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We study in this Letter, the effect of the surface plasmon (SP) propagation and coherence on the
images obtained by leakage radiation microscopy. The studied system is a set of nanocrystals
deposited on a thin silver film supporting surface plasmon modes. More than 70% of the emission in
this typical system comes from non-local emission. The diameter of the influence circle around the
detection point is of the order of magnitude of the plasmon propagation length. We also present an
original method to measure the propagation length (Ly,,) of surface plasmons in complex systems by
a two Young’s slits experiment. This method can be useful for complex systems with a very short
propagation length. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4753809]

The modification of the emitting properties induced by
the proximity of a metallic surface has been largely investi-
gated, since the pioneering work of Drexhage." When the
distance between an emitter and the metallic surface is
smaller than 50 nm in the visible range, the main part of the
emission is radiated into surface plasmon (SP) modes.” The
radiation rate can be enhanced by several orders of magni-
tude in adequate conditions.>* Alongside these studies, SP
microscopy has been developed based on the high sensitivity
of these modes.”® This type of microscopy can be used to
finely analyze surface modifications, with applications in
biology and chemistry.”” The fluorescence of nanoparticles
near a metallic film can also be studied using leakage radia-
tion microscopy (LRM).'® This microscopy technique has
the advantage of a luminescence enhancement by SPs,
coupled to a high sensitivity to surface modifications. Never-
theless the interpretation of the resulting images has to take
into account the propagating nature of surface plasmons. The
spatial coherence induced by this extension has been evi-
denced by different methods,“’12 but its direct influence on
SP microscopy has never been studied.

The aim of this Letter is to study the influence of this
predominant emission through SP mode on images obtained
in leakage plasmon microscopy. The different contributions
in the light observed at a given point of the image will be
quantitatively studied showing the main contribution of a
non-local emission. The radius of influence of the environ-
ment will be investigated using interference experiments
allowing to explicitly check this non-local nature. We will
also present a new method for measuring the plasmon propa-
gation length, which could be useful for complex systems or
systems with a short surface propagation length.

The experimental setup is depicted in Fig. 1(a). A classi-
cal LRM setup is coupled to a Young’s slits experiment. A
microscope objective focuses a 532 nm laser beam on top of
the sample surface. The emission of the sample is then col-
lected through the substrate with an oil-microscope objective
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(numerical aperture 1.49). A notch filter is placed on the
detection path in order to remove the laser’s wavelength. On
channel I, direct space resolved images of the sample surface
can be made (see Fig. 1(b)). On channel II, the Fourier plane
(FP) of the microscope objective is imaged (FP) on the en-
trance slit of a spectrometer coupled to CCD detector giving
direct dispersion relations of the sample (see Fig. 1(c)).
Channel IIT is devoted to interference measurements. An
image of the sample surface is made in an intermediate
plane, in which are inserted V shaped Young’s slits crossing
a vertical one.'® This system allows to extract the emission
of two distinct regions of the sample to make them interfere
on the entrance slit of the spectrometer.
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FIG. 1. Scheme of the experimental setup with 3 detection channels. Chan-
nel I is for real space images, Channel II for dispersion measurements, and
Channel III for interference experiments. (b) Spatially resolved image of the
sample surface emission collected with the setup and imaged on the CCD
camera. (c) Spectrally resolved image of the FP of the microscope objective.
The part inside the white rectangle is enhanced for clarity.
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The sample studied consists in a set of CdSe nanocrys-
tals (NCs) (InvitrogenTM Qd0t® ITK™ Carboxyl Quantum
Dots 605 conjugate) spin-coated on a 42 nm silver film ther-
mally evaporated on a 150 um glass coverslip substrate. The
NCs’ emission is in a linear regime with the laser intensity,
and the distance between the NCs is smaller than the resolu-
tion of the setup. The NCs’ concentration remains however
far from the one leading to strong coupling regime with
Sps.'

Fig. 1(b) shows a real space image of the sample emis-
sion collected with the LRM setup. In Fig. 1(c), shown is the
corresponding spectral image of the FP, displaying the angu-
lar repartition of the sample’s emission. The NCs’ emission
lies at 605 nm with a full width at half maximum of 25 nm.
Two different contributions to the emission can be separated
on the FP image: a dispersionless emission and a dispersive
contribution. The dispersive contribution is a descending
sharp line, which lies around NA = 1.06. The position of this
bright line corresponds exactly to the plasmon dispersion
line, and this emission is clearly the NCs’ emission through
the SP. The dispersionless part of the emission has no
dependance with the angle and appears as a vertical band on
the Fig. 1(c). Two phenomena can explain this contribution:
the direct emission of the NCs through the silver film (the
transmission of a 42 nm silver film is less than 5%) and the
scattering of SP by the surface roughness. As the silver layer
presents a very low roughness (1.6 nm measured on a 1um X
1um AFM image), contribution of scattering can be consid-
ered as negligible compared to the transparency.'” On direct
images (Fig. 1(b)), the dispersionless contribution is associ-
ated with a local behavior: at a given point, the collected
light corresponds to the emission of the NCs located at this
point; whereas the dispersive contribution is non local: at a
given point, the dispersive emission is the leakage of propa-
gating SP emitted by distant NCs from the detection point.'®

A quantitative comparison can be made from Fig. 1(c).
For a given angle, maximal intensity of the dispersive contri-
bution is 100 times larger than the non-dispersive emission.
Integrating the dispersive signal and the non-dispersive one
shows that the SP signal collected by the setup corresponds
to 70% of the total collected emission.

To confirm the predominant part of the non-local emis-
sion compared to the local emission, interferometric experi-
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ments have been performed. For this purpose, two slits are
inserted in an image plane of the sample surface and select
the emission of two regions of the sample. The interferences
between the light coming from these regions are measured as
a function of the wavelength and are shown on Fig. 2. Figure
2(a) corresponds to an excitation spot diameter of 10 um,
larger than the slits’ separation (A = 5.4 um) on the sample.
The fringes in this figure come from the surface plasmons
emitted by the NCs, which illuminate coherently both slits.
As shown in Ref. 13, the interference pattern in weak cou-
pling can be interpreted as independent contributions of all
the excited emitters, in this case, the NCs spread in the exci-
tation spot. To understand the observed contrast (0.25 for
Fig. 2(a)), two types of contributions to the interference pat-
tern have to be separated: the NCs in between the slits which
do not induce fringes and the NCs located on the side of the
slits. The interference pattern generated by a NC located on
the side of the slits does not depend on its position, as the
phase difference only depends on the distance between the
slits. Each NC generates the same interference pattern. Fig.
2(b) presents an interference pattern recorded with an excita-
tion spot (diameter 1 um) located on the side of the slits,
showing well contrasted fringes. The visibility found in Fig.
2(b) is V = 0.75 and corresponds to a SP propagation length
of Ly, = 3.4 um. This length deduced from the visibility is
the same as the one directly measured with a cross section of
the propagating SP intensity decay (top right of Fig. 2(b)).

The behavior is completely different for emitters located
in between the slits. In this case the interference pattern is
shifted when the NC position changes. If the distance
between the emitters is larger than a few hundred nanometers
(150 nm), the interference pattern is completely blurred. To
illustrate this behavior, interference pattern with an excita-
tion located in between the slits is shown on Fig. 2(c), where
no fringes are present.

To modify the relative contribution of the central and
lateral NCs, the spot size w has been varied, keeping the
interslit distance constant.

The evolution of the fringes’ visibility as a function of
the gaussian shaped laser waist w varying from 1 to 30 um
(red dots) is displayed on Fig. 3. For small spot sizes, the vis-
ibility is low because the main part of the emitters contribut-
ing to the interference pattern is located in between the slits.
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FIG. 2. (a) Spectrally resolved resulting interference pattern for a sum of emitters excited in between and on the sides of the two slits with an excited area of
10 um. (b) Interferences recorded for a sum of emitters out of the slits. (c) Blurred interferences for a sum of independant emitters in between the slits.
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FIG. 3. Evolution of the fringes’ visibility as a function of the spot size w
(red dots). The inset sketches the laser shape on the sample surface with the
selected region by the two slits. The blue line displays the calculated evolu-
tion of the visibility for a propagation length fixed at Lg,, = 3.3 um.

When w increases, the contrast increases with the contribu-
tion of NCs on the side of the spot. At w = 15 um, the visi-
bility reaches a maximum: for larger spot sizes, SPs emitted
by the NCs located on the side do not propagate enough to
reach the slits and modify the visibility. The saturation of
this visibility curve gives the typical radius of influence of
emitters in leakage radiation images: typically 15 um in our
case. These interference experiments show unambiguously
that propagating modes have a major influence on the inten-
sity detected in leakage radiation plasmon images. The inten-
sity detected at a given point is influenced by emitters
located on a ring of typical radius of the surface plasmon
propagation length.

In order to confirm this experimental result, simulations
have been performed. The emitters have the role to launch
SPs with complex wavevectors. A gaussian shaped laser
excites the emitters in a linear fluorescence regime. Two slits
have been set in the center of the laser (inset of Fig. 3). The
resulting intensity is obtained by adding the contributions of
all the incoherent emitters. The results are displayed and
superposed to the experimental ones in Fig. 3 and are in ac-
cordance using a SP propagation length of 3.3 yum.

For large excitation spots, the gaussian shape can be
neglected and the intensity can be analytically calculated.'’
Supposing a constant illumination, the contribution of the
different emitters is added. For emitters in between the slit,
the contribution is constant, and for emitters on the side, the
contribution is given by

7

I=Ioe (1 4 e 4+ 27 0 cos(k,A)), (1)

where d is the distance of an emitter from the first slit and A
is the distance between the slits. The contrast of the fringes
resulting from the sum of all the contributions is given by

Voar = exp(—k;;,A) . (2)

The analytical calculation gives a plasmon propagation
length of 3.3 um for V,, = 0.44, the same as the one
obtained by numerical calculations and direct measurements
on the propagation cross section of Fig. 2(b).

A remarkable point is that the propagation length can be
simply deduced by the saturated visibility if the excitation
spot is large enough. The measure of the saturated visibility
can be used to directly access to the plasmon propagation
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FIG. 4. Evolution of V,, as function of Lg, for different distances A
between the slits. A = 1 um (black solid line), A = 2 um (red dashed line),
and A = 5 um (blue dashed-dotted line).

length. To illustrate the dependance of the saturation value,
we fixed the distance between the two slits and simulated the
evolution of the saturated visibility of the fringes with the SP
propagation length. The results are displayed Fig. 4. The
chosen distance between the slits is larger than the diffrac-
tion limit of typical LRM setups (245 nm at 600 nm for a NA
of 1.49). Considering an experimental limit for the visibility
measurement of 0.2 (horizontal dashed line), propagation
lengths as small as 0.2 um can be measured for an interslit
distance of 1 um, the limit being 0.6 um for 2 um slits sepa-
ration. Investigating the interference visibility is thus a very
efficient way to measure SP propagation lengths particulary
when this distance is small. Indeed, usual methods'*'® based
on direct measurement of the exponential decay of the inten-
sity require a propagation length a least larger than the exci-
tation spot.

In conclusion, we have investigated how the coherence
behavior of surface plasmon modifies the images obtained
by leakage radiation microscopy. We show that more than
70% of the detected intensity comes from non-local emis-
sion. The predominant contribution of delocalized plasmon
has been confirmed with interference experiments showing
that a ring with a typical radius of the plasmon propagation
length contributes to the intensity detected at a given point
of the image. Finally, we propose a method to investigate
the propagation of surface plasmons. By illuminating a set of
fluorescent emitters onto a flat surface, we are able to deduce
the SP propagation length by a Young slits experiment. The
fringes visibility tends to a saturation value directly related
to the propagation length. This method can be easily
extended to several systems such as semicontinuous films'®
and fractal plasmonics.’
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