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ABSTRACT 
High density vertically aligned Porous Silicon NanoWires (PSiNWs) were fabricated on silicon substrate using metal assisted chemical 

etching process. A linear dependency of nanowire length to the etching time was obtained and the change in the growth rate of

by increasing etching durations was shown. A typical 3D TEM image for volume reconstruction of the sample shows the pores size 

varying from 10 to 50 nm.In this review, we present two

spectroscopy (SERS) effect for organic molecules detection
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1. INTRODUCTION 
 Nanoscale silicon has been intensively investigated and 

explored for its applications in microelectronics, photonics, and 

biomedical sensors [1–3]. Specific efforts have been concentrated 

in the development of new silicon nanostructures, including 

quantum dots, nanowires, or porous silicon (PS). Porous silicon 

has attracted much attention, especially in enhancing photo

emission. Greatresearch efforts have been perform

optical device with porous silicon [4–9], but the inefficiency [10] 

and instability [11] of optical characteristic in PS still remain. In 

addition, silicon nanowires (SiNWs) are also ideal candidate for 

the study of physics of low dimensional systems. It has potential 

impact in realizing nanoscale interconnects and functional de

elements in future nanoscale electronic and optoelectronic devices 

[12, 13]. The field of SiNWs synthesis represents an exciting and 

rapidly expanding research area. Considerable efforts have been 

devoted to the development of versatile and controllab

for the synthesis of SiNW. These methods can be broadly 

classified as: (i) bottom-up, and (ii) top-down approaches. The 

bottom-up approach involves the construction of desirable 

nanostructures from the basic components, i.e., from the atomic 

level to the nano- or micro-scale wires. 

 This method is useful for the fabrication of low

dimensional heterostructure based devices in large quantities [14

18]. Using bottom-up, SiNWs were first obtained by vapor

liquid–solid (VLS) method [19], followed by a

create nanowires. The VLS method has been implemented in a 

variety of techniques, such as pulsed laser deposition (PLD) [20, 

21], gas- phase molecular beam epitaxy (GS-MBE) [22], chemical 

vapor deposition (CVD) [23, 24], laser ablation [2

2. EXPERIMENTAL SECTION 
 PSiNWs were fabricated by Ag assisted electroless etching 

method from n-type Si wafer (100) with a resistivity of 0.01

ohm cm. The Si wafers were cleaned using acetone followed by 

ethanol for 5min in an ultrasonic bath. Next,
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Nanoscale silicon has been intensively investigated and 

explored for its applications in microelectronics, photonics, and 

3]. Specific efforts have been concentrated 

in the development of new silicon nanostructures, including 

dots, nanowires, or porous silicon (PS). Porous silicon 

has attracted much attention, especially in enhancing photo-

performed to realize an 

9], but the inefficiency [10] 

stability [11] of optical characteristic in PS still remain. In 

addition, silicon nanowires (SiNWs) are also ideal candidate for 

the study of physics of low dimensional systems. It has potential 

impact in realizing nanoscale interconnects and functional device 

elements in future nanoscale electronic and optoelectronic devices 

[12, 13]. The field of SiNWs synthesis represents an exciting and 

rapidly expanding research area. Considerable efforts have been 

devoted to the development of versatile and controllable methods 

for the synthesis of SiNW. These methods can be broadly 

down approaches. The 

up approach involves the construction of desirable 

nanostructures from the basic components, i.e., from the atomic 

This method is useful for the fabrication of low-

dimensional heterostructure based devices in large quantities [14-

up, SiNWs were first obtained by vapor–

solid (VLS) method [19], followed by an etching step to 

create nanowires. The VLS method has been implemented in a 

variety of techniques, such as pulsed laser deposition (PLD) [20, 

MBE) [22], chemical 

vapor deposition (CVD) [23, 24], laser ablation [25, 26], and 

oxide assisted growth techniques [27]. Top

to fabricate SiNWs from high quality single crystal silicon wafer 

or thin film. Silicon nanowires have also been realized using 

lithographically defined patterns, or spin

as etched mask [28] followed by etching of the nanowires using 

plasma processing technique. MacEtch is a simple, cost

and powerful semiconductor etching technique that is capable of 

producing high aspect ratio semiconductor nanostru

combining with metal patterning lithography or non

patterning methods, accurate control of the nanowire orientation 

(vertical vs slanted), size (nano vs microscale), shape, architecture, 

density, length, doping characteristics can b

wafer scale. 

 The fabrication of silicon nanowires using the metal

assisted electroless etching method has also been adopted [29

The silver (Ag) ions in an ionic solution of hydrofluoric acid (HF) 

and hydrogen peroxide (H2O2

arrays of SiNWs from single crystal wafers [34, 35]

various process parameters such as the etchant concentration of 

H2O2, etching time and post-etch treatment on the morphology and 

optical properties of the SiNWs have also been investigated [36]. 

The fabrication of nanowires using this method does not require 

complex sample preparation steps. Furthermore, this technique is 

effective, having high throughput and low cost.

 In this review, we will present the synth

PSiNWs and the structure properties. In the second time, we 

present two applications for these nanostructures as gas detector 

and SERS substrate for organic molecules detection

PSiNWs were fabricated by Ag assisted electroless etching 

type Si wafer (100) with a resistivity of 0.01–0.02 

ohm cm. The Si wafers were cleaned using acetone followed by 

ethanol for 5min in an ultrasonic bath. Next, the wafers were 

immersed in a piranha solution H

remove the organic deposits from the surface. The cleaned wafers 

were transferred into HF/ AgNO

4.8 M/0.005M for Ag-deposition, followed by rin
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oxide assisted growth techniques [27]. Top-down approach seeks 

to fabricate SiNWs from high quality single crystal silicon wafer 

or thin film. Silicon nanowires have also been realized using 

lithographically defined patterns, or spin-coating of nanospheres 

as etched mask [28] followed by etching of the nanowires using 

plasma processing technique. MacEtch is a simple, cost-effective, 

and powerful semiconductor etching technique that is capable of 

producing high aspect ratio semiconductor nanostructures. By 

combining with metal patterning lithography or non-lithographic 

patterning methods, accurate control of the nanowire orientation 

(vertical vs slanted), size (nano vs microscale), shape, architecture, 

density, length, doping characteristics can be achieved readily at 

The fabrication of silicon nanowires using the metal-

assisted electroless etching method has also been adopted [29-33]. 

The silver (Ag) ions in an ionic solution of hydrofluoric acid (HF) 

2) have been used to prepare the 

arrays of SiNWs from single crystal wafers [34, 35]. The effects of 

various process parameters such as the etchant concentration of 

etch treatment on the morphology and 

Ws have also been investigated [36]. 

The fabrication of nanowires using this method does not require 

complex sample preparation steps. Furthermore, this technique is 

effective, having high throughput and low cost. 

we will present the synthesis process of 

properties. In the second time, we 

for these nanostructures as gas detector 

for organic molecules detection. 

immersed in a piranha solution H2SO4/ H2O2(3:1) for 20 min to 

remove the organic deposits from the surface. The cleaned wafers 

were transferred into HF/ AgNO3 solution with a concentration of 

deposition, followed by rinsing with de-
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ionized water. Then, the treated Si samples were etched in the 

HF/H2O2 solution for 45 min. Finally, samples were rinsed again 

for 10 min with HNO3 solution to dissolve the excessive Ag 

nanoparticles (Ag NPs), leaving behind traces of Ag for c

3. RESULTS AND DISCUSSION SECTION
 Figure 1(a) shows the scanning electron microcopy image 

of the vertically oriented PSiNWs having an average length of 13 

μm after 75 min wet etching. The nanowires distribute uniformly 

on the sample. Figure 1(b) shows the top view with tips of NWs 

congregates together and the diameter of the congregated bundles 

is several micrometers. These congregated bundles are uniformly 

distributed on the entire samples and confirmed from the cross

section images. The transmission electron microscopy (TEM) 

image of an individual nanowire is shown Fig. 1(c), which shows 

that the nanowire has a diameter of ~150 nm.  

 A typical 3D-tomography observation was conducted using 

a TEM and 3D reconstructions were achieved using a 

simultaneous iterative reconstruction algorithm of 

slices in Fig. 2(a). The pore sizes present a distribution from 10 to 

50 nm, with an estimated measurement error of 10%, and these 

pores go inside the nanowire showing similar structure to porous 

silicon. An average distance between two neig

lower than 5 nm has been observed. These mesoporous structures 

are expected to show strong quantum confinement effects.

 In the two-step chemical etching for highly doped Si wafers 

(n-type),[36-38] the silver nanoparticle catalysts are pre

on the clean silicon surface. Since H2O2 itself cannot etch the 

silicon, the formation of porous structures needs to be facilitated 

by the metal nanoparticles. Previous studies suggested that the 

silver nanoparticles could be oxidized into Ag+ io

etching process as follows: 

2Ag + H2O2 + 2H+ 2Ag+ + 2H

 In a typical etch process, the silver particles are partially 

oxidized by H2O2 to create a localized Ag+ cloud in the close 

proximity of the silver particles. Silver ions can quickly react with 

silicon and take electrons from silicon near the Ag/Si interface and 

be recovered into original silver particles again. In this way, the 

etching is localized around the silver nanoparticles and the silver 

Figure 1. (a)Cross-section SEM micrograph of PSiNWs etched for 75 min, 

and inset the FFT image. Reprinted with permission from
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ionized water. Then, the treated Si samples were etched in the 

solution for 45 min. Finally, samples were rinsed again 

solution to dissolve the excessive Ag 

nanoparticles (Ag NPs), leaving behind traces of Ag for catalyzing 

the etching reaction. Four samples were etched using HF 

concentration of 1.8, 2.8, 4.8, and 5.8 M, respectively, with a fixed 

H2O2concentration of 0.5 M. 

SECTION 
Figure 1(a) shows the scanning electron microcopy image 

of the vertically oriented PSiNWs having an average length of 13 

μm after 75 min wet etching. The nanowires distribute uniformly 

on the sample. Figure 1(b) shows the top view with tips of NWs 

tes together and the diameter of the congregated bundles 

is several micrometers. These congregated bundles are uniformly 

distributed on the entire samples and confirmed from the cross-

section images. The transmission electron microscopy (TEM) 

ndividual nanowire is shown Fig. 1(c), which shows 

tomography observation was conducted using 

a TEM and 3D reconstructions were achieved using a 

simultaneous iterative reconstruction algorithm of consecutive 2D 

). The pore sizes present a distribution from 10 to 

50 nm, with an estimated measurement error of 10%, and these 

pores go inside the nanowire showing similar structure to porous 

silicon. An average distance between two neighboring pores of 

lower than 5 nm has been observed. These mesoporous structures 

are expected to show strong quantum confinement effects. 

step chemical etching for highly doped Si wafers 

38] the silver nanoparticle catalysts are predeposited 

itself cannot etch the 

silicon, the formation of porous structures needs to be facilitated 

by the metal nanoparticles. Previous studies suggested that the 

silver nanoparticles could be oxidized into Ag+ ion [34] during the 

+ 2H2O 

In a typical etch process, the silver particles are partially 

cloud in the close 

proximity of the silver particles. Silver ions can quickly react with 

silicon and take electrons from silicon near the Ag/Si interface and 

be recovered into original silver particles again. In this way, the 

he silver nanoparticles and the silver 

nanoparticles are trapped in the nanopits created by themselves, 

leading to continued etching in the vertical direction and the 

formation ofvertical silicon nanowire array. However, as the H

concentration increases, the concentration of Ag

this case, the Ag+ ions may not be 100% recovered into the 

original silver nanoparticles and some of them may diffuse out. 

 When the amount of the out

certain threshold, they may nuclea

defective sites (e.g., around the dopants) by extracting electrons 

from the silicon nanowires and forming new silver nanoparticles 

as a new etching pathway along the lateral direction of the 

nanowires.  

 In this way, the higher 

amount of out-diffused Ag+

concentration increases the amount of weak defective points in the 

silicon lattice; both are important factors 

additional etching pathways in addition to the vertical etch, which 

explains the observation of the increased porosity

H2O2 concentration during the etching of highly doped n

wafers.Figure 2(b) shows the length of th

time. The length of PSiNWs is linear as a function of the etching 

time up to 190 min with an etching rate of 0.12 μm.min

clearly indicates the rapidity of the electroless etching process. On 

the other hand, beyond 190 min, 

a change in the etching rate of the nanowires lower than the 

expected for 460 min etching time. The etching rate of the 

nanowires between 190 and 460 was 0.01 μm.min

indicates that the reaction slows down 

reaction kinetics. We attribute this to the inhibition of the sinking 

mechanism of Ag+ ions to the bottom of the nanowire arrays, 

leading to a decrease in Ag+

concentration results in the deceleratio

 

section SEM micrograph of PSiNWs etched for 75 min, (b) top view micrograph of PSiNWs, 

Reprinted with permission from [33]. Copyright (Journal of Applied Physics, 2012
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the etching reaction. Four samples were etched using HF 

concentration of 1.8, 2.8, 4.8, and 5.8 M, respectively, with a fixed 

nanoparticles are trapped in the nanopits created by themselves, 

leading to continued etching in the vertical direction and the 

formation ofvertical silicon nanowire array. However, as the H2O2 

, the concentration of Ag+ ion increases. In 

ions may not be 100% recovered into the 

original silver nanoparticles and some of them may diffuse out. 

When the amount of the out-diffused Ag+ ions reach a 

certain threshold, they may nucleate on the side wall near 

defective sites (e.g., around the dopants) by extracting electrons 

from the silicon nanowires and forming new silver nanoparticles 

as a new etching pathway along the lateral direction of the 

In this way, the higher H2O2 concentration increases the 
+, and the increase of doping 

concentration increases the amount of weak defective points in the 

silicon lattice; both are important factors for the initiation of 

additional etching pathways in addition to the vertical etch, which 

tion of the increased porositywith increasing 

concentration during the etching of highly doped n-Si 

shows the length of the NWs versus the etching 

time. The length of PSiNWs is linear as a function of the etching 

time up to 190 min with an etching rate of 0.12 μm.min−1. This 

clearly indicates the rapidity of the electroless etching process. On 

the other hand, beyond 190 min, we see a linear relationship, with 

a change in the etching rate of the nanowires lower than the 

expected for 460 min etching time. The etching rate of the 

nanowires between 190 and 460 was 0.01 μm.min−1. This clearly 

indicates that the reaction slows down due to the decrease in the 

reaction kinetics. We attribute this to the inhibition of the sinking 

ions to the bottom of the nanowire arrays, 
+ concentration. The drop in Ag 

concentration results in the deceleration of etching rate.

 
top view micrograph of PSiNWs, (c) TEM image of individual nanowire 

, 2012) AIP Publishing LLC. 



Figure 2. (a) 3D tomography TEM image of nanowires

195 min and 460 min.Reprinted with permission from

4. GAS SENSING PROPERTIES OF PSiNWs
 Several reports were presented using PSiNWs as das 

sensors. K. Q. Peng et al.[39] develop an economical method to 

fabricate n-PSiNWs assembly gas sensor. Figure 

schematic diagram of the SiNWs gas sensor device structure. Two 

gold electrodes for electrical contacts were first deposited on the 

surface of the as-prepared PSiNWs samples by thermal 

evaporation or other methods through a mask; then two gold wires 

were connected to the golden electrodes via gold conductive 

adhesive. Gas sensing measurements were carried out by 

mounting the sensors in an air-tight test chamber in a flow

manner and performed by monitoring the n-

resistance under different NO concentrations in dry air at room 

temperature. NO is unstable in the air according to the following 

reaction: NO+O2↔2NO2; but the direct reaction is very low at low 

NO concentrations. Figures 3(b) and 3(c) show the dynamic 

electrical resistance response of the SiNW assembly sensor toward 

NO of various concentrations.  R/R0= R0 −R/R0

denote the PSiNWs assembly electrical resistance before and after 

NO exposure, respectively. It can be seen from Fig. 2 b that the 

electrical resistance of PSiNWs assembly was abruptly decreased 

by increasing the concentration of NO gas from 500 ppb to 100 

ppm. By examining the sensor response to NO as a function of the 

concentrations, it was found that the as-prepared device shows 

swift response and recovery to low NO concentrations. The 

sensing response time for 500 ppb NO gas is about 30

the recovery time was about 60 s. The swift response can be 

attributed to the high surface-to-volume ratio of P

 In contrast, the rate of recovery was slower for higher NO 

concentrations; this can be understood as the thick porous 

nanowire layer leads to the slower desorption of large quantities of 

absorbed NO molecular from its high surface area 

Second application was developed by T. Q. N. L

detect low-concentration organic molecules detection via surface

enhanced Raman spectroscopy (SERS) effect using Ag 

nanoparticles-coated silicon nanowire arrays.The TEM images of 

representative SiNWs before and after AgNPs coating are shown 

in figures 4(a) and (b). From these images we can estimate that the 

diameters of SiNWs are in the region of 100–200 nm and can see 

Mustapha Jouid, Adel Najar 

 

mography TEM image of nanowires. (b)Variation of the nanowires length as a function of etching time 45 min, 75 mi

Reprinted with permission from [33]. Copyright  (Journal of Applied Physics, 2012) 

GAS SENSING PROPERTIES OF PSiNWs 
Several reports were presented using PSiNWs as das 

economical method to 

SiNWs assembly gas sensor. Figure 3(a) illustrates 

schematic diagram of the SiNWs gas sensor device structure. Two 

gold electrodes for electrical contacts were first deposited on the 

SiNWs samples by thermal 

methods through a mask; then two gold wires 

were connected to the golden electrodes via gold conductive 

adhesive. Gas sensing measurements were carried out by 

tight test chamber in a flow-through 

-SiNWs assembly 

resistance under different NO concentrations in dry air at room 

temperature. NO is unstable in the air according to the following 

; but the direct reaction is very low at low 

show the dynamic 

electrical resistance response of the SiNW assembly sensor toward 

0, where R0 and R 

SiNWs assembly electrical resistance before and after 

seen from Fig. 2 b that the 

SiNWs assembly was abruptly decreased 

by increasing the concentration of NO gas from 500 ppb to 100 

ppm. By examining the sensor response to NO as a function of the 

prepared device shows 

swift response and recovery to low NO concentrations. The 

sensing response time for 500 ppb NO gas is about 30–40 s while 

the recovery time was about 60 s. The swift response can be 

PSiNWs assembly. 

In contrast, the rate of recovery was slower for higher NO 

concentrations; this can be understood as the thick porous 

nanowire layer leads to the slower desorption of large quantities of 

absorbed NO molecular from its high surface area porous surface.  

Second application was developed by T. Q. N. Luong et al. [40] to 

concentration organic molecules detection via surface-

effect using Ag 

The TEM images of 

representative SiNWs before and after AgNPs coating are shown 

). From these images we can estimate that the 

200 nm and can see 

clearly the AgNPs in the form of small black 

in the 20–40 nm region) on the SiNW after Ag deposition. Here 

we can observe that the density of the AgNPs is relatively high 

and fairly evenly distributed across the entire surface of the SiNW.

 To confirm the role of AgNPs in the SERS

have dropped aqueous MG 

compound that is used as a dye for materials as silk)

solution onto the SiNW sample without AgNPs coating and after 

that performed the Raman measurements. The result (curve (d

figure 4) shows that without AgNPs, the SERS effect did not 

occur. To demonstrate the superiority of the AgNPs

substrate in comparison with other types of substrate, the Raman 

measurements also have been performed after MG solution 

dropping on the AgNPs-coated porous silicon and flat silicon 

substrates. The results are also shown in figure 

(c)). Here, SERS signals from AgNPs

much stronger than those from AgNPs

(curve (b)) and flat silicon (curve (c)) samples. 

Raman signals in the case of usingAgNPs

much higher density of the AgNPs is packed over a unit area of 

the substrate compared with porous silicon or flat silicon 

substrates which normally are used for SERS measurements [

The consequence of this is that the Raman signal increases many 

times. Moreover, according to the theoretical analysis [

characteristics of AgNPs coated on SiNWs, i.e., size, separation, 

and density, will provide an optimum environment for 

enhancement of Raman signals. The fact showed that the AgNPs 

cling tenaciously to the SiNWs, they do not fall off even if the 

SiNWs was subjected to an ultrasonic vibration. 

characteristics of the substrate do not change even when it is 

exposed to the air for several months. It is worth remarking that in 

the case of AgNPs-coated SiNW substrate, in addition to 

enhancement of the individual Raman bands, the background 

signal is also increased. This rising of the baseline signal is 

partially attributed to inelastic light scattering by charge carrier 

excitations in Ag and partially attributed to f

nanowire arrays under the AgNPs [
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Variation of the nanowires length as a function of etching time 45 min, 75 min, 120 min, 

, 2012) AIP Publishing LLC. 

clearly the AgNPs in the form of small black dots (with diameter 

40 nm region) on the SiNW after Ag deposition. Here 

we can observe that the density of the AgNPs is relatively high 

and fairly evenly distributed across the entire surface of the SiNW. 

To confirm the role of AgNPs in the SERS effect, authors 

 (Malachit Green is an organic 

compound that is used as a dye for materials as silk) molecular 

solution onto the SiNW sample without AgNPs coating and after 

that performed the Raman measurements. The result (curve (d) of 

) shows that without AgNPs, the SERS effect did not 

occur. To demonstrate the superiority of the AgNPs-coated SiNW 

substrate in comparison with other types of substrate, the Raman 

measurements also have been performed after MG solution 

coated porous silicon and flat silicon 

substrates. The results are also shown in figure 4 (curves (b) and 

(c)). Here, SERS signals from AgNPs-coated SiNW sample are 

much stronger than those from AgNPs-coated porous silicon 

at silicon (curve (c)) samples. The increase of the 

Raman signals in the case of usingAgNPs-coated SiNW substrate; 

much higher density of the AgNPs is packed over a unit area of 

the substrate compared with porous silicon or flat silicon 

rmally are used for SERS measurements [41]. 

The consequence of this is that the Raman signal increases many 

times. Moreover, according to the theoretical analysis [42], the 

characteristics of AgNPs coated on SiNWs, i.e., size, separation, 

and density, will provide an optimum environment for 

enhancement of Raman signals. The fact showed that the AgNPs 

cling tenaciously to the SiNWs, they do not fall off even if the 

s was subjected to an ultrasonic vibration. The 

characteristics of the substrate do not change even when it is 

exposed to the air for several months. It is worth remarking that in 

coated SiNW substrate, in addition to 

ndividual Raman bands, the background 

signal is also increased. This rising of the baseline signal is 

partially attributed to inelastic light scattering by charge carrier 

partially attributed to fluorescence from Si 

der the AgNPs [43]. 
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Figure 3.(a ) Schematic illustration of the SiNWs gas sensordevice

dry air at room temperature. The normalized electricalresistance change is plotted as a function of time with the sensor devi

concentrations from 500 ppb to 100 ppm.Reprinted with permission from

Figure 4.TEM images of some SiNWs before (a) and after 

MG solution with different types of substrate: (a) AgNPs

uncoated SiNWs [40]. Copyright The Vietnam Academy Of Science And Technology (VAST). 

5. CONCLUSIONS 
 In summary, this review report the structural properties of 

porous silicon nanowires (PSiNWs) fabricated using silver (Ag) 

ions assisted electroless etching method. The sensitivity of 

PSiNWs electrical properties to gaseous NOx at room temperature 

was demonstrated. Also, the results showed that the SERS

substrates prepared by this method are excellent candidates for 
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