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One-step synthesis of lightly doped porous silicon nanowire arrays was achieved by etching the silicon
wafer in HF/AgNOs/H,0; solution at room temperature. The lightly doped porous silicon nanowires
(pNWs) have circular nanopores on the sidewall, which can emit strong green fluorescence. The surface
morphologies of these nanowires could be controlled by simply adjusting the concentration of
H,0,, which influences the distribution of silver nanoparticles (Ag NPs) along the nanowire axis.
A mechanism based on Ag NPs-induced lateral etching of nanowires was proposed to explain the
formation of pNWs. The controllable and widely applicable synthesis of pNWs will open their potential
application to nanoscale photoluminescence devices.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Silicon based nanostructures have attracted wide attentions
due to their potential applications in photovoltaic, lithium bat-
tery, biomedicine, and optoelectronic devices [1-5]. Porous silicon
and silicon nanowires have been particularly concerned and
studied over the past decades because of their outstanding
properties of antireflection and photoluminescence, respectively
[6-12]. To combine these advantages, a novel composite nanos-
tructure, porous silicon nanowires (pNWs), was proposed and has
been applied in the fields of photocatalysts, gas-sensor, and Li-ion
batteries in recent several years [13-18]. Generally, pNWs are
fabricated by the metal-assisted chemical etching method, which
mainly contains two procedures, i.e. the deposition of metal
nanoparticles (NPs) or film on silicon substrate and the etching
of silicon catalyzed by metal NPs in the etchant typically contain-
ing HF and H,0, [19]. However, the controllable deposition of
metal NPs on the starting silicon wafer makes this method
complicated, and further hampers the massive application. Hence,
a simplified method enabling simultaneous deposition of metal
NPs and etching of silicon was proposed by dissolving AgNOs3 into
HF etchant solution, and the highly doped pNWs with pores
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approximately 10 nm in diameter were obtained [13]. Although
this method was simple, it commonly has a significant drawback,
i.e. the starting silicon wafer for fabricating pNWs can only be
highly doped silicon wafer rather than lightly doped silicon wafer
[13,20].

In this work, we report the one-step synthesis process of
PNWs at room temperature, which is applicable even in the case
of lightly doped silicon wafer. The H,0, oxidant was introduced
into the HF/AgNOs solution at an appropriate proportion, and
lightly doped pNWs with a pore diameter around ~5 nm were
obtained, which exhibited green fluorescence emission. Further-
more, the role of H,0, on the formation of pNWs was analyzed
and a novel mechanism based on Ag NPs-induced lateral etching
of silicon nanowires (SiNWs) was proposed.

2. Experimental

Single-mirrored polished p-type Si(100) wafers (the resistivity
of 7-13 Q cm) were cut into 1 cm x 1 cm pieces and used for the
experiment. The Si samples were cleaned using acetone, absolute
ethyl alcohol and deionized water in the ultrasonic condition. And
then the Si samples were dipped into dilute HF solution to remove
native oxide. Following cleaning step, the Si samples were imme-
diately placed into the etching solution. Here, the etching solution
contained 4.6 M HF, 0.02M AgNOs;, and H,0, with variable
concentrations (0, 0.005, and 0.05 M). After the etching process,
the Si samples were rinsed with deionized water and then
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immersed into concentrated HNO5 to remove retaining silver. All
treatments were performed in the dark at room temperature.

Surface morphologies of Si samples were observed by scanning
electron microscope (SEM) with FEI Quanta 200F and transmis-
sion electron microscope (TEM) with Tecnai G2 F20. The images of
high resolution TEM (HRTEM), scanning transmission electron
microscope (STEM) and selected area electron diffraction (SAED)
were obtained on Tecnai G? F20 with an operation voltage of
200 kV. The luminescent property of the lightly doped pNWs
was measured by confocal fluorescence microscope with Leica
TCS SP5.

3. Results and discussion

Vertical lightly doped porous silicon nanowire arrays were
obtained through one-step synthesis process with an appropriate
H,0, concentration (0.05 M) for 45 min at room temperature. The
silicon nanowire arrays with a thickness of ~20 pm uniformly
cover the silicon substrate, as shown in Fig. 1A. These nanowires
are provided with the bundle-like structure obviously caused by
Van der Waals force between the nanowires. From TEM image of
the individual nanowire in Fig. 1B, it can be seen that dense and
homogeneous pores distribute on the sidewalls of the nanowire.
The corresponding HRTEM image (Fig. 1C) reveals that these
pores are in circular-like shape with a mean diameter of 5 nm
approximately, and the scale of remaining silicon scaffold is about
2 nm. Furthermore, selected areas SAED patterns (the inset in
Fig. 1C) indicate the single-crystalline nature of pNWs, which is in
consistent with the starting silicon wafer, suggesting that the
integrity and continuity of the silicon lattice has not been
destroyed in the etching process.

The luminescent property of the lightly doped pNWs has also
been studied. To ensure photoluminescence (PL) from porous

nanowires, the pNWs were scratched from silicon substrate and
the individual nanowire was measured; the result was shown in
Fig. 2A. The lightly doped pNWs can emit strong green fluores-
cence under the excitation of 488 nm light, and a weak yellow
fluorescence under the excitation of 514 nm wavelength light.
As the average diameter of these nanowires is larger than the
threshold value of the quantum confinement effect [21], the PL
emission is considered to originate from the dense nanopores. In
addition, the color of PL emission can also vary for different pNWs,
for example, the highly doped pNWs can emit red fluorescence
under the irradiation of 442 nm wavelength light, as shown in
Fig. 2B [13]. The color differences are derived from several factors
including the doping concentration of starting Si wafer, the pore
density and the dangling bonds at the surface of pNWs [22].

The lightly doped pNWs are firstly obtained through chemical
etching in HF/AgNOs3/H,0, solution. As we know, the lightly
doped pNWs are difficult to be produced through chemical
etching in HF/AgNOs solution [13,23]. So the formation of pNWs
here must have a certain relation with the presence of H,0,.

Hence, the effect of H,O, concentration in the etchant on the
formation of pNWs was investigated. Vertically aligned silicon
nanowire arrays were obtained in the condition of any H,0,
concentration used here, as shown in Fig. 3A and D. However, the
surface morphologies of these nanowires were quite different.
Without H,0,, silicon crystalline nanograins (as proposed in the
literature [21]) can be observed on the sidewalls of nanowires
(Fig. 3B), the high resolution TEM image (Fig. 3C) of individual
nanowire indicates that the nanowire surface is relatively smooth.
In the case of low H,0, concentration (e.g. 0.005 M), the nanowire
surface is significantly rough, but no pores appear, as shown in
Fig. 3E and F. When the H,0, concentration reaches 0.05 M,
the formation of pNWs can be achieved as given in Fig. 1.
While the H,0, concentration is further increased up to 0.5 M,
porous structure has also been observed at the sidewalls of rare

Fig. 1. SEM, TEM and HRTEM images with SAED patterns of pNWs. (A) SEM image of pNW arrays. (B) TEM image of individual nanowire. (C) HRTEM image corresponding
to (B). The inset in (C) shows a selective areas SAED patterns of individual nanowire. The scale bars of SEM, TEM and HRTEM are 10 pm, 20 nm, and 10 nm, respectively.

Fig. 2. The photoluminescence images of individual pNWs obtained from different doping level of the starting p-type silicon wafer. (A) Lightly doped pNWs. (B) Highly

doped pNWs [13]. Scale bars are 1 um and 2 pm, respectively.
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Fig. 3. SEM, TEM and HRTEM images of SiNWs etched using p-type Si(100) with 7-13 Q cm resistivity in a solution containing 4.6 M HF, 0.02 M AgNOs and different
concentrations of H,0> for 45 min. (A-C) adding 0 M H»0,. (D-F) adding 0.005 M H,0,. The scale bars of SEM, TEM and HRTEM are 10 pm, 50 nm and 10 nm, respectively.

Fig. 4. Surface morphology of individual nanowire without HNO3 treatment. (A) TEM image of individual nanowire. (B) The high magnification TEM image at the top site of
this nanowire. (C) The high magnification TEM image at the root site of this nanowire. (D) STEM image of this nanowire corresponding to (B). (E) HRTEM image of
individual Ag nanoparticle on the sidewall of this nanowire. The scale bars of TEM, the high magnification TEM, STEM, and HRTEM are 0.2 um and 50 nm, 100 nm, and

5 nm, respectively.

nanowires, but a quite large number of Si NWs were destroyed
due to the excess etching.

The above results demonstrate that the presence of H,0,
significantly affects the surface morphologies of nanowires and
the concentration of H,O, has a certain range for the formation of
pNWs. However, it is well known that H,0, itself is not able to
etch silicon [14]. Thus, the effects of H,0, should be mediated by
other factors, and Ag NPs-induced etching of Si NWs has the
greatest possibility in this process.

Therefore, the Si NWs without HNO3 treatment were charac-
terized to learn the relation between H,0, concentration and Ag
NPs. When utilizing the etchant (HF/AgNOs) without the presence
of H,0,, there were few Ag NPs on the sidewalls of the resultant
nanowires, which is consistent with the previous report [23]. In
the case of H,0, added (e.g. 0.005 M) into the etchant, many NPs
decorate on the sidewalls of the nanowires, especially at the top
site of the nanowire, as shown in Fig. 4A. These NPs exhibit a wide
distribution along the nanowire axis. According to the results
from STEM image (Fig. 4D) and HRTEM image (Fig. 4E), it was

demonstrated that these NPs were composed of silver. As H,0,
concentration increased to 0.05 M, more Ag NPs were observed
along the nanowires axis. These results reveal that H,0, facilitates
nucleation and growth of Ag NPs on the sidewalls of nanowires.
And these Ag NPs induce the lateral etching of nanowires leading
to the formation of the pNWs.

Based on the above analyses, a novel formation mechanism of
the pNWs by chemical etching in HF/AgNO5/H,0, solution was
proposed. When lightly doped silicon wafer was dipped into the
etchant, Ag NPs were deposited on silicon surface, as depicted in
Fig. 5A. And the silicon nanowire arrays were formed by the silicon
etching catalyzed by small Ag NPs, whereas their surface was
covered by the loose Ag dendrites layer, as depicted in Fig. 5B.
As the standard reduction potential of H,O, (1.77 eV) is larger
than that of Ag (0.78 eV), the growing Ag dendritic layer can
simultaneously be oxidized into Ag* ions by H,0,, as depicted in
Fig. 5C. The corresponding reaction equation is as following:

2Ag+H,0,+2H* —»2Ag™* +2H,0
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Fig. 5. Schematic illustration of the formation mechanism of Si pNWs arrays through one-step synthesis in HF/AgNO3/H,0, solution.

Since the growing and the dissolution of the Ag dendritic layer
are in a state of dynamic equilibrium, as reaction time increases, a
large number of Ag™ ions are generated near the Ag dendritic
layer (Fig. 5D), and then these Ag™ ions trap electrons from the
sidewalls of nanowires, re-nucleate and grow to Ag NPs. These
grown Ag NPs have unique catalytic activity for etching silicon,
meanwhile they are difficult to be oxidized by H,0, [24]. There-
fore, Ag NPs were decorated on the sidewalls of nanowires, as
depicted in Fig. 5E. And these Ag NPs induce the lateral etching of
nanowires leading to the formation of pNWs, as shown in Fig. 5F.

This mechanism can well explain the effect of H,O, concen-
tration on the surface morphologies of nanowires in our experi-
ments. At a low concentration of H,0,, Ag nucleation on the
sidewalls of nanowires is less possible due to the slight amount of
Ag™ ions generated by dissolving the Ag dendritic layer, and
smooth or rough Si NWs are formed. But at a high concentration
of H0; (e.g. 0.05 M), the large number of the dissolved Ag™ ions
produce plentiful Ag NPs, which catalyze the lateral etching of
nanowires leading to the formation of pNWs. Therefore, the
concentration of H,0, has a limited range for the formation
of pNWs.

The non-uniform distribution of Ag NPs and nanopores
along the nanowire axis (as shown in Fig. 4B and C) can also
be explained by this mechanism. Because Ag™ ions generated
by dissolving Ag dendritic layer mainly distribute at the top
surface of silicon nanowire arrays, these Ag* ions has a non-
uniform distribution along nanowire axis from bottom to top.
Thus, Ag NPs and nanopores are preferable to form at the top of
the nanowire.

From above results and discussions, it can be seen that the
essential formation mechanism of pNWs is that Ag NPs-induced
the lateral etching of nanowires. Hence, the porous structure on
the sidewalls of nanowires can be modulated by adjusting the
size, amount, and distribution of Ag NPs. In our work, the
changing of H,0O, concentration has been proven to indeed
influence the distribution of Ag NPs on the sidewalls of nano-
wires, resulting in different surface morphologies including
smooth, rough and porous structures. In fact, HO, is not the
only factor influencing the formation of pNWs. According to the
proposed mechanism, other important factors such as the con-
centration of AgNOs, the reaction temperature and the reaction
time can also be deduced. Thus, modulating these technique
parameters comprehensively will be an effective approach to
fabricate pNWs with predictable and controllable porosity for
different applications.

4. Conclusions

In conclusion, lightly doped pNWs has been successfully
fabricated through one-step synthesis at room temperature. The
lightly doped pNWs exhibit strong green fluorescence emission
under the irradiation on 488 nm wavelength light. It is found that
the concentration of H,0, in the etchant plays a key role in the
formation of pNWs. A novel mechanism is proposed to explain
the formation of pNWs in HF/AgNO3/H,0, solution. The synthesis
method is also able to produce highly doped pNWs. Furthermore,
this controllable and widely applicable synthesis method of
pNWs can further open their fresh application to photoelectric
devices, energy harvesting and storage devices.
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