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A simple method was demonstrated to metallize silicon (Si) nanowire (NW) just by dipping it into
an aqueous deposition solution for several minutes. During the metallization process, metal ions were
reduced and deposited on the top of the Si NW (where surface Si was oxidized). The surface silicon
oxide was simultaneously dissolved and removed by hydrogen fluoride (HF), so that the deposition
reaction was sustainable and controllable. The deposited silver (Ag) nanoparticles (NPs) uniformly
self-assembled along the Si NW and developed into a metal covering with the NW as its core. Not
only Ag™ but also Cu”", Pd*", Co®", Au’", and Pt*" were deposited to metallize the Si NW using the
simplified metallization process. Applications of the new nanocomposite materials were also
explored. When the resulting Ag NP/Si NW was tested as a surface-enhanced raman scattering
(SERS) substrate, an extremely strong signal was observed and a detection limit of ~600 molecules or
200—300 Ag NPs per laser spot was reached. The significantly enhanced SERS effect appears to be
associated with the close packing of the neighboring NPs that self-assemble along the highly curved

NW.

1. Introduction

Interest in semiconductor nanowire (NW) has acceler-
ated recently due to its wide-range of amazing propert-
ies.! 3 Research concerning its surface chemistry,*> con-
ductivity,® and optical properties’* has been carried out,
and its application as a sensor, microcircuit, or building
block for other nanodevices has been investigated. Me-
tallized NW, which is a nanocomposite material, has also
attracted considerable attention because it can be used as
a battery electrode, solar cell material, catalyst, nanopho-
tonic, SERS (surface-enhanced raman scattering) sub-
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strate, ete.3 ! However, the current metallization

methods of silicon (Si) NW, such as Vapor vacuum
implantation'? and argon-ion sputtering,'® are compli-
cated or the nanoparticles (NPs) grow inhomogeneously
and are distributed non uniformly.®? In this report, a
facile method is demonstrated to metallize a Si NW array
just by dipping it into a deposition solution. On the other
hand, the metal deposition on the Si surface, which
includes nucleation and subsequent growth, is still not
well understood because there are numerous factors
affecting the deposition process.'*”'® However, because
of the redox displacement reaction used, the metal de-
position in the present report can be focused onto a small
area of the exposed Si NW surface, thereby simplifying
the process and making it more controllable. Herein, the
Si NW is employed simultaneously as a deposition tem-
plate and a reducing agent. By using this metallization
method, several new nanocomposite materials are fabri-
cated and their applications are studied. The metallized
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NW with a uniform distribution of silver (Ag) NPs is
tested as a SERS substrate and a high enhancement is
observed even from a single metallized NW alone.

Since its discovery in 1977, SERS has received more and
more attention from researchers around the world."” 2!
Its high sensitivity, which originates from the enhancement
on the substrate surface, provides the potential for becom-
ing a new tool for single molecule detection.’*** The
commonly used SERS substrates include electrochemically
roughened metal surfaces, metal NP arrays, nanofabri-
cated substrates, etc.”*** With regard to the roughened
metal surfaces or the NP arrays, although a high enhance-
ment efficiency has been achieved, the distribution of
so-called hot-spots (the positions where maximum en-
hancements occur) is random because of the difficulty in
controlling the structures on a nanoscale. However, con-
trollable nanostructures are crucial for SERS because the
strong electromagnetic field on the metal surface, which is
the main contributor to Raman enhancement, exponen-
tially decreases with a characteristic length scale of
~2 nm.?® Numerous technologies have been developed in
an attempt to control the substrate’s structure on the
nanoscale in the hope to obtain a more uniform distribu-
tion of nanostructures.***’

To bring SERS a step closer to practical application, it
is advantageous to prepare the SERS substrate at the
point of use because a fresh and oxide-free surface can
yield a higher enhancement and simplify the sample
preparation process. Because the commonly used metal
for SERS substrates is Ag and Ag™ is easily reduced, it is
possible to deposit Ag NP in a straightforward manner
onto a template surface at the point of use.? Moreover, Si
is a known reducing agent in the presence of metal ions
and can be used as the deposition template.?” However,
the random distribution and aggregation of the deposited
NPs, and the appearance of dendrites on flat Si surfaces
can result in a nonuniform SERS substrate and a low
reproducible Raman signal.>”*® A similar phenomenon is
observed on porous Si surfaces even though the porous
structure can increase the reaction area.”’’* Alterna-
tively, Si NW can be used as a template for the SERS
substrate because it also exhibits a high specific surface
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area for the deposition reaction.?’ The resulting Ag NPs
that are deposited onto the small and high curved
NW surface can be expected to exhibit considerably
different properties. To achieve a sustainable and con-
trollable deposition reaction, hydrogen fluoride (HF) is
introduced into the deposition solution to remove the
silicon oxide surface layer on the top of Si NW. Such an
oxide layer maybe disrupts the continuous deposition
reaction.?'?

The arrangement of the NWs also influences the final
quality of the SERS substrate. For example, upon con-
tacting an Ag"' solution, a random arrangement of Si
NWs can be expected to result in a nonuniform formation
of Ag NPs on the Si surfaces. If two NWs lie closely,
perhaps the deposition reaction occurring on one NW can
interfere with that occurring on another one because of
the overlapping diffusion layer of reactants or products.
In contrast, a well-ordered array of Si NW can be
expected to result in a much more uniform deposition
of Ag NPs. As for a regular arrangement of straight NW
with a controllable separating distance, each part of NW
is the same as the rest so that every NW can experience the
similar deposition reaction environment. As a conse-
quence, the metallization can homogeneously occur on
every part of NW and a uniform distribution of SERS
substrate is obtained in turn. Moreover, the actual
Raman measurements will also be influenced. A small
laser spot-size (diameter of 1—1.5 um) on a random array
may focus on one or even more than one NW simulta-
neously, whereas a small laser spot-size focused on a
regular array of NWs should be more reproducible.®”

In this report, the metallization process of a Si NW
array using a simple liquid-phase deposition solution is
reported. Subsequently, the self-assembled nanocompo-
site Ag NP/Si NW is tested as a SERS substrate.

2. Experimental Section

With the exception of ammonium fluoride etchant (Merck,
TB 1063), all chemicals were purchased from Sigma-Aldrich. Si
NW arrays (chips) were fabricated at IME (Institute of Micro-
electronics), A*STAR, Singapore.** A schematic drawing of the
Si NW chip (NW and conductive circuit) is shown in Figure 1a.
The relatively thin surface layer of native oxide on the Si NW (n-
type) was effectively removed by dipping the array into Ammo-
nium Fluoride Etchant for 10—30 s, whereas the thick layers of
silicon oxide on the Si wafer bed and the silicon nitride on the
conductive circuit were not significantly etched or dissolved.
Metallization of the exposed NW was immediately performed
by dipping it into a fresh deposition solution for various
deposition times with gentle shaking in the dark. Transmission
electron microscopy (TEM, Philip, with PW6061/25 EDX) and
scanning electron microscopy (SEM, JSM-6700F, Japan) were
employed for physical characterization of the metallized NW.
Regarding the peeling-off of the resulting metal covering from
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Figure 1. Schematic drawing of (a) the Si NW chip and (b) the cross-
section view of Ag NPs assembled along the Si NW. For clarity of
presentation, the metal conductive circuit is drawn partly exposed in
(a). The redox metallization process is presented in (b).

the Si NW and the lifting-off of the nanocomposite materials
from the bottom oxide layer, the metallized Si NW was dipping
into a solution of 1 M HF for 1—5 min.

As for the SERS measurements, two methods were used to
load the Raman scatterer Rhodamine 6G (R6G) onto the
metallized NW array. In the first case, the NW array
was incubated in an aqueous solution of ~5 mL containing 1 x
1077 M R6G or other concentrations for 3 h in the presence of
1 mM NaCl. It was then washed with deionized water and dried
with nitrogen, and the Raman signal was collected. In the second
case, ~0.2 uL of 1x10~7 M R6G aqueous solution was dropped
onto the freshly metallized NW array. After the solution was
dried, the Raman signal was collected directly.

Al SERS spectra were recorded in the air using a Renishaw In
Via Reflex Raman Microscope (Renishaw plc., UK) equipped
with a 300 mW near-infrared 785 nm diode laser. The laser beam
was focused into a spot on the substrate with a diameter of 1.0—
1.5 um through an objective lens (50 x) (Leica Imaging Micro-
scope) with a lateral spatial resolution of 1 um. Stokes Raman
scattering were collected in a wavenumber range of 600—
2000 cm ™! with a resolution of ~1.0 cm ™' for an exposure time
of 10 s for each measurement. For image mapping, the Raman
spectra were collected from a set of grid points (1 um
separation). The intensity map was generated using the inte-
grated signal of the peak at 1510 cm™" after removing back-
ground.

3. Results and Discussion

3.1. Ag Deposition. The Si NW was utilized as the
deposition template and its schematic drawing is pre-
sented in Figure 1a. The original design of the chip is for a
complete biosensor but only the exposed NW array is the
area of interest in this report. The metallization process is
a redox reaction, which includes the reduction of metal
ions to be deposited as NPs and the oxidation of Si to
provide the needed electrons. A cross-sectional view of a
metallized NW and the redox displacement reaction are
presented in Figure 1b. There is neither extra polarization
potential nor net current so that it is also an electroless
reaction. In the presence of HF in the deposition solution,
the Si NW surface is hydrogen-terminated. Upon reduc-
tion of Ag*, silicon oxide is momentarily reformed but
quickly removed again by HF to yield a sustainable
metallization process.?”*

Upon exposure of the Si NW to the deposition solution
(HF 4+ AgNO3), the nucleation process begins, as ob-
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Figure 2. SEM pictures of the metallized NW after different deposition
time. The metallization was conducted in 1 x 107° M HF + 1 x 107*M
AgNOs; for (a) 1s,(b) 5, (c) 10s, (d) 30 s, (¢) 1 min, and (f—h) 5 min,
respectively. (g) Interior part of the NW array, and (h) peripheral part of
the NW array. The bottom metallized NW in (h) is the edge one in the NW
array. The dashed-line circles in (g) indicate the laser spot’s position for
the SERS spectra shown in Figure 6c.

served in Figure 2. However, all nuclei were apparently
not created immediately but instead progressively within
the first 30 s (Figure 2a—d), suggesting not an instanta-
neous but a progressive nucleation process.>*>>® In the
end, the NW surface becomes fully covered with Ag NPs,
as shown by the rather complete surface saturation with
Ag NPs (images d and e in Figure 2).

It has been reported that the saturation coverage of Ag
NP on a hydrogen-terminated Si (100) surface is ~2 x
10° cm ™2 when an electrochemical potential pulse was
employed.’” The estimated value from Figure 2d, how-
ever, is ~1.7 x 10'"" cm™2. There are several possible
reasons for the difference. (i) The NW template has not
only an extremely high specific surface area but its
geometry (a thin wire exposed to the deposition solution
in all directions except the bottom, as shown in Figure 1b)
also improves the transport efficiency of the reactant ions
for nucleation.;** (ii) HF can etch and refresh the Si
surface continuously, which provides an opportunity
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for the nucleation to regenerate, although the decease in
some nuclei should also be taken into account.” (iii) The
polycrystalline Si NW was used in this report so that the
number of the crystal defects was much more than that on
the single-crystal Si surface. The nucleation density is
likely related to the surface defect density.’” (iv) An
electroless deposition was employed in this report and a
slow nucleation process was observed in turn. In
Figure 2d, the electroless reaction takes ~30 s to reach
saturation coverage, whereas it takes only 20 ms when an
electrochemical pulse is applied. For a progressive nucl-
eation process, a high coverage is acceptable after a long
nucleation period.>” On the other hand, perhaps the
observable nuclei in Figure 2d are generated not only
on the NW surface but also on the Ag NP surface, as
presented in Figure 1b. It should be noted that the
concentration of HF or Ag' has been optimized, as
shown in Figures S1 and S2 in the Supporting Informa-
tion. That is, even the concentration can also affect the
nucleation process.

The specific property of the metal ion also plays an
important role on the nucleation. For example, the redox
potential of each selected metal ion (see Table S1 in the
Supporting Information) differs from that of Si and the
difference provides the driving force for the deposition
reaction.***® The self-driving metallization process is
initialized with the nucleation process, which is usually
involved with either the overpotential or under-potential
deposition.'*** As a consequence, the parameter mis-
match of the atomic lattice between the deposited metal
and the Si (see Table S2 in the Supporting Information) is
critical for the formation of the first atomic layer of metal
on the Si surface.!?> Moreover, the coordination interact-
ion between the fluoride ion and the metal ions is capable
of shifting the redox potential and the driving force, as
discussed in the Supporting Information. Therefore, the
different metal ions selected can lead to different mor-
phology of the resulting covering, as shown in Figures
S3—S5 of the Supporting Information.’ The end product
of the metallization process, however, originates not only
from the nucleation process but also from its subsequent
growth process.”®

Similar to the nucleation, the growth process of an
individual NP is also multifaceted'®'”* Although its
mechanism is not yet completely understood, it is well-
accepted that there are two growth processes, “coarsen-
ing” and “aggregation”.** Coarsening means the growth
of the larger particles at the expense of the smaller ones.
Aggregation involves the growth of an individual particle
from disoriented attachment to oriented attachment of
the nanocrystal precursor. From Figure 2d to Figure 2f,
almost a homogeneous growth of each NP is observed,
suggesting that the coarsening is not dominant.

The regular arrangement of the NW array can hinder the
inhomogeneous growth of NPs on the NW surface. That is
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10 um

Figure 3. SEM pictures of (a, b) Ag nanosticks and (c, d) Ag NWs. The
metallization was conducted in 1x1072M HF + Ix10™*M A§NO3 with
vigorous shaking for (a, d) 10 or (b) 30 min, or in 1 x 107" M HF +
1x10™* M AgNO; for (c) 30 min, respectively. After that, (c) the peeling-
oft of Ag covering from the Si NWs core or (d) the lifting-off of the
metallized Si NWs from the bottom oxide layer was conducted by dipping
the metallized NW array into 1 M HF for 1—5 min.

because nearly every part of every NW is equivalent, at least
in the interior part of the NW array. Unlike that on a flat
surface, the deposition reaction is focused onto the mini
surface area of the exposed NW. As a consequence, a
uniform distribution of NPs along the Si NW core is
observed in Figure 2f, g. In contrast, the peripheral part
of NW array behaves differently. Perhaps it experiences
more reactants or products than the interior part so that the
NP growth gets faster on the peripheral part. This can lead
to the appearance of “diffusion shielding” or overlapping
diffusional zones.?” Consequently, inhomogeneous nanos-
tructures are obtained in Figure 2h. Even Ag nanolnuk-
shuks are observed. Such structures have also been observed
on a flat germanium surface.*” Therefore, only the interior
part of the metallizated NW array was studied and tested as
the SERS substrate in the following discussion.

3.2. Morphology of the Ag Nanostructure. The ob-
tained Ag nanostructures are shaped not only by the
location of NW in the array but also by the deposition
conditions, such as concentration, time, temperature,
transport etc., as shown in Figure 3 and Figures S1 and
S2 in the Supporting Information. There are two possible
reasons for the appearance of nanosticks in Figure 3a: (i)
the creation of a subsequent generation of nuclei on the
NW has been suppressed and hence only nuclei growth
occurs;''%37 (ii) the growth of the NPs was faster along
some particular crystallographic directions (nanostick)
than along the rest.*'*? In Figure 3b, the dendrite struc-
tures originate from the nanostick stem when the growth
time has been prolonged.'® '® The detailed discussion on
the nucleation and growth process can be found in the
Supporting Information.
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Figure 4. (a—c, top view) SEM, (b(inset) and d, all cross-section view)
TEM pictures, and (¢) EDX spectrum of the copper covering on Si NW.
(b, ¢) Copper NWs can be seen after being peeled from the Si NW cores.
The cross-section of the copper NW exhibits a semitubular shape in (b, d
(inset)). The metallization was conducted in 1x107> M HF+1x10"* M
Cu(NOs), for 5 min except for 45 s in (d).

Exposure of the metallized NW array to a HF solution
resulted in the peeling-off of the Ag coverings from their
Si NW cores or the lifting-off of the nanocomposite
materials from the bottom oxide layer. The Ag NWs with
a semitubular shaped cross-section are obtained after
being peeled off, as shown in Figure 3c. In contrast, Ag
nanosticks attached to the Si NW cores do not easily fall
off, as observed in Figures 3a—d. Perhaps the root of the
Ag nanostick has grown further into a full-tubular shape
to encircle or to anchor the free-standing Si NW core
(Figure 3a) so that Ag “necklaces” were fabricated
(Figure 3d). Another possible reason is that the etching
of Si in the presence of HF can create pores in the bulk
Si.** The metal deposition is capable of filling those pores
and the formed nanosticks can extend into the deposition
solution.*! In other words, perhaps the Ag nanostick has
roots that have grown into the porous Si, and it is there-
fore more difficult to detach.

3.3. Other Metals. As mentioned above, different me-
tal ions can give rise to different nanostructures with
different morphologies. Not only could Ag™ be reduced
and deposited onto the Si NW surface, but Cu*"
(Figure 4), Pd*" (Figure 5), Co*", Au’", and Pt*"
(Figures S3—S5 in the Supporting Information) were also
employed to metallize the Si NW in this report.

In the case of copper, a shiny covering was observable
under an optical microscope. Such a shiny covering

Fang et al.

Figure 5. SEM pictures of the palladium network distributed along the Si
NWs. The metallization was conducted in 1x 107> M HF4+1x10"* M
PdAc; for different periods of time: (a) 30 s and (b, ¢) 5 min, respectively.

probably originates from a high density of nuclei on the
NW surface.*® The high density of nuclei can grow into a
bulk covering, as shown in Figure 4a. The growth of
copper was also faster than the other metals because of its
high redox driving force (see Table S1 in the Supporting
Information). It takes only 45 s (Figure 4d) to get an
obvious covering on the NW surface with Cu, whereas
other metals require 5 min or more (Figures S3—S5 in the
Supporting Information).”®

The attachment of the copper covering on the Si NW
coreis durable, as shown in Figure 4b. It is difficult to peel
the copper covering from the Si NW core even with the
help of sonication. Perhaps the dense copper covering
(Figure 4b (inset)) prevents HF from permeating into the
interior and hence dissolving the interfacial layer (“glue
layer”) between the copper and the Si NW. After being
peeled off, flexible copper NWs are obtained, as shown in
Figure 4c. Such an approach provides another possible
route to fabricate a metal NW of 100 um in length and
50—100 nm in diameter that is made of the self-assembled
NPs and exhibits a semitubular shaped cross-sectional
area (Figure 4b (inset)).

In Figure 4d (inset), the TEM picture illustrates the
homogeneous growth of the individual NPs. It is in
agreement with the phenomenon observed in Figure 2,
suggesting that the aggregation dominates the growth
process.'®~ ¥ It is also found that the individual NPs are
single crystals and there may be mismatch inter-
connection between two neighboring nanocrystals
(Figure 4d).*"**> In Figure 4e, the EDX spectrum con-
firms the formation of a relatively pure copper covering
on the Si NW surface.

In the case of palladium, a totally different morphology
is observed, as demonstrated in Figure 5. The palladium
particles were not limited to the Si NW surface to form a
metal covering but grew into the deposition solution to
form a network, implying a fast growth process and a
suppressed renucleation process on the Si NW surface.>'*4
A similar structure of palladium has been obtained when
an alternating current (AC) electric field was used as the
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driving force for the deposition reaction.*® In the present
electroless redox reaction, the growth is random, whereas
in the AC situation, a preferred growth direction is
induced. In contrast to the Ag nanosticks and dendrites
in images a and b in Figure 3, the fluffy palladium
network in Figure 5 is primarily due to the attachment
of the nanocrystals in a nonpreferential manner.'¢”'®
This kind of metallized NW could potentially lead to
new and novel nanocomposite materials of importance in
nanotechnology,** such as catalysts for organic and
inorganic reactions."'

3.4. SERS Response from the Ag NPs Self-Assembled
along the Si NW. Itis well-known thatan Ag NP array can
be used as a SERS substrate.'” ! To prepare a SERS
substrate with a high enhancement and a uniform dis-
tribution, the metallization condition should be opti-
mized, as shown in Figure 2 and Figures S1 and S2 in
the Supporting Information. In Figure 6a, the deposition
time was varied whereas the deposition solution was kept
the same as the optimized one used in Figure 2. The
highest intensity of Raman signal was collected from the
Ag NP substrate with a deposition time of ~5 min, which
corresponds to the structure presented in Figures 2f, g.
Other Ag NP arrays with longer or shorter deposition
time led to a decreased intensity. A possible reason is that
the large particles or a bulk Ag covering has been
produced after long deposition time (Figures Slc, d),
which can decline the Raman enhancement.’* Also, a
short deposition time corresponds to a low density of NPs
(Figures 2a—d), which again yields a weak Raman signal.
Under the optimized deposition condition, a limit of
detection of ~1 nM R6G was reached when incubation
in the sample solution was employed to load the Raman
scatterer (Figure 6b). Although a few assumptions are
involved, and the optical arrangement of focusing on
the NW is not optimal, the average enhancement factor
of ~1x10" is estimated for the experiments. This implies a
pronounced SERS effect from this type of nanocomposite
surface.

When the laser was focused on the metallized NW array
to excite the Raman scattering, different intensities of the
Raman scattering (Figure 6¢) were observed from differ-
ent positions (Figure 2g). The signal was significantly
enhanced when the laser was focused on the Ag NPs
assembled along the Si NW, as shown in Figure 6¢ (“wire”
curve), whereas a weak signal or no signal was measured
from the gap area between NWs.** One reason for this
observation is that the deposition reaction was selective
for the Si NW surface and not for the thick Si oxide layer
in the gap area. Also, it should be mentioned that the
diameter of a laser spot is ca. 1.0—1.5 um and the inter-
distance between two neighboring NWs is 2 um.** There-
fore, a laser spot can not cover two NWs at one time. In
other words, every Raman spectrum in this report was
collected from a single metallized NW alone (or the gap),

(45) Cheng, C. D.; Gonela, R. K.; Gu, Q.; Haynie, D. T. Nano Lett.
2005, 5, 175-178.
(46) Doering, W. E.; Nie, S. J. Phys. Chem. B 2002, 106, 311-317.
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Figure 6. SERS intensity depending on (a) metallization time, (b) R6G
concentration, (c) laser spot position, and (d) its mapping image from the
Raman intensity at the peak of 1510 cm™'. The metallization condition is
presented in Figure 2 and the different deposition time s listed in (a) or just
fixed for 5 min (b—d). The Raman scatterer’s loading in (c, d) is different
from that in (a, b), as discussed in the text. The different laser spot’s
position for (c) is indicated in Figure 2g. For clarity of presentation, NWs
(gray strips) and the intensity scale are also presented in (d).

suggesting that the efficient enhancement arises from the
assembled NPs.

The spectral intensity of the peak at 1510 cm™ ! was
selected to map the NW array. The corresponding results
are presented in Figure 6d. From the intensity image, the
NW’s position is clearly identifiable against the blue
background. This result supports the assumption that
the strong Raman response comes from the Ag NPs self-
assembled on a single NW alone.®*’ The blue back-
ground indicates that there is little or no Raman response
from the gap area (Figure 6c). Perhaps there are some
residual Ag NPs in the gap area (Figures S1b, d in the
Supporting Information), which contributes to the col-
lected weak Raman signal. On the other hand, the Raman
signal collected along the NW is much stronger than that
from the gap area, from green to yellow spots, the
intensity of which is uniform because of the close intensity
of Raman signal (ca. 5000 cps)). The discrete nature of the
high intensity signals along the NW is due to the 1 um
sampling intervals used in the mapping. Again, this
suggests that regular arrays of NW can result in a uniform
metal deposition and hence a uniform SERS activity.

In Figure 6c, a drop (~0.2 uL) of R6G solution of 1 x
10~7 M was spread onto a freshly metallized NW array.
After drying in air, the Raman signal was promptly
collected to test the possibility to prepare a fresh SERS
substrate at the point of use. Assuming that all R6G
molecules have been uniformly adsorbed onto the whole
NW array area (~0.2 cm?), there would be ~600 R6G
molecules within a laser spot. In Figure 2f, there are at
most 200—300 Ag NPs along one metallized NW within

(47) Song, W.; Li, W.; Cheng, Y .; Jia, H.; Zhao, G.; Zhou, Y.; Yang, B.;
Xu, W.; Tian, W.; Zhao, B. J. Raman Spectrosc. 2006, 37, 755-761.
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the size of a laser spot, indicating the high enhancement
once again.”>* This situation is not far from single
molecule detection.”>**® That is because only the mole-
cules that have been adsorbed onto the appropriate
position, which is called as hot-spot, can yield the extr-
emely enhanced Raman scattering and dominate the
collected SERS signal.?*#® Therefore, the above results
confirm the existence of SERS hot-spots.*”~>* Although
laser polarization should have an effect on the SERS
signal collected from the hot-spot, this aspect has not
been investigated, in part because of the ill-defined nature
and orientations of the NW/NPs interfaces (i.c., images b
and d in Figure 4).°>>*

The high SERS enhancement means there is a strong
electromagnetic field, which principally originates from
the overlapping surface plasmon from the neighboring
Ag NPs when they are located closely.?’ The small size of
the Si NW provides a high specific surface area with a
high degree of curvature for the Ag NP to nucleate and
grow, which results in NPs with a characteristic size and
morphology that is considerably different from that
normally formed on a flat surface (Figure 2d). As a
consequence, a close packing and unusual arrangement
of Ag NPs can be achieved. The Ag NPs self-assemble
along the Si NW template with a close interdistance, as
shown in Figure 1b and Figure 2f.>% In addition to the
close interdistance, there is perhaps a higher density of
hot-spots and each hot-spot probably have a larger
volume.>® Therefore, more molecules can be loaded into
the hot-spot area and a stronger Raman response is in
turn obtained. On the other hand, a contribution from
chemical enhancement should not be ignored, because
halide ions (CI ™) are always present because of the sample
preparation process.
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4. Conclusions

By combining nanotechnology with solutions of HF
and metal ions,”” a simple method was developed to
metallize the Si NW. Not only Ag" but also Cu’",
Pd**, Co**, Au’", and Pt** were reduced and deposited
onto the NW surface. In some cases, further self-assembly
into the metal covering or network was observed. Several
new nanocomposite materials have been accordingly
fabricated, such as metal NW with a semitubular shaped
cross-section made of the self-assembled NPs, an Ag
micrometerecklace, a palladium micrometeretwork and
so on. Compared with the lithography patterned method
to fabricate the metal NW, this one is seemingly facile.”’

Of the above-mentioned nanocomposite materials, the
Ag NP covered Si NW was used as a SERS substrate with
a significant Raman enhancement. The regular arrange-
ment of the NW array yielded a uniform SERS substrate
by self-assembling the Ag NPs along the Si NW. It offers
the possibility to prepare a fresh SERS substrate at the
point of use that is oxide-free. The simple deposition
procedure helps to avoid possible contamination
from the storage or from the introduction of other
reactant, such as reducing agent, surfactant, thioagent
and so on.

Experiments also showed that a strong SERS signal
could be collected from only one metallized NW. The
detection of a small number of molecules from the self-
assembled Ag NPs suggests strong SERS enhancement.
This approach holds promise for trace-level and perhaps
single molecule detection.*®

The present approach develops a simplified metalliza-
tion platform and a facile method for the preparation of
nanocomposite materials. It also brings new insights into
the associated metal deposition process, various aspects
of the SERS effect and the optical properties of these
interesting nanocomposite materials.
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