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A B S T R A C T   

Convective, conductive and radiative mechanisms of thermal management are extremely important for life. 
Photonic structures, used to detect infrared radiation (IR) and enhance radiative energy exchange, were observed 
in a number of organisms. Here we report on sophisticated radiative mechanisms used by Morimus asper funereus, 
a longicorn beetle whose elytra possess a suitably aligned array of lenslets and blackbodies. Additionally, a dense 
array of microtrichia hyperuniformly covers blackbodies and operates as a stochastic, full-bandgap, IR-photonic 
structure. All these features, whose characteristic dimensions cover a range from several hundred down to a few 
micrometres, operate synergistically to improve the absorption, emission and, possibly, detection of IR radiation. 
We present a morphological characterization of the elytron, thermal imaging measurements and a theoretical IR 
model of insect elytron, uncovering a synergistic operation of all structures.   

1. Introduction 

Colouration in the living world serves multiple purposes, such as: 
camouflage, mimicry, warning or attraction (Doucet and Meadows, 
2009; Kemp, 2007; Sweeney et al., 2003; Verstraete et al., 2019), and it 
sometimes affects the very existence of animals. Radiative heat ex
change with the environment can also be influenced by colours, through 
absorption or reflection of the visible light. There is a delicate balance 
between colouration and other mechanisms of thermal regulation: 
convection, conduction, radiation emission and absorption, evapora
tion, perspiration, internal heat generation, behaviour (Bosi et al., 2008; 
Cossins, 2012). 

Such mechanisms have also been observed in insects. Their 
exoskeleton (cuticle) serves many functions, such as: locomotion, 
providing a defence barrier (against mechanical stress, cold, hot or wet 
environment), a reservoir for the storage of metabolic waste products, 
mechano- and chemoreception, balancing radiant energy absorption in 
the visible and dissipation in the infrared (IR) part of the spectrum 
(Capinera, 2008; Gillott, 2005; Gullan and Cranston, 2004; Shi et al., 
2015). The cuticle is usually patterned on micro- and nano-scale and 
produces striking optical effects. Such photonic structures (Vukusic and 

Sambles, 2003) create structural colouration (Vukusic et al., 2001) in 
the visible, but can have an important role in the infrared part of the 
spectrum, participating in thermoregulation (Scoble, 1992; Shi et al., 
2015). 

Most insects are primarily ectothermic and rely on external heat 
sources, such as solar radiation (Nijhout, 1991). It is proven that but
terflies use physiological mechanisms to regulate the heat gain by 
orientation and posture relative to the sun (Kingsolver, 1985). On the 
other hand, structures are developed during evolution to efficiently 
reflect the visible light, simultaneously dissipating infrared radiation 
directly into the atmospheric window at mid-infrared, as in the Saharan 
silver ant, Cataglyphis bombycina (Roger, 1859) (Shi et al., 2015). This 
clever mechanism enables an insect to efficiently regulate its body 
temperature in a hostile desert environment. 

In addition, the insect cuticle can be a place where so-called extra
ocular photoreception occurs. Also known as “dermal light sense” and 
defined as a “widespread photic sense that is not mediated by eyes or 
eyespots and in which light does not act directly on an effector” (Millott, 
1968), it has been reported in several orders of insects. Some butterflies 
have such photoreceptors located at the end of their abdomens to con
trol copulation in males and oviposition in females (Arikawa and Takagi, 
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2001). In some cases, dermal light sensitivity has been confirmed from 
behavioural responses, mediated by light intensity and wavelength 
(Desmond Ramirez et al., 2011). For example the larvae of Tenebrio 
molitor avoid light even after decapitation (Tucolesco, 1933). Light 
sensitivity of the Aphis fabae antennae is responsible for the insect’s 
photokinetic activity (Booth, 1963). 

Here we highlight the specific architecture of Morimus asper funereus 
(Mulsant, 1863) (Insecta: Coleoptera: Cerambycidae) elytra, which im
plicates dermal detection of IR radiation, a feature not previously 
observed in any other species. We also study the radiative properties of 
the elytra. Electron and optical microscopy were used to reveal the 
external and internal morphology of elytra, and thermal imaging to 
establish its radiative properties in the thermal IR (7.5–13 μm) part of 
the spectrum. Theoretical analysis and 3D modelling were used to reveal 
the role of microstructures. 

2. Materials and methods 

2.1. Insect 

Morimus asper funereus (Fig. 1) (family Cerambycidae, subfamily 
Lamiinae) is a large longicorn beetle inhabiting central and southern 
Europe. The species is characterized by grey elytra with four black 
patches and a body length of 15–40 mm (Parisi and Busetto, 1992). The 
colouration and velvety appearance of the elytra comes from the dense 
tomentum of the setae, grey hairs and black scales, embedded in the 
elytral surface, which is black and shiny. The hind wings (alae) of 
M. asper funereus are reduced and the species is flightless (Solano et al., 
2013). 

M. asper funereus is a saproxylic species (Carpaneto et al., 2015; 
Hardersen et al., 2017) and depends on decaying wood during larval 
development. This process takes place in tree trunks and stumps and 
lasts approximately three or four years (Stanić et al., 1985). We noticed 
that the insects evade direct sunlight. We never found them on trunks 
that were directly exposed to solar radiation: when we subjected an 
insect to sunlight, it hid in the shadow. This was confirmed by other 
research, which found that this species is active during the evening and 
at night (Polak and Maja, 2012; Romero-Samper and Bahülo, 1993). 
Hardersen et al. (2017) determined that the highest activity of the 
species was between 20:00 and 24:00. However, the authors stated that 
M. asper funereus individuals were seen during the day, but that the 
number was only 30% of the maximum recorded in the evening and at 
night. 

The species is strictly protected in Europe (and Serbia) by Annex II of 
the Habitat Directive 92/43/CEE. In the IUCN Red List of Threatened 
Species, it is designated as vulnerable (A1c) (IUCN Red List of Threat
ened Species, 2018). We had ten, conserved and pinned, specimens at 
our disposal, collected during the summer of 2018 on Mt. Avala, near the 
city of Belgrade, with the permission of the Serbian Ministry of 

Environmental Protection (N◦:353-01 –1310/2018-04). 

2.2. Microanalysis 

A stereomicroscope (STEBA600, Colo Lab Experts, Slovenia) with 
maximum magnification up to 180X, eyepiece 20X, auxiliary objective 
2X, working distance 100 mm, reflection and transmission mode, and 
equipped with a digital camera (Canon EOS 50D, Tokyo, Japan) was 
used to examine the anatomy of the whole insect. 

The optical characteristics of the elytra and setae were analysed on a 
trinocular microscope (MET104, Colo Lab Experts, Slovenia) (maximum 
magnification 400X, polarization set, objectives Plan Achromatic POL 
Polarizing 10X/20X/40X). 

Micro-computed tomography (micro-CT) was employed to view the 
overall anatomy of the beetle and measure the thickness of the elytra. 
We had at our disposal the Skyscan 1172 system (Bruker, USA). To 
ensure the optimum signal/noise ratio during micro-CT imaging, the 
specimens were scanned without filter, with scanning parameters set as 
follows: 40 kV, 244 μA, 530 ms, rotation step 0.2◦ (pixel size 13.5 μm). 
For the purpose of this experiment, CT scanning was performed without 
any special preparation of a specimen. 

A field emission gun scanning electron microscope (FEGSEM) (Mir
aSystem, TESCAN, Czech Republic) was used for ultrastructural anal
ysis. Prior to analysis, insect elytra were removed and placed on an 
aluminium mount and coated with a thin layer (5–10 nm) of gold 
palladium (AuPd), using a SC7620 Mini Sputter Coater (Quorum Tech
nologies Ltd., UK). 

2.3. Thermal infrared (IR) analysis 

Assessment of the thermal properties of insects is normally done by 
some kind of thermometry (Heinrich, 2013). With the advent of IR 
cameras, thermal imaging (TI) becomes a method of choice. It is a 
non-invasive and non-contact technique with applications in numerous 
fields (Vollmer and Möllmann, 2010). Recently, TI become an important 
sensing technology in biological investigations (Kastberger and Stachl, 
2003). TI cameras are a relatively new tool in studying nocturnal flying 
animals: birds, bats and insects (Horton et al., 2015). So far, most TI 
studies of insects have focused on the thermoregulation of Hymenoptera 
species (Stabentheiner and Schmaranzer, 1987; Stabentheiner et al., 
2012). 

In this research, the emission of thermal radiation was analysed by 
an IR thermal camera corresponding to an atmospheric window at 
7.5–13 μm (FLIR A65, USA, 640 x 512 pixels, thermal resolution/NETD 
50 mK). Thermal measurements were corrected for surface emissivity, 
and reflected temperature, while images were acquired without binning. 
Due to the smallness of the insect, we positioned the camera as close as 
possible (at a distance between 10 and 20 cm), and sometimes used an 
additional lens to further magnify the thermal image. Under these 
conditions, the Narcissus effect (radiation emitted by the camera itself) 
was pronounced. For this reason, we positioned the elytra outside the 
thermal beam emanating from the camera objective. The rest of the 
camera body was shielded by aluminium foil. 

We manufactured an aluminium cavity and coated it with an 
absorbing, velvety material whose absorbance was measured at 0.996, 
in agreement with the calculated value (Prokhorov, 2012). It was used 
as a reference to measure elytra emissivities, as shown in Fig. 2. 

Fig. 1. Morismus asper funereus: a longicorn beetle whose most prominent 
features are black body and greyish elytra with four prominent black patches. Fig. 2. A simple experimental setup for thermal measurements.  
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3. Results 

3.1. Morphological and optical characterization of photonic structures of 
M. asper funereus 

The macroscopic anatomy of a dried specimen, visualized using 
micro-CT (Fig. 3), showed that the elytra of M. asper funereus are ellip
soidal, sclerotized and thick (between 200 and 350 μm). The hind wings 
of M. asper funereus are highly reduced and there is a large, air-filled 
space between the elytra and the insect body. 

The elytra of M. asper funereus (Fig. 1) possess a hierarchical struc
ture with a number of features ranging from macroscopic to micron and 
submicron levels. 

The inner surface (facing the insect body) looks spongy (Fig. 4(a)), 
with an array of oval zones (approx. 0.2–0.4 mm in size – see Fig. 4(b)), 
surrounded by yellowish walls. If observed in transmission, it can be 
seen that the walls are actually a complex, connected network of 
channels that transport hemolymph (Fig. 4(c)) (Unruh and Chauvin, 
1993; van de Kamp and Greven, 2010). Within each zone, there is a 
spherical-looking object with a circular opening at its centre that looks 
like a standard blackbody (BB) model found in textbooks. In trans
mission (Fig. 4(c)), BBs are deep red, doughnut-shaped features in the 
middle of each oval zone. It should be noted that the red colour is due to 
melanin, characterized by strong absorption in the blue-green part of the 
spectrum and good transmission in the red. By bleaching elytra using 
hydrogen peroxide (H2O2) we were able to reveal a network of smaller 
channels, connecting the BB to the main microfluidic channels. (Fig. 4 
(d)). 

All the structures described above are protected by an optically 
transparent layer. This layer is electron-dense (Fig. 5) and hides all the 
structures observed optically. Microtrichia (thorn-like structures, 
approx. 5 μm in height – inset in Fig. 5) are a dominant feature of the 
internal surface. As can be seen, the microtrichia are arranged in an 
ordered but not completely regular pattern (average mutual distance is 
11 μm). In many other insects, such structures are used to lock the hind 
wings to the elytra, as in the Asian ladybeetle (Sun et al., 2018). 

Outer surface of elytra is black and covered with two different types 
of microtrichiae (Fig. 6(a) and (b)). One type is transparent and covers 
most of the body, which looks greyish (grey zone) due to the scattered 

radiation. The other type is pigmented and densely covers four distinct 
areas producing characteristic black patches. However, in thermal 
infrared, the whole body looks quite uniform. 

On grey elytral zone there is also an array of shiny black, quite 
smooth, microlens-like protrusions, surrounded with hairs (compare 
optical and SEM images in Fig. 6(c), respectively). The microlenses and 
BBs have a well-defined mutual orientation, which was observed by 
simultaneously illuminating the elytron in transmission and reflection 
(Fig. 7). As observed before (Fig. 4), the BB occupies the centre of an oval 
zone, while the microlens is at its rim, directly facing a hemolymph- 
filled channel. 

The elytron directly beneath the surface (procuticle 200-μm thick) is 
well organized, as in all coleopteran (van de Kamp and Greven, 2010; 
van de Kamp et al., 2016). It is layered and possesses a number of 
laminae that envelope the BBs and microchannels (Fig. 8(a)). It is 
interesting to note a number of tiny hairs covering the internal surface of 
the blackbody (Fig. 8(b)). At the moment, we can only speculate about 
their biological function, because this can be revealed only by physio
logical investigation of live specimens, which we didn’t have at our 
disposal. However, from purely physical point of view, we note that 
hairs increase the absorbance of the black body wall due to enhanced 
scattering and trapping of radiation. 

3.2. Radiative properties of M. asper funereus 

We used thermal imaging to evaluate radiative properties of elytra. 
An elytron was placed in front of the reference cavity (with absorbance 
higher than 99% (Prokhorov, 2012)) and observed with a thermal 
camera (operating within the 8–14 μm wavelength range). In thermal 
equilibrium (room temperature), the elytron completely disappears 
from thermal image (Fig. 9(a)) and becomes visible only when heated by 
the laser beam (Fig. 9(b)). The same is true for both the outer and inner 
sides, along the entire, highly curved, elytral surface. Thus, we may 
conclude that the high directional emissivity (higher than 99%) is 
constant along the surface and has the characteristics of a Lambertian 
source. 

It is interesting to note that the emissivity of both black and grey 
areas of elytra is the same. This is because the wavelength of thermal 
radiation is close to characteristic dimensions of hairs covering the 

Fig. 3. (a)3D reconstruction of M. asper funereus from a stack of MictoCT images. (b) frontal, (c)axial and (d) longitudinal cross sections of insect showing air filled 
space between elytra and the rest of the body. 
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elytra. That is why both types of hairs efficiently scatter the radiation 
and enhance the probability of radiation being absorbed. 

3.3. Modelling of M. asper funereus elytron 

3.3.1. Blackbody array 
Based on the anatomical features described in section 3.1, we were 

able to design a model of M. asper funereus. We took the oval zone of 
Fig. 4 as an elementary unit, composed of a layered blackbody sur
rounded by walls with microchannels. Blackbody is enclosed between 
two layers, one containing microlenses and the other covered by 
microtrichia. 

We used 3D, open-source, computer graphics software (Blender, free 

under GPL) to visualize the elementary unit of M. asper funereus elytra. 
Fig. 10(a) and (b) show two aspects of an elementary cell, so that the 
spatial relations between the microlenses, walls with microchannels and 
blackbody are clearly seen. Microlenses focus radiation directly into the 
elytron and microchannel filled with hemolymph (primarily water), as 
confirmed by ray tracing (Fig. 11) within a quite large angular range 
(− 20◦ to +20◦). 

We made a more exact finite element modelling of IR wave propa
gation in the cuticle. To do that, we needed complex refractive indices of 
chemolimph and insect cuticle at thermal infrared wavelengths. Che
molimph is mostly composed of water and we used the data from Hale 
and Querry (1973) – complex refractive index was averaged to n = 1.2 +
i ⋅ 0.0343, within 3–5 μm, and n = 1.35 + i ⋅ 0.13, within 8–12 μm. 
Optical constants of insect cuticle at thermal infrared are not very well 
known and we used data extracted from Shi (2018) – within 3–5 μm 
complex refractive index was n = 1.57 + i ⋅ 0.005 and within 8–12 μm, n 
= 1.57 + i ⋅ 0.1. The absorption of melanin was not taken into account 
because it is found only in a thin superficial layer of elytra, its concen
tration is low, compared to that of chitin, and its absorption maximum is 
at UV. 

Within the 8–12 μm window, radiation is efficiently absorbed in the 
superficial layers of the cuticle due to the very high absorption coeffi
cient of chitin (see Fig. 12(b)). The situation is more interesting within 
the 3–5 μm window, where the absorption as an order of magnitude 
lower (Shi, 2018). There, the radiation is indeed focused onto the 
microchannels (Fig. 12(c)), while the multilayer structure of the BB 
efficiently reflects and expels the radiation from the central cavity. 
Within this spectral range, radiation penetrates deep and heats the in
ternal structures of cuticle (Fig. 12 (c)). If there is a constant flow of 
hemolyph through the cuticle (Unruh and Chauvin, 1993) heat will be 
convectively transferred to the central cavity of the blackbody. That is 
why we propose that tiny hairs lining the cavity might function as 

Fig. 4. (a) Optical image of inner elytral surface of M. asper funereus in its natural state, exhibiting its original pigmentation. Enlarged portion in (b) shows 
blackbody-like (BB) structures (spherical-looking, with a black spot in the centre – red arrows). (c) Transmission optical image of elytron reveals a system of channels, 
branching from the central channel and surrounding each BB. (d) Elytron bleached in peroxide reveals a network of smaller channels, connecting the BB to the main 
microfluidic channels. 

Fig. 5. SEM image of inner elytral surface of M. asper funereus with an array of 
microtrichia, enlarged in the inset. 
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sensilla, signalling the insect to search for a cooler place - which is a 
behavioural characteristic of this particular insect. 

It seems that cuticular microlenses function like the cornea of an 
ommatidium, i.e. they focus radiation onto the sensitive layer. The ar
chitecture of M. asper funereus is well organized for the purpose. 

3.3.2. Array of microtrichia 
As can be seen from micro-CT images (Fig. 3), there is a thin (less 

than a millimetre) air-filled gap between the elytra and the insect body 
(see scheme at Fig. 13). Thermal energy is radiatively exchanged be
tween those layers, thus filling the gap with infrared radiation. For the 
part of radiative energy propagating at grazing incidence, gap behaves 
as a hollow waveguide (such as those used for 10.6 μm CO2 lasers – 
(Komachi et al., 2000)) with microtrichie as subwavelength scattering 
(diffractive) structures. In such waveguides, radiation propagates in a 
whispering-gallery manner. 

In the following we will analyze their possible role in thermal radi
ation exchange of M. asper funereus. For the purpose of better under
standing, we will treat microtrichie as a forest-like structure of almost 
conical protuberances on an otherwise flat surface. Each cone is 4.4 μm 

Fig. 6. SEM of the outer surface of the M. asper funereus elytra: (a) an edge between grey and black areas (red arrows indicate microlens-like protrusions); (b) 
enlarged SEM image of black scales. (c) Lens-like structures and hairs on the outer surface of M. asper funereus. Optical image is on the left and SEM image on the 
right. The captured area with lens-like structures is from the grey zone of the elytra. 

Fig. 7. Optical microscope image of elytron, simultaneously illuminated in 
reflection and transmission. Microlenses can be seen as black circular areas, 
blackbodies are doughnut-shaped zones within the network of channels. 
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in diameter at its base and 3.8 μm in height. An observer looking from 
above will see an arrangement like that in Fig. 14, schematically drawn 
using the section of Fig. 5 as a template. Looking from the side, as if 
sitting on the substrate, densely overlapping cone projections, even for a 
small number of microtrichia surrounding the central one, are observed. 
Thus, for the large number of microtrichia on the elytron, the radiation 
propagating close to the surface has a high chance of hitting a cone and 
being absorbed. This is a purely geometric optic analysis – in the 
following we will present a wave optics perspective. 

Upon closer inspection of the spatial distribution of microtrichia 
(Fig. 5), we can see that it is neither regular nor completely random 
(rods in the chicken retina are arranged in a similar fashion (Jiao et al., 
2014)). It is characterized by a ring-like Fourier transform, as in Fig. 15 
(a). The spatial frequency of the prominent ring-like structure is 0.1/μm, 
corresponding to the average 10-μm distance between microtrichia 
(Fig. 15(b)). The amplitude of the Fourier transform goes to zero as the 
spatial frequencies approach the central Fourier peak. This is a 

characteristic of hyperuniform point distributions, which were shown to 
behave as a complete photonic bandgap structure (Florescu et al., 2009). 
The slight ellipticity of the Fourier transform observed here is possibly a 
consequence of the ellipsoidal profile of the elytron. 

For thermal radiation entrapped between the elytra and the body, A 
2-dimensional hyperuniform system behaves as a random full-bandgap 
photonic crystal. This can be inferred from the ring-like Fourier trans
form (Fig. 15(a)), which can be understood as a superposition of sinu
soidal gratings with a 10-μm period oriented in all directions along the 
plane substrate. Under grazing incidence, gratings behave as Bragg re
flectors, blocking the propagation of radiation with the wavelength: 

λ= 2d/N  

where d is a grating period, N is an integer, assuming the normal angle of 
incidence. For the 10 μm average period of microtrichia and N = 2, the 
Bragg wavelength is 10 μm, right in the middle of an 8–12 μm atmo
spheric window. Additionally, for N = 4, the Bragg wavelength 

Fig. 8. (a) Cross section of M. asper funereus elytron with clearly visible blackbody with microchannels on both sides. (b) Enlarged image reveals the hair-like 
protrusions lining the internal surface of the blackbody. 

Fig. 9. (a) Thermal image of M. asper funereus elytra positioned in front of a blackbody. Emissivity is the same and they cannot be discerned. (b) When heated, the 
elytron becomes visible. 
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corresponds to another window at 3–5 μm, but we were not able to check 
this experimentally. 

4. Discussion and conclusions 

The search for highly absorbing structures is a long-standing one and 
many structured materials have been engineered so far (Mizuno et al., 
2009), but only the vertically aligned nanotube array (VANTA black) 
(De Nicola et al., 2017) approaches the emissivity of a blackbody. In line 
with the research on silicon photonics for NIR silicon devices (Milošević 

et al., 2019), here we show that natural, less complex structures can 
achieve similar results owing to their forest-like structure and intrinsic 
curvature (Leonhardt and Tyc, 2009). A clever arrangement of hyper
uniform disordered structures efficiently competes with highly 
advanced nanotube structures. In contrast to artificial VANTA black 
material, which is fragile and complex to manufacture, the natural so
lution is robust and simple. 

At this point, we are not able to estimate how important the role of 
microtrichie is. We must stress, however, that the amount of the radia
tion entrapped between elytra and the body is non-negligible due to 
Fresnel reflections and waveguiding. Simple calculation shows that, for 
the refractive index used in this study (n = 1.57) and normal incidence, 

Fig. 10. (a) A semi-transparent 3D model of M. asper funereus elytron pre
senting internal structures hidden within the elytron (mt – microtrichia, mc – 
microchannels, ml – microlens, bb – black body, ha – hairs) (a) with micro
lenses and hairs clearly seen; (b) top view displaying alignment of microlenses 
and microchannels. The microchannel completely surrounds the blackbody and 
is connected to it via even smaller channels. 

Fig. 11. Ray tracing through a microlens and microchannel (blue rays are 
incoming at normal incidence, while red and green rays obliquely, at +200 and 
− 200, illuminate the elytron). Calculations were done at 3 μm, where refractive 
indices are as indicated in figure. 

Fig. 12. (a) A model of M. asper funereus elytron used in FEM analysis (grey 
colour corresponds to chitin and purple to water). Distribution of thermal IR 
radiation inside M. asper funereus blackbody-like cuticular structure calculated 
by FEM. Two spectral windows were analysed: (b) 8–12 μm (image at 10 μm is 
shown) and (c) 3–5 μm (image at 4 μm is shown). 

Fig. 13. M. funereus elytron and body with air filled gap acting as a hollow 
waveguide for grazing incidence thermal radiation. 
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4.99% of radiation is reflected, while for grazing incidence almost all 
radiation is reflected. Between those two extremes, due to uniform 
angular distribution of thermal radiation, it is clear that more than 
4.99% of thermal radiation is entrapped and waveguided between body 
and elytra. More detailed answer to this question will be given in further 
studies. 

In the interests of brevity and focus, several other elytral features 
that might be effective in thermal IR had to be left out of the scope of this 
paper. First of all, the chitinous lamellae of M. asper funereus have a 

characteristic dimension of 4–5 μm with the corresponding Bragg 
wavelength of 8–10 μm. Each layer contains well-oriented microfibrils 
that certainly introduce birefringence, and the orientation of microfi
brils is different in each layer (Supplement file). The exact value of the 
refractive index of chitinous structures is not very well known, in 
particular in the thermal infrared, and it is therefore difficult to make the 
correct theoretical calculations and numerical simulations. Thirdly, in
terfaces between each layer are rough and scatter radiation, so that the 
layers may act as planar waveguides to additionally absorb the 

Fig. 14. (a) An arrangement of conical structures seen from above and drawn using Fig. 2 as a template. Inset in the upper right corner shows part of the SEM image 
used as a template. Side-on view is shown at the bottom of this figure. (b) Top view of a microtrichia 3D model illuminated obliquely from the right (red arrow) shows 
that microtrichia preclude the propagation of light. 
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radiation. Finally, microtrichia can act as transmission gratings for non- 
obliquely impinging radiation and diffraction orders can be coupled into 
layers as planar waveguides. 

From a theoretical point of view, it is quite difficult to treat inher
ently random structures (such as those of M. asper funereus) using exact 
methods like FEM, RCWA or FDTD. For large structures, periodic 
boundary conditions have to be introduced, thereby violating inherent 
randomness. If a random structure is to be simulated, computer memory 
requirements become extremely large and computational time intoler
ably long. 

We performed other measurements that have revealed the excellent 
thermal insulation properties of this particular insect. By laser-heating 
one side of an elytron we observed that, in thermal equilibrium, the 
other side was approximately 20 ◦C lower in temperature. It is difficult 
to discern the contribution of radiative dissipation, with respect to other 
processes (convection and conduction) (Supplement file). However, the 
M. asper funereus elytron could be an excellent model to design similar 
thermally insulating materials. 

Furthermore, taking into account that M. asper funereus lays its eggs 
in and emerging larvae feed on decaying wood (a saproxylic way of life), 
similarly to pyrophilous insects (Klocke et al., 2011), it is important for 
an insect to detect dead trees. Thermal fingerprint of a decaying wood is 
different, compared to healthy specimens, primarily due to the reduced 
amount of water. (Pitarma et al., 2019). Based on the structures and 
properties we have observed, we postulate that a number of infrared 
detectors on the elytron is used to detect the infrared fingerprint of wood 
and discriminate between healthy and decaying tree trunks. Even 
though the number of elytral IR detectors (approx. 400) is small, it is still 
a useable one, if compared to that of FLIR ONE Gen3 smart-phone, cli
p-on thermal cameras (60 x 80 IR pixels). By making this comparison we 
emphasize the “ingenuity” of evolution, in no way endorsing any 
particular IR camera. 

It is well known that Coleoptera elytron has a complex layered 
structure with number of cavities, trabeculae, channels and pores (Sun 
and Bhushan, 2012). Research mostly dealt with mechanical signifi
cance of internal architecture of elytron (Du and Hao, 2018), and to a 
lesser degree with thermal effects (Le et al., 2019). By studying available 
literature we may say that many of structures might serve similar role in 
thermal radiation management, due to their characteristic dimensions 
being close to the wavelength of thermal radiation. 

In conclusion, we have shown that a combination of micron-sized 
blackbodies and uniformly random microstructures possesses excellent 
properties to manage thermal radiation. The range of potential 

applications is enormous and even might even extend from NIR to ter
ahertz technology. 
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UNESCO“For Women in Science”. 

Ethical approval 

All necessary permissions to collect the samples of M. asper funereus 
were obtained from the Ministry of Environmental Protection of the 
Republic of Serbia and the Institute for Nature Conservation of Serbia. 
The research did not include live insects. 

Author statement 
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Fig. 15. (a) A Fourier transform of the image in Fig. 2 depicting the arrangement of microtrichia. Note the ring-like pattern with slight ellipticity. (b) Scanning along 
two orthogonal directions (see dotted lines in (a)) shows a pronounced peak at spatial frequency close to 0.1/μm, corresponding to the average 10-μm distance 
between microtrichia. 
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Synergy of interference, scattering and
pigmentation for structural coloration of
Jordanita globulariae moth

Danica Pavlović, *a Svetlana Savić-Šević, a Branislav Salatić,a Vladimir Lazović,a
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Structural and pigment colorations are omnipresent in insects, producing a range of colors for

camouflage, warning, mimicry and other strategies necessary for survival. Structural coloration has

attracted a lot of attention due to its significance in biophotonics, biomimetics and even esthetic appeal.

The coupling of structural and pigment colorations has been largely unnoticed. Herein we show how

pigments, scattering and interference work together in two-dimensional waveguiding structures to

produce the coloration of Jordanita globulariae (Huebner, 1793), a moth whose forewings sparkle with

slightly iridescent green scales. We show that subwavelength structures scatter and couple light into a

concave multilayered structure to enhance the absorption of pigments. A finite element method (FEM)

model, adequately describing the photonic properties of J. globulariae, was developed based on the

nanoscale architecture of the insect’s wing scales. The principle of absorption enhanced by scattering

and waveguiding is present in many insect species and might be imitated to tailor the spectral properties

of optical devices.

1. Introduction

Animals produce colors in two fundamentally different ways: by
pigments and structurally. Most animals have pigmentary
coloration that is based on the selective absorption of a certain
range of wavelengths. However, the most intense and brightest
colors are structural. They result from the interaction of
light with micro- and nanostructures comparable with visible
wavelengths.1

Pigment coloration is prevalent, except for blue and green,
which seem to be rare, but nonetheless can be found in some
vertebrates,2 the most notable being the green coloration of
frogs.3 The same is true for insects, whose blue-green colors can
be produced by bile pigments such as pterobilin, phorcabilin
and sarpedobilin. Some butterfly species have a bluish- or
greenish-pigmented hue obtained by bile pigments (seen in
two Papilionidae genera: Papilio and Graphium). Pigmented
blue has not been found in other insects.4 Structural coloration
seems to be an alternative, evolutionarily developed, way to
generate shiny, pronounced shades of arbitrary colors, including
blues and greens.

There are many different studies and advanced techniques
dealing with structural coloration.5,6 The genesis of green
coloration is particularly interesting because of its significance
in camouflage. Structural green sometimes arises solely from
photonic structures7,8 or due to color mixing within concave
structures (as in the wing scales of some Papilionidae species
(Lepidoptera) and Cicindelidae (Coleoptera)).9,10 It is worth
noting that green may be a result of the color-mixing of
structural blue and pigmentary yellow.11,12

Such a peculiar coloration is even more interesting if it is
found on the wings of moths (Heterocera: Lepidoptera). Moths
are mostly nocturnal, and therefore, generally drab in color
(brown or grey). However, there are some moth species that
possess attractive coloration such as the tropical Madagascan
sunset moth.13 There is also a whole group of colorful, day-flying
moths of the Zygaenidae family. The majority of zygaenids are
tropical, but they are nevertheless quite well represented in
temperate regions. The species Jordanita globulariae (subfamily
Procridinae) caught our attention because of the dull, slightly
iridescent green coloration of its forewings.

In this study we reveal the structure and function of the
scales of the Jordanita globulariae moth through morphological
characterization, spectral measurement and numerical simula-
tion. The synergistic operation of structure and pigments is
analyzed. We also discuss the role of this particular coloration
in the moth’s lifestyle.
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2. Materials and methods
2.1 Specimen details

Jordanita globulariae (Fig. 1) is a day-flying moth (fam. Zygae-
nidae, subfam. Procridinae). The species is widespread from
the Iberian Peninsula in the west to the Urals in the east
of Europe. The forewing’s length is 10.5–17 mm in males and
7.7–10.1 mm in females. It flies during the sunny days from
May to August, usually in limestone pastures.14 Larvae are fed
on species from the genera Centaurea L., Cirsium and Globularia
L. On very hot days, the moth usually perches on flowers and
other vegetation. Males occasionally fly at night.15 Adults of this
moth have green forewings, while the hind ones are grey-
brown. When at rest, the hindwings are completely obscured
under the green forewings, enabling the insect to hide in
foliage. Several species within this family have similar morpho-
logical characteristics [e.g. Adscita statices (Linnaeus, 1758)].
We had three, conserved and pinned J. globulariae specimens at
our disposal, collected during May and June of 2011 on Mt.
Fruška Gora, near the city of Novi Sad, Serbia (leg. D. Stojanović).

2.2 Microscopy and spectroscopy

Field-emission gun scanning electron microscope (FEGSEM)
(MiraSystem, TESCAN) was used to study the fine anatomy of
the moth scales. Dried insect forewings were mounted and
sputter-coated with 5–10 nm of Au/Pd in preparation for SEM.
We used an Au/Pd target because it has a smaller grain size and
it is the recommended metal coating for a wide range of
sample types.

Individual scales were prepared for SEM by the double
transfer method: a scale was detached with a low-surface-
energy adhesive (‘‘Post-it’’ sticky note), followed by transfer to
a high-surface-energy tape (conductive carbon). In this way, the
original scale orientation was preserved. During this process
some of the scales were mechanically broken, revealing the
inner structure and cross section of the scales.

Optical characteristics of the wings and scales were analyzed
on a trinocular microscope MET104 (Colo Lab Experts) with a
Plan Achromatic POL Polarizing objective lens (10X/20X/40X).

To record reflectance spectra, we used a fiber optic spectro-
meter (Ocean Optics, HR2000CG-UV-NIR) with a 400 mm core
diameter fiber. A halogen lamp was used as a light source and
spectra were referenced to a standard white surface. Angular
variation of the reflectance spectra was measured with a
stationary sample illuminated by the light source at normal
incidence. The spectrometer fiber was rotated within the angular
range from 101 to 501.

2.3 Optical modeling

A finite element method (FEM) was used to model the inter-
action of visible light with wing pigmented scale nanostructures.
The model is two-dimensional because it saves computation time,
which was approximately 20 min on our PC. It would be difficult
to model the exact shape of photonic structures that are certainly
not spherical, but somewhat irregular, rather oval and elongated
along one axis (Fig. 2(b) and 3(a)). Thus, a 2D model (which is
equivalent to a 3D infinite cylinder) is a satisfactory approxi-
mation, as the photonic structure studied here departs signifi-
cantly from cylindrical only at its edges. The arrayed structure of
wing scales is modeled using one unit cell with periodic boundary
conditions. Perfectly matched layers (PMLs) are placed above and
below the structure in order to minimize any reflected signal.
In the model, the average mesh size was manually set to one-fifth

Fig. 1 Jordanita globulariae with structurally green dorsal sides of the
forewings.

Fig. 2 (a) A SEM image of the J. globulariae forewing with two types of
scales. Magnified SEM images of: (b) a long scale covered with several cup-
shaped dips and (c) a short scale with a random, sponge-like structure.
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of the minimum incident wavelength, which was 400 nm in our
case. However, mesh density was adaptively adjusted to correctly
model the tiniest structures of the model. To create a numerical
simulation, it is necessary to know the complex refractive index of
the biological structure. It is difficult to know the exact value, but
we found that modest variation (Dn B � 0.03) of the refractive
index has only a slight impact on simulations. The real part of
the complex refractive index was taken from the literature:
n = 1.57.16,17

The extinction coefficient was determined experimentally by
measuring the transmission of light through the structure and
applying Beer–Lambert’s law. We assumed that the structures
analyzed here had a subwavelength size and could be regarded
within the effective medium approximation. Imaginary part k of
the refractive index was 0.011 at 400 nm, 0.019 at 500 nm and
0.01 at 800 nm.

3. Results
3.1 Morphological and optical analysis of J. globulariae wing
structures

The dorsal side of J. globulariae forewings is covered with scales
that seem to be randomly distributed (Fig. 2(a)). The scales are
either long with a regular internal architecture (Fig. 2(b)),
or short with an irregular, sponge-like structure (Fig. 2(c)).

Long scales (with characteristic dimensions of approxi-
mately 20 mm � 150 mm) seem to be more elaborate. At higher
magnification (Fig. 3(a)), we can see that their upper lamina is
ornamented with thin, lamellar ridges (separated by approxi-
mately 3 mm) connected by cross ribs. Together, ridges and
cross ribs produce a sequence of concave dips (cup-like struc-
tures, 0.5–3 mm deep) whose surface has a large number of tiny
pores (20–50 nm). The interior of the whole scale is hollow,
supported by large, 1.5 mm high, trabeculae (Fig. 3(a)) connect-
ing the upper and lower lamina (which is irregular, single-
layered and about 100 nm thick).

The cross section of the scale (Fig. 3(b)) shows the concave
upper lamina with five chitin layers whose thickness is approxi-
mately 110 nm. They are mutually separated by tiny, pillar-like
structures, producing 90 nm-thin, air-filled, voids. This
arrangement will be further considered as a curved multilayer
serving as a specific, spectrally selective, filter.

On the other hand, short scales (whose approximate size is
40 mm � 80 mm) are quite different. They are almost hollow,
filled with an intricate, irregular, sponge-like structure (Fig. 4(a)
and (b)), but surface ridges and cross ribs can be seen as well.

From an optical point of view, the green color of the insect is
diffuse, dim and slightly iridescent (Fig. 1) – i.e. we were able
to observe a significant color shift only for large, almost
grazing, angles of observation. If observed through an optical
microscope, long scales reflect, while short ones absorb light
(Fig. 5). If the image of a long scale is further magnified (inset
in Fig. 5), a number of discrete blue-green and yellow dots can
be seen.

Comparing SEM and optical images, we can see accurate
matching between the morphology of long scales and the
observed optical pattern. It is well known that the spectral
reflection of a layered structure is influenced by the distance
between the layers, the refractive index and the angle of
incidence. In this case, reflection is strongly affected by the
concave shape of the layers. We can see that light falling on the
center of the concavity has a different angle of incidence
compared to off-center zones. This is why we observe differently
colored spots in the inset of Fig. 5. Macroscopically, colors are
mixed to produce the insect’s green color.

Apart from structural coloration, scales are slightly pigmen-
ted, as can be seen from the transmission optical image
(Fig. 6(a) – scales were immersed in an index matching fluid
to suppress Fresnel reflections). Interestingly, the long (struc-
turally colored) scale has significantly higher (0.25) absorption
than the short (nonstructural) one (0.16).

Absorption is much higher in the blue part of the spectrum
and decreases towards the green-red part (as can be seen in
Fig. 6(b)). We found that the average coefficient of absorption is
between 0.35 1/mm in the blue part of the spectrum and
0.1 1/mm in the red. All the above facts signify that the effect
of pigments cannot be disregarded, as we will further show.

Fig. 3 SEM image of J. globulariae long wing-scale structure. (a) A cross
section of the scale showing concave, multilayered upper lamina and
single-layer lower lamina separated by trabeculae (LR – lamellar ridges;
CR – cross ribs; T – trabeculae; UL – upper lamina; LL – lower lamina).
Green and yellow arrows indicate different wavelengths for radiation
hitting the structure at its center or its edges. (b) A concave multilayer of
the upper lamina with five chitin layers.

Fig. 4 SEM images of (a) a short wing scale of J. globulariae and (b) its
hollow, sponge-like internal structure.
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We measured the angular variation of the spectrum by
rotating the detector (spectrometer fiber) and keeping the wing
and illuminator positions fixed. Illumination was at normal
incidence with respect to the wing. The reflection was recorded
within the angular range of 10–50 degrees. Under these condi-
tions we observed a slight spectral shift of 40 nm (Fig. 7(a)).
This corresponds to the perception of unsaturated green color,

irrespective of the angle of observation. As a final remark, we
emphasize that the spectrum fits nicely into the spectrum of
foliage (Fig. 7(b)), enabling the insect to hide effectively in its
natural environment.

3.2 Optical modeling of J. globulariae wing scales

Here we present an optical model of structurally colored scales
(Fig. 8(a)) designed to simulate all the characteristic features
observed in SEM images (Fig. 3):

– concave dip (1.5 mm radius) with five chitin layers, 110 nm
thick, and refractive index 1.57;

– layers separated by (20 nm � 90 nm) producing 90 nm air
spaces;

– outer surface with a number of 10 nm-diameter holes.
On this basis, we will establish a link between the architec-

ture and the optical response of wing scales.
In a simplified model and before going into more detail,

we will approximate the structure with a collection of Bragg
gratings with different orientations. According to Bragg’s law:

l = 2nd cos y (1)

where l is the wavelength of multilayer reflectance maximum,
d is the grating period, n is the effective refractive index of
the grating, and y is the angle of incidence of radiation.
Observe that the incident plane wave irradiates the concave
structure within the range of angles – 0 degrees in the center
and 50 degrees at the edges. At the center of a concave dip
(angle of incidence y = 01) the Bragg wavelength can be
estimated at 520 nm (assuming a grating period of 200 nm
and an effective refractive index of 1.3). Towards the edge, the
Bragg resonance drops to 370 nm. Due to only five Bragg layers,
the reflection maxima are broad (Fig. 8(b)) and the resulting
spectra cover the UV-blue part of the spectrum.

We can conclude that, without an additional mechanism,
J. globulariae wings will evenly reflect visible light, making the
insect appear to be bluish. Absorption alone is not enough
to modify the reflection spectrum due to the thinness of indivi-
dual scales and small amount of pigment (Fig. 6). In the following
we will prove that scattering amplifies absorption in accordance
with the theory of Yablonovitch described in ref. 18. It was shown
that rough surfaces amplify the radiation intensity within planar
layers by 2n2 factor, where n is the refractive index of the material.
This leads to increased absorption of up to 4n2 times compared to
ideally flat layers. For chitinous structures of scales (n = 1.57),
absorption may thus increase up to 9.9 times.

The Yablonovitch theory is universally applicable to layers of
any thickness, as it is based on the basic laws of radiation. For
subwavelength multilayer structures, as is the case here, the
effects of evanescent waves certainly lead to radiation being
redistributed among the layers. However, the total thickness
of all layers taken together is significantly larger than the
wavelength and the radiation stays entrapped and waveguided.
Here we add that the theory is limited to randomly distributed
(Lambertian) incoming radiation. This is usually the case for
the environmental, solar, irradiation omnipresent in most
natural surroundings. We have previously used the theory to

Fig. 5 Optical micrograph of J. globulariae wing scales. An enlarged
part of a structurally colored one is shown on the right (with yellow and
blue-green dots).

Fig. 6 J. globulariae moth: (a) Transmission optical image of long (L) and
short (R) scales. (c) Transmittance spectrum of the long, structurally
colored scale.
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explain a golden coloration of rather simple wing scales of
Diachrysia chrysitis moths.19

In the case of J. globulariae wing scales, scatterers are
numerous and include nanometer scale pits on the surface,
nanopillars between the layers and many of the other defects
of otherwise regular structures. The whole problem is too

complicated to be analyzed analytically because it includes
the effects of scattering on subwavelength structures, spectrally
dependent absorption, waveguiding and radiation localization,
as well as interference effects on a very specific concave Bragg
grating. This is why we had to use FEMs to calculate the
reflection spectrum of the scales. A model in Fig. 8(a) was

Fig. 7 (a) A slight angular variation (within a 10–501 range) of the J. globulariae wing reflectance spectrum. (b) A reflectance spectrum of the green
leaves of Hibiscus.

Fig. 8 (a) Geometry of a concave multilayer model used in FEM. Arrows indicate the radiation direction and y is the angle of incidence. (b) Strong
spectral shift for different angles of incidence. (c) A model, depicted in (a), is adaptively meshed for correct FEM analysis of the smallest features.
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adaptively meshed (i.e. finer structures were meshed more
densely – Fig. 8(c)) in order to obtain the correct results.

First, we calculated the electromagnetic intensity distribu-
tion (square of the amplitude) without taking into account
absorption (Fig. 9(a)). We clearly observed the localization
of the field within the concave Bragg structure due to wave-
guided modes. They were introduced into the structure
because of scattering on subwavelength structures (pillars
and pits) in accordance with the Yablonovitch theory. Result-
ing spectra are wide and independent on the angle of
incidence (Fig. 9(b)).

If absorption is introduced into the model, in accordance
with the characteristics of real scales, we can clearly see that
waveguided modes are strongly absorbed (Fig. 9(c)) and the
resulting spectra are narrowed (Fig. 9(d)) and independent on
the angle of illumination, to match those observed experimen-
tally (Fig. 7(a)). This is in stark contrast to the completely flat
Bragg grating – its reflectance is very high (up to 90%) but its
angular dependence is significant (the shift is larger than
150 nm).

It seems that natural evolution has brought about a nicely
balanced set of features: concave structures to induce angular
insensitivity of coloration, residual pigments to absorb light
and subwavelength structures to enhance scattering and wave-
guiding. As a result, J. globulariae becomes quite inconspicuous
within its environment.

We can note that theoretical spectra have a number of local
minima and maxima, resulting from a very complex structure
with many resonances (Fig. 9(b) and (d)). In reality, the
resulting spectrum is obtained by reflection from a large
number of scales. They are not identical, and the resonances
are averaged to produce a smooth curve as in Fig. 7(a).

To further refine themodel, we sliced a spherical multilayer into
8 planar cross-sections and approximated each one as a collection
of cylindrical layers (as shown in Fig. 10(a)). Due to symmetry of the
structure, there were only 4 different sections (designated 1–4 in
Fig. 10(a)) to which we applied an FEM technique in the manner
described above. By averaging spectral distributions of all cross
sections, we obtained the resulting spectrum in Fig. 10(b), which is
comparable to the experimentally recorded curves in Fig. 7(a).

Fig. 9 (a) Strong localization of the electromagnetic field (l = 479 nm) inside the structure (WITHOUT pigmentation taken into account), and (b) the
corresponding spectra at different angles of incidence. (c) Absorption of a localized electromagnetic field (l = 479 nm) inside the structure
(WITH pigmentation taken into account), and (d) the corresponding spectra at different angles of incidence.
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4. Discussion

We have shown that the wings of the J. globulariae moth
possess a set of structural features that produce a slightly
iridescent (i.e. observable only at grazing incidence) green
structural color. This is important for a day-flying insect to
remain unseen on the green background of vegetation. To do
this, wings evolved with low angular variation and reflectance
comparable to that of green surroundings.

Similar structural coloration was also observed in other
insects. It was found that Papilio palinurus produces its green
coloration as a result of color mixing between reflected and
retroreflected light from a concave multilayer structure.10

There, the effects of scattering and pigmentation were not
analyzed, and the coloration was explained solely by the multi-
layer interference.

The question of adequate modeling is an important (and
still open) problem for understanding the interaction of light
with biophotonic structures. Three-dimensional modeling
is extremely demanding, with respect to execution time and

memory requirements. Massively parallel computers are used
with computational time of the order of several hours (for a
single 3D geometry and single wavelength) and tens (even
hundreds) of gigabytes of working memory.7

Overall architecture of J. globulariae structures is variable –
ranging from almost spherical to cylindrical, with several layers
and a number of randomly distributed nano-pillars and holes.
Such complexity is beyond the capability of most computers.
Even the fastest ones are incapable of calculating irregular,
stochastically distorted, nano-patterned geometries on a
reasonable timescale. Here, we used 2D, cylindrical models of
essentially three-dimensional structures. This is quite sufficient
for oblong structures, while for those closer to spherical sym-
metry, a dip was sectioned in order to make the approximation
more adequate. Anyway, optical microscopy (Fig. 5) shows that
the overall optical effect is quite tolerant to random variation
of size, shape and nanostructure. The computational results
presented here confirm that slightly absorbing nanostructures
restrict the radiation to the green-red part of the spectrum

Fig. 10 (a) A characteristic multilayer dip of J. globulariaewing scale is modeled as a collection of cylindrical cross-sections designated by numbers 1–4.
(b) The resulting spectral distribution, obtained by angular averaging spectra of cross-sections 1–4.
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(compare Fig. 9(b) and (d)) in accordance with the theory of
absorption enhancement by scattering.

The role of pigments was analyzed in ref. 20. The authors
described the Eudocima maternamoth whose cover scales act as
an interference mirror (not the multilayer one), while ground
scales are strongly pigmented. For certain angles of observa-
tion, cover scales mirror the incoming radiation, thereby mak-
ing underlying pigmented scales invisible. For other angles,
radiation is redirected by the mirror scales outside the viewing
direction, making the underlying pigmented scales visible.
Again, interference, scattering and absorption are not inter-
linked and enhanced.

A somewhat different analysis of the interplay between wing
coloration and visual pigments was performed in ref. 21. It was
found that additional visual pigment in the photoreceptors
of Lycaenidae is well tuned to the characteristic structural
coloration of butterflies within this family.

A good overview of photonic structures has been given in
ref. 22. The authors remark that green pigments are absent in
butterfly wing scales and analyze blackness and fluorescence
enhancement caused by structures.

Structures at all dimensional scales are included and work
in synergy to produce the coloration of J. globulariae. At the
molecular level, dark pigments (melanin) are needed to
selectively absorb the blue part of the spectrum. However, in
this particular insect there is only a small amount of pigment,
which is not enough to significantly absorb the blue part of
the spectrum as shown in Fig. 9(b). Therefore, nanoscales,
pillars, pits and other subwavelength structures are necessary
to preferentially scatter blue light and enhance its absorption.
Micron-sized concave multilayers selectively filter the red part
of the spectrum while making it angularly independent.

On a higher scale (in the order of hundreds of micrometers
and millimeters), the wing as a whole must be accounted for.
Our model shows that the reflectivity of a single structural scale
is in the order of 40% (Fig. 9(d)). However, the reflectivity of the
wing is much lower (20–25%, Fig. 7) as a result of sparse scale
population, attenuation by nonstructural scales and the wing
membrane. The resulting value corresponds well to the reflec-
tivity of vegetation, making the insect almost invisible in its
environment. We have calculated the CIE xy color coordinates
of the green leaves of Hibiscus.23,24 J. globulariae and our model
show how well nature has ‘‘adjusted’’ the insect to the environment
(Fig. 11). Here, a CIE diagram is used as a simple way to compare
complex spectra, not as a measure of human color perception,
which is certainly quite different compared to that of insects.

For reference, we have shown the color coordinates of a
model without scattering and absorption. In this case, the
insect’s color would have been blue, making it highly visible.

In this paper we had no space to analyze the ‘‘nonstructural’’
scales, but it seems that there are structural effects too.
By looking closely at Fig. 6(a), we can see that the absorption
of a nonstructural scale is lower than that of the structural one,
yet it is highly absorbing on the wing (Fig. 5). It seems
that scattering enhances the absorption of the rather hollow
structure of a ‘‘nonstructural’’ scale as well.

From a biological point of view, the color green usually has a
cryptic role in insects,25–27 providing very effective camouflage
among leaves. This greenish color, which is not highly reflec-
tive, indicates a primary defensive role in J. globulariae. Slight
iridescence and color contrast, which are very important in
communication between species, further speak in favor of the
protective role of such an optical signal.28

On the other hand, species of this family (including
J. globulariae) also possess a chemical defense mechanism. All
Zygaenidae15 contain hydrogen cyanide (HCN), taken from
plants or synthesized from plant glucose.29 Therefore, they
are poisonous or, at least, distasteful to potential predators.
Sending a warning is another reason why the species of this
moth family may have such coloration. The color green
becomes highly visible during feeding on flowers14 when it
acquires its second, aposematic role.30 Other examples are also
known among Lepidoptera where warning and camouflage
coloration are not contradictory.31 We can therefore assume
that the role of J. globulariae can be cryptic, when resting,
hidden in leaves, and aposematic, during nectar feeding.

In most moths, the dorsal side of the front wings is visible
during rest.32 Given that all Zygaenidae are diurnal species,
evolution has ensured that they have structural coloration only
on the dorsal surface of their forewings.15

5. Conclusion

This paper reveals the delicate combination of interference,
scattering, absorption and color mixing, all working together,

Fig. 11 A CIE diagram showing the xy chromatic coordinates of vegeta-
tion, J. globulariae and a complex model (concave layer with scattering
structures and absorption). Coordinates of achromatic white and a simple,
flat, layer model have been shown for reference.
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to facilitate the survival of J. globulariae. The fine tuning of
many structural factors, from submicron to macroscopic levels,
is amazing and its imitation provides a new way to control the
spectral content of light.
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A B S T R A C T

The insect cuticle serves a multitude of purposes, including: mechanical and thermal protection, water-repelling,
acoustic signal absorption and coloration. The influence of cuticular structures on infrared radiation exchange
and thermal balance is still largely unexplored. Here we report on the micro- and nanostructured setae covering
the elytra of the longicorn beetle Rosalia alpina (Linnaeus, 1758) (Coleoptera: Cerambycidae) that help the insect
to survive in hot, summer environments. In the visible part of the spectrum, scale-like setae, covering the black
patches of the elytra, efficiently absorb light due to the radiation trap effect. In the infrared part of the spectrum,
setae of the whole elytra significantly contribute to the radiative heat exchange. From the biological point of
view, insect elytra facilitate camouflage, enable rapid heating to the optimum body temperature and prevent
overheating by emitting excess thermal energy.

1. Introduction

Environment affects the body temperature of animals through
thermal energy exchange. Animals have adapted to thermal conditions
in order to maintain the optimal temperature of their bodies necessary
for survival. This is why evolution has developed many ways to control
heat transfer, e.g. bird feathers (Torre-Bueno, 1976), mammalian fur
(Preciado et al., 2002) or subcutaneous fat of marine animals (Twiss
et al., 2002), to mention just a few.

Insects have developed diverse thermoregulatory adaptations by
physiological or behavioral means (Heinrich, 2013). Endothermic in-
sects produce heat internally by physiological processes mostly asso-
ciated with flying species,with moths and bees being the most common
examples (Heinrich, 1974). However, the majority of insects are pri-
marily ectothermic (Angilletta et al., 2002) and rely on external heat
sources, such as solar radiation (Nijhout, 1991); for example,some
butterflies regulate heat gain behaviorally, by orientation and posture
relative to the sun (Kingsolver, 1985).

Insects exchange heat through the cuticle, whose color, structure

and material properties determine the amount of absorbed and dis-
sipated energy. The cuticle is, thus, evolutionarily adapted to use
available mechanisms of heat transfer (convection, conduction, radia-
tion, transpiration) (Church, 1960), depending on the environmental
conditions and the insect's lifestyle. The cuticle is often patterned on the
micro- and nano-scale levels, producing natural photonic structures
that strongly interact with light and electromagnetic wavesthrough
absorption, interference, diffraction and scattering. The structures may
have a variety of regular and stochastic architectures, such as diffrac-
tion gratings, layers, optical crystals that produce striking visual effects
and act as selective optical filters, absorbers or antireflection coatings
(Vukusic and Sambles, 2003; Vukusic et al., 2001).

Radiative transfer is an important, but often overlooked, mechanism
used to heat or cool insects through the absorption (Scoble, 1992) and
reflection of sunlight (Shi et al., 2015). In this respect,visible light is
usually absorbed by pigments and selectively reflected by photonic
structures (Vukusic et al., 2004; Biró et al., 2003). Infrared (IR) radia-
tion is important too (Gallego et al., 2016), and some insects use it to
receive energy from the environment, while others dissipate heat by
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radiating in the IR atmospheric window (Shi et al., 2015).
It was found that photonic structures of insects have an important

function in this respect (Shi et al., 2015). To better understand the in-
teraction of infrared radiation and biological structures, appropriate
mathematical models are necessary. These are based on Kirchhoff's law
of radiation, which establishes the equality of emissivity (as a measure
of how effectively a body emits radiation) and absorptance. It is
therefore sufficient to calculate the absorptance and unequivocally
determine the emissivity. To do this, standard methods for calculating
electromagnetic wave propagation have been used, such as scattering
matrix methods to analyze butterflies in the IR (Herman et al., 2011), or
a finite-difference time-domain technique to simulate the IR radiation
transfer of Saharan silver ant (Shi et al., 2015).

The grayish body of the longicorn beetle Rosalia alpina, (Linnaeus
1758) (Coleoptera: Cerambycidae),with several prominent black pat-
ches on its elytra, attracted our attention. We studied the effect of cu-
ticular setae (scale- and hair-like structures) on the absorptive and
emissive properties of the cuticle and the overall thermal balance of the
insect. In our previous conference paper (Dikić et al., 2016) we per-
formed pulsed thermal imaging of this insect and presented the corre-
sponding qualitative results. Here, our research is extended by (i) a
new, well-controlled set of optical and thermal measurements, (ii) a
detailed morphological analysis of photonic structures (elytral setae)
and the development of a corresponding thermo-optical model, (iii) the
contribution of biophotonic structures to the thermal balance of the
insect under the high thermal load of direct, summer sunlight.

2. Materials and methods

2.1. Insect

Rosalia alpina is a longicorn beetle, characterized by a body length
of 14–40mm (antennae excluded), distinctive markings and coloration
(Campanaro et al., 2017). The hind wings and abdomen are protected
by subcylindrical blue-gray elytra (hardened forewings), with several
dominating black patches (Fig. 1). The long antennae and legs have the
same blue-gray coloration, with striking black tufts of hair-like struc-
tures on the central segments of the antennae. The specific, velvety
appearance is created by a large number of very fine setae−transparent
hair-like structures (hairs in the further text) on the blue-gray areas
(Fig. 1), and dark, scale-like structures (scales in the further text) in the
black patches (Fig. 1). They form a dense tomentum, which covers the
body (Bense, 1995; Duelli and Wermelinger, 2005).

The species is strictly protected in Serbia and most of Europe by the
Habitats Directive. Within the IUCN Red List of Threatened Species, it is
designated as vunerable (A1c) the IUCN Red List of Threatened Species,
(2017). A limited number of insects was collected by the Faculty of
Biology of the University of Belgrade during the summer of 2010 on Mt.
Avala, near the city of Belgrade, with the permission of the Serbian
Ministry of Environmental Protection (N°: 353–01-335/2010–03). We
had five dry specimens at our disposal. The size of the insects was
within the limits stated in (Campanaro et al., 2017). All our samples

possess a common dorsal pattern with six, almost symmetrical black
spots. The hind spots are the smallest while the mid spots are the largest
(Fig. 1). It is known that variability among individuals is due to the size
and shape of the elytral patches (Campanaro et al., 2017); however, the
given variability is not important for the general thermal models in this
study.

2.2. Microanalysis

We used reflection and transmission optical microscopy to study the
optics of individual scales. A field emission gun scanning electron mi-
croscope (FEGSEM) (MiraSystem, manufactured by TESCAN) was used
for ultrastructural analysis.

Micro-computed tomography (micro-CT) was employed to view the
overall anatomy of the beetle and measure the thickness of the elytra.
We had at our disposal the Skyscan 1172 system, manufactured by
Bruker. To ensure the optimum signal/noise ratio during micro-CT
imaging, the specimens were scanned without filter, with scanning
parameters set as follows: 40 kV, 244 µA, 530ms, rotation step 0.2°
(pixel size 13.5 µm).

Microspectrometry was utilized to record spectral absorption due to
pigmentary coloration. The device consisted of a fiberoptic spectro-
meter attached to an optical microscope.

2.3. IR analysis

Heat transfer was analyzed by two IR thermal cameras corre-
sponding to atmospheric windows at 3–5 µm (FLIR SC7200, 320×256
pixels, noise equivalent temperature difference better than 20mK,
spectral range 1.5–5.1 µm) and 8–14 µm (FLIR SC620, 640×480 pixels,
40mK thermal resolution, spectral range 7.5–13 µm). Thermal mea-
surements were corrected for surface emissivity. To study radiative
energy exchange, we used a xenon flashlamp (Bowens Gemini 1500Pro,
pulse duration 0.9ms, pulse energy 1.5 J) to uniformly irradiate the
insect body. The elytra were also illuminated by a 405-nm wavelength
laser in order to locally heat the black patch and study the thermal
effects. Laser power was controlled by a variable beam splitter and the
duration of irradiation by an Arduino microcontroller. A power-meter
(Ophir, Nova, with photodiode sensor) was used to measure laser
power.

The IR spectral properties of the insect elytra were recorded by the
Fourier transform infrared (FTIR) system Nicolet 6700 FT-IR, Thermo
Scientific, USA and analyzed by the OMNIC, software package, Version
7.0.

3. Results

3.1. Photonic structures of R. alpina

The elytra of R. alpina are in the form of a thin elongated shell, with
six prominent black patches on a blue-gray background. The anatomy
of a dried specimen was visualized using micro-CT at 13.5 µm resolu-
tion (see Fig. 2(a)), revealing an almost uniform thickness (30–40 µm)
of the elytra (Fig. 2(b)). There is a large space between the elytra and
the abdomen, where the hindwings are folded and packed, which
functions as a thermally-insulating layer.

FEGSEM images revealed that the scales on a black patch are bun-
ched on the elytra, inclined towards each other and touching at the tips,
thus forming a number of tent-like structures (Fig. 3(a)). The scales
stand almost vertically to the surface, as can be seen in Fig. 2(b) and its
inset. The cuticle beneath is rugged, with irregular, polygonal im-
pressions (Fig. 3(b)). The periodicity of scale placement (and that of the
corresponding polygonal impressions) is between 10 and 20 µm, which
is comparable to the wavelengths of environmental IR radiation.

In contrast to the black patches, the blue-gray areas of R. alpina
elytra are covered with transparent, prostrated hairs (Fig. 3(c)), while

Fig. 1. Rosalia alpina is characterized by six prominent black patches and a
blue-gray body. Elytra are shown within the red rectangle.

D. Pavlović et al. Journal of Thermal Biology 76 (2018) 126–138

127



the cuticle beneath is black and shiny. Together, the scales and cuticle
present a velvety blue-gray appearance.

Grating-like structures are conspicuous features of the scales
(Fig. 4), as observed at higher magnifications. A coarser grating
(Fig. 4(a)), with a 1-μm period, runs along the length of the scale. A
much finer, irregular, sub-wavelength grating (with an approximately
100-nm period) extends diagonally between the coarse grating lines
(Fig. 4(b)).

From the optical point of view, the structures on the gray and black
areas of the elytra have completely opposite functions. The gray area is
easily visible due to intense scattering (on the left in Fig. 5(a)), while
the black area so strongly absorbs the light that only reflections from
the polygonal impressions are partially visible (as revealed in optical
microscope images in Fig. 5(a) and (b), at two magnifications). The
scales themselves almost completely absorb the light and can be seen
indirectly as dark shadows on the background, reflected from the cu-
ticle beneath (Fig. 5(a)).

Individual scales are flattened (1–2 µm thick, 20 µm wide and
100 µm long), asymmetrical and somewhat similar to butterfly-wing
scales (Figs. 4(a) and 6(a)). They are strongly pigmented, with trans-
mission gradually increasing from the blue to the red part of the
spectrum, as can be verified by splitting the color image from Fig. 6(a)
into its RGB components (see the three small images in Fig. 6(a)). The
corresponding spectrum is shown in Fig. 6(b) and resembles that of
melanin (Stavenga et al., 2012), a pigment frequently encountered in
the cuticles of dark insects.

Reflectance of the black elytral patches was measured through an
optical microscope by detecting the reflected intensity. A measured
value was referenced to a white diffuse standard and corrected for

internal microscope objective scattering. We found that the reflectance
in the blue and green parts of the spectrum is 2.6%, while in the red
spectral range it is slightly higher, 3.5%.

The IR spectrum was between 2.5 and 15 µm (using an FTIR spec-
trometer) and found to be completely in agreement with the one
measured in (Herman et al., 2011), showing two strong transmission
minima at approximately 3 and 6 µm (Fig. 6(c)), corresponding to the
atmospheric infrared windows (3–5 µm and 8–14 µm).

3.2. Measurement and modeling of thermal properties of R. alpina elytra

Two thermal cameras (sensitive within 1.5–5.1 µm and 7.5–13 µm
ranges and corresponding to atmospheric windows) were used to
monitor dried insect specimens mounted on the substrate whose tem-
perature was measured. A tape with emissivity of 0.95 was used as a
reference. The insect dorsal surface appeared uniform in thermal
equilibrium (see Fig. 7(a)), without any difference between the black
spots and gray patches (both at 1.5–5.1 µm and 7.5–13 µm ranges). This
is an interesting fact, showing that the gray and black areas contribute
equally to the radiative energy exchange. However, there is a difference
in emissivity between the two spectral ranges: average emissivity is
0.95 at 1.5–5.1 µm (in line with (Stabentheiner and Schmaranzer,
1987)), and 0.85 at 7.5–13 µm.

To simulate environmental conditions, we used a flashlamp to
uniformly irradiate the insect body. Here we analyzed the heating and
cooling of the insect body using a thermal camera at 7.5–13 µm
(measurements at 1.5–5.1 µm have a similar character and will not be
shown). As expected, the black areas efficiently absorbed the light and
converted it to heat (Fig. 7(b)), followed by a quick temperature rise of

Fig. 2. (a) 3D reconstruction of R. alpina micro-CT image stack. (b) A single micro-CT slice through the black patch of R. alpina elytra (with scales visible on the
enlarged portion of the slice).
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Fig. 3. FEGSEM images of R. alpina: (a) tent-like-organized scales concentrated in the black patch of elytra; (b) rugged elytral surface with polygonal depressions and
dark scales; (c) hairs covering the blue-gray zone of elytra.

Fig. 4. (a) An individual scale of R. alpina, recorded on a FEGSEM. (b) 1-μm period grating-like structure and a herringbone shaped sub-wavelength grating,
observable on the R. alpina scale at higher magnification.
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almost 7 °C, while the temperature rise was lower for the gray area (see
the corresponding graph in Fig. 7(b) representing temperature dia-
grams). This proves that the black areas absorbed the visible light more
efficiently.

To measure the thermal properties of black elytral patches, we il-
luminated them with a 405-nm laser beam with an energy density of
1.67mJ/mm2. An IR image of the laser-heated insect is shown in
Fig. 7(c). Even though low power was used, the black patches efficiently
absorbed the radiation and the temperature increase was up to 20 °C
(temperature variation is shown in a graph in Fig. 7(c)). The corre-
sponding spatial variation of temperature was radially symmetrical (see
the circular bright spot and the corresponding radial intensity dis-
tribution in Fig. 7(c)). Radial intensity distribution varied during irra-
diation and quickly reached a steady state (equilibrium) (Fig. 7(d)),
without significant spreading of heat (which means that the thermal
conductivity of elytra was small).

Further, we established a thermal model of R. alpina elytra to reveal
the relative contribution of three basic thermal exchange mechanisms.
This was done by fitting an experimentally recorded cooling curve to
the theory based on radiation, convection and conduction (Levesque,

2014; Torres et al., 1993). The general, one-dimensional model includes
all three mechanisms and is described by the following partial differ-
ential equation:

∂
∂

= − − + − + ∇T z t
t ρτc

εσ T z t T h T z t T k T z t( , ) 1 [ ( ( , ) ) ( ( , ) ) ( , )]z
4

0
4

0

(1)

where T and T0 are material and environmental temperature, respec-
tively, z is the spatial coordinate, t is the time variable and σ is a Stefan-
Boltzmann constant. Material is described by its thickness τ and several
constants: material density ρ, specific heat c, surface emissivity ε,
coefficient of thermal conductivity k and convection coefficient h. This
is a partial differential equation that would be quite complicated if the
exact morphology of the elytra is taken as a boundary condition.

We simplified the model by assuming that the temperature across
the elytra is uniform (due to its thinness) and the thermal conduction
along the elytra is so small that it can be neglected (as shown in the
previous section). The only mechanisms of heat dissipation taken into
account were therefore radiation and heat loss through the surrounding
air (conduction and convection). Spatial distribution was assumed to be
constant along the z-axis, with the jump at the air-elytra interface. The
equation is simplified to:
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The last two terms describe heat dissipation at the elytra-air inter-
face due to conduction and convection in air (proportional to the cor-
responding temperature difference). Due to the small thermal con-
ductivity of the elytra (revealed experimentally and described in the
previous section), we assumed that the heated layer of the elytra is an
order of magnitude smaller than the physical thickness of the elytra,
and this value was taken as a thickness τ in a model. Table 1

Chitin and cuticular proteins are the dominant constituents of the
elytra (Capinera, 2008; Gullan and Cranston, 2014). Our measurements
are based on literature data onthe physical properties of cuticle (Ishay
and Pertsis, 2002; Vincent and Wegst, 2004) and chitin (Neville, 1975;
Hammer et al., 2002).

Eq. (1) was solved numerically by the Runge-Kutta method and we
were able to fit the experimental cooling curve within± 1.5 K (see
Fig. 8(a)). We numerically separated the contributions of three basic
dissipation mechanisms to the total losses. It was found that radiative
cooling is the most important mechanism, because in less than a second,
heat loss by radiation reached more than 50% (see Fig. 8(b)).

Here and in the previous sections we describe the experimentally
measured and theoretically calculated thermal response of R. alpina. In
the next sections we will show the contribution of underlying micro-
and nanostructures to the observed thermal effects. Analysis will pro-
ceed by, first, calculating the absorptive properties of elytral structures
of R. alpina in the visible part of the spectrum and will be concluded by
calculating the emissive properties of the elytra. This is important,
because the insect's lifestyle is such that the elytra must efficiently
dissipate the light energy absorbed primarily through the black patches
in order to maintain body temperature within tolerable limits.

3.3. Absorption of visible light by elytral structures of R. alpina

We have constructed an optical model of black elytral patches,
based on SEM images (Fig. 3(a) and (b)) of R. alpina. A 2D model
(shown in Fig. 9) imitates the tent-like arrangement of cuticular scales,
which optically function as an optical beam dump. From the point of
view of geometrical optics, beams entering the input aperture (within

Fig. 5. (a) Optical reflection microscope image of a boundary between gray (on
the left) and black (on the right) areas of R. alpina elytra. In the black area, the
scales are just a dark shadow (shownby green arrow) on the rugged cuticular
surface (red arrow); (b) black elytral area devoid of scales, showing irregular
reflections from the edges of polygonal depressions (see Fig. 3(b)).
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the 134° angular range, as estimated from SEM images; Figs. 3(a) and
4(a)) are being reflected several times from the wing scales, thus effi-
ciently enhancing absorption. This is particularly true in the visible
range, where the high concentration of melanin in the scales guarantees
strong absorption.

To estimate the total absorption of the black patch, we must first
calculate the absorption for a single reflection from a cuticular scale,
which is a dominant elytral component of black patches. We noted that
the scale surface was corrugated with high- and low-frequency gratings
(Fig. 4(b)), above and below the wavelength of the visible light, re-
spectively. At this point, we had to use wave optics to correctly model
the interaction of light and the scale. Thus, small-scale morphology of
the scale (Fig. 10(a)) is approximated by a two-dimensional elementary
cell shown in Fig. 10(b). In the model, an elementary cell periodically

repeats itself along the x-axis, it is infinite along the z-axis and bounded
by perfectly matched layers (PML) along the y-axis. The feature (A) in
Fig. 10(b) approximates the ridges of a low-period (1 µm) grating, while
two smaller structures (B) approximate the high-frequency grating,
sitting atop a low-frequency one. This model is used in a FEM to cal-
culate the local electromagnetic field and spectral variation of absor-
bance.

The physical parameters were as follows. The refractive index of
chitin is 1.57 and the extinction coefficient was determined from FTIR
measurements (see the corresponding spectrum in Fig. 6(c)) and found
to vary from 0.008 to 0.001 (within a 8–14 µm range) and from 0.013 to
0.0016 (within a 3–5 µm range). The corresponding reflection spectra
were calculated for a range of angles of incidence and averaged to si-
mulate the diffuse environmental radiation in the beetle's habitat.

Fig. 6. (a) A single scale of R. alpina recorded in transmission (large image) and its RGB components shown on the left (three small images). Transmission gradually
increases from blue to red channel. (b)Transmission spectrum of a single scale increases towards the red part of the spectrum (which is characteristic of melanin).(c)
IR spectrum of a black patch of R. alpina. Gray areas show the sensitivity ranges of the IR cameras used in this research.
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Averaged absorption spectra after single and triple reflections are
shown in Fig. 10(d). Three reflections were chosen as an average be-
tween a minimum of two and a maximum of four possible reflections
(see rays in Fig. 9). Both spectra are compared to the reflection

spectrum of an unpatterned (flat-surface) scale, shown in the same
graph. It is obvious that patterning doubles the amount of absorbed
radiation. This is the consequence of the strong electromagnetic-field
localization within the cuticular scale, as illustrated in Fig. 10(c). This

Fig. 7. (a) IR image of R. alpina in thermal equilibrium – black patches of elytra are not discernible. (b) IR image of R. alpina after irradiation with a flashlamp and the
corresponding temperature variation of black (black diagram line) and gray (red diagram line) areas. (c) R. alpina heated by a laser beam (for 7.5 s) aimed at a black
patch and the temperature variationat the center of the laser beam.(d) Temporal variation of radially symmetric temperature distribution of laser-heated R. alpina
black patch. All images were recorded with a thermal camera sensitive within the range of 7.5–13 µm.
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makes this insect very efficient in capturing direct and diffused solar
radiation and using it to heat its body.

Theoretical results are in agreement with the experiment showing
97.4% absorptance in the blue-green part of the spectrum. Discrepancy
is greater in the red spectral range where theory predicts lower absor-
bance (80%) compared to the experiment (96.5%). This is certainly due
to our in ability to accurately model intricate cuticular structures –
especially their randomness.

3.4. Emission of IR radiation by elytral structures of R. alpina

After modeling the absorptive properties of R. alpina, we analyzed
the IR properties of the same structures. We measured emissivity across
beetle elytra in the IR and found it identical for both gray and black
areas (see Section 4). To better understand the IR properties of elytra,
we constructed models of black patch and blue-gray areas. Absorptance

was calculated using FEM, at the same time giving us the value of
emissivity according to Kirchhoff's law.

We used a model of black patch shown in Fig. 11(a) that simulates
scales (Fig. 3(a)), together with the underlying, corrugated cuticular
structure (Fig. 3(b)). To determine the emissivity of this structure, it is
enough to calculate the absorptance (which is equal to emissivity, ac-
cording to the Kirchhoff's law). It was averaged within an angular range
of IR collected by the thermal camera lens (determined by its F-
number), thus simulating the experimental situation of recording an
infrared image of the insect.

FEM analysis shows that the light is localized within the elytra or
scales (Fig. 11(b)), depending on the wavelength and morphology of
the elytra. This significantly amplifies innate absorption of chitin (see
its transmission spectrum in Fig. 6(c)) due to increased optical path
length within the structure. In order to establish the influence of scales,
we also calculated the absorption of the elytra alone (without scales –
modeled as in Fig. 11 (c)). The corresponding graphs for elytra with and
without scales, at 3–5 µm and 8–14 µm ranges, are shown in Fig. 11(d).
Obviously, scales improve the absorptive/emissive characteristics of an
insect by more than 20%.

The same line of reasoning was applied to the blue-gray elytral areas
covered with hairs. Again, we found that the elytral hairs significantly
improved the absorption and emissivity (Fig. 12(a) – (d))).

3.5. Radiative balance of R. alpina

Here we present a detailed energy balance, assuming the maximum
insolation (1 kW/m2) of an insect. Total visible light energy absorbed
by the elytra of R. alpina is equal to:

= +P P A S A S( )A s B B G G (3)

where PA is the total absorbed power, PS is the solar constant, AB is the
absorption coefficient of the black patch, SBis the total area of black
patches, AG is the absorption coefficient of blue-gray areas, while SG is
the total area of the blue-gray-colored surface. On the other hand, IR
energy emitted by the whole elytra is:

∫ ∫= ⎡
⎣

+ ⎤
⎦

P πS ε E λ T dλ ε E λ T dλ2 ( , ) ( , )E T M M F F (4)

where PEis total energy emitted by the elytra within two IR atmospheric
windows, ST is the total area of the cuticle (ST = SB+SG), εM is the

Table 1
Parameter values used in a thermal model of R. alpina.

Parameters Numerical value

conductivity of air, k 0.0257W/m·K
convection coefficient of air, h 1.5W/m2K (at 21 °C)
surface emissivity ε 0.85
thickness τ 3.25× 10−6 m
density ρ, [ 31, 30 ] 1.560 g/cm3

specific heat c [32, 29] 1400 J/kg·K

Fig. 8. (a) Experimentally recorded temperature decay (red curve) is approxi-
mated using a model that includes convective, conductive and radiative losses
(green curve).(b) Contribution of radiative (blue curve), convective (red curve)
and conductive (green curve) losses to the total heat dissipation.

Fig. 9. An optical model of the R. alpina black patch operating as a beam dump
in the visible part of the spectrum. Depending on the angle of incidence, beams
(designated by different colors) may reflect 2–4 times.
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emissivity within the mid-infrared atmospheric window (M = 3–5 µm),
εF is the emissivity within the far-infrared atmospheric window (F =
8–14 µm), λ and T are wavelength and absolute temperature, respec-
tively, while E(λ, T) is the radiance of a black body.

As the next step, we found a temperature corresponding to the

balance of radiative gain in the visible and radiative losses in the in-
frared (i.e. PA = PE). By Eqs. (3) and (4) we get:

∫ ∫+ = ⎡
⎣

+ ⎤
⎦

P A S A S πS ε E λ T dλ ε E λ T dλ( ) 2 ( , ) ( , )s B B G G T M M F F (5)

Fig. 10. (a) Characteristic pattern on the R. alpina scale. The letter A designates the low-period (approximately 1 µm) grating, and B designates the high-period,
herringbone-shaped grating. The yellow line corresponds to one grating period, used to design (b), a model of R. alpina scales used in FEM calculations (PML –
perfectly matching layer). (c) A field distribution at two wavelengths showing strong electromagnetic-field localization within the scale. (d) Increase of scale
absorptance due to surface pattern.
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and, after a slight rearrangement:

∫ ∫⎜ ⎟
⎛
⎝

+ ⎞
⎠
= ⎡

⎣
+ ⎤

⎦
P A S

S
A S

S
π ε E λ T dλ ε E λ T dλ2 ( , ) ( , )s B

B

T
G

G

T
M M F F (6)

We found that black patches occupy approximately one third of the
whole elytral area (SB/ST=0.33), while the rest of the elytra is gray
(SG/ST=0.67). Experimentally measured emissivities for the mid-in-
frared range and far-infrared were εM=0.95 and εF=0.85, respec-
tively, while the absorptance of the black patches was AB=0.95, and
that of the gray areas was AG=0.12. We emphasize that the values of
absorptance and emissivity are only averages and may vary across the
insect elytra and between insect specimens.

Simple calculation, using Eq. (6), showed that the radiative balance
between the visible and IR radiation was established somewhere be-
tween 300 K and310 K, which is close to the maximum daily tem-
perature in the summer months of the temperate areas where R. alpina
lives (Anders et al., 2014). This result was obtained by assuming the
normal angle of incidence of radiation with respect to the insect's elytra
– which is the worst-case condition. However, the mutual position of
the sun and the insect varies during the day, establishing the radiation
balance at lower temperatures in an average situation.

4. Discussion and conclusions

R. alpina is a saproxylic beetle present in Europe (except its northern
parts), predominantly inhabiting thermophilic beech (Fagus sylvatica)
forests (Duelli and Wermelinger, 2005), but it is also found on other
broadleaved trees (Cizek et al., 2009). The peculiar, visually attractive
coloration is explained by the insect's need to camouflage itself within
its habitat (Starzyk, 2004). Nevertheless, an unavoidable question
arises: why did nature create scales on the surface of the elytra? Why
not just smooth, shiny black patches, without any cuticular appen-
dages? Such black patches, without scales, would have the same ca-
mouflage role, without wasting life energy in producing a complicated
nano-sized architecture on the elytral surface. The answer lies in the
biology and ecology of the beetle and the optical properties of these
surface nanostructures.

It was found that R. alpina adults search for decomposing beech
wood on isolated trees and sun-exposed sites (Campanaro et al., 2017;
Russo et al., 2011). The life cycle lasts about three years with the life
span of an adult being just several weeks (Duelli and Wermelinger,
2005). Adults are the most active during the hottest months of the year
(from July till August) and during the hottest part of the day (12–14 h)
(Campanaro et al., 2017; Drag et al., 2011).

Fig. 11. IR properties of the R. alpina black patch. (a) A FEM model of a tent-like scale structure. (b)The corresponding EM field distribution at 5 µm and 8.9 µm. (c) A
model of elytra without scales used to investigate the contribution of scales to total absorbance.(d) Angularly averaged absorptance of elytra with and without scales.
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Despite the significance of this endangered species, little is known
about its biology and ecology (Russo et al., 2011; Drag et al., 2011).
Some conclusions about the biology of the species can be made by
comparison with related species (Tsherepanov, 1981; Ray et al., 2009).
The related R. coelestis, Semenov 1911, as well as many other Cer-
ambycidae species, require no food as adults. This is supported by (Drag
et al., 2011; Lachat et al., 2013) where no feeding was observed in R.
alpina for 1500 adult capture events.

Adults are active and mobile, and they fly, but since they do not
feed, their energy resources are very limited (Tsherepanov, 1981). This
could be the reason why R. alpina is always found on sun-exposed
trunks and branches. In order to fly, it needs energy, to warm up its
thoracic muscles, which run up the hindwings (alae). Like butterflies
(Kingsolver, 1985) and other ectotherms, the insect relies on an ex-
ternal heat source−solar radiation. This is in complete correlation with
research (Duelli and Wermelinger, 2005; Russo et al., 2011) proving
that insect-occupied trees were not randomly distributed: insects were
only found in open forests, while unmanaged forests were avoided.

Only trees with a high sun index were selected. Occupied trees were
always found in open sites with a low canopy closure and low or no
undergrowth, allowing more sunlight to break through. Several other
studies (Lindhe et al., 2005; Vodka et al., 2009; Buse et al., 2007) un-
derline the importance of sun-exposed substrates for saproxylic beetles,
which form a warm microclimate for the development of larvae.

Our research throws new light on the biology, ecology and evolu-
tion of R. alpina, proving that sun-exposed habitats are not just im-
portant for larvae development but also for the survival of adults. In
order to maintain a temperature balance, heat gain and loss must be
balanced. One of the possible mechanisms is regulation of heat ex-
change between the body and the external environment (behavioral
mechanism). Here we show the significance of elytral setae (scales and
hairs) of R. alpina for thermal regulation in adults. Direct solar radiation
is efficiently absorbed by black patches, resulting in rapid heat gain.
Additionally, excess heat is equally well dissipated by IR radiation
through the whole surface of the elytra (both gray and black areas).
Since R. alpina is a flying species, heat is produced during flight, but the

Fig. 12. IR properties of the blue-gray elytra of R. alpina. (a) A FEM model of the cuticle with hairs. (b) The corresponding EM field distribution at 5 µm and 8.9 µm.
(c) A model of elytra without hairs used to investigate the contribution of hairs to total absorbance. (d) Angularly averaged absorptance of the elytra with and
without hairs.
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above mentioned mechanism also helps in establishing the temperature
balance.

It seems that evolution needed to solve two problems. The first one
was to provide an efficient camouflage for the insect on the bark of a
beech, which required the emergence of black patches similar to
blemishes on the tree bark. The second problem is a consequence of the
first: the efficient dissipation of thermal energy absorbed through the
black patches. The solution was found by making the black areas serve
a dual purpose. In the visible part of the spectrum they function as an
efficient beam dump, absorbing almost all the radiation. In the IR,
structures interchange radiation with the environment and quickly at-
tain equilibrium. The rest of the body efficiently scatters the visible
light and produces a uniform grayish color, very similar to the base
color of beech bark. Simultaneously, the IR properties of the black and
gray areas are almost the same. In this way, energy absorbed through
the black patches is efficiently dissipated throughout the entire body
surface. These effects not only reduce the possibility of overheating if
exposed to direct solar radiation, but also enable radiative heating if
insolation is diminished. Thus, the insect is capable of establishing a
thermal balance under conditions of the highest thermal load (direct
sunlight exposure), as well as under diffuse light irradiation (reduced
insolation, at the end of the day or in cloudy weather).

In this study, a thermal model of R. alpina was constructed based on
experiments with dry specimens, which contain only 1% of water (ac-
cording to (Lomakin et al., 2010)). However, the contribution of water
to radiation effects is unimportant, because the absorption of water is
insignificant within the atmospheric windows used by the insect to
dissipate the excess heat. On the other hand, even if wet, the elytra are a
thermal insulator and the contribution of conduction to overall thermal
properties is small compared to that of radiation and convection (see
Fig. 7(b)). Lipids and waxes are present as a superficial layer and are of
no significance. Therefore, our results also apply to live insects.

It is possible that temperature affects the flow of the hemolymph
and air through the tracheoles. However, in this particular insect,
micro-CT has revealed the presence of quite compact elytra, meaning
that the amount of fluids is minute and incapable of significantly in-
fluencing the thermal balance of R. alpina.

Absorption enhanced by surface texture was previously established
in solar radiation collection research (Yablonovich and Cody, 1982;
Niggemann et al., 2008). In this respect, it seems that nature was well
ahead of man. From a practical point of view, such structures observed
in R. alpine could be used for photovoltaic conversion of solar energy to
dissipate the fraction of light energy converted to heat. In this way,
solar cells will remain within the optimal thermal limits.
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Golden moth-inspired structures with a
synergistic effect of interference, absorption
and scattering

Svetlana Savić-Šević, *a Dejan Pantelić,a Branislav Jelenković,a Branislav Salatića

and Dejan V. Stojanovićb

We describe a new type of photonic material inspired by a Diachrysia chrysitis moth, whose nano-structured

wings exhibit a prominent golden color. This is a layered photonic structure with a large refractive index

contrast, whose alternating layers are rough at the nanoscale level. Theoretical analysis shows that the

scattering and interference interact to enhance the local field within the layers and increase the absorption

of the material, particularly in the UV–blue part of the spectrum. Theory is experimentally verified using

holographically manufactured Bragg gratings in the dichromated-pullulan (DCP). Alternating air-pullulan

layers are produced and held in place by sparsely separated nano-pillars. Air voids are filled with 20–100 nm

diameter spherical nanoparticles which act as scatterers. Such materials, with a high refractive index contrast

and nano-scale scatterers, are important for achieving large reflectance and a broad spectrum, with

scattering as an additional mechanism for spectral control.

Introduction

Natural nanotechnology still surpasses the technological achieve-
ments of our civilization. This is most evident, even visible by the
naked eye, in the world of insects whose structural colors constantly
amaze keen observers. The shiny blue colors of Morpho butterflies,1

the violet tints of Apatura iris (Linnaeus, 1758) and Apatura ilia
(Denis & Schiffermüller, 1775) butterflies,2 the green colors of
beetles (Coleoptera),3 or the yellow-greens of certain bugs
(Hemiptera),4 are marvels of natural nanotechnology. They
are produced quickly, effortlessly and in huge amounts, during
the short lifecycle of insects.

Structural colors in nature mostly have a spectral distribution
within a rather limited wavelength range and produce well defined
colors – typically blues and greens. In spite of that, certain insects
reflect light in a wide spectral range, resulting in silvery,5 gold5 or
bronze6 colors. Such broad spectral distributions are usually caused
by chirped Bragg gratings, but color mixing7 or local spectra
averaging8 can be found in certain insect species.

The richness of insect structures provides a constant inspira-
tion for researchers to look for new ways of imitating natural
optics and photonics structures.9,10 There are quite a number of
techniques used for biomimetics of photonic structures and a

good overview is given in the paper of Butt et al.11 Certain
techniques are complex, slow and expensive, such as the one
using focused Ga+ ion beam chemical vapor deposition to
manufacture free-standing butterfly-type structures with 80 nm
resolution.12 Other methods are simpler and use natural struc-
tures as templates for directly copying into other materials, such
as TiO2.

13 That is why industrial-scale production methods of
simple biomimetic surfaces were developed, such as layer-by-
layer spraying.14

Holography and interference methods stand out for their
capability to generate complex, large-area photonic structures
cheaply and efficiently.15 Several laser beams interfere in a suitable
photo-sensitive material: polymer dispersed liquid crystals,16

photoresists,17 dichromated gelatin18 or silver-halide emulsions.19

After chemical processing, nanostructures are generated,
whose minimum dimension is limited by the wavelength of
light. This method was used to create Morpho-butterfly-like
structures on a photoresist.20

We were inspired by the Burnished brass moth, Diachrysia
chrysitis (Linnaeus, 1758), whose wing scales and membranes
represent a layered structure with rough surfaces. Here we see that
several optical effects – interference, scattering and absorption8 –
cooperate to produce the golden wing color. Other insects7,10 or their
fossilized remnants21 were found with a similar type of structure,
resulting in the same, rather broad, reflection spectra.

In this paper we propose a new class of photonic materials
characterized by layers with irregular, rough surfaces, residual
absorption and high refractive index contrast. From the theoretical
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point of view, such structures exhibit a useful interplay between
scattering, local field enhancement, planar waveguiding and inter-
ference. As a result, radiation is reflected in a broad spectral range.
We use a transfer matrix method22 and surface scattering theory23

with associated intensity enhancement24 to theoretically explain
the observed optical properties.

As a proof of concept, we used holography (interference litho-
graphy) to pattern a pullulan – a linear homo-polysaccharide
produced by the yeast-like fungus Aureobasidium pullulans. Pullulan
was photo-sensitized by doping with chromium ions – we named
the resulting material dichromated pullulan (DCP).25 After
exposure and simple chemical processing, the material exhibited
just what we needed: a number of pullulan layers densely
covered with randomly dispersed nano-spheres. The layers are
separated by nano-scale pillars and the space between them is
void. The resulting spectrum is wide and closely resembles the
spectra of metallic gold and D. chrysitis moth wings.

Properties of the Diachrysia chrysitis moth wing and its
holographically generated analogue

D. chrysitis is an attractive insect with large, golden-color patches
covering its fore wings (Fig. 1a). The wings are covered with scales
which are almost transparent if observed individually. However, in
their natural position on the wing (Fig. 1b), wing membranes,
ground and cover scales act together to produce the resulting
color.8 The spectrum is wide and visually closely corresponds to
the color of gold.

From the morphological point of view, the wings have the
standard structure of the vast majority of Lepidopterans

(Fig. 1c), with two wing membranes (approximately 1 mm thick)
covered ventrally and dorsally with two layers of scales (cover and
ground). There are actually six distinct layers because each scale
has two, air-spaced, laminae (air layers and laminae are 100 nm
thick, each). The ventral side of the wing is not of much interest
here, because wing-scales are pigmented, strongly attenuate the
radiation and are incapable of reflecting a significant amount of
light. All layers are structured: wing membranes have a number
of hemispherical protuberances, the external surfaces of scales’
upper laminae have a regular grating structure (Fig. 2a), while
their internal surfaces are rough (Fig. 2b and c).

In order to imitate the optical characteristics of D. chrysitis,
it is necessary to manufacture the layered structure having
rough surfaces. We did that by holographically generating
Bragg grating inside the dichromated pullulan – a homemade
material produced by sensitization of pullulan with ammonium
dichromate.

Diffraction gratings with spherical inclusions are fabricated
by combination of the holographic method (top-down techni-
que) and non-solvent-induced phase separation (bottom-up
method).26–28 The whole process involves several steps:

(1) preparation of a DCP film on a glass plate,
(2) film exposure using a laser,
(3) chemical development,
(4) desiccation in a non-solvent bath at room temperature, and
(5) drying in a closed vessel.
In the first step, the DCP is prepared by mixing 8% aqueous

solution of pullulan (purchased from Sigma-Aldrich) and 45%
of ammonium dichromate (by weight of pullulan). The solution

Fig. 1 (a) Diachrysia chrysitis moth. (b) Wing scales on the wing membrane of D. chrysitis moth, observed under a scanning electron microscope.
(c) A scheme of the D. chrysitis wing’s. The whole structure is cross-sectioned to display rough internal surfaces of wing scales. Dimensions are in mm.
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was coated onto a clean glass slide in a horizontal position
and the film was dried overnight under normal laboratory
conditions. The resulting DCP film is 10 mm thick, yellowish,
transparent and photosensitive.

The dried film is exposed at normal incidence using a single
longitudinal mode, diode-pumped Nd-YAG laser, at 532 nm.
After propagation through the film, the laser beam is back-
reflected from a mirror behind the DCP plate. Two counter-
propagating beams interfere to create a standing wave pattern
consisting of parallel planes with spacing equal to l/2n (l is the
wavelength of the laser and n is the refractive index, which is
1.45 for pullulan29).

The DCP plate was further chemically processed using a
mixture of water and isopropyl alcohol (ratio 3 : 1 respectively).
Treatment lasted for two minutes, followed by pure isopropyl-
alcohol dehydration. Finally, the material is fully dried in a
closed vessel.

The morphology of the resulting DCP grating was investi-
gated using a high resolution field emission gun scanning
electron microscope (FEGSEM). A number of DCP layers with
a spacing of about 135 nm and a similar thickness are visible.

The space between them is void and they are supported and
separated by tiny pillars (Fig. 3a and b). The layers are covered
with nano-sized spherical particles distributed according to the
Weibull distribution30 (Fig. 3c), which exhibits maximum at
45 nm and mean at 55 nm (maximum and mean are different
due to the asymmetry of the distribution).

There is a complex mechanism leading to the generation of
structures in the DCP, which is based on pullulan’s solubility in
water and insolubility in isopropyl alcohol. During exposure,
hexavalent chromium ion Cr6+ is photo-reduced to trivalent
Cr3+, which covalently cross-links with pullulan molecules in
exposed areas. Cross-linking hardens the pullulan making it
insoluble in water. This causes a solubility difference between
exposed and unexposed regions.

After exposure, the DCP grating is chemically processed
using a mixture of water and isopropyl alcohol as a developer.
The unexposed regions (areas of destructive interference) are
chemically unaffected and are dissolved in the developer. In
contrast, areas of constructive interference are not dissolved
during development, as a consequence of hardening by cross-
linking. As a result, solid DCP layers are produced. At this stage,

Fig. 2 (a) A broken and folded D. chrysitis scale revealing simultaneously the external grating-like structure and internal random structure.
(b) Wing scale of D. chrysitis with intentionally removed lower lamina. (c) Enlarged portion of the image in (b) showing the rough internal surface in
more detail.
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the developer with dissolved pullulan remains trapped between
solid layers. The processing is finished by immersing the DCP
in pure isopropyl alcohol, which removes water and forces
dissolved pullulan to aggregate into nanoparticles (as a result
of non-solvent phase separation).

Fig. 4a shows the DCP sample displaying a golden color. On
the microscopic level, color variation is detected (see differently
colored dots in Fig. 4b), which means that the macroscopically
observed color results from local spectra mixing. Transmission
and reflection spectra, Fig. 4c and d, respectively, were mea-
sured using a spectrometer (Ocean Optics) attached to an
optical microscope. The reflection spectrum of DCP is quite
similar to that of D. chrysitis.8 Both spectra are broad with a
cut-off wavelength of approximately 500 nm, visually corres-
ponding to a golden color. However, the maximum reflectance
R of DCP is significantly higher (R E 0.6), compared to
D. chrysitis (R E 0.4). This is due to the much larger number
of layers in the DCP (40) vs. only 6 in D. chrysitis. In both cases,

the reflectance is enhanced by the high refractive index contrast
between air and material.

Theoretical analysis of the optical properties

Here we present a theoretical analysis of photonic structures
characterized by regularly spaced layers with irregular surfaces
and a large refractive index contrast. We treat structures as
Bragg gratings, schematically shown in Fig. 5a, with scattering
and internal field enhancement effects taken into account.

We first demonstrate that the scattering on the internal
grating surfaces leads to significant dispersal of incident light.
The wavelength of the incident visible light (inside material)
is much larger than the scatterers and, widely used, scalar
surface-scattering theory23,31 is applicable to determine the
amount of scattered radiation.

Under these circumstances, the incident light is split into
two parts: one, regular, propagating as if the surface is perfectly
flat, and the other diffusely scattered (haze), see Fig. 5b.

Fig. 3 (a) FEGSEM image of a cross-section of the DCP grating. Particle density is 58 � 12 particles mm�2. (b) Enlarged portion of a DCP grating with
nano-spheres of average size 55 � 17 nm. (c) Size distribution of nanospheres between DCP layers (yellow bar chart) and the corresponding Weibull
distribution (red line). Distribution maximum is at 45 nm and its mean is at 55 nm.
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Regularly propagating light obeys classical Fresnel reflection/
transmission laws and ‘‘sees’’ the material as a volume Bragg
grating. The haze and the regular component are described
relative to transmittance T0 and reflectance R0 = 1 � T0 of an
ideally flat surface (assuming that the Fresnel equations hold).
Accordingly, the haze transmittance TH (l) and reflectance RH

(l) of a rough surface are described by:23

THðlÞ ¼ T0 1� exp � 2ps
l

ðni cosfi � nt cosftÞ
� �2 !" #

(1)

RHðlÞ ¼ R0 1� exp � 4ps
l

ni cosfi

� �2 !" #
(2)

where T0 and R0 are the transmittance and the reflectance of a
perfectly flat surface, respectively, l is the wavelength of light

under vacuum, fi and ft are the angles of incidence and
refraction, ni and nt are the corresponding refractive indices,
while s is the root mean square (RMS) roughness of the surface.

We have computed the intensity of scattering formaterials within
the RMS range of several tens of nano-meters, and shown them in
Fig. 6a and b. The intensity of transmitted haze does not depend on
whether it comes from a high or low refractive index medium,
Fig. 6a. In contrast, the intensity of reflected haze depends on the
side from which the radiation comes, Fig. 6b. By comparing Fig. 6a
and b, it is obvious that the scattering is 4–5 times stronger in
transmission, compared to reflection. For both reflected and trans-
mitted radiation, haze ismuch stronger at shorter wavelengths (as in
Rayleigh scattering). As can be seen in Fig. 6 the intensity of
scattering is much higher inside the blue–UV spectral range.

On the other hand, scattered radiation excites planar wave-
gude modes of Bragg layers. It was verified by the finite element

Fig. 4 (a) Golden appearance of the DCP layer. (b) Reflection from the DCP layer recorded under the reflection microscope. (c) Transmission spectrum
of unexposed, chemically unprocessed dichromated pullulan, showing the strong absorption in the blue–green part of the spectrum. This spectrum is
quite uniform across the sample. (d) Experimentally recorded reflection spectra of the DCP grating recorded at several positions. Individual, local, spectra
(black curves) were recorded under the optical microscope and averaged (red curve).
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method (FEM) applied to the DCP structure with a layer
thickness of 135 nm, an air space of 130 nm and a refractive
index of 1.45. The roughness was simulated using nano-
particles of 55 nm diameter (see Fig. 7a). Periodic boundary
conditions were used in a simulation, and perfectly matching
layers were positioned above and below the grating. Fig. 7b
shows excited planar modes at the resonant wavelength, under
the assumption that there is no absorption. It is interesting to
note that by redistributing the spheres, the overall modal
structure remains almost the same, with a possible slight shift

of the wavelength of planar modes. By reducing the number of
particles, the planar modes gradually disappear, as the system
approaches the pure multilayer geometry (without any inclusions).

So far, all the calculations have been done assuming non-
absorbing materials. In reality this cannot be neglected. Calcula-
tions show that absorption efficiently suppresses the modes
(Fig. 7c) and influences the diffraction efficiency, as predicted
by the model developed by Yablonovich and Cody.24

The FEM method cannot account for the stochastic nature
of scattering surfaces. It would be possible to run many

Fig. 5 (a) Scheme of a DCP diffraction grating with nano-sized particles. RS and TS are specular reflection and transmission coefficients, corrected for
scattering effects. (b) Incident radiation is divided into specular and haze components.

Fig. 6 Spectral dependence of haze from an interface with RMS roughness (ranging from 10 nm to 50 nm) as a parameter: (a) transmission and (b)
reflection (in this case haze depends on whether light comes from the high index (dashed curves) or low index material (bold lines)). Haze was calculated
for a single surface between air and pullulan.
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variations of the same model with different surface profiles
(but the same RMS) and then average the results. However,
this would be very time consuming, and periodic boundary
conditions would still introduce periodic repetition of spherical
particle arrangements. To efficiently model this type of inter-
action we modified a transfer matrix method (TMM) to calcu-
late the reflectance of the Bragg grating. This is a well known
technique used to calculate the propagation of electromagnetic
(EM) waves in a multilayer medium. Fresnel equations are used
to establish the matrix relation between the EM field at the
beginning and end of each layer.32 The resulting EM field of the
whole structure is obtained as a result of matrix multiplication
of matrices corresponding to individual layers. Scattering
was accounted for by simply correcting the Fresnel reflection
coefficient by subtracting the intensity of scattered radiation.
Absorption losses, due to scattering, were calculated using the
theory of Yablonovich and Cody.24 TMM software, developed by
Junesch et al.33 and made publicly available, was modified to
account for scattering enhanced absorption. Further details can
be found in the previous publication.8

We used parameters corresponding to pullulan diffraction
gratings recorded in our experiments: 40 layers with 135 nm
thickness and 130 nm air space, refractive index ni = 1.45. The
RMS roughness was calculated from the statistics of nano-
sphere size and their surface distribution, as determined from
a series of FEGSEM images (two of them can be seen in Fig. 3).
We found that the average particle size is 55 nm � 17 nm and
their density is 58 � 12 particles mm�2 (corresponding to the

average distance of 131 � 14 nm). The associated RMS rough-
ness is calculated by averaging integral of the square of the
surface profile over the interval L and taking a square root of
the result. The resulting RMS roughness is 34.4 � 16.4 nm.

There is an important word of caution: in order to get a
golden wing color, the dimensional and optical parameters
of each individual layer should be kept within quite tight
tolerances – a condition completely impossible to satisfy
in the real world. It is more realistic to expect significant
variability of all the parameters. We have chosen to vary the
most important ones – RMS roughness and layer thickness
within �30% (according to the normal distribution). The
particular value of �30% was chosen in accordance with the
large variability of particle size (�30%) and their surface
density (�20%). The angle of incidence was also allowed to
fluctuate within �10 degrees – thus imitating the finite angular
range of the incident radiation.

As a result, 160 different spectra were calculated. Each
individual spectral curve is irregular with multiple peaks,
corresponding to irregularities in the volume grating structure.
Individual spectra were averaged – corresponding to natural
spectral averaging by the detecting instrument or an observer.
Our calculations have shown that the best fit of the experi-
mentally recorded spectrum is obtained assuming that the
surface roughness is 45 nm. This is larger than the 34.4 nm
RMS roughness, found from FEGSEM images, but still within
the uncertainty interval of �16.4 nm. The resulting curve is
shown in red color in Fig. 8, together with several individual

Fig. 7 (a) A geometry of the FEM model. (b) Intensity of electro-magnetic field at the resonance wavelength. Calculation were performed assuming that
the angle of incidence is a = 0, wavelength 624 nm and there is no absorption. (c) Field distribution with absorption included in the model. Parameters are
the same as in (b).
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spectra (violet, blue and green color). The theoretical spectrum
appears noisy because the finite number of individual spectral
curves (used in the calculation) cannot completely make the
resulting curve smooth. By comparing the averaged spectrum
with the experimentally recorded one (black curve in Fig. 8),
agreement appears quite good.

Discussion and conclusions

As far as we know, DCP is the only material capable of artificially
introducing spherical nano-particles inside the Bragg grating,
thus well imitating wing-scales of the Diachrysia chrysitis moth.
Both pullulan (Fig. 3b) and butterfly’s wing (Fig. 2c) possess a
number of layers with rough internal surfaces (RMS roughness
between 20 and 100 nm). The result is the same: strong
suppression of radiation reflected in the UV–blue part of the
spectrum. In this spectral range, light is strongly scattered by the
rough surfaces and guided through the planar layers. Even a
small amount of absorption is being enhanced by the increased
path length.

It is interesting to discuss the mechanisms of nanoparticle
formation both in D. chrysitis and DCP. In the case of D. chrysitys
moth, we are not able to describe the exact mechanism of wing
scale structure growth, because it was beyond this study. How-
ever, it is known that the wing scales are dead remnants of cells,
whose main constituent is chitin (a natural polysaccharide).
Chitin production and excretion are the result of a complicated
biochemical process.34 Additionally, according to Saranathan
et al.35 and Dinwiddie et al.,36 wing-scale structures are produced
by the complex growth of the cellular plasma membrane and
intracellular smooth endoplasmic reticulum. The process is
highly unpredictable as supported by the significant body of
literature devoted to the, so called, cellular noise.37 It was found
that even genetically identical cells express random variation of

their properties, such as size, structure or protein level. In the
case of DCP, we proposed the non-solvent induced phase
separation as the main process behind the pullulan nano-
sphere particle formation, as fully described in the main body
of the paper.

In conclusion, we have created a peculiar kind of volume
diffraction grating, where the nano-spherical particles are
introduced between the grating layers. It was created through a
combination of the holographic method (top-down technique)
and non-solvent-induced phase separation (bottom-up method).
The bangap is strongly influenced by the scattering and light
intensity enhancement inside the grating layers. Large size
gratings can be fabricated simply and quickly (in a few minutes).
It was found that the DCP grating has excellent mechanical and
environmental stability.

Such multilayer materials might be of interest in solar
energy collection to selectively absorb the most energetic
photons of UV–blue light, while reflecting unusable long wave-
length radiation.38,39
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Abstract
The occurrence of laser-induced periodic surface structures (LIPSS) has been known for a 
while. Multilayer thin films, like Al/Ti, are suitable for LIPSS formation and attractive for 
applications—due to their wearing behavior and corrosion resistance; LIPSS generation 
may improve their properties as well. LIPSS properties depend not only on the material but 
also on the beam characteristics, like wavelength, polarization and scanning directions, etc. 
After exposing with NIR femtosecond pulses from Coherent Mira 900 laser system in sev-
eral beam exposures, we have analyzed the samples of thin metal film systems with Tescan 
Mira3 SEM and NTegra AFM. The formation of LIPSS is most probably due to the gener-
ation of surface plasmon polariton, through the periodic distribution of energy in the inter-
action zone which lead to thermal processes in layers and interfaces. Two types of LIPSS 
were generated, which differ in shape, orientation and in ablation pronounced or not. For 
consecutive interactions in the same direction, LIPSS maintained its orientation, while 
for orthogonal passes LIPSS with mutually orthogonal orientation were generated. LIPSS 
period fluctuated between 320 and 380 nm and structures with pronounced ablation have 
significantly smaller width. Probable mechanism is that for greater accumulated energy 
pronounced ablation takes place giving LIPSS in the form of trenches or grooves, while for 
less accumulated energy the buildup of the material—probably due to pronounced oxida-
tion—lead to LIPSS in the form of hills or ridges.

Keywords  Laser nanostructuring · Thin metal films · LIPSS · Structures orientation
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1  Introduction

Interaction of pulsed laser beam with surfaces yields the appearance of LIPSS (laser-
induced periodic surface structures). The occurrence of LIPSS has long been known and 
studied (Birnbaum 1965; Van Driel et al. 1982; Sipe et al. 1983; Young et al. 1984; Ursu 
et al. 1985). It has been studied on variety of materials: metals (Ursu et al. 1985; Wang and 
Guo 2005; Vorobyev and Makin 2007; Vorobyev and Guo 2008, 2013), semi-conductors 
(Von der Linde et al. 1997; Bonse and Krüger 2010; Bonse et al. 2011; Varlamova et al. 
2014), dielectrics (Reif et al. 2008), graphite (Golosov et al. 2011), compounds (Kautek 
et al. 2005; Gakovic et al. 2011), diamond (Shinoda et al. 2009), graphene (Beltaos et al. 
2014). LIPSS properties depend not only on the material but also on the beam character-
istics, like wavelength, polarization and scanning directions, etc. (Kovačević et al. 2017).

Surface morphology is a key factor in controlling the optical, mechanical, wetting, 
chemical, biological, and other properties of a solid surface. LIPSS may improve mate-
rial properties by functionalization and may widen applications: structural coloring, 
absorptance enhancement, antireflective films, biomedical applications, optofluidics appli-
cations, holography, anti-counterfeiting, decorating, sensing, catalysis, optical data storage 
(Vorobyev and Guo 2013).

The occurrence of LIPSS can be viewed as an inherent phenomena of the interaction 
of the ultrafast beam with solid surface, with main characteristics that the spatial period 
of LIPSS is less than the beam wavelength. The orientation depends on the incident beam 
polarization direction. Generation is explained by self-organization or by surface plasmon 
polaritons (SPP) (Vorobyev and Makin 2007; Reif et  al. 2008). Incident wave induces 
oscillations of charges (surface plasmon) and SPP forms as the coupling between incident 
and induced waves; in this way periodic distribution of energy is formed on the surface.

Two types of LIPSS are reported: low spatial frequency LIPSS (LSFL) and high spa-
tial frequency LIPSS (HSFL) (Bonse et al. 2005). LSFL period ≲ wavelength and HSFL 
period < wavelength/2. Named after their size (magnitude of spatial frequency), their orien-
tation in respect to the polarization direction is not yet fully understood. It seems that LSFL 
orientation is perpendicular to polarization for metals and semiconductors (Bonse et  al. 
2012). Due to SPP, periodical distribution of thermal energy on the surface can instigate 
thermal processes. The occurrence of metal-oxide, or thermochemical type of LIPSS has 
been reported on Ti, Ni, Cr and NiCr surfaces, as well as ablative LIPSS and models have 
been proposed (Öktem et al. 2013; Dostovalov et al. 2017, 2019a).

When creating LIPSS on multilayer thin metal films, the underneath layer has an impor-
tant role. In the example of Al/Ti multilayer film (Kovačević et al. 2015), Ti and Al have 
different electron heat conductivity and electron–phonon coupling. Top layer (Al) electrons 
accept energy and quickly transfer to the next layer (Ti). Strong coupling keeps the energy 
in Ti and away from topmost Al. In this way, the damage threshold for Al increases which 
preserves LIPSS for longer expositions. In this work, we have examined the LIPSS gen-
erated upon consecutive scanning over the same area of same and of different scanning 
orientations. By changing the parameters of the beam (fluence, scanning speed, scanning 
number and directions over the same area) the formation of LIPSS was affected. Two types 
of LIPSS, which differ in shape, orientation to the incoming beam polarization and in abla-
tion pronounced or not, are generated and examined during repeated consecutive scan-
ning of same and orthogonal directions. For lower accumulation on energy, LIPSS in the 
form of ridges formed while for higher fluences and accumulated energies, the generation 
of LIPSS gave prevalence to the ablation. After repeated consecutive scanning along the 
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same trajectory LIPSS preserved to some extent. Also, during scanning along close parallel 
lines, LIPSS from one line affected generation of LIPSS from neighboring line. Overlap-
ping scanning lines should generate LIPSS mutually perpendicular. We have examined the 
three cases of LIPSS: repeated consecutive scanning along same trajectory, scanning with 
close parallel lines, and scanning with perpendicular lines. The results can be of use in 
functionalization of materials by LIPSS forming with possible impact in wetting and bio-
medical applications.

2 � Experiment and methods

The samples were prepared by D.C. ion sputtering in a single vacuum run, using Ar ions 
and switching from one target to the other. Targets were 99.9% pure Al and Ti deposited on 
a Si(100) wafer as a substrate. In this way, 5×(Al/Ti) multilayer structures have been gener-
ated, where each layer was 13 nm thick and total thickness of the multilayer structure was 
130 nm.

Coherent Mira 900 laser system was a source of NIR femtosecond pulses (wavelength 
730–840  nm, repetition rate 76  MHz, fluence 145–260  mJ/cm2) pumped by Verdi V10 
Nd:YVO4 CW laser (wavelength 532  nm, power 10  W) for exposition of the samples. 
Steering and focusing was a part of a modified optical microscope with 2D mirror scanner 
(objective 40×, NA 0.65). Ocean optics HR2000CG UV-NIR fiber spectrometer was used 
for spectral detection. The samples have been analyzed with Tescan Mira3 SEM and NTe-
gra Prima AFM under ambient conditions. The numerical simulations have been performed 
by COMSOL Multiphysics package, with one-dimensional two-temperature (1D TTM) 
model. Basic relations underlying the TTM model were proposed by Anisimov (Anisi-
mov et al. 1974). The model observes the electron and lattice subsystems. TTM model has 
been used for many years to calculate the temperature of the electrons and lattice during 
interaction of ultrashort laser pulses with different materials. All necessary physical quanti-
ties and constants that we used in the simulation can be found in the literature (Majchrzak 
et al. 2010a, b). The fs beam from laser was introduced into the modified microscope onto 
the steering two-axis scanning mirror system and transferred through the objective of the 
microscope to the sample.

Patterns used for interaction are presented in Fig. 1. For consecutive repeated scanning 
over same trajectory, the pattern in the form of letter “N” is used (Fig. 1a). The laser beam 
traverses over the sample surface following the pattern of the letter. At first location, it 
“writes” one letter. At second (neighboring) location, it traverses the same trajectory twice, 
writing two letters one over another. At third location, it writes three letters, and so on. The 
pattern used for perpendicular overlapped scanning is composed of set of parallel lines and 
the sample is rotated by 90° (Fig. 1b).

3 � Results and discussion

The samples were exposed to laser beam of 730, 800 and 840 nm of wavelength with dif-
ferent fluences. Irradiated areas were examined by SEM and AFM. For specified param-
eters, simulations of 1D temperature distribution were performed.

In Fig.  2, the results after beam of 800  nm wavelength and 153  mJ/cm2 of fluence 
repeatedly scanned from 1 to 10 times over the surface are presented. The area where beam 
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Fig. 1   Implemented patterns of scanning: a for consecutive repeated scanning; b for perpendicular over-
lapped scanning

Fig. 2   LIPSS generated after beam of 153 mJ/cm2 repeatedly scanned over the same trajectory: a SEM of 
the area of 8–10 passes: b AFM, detailed portion of the area in a—rendered area is (3 × 5) µm and maximal 
height is 50 nm; c graphical presentation of the AFM current (a.u.) of the area in b 
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scanned 8, 9 and 10 times along the same trajectory, following the shape of the letter “N”, 
is shown in Fig. 2a. White line on the left side of the image presents polarization direction. 
The beam repetition rate was 76 MHz, diameter ~ 1.2 µm, scanning speed 242 µm/s. Effec-
tive number of pulses (number of pulses which affect the area of a beam spot) for one pass 
is 317,000. LIPSS in the form of ridges parallel to the polarization direction with spatial 
period of ~ 283 nm are generated and preserved up to 10 passes. In Fig. 2b, detailed AFM 
view of a part of the area from Fig. 2a which shows 10 passes is presented. AFM current of 
the area from Fig. 2b is shown in Fig. 2c.

The simulation of the lattice temperature from the surface to the bulk is shown in Fig. 3. 
Odd layers (Al) are presented with light grey bars, even layers (Ti) are presented with grey 
bars, while substrate (Si) is presented with dark grey bar. After 1.25 ps (Fig. 3a), the tem-
perature reaches maximum in the second (Ti) layer. After 20 ps (Fig. 3b), the temperature 
reaches maximum in the first (Al) layer.

In Fig.  4, the results after beam of: (a) 730  nm wavelength and 145  mJ/cm2 fluence 
(repetition rate 76 MHz, diameter ~ 1 µm) scanned 15 times (scanning speed 1.14 mm/s, 
effective number of pulses for one pass 67,000) and (b) 800 nm wavelength and 215 mJ/
cm2 fluence (repetition rate 76 MHz, diameter ~ 1.1 µm) scanned 10 times (scanning speed 
24 µm/s, effective number of pulses for one pass 667,000) along the same trajectories are 
presented. In Fig. 4a, LIPSS are in the form of ridges (spatial period of ~ 278 nm) parallel 
to the polarization direction. In Fig. 4b, LIPSS are in the form of grooves (spatial period 
of ~ 370 nm and groove width of ~ 80 nm) perpendicular to the polarization. In both cases 
LIPSS are preserved up to 15 and 10 passes, consecutively. Higher fluence provoked the 
appearance of groove-type of LIPSS. Spatial temperature distribution is similar in shape to 
the distributions shown in Fig. 3.

In order to create structures of mutual perpendicular direction at the same area, we 
performed perpendicular consecutive scanning of two (same) patterns by sample rotation 
(Fig. 1b). The beam was of 840 nm wavelength and the fluence was set to ~ 182 mJ/cm2 in 
order to generate groove-type of LIPSS. The beam repetition rate was 76 MHz, scanning 
speed 1.5 mm/s. diameter ~ 1.1 µm, Effective number of pulses for one pass is 51,000.

In Fig. 5a, the interaction area of the sample with two consecutive beam scanning of the 
same pattern (Fig. 1b) is presented. The right-hand and lower parts of the image present 
areas where patterns don’t overlap, while central, upper and left parts present overlapped 
patterns. Magnified portion of the right-hand part, Fig.  5b, shows that grooves of two 

Fig. 3   Spatial temperature distribution from the surface to the bulk after exposition to the beam of 800 nm 
wavelength and 153 mJ/cm2 of fluence: a after 1.25 ps; b after 20 ps
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neighboring lines connect when patterns do not overlap. Where patterns overlap, Fig. 5c, 
grooves don’t form in connected perpendicular directions; their width ranges from 98 to 
126 nm.

The decrease in the AFM current (Fig.  2c) in the areas of laser exposition could be 
explained by increased resistivity of the exposed areas. Interaction with the beam fostered 
the penetration of nitrogen and/or oxygen into the first (Al) layer increasing the resistivity, 
which goes well with the three-step model (Öktem et al. 2013). The lattice temperature dis-
tribution from the surface to the bulk (Fig. 3) shows the influence of the multi-layer struc-
ture. After 1.25 ps (Fig. 3a), the temperature reaches maximum in the second layer (Ti). 
Moreover, the temperatures are higher in Ti layers than in neighboring Al layers. This is 
explained by the difference between two materials characteristics (Kovačević et al. 2015). 
Electrons from Al can quickly transfer energy to Ti layer away from the interaction zone 
due to the difference in electron–phonon coupling. This increases the damage threshold 
in Al leading to more regular ripples. The repetition rate also influences the regularity of 
the LIPSS, as noted in (Dostovalov et al. 2019b): higher the repetition rate, more ordered 
structures are formed.

The LIPSS in the form of ridges (Figs. 2a, 4a) are most probably generated by the pen-
etration of the nitrogen and/or oxygen from the ambient (air) into the material—thermo-
chemical LIPSS (Öktem et al. 2013; Dostovalov et al. 2017). For higher fluences, LIPSS 
formed in the form of grooves by ablation mechanisms, which can be deduced by scat-
tered ejected material seen in Fig. 4b. Slower scanning speed and low melting point of Al 
induced energy accumulation sufficient for Al melting and ablation, which gave the preva-
lence of the generation of grooves (ablative LIPSS) over ridges (thermochemical LIPSS). 
The comparison of the spatial periods—283 nm (Fig. 2a) and 278 nm (Fig. 4a) for ridges 
versus 370 nm (Fig. 4b) for grooves—suggests grooves could be classified into LSFL and 
ridges into HSFL; this could be also supported by their orientation in respect to the beam 
polarization direction (Bonse et al. 2013).

Fig. 4   SEM micrographs of LIPSS generated after beam of: a 145 mJ/cm2 scanned 15 passes and b 215 mJ/
cm2 scanned 10 passes. White line on the left side shows polarization orientation
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The attempt to generate intersecting perpendicular grooves was not successful. The reason 
is twofold. First generated LIPSS pattern distracts the formation of the second LIPSS pattern. 
Also, the formation of the second LIPSS pattern smears the first LIPSS pattern due to the 
accumulation of energy.

Fig. 5   SEM micrograph of LIPSS generated by consecutive pattern scanning and sample rotation: a wide 
area; b right-hand part of the area in a; c magnified part of the central area in a 
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4 � Conclusion

We have exposed 5×(Al/Ti) multilayer thin film metal structures to fs laser beam of 
various wavelengths and fluences. Due to differences in materials characteristics, the 
temperatures are higher in Ti layers than in neighboring Al layers, which was illustrated 
by simulations. The appearance of LIPSS indicates lateral periodical distribution of 
temperature in second layer (Ti). Two types of LIPSS emerged depending on the beam 
fluence. For fluence lower than ~ 170 mJ/cm2, LIPSS in the form of ridges are generated 
most probably by the penetration of nitrogen and/or oxygen into the sample material 
(thermochemical LIPSS), which can be deduced by the decrease in the AFM current 
indicating the increase in resistivity. For higher fluences (above 170  mJ/cm2), LIPSS 
in the form of grooves are generated by ablation mechanisms (ablative LIPSS). Both 
types are preserved after 10–15 consecutive beam scanning along the same trajectory. 
Intersecting perpendicular LIPSS can’t be successfully formed because of competing 
influences of perpendicular patterns causing smearing of LIPSS.
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Abstract  The possibility of interlayer mixing in a Ti/Ta multilayer system, induced by 
laser irradiation, was the main purpose of these experiments. Ti/Ta multilayer system, con-
sisting of ten alternating Ti and Ta thin films and covered by slightly thicker Ti layer, was 
deposited on Si (100) wafers to a total thickness of 205  nm. Laser irradiation was per-
formed in air by picoseconds Nd:YAG laser pulses in defocused regime with fluences of 
0.057 and 0.11 J cm−2. Laser beam was scanned over the 5 × 5 mm surface area with dif-
ferent steps along y-axes. Structural and compositional characterisation was done by auger 
electron spectroscopy, X-ray photoelectron spectroscopy, atomic force microscopy, and 
scanning electron microscopy. Laser processing at lower fluence caused only oxidation of 
the top Ti layer, despite of the number of applied laser pulses. Interlayer mixing was not 
observed. Application of laser pulses at fluence of 0.11 J cm−2 caused partial and/or com-
plete ablation of deposited layers. In partially ablated regions considerable mixing between 
Ti and Ta films was registered.
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1  Introduction

During the last few decades great attention is being devoted to the development of new 
materials for biomedical applications. Currently metallic biomaterials (stainless steels, 
Co–Cr alloys, Ti and its alloys) are the most widely used materials in this field, especially 
for orthopedic implants. An ideal metallic biomaterial should satisfy the criteria such as 
biocompatibility, high corrosion resistance, high strength and low elastic modulus close to 
that of human bones. Physical and particularly chemical characteristics of the material are 
to a large extent defined by their surface, so because of that, examination of thin films and 
coatings of biomaterials requires more attention.

Some previous investigations show that the Ti–Ta alloys are promising materials for 
biomedical applications due to excellent corrosion resistance and better mechanical charac-
teristics than pure Ti (Zhou et al. 2004a, b, 2005; Zhou and Niinomi 2009; Kesteven et al. 
2015; Liu et al. 2015). Multilayered metallic thin film structures are very useful for wide 
applications due to their properties, such as enhanced hardness or unusual phase composi-
tion, compared to single component systems (Sproul 1996). Ti/Ta multilayers belong to 
the so-called immiscible materials, in which chemical driving forces can prevent radiation 
induced atomic mixing at their interface. The absence of interlayer mixing was shown dur-
ing the Ar+ ion irradiation of this system up to relatively high fluence of 2 × 1016 ions cm−2 
(Milosavljević et al. 2011).

It is generally accepted that creating an appropriate porous structure on the Ti-based 
implant surface is very important when biocompatibility is of great concern. Chemical and 
thermal treatments have usually been used for creating such porous structures (Yang and 
Huang 2010; Nishiguchi et al. 2003; Fujibayashi et al. 2004). However, these roughening 
procedures induce contamination of implants. On the other hand laser irradiation provides 
contamination free roughening process because it enables surface treatments without direct 
contact and easy control of the surface roughness (Jeong et al. 2011).

Surface modification of biomaterials by ultrafast laser processing is considered an 
innovative technique, which contributes to improved cell integration and inhibits bac-
terial growth. Different types of the novel surface motives (ripples, groves, spikes) with 
sub-micron sized features are produced by ultrafast laser processing, while the chemical 
and physical properties of semiconductor, dielectric and metallic surfaces are significantly 
modified. Laser-assisted changes of chemistry, charge, topography and wettability of the 
surface can improve the degree of biocompatibility in terms of promoting cell adhesion, 
spreading and proliferation (Stratakis et al. 2009; Simitzi et al. 2015, 2017).

This article presents the results of structural and compositional investigations of the 
laser beam induced effects in Ti/Ta multilayer system. A defocused Nd:YAG laser beam 
was used, with two different energies. Beam was scanned over the sample surfaces. The 
aim of these experiments was to investigate the possibility of interlayer mixing in this sys-
tem caused by irradiation with picoseconds laser pulses.

2 � Experiment

Ti/Ta multilayer structure consisted of 10 alternate Ti and Ta thin films, with individ-
ual thickness of ~ 18  nm each, covered with slightly thicker Ti film (~ 27  nm). Total 
thickness of deposited structure, measured with a talystep profilometer, was ~ 205 nm. 
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Samples were deposited in a Balzers Sputtron II system, using 1.2 keV argon ions and 
99.9% pure Ti and Ta targets. The base pressure in the chamber was ~ 2 × 10−6 mbar, 
and the partial pressure of Ar during deposition was 1 × 10−3 mbar. Complete mul-
tilayer structure was deposited in a single vacuum run, at an average deposition rate 
of ~ 0.13  nm  s−1 for both materials onto (100) Si wafers at ambient temperature. The 
first layer deposited on the silicon substrate was titanium. Si wafers were cleaned by 
standard HF etch and a dip in deionised water before being mounted in the chamber.

The samples were irradiated by a defocused Nd:YAG laser beam with energies of 
4 and 8 mJ. Nd:YAG laser (model EKSPLA SL212P) was operated in the fundamen-
tal transverse mode (TEM00 mode). Distribution of energy over the spots was near 
Gaussian with energy maximum in the centre of the laser spot. All irradiations were 
performed in air, and laser beam was perpendicular to the sample surface. The laser 
beam output characteristics were: wavelength 1064 nm, pulse duration ~ 150 ps and lin-
early polarised. The pulse-to-pulse energy variation was ~ 10% with typical pulse rep-
etition rate of 10 Hz. Diameter of the laser spot on the sample surface was 3 mm, so 
that laser pulse fluences were 0.057 and 0.11  J  cm−2 for energies of laser beam of 4 
and 8 mJ, respectively. Laser beam was scanned over the sample surfaces with different 
steps along y-axes covering an area of 5 × 5 mm2. Description of the analysed samples is 
shown in Table 1.

Compositional and structure analyses were done by auger electron spectroscopy 
(AES), X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM) and 
scanning electron microscopy (SEM).

The depth distribution of elements in as deposited and laser treated samples was ana-
lysed by auger electron spectroscopy in the PHI SAM 545 spectrometer. For electron 
excitation a primary electron beam of 3 keV and 0.5 μA, with a diameter of 40 μm, was 
used. During AES depth profiling, the samples were sputtered by two symmetrically 
inclined Ar ion beams of 1 keV. The sputtering area was 6 × 6 mm2. The quantitative 
composition was determined using the relative sensitivity factors provided by the instru-
ment manufacturer.

XPS analyses were carried out on the PHITFA XPS spectrometer manufactured by 
physical electronics Inc. XPS spectra were excited by X-ray radiation from an Al mono-
chromatic source. The changes of surface morphology, induced by laser treatment, were 
examined by atomic force microscopy (Solver PRO47) in oscillating mode. SEM analy-
ses of samples surface and fracture cross section of sample 4 (irradiated with laser beam 
energy of 8 mJ) was performed by MIRA3 TESCAN microscopy.

Table 1   Samples description

Sample Laser beam 
energy
(mJ)

Laser pulse 
fluence
(J cm−2)

Scan speed along 
x-axis
(μm s−1)

Step distance 
along y-axis
(μm)

Total number of 
applied laser pulses

1 – – – – –
2 4 0.057 300 300 2670
3 4 0.057 300 200 4170
4 8 0.11 300 300 2670
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3 � Results and discussion

AES depth concentration profiles of elements in the as deposited and laser treated Ti/Ta 
samples are presented in Fig. 1. The surface of as deposited sample (1) is contaminated 
with oxygen and carbon. Concentrations of O and C are 41.7 and 42.5 at.% respectively, 
and they decrease very fast to a few atomic percent inside the top titanium layer. Ti and 
Ta layers are well separated in the whole multilayered structure. Due to small thickness 
(~ 18 nm) of individual layers and limited depth resolution of AES method, some overlap-
ping between Ti and Ta curves is visible. This phenomenon can be assigned to limitations 
of the AES analytical method rather than mixing of the layers. Enhanced concentration 
of oxygen (about 7 at.%) was registered in the first Ti layer deposited on silicon substrate. 
This is a consequence of degassing of the vacuum system at the beginning of thin film 
deposition process and high reactivity of titanium.

In the case of lower energy of applied laser pulses (samples 2 and 3) laser irradiation 
induces oxidation of the top Ti layer. Oxygen signal spreads within this layer up to inter-
face with Ta. All other layers beneath remain unaffected, and Ta and Ti signals are still 
well separated. Enhanced concentration of oxygen in the near surface region originates 
from the fact that laser irradiation was performed in air. Reason for observed increased 
incorporation of oxygen is the high temperature on the sample surface during the laser 
interaction and great reactivity of titanium. It also can be seen that time necessary for 
completely removing of deposited layers is higher for laser treated samples compared 

Fig. 1   AES depth profiles of as deposited (1) and laser treated (2–4) samples
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to as deposited. This phenomenon can be explained by formation of Ti–O oxides which 
have lower sputtering coefficients than those of pure titanium and tantalum.

Multilayered structure was completely destroyed by applying the laser beam with 
higher energy (sample 4). Signals of Ti and Ta are practically equalised and spread deep 
into the sample, but their concentrations are considerably lower (about 10 at.%). High 
concentration of Si (~ 60 at.% at the sample surface) and lack of concentrations of Ti 
and Ta may be the result of inhomogeneous ablation of deposited layers. Laser spot 
overlapping was the greatest in the central part of irradiated sample and induced their 
complete removal, while at the peripheral areas, layers have not completely ablated, 
some still remained. It may be presumed that AES depth concentration profiles repre-
sent some average values of elements concentration that include both ablated and not 
fully ablated parts of the sample.

The results of surface composition of as deposited and laser treated samples, per-
formed by XPS, are shown in Fig. 2. The aim of this analysis was to deduce whether Ta 
occurs at the sample surface as a result of laser irradiation. Its appearing would indi-
cate intermixing of layers. Presence of titanium and contaminants, carbon and oxygen, 
was registered on the surface of as deposited sample (1). These contaminants appear on 
the surface of all samples due to their adsorption from atmosphere. Tantalum does not 
appear on the surface in the cases of laser treated samples at lower energy of laser beam 
despite on the number of applied laser pulses (samples 2 and 3). It occurs only for sam-
ple treated with laser beam at higher energy (sample 4). In that case a large amount of 
silicon was also registered on the sample surface.

XPS analysis show that titanium appeared at the sample surface in the oxide but not 
metal state in all analysed samples (1–4). Tantalum and silicon are in oxide state at 
the surface of sample 4 as well. It is well known that clean surfaces of many materials 
(Ti, Al, Si, etc.) spontaneously react with air, even at room temperature, to form a thin 
native oxide layer. These layers are usually very dense and can prevent further oxida-
tion. Laser irradiation caused additional oxidation and oxide layer became wider, as can 
be seen in AES analysis for samples 2 and 3.

AES and XPS analysis show that, except the phenomenon of oxidation of the top 
Ti layer, multilayered Ti/Ta structure is very stable upon the laser irradiation for laser 
pulse fluence of 0.057 J cm−2 (laser beam energy 4 mJ). Appliance of higher laser pulse 
fluence (0.11 J cm−2) leads to the complete destruction of this thin film structure.

Fig. 2   XPS surface composi-
tion of as deposited (1) and laser 
irradiated (2–4) samples
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The results of AFM analysis of as deposited and laser treated samples are shown in 
Fig. 3. Average surface roughness, measured over an area of 5 × 5 μm for all samples, is 
presented on the same figure.

It is obvious that laser irradiation induces enhancing of surface roughness. This increase 
is particularly pronounced for sample irradiated with laser pulses with higher energy (sam-
ple 4). Application of laser beam with lower energy (samples 2 and 3) causes the formation 
of a mesh of micro-cracks, which contributes increasing of surface roughness. This effect 
is more pronounced for sample irradiated with larger number of laser pulses (sample 3 
compared to sample 2).

The results of SEM analysis of as deposited and laser treated samples are presented in 
Fig. 4. As deposited Ti/Ta sample has a flat, mirror-like surface. As was shown in AFM 
analysis, irradiation with lower laser pulse fluence of 0.057 J cm−2 causes the formation of 
micro-cracks on the top Ti layer.

SEM micrographs of sample 4, treated with higher laser pulse fluence, confirm the 
assumption about full and/or partial removing of deposited layers. Completely ablated 
areas are visible on the left micrograph of the sample 4. Magnified area with residual layers 
is shown on the right micrograph of the sample 4. Dark and bright sections within residual 
layered structure indicate possible mixing between Ti and Ta. Bright parts correspond to 
tantalum and dark to titanium.

Formation of micro-cracks may be explained by the fact that short processing cycles 
permit material transformations within thin films and surfaces without a significant influ-
ence on the substrate or underlying bulk material (Bäuerle 2000; Mondal et  al. 2008; 
Petrović et al. 2012). As was mentioned earlier, on the surface of the cover Ti layer a very 
thin amorphous oxide film (thickness of a few nm) was formed. This formation is a con-
sequence of high reactivity of titanium (Peruško et al. 2015). According to XPS analysis, 
this surface oxide layer is mainly TiO2 and it cannot follow the fast heating and quench-
ing processes caused by laser pulses. This leads to cracking of this oxide film and enables 

Fig. 3   AFM images and average surface roughness of as deposited (1) and laser irradiated (2–4) samples
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further oxidation of underlying Ti layer. AES analyses show that this process is limited to 
the cover layer only, for lower value of laser pulse energy. Approximate calculation of sur-
face temperature, for laser pulse fluence of 0.057 J cm−2, gives the value of 1550 K. Since 
the melting temperature of Ti is 1941 K, it is probably the reason for absence of melting 
and ablation of cover layer. For fluence of 0.11 J cm−2 the surface temperature reaches the 
value of 2280 K and in this case melting and ablation of titanium layer can be expected 
to appear. The melting temperature for tantalum is 2744 K and its coefficient of thermal 
expansion is about 30% lower compared to that of titanium. Ta thin film cannot follow the 
expansion of melted titanium and cracks into small fragments that are trapped and fused 
into Ti. Ablation of titanium includes the ablation of trapped tantalum fragments. Con-
firmation of this assumed mechanism for ablation could be seen in the SEM micrograph 
of surface of sample 4 (Fig. 4). In solidified titanium there can be seen some isolated Ta 
fragments.

Fig. 4   SEM analysis of surfaces of as deposited (1) and laser treated (2–4) samples
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SEM analysis of fracture cross section of sample 4 (Fig. 5) explicitly show that laser 
treatment with higher energy of laser pulses induces partial mixing between Ti and Ta lay-
ers. Fracture cross section of part of sample that is not affected by laser beam is present in 
Fig. 5a. Well separated Ti and Ta layers are clearly visible.

Micrographs shown in Fig. 5b, c are taken from the parts of sample close to boundary 
with unaffected zone. The layers close to Si substrate (five or six of them) stay well sepa-
rated, while the upper part of multilayered structure is completely mixed.

Due to Gaussian distribution of energy over the laser spot, energy (and laser pulse 
fluence) is lower in this zone. Also, overlapping of laser spots near the border is smaller 
compared to central part of irradiated zone. Mixing between Ti and Ta layers is less pro-
nounced immediately next to the boundary (Fig. 5b).

Moving away from the border interlayer mixing becomes more expressed (Fig. 5c). Sur-
face roughness increases, deposited layers accumulate in the form of hills in some places 
and their height overcomes the total thickness of deposited layers. In other places depos-
ited material is almost completely removed. Probably, these effects are responsible for laser 
induced ablation visible in Fig. 4.

Fig. 5   Fracture cross section of sample (4) irradiated with laser pulse fluence of 0.11 J cm−2
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Laser induced modification of materials is based on the high temperature created at the 
surface during very short laser pulses. If the pulse duration is longer than a few tenths of 
picoseconds, laser–material interaction can be considered as thermally activated (Bäuerle 
2000). It has been shown that irradiation of multilayered thin film systems by pico-seconds 
laser pulses induces mixing of constituent films incorporated within heat-affected zone 
(HAZ; Peruško et  al. 2012, 2013). Approximate calculation of the HAZ (Bäuerle 2000) 
for this Ti/Ta multilayered system and applied laser beam parameter (duration of laser 
pulse of 150 ps) gives the value of 68 nm. This result coincides fairly well with observed 
intermixed layers shown in Fig. 5b. However, formula for HAZ contains only laser pulse 
duration and thermal diffusivity of materials. In that case the amount of mixed material, 
incorporated within HAZ, should be the same regardless of the laser pulse fluence. But, for 
fluence of 0.057 J cm−2 mixing between Ti and Ta layers was not observed. Probably, the 
process of interlayer mixing in this case is related to the energy of laser pulses, which must 
be sufficient to overcome the activity of chemical driving forces.

4 � Conclusions

Irradiation of Ti/Ta multilayer structure, performed in air by defocused Nd:YAG picosec-
onds laser pulses at fluence of 0.057 J cm−2, did not induce interlayer mixing regardless on 
the number of applied laser pulses. Only oxidation of the top Ti layer was observed under 
these conditions.

Appliance of the laser pulses with fluence of 0.11 J cm−2 leads to partial or complete 
ablation of multilayered structure, mixing between Ti and Ta films and large increase in 
surface roughness. Incomplete mixing of layers appeared in the vicinity of boundary with 
untreated part of sample.

Obtained results indicate that the use of picoseconds laser pulses with fluences in inter-
val (0.057–0.11) J cm−2 can be very useful for mixing of titanium and tantalum layers and 
fabrication of a new material for medical implants. Suitable choice of films thicknesses, 
laser pulse fluence and scan speed over the sample surface would lead to the desired com-
position of this alloy.
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Abstract 

Morphological changes occurring on aluminum-titanium and nickel-titanium thin 

films, deposited on the silicon substrate, when treated with a compressed plasma flow have 

been investigated. The results of this type of interaction are compared with the results 

obtained in experiments where the interaction between the laser beam and the target was 

investigated. The energy density delivered to the surface is about 10 J/cm2 in both types of 

interactions. Main similarities of compressed plasma flow treatment used here and laser 

beam treatment are surface uniform melting, perturbation action on melted surface layer 

and quenching of the produced surface wave structures. 

 

1. Introduction 

Titanium alloys are used in a wide variety of fields – in microelectronics, aerospace 

and biomedical industries. Systems and parts and their selection may be based on corrosion 

resistance or in strength features, with additional requirement, the biocompatibility, for 

biomedical implant applications. Aluminum-titanium (Al-Ti) and nickel-titanium (Ni-Ti) 

alloys have very good physicochemical characteristics that make them useful for high-

temperature wear and corrosion protection in mechanical applications. For example, adding 

a Ti to Al-alloy can lead to the formation of a fine scale, equiaxed grain structure, which 

improves the mechanical properties, reduces hot tearing and eliminates porosity. 

The main focus of this study is to analyze morphological changes occurring on Al-

Ti and Ni-Ti thin films when treated with a compressed plasma flow (CPF) which was 

formed in the magnetoplasma accelerator and comparation of these changes with those 

obtained during the treatment with Er:glass and Nd:YAG laser pulses.  

 

2. Experimental setup and procedure 

Al-Ti and Ni-Ti multilayer systems have been created by alternate deposition of nanometer-

thick layers (of Al or Ni on Ti) on a single silicon substrate, by sputter deposition method 
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represented in [1]. The thickness of each individual layer is roughly 20 nm. Wafers of 

Si(100) was used as substrate. The deposited structures consisted of 10 alternate Al (or Ni) 

and Ti layers, five of each and 20 alternate Al (or Ni) and Ti layers, ten of each. The 

surfaces of the samples before plasma treatment are shown in Fig 1. The image was made 

by atomic force microscope (AFM). 

 
 

Fig. 1. AFM analysis of the 5x(Ni-Ti)/Si samples 

before plasma treatment. 

Fig. 2. Scheme of the experimental setup: 1. 

Magnetoplasma accelerator, 2. CPF, 3. Sample,  

4. Sample brass holder. 

 

The plasma source is a quasistationary plasma accelerator which operates in the mode of 

ion current transfer. The plasma acceleration by the Ampere force in MPC interelectrode 

gap is accompanied by formation of a compression plasma flow at the outlet of the 

discharge device. The plasma flow is compressed due to interaction of longitudinal current 

component with intrinsic azimuthal magnetic field (pinch effect) [2]. The stable CPF is 

formed 20 µs after the beginning of the discharge. Relatively high values of plasma 

parameters of the compressed plasma flows (electron density in the order of 1023 m-3, and 

plasma temperature of 20000 K) together with large plasma flow velocity (of 100 km/s in 

hydrogen plasmas) and discharge duration (of up to 100-150 μs) makes them suitable and 

efficient for studies of surface modifications under high thermal loads. In addition, we are 

able to investigate the formation of specific micro- and nanostructures, the occurrence of 

morphological characteristics arising from the movement of the molten material pieces, and 

the formation of craters caused by ablation of the target. Scheme of the experimental setup 

is shown in Fig.2. In present investigation helium with addition of 5% of hidrogen was used 

as a working gas at 6 mbar pressure. Maximum current in discharge was about 50 kA with 

time duration of the plasma flow up to 150 µs.  
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Samples treated by the compressed plasma flows have been analysed by atomic force 

microscope (AFM) and scanning electrone microscope (SEM). 

 

3. Experimental results and discussion 

The energy density delivered to the surface is about 10 J/cm2 [2] and surface is uniformly 

melted. Due to the fast cooling of the melted surface layer, the surface structures formed 

during melt phase are freezing (quenched) during a process of the melt resolidification. The 

central area of the treated surface contains craters with a diameter of 5 or 10 µm and mosaic 

structures with well-defined boundaries of the characteristic dimension of 1-2 µm (Fig. 3.). 

Orientation of these structures corresponds to the orientation of the silicon substrate. These 

microstructures originate from the redeposition of thin film materials on the partially 

destroyed structure of the Si substrate. The periphery area of the treated surface contains 

periodical structures which are smooth, homogenuous and sinusoidally shaped, as would be 

expected from the frozen capillary waves (Fig. 4.). Typical wavelength of the periodical 

structures is 10 µm.  

      

Fig. 3. SEM analysis of the 5x(Ni-Ti)/Si multilayer target after CPF treatment (a) crater (b) mosaik 

microstructure 

 

These processes are comparable to the (Ni-Ti)/Si and (Al-Ti)/Si surface modifications 

during laser treatment [3, 4]. Typical wavelengths of the periodical structures in the 

periphery region are the same (10 µm). Mosaic structures formed in the central area are 

smaller in the process of laser treatment (100 nm). 
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Fig. 4. AFM analysis of the multilayer target after CPF treatment:  (a) 10x(Ni-Ti)/Si (b) 10x(Al-Ti)/Si 

 

Results of silicon surface interaction with CPF have shown formation of the periodical 

structures very similar to those observed in present experiment. Wavelenghts of silicone 

periodical structures are 4-8 µm. Thikness of near-surface molten layer is estimated at 6-10 

µm. It can be concluded that, in present experiment, periodical structures come from 

interaction of thin films with plasma, as well as from silicon – plasma interaction.  

 

4. Conclusions 

The basic effects of the CPF action on a solid target are surface melting, formation of 

different surface patterns and their freezing during fast cooling (quenching effect).  

When a target is irradiated with a laser beam, most of the absorbed energy of the laser 

radiation is transformed into heat. Modifications of  treated surfaces – craters, mosaic 

structures and periodical periphery structures, are similar to those formed by plasma flow-

target interaction. Present study is important for investigations related with material of 

interest for mechanical applications, for fusion experiments, biomedical implant 

applications, etc. 
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The occurrence of laser-induced periodic surface structures (LIPSS) has been known for a while 
[1]. Multilayer thin films, like Al/Ti, are suitable for LIPSS formation and attractive for 
applications – due to their wearing behavior and corrosion resistance; LIPSS generation may 
improve their properties as well [2, 3]. LIPSS properties depend not only on the material but also 
on the beam characteristics, like wavelength, polarization and scanning directions, etc. [4]. 
 
After exposing with NIR femtosecond pulses from Coherent Mira 900 laser system in several 
beam exposures, we have analyzed the samples of thin metal film systems with Tescan Mira3 
SEM and NTegra AFM. The formation of LIPSS is most probably due to the generation of 
surface plasmon polariton, through the periodic distribution of energy in the interaction zone 
which lead to thermal processes in layers and interfaces. Two types of LIPSS were generated, 
which differ in shape, orientation and in ablation pronounced or not. For consecutive 
interactions in the same direction, LIPSS maintained its orientation, while for orthogonal passes 
LIPSS with mutually orthogonal orientation were generated. LIPSS period fluctuated between 
320 and 380 nm and structures with pronounced ablation have significantly smaller width. 
Probable mechanism is that for greater accumulated energy pronounced ablation takes place 
giving LIPSS in the form of “trenches”, while for less accumulated energy the buildup of the 
material – probably due to pronounced oxidation – lead to LIPSS in the form of “hills”. 
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Light waveguides are structures with a role in receiving and channeling light and filtering certain 

wavelengths of the electromagnetic spectrum [1]. That's how it comes to light capturing and local 

reinforcement of its intensity, which can be further utilized for various purposes (e.g conducting light 

to pigments in the eye, forming structural coloration, etc.) [2]. Based on their geometric structure 

waveguides can be planar or linear (banded or fibrous) [3]. 

 

Microstructures with a waveguide role have been studied a lot in the living world 

[4]. Structures with a function of optical waveguides have also been discovered in insects. They can be 

found on antennae, in complex eyes, on wing scales and other parts of the body [5], and can work as 

integral part of light or IR receptors, thermoregulatory systems, or can play an important role in the 

formation of structural coloration [6]. 

 

Here we present cuticular structures on  beetle elytra (Insecta: Coleoptera) that produce structural 

coloration thanks to morphology and function of light waveguides. Hoplia argentea from family 

Rutelidae was used as a model organism. We found out that individuals of this species posses linear 

type of waveguides on its front hardened wings, which are responsible for the production of structurally 

green coloration.  
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Abstract. The interaction of ultrashort laser beam with metal surfaces may induce the 
generation of periodic structures (LIPSS) with period less than the incoming wavelength, opening 
wide area of application [1, 2]. The presence of the underneath layer influences the quality of the 
LIPSS [3] . We have exposed multilayer thin films Ni/Ti, Ni/Pd, W/Ti, Ti/Ta to femtosecond beams 
of various wavelengths and powers. The interactions have been performed by Mira900 fs laser of 
Coherent. Detailed surface morphology after irradiation was examined firstly by optical 
microscopy, and then by scanning electron microscopy (JEOL JSM-7500F, Tokyo, Japan). Two 
types of structures have been noticed. Their appearance differ in the direction against the 
polarization direction, in pronounced ablation and in the spatial period, enabling their grouping into 
LIPSS of higher and lower spatial frequencies. Surface plasmon polariton is seen as the most 
probable cause of periodic distribution of energy at the surface and consequently to LIPSS. 
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