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ARTICLE INFO ABSTRACT

Keywords: Silver nanoparticle aggregates are very common substrates for surface enhanced Raman scattering (SERS) due to
Raman their simplicity of preparation and good optical enhancement. In this paper, their SERS properties are investigated
SERS

from 680 to 920 nm, region that spans most of the first transparency window of biological tissues.
Surface enhanced

Silver nanoparticles
Aggregates

Our experiments show that the SERS enhancement extends as far as 920 nm, without a significant wavelength
dependence: the observed very broad optical response has been interpreted with the formation of large sized
aggregates, possibly possessing a partial fractal character. On the other hand, the SERS signal, normalized by the
laser power and by the integration time, quickly diminishes from 680 to 920 nm. This happens because the SERS
signal depends on the enhancement but also on the instrument sensitivity and on the molecular cross section: for
dispersive Raman instruments equipped with silicon CCD detectors and for non resonant molecules, these two
parameters tend to diminish towards longer excitation wavelengths.

The relevance of these results is twofold. a) Simple silver nanoparticle aggregates are good plasmonic substrates
in most of the spectral region in which biological tissues present low absorption. b) The enhancement of the
substrate and the normalized SERS signal (that is related to the limit of detection) are not necessarily correlated:

they carry complementary pieces of information, both needed for properly designing a SERS experiment.

1. Introduction

Surface enhanced Raman scattering (SERS) has emerged in the last
decades as an important tool for the detection of analytes at very low
concentration in different contexts [1-3]. Examples include the detec-
tion of food contaminants [4,5], explosives [6-8], environmental pollu-
tants [9,10], natural or synthetic substances in the field of art preser-
vation [11], biomolecules [12-14], bacteria [15], cells [16,17], and
catalytic intermediates [18,19]. The fabrication and characterization of
substrates with optimal features for SERS is crucial to the development
and to the widespread diffusion of this technique.

In order to evaluate the SERS performance, the enhancement
(Gsgrs) is commonly used as a figure of merit [20,21]. It essentially
depends on the characteristics of the substrate, in particular the type
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of material and the morphology.! Often, also the limit of detection
(LOD) [21] is used. This parameter is related to the signal to noise ratio
(SNR) [22]: the signal depends on Gggp¢ but also on the type of ana-
lyte (through its cross section), on the sensitivity of the instrumentation
(that is determined for example by the reflectance / transmittance of
the optical components, the quantum efficiency of the detector and the
collection geometry), on the laser power / intensity and on the integra-
tion time. In general, it is expected that G ¢z ¢ and the SERS signal have
a different wavelength dependence: therefore, working in the spectral
region where the substrate possesses the maximum G gz does not nec-

! The enhancement actually depends also on the polarization of the light

source and on the geometry with which surface plasmons are excited. Concern-
ing the polarization, its type and orientation are not critical if the substrate is
a random surface; on the other hand, if the substrate possesses a long range
order the excitation conditions should be declared. As for the geometry, in stan-
dard SERS experiments the illumination and collection are almost always ac-
complished perpendicularly to the sample in a back scattering configuration.
Overall, for the wide majority of SERS experiments it is reasonable to assume
that the polarization and excitation geometry issues are either not critical or
clearly declared and therefore reproducible in different laboratories: these con-
siderations support the assumption above that G,z depends principally on
the type of material and on the morphology of the substrate.
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essarily imply that the SERS measurement is carried out with the highest
sensitivity (i.e. lowest detection limit).

The SERS properties of substrates are not very often reported as a
function of the excitation wavelength, probably because the experimen-
tal apparatus required for this type of measurements is quite complex
[23,24]: typically, multiline or tunable laser sources are used to excite
the sample and the separation of the Raman scattering from the elastic
scattering is accomplished by means of triple spectrographs. Neverthe-
less, the knowledge of the wavelength dependence of Gy, for exam-
ple, is very useful to phenomenologically figure out where the substrate
is more suitable for amplifying the optical signals or, conversely, it can
be exploited to carry out structure-properties relations aimed to tune
the plasmonic response in the desired region. The near infrared region
(NIR) is extremely important for biomedical applications, since in this
case the excitation has to be performed where the absorption / scatter-
ing of tissues is minimized: the first transparency window of biological
tissues lies in between 650 and 950 nm (NIR-I), while the other two
are located from 1000 to 1350 nm (NIR-II) and from 1550 to 1870 nm
(NIR-III) [1,25]. NIR-I is the easiest to access with standard Raman in-
struments; NIR-II can be exploited for example with Fourier Transform
Raman instruments equipped with 1064 nm lasers and Indium Gallium
Arsenide (InGaAs) detectors [22]; NIR-III is rarely exploited to the best
of our knowledge [22,26,27]. The excitation in the NIR is also very help-
ful to mitigate photobleaching and the fluorescent background gener-
ated by the compound under investigation or by impurities: owing to
these features, (especially portable) Raman instruments equipped with
NIR excitation are becoming more and more popular in the market [28].

In the following, a quick overview of the main contributions found
in the literature on the wavelength dependence of G gy is presented
both for NPs deposited on a surface (solid substrates) and for NPs in so-
lution. In the framework of structure-property relationships, some stud-
ies have investigated whether far field spectra (scattering or extinction)
and the near field spectra (probed through Gggr) present some rela-
tion that could allow one to predict the latter (more difficult to measure
experimentally) from the former (easier to determine). For example, Mc-
Farland et al. [23] studied an hexagonal array of Ag nanoprisms in the
range 425-800 nm, showing that the extinction and Gy are closely
correlated. Conversely, in single Au NP dimers and trimers embedded
in a silica shell, Kleinman et al. [29] demonstrated that the G 45z peak
is strongly red shifted compared to the scattering peak. This study was
carried out from 575 to 870 nm and the different behavior, compared
to the paper by McFarland et al. [23], was attributed to the stronger
coupling among NPs in the sample. Kurouski et al. [30] investigated
samples formed by Au NPs, with different shapes and sizes, deposited
on cellulose based polymeric fibers from 633 nm to 825 nm: with the
help of finite difference time domain (FDTD) calculations the authors
tried to correlate the morphology of the aggregated NPs with the ob-
served far and near field spectra. Similar studies were carried out for
example by Roy et al. [31] on aggregated Au NPs at 488, 532, 633, and
785 nm, by D’Andrea et al. [32] on a random array of Au NPs from
525 nm to 900 nm, and by Doherty et al. [33] on an ordered array of
vertically aligned Au nanopillars from 532 nm to 780 nm. A specific type
of aggregates, fractals, has also been subject of intense study: in partic-
ular Poliakov et al. [34] and Shalaev et al. [35] simulated G g of self
affine (from 200 to 1800 nm) and self similar (from 200 to 1100 nm)
fractals made of spherical Ag NPs, respectively: the details of the method
they used are reported in the book by Shalaev [36]. Experimental G g p
spectra of fractal aggregates of Ag NPs have been carried out by Vickova
et al. [37], in the range 468-647 nm. Fractals made of spherical Au NPs
have been studied by Das et al. [38] at 514 and 633 nm.

As for NPs in solution, Becucci et al. [39] have reported on the rel-
ative Ggprg Of Ag nanowires with a high aspect ratio, at 407 nm, at
514 nm and at 1064 nm; in addition, the absorption and scattering
components of the extinction were separated by means of photoacoustic
spectroscopy. The far and near field properties were studied also by We-
ber et al. [40] for silica-gold core-shell NPs in the range 568-920 nm and
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by Zoppi et al. [24] for silver-gold nanocages between 568 and 810 nm.
Several studies are available on spherical Ag NPs aggregated in solution,
with Ggprs spectra collected up to approximately 700 nm [41-44] or
in the NIR at 785 nm and 1064 nm [45].

Most of the above mentioned studies are limited to relatively short
ranges of wavelengths and/or comprise a number of points (excitation
wavelengths) not always high enough to clearly identify a trend.

In this paper, we have chosen to investigate Ag NP aggregates de-
posited on a surface: owing to their facility of preparation and good re-
sponse they are very often used in SERS applications. Despite their pop-
ularity, to the best of our knowledge, the characterization of their SERS
properties in a spectral range (680-920 nm) wide enough to cover most
of NIR-I with a large number of excitation wavelengths is still missing. In
particular, we have measured as a function of the excitation wavelength:
a) the relative Ggyrg and b) the SERS signal normalized by the laser
power and by the integration time. Point a) is aimed to show how far in
the NIR simple Ag NP aggregates are efficient plasmonic enhancers. The
comparison of trends a) and b) provides a specific example of how the
two parameters considered may exhibit a different spectral dependence,
with relevant implications in the design of a SERS experiment.

2. Experimental
2.1. Reagents

Silver nitrate, trisodium citrate, sodium chloride, benzenethiol and
methanol were purchased from Sigma Aldrich. P/Bor Silicon (100)
wafers were bought from Si-Mat.

2.2. Sample preparation

Silver NPs were synthesized according to the procedure described
by Lee et al. [46]. Forty five mg of AgNO5; were dissolved in 250 ml
of deionized water in an Erlenmeyer flask equipped with a reflux con-
denser and brought to boiling; 5 ml of a 1% solution of sodium citrate
were added; after 1 h, the heating was turned off and the solution was
left to cool down to room temperature. A microscopy slide was put at
the bottom of a 50 ml beaker and 7 ml of the NP solution were poured
inside; aggregation was induced by adding 1.2 ml of a 0.5 M solution of
NaCl. The aggregation of the sample started shortly after the addition of
salt as evidenced by the change in color of the solution; aggregates spon-
taneously separated from the solution and deposited on the microscopy
slide overnight, leaving a transparent supernatant. Most of the water was
delicately removed with a Pasteur pipette and the rest was let evaporate
freely. Smaller NaCl solution volumes (1.0 and 0.5 ml) produced only
a partial precipitation of the NPs, while with 0.1 ml no precipitation
occurred. All measurements presented in this paper have been carried
out on the sample precipitated with 1.2 ml of 0.5 M NaCl, except for
the extinction spectra that have been recorded also for the preparations
with 1.0 and 0.5 ml (Fig. S1).

The aggregates attached to the slide surface were functionalized by
(overnight) immersion in a 10 mM solution of benzenethiol in methanol:
the excess thiol was removed by thoroughly rinsing the sample with
methanol.

2.3. Morphological characterization
Images of the sample were collected with an optical microscope

(BX41, Olympus) and with a Schottky field emission scanning electron
microscope (FE-SEM), FEI Nova 600-i NanoLab.

2.4. Optical characterization

Extinction spectra were collected with a Varian Cary 5 spectrometer
in a 1 mm thick quartz cuvette.
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Fig. 2. Extinction spectrum of Ag NPs in solution (black line) and of the Ag NP
aggregates deposited on the microscopy slide (red line). (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)

A home built MacroRaman setup, similar to the one used in previous
publications [24,47,48], was used to carry out Raman measurements. In
brief, the excitation in the NIR is provided by a continuous wave (CW)
titanium-sapphire laser tunable in the range 675-1000 nm (39008, Spec-
tra Physics), pumped by a semiconductor laser (Verdi G7, Coherent).
The laser is focused on the sample by a cylindrical lens: the laser spot is
about 5 mm tall and 100 um wide. The Raman signal is collected with a
camera objective (CANON 50 mm, f/1.2) in a back scattering configura-
tion. A three stage subtractive spectrograph (S3000, Jobin Yvon) is used
to separate the Raman from the Rayleigh scattering. The detector (Sym-
phony, Jobin Yvon) is a liquid nitrogen cooled charge coupled device
(CCD).

The power impinging on the sample was in between 4 and 27 mW at
all excitation wavelengths, which approximately corresponds to a laser
intensity in the range of 1 to 5 W/cm?.

The pure liquid benzenethiol was measured in a vial.

3. Results and discussion
3.1. Morphological characterization

Fig. 1 shows two images of the Ag NP aggregates on glass taken
with an optical microscope (Fig. 1A) and with a FE-SEM (Fig. 1B). Large
aggregates with a ramified structure are present on the surface.

3.2. Extinction measurements

The extinction spectrum of colloidal Ag NPs (black line) and the ex-
tinction spectrum of the deposited aggregates (red line) are shown in
Fig. 2. Ag NPs in solution present a typical peak at 408 nm correspond-
ing to the dipolar plasmonic resonance, while Ag NP aggregates exhibit
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Fig. 1. A. Optical Image of the Ag NP aggre-
gates. B. FE-SEM image of the Ag NP aggre-
gates.

a smooth extinction spectrum throughout the spectral region explored.
Numerical data of all Figures in this paper (except for Figure 1) are re-
ported in the supplementary material section.

3.3. SERS measurements

3.3.1. SERS enhancement
Ggprs is typically worked out with the following expression: [20,48]
PSERS NRaman ~

Psprs Cv 1 .y 0
PRaman NSERS PRaman CS Aeff

GSERS =

Pgprs and Pg,... are the integrated intensities of the 999 cm~! Ra-
man band of benzenethiol in the SERS experiment (benzenethiol on
Ag NP aggregates) and in the normal Raman experiment (liquid ben-
zenethiol in a vial), respectively: they are measured with the same setup,
laser power and integration time. Nggpg and N g0, are the number of
molecules illuminated in the SERS and in the normal Raman experi-
ment. When the numbers of illuminated molecules are rewritten as a
function of the experimental parameters, Ggyrg can be recast as indi-
cated in the right hand term of Eq. (1). Cj, is the number of molecules
per cm? in the liquid benzenethiol; Cy is the number of benzenethiol
molecules per cm? adsorbed on a flat Ag surface: both are known from
the literature [23,47]. The constant 4, 7/ accounts for the effect of the
sample geometry on the number of illuminated molecules: for a flat Ag
surface A, =1, but SERS samples have always complex morphologies
and therefore A, ;, can significantly differ from this value. n" is the inte-
grated area of the normalized collection efficiency, " (Z), with respect

+oo
to the propagation direction of the laser, Z: nV = f 4yN(Z2)dZ. yN(Z)
—co

is experimentally determined by recording the intensity of the 520 cm™!
Raman band of silicon at different positions along Z [20,48].

Absolute values of G ; ., ¢ are often difficult to determine, mainly be-
cause the estimation of the parameter 4, is not trivial for substrates
with a complex morphology like Ag NP aggregates. However, in order
to study the wavelength dependence, it suffices to refer to G ¢ nor-

. Cy 1
Since the term )

malized to its maximum value, N_G does

SERS"
not depend on the excitation wavelength, the parameters required to
work out N_Gg, .. are only Psgps , Prome, and #™: as an example,
we report the determination of these parameters at 4,,= 750 nm. In
Fig. 3A, a Raman and a SERS spectrum are shown. The main bands of
benzenethiol in the SERS experiment have been assigned as follows[49]:
418 ecm™! (7a(a;), vcs + Pecc)s 692 ecm! (6a(ay), fece + ves)s 999
em™! (12(a;), fecc), 1022 em™! (18a(ay), fey), 1071 em™! (1(al),
Bece + ves), 1574 em™! (8a(al), vcc). In parenthesis the correspond-
ing Wilson mode of benzene, the symmetry and the mode composition
are indicated: v corresponds to the stretching and f to the in plane bend-
ing modes. In order to determine the area of the 999 cm~! band, the two
closely lying peaks at 999 cm~! and 1022 cm™! have been fitted with
two Voigt functions (spectra have been previously baseline subtracted),

eff
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Fig. 3. A. SERS spectrum of benzenethiol on

B Ag NP aggregates (black line) and Raman spec-
trum of pure liquid benzenethiol (orange line).
The SERS spectrum has been multiplied by 10
for displaying purposes. BT = benzenethiol.
Experimental conditions: 4,,=750 nm, laser
power 8 mW, the spectrum is the average of 4
spectra (each with an integration time of 10 s).
B Enlargement of the SERS spectrum of Fig. 3A
in the region of the 999 cm~! peak (not mul-
tiplied by 10). The empty dots are the experi-
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Fig. 4. N_Ggprs as a function of the excitation wavelength.

both for the normal Raman and for the SERS spectra. In Fig. 3B, an
example of the fitting of a SERS spectrum is reported: only the cumu-
lative fitting (blue line) is shown. The corresponding fittings of the 999
cm~! and of the 1022 cm~! peaks are shown in Figure S2. The collec-
tion efficiency #™V(Z) is reported in Fig. 3C: it has been fitted with a
Lorenzian curve to determine the integrated area n¥. N_G SERs 1S T€
ported in Fig. 4 as a function of the excitation wavelength: data are
normalized at 880 nm. The homogeneity of the sample was tested at
Aex= 785 nm by measuring the SERS signal at 14 different points: the
relative standard deviation turned out to be 14%. Due to the very large
laser spot area and to the intrinsic large spatial average associated, at the
other wavelengths only 1 or 2 points were measured. At all wavelengths,
both for N_G ¢ and for the normalized SERS signal presented in the
next section, the error bar has been assumed to correspond to the rela-
tive standard deviation measured at 4,,= 785 nm. Raw spectra and the
data analysis are reported in the supplementary material section. Also
the sample stability at laser exposure has been tested at 785 nm: two
consecutive spectra were recorded at the same point of the substrate,
irradiating it with the highest laser power used in the SERS experiments

7

= A —— BT (SERS) x 10 o Exp.Data
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. © o =
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mental data and the blue line is the cumulative
fit. Experimental conditions: 4,,=750 nm, laser
power 8 mW, the spectrum is the average of 4
spectra (each with an integration time of 10 s).
C Experimental normalized collection effi-
ciency, n™(Z), at A,,=750 nm. The intensity of
the 520 cm™! band of silicon is reported as a
function of its position along the propagation
direction of the laser, Z (empty dots): data are
normalized to the maximum, Z=0, and fitted
with a Lorenzian curve (red line). (For inter-
pretation of the references to color in this fig-
ure legend, the reader is referred to the web
version of this article.)

1000 1025 1050

(27 mW). The spectra, reported in Fig. S3, look very similar and no signs
of degradation are present.

Finally, although providing an absolute number for G, is very
challenging, we think that the following rule of thumb considerations
may help figure out that the Ag NP aggregates possess a significant en-
hancement.

One option is considering simply A,,, = 1 in Eq. (1): this is equiv-
alent to say that the roughness of the aggregates causes an increase of
active surface (compared to a flat surface) that compensates for the ar-

7
eas on the sample not covered by NPs. G ... - would amount to ~ 4 - 10

(with Cg = 6.8 - 1014 22 and €, = 5.88 - 102! 224 [23,47]). This
value is pretty high, since Etchegoin et al. [50] have commented that a
Ggpps Of 107 — 10® would be sufficient for single molecule detection of
resonant molecules.

Another option is to compare the signal of Ag Np aggregates with
the signal of a substrate whose enhancement is known: in Michieli et al.
[47] a silver nanotriangle array functionalized with benzenethiol has
been investigated using an experimental equipment very similar to the
one used in this paper. Since the array possesses a controlled geome-
try, the number of illuminated molecules and the absolute G, o was
worked out. The peak at 999 cm~! in the SERS spectrum reported in
Fig. 3a of Michieli et al. [47] has an intensity (height) of about 90
Arbitr-Units (Aex= 710 nm), while the SERS spectra of Ag NP aggregates

mW s
Arbitr. Units

in Fig. 5A (this paper) have an intensity (height) of about 90 ===

(A= 680 nm) or 20 W (Ax= 750 nm). Therefore, Ag NP aggre-
gates exhibit a SERS signal comparable to the signal measured for the
nanotriangle array, that possesses a G of about 4 - 10° at 710 nm.

On the basis of the previous considerations, it seems reasonable to
deduce that the plasmonic response of Ag NP aggregates is significant,
although a precise number cannot be provided without knowing the
number of illuminated molecules on the aggregates.

3.3.2. Normalized SERS signal

As an example, Fig. 5A shows three SERS spectra, recorded at
4.»=680 nm (black line), 4,,=750 nm (red line) and 4,,=920 nm (green
line), normalized by the laser power (in mW) and by the integration



R. Pilot and M. Massari

Chemical Physics Impact 2 (2021) 100014

Fig. 5. A. SERS spectra normalized by the

Excitation Wavelength [nm]

o 2

; 100 A X, =680 nm ; 1000 5 B laser power (in mW) and by the integration
€ 80{ e c ° . time (in seconds) at 4,,=680 nm (black line),
- o = 920 1 (X10 = 4,,=750 nm (red line) and 4,,=920 nm (green
% 60 ag 1004 g line). Spectrum at 1g:x=680 nm: laser power
D ) 32 o 6 mW, the spectrum is the average of 4 spec-
= 404 = e 5 tra (each with an integration time of 10 s);
£ .é 3 spectrum at A,,=750 nm: laser power 8 mW,
< 204 < 104 @ the spectrum is the average of 4 spectra (each
= @« with an integration time of 10 s); spectrum at
c (o TP — 9‘5 e 2.x=920 nm: laser power 10 mW, the spectrum
g ! y T y 0-| 1 ‘ ‘ ‘ ‘ ‘ is the average of 3 spectra (each with an inte-
g 900 1000 1100 1200 =z 650 700 750 800 850 900 950 gration time of 50 s) B. Integrated intensity of
o Raman Shift [cm™]

the 999 cm~! SERS peak of benzenethiol nor-
malized by the laser power (in mW) and by the
integration time (in seconds), N_Pggrs, as @

function of the excitation wavelength. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1

Overview of the literature papers in which the G, wavelength dependence of solid substrates has
been experimentally investigated. Only the papers by Poliakov et al. [34] and by Shalaev et al. [35]
are purely theoretical contributions. The papers reported in this table correspond to those cited in the

introduction.

Substrate

SERS 1,, [nm] Reference

Hexagonal array of nanoprisms

Single dimers Au NPs embedded in a silica shell
Au NPs on polymeric fibers

Au NP aggregates

Random array of Au NPs

Ordered array of vertically aligned Au nanopillars
Aggregated Au NPs, Ag NPs, Au core - Ag shell NPs
Ag NP fractals

Ag NP fractals (self affine) - Simulations

Ag NP fractals (self similar) - Simulations

Ag NP aggregates

425-800 McFarland et al. [23]
575-870 Kleinman et al. [29]
633-825 Kurouski et al. [30]
488, 532, 633, and 785  Roy et al. [31]
525-900 D’Andrea et al. [32]
532-780 Doherty et al. [33]
514, 633 Das et al. [38]
468-647 Vigkova et al. [37]
200-1800 Poliakov et al. [34]
200-1100 Shalaev et al. [35]
680-920 This paper

time (in seconds) to help the comparison among them. Fig. 5B reports
the integrated area of the 999 cm~! band of benzenethiol normalized
Psgrs (999 em™) [ Arbitr. Units | o
LaserPower - Integr. Time mw -s
a function of the excitation wavelength; In Fig. S4, N_Pg,... =
PRraman (999 cm™")
LaserPower -

as mentioned above, N_Pgprg =

[Arbifiﬁ Units
mW - s

Trtegr T ] is reported as well.

4. Discussion

4.1. Wavelength dependence of N_Ggpp. ¢

The trend of N_G,,¢ reported in Fig. 4 indicates that Ag NP ag-
gregates can enhance the local field in most of the first transparency
window NIR-I, that lies between 650 and 980 nm. Table 1 summarizes
a number of studies that deal with the G dependence on the exci-
tation wavelength of solid substrates.

Concerning the shape of N_G
wavelength dependence.

It is known that the interaction among NPs leads to a red shift of the
local field maximum compared to the isolated NPs [51]. Etchegoin et al.
[52] clearly showed this effect for a dimer of spherical NPs by means of
the generalized Mie theory: in this case, the maximum of G ., c moved
approximately from 420 nm (single Ag NP, 25 nm radius) to 450 nm
(dimer of Ag NPs with 20 nm gap) and to 600 nm (dimer of Ag NPs
with 1 nm gap). SERS experiments at several excitation wavelengths
have been carried out by Kleinman et al. [29] on single nanoantennas
formed by Au NP dimers, trimers or higher order structures embedded
in a silica shell: measurements showed that in these samples Gggpg
reaches very high values in between 700 and 900 nm. Kurouski et al.
[30] investigated three substrates formed by Au NPs of different size
and shape deposited on cellulose based polymeric fibres. SERS mea-
surements revealed that Ggprg increases by 5-10 times from 625 nm to

SERS

<ERse it does not show a significant

825 nm for all substrates: however, in the samples loaded with spher-
ical NPs, it reaches a maximum or a plateau, depending on the size of
the NPs, while in the sample loaded with nanorods the trend rises more
steeply and suggests further growth above 825 nm. These red shifted
and broad G, spectra, on the basis of the SEM images and of the
FTDT simulations, have been associated to the presence of NP clusters,
mainly dimers and trimers. In view of the papers discussed above, it
seems reasonable that the weak wavelength dependence of N G, ¢
arises from the variety of geometries and gap dimensions in which Ag
NPs are probably arranged in the large sized aggregates.

An additional key of interpretation could be found in the context of
fractals, which are scale invariant objects that look similar at increas-
ingly small scales (when the scaling properties are the same along all di-
rections one refers to self similar objects, while when the scaling proper-
ties in the xy plane are different from the ones along z, one refers to self
affine objects [36]). Fractals can be fabricated by inducing controlled
aggregation of colloidal solutions of Ag or Au NPs. If, for example, a
salt is added to a colloidal solution of NPs, the increased ionic strength
reduces the electrostatic screening among the NPs allowing them to stick
together upon collision. Aggregates can slowly grow until, due to their
size, they precipitate from the solution. The resulting fractal is a tenuous
ramified structure containing closely lying NPs [36,37,53]; deposited
fractals are normally self affine structures [36]. The Ag NP aggregates
prepared in this paper may exhibit some fractal properties. In fact, the
optical and FE-SEM images reported in Fig. 1 reveal a ramified structure
that closely resembles the fractal aggregates reported by Vickovi et al.
[37] and by Markel et al. [53]; moreover, it is worth noticing that the
aggregation of NPs in this paper is accomplished by addition of NaCl and
occurs slowly, over several hours, similarly to the preparation method
mentioned above. VIckova et al. [37] measured the SERS profile of frac-
tal aggregates in the range 468-647 nm. Data are compatible with an
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increase of the enhancement towards the red, although the generation
of photoproducts of the analyte phthalazine (more pronounced with the
shorter excitation wavelengths) caused some Raman bands to exhibit
non monotonically growing profiles. Optical properties of Ag NP frac-
tals have also been studied in a wider range by means of simulations.
Poliakov et al. [34] predicted, for self affine fractals, a rise of Gggpg
from 400 to 700 nm and only a minimal wavelength dependence from
700 nm to 1800 nm. In conclusion, the preparation method and the
FE-SEM / optical images suggest that Ag NP aggregates could possess
a fractal nature; moreover, the Ggyps sSpectrum predicted by Poliakov
et al. [34] agrees well with the experimental measurements reported in
this paper.

4.2. Wavelength dependence of N_Pggps

The trend of N_Pgp g reported in Fig. 5B, despite N_Gggrs, sShows
a strong dependence on the excitation wavelength: it undergoes a reduc-
tion by a factor of about 200 from 680 to 920 nm. This happens because
N_Pgprs depends on the enhancement but also on the cross section of
the molecule and on the instrument sensitivity. In the following, the
wavelength dependence of the cross section and of the instrument sen-
sitivity are briefly analyzed. The Raman cross section of the k-th mode
of a molecule can be expressed as[22]:

o U (V = %)’ ~ 78 )

where 7, is the excitation laser wavenumber, v, is the Raman shift of the
mode k, and 7, — ¥ is the absolute (Stokes) Raman wavenumber. In first
approximation, for small Raman shifts, the frequency dependence can
be written as ~ \7(‘)‘. Eq. (2) shows that the longer the excitation wave-
length, the lower the cross section: for example, considering ¥, = 1000
cm~! (i.e. the trigonal mode of benzenethiol), the relative cross sec-
tions at Ag,. = 680, 750, 920 nm turn out to be 6(680 nm) : ¢(750 nm) :
(920 nm) =1 : 0.66 : 0.28. Therefore, working at 920 nm, rather than
at 680 nm, implies a 4-fold decrease of signal due to a reduction of
the cross section. Concerning the instrument sensitivity, the two com-
ponents that are more important are the gratings and the CCD detector.
The grating reflectivity can be optimized for working in different spec-
tral ranges; however, in dispersive instruments like the one we used in
our experiments, the CCD chip is made of silicon and its quantum effi-
ciency quickly diminishes when the wavelength approaches its band gap
that is around 1100 nm (above the band gap silicon is transparent and
no photoelectrons would be generated) [54]. It is worth noticing that
when working at the longest excitation wavelength, 920 nm, the abso-
lute wavelength of a Raman mode at 1000 cm™! is already 1013 nm and
the absolute wavelength of a mode at 3000 cm™! (i.e. the region of C-H
stretching) is 1270 nm.

Concerning the SNR, in shot noise limited experiments, it can be

expressed by the relation SNR = S+B, where S is the signal above

the background and B is the background [22]. Assuming that B is low
(reasonable for non fluorescent molecules like benzenethiol), SN R =
\/E. This shows that the reduction of N_Pgyrs by 200 times going
from 680 nm to 920 nm brings about a reduction of the SNR, and hence
of the LOD, by \/ﬁ = 14 times (supposing that the SERS spectra have
been recorded with the same laser power and integration time).

Therefore, the combined effect of the cross section and of the in-
strument sensitivity tends to significantly reduce the signal at longer
excitation wavelengths.

4.3. Final considerations

The comparison of N_Ggprs (Fig. 4) and N_Pgp s (Fig. 5B) shows
that the substrate enhancement and the sensitivity of the measurement
can exhibit remarkably different wavelength dependences. Actually,
both parameters are important in the engineering of a SERS experiment
since the former is a characteristic proper of the substrate, that should
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be independent of the laboratory in which it is measured, while the lat-
ter is more closely related to the LOD, that is the relevant parameter for
analytical applications of SERS.

The observation that the normalized signal decreases towards the
red should be quite general for non resonant molecules and disper-
sive instruments equipped with silicon detectors. Things would be of
course different with resonant molecules or with instruments designed
for working specifically in the NIR (i.e. Fourier transform instruments
with InGaAs detectors).

5. Conclusions

In this paper, Ag NP aggregates have been prepared by adding NaCl
to a colloidal solution of Ag NPs: the slow coalescence of NPs led to
the formation of large aggregates that separated from the solution. The
morphology of these aggregates, deposited on a glass slide, was charac-
terized by optical and FE-SEM microscopy. The relative SERS enhance-
ment and the SERS signal normalized by laser power and integration
time were measured from 680 nm to 920 nm.

The main findings of this paper can be summarized as follows:

Ag NP aggregates show a significant SERS enhancement from 680
to 920 nm, therefore in most of the first transparency window of
biological tissues.

The relative SERS enhancement has a weak wavelength dependence.

O We hypothesize that, being the aggregates very large, the NPs are
arranged in many complex geometries with different gaps, lead-
ing to a large broadening of the plasmonic response. In addition,
optical and FE-SEM images show that Ag NP aggregates could
have a fractal character: literature simulations on self affine frac-
tals show that relative SERS enhancement does not vary signifi-
cantly in the NIR, consistently with experimental data reported
in this paper.

The normalized SERS signal shows a strong reduction, of about 200

times, going from 680 nm to 920 nm.

O This signal reduction has been attributed to its dependence on
the Raman cross section and on the instrument sensitivity. The
cross section of a non resonant molecule scales with the forth
power of the excitation frequency; the sensitivity of an instru-
ment equipped with a silicon CCD detector quickly diminishes
when the photon wavelength approaches the silicon band gap,
located at 1100 nm.

The relative SERS enhancement and the normalized SERS signal ex-

hibit remarkably different wavelength dependences, showing that

the sensitivity of a measurement is not simply related to the sub-
strate enhancement. Both parameters have to be taken into account
in the design of a SERS experiment.

.
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