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Abstract

In this paper, we investigate optical absorption characteristic of highly ordered subwavelength 2D
nanocone arrays which are fabricated by single-step deep reactive ion etching with nanosphere li-
thography. By changing reactive gas content, we successfully achieved various sidewall profiles
which determine absorption characteristic of 2D nanocone array. Our total absorption measure-
ment results show that the absorption of crystalline Si is improved from 68% to ~95% over a broad
wavelength range of 400nm to 900nm with Si nanocone array.

1. Introduction

After first demonstration of solar cell, many researchers have been strived to improve photovoltaic
efficiency and an economical rationality. Due to the innate high refractive index value of silicon (Si)
material, Si based solar cell suffer from a low absorption of the solar energy. Therefore the cost reduc-
tion and absorption enhancement become a major interest in photovoltaic technology. The surface tex-
turing (such as inverted pyramid etc.) developed for an enhanced light trapping in bulk Si over broad
spectral range and wide incident angle. This could be a better solution than the quarter-wavelength
antireflection coating which can only improve the absorption of a specific wavelength range and lim-
ited angle of incident solar energy. However, due to the thickness limitation, this strategy cannot di-
rectly compatible with thin film Si solar cell, which is about two order of magnitude thinner and
cheaper than bulk Si solar cell. Recently, new strategy of enhanced light absorption based on
nanostructure, such as Si nanocone (SiNC) [1] and Si nanowire (SiINW) [2] is proposed. These
nanostructures can provide a gradually increased nanoscale refractive index structure and minimize
reflection arising from refractive index difference at the Si and air interface.[3] Therefore, it is neces-
sary to investigate the correlation between absorption characteristic and geometry of Si nanostructure.
In this paper, we have fabricated aligned Si nanocone array with various sidewall profile by using
nanosphere lithography and single-step deep reactive ion etching. And we have investigated total
(spectral and diffused) absorption and reflection property of nanostructures on crystalline Si substrate
based on UV/VIS spectrometer with integrating sphere.

2. Sample preparation

Our approach to highly ordered Si nanostructure using self-assembled nanosphere lithography is com-
posed of two steps. The first step is deposition of polystyrene (PS) nanosphere mask. And the second
step is inductively coupled plasma (ICP) etching. Before the deposition, p-type (1 0 0) crystalline sili-

con substrates were cut in to pieces of 20mm x 20mm. Every pieces were cleaned with standard
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RCA I process (kept in a solution of NH,OH (25%), H,0,(30%), and water at 80°C for 15min) to
make hydrophilic Si surface.

The deposition of PS sphere (dia. = 500nm), purchased from Thermo Scientific, begins from intro-
ducing of a nanosphere mixture solution on the surface of deionized water (18 MQ-cm) in a large petri

dish (dia. = 20cm). The mixture solution consists of ethanol and nanosphere water suspension (10%
wi/v) with proper ratio. As you can see the inset of Fig. 1(a), only when we make the suitable mixture
concentration, we can see the iridescent colour from a monolayer of highly ordered 2D close packed
PS nanosphere on the water. Subsequently, the deionized water is drained and evaporated. Finally, the
monolayer of nanosphere was slowly transferred onto the silicon substrate located beneath the petri
dish. [4]

The pattern of PS sphere mask was transferred to the Si substrate via ICP etching. The reactive gas
SFs and C4Fg, and O, were used to remove the substrate and control the sidewall profile of Si
nanostructure. The conventional ‘Bosch’ time-multiplexed reactive ion etching(or deep reactive ion
etching (DRIE)) process consist of alternated etching cycle of SF¢ based Si etch and C,Fg based depo-
sition of fluorinated polymer for sidewall passivation. For the convenience of fabrication, we choose
the single-step DRIE (ICP etching with of SF¢ and C,Fs reactive plasma gas).[5] Due to a vertical side
wall and high Si etch rate, these two reactive gases are popular for nanostructure fabrication.

During the ICP etching, relatively low etching selectivity of the plasma gases to PS sphere mask
makes a Si nanocone via simultaneous removal of PS sphere mask and Si substrate.[3] And we show
that the side wall profile of nanocone can changed by adjusting a small amount of additional O, plas-
ma gas (about 10sccm). Therefore, we can achieve the fabrication of Si nanocone without the time-
multiplexed step as shown in Fig. 1.
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Fig. 1 Sample preparation and investigation procedure (a) transferred PS sphere (Dia.=500nm) monolayer mask

on Si substrate (20 x 20 mm) (b) SEM image of transferred PS sphere (normal view) (c) SEM image of Si sub-

strate and PS sphere mask during the nanocone fabrication via ICP etching (d) Side wall profile investigation
method with SEM of dual beam focused ion beam (FIB)

3. Experimental result

To evaluate optical property of our Si nanostructure, we measure the total (spectral and diffuse) reflec-
tion and transmission from 250nm to 900nm with Shimadz UV-VIS-NIR spectrophotometer (model.
UV3600) and 60mm integrating sphere (MPC-3100). The spectrophotometer can support the total re-
flection and transmission at 8° without leaning the sample. From the energy conservation, we can as-

sume that the total incident light energy to be transmitted, reflected, or absorbed, thatis, A=1—-R —
T.[6] After measure the transmission and reflection, we can evaluate the absorption.
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Flg 2 Side wall profile (cross sectional SEM image) from dual focused ion beam (FIB) with different taper an-
gle (a) Si nanocone 1 (SFg:C4Fg=45:35 sccm) (b) Si nanocone 2 (SF4:C4F5:0,=45:35:10 sccm)

(c) Absorbance data of Si nanocones and bare Si substrate at 8° incident angle (also transmission data of Si )

As shown in Fig. 2, we compare two different Si nanocone structure. The Si nanoconel (Fig. 2(a))
has a sharp tip with height of ~500nm and taper angle 110°. And the Si nanocone2 (Fig. 2(b)) has a

round tip with height of ~600nm and taper angle 95°. The absorption of Si substrate is significantly
improved from 68% to ~95% with the nanocone structures in Fig. 2.

4. Conclusion

In this paper, we fabricated highly ordered subwavelength 2D nanocone array with controllable side-
wall profile via single-step deep reactive ion ething and nanosphere lithography. Based on measure-
ment of total reflection and transmission with UV/VIS/NIR spectrometer, we have investigated ab-
sorption characteristic of 2D nanocone array. Our experimental results show that the absorption of
crystalline Si is improved from 68% to ~95% over a broad wavelength range of 400nm to 900nm with
an optimized Si nanocone array.
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