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The natural butterfly Papilio maackii Ménétriés scales were found, through scanning and transmission electron microscopy, to 
comprise stacks of thin layers. Replicated scales were then fabricated on a silicon substrate using a magnetron sputtering (MS) 
method with ITO (In2O3(90%)+SnO2(10%)) and polymethyl methacrylate (PMMA). Finally, the optical effects of the replicated 
scale were examined by a spectrometer. The results showed that the replicated and natural scales have the similar characteristics 
in structural colors. As a result, it can be concluded that the MS method reported in this paper is a feasible method for fabricating 
an artificial biological structural color or other optical elements. 
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Biological structural colors have been attracting significant 
attention. Many artifices are employed by creatures to dis-
play metallic-like colors as signals, defending against pred-
ators, and camouflage [1–3]. Mäthger et al. [4] studied the 
Paradise whiptail (Pentapodus paradiseus) and found that it 
has distinct reflective stripes on its head and body. These 
reflective stripes contain a dense layer of physiologically 
active iridophores, which act as multilayer reflectors. 
McPhedran et al. discussed two examples of living creatures 
using photonic crystals to achieve structural colors: the sea 
mouse (Aphroditidae Polychaeta), which has a hexagonal 
close packed structure of holes in its spines; and the jelly 
fish (Bolinopsis infundibulum), which has an oblique array 
of high index inclusions in its antennae [5]. Other studies 
found that many animals have structural color effects such 
as Urania moth, African starling feathers [6], Cosmophasis 
spider [7], and Bostrychia hagedash bird [8].  

Butterflies are experts in producing the structural color 
phenomena by various means [9–13], including reflection, 
diffraction, and interference, etc. [14–17]. Vukusic et al. [18] 

reported that the wings of the African swallowtail butterfly 
can absorb the UV component of incident light by a pig-
ment, and the wing scales with finely spaced micro-holes 
can prevent the loss of iridescence. Tada et al. [19] observed 
the butterfly P. blumei and found different structural colors 
at different viewing angles. Their results showed that colors 
changing from green to purple due to non-planar specula 
reflection. Parker reviewed animals’ structural colors and 
divided them into different types based on the optical 
mechanism [20–22]. Recently, some studies have demon-
strated that a photonic crystal structure in butterflies can 
also produce structural color [23,24].  

The multiple reflection system of butterfly scales display 
shininess and variable colors. Researchers in the bionics 
field have expended considerable effort attempting to repli-
cate these natural structures in order to develop new optical 
devices [25–28]. However, the mass production of man- 
made structural color scales is highly complex and difficult 
to be obtained.  

In this study, the microstructure of scales of butterfly 
Papilio maackii Ménétriés was observed by scanning elec-
tron microscopy (SEM) and transmission electron micros-
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copy (TEM). Based on the microstructural characteristics, a 
replicated scale was fabricated using a magnetron sputtering 
(MS) method. The optical characteristics of the natural scale 
and the replicated scale were examined by spectrometer. 
The structural color effect of the replicated scale showed 
good similarity to the natural scale.  

1  Materials and methods 

1.1  SEM experiment  

The specimens for SEM experiments were taken from the 
blue parts of the Papilio maackii Ménétriés dorsal wings. 
The specimens were then rinsed with ether to eliminate 
grime, grease and proteins on the wing surfaces, and treated 
by a series of dehydration operations. Before observation, 
the dehydrated specimens were pasted onto a metallic test- 
bed and cold sputtered with gold. 

1.2  TEM experimental specimen 

The specimen was taken from the same parts of the Papilio 
maackii Ménétriés dorsal wings. The specimen was treated 
by the following major steps: (i) it was immersed in 4% 
glutaraldehyde for 2 h to avoid structural changes due to 
water evaporation from the dried cells; (ii) it was placed in 
sodium cacodylate buffer for 1.5 h; (iii) it was kept in 1% 
osmic acid for 1.5 h and dehydrated through an ethanol se-
ries; (iv) it was embedded in epoxy resin and solidified in 
an oven for 4 h; (v) it was sliced into lamellas with a thick-
ness of 70 nm. 

1.3  Magnetic sputtering 

The replicated scale was fabricated using JGP-450A (Shen-
yang Scientific Instruments Develop Center, CAS) multi- 
target magnetron sputtering equipment. The targets materi-
als were In2O3(90%)+SnO2(10%) (ITO) and polymethyl 
methacrylate (PMMA) with refractive indices of 2.0 and 1.5 
respectively. The substrate was silicon slice. First, the sub-
strate was ultrasonically cleaned in acetone, ethanol, and 
deionized water solution for 10 min respectively. The slice 
was then placed under vacuum for drying at a temperature 
of 250°C for 1 h. During the sputtering process, the flow 
rate of Ar was maintained at 60.0 sccm. The electric current 
for target ITO was 0.5 A and the power for PMMA was 100 
W. By imitating the natural scales microstructure, the two 
materials were alternately sputtered on the substrate. The 
quality and thickness of sputtering layer is directly related 
to the sputtering speed and time. In order to obtain a favor-
able sputtering layer, experimental determination of the 
appropriate sputtering speeds was adopted. The sputtering 
time was temporarily set as 1 h for both ITO and PMMA. 
Figure 1 shows the method for the calculation of sputtering 
speeds for two materials, in which the sputtered specimens 

 

Figure 1  Measurement of sputtering speeds. (a) Sputtering layer under 
SEM; (b) calculation scheme for sputtering speeds.  

were pasted on metal beds at an angle of θ=45° for SEM 
observation. The dimensions measured under SEM, L, were 
measured, and the measurements were repeated 3 times for 
each material and the mean values were recorded. The 
sputtering speeds were then calculated through eq. (1). Fi-
nally, the sputtering speeds were determined to be 0.106 
nm/s for ITO and 0.15 nm/s for PMMA.  
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where, W is the layer thickness (nm), t is sputtering time (s), 
and θ is the observation angle (°). 

With the sputtering speeds and expected thickness of 
sputtering layer, the sputtering time for each target can be 
readily obtained, and the whole process was controlled by 
computer. 

1.4  Spectrometer measurement 

The reflectivities of the natural and replicated scales were 
analyzed using a TU-1901 spectrometer over wavelengths 
ranging from 350 to 800 nm. The light sources were tung-
sten and deuterium lamps for normal incidence. 

2  Results and discussion 

Figure 2(a) shows the region where the specimens were 
taken. Figure 2(b) is the SEM image of the overlapping ar-
rangement of scales on the upper surface of the wing. Fig-
ure 2(c) presents the high-magnification TEM image of a 
single scale microstructure in cross-section. It can be seen 
that the scale is characterized by a series of evenly spaced 
parallel lamellar features, which are responsible for the 
multiple reflection and interference events that cause the 
structural color effect. The reflector can be simplified to a 
schematic model, as illustrated in Figure 2(d). 

Base on the results from SEM and TEM, replication of 
Papilio maackii Ménétriés butterfly scales was accomplished 
by the MS method. The thickness of single layer of ITO and 
PMMA was set at 120 nm that means the sputtering time for 
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Figure 2  Structural color scales of Papilio maackii Ménétriés and the 
stacks model. (a) The shining blue scales were cut down for SEM and 
TEM experiments; (b) SEM image of the natural scales; (c) the cross- 
section image under TEM; (d) schematic of a one-dimensional model. 

ITO was 1132 s and that for PMMA was 800 s. 
The two targets material lamellae were alternately sput-

tered onto the substrate. One periodicity consisted of one 
ITO and one PMMA layer. Figure 3 shows the processed 
replicated scale with 5 periodicities, which appears a shin-
ing blue color. The detailed optical effect of the replicated 
scale was examined by a spectrometer. 

Figure 4 presents the spectrometer experimental results. 
The first peak reflectivity wavelength of the natural scale 
appears in the range 440–460 nm (Figure 4(a)) and the 
maximum is 0.7. Figure 4(b) shows that the reflectivity 
peak wavelength of the replicated scale appears at about 
450 nm and the maximum is only 0.4. The location of peak 
means the replicated scale and natural ones have the same 
structural color effect, i.e. blue. However, the maximum 
reflectivity of the replicated structure was lower than the 
natural ones. This difference may have been due to the ab-
sorbance effect of both the sputtering and substrate materi-
als or the accuracy factor in the dimensional measurements 
of the SEM and TEM images. In addition to the difference 
in the maximum reflectivity, the natural scale reflectivity 
shows a second peak at about 800 nm which is not present 
in the replicated scales. However, this wavelength falls into  

 
 

 
Figure 3  Finished replicated scale fabricated by the MS method.  

 

Figure 4  Structural color effect contrast of the replicated and natural 
scales. (a) Reflectivity curve of the original Papilio maackii Ménétriés 
wing scales; (b) reflectivity curve of the replicated scale.  

the infrared spectrum, which cannot be perceived by naked 
eyes. In other words, both replicated and natural scales 
shows a blue structural color that we can actually see.  

3  Conclusion 

The microstructural characteristics of the natural scales of 
butterfly Papilio maackii Ménétriés were observed and an-
alyzed by SEM and TEM. Based on the observation results, 
the microstructure was simplified to a one dimensional mul-
tilayer structure, and this structure was successfully fabri-
cated through MS method. The optical effect of the repli-
cated scale was examined with spectrometer. Results show 
that the color features of the replicated scale were in rea-
sonable agreement with those of the natural scales, which 
shows that the MS technique is a feasible method for repli-
cating the structural color effect of the Papilio maackii Mé-
nétriés wing. Also, an inference could be made that the MS 
method has considerable potential for the fabrication of 
other natural structural colors and high-performance optical 
elements.  
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