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Design  and AFM  analysis  of nanopar-
ticle  cluster  arrays  for  improved
Raman  sensing.
Electron  beam  lithography  templates
were optimized  by varying  the e-
beam dose.
Tightly  packed  and regularly  shaped
2D gold  nanoparticle  assemblies
were  reached.
The  microsized  clusters  provided  a
huge  and  reproducible  gain  of  the
Raman  signal.

g  r  a  p  h  i  c  a  l  a  b  s  t  r  a  c  t

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 10 December 2015
eceived in revised form 13 March 2016
ccepted 14 March 2016
vailable online 16 March 2016

eywords:

a  b  s  t  r  a  c  t

We  realized  and  tested  a  strategy  for developing  reproducible  and  stable  two-dimensional  gold  nanopar-
ticle  cluster  arrays  arranged  on  silicon  substrates,  to  be  used  for surface-enhanced  Raman  spectroscopy.
We  combined  electron  beam  lithography  and  molecular  functionalization  to  finely  control  the  shape
of  the  nanoparticle  assemblies.  Atomic  force  microscopy  analysis  allowed  to optimize  the  procedure  of
nanoparticle  cluster  array  fabrication  in  terms  of electron  beam  dose  and  chemical  protocol,  enabling  to
achieve a good  regularity  in spacing  and  size  (i.e.  area  and  layer  number)  of  the clusters.  MicroRaman

2

FM
anoparticle clusters
rray
BL
urface-enhanced raman scattering

space  resolved  measurements  were  undertaken  on  large  2D arrays  (100 × 100  �m ) made  up of regu-
larly  microsized  clusters.  The  high  surface  enhanced  Raman  signal  measured  on  the  structures  highlights
the  full  correspondence  of the  spatial  and optical  periodicity  achieved.  This  standardized  procedure  rep-
resent  the basis  to realize  versatile  platforms  for nano-optical  investigation  and  towards  an  efficient
high-sensitive  multiplex  sensing.

©  2016  Elsevier  B.V.  All  rights  reserved.
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1. Introduction
An important challenge for nanosensing investigation is the
design of improved tools to overcome uncertainties and short-
comings of current diagnostics [1–5]. This goal can be concretized
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ealizing ultrasensitive and molecular specific detection substrates
sing gold nanoparticles (NPs) [2–6]. The rationale of the gold
Ps choice lies in their peculiar properties of a high surface-to-
olume ratio, the possibility of suitable biomolecular conjugation
7–9], their rewarding chemical stability [7–9], and the collec-
ive electronic behavior at their surface [10,11]. In particular, their
lectromagnetic signal enhancement capability [10–12], combined
ith their ability to form hybrid assemblies with biomolecules

3,4,8], provides the basis to probe molecular structures and con-
ormation of biomolecules at extraordinarily low concentration
ith spectroscopic tools. In this frame, we previously enlightened

13] the role of spontaneous mesoscopic architectures, (NP clus-
ers self-assembled on solid supports), in providing a huge and size
ependent enhancement of the Raman signal of the analyte con-
ned within. Analogously to single plasmonic objects, close packed
P aggregates can induce the confinement of intense electromag-
etic fields at their surface [13]. The Raman scattered intensity

ncreases linearly with the NP cluster area (up to ∼30 �m2), exhibit-
ng different slopes depending on the aggregate thickness. Such
ependence on the thickness, allows to ascribe the increased vari-
bility of the Raman intensity observed in larger clusters to their
ntrinsically higher inhomogeneity (variability of layer number)
13,14]. These findings suggest that ordered, closely packed single
ayered “patches” of NP measuring a few squared microns could
uarantee an easy recognition of these aggregates within the opti-
al resolution of a microoptical apparatus, a good enhancement
f the Raman signal, and a reduced Raman intensity variability
3,15,16]. However, although micrometric fractal assemblies are
asy and economical to generate, the reproducibility of the giant
aman scattering enhancements are difficult to control in such
ompletely random structures.

Colloidal NPs can be assembled into deterministic arrays using
op-down lithographic methods with excellent reproducibility,
uch as focused ion beam techniques or Electron Beam Lithography
EBL) [17,18]. The latter has recently emerged as a flexible and quick
ool for extensive nano- and micro-patterning, avoiding effects of
on implantation in exposed sites [17]. Unfortunately to date, it
emains tricky to generate NP sites with gaps of less than a few
enths-nm, with the disadvantage that the Raman intensities aris-
ng from the so obtained architectures is significantly smaller than
hose achieved in “chemically” assembled clusters of nearly touch-
ng NPs [6]. Consequently, rational nanofabrication methods have
o be tailored to create some challenging molecular and microor-
anisms sensing platforms made up of strongly coupled NP clusters
f well defined microscale area and morphology [16].

Proceeding from this, we combined EBL and self-assembly
trategies [19–21] to develop novel two-dimensional arrays of
esoscopic NPs aggregates with well-defined shape yielding a
ell-predictable Raman field enhancement. Template guided self-

ssembly can in facts induce gold NP aggregation in different,
egular Nanoparticle Cluster Arrays (NCA) platforms, very promis-
ng for applications, where the reproducibility of the clustered NP
atches in terms of shape, size and thickness are crucial for their
ptical response. In addition, the flexibility of the NCA fabrication
pproach makes it straightforward to adjust the electromagnetic
esponse of NCAs, varying the value of the characteristic parameters
3,15,16,22].

Within these purposes, the first step in NCA fabrication is opti-
izing the electron beam (e-beam) dose value with respect to the

eproducibility of the mask geometry involved. There is a trade-
ff among speed, complexity and accuracy in the EBL writing of a
esired mask. High energy e-beam is used for optimal resolution,

lthough electron scattering limits its application, particularly due
o the “proximity effect”, where electrons writing a feature at one
ocation overexpose a nearby feature, affecting the pattern geom-
try [23,24]. The second necessary step is to frame the chemical
cochem. Eng. Aspects 498 (2016) 168–175 169

derivatization strategy of the EBL patterned surface in order to
assure a selective and tight covering of the NPs (60 nm sized) on
the printed pattern.

The mesoscopic size of the cluster composing our NCA allows an
easily determination of their position by optical imaging. However,
in order to gain detailed information on the shape of the patches
and their ordering and thickness we performed an accurate Atomic
Force Microscopy (AFM) analysis. The optical, microRaman and
AFM combined imaging on the NCA functionalized with a Raman
marker show an excellent correspondence between the optical and
the topographic array maps. The high enhancement factor and
the quite good reproducibility of the Raman sensing are promis-
ing for the implementation of multiplexed sensing on this kind of
substrates. Indeed, the regular, geometrical 2D disposition of the
clusters on the substrate allows to perform multiple measurements
on a single sample, with the possibility of a careful statistical analy-
sis of the collected data. Moreover, the nature of the substrate paves
the way  for the implementation of multiplexed sensing platform.

2. Experimental

2.1. Electron beam lithography setup

EBL was  performed using a Zeiss Auriga 405 Field Emission
Microscope equipped with a Raith Elphy Quantum EBL module (c/o
SNN-Lab—Sapienza Nanoscience & Nanotechnology Lab). Before
starting the lithographic process, (100)-oriented silicon wafers
were cleaned in absolute ethanol (organic cleaning) and then son-
icated (mechanical cleaning) for 2 min. Afterwards the wafer was
placed in boiling 1,1,1-trichloroethane for 10 min  and rinsed with
milli-Q water. The treatment with an oxidizing solution increases
the number of the exposed Si OH bonds, involved in the link-
age with NPs, on the wafer surface. The positive resist AR P632.04
(purchased from ALLRESIST GmbH, Germany) was  employed to
obtain a silicon-supported poly-methylmethacrylate (PMMA) film
through the spin-coating technique. After several preliminary tests
we established a working protocol, with a spin rate of 3000 r.p.m.,
that ensures the deposition of a thin and uniform solid PMMA
layer. After the resist coating, the sample was baked in the oven at
120 ◦C for 1 h. This thermal annealing procedure stabilizes the film
structure cross-linking the chemical groups, removes the residual
solvent, and the stress built up in the resist during the spinning
session [25]. The Atomic Force Microscopy (AFM) profilometry
evaluated an almost constant resist thickness of ∼60 nm (see also
Section 3.1). This steady thickness guarantees an accurate lithog-
raphy with a regular and well-defined micro-patterning of the
substrate. Being the thickness of the written PMMA  comparable
or smaller (Fig. S1a–c) than the NPs diameter, once the substrate
has been developed the surface functionalized and the particles
deposited, the particles protrude partially out of the well above the
PMMA  surface. In this way, measuring the AFM profiles, we were
able to investigate in details, the effective immobilization and the
packing of the NPs on the masked resist surface, and therefore the
reproducibility of the whole substrate fabrication procedure.

The layout of the desired pattern was  designed using the
Computer-Aided Design (CAD) program of the EBL module. On each
sample, several pattern configurations (or sectors) were realized,
varying the diameter of the binding sites, d, and their periodical
separation, �.  The working parameters used were step size and
line spacing of 24 nm,  dwell time of 6×10−4 ms  and two different
area dose values (100 �C/cm2 and 20 �C/cm2). The dose is defined

as the product of beam current and beam dwell time, that is the
time taken for the electrons to penetrate the resist.

The e-beam exposed substrates were then treated with the
developer AR 600–55 (ALLRESIST GmbH, Germany) for 60 s, to
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Fig. 1. Schematic process flow of the template-assisted assembly of NCAs. After the
developing process, the e-beam patterning (a) is followed by the functionalization
of  the exposed binding sites to allow the chemical bonding guided self-assembly
70 F. Domenici et al. / Colloids and Surfaces A:

avour a high solubility of the resist areas impinged by the e-beam.
he substrates were then transferred into the stopper bath AR
00–60 (ALLRESIST GmbH, Germany) for 30 s. This solution inter-
upted the development process and lead to a rapid rinsing of
he residual developer. Then, the substrates were rinsed in Milli-Q
ater and dried. After the development, the substrates were baked

gain for 30 min  to thermally anneal the exposed regions, in order
o reduce unwanted chemical changes within the resist layer during
he exposure [25].

.2. NP cluster formation

Gold NCAs were fabricated by a chemical bonding driven self-
ssembly of gold NPs, purchased from Ted Pella, Inc., into the
esigned binding sites. The bare silicon surface of the lithographed
ubstrate was functionalized to allow the chemical binding of the
P to the surface. The functionalization of the silicon surface was

ealized using two different protocols.
In the first protocol, the lithographed substrates surface were

erivatized with 3% organosilane 3-amino-propyltriethoxy-silane
APTS) solution in ethanol for 90 min  at room temperature. The

odified plates were thoroughly rinsed with ethanol, baked at
10 ◦C for 10 min  to stabilize further the silanized silicon silane, and
hen reacted with 1% glutaraldehyde (Glu) solution for 30 min  at
oom temperature [25]. After thoroughly rinsing with milliQ water,
he aldehyde-modified surfaces were conjugated with the Raman
ctive heterobifunctional crosslinker 4-aminothiophenol (4-ATP)
4] in water solution (0.05 g/l 4-ATP) for 1 h and then rinsed. Free
hiol moieties were thus available to covalently bind the NPs on the
xposed silicon surfaces and the nanostructures was  thus realized.
otice that the APTS—Glu linker was successfully adopted also to
uild up sensitive and stable Raman biosensing platforms in air and
ater environments [4].

In the second protocol, the thiols-driven stable connection
etween the bare gold NP surface and the silicon substrates was

nstead promoted directly by using a 3-mercapto-propyltriethoxy-
ilane (MPTS). The silicon substrates were incubated with 3% MPTS
olution in ethanol for 90 min, and thus rinsed and backed, accord-
ng to the first protocol.

In both cases, NP incubation was performed with consecutive
teps of NP deposition (at 25 ◦C, for at least 3 h) and thorough
insing in milli-Q water, to ensure a high NP density to be con-
ected at the silicon surface, covalently. After each rinsing step the
amples were dried under pure nitrogen gas. At the end of the treat-
ent they were stored in the refrigerator (at 4 ◦C). If not specified

therwise, the chemicals were purchased from Sigma-Aldrich at
nalytical grade. Each step of the preparation was checked by AFM
see Section 3).

.3. AFM measurements

Tapping-mode AFM images, using a cantilever with a spring
onstant, k, of 42 N/m, a scan rate of 0,3–0,7 Hz and an extremely
harp tip (nominal radius of curvature of 2 nm), were recorded
y an Atomic Force Microscope Dimension Icon Bruker (c/o SNN-
ab—Sapienza Nanoscience & Nanotechnology Lab). All the AFM
mages shown herein are accompanied with a colour bar indicat-
ng the Z-range (height) of the features on the sample. Data analysys

as performed by NanoSope Analysis Version 1.4 (Bruker Corpo-
ation).

.4. Raman measurements
For the Raman spectroscopy investigation, the surface of the
CAs obtained by both the protocols were Raman-labelled with 4-
TP probe (Sigma-Aldrich) through a three hours incubation with
of NPs (b); the lift-off process (c) leaves on the substrate the particles patches of
diameter d with a periodical spacing �.

a 0.05 g/l water solution of the molecule, followed by Milli Q water
rinsing to remove the unbound molecules, and drying under pure
nitrogen gas [5]. Raman measurements were performed with a
LabRam HR Evolution Horiba Scientific, using a 100 × long working
distance objective (N.A. = 0.80) for the confocal microscope. Surface
Enhanced Raman Scattering (SERS) excitation was obtained with
the 632.8 nm line of a He-Ne laser.The spectrometer was equipped
with an automatic mapping stage with submicrometric precision.
The spectroscopic images (SERS intensity maps) were obtained by
collecting spectra at different, regularly disposed positions on the
sample, whose control was  allowed by the microscope coupled
with the spectrometer. The step of the spectroscopic mapping was
of 0.5 �m.  The intensity of a selected Raman/SERS band was then
calculated by integrating the spectrum around the band frequency
and plotted against the spatial coordinates. The spectra were elab-
orated using LabSpec 6 and OriginPro 8 softwares and are herein
presented without modifications. For the analysis of the intensity
maps, a polynomial baseline (3rd degree) was subtracted to the
spectra before their integration.

3. Results and discussion

Several samples were prepared according to the protocol
described in detail in Section 2, and schematized in Fig. 1. Briefly,
EBL was applied on a thin layer of a positive resist laid on flat
hydrophilic silicon surfaces (Fig. 1a). After the developing process,
the exposed silanol surface was functionalized (Fig. 1b) to allow the
NPs confinement onto the designed circular well areas at a fixed
diameter d and periodical center-to-center spacing � (Fig. 1c).

In this section, we first report the AFM evaluation of the EBL
patterning on several substrates; then we  discuss the AFM topog-
raphy together with the optical Raman features of representative
microscale NCA assemblies.

3.1. Analysis of the ordered arrays

We  considered four replicates of square arrays of wells (sectors)
at varying d and �.  Each lithographed sector (Fig. 2) was identified
with a capital letter depending on the couple (�,  d). We  analyzed
the sample surface by AFM after the lithographic process in order to

compare the Computer Aided Design (CAD) nominal characteristics
of the template patterns with the actual ones. Representative AFM
images of the lithographic masks at two values of the area dose
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Fig. 2. The designed sectors arrangement tamplate (four replicates for sector) togheter with the represenative AFM topography of A–F sectors, lithographed using an area
dose  value of 100 �C/cm2 (row 1) and of 20 �C/cm2 (row 2).

Table 1
Geometric features of the sectors realized at variable e-beam dose. Standard deviations on the experimental d values are calculated on 5 profiles for each sector. The parameter
�-d  is critical for a successful design of the lithographic mask (see Section 3.1).

Sector Dose value (�C/cm2) � (�m) Nominal d (�m) �-d (�m) measured d (�m)

(A,1) 100 10 0.500 9.500 0.70 ± 0.06
(A,2)  20 10 0.250 9.750 0.25 ± 0.02
(A,2)a 20 10 0.50 9.500 0.44 ± 0.03
(B,1)  100 2 0.500 1.500 0.87 ± 0.07
(B,2)  20 2 0.250 1.750 0.30 ± 0.03
(B,2)a 20 2 0.50 1.500 0.57 ± 0.04
(C,1)  100 1 0.500 0.500b Bowl
(C,1)a 100 1 0.250 0.750 0.7 ± 0.1
(C,2)  20 1 0.250 0.750 0.33 ± 0.05
(D,1)  100 0.75 0.500 0.250 Bowl
(D,2)  20 0.75 0.500 0.250c Bowl
(D,2)a 20 0.75 0.250 0.500 0.23 ± 0.07
(E,1)  100 1 0.250 0.750 Not reproducible
(E,2)  20 1 0.125 0.850 0.040 (not uniform)
(F,1)  100 0.50 0.250 0.250 Bowl
(F,2)  20 0.50 0.125 0.375 0.040 (not uniform)
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a Sectors with nominal d halved or doubled with respect to those shown in Fig. 2
b RS100.
c RS20.

100 �C/cm2 and 20 �C/cm2) are shown in Fig. 2, the experimental
verage d values are compared with the nominal ones in Table 1.

We did not find significant discrepancies between the nom-
nal and measured �.  Conversely, nominal and experimental d
alues differed significantly for both doses (Table 1), and such dif-
erences increased at smaller �.  Moreover, at the higher doses, the
orrespondence between the actual and the nominal masks was
ignificantly deteriorated (see for example, the d values of the sec-
ors with the higher �,  A and B in Table 1). In this respect, Fig. 3
hows the AFM images and the corresponding height profiles repre-
entatives of sectors A an B demonstrating the effect of the e-beam
rocess on the thickness of the resist coating on silicon substrates.
s shown in the AFM profiles of Fig. 3b and c, the e-beam writ-

ng at the intense dose of 100 �C/cm2 resulted in symmetric wells,
egularly disposed on the thin resist film, although their effective d
alues resulted significantly larger than the nominal ones. In these
ases, the binding site of the NP is only the silicon surface exposed
t the bottom of the well.

This effect of enlargement of the single site (named intraprox-
mity) is due to the strong electron scattering [23]. With decreasing
 the scattering begins to affect the shape of the sites (interprox-
mity effect) [23]. These effects cause an uneven degradation of the
esist within individual sites as well as of the thickness of the resist
ithographed (compare the resist thicknesses of Fig. 3a–c).
At fixed � (sectors A and B) a decrease of the nominal d by
a factor of two, results in a dramatic reduction of the difference
between nominal and measured d. Since a shorter exposure time is
needed to write a smaller well, for the sectors designed at smaller
d the electron scattering was  consequently reduced, and the mis-
match between theoretical and measured parameters diminished.
This could have been expected, since the energy absorbed by the
resist depends on both exposure time and e-beam intensity, whose
product defines the dose. The same considerations hold for the AFM
analysis of the sectors C and D, which are realized at � halved
compared to A and B, respectively. At the higher dose, the inter-
proximity effect completely degraded the resist of the sector, so
that only one single tank is formed (see Fig. 2). The same happens
for the sector (F,1) in which both � and d were halved by a factor
of two  compared to (C,1) (Table 1).

In practice, because of the proximity effect, an empirical dose-
dependent threshold value could be defined for the resist sinking,
RSdose = �-d, below which we  cannot solve individual NP binding
areas using EBL. At doses of 100 �C/cm2 RS100 is ∼0.5 �m.  At the
dose value of 20 �C/cm2, RS20 is expected to be smaller, and in fact

we can get more densely structured arrays, (masks C and F, Fig. 2).
The RS20 value is ∼0.25 �m.

However, to obtain smaller d the dose cannot be further reduced
without risking that the area to be excavated is not broken down
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Fig. 3. AFM profiles to evaluate the thickness of the resist film after the spin-coating proc
(B,1),  corresponding to � = 10 �m (b) and � = 2 �m (c). See also Table 1.

Fig. 4. AFM analysis of a part of the lithographed E sector (� = 1 �m;  d = 0.125) real-
ized at e-beam dose 20 �C/cm2. The region between the red dashed lines indicates
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(EF), namely the ratio of SERS and Raman spectroscopic inten-
he resist area completely developed that can be functionalized effectively, much
maller than expected. (For interpretation of the references to colour in this figure
egend, the reader is referred to the web version of this article.).

ompletely. This is what happened in sector E: at dose 20 �C/cm2,
he AFM profilometry in Fig. 4, shows a large asymmetric degra-
ation of the resist, partially overlapping the area designed for NP
unctionalization. In these cases, it may  be necessary to increase
he dose by increasing the exposure time (i.e. dwell time). In fact,
y increasing the intensity of the e-beam the measured average
iameter is much larger, irregular (sector (E,1) in Fig. 2) and poorly
eproducible.

This study shows that by properly adjusting the dose values very
ccurate and reproducible micro-structured substrates can be pre-
ared. Based on these results, we prepared the masks (A,1) (B,1)
nd (B,2)* and used them as templates to successfully arrange long-
ange ordered micrometric and submicrometric NP clusters, 2 and
0 micrometer spaced.

.2. Analysis of the gold NCAs

The lithographic patterns were functionalized using two proto-
ols based on either APTS/Glu/4-ATP or MPTS linkers (see Section
.2). After the NP deposition, and having lifted off the resist, we
btained a regular 2D layout of NP clusters since the NPs are
rranged only in the well binding sites (Fig. 1). The AFM topog-
aphy of the NCA of sectors A and B is shown in Fig. 5. In Fig. 5a
he long range order is acceptable, but apparently the number of
Ps linked with the APTS—Glu—4-ATP is rather low. Conversely,
ig. 5b shows that using MPTS linkers a regular array of densely
acked NP clusters is obtained. The AFM profiles on a representa-

ive single micrometric NP clusters of (B,1) after the binding site
eing functionalized with 60 nm gold NPs through MPTS linker is
eported in Fig. 6a. In the same array the possible formation of an
ver layered excess of NPs is also shown in Fig. 6b. We  cannot rule
ess (a), and after the e-beam process at dose of 100 �C/cm2 on the sectors (A,1) and

out that the NP sometimes found stacked, forming multilayered
clusters, did not come from the rare presence of small aggregates
of NP already present in the incubation solution, rather than being
formed by physisorption during the incubation process. Notably,
we can instead exclude the presence of impurities at atomic res-
olution as determined by AFM topography and the phase image
(Fig. 5b). A challenge still open it is to fine control the vertical
organization of these NPs clusters.

The comparatively different NP binding yield we observe in
Fig. 5a and b reflects the effect of differing the number of steps and
chemical involved in the two protocols of NCA fabrication protocols,
and, in turn a different anchoring agent concentration. Notably, the
samples prepared by covalently binding NPs via MPTS links are very
stable, also in water for several days.

Among the advantages which influence the outcome of the func-
tionalization, there could be the low number of steps and chemicals
involved in the protocols and the stability of the product: there-
fore the protocol where it is involved the MPTS is favorable in this
respect. Both the protocols have the vantage of exposing a gold
particle surface available to physi- or chemi-sorb different analytes
although the tight arrangement in two-dimensional clusters of the
NP reduces the binding area portions available for capturing the
analytes. Alternatively, the overall gold NP surface could be engi-
neered to bind the analytes (e.g. proteins and cells) in solutions
[26] and then captured by the arrays (e.g. APTS-Glu linkers) for the
microanalysis.

The potential of these NCA as sensitive Raman spectroscopy
platforms was  probed by following the Raman signal of 4-ATP
molecules localized onto the NPs surface. Herein we  focused on
the sector (A,1), whose � resulted large enough to prevent any
possible optical interferences and to optimize the realization of
spectroscopic mapping. The main results are shown in Fig. 7.

A representative Raman spectrum of a NP cluster of the array
displaying � = 10 �m and d = 1 �m features, probed through the
Raman porter 4-ATP is compared in Fig. 7a with the traditional
Raman spectrum of the same molecule (see Ref. [5] for the
band assignment). As expected, the Raman cross-section of 4-ATP
when covalently linked to the NP clusters surface results strongly
increased due to the SERS phenomenon [1,4]. The reason of the
molecular spectroscopic signal enhancement is the surface plas-
mon  resonance of these gold nanostructures: the oscillation of the
surface electron gas in the metal nanostructure gives rise to a strong
increase of the local electromagnetic field at the metal-dielectric
interface. For this reason, the spectral response of the molecules
bound to the Np surface appears as if they were illuminated by a
much stronger field [1].

A reasonable way  to evaluate the efficiency of a plasmonic sub-
strate in signal enhancing is to calculate the enhancement factor
sity per single molecule. In our case, the spectroscopic intensity
is obtained by integrating either the whole SERS spectrum (over-
all EF) or the strong C-S stretching band of 4-ATP, centered at
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Fig. 5. AFM images of NCA obtained from A and B sectors using APTS + Glu + 4-ATP (panel a) or MPTS (panel b) for linking the NPs onto the Si-OH binding sites.
Panel  a, from left to right: the topography of array areas from (A,1) and (B,1) sectors specified in Table 1, and the functionalization scheme.
Panel  b, on the up side, from left to right: the topography of array portions of (A,1) and (B,1), and the Phase image of a representative NP cluster from (B,1); on the bottom side,
from  left to right: the three-dimensional topography of an array portion from (B,2)* specified in Table 1, the corresponding Phase image, and the functionalization scheme.
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ig. 6. Nanoparticles cluster from sector (B,1), �=2 �m and d = 1 �m,  with three h
ized  60 nm,  well compact with each other to form discs to one (a) or sometimes ev
088 cm−1 in the Raman spectrum and red-shifted to 1079 cm−1

n the SERS spectrum (band EF). The number of molecules con-
ributing to the spectroscopic signal is in both cases estimated via
eometrical considerations (see Ref. [13] for details). SERS signal
profiles. The z-values are in accordance with the overlap of several nanoparticles
re layers of nanoparticles (b).
amplification is known to benefit of two  contributions: one elec-
tromagnetic, arising from the substrate plasmonic resonance that
enhances the local field around the molecules, and one chemi-
cal, coming from the metallic substrate-molecule charge transfer.
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Fig. 7. Panel a: the SERS spectrum (red) of 4-ATP linked to the NP clusters, assembled
on  the lithographed binding sites, is compared to the Raman spectrum (blue) of the
4-ATP Raman spectrum. Both spectra are normalized to the number of molecules
contributing to the spectroscopic signal (i.e. present in the scattering volume). The
Raman spectrum is multiplied by a scaling factor of 106. The integrated intensities
used to estimate the enhancement factors are evidenced: the whole spectral integral
is  coloured in light red (SERS) and light blue (Raman spectrum), while the area of the
band centered at 1079 cm−1 (1088 cm−1 in Raman spectrum), estimated through a
Lorentzian fitting, is evidenced with the squared pattern in red and blue respectively.
Panel b: a representative SERS intensity trend measured along a row of the sector A
(�  = 10 �m,  d = 1 �m),  compared with the corresponding AFM topography. Panel c:
fast Fourier transform (FFT) obtained on AFM signal of sector A (upper plot, |H(k)|)
is  compared to the FFT of the SERS signal on the same sector (lower plot, |I(k)|). The
peak of the periodicity of 10 mm (centered at 0.1 �m−1) and the second armonic
(at 0.2 �m−1) are visible. The comparatively larger width of the AFM FFT peaks is
related to the different size of the frame measured (40 mm and 75 mm for AFM and
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[7] K. Saha, S.S. Agasti, C. Kim, X. Li, V.M. Rotello, Gold nanoparticles in chemical
ERS acquisition, respectively). (For interpretation of the references to colour in this
gure legend, the reader is referred to the web  version of this article.)

hen considering the overall enhancement factor, we  are taking
nto account both the mechanisms. This EF estimate is more appro-
riate for molecules covalently bound to the metal surface. On the
ther hand, the band EF is expected slightly smaller, as we  chose
or the integration the C S stretching band, which is known to be
nhanced only by electromagnetic mechanism: this can be consid-
red representative for molecule physisorbed to the metal surface.
or this kind of substrates, as reported in Fig. 7a, we found an over-

ll EF of ∼ 1×107, which is quite notable when compared to the
F values reported in literature for gold based substrates [15]. The
trong intensity of the SERS C S stretching band allowed us to spa-
cochem. Eng. Aspects 498 (2016) 168–175

tially resolve the presence of the clusters, and thus to find the full
correspondence existing between the AFM topography and SERS
intensity maps. Fig. 7b shows indeed that the SERS intensity is dis-
played along the NP cluster rows according to the periodicity of the
array. Some significant drop or raise in SERS intensity (>20%) was
detected and is related to the occurrence of isolated NPs assembly
exhibiting uneven surface packing, as confirmed both by optical
inspection and AFM analysis (Fig. 6b). The large number of clusters
per 100 × 100 �m2 area (100 clusters for the A sectors) enables
to discard the worst data, thus ensuring a contained variability
of the SERS intensity, within roughly 20% on ensembles up to 30
clusters, measured consequently. At the best of our knowledge, it
is not common to estimate the reproducibility of the Raman sig-
nal reproducibility on plasmonic assemblies, and we  believe that
the result of an overall EF of (1.1 ± 0.2) × 107, and of a band EF of
(0.30 ± 0.06) × 107, is to be considered very positively [6,15]. The
latter result confirmed the previously mentioned idea that NPs clus-
ters of micrometric and controlled areas can provide quite regular,
reproducible, and highly enhanced Raman signals.

Ultrasensitive detection technologies require the ability to inte-
grate fast sensing, low sample and reagent volumes, reduction of
the size of equipment, possibility of portable devices and parallel
operation for multiple and automated analyses [26,27]. Within this
challenge, the results presented herein, on the possibility of real-
izing micrometric patches of closely packed NP over micrometric
periodical inter-patch distance, represents a further step toward
the construction of efficient Lab-on-a-chip integrated systems [27].

4. Conclusions

In this work we discussed the realization of accurate and repro-
ducible e-beam lithographic patterns, that have been exploited
in order to isolate regularly-disposed areas on a Si substrate.
We tested different protocols of surface functionalization, used
to induce the covalent self-assembled aggregation of gold NPs.
The characterization of the patterns was  realized by AFM mea-
surements, which showed the presence of dense, highly packed
NP clusters of micrometric size and spacing regularity. High
and reproducible optical signals displayed on the corresponding
array periodicities were enlightened by microRaman analysis. The
demonstrated approach may  be useful particularly in the aim of
realizing benchmark NCAs, featured as stable and reproducible
gold NP clusters in the mesoscopic scale, leading to the chal-
lenging production of improved opto- and conductive-microfluidic
multiplex-sensing.
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