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We fabricated large-area, vertically aligned silicon nanowire (SiNW) arrays on Si substrates

employing catalytic etching on a polystyrene nanosphere template. The density of SiNWs was as

high as 1010/cm2, and the bottom radii of SiNWs ranged between 30 and 60 nm. The reflection from

the SiNW layer was approximately 0.1% over the spectral range of 300–800 nm for SiNWs longer

than 750 nm. Effective medium theory was applied to explain this extremely low reflection, and it

was confirmed that the incident light scatters randomly inside cone-like SiNWs, which lengthens the

actual traveling path of light. VC 2011 American Institute of Physics. [doi:10.1063/1.3650266]

Surface sub-wavelength structures (SWSs) have

attracted research interest because of their remarkable antire-

flection behavior.1–4 Such antireflection surfaces (ARSs) can

enhance light transmission and are an industrially important

optical element for contemporary optoelectronics.5,6 For

instance, an ARS enhances the performance of a solar cell

by increasing light coupling7 and increases backlight trans-

mission and decreases ghosting in flat-panel displays.8 To

achieve low reflection, SWSs comprise small protrusion

arrays with spacing smaller than the wavelength of incident

light. This structure, called a zero-order grating,9 exists in bi-

ological systems, such as the eye of a moth.

Si nanowires (SiNWs) with sub-wavelength structure

were recently proposed for solar cells because of their effi-

cient light-harvesting property, which increases the

photocurrent.5,10–12 The strong light-trapping effect of long

SiNWs increases the effective path travelled by light inside

SiNWs by a factor of up to 73 as compared with film of the

same thickness. However, the SWS is generally produced by

lithography as a periodic structure, and the reflection prop-

erty of an aperiodic SiNW array has rarely been reported.

In this study, we investigated large-scale, high-density

(�1010/cm2), and high-aspect-ratio aperiodic SiNWs fabri-

cated using a polystyrene (PS) nanosphere template

(30–60 nm in diameter). The reflectance of the SiNWs was

approximately 0.1% over the spectral range of 300–800 nm.

The effective medium theory (EMT)13–15 and TMM (Ref.

16) were used to explain the extremely low reflection.

PS nanospheres, obtained by using a modified block-

copolymer nano-patterning method, were used as templates

for SiNW fabrication. The details have been published

elsewhere.17

SiNW was produced via silver (Ag) catalyst chemical

etching.18 Figure 1 is cross-sectional scanning electron mi-

croscopy (SEM) images of SiNWs fabricated with chemical

etching durations of 90 s. The corresponding SiNW length

is approximately 1150 nm. The lengths of SiNWs can be

controlled by the duration of the catalyst etching. The bottom

radius of each SiNW was approximately 60 nm. The reflec-

tance spectra of SiNWs for normally incident light were

recorded from 300 to 800 nm. Ultra-low reflectance of about

0.1% was achieved when the SiNW was longer than 750 nm.

All reflectance measurements, together with calculation

results, are shown in Fig. 3. To explain the extremely low

reflection, the normal reflectance of SiNWs was calculated

theoretically.

Stavenga et al.14 explained the optical properties of a

moth’s eye-like structure by considering three categories of

structural shape: cone, paraboloid, and Gaussian shapes.

According to SEM images, the SiNWs in this work could be

described as being paraboloids or cones with a bottom radius

of r, as shown in Fig. 2. EMT is used to calculate the reflec-

tion of SiNWs in a normally incident situation. EMT appro-

priately describes the optical performance of the SiNWs

since the variance of the dielectric constant is small in the

considered wavelength regime.19–23 According to EMT, one-

dimensional quasi-periodic structures are birefringent, and

the effective refraction index of two-dimensional structures

is independent of polarization.24,25

The reflectance of the SiNW layer is calculated with a

multilayer model, as shown in Fig. 2. A cylindrical

FIG. 1. SEM images of SiNWs with catalyst chemical etching time of 90 s.a)Electronic mail: zingway@dragon.nchu.edu.tw.
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coordinate system is used, in which the z-axis is perpendicu-

lar to the substrate surface. The bottom of the SiNW is at

z¼ 0 and the peak at z¼ h. The SiNW is divided into N hori-

zontal layers with the thickness of each layer denoted dj,

where j¼ 1, …, N. Each layer has the same thickness,

d1¼…¼ dN¼ d, in our calculations. The radius of the

SiNW, q, in each layer satisfies q2 ¼ ðh� zÞr2=h and

q ¼ ðh� zÞr=h for 0� z� h for the paraboloid and cone

structures, respectively. Therefore, each layer has a different

filling ratio fj¼ pq2, resulting in stepwise-varying refraction

index profiles. The imaginary part of the refraction index

was considered in calculations to match the absorption na-

ture of Si.26

TMM (Ref. 16) was applied to calculate the transmis-

sion of electromagnetic waves through the multilayer struc-

ture. The incident light was normal to SiNWs, i.e., parallel to

the z-axis. Each layer consisted of both forward-traveling

and backward-traveling waves. Waves travelling across the

interface between two adjacent layers can be described by

two dynamic matrices, each written as

Dj ¼
1 1

gj �gj

� �
; (1)

where gj ¼
ffiffiffiffiffiffiffiffiffiffi
ej=lj

q
. ej and lj are the relative permittivity

and permeability, respectively. We assume that the relative

permittivity of each SiNW layer and the Si substrate is

equal to 1, the same as for air. The complex effective

refraction index neff ;j of layer j is
ffiffiffiffi
ej
p ¼ nj � iKj, where nj

is the real part of the refraction index and Kj is the extinc-

tion coefficient. The imaginary part relates to the absorption

of the medium. Each layer in the multilayer structure has a

propagation matrix

Pj ¼ ei/jþ 0

0 e�i/j�

� �
; (2)

Here /jþ ¼ neff ;jðxdj=cÞ ¼ ðnj � iKjÞðxdj=cÞ and /j� ¼ neff ;j

ðxdj=cÞ ¼ ðnj þ iKjÞðxdj=cÞ are the propagation phases of

the forward-traveling and backward-traveling waves,

respectively. x and c are the frequency and speed of the

incident light in a vacuum, respectively. Thus, the propaga-

tion waves decay when propagating through the absorption

medium. The overall transmission matrix M is written as

M ¼ M11 M12

M21 M22

� �
¼ D�1

air

�
P
N

j¼1
DjPjD

�1
j

�
DSi; (3)

where Dair and DSi are the dynamic matrices of air and Si,

respectively. Reflectance is then calculated according to

R ¼ jM21=M11j2.

The effective refraction index varying with the wave-

length of light can be approximated as19

neff ;j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fjn2

Si þ ð1� fjÞn2
air þ

p2

3

a

k

� �2

f 2
j ð1� f 2

j Þ
2ðn2

Si � n2
airÞ

r
;

(4)

where a is the periodicity, k is the wavelength of light, and

nair and nSi are the refraction indices of air and Si, respec-

tively. This approximation is referred to as second-order

EMT for convenience. The thickness of each layer, d, is

chosen as 1 nm in all calculations. The numerical errors are

believed to be less than 1%. Four different lengths of

SiNWs, 280, 750, 1150, and 1500 nm, are considered. Two

SiNW shapes, the cone and paraboloid, are used for each

length. In our simulation model, each SiNW is supposed to

be located in a square, and the position of the SiNW is ran-

domly distributed within the square. Each square is close to

its neighbors. If the bottom radius r of the SiNW equals the

half-length of the square, the paraboloids or cones are in

contact with each other. Since almost all SiNWs connect

with neighbors at their base as shown in Fig. 1, the bottom

radius r is chosen reasonably as 0.5 a in all simulations,

where a is the periodicity of the square. Additionally, the

SiNWs have different radii in the range of 30–60 nm.

Therefore, the periodicity is chosen from 60 to 120 nm in

simulations. Finally, we take the average reflectance as the

calculation results.

The reflectance in the experiment and calculation results

for four SiNW lengths are presented in Figs. 3(a)–3(d). The

experimentally determined reflectance of SiNWs in the range

from 300 to 800 nm tends to decrease as the length increases.

The reflectance calculated with the second-order EMT of a

paraboloid shape is greater than the experimental reflectance.

In contrast, the reflectance based on a cone-shaped SiNW

more favorably fits the experimental results except at wave-

lengths less than 380 nm. The EMT model predicts that the

reflectance increases rapidly at wavelengths less than

380 nm. However, the reflectance measured at wavelengths

less than 380 nm is still quite low. This might be due to first-

order diffraction that couples light strongly to the SiNW and

reduces reflectance in reality. The reflectance spectra calcu-

lated at wavelengths longer than 380 nm indicate that the

shape of SiNWs in our experiment is more appropriately

described as a cone. However, the calculation results do not

fit the experimental data well. Interference was clearly

observed in the calculation reflectance, whereas the experi-

mental reflectance shows no interference. This might relate

to the fabrication of SiNWs, where chemical etching

FIG. 2. The paraboloid and cone shapes of SiNWs and effective multilayer

structure.
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produces a rough SiNW surface. In other words, each SiNW

has different length and deviates the average in a certain

range. So each experimental reflectance in Fig. 3 appears to

be the average reflectance, and the constructive interference

disappears due to the rough surface and randomly distributed

SiNWs.

In summary, we fabricated high-density and high-as-

pect-ratio SINWs exhibiting extremely low reflectance over

a wavelength range from 300 to 800 nm employing silver

catalyst chemical etching on a PS nanosphere template. The

length of SiNWs can be controlled by the etching duration.

As the length of SiNWs exceeds 750 nm, the reflectance is as

low as 0.1% at wavelengths from 300 to 800 nm. A model

based on cone-shaped Si nanowires was used to calculate the

reflectance employing the second EMT method. The calcu-

lated reflectance fits the measured reflectance better for long

SiNWs at wavelengths longer than 380 nm.

This work is supported by National Science Council of
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FIG. 3. (Color online) Reflectance spec-

tra of experimental data and the second-

order EMT combined with paraboloid

and cone shapes for SiNW height (a)

280, (b) 750, (c) 1150, and (d) 1500 nm,

respectively.
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