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Au Nanocluster Arrays on Self-assembled Block Copolymer Thin
Films as Highly Active SERS Substrates with Excellent Re-
producibility

Yale Shen, ® Yuanjun Liu,** Wei Wang,” Fan Xu,” Chao Yan,” Junhao Zhang,® Jing Wang,” Aihua
Yuan®*

We demonstrate the fabrication of uniform Au nanocluster arrays utilizing self-assembled polystyrene-block-poly(4-
vinylpyridine) (PS-b-P4VP) thin film as template and their application as surface-enhanced Raman scattering (SERS)
substrate. Au nanocluster arrays were fabricated by in situ heating and UV light-assisted reduction of Au precursor (AuCl,’)
which has been selectively loaded on the surface of PS-b-P4VP thin film. It was found that the formation of Au particles
involves two steps, the in situ reduction of AuCl, forming tiny Au particles and the fusion of tiny Au particles forming
bigger Au particles. The Au particle density and size are tunable by adjusting the temperature and time of UV light assisted
reaction step. Uniform and high density Au nanocluster arrays are formed at 80 °C with three hours. The arrays were then
used as SERS substrate for detecting a model molecular (R6G), which shows an excellent SERS performance with high
reproducibility. The signals collected at 120 points over a 50 um x 50 um area give relative standard deviation lower than
11 %. These results indicate that the route provides a simple, low-cost, environmental, and reproducible method for

fabricating high-active SERS substrates.

Introduction

Surface enhanced Raman spectroscopy (SERS) is an
ultrasensitive molecular spectroscopic technique, which can
provide vibrational signatures to detect and identify molecules
on or near the surface of plasmonic nanostructures.'™ SERS has
recently been applied in various detection fields, such as
environmental monitoring, pesticide residue analysis, disease
markers, food safety control, and other chemical and biological
applications.™! There are two mechanisms, chemical
enhancement (CM) and electromagnetic enhancement (EM),
widely accepted to account for SERS.'? The electromagnetic
enhancement is related to surface plasmon polariton resonance
occurring in the nanogaps between nanoparticles (known as
“hot spots”), which induce strong electromagnetic field
enhancement and thus strong SERS-active signals.> '* !4

For improving SERS performance, the substrate is the first
focus, which directly influences the density of “hot spots”.
Noble metal nanoparticles such as gold and silver with
characteristic optical properties due to localized surface
plasmon resonance (LSPR) ° ' have been widely used for
generating “hot spots” on SERS substrates. It has been
demonstrated that a suitable SERS substrate should possess not
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only abundant and uniform “hot spots” but also a large surface
area to absorb plenty of analyte molecules.'®'® The SERS
substrate with periodic array-like microstructure is highly
preferred due to its high uniform “hot spots™ distribution and its
excellent signal reproducibility. As for Au-based substrate,
many different Au nanoarrays have been designed and prepared
for SERS substrate. The reported Au nanoarrays include Au
nanoantenna arrays prepared by colloid assembled template,'®
Au nanopillar arrays prepared by nanoimprinting transfer
route,”’ Au nanocuboid periodic substrate prepared through E-
beam lithography,”' plasmonic Au nanogalaxies prepared
through E-beam lithography and chemical reduction,® and so
on. Among various array-like substrate, nanoparticle cluster
arrays> are a novel class of engineered substrates for SERS, in
which the nanoparticles interact on multiple length scales to
create a multiscale E-field cascade enhancement. However, few
reports are about Au nanoparticle based cluster arrays for SERS
substrate, partially owing to the difficulty of Au cluster arrays

preparation. Recently, Yang et al*

obtained Au nanoparticle
cluster arrays by E-beam lithography and the following particle
binding deposition technique. Although lithography technique
can fabricate  well-controlled nanoarrays with high
enhancement factor and excellent reproducibility, it is limited
by the high cost, the preparation speed, and the difficult to be
extended to large areas.”

In this work, we demonstrate a simple, inexpensive and
environmental route to fabricate a high SERS-active substrate

composed of uniform Au nanocluster arrays. With the self-
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Scheme 1. Schematic illustration for the preparation of Au nanocluster arrays.

assembled amphiphilic diblock copolymer as template, Au
precursor was firstly loaded on the P4VP region of the
amphiphilic diblock copolymer polystyrene-block-poly(4-
vinylpyridine) thin film. The following UV light assisted in situ
reduction at different temperature induces the formation of
cluster-like Au nanoarrays. The composite arrays were then
investigated as SERS substrate. It was found that the obtained
substrate shows excellent SERS performance with SERS
enhancement factor up to 1.7 x10°. Especially, the cluster-like
array show good reproducibility. The SERS signals show quite
small relative standard deviation (< 11%), suggesting the high
reliability and favourable stability of the obtained SERS
substrate.

Results and discussion

Gold cluster-like arrays were fabricated with the assistance of
PS-b-P4VP self-assembled nanopatterns. Scheme 1 illustrates
the fabrication procedure. PS-b-P4VP diblock copolymer thin
films were firstly prepared by spin-coating PS-b-P4VP solution
onto the silicon substrates. The film was then annealed in 1, 4-
dioxane vapour inducing the formation of ordered arrays,
vertical P4VP nanocylinder arrays enclosed by PS matrix. The
array-like PS-b-P4VP thin films were then immersed in
HAuCl, solution. In the acidic solution, the pyridinic nitrogen
in P4VP block is protonated, which will selectively attract
negative AuCl, complexes due to the electrostatic
interaction.’® >’ After that, the AuCl, loaded PS-b-P4VP thin
film was irradiated under UV light at suitable temperature.
Metallic gold were in situ generated on the film forming
ordered Au nanocluster arrays. Photochemical reduction is a

This journal is © The Royal Society of Chemistry 20xx

useful, green route to transfer AuCl, complexes to Au
nanoparticles. No any solvent or strong reducing agent was
needed in the reduction process. Especially, the thus obtained
Au particles often have clean surface.

The corresponding cross-sectional SEM image (shown in
Fig. SI-1, see Supporting Information) indicates that some
cylindrical microdomains are oriented vertically on the
substrate. The thickness of the film was determined to be about
230 nm. Fig. la presents atomic force microscope (AFM)
height image of the as-annealed PS-b-P4VP thin film, which
also clearly shows vertically oriented nanocylinder arrays. We
noted that the AFM image measured in the phase mode (Fig. 1b)
shows the harder material, the P4AVP blocks as brighter colour,
while the PS matrix is dark.*® Hence the cylindrical domains
are composed by P4VP blocks, and the surrounded matrix is
composed by PS domain. The average diameter of the
cylindrical nanodomains is 43 nm, while the average center to
center distance between the adjacent cylindrical domains is 57
nm. The density of the nanocylinders is about 1.75 x 10" cm™.

Fig. 1c gives the transmission electron microscopy (TEM)
image of Au nanocluster array fabricated on the highly ordered
PS-b-P4VP template. Exposing the AuCl, loaded PS-b-P4VP
thin film to UV irradiation induces the reduction of Au(III).
The formed Au nanoparticles are in situ deposited on the film.
It was found that the Au nanoparticles are distributed on the
film with cluster-like shape. The Au nanoclusters with size of
~51 nm are nearly hexagonally arrayed. This size is a little
bigger than that of original PAVP nanodomains. Interestingly,
each Au cluster is further composed of several tens of tiny Au
nanoparticles. These tiny nanoparticles have size in the range of
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Fig. 1 AFM height (a) and phase (b) images of self-assembled PS-b-P4VP thin film, the scanning size of both images is 1.5x1.5 pmz. TEM or HRTEM images of (c) Au naonocluster

arrays, (d) Au nanocluster, (e) Au nanoparticle prepared at 80 °C with 3 h.
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Fig. 2 (a) XPS spectrum of Au nanocluster array. (b) The high-resolution XPS spectrum
of Au 4f.

Fig. 3 (a) TEM image of the Au nanocluster array thin film prepared at 80 ° C with 1 h, (b)
the corresponding magnified TEM image of the Au cluster.

3-10 nm (Fig. 1d). Fig. le shows the high-resolution TEM
(HRTEM) The observed
lattice spacing of 0.235nm can be corresponded to (111)

image of a Au nanoparticle.

crystal plane of cubic Au.*'

X-ray photoelectron spectroscopy (XPS) measurement was
then performed to further study the composition and oxidation
state of Au nanocluster arrays. The XPS spectrum of Au
nanocluster arrays (Fig. 2a) shows elements of Au, C, N, and Si
in the sample. Among them, Si and O are the mainly elements
of quartz substrate, while the elements, C and N, come from the
PS-b-P4VP film. Fig. 2b demonstrates the high-resolution XPS
spectrum of Au. The Au 4f ;, and Au 4f 5, peaks locate at
binding energies of 84.2 eV and 88.7 eV, which are the typical
values for metallic Au.*? To investigate the formation process

This journal is © The Royal Society of Chemistry 20xx

of the cluster-like Au arrays, a contrast experiment with shorter
irradiation time (1 h) was carried out while keeping other
experimental parameters constant. Fig. 3 shows the
corresponding Au nanocluster arrays obtained with 1 h of
irradiation. It can be seen that with 1 h of irradiation at 80 °C,
uniform circular cluster array was formed (Fig. 3a). Fig. 3b
shows a magnified TEM image of one Au nanocluster. The Au
nanocluster is composed of numerous 2 nm of Au particles,
which are highly selectively loaded on the PAVP domain. This
shows that with the increasing of irradiation time, relatively
bigger primary Au nanoparticles (3-10 nm) will form. In
contrast, the particle number in one cluster decreases with
increasing irradiation time. Hence, it is proposed that the
photochemical reduction process involves two steps, the
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Fig. 4 TEM images of the Au nanocluster array prepared for 3 h with different reduction temperatures. (a) 30 °C, (b) 50 °C, (c) 80 °C, and (d) 100 °C. (e), (f), and (g) are the
magnified single cluster corresponding to figure (a), (b), and (c), respectively. (h), (i), (j), and (k) demonstrates size distributions of bigger Au particles in the clusters corresponding
to (a), (b), (c), and (d), respectively. (I), (m), and (n) show the Au particle number with bigger size in one cluster corresponding to figure (a), (b), and (c), respectively. (o) The
relationship between the reaction temperature and average size or particle number of bigger Au particles in one cluster.

reduction of Au (III) to Au and the aggregation/fusion of

smaller Au particles to form relatively bigger Au particles.
Controlled with  different

temperatures were also performed. It was found that the

experiments reduction

This journal is © The Royal Society of Chemistry 20xx

temperature also plays an important role on the reduction of
AuCly . Fig. 4a shows the TEM image of the product obtained
with 30
temperature (Fig. 4a). Fig. 4e demonstrated a single Au cluster.

°C. Cluster-like array was observed with this
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The Au cluster formed at this temperature contains mainly 1-3
bigger Au nanoparticles with size of 6-12 nm and about one

hundred of tiny Au nanoparticleswith size of ~2 nm (Fig. 4e, 41).

This would relate to the formation mechanism, that is, the
formation of relatively small Au nanocrystals firstly and then
the fusion of them forming relatively bigger Au nanoparticles

(the detailed mechanism will be discussed in the following text).

Fig. 4b shows TEM image of the nanocluster array obtained
with reduction temperature of 50 C. Most clusters contain 3-7
bigger Au particles with size of 3-7 nm in one cluster. It should
be noted that many tiny nanoparticles with smaller sizes are
also observed in the background. With reaction temperature of
80 °C, high-density Au nanocluster arrays were obtained (Fig.
4c¢). The particle number in one cluster increases to be about 20
(Fig. 4n). For this sample, few tiny Au nanoparticles with size <
2 nm were observed during TEM observation. While, further
increasing the temperature to 100 °C, Au nanoparticles instead
of cluster-like structure randomly disperse on the surface of the
PS-b-P4VP thin film (Fig. 4d). It seems that these Au
nanoparticles with bigger size were not confined within the
P4VP nanodomains. Fig. 41-n shows the statistical result of Au
particle number with bigger size in one cluster. Obviously, with
the increasing of reduction temperature, the average bigger
particle number in one cluster gradually increases from 2 to
about 20 (Fig. 40). The histograms of Fig. 4h-k illustrate that
the size distribution. The average diameters of the bigger Au
nanoparticles obtained at different temperatures are 8.2 nm, 5.2
nm, 5.9 nm, and 8.4 nm for 30 °C, 50 °C, 80 °C, 100 °C,
indicating a complex size change trend with increasing
reduction temperature (Fig. 40). These results suggest that a
suitable temperature is critical for the formation of cluster-like
arrays.

From the above experiments, the formation process of Au
cluster-like array is proposed as follows. During the immersing
step, AuCl,; ions were selectively coordinated with P4VP
domains on the thin film. Upon UV light irradiation, AuCly
ions coordinated on P4VP domains were reduced to Au,
forming cluster-like arrays. The involved chemical reactions
can be described as follows:*

2Au"MCl,—2AU"Cly™ + Cl,,

2AU"Cl;—Au'CL+ Au™'CL,

2AU'ClL, —»Au"'Cl;+ Au’ + CI.
Owing to the anchoring of P4VP domain to AuCl, ions, the in
situ formed metallic Au locates on the P4VP region forming
cluster-like arrays. The newly formed metallic Au has smaller
size of ~2 nm. During the following ripening step, the adjacent
tiny Au particles will break the anchoring of P4VP, diffuse, and
then fuse together forming Au nanoparticles with bigger size
driven by the decrease of surface energy and thermal vibration.
The diffusion-fusing process would be temperature dependent.
At relatively lower temperature (such as 50 °C), the Au
diffusion-fusing trend would be low, only minority of them was
fused. Hence the cluster composes only 3-7 Au particles. While
majority of tiny Au particles exist as the form of tiny Au
particles with size of ~2 nm. With higher temperature such as
100 °C, the diffusion-fusing process would be quite strong.
Most Au particles would break the anchoring of P4VP region.

This journal is © The Royal Society of Chemistry 20xx
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The formed bigger Au particles randomly depositg.on,the film
without array-like structures. It should Bel'A8tEE thatihe’ Al
particle size (bigger Au particle size) not only depends on the
number of fused tiny Au particles but also on the fusion site
number (the number of bigger Au particle in one cluster). At
lower temperature such as 30 °C, although less tiny Au particles
fused, the fusion site is also less, so relatively more Au tiny
particles would fuse into one bigger Au particle. This causes an
abnormal bigger Au size formed at 30 °C (Fig. 40).

Uniform noble metal nanoparticles array could deliver
excellent SERS performance. It is proposed that the separation
distance between nanoparticles in the range of 5-100 nm and
the nanoparticle size of 20-70 nm is quite favorable for the
SERS performance.®* 3° There are also reports that highly
ordered Au particle arrays with separation distance between
nanoparticles down to <5 nm also exhibit excellent SERS
performance.*® Thus, it is believed that our prepared cluster-like
Au arrays on PS-b-P4VP thin film would have numerous “hot
spots”, which could observably extend Raman intensity of the
analytes. In addition, our Au nanocluster arrays were formed on
silicon substrate with weak Raman signals, which have little
interference on the investigation of SERS performance.

In order to evaluate the SERS detection performance of the
prepared cluster-like Au array substrate, Rhodamine 6G (R6G)
was selected as model molecule. The Au cluster arrays formed
at different temperature were firstly investigated as the cluster
parameter and Au nanoparticle size were tuned obviously.
Figure 5a shows the SERS spectra of 10° M R6G methanol
solution collected with cluster-like Au arrays prepared at
different temperatures. It can be clearly seen that the Au arrays
formed at 80 °C shows the strongest Raman signals, suggesting
the best SERS performance. The enhancement factor (EF) was
calculated to quantitatively demonstrate the SERS performance.
With the peak at 1648 cm!, BF was calculated by the
formula:*’
lsersMoNA _ TsersCoVo  _ lsersCo

EF — ISERSNO _

loNsers  ToNsersNa  1oCsersVsers  1oCoers

where Ny and I, are the number of molecules and intensity of
regular Raman measurement with 0.01 M R6G solution, Nggrs
and Iggrg are those of SERS measurement with the same
solution. From this formula, EF values were calculated based
on the peak at 1648 cm™. The substrates prepared at 30 °C, 50
°C, 80 °C, 100 °C provide EF values of 1.3x10° 1.4x10°,
1.7x10° and 0.6x10° respectively. It shows that with the
increasing of reaction temperature from 30-80 °C, the EF
correspondingly increases.

With the increasing of reaction temperature from 30 to 80 °C,
the tiny Au particles in the cluster gradually fused into bigger
Au particles with size of 3-8 nm. The density of bigger Au
particles on the film correspondingly increases. The EF also
gradually increases. This indicates that the SERS performance
was mainly contributed by the bigger Au particles. The
increased density of bigger Au nanoparticles is expected to
translate into a high density of “hot spots” for SERS,
particularly when the clusters are uniform and highly ordered
such as that of our prepared Au arrays formed at 80 °C. In

J. Name., 2013, 00, 1-3 | 5
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solutions.

addition, the Raman signal enhancement by the Au cluster arrays
was also compared against unpatterned Au nanoparticle thin film
(obtained at 100 °C), which validated the better performance of the
cluster-like Au arrays (Fig. 5a).

It was reported that the metal nanocluster composed of
many tiny particles would become a single metal particle with
proper treatment process. We then tried to transform the Au
nanoclusters (shown in Figure 1) to single particles by heating
the film at 200 °C in N, atmosphere for 30 min. After that, the
film was characterized by TEM. As shown in Fig. SI-2, the
cluster structure disappeared, while single Au nanoparticles
with size of 17-26 nm formed on the film. However, the array-
like structure is also broken, suggesting that during the heating
process, the Au particles would break the anchoring of P4VP
forming non-array-like particle film. The SERS performance of
the corresponding Au film was then investigated with similar
method (Fig. SI-3), which gives EF of 7.2x10* This value is
much lower than that of Au nanocluster array (with EF of 1.3-
1.7x10°).

In addition, we also prepared another substrate through
simple spherical micelle for comparison (see experimental
section). The obtained film also shows cluster-like structure
composed of Au nanoparticles with size of ~8 nm and cluster
size of 42 nm (Fig. SI-4). The SERS performance of the
substrate is shown in Fig. SI-5. Clearly, the substrate prepared
with spherical micelle (with EF of 4.3 X 10°) also shows
relatively weak SERS performance than that prepared with
cylinder-like film (Figure 1, EF of 1.7 X 10°. These
comparison studies suggest that the better SERS performance
of Au nanocluster array film would be contributed by the
cluster-like array structure.

To evaluate the detection sensitivity of the Au nanocluster
arrays film, SERS spectra of the thin film (prepared at 80 °C)
immersed in different concentrations of R6G methanol solution
(from 10 pM to 10 nM) were measured. With 10 nM of R6G
methanol solution, the Raman characteristic peaks of R6G are
even displayed clearly (Fig. 5b). This proved that the SERS
substrate could detect very small amount of R6G in which the
concentration was even down to 10 nM.

To further semi-quantitatively assess the uniformity of these
SERS signals, we investigated 120 spots for SERS mapping-
scan spectra. The Raman mapping was scanned over a 50 x50
um? area with a step size of 5 um. Figure 6a shows the Raman

This journal is © The Royal Society of Chemistry 20xx

intensity mapping figure of R6G on the cluster-like Apareays.
The SERS effect is reliable and applidablé03ThéRrePaEYE
standard deviations (RSD) of the Raman intensity for different
Raman peaks were also calculated. The RSD values for
vibrations at 1310, 1361, 1510, and 1648 cm™ (Fig. 6¢-f) are
11.28%, 8.37%, 9.28%, and 8.67%, respectively. This
demonstrates that the as-prepared substrate has high uniformity.
Less than 11% of the RSD values for the four peaks’ further
assure the uniform SERS effect, indicating the reproducibility
of the as-prepared substrate.*®
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Fig. 6 (a) Raman scattering spectra of 10® M R6G measured by 120 points over a 50 x50
umz area with a step size of 5 um. (b-e) The intensities of the main Raman vibrations of
R6G aqueous solution in SERS spectra showed in (a). A 532 nm excitation laser was
used.

Experimental
Materials.

Amphiphilic diblock copolymer, polystyrene-block-poly (4-
vinylpyridine) (PS-b-P4VP, Mn = 48000 kg/mol for PS and
25000 kg/mol for P4VP) was purchased from Polymer Source,
Inc. Tetrachloroauric (III) acid trihydrate (HAuCl,3H,0),
trichloromethane, 1, 4-dioxane were purchased from Sinopharm
Chemical Reagent Co., Ltd. Rhodamine 6G (R6G) was
purchased from Sigma-Aldrich.

Preparation of self-assembled PS-b-P4VP nanopatterns.

Silica or silicon wafers (1 x 1 cm?®) were firstly immersed in an
acidic mixture of 98% H,SO, and 30% H,0, (with volume ratio
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of 7:3) with ultrasonic cleaning for 30 min and were strongly
rinsed with deionized water for several times. The clean wafers
were then dried with the assistance of nitrogen flow. PS-b-
P4VP was dissolved in trichloromethane to produce a 1 wt%
solution. About 20 uL of the PS-b-P4VP solution was spin-cast
on the clean silicon substrates with 2500 rpm for 40 s to form a
film. To induce highly oriented cylindrical P4VP nanodomains
in PS matrix, the prepared film was solvent-annealed in a glass
vessel (with volume of 27 cm®). 100 uL of 1, 4-dioxane was
added in the vessel as annealing solvent. Then, the vessel was
sealed with a stopper and placed at 25 °C for 8 h for solvent
annealing. With this process, PS-b-P4VP thin film with
perpendicularly ordered nanocylinder domains was developed.

Preparation of the Au cluster-like Nanoarrays.

Firstly, HAuCl4 3H,O was dissolved in the mixture solution of
water and ethanol (with volume ratio of = 1:1) with
concentration of 24 mM. A drop of the HAuCl, solution was
then dripped onto the PS-b-P4VP diblock copolymer film
surface and aged for 30 min. After that, the HAuCly-loaded film
was rinsed with deionized water for several times to remove
excrescent metal ions and was then naturally dried at room
temperature. Subsequent irradiation under UV light (8 W
mercury lamp) at 80 °C for 3 h induces the reduction of
HAuCl,; to Au nanoparticles, forming Au cluster-like arrays.
For investigating the influence of experiment parameters on the
structure of Au cluster-like nanoarrays, a series of experiments
were carried out with different reaction time (1 h) or
temperatures (30 °C, 50 °C, 100 °C) but keeping other
conditions constant.

For comparison, a contrast SERS substrate was prepared
through simple spherical micelle. 100 pL of 0.024 mol/L
HAuCl, solution were firstly dispersed into 1 mL of PS-b-
P4VP solution with concentration of 10 mg/mL by strong
stirring, forming spherical micelle. 20 pL of the obtained
mixture (spherical micelle) was then spin-coated on a silicon
substrate to form a film. Without solvent annealing treatment,
the film was then UV-irradiated at 80 °C for 3 h to transfer of
Au (IIT) to metallic Au. The obtained film also shows cluster-
like structure (as shown in Fig. SI-4) composed of Au
nanoparticles.

Surface-Enhanced Raman Scattering analysis.

The Au nanocluster arrays on the silicon wafers were then used
as SERS substrates. To detect SERS enhancement factor, SERS
sample was prepared as follows: the SERS substrate was firstly
soaked in 0.5 mL of R6G methanol solution to absorb R6G
molecules for 30 min, followed by the evaporation of methanol
solvent. A 532 nm laser with power of 0.2 mW was then used
for Raman scattering analysis. The accumulation time was set
as 1 s. We randomly measured 15 different points on the same
SERS substrate and averaged them to obtain reliable Raman
scattering spectrum.

Characterization.

The topography of the PS-b-P4VP thin films was scanned by an
atomic force microscope (AFM) (NTEGRA Probe Nano
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Laboratory, NT-MDT Co.) working on semi-contagt, mede with
a silicon cantilever (spring constant of RONhlGivdCEESORAR
frequency ~98 kHZ) and a Hitachi S-4800 field emission
scanning electron microscope (SEM). The Au nanocluster
arrays were further characterized by a transmission electron
microscope (TEM) (Tecnai G2 F30 S-Twin, FEI, Netherlands).
For TEM in-plane view, the Au film was lifted off from the
silicon substrate with the assistance of 2 wt% of HF solution.
The composite thin film was then carefully collected on an
amorphous carbon film coated copper grid for TEM
observation. The gold composition was analysed by X-ray
photoelectron spectrometer (XPS) (ESCALAB 250Xi, Thermo
Fisher Scientific Inc.). Surface-Enhanced Raman Scattering
Analysis was performed with a Raman spectrometer (Renishaw
in Via, England).

Conclusions

In summary, we demonstrate a facile synthetic route for
fabricating a well-ordered SERS substrate, Au nanocluster
arrays, through in situ photochemical reduction of Au precursor
(AuCly ) which was selectively loaded on the P4VP region of
the verticaly oriented PS-b-P4VP thin film. Both the particle
density and the Au particle size of the nanocluster arrays can be
tuned by changing the reaction temperature and time. The
SERS signals collected on the highly ordered Au nanocluster
arrays show larger enhancement effect. Especially, the SERS
signals show lower RSD value (less than 11 %), demonstrating
that the cluster array with high reproducibility is reliable to be
used as SERS substrate. This simple fabrication of Au
nanocluster arrays may also be extended to other metals, oxides,
and sulfides. Even more to the point, the properties of the
cluster arrays will also be extended to other relevant
applications, such as energy storage devices, photo catalysis
solar cells and metal-enhanced fluorescence.
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