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Discovery of a diamond-based photonic crystal structure in beetle scales
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We investigated the photonic crystal structure inside iridescent scales of the weevil Lamprocyphus augustus.
By combining a high-resolution structure analysis technique based on sequential focused ion beam milling and
scanning electron microscopy imaging with theoretical modeling and photonic band-structure calculations, we
discovered a natural three-dimensional photonic structure with a diamond-based crystal lattice operating at
visible wavelengths. Moreover, we found that within individual scales, the diamond-based structure is as-
sembled in the form of differently oriented single-crystalline micrometer-sized pixels with only selected lattice
planes facing the scales’ top surface. A comparison of results obtained from optical microreflectance measure-
ments with photonic band-structure calculations reveals that it is this sophisticated microassembly of the
diamond-based crystal lattice that lends Lamprocyphus augustus its macroscopically near angle-independent

green coloration.
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Photonic structure engineering—the design and fabrica-
tion of periodically ordered dielectric composites with peri-
odicities at optical wavelengths—has become an intense re-
search field, since the realization of the potential impact of
photonic band-structure concepts [1-3] on all-optical infor-
mation processing [4]. Among the various photonic architec-
tures, diamond-based lattices are the clear “champions” [5].
However, despite promising proposals [5-8] and successful
fabrication progress in the infrared regime [9-12], a syn-
thetic diamond-based photonic crystal with periodicities at
visible wavelengths has not been realized. Here we report on
a natural diamond-based photonic crystal operating in the
visible. Employing a high-resolution three-dimensional (3D)
structure analysis technique combined with theoretical mod-
eling, we discovered that the brilliant green iridescence of
the weevil Lamprocyphus augustus arises from exoskeleton
scales with an interior diamond-based cuticular structure.
Moreover, each single scale is composed of an array of dif-
ferently oriented single-crystalline micrometer-sized do-
mains, resulting in a macroscopic near angle-independent
coloration.

Optical interference produced by the interaction of light
with periodically ordered low and high refractive index
structures is a widely used method in nature to produce
intense iridescence colors. Especially, many species of
Coleoptera and Lepidoptera have developed a wealth of
cuticular exoskeleton photonic crystals with, for example,
gyroid-like, tetrahedral-like, opal-like, and honeycomb-like
structures, resulting in a variety of optical effects [13-16].
Figure 1(a) shows the deep green colored weevil L. augustus.
In contrast to typical multilayer and opal-like natural photo-
nic structures with strongly angle-dependent iridescence col-
ors, this weevil possesses—even at highly oblique angles—a
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near angle-independent coloration, hinting at an elaborate
multidomain photonic structure [15]. Optical microscopy
studies show that this near angle-independent iridescence
originates from individual leaflike shaped cuticle scales at-
tached to the beetle’s exoskeleton [Fig. 1(b)]. Given the rela-
tively low refractive index of cuticular chitin-based material,
the presence of a near angle-independent coloration points to
highly efficient 3D photonic structure engineering.

To investigate the origin of the green iridescence of L.
augustus the internal cuticular structure was examined by
cross-sectional scanning electron microscopy (SEM) imag-
ing of individual scales embedded into a low viscosity resin
[Fig. 1(c)]. A glass knife in combination with an ultramicro-
tome was used to perform random cross-sectional cuts,
which were imaged with an FEI XL30 ESEM/FEG electron
microscope. Each scale seems to be composed of seemingly
different looking domains of unique crystalline features such
as the layered ‘“‘sheets” of hexagonally arranged holes and
rods and rectangular appearing staircaselike features shown
in Fig. 1(d). In addition, we observed a number of other
seemingly dissimilar peculiar domains, including cubic holes
perforating a cuticular scaffolding along with branchlike fea-
tures. To gain detailed insights into this elaborate structure
and to determine whether the aggregate structure consists of
domains of the same crystal lattice—oriented differently
throughout—or of domains with different crystal lattices
altogether, we investigated the intrascale structure by se-
quential focused ion beam (FIB) milling combined with
SEM imaging [17] using a Nova 200 Nanolab dual-beam
FIB (gallium liquid metal source)/SEM. In detail, after a few
presectioning steps [18], serial sectioning was performed
by consecutively milling away ~30 nm sections of the struc-
ture using an ion beam current of 98 pA and 30 kV acceler-
ating voltage. After each milling step, the freshly exposed
cross-sectional 2D view of the structure was imaged by
SEM. This resulted in a 3D data set consisting of a series or
“stack” of 2D SEM images, each with a “thickness” of
~30 nm—significantly less than the periodicity of the struc-
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FIG. 1. (Color) (a) Photograph of the weevil L. augustus. (b)
Optical micrograph of individual scales attached to the exoskeleton
of L. augustus under white-light illumination. (c) Cross-sectional
SEM image of a single scale. (d) Detailed cross-sectional SEM
image of a region of a scale.

ture (~300 nm)—yielding an approximately tenfold higher
resolution as compared to conventional serial sectioning
methods [19]. The obtained series of consecutive SEM im-
ages was preprocessed using IMAGEJ [20,21]. Briefly, a
smoothing filter was used to reduce noise from the images
and a recursive algorithm was applied to align the images of
a given stack to one another. The preprocessed stack was
imported into the SCIRUN visualization package [22] for vol-
ume rendering [Fig. 2(a)]. High-resolution structural infor-
mation could be obtained by comparing and analyzing a
large number of oblique “cuts” through the rendered volume.
During this process, we found that the same structural fea-
tures were present in all of the domains, confirming that
individual scales consist of differently oriented single-
crystalline domains of the same 3D crystal lattice.

Detailed structural analysis revealed a 3D structure of
ABC stacked layers of hexagonally ordered air cylinders in a
surrounding cuticular matrix very similar in configuration to
a synthetic diamond-based structure proposed [6] and fabri-
cated by Johnson and Joannopoulos for the infrared [10].
Additional quantitative information was obtained from ana-
lyzing different structural features of microtomed cross-
sectional SEM images. Quantitative structural information
was obtained by sampling over a large number of regions
within individual scales and between scales from different
areas of the beetle’s exoskeleton, yielding an average radius
and height of the air cylinders of 0.20 and 0.77, respectively,
in units of the lattice constant, which was determined to be
on average 450 nm (with a 10-20 % variation of structural
dimensions). Using the evaluated structural parameters and a
dielectric constant of £=2.50 for cuticular material [23], we
calculated the dielectric function and the band-structure dia-
gram of the beetle’s photonic crystal using the MIT
Photonics-Band package [24]. Figure 2(b) shows a 3D model
of the dielectric function for which the orientation was cho-
sen to reflect the prominent features observed in cross-
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FIG. 2. (Color) (a) Computer-generated 3D reconstruction of
serial sectioned data from the FIB milling/SEM imaging process.
The arrow indicates the direction of the FIB milling process. (b)
Dielectric function of the beetle’s photonic crystal generated from
3D structure analysis showing three orthogonal planes. Air: blue;
dielectric: red. (c) Photonic band diagram of the beetle diamond-
based structure. Stop gaps are denoted by yellow rectangles.

sectional SEM images, such as the hexagonally ordered hole
array and the staircaselike pattern. The corresponding photo-
nic band-structure diagram is presented in Fig. 2(c). The
most striking feature is that despite the relatively low dielec-
tric constant of cuticular material, calculations reveal a re-
markable proximity and overlap of the three stop gaps in the
I'-w (210), I'-K (110), and I"-X (100) directions—a direct
result of the excellent photonic properties of diamond-based
structures. In fact, the cumulative gap of the I'-W, I'-K, and
I'-X directions spans the entire green wavelength region.
As given in Fig. 2(c), the midgap frequencies are 0.79, 0.77,
and 0.73 along the I"-W, I'-K, or I'-X directions, respectively.
These frequency values, when normalized within the range
of the evaluated average lattice constant (450 nm), yield
wavelength ranges between 541-598, 555-614, and
586—647 nm along these directions, respectively.

To test whether the observed near-angle independent
green iridescence is the cumulative result of these three
single stop bands, we recorded a series of reflectance spectra
of small—~7 um in diameter—different subsections of in-
dividual scales [25]. Representative spectra from a single
scale are given in Fig. 3 and clearly demonstrate that the
broad reflectance peak in fact is composed of three subbands,
whose deconvoluted maxima [Figs. 3(b) and 3(c)] coincide
well with the midgap location ranges of the calculated I'-W,
I'-K, and T'-X stop gaps. As can also be seen in Fig. 3, the
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FIG. 3. (a) Normal-incidence reflectance spectra of a single
scale (i) and of different ~7 um subsections of the same scale
(ii)=(iv). (b) and (c) Deconvolution of the high-resolution reflec-
tance peak (full line spectrum) into three major features (dotted line
spectra) for plot (ii) (the arrow indicates the shoulder at the T'-W
position) and plot (iii), respectively.

relative intensities of the subbands varied with position, es-
pecially in Fig. 3(b), where the lower wavelength feature
(I'-W stop gap) is reduced to a shoulder. We observed this
general trend over many different scales, and in each case
this cluster of three features was apparent with the deconvo-
luted peak maxima correlating well with the band-structure
calculations.

The excellent agreement between the optical data and our
theoretical model is also supported by SEM imaging of the
top surface of scales after removal of the structureless top
layer using FIB milling. By comparing the exposed domains
of the scale’s diamond-based structure (Fig. 4) with 2D rep-
resentations of the calculated dielectric function along the
main crystal axes, we found that, in general, the individual
single-crystalline domains are oriented with their I'-W, T'-K,
or I'-X crystal axes normal or slightly off-normal to the scale
top surface. A detailed comparison is shown in Figs.
4(b)-4(d), where the calculated dielectric function of the
I'-w, T-K, or I'-X faces is superimposed over the corre-
sponding domains in the SEM images, demonstrating excel-
lent agreement in the structural characteristics. Furthermore,
the considerable variation in the intensity of the I'-W direc-
tional reflection band with spatial position can be accounted
for by the general observation from our structural analysis
that this crystal axis is featured less frequently normal to the
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FIG. 4. (a) SEM image of a scale’s top surface exposed by FIB
milling. (b)—(d) SEM images of individual single-crystalline I'-W,
I'-K, and T"-X oriented domains indicated in (a) with corresponding
calculated dielectric functions (black-framed insets).

surface. The prevalence of numerous domains oriented at
oblique angles suggests that the orientation of the single
crystalline domains is normal to the curved surface of the
structureless shell, rather than parallel relative to one an-
other. This sophisticated microdomain orientation of the
diamond-based photonic structure gives an overall impres-
sion of angle-independent reflection of a broad selective
wavelength range, resulting in the spectacular green irides-
cent coloration of L. augustus.

To conclude, by employing sequential ~30 nm sectioning
using a combination of FIB milling and SEM imaging of a
natural photonic crystal found in the weevil L. augustus, we
were able to create a 3D structural reconstruction of previ-
ously unachieved resolution. This detailed analysis revealed
that the structure of these natural photonic crystals is based
on the diamond lattice—the champion of photonic crystal
structures. The demonstrated presence of natural diamond-
based photonic crystals operating in the visible—a structure
that does not yet exist artificially—reflects the ingenuity of
photonic structure engineering in biological systems and
opens exciting opportunities for advanced optical materials
design through new biomimetic manufacturing routes [16].
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