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Abstract 16 

The naturally evolved sunlight harvesters are not limited to foliage. Animals also 17 

harvest sunlight for light-heat conversion. A typical antireflective and light-trapping 18 

scheme has been well demonstrated on thin butterfly scales where solar energy is 19 

converted to heat besides being diffracted for surface coloration. Biomimicking scale 20 

structures offers a unique route to enhance light harvesting efficiencies happening on 21 

manmade solar cells. Herein, we performed a computational investigation of using 22 

microstructures on black butterflies for solar cell efficiency enhancement. Scale 23 

microstructures were obtained from nine species of black butterflies and employed as 24 

coating structures in numerical models built on Si-slabs. Introducing butterfly wing 25 

structures not only reduces the light reflection and transmittance but also increases the 26 

light absorption within Si-slabs. Surface reflection was decreased down to 10%, and the 27 



 

 

short-circuit current was increased by 66% correspondingly. An antireflection design 28 

strategy is given and hoped to benefit light harvesting in Si-based solar cells eventually. 29 
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 31 

1. Introduction 32 

The way of utilizing solar energy is one of the most straightforward routes to solve 33 

energy crisis for human’s sustainability (Lewis, 2016). Direct light-electricity conversion 34 

heavily relies on Si-based photovoltaics (PV) which dominates global solar cell market 35 

due to the cost-efficiency balances and industrial readiness (Conibeer et al., 2006; Hong 36 

et al., 2014) , despite upcoming novel materials and their technical progresses (Fujishima 37 

et al., 2009; Paudel and Yan, 2013). However, the Si slab surface reflects more than 35% 38 

incident solar radiances (Ikhmayies, 2018), causing significant loss of light input. Thus, 39 

reducing the surface reflectance becomes crucial to enhance light harvesting efficiency 40 

for Si-based solar cells. 41 

So far, many works have been dedicated to introducing manmade antireflective (AR) 42 

features on Si-slabs (Li et al., 2018; Yue et al., 2013). One typical technique is texturing 43 

Si solar cells with pyramid structures at micrometer scales (Ju et al., 2016; Sopori et al., 44 

1999). Pyramid textures can reduce light reflection and enhance light absorption as well 45 

as the path length of light through solar cells (Fonash 2014; Manzoor et al., 2020). 46 

Therefore light trapping can be enhanced by such pyramid textures. The flat slab can be 47 

patterned with Si nano-arrays subjected to multi-steps of etching and surface 48 



 

 

reconstruction. As a result, the ‘black silicon’ reduces light reflection and realizes a high 49 

quantum efficiency of 22% in the lab conditions (Savin et al., 2015; Duan et al., 2018). 50 

Directly coating Si surface with AR layers has been also widely applied in recent years 51 

(Lelièvre et al., 2019; Li et al., 2018; Schmidt et al., 2012). Among various AR coatings, 52 

silicon nitride (SiNx:H) has been a popular coating material (Schmidt and Aberle, 1999; 53 

Wu et al., 2015). It benefits solar cells from its characteristics of anti-reflection and 54 

surface passivation (Hofstetter et al., 2007). Through dedicated encapsulation, multi-55 

layered coverage can diminish reflections among layered interfaces, and the final 56 

acceptance of light can be increased on the Si unit (Ko et al., 2011; Dullweber et al., 2013; 57 

Li, et al., 2019). For example, Ko et al. (2011) prepared SiNx:H double layers on silicon 58 

wafers. The refractive indices of SiNx:H double layers were 1.9 and 2.3 for the top and 59 

bottom layers, respectively. With optimum thickness of 60 and 20 nm for the top and 60 

bottom layers, such SiNx:H/Si/SiNx:H structure presented an average reflectance of 24.86% 61 

in the wavelength range of 300 – 500 nm. Compared with the multi-staged methods, a 62 

straighter one-step coating strategy has been developed to guide light wave propagation 63 

inside of the layered medium. Very typical master structures were copied from plant 64 

foliage surfaces (Huang et al., 2015; Huang et al., 2018) for the AR purposes. Quantum 65 

efficiency (QE) has been enhanced in the real conditions where incident light reaches the 66 

surface at small angles (Liu et al., 2016). 67 

Switching light guider to trapper can also facilitate harvesting efficiency. Unique 68 

surface structures offer a capability to alter the original optical performances of the 69 



 

 

substrates, e.g., light reflection and absorption, structural color effect (Shi et al., 2019), 70 

and optical haze (Huang et al., 2015). A well-known light trapping structure is the black 71 

butterfly scale (Han et al., 2012; Zhan et al., 2019). A recent work has shown 72 

microstructures of scales (Siddique et al., 2017) also helps QE increase. Therein, light 73 

wave is trapped by the microstructure generated from the butterfly scale. Consequently, 74 

more solar irradiance will be captured by the cell unit. Despite such a progress, it is 75 

noticed that the light trapping structures also facilitate light-heat conversion. The scales 76 

on dark color wings typically act as light-absorbers to fast elevate body temperature or 77 

get ice removed in extreme cases (Wasserthal, 1975). This means part of light is converted 78 

into heat instead of being transmitted. In addition, vast varieties of black butterflies and 79 

dark color given by the wings may also lead to differences in photon acceptor 80 

performances. A thorough evaluation is needed to investigate light-trapping structures as 81 

surface patterns on Si-based photovoltaics. 82 

In this paper, we presented an antireflection design strategy by using surface 83 

structures of butterfly scales to benefit Si-based solar cells. Nano- and micrometer level 84 

morphologies were obtained from nine different butterflies and employed as prototypical 85 

structures on Si photovoltaics in numerical simulations. Detailed relationships between 86 

scale nanostructures and their influences on optical behaviors were computationally 87 

studied. It is found that introducing butterfly wing structures not only reduced the light 88 

reflection and transmittance but also increased the light absorption. As a result, the light 89 

harvesting on Si-based photovoltaics was elevated. Besides presenting an antireflective 90 



 

 

design strategy for high-performance solar cells, this work is hoped to provide 91 

biomimicry inspirations for future optical device designs. 92 

 93 

2. Methods 94 

2.1 Butterfly types  95 

In this study, the investigated butterfly wing scales were obtained from butterfly 96 

species of Ornithoptera priamus, Aglais io, Tirumala limniace, Polyura athamas, 97 

Graphium doson, Graphium sarpedon, Papilio protenor cramer, Papilio helenus, and 98 

Papilio xuthus. Since butterfly wings of pure black are not common, the region-of-99 

interests (ROI) were black regions of the aforementioned butterfly types. 100 

2.2 Characterizations 101 

Digital photographs of the butterfly wings were taken by a Canon EOS 350D digital 102 

camera, and the microstructures of the scales were investigated through a scanning 103 

electron microscope (SEM, ZEISS Sigma). To facilitate the SEM characterizations, the 104 

black regions of the wings were cut and glued to the SEM holder with silver glue, and 105 

then were deposited by gold layers. For optical measurements, the black wing scale 106 

regions were cut into 10×10mm squares. Those square pieces were fixed onto optical 107 

glass slides with glue coated on sample edges. The central regions of the square samples 108 

were aligned on the optical path during measurements. Optical properties such as surface 109 

reflectance, transmission and absorption of the wings were measured through a Shimadzu 110 

UV-2600 Spectrophotometer equipped with an integral sphere. 111 



 

 

2.3 Computational details 112 

The silicon was selected as modelling material to replicate the butterfly wing 113 

structures and evaluate their photovoltaic properties. The photovoltaic cells are 114 

constructed on 1.2 μm thick Si slabs. The optical simulations were carried out with 115 

Lumerical software through finite-difference-time-domain (FDTD) methods. The three-116 

dimensional models were constructed following the butterfly wing structures. To facilitate 117 

the computation, a unit structure of the models was selected for simulation. The planar 118 

dimensions (X and Y) were computed following periodic boundary condition while 119 

complete absorption boundary condition was employed in Z dimension. Plane wave light 120 

was applied as the light source, and the simulation time was primarily set as 10,000 121 

femtoseconds (fs). The light wavelength covers a spectral range from 300 nm to 800 nm. 122 

Finally, the short-circuit current was calculated by the Solar Generation associated within 123 

the FDTD software. The open-circuit voltage and fill factor were not calculated. During 124 

the simulation, the top cladding of the structure is assumed to be air. Any native surface 125 

oxide is neglected. The silicon substrate is layered on top of a Si ideal material that does 126 

not include bulk and surface recombination effects. Electrical contacts were not taken into 127 

consideration during the simulation. Various butterfly wings were studied to figure out 128 

the effect of wing structures on optical performances. For each wing model, the hole size 129 

was altered to evaluate the relationships between hole sizes and optical behaviors. After 130 

the simulation, the computed data were transferred from time domain to frequency 131 

domain by discrete Fourier transform method. The simulated spectra were generated. 132 



 

 

 133 

3. Results and discussions 134 

3.1 Microstructures of butterfly wings 135 

Surface structures in micro- or nanometer scale strongly interact with visible light 136 

and thus have great effect on optical properties. The morphology characterizations 137 

demonstrate that the microstructures of the black regions of butterfly wings are composed 138 

by V-type gullies and various hole features between two adjacent ridges. The holes show 139 

the shapes of cover scales on the wings. According to the hole features, the wings are 140 

classified into four types: type-I (V-gullies without holes), type-II (V-gullies with one line 141 

of holes), type-III (V-gullies with two lines of holes) and type-IV (V-gullies with three 142 

lines of holes). 143 

Fig. 1 shows the photos of Ornithoptera priamus and the morphology of its wing 144 

surface. The wing scale has a type-I structure and is labelled as IA in this paper. V-shape 145 

gullies are parallel which were formed by two ridges. The bottom of the ridges has a 146 

length of 800 nm and 200 nm away from adjacent ones. The ridges therefore have a 147 

periodic spacing of 1 μm. The V-gullies are on top of net-shape structures. 148 

 149 

Fig. 1. The optical photos of Ornithoptera priamus and the SEM image of the black region 150 

800 nm

200 nm



 

 

of its wing surface. 151 

The wings of Tirumala limniace (IIA, Fig. 2a), Polyura athamas (IIB, Fig. 2b) and 152 

Aglais io (IIC, Fig. 2c) demonstrate the type-II structure. There is one line of rectangular 153 

holes between adjacent ridges. The different butterfly species could be identified by 154 

period lengths (L) of ridges and hole widths (W). The morphologies in Fig. 2 show three 155 

structures where L = 1.7 μm, 2 μm, 2 μm and W = 700 nm, 880 nm, 600 nm of the above 156 

three butterfly wings. 157 

 158 

 159 



 

 

 160 

Fig. 2. The photos and SEM images of type-II butterfly wings. (a) Tirumala limniace, (b) 161 

Polyura athamas, (c) Aglais io. 162 

 163 

The butterfly wings of Graphium doson and Graphium sarpedon are shown in Fig. 164 

3 (type-III). There are two lines of holes between adjacent ridges. As for the Graphium 165 

doson butterfly (IIIA, Fig. 3a), the ridges have a periodic length of 1.75 μm and a length 166 

of 800 nm for each hole. The hole width is shorter (500 nm) than its length. Fig. 3b shows 167 

the Graphium sarpedon wing (IIIB) has a ridge periodic length of 1.5μm, hole length of 168 

700 nm and width of 500 nm. 169 

 170 
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 172 

Fig. 3. The photos and SEM images of type-III butterfly wings. (a) Graphium doson, (b) 173 

Graphium sarpedon. 174 

The type-IV wing structures are shown in Fig. 4. For the three species, there are three 175 

lines of holes arranged within adjacent ridges. The hole shapes are no longer rectangular 176 

but trapezoid-like for those next to a ridge and polygonal for those in the middle line. 177 

Papilio protenor cramer (IVA, Fig. 4a) has a wing structure with a periodic ridge length 178 

of 2.5 μm, hole size of 740 nm×650nm for those next to a ridge and average diameters of 179 

700 nm for those in the middle. In Fig. 4b, Papilio helenus wings (IVB) show a periodic 180 

ridge length of 2.4 μm filled with 800 nm×400 nm holes next to ridges and holes with 181 

diameters of 450 nm between two trapezoidal ones. For Papilio xuthus wings (IVC) in 182 

Fig. 4c, the ridges repeated by 2.5 μm, and the holes next to ridges are 650 nm×450 nm 183 

and the ones in the middle have average diameters of 550 nm. Among the three types of 184 

wings that contain holes, the average hole sizes become smaller with the increasing lines 185 

of holes within one gully. 186 



 

 

 187 

 188 

 189 

Fig. 4. The photos and SEM images of type-IV butterfly wings. (a)Papilio protenor cramer, 190 

(b) Papilio helenus, (c) Papilio xuthus. 191 

The structure features of the butterfly wing scales are summarized in Table 1. 192 

Table 1 The wing scale features of different butterfly species. 193 

No. 
Butterfly 

Species 
Features Featured Sizes 

SEM 

Images 

IA 
Ornithoptera 

priamus 

Type-I: 

V-gullies 

without holes 

Length of the ridge bottom: 800nm 

Ridge separation: 200 nm 

 



 

 

IIA 
Tirumala 

limniace 

Type-II: 

V-gullies with 

one line of 

holes 

Hole length: 1.7 μm 

Hole width: 700 nm 

 

IIB 
Polyura 

athamas 

Hole length: 2.0 μm 

Hole width: 880 nm 

 

IIC Aglais io 
Hole length: 2.0 μm 

Hole width: 600 nm 

 

IIIA 
Graphium 

doson Type-III: 

V-gullies with 

two lines of 

holes 

Ridge periodic length: 1.75 μm 

Hole length & width: 800, 500 nm 

 

IIIB 
Graphium 

sarpedon 

Ridge periodic length: 1.5μm 

Hole length & width: 700, 500 nm 

 

IVA 

Papilio 

protenor 

cramer 

Type-IV: 

V-gullies with 

three lines of 

holes 

Ridge periodic length: 2.5 μm 

Holes next to a ridge: 740, 650nm 

Holes in the middle line: D = 700 nm 
 

IVB 
Papilio 

helenus 

Ridge periodic length: 2.4 μm 

Holes next to a ridge: 800, 400 nm 

Holes in the middle line: D = 450 nm 
 

IVC 
Papilio 

xuthus 

Ridge periodic length: 2.5 μm 

Holes next to a ridge: 650, 450 nm 

Holes in the middle line: D = 550 nm 
 

 194 

3.2 Effect of microstructures on optical properties 195 

We examined the light scattering effect of both the black and colored scales of the 196 

butterfly wings. The scattering test was shown in Fig. S1 in the supplementary material. 197 

A laser beam (650 nm) shined perpendicularly onto butterfly wing samples (IIIB and IVB). 198 

For both samples, black scales absorbed most of the light, representing high absorption 199 

property. The colored regions allowed the laser beam to pass through and showed weak 200 

scattering ability. Thus the regions with black scales are more interesting to PV 201 

applications. Optical properties of black scales of butterfly wings were quantitatively 202 



 

 

studied under perpendicular incident light within the wavelength ranges from 300 nm to 203 

800 nm. During optical measurements, the wing samples of Ornithoptera priamus (IA), 204 

Polyura athamas (IIB), Graphium sarpedon (IIIB), and Papilio Helenus (IVB) are 205 

measured. 206 

Fig. 5 presents the reflectance, absorption and transmittance results of the four wing 207 

samples. In Fig. 5a, no obvious peaks are found from the reflectance spectra which is in 208 

accordance with the black appearance. The reflectance of all the four samples is very 209 

limited below 600 nm but the one of Polyura athamas (IIB) sample increases significantly 210 

over 600 nm and reaches 27.6% for the light of 800 nm. Although the three wing types 211 

which have hole structures present similar optical curves, the Polyura athamas wings (IIB) 212 

show the highest reflectance and transmittance, resulting in the lowest light absorption 213 

ability. More but smaller holes within a gully help to lower the reflectance as well as the 214 

transmittance, making larger absorption. However, among the four types of wing 215 

structures, the one without holes (Ornithoptera priamus, IA) shows the lowest reflectance 216 

and transmittance and thus the highest light absorption. The butterfly wing structures are 217 

thus very promising as AR coatings for Si solar cells. Despite the performance loss during 218 

structure replication, all the four types of wings show better AR performance than Si solar 219 

cells with traditional pyramid textures (~13%, Manzoor et al., 2020) or SiNx coatings 220 

(24.86%, Ko et al., 2011). 221 



 

 

 222 

Fig. 5. Measured optical properties. (a) Reflectance, (b) Absorption, (c)Transmittance. 223 

The optical spectra suggest possible relations between surface structures and optical 224 

performances. Especially, the gully spacing and hole arrangements show obvious 225 

influence on optical behaviors. Therefore, it is necessary to study the light-wing 226 

interactions through optical simulations. Models were constructed by using silicon 227 

material following the above four wing types which were experimentally studied: the 228 

Ornithoptera priamus (IA, Fig. 6a), Polyura athamas (IIB, Fig. 6b), Graphium sarpedon 229 

(IIIB, Fig. 6c), and Papilio Helenus (IVB, Fig. 6d).The hole shapes in each model are 230 

approximated to the SEM results. Besides the four wing models, optical performances of 231 

a flat silicon model was also computed as a reference. 232 
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 234 

Fig. 6. Simulation models constructed following the wing scales of (a) type-I, (b) type-235 

II, (c) type-III, and (d) type-IV. 236 

The simulated optical spectra are presented in Fig. 7. Among the five models 237 

including the bare Si, the flat silicon model has the highest reflectance and the spectrum 238 

agrees well with previous reports (Huang et al., 2018) (Fig. 7a). More than 30% of the 239 

light is reflected which limits the photovoltaic efficiency of silicon-based solar cells. 240 

Introducing gullies and holes on silicon surface obviously decreases the light reflection. 241 

The model with only gullies (type-I) has the lowest reflectance which is less than 10% 242 

within the whole wavelength range of visible light. Involving holes within gullies 243 

increases reflectance values, however, such reflectance promotion could be prohibited by 244 

enlarging the hole amounts and squeezing the hole sizes. Thus the type-IV model shows 245 

lowest reflectance among the three models with holes. Such reflectance spectra are in 246 

consistent with the experimental results. As for the absorption properties (Fig. 7b), the 247 



 

 

type-I model shows the best light absorption ability. More than 70% of the visible light is 248 

absorbed. Holes on the silicon surface weaken light absorption where the type-IV model 249 

has relatively larger absorption ability than the other two models with holes. Flat silicon 250 

model gives the lowest absorption ability for visible light. The above results suggest that 251 

one model that has lower reflection always presents higher optical absorption. The 252 

simulated transmittance spectra are slightly deviated from the experimental results (Fig. 253 

7c). The Ornithoptera priamus model (type-I) still shows the lowest transmittance, but the 254 

Graphium sarpedon model (type-III) gives the highest transmittance. The spectra of the 255 

other three models are very close. Such deviation may be caused by the different materials 256 

between the butterfly wings and the models. The wings are mainly composed of organic 257 

compounds and pigments while the models are constructed by silicon material. It is 258 

noteworthy that the experimental results were collected on bare wings which were 259 

covered by the multilayers of scales. Interlayer interferences of light also count for the 260 

overall color performances on the scales (Dumanlia and Savin 2016) but were not 261 

considered in the simplified models. Despite the small deviation in optical transmittance, 262 

the simulation results agree well with experimental data. It suggests that the models are 263 

well constructed so that further exploration of these models is possible. 264 

Based on the experimental and simulated results, it is very exciting that the butterfly 265 

wings are endowed with very low reflectance. For IA, IIIB and IVB wings, the reflectance 266 

is below 2.5% in the wavelength range of 350 – 700 nm. When the wing structures are 267 

transferred on Si slabs, the upside reflectance is still very low, especially for the IA 268 



 

 

structure (below 10% in the whole range of visible light). Such reflection suppression is 269 

attributed to the periodic ridges whose characteristic sizes are comparable to the 270 

wavelength of visible light (Sayigh 2012). In addition, wing structures also enhance the 271 

light absorption in the whole visible wavelength range. A careful look at the scale shows 272 

that the main frame owns a triangle prism structure, different from the rods in other types 273 

of IIIB and IVB. Such a prism can be visualized as the connected pyramids which are 274 

very beneficial to the light harvesting according to the biomimic studies using foliage as 275 

the masters (Huang et al., 2015; Huang et al., 2016). We also noticed that structures of IA 276 

may benefit from good antireflection and light trapping properties of the wing structures 277 

in long wavelength region and grating effect of periodically arranged ridges in short 278 

wavelength region (Chong et al., 2012; Fonash et al., 2014). 279 

 280 

Fig. 7. Simulated optical properties. (a) Reflectance, (b) Absorption, (c)Transmittance. 281 
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It should be mentioned that the thickness of Si slabs in the simulation is much smaller 282 

than commercial solar cell wafers. According to the 2019 report of International 283 

Technology Roadmap for Photovoltaic (ITRPV), the minimum thickness of silicon 284 

wafers is around 170 ~ 180 μm. Current computational hardware cannot afford such a 285 

thickness. The Si slab thickness is 1.2 μm in this paper. We found that increasing slab 286 

thickness reduced the transmittance but the reflectance kept stable, see Fig. S2 in 287 

Supplementary material. 288 

Based on the above models, short currents were calculated to evaluate the photo-to-289 

current efficiency. The short current here is photocurrent. The short current values of the 290 

flat silicon model and the four wing models are listed in Table 2. Not surprisingly, the 291 

type-I model gives the best photocurrent performance (13.48 mA/cm2) and the flat silicon 292 

model the worst (8.12 mA/cm2). There is a 66% increase of current density without 293 

considering surface recombination. With an optimized surface structures, the current 294 

density could be enhanced by more than 100% (Chong et al., 2012). However, such 295 

enhancement is hard to achieve in real case (Da and Xuan 2013). Among the three models 296 

with both gullies and holes, more but smaller holes filled within a gully (the type-IV 297 

model) leads to better photocurrent performance. The photo-to-current property is more 298 

clearly visualized by light trapping (Fig. 8). Regions in red have better light trapping 299 

ability than the other regions. Flat silicon model shows the lowest light-trapping ability 300 

due to its high reflectance of visible light. Wing structures including the gullies and holes 301 

on the models facilitate light trapping and the type-I model with only gullies turned out 302 



 

 

to be the best candidate for light trapping. 303 

Table 2. Calculated short current values of the flat Si model and four wing models. 304 

Samples Flat Si Type-I Type-II Type-III Type-IV 

Short current 

JSC(mA/cm2) 
8.12 13.48 8.63 10.45 11.05 

 305 

Fig. 8. Light-trapping mappings of (a) flat silicon model, (b) type-I model, (c) type-II 306 

model, (d) type-III model, and (e) type-IV model. 307 

Considering both experimental and calculated optical properties, it is obvious that 308 

replicating surface structures of the black regions of butterfly wings on silicon lowers the 309 

reflectance and transmittance of visible light and thus improves the light absorption. Pure 310 

gullies introduced on top of flat silicon lead to the best light trapping ability. Putting holes 311 

within gullies hinders the light absorption, however, such negative effect could be 312 

alleviated by increasing the amount and decreasing the size of holes within one gully. 313 

(a)

(b) (c)

(e)



 

 

3.3 Effect of hole parameters on optical properties 314 

Since the hole structures play a significant role on optical properties, it is necessary 315 

to investigate how do the sizes of holes affect optical performances. Besides, hole sizes 316 

are also different among the butterfly wings (type-II, III, IV). In this case, we further 317 

studied the effect of hole sizes on reflectance based on the type-III model. Fig. 9a shows 318 

that the reflectance changes due to the variations of hole widths. The reflectance drops 319 

when the hole widths decrease from 500 nm to 200 nm. The same behavior appears when 320 

adjusting the hole lengths from 800 nm to 500 nm (Fig. 9b). The hole depths are also 321 

studied in Fig. 9c. It shows that the reflectance slightly reduces with deeper holes below 322 

the wavelength of 500 nm. The influence of hole depths is quite limited over the 323 

wavelength of 500 nm. Such results suggest that smaller widths or lengths of the holes 324 

facilitate the weakening of visible light reflectance, and that lateral sizes of holes have 325 

more obvious influences on reflectance compared with hole depths. The reflection 326 

process could be visualized by the light propagations (Chong et al., 2012). We designed 327 

several structures of different lateral and vertical sizes and arranged them in one model. 328 

The animations of light propagation were provided by Supplementary videos. Snap shots 329 

of photon paths were shown in Fig. S3 and Fig. S4. It can be seen that the reflection of 330 

smaller vertical structures is stronger compared with those of larger depth. On the other 331 

hand, structures squeezed in lateral dimensions lead to more obvious reflection. But the 332 

reason why lateral sizes have greater effect on reflection compared to vertical sizes still 333 

need further investigation. 334 
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 337 

Fig. 9. The influence of hole parameters on reflectance at normal incidence. (a) Hole 338 

widths. (b) Hole lengths. (c) Hole depths. 339 

3.4 Applicability to solar cells 340 

The optical performance of butterfly wing structures is promising to improve the 341 

efficiency of solar cells. For industrial applications, such bio-mimicked structures should 342 

be able to reduce reflectance for any incident angle. Besides the circumstance of normal 343 

incidence in Fig. 7, the reflectance at a 30° incident angle was calculated and shown in 344 

Fig. 10. Compared to flat silicon model, the butterfly wing structures always reduces the 345 

reflectance. It suggests that the structures of butterfly wing scales have good adaptability 346 

to natural light incidence which makes them applicable for capturing daylight of various 347 



 

 

incident angles. 348 

 349 

Fig. 10. Simulated reflectance for 30° incidence. 350 

The type-I structure gives the lowest reflectance for both perpendicular and oblique 351 

incidence. Such wing structure is featured with V-shape gullies without holes. With a 352 

ridge bottom of 800 nm and ridge interval of 1 μm, it is available to be replicated with 353 

polydimethylsiloxane (PDMS) through a soft lithography method (Kang et al., 2010). The 354 

PDMS replica is easy to be transferred on silicon surface and it can keep both the 355 

microstructural and optical characteristics of butterfly wings. Such preparation process is 356 

quite straightforward and viable for mass production. However, the wing structures of 357 

type-II, III and IV are much more complicated due to the polygonal holes between ridges. 358 

Replicating such wing structures involves multi-steps of masking and etching. It is thus 359 

challenging for industrial production. Moreover, when applied to silicon solar cells, the 360 

replica of wing structures will increase surface recombination (Da and Xuan 2013). In 361 

this case, surface passivation is necessary to mitigate such problem (Schmidt et al., 2018). 362 
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Among current techniques, applying dielectric layers through remote plasma enhanced 363 

chemical vapor deposition (PECVD) is typically used for rear side passivation, and 364 

phosphorous or boron doping is often used for front side passivation (Bonilla et al., 2017; 365 

Allen et al., 2019). Both of them may be applicable in the case of an organic bio-replica 366 

layer. The latest work by using a heat-shrinking printing method showed that direct 367 

patterning and integration of color specified species are applicable in realizing the 3D 368 

photonic structures onto a wide scope of matrixes (Liu et al., 2019). 369 

4. Conclusions 370 

In conclusion, a biomimicry antireflection strategy has been realized on Si-based 371 

solar cells. Different from most bio-inspired routes using the foliage as master, the present 372 

route show that microstructures on animals also benefit light harvesting. Through 373 

experimental and computational methods, we find that introducing wing structures on flat 374 

silicon surface facilitates the reduction of visible light reflectance and thus promotes light 375 

trapping. Gully structures improve the light absorption best, and hole structures are also 376 

useful in case that they are controlled in relatively small sizes. Such findings are useful 377 

for the design and development of optical devices especially those utilized for solar cells. 378 
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