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Silver nanostructures are widely employed for Surface Enhanced Raman Scattering (SERS) characterizations
owing to their excellent properties of field confinement in plasmonic resonances. However, the strong
tendency to oxidation at room temperature of these substrates may represent a major limitation to their
performances. In the present work, we investigated in detail the effects of oxidation on the SERS
response of a peculiar kind of Ag nanostructured substrates, i.e., bi-dimensional ordered arrangements
of Ag nanoprisms synthesized by nanosphere lithography. Particularly, wavelength-scanned SERS
measurements were performed on Ag nanoprism arrays with a different level of oxidation to determine
the SERS enhancement curves as a function of the excitation wavelength around the dipolar plasmonic

resonance of the arrays. The experimental results were compared with those obtained by finite elements
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Accepted 27th November 2016 method simulations. With this approach, we were able to decouple the effects of spectral shift and

decrease of the maximum value of the SERS enhancement observed for the different oxidation
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Surface Enhanced Raman Scattering (SERS) is one of the most
widely used plasmon enhanced spectroscopies.’ Due to the very
strong amplification of the optical signal achievable on the
surface of nanostructured metal substrates, SERS has been
successfully used as an analytical technique for the identifica-
tion of chemical and biological species at trace concentration or
even at single molecule level.>®* Moreover, SERS has been
extensively employed to quantify the local electromagnetic field
enhancement induced by plasmonic nanostructures*” and, in
a limited number of cases, to identify its spectral depen-
dence.*** The most common materials used to fabricate SERS
substrates are noble metals, mainly gold and silver, owing to
their optimal plasmonic properties in the visible and near-
infrared (NIR) range.” Silver is probably the most efficient
metal in the visible, but its tendency to oxidation can represent
a major drawback in its use as plasmonic substrate. Physical
and chemical modifications of the surface of a silver layer
indeed can alter the Raman signal scattered from a molecule
lying on it, either by affecting the electromagnetic and chemical
contribution to the Raman scattering or by changing the affinity
of the surface with the molecule. To the best of our knowledge,
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electromagnetic field distribution around the Ag nanostructures, as demonstrated by the simulations.

this subject has been only investigated in few papers™** and it is
still rather unexplored. In ref. 13, Erol and co-workers reported
that the sensitivity towards nitro-aromatic compounds can be
lowered by several orders of magnitude if the silver substrate is
oxidized under ambient conditions. In ref. 14 instead, Han and
co-authors showed that that ozone induced oxidation of silver
nanoparticles immobilized on glass leads very quickly to
a drastic deterioration of the SERS response from either ¢rans-
1,2-bis(4-pyridyl)ethylene (BPE) or isothiocyanate. Aim of the
present work is to address the role of oxidation on the SERS
response of a peculiar class of silver substrates constituted by
nanoprism arrays (NPA) synthesized by nanosphere lithog-
raphy*>*® and functionalized with benzenethiol. Due to their
strong local-field enhancement effects and the wide tunability
of their plasmonic resonances from the visible to the NIR, these
nanosystems represent a very versatile and highly performing
kind of nanostructured substrates, with applications in many
different fields in nanophotonics, nonlinear optics and
sensing.'”?® The choice of functionalizing the substrates with
a thiol terminated molecule was aimed at reproducing
a surface-molecule interaction that is very often encountered in
SERS applications. This encompasses the case of analytes
already bearing the thiol functionality like some pesticides*
and the case in which the SERS substrate is functionalized with
suitable thiol-terminated receptors in order to improve the
affinity of the analyte of interest with the surface.””?* In the
present work a complete characterization of the oxidation
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effects on the SERS properties of these nanosystems was carried
out employing the so-called wavelength-scanned SERS (ws-
SERS) technique® in which the SERS enhancement factor (EF)
was measured at several excitation wavelengths tuned around
the dipolar surface plasmon resonance (SPR) peak of the
nanoprism arrays. The experimental results were combined to
those obtained by finite element method (FEM) simulations.
With this approach it was possible to determine the absolute
values of the EF factors, decoupling the effects that control the
maximum EF values from those related to spectral shifts of the
field enhancement dispersion.

1 Experimental section
Synthesis of nanoprism arrays (NPAs)

2D ordered arrays of silver nanoprisms were synthesized by
nanosphere lithography (NSL).**” First, a colloidal monolayer
of polystyrene (PS) nanospheres was self-assembled on the
surface of a glass substrate according to the method proposed
by Giersig and co-workers.>* Commercial PS nanospheres
(Microparticles GmbH) with a nominal diameter D = 470 nm
were used. All the substrates were previously cleaned in
a “piranha” solution (H,SO, : H,0,, 3 : 1) for 1 hour at 90 °C,
rinsed in ultra-pure deionized water and let dry in air for half an
hour. This procedure yields large areas (of the order of some
cm?) of patterned substrates. The typical area of the ordered
domains of the 2D crystalline monolayer extends up to several
hundreds of pm?. After the formation of the colloidal mono-
layer, silver was thermally evaporated on the samples in
orthogonal geometry to form the plasmonic nanoprism arrays.

View Article Online

Paper

Ag evaporations were performed at a pressure of 5 x 10~ > mbar
with a current of 30 A. The evaporation time was shorter than
300 s. We checked that such conditions do not induce over-
heating of the PS nanospheres. A calibrated quartz microbal-
ance was used to control the thickness of the evaporated Ag
layer (about 100 nm). After the evaporations, the PS nano-
spheres were mechanically removed by stripping with an
adhesive tape. The result of this procedure is an ordered array of
triangular nanoprisms (NPA) arranged in a honeycomb lattice
on the surface of the glass substrates, as shown in Fig. 1a. The
geometric parameters of the nanoprism array were measured by
atomic force microscopy and scanning electron microscopy,
and are: lattice parameter a, = 470 £ 10 nm, nanoprisms
distance d = 270 £ 6 nm, nanoprisms side length L = 150 +
3 nm and height # = 98 & 3 nm. These parameters were used to
define the unit cell for the finite elements method (FEM)
simulations.

Structural and optical characterizations

The synthesized nanoprism arrays were characterized
morphologically by scanning electron microscopy with a Zeiss
SIGMA HD field-emission scanning electron microscope (FE-
SEM) operated at 2 kV, with secondary electrons detector.
Atomic force microscopy (AFM) measurements were performed
using a NT-MDT Solver PRO-M AFM microscope with a 100 x
100 pm scanner, operated in semi-contact mode. Optical
absorbance spectra were collected with a JASCO V670 dual beam
spectrophotometer. The Ag dielectric function was experimen-
tally determined by ellipsometry measurements performed on
continuous films evaporated under the same conditions as

Fig. 1

(@) SEM image and (b) AFM in 3D-view of a silver nanoprisms array (sample S1-nOx). (c—e) Detail of a SEM image of the NPA in samples

S1-nOx (not-oxidized), S2-mOx (mildly oxidized) and S3-sOx (strongly oxidized), respectively.
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those used for the NPAs, using a J. Woollam V-VASE spectro-
scopic ellipsometer.

X-ray photoemission spectroscopy (XPS) data were taken on
a VG ESCALAB MKII spectrometer using the Mg anode of
a conventional non-monochromatized X-ray source (K, =
1253.6 eV) and with the analyzer pass energy set to 20 eV. The
measurements were taken at room temperature both in normal
and grazing emission (55° off from the surface normal). The
calibration of the binding energy (BE) scale was determined
using the Au 4f XPS peak as reference. Before the measurements
the samples have been left degassing in ultra high vacuum
conditions overnight.

Samples functionalization

Three identical Ag NPAs (in the following named as S1-nOx, S2-
mOx and S3-sOx) were synthesized and functionalized by
immersion in a 10 mM solution of benzenethiol (BT) for 15
hours in ambient conditions. After incubation, the SERS
substrates were thoroughly washed with methanol in order to
remove the excess of benzenethiol. Finally, samples were dried
with a nitrogen flux. To study the effect of a different degree of
oxidation, sample S1-nOx was functionalized with BT immedi-
ately after the synthesis of the nanoprism array (not-oxidized
sample), sample S2-mOx was exposed to air at room tempera-
ture for a week before functionalization (mildly oxidized
sample), while sample S3-sOx was heated at 70 °C in air for 30
minutes before BT functionalization (strongly oxidized sample).
These three conditions were chosen to compare realistic situa-
tions that can be encountered during normal sample process-
ing, such as possible room temperature aging in air of the
samples before their functionalization or intentional oxidation
in air at a moderate temperature (<100 °C). Two aspects are
important to point out: (i) in addition to thermal oxidation,
a morphological reshaping of the triangular nanoprisms may
occur, particularly for sample S3-sOx (strongly oxidized); (ii)
even for the mildly oxidized sample (S2-mOx), the thermal
oxidation process can be expected to proceed more rapidly in
the regions with a higher defect density, like the tips or the
edges of the nanoprisms. Our aim for the present work is to
investigate how the complex interplay of these two aspects
globally affect the spectroscopic SERS response of the synthe-
sized silver nanoprism arrays through their influence on the BT
functionalization.

FEM simulations

Simulations of the linear optical properties (near-field and far-
field) of the NPAs have been carried out using a commercial
software for finite elements method (FEM)” computations
(COMSOL Multiphysics, version 4.4), as already reported in
previous works.”®* The nanoprism array was modeled by
considering a rhombic unit cell (containing 2 nanoprisms)
with side a, and by implementing periodic boundary condi-
tions in the array plane (Xy). Each nanoprism was described as
a truncated triangular base pyramid of height 2z = 98 nm,
triangular base side length L = 150 nm and triangular top
surface side length / = 45 nm. The tip radius was 2 nm. The

This journal is © The Royal Society of Chemistry 2017
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incident field is described as a plane wave traveling down-
wards (towards the substrate) along the z axis, orthogonal to
the prism triangular base plane, with polarization along the
nanoprism center-to-center line. In the 2 direction the
substrate is modeled as semi-infinite. The nanoprisms are
placed directly on the substrate and the interface between
substrate and the environment is at the z = 0 plane. To model
the presence of the benzenethiol monolayer, a conformal layer
over the silver nanoprisms (thickness 2 nm, index of refraction
n=1.59, no absorption) was included in the simulations. Over
the NPAs the environment (air) is semi-infinite. The semi-
infinite conditions are necessary to hinder radiation back-
scattering from the external boundaries and are provided by
perfectly matched layer sub-domains. The electromagnetic
simulation is carried out by solving the Helmholtz equation in
the frequency domain. The material properties are described
by its relative dielectric permittivity function &(1). Magnetic
effects are not considered, thus the relative magnetic perme-
ability is u, = 1. For silver, the experimental dielectric function
determined by ellipsometric measurements was used, while
the refractive index n = 1.59 used for benzenethiol was ob-
tained from the supplier.

To describe the effect of oxidation, the model was modified
adding a conformal layer (3 nm thick) of a mixture of silver
oxide and benzenethiol on the surface of the silver nano-
prisms, whose metallic volume was consequently reduced.
The refractive index of the layer was set to the average value
between the refractive index of silver oxide (n = 2.5)***° and
that of BT (n = 1.59). The side length of the modeled nano-
prisms was also slightly reduced to L = 140 nm and the tip
radius increased to 3 nm, to account for the shape modifica-
tions due to oxidation.

SERS measurements

A home-made macro-Raman setup was used to carry out
wavelength-scanned surface enhanced Raman spectroscopy
measurements (ws-SERS). The system is equipped with a cw
Ti:sapphire laser tunable in the range 675-1000 nm (Spectra
Physics, 3900S) pumped by a cw optically pumped semi-
conductor laser (Coherent, Verdi G7) and an Ar'/Kr" gas laser
(Coherent, Innova 70) providing the lines at 488, 514.5, 530.8,
568 and 647.1 nm. The laser lines are filtered through a tunable
laser plasma line filter (Laserspec III, Spectrolab) and focused
on the sample by a cylindrical lens. The Raman scattering
diffused by the sample is collected by a camera objective
(CANON 50 mm f71.2) and coupled into the slit of a three stage
subtractive spectrograph (Jobin Yvon S3000) by means of a set of
achromatic lenses. The spectrograph is composed of a double
monochromator (Jobin Yvon, DHR 320) working as a tunable
filter rejecting the elastic scattering and a spectrograph (Jobin
Yvon, HR 640). The Raman signal is detected by a liquid
nitrogen cooled CCD (Jobin Yvon, Symphony, 1024 x 256 pixels,
front illuminated). A polarization scrambler is mounted right in
front of the spectrograph slit. The system is configured in
backscattering geometry by placing a tiny mirror in front of the
collection objective to steer the beam from the cylindrical lens

RSC Adv., 2017, 7, 369-378 | 371
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to the sample. The sample is mounted on a translation stage
that allows one to move it parallel and perpendicular with
respect to the laser propagation direction. The laser power
hitting the samples was in the range 1-10 mW for excitation
wavelengths up to 740 nm, and in the range 20-45 mW above
740 nm. The spectra were integrated for 10 seconds and aver-
aged out of at least 3 acquisitions.

SERS spectra and enhancement factors (EFsgrs) were
measured in macro-Raman configuration, with a laser spot size
of about 3 mm x 80 pm at the sample position. Such spot size is
much larger than the one typically used in micro-Raman
configuration (which is of the order of a few microns in diam-
eter). The macro-Raman configuration was chosen in order to
illuminate an area on the sample similar to the one involved in
the measurement of the absorbance spectra. Doing so, in both
experiments a very large number of randomly oriented nano-
prisms domains are illuminated and possible polarization
effects are averaged out. SERS enhancement factors were esti-
mated following the standard procedure outlined by Le Ru,* by
making use of the following relation:

ISERS CV n

EFSERS = JRaman a 27

(1)
where I°*®S is the integrated intensity of the 999 cm™* band of
benzenethiol (8¢cc) adsorbed on the metal surface and ™" is
the integrated intensity of the same band of liquid BT (8¢cc)-*
The band assignment is shown in parenthesis: § indicates the
in-plane bending and consequently Sccc corresponds to the so-
called benzene ring breathing mode. Cg is the surface packing
density of BT on a flat silver surface. Its value was assumed to be
Cs = 6.80 x 10 molecules per cm?, from the literature.® Cy is
the number of molecules per unit volume of liquid BT and it

dn,
was calculated as Cy = W_A = 5.88 x 10*! molecules per cm?,
m

where d is the density of liquid BT (d = 1.077 g cm>), W, its
molecular weight (W, = 110.19 g mol ') and N, is the Avogadro
number. 7 is the collection efficiency of the experimental set-up.
It was determined by recording the Raman signal at 520 cm™ " of
a piece of silicon at several positions along the optical axis ().

The trace was normalized to the maximum and fitted with
+a
L(z)dz

—a

a Lorentzian profile (L(z)) and 7 is defined as 7 :J

where 2a is the thickness of the reference sample (in this case
a 10 mm thick vial). » was measured at each wavelength and was
in the range 650-1400 pm. The parameter A is a geometrical
factor that accounts for the sample area that is covered with
silver and therefore is SERS active. A was calculated as the ratio
between the exposed surface (which is covered with Ag) of the 2
nanoprisms in the unit cell and the area of the unit cell. The
nanoprisms are considered as truncated triangular base pyra-
mids whose geometrical parameters were defined on the basis
of the structural characterizations. For the samples investigated
in the present work the estimated value of A is about 0.3. For
each sample, the Raman signal was recorded at 10 different
points: the EFggrs data and the corresponding error bars were
defined as the average value and the standard deviation,
respectively.
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2 Results and discussion

Fig. 1a shows the SEM image of the Ag nanoprism array of the
not-oxidized sample (S1-nOx). In Fig. 1b the AFM image in 3D
view of the same sample is reported. A detail of the SEM images
of the NPA treated at the different oxidation conditions (not-
oxidized, S1-nOx, mildly oxidized, S2-mOx and strongly
oxidized, S3-sOx) is shown in panels (c-e). From the morpho-
logical point of view the images reveal that the oxidation
process does not alter the honeycomb ordered arrangements of
the nanoprisms. Only a slight reshaping of the nanotriangles is
produced, which is more pronounced in the strongly oxidized
sample (S3-sOx, Fig. 1e). The sporadic presence of tiny spherical
particles with size of few nanometers around the nanoprisms
was observed near some nanoprisms as a by-product of the
metal deposition. In principle, due to their very small areal
density, their contribution to the SERS signal could be twofold:
(i) as single, non-interacting, particles, (ii) as particles inter-
acting with the nanoprisms. In the first case, their SPR reso-
nance is expected to be much more blue-shifted (around 400-
450 nm) with respect to the position of the dominant SPR
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Fig.2 Absorbance spectra of samples S1-nOx (a), S2-mOx (b) and S3-
sOx (c) before (dashed lines) and after (solid lines) functionalization
with benzenethiol.
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absorbance peak of our samples (630-690 nm, see Fig. 2). In the
second case, since they are few, their effect, averaged over all
their random relative configurations, is not expected to domi-
nate over the nanoprisms contribution. Therefore, we can safely
assume that the contribution of these tiny nanoparticles is not
the dominant one and thus in the following we have not
included them in the FEM simulations.

Fig. 2 shows the absorbance spectra of the differently
oxidized NPAs recorded before (dashed lines) and after (solid
lines) functionalization with benzenethiol. Panels (a), (b) and (c)
refer to samples S1-nOx, S2-mOx and S3-sOx, respectively. The
spectral position of the absorbance maxima measured before
and after functionalization, and the corresponding wavelength
shifts (AAS"®), are summarized in Table 1. Concerning the
samples not yet functionalized (dashed curves), the data show
a blue-shift of about 55 nm of the absorbance peak of sample
$3-sOx (strongly oxidized by thermal treatment in air) with
respect to samples S1-nOx and S2-mOx. This behavior can be
understood taking into account that counteracting effects may
occur in this sample. From one side the formation of an oxide
layer on the surface of the nanoprisms is expected to red-shift
the surface plasmon resonance due to the increase of the
dielectric function, but on the other hand the reduced volume
of metallic silver (due to surface oxidation) together with the
reshaping of the nanoprisms, and in turn the diminished
interaction between the nanoprisms, produce a blue-shift of the
SPR peak. The latter effects resulted to be the dominant ones in
this sample.

After functionalization with benzenethiol all the samples
showed red-shifted absorbance spectra (solid curves), and such
an effect was more pronounced (by about a factor of 2) on the
oxidized samples with respect to the not-oxidized one. These
data indicate that benzenethiol effectively binds to the oxidized
surface as it does to the metal surface. This finding is confirmed
also in several studies in the literature. As an example, in ref. 31
Himmelhaus and co-workers investigated by X-ray Photoelec-
tron Spectroscopy (XPS) the interaction of aliphatic thiols in
ethanol solution with polycrystalline silver substrates possess-
ing a native layer of oxide. The authors demonstrated that the
aliphatic thiols can reduce the silver oxide leading to the
formation of chemisorbed alkanethiolate. By studying the
adsorbed amount as a function of the oxygen coverage on the
surface by varying the exposure time of fresh silver substrates to
air prior to functionalization, they concluded that the higher is

View Article Online
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the amount of oxygen initially present, the higher is the
adsorbed amount of thiol. Furthermore, in ref. 32 and 33 Lai-
binis and co-authors proved that the immersion of a silver film
with a thin layer of oxide in an alkylthiol solution leads to the
almost complete displacement/reduction of oxygen and the
formation of a self-assembled monolayer.

Fig. 3a shows a comparison between the Raman spectrum of
liquid benzenethiol (red line) and of sample S1-nOx function-
alized with BT (blue line). The spectra were recorded with laser
excitation at A, = 710 nm, under the same experimental
conditions. The laser power on the sample was 5 mW, the
integration time 10 s and each spectrum was the average of 10
acquisitions. In order to calculate the SERS enhancement factor
(EFsgrs), we referred to the Aw = 999 cm ™" band. In Fig. 3b-
d the ws-SERS data for the three differently oxidized samples,
S1-nOx, S2-mOx and S$3-sOx, are reported together with the
corresponding experimental absorbance spectra: the gray dots
are the experimental EFgggs values and the orange line is the
Lorentzian fit to the EFsgrg data. The wavelengths at which the
maximum EFgggs is measured (Aay) and the corresponding
value for the three samples are reported in Table 1. To allow for
a comparison of the SERS response of the samples at the same
wavelength, in the last column of Table 1 we have also reported,
for the three samples, the values of EFggrs measured at 700 nm,
i.e., at the wavelength at which the SERS enhancement of the
not-oxidized sample is maximum. A2%*®® indicates the spectral
difference between the maximum in the EFggs profiles and the
absorbance peak of the functionalized samples. The data show
a blue-shift of the EFggrs profile with respect to the absorbance
spectrum for all the three investigated samples. This behavior
can be understood considering that the SERS enhancement
factor is proportional to the product E*(A)E*(Ag), where Ax =
(1/AL, — Aw) ™" is the Raman shifted emission wavelength, and
not merely to E*(A). Since A > 21, the EFgprg peak occurs at
a shorter wavelength if plotted against A;. This effect is well
known and has been demonstrated experimentally in ref. 8
and 11.

Concerning the role of oxidization, first of all by comparing
the results of sample S2-mOx (Fig. 3¢) with those of sample S1-
nOx (Fig. 3b), it emerges that the atmospheric oxidation gives
rise to a spectral shift of the EFggrs profile with respect to the
absorbance spectrum as in the not-oxidized sample (S1-nOx),
but the maximum SERS enhancement factor results reduced
by a factor of 2.5. Sample S3-sOx instead, with respect to S1-nOx,

Table 1 Maxima of absorbance spectra before and after functionalization with benzenethiol, and of EFsggrs profiles, for the three synthesized
samples with different oxidation level (not-oxidized S1-nOx, mildly oxidized S2-mOx and strongly oxidized $3-sOx). AAPR indicates the
wavelength shift of the absorbance maxima observed after functionalization with BT, while A2SERS is the spectral difference between the
maximum in the EFsgrs profiles and the absorbance peak of the functionalized samples. The last column reports, for all the samples, the values of
EFsers measured at 700 nm, i.e., at the wavelength corresponding to the maximum SERS enhancement in the not-oxidized sample

Absorbance ws-SERS
Samples Before Aprm (nm) After 25ok (nm) A2PR (nm) EFgggrs X 10° JSERS (nm) AXSFRS (nm) EFsgrs (@700 nm) x 10°
S1-nOx 686 723 +37 4.5 £ 0.9 702 —21 4.5 £ 0.9
$2-mOx 683 748 +65 1.8 £ 0.2 723 —25 1.6 £ 0.2
S$3-sOx 629 690 +61 2.1+0.2 677 —13 2.0 £ 0.2

This journal is © The Royal Society of Chemistry 2017
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(a) Raman spectra of liquid BT (red) and BT absorbed on sample S1-nOx (blue). The spectra have been recorded with excitation at Aexc =

710 nm under the same experimental conditions; the laser power on the samples was 5 mW, the integration time 10 s and each spectrum was the
average of 10 acquisitions. (b), (c), (d) Absorbance spectra (blue, red and green lines), experimental SERS enhancement factors (gray dots) and
Lorentzian fit (orange line) of samples S1-nOx, S2-mOx and S3-sOx, respectively.

exhibits a smaller blue-shift of the EFggrs profile, but a reduc-
tion of the maximum enhancement factor similar to sample S2-
mOx (by a factor of 2.5). To understand the observed difference
in the maximum EFsgrs between fresh and oxidized samples,
the effect of the presence of an oxide layer on the following
factors has to be taken into account: (i) in calculating the
experimental EFggrs we assumed the same surface density for
BT in all the samples, but the affinity of benzenethiol to metal
and oxide in principle could be different; (ii) the strength of the
chemical enhancement, as defined in ref. 1, may be different
when the molecule is bound to the metal rather than to the
oxide layer; (iii) the electromagnetic enhancement decreases
steeply with the distance from the plasmonic material, there-
fore it can be affected by the possible presence of a dielectric
layer acting as a spacer; (iv) the oxidation process slightly
modifies the morphology of the substrates, as shown in Fig. 1c-
e, and thus it can alter distribution and intensity of the electric
field. Since these factors are not all in the direction of inducing
a decrease of the SERS signal, their overall effect may cause no
major drops in the enhancement factor but a more limited
reduction, as experimentally observed. Therefore, in order to
completely unveil the role of the different parameters on the
SERS response, a deep analysis of the electrodynamic effects
was performed by finite elements method (FEM) simulations.
FEM simulations were used to compute the local-field
distributions and the NPA far-field properties. It is worth
noting that for the simulated geometries, whose parameters
were chosen on the basis of the FE-SEM and AFM
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characterizations, the spectral position of the maximum of the
calculated absorbance is coincident with that of the simulated
absorption. This confirms that we can use the experimentally
measured absorbance maximum as representative of the
experimental absorption maximum of the samples. The SERS
enhancement factor (EFsgrs) was calculated by using the local-
field distribution inside the volume of the analyte layer (BT)
both for excitation and Raman shifted emission frequencies. A
sketch of the local-field distribution at the wavelength of the
maximum of the simulated absorbance spectrum of sample S1-
nOx is given in Fig. 4. The figure shows that intense hot-spots of
the electromagnetic field are formed at the nanoprisms tips,
further enhanced by the near-field coupling among the

Fig. 4 (a) SEM image of sample S1-nOx and (b), and as inset in (a),
simulated map of the local-field enhancement calculated at the indi-
cated wavelength (corresponding to the maximum of the simulated
absorbance spectrum).
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nanotriangles, with an enhancement of the modulus of the
local electric field (normalized to the incident field, E,) up to
a factor 1000.

Inside the active layer the local SERS enhancement factor has
been computed as a function of the local electric field E(r,w):

1 |E(l‘7 (")L)|2 i |E(l‘.‘ WL — Aw)‘z

EFgers(r, wL,Aw) = 3 IEo[f
0

)

where E, denotes the amplitude of the incident wave, E is the
computed local field, wy, is the excitation (laser) frequency, Aw is
the Raman shift and the factor 1/3 arises from the integration
over all the mutual orientations between the local electric field
and the excited molecule dipole moment. Then, the overall
enhancement factor can be computed by integrating the local
factor over the volume of the analyte molecule, V:

ave 1(
EFggrs (0L,A0) = v ”

EFsgrs(r, wp,Aw)d V. (3)

The computed SERS enhancement factor is thus dependent
on two parameters: the incident light frequency, w;, and the
Raman shift, Aw. The simulations were carried out considering
the experimentally probed Raman shift of benzenethiol, Aw =
999 cm™ 1. In Fig. 5a the EFsggs spectrum of sample S1-nOx (not-
oxidized), computed using eqn (3), is reported (red curve, left-
hand scale) and compared to its simulated absorbance spec-
trum (orange curve, right-hand scale). Concerning the EFgggs
profile, as previously discussed the maximum of the SERS
enhancement curve is expected to be shifted towards higher
energies (i.e., shorter wavelengths) with respect to the absor-
bance peak and this is indeed confirmed by the simulations.
Furthermore, by comparing the results of the simulations to the
experimental ones of sample S1-nOx (Fig. 3b), the first thing to
note is the very good agreement between the measured and
calculated values of the maximum EFgggs, Which is close to 5 x
10° in both cases. The spectral position of the simulated EFsggs
peak results instead slightly blue-shifted with respect to the
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experimental one. This behavior can be explained taking into
account the great inhomogeneity of the electric-field distribu-
tion within the NPA surface (see Fig. 4b). In nanostructures like
the nanoprisms investigated in the present work, in which there
are small regions with high curvature (i.e., the nanoprism tips),
the maximum local electric-field at the tips in general does not
occur at the same wavelength as in the whole nanoprism.
Particularly, in the present case, close to the tips the maximum
field enhancement takes place at shorter wavelengths. More-
over, from one hand the high-curvature regions produce the
hottest spots in the electric-field but, on the other hand, the
small extent of these regions reduces their integrated contri-
bution in the average of the field over the total volume of the
nanoprism. Absorbance is a linear property and it is sensitive to
the average electric-field in the NPAs rather than the hottest
spots, whereas the hot-spots dominate in the average of higher
powers of the field-enhancement, as it is for the SERS
enhancement. As a consequence, the highest EFggrs occurs
where the convolution of the incident and the Raman shifted
curves of the square of the enhancement factor (where the hot-
spot regions have more weight), averaged over the volume of the
BT layer ({(E/E)?)), is maximum rather than where the convo-
lution of the absorbance curves is maximum. Since, as shown in
Fig. 5a (blue curve), the simulated spectrum of ((E/E,)*) is
maximum at shorter wavelengths with respect to the absor-
bance one, this accounts for the larger blueshift of the EFggrs
maximum resulting from the simulations. As regards the
experimental results, instead, it is important to point out that
the possible presence of defects in the samples may hinder the
spectral decoupling of the maximum squared electric-field
enhancement from the maximum absorbance and this could
be the reason why the experimental EFgggs peak (702 nm) was
found to be red-shifted with respect to the simulated one (688
nm) and close to the middle of the absorbance peaks evaluated
at A, and Ai (700 nm). Moreover, the presence of defects in the
experimental sample could account also for the larger width of
the experimental EFggrs curve with respect to the simulated one.
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Fig.5 Normalized absorbance spectrum (orange line, right-hand scale), normalized profile of the square of the local-field enhancement factor
<(E/Eo)2) averaged over the BT layer (blue line, right-hand scale) and EFsgrs profile (red line, left-hand scale) obtained by FEM simulations of (a)
sample S1-nOx (not-oxidized, As-deposited) and (b) sample S3-sOx (oxidized, Ox) functionalized with BT. In both panels the red arrows indicate
the incident laser wavelength needed to get the maximum absorption at the Raman shifted wavelength.
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FEM simulations were carried out also to describe the effect
of oxidation. In this case, the model has been modified
assuming a conformal, 3 nm thick, layer representing a mixture
of silver oxide and BT, as foreseen in an interaction scheme
where the oxide is permeable to the binding of BT with metallic
silver. The reduced sharpness of the nanoprisms observed in
the oxidized sample was modeled by increasing the tip curva-
ture radius to about 3 nm and reducing the prisms side length
to L = 140 nm. The thickness of the oxide/BT layer was fixed at
the value that reproduced in the simulations the spectral shift
of the absorbance spectrum observed as a consequence of the
oxidation process. In the attempt to provide a direct, experi-
mental determination of the thickness of the oxide layer, XPS
measurements were performed both on nanostructured
samples as those investigated here (synthesized on Si substrates
to minimize surface charging), and on continuous Ag films (as-
deposited and strongly oxidized with the same procedure used
for the nanoprism arrays, and also oxidized and functionalized
with benzenethiols) to be used as a benchmark. Unfortunately,
our attempts were stalled by some inherent technical limita-
tions. As a matter of fact, the chemical shift of the Ag 3d
photoemission line for Ag and Ag,O is very small, of about +0.3
to 0.4 eV,*** and therefore it is very hard to detect by using
standard sources (ie. without synchrotron radiation). The
analysis of the O 1s photoemission line is equally complex: up
to five types of different oxygen atoms can be observed on
oxidized Ag surfaces (i.e. strongly and weakly bound, oxygen
diluted in the bulk and related to different sources of intrinsic
contamination) even on single crystals in ultra-high vacuum
studies. All these difficulties are further enhanced for the
nanostructured samples. Therefore, in the following we
restricted the XPS analysis to the ideal, planar films. The body of
our photoemission measurements indicate the presence of Ag
in metal form (as determined by the position of the Ag 3d 5/2
maximum and Auger parameter) and no distinct oxide
component that could be associated with Ag,O could be
detected (see Fig. 6a). Similarly, from the analysis of the O 1s
photoemission line it was not possible to clearly identify the
presence of an oxide component (Fig. 6b). Moreover, compar-
ative measurements did not outline any difference between
grazing and normal emission acquisitions and between
different samples (that is, the as-deposited sample vs. the
sample oxidized at 70 °C in air). On the other hand, by means of
photoemission we were able to easily verify the presence of the
thiol on the oxidized and thiolated surface revealed by the S 2p
peak whose position at 162.0 eV is typical of surface thiolates
(Ag-S-C, not reported). Therefore, the demonstrated inherent
difficulties to detect Ag-O species in the samples by XPS char-
acterization (which in principle is expected to be the elective
technique for assessing Ag-O bonding) have prevented us to get
a reliable measurement of the thickness of the oxide layers by
angle resolved photoemission measurements and to decouple
the role of shape changes from that of thermal oxidation. For
this reason, our approach was to follow the oxidation process by
FEM simulations of the change in the optical properties of the
samples due to both morphological and dielectric modifica-
tions of the nanoprisms.
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Fig. 6 Ag 3d spectra (a) and O 1s spectra (b) of silver films, both as-
deposited and intentionally oxidized at 70 °C, 30 min in air.

In the following we restricted the discussion to the
comparison between experimental results and FEM simulations
of the two “extreme” samples, S1-nOx (not-oxidized) and S3-sOx
(strongly oxidized), which represent the most different config-
urations in terms of SERS response. As reported in Table 1, the
effect of oxidation of the NPAs on the SERS response is two-fold:
(i) the maximum experimental EFsggrs measured in the oxidized
samples is reduced by a factor ~2.5 with respect to the fresh
(not-oxidized) sample; (ii) in sample S3-sOx (strongly oxidized)
the spectral position of the maximum experimental EFsggs is
blue-shifted with respect to the corresponding absorbance peak
(A2SERS) to a lesser extent than for samples $1-nOx and S2-mOx
(13 nm for S$3-sOx vs. 21 nm for S1-nOx). Both these features
were recovered by the simulations, as shown in Fig. 5b. The
reduction in the EFggrg is the result of two effects. From one
side, the presence of a dielectric layer with higher refractive
index (due to the presence of the oxide) helps in confining the
field close to the nanostructures surface giving rise to an
increase of the local electric field due to dielectric coupling. On
the other side, the reduced sharpness of the metallic part of the
nanostructure reduces the field enhancement in the hot-spot
regions, thus taking to a decrease of the average local electric
field, and to its more homogeneous distribution. From the
simulations, a decrease of the EFgggg of a factor ~2.7 is obtained
which is in very good agreement with the factor ~2.5 observed
experimentally for the oxidized samples. The origin of the
reduced blue-shift in the strongly oxidized sample (S3-sOx) is
more subtle. As already pointed out for the not-oxidized sample
S1-nOx, the blue-shift is caused by two factors, ie., (i) the
convolution of the resonances evaluated at the incident laser
wavelength (1) and at the Raman-shifted one (1z) and (ii) the
enhanced contribution of the hot-spot regions due to the strong
inhomogeneity in the field distribution. In the oxidized sample,
the convolution effect is still present and works in the same way.
Concerning the second factor, on the other hand, the simula-
tions proved that the reduced sharpness and the presence of the
oxide layer give rise to a more homogeneous field distribution.

This journal is © The Royal Society of Chemistry 2017
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An estimate of the inhomogeneity of the field can be calculated
using the normalized variance of the electric field inside the
oxide/BT volume (angle brackets indicate the average over the
oxide/BT layer volume):

L (ER) - ()

o= (4)

(1er)

Computing the variance at the wavelength where the absor-
bance is maximum for each sample, we obtained: ¢resn*(Amax) =
0.87 > Goxidized (Amax) = 0.76, with a relative difference of about
15%. As a consequence of this, the EFgggg curve is blue-shifted
with respect to the absorbance spectrum to a lesser extent in the
strongly oxidized sample than in the not-oxidized one. Partic-
ularly, both the simulations and the experiment proved
areduction of the blue-shift in the oxidized sample of about half
the blue-shift of the not-oxidized one: from the simulations
(experiment) we obtained a blue-shift of —19 nm (—13 nm) for
the oxidized sample (S3-sOx), with respect to —37 nm (—21 nm)
for the not-oxidized one (S1-nOx). Moreover, the width of the
EFsgrs curve peak results slightly reduced in the simulations
when the oxide is present. This is a further effect of the
increased homogeneity in the local electric field distribution in
this condition. Nonetheless, experimentally this behavior is not
observed. Indeed, the width of the experimental EFggrg profile
results larger for the oxidized sample than for the not-oxidized
one (Fig. 3d and b). This could be explained considering two
aspects: on one hand, the presence of defects in the experi-
mental sample gives rise to a wider absorbance peak than the
simulated one, which causes an enlargement of the EFgggs
profile, as already noted for the not-oxidized sample; besides
this, a possible not-uniform distribution of benzenethiol over
the surface of the nanoprisms (which could also vary among the
nanoprisms) has to be taken into account. Both these effects
produce an inhomogeneous broadening of the EFgggg profile in
the experimental sample, and thus an enlargement of the peak,
which is absent in the simulated (perfect) case.

3 Conclusions

Wavelength-scanned SERS measurements were performed on Ag
nanoprism arrays with a different degree of oxidation and func-
tionalized with benzenethiol to determine the SERS enhance-
ment curves as a function of the incident laser wavelength
around the dipolar surface plasmon resonance of the arrays. The
experimental findings were compared with the results of FEM
simulations. The effect of oxidation was modeled assuming
a 3 nm thick conformal layer of silver oxide and benzenethiol at
the surface of the nanoprisms. An excellent agreement between
the experimental and the simulated data was obtained and the
results were interpreted on the basis of the inhomogeneities of
the electromagnetic field distribution around the nanoprisms.

In summary, the main findings are:

(i) A spectral blue-shift of the SERS enhancement profiles
with respect to the corresponding absorbance spectra is
observed both experimentally and from FEM simulations.
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(ii) The extent of the blue-shift is related to the oxidation
process and resulted smaller in the strongly oxidized sample
than in the not-oxidized one.

(iii) The simulations proved that the reduced nanoprism tip
sharpness and the presence of the oxide layer give rise to a more
homogeneous field distribution around each nanoprism, which
in turn provides an explanation for the smaller blue-shift
observed in the oxidized sample.

(iv) Concerning the absolute values of the SERS enhance-
ment, a decrease of about a factor of 2.5 of the maximum SERS
enhancement factor is measured for the oxidized samples,
which is consistently proved by FEM simulations.

In conclusion, from a practical standpoint we can state that
the tendency of silver towards oxidation does not preclude the
use of Ag NPAs as platforms for SERS sensing with thiol-
terminated molecules. Benzenethiol was found to effectively
bind to the oxidized NPA surface as it does to the metallic NPAs:
the EFgggrs reduction demonstrated in the oxidized samples
amounts only to a factor of 2.5 and therefore does not alter
significantly the NPA performances required for applications.
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