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In this work, the authors present a novel fabrication process to create periodic nanostructures with
aspect ratio as high as 9.6. These nanostructures reduce spectral reflectance of silicon to less than 4%
over the broad wavelength region from 200 to 2000 nm. At the visible range of the spectrum, from 200
to 650 nm, reflectivity is reduced to less than 0.1%. The aspect ratio and reflectance performance that
the authors achieved have never been reported before for ordered tapered nanostructures, to our

knowledge. © 2014 American Vacuum Society. [http://dx.doi.org/10.1116/1.4869302]

. INTRODUCTION

Nanostructured surfaces have been widely studied to
improve the optical properties of both absorptive and trans-
parent materials, such as Si, GaAs, and fused silica.'™ Due
to the subwavelength feature size, nanostructures behave as
an effective medium with a gradient refractive index, sup-
pressing light reflection at material interfaces through adia-
batic impedance matching.'**¢

In the case of silicon, many efforts have been undertaken
to improve light absorption by texturizing the surfaces.
Previous reported solutions achieved reflectance under 1%
in the visible wavelength region, but extending these proper-
ties to broader bands remained challenging.”* Random dis-
tributions of tapered nanostructures are preferred to achieve
broadband low reflectance. In fact, most of the black silicon
fabrication reported in photovoltaic related literature is based
on this kind of structures.”'® However, low reflectivity is
also achievable using periodic nanostructures, which are
more advantageous as they are more controllable, reproduci-
ble, and eliminate possibilities for scatter.' 12

The geometry of the nanostructures is the key to create
surfaces with improved optical properties. To minimize light
reflection, it is particularly important to gradually taper the
structures with small diameter and large height so as to
smoothen the refractive index profile: The higher aspect ratio
of nanocone structures (i.e., the ratio of nanocone height to
the base diameter) the surface has, the less reflectance it
exhibits.>'*'* With this purpose, high aspect ratio periodic
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nanocones have been recently fabricated to increase light
transmissivity of glass. Using a multiple shrinking mask
etching process, nanocones with an aspect ratio as high as 7
have been successfully fabricated directly on top of a fused
silica wafer."”” Nanoimprint lithography has subsequently
been used to replicate these structures in alternate materials
to improve their reflectivity.'®!”

In this work, we present a novel fabrication process based
on a single shrinking mask etching step to create periodic
nanocones with ultrahigh aspect ratios up to 9.6, in order to
achieve ultimate antireflectivity on the surface of silicon in a
simpler way compared to the previous works. These nano-
cones exhibit broadband antireflectivity in the wavelength
range between 200 and 2000nm. Besides, in the visible
wavelength range, the reflectance is suppressed almost
entirely, to less than 0.1%, thanks to the high aspect ratio.
The tapered nature of periodic nanocone arrays makes them
suitable for nanoimprint lithography for replication in alter-
nate materials, as in our earlier work,!®!’ broadening the
possible applications and promoting the scalability of the
technology.'®

Il. EXPERIMENT

The optical behavior of different silicon nanocones has
been simulated using the FDTD (i.e., finite-difference time-
domain) based software opTIFDTD. In the simulation model,
the diameter of the cone base is fixed to be the same as the
period and the top of the cone is reduced to a point. While
the period of the structure is set to the minimum value
achievable with our fabrication method, 170nm, three

© 2014 American Vacuum Society 030602-1
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FiG. 1. (Color online) Simulated total reflectance for periodic nanocones
with three different heights: 650, 1000, and 1500 nm.

different cone heights are considered. As the height of the
cone increases, the change of the effective reflective index
between air and silicon becomes smoother and the reflec-
tance occurred at the optical interface decreases, as
expected. Figure 1 shows the simulated reflectance for three
different heights: 650, 1000, and 1500 nm. The three struc-
tures have reflectance lower than 1% between 300 and
800nm and lower than 7% in the whole studied spectral
range from 300 to 2000 nm. Besides, the reflectance is less
than 0.1% over the wavelength region from 300 to 600 nm
for the nanocones of 1000nm and 1500nm height. As
expected, minimum reflectance is obtained from the
1500 nm height nanocones, totaling reflected energy of less
than 3.5% in the entire simulated range from 300 to
2000 nm.

The height of the nanocone should be chosen according
to the desired application. In the case of the photovoltaic
field, very high aspect ratio structures are not necessarily
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required as they can negatively affect the charges collection
and recombination.'®?® Besides, as the silicon band gap is
at 1150 nm, it is not necessary to reduce reflectance for
higher wavelengths. Therefore, the silicon nanocones of
650nm or 1000nm height could be enough for solar
cell applications. However, higher aspect ratio is still desir-
able for applications with more broadband antireflection
requirements, such as wide-band detector or microwave
absorber.*'*

The fabrication process for ultrahigh aspect ratio nano-
cone arrays is shown in Fig. 2. First, a trilayer for interfer-
ence lithography is deposited on top of a silicon wafer: an
antireflective coating (ARC, XHRiC-16, Brewer Science,
Inc.) to minimize the reflection of light during laser expo-
sure, a thin SiO, layer for improving the pattern transfer to
the ARC, and a negative photoresist layer (THMR-iN PS4
MG, TOKYO OHKA KOGYO CO., LTD) where the pattern
is initially recorded. Then, the sample is illuminated with a
laser light source at 325 nm wavelength by using a Lloyd’s
Mirror interferometer lithographic setup, and after that, the
exposed photoresist is developed to obtain a periodic array
of holes (Fig. 2.1). In the second step (Fig. 2.2), this pattern
is transferred to the SiO, interlayer and subsequently to the
ARC with CF, and O, reactive ion etching (RIE), respec-
tively. Subsequently, hydrogen silsesquioxane (HSQ14,
Dow Corning) is spun on the ARC holes and baked at
200 °C (Fig. 2.3). Part of this layer fills the ARC holes, while
the rest remains on top surface of ARC. The HSQ excess
layer on top of the ARC is first removed by CF, RIE
(Fig. 2.4), and then, the remaining ARC is removed by O,
RIE obtaining a pattern of HSQ posts over the silicon (Fig.
2.5). This pattern is used as a shrinking mask to create the
silicon nanocones during HBr RIE (Fig. 2.6). HSQ posts are
a good mask since the HSQ etch rate is slower than that of Si

(©)
Liquid HSQ baked at
200° C

—>  ARC

Silicon Wafer CF,& 0, Silicon Wafer HSQ Silicon Wafer
RIE spin
coating
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FiG. 2. (Color online) Fabrication process followed to fabricate nanocones with aspect ratios as high as 9.6. The process is based in laser interference lithogra-

phy (LIL) and RIE.
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in HBr plasma, and it also shrinks laterally while Si is etched
deeper, enabling conical shaping of the nanostructures.

Depending on the HSQ mask dimensions and HBr RIE
conditions, different aspect ratio nanocones can be fabri-
cated. To obtain high aspect ratio, the dimensions of the
HSQ posts have to be large enough to resist a deep-
transfer process. To maximize the diameter, we use a neg-
ative photoresist and the HSQ image reverse process
explained before due to the limitation on feature sizes of
positive photoresists.'> The HSQ posts height is limited by
the ARC thickness used in the interference lithography
process.

Etching conditions have to be optimized to obtain the
optimal shrinking speed of the HSQ mask, to reach the
desired structure. 9.6 aspect ratio nanocones with a period of
170 nm and a height of 1640 nm have been fabricated during
25 min of 20 sccm HBr etching process with a chamber pres-
sure of 20 mTorr and a power of 150 W.

lll. RESULTS AND DISCUSSION

Cross-sectional scanning electron micrographs of three
different patterns of HSQ posts on silicon substrates are
shown in Figs. 3(a)-3(c). The nanocones obtained by using
each of these patterns as the mask during the HBr RIE are
shown in Figs. 3(d)-3(f). All the structures have a period of
170 nm, which is the minimum value achievable with laser
interferometer lithography at 325 nm of wavelength. Starting
with a 100 nm height HSQ posts mask, nanocones of 650 nm
height are created. When the mask height is increased to 140
and 200 nm, the height of nanocones can be increased up to
1000nm and 1640 nm, respectively. In all cases, the cones
were fabricated so as to have a linear graded profile, because

030602-3

the etch rates of HSQ posts and silicon during RIE process
were optimized to be constant. The diameter of the structures
ranges from 170 nm at the bottom, where adjacent cones are
touching each other, to less than 20 nm at the sharp tip at the
top. Thus, we achieve a gradual and slow variation of the
effective refractive index from the index of air on the tip of
the cone to the index of silicon on the base.

Reflectance measurements of the nanostructured surface
with 1640nm height nanocones over a wavelength range
from 200 to 2000 nm are presented in Fig. 4. A spectropho-
tometer (JASCO V-670) with an integrating sphere (JASCO
ISN-723) was used to measure the total reflectance which is
the sum of the specular and the diffuse components.
Specular reflectance corresponds to the light coming back
from the surface at the normal direction of the surface (0°),
and it is under 4% between 200 and 2000 nm. This means a
drastic reduction of silicon reflectance, whose general value
is around 30% in the same spectral range with polished
surface.

To separate specular from diffuse reflectance, we tilted
the sample by a small angle relative to the tangential orienta-
tion with respect to the integrating sphere’s entrance aper-
ture. Thus, the light is normally incident so specular
reflection goes backward toward the source and is rejected
by the sphere. Due to the tilt of the sample, a small part of
the diffuse light misses the entrance to the integrating
sphere, while most of it finds its way in. Since the tilt
required for the sample in our apparatus is small (~5°), the
solid angle subtended that misses the integrating sphere’s en-
trance is approximately 1% of 4x. Further, assuming the dif-
fuse light to be quasi-isotropically distributed, the same
estimate of 1% should correspond to the loss of diffuse light
in our approach.

©

FiG. 3. Cross-sectional scanning electron micrographs of three HSQ posts masks used in the HBr RIE process and of the three different final nanocone patterns.
Three different heights of HSQ posts have been used: (a) 100 nm, (b) 140 nm, and (c) 200 nm and three different heights have been obtained: (d) 650 nm, (e)
1000 nm and (f) 1640 nm, respectively. All nanostructures have a period of 170 nm.
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Fic. 4. (Color online) Summed specular and diffuse reflectance measure-
ments for periodic patterns of 9.6 aspect ratio nanocones with a period of
170 nm and a height of 1640 nm. Simulation results of the total front-side re-
flectance are also shown for comparison. In the left inset, a more detailed
graph for both the measurements and the simulation of the total reflectance
between 300 and 1000 nm is shown.

With these caveats, the result of the integrating sphere
measurement for diffuse reflectance (i.e., light backscattered
at all angles from —90° to 90° except the specular reflection
direction) is less than 0.5% at wavelengths from 200 nm to
1050nm, where it abruptly increases to approximately
18%.This steplike behavior of the curve is due to nonab-
sorbed light reflecting on the backside of the silicon wafer.
For wavelengths higher than 1050 nm, light is not absorbed
in the silicon, so it goes through the wafer reflecting again at
the optical interface between the backside of the silicon wa-
fer and the air.** The silicon wafers used for sample fabri-
cation are single side polished, and they have a rough back
surface. The light reflected from the back is diffused so that
there is no abrupt rise around 1050 nm of wavelength in the
specular reflectance measurements. If the goal is to have
broadband antireflection, nanocones could be patterned at
both sides of the wafer to let the light pass through the sub-
strate.® Total reflectance corresponds to the light coming
back at any angle, and it is the sum of both the specular and
the diffuse components. Therefore, it also exhibits the same
sharp rise at around 1050 nm due to diffuse backside reflec-
tion. Simulation data of the total reflectance are also shown
in Fig. 4 for comparison. In the simulation, only the reflec-
tance from the front surface was considered, so as to avoid
the diffuse backside reflection effect. Therefore, the simula-
tion is only comparable with the experimental total reflec-
tance until 1050 nm. In the left inset of Fig. 4, both curves
are shown in detail between 300 and 1000 nm. Reflectance is
under 1% in that region being depicted and under 0.2%
between 300 and 700nm. The slight differences between
simulation and measurements in this wavelength range could
be due to the defects introduced in the fabrication process
that are not considered in the simulation model. For longer
wavelengths, the good agreement between the simulation
and the specular measurements give us confidence that the
diffuse component coming from the front surface is very low
and the total reflectance from the front surface is also less
than 4% until 2000 nm. This is one of the best antireflection
results for silicon in the literature, to our knowledge.

J. Vac. Sci. Technol. B, Vol. 32, No. 3, May/Jun 2014
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FiG. 5. (Color online) Comparison between samples of silicon patterned
with a periodic array of cones with a period of 170nm and a height of
1640 nm (aspect ratio of 9.6) on the left and an untreated polished crystalline
silicon on the right. At the back, the reflected image of the samples can also
be observed when the sample is illuminated by sunlight.

The almost complete suppression of reflectivity in the
range of visible wavelengths leads to the black appearance
of the silicon sample shown in Fig. 5. A piece of the sample
with 1640 nm height nanocones, in the left, is shown to-
gether with a flat silicon surface, in the right, for comparison.
In the back of the image, the reflection of the samples illumi-
nated by sunlight can also be observed. While there is a
bright reflection coming from the polished surface, no reflec-
tion can be seen from the nanocone-patterned silicon.

IV. SUMMARY AND CONCLUSIONS

As a conclusion, periodic nanocone patterns have been fab-
ricated following a simple method which allows to create slen-
der nanostructures with aspect ratios as high as 9.6. These
nanocones drastically reduce reflectance to values under 4% in
the broadband wavelength range between 200 and 2000 nm
and under 0.2% in the visible range of light. Both the aspect ra-
tio and the reflectance results have never before been reported
for ordered structures, to our knowledge. The fabricated high
aspect ratio nanocone arrays are superior in terms of antireflec-
tivity, and the simple fabrication process implemented here is
promising for applications such as photovoltaic cells and
wide-band sensors or absorbers.
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