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Nature routinely produces nanostructured surfaces with useful
properties'™, such as the self-cleaning lotus leaf’, the colour of
the butterfly wing®, the photoreceptor in brittlestar’ and the
anti-reflection observed in the moth eye®. Scientists and
engineers have been able to mimic some of these natural
structures in the laboratory and in real-world applications®'2.
Here, we report a simple aperiodic array of silicon nanotips on
a 6-inch wafer with a sub-wavelength structure that can
suppress the reflection of light at a range of wavelengths from
the ultraviolet, through the visible part of the spectrum, to the
terahertz region. Reflection is suppressed for a wide range of
angles of incidence and for both s- and p-polarized light. The
antireflection properties of the silicon result from changes in
the refractive index caused by variations in the height of the
silicon nanotips, and can be simulated with models that have
been used to explain the low reflection from moth eyes®!>14
The improved anti-reflection properties of the surfaces could
have applications in renewable energy and electro-optical
devices for the military.

In biomimetics it is critical to define both the morphology
and the dimensions of the nanostructure to produce the desired
functionality>**. For instance, it can be shown that the optimized
anti-reflection properties of the moth eye are not only due to
the two-dimensional sub-wavelength structures, but are also a
result of the continuously tapered morphology observed on
the surface of the eye. In addition to generating a superior
graded refractive index profile between the air and the surface
(of the eye or substrate), this combination also exhibits an
optimum anti-reflection property over a wide range of angles
and wavelengths!#~1¢. Reflection losses have been suppressed at
short wavelengths (below 2.5 um)!'’, but there have been few
reports of anti-reflection structures that work at long wavelengths
(above 10 pm)'8.
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There are a variety of techniques for fabricating anti-reflection
nanostructures'”!®, but some involve conventional wet etching®,
producing porous surfaces that can be rather fragile, and other
approaches involve lithography, which is often either too
expensive or unsuitable for making sub-wavelength structures
with high aspect ratios over large areas’!~?*. These difficulties
have hindered the use of anti-reflection nanostructures in
applications such as solar cells, electro-optical devices and
sensors?~2°, This article tackles the challenge of taking the shine
off silicon with the help of a large-area biomimetic silicon
nanotip (SiNTs) structure. We show that the aperiodic or
randomly grown SiNTs can achieve levels of reflection that are
lower than those demonstrated by conventional multi-material
films over a broad range of wavelengths!”!®2! and angles of
incidence (AOI). Moreover, performance is almost independent
of the polarization of the incident light.

Figure la compares an optical photograph of a 28-square-inch
(6-inch diameter) single-crystalline silicon wafer (with a polished
grey look) and a wafer composed of SiNTs?”?® (with a dark black
look), indicating the strong anti-reflection property for the latter.
To date, to the best of our knowledge, the largest area of sub-
wavelength structures displaying anti-reflection properties is
about 2.5 square inches?®. Geometric features of the SiNTs
(ref. 29) were characterized by an apex diameter in the range
~3-5nm, a base diameter of ~200 nm, lengths from ~1,000 to
16,000 nm, and a tip density of ~6 x 10°cm~2 (Fig. 1b,c). The
possible application of SiNTs in photovoltaics, for which
absorption is a more relevant property, is demonstrated through
a marked gain in absorption, mostly at the expense of reflection,
over the UV-VIS-NIR region (Fig. 1d).

In the past, it has been difficult to lower the reflectance in
microstructured silicon below 1% in the UV range, and it has

shown an average reflectance of ~1-5% in the visible region'.
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Figure 1 Photographic and scanning electron microscopy (SEM) images of a 6-inch silicon nanotips (SiNTs) wafer. a, Photographic images showing the
6-inch polished silicon wafer (left) and the wafer coated with SiNTs (right). b,c, SEM images showing a tilted top view (b) and a cross-sectional view (¢) of SiNTs of
length 1,600 nm. d, Comparative absorption spectrum of the SiNTs shown in ¢ (filled squares) and crystalline silicon (solid line) over the UV-VIS-NIR region.
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Figure 2 Broadband anti-reflection properties of silicon nanotips (SiNTs). a, Comparison of the hemispherical reflectance (using IS) as a function of wavelength
for a planar Si wafer (solid line, black) and SiNTs (symbols) for L = 1.6 m (green), 5.5 um (blue) and 16 m (red) at UV, VIS and NIR wavelengths. b, Comparison of
the specular reflectance (without IS) as a function of wavelength in the mid-infrared region for an AOI of 30°. ¢,d, Comparison of specular reflectance as a function
of wavelength for a planar silicon wafer (solid line, black) and SiNTs with L = 16 um (red) in the far-infrared (c) and terahertz (d) regions for an AOI of 30°. Inset in
¢ shows the cross-sectional SEM image of the L = 16 um SiNTs. Inset in d compares the reflectance in planar silicon (solid line, black) and SiNTs (symbols, red)
with unpolarized light and an AOI of 30° (filled squares) and 45° (open squares). The solid red lines in the inset of d are guides to the eye.
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Figure 3 Angle of incidence and polarization-dependent anti-reflection properties of silicon nanotips (SiNTs). a—c, Comparison of the specular reflectance
from planar Si wafer (symbols) and SiNTs (solid lines), with L = 16 um, as a function of wavelength for unpolarized (a), s-polarized (b) and p-polarized (c) light at
wavelengths below 2 wm for four different values of AOl: 5° (black), 30° (green), 45°(blue) and 60° (red). Note that the y-axis is linear for planar Si wafer data and
logarithmic for the SiNT data. d—f, Comparison of the specular reflectance from a planar Si wafer (solid lines) and SiNTs (symbols), with L = 16 m, as a function of
wavelength for unpolarized (d), s-polarized (e) and p-polarized (f) light at wavelengths between 2.5 and 20 m for four different values of AOI: 30° (black),

60° (green), 75° (blue) and 80° (red). Note that the y-axis for each panel is different, and that the planar Si and SiNT data in f are drawn in separate graphs

for clarity. The direction of the arrows indicates the variation in reflectance as the angles of incidence were increased.

The anti-reflection performance of silicon in the long wavelength
range is relatively poor. In this context, SINTs demonstrate an
improved anti-reflection property as a function of wavelength in
the region ~0.3-1,000 um (Fig. 2). Hemispherical reflectances
(diffuse + specular) of SiNTs using the integrating sphere (IS) are
shown in Fig. 2a. The results show that long (>5 pwm) SiNTs
have an average reflectance of <1% over 0.5-2.5 um range.
However, more importantly, we demonstrate an average
hemispherical reflectance of 0.2% in the 0.25-0.4 um range,
which is the least reported to date, to the best of our knowledge.
The hemispherical reflectance of SiNTs (length L of ~1.6 wm)
will increase slightly beyond 1,100 nm because of the decrease in
the absorbed component of the light below the indirect bandgap
of Si (1,100 nm)?!. The best specular reflectance values (without
IS) for SiNTs are below 2 and 30% for the mid-IR and far-IR
ranges, respectively (Fig. 2b,c). A comparison of the specular and
hemispherical reflectance in the UV-VIS-NIR region (see
Supplementary Information, Fig. S1) has been made to test the
effect of the random nature of these SiNTs. Figure 2d
demonstrates the results of the anti-reflection properties of SiNTs
when put through the ultimate test in the terahertz region (THz,
200—1,000 pm) in the s-polarized mode with AOI = 30°. The
reflectance in the 16-pm-long SiNTs is less than that of planar
silicon by at least 10% in the 0.7-1.5 THz regime, but the
reflectance values in the two converged near 0.3 THz (1,000 wm)
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mark. The inset in Fig. 2d confirms a suppression of reflectance
for unpolarized light in the THz regime in the SiNTs compared
to planar silicon under 30° and 45° AOI (see also Supplementary
Information, Fig. S2, for the data in the THz regime using
polarized light). Although most of the lithographically prepared
ordered sub-wavelength structures fail in this regime, the
aperiodic SiNT structure clearly shows its unusual capacity in
subduing the reflectance over the extended wavelength regime of
0.3-1,000 wm in the unpolarized mode. A better anti-reflection
performance may be possible in this THz range with further
optimization of the nanotip length as described later.

In order to perform as a good anti-reflector, the structure must
show low reflectance over a wide range of AOI values for both forms
of light polarization, s and p (ref. 30). This is shown in Fig. 3 for
16-pm-long SiNTs. First, the reflectance from planar silicon and
SiNTs surfaces were compared using unpolarized light at
wavelength ranges 0.3-2.2 um and 2.5-20 um, respectively.
Generally, for the polished Si substrate the specular reflectance
varies strongly with AOI for both s- and p-polarized light
(Fig. 3b,c). In contrast, SiNTs are not highly sensitive to
polarization; the specular reflectance of the 16-pm-long SiNTs
remains below 1% at AOI values between 5° and 60° for both
s- and p-polarized light (Fig. 3b,c) in the UV-VIS-NIR region. In
the mid-IR range the reflectance is below 20% for the same
sample with s- and p-polarized light within the AOI range of
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Figure 4 Gradient refractive-index profile simulation of the surface of the
SiNTs. a, Refractive-index profile of the SINT surface. Three distinct regions
(described in the text) were observed: region | with refractive index close to 1.0,
region Il with a graded index, and region Ill with refractive index close to 3.8.
The top left inset shows a cross-sectional SEM image of the SiNTs showing the
three distinct regions. The bottom right inset shows the refractive-index profile
of the polished Si wafer, for reference. b, The reflectance of the Si wafer and
the SiNTs (L = 1.6 um) as a function of angle of incidence using s- and
p-polarized light of 632.8 nm wavelength; the line joining the data points as well
as the symbols (red) represent the simulated (calculated) reflectance data for
SiNTs (L = 1.6 jum) using the profile in a. The top right inset in b shows the
optical image of the laser spot at an AOI of 85°. The measured reflectance data
for planar Si with unpolarized light are also shown.

30-80° (Fig. 3e,f). For the sake of comparison, the reflectance
versus wavelength data using polarized light for three different
lengths of nanotip samples have been provided at AOI values of
30° and 60° (see Supplementary Information, Fig. S3). Barring
monochromatic measurements, most sub-wavelength or quarter-
wavelength structures, independent of the material used, show a
suppression of reflectance below an AOI of 60° (in an extended
VIS to IR region)!®21:2331-34 whereas in this case the suppression
could easily be observed up to 70°. The reflectance from the
aperiodic SiNTs demonstrates a minimum sensitivity to the angle
of incidence compared with periodic multilayer coatings and sub-
wavelength structures, as well as non-periodic porous materials.

In order to interpret the wide angle and polarization-
independent anti-reflection properties, the gradient index of
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refraction was applied to the SiNTs and the refractive-index
profile determined by theoretical analyses® and simulated fitting
(WVASE, see Methods and Supplementary Information, Fig. S4).
The best refractive-index profile to simulate the measured data
was only generated (Fig. 4a) for a SiNT array of length 1.6 pm,
by assuming three layers of Si, instead of one, having graded
refractive index. Three distinct regions appear in the refractive-
index profile to fit the reflectance spectra as shown in Fig. 4b.
Region I is near the apex of the SiNTs, and serves as the air—
SINT interface and covers about 550 nm from the top of the
SiNTs. Region II has a depth of ~1,000 nm from the bottom of
Region I and constitutes the bulk of the SiNTs. Region III
extends about 50 nm from the base of the SINTs and serves as
the SiNTs—Si interface. Regions I and III, having values of
refractive index close to that of air (1.0) and Si (3.8 at 632.8 nm),
respectively, behave as the two limits of the refractive-index
profile of the SiNTs. Region II has a refractive index graded with
the volume fraction of Si as one goes deeper into the SiNTs.

In contrast with the gradient refractive index obtained in
multilayered coatings or multi-material structures'”**, the SiNTs
result in a smooth profile with only a single element, with silicon
having the optimum structure. Defining volume fraction as the
ratio of Si to the total volume, we estimate that Si makes up
<0.5 of the volume of the whole SiNTs array having different
nanotip densities. Using the Bruggeman effective medium
approximation®, a reasonable effective refractive index of the
SiNTs was found to be between 1.6 and 1.8. The improved
flatness of the refractive index profile near the air—silicon
interface® is key to anti-reflection performance. Longer apexes
(Region I) of the SiNTs have been shown to reduce reflection
both as a function of the AOI and wavelength (see
Supplementary Information, Fig. S5). We believe these nanotip
structures are not fully optimized. Taking our cue from grating
structures with groove depths exceeding 30 wm, conventionally
used in the THz regime®, we believe that longer nanotips
would perform better in the THz regime as they would have a
finer refractive-index gradient at the air—solid interface. However,
we did not observe any loss of anti-reflection performance at
short wavelengths due to increasing lengths of the SiNTs (Fig. 2a;
see also Supplementary Information, Fig. S5). In conclusion, the
excellent anti-reflection properties observed in the SiNTs are
close to near-ideal anti-reflection coatings'>¥.

METHODS

FABRICATION OF SILICON NANOTIP ARRAYS

Uniform arrays of aligned SiNTs were formed on n*-type (p = 0.001-0.005
-cm) single-crystalline silicon (100) wafers by a high-density electron cyclotron
resonance (ECR) plasma etching using reactive gases comprising silane (SiH,),
methane (CH,), hydrogen (H,) and argon (Ar). A detailed description of SINT
formation using the self-masked dry etching technique can be found elsewhere?’-%°.

OPTICAL MEASUREMENTS
Optical reflectance measurements on SiNTs were carried out using five optical
measurement systems. A JASCO-V570 (UV-VIS-NIR) spectrophotometer
attached with an integrating sphere was used for the reflectance/absorption
measurements in the UV-VIS-NIR range. The specular reflectance and
polarization-dependent reflectance as a function of wavelength (250—2,000 nm)
and various angles of incidence (5—60°) were measured with a JASCO ARN-475
spectral measurement accessory and ARG-476 polarizer. However, care was taken
to ensure that the sample size (3 x 3 cm?) far exceeded the elliptical spot size
(Fig. 4b, inset) at large AOI values.

A stabilized helium—neon laser (632.8 nm) with frequency stability of
+5 MHz was used to measure the reflectance-incident angle spectrum (25-85°).
The angular resolution of the instrument was 0.01°.

AThermo Nicolet 6700-Fourier transform infrared (FTIR) spectroscope was
used for the mid-IR region (4,000—-500 cm~!) (Fig. 2b,c), which had a resolution
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of 4 cm ™! and uses a deuterated tryglycine sulphate (DTGS) detector. The system
had a Spectra-Tech Model 500 Variable Angle Specular Reflectance accessory
(20-85°) and infrared polarizer. A Bruker IFS 66 v/s FTIR spectroscope was used
for the far-IR (500—50 cm™!) spectral region, with an FIR deuterated tryglycine
sulphate/polyethylene (DTGS/PE) detector and Hg light source.

The measurement in the THz regime used a reflective-type THz—time
domain spectroscopy (THz-TDS) system with a THz incident angle of 30°.
We used 1-mm-thick ZnTe as an emitter with 100 mW Ti:sapphire laser
excitation. The detector was a dipole-type photoconductive antenna fabricated
on a low-temperature GaAs substrate with 5-pm gap in the centre and 30-um
dipole length, which was gated by a 30 mW gating laser.

OPTICAL MODELLING AND SIMULATION

Assuming a single graded layer between air and substrate, three types of gradient-
index profile were constructed using linear, exponential and exponential sine
variations® using an optical software (WVASE 32, J.A. Woolam; see
Supplementary Information, Fig. S4a,c,e). The same software was used to
simulate the reflectance data (see Supplementary Information, Fig. S4b,d,f).
However, the best fit to the measured reflectance data was obtained with a profile
constructed assuming three graded layers using this software.

Received 31 August 2007; accepted 2 November 2007;
published 2 December 2007.
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