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www.rsc.org/ We report on the self-assembling of clusters of gold-nanoparticles (Au-NPs) directed by the
phase separation of poly(styrene)-b-poly(methylmethacrylate) (PS-b-PMMA) block-copolymer
(BCP) on indium tin oxide coated glass, which induces the onset of vertical lamellar domains.
After thermal evaporation of gold on BCP, Au-NPs of 4 nm are selectively included into PS-
nanodomains by thermal annealing, and then clustered with large density of hot spots (>
10*/um? in a random two-dimensional pattern. The resulting nanostructure exhibits near-
hyperuniform long-range correlations. The consequent large degree of homogeneity of this
isotropic plasmonic pattern gives rise to a highly reproducible Surface-Enhanced Raman
Scattering (SERS) enhancement factor over centimeter scale (std. dev. ~ 10% over 0.25 cm?).
We also discuss the application of a static electric field for modulating the BCP host morphology.
The electric field induces an alignment of Au-NPs clusters into ordered linear chains, exhibiting a
stronger SERS activity, but reduced SERS spatial reproducibility.

Introduction

Surface-enhanced Raman Scattering (SERS) spectroscopy allows
ultrasensitive, label-free detection of the vibrational fingerprint of
molecules.” This technique exploits the scattering enhancement
induced when probe molecules are adsorbed onto nanostructured
metal surfaces (typically Ag and Au).> On sub-wavelength
nanostructures - typically formed by strongly interacting
nanoparticles (NPs)’ - the local optical field enhancement eventually
results into an effective amplification of the Raman yield up to 8 - 12
orders of magnitude.>® Fractal aggregates are among the most
efficient scattering enhancers because the formation of clusters with
favorable geometries induces strong cascade amplification into gap
hot-spots.s'10 According to this, films of metallic nanoparticles
deposited from colloidal suspensions'' represent a good low-cost
technology for
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ultrasensitive spectroscopy” and biochemical sensing,'>'* but pay
the cost of low reproducibility due to their intrinsically disordered
morphology. Therefore engineering of SERS-active substrates is
crucial in order to achieve uniform, large and reproducible substrate
enhancement factors EF.">'® Significant results have been obtained
in this direction by engineered substrates based on bottom-up block-
copolymer (BCP) templates of nanoparticles,®* lithography-
patterned templates’™>* and hybrid fabrication techniques.?**®
Among these, BCP-based fabrication can take advantage of long-
range self-assembling of nanodomains into ultra-high dense arrays,?’
enabling dense hot-spots formation on large area. Of course, phase-
separated BCP domains form regular nanopatterns (spheres,
cylinders or lamellae)®®* that host the metal NPs (typically, after
oligomer chain functionalization).** While several efforts have been
dedicated to improve large area pattern’s order - as for instance, by
graphoepitaxial assembly®® - little attention has been paid to study
disordered BCP nanostructures since disorder is usually not
reproducible. However, morphologically isotropic disordered
materials possessing long-range spatial correlations have revealed
the possibility to expand the engineering potential in photonics by
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taking advantage of a ‘designer disorder’ that can be quantified by
so-called hyperuniformity metrics.*'*?

In this study, we move a first step toward designer disordered
plasmonic  nanostructures. We  propose near-hyperuniform
disordered gold nanostructures, based on BCP self-assembling, to
fabricate isotropic and homogenous, large-area SERS substrates with
highly reproducible SERS response.

Firstly, BCP interaction with the indium tin oxide (ITO) surface of a
commercial borosilicate glass produces irregularly shaped BCP
domains that are homogeneously distributed with near-equal areas.
Then, nearly monodisperse Au-NPs are selectively included into the
affine nanodomains via thermal annealing. Therefore, the BCP
scaffold dictates the formation of a homogenous monolayer of Au-
NPs characterized by close-packed random aggregates with large
density of hot-spots (> 10*/um?) on large area (24 mm x 24 mm). A
‘highly homogenous’ disorder is evidenced by the nanocomposite’s
structure factor map that shows a density fluctuation vanishing at
infinite wavelength, i.e., characteristic of hyperuniform disorder.>'
Thus we achieve an isotropic nanostructure characterized by
excellent long-range homogeneity. We thoroughly characterize the
spatial reproducibility of the SERS response reporting a fluctuation
of the SERS intensity of 10% over centimeter scale and 2.4% on
areas of 100 x 100 um®. To the best of our knowledge, our simple
approach outperforms reported Au-NP-based transparent substrates
in terms of sensitivity’s uniformity and enables reliable
ultrasensitive analytical applications. In the concentration range
explored, the characteristic SERS intensity vs. analyte concentration
is linear and allows nano-molar resolution.

Secondly, the assistance of an electric field during thermal annealing
is explored to modulate the host-morphology. This triggers the
formation of linear chains of Au-NPs in which long chain coupling
is responsible for an 18-fold increase of the SERS enhancement.

Results and discussion

Near-Hyperuniform Disordered BCP/Au-NPs Nanostructure

The nanostructure is obtained by means of a random but
homogenous BCP host that guides the spatial distribution of guest
Au-NPs clusters via thermal annealing. We used a polystyrene-b-
poly(methyl methacrylate) (PS-b-PMMA) block copolymer with
molecular masses M, of PS and PMMA equal to 25.0 and 26.0
Kg/mol, respectively, and polydispersity index M, /M, = 1.06. The
volume ratio of 0.52 between PS block and PS-b-PMMA copolymer
was selected to obtain a phase-separation of equally sized domain
with lamellar morphology.

We investigated possible routes for inducing lamellar nanodomains
with vertical orientation. In general, BCP nanostructure morphology
is basically the result of two mechanisms: (i) the interactions of the
copolymer blocks at both air and support interfaces (wetting effect),
and (ii) the ratio between film thickness and spontaneous sizes of the
microphase-separated domains (commensurability effect). In control
experiments, polymer films deposited either by spin-coating or drop-
casting on glass substrates without indium thin oxide (ITO) layer,
showed planar lamellar structures, i.e., parallel to the surface of the
supporting substrate (as extensively discussed in ref.**). We aimed at
guiding assemblies of Au-NPs relying on the preferential wetting of
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the PS copolymer block by gold.*® In fact, this is a facile method that
can provide a stabilized infiltration into PS with 100% selectivity
thanks to non-equilibrium processes above the polymer’s glass
transition temperature.”> However, in the case of planar block
copolymer lamellae, Au-NPs cannot be guided to produce designed
patterns since there is no differential wettability pattern at the
surface. Therefore, inducing a vertical orientation of BCP lamellae is
a crucial step. Regardless of the deposition technique, on ITO-coated
glass we obtained the desired vertical morphology thanks to the non-
preferential interface interactions between ITO and the copolymer
blocks PS and PMMA. In particular, thin films of PS-»-PMMA, 70
nm-thick, were spin coated (3000 rpm for 30 s) from a toluene
solution and annealed at a temperature above the BCP glass
transition temperature (150 °C) in a vacuum chamber (1073 mbar) for
6 hours. The BCP scaffold was characterized by a spatially even
phase-separation of PS and PMMA on the sub-wavelength scale and
with invariant average characteristics on large scale. This eventually
triggered the formation of random domains of close-packed Au-NPs
into PS, in agreement with the guiding mechanism discussed in
ref?.

The BCP films were analyzed in transmission electron microscopy
(TEM) after RuO, staining to achieve a better contrast between PS
and PMMA domains. A representative bright-field TEM micrograph
(pseudo-color scale) of the BCP film is shown in Fig.1a with related
close-up on the right panel. The blue regions correspond to stained
PS lamellar nanodomains, whereas dark regions to PMMA domains.
The image exhibits a film structure with regular spatial segregation
of copolymers corresponding to the presence of PS and PMMA
lamellae oriented with vertical interfaces (perpendicular to the ITO
surface). The average lamellar spacing was estimated to be ~14 and
~18 nm for PS and PMMA, respectively (Fig.1a). A monolayer of
gold nanoparticles was then deposited on the lamellar BCP film
(Fig.1a) by thermal evaporation of a gold filament in high vacuum®
(= 9x10° mbar). In the TEM micrograph of Fig.1b, uniformly
distributed red spots indicate the formation of dispersed Au-NP
clusters. A black crossover level is inserted in the color scale by
custom-made code (Matlab MathWorks) to enhance the domains
contrast. After thermal evaporation, the metal/BCP nanocomposite
was thermally annealed in order to enhance gold’s inclusion into the
affine PS domains without metal surface functionalization. SEM and
TEM images (see Fig.1c-e) reveal, in fact, full selective infiltration
of Au-NPs into PS domains (with selectivity of 100%) after
annealing at 150 °C. The Au-NPs have a narrow size distribution
with an average diameter of 4 nm + 20% (see Fig.S1 in the
Electronic Supporting Information (ESI)) and sub-nanometer gaps
(strong plasmonic coupling). The Au atoms diffuse toward the
preferred PS lamellae and produce a slight enlargement of the
domains. Importantly, a disordered but homogeneous close-packed
clustering of Au-NPs is observed over large area thanks to the BCP
homogeneous phase-separation into randomly oriented, but regularly
sized, PS and PMMA nanodomains (Fig.1c). After TEM inspection
and SERS activity characterization (as discussed below), we
conclude that Au-NPs are assembled into an immobilized monolayer
at the top surface of the BCP host.

This journal is © The Royal Society of Chemistry 2012
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Pristine BCP
before annealing

Au-decorated BCP
before annealing

(c)

(d)]

Full selective Au decoration

after annealing: Hyperuniform Disordered Plasmonic Nanostructure

0.02{1/nm}

Fig. 1 a) Bright-field TEM micrograph of pristine PS-b-PMMA deposited on ITO supporting substrate and annealed at 150 °C for 6 hours. (b) Same as (a) after vacuum
evaporation and deposition of Au-NPs forming randomly dispersed clusters (close-up on the right). (c) The post thermal annealing at 150 °C for 6 hours of the Au-BCP
film in the TEM micrograph reveals the clustering in the PS nanodomains with 100% selectivity guided by the phase-segregated scaffold of the BCP. (d) Detail of the
SEM micrograph of a thermally annealed Au-loaded specimen showing close-packed clustering. (e) TEM magnified scan of (c) emphasizing the selective filling of the
PS domains. (f) Stucture factor S(k) obtained from a SEM large area micrograph revealing a spatially isotropic and invariant phase-segregation in the monolayer of Au-
NPs, with near zero infinite-wavelength fluctuation (reciprocal spatial frequencies are k, = 1/x and k, = 1/y in units of nm™): the ring maximum corresponds to ~ 71.4
nm in the direct space. Scales bar are: (a) 800 nm (left) and 150 nm (right); (b) 200 nm (left) and 100 nm (right); (c) 400 nm; (d) 200 nm; (e) 100 nm.

Following the work of Torquato et al. about hyperuniform
disorder,*"*33¢%® we decided to study the morphological
characteristics of the random nanostructure of Fig.1c in terms of the
structure factor S(K). According to ref.’’, an ideal hyperuniform

This journal is © The Royal Society of Chemistry 2013

pattern is
fluctuations of the point pattern, i.e., S(k — 0) = 0 in the reciprocal
k-space. In other words, given an arbitrary spherical window, the
fluctuations of the point pattern grow more slowly than the window

characterized by zero infinite-wavelength density
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area.’'*? The asymptotical behavior of this parameter can also be
used to quantify the degree of homogeneity of any point pattern.
Interestingly, in our case, the calculated S(k) = S(k) is characterized
by a ring-shaped structure factor map which vanishes at £ = 0, i.e.,
Stk — 0) = 0 (Fig.1f). These characteristics reveal a spatially
isotropic and invariant phase-segregation with vanishing large length
scale density fluctuations: a condition which points out a large
degree of homogeneity despite the random nature of the clustering.
Unlike crystals and quasicrystals that are trivially hyperuniform but
not isotropic, disordered structures can be isotropic and
hyperuniform under particular conditions. The above analysis allows
us to quantify and control the actual morphological heterogeneity of
the pattern of NPs. Later on, we correlate the homogeneity of these
isotropic random nanostructures to a highly reproducible spatial
SERS response.

Linear Chains of Au-NPs by Electric Field Assistance

In a second experiment, we explored the morphological modification
induced in the pattern by electric field poling. The BCP host resulted
characterized by nearly parallel and vertically oriented lamellae with
long-range order. Similar morphology was reported by Amudson et
al® In our case, however, we applied a vertical capacitor
configuration®® for electric field poling starting from lamellae
already vertically oriented (see Fig.1a), which probably facilitated
the long range alignment. The electric field-assisted patterning was
achieved as schematically depicted in Fig.2a. The d.c. voltage was
applied for 6 hours during thermal annealing at 150 °C. ITO coated
slides were used to sandwich either pristine or Au-loaded BCP films.
The sample was then cooled down to room temperature while
maintaining the electric field on. Bright-field TEM micrographs
(pseudo-color scale) of representative samples realized under
different applied electrostatic field, namely at £, = 0.2 V/um and E,
= 0.32 V/um (cell thickness of 25 pum), are depicted in Fig.2b and
2c¢, respectively. The RuOy-stained PS stripes appear colored in red.
A variation of the morphology was observed as a function of
increasing electric field. Firstly, the nanostructure at £ appeared
different with respect to the uniformly disordered structure of Fig.1la
(zero-field). As visible in Fig.2b, it was in fact characterized by
medium-range aligned vertical lamellae of PS and PMMA with
typical fingerprint morphology. Secondly, a further increase of the
order degree was observed at higher field £,. The resulting structure
was characterized by long-range, near parallel and periodic PS and
PMMA nanofringes, as shown in Fig.2c. After TEM inspection at
lower magnification (not shown here), the fringes appeared as
characterized by a continuous length in the range of 10 ym with
dislocations and diclinations typical of this kind of patterned
materials due to the lack of topological constraints.*** The structure
factor of the aligned pattern is shown in Fig.2d: it clearly points out
a one dimensional grating morphology on the micron scale. A close-
up of the pattern is also shown in Fig.2e.

Following the same procedure for selective inclusion of NPs
described before - this time with electric field-assisted annealing
(150 °C) - the BCP pattern was characterized by periodic Au-NPs-

4| J. Name., 2012, 00, 1-3

enriched PS stripes and Au-NPs-depleted PMMA stripes. The
aligned Au-NPs chains showed sub-nanometer gaps. This is clearly
evident in the TEM image of Fig.2f and the related magnifications in
Fig.2g-h, which show how Au-NPs (colored in red) mainly fill the
stained PS layers with a selectively higher that 70%. The average
spacing of PS lamellae is estimated to be ~ 60 nm after inclusion of
gold.

SERS Enhancement Factor and Large-Area Spatial
Reproducibility

A preliminary SERS characterization was conducted on several
samples and control specimens using the template polymer film as
analyte. This analysis was carried out to determine the blank
reference spectrum of the BCP/metal nanocomposite and the related
limitations regarding SERS detection imposed by the BCP presence.
This also allowed us to study several gold nanostructures’
characteristics. In particular, this characterization was carried on the
following specimens: A4) pristine PS-b-PMMA film as is; 4*) same
film as 4 but after decoration with Au-NPs (as depicted in Fig. 1b);
B) PS-b-PMMA film decorated with close-packed clusters of Au-
NPs into uniformly disordered PS domains (as depicted in Fig. 1c-¢);
O) film of atactic polystyrene (aPS) homopolymer decorated with
Au-NPs (not shown here); D) long-range nanofringes of PS-b-
PMMA decorated with Au-NPs (as depicted in Fig. 2f-h). For
simplicity, hereafter these samples will be referred to as 4, 4* B, C
and D, respectively.

The UV-Vis extinction spectra (Perkin Elmer Lambda 35) of
substrates B and D are shown in Fig.3. Remarkably, the plasmon-
polariton response of D, centered at 578 nm, was blue-shifted with
respect to the close-packed random structure B having an extinction
peak at 594 nm. Given the large red-shift from the isolated NP (4
nm) response, it is evident that a strong plasmonic coupling due to
the clustering must be taken into account to explain the observed
extinction peaks. However, inferring definitive conclusions on the
SERS properties of the substrates through their far field response is
not trivial given the general lack of direct correspondence with the
near-field response in complex clusters’ structures.* Given the
limited polydispersity of the observed Au-NPs (= 20%, see Fig.S1 in
ESI), we argue that plasmon hybridization in the clusters* can be
responsible of the broad plasmonic response observed in B. On the
other hand, the narrower extinction of D could result from the onset
of subradiant plasmon polariton modes (dark modes).*>*°

It is worth mentioning that we decided to deposit small NPs in order
to improve substrate’s transparency, being the resulting lower
scattering efficiency partially compensated by highly dense hot-spots
with sub-nanometer gaps. The transmittance peak measured by UV-
Vis was > 80% (Fig.3). Of course, the fabrication method is versatile
and does exclude the possibility to decorate the BCP scaffold with
larger NPs (or other materials like silver, which will be describe
elsewhere).

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 (a) Schematic representation of the vertical capacitor device for electric field-assisted thermal annealing inducing vertical stacks of phase-separated BCP. (b)
Bright-field TEM micrograph (false color scale) of PS-b-PMMA film deposited on ITO substrate and annealed at 150 °C upon electric field poling at 0.2 V/um. (c) TEM
scan of long-range PS stripes (red) in PMMA (blue) formed for an applied field of 110 V/um during same thermal treatment. The characteristic FFT structure factor in
(d) emphasizes the one-dimensional modulation along the direction perpendicular to the nanofringes of (c), with spot maximum corresponding to 1/(0.017 nm'l) =
58.8 nm. These last are also magnified in (e). PS is everywhere stained with RuO, for increasing the contrast, and a black crossover level is used in the color scale to
enhance the fringes contrast with a custom-made code. (f) TEM scan (as before) for long-range nanofringes decorated with Au-NPs and annealed at 150 °C upon
electric field poling at 0.32 V/um. (g) TEM close-up of (f), with further magnification in (h) for resolving nanoparticles clustering.

section (extended in ESI). For all Raman/SERS measurements, the
—_— excitation wavelength was 532 nm. The probed scattering area on

—_—
‘5 ::22:: ::::: Z:::: :::::::: f) the sa@ple, constrained by confocal detection in backszcattering
‘g collection, was accurately measured to be Ay, = mw,” = 0.44
% 594 nm um’ (beam waist w, = 373 nm) by means of a knife-edge-like
5 1 procedure following Cai et al.*’ (see ESI). Similarly, the scattering
= volume was estimated to be Vi, = 2.0 ,um3 with an effective
é confocal thickness of 42 =2.6 um.
g Due to the reduced film thickness (70 nm) and related intrinsic low
r:‘ sensitivity of spontaneous Raman scattering, we used a laser power
< Pin=27 mW for film 4 (no Au-deposition) but only of 300 4 W for
_,E the polymer/gold nanocomposite films 4*, B, C and D. Integration
é time was At = 10 s. For comparison, the Raman spectra of 4, B and
3 C are reported in Figs.4a, 4b and 4c, respectively. As shown in
Z ol . . ‘ . . . . Fig.4a, the main spontaneous Raman bands of PS are located at
100 500 600 700 800 900 1000, 1034, 1602, 2904 and 3054 cm™!, whereas the PMMA-related
wavelength [nm] more intense peaks are at 812, 1450, 1734 and 2930 cm™ (see ESI

48-50

for peak assignment based on refs™>"). PS mainly contributed to the

Fig. 3 Extinction spectra of the BCP nano-patterns decorated with Au-NPs for

SERS substrates B (uniformly disordered clustering) and D (long-range linear o R
chains). The plasmon resonance is found to blue-shift in the case of nanofringe bands at 1155, 1200 and 1450 cm™ and the emerging of a

morphology. pronounced band at 1545 cm™ (Fig.4b) probably due to enhanced C-
H deformation® signal associated with PS phenyl rings normally
The SERS activity of the BCP/metal nanocomposites and Raman  griented to the Au-NPs surfaces. Importantly, from the comparison
signature of the pristine BCP host were studied with a confocal of Fig.4a and 4b, SERS contribution of PMMA appears negligible,
micro-Raman analysis as described in the Methods and Materials  which is consistent with the selectively clustering of Au-NPs into

SERS signal with a peculiar fingerprint characterized by enhanced

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 5
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PS domains. In addition, the close-packed clustered Au-NPs of
substrate B showed higher SERS enhancement than the smaller
clusters dispersed on the aPS film of substrate C (Fig.4c). Finally,
similarly to C, the Au-decorated specimen 4* gave a weak blank
SERS spectrum (not shown here) of the copolymer mainly
ascribable to PS as well. The blank SERS spectrum of the specimen
D (not shown here) did not manifest any significant variation with
respect to substrate B. The bottom line is that the large close-packing
in B and D (guided by the copolymer processing) gave rise to higher
SERS enhancements. A qualitative amplification of the Raman yield
of the polymer host in B was estimated to be =~ 10 - 10* from the
direct ratio between the intensities of the bands of PS measured on
sample 4 and substrate B.

aP$ host with Au-NPs CH def. (c)
600} (additional substrate C)
400+
200 A
2 o0
= (b)
— C-H def.
. 2000+
=
Z 1500 PS-b-PMMA host
§ PS with Au-NPs in PS phases
E 1000+ (substrate B)
o
& 500}
= v I
] 0
~ pristine BCP host of PS-6-PMMA film (no Au-NPs) (a)
PS
PMMA | PS PS & PMMA PMMA /
v N
900 1200 1500 2700 3000

-1
wavenumbers / cm

Fig. 4 (a) Raman spectrum of specimen A: pristine film (before gold-decoration)
of PS-b-PMMA. (b) Raman spectrum of blank SERS substrate B pointing out
mainly the PS signature amplified by the plasmon resonance. (c) SERS activity of
a film of pure atactic homopolymer of polystyrene (aPS) decorated with Au-NPs,
i.e. substrate C. The Raman intensity was normalized for comparison to the
excitation laser power: 27 mW for (a); 300 uW for (b) and (c).

However, a proper estimation of the SERS enhancement factor
requires quantifying the number of molecules involved in the
effective range of amplification of the metal surfaces.

To this end, the substrate enhancement factors EF (as defined in ref.
% were estimated by using a monolayer of tris(4-
(dimethylamino)phenyl) methylium chloride (crystal violet, CV,
from Sigma Aldrich) that was uniformly deposited on the substrates
by means of a water evaporation-based procedure (see ESI). This
allowed achieving a good uniformity of the CV spatial distribution,
which was inherently confirmed by the spatial uniformity of the
experimentally measured SERS intensity. This method allowed us

This journal is © The Royal Society of Chemistry 2013
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quantifying the number of molecules in Ay, and estimating the
average SERS EF and its spatial reproducibility over large area. This
last was characterized by infiltrating 100 ul of 380 nM CV water
solution in a micro-chamber formed by two equal substrates, each
having a surface of 24 x 24 mm?. Following water evaporation, the
average number of molecules left adsorbed to the surface in the laser
scattering area (A, = 0.44 um?) was estimated to be ~ 8.5 x 10°.
TEM inspection confirmed an unvaried structure with immobilized
nanoparticles after water evaporation. By translating the sample with
a piezo nano-positioner (see Materials and Methods and ESI),
multiple sampling positions (size given by the laser spot) were
probed within large raster scan areas, either of 40 x 40 zm? or 100 x
100 zm?® In particular, a representative CV SERS spectrum
measured on substrate B is shown in Fig.5a. The spectrum is
averaged over an area of 100 x 100 um?® (P;, = 50 W, At = 10 s)
from a statistical ensemble of 100 detection spots. The fluctuation of
the SERS signal acquired over the scansion area is found to follow
the normal distribution (typical of very uniform substrates®?) with a
relative standard deviation of the total intensity or = 3.9% (no
background subtraction) and a relative standard deviation of the
Raman amplitude o = 2.4% (background subtracted). This is shown
in Fig.5b, in which the normal probability plots of both ensembles
are reported. A wider range was also probed by averaging the spectra
acquired in 400 positions selected from 5 areas of 40 x 40 um?
within an overall window of 0.5 x 0.5 cm?. This analysis revealed a
Gaussian fluctuation characterized by a relative standard deviation
= 10%, as depicted in Fig.5c, despite the centimeter scale
translation.

The total average SERS enhancement factor of substrate B was
estimated to be EF = 1.16 x 10° £ 10% from the straightforward
calculation given in ESI. It is our opinion that such an ultra-high
reproducibility of the EF is due to the spatially regular phase-
separation of PS and PMMA domains and consequent segregation
with near-hyperuniform long range correlations of the close-packed
Au-NPs (Fig.11). In fact, although these nanodomains are randomly
aligned, they are consistently self-repeating on large area and
composed by nearly monodisperse Au-NPs producing a large
density of hot-spots, i.e., ~ 2 x 10%m?>. At each position, the laser
averages the response of many gain-equivalent clusters - even within
a small beam waist (w, = 373 nm) - and leads to an enhanced signal
largely uniform and reproducible because of the large density of NPs
achieved with this approach.

The same spatial characterization carried out for B was also carried
out for substrate D (Fig.2f). We compared the SERS spectra of CV
measured on substrates B and D under equal experimental conditions
of CV distribution and Raman excitation/collection as shown in
Fig.5d. A significant further amplification of the Raman yield,
namely = 18-fold more than substrate B, was measured on the

J. Name., 2013, 00, 1-3 | 6
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Fig. 5 (a) SERS average spectrum of Crystal Violet (CV) on substrate B (black curve) with related hyperspectral fluctuations (red and blue curve) over 10* umz. (b)
Normal probability plot of the SERS total (blue) and Raman amplitude (red) integral intensities as acquired in (a) averaged on the six more intense bands of CV at 808,
914, 1175, 1370, 1585 and 1620 cm™ (see also Raman assignment of CV in Table.S1, ESI). (c) Statistical distribution of large area (0.25 sz) fluctuation of SERS integral
intensity of CV on substrate B. (d) Comparison between SERS spectra of CV from substrate B (black) and substrate D (red) under identical experimental conditions for
comparison of morphology dependent-enhancement. After comparison with the spontaneous Raman signal measured from bulk CV (5.5 mM) (blue line), it is evident
that there is no BCP signal hindering SERS detection of CV. PS peaks are not visible because of the lower Raman differential cross section of PS with respect to CV, a

54
Raman pre-resonant molecule.

ordered PS-b-PMMA/Au film D.
Therefore, for substrate D, a spatially average enhancement of EF, =
2.1 x 107 is straightforwardly estimated. A better tuning of the
coupled-plasmon resonances of the NPs chains'® (see Fig.3) or a
stronger coupling43 might be responsible for this effect. Substrate D
showed a good but reduced uniformity of the enhancement factor
EFp, as limited to 8.3% on smaller scale of 10 x 10 gm?, and to 20%

This journal is © The Royal Society of Chemistry 2013

on larger sampling area of 40 x 40 unr’, as expected given the larger
morphological heterogeneity of morphology D with respect to
substrate B at the laser spot size scale. Finally, similar
characterizations carried out on substrates 4* and C pointed out a
reduced reproducibility with a relative standard deviation of ~ 30%
over 40 x 40 um? and lower average enhancements, estimated to be

J. Name., 2013, 00, 1-3 | 7
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EF, =72 x 10* and EF- = 3.0 x 10* respectively. Of course,
although NPs size distribution is equivalent, the different
nanoparticles close-packing is expected to influence the response of
the substrates in terms of SERS enhancement and reproducibility.
After comparison of the substrates’ characteristics, we conclude that
SERS spatial reproducibility is highly improved in substrate B
thanks to the homogenous clustering of Au-NPs.

Nanomolar Resolution by Linear Response of SERS Intensity

In the case of substrate B, given the normally distributed SERS
intensity over large scale (Fig.5c), we also assessed the capability of
providing a quantitative determination of the CV analyte molecule.
We consecutively deposited monolayers of CV molecules by water-
based evaporation (see ESI) starting from 100 x1 of ~ 3.1-nM dilute
solution spread over 2 x 576 mm? (the factor 2 arises from the two
substrates of the cell). Then, we progressively infiltrated more
concentrated quantities, in steps of ~ 10 and ~ 25 nM for the
measurements at low concentration. At each step, we measured the
SERS signal in a region close to the first measurement.

15004 ——Fit y=a+ bx
4 Experiment
= 12004 b=155%0.03uM counts mW'
- a=16+12uM
£ 900
$ 600
~ 300
~’
04
T T T T T T T v T 1
0 200 400 600 800 1000

SERS intensity / counts mW™

Fig. 6 Quantitative SERS measurements achievable on Au-BCP substrate B
pointed out by independent, consecutive depositions of quantified amount of CV
molecules on the same substrate and related linear response.

In Fig.6, we plot the remarkable linear trend of the SERS response
measured on substrate B. The power was set at 50 uW for larger
concentrations and at 300 uW for concentrations < 150 nM. The
threshold quantity detectable was ~ 30 nM, corresponding to ~ 700
molecules in the scattering area. The detection sensitivity of the
substrate was evaluated as a readout variation of 3 photon counts in
the recorded SERS intensity (P;, =300 W), corresponding to a
concentration variation of 9 nM (in the total liquid infiltrated) or
equivalently ~ 60 molecules in the scattering area, therefore toward
single-molecule sensitivity of a Raman resonant analyte®® having
differential Raman cross section comparable to CV’s, that is ~ 1072¢
en’/sr.>*

Conclusions

In summary, we propose a block-copolymer-directed assembly of
gold nanoparticles which allows fabricating near-hyperuniform
disordered plasmonic nanostructures for highly reproducible SERS
spectroscopy. We use the theory of hyperuniformity metrics to
quantify actual homogeneity of our random nanostrucure.*"

8 | J. Name., 2012, 00, 1-3

Remarkably, we find an unprecedented SERS reproducibility of the
enhancement factor in correlation with this two-dimensional random
BCP host (o = 2.4 % on area of 10* um% & = 10% on 0.25 cm?). In
addition, electric field poling during thermal annealing modulates
the host morphology by forming long range parallel fringes
embedding linear chains of nanoparticles. An average enhancement
factor of ~ 10° is found of the near-hyperuniform disordered
structure, while an enhancement factor up to 2 x 107 is found for
nanoparticles’ chains. The polymer host having lower Raman
activity does not affect analyte detection and allows an efficient
immobilization of the Au-NPs. Therefore, we foresee the possibility
to use our nanocomposite structure for reliable trace analysis and in
situ monitoring of molecular processes.

We are currently exploring the possibility to increase the SERS
enhancement factor by evaporating or including larger nanoparticles
or by using low energy, oxygen plasma to induce metal coalescence.
We are also testing these nanostructures for SERS scanning of cell
membranes, for which large area and transparency of our substrate
might offer great practical advantages such as the capability of
statistical sampling of multiple cells in the same experiment, real-
time monitoring under drug treatments, and backscattering
acquisition in inverted microscope configuration. Finally, it is worth
mentioning that our random nanoparticle network could allow
studying novel hybrid random plasmonic media for studying light
interaction and localization®® with the further degree of freedom
offered by a versatile soft matter host for active materials’ inclusion.

Materials and Methods

The PS-b-PMMA copolymer was purchased from Polymer Source Inc. and
used as received. The BCP sample is amorphous with glass transition
temperatures equal to 108° C for PS and 126° C for PMMA. Prior
BCP/toluene spin coating, ITO-coated slides were cleaned using a 20 wt%
water solution of ethanolamine at 80° C in ultrasonic bath. Deposition of Au-
NPs was realized using a Quorum Technologies K950X Turbo Evaporator.
The copolymer film was positioned at a distance of 15 cm from a gold wire,
wrapped around a tungsten filament. A voltage value above incandescence
threshold of tungsten was applied for 3 s.

Pristine PS-5-PMMA and nanocomposite films were backed with a carbon
film, floated off on water by poly(acrylic acid) backing and mounted on
copper grids, then analyzed by TEM after staining with RuO,. Bright field
images were acquired with a Philips EM 208S TEM (120 kV). SEM
inspection was carried out with FEI Nova NanoSEM 650.

Raman/SERS spectra were acquired with the confocal micro-Raman system
WiTec Alpha 300 at 532 nm, endowed with a spectrometer equipped with
two diffraction gratings (600 and 1800 g/mm). Backscattering collection and
detection were, respectively, through a 60x dry Nikon objective (N.A. 0.8)
and a CCD camera (Andor DV401A-BV-352) (1024 x 400 pixels) operating
at -60 °C (see Fig.S2 for the scheme). In this setup, the confocal condition is
imposed by the core of the fiber delivering the signal to the spectrometer. A
three-axis piezo-nanopositioner allowed precise control of the sampling
translation with nanometer accuracy over 4 = 100 x 100 um?. Further coarse
translation allowed centimeter scale raster scanning (mapping and acquisition
were controlled via computer).

CV was diluted into a milli-Q water solution at different concentrations,
namely 3.1, 9.2, 25.4, 34.6, 43.9, 69.2, 138, 150, 380, 760, 1140, 1520 nM.
Then, the employed solution was infiltrated into a cell constituted by two
parallel substrates (24 x 24 mm?), distanced by silica beads spacers of
diameter depending on the desired cell thickness, from 4.8 um (+ 4%) to 15.0
um (£ 4%). For larger thicknesses, PET spacers (Mylar) were also employed.

This journal is © The Royal Society of Chemistry 2012
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The planar cell was sealed at two of the external borders with UV glue. With
this approach, the liquid is infiltrated into a precisely controlled volume (see
Fig.S3 of ESI). Water evaporation leaves a nearly perfect uniform layer of
molecules (see ESI for details).
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