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Bottom-up growth of Ag/a-Si@Ag arrays on Si worked as a high sensitive SERS substrate.
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DOI: 20.1039/x0xx00000% In this work, we demonstrated a bottom-up growth of Ag/a-Si@Ag nanosphere arrays on Si to work as a

high performance SERS substrate. By a solid-state dewetting, high density Ag nanoparticle arrays were
formed on Si substrate with large-area uniformity. With well-controlled thicknesses of a-Si and Ag out-
layer coating, the SERS properties can be optimized with the inter-particle spacing of the Ag/a-Si@Ag
NSs limited to several nanometers. Based on the analysis of optical properties and SERS activities to p-
Tc molecules, we concluded that, the optimized SERS substrate performed with both high sensitivity and
large-area uniformity. A detection limit as low as 10"* M and an enhancement factor (EF) up to 10% were
obtained. Furthermore, a wafer scale large-area uniformity and reproducibility of SERS signal were
confirmed with small standard deviation, e.g., 8% at 1076 cm™ and 9 % at 1593 cm™. The generic
approach present here can be extended to create a new class of highly sensitive SERS sensors with large-
area output, and may play an important role in device design and the corresponding diverse chemical and
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biological detection tasks.

Introduction

Surface-enhanced Raman scatting (SERS), one of the most powerful
and promising techniques, has widely been used in a variety of
applications due to its high sensitivity, excellent selectivity, and
rapid detection capability.! SERS effects are usually found in
adjacent noble metallic nanostructures that are called “hot spots”,
where electromagnetic fields are largely enhanced. Recent studies
have shown that “hot spots” had a large contribution to enormous
Raman signal enhancement,” * allowing rapid detection of Raman
signals and highly sensitive identification of single molecules.* ®

Numerous approaches have been widely investigated for the
design of diverse noble metallic nanostructures as SERS substrates,
which can be classified into wet and dry methods or bottom-up and
top-down methods. For the wet methods, substrates based on metal
colloids stabilizations have been reported to achieve a SERS
enhancement with a high sensitivity.* 7 In order to realize a stable
solid SERS substrate with large-area uniformity, patterning of “hot
spots” via dry methods had been developed, such as nanospheres
(NSs) lithography,® ° reactive ion etching (RIE),' electron-beam
lithography (EBL),'" and nano-imprint lithography.> Typically, the
top-down methods are time-consuming with a high fabrication cost.
Besides, to control the feature size of “hot spots” into the sub-10 nm
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regime to enhance SERS signal, approaches based on the bottom-up
methods have been extensively exploited. Ordered arrays of Ag
nanoparticles (NPs) had been grown in porous anodic aluminum
oxide (AAO) templates with tunable sub-10 nm inter-particle gaps."
Self-assembling of polystyrene (PS) spheres is a feasible choice
instead of AAO with a pre-etching, which has a good control over
the inter-particle gaps.'*'® However, the PS spheres are usually
several hundred nanometers in diameter, which reduces the density
of “hot spots” under the Raman laser spot resulting in a limited
sensitivity of SERS substrate.

Recently, substrate-supported metallic nanoparticle arrays have
been fabricated over a large area by a solid-state dewetting, which
attracted considerable interest for applications in solar cells,
plasmonics and chemical etching.!”"® In particular, SERS substrate
is one of the most important applications of substrate-supported
metallic nanoparticle arrays with large-area uniformity.’ For
example, one feasible SERS substrate of double-layer stacked
Auw/ALO;@Au nanosphere arrays was realized on Si wafer.”!
However, applying a simple annealing process, the inter-particle
spacing of nanoparticles were too large to work efficiently as “hot
spots”. Both theoretical and experimental data demonstrated that an
inter-particle gap of less than 5 nm was essential for strong

22,23

enhancement of Raman signals. Therefore, to meet the

requirements of high quality SERS substrate, much effort need to be
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put on tailoring the inter-particle spacing of substrate-supported
metallic nanoparticle arrays.

In this paper, we present a bottom-up method to realize Ag/a-
Si@Ag nanosphere arrays on Si as a SERS substrate with high
sensitivity and large-area uniformity. Via a solid-state dewetting,
high density Ag nanoparticle arrays were formed on Si substrate
with large-area uniformity. By a chemical vapor deposition (CVD),
a-Si grew homogeneously on the surfaces of Ag NPs and Si
substrate in between. With a controlled thickness of a-Si and Ag out-
layer coating, we demonstrated that the inter-particle spacing of the
Ag/a-Si@Ag nanosphere arrays could be reduced to several
nanometers to work as a SERS substrate. Through a study on their
optical properties and SERS activities, the self-assembly bottom-up
growth of Ag/a-Si@Ag nanosphere arrays as a SRES substrate
exhibits high sensitivity of 10"* M and large-area uniformity.

Experimental
Sample Preparation.

The n-doped Si(111) wafers were prepared by a standard RCA
cleaning, and then dipped into 5 % hydrofluoric acid to have a
silicon oxide removed and obtain a hydrogen-terminated Si surface.
A thin Ag film with a 15 nm thickness was deposited by a thermal
evaporation process at a growth rate of 0.1 A/s. Subsequently, the
substrate was loaded to a LP-CVD system (firstnano ET-3000 EXT,
CVD Equipment Corp.), and was heated up to 540 °C for 30 min at
10 Torr pressure to form Ag nanoparticle arrays. The Ag/a-Si NSs
were synthesized by a CVD process with diluted silane (5% SiH,4 in
H,) as gas precursor and 99.999 % pure H, as carrier gas. The
pressure was set to be 10 Torr with a fixed mass flow of 40 sccm H,,
20 sccm SiH,. The growth time of Si layer was 30, 60, 90 min,
respectively. Finally, an out-layer of Ag with thickness from Snm,
10nm, 15nm, 20nm, 25nm to 30nm was coated onto the Ag/a-Si NSs
to form a SERS substrate. The nanostructures were characterized by
SEM (ZEISS Ultra 55), TEM (JEOL JEM-2100HR), and AFM
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(Cypher™, Asylum Research). Ultraviolet-visible (UV-vis) mirror
reflection spectra were obtained by a SpectraSuite (Ocean Optics
HR4000).

SERS detection

For the measurement of SERS, all the vibration experiments were
carried out with 633nm excitation laser lines. The inelastic scattered
radiation was collected on a microscopy Raman spectrometer
(Renishaw 42K 864 ) with a CCD detector and an optical microscope
using a 50x microscope objective with a numerical aperture(NA)
value of 0.50. Regarding the SERS measurements, the analyte
molecules p-Tc at different concentrations, ranging from 0.4 mM to
10"* M were prepared in ethanol solutions. For the 0.4 Mm the
substrates were dipped into a solution of molecules dissolved in
ethanol for 1 h, then washed in ethanol to remove excess molecules
and dried in the air. For the measurements at lower concentrations
(from 107" M to 107" M), the substrates were dipped into solutions
for 1 hour, then were immersed into an de-ionized water for 5 hours
to remove the adsorbed ethanol that attached to the metal surface,
followed by drying in the air. All the samples were soaked into
identical bottles containing p-Tc (from 4E™ M to 1E™'* M, 50 ml).

Results and discussion

Fabrication Procedures

The fabrication procedures of Ag/a-Si@Ag nanosphere arrays are
illustrated schematically in Fig. 1. First, a thin Ag film with a
thickness of 15 nm was deposited on Si(111) substrate via a high
vacuum thermal evaporation (Fig. 1a). Ag nanoparticle arrays were
formed by an annealing at 540 °C in the CVD chamber (Fig. 1b). In
general, with a lower annealing temperature and a shorter annealing
time, a higher density of metal nanoparticle arrays was achieved.**

After annealing, a reactive gas precursor of SiH, (5 %) mixed with

Agl coating
d SERS substrate
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Fig.1 Schematic diagrams to illustrate the fabrication procedures of Ag/a-Si@Ag nanosphere arrays on Si substrate as a SERS substrate to

detect probed molecules, such as p-Thiocresol (p-Tc).
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Fig.2 Top-view SEM image(a) and 75° tilted-view SEM image (b) of Ag nanoparticles (NPs), inset shows the size distribution histogram of
diameters of Ag NPs. (c) Top-view SEM image of Ag/a-Si nanosphere arrays, inset shows Raman shifts of Si substrate before (red line) and
after (green line) CVD process. (d) 75° tilted-view SEM image of Ag/a-Si nanosphere arrays with a 90 min Si CVD growth and inset of (d) is
the corresponding size distribution histogram. (¢)Top-view SEM image Ag/a-Si@Ag nanosphere arrays as SERS substrate. (f) 75° tilted-view
SEM image Ag/a-Si@Ag nanosphere arrays with a 15 nm thick Ag out-layer, inset shows the corresponding size distribution histogram of

diameters of Ag/a-Si@Ag NSs.

a carrier gas of H, were fluxed into the CVD chamber. With SiH,
decomposed on the hot surfaces, Si atoms homogeneously deposited
on surfaces of Ag NPs and Si substrate in between. Depictured in
Figure lc, a-Si layer covered on the Si substrate homogeneously
with embedded Ag NPs. The CVD growth of a-Si layer further
reduced the inter-particle spacing of Ag NPs. Meanwhile, the
continuously grown a-Si immobilized the Ag NPs from further
agglomeration. Then, an outer layer of Ag covered onto the a-Si by
thermal evaporation to form Ag/a-Si@Ag nanosphere arrays (Fig.
1d), which can work as SERS substrate. P-Thioresol (p-Tc), a kind
of nonfluorescent molecule, was trapped on the gaps of Ag/a-Si@Ag
nanosphere arrays by chemisorption of molecules dissolved ethanol
solution (as illustrated in Fig. le). In terms of SERS signals, the
excitation laser was used to interact with the trapped p-Tc molecules
to characterize the Ag/a-Si@Ag nanosphere arrays as a SERS
substrate (Fig. 11).

Characterization of Ag/a-Si@Ag nanosphere arrays

In order to maximize the density of “hot spots”, morphologies of
tunable growth of Ag/a-Si@Ag nanosphere arrays on Si substrate
are shown in scanning electron microscopy (SEM) images in Figure
2. In top view (Fig. 2a) and 75%-tilt view (Fig. 2b) SEM images, we
confirmed that, the 15 nm solid-state Ag film on Si had dewetted

into Ag nanoparticle arrays of high density and large-area uniformity.

Inter-particle spacing between the Ag NPs was tunable with different
annealing time under a given temperature (Fig. S1). The inset of Fig.
2b illustrates the size distribution of about 550 Ag NPS, and the
mean diameter is about 73 nm. However, after a direct heating up to
540 °C for 30 min without annealing, most of the inter-particle

This journal is © The Royal Society of Chemistry 2012

spacing was larger than 100 nm. In order to control the inter-particle
spacing into several nanometer regime as “hot spots” for an effective
SERS substrate, an a-Si layer was grown on Ag NPs via a CVD
process. Fig. 2¢ displays a SEM image of Ag/a-Si nanosphere arrays
after a 90 min CVD growth of Si. The Ag/a-Si nanosphere arrays on
Si substrate are closely packed, and most of the gaps between
adjacent Ag/a-Si nanospheres shrink to sub-10 nm. The cores of
Ag/a-Si nanospheres with a bright contrast (under a high electron
acceleration voltage of 15 KV) in Fig. 2c represent the Ag NPs
embedded in the a-Si layer of about 50 nm thick with a dark contrast.
The inset shows Raman spectra of Si substrate before (red line) and
after (blue line) the CVD growth of Si. In the Raman spectra, the
sharp peak at 521 ecm’ indicates the crystalline Si(111) substrate.
Apart from the strong band at 521 cm’™', the additional board band at
480 cm! represents the growth of amorphous a-Si.** Fig. 2d shows a
75°-tilt view SEM image of Ag/a-Si nanosphere arrays. The inset of
fig. 2d illustrates the size distribution of about 350 Ag/a-Si NSs with
a mean diameter of about 170 nm, from which the mean size of Ag
nanoparticle core was estimated to be 70 nm in diameter without
further agglomeration during Si growth. Top view (Fig. 2e) and 75°-
tilt view (Fig. 2f) SEM images illustrate Ag/a-Si@Ag nanosphere
arrays as a SERS substrate after a 15 nm thick Ag out-layer coating.
The Ag coating thickness was optimized to achieve the strongest
SERS signals, which resulted to be 15 nm at a laser excitation
wavelength of 633 nm. The inset of Fig. 2f illustrates the size
distribution histograms of the Ag/a-Si@Ag nanosphere arrays. After
the Ag out-layer coating, there exists a systematic increase in the
size of Ag/a-Si@Ag nanospheres with the mean diameter of 190 nm,
which is in accord with the thickness of Ag coating shown in Fig. 2e.

J. Name., 2012, 00, 1-3 | 3
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Crystallographic characterizations are shown in transmission
electron microscopy (TEM) images of Fig. 3. Cross-sectional
nanostructure of Ag/a-Si nanosphere arrays grown on Si(111)
substrate is shown in Fig. 3a. After the CVD growth, an a-Si layer
with a uniform thickness of 50 nm covered the surfaces of both Ag
NPs and Si substrate in between. The gaps between Ag/a-Si
nanospheres (NSs) on Si substrate are decided by the thicknesses of
the a-Si layer, which could be adjusted by different growth time at a
certain growth temperature (see Fig. S3). A fine-grained Ag film was

15 nm

100 nmBE TSI i0)

Fig. 3 Cross-sectional TEM images of (a) Ag/a-Si nanosphere arrays
and (b) Ag/a-Si@Ag nanosphere arrays with Ag film coating both
on Si(111) substrates, the a-Si layer is about 50 nm thick. (c)
Magnified cross-sectional TEM image of a single Ag/a-Si@Ag
nanosphere on the Si substrate, the thickness of Ag coating is about
15 nm. (d) HRTEM image taken from the selected area marked in
(c) of Ag/a-Si@Ag nanosphere with the corresponding FFT pattern
as inset, which illustrates the amorphous a-Si growth on the single-
crystalline Si(111) substrate with a thin SiO, interface. (¢) HRTEM
image taken from the selected area marked in (c) with the crystalline
Ag core surrounded by the a-Si shell.

deposited onto the surfaces of Ag/a-Si nanosphere arrays, as shown
in the cross-sectional image of Fig. 3b. From the magnified cross-
sectional TEM image of an individual Ag/a-Si@Ag nanosphere
(shown in Fig. 3c), we measured that the thickness of Ag film was
about 15 nm. Moreover, high resolution TEM images (Fig. 3d and
3e) were acquired from different regions marked by the red dotted
line boxes plotted in Fig. 3¢c. The single crystalline nature of Si(111)
substrate was confirmed by the FFT pattern of Si substrate (inset of
Fig. 3d). And the a-Si was grown on the Si substrate covered by a
thin Si oxides layer with a thickness around 1 nm, which is

consistent with the Raman peak at 480 cm’

observed in Fig. 2c.
Upon a closer inspection of Figure 3e at the interface of Ag and a-Si,
the lined fringes indicated the crystalline nature of Ag NPs after the
CVD growth, which is further confirmed by the selected area
electron diffraction (SAED) pattern taken from Ag/a-Si NSs being a

face-centered cubic (fcc) crystal structure (see Fig. S4).
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Optical Response

Optical properties of nanostructures at different stages: i) Ag film
deposition; ii) dewetted Ag NPs; iii) Ag/a-Si nanosphere arrays were
characterized by a UV-vis reflection spectroscopy in Fig. 4a. The Si
substrate with the continuous Ag film has a higher reflectance than
the one with Ag nanoparticle arrays after dewetting. Moreover, the
Ag nanoparticle arrays on Si exhibit a distinct plasmonic reflection
trough at 450 nm, which is consistent with literature.?® After the Si
growth, the reflection trough red-shifts to 617 nm related to the
nanostructure of a-Si layer embedding Ag NPs. Furthermore, UV-vis
reflection spectra of Ag/a-Si@Ag nanosphere arrays with different
Ag out-layer coating thicknesses are displayed in offset y values
form (shown in Fig. 4b). With the Ag coating thickness increased
from 5 nm to 10 nm, the corresponding UV-vis spectra exhibit an
obvious red shift from 622 nm to 643 nm. The red shift is mainly
related to the increase of the size of discrete small Ag NPs
composing the Ag out-layer,'® which was observed in top-view SEM
images (see Figure S5a,b). The reflection spectrum of Ag/a-Si@Ag
nanosphere arrays with a 15 nm thick Ag coating has a blue shift to
627 nm, which may be attributed to transformation of the discrete
Ag NPs into connected nanoislands. Typically, as the wavelength of
the excitation laser in Raman being in accordance with the position
of reflection trough, Raman signals were found to be more
obvious.”” Since the wavelength of the excitation laser in our Raman
characterizations is 633 nm, the blue shift to 627 nm with a 15 nm
thick Ag coating has a better coupling between the incident light and
surface plasmonic polarizations, resulting in stronger Raman signals.
However, with increasing the Ag coating thickness, the reflection
trough tends to disappear and would give weak Raman signals.
Therefore, for Ag/a-Si@Ag nanosphere arrays on Si as a SERS
substrate, the Ag coating with a thickness of 15 nm was confirmed to
be optimized with the 633 nm excitation wavelength.
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Fig. 4 (a) UV-vis reflection spectra with different fabrication stages
of Ag/a-Si@Ag nanosphere arrays on Si substrate: (i) Ag film
deposition, (ii) solid-state dewetting of Ag NPs, (iii) Ag/a-Si
nanosphere arrays formation. (b) Reflection spectra of Ag/a-Si@Ag
nanosphere arrays on Si substrate with the Ag out-layer coating
thicknesses varying from 5 nm to 25 nm.

SERS characterization

To study the direct influence of Ag coating thickness on the SERS
performance, after the chemisorption in a 0.4 mM p-Tc solution,
Raman spectra of Ag/a-Si@Ag nanosphere arrays with different Ag

This journal is © The Royal Society of Chemistry 2012



RSC Advances

coating thicknesses are compared. All the spectra show clear Raman
peaks of p-Tc (see Fig. S6a). The intensities of Raman peaks at 1076
cm’' with different Ag coating thicknesses are shown statistically in
the bar chart of Fig. 5a, in which the strongest Raman signals are
observed on the SERS substrate with the 15 nm thick Ag coating.
However, the rough nanostructures of the Ag film coating on a plane
Si substrate with the same depositing conditions also have a SERS
effect. In order to identify that the SERS effect is mainly from the
Ag/a-Si@Ag nanosphere arrays, Raman spectra from the Ag/a-
Si@Ag nanosphere arrays are compared with the ones obtained on
plane Si substrates with the same Ag coating thicknesses ( see Fig.
S6b). It is evident that the SERS effect from the Ag film coating on
a-Si layer is negligible. For a practical application, we compares the
average Raman spectra intensity of analyte p-Tc chemisorbed on the
Ag/a-Si@Ag nanosphere arrays with that obtained on a commercial
Klarite SERS substrate. As shown in Fig. 5b, the strongest Raman
peaks at 1076 and 1593 cm™' belonging to p-Tc are observed on both
SERS substrates.”® The peak at 1076 cm™ is due to a combination of
CH and CS
stretching, while the peak at 1593 cm™ can be assigned to phenyl
stretching motion.”” ** With the optimized thickness of Ag out-layer

phenyl ring-breathing mode, in-plane bending,

1

coating, the intensity of Raman peak at 1076 cm™ from the Ag/a-
Si@Ag nanosphere arrays is 15 times stronger than the one from the
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Fig.5 (a) Raman intensities of p-Tc at 1076 cm™ peak with different
Ag coating thicknesses (5 nm to 30 nm). (b) Comparison of Raman
spectra of p-Tc chemisorbed on the Ag/a-Si@Ag SERS substrate
with the commercial SERS substrate and bare Ag/a-Si NSs. (c)
Raman spectra of the Ag/a-Si@Ag SERS substrate with p-Tc
concentrations ranging from 107'° M to 10 M, and a plane SERS
substrate with p-Tc concentration of 10° M. (d) An enlarged view
of Raman spectra obtained from Ag/a-Si@Ag SERS substrate (10
M p-Tc) and from the plane SERS substrate (10 M p-Tc) at 1076
cm! peak.

This journal is © The Royal Society of Chemistry 2012

commercial SERS substrate.

In order to confirm the Ag/a-Si@Ag nanosphere arrays on Si as a
SERS substrate has a high sensitivity, Raman spectra from the SERS
substrates with different p-TC concentrations (from 107" to 107 M)
are shown in Fig. 5c. With the p-Tc concentration decreasing, typical
Raman peaks of p-TC can be clearly identified down to a p-Tc
concentration of 10> M. Even with a 10* M concentration, the
Raman peaks at 623 cm™ and 1593 cm™ are still distinguished from
background. Compared  with  the stacked
Au/AlL,Os;@Au nanosphere structures enabling a sensitivity down to
10° M,*! obviously, the SERS substrate based on the Ag/a-Si@Ag
nanosphere arrays has a much higher sensitivity. However, on a
plane Si substrate coated with Ag film of the identical thickness, the
detection limit of p-Tc is only 10 M (see Fig. S7). Therefore, the
observed high sensitivity of 10" M is attributed to the Ag/a-Si@Ag
nanosphere arrays. Due to a coupling of the localized surface
plasmon resonances (LSPR), the electrical field of the adjacent
nanospheres could be enhanced by more than 10° folds.*" ** The
Finite difference time-domain (FDTD) method was used to simulate
the near-filed electrical field distribution in a model of two Ag/a-
Si@Ag NSs with different inter-sphere gaps (from 5 nm to 20 nm).
The calculation confirmed that the coupling of LSPR was generated
in the vicinity of the gap region and decayed rapidly outside the gap
(see Fig. S8).

double-layer

In order to estimate the enhancement factor (EF) of the Ag/a-
Si@Ag nanosphere arrays on Si as a SERS substrate, two methods
were carried out.** 3* One estimation was based on the FDTD
simulation, and the total SERS EF was calculated to be 3.11x107
(see corresponding calculations in the supporting information with
Fig. S8.,9). Since this value varies significantly depending on the
initial assumptions, we compared with the other estimation, which
came directly from the comparison of the Raman spectra of p-Tc
obtained on the Ag/a-Si@Ag nanosphere arrays with the one on a
planar SERS substrate (as the reference). Considering the formula of
EF = (Isers/Lie))/(Csers/Crep), Csprs and C,,r correspond to the
concentrations of the p-Tc molecules in the SERS (10" M)and the
reference (10 M), respectively. Igzps and I, denote the
corresponding average intensities of the 1076 cm’' Raman peak
(shown in Fig. 5d), respectively. Therefore, the total SERS EF was
estimated to be 2.22x10°%.

Fig. 6a illustrates 2.5 cm x 5 cm cut Si wafers with the
growth of Ag/a-Si nanosphere arrays and with the growth of
Ag/a-Si@Ag nanosphere arrays, respectively. After Ag film
coating, the wafer changed colour from blue (up) to grey-blue
(down). The large-area uniformity of Ag/a-Si@Ag nanosphere
arrays on Si was further supported by the atomic force
micrograph (AFM) characterization. Fig. 6b displays AFM
topography of a randomly selected area on the SERS substrate.
A uniform distribution of Ag/a-Si@Ag NSs is seen over a 10
pm X 10 pum areas on the Si substrate. Besides the large-area
uniformity in nanostructure, the good reproducibility of SERS
signals across the wafer was also tested. The point by point
scanning mode was carried out using a laser spot diameter of

J. Name., 2012, 00, 1-3 | 5
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Fig.6 (a) Color change of the wafer-scale (2.5 x 5 cm cut) samples
with the growth of Ag/a-Si nanosphere arrays and Ag/a-Si@Ag
nanosphere arrays on Si substrates, respectively, inset shows an
optical magnified view (X 50 objective lens with NA = 0.5) of the
red dot region with the point by point scanning mode (step-size of
100 pm). (b) AFM topography of a randomly selected area on the
Ag/a-Si@Ag SERS substrate with a uniform distribution of NSs over
a 10 um x 10 pm area on the Si substrate. (c) Raman spectra from 10
different spots along the arrow as shown in inset of (a) with steps of
100 pum. (d) Planar Raman map of the intensities of Raman signals at
1076 cm” on the Ag/a-Si@Ag SERS substrate of the inset area
marked in (a).

1.54 pm (x50 objective lens with NA = 0.5) and a step-size of
100 pm (inset in Fig. 6a). Fig. 6¢c demonstrates the 3D waterfall
plot of enhanced Raman spectra obtained from 10 locations
(along arrow marked in the inset of Fig. 6a), displaying almost
the same intensity for each characteristic p-Tc peak. Raman
intensities at 1076 cm™ peak from 10x10 locations (inset in Fig.
6a) were then plotted to a planar Raman map of enhancement.
The Raman map in Fig. 6d suggested that most of the Raman
intensities of the 1076 cm™ peak are in 6800~7800 a.u. range
(blue color). According to the statistical analysis of Raman
peak at 1076 cm™ and 1593 cm™ (Figure S10), the calculated
relative standard deviation (RSD) of the Raman intensity is 8 %
and 9 %, which prove strongly the reproducibility of the SERS
substrate.*> The RSD less than 10% demonstrated that the Ag/a-
Si@Ag nanosphere arrays on Si was suitable as a highly
uniform SERS substrate.*®

Conclusions

For the first time, we demonstrated growth of Ag/a-Si@Ag
nanosphere arrays on a Si substrate by a bottom-up method to
work as a high-performance SERS Substrate. With the help of
the solid-state dewetting, high density Ag nanoparticle arrays
were formed on Si substrate with large-area uniformity. By the
adjustments of thicknesses of a-Si and Ag out-layer coating, the

6 | J. Name., 2012, 00, 1-3
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SERS properties can be optimized with the inter-particle
spacing of the Ag/a-Si@Ag NSs limited to several nanometers.
Based on the analysis of optical properties and SERS activities
to p-Tc, we concluded that, the optimized SERS substrate
performed with a high sensitivity with detection limit as low as
10" M and an enhancement factor up to 10%. Furthermore, a
wafer scale large-area uniformity and reproducibility of SERS
signal were confirmed with small standard deviation, e.g., 8%
at 1076 cm™ and 9 % at 1593 cm™. The method present here
can be extended to create a new class of highly sensitive SERS
sensor with large-area output, and may play an important role
in device design and the corresponding diverse chemical and
biological detection.
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