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Antireflective nanostructures for
high-efficiency optical devices
Young Min Song and Yong Tak Lee

Ordered and disordered nanostructures with broadband antireflection
properties can be used in solar cells, LEDs, and transparent glasses.

Light reflection occurs at the interface between two materi-
als with different refractive indices. In semiconductor materials
used in various opto-electronic devices such as silicon and gal-
lium arsenide (GaAs), very high reflectance results from their
high refractive indices (n > 3:0), which seriously degrade device
performance. Single- or multi-layer coatings are commonly used
to suppress undesired reflections, but such thin-film technology
has inherent problems such as adhesion, thermal mismatch, and
stability of the stack.

Recently, antireflective nanostructures (ARNSs) based on the
conformation of a moth’s eye have become promising for use in
high-efficiency optical devices because of their broadband and
omnidirectional antireflection properties. ARNSs have a surface
layer with a refractive index that varies gradually from unity
(air) to that of a bulk material. Therefore, Fresnel reflections are
significantly reduced by ARNSs with tapered features. In par-
ticular, tapering the shape of ARNSs determines the effective
refractive-index profile. Theoretically, a parabola shape has a lin-
ear effective refractive-index profile, so it is the optimal shape for
reducing surface reflection.

Many fabrication methods have been proposed to obtain
ARNSs with tapered functions, including electron-beam/inter-
ference or nanoimprint lithography, nanosphere or colloid
formation, and Langmuir-Blodgett assembly. However, it is dif-
ficult to guarantee the formation of a parabola shape using these
techniques, because the ARNS shape depends on a complicated
process.

We recently demonstrated parabola-shaped ARNSs fabri-
cated by simple process steps based on a combination of laser-
interference lithography, thermal reflow, and subsequent pattern
transfer.1 Use of an additional thermal-reflow process makes
lens-shaped photoresist patterns, which enable pattern transfer
to realize the parabola shape. Figure 1(a) shows a scanning-
electron-microscope (SEM) image of parabola-shaped ARNSs

Figure 1. (a) Scanning-electron-microscope (SEM) image of parabola-
shaped antireflective nanostructures (ARNSs) fabricated by lens-like
shape transfer. Scale bar: 1�m. (b) Photograph of gallium arsenide
(GaAs) substrates without and with ARNSs.

Figure 2. SEM images of ARNSs on GaAs, gallium phosphide (GaP),
gallium nitride (GaN), and indium tin oxide (ITO) substrates fabri-
cated by dry etching of thermally dewetted silver nanoparticles. Scale
bars: 1�m.

on a GaAs substrate fabricated by the lens-like, shape-transfer
method. The fabricated ARNSs consist of parabolic grating
patterns, thus resulting in a linearly graded index profile. The
morphology of the etched surface is extremely smooth and the
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grating patterns are very uniform. The fabricated sample shows
antireflection properties over a broader wavelength range than
that of a flat surface or even conventional cone-shaped ARNSs.
Figure 1(b) shows that the ARNS sample has a very dark surface
because of the lack of light reflection, while the sample with a
flat surface has a highly reflective (mirror-like) surface. By im-
plementing these structures on thin-film crystalline-silicon solar
cells, the cell efficiency can be improved by �25% compared to
double-layer antireflection coatings.2 In addition, nearly 100%
transmittance can be achieved by integrating ARNSs on glass or
polymer materials.3, 4

Our second approach for ARNSs is an overall dry-etching
process using thermally dewetted silver (Ag) nanoparticles. In
this method, the thermal dewetting process of thin-metal films
deposited by electron-beam evaporation provides nanoscale
etch-mask patterns without lithography, enabling cost-effective
fabrication. Moreover, the average nanoparticle size and sepa-
ration can be controlled by film thickness at a given annealing
temperature. Because the fabrication process is not limited to
certain materials, the ARNSs can be fabricated on various sub-
strates (see Figure 2). The shape and height of the fabricated
ARNSs are very different because they are determined by dry-
etching conditions such as process pressure, gas mixture, and
radio-frequency power. Even though the structures fabricated
by this method are disordered and the shapes are far from ideal,
they show broadband antireflection properties that are similar to
those of ordered structures.

For optical-device applications, we first implemented ARNSs
on the top surface of aluminum gallium indium phosphide (Al-
GaInP) red LEDs and achieved a 26.4% improvement in the
light-output power compared to that of conventional LEDs with
flat surfaces.5 The increased output is attributed to the strong
reduction of Fresnel reflection by the ARNSs. The main advan-
tage of Ag nanoparticles is that it is possible to form ARNSs on
a patterned or roughened surface, which makes them easy to
apply on devices. However, it is difficult to form nanopatterns
on a complete device using conventional lithography methods,
because these methods are based on a spin-coating process.
Using similar techniques, we fabricated gallium nitride-based
blue LEDs with ARNSs that showed a 30.2% enhancement of
the light-output power.6

In summary, we have demonstrated ARNSs fabricated by
either lens-like shape transfer or Ag-layer dewetting, which
enable ordered or disordered structures, respectively. The fab-
ricated ARNSs with ordered/disordered structures showed
broadband antireflection properties compared to flat surfaces.
ARNS-integrated LEDs exhibited improved light-extraction per-
formance because of the strong reduction of Fresnel reflection.

We are concentrating the next phase of our research on several
potential optical-device applications such as ARNS-integrated,
thin-film solar cells, highly transparent glasses, flexible films
with ARNSs, and broadband absorptive photodetectors.

Author Information

Young Min Song and Yong Tak Lee
Gwangju Institute of Science and Technology
Gwangju, Korea

Young Min Song is a PhD student. He focuses on antireflective
subwavelength structures for optical-device applications includ-
ing photovoltaic devices, red-green-blue LEDs, and highly trans-
parent optical films. He is also interested in bio-inspired artificial
nanophotonic structures. He has authored or co-authored more
than 20 research papers in international journals.

Yong Tak Lee is a professor and author or co-author of more than
90 patents, 158 journal papers, and 240 conference proceedings.
His major research interests are semiconductor opto-electronic
devices, including distributed-feedback laser diodes, vertical-
cavity surface-emitting lasers, semiconductor optical amplifiers,
photodetectors, red-green-blue LEDs, integrated opto-electronic
circuits, nanophotonic devices, chip-to-chip optical intercon-
nects, and microbeam projection systems.

References

1. Y. M. Song, S. J. Jang, J. S. Yu, and Y. T. Lee, Bioinspired parabola subwave-
length structures for improved broadband antireflection, Small 6, pp. 984–987, 2010.
doi:10.1002/smll.201000079
2. Y. M. Song, J. S. Yu, and Y. T. Lee, Antireflective submicrometer gratings on thin-film
silicon solar cells for light-absorption enhancement, Opt. Lett. 35, pp. 276–278, 2010.
3. Y. M. Song, H. J. Choi, J. S. Yu, and Y. T. Lee, Design of highly transparent glasses
with broadband antireflective subwavelength structures, Opt. Express 18, pp. 13063–
13071, 2010.
4. K. Choi, S. H. Park, Y. M. Song, Y. T. Lee, C. K. Hwangbo, H. Yang, and H. S. Lee,
Nano-tailoring the surface structure for the monolithic high-performance antireflection
polymer film, Adv. Mater. 22, pp. 3713–3718, 2010. doi:10.1002/adma.201090108
5. Y. M. Song, E. S. Choi, J. S. Yu, and Y. T. Lee, Light-extraction enhancement of red
AlGaInP light-emitting diodes with antireflective subwavelength structures, Opt. Ex-
press 17, pp. 20991–20997, 2009.
6. Y. M. Song, E. S. Choi, G. C. Park, C. Y. Park, S. J. Jang, and Y. T. Lee, Disordered
antireflective nanostructures on GaN-based light-emitting diodes using Ag nanoparticles
for improved light extraction efficiency, Appl. Phys. Lett. 97, pp. 093110–093112, 2010.
doi:10.1063/1.3488001

c
 2010 SPIE


