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Self-assembled synthesis of SERS-active silver dendrites
and photoluminescence properties of a thin porous silicon layer
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Abstract

Via electroless metal deposition, well-defined silver dendrites and thin porous silicon (por-Si) layers are simultaneously prepared in
ammonia fluoride solution containing AgNO3 at 50 �C. A self-assembled localized microscopic electrochemical cell model and a diffu-
sion-limited aggregation mode are used to explain the growth of silver dendrites. The formation of silver dendritic nanostructures derives
from the continuous aggregation growth of small particles on a layer of silver nanoparticles or nanoclusters (Volmer-Weber layer). Thin
and homogeneous nanostructure por-Si layers display visible light-emission properties at room temperature. The investigation of the sur-
face-enhanced Raman scattering (SERS) reveals that the film of silver dendrites on por-Si is an excellent substrate with significant
enhancement effect.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

A great deal of effort has been made to fabricate well-
defined nanostructured noble metals such as nanoparticles,
nanorods, and nanowires due to their unique optical, elec-
tronic, catalytic properties, and surface-enhanced Raman
scattering (SERS) [1–4]. The intrinsic properties of the
noble metal nanostructure are determined by its size,
shape, morphology, composition, and crystallinity [5].
Recently, researchers [6–9] have developed a simple electro-
less metal deposition (EMD) method in a HF solution con-
taining AgNO3 to synthesize unique silver dendritic
nanostructures with stems, branches, and leaves, and
simultaneously form large-area silicon nanowire arrays
on the silicon substrates.
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EMD in ionic metal (silver) HF solution is based on an
electrochemical redox reaction in which both anodic and
cathodic processes occur simultaneously at the silicon sur-
face [10]. Electrochemical reactions are illustrated in the
following equations. All potentials refer to the standard
hydrogen electrode (SHE).

Anodic : Siþ 6HF! H2SiF6 þ 4Hþ þ 4e

E ¼ �1:24 V ð1Þ
Cathodic : Agþ þ e! Ag

E ¼ þ0:80 V ð2Þ

Since Si nanostructures have unusual properties such as
single-electron tunneling, nonlinear optical properties and
visible photoluminescence (PL) [11–13], turning bulk Si
into nanocrystals or nanocrystalline networks is very inter-
esting. Electroless etching of Si to form por-Si is a simple
process that requires the attachment of no electrodes and
can be performed on objects of arbitrary shape and size.
Nonetheless, the formation of por-Si via electroless etching
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has received much less systematic investigation [14,15]. To
date, the preponderance of work has concentrated on the
use of HF solution. However, according to our under-
standing on the electrochemical redox reaction process
and the fact that a highly concentrated NH4F solution is
still necessary as a silicon oxide etchant for patterning the
oxidized surfaces, we believe that the use of a wider range
of fluoride carriers can lead to a greater control over mor-
phology and properties. Herein, we show in detail the for-
mation of silver dendritic nanostructures and a thin por-Si
layer via an EMD process based on NH4F–AgNO3 system.
The growth evolution mechanism of silver dendrites was
also discussed. Then the SERS spectra of Rhodamine B
(RB) on silver dendritic nanostructures were demonstrated,
which reflected the different SERS effects based on different
size and amount of Ag dendrites. In addition, the thin
homogeneous por-Si layer was demonstrated to have an
intensive visible-light emitting property.

2. Experimental

Silver nitrate was purchased from Acros, RB was
obtained from Sigma. All reagents and solvents were used
without further treatment. Double distilled water was used
through the experiments.

The p-type silicon (111) wafers were cleaned with ace-
tone and ethanol to remove possible contaminants, and
then etched in a 5 wt% HF solution for 10 min to remove
the native oxide layer. The wafers were rinsed with water
and dried with dry nitrogen flux after each cleaning step.
Fig. 1. SEM images of the silver films prepared in a 2.5 M NH4F solution cont
spectrum of the VW layer in (b). The inset of (c) shows large-magnification S
Subsequently, the cleaned silicon wafers were immersed
in a 2.5 M NH4F solution containing 0.01 M silver nitrate
at 50 �C for different times. After the etching process, the
silicon wafers were rinsed with water and blown dry by air.

A field-emission-type scanning electron microscope (FE-
SEM; Model XL-SFEG; FEI Corp.) and an atomic force
microscope (AFM, in tapping mode; Nanoscope III a,
DI. Cop. Ltd.) were used to observe the morphologies of
the samples. PL measurement was performed at room tem-
perature on a Reinshaw Raman spectrometer by using a
He–Cd laser as the excitation light source with the wave-
length of 325 nm.

RB molecules were used to test the enhancement ability
of the SERS active substrates. The as-prepared silver films
on silicon substrates were soaked in a 10�4 M aqueous RB
solution for 30 min, taken out, and rinsed using water for
three times. The Raman scattering measurements were per-
formed at room temperature on a Raman system (JY-
HR800) with confocal microscopy. The solid-state diode
laser (633 nm) was used as an excitation source. The laser
power on the samples was kept with 0.9 mW and the typi-
cal spectrum acquisition time was 50 s. The probed area
was about 1 lm in diameter with a 50x microscope objec-
tive lens.

3. Results and discussion

In NH4F solution, the etched silicon substrates were
always wrapped with a layer of thick silver film, which is
rather loose and can be easily detached from the surface
aining 0.01 M silver nitrate at 50 �C for 5(a), 15(b) and 60(c) min; (d) EDX
EM image.



W. Ye et al. / Electrochemistry Communications 10 (2008) 625–629 627
of silicon substrates. A morphological evolution of silver
dendrites was followed by a time-dependent process.
Fig. 1a–c shows the SEM images of silver films prepared
in the solution of 0.01 M AgNO3 + 2.5 M NH4F for 5,
15, and 60 min, respectively. At 5 min, silver nanoparticles
or nanoclusters were formed. As time went on, the silver
nanoparticles tend to aggregate and finally self-assembled
to form silver dendrites. Well-defined dendritic structure
Fig. 2. Schematic illustration of the g

Fig. 3. SEM image of the thin por-Si layer (a) and its 2D AFM surface a
was arranged along a backbone with symmetrical side-
branches. As the reaction time proceeded, more and more
silver dendrites stacked on the surface, and an interesting
phenomenon is that some ‘‘new” branches have grown on
the ‘‘old” branches (Fig. 1c).

NH4F is a salt consisting of a weak acid with a weak
base group. The equilibrium constant can be calculated
from the reaction [16]:
rowth process of silver dendrites.

nalysis in vertical distance (b); (c) is the corresponding PL spectrum.



Fig. 4. SERS spectra acquired from RB of 10�4 M absorbed on the silver
films prepared in NH4F–AgNO3 solution for 5(a), 15(b) and 60(c) min; (d)
shows the Raman signals from the sample, which was obtained by
dropping one drop of 10�3 M RB solution on a flat Si wafer and being
dried in the air; (e) shows the Raman spectrum of RB from 10�5 M on the
silver dendrites prepared in NH4F–AgNO3 solution for 60 min.
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NHþ4 þ F� () NH3 þHF ð3Þ
K ¼ KaðNHþ4 Þ=KaðHFÞ � 10�6 ð4Þ

The concentration of free HF is about 10�2 M in this solu-
tion with the pH value of 7.8. From the Nernst equation,
the anodic potential difference between the NH4F–AgNO3

solution and HF–AgNO3 solution under the identical con-
ditions can be easily written by the following:

DE ¼ �0:0591gK
1
2 ¼ �0:059

2
1gð10�6Þ ¼ 0:177 V ð5Þ

Therefore, the electroless silver deposition in NH4F solu-
tion is thermodynamically favored. The formation of the
silver dendritic nanostructures can be also understood on
the basis of self-assembled localized microscopic electro-
chemical cell model and diffusion-limited aggregation pro-
cess (DLA) [7,17]. Through the morphological evolution of
silver dendritic nanostructures, Fig. 2 gives a more detailed
schematic illustration of formation process of silver den-
drites than the previously proposed mechanisms [7–9].
Here, the layer of silver nanoparitcles or nanoclusters
and the layer of the synchronized silver dendrites were
named as the Volmer-Weber (VW) layer and the DLA
layer, respectively. It is assumed that the DLA layer de-
rived from the continuous aggregation growth of small par-
ticles on the VW layer, as shown in Fig. 1b. Fig. 1d shows
the energy-dispersive X-ray (EDX) spectrum, which corre-
sponds to the VW layer of Fig. 1b. This provides direct
proof that these particles on the silicon substrate are silver.
In fact, the case of HF–AgNO3 system is also similar to this
work, while the formation rate of VW layer is faster in the
HF–AgNO3 system, which might be attributed to the drop
of surface energy due to the increased HF concentration
[18].

Fig. 3a shows the SEM image of a thin por-Si layer,
which was etched in 2.5 M NH4F solution containing
0.01 M silver nitrate at 50 �C for 60 min, detached the sil-
ver film, and then immersed into a 50% HNO3 solution
for 30 min. It can be seen that the por-Si layer is nanopor-
ous and thin with homogenous ‘‘pits”. Its 2D AFM surface
analysis in vertical distance shows a thickness of about
54 nm (Fig. 3b).

The PL spectrum of the thin por-Si layer is shown in
Fig. 3c. The material shows its visible light-emission prop-
erty at room temperature with the PL peak at 759 nm. The
mechanism of por-Si luminescence has not been completely
understood up to date. The microstructure of light emitting
por-Si plays an important role in this discussion since
quantum confinement is one of the arguments [19]. Si–Ag
bonds were formed through the Ag atoms combining with
Si dangling bonds [20]. However, the Si–Ag bonds were not
easily eliminated [21,22] via the treatment of HNO3 solu-
tion. This would lead to somewhat changed PL. There is
enough evidence to attribute the PL properties of these
samples to the formation of thin por-Si simultaneous to
(and as a result of) the synthesis of silver dendrites in fluo-
ride media.
SERS application of the as-prepared silver deposits was
subsequently evaluated using RB as probe molecules.
Raman signals on a flat Si surface are very weak
(Fig. 4d). Prior to the measurement, one drop of 10�3 M
RB solution was dropped on the flat Si wafer and then
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dried in the air. If the silver deposits on thin porous silicon
wafer were prepared in NH4F–AgNO3 solution for differ-
ent etched time as SERS substrates, enhanced characteris-
tic features for RB were observed in Fig. 4a–c. To further
demonstrate the variation in SERS efficiency with different
deposition times, the Raman peak of 1647 cm�1 was cho-
sen as the identification position. The SERS intensities cor-
responding to the silver films deposited on silicon for
15 min (Fig. 4b) and 60 min (Fig. 4c), respectively, show
9 and 25 times as strong as the film deposited for 5 min
(Fig. 4a). Much research [23–26] demonstrated that den-
dritic nanostructures consist of numerous nanostructures
whose distance is located in the range of effective plasma
resonance, resulting in the amplification of the electromag-
netic field and enhancement of the effective rate of polari-
zation for adsorbed molecules; thus, enhancing the SERS
activity with the deposition time can be attributed to the
increasing amounts of silver dendrites, which is consistent
with the SEM observations. As seen in Fig. 4e, the SERS
spectrum of RB from a more diluted solution (10�5 M) still
exhibits a high intensity. Such silver dendritic nanostruc-
tures supported on the thin por-Si surface are suitable for
the Raman enhancement and exploit a wide way for
Raman analysis and imaging.

4. Conclusions

In summary, we have demonstrated a simple method to
the simultaneous formations of silver dendritic nanostruc-
tures and a thin porous silicon layer in ammonia fluoride
solution. The morphology of the silver deposits at different
deposition times shows that the formation of silver den-
dritic nanostructures derives from the continuous aggrega-
tion growth of small particles on the Volmer-Weber layer.
The obtained thin and homogeneous por-Si layer displays a
good visible photoluminescence. The SERS effect of the
film of Ag dendrites through the adsorption of RB mole-
cules indicates that the film of silver dendrites on por-Si
is an active substrate for enhanced SERS signals.
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