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a b s t r a c t

A simple and low cost method to generate single-crystalline, well-aligned silicon nanowires (SiNWs) of
large area, using Ag-assisted electroless etching, is presented and the effect of differently sized Ag
catalysts on the fabrication of SiNWs arrays is investigated. The experimental results show that the size
of the Ag catalysts can be controlled by adjusting the pre-deposition time in the AgNO3/HF solution. The
optimum pre-deposition time for the fabrication of a SiNWs array is 3 min (about 162.04 � 38.53 nm Ag
catalyst size). Ag catalysts with smaller sizes were formed in a shorter pre-deposition time (0.5 min),
which induced the formation of silicon holes. In contrast, a large amount of Ag dendrites were formed on
the silicon substrate, after a longer pre-deposition time (4 min). The existence of these Ag dendrites is
disadvantageous to the fabrication of SiNWs. Therefore, a proper pre-deposition time for the Ag catalyst
is beneficial to the formation of SiNWs.

SiNWs were synthesized in the H2O2/HF solution system for different periods of time, using Ag-
assisted electroless etching (pre-deposition of the Ag catalyst for 3 min). The length of the SiNWs
increases linearly with immersion time. From TEM, SAED and HRTEM analysis, the axial orientation of
the SiNWs is identified to be along the [001] direction, which is the same as that of the initial Si wafer.
The use of HF may induce SieHx bonds onto the SiNW array surface. Overall, the Ag-assisted electroless
etching technique has advantages, such as low temperature, operation without the need for high energy
and the lack of a need for catalysts or dopants.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

One-dimensional nanowires, such as Si [1], Ge [2], InP [3], GaAs
[4] and SnO2 [5], have been widely studied, since the discovery of
carbon nanotubes in 1991. Of the many one-dimensional (1D)
materials, silicon nanowires (SiNWs) are perhaps the most impor-
tant. Silicon has found widespread applications as a semi-
conducting material and its microelectronic technology is one of
the greatest successes of the 20th century. Papers have been pub-
lished which detail the use of SiNWs in applications such as bio-
logical and chemical sensors [6e9]. Therefore, the importance of
SiNWs to the semiconductor, optoelectronics, biomedical, or
energy industries cannot be overstated. There are many methods
for the synthesis of 1D SiNW arrays, including the vaporeliquide
solid growth mechanism [10], the solution-liquidesolid growth
mechanism [11], the gasesolid growth mechanism [12], laser-
assisted catalytic growth [13], template-based synthetic methods
.
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[14], physical vapor deposition [15], chemical vapor deposition [16]
and oxide-assisted nucleation [17]. However, some methods, such
as catalytic growth using the vapor liquid solid method and metal
organic-chemical vapor deposition, are expensive, energy-
consuming processes that require extreme conditions.

Recently, Peng et al. [18e28] demonstrated wall-aligned SiNW
arrays, fabricated using facile assisted-metal etching. This method
of fabricating a SiNW array has many advantages, such as low cost
and large surface area. It also allows the control of conductivity,
which facilitates applications in electronic devices such as field-
effect transistors, lithium ion batteries and electrochemical
biosensors, but the repeatable and controllable preparation of
SiNW arrays from a substrate, with defined type, orientation, size,
doping level and improved conductivity still poses a challenge.
Many catalysts, such as Ag, Au, Ni, Ti and Fe, are used to prepare
SiNWs. However, few studies have considered the effect of Ag
catalysts in the fabrication process for silicon SiNW arrays. This
study aims to provide a simple method for the generation of SiNWs
of large area, directly synthesized on p-type (100) silicon wafer. It
also examines the effect of differently sized Ag catalysts on the
fabrication of SiNW arrays.
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2. Experimental procedures

The Ag catalyst for the fabrication of a silicon nanowire array by
Ag-assisted electroless etching uses a sequence of two solutions;
solution I is based on AgNO3/HF and solution II is based on H2O2/HF.
Firstly, 6-inch p-type (100) oriented silicon wafer substrates with
a resistivity of 15e25 U-cm are used in this study. In order to
remove chemical impurities and particles, the wafers were cleaned
using a standard Radio Corporation of American cleaning process
[29]. In this procedure, the silicon substrates were cut into squares
and washed with DI water. The samples were then immersed in an
AgNO3/HF system at 50 �C, for times of 0.5e4 min, to synthesize Ag
catalysts. After synthesis of the Ag catalysts, SiNWs were
synthesized, using Ag-assisted electroless etching in
a H2O2:HF ¼ 0.5:4.6 M solution at 50 �C, for different periods of
Fig. 1. Schematic illustration of the Ag-assisted electroless etching using a sequence of t
time. The SiNW arrays were coated with the residual Ag of the
prepared SiNW arrays, so the as-prepared samples were dipped in
30% HNO3 solution. Finally, the SiNW arrays were immersed in the
10% HF solution, to remove the oxide layer on the SiNW arrays, and
then washed with deionized water and dried by blowing with
nitrogen. A schematic illustration of the Ag catalyst for the fabri-
cation of a silicon nanowire array using Ag-assisted electroless
etching is shown in Fig. 1.

The surface morphology of the Ag catalysts was determined
using an atomic force microscope (AFM, NT-MDT Solver P47). The
surface morphology of the SiNWs was investigated using field-
emission scanning electron microscopy (FE-SEM, Hitachi S-4000)
and transmission electron microscopy (TEM, JEM-2010F). The
crystalline structure of the SiNWs was determined using X-ray
diffraction (Rigaku-2000 X-ray Generator.), using Cu Ka radiation
wo solutions; solution I is based on AgNO3/HF and solution II is based on H2O2/HF.



Fig. 2. AFM image and surface roughness (Ra) of Ag nanoparticles with a pre-deposition of (a) 0.5 min, (b) 1 min, (c) 2 min, (d) 3 min and (e) 4 min, at a concentration ratio of
0.01:4.6 M for AgNO3/HF at 50 �C, (Ra: center line average roughness, Ra).

Table 1
Surface roughness and grain size of Ag nanoparticles for different pre-deposition
time, at a concentration ratio of 0.01:4.6 M for AgNO3/HF, at 50 �C.

Samples Roughness (Ra) Grain size (nm)

0.5 min 8.637 � 4.27 Unobvious
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with an angle of incidence of 1�. A water contact angle system
(WCA, FACE CA-VP150) was also used to analyze the hydrophilic
and the hydrophobic nature of the SiNW arrays. Fourier transform
infrared spectroscopy (FTIR, ASTeX PDS-17) was used to analyze the
chemical composition.
1 min 13.21 � 1.50 117.78 � 20.38
2 min 22.04 � 1.98 156.8 � 34.60
3 min 63.35 � 4.04 162.04 � 38.53
4 min 118.96 � 10.29 202.08 � 22.75
3. Results and discussion

3.1. Characteristic analysis of the Ag catalysts

One of the key problems for the chemical growth of SiNWs is the
synthesis of Ag catalysts, obtained by the pre-deposition of AgNO3/
HF solution. It has been reported that the nature of the SiNWarrays
produced depends on synthesis parameters, such as the reaction
Fig. 3. SEM image of Ag nanoparticles deposited for (a) 0.5 min, (b) 1 min, (c) 2 min, (d)
temperature, catalyst composition and reaction time [30]. There-
fore, the effect of different sizes of Ag catalyst on the fabrication of
SiNWarrays is examined. In order to investigate the transformation
of the Ag catalyst into nanoparticles, different pre-deposition times
were used. Fig. 2 shows the AFM image and surface roughness (Ra)
3 min and (e) 4 min, at a concentration ratio of 0.01:4.6 M for AgNO3/HF, at 50 �C.



Fig. 4. SEM image of SiNW arrays with different Ag catalysts corresponding to Fig. 3, at a concentration ratio of 0.5:4.6 M for H2O2/HF, for 45 min at 50 �C.

Fig. 5. Morphology and elemental analysis of SiNW arrays, without HNO3 treatment (no removal of Ag particles), and with HNO3 treatment (Ag particles remove).
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of the high-density Ag catalysts prepared on silicon substrates in
AgNO3/HF solution, over various times. The results obtained from
AFM show the Ag catalysts prepared on silicon substrates in AgNO3/
HF solution depend on pre-deposition time. In fact, it can be seen
that a longer pre-deposition time results in denser Ag catalyst
nanoparticles and higher surface roughness. The pre-deposition
time is longer, the Ag particles and tree-like Ag dendrites become
more numerous (Fig. 2(e)). If the pre-deposition time is longer, the
particles impact with each other and agglomerate, because of
Brownian motion [31].

Fig. 3 shows the SEM image of an Ag film on a sample. The
number of tree-like Ag dendrites increases as the pre-deposition
time increases to 3 or 4 min. For a deposition time of 0.5 min, the
size of the Ag catalysts is small, with a highly dense distribution
(see Fig. 3(a)). However, an increase in large amounts of Ag dendrite
is observed as the pre-deposition time is increased. This occurs
because the Ag catalyst changes from a particle shape to a cluster or
dendrite structure, as pre-deposition time increases, so the struc-
tural uniformity of the Ag catalyst gradually deteriorates and the
roughness increases.

The roughness and grain size of the Ag catalysts particles
increases as pre-deposition time increases (see Table 1). For
a shorter time, the particle size of the Ag catalysts is small. For
a long time, the particle sizes of the Ag catalysts are large. This
result indicates that increasing the pre-deposition time for AgNO3

encourages the growth of Ag catalysts and leads to an increase in
particle size (see Fig. 3). Fig. 3(e) shows that the Ag dendrites ratio
is increased for the 4 min sample, using aqueous HF solution con-
taining AgNO3. The increase in the Ag dendrites ratio is probably
due to over pre-deposition with aqueous HF solution containing
AgNO3. These results agree with those already reported [32].
Fig. 6. SEM image of the top view and cross-section of the SiNW for different
3.2. Characteristic analysis of the SiNW arrays

In order to understand the effect of different sizes of Ag particles
on SiNW arrays, Fig. 4 shows the formation of a SiNW array in the
H2O2/HF etching system, at 50 �C for 45 min, with different sizes of
Ag particles. When the pre-deposition time is too short (0.5 min),
the Ag particles are denser and a SiNWarray cannot be synthesized.
Indicate that smaller andmore dispersed Ag catalysts are formed for
a shorter pre-deposition time, which induces the formation of
a large amount of silicon holes, as shown in Fig. 4 (a) and (b). Fig. 4
(c) and (d) displays a plan view SEM image of a p-Si (1 0 0) sample
which was subjected to Ag-assisted electroless etching in H2O2/HF
solution for 45 min at 50 �C. It shows that the surface is micro-
structured with pillar-like structures and density of macropores.
Beside, when the pre-deposition time is longer, many Ag dendrites
are fabricated and the spacing becomes greater. However, a large
amount of Ag dendrites is formed on the silicon substrate over
a longer pre-deposition time (4 min), the existence of these Ag
dendrites is disadvantageous to the fabrication of SiNW arrays, as
shown in Fig. 4(e). A proper pre-deposition time (3 min) for the Ag
catalyst is beneficial to the formation of SiNWs. It can be seen from
these results that optimum values for the parameters used for the
fabrication of SiNW arrays are necessary to ensure a perfect
chemical etching process.

Fig. 5 shows themorphology and elemental analysis of the SiNW
arrays, without HNO3 treatment (no removal of Ag particles,
Fig. 5(a)), and with HNO3 treatment (Ag particles remove, Fig. 5(b)).
Further structural and crystallographic characterization of the SiNW
array was performed using a combined TEM and EDX spectrum.
Fig. 5(c) shows typical TEM images of as-synthesized SiNWs, with
a width of approximately 90e150 nm. Fig. 5(d) shows the HRTEM
etching times, at a concentration ratio of 0.5:4.6 M for H2O2/HF at 50 �C.



Fig. 8. X-ray diffraction spectrum for SiNW arrays, etching times 55 min: (a) without
HNO3 treatment (no removal of Ag particles), (b) with HNO3 treatment (Ag particles
remove).
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images of the SiNWs. The corresponding axial directions, charac-
terized by selected area electron diffraction (SAED) patterns, are
shown in the inset. The corresponding SADE patterns show the [111]
and [200] zone axes of silicon, respectively. This result indicates that
the axial direction of the SiNW array is along the [100] direction,
which is identical to the (100)-oriented orientation of the preferred
p-type. SiNWs were characterized by SAED patterns, which indicate
that the crystal is single crystalline. The EDX analysis verifies that
the SiNWs are silicon and shows only one peak that is comparable to
Si, after HNO3 treatment, which indicates that the residual Ag
nanoparticles are removed completely, as shown in Fig. 5(e).

Fig. 6 shows the side-view SEM images of the SiNW arrays
prepared using (100)-oriented silicon substrates in etching solution,
at 50 �C, with various etching times from 15 to 70 min. The SiNW
arrays, which are straight and grow vertically on the silicon
substrates, can be observed in the micrographs. The length of the
SiNW array increases as etching time increases. Fig. 7 shows the
lengths range from 2.24 to 10.03 mm, corresponding to Fig. 6.
According to the dynamic theory, the linear relationship of the
SiNW array can be adjusted by controlling the etching time for Ag-
assisted electroless etching. The conglomeration at the tips of the
SiNWs array also increases as etching time increases, because of the
strong force or Van derWaals interaction [33]. Fig. 8 shows the X-ray
diffraction spectrum for SiNW arrays, etching time 55 min, without
HNO3 treatment (no removal of Ag particles) and with HNO3

treatment (Ag particles remove). Fig. 8(a), without HNO3 treatment
the SiNWarray has diffraction peaks at 38.3�, 44.4�, 64.6� and 77.5�,
which belong to the (111), (200), (220) and (311) Ag planes,
respectively. After HNO3 treatment, the peaks occur at 69.4� and
belong to the (400) silicon planes (Fig. 8(b)). Literature [34] shows
that the axial direction of the SiNW arrays has a preferred orienta-
tion of [100]. This result is consistent with the HRTEM image. Fig. 9
shows the XRD diffraction patterns for the SiNW arrays, under
different etching time. It is clear that the (400) silicon diffraction
peak, located at 2q w69.4�, is observed, shows the better crystal-
linity of the SiNW array in etching solution at 50 �C for 55 min (the
diffraction peaks are sharper and more intense, Fig. 9(g)).

Water contact angle (WCA) analysis is sensitive to the chemical
composition of the topmost molecular layer and is a relatively
simple, inexpensive and popular technique for the characterization
of material surfaces. A chemical band analysis was performed for
Fig. 7. The effect of etching time on the length of SiNW arrays corresponding to Fig. 6,
at a concentration ratio of 0.5:4.6 M for H2O2/HF at 50 �C.
the SINW arrays with and without HF treatment. After HF treat-
ment, the sample surface can induce extremely hydrophobic
functional groups. Fig. 10 shows WCA observation. Fig. 10(b) shows
that the SiNW arrays without HF treatment have extremely
hydrophilic features (contact angle of 4.1�). After HF treatment, the
SiNW arrays become extremely hydrophobic (contact angle of
138.2�), as shown in Fig. 10(c). The use of HF treatment may induce
SieHx bonds onto surface of the SiNW arrays, which can be
confirmed by FTIR analysis, as shown in Fig. 11. The peak at
620 cm�1 is attributed to SieSi rocking vibration. The SiNW arrays
without HF treatment, the signals from SieO bonds (peak at 1100e
1250 cm�1) are much stronger and other OeH bonds, as shown in
Fig. 11(a). However, after HF treatment, the absorbance of the SieO
bonds is weaker, and SieHx asymmetric stretching mode bands at
2245 cm�1 are observed, the stronger SieHx signal reflects the fact
that the surface is mainly terminated by SieHx bonds, as shown in
Fig. 11(b). This result pointed out that the previous oxide layer was
dissolved in the HF solution. The use of HF induces SieHx bonds
Fig. 9. Structural properties of SiNW arrays at a concentration ratio of 0.5:4.6 M for
H2O2/HF, at 50 �C, corresponding to Fig. 6, with different etching time: (a) P-Si, (b)
15 min, b ¼ unobvious (c) 25 min, b ¼ 0.319, (d) 35 min, b ¼ 0.301, (e) 45 min,
b ¼ 0.300, (f) 55 min, b ¼ 0.298 and (g) 70 min, b ¼ 0.333, (b: full width at half
maximum, FWHM. No removal of Ag particles).



Fig. 10. WCA observation of (a) Si substrate, (b) SiNW arrays without HF treatment (hydrophilic) and (c) SiNW arrays with HF treatment (hydrophobic).
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onto the SiNW arrays surface, which can be confirmed by WCA
analysis (corresponding to Fig. 10(c)).

3.3. Reaction mechanism of Ag-assisted electroless etching

In this study, SiNWarrays were fabricated by a two-step process,
using Ag catalysts in the H2O2/HF etching agent. The role of Ag film
in SiNWs growth in the H2O2/HF solution is consistent with
previous reports. In this case, AgNPs are oxidized by H2O2, initially
producing Agþ. Then, Agþ is reduced by electrons from the closest
Si atoms, producing Si underneath the AgNPs. Meanwhile, HF
dissolves SiO2, leaving shallow pits underneath the AgNPs. As time
progresses, the AgNPs subside and the pits are gradually formed.

As discussed previously, different chemical reactions dominate
in the two different electroless chemical etching processes. A
series of redox reactions in AgNO3/HF solution are outlined in Eqs.
(1)e(3):

Agþ þ e�/Ag (1)

Siþ 2H2O/SiO2 þ 4Hþ þ 4e� (2)

SiO2 þ 6HF/H2SiF6 þ 2H2O (3)

The reaction in the H2O2/HF solution can be expressed as:

4H2O2 þ Si!Ag SiO2 þ 4H2Oþ O2 (4)

SiO2 þ 6HF/H2SiF6 þ 2H2O (5)

In the AgNO3/HF solution, Agþ is abundant and oxidizes the
exposed Si, producing SiO2, which is then easily etched away by HF
Fig. 11. Comparison of FTIR spectra, at a concentration ratio of 0.5:4.6 M for H2O2/HF,
at 50 �C and 55 min: (a) SiNW arrays without HF treatment corresponding to Fig. 10(b)
(hydrophilic), and (b) SiNW arrays with HF treatment corresponding to Fig. 10(c)
(hydrophobic).
acid. The etching speed of the SiO2 beneath AgNPs is relatively slow,
so the Si underneath the Ag nanoparticles is preserved. However, in
the H2O2/HF solution, Agþ is produced by the reduction of H2O2.
Since this chemical reactivity is not high, Agþ mainly distributes
close to the Ag film, so only Si underneath the Ag particles is prone
to oxidation by Agþ and then etched away by HF acid. These results
are in agreement with those already reported [35].
4. Conclusion

Synthesized single-crystalline, well-aligned, SiNW arrays of
large area can be successfully produced on single crystal P (100)
silicon wafer using a simple, low cost Ag-assisted electroless
etching process. An optimally sized Ag catalyst for the fabrication of
SiNW arrays requires a 3 min pre-deposition time. It can be seen
that the optimization of the experimental parameters for the
fabrication of SiNW arrays is important for the Ag-assisted elec-
troless etching process used in this study.

SiNWarrays were synthesized in a H2O2/HF system, for different
times, from 15 to 70 min, using Ag-assisted electroless etching
(with pre-deposition of the Ag catalyst for 3min). The results of this
study show that the length of the SiNW arrays increases as the
immersion time in the H2O2/HF system increases and that the
SiNW arrays are bundled together, which appears to be typical for
long SiNW arrays.

The axial orientation of the SiNWswas identified to be along the
[001] direction, which is the same as that of the initial Si wafer. HF
treatment was confirmed to be an effective precursor to the
introduction of SieHx bonds onto the SiNW array surface, to
enhance the hydrophobic nature. Overall, these results demon-
strate that Ag-assisted electroless etching technique is an effective,
reliable, low temperature method that does not require high
energy.
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