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An ideal black material absorbs light perfectly over all
wavelengths and is totally nonreflective. Material and
structural design are crucial to the management of
reflectivity. Here, we report a three-dimensionally designed
(3D) silicon structure consisting of silicon pillars. To our
knowledge, this 3D hierarchical surface has the lowest
specular reflectance among silicon-based materials reported
to date.

Solar energy has become the focus of increased attention over the
past decade as fossil fuel resources diminish.' Devices such as solar
cells, which are designed to convert sunlight into usable energy, are
of particular interest.”* Light absorption is the one of the key factors
that affect the conversion efficiency of solar cells.’ The sum of the
transmission, reflection and absorption of the incident flux equals
unity. Thus, reflectance and transmittance must be minimised to
improve light absorption. A typical solar cell can prevent the
transmittance of visible light through the silicon layer (silicon
thickness: 180-300 pm). Thus, minimising reflectance remains a
challenge. However, transmittance through thin-film-type solar cells
is significant. Therefore, new trapping structures that use surface
plasmons have received much attention.*’

The reflectance (R) at a flat interface is a function of the refractive
index (RI). According to the Fresnel equation, R = [(n;— n,) / (n; +
n,)1?, where n; and n, are the Rls of the two media. Thus, the design
of the RI profile is a major concern in developing an anti-reflective
(AR) and highly absorbable surface. There have been many efforts
to develop a new RI profile design that minimises the reflectance of
a silicon substrate. The designs can be classified into two groups: (i)
material and (ii) structural.

The typical material design inserts an AR coating layer having an
intermediate RI, ny, (n; < nyz < n,), between a silicon substrate and
air. A variety of materials including silicon nitride,’ titanium
dioxide'®'" and polymers'? have been utilised as an AR layer. For
example, a silicon nitride coating is the most industrially preferred
for an AR layer because of its excellent surface passivation
properties. Material design provides a limited tunability of the RI
profile, resulting in relatively low AR performance (i.e. reflectance
ca. 10%)."* To overcome the low performance, an advanced design
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using a multi-layered coating with a graded refractive index has been
reported.'*

The structural design is also a significant factor affecting the RI.
In the case of a sub-wavelength structure, the refractive index is
determined not only by the intrinsic optical properties but also its
volume fraction; i.e. the RI can be controlled by varying the
composition of the structure. For example, porous silicon has Rls
ranging from 1.1-3.2 depending on the volume fraction.'> Recently,
a novel bio-inspired nanostructure that mimics the compound eyes of
a moth has been reported. The configuration of a sub-wavelength
array in the eyes generates a graded refractive index'® similar to an
ideal RI profile because the volume fraction gradually changes.
Consequently, the reflectance is reduced dramatically over a broad
band of wavelengths regardless of the incident angle."’

Control of the light path also plays a crucial role in reducing
reflectance. Microtexture that is greater than the wavelength of the
incident light traps the light by multiple internal reflections. Various
shapes of micro-AR surfaces, such as pyramidal'® and
hemispherical'®, have been studied. For example, a glass surface
coated with silica microspheres diminished reflectance (7.6%) and
increased transmittance (92.7%) over visible wavelengths because of
the multiple internal reflections effect.'”

Here, we report a three-dimensionally designed (3D) silicon
structure consisting of cone-shaped micropillars and nanohairy
structures. This structure was prepared using maskless plasma
etching and self-assembly methods. Many previous AR approaches
have focused on the fabrication of a simple and mono-scale structure
such as a periodic nanopillar structure or a microtextured structure.
A multi-layered and hierarchically designed structure enhances light
absorption and carrier collection efficiency. Our micro-/nano-scale
pillar structure not only generates an enhanced graded RI profile in
every part of the surface but also strengthens the multiple internal
reflections. Along with the unique morphology, we used a
polyaniline (PANI) layer as an intermediate layer, which has a lower
RI (1.29-1.63 in the UV-visible range®®) than silicon, to maximise
anti-reflectivity. Consequently, the multi-layered and hierarchical
structure showed near-ideal anti-reflectivity with specular reflection
less than 0.01% (0.0031% at visible wavelengths) and a total
reflectance of 0.5% in the UV—visible-NIR range (300-2000 nm).
To our knowledge, the specular reflectance of 0.0031% is the lowest
ever reported for silicon-based materials.'” Importantly, the anti-
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reflective structure was fabricated using simple and economical self-
assembly-based processes, and did not require accurate optics or
high-temperature thermal processes.
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Fig. 1 Fabrication of a 3D hierarchical silicon surface consisting of high-aspect-
ratio pillars and a sub-wavelength nanostructure. (a) Schematic diagram of
reflection from a polished silicon surface showing strong reflection of UV and
visible light from the flat surface. (b) 1D micropillar silicon surfaces made using
DRIE and based on the “black silicon” method. The surface suppresses the
reflection of most UV and visible light. (c) PANI-coated 3D hierarchical surface
with a hairy nanostructure generated by a dilute polymerisation and capillary
self-assembly process. The surface exhibited extremely low reflectance because
of the unique hierarchical morphology. (d, €) SEM images of a 1D micropillar
silicon surface and a 3D hierarchical surface, respectively. The inset to (e) shows
the magnified image of a silicon micropillar with a PANI-coated nanostructure.

Figure 1 shows schematic diagrams of the 3D hierarchical silicon
surface. Reflection and refraction of light occur at the interface of
two different media. According to Fresnel’s equation, reflection is a
function of the difference in the refractive indices.”' Silicon has a
relatively high refractive index of 3.42 (crystalline),” whereas air
has the lowest refractive index of 1.00. A polished silicon surface
has a discontinuous refractive index profile, resulting in high
reflectance (Figure 1(a)).

A more complex structure is necessary to suppress reflectance.
Here, we propose two strategies: (i) maximise internal reflection
using a trapping structure such as a hierarchical structure, and (ii)
increase interfacial absorption by generating a graded refractive
index using a sub-wavelength structure. Hence, we fabricated a 3D
silicon surface consisting of bundled micropillar and nanohairy
structures.

A silicon surface textured with micropillars was formed by DRIE
based on the “black silicon” method.?>** With this method, residual
micromasks are formed on the silicon surface.”® The process did not
require any pre-processes, including lithography, and enabled the
production of nanostructures at high throughput and low cost. Also,
various crystal structures of silicon, including single-crystalline,
polycrystalline and amorphous silicon can be used with this
method.?® The maskless etched micropillars had a high aspect ratio
with a length of ca. 20 um and a width of ca. 1 um and a tapered
structure, which could generate a graded refractive index (Figure
1(d)). Previous work reported that a one-dimensionally structured
micropillar silicon surface (1D micropillar surface) minimised
reflectance over a wide range of wavelengths by controlling features
of the architecture, such as its length and density.***” However, the
1D microtextured surface was sparsely populated with a between-
pillar distance of 1-3 um (Figures 1(d) and 2(a)). In the plan view,
the 1D micropillar surface occupied a small fraction of the silicon
surface and had limited anti-reflectivity. The experimental data
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indicated that the pillar structures had excellent anti-reflectivity over

Fig. 2 SEM images of the micropillar structure and the self-assembled 3D
hierarchical structure. (a) Plan and cross-sectional (inset) SEM views of the
micropillar silicon surface. (b) SEM plan view of the 3D hierarchical structure. (c—
d) Magnified SEM images of the 3D hierarchical structure

the UV-visible wavelengths but not in the IR range.

Figure 1(c) and (e) show the final 3D hierarchical silicon surface
(3D hierarchical surface). To enhance anti-reflectivity, the 1D micro
silicon structures were coated with PANI wusing a dilute
polymerisation method to form a hairy nanostructure.”®*’ The dilute
polymerisation method is a simple and self-assembly method, which
can be used to coat numerous surfaces, regardless of the material or
morphology. All surfaces were completely coated to a thickness of
ca. 200 nm. The nanostructure had a sub-wavelength architecture
with diameters of 20-40 nm and a length of ca. 100 nm. (Figures
2(d) and S1 in ESI{) The sub-wavelength structure plays a similar
role in the nanonipple array of a moth’s eye; i.e. to generate a
tapered refractive index, resulting in minimising the reflectance of
the interface.'®*

Additionally, the nanostructured Si pillars self-assembled as the
aqueous solution evaporated. During evaporation, tens of pillars
bundled up and reorganised into a cone shape. The morphology of
the self-assembled structure can be modified by controlling the
design parameters such as surface tension and stiffness.’’ This
bundled pillar structure on the surface occupied a larger area than a
structure comprising perpendicular pillars across a 1D micropillar
surface (Figure 2(b)). The bundled pillars maintained their shape
after drying by van der Waals forces. The unique architecture of the
self-assembled pillar structure provided excellent anti-reflectivity in
the broadband wavelength range (including IR) because the complex
cone shape consisting of bundled micro-/nanopillars maximised the
trapping of light.

The specular reflectance and total reflectance of a polished bare
silicon surface, 1D micropillar surface, and 3D hierarchical surface
were measured over the UV—visible-NIR range. Figure 3(a) is a
graph of the specular reflectance as a function of wavelength of the
three types of silicon surface; i.e. polished, 1D micropillar, and 3D
micro/nano. The polished silicon surface had a relatively high
specular reflectance in the UV-visible-NIR range. The polished
silicon had an average specular reflectance of ca. 54, 35 and 31% in
the UV (300-400 nm), visible (400-800 nm) and NIR (1200-2000
nm) ranges, respectively. The 1D micropillar surface dramatically
reduced the specular reflectance over the entire wavelength range,
with average specular reflectances of 0.0421, 0.0822, and 0.3197%
over the same UV, visible, and NIR ranges, respectively. These
specular reflectance results are in good agreement with previous
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Fig. 3 Specular and total reflectances of polished, 1D pillar and 3D hierarchical
surfaces as a function of wavelength from UV (300 nm) to the NIR (2000 nm). (a)
Specular reflectance. (b) Total reflectance. The step increase at 1100 nm relates
to the indirect band gap of silicon. (c) Expanded graph of (a) for the UV—-visible

range. (d) Expanded graph of (b) for the same range.

studies concerning nano- or micropillar silicon.'™** For example,
Huang et al. reported an anti-reflective Si surface with a specular
reflectance of ca. 0.01% in the visible range.'” The 3D hierarchical
surface had an extremely low reflectance, with average specular
reflectances of 0.0046, 0.0031 and 0.0102% in the same UV, visible,
and NIR ranges, respectively. To our knowledge, this 3D
hierarchical surface has the lowest specular reflectance of silicon-
based materials reported to date.

The 3D hierarchical surface also reduced the total reflectance.
The polished bare silicon surface had a relatively high total
reflectance in the UV and NIR ranges (Figure 3(b)). The average
total reflectances in the UV, visible and NIR ranges were ca. 62, 39
and 48%, respectively. The increase in total reflectance beyond 1100
nm is related to the indirect band gap of silicon.*® Additionally, the
noisy reflectance at 350 nm in Figure 3(d) corresponds to changing
of a source lamp. The total reflectance of the 1D micropillar surface
was suppressed in the UV—visible-NIR ranges. In particular, the
total reflectance in the UV and visible ranges was dramatically
reduced to an order-of-magnitude lower than that of polished silicon;
the average total reflectance decreased from ca. 62 to 1.2% in the
UV range and 39 to 3.0% in the visible range. However, the
reflectance in the NIR decreased only 10%, from 48 to 38%. This
irregular reduction has been reported previously for 1D-structured Si
surfaces.*® The 3D hierarchical surface, on the other hand, exhibited
excellent anti-total reflectivity (<1%) over the UV-visible-NIR
ranges (Figure 3(b)). The surface had an average total reflectance of
0.6414, 0.4633 and 0.5215% in the UV, visible and NIR ranges,
respectively. Table 1 summarises the specular and total reflectance
for various Si surfaces. The 3D hierarchical surface reduced the
specular reflectance to less than 107 that of the polished silicon
surface in the UV and visible ranges.

The extremely low specular and total reflectances are related to
the morphology of the 3D hierarchical surface, as noted previously.
The cone-shaped micropillar clusters initially change the path of the
incident light. The scattered light is reflected several times and
becomes trapped in the 3D hierarchical structure. As the light path
increases, so does the likelihood of the light being absorbed.
However, a scattering effect could diminish the specular reflectance.
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Table 1 Average specular and total reflectances in the UV-visible—NIR ranges.

Specuiar refiectance %)

Polish
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Bfcinad 1 RAi 3D Micro
Polished 1D Micro o
nano
UV (300400 nm) 615751  1.1842  0.6414
Visible (400-800 nm)  39.0719  2.9879  0.4633

This explains the low specular reflection of the 3D hierarchical
structure. The hierarchical structure also generated a near-ideal
graded RI profile. The tapered micropillar structures (width: 100 nm
(apex), 1 pm (base); length: 20 um) generated a continuously graded
RI profile.'"” However, the dimensions of the microstructure were not
sufficiently small to prevent all reflection and scattering. Only the
apex of a silicon pillar had a sub-wavelength scale. To suppress
reflection over a broad range of wavelengths, the surface structure
must be reduced to the sub-wavelength scale. Our 3D hierarchical
surface was covered with nanostructures having diameters of 20-40
nm, which are much smaller than the incident wavelengths (300—
2000 nm). Conformal covering of nanostructures could prevent the
reflection of scattered light as well as direct incident light.

The structured surface maintained its anti-reflectivity over a wide
range of angles of incident light (Fig. S2, ESIt). The reflectance of
the polished surface changed with the incident angle. The 1D
micropillar surface and the 3D hierarchical surface maintained their
anti-reflectivities regardless of the incident angle. Also, the surface
exhibited excellent superhydrophobicity with a high water contact
angle (CA) and low sliding angle (SA). The 3D hierarchical surface
had a static CA of 179° and SA of < 1° (Fig. S3, ESI{). The
improved anti-reflection properties and excellent anti-wetting
properties of the surfaces could have extensive applications in
renewable energy and electro-optical devices.

In summary, a novel 3D hierarchical silicon surface that consisted
of high-aspect-ratio pillars and a sub-wavelength nanostructure was
fabricated. The surface had near-ideal anti-reflection properties with
an average specular reflection of < 0.01% (0.0031% at visible light
wavelengths) and average total reflectance of ca. 0.5% over the UV—
visible-NIR ranges. Moreover, the anti-reflective hierarchical
structure was readily made using a maskless dry etching and a self-
assembly process without invoking a nano-patterning process. Our
facile fabrication approach for the 3D structure is an alternative
strategy for production of a perfect anti-reflective surface and
overcomes the shortcomings of current 1D-structured surfaces.
Although the 3D surface had excellent anti-reflective properties, we
believe that the hierarchical structures are not fully optimised. We
anticipate further improved performance over a wide range of
wavelengths with more complex shapes and hierarchical structures.

This work (2012R1A2A2A06047424) was supported by Mid-
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We successfully demonstrate a novel three-dimensionally designed (3D) silicon structure, which has the
most advanced property in the previous anti-reflective materials.
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