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O
ptical properties of localized sur-
face plasmons (LSP) supported
by metal nanostructures have

given rise to many efforts and studies over
the past decade.1�5 This important branch
of nanophotonics envisions many chal-
lenges and applications including solar en-
ergy harvesting,6�8 optical manipulation,9

efficient light generation,10�12 local heat-
ing,13 photothermal tumor ablation,14�16

nanopatterning for data storage,17,18 and
nanoscale biosensing.19,20 A detailed under-
standing of the near-field response of engi-
neered plasmonic nanostructures is there-
fore essential for controlling and optimizing
a desired outcome along the line of the ap-
plications listed above. Determining a
simple method for an accurate nanometer
scale imaging of confined optical fields with
quantitative measurements still constitutes
an open challenge.

Several efforts, namely, proximal probe
methodologies21,22 and electron
microscopy,23�25 have been made to better
understand the near-field response of metal
nanoparticles and their field distribution.
While these methods constitute indirect
and qualitative approaches of characteriza-
tion, we report, in this paper, a quantitative
analysis of LSP of silver metal nanoparticles
using a molecular probe. Our approach re-
lies on nanoscale molecular molding of the
confined electromagnetic field by a photo-
activated polymer. The particular advan-
tages of this method are discussed through-
out the paper. On the basis of our
technique, we were able to directly image
the dipolar profile of the near-field distribu-
tion with a resolution better than 10 nm
and to quantify the near-field depth and its

enhancement factor. We were also able to
measure the spectral signature of the LSP
resonance directly in the near-field. These
results demonstrate a quantitative charac-
terization, down to the nanometer level, of
the confined evanescent optical fields that
are prerequisites for developing photonic
applications. To the best of our knowledge,
this is the first time quantitative parameters
related to localized surface plasmons have
been extracted. A comparison between the
measured parameters and finite-difference
time-domain (FDTD) calculations support
the validity of this quantification.

Description of the Approach. Our experimen-
tal approach, as schemed in Figure 1, is
based on nanoscale photopolymerization
triggered by the locally enhanced optical
near-field of chemically synthesized silver
nanoparticles (AgNPs).26 AgNPs are an-
chored on a silane-functionalized glass cov-
erslip by a dip-coating procedure (Figure
1a). The aminosilane functionalization guar-
antees a firm adhesion of the nanoparticles
on the glass coverslip despite the various
stages of rinsing.27 To selectively address
single nanoparticles of well-defined geom-
etry, the decorated glass substrate is placed
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ABSTRACT We report on the quantitative characterization of the plasmonic optical near-field of a single

silver nanoparticle. Our approach relies on nanoscale molecular molding of the confined electromagnetic field by

photoactivated molecules. We were able to directly image the dipolar profile of the near-field distribution with a

resolution better than 10 nm and to quantify the near-field depth and its enhancement factor. A single

nanoparticle spectral signature was also assessed. This quantitative characterization constitutes a prerequisite

for developing nanophotonic applications.
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on an inverted optical microscope coupled to an atomic
force microscope (AFM). The nanoparticles are homo-
geneously covered by synthesized free radical photo-
polymerizable formulation (PPF) possessing high-
resolution visible-light sensitivity (Figure 1b) and char-
acterized by a threshold dose that must be overcome to
induce the polymerization process. A controlled vol-
ume of PPF is deposited onto AgNPs using a pipet. A
drop of 4 cm diameter, corresponding to a volume of
40 �L, was consistently obtained.

The polymerization is activated by laser irradiation
with wavelengths overlapping both the PPF absorp-
tion spectrum and the AgNP plasmon resonance. The
optical exposure is performed under normal incidence
with a 1 cm wide linearly polarized laser beam from an
Ar:Kr laser source. The exposure dose (D0) is chosen to
be smaller than the threshold dose, Dth, below which no
polymerization can occur (Figure 1c). This threshold
value is systematically quantified by far-field prestud-
ies.26 Therefore, photopolymerization is not expected to
occur in the absence of AgNPs. Due to the field en-
hancement at the plasmon resonance (Figure 1c), the
effective dose near the metallic nanoparticles can be

greater than the threshold Dth to initiate the chain reac-
tion leading to polymerization (Figure 1d). After irradia-
tion, the obtained polymer nanoparts are revealed by
removal of any monomer material that is not reticu-
lated, by rinsing with ethanol and isopropanol (Figure
1e) and characterized by AFM using intermittent-
contact mode. It should be stressed that AFM character-
ization before and after the exposure is performed for
the same preselected individual AgNP. The coupled
AFM-inverted optical microscope actually allows us to
address single labeled particles and to retrieve them
after the rinsing procedure. The size of the polymer
wings attached to AgNPs is related to the strength and
the depth of the optical near-field, which allows us to
quantitatively map the plasmon response unlike few
previous reports that have demonstrated plasmon-
enhanced photopolymerization. In particular, Ecoffet
and co-workers produced for the first time polymer
nanoparts by using simple Fresnel evanescent waves
generated by total internal reflection.28 In this experi-
ment, nanometer resolution was achieved but only
along the direction perpendicular to the substrate.
Wurtz et al. showed that the lightning rod effect at the
extremity of a metal tip under laser illumination could
lead to local polymerization.29 Srituravanich and co-
workers demonstrated 90 nm resolution in plasmon-
based optical lithography on negative-tone photopoly-
mer with the use of an array of nanoapertures on a
metal film.30 Sundaramurthy et al. qualitatively evi-
denced the presence of locally enhanced field in the
gap of a metal bowtie antenna.31 Ibn el Ahrach et al. in-
troduced a new hybrid polymer/metal nanostructure
produced by plasmon-based photopolymerization.26

More recently, Ueno and co-workers demonstrated sub-
100 nm resolution photopolymerization at the gap
separating two gold nanoblocks.32

In all of these works, the main motivation was either
to produce nanostructures through plasmon-based li-
thography or to perform a qualitative observation of
plasmonic fields (proof of presence of hot spots, evi-
dence for excitation of electromagnetic singularities,
etc.). Quantification of the plasmon near-field was nei-
ther achievable nor performed. Here, a full parameter
study is carried out, and quantitative parameter values
related to localized surface plasmons are measured. In
particular, the knowledge of the plasmon field enhance-
ment factor still constitutes a challenge. At best, a wide
range of enhancement factor values have been re-
ported in the literature based on numerical calculation
and indirect measurements. As discussed in the previ-
ous sections, our approach provides realistic values of
these enhancement factors by relying on a well-
referenced and well-characterized system, that is, the
free radical photopolymerizable formulation.

As a first result, Figure 2 demonstrates the ability to
directly visualize the optical near-field with the ap-
proach described above.

Figure 1. Scheme of the approach. (a) AgNP deposited on a functional-
ized glass substrate. (b) Deposition of the photopolymerizable formula-
tion. (c,d) Plasmon-enhanced near-field photopolymerization of PPF lead-
ing to two wings corresponding to the dipolar LSP resonance. (e)
Resulting hybrid nanoparticle revealed by the rinsing procedure.
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Figure 2a shows a topographic image of AgNPs de-
posited on the functionalized glass before exposure. A
single isolated particle was chosen (circle) to demon-
strate our ability to map the field down to sub-10 nm
resolution. Due to tip convolution, its apparent diam-
eter is 110 nm, while its actual diameter is 60 nm as de-
duced from the height of a cross section acquired
through the center of the AgNP. Since the colloidal par-
ticles used are spherical, the height acquired from a sec-
tion sketched along the metal structures represents
their diameter. Throughout our analysis, similar sized
and nearly spherical particles were considered. A mag-
nified image of the selected particle is displayed in Fig-
ure 2b.

After PPF coverage, the AgNPs were illuminated
with a y-oriented linearly polarized laser beam with �

� 514 nm. The exposure dose D0 was set to 63% of Dth.
The threshold conditions of the PPF used here have
been determined to be incident power P � 2 mW/cm2

with an irradiation time t � 3.5 s, implying a threshold
dose Dth of 7 mJ/cm2. We kept the incident laser power
constant at 2 mW/cm2, while varying the irradiation
time across our experiments. As a typical example, in or-
der to set D0 to 63% of Dth, we set P � 2 mW/cm2 and
t � 2.2 s.

Figure 2c shows a topographic image of the se-
lected particle after rinsing. The particle exhibits an
elongation along the y-direction that results from the
photopolymerization initiated by the enhanced local
field. It should be highlighted that Figure 2b,c was ob-
tained for the same metal nanoparticle with the same
tip under the same scanning conditions.

In order to highlight the localized photopolymeriza-
tion, we subtract Figure 2b from Figure 2c, resulting in
Figure 2d. Such a differential image accurately depicts
the spatial distribution of the polymerization resulting
from the reticulation process, while circumventing the
apparent increase of the polymer depth due to convo-
lution with the AFM tip. Figure 2d clearly reveals two
polymer wings oriented along the incident polarization

direction. To elucidate the origin of wings, we numeri-
cally map in Figure 2e the electric field intensity distri-
bution around an isolated AgNP using finite-difference
time-domain (FDTD) simulations. The field distribution
is calculated for a spherical 60 nm AgNP embedded in a
medium of refractive index 1.485, matching that of the
PPF. The calculation shows a two-lobe pattern charac-
teristic of a dipolar near-field distribution. The similar-
ity between Figure 2d and Figure 2e implies that the en-
hanced localized near-field is responsible for the
nanoscale photopolymerization.

RESULTS AND DISCUSSION
We studied the dependence of the size of polymer

wings on the exposure dose (Figure 3). Figure 3a shows
the height difference of a typical AgNP obtained by
subtracting the topographic profile along the y-axis be-
fore from that after the reticulation procedure (with-
out laser exposure). Figure 3b shows the differential
profile along the y-axis obtained by subtracting the to-
pographical profile before polymerization from that
after polymerization using a dose of 0.75Dth. Two peaks
with a 25 nm height and 20 nm full width at half-
maximum (fwhm) are obtained. The differential profile
of Figure 3c illustrates the situation for a much lower in-
cident dose of 0.05Dth, where the fwhm of the polymer
wings is much narrower (�10 nm). We explain this de-
pendence as follows. For an exposure dose of 0.75Dth,
photopolymerization can occur at any location where
the field enhancement factor exceeds Dth/D0 � 1.33;
while for an exposure dose of 0.05Dth, only locations
with an enhancement factor higher than Dth/D0 � 20
will support photopolymerization. At 0.05Dth, we thus
map the regions with an enhancement exceeding 20,
with a resolution better than 10 nm (i.e., ��/50).

To the best of our knowledge, this is the first time a
sub-10 nm resolution photopolymerization is being
demonstrated in the visible region, allowing, in turn, a
sub-10 nm optical resolution characterization of plas-
monic structures. Our unprecedented resolution is due

Figure 2. Near-field photopolymerization based on the resonant excitation of the dipolar plasmon mode of AgNPs. (a) To-
pographic AFM image of AgNPs before the procedure. (b) Magnified image of a. (c) Magnified topographic image of AgNPs
after the procedure. (d) Differential image of panels c and b. (e) Near-field intensity as calculated by FDTD.
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to the use of the free radical formulation designed in

house and optimized for molecular-level resolution,28

rather than commercial SU-8 resin that has been opti-

mized only for UV-blue far-field lithography.32

It should be noted that, although image differentia-

tion allows one to evaluate the actual width of the poly-

mer wings, the apparent distance between the two

wings is increased by AFM tip convolution. It must be
pointed out that the usage of the same AFM tip before
and after the exposure may cause an enlargement in its
size, leading to an artificial broadening in the AFM im-
age. In order to make sure that such artifact does not af-
fect our results, we calculated differential profiles along
the direction perpendicular to the incident field (along
x-axis) where no field enhancement is expected. Figure
4 shows this differential profile obtained by subtract-
ing the topographical profile before polymerization
from that after polymerization using a dose of 0.75Dth.
The flat differential profile when compared to Figure
3b,c clearly demonstrates that the AgNP has the same
apparent size and geometry along the x-direction be-
fore and after the procedure. This implies that the AFM
tip had almost the same characteristics while scanning
the two images, made which is possible by our ability to
retrieve our region of interest rapidly without compro-
mising the tip quality.

We show in Figure 5 additional evidence that the di-
polar profile of the AgNP LSP is solely responsible for
the observed nanoscale photopolymerization and that
AgNP elongation is not due to a sample drift during the
AFM scan.

Figure 5a shows a topographic AFM image of a
AgNP with high in-plane symmetry before the laser ex-
posure. Figure 5b illustrates the AFM image of the same
particle after being exposed to the laser beam with po-
larization along the vertical direction. Figure 5c shows
an AFM image of the same nanoparticle after rotating
the sample by 45°. It should be noted that the fast scan
direction is always kept along the x-axis for all three
panels of Figure 5. The selected AgNP exhibits an elon-
gation (Figure 5b) in the same direction as the laser po-
larization shown by the red arrow. When the sample is
rotated by 45° (Figure 5c), the elongation of the particle
persists in the direction of the incident field, demon-
strating that the imaged elongation of the AgNP is not
an artifact due to sample drift but it is purely due to
nanoscale polymerization triggered by the LSP of the
AgNP.

We performed systematic quantitative studies of
the size of the polymer wings as a function of the dose.

Figure 3. Molding the LSP near-field intensity by the pro-
cess of photopolymerization. (a) Reference profile: height
difference of a AgNP taken along the y-axis before and after
the procedure (without laser exposure). Differential profile
along the y-axis for (b) 0.75Dth and (c) 0.05Dth.

Figure 4. Height difference of a AgNP taken along the x-axis before and after the polymerization for an incident dose of
0.75Dth.
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Figure 6a shows the averaged full width w (red squares)

of the polymer that was reticulated as a function of d,

the normalized incident dose D0/Dth. Each point corre-

sponds to an average of three experiments made on

three identical particles exposed with the same dose.

The graph demonstrates a monotonic increase of w

with d.

This result can be understood by considering the

near-exponential decay of the near-field of the excited

nanoparticle. The local dose D provided by the metallic

nanoparticle in the y-direction can be expressed as

where Fmax is the maximum (or surface) intensity en-

hancement factor related to the LSP resonance, � is the

rate of field intensity decay, and y is the distance from the

surface of the metallic nanoparticle in the y-direction;

��1 can be viewed as the spatial extension of the near-

field intensity. We consider here the y-direction because

along this direction the incident field is perpendicular to

the metal/dielectric interface, allowing surface charges to

be excited.33 Second, � is an average of the continuous

spectrum of decay lengths (each of them being associ-

ated with lateral wave vectors) of the angular spectrum

generated by the AgNP diffraction.34

As discussed in a previous section, photopolymeriza-

tion occurs when D � Dth. By applying this condition

to eq 1, one can obtain

By reducing eq 2, we get the locations where the

photopolymerization can occur as given by

Replacing D0/Dth by the normalized dose d, we get the

value of ymax as

where ymax corresponds to the maximum distance away

from the AgNP at which the effective dose (incident

dose amplified by the enhancement factor of AgNP)

overcomes the threshold dose. Since up to this distance

ymax the threshold dose is exceeded, the polymeriza-

tion is observed. The width w detected by AFM, thus,

corresponds to this distance ymax, allowing us to express

the measured width w as w � ��1ln(Fmaxd). By fitting

our experimental data with a logarithmic function (Fig-

ure 6a, solid line), we obtain Fmax and ��1 as 39 and 11

nm, respectively. From eq 4 or the data from Figure 6a,

we can extract the distance dependence of the local

field enhancement factor (i.e., 1/d � Fmaxexp(��w)).

Figure 6b plots 1/d as a function of w. The data fol-

low a single-exponential decay reflecting the near-

exponential decay of the plasmon near-field. The ex-

perimental data are also in good agreement with FDTD

simulations (black curve). The latter was fitted with an

exponential function (dashed green curve) with values

of F and ��1 of 34 and 10 nm, respectively, which are in

close agreement with the experimentally measured pa-

rameters. The excellent agreement between the experi-

Figure 5. (a) AFM image of a selected nanoparticle before irradiation. (b) AFM image after irradiation where the fast scan
direction is along the x-axis and perpendicular to the incident field polarization direction. (c) AFM image for the same par-
ticle with fast scan direction along the x-axis direction and the same irradiated sample rotated by 45°.

Figure 6. Quantification of the physical parameters related to localized surface plasmons. (a) Effect of the incident dose on
the photopolymerization width of the polymer: experimental value (red squares) and fitting function y � 11ln(39 � d). (b) Ex-
perimental values (red points) of the local field enhancement factor of AgNPs plotted as a function of the polymer width
measured by AFM. Black line corresponds to the FDTD-simulated enhancement, and green line is a single-exponential fit.

D ) FmaxD0exp(-Ry) (1)

exp(-Ry) g
Dth

Fmax × D0
(2)

y < ymax ) -R-1ln( Dth

Fmax × D0
) (3)

ymax ) R-1ln(Fmax × d) (4)
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mental data and the FDTD simulations strongly sup-
ports that our approach is able to profile the optical
near-field of a single metallic nanoparticle with nano-
meter precision. Our results further indicate that the
near-field depth ��1 is �0.2 times the nanoparticle di-
ameter, which is consistent with the distance decay ob-
served for near-field coupling in particle pairs.35 Our di-
rect mapping of the plasmonic field, thus, confirms the
near-field distance dependence proposed on the basis
of indirect far-field spectra.35 To the best of our knowl-
edge, this near-field depth value constitutes the first ex-
perimental measurement achieved directly in the near-
field.

It should be stressed that the present approach of
plasmon near-field characterization is direct. Near-field
scanning probe optical microscopies (NSOM) have al-
lowed extraction of immense optical information about
metal nanostructures over the past two decades.21,22

However, NSOM is not a direct method and constitutes
an inverse problem in the sense that, in NSOM, the
near-field interaction between tip and sample leads to
propagating waves that are integrated and detected in
the far-field (Huygens Fresnel Principle). The precise
control of the position of the tip along with the scan al-
lows for subwavelength near-field imaging. The
achieved resolution depends on many parameters in-

cluding the nature of the interaction, the tip-to-sample
distance, and the tip size. What is actually measured in
NSOM is the far-field of a system resulting from the
subtle “controlled” coupling between tip and sample.
A primary issue with NSOM is that the nature of the sig-
nal depends very much on the tip quality as well as its
surrounding environment. As a specific example, the
signal from an apertureless NSOM can be proportional
to either the intensity or to the complex field depend-
ing on the presence of surrounding scatterers acting as
reference fields of an interferometric system.36 An alter-
native way is to use single scatterers (e.g., molecules,
quantum dots, etc.) to characterize the near-field via
fluorescence emission.37 However, in these methods,
the fluorescence signal reports the competition be-
tween tip-induced near-field enhancement and
quenching (energy transfer).

Due to the dispersive nature of the plasmon re-
sponse, Fmax is a function of �, and therefore, the local
photopolymerization should reflect the LSP spectral de-
pendence. Unlike the traditional approach of far-field
spectroscopy,38 our approach provides for the first time
the opportunity to investigate this dispersive relation-
ship directly in the near-field. To illustrate this capabil-
ity, we used eight available wavelengths of the Ar:Kr
source. The spectral response of the photochemical sys-
tem (i.e., the function Dth(�)) is characterized by far-
field spectral investigation of Dth. Figure 7a shows the
measured Dth as a function of the incident wavelength.
A clear minimum is observed at � � 530 nm. This mini-
mum corresponds to the maximum of the absorption
spectrum (530 nm) of the Eosin-Y dye used as a photo-
sensitizer (Figure 7b). The knowledge of the Dth for each
� allows us to set the normalized dose d at a constant
value.

Figure 8a shows the polymer thickness w for iso-
lated AgNPs as a function of wavelength for constant
d � 0.75. Here we neglect the influence of the photo-
chemical effects (in particular, the diffusion of oxygen
and dye) by considering them to be constant param-
eters. Since w is related to Fmax as shown earlier, the
spectrum in Figure 8a reflects the near-field spectral re-
sponse of the AgNP. The spectrum shows a clear reso-
nance attributable to the spectral signature of the un-
derlying LSP mode, with a maximum at 494 nm as per a
Gaussian fit (black curve). Our characterization ap-

Figure 7. Spectral response of the photochemical system
characterized in the far-field. (a) Variation of Dth as a func-
tion of the incident wavelength. (b) Absorption spectrum of
the Eosin-Y dye in the photochemical system.

Figure 8. Near-field spectral signature of the LSP resonance of isolated AgNPs. (a) Effect of the incident wavelength on the
polymer width (red points) fitted by a Gaussian function (black line). (b) Far-field extinction spectrum of a colloidal AgNP so-
lution in water.
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proach is powerful because it provides in a simple man-
ner the near-field spectrum of a single AgNP that has
unique information not accessible by far-field measure-
ments. To our knowledge, this is the first time an opti-
cal spectrum from a nanostructure has been directly ex-
tracted in the near-field. In general, near-field optical
spectroscopy is permitted by the use of a tip. However,
as pointed out above, what is actually measured in
near-field spectroscopy is the far-field signature of the
spectrum resulting from the coupling between tip and
sample. In the present approach, we used a constant in-
cident normalized dose (D0/Dth(�)). The resulting data
are dependent mostly on the spectral characteristics of
the metal nanoparticle. At the most, the presence of the
photopolymer leads to a simple homogeneous spec-
tral shift in accordance with what would be introduced
by increasing the surrounding refractive index. In the
case of the use of a scanning tip, on the other hand, the
spectral dispersion of the particle resonance is ex-
pected to depend in a complex manner on the posi-
tion, nature, and geometry of the tip.

We present for comparison in Figure 8b a far-field
ensemble extinction spectrum for a colloidal solution
of AgNPs in water. The ensemble far-field spectrum has
a plasmon maximum at 452 nm and a broader width
that results from inhomogeneous broadening due to
NP size dispersion. Using 	� � 4nm	nm(d
/d�)�1,26

where nm is the refractive index of water, and 	nm �

1.485 � 1.33 � 0.155, and based on published values
of the silver dielectric function 
,39 	� was found to be
12 nm for a change in the medium from water to PPF.
Thus, the extinction maximum peak of AgNPs is ex-
pected at 464 nm. The difference between the far-field
spectrum (shifted by 12 nm to account for the refractive
index change) and the near-field one is attributed to

the size and shape distribution of particles in solution

(Figure 2a) and its effects on the inhomogeneous line

width of the far-field spectrum.

CONCLUSION
In conclusion, we have presented here a unique ap-

proach to quantitatively characterize the near-field of

single AgNPs. We demonstrate the ability to directly vi-

sualize the optical near-field with sub-10 nm precision

by employing photosensitive polymers as molecular

probes. Moreover, we were capable of quantifying the

near-field depth and enhancement factor as well as

measuring a near-field spectrum for an isolated metal

nanoparticle. This direct spectral signature allows for in-

terrogation of the near-field spectral response of the

AgNPs, which addresses the fundamental difference be-

tween near-field and far-field spectra. Furthermore, the

localized photopolymerization provides a novel way for

fabricating advanced hybrid metal/polymer-based

nanophotonic devices. Whereas the interest of the ap-

proach is demonstrated here in the well-known case of

near-field plasmon dipolar resonance of a spherical Ag

nanoparticle, it can be extended to more complex par-

ticle geometries that exhibit interesting resonances and

various physical phenomena. As an example, we re-

cently showed that this method allows for direct obser-

vation of local charge density excitation at the surface

of nonresonant metal nanostructures. This study consti-

tutes the subject of an article under preparation. Fi-

nally, the method can also be potentially used to probe

a larger fraction of the full three-dimensional near-field

intensity distribution, whereas previous methods are

generally sensitive only to the near-field distribution at

the tip apex.

METHODS
Silane Functionalization of the Glass Coverslip. The glass coverslip

was functionalized to create an amine-terminated self-
assembled monolayer on which silver nanoparticles, stabilized
by citrate groups, were strongly bound to the glass surface. This
leads to a well-dispersed configuration of commercially synthe-
sized (BBI International) colloidal nanoparticles on the substrate
surface.

The overall procedure of the functionalization is described
in the following.

Activation of the Substrate. The slide is soaked in a freshly pre-
pared piranha solution (2/3 of H2SO4 and 1/3 of H2O2) at ambi-
ent temperature for 2 h to remove organic impurities and to cre-
ate silanol groups on the surface followed by thorough rinsing
with water.

Silanization of the Slide. The cleaned slide is then submerged in
a 0.8% aminosilane solution of anhydrous toluene (�20 ppm of
H2O) for 24 h. Then, the substrate is rinsed with toluene and ac-
etone to remove unbound materials from the surface. This treat-
ment allows us to obtain a monolayer of amine grafted to the
surface. This layer is believed to have a thickness of 0.7 nm.27 Fi-
nally, the slide is dried in a stream of dry air. An amine-coated
slide is acquired.

Attachment of Silver Nanoparticles to the Slide. The amine-coated
substrate is immersed in the silver colloidal solution for 12 h at

room temperature to form a monolayer of silver nanoparticles,
then rinsed with water and dried with air.

Composition of the Chemical Formulation. The photopolymerizable
formulation is made up of three basic components: a sensitizer
dye, a co-synergist amine, and a multifunctional acrylate mono-
mer, pentaerythritol triacrylate (PETIA). PETIA was used as re-
ceived from the supplier and forms the backbone of the poly-
mer network. The co-synergist amine was methyldiethanolamine
(MDEA), and the Eosin-Y (2=,4=,5=,7=-tetrabromofluorescein diso-
dium salt) was used as the sensitizer dye. This system was devel-
oped mainly because of its high sensitivity in the spectral re-
gion from 450 to 550 nm. In addition, this liquid system is very
flexible as it is possible to modify the components independently
to adjust the physical and the chemical properties of the formu-
lation, namely, viscosity, spectral sensitivity, polymerization
threshold, and energy. The results reported in this article were
obtained with mixtures containing 0.5 wt % of Eosin-Y and 4 wt
% of MDEA.
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