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1. Introduction

Silicon nanowires (Si NWs) strongly attract worldwide
research interest for their unique and advantageous properties
arising from confinement in two directions. Both the electrical
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and optical properties are dramatically modified with respect
to the bulk material, which makes them suitable candidates to
become the building blocks for applications in future elec-
tronic devices [1, 2], photovoltaic cells [3, 4], sensors [5, 6]
and light emitting devices [7, 8]. The most adopted bottom-up
approach is the vapor–solid–liquid (VLS) technique. How-
ever, it is affected by heavy drawbacks, such as poor control
of the doping level, which is a strongly detrimental aspect for
Si NW applications, and the presence of a metallic catalyst in
the NWs [9], which limits the optical and electrical perfor-
mances of the system. In contrast, the metal assisted chemical
etching (MACE) approach is a rapid and low cost technique,
which allows uniform Si NWs fabrication [10–15]. In part-
icular, the process can be performed with inexpensive systems
and at room temperature. Therefore, the resulting NWs are
not affected by metal diffusion and deep impurity levels,
which commonly result in undesired non-radiative recombi-
nation, and the doping is the same as that of the initial sub-
strate. Thus, the final Si NW dense forest structure offers a
wide range of possibilities for further implementations. Many
groups have decorated Si NW arrays with metal nanoclusters
for different applications [16–21].

In general, silver and gold are the most used metals, due
to their interesting behaviors at the nanosize. When the par-
ticle size of metals like gold or silver reduce to the nanometric
scale, in fact, peculiar optical properties arise that are absent
in their bulk counterparts, driven by the presence of free
conduction electrons. In particular, when the size of the
nanoparticles (NPs) is smaller than the wavelength λ of an
external electromagnetic (EM) field, all the conduction elec-
trons of the NPs are subjected to the same homogenous EM
field and oscillate collectively. The collective motion of the
electrons behaves as an oscillating dipole that will be in
resonance at a given frequency of the external EM field,
giving rise to a maximum in the absorption. Such a
phenomenon is known as surface plasmon resonance (SPR).
When the external EM field is in resonance with the SPR
absorption peak, the EM field in correspondence wiith sharp
structures or gaps on the nanostructured surface can be
enhanced by several order of magnitude and so the Raman
intensity scattered by a molecule adsorbed at such sites. Most
of the plasmonic substrates employed in SERS application are
made of gold and silver. The relative SPR position, in fact,
lies in the visible portion of the EM spectrum allowing the
coupling of the SPR with the excitation wavelength used in
Raman spectroscopy. The Raman enhancement of silver is
higher than the one of gold, but the latter is more stable and
biologically friendly, nevertheless Ag NP coated substrates
can still be used in biological applications when properly
functionalized to capture complex biological system like
DNA [22].

Concerning the decoration of Si NWs with both silver
and gold NPs, chemical routes are the most adopted approa-
ches, even if they do not allow fine control of the NP growth
processes and hence on the structural characteristics of metal
clusters [17–21]. Moreover metal clusters are surrounded by a
chemical shell that limits the applications of such systems
[16–19]. In some cases the reduction of the Si NW diameter

was reported after the chemical growth of Ag NPs, thus
limiting the Ag NP deposition time [23]. Chemical reduction
methods were adopted, also, to decorate an ordered treelike
Si/ZnO system for SERS applications, but in this case the
two step growth of the 3D pattern adopted, i.e. photo-
lithography patterning and atomic layer deposition for the Si
pillars and the ZnO dendrites respectively, is more costly and
time expensive than the MACE process. Several papers
reporting the metal decoration describe the galvanic reduction
of metal ions from a solution on the Si NW surface [21]. This
approach leads to the formation of metal NPs, still with poor
control of their size and shape. Moreover, complete NW
coverage is very difficult and occurs only on the top of the
NW arrays [16–21], limiting the performance of the system.
In spite of this, the realization of Si NW decoration by phy-
sical methods is still scarcely investigated. As an example,
Malazimoglu et al [24] report the decoration of Si NWs
through the evaporation of a thin Ag film and its subsequent
annealing at 600 °C for 1 h. Such an approach is not com-
patible with Si technology owing to the high temperature
needed to induce the clustering process of the evaporated
Ag film.

Recently, we developed a method for the production of
noble metal NP arrays by means of pulsed laser deposition
(PLD) in the presence of a controlled inert atmosphere
[25, 26]. The technique is based on focusing a high energy
pulsed laser on the surface of a target material, the laser pulse
induces the vaporization of a portion of the irradiated area. In
the so formed high-density plasma cloud a large amounts of
NPs sized in the few nanometers range are formed owing to
the interaction with the ambient gas [27, 28]. By properly
selecting the values of a set of experimental parameters, such
as laser fluence, gas nature and pressure, number of laser
pulses and target to substrate distance, fine control of NP
dimension and spatial arrangement on the substrate surface
can be achieved. In previous work, we demonstrated that on
flat substrates both silver and gold nanostructured thin films
can be grown with different surface morphologies. Surface
morphologies characterized by the presence of isolated nearly
spherical NPs, nano-sized islands with smooth edges, nearly
and fully percolated structures can be obtained by changing
two easily accessible parameters, namely Ar pressure and
laser shots number, while keeping all the other relevant
parameters fixed, i.e. laser fluence, target to substrate dis-
tance, area of the laser spot on the target surface. The
nanostructured thin film formation can be synthesized as a
two-step growth mechanism. In the high-density laser gen-
erated plasma cloud, a large amounts of NPs sized in the few
nanometers range are formed owing to the interaction with the
high pressure ambient gas [24, 25]. The so formed NPs land
on the substrate surface where the the second step of the film
growth takes place. Film formation, in fact, proceeds via
coalescence of the deposited NPs. While the Ar pressure and
the energy of the expanding plasma determine the dimension
of the in flight generated NPs, the total duration of the
deposition process leads to the final surface morphology [29].
Such nanostructured surfaces are characterized by the pre-
sence of localized surface plasmons (LSP) whose position and



width depend on the NP dimensions and their mutual spatial
arrangements [30], showing remarkable surface enhanced
Raman scattering (SERS) activity. Moreover, the fact that the
growth is performed at room temperature and in the presence
of an inert gas atmosphere, means issues related to annealing
processes, like the one needed to grow a uniform layer of
silver NPs at the end of the etching process [31] and chemical
contaminations, are overcome.

In this paper, we report on the decoration of Si NWs with
silver NPs by using PLD to decorate the Si NWs. The so
obtained Si NWs decorated by Ag NPs are free from any
chemical shell and uniform in coverage of NW length,
therefore very interesting for different applications.

In particular the SERS activity of the Ag NP decorated Si
NWs was tested against the presence in aqueous solution of a
probe molecule (Rhodamine 6G) at different concentration
levels. The influence of two parameters, namely the Si NW
length and the Ag NP size and number density, controlled
through the laser pulse number, on the structural properties of
the substrates, and hence on their SERS activity is reported.
The combination of the Si NW’s huge surface to volume ratio
together with the ability to control the plasmonic properties of
the Ag NPs by means of easily accessible experimental
parameters (Si NW length and Ag NP surface number den-
sity) demonstrate the great potential of this method.

2. Materials and methods

2.1. Silicon nanowire fabrication

Si NWs are grown on 100 oriented crystalline p-type Si
substrates (commercial wafer from Siegert Wafer GmbH with
a thickness of 500 μm) by silver salts metal assisted chemical
etching. Si wafers are cut in 2.5×2.5 cm2 pieces and an
oxygen free surface is obtained, processing the samples with
2 min of UV ozone cleaning and 5 min of chemical etching in
a 5% hydrofluoridric (HF) (Sigma-Aldrich, �99.0%) water
solution. The clean substrates are immersed in the etching
solution made of AgNO3 (Sharlau 0.05M) 40%, H2O (Milli-
Q Deionized water 18Mohm cm) 40% and HF 20%. Each
step of Si NW growth is performed in a clean room main-
tained at a temperature of 20 °C (figure 1(a)). During the
process silver salts dissolve in the solution leading to the
formation and precipitation of small Ag clusters that act as
metallic precursors for the Si NW synthesis. Due to the dif-
ference of electronegativity at the Ag/Si interface an anodic
reaction occurs, producing a thin layer of silicon dioxide only
underneath the metal covered regions selectively etched by
HF, causing the metal NPs to sink into the Si bulk layer to
form NWs. During the synthesis the formation of an over-
laying silver dendrites network occurs. Silver dendrites [13]
and any silver contamination can be easily removed by a
quick chemical etching in pure HNO3 (Sigma-Aldrich ACS
reagent grade, 70%) solution for 10 min. We prepared Si
nanowires 1.7 μm and 3.4 μm long during an etching time of

11 min and 25 min, respectively, with all the other preparation
conditions fixed.

2.2. Silver nanoparticle decoration

Decoration of the Si NWs is realized by PLD of Ag NPs. The
process is realized in a high vacuum chamber with a residual
base pressure of 10−4 Pa. The laser beam from a KrF excimer
laser (Lambda Physik CompEx 205, 25 ns pulse width,
248 nm wavelength, 10 Hz repetition rate, laser fluence set at
2.0 Jcm−2) is focused onto the surface of a pure silver target
using a quartz lens with the silver target mounted on a
rotating holder in order to avoid excessive surface damaging.
Si NW samples are positioned 35 mm from the target surface
and the deposition process is performed in the presence of
70 Pa of Ar. The schematic of the PLD setup is shown in
figure 1(b). Under the selected deposition conditions the
plasma expands through the ambient gas forming a shock
wave [32], at the interface between the plasma and the
ambient gas density and pressure conditions favor the in flight
formation of silver clusters that subsequently land onto the
substrate surfaces. The number density of the Ag NPs can be
controlled by the laser pulse number [26]. In this work we
adopted two different laser pulse numbers, 45 000 and 60 000,
in order to realize decorated Si NWs with different surface
morphologies.

2.3. Properties characterization

NW structural characterization is performed by a Scanning
Electron Field Emission Zeiss Supra 25 Microscope (SEM)
and a transmission electron microscope (TEM) FEI Tecnai 12
instrument. A detailed NP sizing and counting procedure is

Figure 1. (a) Schematic of Si NWs fabrication by the metal assisted
chemical etching process. (b) Setup of the PLD apparatus used to
decorate the Si NWs.



performed using the Gatan Digital Microscopy suite software.
The sizes of the Ag NPs on the NWs are obtained by a
detailed structural analysis using high magnification SEM
images. In figure 3(a) a cross section SEM image of sample 1
is reported. In figures 4(b)–(d) high magnification SEM cross
images of three different sections of the wires are visible,
respectively acquired at the top (b), center (c) and bottom part
(d) of the decorated NWs. Here, the NP distributions have
been calculated for each different section. The NP detailed
analysis has been performed by using Gatan Digital Micro-
scopy suite software analysis on high magnification cross-
section SEM images for each section of the wire, as displayed
in figures 4(b)–(d). The Ag NPs have been identified and
selected by the software by adjusting the image contrast on a
350kX magnification SEM image. For each section we
investigated a total area of approximately 600×600 nm2 to
acquire a significant statistical ensemble of particles. The
mean radius of Ag NPs has been evaluated by the software to
calculate the radius of NPs and the radius statistics have been
later analyzed by OriginLab data software analysis. The fre-
quency counts on the particle radii have been fitted with a
Gaussian function. The same procedure was adopted to ana-
lyze each section and histogram plots and fit results are
reported in figures 4(e)–(g) and table 2. The interparticle
distances have been measured connecting first neighbor NPs
through linear segments manually drawn on the SEM image
by using image processing software. The segment lengths
have been counted by Gatan Digital Microscopy software and
the interparticles distance statistics analyzed by using the
same procedure described above.

Reflectance measurements are acquired in the range
between 200–1800 nm by means of a double-beam spectro-
photometer (Varian, CARY 6000i) equipped with an inte-
grating sphere and acquired through a phototube detector in
the visible range (200–800 nm) and a InGaAs photodiode in
the near-infrared. Micro-Raman and SERS measurements are
performed focusing an Ar+ laser beam, tuned at 514 nm, onto
the NW samples through a 50X LWD objective (NA=0.5),
with power not exceeding 510 μW (measured on the sample
surface). The backscattered radiation is analysed by means of
an HR800 Micro-Raman Spectrometer (Horiba) equipped
with a Peltier cooled CCD (Synapse) detector. Rhodamine 6G
(Carlo Erba, powder) is selected as a probe molecule for
SERS measurements.

To study in detail the SERS response we prepared four
samples of 2.5×2.5 cm2 organized in two length sets
(1.7 μm and 3.4 μm), each one divided in two decoration
subsets of 45 000 and 60 000 laser pulses. Each substrate has
been sectioned in smaller portion of 0.5×0.5 cm2, that are
soaked for 150 min in R6G water solutions at six different
concentrations levels, ranging from 10−4 to 10−9 M, then
dried in air for 2 h.

Ten spectra are acquired at different positions on the
substrate surfaces, the resulting averaged spectra have been
normalized for the exposure time, laser power and the fluor-
escence background subtracted.

3. Results and discussion

3.1. Structural properties

We prepared Si NWs 1.7 μm and 3.4 μm long, depending on
the etching conditions and time. As an example figure 2(a)
displays a vertically and uniformly aligned array of Si NWs
having a length of 3.4 μm. For simplicity we named sample 1
and sample 2 the Si NWs with the shorter length (1.7 μm) and
samples 3 and 4 those that were 3.4 μm long, respectively
decorated with Ag NPs by using 45 000 (1 and 3) and 60 000
(2 and 4) PLD shots (see table 1).

The structural properties of NWs covered by Ag NPs
have been investigated by SEM analysis both in plan view
and in cross section. All the samples showed the presence of
Ag NPs along the NWs. As an example, figures 3(a) and (b)
display a comparison between the plan view SEM images for
sample 4 before and after the decoration process: the presence
of the Ag NPs on the surface of the Si NWs can be
clearly seen.

Moreover, it is worth noticing that the Si NW array is not
damaged by the PLD deposition. Looking at the SEM images
it can be seen that size and number density of the Ag NPs
deposited along the length of the Si NWs are different when
the Si NW length and laser pulse number are considered. In
order to gain information about the size and spatial distribu-
tion of the Ag NPs, a detailed structural analysis using high
magnification SEM images was performed. In figure 4(a) a

Figure 2. (a) Cross section SEM of the Si NW template of 3.4 μm
realized by metal assisted chemical etching. (b) Photograph of the
top surface of the Si NW sample.

Table 1. Characteristics of the Ag decorated NW samples.

Name NW lengths PLD shots

Sample 1 1.7 μm 45 000
Sample 2 1.7 μm 60 000
Sample 3 3.4 μm 45 000
Sample 4 3.4 μm 60 000



cross section SEM image of sample 1 is reported. In
figures 4(b)–(d) high magnification SEM cross images of
three different sections of the wires are visible, respectively
acquired at the top (b), center (c) and bottom part (d) of the
decorated NWs. Here, the NP size distributions have been
calculated for each different section, the corresponding mean
radii and standard deviations were calculated by fitting the

size distributions with Gaussian profiles. At the bottom
section of the NWs, as reported in figure 4(h), the mean radius
of the Ag NPs was estimated at 5.5± 1.1 nm. In the central
section of the NWs a denser and a more uniform coverage is
observed, with larger, but still separated, NPs having a mean
radius of 7.5±2.7 nm (g). On the top of the Si NWs the
presence of coalesced NPs is clearly visible, forming Ag NPs

Figure 3. Plan view SEM images of 3.4 μm Si NWs (a) without decoration and (b) decorated by Ag NPs after 60 000 laser pulses.

Figure 4. (a) Cross section SEM image of sample 1, high magnification details of the top (b), center (c) and bottom (d) sections of the Si NWs
are reported, respectively. In figure (e) a TEM microscopy image of the bottom region of the decorated Si NW is reported. The statistical
analysis of the Ag NPs radii is reported for sample 1 associated with the top (f), center (g) and bottom (h), respectively.



with a mean radius of 8.3±2.7 nm (f). The dimension of Ag
NPs is confirmed by TEM analyses; as an example in
figure 4(e) the high resolution TEM image of the bottom
region is reported. A mean radius of about 5.2±3.6 nm has
been evaluated from TEM analysis, resulting in very good
agreement with the statistical study performed on the
corresponding SEM image of the same region (figure 3(h)).

We performed the same structural study for all samples.
Sample 2 obtained by increasing the shot number shows a
slight increase of the mean radius. The size of the Ag NPs in
the bottom section is 6.9±2.2 nm, in the central section is
7.4±2.2 nm, and at the top is 11.3±4.3 nm. A similar
trend has been observed for the longer NWs (samples 3 and
4). Also in this case a good coverage is observed along the

Table 2. Statistical results of Ag NP mean radii and first neighbor Ag NP distance along the top, center and bottom sections of the different
NW samples. The reported mean values were obtained by fitting the size distributions by Gaussian profiles.

Sample 1 Sample 2 Sample 3 Sample 4

NW length (μm) 1.7 1.7 3.4 3.4
Laser pulses 45 000 60 000 45 000 60 000
Ag NP mean radius r (nm) bottom 5.3±1.1 6.9±2.2 4.6±2.5 5.7±1.5

center 7.5±2.7 7.4±2.2 5.2±2.7 7.6±3.8
top 8.3±2.7 11.3±4.3 7.3±4.7 10.4±3.0

Ag NP interstitial mean distance g (nm) bottom 6.5±3.2 6.0±3.0 9.8±6.0 13.6±12.2
center 5.3±1.9 4.8±1.8 5.1±2.0 11.5±9.4
top 3.8±1.0 3.0±1.0 4.3±2.0 8.6±4.7

Figure 5. One-way ANOVA results for all the samples. The mean values of the NP size for each groups are reported (corresponding to the
dashed blue line). Red lines indicate the median values, upper and lower edges of the boxes represent the 75th and 25th percentile,
respectively. The whiskers indicate the interval between the larger and smaller NP sizes not considered as outliers (not shown). The F critical
value, calculated at the confidence level of p=0.005, is compared to the ANOVA ones, reported in the figures together with the calculated p
values. ANOVA indistinguishable resulted groups are marked by the red dashed boxes (see text).



different sections of the NWs and the mean radius of the Ag
NPs increases from the bottom to the top as reported in table 2
which summarizes all data.

In summary, for all samples the Ag NP mean size
increases from the bottom to the top section of the wires. In
order to test further such a conclusion we performed a one-
way ANOVA statistical analysis. The NP sizes collected at
the different positions along the Si NW length were divided
into three groups: top, center and bottom. The ANOVA test
was performed to reject the null hypothesis (H0) i.e. that the
means (μi, i=1, 2, 3) of the three groups do not show any
significant difference (H0; μ1≈μ2≈μ3) The results of the
ANOVA test are reported in figure 5. The box plots report the
mean values for each group (corresponding to the dashed blue
line), the median (red line), the 75th and 25th percentile
values (upper and lower edges of the box, respectively) and
the larger and smaller values not considered as outliers (upper
and lower whiskers). As it can be seen the mean valu trend
agrees well with the one reported in table 2: the NP sizes
decrease going from the top of the NWs to the bottom part. It
can be noted also that ANOVA calculated mean values are
systematically slightly larger than those reported in table 2.
This is not surprising when the way the latter were obtained is
considered, i.e. by fitting the size distribution with a Gaussian
function, that can underestimate the contribution of the bigger
NPs. For each sample the critical F value (Fcrit) was calculated
and corresponds to the degree of freedom between groups
(df=2) and within groups (dfk=791, 578, 610, 804) at the
probability level of p=0.005 (well below the p value of 0.05
usually adopted to validate the null hypothesis) to be com-
pared to the F values resulting from the one-way ANOVA
analysis. It can be seen how all the calculated F values are
much larger than the corresponding critical ones (see
figure 5). At the same time the calculated p values are nearly
zero, a result that allows us to safely exclude the null
hypothesis, i.e. that all the means of the three groups (top,
center and bottom) are equal. Nevertheless, such a result
cannot rule out the occurrence that two out of three groups
could have an equal mean (i.e. μ1≈μ2≠μ3), and, as a
consequence, are indistinguishable from a statistical point of
view. A multiple comparison procedure, then, was applied to
the ANOVA results. The test, performed using both the least
significant and Tukey’s methods [33, 34] showed that for
samples 1 and 4 all three groups have different means,
pointing out a different size distribution of the NPs at the top,
center and bottom of the Si NWs. For samples 2 and 3 the
comparison procedure showed that the NP size distributions
for the bottom and center regions (see the values enclosed by
the dashed red boxes in figure 5) are equal but significantly
different from the one observed at the top.

This evidence can be understood if the NP formation
mechanism is considered. In the first stage, NPs form during
flight, before reaching the sample. Initially the Ag NPs arrive
with the same mean radii on the three different sections of the
wires, but since the top of the NWs is more exposed to catch
the incident Ag NPs, the formation of coalesced NPs with
larger size is more likely. A smaller fraction of the incident
NPs reaches the center of the NWs and an even a smaller one

can land at the bottom, determining the observed decreasing
mean size of the Ag NPs along the wire length from top to
bottom, irrespective of the NW length and of the laser shots
number. An increment of the NP mean radius is observed
when the laser shots number was changed from 45 000 to
60 000. Such a behavior can be easily understood when
considering that the number of Ag NPs impinging on the
substrate increases, thus it is more likely that small clusters
coalesce to form larger NPs. A further critical parameter for
applications is the average edge-to-edge distance between Ag
NPs. From the same SEM images we measured the mean
distance among adjacent NPs for all the samples. All the data
gathered from the SEM analysis are shown in table 2. Also for
these data the ANOVA procedure was performed, the result
indicates that the distance between Ag NPs decreases on
going from the bottom to the top of the NWs; even in this
case the ANOVA calculated mean values were found to be
slightly larger than the ones reported in table 2, but the overall
trend was confirmed. The results clearly show how it is
possible to change the size distribution, the distance between
NPs and the surface coverage in a very simple way just by
varying the length of the NWs or the shot number of the PLD
process.

3.2. Optical properties

The SERS activity of both decorated and non-decorated
samples was checked against the presence of Rhodamine 6G
(R6G). For this purpose the samples were soaked in a 10−6 M
water solution of R6G for 150 min and left to dry in air before
Raman measurements.

In figure 6(a) the spectra acquired on the surface of the
non-decorated (red line) and decorated (blue line) sample 4
are shown. No Raman signal is detectable in the spectrum
acquired on the surface of the bare Si NWs, while the
observed broad and intense background is due to the R6G
fluorescence. On the other hand, the R6G Raman signatures,
superimposed on the fluorescence background, are clearly
visible in the spectrum acquired on the surface of the deco-
rated Si NWs (blue line). Subtracting the fluorescence back-
ground (black line in figure 6(a)) the most intense R6G
vibrational modes, peaked at 618 and related to the C-C-C
ring in plane bending, and at 1364, 1513, 1570, 1652 cm−1,
relative to C-C symmetric stretching modes, are evident [35].

It is worth noticing that, although the two spectra have
been acquired under the same experimental conditions (laser
power, objective, slit aperture, acquisition time), the fluores-
cence intensity in the spectrum recorded from the decorated
substrate is ≈1.5 times higher with respect to the fluorescence
signal recorded on the surface of the bare Si NWs. The pre-
sence of fluorescence originating from the Ag NP decorated
surface points to the presence of a certain amount of R6G
molecules not adsorbed on the metallic surface, where
fluorescence quenching takes place. The observed increase of
the fluorescence signal, thus, can be understood if the fluor-
escence of some of the R6G molecules (not adsorbed on the
metallic surface) are enhanced by plasmonic effects that
increase the local exciting field [36, 37].



The results of SERS measurements performed on all the
decorated samples (from 1 to 4) are shown in the bar plot in
figure 6(b), that reports the intensities of the R6G modes
peaked at 618, 1364 and 1652 cm−1, normalized to the power
and accumulation time; the fluorescence background was
numerically subtracted from all the spectra. Sample 1 per-
forms better than the others, showing a SERS intensity ≈4–5
times higher than sample 2 and sample 3, and ≈2 times
higher than sample 4.

It is well known that the SERS response of nanos-
tructured surfaces is strongly dependent on their optical
properties and notably the strong amplification of the local
EM field in the proximity of the nanostructured metallic
surface. Such an amplification is due to excitation of localized
surface plasmonic resonances (LSPR) of individual NPs or
nearby structures optically coupled. Thus an optical char-
acterization of the decorated NWs showing the best SERS
performance (samples 1 and 4) was carried out. In particular,
the LSPR behaviour of the Ag NPs was investigated through
diffuse reflectance measurements, since transmittance
experiments were not achievable due to the non-transparent
substrate of the samples. In the diffuse reflectance geometry,
the specular component of the light reflected at the sample
surface is excluded from the integrating sphere, allowing the
measurement of the diffused light only. In order to put in
evidence the Ag NP contribution with respect to the optical
response of the bare Si NW forest, typically affected by a
strong light absorption due to in plane scattering effects, the
reflectance spectra were normalized to the diffuse reflectance
of the decorated and non-decorated Si NWs, according to

( )=I I I 1Ag NPs NWs decorated NWs bare

here INWs decorated and INWs bare are the diffuse reflectance
intensities of the decorated and non-decorated Si NWs
samples, respectively.

Figure 7 shows the normalized reflectance spectra, in the
range between 350 and 850 nm, of the decorated Si NWs
having the best SERS performances (as visible in figure 6(b)).
The spectrum of sample 1 shows a broad minimum of the
reflectance signal, that can be identified as a plasmon
absorption peak, centred at 540 nm and extending from 400 to
700 nm. A similar behaviour is observed for sample 4 (longer
NWs) but in this case the plasmon resonance ranges from 350
to 600 nm and peaks at 450 nm.

The diameter and the average distance of the Ag NPs
produced by PLD play a crucial role in terms of LSPR
position and thus of SERS efficiency [38]. As reported in

Figure 6. (a) Raman/SERS spectra of Si NWs non-decorated (red line) and Ag decorated (blue line), both immersed in a 10−6 M R6G water
solution. Due to the Ag NPs the SERS peak relative to the R6G vibrations is clearly detectable and highlighted when the fluorescence
background is subtracted (black line). (b) Block diagram reporting the SERS intensities of the R6G Raman modes at 618, 1364 and
1652 cm−1 measured on the different Ag decorated Si NWs. The SERS intensities are the average of 10 measures at different sample
positions, the error bars are the corresponding intensity standard deviation.

Figure 7. Normalized reflectance spectra showing LSPR spectra of
Ag NPs deposited on Si NWs by PLD (sample 1: NWs 1.7 μm long,
45 K shots; sample 4: NWs 3.4 μm long, 60 K shots). The plasmon
resonances are obtained following equation (1) by comparing the
diffused reflectance spectra of bare and Ag decorated Si NWs. The
green line is the laser excitation wavelength, tuned at 514.5 nm,
while the green box is the Raman scattering region of the R6G probe
molecules (550–1750 cm−1).



table 2, the increase of the PLD laser shots number allows a
larger coalescence among NPs on the NW tops, resulting in
an increase of the NP diameter, and a good NP coverage
down to the basis in Si NWs. On the other hand, the mean NP
distance depends on both the NW length and on the laser
shots number, resulting in a different efficiency of optical
coupling. Thus, in our set of samples, Ag NPs on sample 1
appear to be optically coupled [39], giving rise to the for-
mation of hot spots and then matching the condition for an
optimal SERS efficiency at the excitation wavelength fixed at
514.5 nm. In comparison to sample 1 the variations of the NP
mean dimension (sample 2), of the NP distribution along the
NW length (sample 3) or the interparticle distance (sample 4),
result in a lower SERS efficiency due to a plasmon resonance
shift, to lower hot-spots density, or to a less efficient optical
coupling between the NPs, respectively. NPs on sample 4, in
particular, show a plasmon resonance typical of a spherical
isolated dispersion, and thus weakly coupled [25, 38, 40–42].

The spectra reported in figure 6(a) can be also used to
calculate the SERS enhancement factor (EF), typically defined
as the ratio between the observed SERS and Raman intensities
per molecule. As reported in the literature [38], the normal
Raman signal from R6G molecule is not discernible even for
samples soaked in Rhodamine aqueous solution at higher
concentrations. Thus, the EF was evaluated by comparing the
Raman and the fluorescence cross sections, σR and σF,
respectively [38, 43]. In particular, the signal intensities ratio per
molecule and per watt power is the ratio between cross sections:
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where ISERS is the SERS intensity for an excitation wavelength
at 514.5 nm, and IF is the intensity of the fluorescence
background intensities coming from the decorated substrates.
The Raman cross section of R6G is of the order of 10−29 cm2

and it becomes 10−25 in resonance conditions
(λexc=514.5 nm) [38, 43]. At the same wavelength the
fluorescence cross section is about 10−16 cm2 [44, 45]. As a
consequence, a factor of about 10−9 is expected from the ratio
between IRaman and IF, as indicated in equation (2).

Evaluating the ratio between the averaged normalized
intensities for SERS and the respective fluorescence intensity
in sample 1 and in sample 4, EF values of 3×108 and
1×108, respectively, are obtained. These results demonstrate
very good performances of the decorated Si NWs as SERS
active substrates.

The EFs, in fact, were one order of magnitude higher
with respect to the EF of 1.9×107, measured following the
same procedure for the highest SERS active substrate made of
Ag NPs deposited by PLD on a flat glass surface [38] This
result is likely due to the higher number of active hot spots
distributed especially along the wires, in a 3D architecture,
with respect to the 2D case.

Since one of the most important applications of the SERS
active substrates is the development of SERS-based sensors

[40, 46], together with the estimation of the SERS EF, we
focused attention on evaluating the lower limit of detection
achievable with our samples, taken as the smallest detectable
concentration of the target analyte. To this purpose, SERS
measurements on sample 1 were performed, as a function of
the molar concentration of R6G dissolved in an aqueous
solutions in the range from 10−9 M to 10−4 M.

Figure 8(a) shows the averaged SERS spectra as a
function of the R6G concentration, acquired at different
points on the surface of sample 1 under 514.5 nm excitation.
All the spectra have been normalized to the acquisition time
and laser power to make possible a direct comparison to each
other. Moreover, we should point out that in the shown
spectra the fluorescence background has been removed to
better compare SERS signals at different concentrations. The
R6G SERS signal is clearly visible starting from 10−8 M R6G
concentration, while no SERS signal is appreciable in the
10−9 M spectrum. Indeed, the emission signal from all our
samples results from by the overlap of two contributions: the
fluorescence broad band and the superimposing SERS peaks.
Thus, we can consider the fluorescence signal as noise with
respect to the SERS signal. The intensities of three SERS
peaks at 618 cm−1, 1364 cm−1 and 1650 cm−1 have been
measured and reported as a function of R6G concentration in
figure 6(b). The intensity of the three vibrational modes
increases linearly, on a logarithm scale, within the R6G
concentration range from 10−8 M to 10−6 M. Then, the
intensities slightly decrease for the 10−5 M and 10−4 M
concentrations. The saturation of the SERS signal at a given
concentration is presumably due to the saturation of the SERS
active sites by the adsorbed R6G molecules. The slight
decrease of the SERS intensity for concentrations above
10−6 M can be understood if the behaviour of SERS and
fluorescence signals is taken into account. In fact, SERS
active substrates can amplify the overall molecular emission
signal. The fluorescence background and the SERS are
competing emission signals, and as above the 10−6 M con-
centration, the fluorescence background becomes significantly
intense, pointing to an increase of the number of non-adsor-
bed R6G molecules. Since the incoming light is absorbed by
such molecules, a reduction of the SERS exciting radiation
occurs. For each averaged spectrum we computed the perti-
nent standard deviation in order to check the uniformity of the
SERS signal across the surface. The spot to spot variations
were taken into account by calculating the standard deviation
for each set of measurements; as an example in the bottom
panel of figure 8(b) we report the average spectrum and the
standard deviation acquired on the surface of sample 1 after
being soaked in a R6G 10−5 M solution. The intensity var-
iations of the three peaks used to draw the calibration curve
reported in figure 8(b) (top panel) were found to be within
15%, a value that matches the test criteria of reproducibility
over a defined area for a SERS substrate: typically better than
20% [47–50].

We comment that the present study addresses the
potential of 3D Si NW substrates as SERS sensors, as
demonstrated above, while no optimization was performed in
order to increase their SERS activity. We believe that there is



room for optimization of the SERS properties of the sub-
strates, by playing with both the Si NW length and the laser
pulses number, in order to increase both the number of SERS
active sites and their efficiency.

4. Conclusions

We demonstrated the decoration of silicon nanowires (Si
NWs) with silver nanoparticles (Ag NPs) by an industrially
compatible method. The pulsed laser deposition (PLD) tech-
nique has been extensively discussed as a valid solution to
obtain a uniform and dense decoration of Si NW arrays with
Ag NPs. Such Si NWs decorated with Ag NPs are chemically
shell free and show uniform coverage along the NW length.
Moreover, by this room temperature approach we showed a
strict control of size, distribution and mutual distance among
Ag NPs. We characterized decorated Si NWs as surface
enhanced Raman scattering (SERS) active substrates by
immersing molecular aqueous solution, using R6G as probe
analyte. The SERS spectra clearly reveal the detection power
of the decorated substrates characterized by an enhancement
factor of the Raman signal higher than 108, one order of
magnitude above the one of Ag NPs deposited with a similar
procedure on a 2D substrate. These results strongly attest to
the great potential of a 3D SERS substrate as a powerful
sensor for the detection of analytes of practical interest, as
was demonstrated in previous works on 2D substrates cov-
ered by PLD deposited Ag NPs. On such substrates organic
dyes (alizarine, purpurine, brazilin, brazilein, kemesic and
carminic acid), of interest in the cultural heritage field, were
detected in aqueous solutions at concentration levels down to
10−7 M [51].
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