
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/authorsrights

http://www.elsevier.com/authorsrights


Author's personal copy

Silver nanostructures formation in porous Si/SiO2 matrix

Vladimir Sivakov a,n, Egor Yu. Kaniukov b, Alexander V. Petrov b, Olga V. Korolik c,
Alexander V. Mazanik c, Arne Bochmann a,d, Steffen Teichert d, Izabella J. Hidi e,
Alexander Schleusener a, Dana Cialla a,e, Maria Eugenia Toimil-Molares f,
Christina Trautmann f,g, Jürgen Popp a,e, Sergey E. Demyanov b

a Leibniz Institute of Photonic Technology, Jena, Germany
b Scientific-Practical Material Research Centre of NAS of Belarus, Minsk, Belarus
c Belarusian State University, Department of Energy Physics, Minsk, Belarus
d Ernst Abbe University of Applied Science, Jena, Germany
e Friedrich-Schiller-University, Institute of Physical Chemistry and Abbe Center of Photonics, Jena, Germany
f GSI Helmholtz Centre for Heavy Ion Research, Materials Research Department, Darmstadt, Germany
g Technische Universität Darmstadt, Darmstadt, Germany

a r t i c l e i n f o

Article history:
Received 28 February 2014
Received in revised form
18 April 2014
Accepted 21 April 2014
Communicated by K. Deppert
Available online 30 April 2014

Keywords:
A1. Dendrites
A1. Surface processes
A2. Growth from solution
B1. Metals
B2. Magneto-optic materials

a b s t r a c t

Self-organized silver nanostructures were grown in porous Si/SiO2 matrix fabricated by ion track technology.
The different silver nanostructures with shapes like “sunflowers”, “azalea” or “corn” were realized by
applying wet-chemical electroless deposition. We show that reproducible self-organized silver “sunflower”
like nanostructures provide a high enhanced Raman signal of Nile blue dye molecules. Signal enhancement
for a few or even just a single silver “sunflower” is demonstrated by analyzing the surface-enhanced Raman
signature of Nile blue dye molecules. According to this, the silver nanostructures can act as efficient surfaces
for surface enhanced Raman spectroscopy as well as (bio)-sensor applications.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

A great deal of effort has been made to fabricate well-defined
noble-metal nanostructures such as nanoparticles, nanorods, and
nanowires due to their unique optical, electronic, catalytic, and
surface-enhanced Raman scattering (SERS) properties [1–5].
A variety of approaches have recently been demonstrated for the
shape-controlled synthesis of noble-metal nanostructures because
their properties and applications are greatly influenced by their
morphology [6].

Dendritic and fractal structures with large surface areas, com-
posed of major trunks and many hierarchical side branches,
provide a great opportunity to improve their properties for many
different applications. In recent years silver nanostructures have
attracted considerable interest due to the relatively low cost and
their high electrical conductivity as well as their unique optical,

and thermal properties with potential applications in (opto)-
electronic devices [7], catalysis [8], and SERS detection [9,10].

SERS is a technique that was developed to detect extremely
small quantities of molecules by determining their characteristic
Raman signal, i.e. their characteristic vibrational modes [11–16].
The high sensitivity of SERS is mainly due to electromagnetic
interaction given by an effective, evanescent field enhancement on
the metal surface based on the excitation of surface plasmon-
polariton modes. By generating metallic nanostructures with
different shapes/dimensions, it is possible to tune the plasmon
resonance. Moreover, 3D metallic nanostructures with particularly
large active surfaces lead to the increase of the sensitivity since
more molecules are adsorbed in the focus area of the laser in
comparison to conventional 2D SERS active surfaces.

The intrinsic properties of the metal nanostructures can be
tuned by controlling their shape, size, and crystallinity. To date,
many approaches have been developed to prepare Ag nanostruc-
tures in different shapes, like wires [17–20], belts [21], rice [22],
ribbons [23], prisms [24], sheets [25,26], cubes [27], and others
[28–32]. Recently, extensive interest has been expressed in the
synthesis of more complex hierarchical structures that are ideally
composed of nanocrystals (particles, rods, ribbons, sheets, and so
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forth) arranged in a particular way as well as their growth
mechanism. These types of materials not only possess improved
properties originating from their building blocks but also solve the
problem of nanomaterial agglomeration. Additionally, they find
applications in many fields, especially in (bio)-sensoric technology
based on Raman spectroscopy [33,34].

In recent years, the stable growth of costs for developing of
new technologies for producing devices composed of very small
active elements (down to several nanometers) was observed.
Silver nanoparticles [35] and nanowires have been synthesized
within a meso-porous template-structured silica [36], self-ordered
porous alumina templates [37] or the pores of self-assembled
calix-[4]-hydroquinone nanotubes [38].

A prospective approach to the creation of the above mentioned
nanodevices is based on the swift heavy ion (SHI) track technol-
ogy. Ion tracks, created when SHI pass through solids, are known
since 1958 [39], and commercially exploited since 1967. The
bombardment of materials with SHI produces elongated track
regions with different physical and chemical properties than the
surrounding matrix material. Each single heavy ion can produce a
track of diameter of the order of 10 nm. The irradiation fluence,
variable over a wide range from 1 to 1010 ion per cm�2, deter-
mines the track density. The track distribution across the substrate
plane is random, but by means of a mask, tracks can be limited to
pre-selected areas [40]. In a second step, the damaged track
regions are preferentially etched in a suitable chemical solution
where the track is converted into an open pore. The pore shape
and size are controlled by the materials properties, irradiation
conditions, and the etching process [41,42]. The resulting pore
shape depends on the ratio of the track and bulk velocities. In case
the track etching rate is much higher than the bulk etching rate,
the resulting pore can be regarded as cylindrical, whereas it
becomes more conical the smaller the etching rate ratio is. In this
way, track-etched pores may have various shapes (cylindrical,
conical, etc.) and dimensions from 10 nm up to several mm [42].
In our studies the nanoporous Si/SiO2 template was formed by
chemical etching of the irradiated SiO2 layer in dilute HF at
ambient conditions. Selective etching is based on the fact that
track regions contain numerous defects like distorted and broken
bonds, point defects, etc. Also, the chemical reactivity of tracks is
higher compared with the surrounding matrix material. The
resulting pores are characterized by their length (thickness of
SiO2 layer (dSiO2

)), and by the top and bottom diameter dtop and
dbase, respectively (Fig. 1).

In this paper we demonstrate the synthesis of Ag hierarchical
nanostructures arrays as shown in Fig. 2 consisting of complex but
adjustable structures produced by a surfactant-free and rather
simple production route under mild conditions. We should men-
tion that only one publication [43] reports on the silver nanowires
growth in the etched ion-track polycarbonate membranes.

The ultimate goal of this work is a selective growth of well-
defined self-organized silver nanostructures in porous Si/SiO2

matrix and their SERS spectroscopic characterization. The synth-
esis consists of three main stages: (i) the irradiation of a Si/SiO2

surface with swift heavy ions (SHI) leading to the creation of
nanometer-sized tracks in the SiO2 matrix; (ii) wet-chemical

etching in diluted hydrofluoric acid (HF), where each ion track is
converted into an open nanopore; (iii) growth of nanostructures
by electrodless deposition of silver into the nanopores.

2. Experimental part

Single-crystalline phosphorous doped silicon wafers with (100)-
orientation (4.5 Ω cm) were used as surfaces for the creation of
Si/SiO2 structures. By the thermal (pyrogenic) oxidation method an
amorphous silicon oxide layer with thickness about 700 nm was
formed [44]. The Si/SiO2 wafers were irradiated with 350 MeV gold
(197Au) ions. The beam energy was sufficient to completely pene-
trate through the dielectric SiO2 layer and produce tracks. The ions
are finally stopped in the substrate without forming tracks in the
silicon wafer because silicon is insensitive [45]. The irradiations
were performed under normal incidence leading to randomly
distributed, parallel oriented ion tracks in the SiO2 layer. The applied
ion fluence was adjusted to 108 per cm�2 which is sufficiently low
to avoid severe pore overlapping after track etching. The introduced
number of gold atoms is by many orders of magnitude less than the
phosphor concentration in the silicon substrate, thus the Au
implantation has no influence on the electrical resistivity. The
irradiated samples were etched in hydrofluoric (HF) acid resulting
in pores down to the Si surface. As described in previous publica-
tions [42,46], in SiO2 the etching rate along ion tracks is about 2.5–3
times higher than the bulk etching rate of non-irradiated regions.

In our experiments, SHI tracks were etched in 2.5% hydrofluoric
acid at room temperature for times between 10 and 30 min. After
15 min wet-chemical treatment, pores with frustum geometry
(Fig. 3) were formed with an average diameter (top) �300 nm
and height corresponding to the thickness of the SiO2 layer
(�400 nm). After 25 min of etching, the pore diameter was about
800 nm. Scanning electron microscopy (SEM) and energy disper-
sive X-ray analysis (EDX) of porous templates based on Si/SiO2

structures are shown in Fig. 2. As described in our previous
publication [47], the deposition of metal in track-etched pores
makes it also possible to create metal-dielectric-semiconductor
structures. A number of unusual electrical–physical phenomena
was observed in these structures, including, e.g., the magneto-
resistive effect which reaches maximal values in sequential layers
of ferromagnetic and para-diamagnetic metals but is not yet well
understood.

dbase

dSiO2

lpore dtop

Frustum shapeConical shape

Fig. 1. Schematic cross section view of different stages of etching of a single ion track in a Si/SiO2 sample.

Fig. 2. Schematic cross section view of porous SiO2 template on Si substrate
selectively filled with silver dendritic nanostructures.
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Recently, a simple wet-chemical electrodless silver deposition
(WCED) [48–51] method was applied using a hydrofluoric acid
(HF) solution containing silver nitrate (AgNO3). The procedure is
suitable to synthesize unique silver (Ag) dendritic nanostructures
with stems, branches, and leaves. WCED 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 surface [52]. Ag nanostructures were formed on planar n-Si
(100) and SHI irradiated n-Si/SiO2 surfaces by immersing samples
in an aqueous solution of 0.02 M silver nitrate and 5 M HF in the
volume ratio 1:1 at room temperature (2071 1C) for 30 s. Finally,
the sample surfaces were rinsed several times in de-ionized water
and dried at room temperature.

Structural analysis of the silver nanostructures was carried out
by field emission scanning electron microscopy (Carl Zeiss ULTRA
55, FE-SEM). EDX analysis was performed in the specimen cham-
ber of an EDX coupled SEM Bruker XFlashs 6 30 SDD EDS Detector.
The growth direction and crystal structure of the silver nanos-
tructures were investigated using Electron Backscatter Diffraction
(EBSD) (Bruker e-FlashHR EBSD DetectorþARGUS™ FSE/BSE-
Detector System). Combining FE-SEM and EBSD allows the deter-
mination of individual grain orientations, local textures, and point
to point orientation correlations on bulk surfaces of polycrystalline
materials [53,54].

The standard dye molecule like Nile blue was used to study the
Raman signal enhancement induced by silver nanostructures in
“sunflower” shape. In order to perform SERS measurements, 150 ml
10�5 M Nile blue (C20H20ClN3O) of an aqueous solutionwas dropped
on the samples with “sunflowers” nanostructures with incubation
time of 15 min, and subsequently rinsed in deionized water, and
finally, dried in air. The Raman scattering measurements were

performed at room temperature on a Nanofinder High End (Lotis
TII, Belarus–Japan) confocal microscope based setup. A solid-state
diode laser (wavelength 532 nm) was used as excitation source. The
laser power at the samples' surface was kept at 25 mW and the
typical single spectrum acquisition time was 10 s. The backscattered
light, not analyzed for its polarization, was dispersed using a spectro-
graph with 0.55 m focal length equipped with a 600 lines/mm single
grating spectrometer with a spectral resolution around 3 cm�1

and detected by a cooled CCD camera. The laser beam was focused
through a “50� ” microscope objective lens. The resulting spot
diameter was about 1 mm. In order to illustrate the distribution of
the Raman signal across the surface, a 20�20 mm2 square with the
step size of 0.2 mm is scanned.

3. Results and discussion

The formation of silver dendrites via galvanic deposition has
been reported using bulk materials (e.g., silicon, aluminum,
copper, zinc) as substrates [55–59]. In general, the above men-
tioned method normally involves the reduction of silver salts in
the presence of potentiostatic or organic surfactants, at elevated
temperature, or requiring the removal of template/substrate to get
pure products. Fig. 4 shows typical Ag dendrite nanostructures
synthesized by using a mixture of 5 M HF and AgNO3 (0.02 M) in
aqueous solution grown for 30 s on non-structured n-Si(100)
substrate. The uniformity of a large number of such structures is
illustrated in Fig. 4a. The dendrite structures with multilevel
generations, having a long main trunk with short side branches
(or even further sub-branches), all decorated by small leaves.
Generally, the lengths of the trunks and (sub)-branches are several

1 µm

Fig. 3. (a) Planar scanning electron microscopy micrograph and (b) element map (blue: silicon; red: oxygen) from energy dispersive X-ray analysis of a Si/SiO2 sample
irradiated with 350 MeV gold ions and exposed to chemical track etching. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 4. (a, b) SEMmicrographs of silver dendrite nanostructure on n-Si (100) grown for 30 s at atmospheric conditions; (c) EBSD analysis of single silver dendrite; color coded
inverse pole figure representation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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tens of micrometers and several micrometers, respectively. The
diameters of all structures (trunk, branch, and sub-branches) have
a similar size of few tens of nanometers.

The crystallinity character of the silver dendrites was investi-
gated by EBSD of spatial resolution of a few 10 nm even over large
probed areas allowing orientation analysis with respect to grain
size (or single crystallinity), grain distribution, and silver orienta-
tions. Fig. 4c gives evidence of single crystallinity of the silver
dendrites over the full trunk length and branches with the
presence of twins in the branching area.

The evolution of the nanostructure topology was studied to
obtain a complete view of the Ag dendrite formation process and
its growth mechanism. The pore diameter (top) was changed from
approx. 200 to 800 nm by varying the etching time from 10 to
30 min, respectively. The silver formation is based on the galvanic
displacement of Si by Agþ to Ag0 reduction on the wafer surface
[60]. The reaction proceeds in an aqueous solution of AgNO3 and
hydrofluoric acid. Agþ reduces onto the Si wafer surface by
injecting holes into the Si valence band and oxidizing the
surrounding lattice. The initial reduction of Agþ forms Ag0

nanoparticles on the wafer surface. Further reduction of silver
occurs on the newly formed nanoparticles, not the Si wafer, which
becomes the active cathode by electron transfer from the under-
lying wafer. Fig. 5 shows SEM images of silver nanostructures
grown in 200 and 800 nm wide (top diameter) pores.

The size of the pores strongly influences the morphology of the
silver nanostructures. In pores with a top diameter of 200 nm, the
growth process yields single silver nanocrystals with little caps,
while larger pores (800 nm in top diameter) lead to a totally
different morphology with self-organized silver “sunflowers”
(Fig. 5b), although the growth conditions were identical (0.02 M
silver nitrate and 5 M HF, room temperature; 30 s growth time).
Tuning the parameters of the track etching process (e.g., concen-
tration of silver cations in the etching solution, etchant tempera-
ture, etc.) produces quite different self-organized and reproducible
shapes of “plasmonic nanogarden” objects such as “sunflowers”,

“corns” or “azaleas” (Fig. 6). The growth mechanism of 3D silver
nanostructures in porous matrix can be explained by the numer-
ical calculations of particle trajectory and deposition using FEM-
LAB program (COMSOL) performed by Lee et al. [61] that
corresponds that the column or 3D growth strongly depends on
the particles concentration as shown in Fig. 3b–d [61]. In our case
it can be explained that concentration of silver particles in pore
less than on the surface between the pores that guided to the
vertical growth of silver nanoparticles inside the pore, and the
hierarchical structures grew atop of pore where concentration of
silver nanoparticles is higher and limited by the solution volume.
The growth mechanism obviously depends strongly on the pore
volume, pore formation (ion mass, energy, fluence) and silver
deposition conditions (concentration, solution temperature and
growth time) conditions. Detailed studies on the process kinetics
and growth mechanismwill be discussed in a separate publication.

Fig. 7 shows the SERS spectrum of Nile blue (NB, C20H20ClN3O)
molecules obtained from a sample with “sunflower” shaped
nanostructures. Prior to the measurement, 150 ml of 10�5 M NB
solution was dropped on the “sunflowers” surface for 15 min,
afterward rinsed in water, and finally dried in the air. Under the
excitation with a 532 nm laser light, the “sunflower” shaped silver
nanostructures exhibit a high Raman signal as shown in Fig. 7a.
Besides the prominent band located at 521 cm�1 corresponded to
crystalline silicon vibration, in the presented spectrum; all other
bands are characteristic Raman modes for the Nile blue molecule.
As the “sunflowers” are relatively well-separated, it was possible
to monitor the SERS signal of one individual “sunflower” by means
of Raman mapping. The mapping was performed by scanning a
20�20 mm2 square with step of 0.2 mm and monitoring the
intensity of the 593 cm�1 band (phenoxazine ring mode) of Nile
blue (Fig. 7b).

The SERS spectrum obtained from incubating the “sunflower”
shaped nanostructures with a diluted NB solution (10�5 M)
exhibits a high Raman signal intensity giving clear evidence that
such silver nanostructures grown in pores of etched SHI tracks are

Fig. 5. SEM micrographs of silver nanocrystals selectively grown in pores with average top diameter (a) 200 nm (inset shows pores before Ag deposition) and (b) 800 nm.

Fig. 6. SEM micrographs of silver nanostructures with (a) “sunflower”, (b) “azalea” and (c) “corn”-like shapes.
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suitable for the Raman enhancement and are promising for broad
exploitation for Raman analysis and imaging.

4. Conclusions

In summary, we have for the first time demonstrated a simple
method for the formation of silver nanostructures deposited in
etched SHI tracks in SiO2 by applying a WCED. The morphology of
these silver nanostructures depends on the volume and diameter
of the pores as well as on the growth kinetics (such as concentra-
tion of silver salt, growth time, process temperature). The obtained
silver nanostructures with “sunflower” shape show SERS sensitiv-
ity allowing the detection of Nile blue dye molecules. This
indicates that silver nanostructures grown in etched ion tracks
are an active substrate for enhancement of Raman signal.
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