absorbance between 950 and 1150 cm  − 1  in spectra 
from different parts of the scale (Figure  3 C, left) shows that 
the distribution of the Si-O modes (purple region in Figure  3 C, 
left) is confi ned to the colorless domain (Figure  3 C, right). Two 
peaks at 1261 cm  − 1  and 2964 cm  − 1  are of signifi cantly higher 
intensity in the colorless domain compared to the colored 
domain. The latter can be attributed to a C-H stretching 
mode. [  21  ]  For the former, several possibilities exist, [  21  ]  though 
3wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  3 .     Chemical composition of scales with transparent domains. A) Qualitative elemental 
distribution in a colored (left) and a colorless (right) domain of the same scale. The EDX 
spectra show that the colorless domain is rich in Si and O. B) Transmission FTIR spectra of 
the colorless (red line) and colored (black line) domain. C) Left: Spatial distribution of the 
integrated absorbance from transmitted light of the Si-O stretching mode spectral region (blue: 
weak integral absorbance, purple: strong integral absorbance). Right: Light microscopy image 
of the analyzed scale (arrow: colorless domain).  
no Si-O related modes have been described in minerals in this 
region to our knowledge. [  19  ]  The peaks at 1650 cm  − 1  (protein 
amide I mode [  22  ] ) and 1545 cm  − 1  (protein amide II mode [  22  ] ) are 
of equal intensity and shape in both domains, which implies 
equal protein content and structure. Together with the struc-
tural resemblance, this supports the assumption that the cutic-
ular network is similar in both domains. Therefore, the addi-
tional CH peak indicates the presence of additional organic 
4 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinh
material besides silicon oxide species in the 
colorless domain. Although the existence of 
silicon in the scale of this weevil seems to be 
surprising, together with silicon, many inor-
ganic elements can be found in the cuticle of 
insects. [  23  ,  24  ]  The high abundance of silicon 
and oxygen elements in the second phase 
of the colorless domains indicates the exist-
ence of a type of silicon oxide. No signifi cant 
amounts of other elements typically present 
in silicate minerals, such as Na, K, Ca or Al 
have been found. In addition, the IR spectra 
show the presence of Si-O modes typical for 
the most abundant four-fold coordinated sil-
icon in SiO 2 . [  17  ,  18  ]  Other forms of SiO 2  exist, 
but are extremely rare. [  25  ]  

 In the light of earlier studies of the weevil 
 E. imperialis  [  10  ,  12  ]  and due to the lack of fur-
ther specimens to investigate, we can at pre-
sent not defi nitely conclude that the SiO 2  
present in colorless scales is originating 
from the beetles themselves, since it could 
also be the result of contamination pro-
cesses that occurred in vivo or post mortem 
during storage in museum collections. Con-
cerning post mortem contamination, we 
traced potential scenarios, e.g., conservation 
method, preservation agents etc. to the best 
of our knowledge without being able to fi nd 
evidence for artifi cial SiO 2  sources. However, 
the fact that colorless scales were found in the 
species  P. argus  [  7  ]  as well indicates that they 
are truly synthesized by the animals them-
selves. Furthermore, the FTIR spectra of the 
SiO 2  modes observed here closely resemble 
those observed in biogenic silica and show 
substantial differences to man-made SiO 2  
where the peaks at 1090 and 1020 cm  − 1  are 
usually not of equal intensity. [  26  ]  Since these 
beetles are phytophagous and many plants 
contain SiO 2 , their diet might be a possible 
source for the mineral. However, a physi-
ological mechanism for the incorporation 
of SiO 2  into the photonic crystals inside the 
scales of  E. imperialis  has not been described 
yet. If SiO 2  is actively metabolized by the bee-
tles, one would have to bring up the question 
what purpose this could serve and whether 
it is incorporated during the development or 
after the full differentiation of the scales. At 
the current state of our knowledge, we can 
only speculate about the biological role of such an adaptation, 
but this is certainly a very interesting topic for further investi-
gation. Regardless of the provenience of SiO 2  in the colorless 
domains of the scales and its potential functions, the principle 
of replacing one phase of a 3D photonic crystal by another 
one with different refractive index is a highly interesting con-
cept from a materials science point of view, since it is a natural 
example for photonic crystals with tunable optical properties.    
eim Adv. Funct. Mater. 2013,  
DOI: 10.1002/adfm.201203597
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 2.2. Correlation of Structure and Composition with the Optical 
Properties of the Photonic Crystals 

 To validate our structural analysis of the photo nic crystal in 
colored and colorless domains of scales and compare their 
optical properties, we used the adjusted D-surface structure 
model to calculate the photonic band structure. [  27  ]  The refractive 
© 2013 WILEY-VCH Verlag Gmb

     Figure  4 .     Optical properties of the photonic crystal in colored and co
A) Photo nic band diagram for colored and colorless domains calculated usin
ized D-surface model. The probed locations (light microscopy images) and
of the stop gaps (arrows) for the corresponding directions are shown as ins
width as a function of varying volume fractions of cuticular material ( t   ∈  [1,
domains with relatively high refractive index contrast, the stop gaps (orang
 < 100 >  and blue curve:  < 110 > ) obtain their widest frequency ranges at a volu
to 35% (dashed line) as observed in the beetle. For colorless domains with lo
contrast, the stop gaps are very narrow (circle).  
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index of the cuticular network [  28  ]  was assumed to be 1.56. Since 
it is known that the refractive index of most of the polymorphs 
of silica [  29  ]  ranges from 1.4 to 1.6, we used 1.5 for the SiO 2  phase. 

 The resulting photonic band diagram ( Figure    4  A) shows 
partial band gaps in different directions. For colored domains, 
the wavelength range of stop gaps calculated for the lattice con-
stant of 407 nm in this beetle are 527–603 nm for  Γ -L  < 111 >  
H & Co. KGaA, Wein

lorless domains. 
g the parameter-
 the color range 

erts. B) Stop gap 
−1]). For colored 
e:  < 111 > ; green: 

me fraction close 
w refractive index 
(yellow domain, Figure  2 A), 476–513 nm for 
 Γ -X  < 100 >  (green and light blue domains, 
Figure  2 B,C) and 453–492 nm for  Γ -K  < 110 >  
(dark blue domain, Figure  2 D). The observed 
colors in differently oriented domains and 
the wavelength ranges of the stop gaps in 
the corresponding directions are in good 
agreement (Figure  4 A). These results are in 
accordance with those of an earlier study, 
where the authors visualized the angular 
spectral response of single domains in 
 E. imperialis  scales using imaging scatter-
ometry. [  12  ]  By varying the volume fraction 
of the cuticular material from about 8% to 
92% (corresponding to  t  varying from 1 to 
−1), the stop gaps calculated for all investi-
gated colored domains obtain their widest 
frequency ranges when the volume fraction 
is close to 35%, the value we determined for 
the beetle (Figure  4 B). Optically, a stop gap 
covering a wider frequency range not only 
means more hues included, but also implies 
that a larger fraction of the incident white 
light is refl ected. Thus, the scales show a 
stronger refl ection and appear more brilliant.  

 In contrast, the combination of the SiO 2  
phase and the cuticular phase in colorless 
domains shows only very narrow photonic 
stop gaps due to the very small refractive index 
contrast between them (Figure  4 A). These 
narrow gaps only allow a very small fraction of 
the incident light to be refl ected while the rest 
is transmitting through the scale. This weak 
refl ection is sensitive to scattering. As a result, 
the domain consisting of these two phases 
appears transparent and dull to the eye.    

 3. Conclusions 

 Thus, although the basic structure of the 
cuticular phase is uniform in all elytral 
scales of the weevil  E. imperialis , they can 
have extremal optical properties. In colored 
domains, evolutionary pressures that have 
favored the development of brilliant colors 
have led to optimal volume fractions for 
opening the broadest stop gap possible inde-
pendent of orientation, whereas in color-
less domains the width of the stop gaps is 
dramatically reduced by substitution of the 
air phase with a SiO 2  phase whose refractive 
5wileyonlinelibrary.comheim
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index is close to that of the cuticular material. Modifi cation of 
the photonic stop gap width, and thus the optical appearance, 
by replacing the air phase of a 3D photonic crystal with a second 
solid phase was observed for the fi rst time in a beetle. The 
intriguing structural characteristics of the scales of  E. imperialis  
make them ideal biotemplates for the fabrication of tunable 
photonic crystals operating in the visible frequency range. [  30  ]    

 4. Experimental Section 
  E. imperialis  specimens used for this study were obtained from the 

entomological collections of the Staatliches Museum für Naturkunde Stuttgart 
courtesy of Dr. Joachim Holstein, who also helped in determining the species. 

  Structural Characterization using FIB and SEM : The scales were 
scraped from the surface of the cuticle with a needle. The photonic 
structure within the scales was exposed by milling in a focused ion beam 
(FIB) microscope combined with scanning electron microscopy (SEM) 
(Zeiss Gemini 1540 XB). For FIB preparation, scales were glued to the 
surface of self-adhesive carbon pads mounted on cylindrical plastic 
holders. In order to study the 3D architecture of the photonic structure 
and minimize milling artifacts we fi rst removed the shell at the margins 
of scales perpendicular to their surface followed by milling in grazing 
incidence parallel to the surface. All samples were inspected using light 
optical microscopy (LOM, Leica DM 4000M) in bright fi eld mode and 
SEM using an in-lens detector at low acceleration voltage (5 keV) to 
minimize beam damage. For SEM, the plastic holders were mounted to 
standard aluminum holders and rotary shadowed with 2 nm platinum 
using a precision etching coating system (Model 682, Gatan Inc.). 

  Analysis of Chemical Composition : Qualitative energy dispersive X-ray 
(EDX) spectra of the scales were recorded using an EDAX system 
(PV7716/08 ME) attached to the SEM. For measurement of Fourier 
transform infrared spectra (FTIR, Bruker Hyperion 3000 IR microscope 
on Vertex 70v spectrometer), individual scales were placed on a double 
sided polished piece of germanium measuring 2 cm  ×  4 cm. Spectral 
images were measured in transmission geometry on the microscope's 
64  ×  64 pixel focal plane array detector, and referenced against a region 
of the germanium piece without scales. 

  Reconstruction of D-Surface Model : The photonic structure was 
reconstructed by a D-surface structure model, [  13  ,  16  ,  31  ]  which can be approxi-
mated by a constant mean curvature surface modeled by a level surface:

 f (x , y , z) = cosZsin(X + Y )+ sin Zcos(X − Y ) = t  (1)   

where  X   =  2 π  x, Y   =  2 π  y  and  Z   =  2 π  z . ( x , y , z ) are the coordinates of the crystal 
structure. The parameter  t  determines the fractions of the two continuous 
volumes divided by the D-surface. For this study, we assign the volume 
defi ned by  f ( x , y , z )  >   t  to represent the solid cuticular material and the 
complementary volume as the air phase. The model was adapted to the 
photonic crystal of  E. imperialis  by adjusting  t  according to the determined 
ratio between the diameter of the holes and the thickness of the neck of 
the struts from SEM images (Figure  2 ). The resulting model was visualized 
(Figure  2 , insets) using the open source software K3DSurf. [  32  ]  

  Photonic Band Gap Calculation : Based on the D-surface structure 
model, the photonic band structure was calculated by solving Maxwell's 
equations for eigenmodes in the frequency-domain using the MIT 
Photonic-Bands (MPB) package. [  27  ]  The refractive index of the cuticular 
network was assumed to be 1.56, [  28  ]  the one for SiO 2  phase is 1.5 [  29  ]  and 
the one for air is 1.00. The lattice constants of the photonic crystal in 
different domains were determined by measuring the dimensions of the 
solid photonic crystal network on the recorded SEM images (Figure  2 ).  
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