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ChapTer 9

Hemispherical Brillouin zone 
imaging of a diamond-type biological 
photonic crystal

 
 
aBstract

The brilliant structural body colours of many animals are created 
by three-dimensional biological photonic crystals that act as 

wavelength-specific reflectors. Here, we report a study on the vividly 
coloured scales of the diamond weevil, Entimus imperialis. Electron 
microscopy identified the chitin and air assemblies inside the scales 
as domains of a single-network diamond (Fd-3m) photonic crystal. 
We visualized the topology of the first Brillouin zone by imaging 
scatterometry, and we reconstructed the complete photonic band 
structure diagram of the chitinous photonic crystal from reflectance 
spectra. Comparison with calculated photonic band-structure 
diagrams indeed showed a perfect overlap. The unique method of 
non-invasive hemispherical imaging of the first Brillouin zone 
provides key insights for the investigation of photonic crystals in the 
visible wavelength range. The characterized extremely large bio-
photonic nanostructures of E. imperialis are structurally optimized 
for high reflectance and may thus be well-suited for use as a template 
for producing novel photonic devices, e.g. through biomimicry or 
direct infiltration from dielectric material. 

* This chapter has been published as
Wilts BD, Michielsen K, De Raedt H and Stavenga DG. 
Journal of the Royal Society Interface 9: 1609-1614, 2012.
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introduction

The brilliant, iridescent body colours of many beetles, birds, butterflies and fish are created 
by the interaction of light with nanostructured materials in the animals’ outer body layers, 
i.e. their exoskeleton, feathers and scales [1-4]. Beetles and weevils, in particular, employ 
a large range of photonic structures to produce iridescence, e.g. multilayers [5], birefringent 
or dichroic circular polarizing layers [6] and three-dimensional (3D) biological photonic 
crystals [7,8]. The refractive index of these structures is periodically modulated on the 
length scale of visible light, so that (constructive) interference of light is observed in this 
wavelength range [2,4,9]. Photonic crystals are thus the optical analogue of semiconductor 
crystals in that the photonic structure creates photonic band gaps, over which a range of 
wavelengths of light can neither be emitted nor propagated [9]. 

In insects, 3D  photonic crystals are usually fabricated by interconnecting networks of air 
(refractive index n = 1) and the dielectric cuticular bio-material chitin (n = 1.56) [10,11] 
that form usually one of the three simplest triply-periodic bicontinuous cubic minimal 
surfaces: primitive cubic (P), diamond (D) or gyroid (G) [12-15]. A precise characterization 
of photonic crystals reflecting in the visible wavelength range is critical to understanding 
their optical as well as biological function. Structural knowledge of the biological photonic 
crystals will further inspire the design and replication of biomimetic devices [16,17]. 
Presently, the routine production of artificial, visibly-active photonic crystals is still a 
considerable challenge [18-20]. 

 A precise angular-resolved measurement of the photonic band structure diagram of 3D 
biological photonic crystals is still lacking, as previous publications have mainly focused 
on partial photonic bandgaps in high-symmetry directions [7,14,21]. Here we apply 
hemispherical Brillouin zone imaging using imaging scatterometry [22] to completely 
characterize the 3D biological photonic crystal structures in the wing scales of the diamond 
weevil, Entimus imperialis. We measured the complete photonic band structure diagram 
and determined the symmetry of the underlying unit cell structure of the photonic crystal 
by imaging the topology of the first Brillouin zone (FBZ), a unique identifier of the structural 
symmetry.

material and methods1

Animals
A specimen of the diamond weevil, Entimus imperialis (Forster 1771; Curculinoidae: Entiminae: 
Entimini), of the Coleoptera collection in the Natural History Museum Naturalis (Leiden, the 
Netherlands; curator Dr. J. Krikken) was photographed. Details of the scale arrangement on the 
elytra and single scales were taken of a specimen obtained from Prof. J.-P. Vigneron (University of 
Namur, Belgium).

Photonic band structure diagram simulations
Photonic band structure diagrams for the single-network diamond photonic crystal in a face-centred 
cubic basis were simulated with the MIT photonics bandgap package [23]. as desribed in chapter 3.

1  Materials and Methods are presented in more detail in Chapters 2 and 3.
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results and discussion

The diamond weevil, Entimus imperialis, a large weevil mainly found in Brazil [25], 
appeared to be ideal for studying the photonic responses of biological photonic crystals. 
The weevil’s body is marked by rows of bright green dots on an otherwise black body 
(figure 1a). Investigation of the elytra with a light microscope reveals that the shiny dots are 
pits decorated with numerous scales, each of which has large, coloured domains with highly 
directional reflections (figure 1b). Upon slight rotation of the scales, reflecting domains 
vanish and new ones appear. These amazing scales have been studied since the early 
twentieth century [2]. E. imperialis appears to be unique when compared with related 
weevils [7,26,27], but also butterflies [13,14], in that its scales have very large photonic 
domains, up to ~50 µm2 in size (figure 1c), a factor of 5-10 larger in size than the photonic 
domains found in other species. The colours of the domains range from cyan-blue to 
yellow-orange.

Figure 1. The diamond weevil, Entimus imperialis, and its scale organization. (a) The intact animal with the 
black elytra where numerous pits are studded with yellow-green scales (scale bar: 1 cm). (b) A single pit as seen 
in an epi-illumination microscope, showing highly reflective scales of different colours (scale bar: 200 µm). (c) 
A single scale with a few differently coloured domains (scale bar: 20 µm).
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Figure 2. Microstructure of the scales of E. 
imperialis. (a) High-magnification image of a single 
scale at a zone boundary. Note the different lamellar 
arrangements in the two areas (scale bar: 5 µm). (b) 
SEM of a cross-section of a fractured scale showing a 
highly organized interior of tilted sheets with square 
symmetry (scale bar: 2 µm). (c) TEM image of the 
nanostructure of an E. imperialis scale. The red-
bordered inset shows a simulated (3 2 12) TEM cross-
section of a level-set single-network diamond-type 
crystal (scale bar: 2 µm).

Figure 3. Hemispherical imaging of the FBZ of a single-network diamond photonic crystal. (a) Image of 
the hemispherical reflectance of a single scale domain. The shadow of the glass pipette holding the scale is seen 
at 9 o’clock. The white-dashed circles indicate scattering angles of 5°, 30°, 60° and 90°. (b) Sketch of the FBZ 
of a diamond-type crystal showing high symmetry points (LUXWK) forming the irreducible BZ (red line). The 
(1 0 0) orientation is pointing upwards. (c) Simulated scatterogram of an ideal diamond-type photonic crystal, 
approximating a (7 7 1) orientation. The spatial directions corresponding to the irreducible BZ and the high 
symmetry points are indicated.
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In the differently coloured domains, distinctly oriented lines can be observed (figure 2a), 
suggesting the presence of an ordered photonic structure inside the scales. We therefore 
examined the internal scale structure by using scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM). In SEM, the interior of the scales appeared to 
contain highly ordered stacks of chitinous sheets with air cavities, having either square or 
hexagonal symmetry, enveloped by a thin film cortex of roughly 1 µm thickness (figure 
2b). To fully characterize the structure, we matched TEM cross-sections with cross-sections 
derived from various level-set minimal surface models (figure 2c, inset) [12-14,28]. The 
observed motifs are characteristic for simulated cross-sections of single-network diamond 
crystals (point group Fd-3m). No overlap with single-network gyroid (I4132) or simple 
primitive (Pm3m) cross-sections was observed. We thus concluded that the chitinous 
structure inside the scales is a single-network diamond photonic crystal. The photonic 
crystals inside the scales form a layer of fused photonic crystal domains, similar as in the 
wing scales of certain papilionid butterflies with single-network gyroid photonic crystals 
[4,14].

The material composition, and thus the material filling fraction, of a single-network 
diamond photonic crystal can be expressed by the level-set parameter t that defines the 
triply-periodic intermaterial dividing surface (IMDS). In real space, the network is defined 
by the Schwarz’ D minimal surface via equation 1 [12,13,24]. Quantitative analysis of 
different regions in individual scales as well as matching of TEM cross-sections with the 
computationally simulated level-set cross-sections yielded a cubic lattice constant a = 445 
± 10 nm and a level-set parameter t = -0.50 ± 0.08, corresponding to a chitin filling fraction 
of 0.30 ± 0.04. The obtained values are comparable to the anatomical characteristics 
reported for scales of other beetles with a chitinous diamond photonic crystal [7,8]. The 
cubic lattice constant parameters for butterflies with gyroid-type photonic crystals are 
considerably smaller, while the chitin filling fraction is comparable [13,28].

We have used the scales of the diamond weevil to directly visualize various symmetry 
orientations and the angular spectral response of differently oriented individual photonic 
crystals by using imaging scatterometry [22]. The point spread function for narrow beam 
illumination appeared to be equal to the angular width of the incoming light beam (see 
figure 4a of chapter 10). This allowed illumination of single scale domains with a wide-
aperture white-light beam to obtain an aberration-free image of the complete hemispherical 
reflectance [5]. We found distinct orientations of (large) orange and (small) green faces, 
surrounded by a cyan-blue coloured border (figure 3a). The green faces are surrounded by 
four orange faces and thus have a four-fold coordination, while the orange faces have a six-
fold coordination and are surrounded each by three orange and three green faces.

The microstructure and orientation of a photonic crystal determines the photonic response 
to incident light. Photonic crystals with a complete photonic bandgap have an angle-
independent reflection in a certain wavelength range. However, most biological photonic 
crystals do not possess a complete photonic bandgap, due to the small refractive index 
contrast n’/n of organic material against air (for chitin and air this contrast is n’/n = 1.56) 
[9]. For photonic structures with a low refractive index contrast, the orientation of the 
crystal becomes highly important since a change in the crystal orientation or the angle of 
light incidence causes a different reflectance spectrum. Generally - in a first approximation 
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- the faces of the first Brillouin zone (FBZ) fulfil Bragg’s law and thus  determine the peak 
wavelength of the reflected light, or, more accurately, the central wavelength of the photonic 
band-gap [28]. The FBZ is the primitive cell of the structure in reciprocal space and thus is 
inevitably connected to the symmetry of the unit cell in reciprocal space [9]. A single-
network diamond photonic crystal has a face-centred cubic (fcc) unit cell in real space, and 
therefore the faces of the FBZ form a truncated octahedron having eight hexagonal and six 
smaller square faces with base-centred cubic symmetry (bcc; figure 3b). High symmetry 
points in the FBZ are of special interest, because they form the irreducible BZ, a diagnostic 
characteristic for any given photonic structure [9,28].

To see whether the measured hemispherical reflectance profile is directly connected to the 
structure of the FBZ, we simulated the spatial reflection pattern from an ideal diamond 
crystal structure for different orientations. Indeed, a diamond crystal with (7 7 1)-orientation 
closely matches the measured reflectance profile (figure 3a,c). The symmetry and size of 
the coloured areas directly correspond to the different faces of the truncated octahedron 
forming the FBZ (figure 3; c.f. ref. [28]). The hemispherical reflectance profile does not 
conform to the predictions from alternative cubic minimal surfaces as primitive cubic (P) 
or single gyroid (G). For both of these cubic minimal surfaces, the spatial scattering is 
predicted to be very different in shape as well as in the spectral width (figure 4). The 
observed aberrations at scattering angles >70° can be attributed to the slight curvature of 
the investigated scales (figure 1c). 

Although the FBZ for a diamond photonic crystal has been assessed in the microwave 
regime [29], here we for the first time measured the FBZ for a diamond photonic crystal 
reflecting visible light. Mapping the topology of the FBZ by imaging of the angle-dependent 
reflectance allows direct, non-invasive discrimination of different crystal types as well as 
their orientation. Previously, this was only possible via indirect TEM methods and 
subsequent mapping of crystal orientations [7,13,14]. 

The photonic band structure diagram determines the reflectance and the iridescence of a 
given crystal structure. A spectrophotometer connected to the imaging scatterometer 
allowed measurement of the reflectance spectrum in angular areas of ~4° at any given point 
of the scatterogram [5]. Figures 5a,b show band structure diagrams of  the diamond weevil’s 
diamond biological photonic crystal measured along two user-defined paths in the 

Figure 4. Simulated scatterograms of (a) a simple primitive, (b) a diamond and (c) a gyroid PC, oriented in (0 
0 1) direction. The scatterograms are scaled so that the highest wavelength is 600 nm. The scatterograms are 
distinctly different in shape and spectral composition.
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Figure 5. Photonic band structure 
diagrams (PBSDs). Measured (a,b) and 
simulated (c,d) PBSDs for a single-
network diamond-type photonic crystal 
(Fd-3m) along the paths L-K-L (a,c) and 
U-X-W-K (b,d), respectively. The grey 
areas in (c,d) indicate the photonic bandgap 
of the investigated structure, corresponding 
to the measured reflectance bands in (a,b). 
In the simulation, the dielectric constant 
was ε = 2.45 and the chitin filling fraction 
was ~0.3 (t = -0.5). For the wavelength 
conversion in (c,d), the cubic lattice 
constant of the photonic crystal was set to 
a = 445 nm. The inset shows a rendered 
model of the single diamond photonic 
crystal.

Figure 6. Filling factor-dependency of the partial photonic bandgap widths for single diamond photonic 
crystals. Gap-midgap ratios are shown for the partial bandgaps along the high-symmetry directions K=U, L, W, 
and X. The observed filling fraction for the wing scales of E. imperialis is shown in grey, the dielectric constant 
of the biomaterial chitin was ε = 2.45. The filling fraction of the weevil scales is on the lower edge of the 
optimal reflectance plateau, indicating an optimal weight-reflectance ratio. 
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scatterograms. This flexible measurement is a significant improvement to previous 
techniques that were limited to measurements along linear rotations of goniometers [29]. 
Note that the reflectance spectra in essence measure the photonic bandgap diagram. The 
larger the photonic bandgap width in a particular direction, i.e. the distance between two 
adjacent photonic bands, the broader is the expected reflectance spectrum (corresponding 
to different grey shades in figures 5c,d). We calculated the photonic band structure diagram 
of a single diamond photonic crystal by modelling the photonic crystal in the scales of E. 
imperialis, using the MIT photonic band structure package and the structural parameters 
obtained from electron microscopy (figures 5c,d and figure 3 of Chapter 3)[9,23]. In the 
simulation, the dielectric constant of the chitin network was set to ε = n2 ≈ 2.45 (index-
matching experiments yielded a real refractive index of the chitin n = 1.56; scale absorption 
was negligible). We found excellent agreement between the measured and simulated 
photonic band structure diagrams (figure 5). Therefore, by measuring the angular spectral 
dependency in addition to the topology of the FBZ, we can completely characterize the 
structure of any photonic crystal. 

The spectral measurements provide additional insight, as they are characteristic for the 
investigated crystal type. For instance, the maximal wavelength ratio in the spectral state 
space, i.e. the range of observable spectra reflected from the structure, depends on the type 
of crystal. For diamond-, gyroid-, and simple cubic-type photonic crystals the maximal 
peak wavelength ratio is 1.29, 1.41, and 1.72, respectively [28]. For E. imperialis, we 
determined a ratio of 1.27 ± 0.05, confirming the theoretical prediction for a single diamond 
photonic crystal.

Interestingly, the complex three-dimensional arrangement of air and chitin in the wing 
scales of the diamond weevil may provide an ideal template to achieve a complete photonic 
bandgap material that reflects in the visible wavelength-range, especially because photonic 
crystals with the largest photonic bandgap are based on the diamond morphology [20]. We 
thus investigated the dependency of the photonic bandgap width, i.e. the Q-factor or gap-
midgap ratio Δω/ωm , where ωm  is the midgap-frequency and Δω the bandgap width of the 
partial bandgap in the high-symmetry direction [9], for different filling fractions of the 
chitin network by varying the threshold parameter of the IMDS (figure 6). A relatively 
broad plateau of maximal reflectance results for chitin filling fractions between 0.3-0.4. 

Figure 7.  Refractive index 
dependency of the complete 
photonic band gap based on 
the single-network diamond 
BPC with t = -0.5. The 
complete photonic band gap 
opens at n’/n ~ 2 (black 
arrowhead). The inset 
indicates the position and the 
width of the bandgap.
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Indeed, for the material filling fraction of 0.30 ± 0.04, the value found for the scales of E. 
imperialis, the bandgap width is close to optimal for creating a maximal photonic response, 
as here the partial bandgaps are largest. 

We further investigated the refractive index-dependency of the diamond photonic crystal 
and found that a complete photonic bandgap opens for relatively low-refractive index 
contrasts of n’/n ~ 2 when using the filling fraction of the diamond weevil scales (figure 7; 
see also ref. [30]). A photonic structure with this refractive index contrast can be achieved 
by direct dielectric infiltration [30] or metal coating [31], whereas a change of the unit cell 
size could be achieved by hydrogel infiltration [32]. The uncommonly large single-network 
diamond biological photonic crystals of E. imperialis will thus be a well-suited template to 
further explore the photonic properties of visibly-active photonic crystals that could 
ultimately lead to novel, efficient optical devices as e.g. all-integrated optical circuits [33] 
or high-efficiency solar cells [34]. 

conclusions

The presented technique of hemispherical Brillouin zone imaging by using an imaging 
scatterometer permits the complete non-destructive assessment of important photonic 
parameters of any photonic bandgap material since it is not limited to biological samples. 
We have shown that the type and orientation of individual, differently-oriented biological 
photonic crystals of the diamond weevil can be assessed by direct visualization of the FBZ. 
Furthermore, the complete photonic band structure diagram of a biological photonic crystal 
could be measured for any given direction in the hemispherical reflectance image. Therefore, 
the pureness of artificially created photonic crystals that act in the visible wavelength range, 
e.g. structured polymer films [35], can be characterized. The technique also allows direct 
imaging of the topology of the FBZ of novel photonic structures, such as photonic 
quasicrystals [29]. 
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