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a b s t r a c t

Hierarchical silver nanostructures, consisting of dendritic (symmetric branched) and fractal patterns
(randomly ramified), were synthesized very easily by dropping a droplet of AgNO3-HF solution on silicon
wafers. Scanning electron microscopy (SEM), X-ray diffraction (XRD) and open circuit potential-time
(Ocp-t) measurement demonstrated that the two nanostructures converted with the reaction compo-
sition. The structural evolution was tentatively explained with the theory that oriented growth was
determined by the anisotropy of the solid–liquid interfacial energy and the oriented attachment-based
aggregation mechanism. Results on surface-enhanced Raman scattering (SERS) signals of the silver films
with hierarchical nanostructures demonstrate that SERS is sensitive to silver nanostructures.

� 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

In general, hierarchical nanostructures of noble metal consist of
dendritic (symmetric branched) and fractal patterns (randomly
ramified). They are two structural forms generated under non-
equilibrium conditions and have promising applications in novel
electronic systems, catalysis, sensing, and surface-enhanced Raman
scattering (SERS) [1–4]. It is believed that the diffusion-limited
aggregation (DLA) effect and anisotropic crystal growth play an
identically important role in the formation of dendrites [5–8], and
hence the morphological diversity of the resulting dendritic
structures can be achieved and tuned by balancing the two factors.

Up to date, there have been many theoretical attempts to
disclose the structural evolution in dendritic growth [9–15]. For
example, Haxhimali et al. [9] believed that orientation selection
was primarily determined by the anisotropy of the solid–liquid
interfacial energy, g(ñ). An oriented attachment mechanism was
developed to interpret the diversity of hierarchical dendritic silver
nanostructures [10]. Fang et al. [11,12] suggested that the transition
from fractal pattern to dendrite in silver was driven by the
competition between the thermodynamic and kinetic factors.
Nevertheless, the fundamental issues on controlling the fractal and
dendritic growth are still not clear.
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Since the first observation of SERS by Fleischmann et al. in 1974
[16], this technology has emerged as a routine and powerful tool for
structural characterization of interfaces and molecularly thin-films,
due to the high surface sensitivity and selectivity. SERS occurring on
roughened metal substrates, such as silver, gold and copper, in
principle provides a powerful means of obtaining vibration infor-
mation on adsorbate–surface interactions, taking advantage of high
sensitivity and excellent frequency resolution. Although the
detailed mechanism of SERS enhancement has not been fully
understood, SERS is generally explained by two different kinds of
mechanisms [17]: one is attributed to the local electromagnetic
field at the metal surface or rough metal structures due to the
surface plasmon polaritons, while the other is a chemical contri-
bution due to an electronic resonance energy transfer between
absorbed molecules and the metal surface. Therefore, control over
the composition, shape, size, and local environment of surface
structure is vital to achieve consistent SERS enhancement.

A replacement reaction is a simple approach to synthesize in
a number of nanostructured materials [18–20]. The silver-engaged
replacement reaction can, in principle, be extended to the reduc-
tion by any anodic process whose redox potential is lower than that
of Agþ/Ag pair. Here, we have developed a simple approach to
synthesize silver nanodendrites, in which a droplet of aqueous
solution of HF-AgNO3 was dipped onto a silicon surface at room
temperature and the silver structure evolution from nanoparticles
(or nanoclusters) to dendrites, and to fractal structures proceeded
gradually. Distinctive SERS features on silver nanostructures at
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different stages were obtained using Rhodamine 6G (R6G) as
probing molecule.

2. Experimental

2.1. Growth of Ag nanostructures

The p-type silicon (111) wafers were cleaned with acetone and
ethanol to remove possible contaminants, and then etched in
a 5 wt% HF solution for 10 min to prepare a clean, hydrogen-
terminated surface. The wafers were rinsed with water and dried
with dry nitrogen flux after each cleaning step. Droplets (30 mL) of
a 1.0 M HF solution containing 0.1 M silver nitrate (Acros) were
delivered to the hydrogen-terminated surfaces to react for 10 s
(Sample 1), 30 s (Sample 2), 1 min (Sample 3) and 5 min (Sample 4)
at room temperature in ambient environment. The samples were
rinsed with water and dried in air. All reagents were used without
further treatment. Double distilled water was used through out the
experiments.

As for Sample 5, the fabrication process was performed as
follows: the first droplet of 1.0 M HF solution containing 0.1 M
silver nitrate was etched the wafer for 5 min, and rinsed with water,
and then another droplet (30 mL) of 1.0 M HF solution containing
0.1 M silver nitrate reacted for 1 min.

As for Sample 6, using 1.0 M NH4F containing 0.1 M silver nitrate
to replace AgNO3-HF solution, 30 mL was dropleted to the
hydrogen-terminated surfaces to react for 5 min.

2.2. Characterization of Ag nanostructures

The morphologies of the samples were observed by a field-
emission scanning electron microscope (FE-SEM; Model XL-SFEG;
FEI Corp.). The X-ray diffraction (XRD) patterns were recorded
using an X-ray diffraction analyzer (XRD, Rigaku D/max-2400, Cu
Ka radiation, l¼ 0.1541 nm).

2.3. Ocp-t measurement

Open circuit potential-time (Ocp-t) measurement was carried
out with a CHI-614A electrochemical workstation (made in
Shanghai, China). The etched silicon wafer served as the working
electrode. The counter electrode was a platinum wire, and the
reference one was an Ag/AgCl wire. The electrolyte was 150 mL of
1.0 M HFþ 0.1 M AgNO3 solution. As the electrolyte was added, the
scanning started immediately, so the information of the reaction
was recorded from 0 s.

2.4. SERS measurements

Samples used for SERS evaluations were prepared by dipping
Sample 2, Sample 4 and Sample 6 in 10 mM and 1 nM R6G ethanol
Fig. 1. Schematic illustration of the synthes
solution for 30 min, respectively. The samples were then taken
out, rinsed using ethanol for three times, and dried in air. The
Raman scattering measurements were performed at room
temperature on a Raman system (JY-HR800) with confocal
microscopy. The solid-state diode laser (533 nm) was used as an
excitation source. The laser power on the samples was kept with
1 mW and the typical spectrum acquisition time was 30 s. The
probed area was about 1 mm in diameter with a 50� microscope
objective lens.
3. Results and discussion

3.1. Morphological evolution

The synthetic process of Ag nanostructures is illustrated in Fig. 1.
As 30 mL of 1.0 M HF solution containing 0.1 M AgNO3 was dropped
onto silicon surface. Fast etching of silicon by HF solution resulted
in H-terminated surface that is intrinsically hydrophobic, so solu-
tion droplet exhibited semi-spherical shape. The concurrently
occurred chemical reaction can be expressed as the following that
led to generation of Ag:

4AgD D SiðsÞD 6FL / 4AgðsÞD SiF2L
6 (1)

which can be divided into two half-cell reactions (2) and (3)

Cathodic AgD D eL / Ag (2)

Anodic Si D 6HF / SiF2L
6 D 4HD D 4eL (3)

Reaction 1 is thermodynamically favored from the calculated
high standard potential up to þ2.04 V. The continuous reaction
produced a thick layer of Ag structures on the wafer surface (Step i,
Fig. 1). The growth was ended by rinsing the wafer into water and
dried in air (Step ii, Fig. 1).

The evolution of silver nanostructures was observed to depend
on reaction time. At the initial stage, silver nanoparticles or nano-
clusters were formed, and dendritic nanostructures with primary-
order branches started to appear (Sample 1, Fig. 2A). After 30 s,
obvious changes took place (Sample 2, Fig. 2B): a complex
morphology with well-defined dendritic structure containing
primary-, secondary-, and higher-order branches was formed. As
the reaction progressed, the feather-like branches became asym-
metrical, less in amount and shorter in length. And some branches
were degenerated (Sample 3 and Sample 4, Fig. 2C and D). As
a result, the silver structures grown in this process evolved from
nanoparticles (or nanoclusters) to dendritic pattern then to fractal
pattern.

To get a good understanding about the formation mechanism of
the silver dendrite growth, further experiments were carried out.
When another droplet (30 mL) was added, the branches appeared
izing process of silver nanostructures.



Fig. 2. SEM images of (A) Sample 1, (B) Sample 2, (C) Sample 3, (D) Sample 4, (E) Sample 5, and (F) Sample 6. Reaction conditions: room temperature, ambient environment.
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again and became more and longer and symmetry (Sample 5,
Fig. 2E), implying the mutual conversion between fractal and
dendritic patterns at the large-scale took place. Furthermore, when
substituting HF with NH4F in the solution, only micrometer-sized
Fig. 3. Ocp-t curve. The electrolyte was 150 mL of 1.0 M HFþ 0.1 M AgNO3 solution. As
the electrolyte was added, the scanning started immediately.
silver hexagonal fractal plates were obtained, and no silver
dendritic structure was observed (Sample 6, Fig. 2F).

3.2. Ocp-t measurement

Ocp-t technique is a useful electrochemical technique to
measure the surface site reactivity in a certain electrolyte solution,
which has been used to interpret electroless metal deposition
processes by our group [21,22] and others [23]. The Ocp-t curve is
shown in Fig. 3. From 0 s to 45 s (at a), the open circuit potential,
EOCP, increased quickly from �0.368 V to �0.168 V. However, as the
reaction time proceeded, from b (102 s) to c (348 s), EOCP increased
very slowly with small fluctuations. The potential shifted from
�0.287 V to �0.238 V. And with time going on, EOCP kept
unchangeable.

On the basis of the mixed potential theory [24], EOCP can be
expressed by the following equation [23]:

EOCP ¼
aE1 þ bE2

aþ b
þ RT

nFðaþ bÞ ln
jC
jA

(4)

where E1, E2, a and b are, respectively, the equilibrium potentials
and the transfer coefficients of the anodic and cathodic electro-
chemical reactions. jA and jC are the exchange current densities,
characteristic of the rate the electron transfer proceeds on anodic
and cathodic sites. In this work, the concentration of HF is ten times



Table 1
The ratios of intensities between different diffraction lines from XRD data.

The ratio of intensities Sample 2 Sample 4 Sample 6

[111]/[200] 5.80 4.90 4.16
[111]/[220] 10.18 9.35 6.58

Fig. 4. (A) XRD patterns of Sample 2 (curve a), Sample 4 (curve b) and Sample 6 (curve c).
(B) Profile view and top view of a truncated tetrahedral crystal (111) oriented on the
substrate.
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larger than that of Agþ, so, the slope of the shift EOCP, KDE(OCP)/t, can
be written as:

KDEðOCPÞ=t ¼
EOCPðt2Þ�EOCPðt1Þ

t2� t1
¼ RT

nFðt2� t1ÞðaþbÞ ln
jCðt2Þ
jCðt1Þ

(5)

where EOCP(t1) and EOCP(t2) stand for the values of EOCP at t1 and t2,
respectively.

Therefore, at the early reaction time, the silver deposition is
under the kinetic growth process and the amount of silver deposits
increased. From b to c, the slowly increased EOCP with small fluc-
tuations implies that a thermodynamic quasi-equilibrium or equi-
librium condition might control the reaction. And from c then, the
unchanged EOCP suggests that the reaction almost ceased. The
period of changed EOCP was in agreement with that of SEM
morphological evolution, so the evolution process of silver nano-
structures was controlled by thermodynamic or kinetic factors.
3.3. XRD analysis

X-ray diffraction was performed to investigate the crystal
structure. Fig. 4A displays the resulting XRD patterns of Sample 2
Fig. 5. A schematic diagram for the structural d
(curve a), Sample 4 (curve b) and Sample 6 (curve c). The peaks at
2q w38.0�, 44.2�, and 64.2� are assigned to the diffractions of (111),
(200) and (220), respectively, indicating that the Ag deposits are in
crystalline phase and the fcc structure (JCPDS, 4-0787). [111]/[200]
and [111]/[220] ratios of intensities of diffraction lines are calcu-
lated and listed in Table 1. It is obvious that Sample 2 has the
highest [111]/[200] and [111]/[220] ratios. The results reveal that
the dendritic structure has a significantly higher (111) reflection
intensity than the fractal structure. As drawn in Fig. 4B, for fcc
structural metals, the flat top and bottom faces of these hexagonal
plates should be bound by C111D plane, and the side faces of
a hexagonal nanoplate must be bound by a mixture of C100D and
C111D planes [25–27]. Hence, the XRD measurements confirm that
dendritic nanostructures have preferentially oriented C100D

direction.
3.4. An explanation for the structural conversion

For crystals with an underlying cubic symmetry, solid–liquid
interfacial energy, g(ñ), can be expanded in the form [9]:

gðq;4Þ ¼ g0½1þ 31K1ðq;4Þ þ 32K2ðq;4Þ þ.� (6)

where g0 is the mean value of g, q and 4 are the special angular
coordinates of the interface normal, 31 and 32 are the anisotropy
parameters and K1 and K2 are cubic harmonics that are combina-
tions of standard spherical harmonics Ylm(q,4) with cubic
symmetry [28–30]. For a wide range of fcc metals, and 32 is negative
whereas 31 is positive. Here, a schematic diagram for the structural
evolution of silver nanostructures is illustrated in Fig. 5. As g(ñ) is
positively weighted, the competition of the growth between fractal
and dendritic nanostructures is under kinetic control, first cubic
harmonics favors C100D direction and thus contributes to the
dendritic growth. In contrast, as g(ñ) is negatively weighted, ther-
modynamic factor dominates the reaction, second cubic harmonics
favors C110D direction, and the transition to fractal structures is
observed. And more importantly, orientation selection accom-
panies with fluid flow and mass transport [31,32].

In this experiment, the observed morphological evolution can
be understood by the above schematic diagram. At the early
stage (e.g., within 30 s), the reaction process was dominated by
a non-equilibrium condition (under kinetic factor) due to a high
silver ion concentration, so a dendritic morphology was formed.
However, with the reaction time going on and the drop of the
silver ion concentration, the reaction process was dominated by
irection selection of silver nanostructures.
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a quasi-equilibrium or equilibrium condition. The branches
became less and shorter, and finally a fractal pattern was formed.
As the silver ion concentration increased again, well-defined
dendrites were observed again (Sample 5). That is to say, the
structural conversion of between fractal and dendritic patterns
structure takes place, companying with mass motion.

Well-defined silver nanodendrites were also obtained by
immersing silicon substrate into the solution of NH4F–AgNO3 at
50 �C [3]. However, the structure of Sample 6 was only the
hexagonal fractal plate pattern. The result demonstrates that g(ñ) is
closely related to the reaction composition and temperature.
Fig. 7. The SERS spectra acquired from 1 nM R6G ethanol solution adsorbed on the
surfaces of Sample 2 (a), Sample 4 (b) and Sample 6 (c).
3.5. SERS studies

The fabrication strategy of Ag nanostructures using replacement
reaction has the key advantage of considerably reduced cost and
free from adsorbed species, such as hydrophobic surfactants that
are used in self-organizing methods [33], which are beneficial to
SERS. Fig. 6(A) and (B), shows Raman spectrum of pure R6G powder
and the SERS spectra of 10 mM R6G ethanol solution adsorbed on
silver dendritic (Sample 2) and fractal (Sample 4) nanostructures
and hexagonal fractal plate (Sample 6), respectively. Nearly no
signals were observed in the spectra of pure R6G (Fig. 6A), while
a number of intense peaks are seen in the spectra (Fig. 6B).
Fig. 6. (A) Raman spectrum of R6G powder. (B) The SERS spectra acquired from 10 mM
R6G ethanol solution adsorbed on the surfaces of Sample 2 (a), Sample 4 (b) and
Sample 6 (c). The intensity of (c) was magnified by 20-fold.
Pronounced peaks at 1317, 1369, 1521, 1585 and 1664 cm�1 can be
assigned to aromatic C–C stretching vibrations. The band at
1184 cm�1 is assigned to aromatic C–H bending [34]. On compar-
ison of peak intensity of SERS spectra of the three silver nano-
structures, it can be seen that the dendritic nanostructure
(Fig. 6B(a)) had the highest enhancement factor for the probing
molecules and the enhancement factor for the hexagonal fractal
plate (Fig. 6B(c)) was much lower than those of the other nano-
structures. The peak intensity for dendritic nanostructure is two
and fifty times larger than that of the fractal nanostructure
(Fig. 6B(b)) and hexagonal fractal plate, respectively. As the
concentration of R6G was significantly lower (up to 1 nM), similar
results were obtained, which are shown in Fig. 7. They all afford the
distinct band enhancement. The present method is promising for
the fabrication of stable silver nanostructures for ultrasensitive
measurements.

It is well known that SERS is sensitive to the surface with metal
nanoparticles. The shape and size of the metal nanoparticles
strongly affect the strength of the enhancement because these
factors influence the ratio of absorption to scattering events [35].
There is an ideal size for these particles – not just any small
particles will have the same impact on Raman intensity – as well as
an ideal size for each experiment [36]. Large particles allow the
excitation of multipoles, which are nonradiative. As only the dipole
transition leads to Raman scattering, the higher-order transitions
will cause a decrease in overall efficiency of the enhancement.
Small particles, however, will lose their electrical conductance and
cannot enhance the field as well.

4. Conclusions

A simple and efficient approach was developed to fabricate
hierarchical dendritic silver nanostructures, consisting of dendritic
and fractal patterns, which involves replacement reaction between
aqueous solution of HF-AgNO3 and silicon wafers. The nano-
structures evolved with time. The Ocp-t and XRD results reveal that
the structure directions are determined by g(ñ) (determined by the
reaction composition and temperature), the fluid flow and mass
motion, leading to the structural conversion between fractal and
dendritic nanostructures. The SERS activity of the various silver
nanostructures was evaluated with Rhodamine 6G (R6G) as the
probe. The enhancement increases in the order of compacted
hexagonal fractal plate< fractal nanostructure< dendritic
nanostructure.
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