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We present disordered moth eye structures on curved surfaces fabricated by dry etching 

of thermally dewetted metal nanoparticles. This lithography-free fabrication allows the 

formation of subwavelength scale nanostructures on the strongly inclined surfaces such as 

ball lens as well as on the microlens arrays with low curvature. In particular, we found that 

the size and average distance of nanostructures are closely related to the inclined angle of 

the surface. Experimental results on oblique angle deposition of metal thin films followed 

by thermal dewetting also support these effects.
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I. Introduction

Moth eye structures that has broadband and 

omnidirectional antireflection properties have been 

extensively studied for advanced optical and optoelectronic 

devices [1-4]. The surface of the compound eyes in 

nocturnal insects consists of subwavelength structures 

with a tapered profile on thousands of hexagonal 

microlens arrays which is called cornea. The former 

acts as a homogeneous medium with a graded 

refractive index profile to reduce Fresnel reflection at 

the surface, and the latter focuses the incident light 

towards the photoreceptor cells known as rhabdom. 

These hierarchical micro- and nanostructures also 

show antifogging effects as well as efficient light 

collection properties [5,6]. Such multi-functional 

characteristics can be used for high-efficiency optical 

components, solar cells, light emitting diodes and 

self-cleaning devices. Bioinspired artificial compound 

eyes have been studied from several research groups 

and their optical performance and imaging characteristics 

are very similar to those of natural compound eyes 

[7,8]. However, only a few studies have reported on 

the integration of moth eye nanostructures across the 

entire surface of artificial cornea (i.e., microlens 

arrays). Previous studies on the hierarchical micro- 

and nanostructures mainly focused on the optical 

characteristics of each structure and important details 

related to the geometry of nanostructures were not 

optimized [9,10].

There are a lot of fabrication procedures for 

nanoscale structures including electron-beam or laser 

interference lithography, nanoimprint lithography, 

nanosphere or colloid formation, metal nanoparticles, 

and block co-polymer [11-16]. For the fabrication of 

such nanostructures on the curvy or roughened surfaces, 
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Figure 1. Schematic illustration of the fabrication procedure for the disordered moth eye structures on curved 
surfaces of glass substrate.

the etch masks should be located on the whole 

surfaces with a uniform feature. In this point of 

view, conventional lithography or spin coating based 

approaches are not adequate for this purpose. In this 

study, we fabricate artificial moth eye structures on 

the curved surfaces of transparent glass substrates 

by top down approach with thermally dewetted metal 

nanoparticles. Detailed fabrication procedures and 

resulting structures are discussed.

II. Experimental Details

The schematic diagram of process steps for fabricating 

the compound eye surface structures that consist of 

tapered nanostructures on the microlens arrays is 

illustrated in Fig. 1. Before the fabrication process, 

glass substrates with a size of 2×2 cm2 was cleaned 

in acetone and methanol, rinsed in de-ionized water, 

and dried in flowing nitrogen gas. For the microlens 

arrays, photoresist (PR) patterns with a 2-dimensional 

closely-packed hexagonal shape were formed on glass 

substrates by a conventional photolithography. The 

diameter of each microlens was set to 20 μm, which 

is similar to that of corneal of natural insects [17]. 

For instance, natural bees has cornea with a diameter 

of 20∼36 μm and they have a F-number of 2.7∼3.3 

[18]. In order to convert PR pattern from cylinder to 

lens, thermal reflow process were conducted on a hot 

plat at a temperature of 180oC for 90 s. Subsequently, 

the samples were etched by using a reactive ion 

etcher (RIE, Plasmalab 80 Plus, Oxford Instrument 

Co., UK) with a gas mixture of CF4/O2. Control of 

etch selectivity between PR and substrate allows 

transferring of PR shape into the glass substrate. The 

remaining PR residues were removed by an oxygen 

plasma process.

For the formation of moth eye structures on the 

overall surface of lens arrays, the Ag thin films with 

thickness of 15 nm were deposited on the glass 

samples by an e-beam evaporation. To obtain the 

nanoparticles, the samples were thermally treated by 

rapid thermal annealing at a temperature of 500oC for 

1 min in a N2 environment. During the thermal dewetting 

process, the Ag thin films are agglomerated into the 

nanoscale particles to minimize a surface free energy, 

which results from the increased surface energy of Ag 

by the heating. This mechanism is similar to Ostwald 

ripening. The dry etch process was repeated with 

these NP masks in RIE. The gas mixture, process 

pressure, and RF power were adjusted to generate 

tapered nanostructures. To remove the residual Ag 

NPs, the sample were dipped into nitric acid (HNO3) 

for 1 min. The surface morphology and etched profiles 

of the prepared samples were observed using a 

field-emission scanning electron microscope (FE-SEM, 
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Figure 2. (a) Scanning Electron Microscope images of fabricated artificial compound eye surface structures with
hierarchical micro- and nanostructures, which have similar dimension of natural compound eyes. Inset
shows the SEM image of microlens arrays without nanostructures. (b) Magnified image of (a).

S-4700, Hitachi) with an operating voltage of 10 kV. 

III. Results and Discussion

Fig. 2 shows the SEM images of the fabricated 

compound eye surface structures with hierarchical 

micro- and nanostructures. As a reference, simple 

microlens arrays without nanostructures are also 

shown in the inset of Fig. 2(a). In a low magnification 

view, the surface of artificial compound eye reveals 

slightly roughened surfaces after the SWS formation, 

while simple microlens arrays show smooth surface. 

Nocturnal insects have tapered subwavelength structures, 

known as moth eye structures, with a period of ∼200 

nm. The height of these structures is in the range of 

150∼200 nm. It is well known that tapered nanostructures 

with such period and height allow broadband and 

omnidirectional antireflection. When the light is 

incident on the grating structure with a period Λ, the 

angles of the reflected diffraction waves  r,m in the 

m-th diffraction order are given by the following 

grating equation:

sin r,m=
mλ+sin in

where n is the refractive index of incident medium, 

 i is the incident angle, and λ is the incident 

wavelength. If the period of gratings becomes much 

smaller than the optical wavelength, we find that 

only zeroth order diffraction is allowed to reflect and 

all the others are evanescent. Because longer period 

over 200 nm induces higher order diffraction in the 

UV and visible wavelength ranges, the period should 

be sustained near 200 nm. From the observation and 

the image process with a commercial software (ImageJ 

1.42, NIH), the average diameter and height of 

nanostructures were estimated to be ∼220 nm and 

∼250 nm, respectively. Even though the fabricated 

structures have disordered patterns, it affords 

broadband antireflection property because the average 

diameter is in the subwavelength regime and the 

structure has inclined structure, which results in 

effective graded index medium. Since taller height 

guarantees low reflection at longer wavelength regions, 

the obtained structure would provide broader antireflection 

ranges compared to natural moth eye.

Since thermally dewetted NPs can be coated on the 

various curved geometries, these structures can be 

integrated on other optic components, such as prism, 

ball lens, and facet of optical fibers, to improve 

optical transmittance. Because most of transparent 

optic components have a refractive index of ∼1.5, 

the moth eye structure could enhance ∼4% of 

transmittance. In this experiment, we applied moth 

eye structures on the ball lens with a diameter of 2 
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Figure 3. (a) SEM image of the ball lens with Ag nanoparticles on the surface. (b)∼(f) Magnified images of (a) 
at five different positions, from center to edge, indicated in figure (a).

Figure 4. (a) Schematic illustration of oblique angle deposition of Ag thin films, (b) SEM image of thermally dewetted
Ag films at 500oC for 1 min under a nitrogen atmosphere. Ag films were deposited by using an E-beam
evaporator with incident flux angles of (a) 0o, (b) 35o, (c) 55o, and (d) 70o, respectively.
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mm. Fig. 3 shows the SEM image of (a) ball lens (top 

view), and (b∼f) generated NPs at five different 

positions from center to edge. As shown in Fig. 3, it 

is noted that the Ag NPs are coated on the whole 

hemispherical surface of the ball lens. At center 

areas, the shape and size of Ag NPs are similar to the 

adjacent area. However, the size and average distance 

of NPs rapidly decreases as the position moves to 

edge area. These effect disturb uniform distribution 

of nanostructures during dry etch process which leads 

unexpected optical characteristics. In general, this 

size reduction occurs when the initial film thickness 

decrease. Annealing temperature also gives mild change 

of NPs size. The effect of other variables on NPs 

geometry is not well known.

We assumed that the distribution of NPs is affected 

from the incident vapor flux angle of metal films 

deposition during e-beam evaporation process. To 

validate our hypothesis, we conducted Ag thin film 

deposition with different incident vapor flux angles 

in the E-beam evaporator. Fig. 4(a) shows a schematic 

illustration of the oblique angle deposition (OAD) 

setup, which uses an e-beam evaporator. In this 

experiment, we deposited Ag thin films with four 

different incident flux angles, i.e., 0o, 35o, 55o, and 

70o, respectively. After metal deposition, annealing 

process was also conducted at 500oC for 1 min. As 

depicted in Fig. 4(b), higher angles result in smaller 

size of Ag nanoparticles, and in particular, these 

tendencies are same as the result of ball lens 

experiment. Because the OAD of films induces porosity 

with the deposited films, effect thickness of films 

decreases as the incident angle increases. This low 

density films are converted to small-sized NPs during 

the dewetting process. On the basis of the effective 

medium, the tapered subwavelength structures with 

smaller period have broader antireflection ranges, 

especially in the shorter wavelength region, which is 

positive effect for high efficient optical component. 

On the other hand, smaller etch mask patterns yield 

difficulties in the fabrication. Hence, it is needed to 

choose optimum size and etch condition by considering 

abovementioned trade-off.

IV. Conclusions

In this work, we fabricated subwavelength scale 

nanostructures on two different curved surfaces, i.e., 

microlens arrays with low curvature and ball lens 

with hemispherical surfaces, for high-efficiency optical 

device applications. In case of microlens arrays, we 

achieved successful demonstration of artificial compound 

eye surface structures in terms of the geometrical 

parameters. For the surfaces with a high curvature, 

we found that scaling issues on the NP size occurs at 

edge area due to the inclined deposition of Ag thin 

films during the evaporation. Additional OAD experiments 

support this effect. We are expecting that the 

fabrication process and detailed experimental results 

obtained from this study would be beneficial for the 

fabrication of high-efficiency optical components and 

optoelectronic devices.
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