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The semiconductor nanostructure has attracted much attention due to its unique physical properties and high potential for applications to advanced devices. In particular, silicon nanostructures
have been explored to prepare novel structures and to characterize their electrical and optical
properties. In this research, porous structures were fabricated on the surfaces of silicon nanowires
and a their of Raman scattering properties were characterized. Silicon nanowires were fabricated
by using metal-assisted etching. In that method, a noble metal is utilized as a catalyst to etch the
surface of a silicon wafer in a mixture of HF, H2 O2 , and H2 O. During the etching process, a porous
surface with a nano meter size can be generated by controlling the volume ratio of H2 O2 . In addition, the density of pores is sensitive to the volume ratio of H2 O2 . The Raman scattering properties
were systematically characterized by controlling the density of pores, and silicon nanowires with
smooth surfaces were found to exhibit a Raman peak at 520 cm−1 , which is consistent with that of
bulk silicon. On the other hand, the porous silicon nanowires showed red shifts of the Raman peaks.
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실리콘 나노선의 표면구조에 따른 Raman 산란 특성 분석
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(2021년 8월 12일 받음, 2021년 9월 13일 수정본 받음, 2021년 9월 23일 게재 확정)

반도체 나노구조는 독특한 물리적 특성을 바탕으로 차세대 응용소자를 제작할 수 있는 기반 물질로
각광을 받고 있다. 특히 기존의 산업에서 가장 많이 사용되는 실리콘의 나노선 구조는 다양한 제작법,
전기적 특성, 광학적 특성 등, 다양한 분야로 연구되고 있다. 본 발표에서는 실리콘 나노선의 표면에
다공성 구조를 제작하고 그에 따른 Raman 산란 특성을 분석한다. 실리콘 나노선은 metal-assisted
etching으로 제작을 한다. 이는 귀금속을 촉매로 하여 불산과 과산화수소수 혼합액으로 실리콘 기판을
식각하여 나노선 구조를 제작하는 방법이다. 제작과정에서 과산화수소수의 농도를 달리하면 실리콘
나노선의 표면에 다공성 구조가 형성이 된다. 다공성 구조는 수 나노미터 이하의 크기를 갖고 있으며
밀도는 과산화수소수의 농도에 영향을 받는다. 다공성 구조의 밀도가 제어된 실리콘 나노선의 Raman
산란 특성을 측정한다. 표면이 매끈한 실리콘 나노선의 Raman spectrum peak는 520 cm−1 로 벌크
실리콘 기판과 동일한 특성을 보인다. 반면 표면에 다공성 구조가 많은 실리콘 나노선일수록, Raman
spectrum의 peak가 적색천이하는 것을 보였다.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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I. Introduction

film is etched down, then vertically aligned Si NWs are
generated through the holes of gold film. To control a

Porous silicon nanowires (Si NWs) show unique physical properties such as light emission in a visible range,

density of pores on a Si NW surface, the volume ratio of
H2 O2 is controlled as 0.1, 0.3, 0.5, and 0.7.

light scattering, and light absorption [1–3]. To take the

Raman scattering properties of prepared Si NWs with

advantage of the physical properties, porous Si NWs has

different volume ratio of H2 O2 are investigated by using

been applied to various advanced devices, for example

a confocal Raman spectroscopy system. The Si NWs are

the optical transistors, photodetectors, solar cells, and

excited by a diode laser with a wavelength of 632 nm with

etc [3–5]. For the application of porous Si NWs, it is

a power of 5 mW. The Raman mapping is conducted

important to estimate the porosity. However, it is diffi-

by controlling a customized xyz-translate sample mount

cult to measure the porosity directly because of its ex-

stage while the laser is focused on the Si NWs. The step

tremely small size under 10 nm and random structures.

size is 300 nm.

Here, I demonstrate the peak shift of Raman spectrum
by controlling porous structure of Si NWs. The formation and characterization of porous surface in vertically

III. Results

aligned Si NWs are demonstrated by metal-assisted etching (MaE) and Raman scattering spectroscopy, respec-

Figure 1a shows a schematic illustration to explain a

tively. In MaE, the porous surface of Si NWs is con-

mechanism of Si NWs fabrication by MaE. In MaE, the

trolled by tuning the concentration of etching solution.

Au film on the Si surface extracts electrons from the Si

The controlled porous surface of Si NWs is characterized

wafer, then the Si surface underneath the Au film is ox-

by Raman scattering spectroscopy and mapping images.

idized by injecting holes. The extracted electrons are
consumed by decomposition of H2 O2 in the mixture so-

II. Experiments
Vertically aligned Si NW arrays were fabricated by
using MaE [6]. In this method, the gold film with hole
arrays were used as catalyst, which was patterned by
using anodic aluminum oxide (AAO) template. AAO
has channel arrays with a hexagonal alignment. The
hole diameter of AAO is around 50 nm. The distance
between holes is around 110 nm. The Au film of 50 nm
thickness is deposited on AAO by metal sputtering. The
AAO is selectively removed by proper acid solution, for
example KOH, NaOH, and etc. Then gold film with hole
arrays is remained on the AAO etching solution and it
is transferred to DI-water. The gold film is transferred
to p-doped Si wafer. The prepared Si wafer is etched
in the mixture of HF, H2 O2 , and H2 O (v/v/v = 1/1/2)
for 60 s. As a result, the Si surface underneath the gold

lution. The oxidized Si surface is dissolved by HF in the
mixture. A cyclic reaction gives a result of Si NWs generation. In this process, the amount of extracted electrons
and injected holes is controlled by tuning the volume ratio of H2 O2 . Figure 1b shows a schematic illustration to
explain a formation of porous Si NW surface. The high
amount of H2 O2 enables the high number of injected
holes into the Si wafer. The excessive holes which are
not consumed to etch the Si surface underneath the Au
film can access to other Si surfaces where is exposed to
the mixture etching solution [7, 8]. Those holes oxidize
the surface of Si NWs, then the oxidized Si NW surface
is removed by HF, resulting in the formation of porous
Si NW surface.
The scanning electron microscopy (SEM) image in Figure 2a shows the vertically aligned Si NW arrays with the
length of around 8 µm, which is fabricated in the mixture of HF, H2 O2 , and H2 O (v/v/v = 1/1/2) for 60 s.
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The high-resolution SEM image in Figure 2b depicts the
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Fig. 1. (Color online) Schematic illustration to show the
fabrication mechanism of Si NWs with the smooth surface and the porous surface by MaE.

Fig. 2. (a) The SEM image to show vertically aligned
porous Si NW arrays. (b) Magnified SEM image of Si
NW roots. The rough surface of Si NWs is observed,
while the Si underneath the Au mesh shows the smooth
surface. (c) Magnified SEM image of Si NW tips. The
porous structure is observed at the tips. (d) TEM image
of porous Si. Inset: FFT image.
rough surface of Si NWs. On the other hand, the Si surface underneath the Au film has smooth interface, which
is consistent with the suggested mechanism in Figure 1b.
The diameter of Si NWs is around 50 nm. The highresolution SEM image in Figure 2c describes the porous
Si NW tips. In particular, the end structure of NWs
clearly shows the porous shape. Figure 2d shows the
typical transmission electron microscopy (TEM) image
of porous Si NW. The projectile image of porous Si NW
shows the crystal lattice around non-crystal structures
that can be pores, amorphous Si, and oxidized Si surfaces. Inset image shows fast-Fourier transform (FFT)
patterns that originate from single crystalline Si in the
porous Si NW.
Figure 3a shows a Raman scattering spectrum of Si
wafer and four kinds of Si NWs with controlled porosity
by tuning the volume ratio of H2 O2 in the mixture solution. The Raman peak of Si wafer is at 520 cm−1 . As

Fig. 3. (Color online) (a) Raman scattering spectra of Si
wafer and porous Si NWs, which porosity is controlled
by the concentration of H2 O2 . (b) The Raman peak
positions of porous Si NWs.
Figure 3b shows the Raman peak positions versus the
volume ratio of H2 O2 , the Raman peak decreases from
503 to 495 cm−1 as the volume ratio of H2 O2 increases
from 0.1 to 0.7. The clear red shift of Raman peak is
observed by increasing the volume ratio of H2 O2 . The
redshift of Raman peak indicates that there are more
tensile strain and impurities in porous Si NWs then the
solid Si NWs because of the larger oxidized surface of
porous Si NWs [8]. In addition, the broadening of full
width half maximum (FWHM) of Raman spectrum is
caused by the long lifetime of intermediate state in the
porous Si NWs, which is known to be amorphous phase
[9–11]. It can be understood that the harsh etching condition can cause the damage on the surface of porous Si
NWs. Therefore, the higher H2 O2 concentration generates more porous Si NW surface, which corresponds to
the mechanism of MaE.
porous structure on only tips. Sliced Si wafer including
NWs on the top is vertically mounted on the Raman
mapping system. Figure 4a shows the optical microscopy

Raman Scattering Property of Silicon Nanowires with Porous Surface – Jungkil Kim

841

is characterized by Raman scattering spectroscopy and
mapping. The porous structure is successfully controlled
by tuning the concentration of MaE solution, and the
amount of pore in Si NWs is characterized by the peak
position of Raman spectrum. The result of Raman mapping spatially resolves the porous structure of Si NWs
clearly. The Raman scattering spectroscopy and mapping will be useful to distinguish various Si nanostructures with a high-resolution.

Fig. 4. (Color online) (a) The optical microscopy image
of vertical Si NWs. The tips of Si NWs show a dark contrast. (b) The Raman mapping image corresponding to
(a). The color indicates the Raman scattering intensity.
(c), (d) The Raman spectra of Si NW tips (c) and middle parts (d) which are measured from the red circle and
white circle in (b), respectively.
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image of vertical Si NWs. The tip part exhibits a darker
color than those of middle and bottom parts, because
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