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Near-Field Optical Microscopy is a valuable tool for the optical and topographic study of objects at a nanometric scale. Nanoparticles
constitute important candidates for such type of investigations, as they bear an important weight for medical, biomedical, and
biosensing applications. One, however, has to be careful as artifacts can be easily reproduced. In this study, we examined hybrid
nanoparticles (or nanohybrids) in the near-field, while in solution and attached to gold nanoplots. We found out that they can be
used for wavelength modulable near-field biosensors within conditions of artifact free imaging. In detail, we refer to the use of
topographic/optical image shift and the imaging of Local Surface Plasmon hot spots to validate the genuineness of the obtained
images. In summary, this study demonstrates a new way of using simple easily achievable comparative methods to prove the

authenticity of near-field images and presents nanohybrid biosensors as an application.

1. Introduction

Scanning Near-Field Optical Microscope (SNOM) artifacts
have been the cause of several debates, for microscopes with
an auxiliary gap width regulation. Scientists have suspected
the existence of severe artifacts in constant distance SNOM
when they frequently found a one-to-one correspondence
between optical and topographic images and their corre-
sponding resolution. They concluded that the produced
images represented the path of the probe rather than optical
properties of the sample [1, 2]. This is because it is of little
probability that two imaging processes that result from dif-
ferent physical origins have identical resolving power [3]. To
overcome this problem, one can use constant height SNOM,
as in this case the regulations system does not take into
account the curvatures of the sample. Having this in mind,
constant height SNOM is not designed within all SNOM sys-
tems. Also, one cannot deny the importance of the additional
topographic information that constant distance SNOM can
offer. Up to our knowledge, no specific verification method
has been confirmed suitable for recognizing artifact free

optical SNOM images, without referral to constant height
regulation.

We show in this paper how we can verify with a simple
method the genuine nature of constant distance optical
SNOM images. We will refer to the investigation of hybrid
nanoparticles (called nanohybrids), designed for biosens-
ing application through Local Surface Plasmon Resonance
(LSPR) hot spots imaging.

This paper is organized into three parts: In Section 2.1, we
will present near- and far-field spectroscopic characterisation
of the nanohybrids. We then analyze the corresponding
SNOM setup operating conditions. Finally, we present a veri-
fication procedure that would allow one to assert the validity
of SNOM measurements without referring to constant height
scans. In Section 2.2, we will show SNOM images of LSPR hot
spots on gold nanoplots, in addition to corresponding Finite
Element Method (FEM) simulations. Both will serve in Sec-
tion 2.3 to demonstrate the possible use of the nanohybrids in
a gold nanoplots biosensor and the veracity of the verification
method, presented in Section 2.1 of the paper.



2. Results and Discussion
2.1. Nanohybrid Investigations

2.1.1. Experimental

(A) The Nanohybrids. Hybrid nanoparticles are a new class of
organic/inorganic materials [4]. They can be single-phased or
associated (core/shell) and functionalized on the surface with
bonds linking the particle to molecular elements. We studied
ananohybrid that is chemically synthesized by Nano-H com-
pany [5]. It is composed of a gadolinium oxide core doped
with Tb** and covered with a polysiloxane shell containing
fluorescent molecules [6, 7]; its overall diameter is 20 nm. The
gadolinium oxide core is usually known for its optical, mag-
netic, and therapeutic advantages; however, in our case, it will
be only used as a support for the external shell. The role of the
last is to chemically protect the nanoparticles from any agent
in the external media and to hold an important modifiable
quantity of complementary organic fluorophores (Fluores-
cein (FITC)), Rhodamine B (RBITC), and so forth. The
nanohybrids are presented in a water solution at a concentra-
tion of 0.5mg/L. Marked nanoparticles usually show emis-
sion spectra corresponding to their specific fluorophores.
This property is essential for the function of the nanoparticles
as biomarkers.

(B) Sample Preparation. Two different samples were prepared
for nanohybrid characterisation:

Sample 1 consists of a glass substrate on which a drop
of the nanoparticles solution is left drying in air at
room temperature, for few hours.

Sample 2 is made of uniformly dispersed nanoparti-
cles on a thin cover glass. It is prepared by spinning a
drop of the nanoparticles solution on the substrate, at
high frequency for few minutes. The dispersion of the
nanoparticles essentially takes place in two different
stages: First the spinning centrifugal force ejects an
important amount of the solution from the substrate,
leaving a thin uniform liquid film on its surface.
Then as the solvent evaporates, the solute deposits on
the support [8]. The spacing and the distribution of
the nanoparticles depend on parameters such as the
concentration of the original solution, the rotation
frequency, the evaporation rate of the solvent, and the
solvent/substrate contact angle [9, 10].

(C) Far-Field Measurements. We have done all our far-field
measurements (absorption and emission) at room tempera-
ture. The setup used for acquiring emission spectra is shown
in Figure 1(a): an argon laser (Laser Coherent Innova 300)
directed toward the hybrid nanoparticles emits (A = 488 nm)
with a power of few milliwatts. A system of lenses leads the
resulting fluorescence light toward a monochromator (Jobin-
Yvon H25 monochromator), and a water cooled photomul-
tiplier tube (C31034 Series Burle electron tube); finally, a
lock-in amplifier system (EG&G Princeton Applied Research
Model 5205) and a chopper are used to eliminate any back-
ground signal. A notch filter at A = 488 nm (Kaiser Optical
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Systems Holographic Notch Filter) cuts the laser light in
front of the monochromator; care has been taken in order to
place the filter in a perpendicular position with respect to the
incident laser light. Absorption spectra have been acquired by
using a Perkin Elmer Instruments Lambda 900 spectrometer.

(D) SNOM Measurements Conditions

(i) Omicron Twin SNOM. We used two different modes for
the near-field measurements: reflection and transmission-
illumination. The first was for image processing while the
second was for near-field spectroscopic measurements. We
obtained all the results using the Omicron Twin SNOM
shown in Figure 1(b). The same approach mechanism was
adopted in both configurations. The only difference lies in
the optical geometry of the system. The distance regulation
system is of shear force type so that for each scanned region
we obtain both topographic (phase and Z-height) and optical
images in the constant distance mode. The average tip-sample
distance is estimated to be in the order of few nanometers
(the resolution in the Z direction being equal to 1nm). The
scan speed depends on the width of the selected image and
the number of raster points per line. In average, the scan rate
is 10 ms per raster point, with 350 points per line. Parameters
have been chosen in order to have the scan speed with a lower
limit that is duration of 4 s for a forward and backward scan
line.

(ii) SNOM Tip Fabrication and Characterization. We fabricate
our SNOM probes by applying the pulling and heating
method [11] on standard single mode optical fibers (Thorlabs-
SM 450) with 125um cladding diameter. An evaporator
then covers them with a thin layer of Aluminum, having a
thickness in the order of 80-100 nm. With this procedure, the
tips have an aperture diameter that varies between 100 nm
and 150 nm. Before and after each measurement, the state,
shape, and transmission properties of each tip are controlled
under a microscope and with an angular diagram setup. An
angular diagram shows the spatial angular distribution of
emitted rays from a probe’s aperture when it is penetrated by
alaser. The data collected permits one to deduce information
about the shape and morphology of the tip. It also gives an
average value of the aperture’s dimensions. A typical angular
diagram setup is shown in Figure 2(a).

The main setting consists of a photomultiplier tube which
is fixed to a rotating arm that makes a half-circle trajectory in
the XY plane around a SNOM tip. Laser light is injected in the
tip, and the intensity of emitted light is recorded as a function
of the rotating angle starting from —90° till 90°. The same
step is repeated after rotating the SNOM tip around itself at
angles ¢ of 60° and 120. Figure 2(b) shows a characteristic 3D
far-field angular diagram for a well circularly shaped narrow
tip, with no cracks or important protrusions at its end. We
used tips with such typical diagrams in our measurements in
order to avoid the occurrence of a SNOM image artifact, due
to broken or blunt probes.

On the SNOM setup, the coarse positioning of the tip
is done through a piezoelectric system implemented within
the rotating arm. It moves the probe in the x, y, and z
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FIGURE I: (a) Emission spectroscopy setup for nanoparticles in solution. The argon laser excites the sample, and the corresponding emitted
light is collected by a system of lenses that directs it to a monochromator. The last is backed up by a detector and operational amplifier. The
chopper modulates the laser light for amplification. (b) Near-Field Optical Microscope setup. A sample is placed on the sample holder and
is excited by the laser via the tapered SNOM tip. Two modes for light collection are possible, transmission through the transmission module
optics or reflection, through the collection objective. The corresponding spectrometer is for near-field spectroscopy and the SNOM light
detector for near-field imaging of the collected signal.
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FIGURE 2: (a) Angular diagram setup. A laser light is injected into a SNOM tip and a photomultiplier tube collects the emitted light, scanning
the region in front of the tip at 180°. The SNOM tip is then rotated at different angles around itself and the scan repeated. (b) Typical angular
diagram of a good quality SNOM tip. P.M refers to photomultiplier tube.
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FIGURE 3: (a) Spectroscopic characterization of hybrid nanoparticles. The blue curve represents the absorption spectrum of the nanoparticles
in water solution; the green curve is the corresponding emission spectrum at 488 nm excitation. The red curve is the emission spectrum of a
dried drop of the same solution on a glass plate, at the same excitation wavelength (sample 1). Inset: hybrid nanoparticle configuration. The
outer surface consists of a polysiloxane shell (green) covered with a luminescent coating that can be either Rhodamine or Fluorescein (yellow).
The core is composed of a lanthanide oxide and gadolinium oxide (pink). (b) Comparison between near-field (dashed) and far-field (plain)
emission spectra of hybrid nanoparticles, with corresponding blue and red curve fittings. The first has been obtained by using transmission

mode SNOM. Intensity values have been normalized.

directions, with a maximum amplitude of 0.1 x 0.1 x 1cm”.
The piezoelectric table assures the control and sweeping of
the samples position, with a resolution of 1 x 1 x 1nm”.

The collection objective covering the tip is a combination
of an ellipsoidal mirror and lenses. It collects about 80% of the
emitted/scattered light, that is, making an angle of 53 and 85°
[12] with respect to the probe axis.

(iii)) SNOM Setup. During a SNOM measurement (Fig-
ure 1(b)), a laser beam is injected into the tapered SNOM
tip through a lens coupling system, to excite the sample.
The collection objective directs the emanating light toward
a system of lenses, leading to the photomultiplier tube; two
types of photomultiplier tubes are used, either a small Hama-
matsu Photo sensor module (H7710-02 type) or a (C31034
series Burle type) photomultiplier tube when an increased
sensitivity is needed. For fluorescence imaging, special notch
filters are placed perpendicularly to the trajectory of the
collected light. Exciting lasers are either a He-Ne (Melles-
Griot) or a (Coherent Argon type) laser, depending on the
desired wavelength. The power of the penetrating light is kept
under a limit of about 1 yW so that the metallic layer covering
the SNOM tip would not be harmed by an elevated laser
power. Angular diagram measurements showed no melting
effects with such parameters.

In transmission mode SNOM, the metalized tip is kept at
a nanometric distance from the thin transparent sample and
excites it. The transmitted light is directed via the transmis-
sion module optics toward either a spectrometer (Triax
180 Horiba Jobin Yvon type) or an imaging water cooled
photomultiplier tube (R3310-02 Hamamatsu type).

2.1.2. Results

(A) Spectral Measurements. Figure 3(a) shows far-field
absorption and emission spectra of the nanoparticles in solu-
tion; both are characteristic of FITC molecules [13]. Maximal
peak absorption is at about 490 nm while emission is at
520 nm. In this configuration, the measured spectra represent
the response of the system consisting of both solvent and
nanoparticles. In order to be sure that no solvation effects
interfered with the results, emission measurements were
also conducted on sample 1; however, no important spectral
impact was found, as shown in the same figure.

(B) Near-Field Studies

(i) Sample 1 Investigation. A typical near-field optical spec-
trum of sample 1 is shown in Figure 3(b). Far-field and near-
field spectra are similar, and both peak at about 520 nm (scale
has been normalized). The similarity between near- and far-
field spectra has been obtained previously with different
systems such as gold arrays [14], Si nanocrystals [15], or
layered growth CdSe quantum dots samples [16]. It has been
assigned in each case to different reasons such as spatial inho-
mogeneities, samples dimensions, or preparation conditions.
In our case, the experiment took place at room temperature so
that thermally activated processes lead to a broadening of
the near-field spectrum. At the end of a measurement, highly
topographic aggregations formed on the surface of sample 1.
They were caused by the evaporation of the solvent in the air,
as the nanoparticles solution drop laid on the glass substrate.
During a SNOM scan, such formations hinder the shear force
regulation of the SNOM probe. Consequently, sample 2 was
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FIGURE 4: (a) Nanohybrid topographic (left) and optical (right) images. Aggregates of nanoparticles are represented by the randomly
distributed white spots. The right-handed legend of the topographic image shows that the thickness of the formed clusters is about 20 nm,
corresponding to one layer of nanohybrids. The optical image represents the scattered and fluorescent light emitted from the sample surface
and aggregates. (b) Exponential decay curve (in black) of a hybrid nanoparticle aggregate in reflection mode SNOM. Corresponding
exponential fitting (in red) is in accordance with decay data. (c) Z topographic (A), phase topographic (B), and an optical image (C) of
zoomed part (in a circle) of (a). The blue arrow in the topographic image refers to the region for which profile line and resolution analysis

studies are presented in the text (Sections 2.1.3(A) and 2.1.3(B)).

used for SNOM imaging. It is constituted of a single layer of
hybrid nanoparticles repartitioned over the substrate surface,
which can facilitate the scanning of the SNOM tip of the
sample.

(ii) Sample 2 Investigation. Figure 4(a) shows 5.5 ym x 5.5 ym
reflection mode near-field optical images of sample 2.

The left and right parts correspond, respectively, to topo-
graphic and optical images. The optical signal is a combina-
tion of both scattering and fluorescence light. The first comes
from the scattering of the excitation laser while the last is
emitted from the FITC molecules that are attached to the
nanoparticles. The white dots represent aggregations of the
deposited nanoparticles. The scale in the topographic image
reveals that the aggregations height corresponds to the
expected diameter of a nanoparticle (about 20 nm), implying
that only one single layer of the nanoparticles has been depos-
ited on the substrate.

Figure 4(c) shows, respectively, phase topographic, z
topographic, and optical 1.3 ym X 1.3 yum images, obtained

by zooming into the lowest right part of Figure 4(a). Optical
and topographic images resemble each other, even though the
former presents a considerable background.

(iii) Exponential Decay Curve. We acquired exponential decay
curves of the nanohybrids in order to make sure that no
far-field signal had been collected. The SNOM tip had been
initially fixed and the variation of the signal recorded as
the tip approached the sample. The intensity data has been
adjusted to account for the negative polarity of the detector.
Figure 4(b) shows a near-field exponential decay curve, with
the corresponding fit. The fit is perfectly exponential, with
a Least Distance value of about 12nm. Such a procedure
has been repeated on many parts of the sample, and similar
curves had been obtained, with a Least Distance value varying
between 12 and 13 nm.

2.1.3. Discussion. In the previous section, we have presented
constant distance near-field optical studies of nanohybrids.
It appears possible to visualize such type of nanoparticles, by
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FIGURE 5: (a) Representation of scheme used for the study of topographic and optical profile line shift. The green arrow represents the region
for which profile line analysis was done. Topographic and optical profile lines are delimited by points A, B, and A’, B', respectively. Points C
and C' represent the corresponding peak signals. The optical signal is inverted downward since the detector we use has a negative polarity.
(b) Comparison between topographic and optical profile lines with and without shift, as described in Section 2.1.3(B) in the text.

taking appropriate precautions pertaining to the nature of the
sample and experimental conditions. We now demonstrate
how one can verify the genuine nature of such images through
an analysis of their resolution and positional shift.

(A) Resolution Discussion. Unlike conventional microscopy,
the term “resolution” in Near-Field Optical Microscopy is
still not fully defined [17]. In the second case, resolving
power depends on parameters such as the probe-sample
interaction, topography of the sample, scanning mode, size
of the aperture, and polarization of the incident light [18,
19]. Being in the obligation to find a way to describe the
discrimination between different elements in a SNOM image,
groups in the scientific society used different definitions for
resolution as follows:

(1) The width of the smallest discernible feature [11, 20].

(2) The Full Width at Half Maximum (FWHM) of a peak
shaped feature [12, 20, 21].

(3) The width over which the signal drops from 90% of
its maximum value to 10% [22-26]. This is called the
“edge” or “rate resolution.”

These definitions were used to evaluate the resolution
of SNOM imaging for both fluorescence [20-22, 25] and
scattering [11, 12, 17] cases. Figures 5(a) and 5(b) show a
representation of topographic and optical profile lines that we
used in order to calculate the resolution in our measurements.

For each image, an arrow is drawn, over a specific region
(part (1)), and corresponding profile lines are plotted in part
(ii). In (a-ii), topographic show the height variation of an
object within the region under the blue arrow while optical
profile lines represent the variation of the corresponding
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FIGURE 6: Profile lines of topographic and optical cross section
of Figure 4(c), used for determining the rate resolution and opti-
cal/topographic shift. Marks D and E delimitate the edge resolution.
Purple lines, cutting the distance axis at A and B delimitate the
topographic profile line. Green lines delimitate the optical profile
lines at A" and B'. The shift between the two graphs is made obvious
by the different lengths of AA’ and B'B. The two peak signals
delimitated by C and C' are also shifted one with respect to the other.
As explained in the text, the shift value can be easily calculated by
taking into consideration the difference between AA’ and BB’ and
verifying with CC'.

optical signal. We will use similar profile lines for Figures 4(c)
and 6.

The blue arrow in Figure 4(c) shows the region for which
the profile lines are studied. The corresponding lines are fit
with Gaussian functions and displayed in Figure 6; the blue
marks set the points at which the vertical values of the fittings
decrease from 90% to 10% of their highest value. They are
denoted by D, E, and D', E' for, respectively, the topographic
and optical profile lines. We calculate the edge resolution

by determining the horizontal distance that separates (D)
from (E) and (D') from (E') (as in definition (3) above). The
FWHM has been calculated after the fitting process.

Seemingly, the optical edge resolution (=41 nm) is better
than the topographic one (=48 nm). Also, the respective
FWHM follow the same pattern (FWHM,q,ographic = 64nm
and FWHM;,; = 51 nm). Attaining a different resolution
in optical and topographic images is the sign of a genuinely
pure optical SNOM image, free from z induced artefacts
(1,17, 22]. However, whether the optical resolution should be
better or worse than the topographical one is still a point of
debate [17, 19]. We assimilate the lack of resolution of SNOM
topographic images to tip convolution at the steep edges of
the studied structure.

We obtain images having average resolutions reaching
values near 50 nm with a probe having a diameter of about
100 nm, in accordance with previous work in the literature
[17]. In aperture SNOM, the finest resolvable structures are
approximately equal to the aperture radius [1]. Such a resolu-
tion is assigned to the presence of a near-field scatterer in the
vicinity of the aperture. These small particles (or mini tips)
are formed on the aperture within the light pathway, acting
as highly near-field scattering centers. It is consequently their
size that is responsible for the high optical resolution.

(B) Image Artifacts. Many theoretical models have been
established in order to describe SNOM tip-sample interaction
and artifact formation. It was found that at least one of the
following requirements had to be satisfied by a constant gap
mode near-field image in order to be genuine [20, 21]:

(a) Topographic and near-field optical images are highly
uncorrelated.

(b) Topographic and near-field optical images correlate
but are shifted with respect to one another by a
constant distance. In this case, optical and nonoptical
zones do not coincide. The corresponding shift is
caused by a displacement of the aperture with respect
to the most protruding part of the tip, which is subject
to shear forces [1, 27].

(c) The resolutions of near-field optics and shear force
images are clearly different.

Due to the nature of our samples, we generally found
a correlation between our topographic and optical SNOM
images. Consequently, in order to verify their genuineness,
we followed criteria (b) and (c). Figure 5(b) illustrates the
method we used to verify criteria (b) for some given optical
and topographic profile lines. In order to specify the shift
between the images, we delimitate the borders of each profile
line and mark the corresponding intersection with the x-
axis. Points A and B represent the borders of the topographic
image while A" and B' are for the optical one. Points C and C’'
represent the topographic and optical signal peaks. We then
compare between the positions of points A, B, and A" B'.In
the case where there is no shift (left image), the distance (d)
between A, A’ and B, B’ is the same. If, however, the optical
signal is shifted to the right by Ax, then the distance between
A and A’ is (d + Ax) and that between B and B’ (d — Ax). By
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FIGURE 7: (a) Topographic and (b) optical scattering and (c) fluorescence near-field images of hybrid aggregates. The blue arrow shows the
region for which shift analysis was done. The difference between scattering and fluorescence imaging is clear, as much more noise is detected

in the first case than in the second.

TaBLE 1: Comparison table of topographic and optical images
resolution for both edge and full-width half-maximum analysis
methods.

Edge resolution FWHM resolution
Optical image 41nm 51nm
Topographic image 48 nm 64nm

measuring (d + Ax) and (d — Ax), one can calculate the value
of the shift Ax. The result can then be verified by comparing
with the distance between C and C'.

Figure 6 shows the profile lines under the blue arrow in
Figure 4(c). The procedure described above has been applied
on the borders and peak and at a full-width half maximum
(FWHM) of the signal. The corresponding shift was found to
be about 8 nm. This is a reasonable value, taking into account
the fact that the SNOM tips we use have an average radius of
50 nm.

Criterion (c) has already been proven fulfilled in Sec-
tion 2.1.3(A). The different values obtained for both FWHM
and edge resolution from the nanohybrid images are summa-
rized in Table 1.

(C) Fluorescence/Scattering Imaging Genuineness. Figure 7
displays 1.6 um x 1.6 ym topographic, scattering, and fluores-
cence optical images of hybrid nanoparticles aggregate.

The blue arrow shows the region for which the profile
lines are studied. In the case of the scattering optical image,
the profile line position was chosen in such a way as to
show maximum contrast with the background. By following
the same procedure as described in Section 2.1.3(B), one
finds approximately the same 20 nm shift between scattering,
topographic, and fluorescence images. This agrees with our
experimental procedure, since the only intermediate step
that we took between acquiring a fluorescence image and a
scattering one is the placement of a notch filter in front of the
detector, without lifting up of the SNOM tip from the surface.

In terms of resolution, the scattering optical images
have an edge resolution of 80 nm and an FWHM equal to
90 nm; the corresponding topographic images have an edge
resolution of 90 nm and an FWHM equal to 112 nm. Thus,
in both cases, we are still encountering the situation where

the optical resolution is different from the topographic one.
The fluorescence image is almost free from any background
signal, contrary to the scattering one. In the last, the laser light
scattered from the substrate, and nanoparticles fluorescence
is collected by the detector. Consequently, the signal level
differs for the two types of measurement (about 0.013 V for
scattered light compared to 0.006 V for fluorescence).

In conclusion, we were able to prove in this section that
the visualization of hybrid nanoparticles at high resolutions
whether topographically (Z and phase topography) or opti-
cally (scattering or luminescence) is feasible by the use of
Near-Field Optical Microscopy. The resolution which could
be attained with our setup and the SNOM tips we used was
found to reach values as small as 50 nm. Finally, as evidenced
by the differently exposed methods, we have shown how
to test the images we acquired for artifact free criteria. The
conditions have been fulfilled in all the recorded images.

2.2. LSPR Imaging in the Near-Field. In the previous section,
we have presented near-field optical images of nanoobjects
that have similar topographic and optical features. Even
though our procedures proved artifact-free image, we still
wanted to make sure that the system we used guaranteed the
repeatability of genuine images independently of the sample
we studied. We consequently chose to investigate objects
emitting through different processes than fluorophores emis-
sion. More precisely we were interested in studying objects
that emitted light by Local Surface Plasmon Resonance
(LSPR). LSPR takes place when a metallic object is placed in
an electromagnetic field. The electric component of the last
pushes the positively charged nuclei in one direction and the
negatively charged electron cloud in the other [28]. As the
electron cloud and nuclei are displaced one with respect to the
other, a restoring Coulomb force arises between them, result-
ing in their oscillation. The constituted oscillating dipole
emits in its turn an electromagnetic wave whose oscillation
magnitude is at a maximum when a specific light frequency
is used to illuminate the object. This results in maximum
light emission or LSPR emission. The magnitude of emitted
electric field can be calculated by applying Mie’s theory [29]
or quasistatic approximation calculation [30, 31], depending
on the size of the studied object.
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FIGURE 8: (a) left part: SNOM optical image of bare gold plots (sample A), excited at 633 nm. Two hot spots are clearly distinguishable on
each plot. Right part: optical profile line of the region under the blue arrow. Signal peaks are separated according to the geometry of sample
that is by 1 ym. (b) Near-field topographic image of the bare gold plots (sample A). The double hot spots pattern of (a) is replaced by well
separated homogeneous solid ellipsoidal features. (c) Finite Element Simulation of the electric field on the surface of a gold nanoplot. The two
red marks at the tips of the ellipsoid refer to the concentrated electric field or hot spots. (d) Simulated absorption spectrum of a gold nanoplot
(blue curve); light is longitudinally polarized along the nanoplot major axis. The spectrum is compared with experiment, by Mohamed et al.
(red curve). Both curves overlap along the longitudinal surface Plasmon resonance band.

In this section, we show near-field optical images of ellip-
tical gold nanoplots that emit through LSPR. The shape of the
plots has been chosen to be elliptical in order to visualize hot
spots. Constant distance SNOM will be used as a tool for the
genuine imaging of such nanoscopic photonic phenomena.

2.2.1. Experimental. The SNOM configuration used is the
illumination reflection mode at room temperature. Electron
Beam Lithography was used for the fabrication of gold
spheroid disc arrays, each plot having a height of about 70 nm,
and an equatorial diameter of 140 nm; the corresponding
sample (A) is constituted of gold plots separated by 340 nm.

2.2.2. Results. Figure 8(a) is a near-field optical image
obtained by illuminating sample A with a 633 nm linearly
polarized laser and using a Notch filter to exclude the
excitation laser.

Some regions of the optical image present signs of tip
drifting (horizontal lines) or dust particles on the sample
(large aggregate at the top part); still, one can perceive well
the gold plot features. Each dot is characterized by two

luminescent point sources (or “hot spots”) that seem opposite
to one another. Figure 8(b) is the corresponding topographic
image. In this case, the double dot feature is replaced by an
image of an ensemble of fully complete solid nanoplots.

Figure 8(c) shows a (2D) numerical simulation of the
electric near-field distribution over an excited gold nanoplot.
Figure 8(d) shows the corresponding scattering cross section
spectrum. Both Figures 8(c) and 8(d) are based on Finite Ele-
ment Method (FEM) calculations in the frequency domain,
similar to that of Chau et al. [32, 33]; the Au permittivity data
are also obtained from Johnson and Christy [34] and fitted
to the Drude model, with corrections to include the particle
size effect [35]. The spectrum peaks near 633 nm, making
this wavelength suitable for LSPR excitation. Results have
been compared with and are in accordance with previously
obtained experimental results, with gold nanorods having the
same aspect ratio [36]. The double shoulder in the simulation
represents linear and longitudinal LSPR excitation. In our
experimental case, we consider only the second shoulder as
the excitation light is linearly polarized along the longitudinal
axis of the gold plots.
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2.2.3. Discussion. When nanoplots having an elliptical shape
are placed in an external electromagnetic field, the corre-
sponding electric field lines concentrate on their tips [37]. If
applied at the right frequency, this electric field is responsible
for the creation of LSPR at the surface of the nanorod.
The intensity of the emitted light from the nanoplot is
proportional to the square of its electric field. Figure 8(c)
shows the simulation of the concentrated electric field at the
end of a nanorod; it is also homologous to a plot of LSPR
emission over the nanoplot surface. Maximal field intensities
reach values as high as 16 V/m. Intrinsic luminescence in gold
is attributed to a process which involves interband transition
between s-p and d bands [38]. In the case of gold nanorods,
El-Sayed et al. proved the coupling of the LSPR with an
intrinsic sp-d intraband transition emission possible, causing
its enhancement [36]. The corresponding emission spectra
varied in emission wavelength and quantum yield, depending
on the aspect ratio of each nanorod: as the length (or aspect
ratio) of a nanorod increased, its emission wavelength shifted
to lower energy and its quantum yield increased. Boyd et al.
[39, 40] have shown that such results were based on a model
in which the electronic excitations of very small spheroid
metallic protrusion were found to be located at their apex.

The ellipsoidal nanoplots shown in Figure 8(a) are distin-
guished by characteristic luminescent spot at each end. These
match well with the simulated spots in Figure 8(c). Figure 8(a)
thus represent LSPR excitation in the form of the concen-
trated localized field on the plot tips. The illustrated dotted
or “hot spot” features constitute a near-field optical image
of the localized enhanced luminescence, on the apex of the
nanoplots. Such “hot spots” have also been observed exper-
imentally in the near-field on rough silver films [41]; their
corresponding power and wavelength range depend closely
on the shape of the nanoobjects on which they are located.

A comparison between Figures 8(a) and 8(b) certifies the
importance of constant distance SNOM. In fact, in this case,
topographic and optical images are highly uncorrelated due
to the nature of the physical phenomena observed. One can
clearly distinguish the difference between them: the former
shows a double spotted feature while the latter is composed
of whole solid shapes. Such dissimilarity and the correspon-
dence between simulation and image is a proof that our
images are artifact free. Also, as in the previous representation
of gold nanohybrids on glass substrates, a comparison
between optical and topographic images indicates a shift
between them. This equally demonstrates the veracity of the
system we use to acquire our images and the shift method
used to ascertain the genuineness of a near-field optical
image.

2.3. Near-Field Optical Microscopy of a Hybrid Biosensor.
Biosensors are devices where a biological recognition element
is built in and is a primary selectivity element [42]. A biosen-
sor consists of a biological component that reacts with a target
substance and a signal-generating component that detects the
desired products or by-products. The product can be of chem-
ical, biological, or biochemical nature and its detection can
be associated with electrochemical [43], piezoelectric [44], or
photometric mechanisms [45]. The later can be based on

Journal of Nanomaterials

Streptavidin linked
nanohybrids

Streptavidin/biotin
binding

Biotin linked
gold nanoplots

A

FIGURE 9: Nanohybrids biosensor principle: Biotin molecules (red
shapes) are attached to gold nanoplots and hybrid nanoparticles are
linked to Streptavidin proteins (orange shape). The strong covalent
bond between Streptavidin and Biotin provides the stabilization of
the nanohybrids on the gold nanoplots.

Local Surface Plasmon Resonance (LSPR). LSPR biosensors
rely on the sensitivity of LSPR to a lot of parameters: the
bandwidth, peak height, and position of an LSPR absorption
maximum. These depend markedly on the size, size distribu-
tion, surface states, surface coverage, and surrounding of a
given nanostructure [46-48].

The desired optical detection of nanoscopic analytes can
be complex, given the sensitivity of available detection tech-
niques. In order to overcome this problem, one may use Near-
Field Optical Microscopy (SNOM), within the conditions of
image genuineness.

In this section, we show how the use of SNOM can
enhance hybrid biosensor performances and shed light on
nanoscopic-sized detection. We use the bonding between two
substances: Streptavidin and Biotin, to demonstrate the sens-
ing mechanism in a sensitivity modulable gold plot biosensor.

2.3.1. Experimental

(A) Sample Preparation. Figure 9 is a representation of a
nanohybrid biosensor.

Electron Beam Lithography was used for the fabrication
of Au spheroid disc arrays, similar to sample A (in Sec-
tion 2.2.2), except that the spacing between the Au spheroids
is about 1400 nm.

The Biotin ligands were “glued” on the plots surface by
immersing the last in a solution of trithiolated polypeptides
modified with a Biotin molecule at their N-term end. After
two hours, the plots were washed to remove all unbound
molecules.

Biotin ligands bonded to Streptavidin molecules after
immersing the substrate in a nanohybrids solution. The
last contained Rhodamine (RBITC) and Streptavidin labeled
nanohybrids, whose concentration was adjusted to obtain a
functionalization ratio of one Streptavidin per particle.
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FIGURE 10: (a) left part: near-field optical image of gold plots covered by Streptavidin/Rhodamine molecules, excited at 633 nm. About 44% of
the samples nanoplots emit light homogeneously, contrarily to the double spot feature in Figure 8(a). The dimensions of the image are slightly
different from Figure 8(a). Right part: optical profile line of excited plots, within the region under the blue arrow. (b) Left part: near-field
optical image of gold plots covered by Streptavidin/Rhodamine molecules, excited at 514 nm. About 83% of the samples nanoplots shine well.
Right part: optical profile line of excited plots, within the region under the blue arrow. (c) Absorption (black) and emission spectra (red) of
nanohybrids. Extinction spectrum of gold nanoplots is in blue. The area under the spectrum is shaded in light blue for more clarity.

(B) Investigation Procedure. The principle of the investigation
consisted of determining if the biosensor was able to detect
the presence of nanohybrids in the solution. In other words,
we wanted to develop a nanoscaled method that detects the
formation of a bond between the Streptavidin and Biotin
molecules on the nanoplots. To do so, we compared the
plots optical images before and after their immersion in the
Streptavidin solution. Would there have been a disparity
between the results, then binding would have taken place. The
corresponding difference in luminescence would origin from
the RBITC molecules that have been attached on the biosen-
sor. We also illuminated the plots at different wavelengths, in

order to see whether the biosensor is wavelength dependent
and to determine the optimal conditions for nanohybrid
detection. The SNOM configuration used is the illumination
reflection mode. Three different excitation schemes have
been adopted: first an illumination of the nonfunctionalized
sample A by a 633 nm He-Ne laser, then the application of
the same wavelength light, and finally a 514 nm argon laser
on functionalized sample B.

2.3.2. Results. Figure 10(a) (left part) is obtained by exciting
sample B with 633 nm. In this case, the double dot feature of
Figure 8(a) is replaced by a quite homogeneously distributed
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luminescence over some of the plots. Actually, about 44%
of the samples nanoplots shine well, while the others emit
partially; the right part of the figure shows a weak optical
profile line for some selected plots.

Figure 10(b) (left part) represents sample B after its
excitation with a 514 nm laser. This time, the homogeneously
distributed luminescence is much more prominent than that
in Figure 10(a), where 83% of the plots shine well and the
emission much stronger, as shown by the corresponding high
signal optical profile line (right part).

2.3.3. Discussion. The discrepancy between Figures 8(a) and
10(a) is a proof that the binding between Streptavidin and Bio-
tin molecules has taken place. In other words, the nanoplots
were able to “see” the nanohybrids in the solution. In fact, the
homogeneous light distribution in Figure 10(a) represents the
luminescence originating from the Streptavidin-Rhodamine
molecules embedding the surface of the nanoplots. The
absorption spectrum of Rhodamine in the visible range is
composed of a band starting at 450 nm, peaking at about
540 nm and ending at 600 nm [49, 50]. As the excitation
wavelength (633 nm) is outside this range, we assign the
emission of light from Rhodamine to an indirect excitation
process. The gold nanoplots absorb light at 633nm [5]]
and emit a broad LSPR relaxation spectrum extending from
550 nm to 750 nm. This includes the margin within the 540-
600 nm band for the excitation of Rhodamine as illustrated
in Figure 10(c). Thus, the signal emanates first from the LSPR
excitation and relaxation, and the emitted band then excites
the Rhodamine, fluorescing at about 575 nm.

We can modify the sensing selectivity of the nanobiosen-
sor by simply changing the excitation wavelength. We can
control the strength of this signal-generating component
since its response and that of the detected analytes are both
wavelength dependent. Figure 10(b) presents an image of
covered nanoplots with a much clearer contrast, alarger num-
ber of more homogeneously emitting nanoplots, and much
better-defined features. In fact, 514 nm constitutes an appro-
priate wavelength for directly exciting Rhodamine and gold
luminescence (through the sp-d interband transitions). Thus,
in such a configuration, the excitation of the functionalized
gold plots is due to both a direct excitation from the applied
laser light at 514 nm and an indirect one coming from gold
plots emission. These two phenomena lead to a maximized
emission from Rhodamine, a higher quality and a much
clearer contrast in Figure 10(b) compared to those of Fig-
ure 10(a). In other words, we are able to modulate the strength
of the emitted signal or sensitivity of the biosensor by simply
controlling the excitation wavelength.

3. Conclusion

We were able to show in this paper the importance of the
topographic/optical shift method, in addition to the resolu-
tion difference method in SNOM images for the proof of
image correctness. This method has been applied on nanohy-
brids fluorescing in solution and attached on gold plots. The
veracity of the corresponding images has been demonstrated

Journal of Nanomaterials

through LSPR emission, where simulations and experimental
results corresponded well with each other. LSPR proved also
as a valuable as a tool that permits the selective detection of
specific analytes in the near-field, depending on the excitation
wavelength. These results open the door for a safe, artifact free
use of SNOM with biosensors, whether in constant height or
constant distance mode.
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