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ABSTRACT

We present an analysis of the optical coupling between two gold nanodisks by near-field fluorescence microscopy. This is achieved by simul-
taneously scanning and measuring the light emitted by a single Er>*/Yb>" doped nanocrystal glued at the end of an atomic force microscope
tip. The excitation of the nanocrystal was performed at 4 =975 nm via upconversion, and fluorescence was detected in the visible part of the
spectrum at 4 =550 nm. For an isolated nanodisk, the near-field presents a two-lobe pattern oriented along the direction of the incident
polarization. For two nanodisks with a sizable separation distance (385 nm) illuminated with the polarization along the interparticle axis, we
observe a negative effect of the coupling with a slight decrease in fluorescence in the gap. For smaller gap values (195, 95, and 55nm), a
strong increase in fluorescence is observed as well as a reduced spatial localization of the field as the distance decreases. Finally, when the
disks touch each other (0 nm), the dipolar-dipolar interaction between them disappears and no fluorescence enhancement occurs. A new
plasmon mode is created at another wavelength. Our experimental results are in good agreement with numerical simulations of the near-
field intensity distribution at the excitation wavelength on the surface of the structures. Combining fluorescence mapping and far-field scat-
tering spectroscopy should be of strong interest to develop bio-chemical sensors based on field enhancement effects.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0049395

Metallic nanostructures made of gold and silver exhibit extraordi-
nary properties due to the presence of surface plasmon resonances
(SPRs)." ™ These resonances are due to the collective oscillation of elec-
trons on the metal surface and are characterized by a strong absorp-
tion and scattering of light. At the local scale, they induce a
localization of the electromagnetic field at some specific locations
around the nanostructures as well as strong enhancements of the
intensity. Numerous applications arise from this field enhancement
effect in different domains such as increasing the detection sensitivity
for biosensing,‘g’s’7 surface enhanced Raman scattering (SERS),&9 or
improving the performance of optoelectronic devices.'”'* The inten-
sity of the local fields depends on the nature of the metallic nanopar-
ticles, their shape and size, and the dielectric environment. Groups of
nanoparticles can also lead to an even larger increase in the field
enhancement due to the coupling between them. In the case of

metallic dimers, if the separation distance is small enough, near-field
interaction occurs between them and this leads to a strongly enhanced
and localized electromagnetic field."” ' If the molecules are inserted
in the gap, the emission can be enhanced, ”*’ either by an increase in
the excitation or by an increase in the fluorescence decay rate or by
both effects.”

To observe the coupling effects between two metallic dimers, a
widely used method is far-field scattering or transmission spectroscopy
on isolated dimers or on structures arranged in arrays.'>'®'"**" The
scattering spectra of two coupled nanoparticles exhibit a red shift of
the dipolar resonance compared to the isolated ones. This can be
understood by the fact that if we approach two dipoles, i.e., the two
nanostructures, the resonance frequency varies due to the dipole-di-
pole interaction. Other techniques like scattering scanning near-field
optical microscopy (SNOM)’"** and electron energy loss spectroscopy
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(EELS) as well as tomographic EELS mapping” > directly showed the
light localization in the gap between nanostructures with a lateral reso-
lution that can be as small as 10 nm. Finally, non-linear far-field imag-
ing techniques like second harmonic generation also evidenced the
coupling of plasmons between two nanostructures.” The intensity
of the coupling depends on the distance between the nanostructures.
For instance, red shifts of the resonance can be detected if the gap is
smaller than approximately 2.5 times the particle diameter."” In the
case of a nanodisk of 200 nm diameter, this corresponds to a gap of
500 nm. When the distance becomes very small, the electromagnetic
field localization and enhancement become very high due to the accu-
mulation of charges in the gap, but they start to vanish at very short
distances (d <1nm), for which the dipolar resonance is inhibited.
Finally, when the particles touch each other (d =0nm), a new nano-
structure is created with other resonances, and new scattering peaks
appear at other wavelengths in the near-infrared."”**

In this article, our aim is to explore how the coupling between
two gold nanodisks influences the fluorescence emitted by a single
nanocrystal. This will be achieved by mapping the fluorescence inten-
sity as a function of the position of the nanocrystal around the disks,
for different separation distances between them. Although there are
many experimental studies describing the influence of plasmonic
structures on fluorescent molecules,'” " the direct mapping of the
emission intensity or lifetime has only been achieved on simple struc-
tures like isolated metallic nanostructures.””** For structures where
coupling effects or interactions govern the optical response, many
questions are still unanswered. How does the nanocrystal fluorescence
evolve as a function of the gap length? How is the fluorescence inten-
sity related to the near-field intensity at the excitation wavelength? Do
we observe a total quenching of fluorescence when two coupled struc-
tures touch each other? To perform the aforementioned fluorescence
mapping, so that we can shed some light on these questions, we use a
fluorescent nanocrystal glued at the end of an atomic force microscope
(AFM) tip and measure the emitted light as a function of the tip posi-
tion around the nanostructures.

To be able to perform quantitative comparisons on a series of
coupled nanodisks, it is required to use the same tip/nanocrystal for all
the samples. Therefore, the nanocrystal has to be robust, durable, and
should not present any evidence of photobleaching. Fluoride nano-
crystals doped with Er’* and Yb®" ions nicely satisfy these condi-
tions.”” ™" In this study, we use NaYF, Er’'/Yb®" nanocrystals
synthesized by the hydrothermal route.”*’ Some details about
the synthesis can be found in the supplementary material. Er>*/yb>*
co-doped materials emit fluorescence at the green (1 =525nm), the
yellowish-green (4= 550nm), and the red (1= 670nm) wavelengths
in the visible region of the electromagnetic spectrum. It is possible to
excite them in the visible with a one-photon excitation and also in the
near-infrared by upconversion, for instance at A =975nm. This two-
photon process is very convenient because the excitation wavelength is
well separated from the emission lines and it is easy to get rid of the
incident light.

We show in Fig. 1 the experimental setup, a scanning electron
microscope (SEM) image of the nanocrystals, their energy band dia-
gram, and their fluorescence spectrum. The sample is excited in a
transmission mode with a linearly polarized, intensity modulated
(f=330Hz), laser diode emitting at Agxc=975nm. The beam is
focused on a 20 um wide spot and that illuminates both the sample
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FIG. 1. Sketch of the illumination configuration (a) and the scanning mode (b),
SEM image of a 100-150 nm large fluorescent NaYF,:Er**/Yb>* nanocrystals (c),
energy band diagram (d), and luminescence spectrum of the nanocrystals. The
excitation was performed at Agxc = 975 nm.

surface and the nanocrystal. The emitted light (1 =550nm) is col-
lected with a high numerical aperture objective and sent to a photo-
multiplier tube and a lock-in amplifier synchronized to the laser
modulation. The scans are performed in the tapping mode, with the
feedback loop disabled, at a constant height (h=0nm) above the
nanostructures [see Fig. 1(b)]. Before studying coupled nanostructures,
we measured the fluorescence intensity maps near an isolated gold
nanodisk fabricated by electron beam lithography on a glass substrate.
The diameter and the thickness of the disk were close to 240 and
50 nm, respectively. The results are shown in Fig. 2, where the fluores-
cence maps are composed of two high intensity zones, which form
two lobes oriented in the direction of the incident polarization of the
excitation beam. As shown in Figs. 2(a) and 2(b), when the polariza-
tion is rotated by 90°, the lobes also rotate by the same angle. Recently,
a complete study on similar structures showed that the fluorescence
maps are directly linked to the near-field intensity near the nanostruc-
ture at the excitation wavelength.” It was observed that the maximum
fluorescence occurred for disk diameters in the 200-250 nm range and
a good agreement was found with numerical simulations.

To put forward the role of interactions, we now consider the case
of two almost identical nanodisks, where the near-field intensity and
the nanocrystal fluorescence depend on the coupling and on the disk
separation distance. We characterized five structures of diameter
240 nm and separated, from edge to edge, by d =385, 195, 95, 55, and
0 nm, respectively. The chosen diameter for each disk corresponds to
that which has the largest local electromagnetic field intensity at the
excitation wavelength”™ and the separation distances cover a wide
range, from mid-field, where we expect a reduced (but not vanishing)
influence of evanescent coupling, to near-field coupling and direct
contact. The polarization of the incident light is parallel to the align-
ment of two nanodisks. In all the experiments, we used the same tip/
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FIG. 2. Near-field fluorescence maps (a) and (b) and cross sections (c) and (d)
measured when a nanocrystal is scanning an isolated 240 nm-large gold nanodisk.
The excitation was performed at Agxc=975nm, and the luminescence was
detected in the 520-550 nm range. The incident polarization of the laser beam is
indicated by the arrow. The inset is an SEM picture of the nanodisk.

nanocrystal, performing the measurements in nearly identical experi-
mental conditions.

Let us start with the largest separation distance d=385nm,
whose experimental fluorescence image and a cross section are shown
in Figs. 3(a) and 3(b), respectively. Even for a large gap, we can see
that the fluorescence pattern is not simply the addition of the contri-
bution of two isolated nanodisks. There are four lobes, aligned in the
same direction, but the lobes situated in the gap are less intense than
the external ones [see Figs. 3(a) and 3(b)]. This shows that, even for
this large distance, there is a measurable interaction and the presence
of one disk modifies the near-field around the other. This observation
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FIG. 3. Experimental fluorescence image (a) and cross section (b) measured on
coupled gold nanodisks with a separation distance d=385nm. FDTD simulation
(c) and (d) of the electromagnetic field intensity at the excitation wavelength. The
intensity is averaged over a 100 nm large cube and in a plane situated 14 nm above
the nanodisk surface. The cross sections are extracted from the images in the
direction indicated by the white dashed arrow. The incident polarization is parallel to
the alignment of the disks. The inset is an SEM picture of the disks.
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agrees with the measurements performed by Su et al'’ and

Hooshmand and El-Sayed'” who observed that the red shift of the res-
onance due to the coupling between two nanoparticles could be
observed when the gap distance is up to 2.5 times larger than the
diameter of the particles (in our case, the ratio gap/diameter is 1.6
times smaller than this value). For comparison, we performed rigorous
electromagnetic calculations using the finite difference time domain
(FDTD) method to obtain the spatial distribution of the near-field
intensity (||E||*) above the disk dimer. To account for the finite fluo-
rescent particle size, the intensity is averaged on a 100° nm’ large
cube. The “cube” is scanned in a plane above the disk surface at a con-
stant height of 14 nm. The near-field intensity map and a cross sec-
tional profile along the alignment are shown in Figs. 3(c) and 3(d),
respectively. As for the experimental fluorescence maps, four lobes are
clearly discernible, oriented along the direction of the incident polari-
zation, the ones located in the gap between the disks being less intense
than the external ones. This qualitatively agrees with the experimental
results; however, the relative intensity of the inner lobes compared to
that of the outer ones is slightly smaller in the fluorescence map than
in the simulation. The difference can be explained by several reasons.
To simplify the simulation, the average was made on a cube that does
not exactly represent the real shape of the nanocrystal; its shape is
more or less spherical (see the SEM image in Fig. 1). Also, the nano-
crystal is not a pure detector of the electromagnetic field. It is also a
light source excited by the near-field, and the emission process (for
instance, the radiative rate and the emission pattern) can also be influ-
enced by the gold dimer. These effects are not considered in the simu-
lation and would be way too hard to implement. Despite the
mentioned differences, the agreement is good enough to consider that
the physical role played by the interaction is well captured for this sep-
aration distance.

In Fig. 4, we show both the experimental fluorescence maps and
profiles measured on dimers having a smaller gap (larger interaction)
and the corresponding FDTD numerical results. As the gap reduces to
d =195 nm, the inner lobes combine with each other and the resulting
intensity becomes larger than that of the external lobes [Fig. 4(a)].
This is quite the opposite behavior observed for d=385nm. Once
more, the simulation [Fig. 4(c)] agrees well with the experimental
image. When the distance decreases to d=95nm, the central lobe
becomes yet more intense and then the intensity slightly decreases for
d=55nm. This effect is illustrated in Fig. 4(m), where we plotted the
evolution of fluorescence of the central lobe, normalized both by the
fluorescence far from the dimer and by the lobe fluorescence of the
385 nm structure. The first normalization allows us to get rid of inten-
sity variations when we move the tip from one structure to the others.
The second normalization allows us to directly compare the evolution
of the lobe intensity with numerical simulations. The normalized
near-field intensity of the central lobe deduced from the simulations is
also shown, in good agreement with the experiment. For d <195nm,
we can see that the relative fluorescence is larger than that of an iso-
lated disk of the same dimensions, represented by the horizontal green
line in Fig. 4(m). This clearly shows that the association of two par-
ticles increases the local enhancement effects compared to a single
structure but it also shows that there is a maximum fluorescence inten-
sity observed for d=95nm. It is perhaps relevant to recall that the
fluorescence experimentally obtained corresponds to an average over
the whole of the volume of the fluorescent nanocrystal above the
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FIG. 4. Experimental fluorescence maps (a), (e), and (i) and cross sectional profiles
(b), (), and (j) measured on coupled gold dimers with various separation distances.
FDTD simulations (c), (g), and (k) and cross sections (d), (h), and (I) of the electro-
magnetic field intensity at the excitation wavelength. The separation distance
between the dimers is 195nm (a)—(d), 95nm (e)—(h), 55 nm (i)—(l). The cross sec-
tions are taken along the dashed arrows. The insets in (a), (), and (i) are SEM
images of the gold dimers. Experimental fluorescence and calculated near-field rel-
ative intensities of the central lobe as a function of the separation distance d (m).
The intensities are normalized by the intensities far from the dimers and also by the
value for d=385nm (reference value). FWHM of the central lobe as a function of
the separation distance d (n). In (m), the horizontal green line represents the fluo-
rescence intensity of the lobes for an isolated single disk, extracted from Fig. 2.

dimers at an average height of 55 nm. It is likely that reducing the inte-
gration volume and scanning the surface closer to the gap would give
a maximum value for a smaller separation distance. Indeed, in the gap
itself, very large enhancements have been calculated for gaps smaller
than 5nm."*'%**"* We are not sensitive to these strong fields here
because our tip/nanocrystal is not able to penetrate inside the gap due
to its size. Reducing the gap has also an effect on the full width at half
maximum (FWHM) of the central fluorescence lobe. As we can see in
Fig. 4(n), as the gap reduces from 195 to 55 nm, the FWHM decreases
by almost a factor of 2 for both the fluorescence and the simulation.
This evidences the stronger localization of the electromagnetic field for
small separation distances.

The interaction between the gold disks is more complex when
they are very close to each other, and higher order modes can appear
at lower wavelengths if d becomes smaller than 1 nm (Refs. 15, 18, and
48) as the electronic cloud influences the dielectric properties of the
gap, in a very similar way to the finite size corrections in atomic size
conductors back in the 1990s."” Although the local electromagnetic
field is very high in the gap for these distances, quantum mechanical
effects like electron tunneling can also lead to a decrease in the local
enhancement at distances smaller than 0.5 nm.”’ We are not sensitive
to these effects with our tip and nanocrystal, but we observed that
when the disks contact each other, we do not observe any fluorescence

ARTICLE scitation.org/journal/apl

enhancement. This is clearly evident on the fluorescence image and
cross section shown in Fig. 5, where the central lobe disappears and
the external ones are barely noticeable. The experiment is, once more,
corroborated by our FDTD numerical simulation, which shows the
very same intensity reduction on the whole structure. A small increase
remains observable in the middle of the dark zone (see the cross sec-
tions in Fig. 5), but it apparently comes from the lateral parts of the
dimer.

The fluorescence (and near-field) map for the touching dimer
actually resembles that of a “big” lone disk,* and, thus, we can explain
the disappearance of the fluorescence bright spot as caused by the
presence of the conductive path between the two disks. Electrons do
not oscillate anymore around each disk separately; they can go back
and forth between the two disks, which shifts the resonance frequency
of the system at another, larger, wavelength, far from the excitation
source.”?” Therefore, the associated near-field and fluorescence
enhancements do not occur anymore. The experiments described here
were performed with the incident polarization aligned along the dimer
long axis. We also performed experiments with the incident polariza-
tion perpendicular to the interparticle axis (see the supplementary
material). In that case, the two disks behave like isolated structures,
with the two lobes positioned on each side of the disks, and the experi-
ments do not exhibit any evidence of coupling between the disks.

In summary, we performed the direct mapping of fluorescence
enhancement effects between two coupled gold nanodisks. All the
experiments were compared to the intensity of the near-field distribu-
tion at the excitation wavelength calculated by FDTD. A very good
agreement is observed which shows that, for the kind of nanocrystal
we used, fluorescence emission is well described by absorption effects.
We characterized the transition from well-separated to touching disks.
We first showed that even for a large separation distance (385 nm), the
fluorescence between two disks is modified compared to isolated struc-
tures, and the central lobe is quenched compared to the external one.
Then, for smaller separation distances, the fluorescence at central lobes
is strongly increased due to the evanescent coupling between the disks.
As the disks touch each other, fluorescence is almost totally quenched
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FIG. 5. Experimental fluorescence image (a) and cross section (b) measured on a
structure with touching nanodisks (d = 0nm); FDTD simulation (c) and cross sec-
tion (d) of the electromagnetic field intensity on the structure. The inset in (a) is an
SEM image of the dimer.
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due to the suppression of the dipole-dipole coupling and the appear-
ance of another plasmon mode at larger wavelengths, as if the dimer
were a bigger disk. Combined with far-field extinction or absorption
spectroscopy, we think that the direct visualization of fluorescence
maps near nanostructures can be very interesting to design and opti-
mize sensors based on local field enhancement effects.

See the supplementary material for the fabrication of fluorescent
nanoparticles, the tip fabrication procedure, and additional near-field
fluorescence experiments.
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