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Abstract Localized and propagating surface plasmon reso-
nances are known to show very pronounced interactions if
they are simultaneously excited in the same nanostructure.
Here, we study the Fano interference that occurs between
localized surface plasmon resonance (LSPR) and propa-
gating surface plasmon polariton (SPP) modes by means
of phase-sensitive spectroscopic ellipsometry. The sample
structures consist of periodic gratings of gold nanodisks on
top of a continuous gold layer and a thin dielectric spacer,
in which the structural dimensions were tuned in such a way
that the dipolar LSPR mode and the propagating SPP modes
are excited in the same spectral region. We observe pro-
nounced anti-crossing and strongly asymmetric line shapes
when both modes move to each other’s vicinity, accom-
panied of largely increased phase differences between the
respective plasmon resonances. Moreover, we show that
the anti-crossing can be exploited to increase the refractive
index sensitivity of the localized modes dramatically, which
result in largely increased values for the figure-of-merit
which reaches values between 24 and 58 for the respective
plasmon modes.
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Introduction

Surface plasmon resonances have been widely studied over
the last decades for different biological and chemical sens-
ing applications [1]. Both propagating surface plasmon
polaritons (SPPs) and localized surface plasmon resonances
(LSPRs) exhibit very interesting properties for sensing
applications [2, 3] due to their high degree of tunability and
their susceptibility to the dielectric properties of the sur-
rounding environment. Moreover, the dimensions of many
structures that support (localized) plasmon resonances are
very similar to the scales of (biological) molecules, which
makes them an ideal interface medium. The most widely
studied applications include surface enhanced Raman scat-
tering [4, 5] and refractive index (RI) sensing [1, 2, 6, 7].
In the field of refractive index sensing, many research
groups have focussed on plasmon line shape tuning in order
to narrow down the line widths, which results in a higher
figure-of-merit (FOM = (dλ/dn)/f whm), which makes it
possible to reach lower detection limits. One path to reach
this goal is to look at Fano interference between different
plasmonic modes [8–10] which have been applied success-
fully for refractive index sensing applications [11–14]. It
was also shown before that measuring the phase instead of
the amplitude of SPPs [15–17] and LSPRs [18, 19] signif-
icantly reduces the line widths of the plasmon modes with
up to 2 and 1 order of magnitude, respectively. It is also
well established that periodic arrays of localized plasmon
resonators show strong coupling effects, which also allows
to tune their resonance line width and position [6]. If peri-
odic arrays of localized plasmon resonators are positioned
in the vicinity of a metal layer that supports propagating
SPP modes, then these modes tend to show pronounced
coupling to the propagating modes, and anti-crossing behav-
ior between LSPR and SPP modes is observed [20–22].
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In this work, we investigate the interaction between
LSPR and SPP modes by means of spectroscopic ellipsome-
try. We observe strong Fano interference between both types
of plasmon modes, which is reflected in highly asymmetric
line shapes and a pronounced increase of the phase differ-
ence between the different plasmon modes. We show how
this interference can be exploited to increase the refrac-
tive index sensitivity of the LSPR mode by controlling
its spectral position through the SPP mode. By measur-
ing the phase instead of the amplitudes of the resonances,
we manage to reduce the line widths of the plasmonic
modes significantly, resulting in extremely high values for
the sensing FOM. The investigated sample structures are
illustrated in Fig. 1a, b and consist of a periodic array
of gold nanodisks on top of a 50-nm silica spacer layer
and a continuous gold layer. The pitch in both directions
is fixed at 400 nm, while the diameter of the gold nan-
odisks is 100 and 140 nm. The periodicity of the sample
structures offers two key advantages: (1) the line width
of the LSPR modes is reduced as the effects of inhomo-
geneous broadening are largely suppressed, and the cou-
pling between the neighboring particles is identical for all
nanostructures; and (2) the array of nanoparticles act as
a grating structure which allows for very efficient excita-
tion of propagating SPP modes on the gold layer below.
The diameter of the gold disks was chosen to obtain over-
lap between the spectral positions of the SPP and LSPR
modes, such that their interactions could be investigated.
At this point, no further optimization of the design has
been performed, so by changing the choice of the pitch,
particle geometry, and size and the thickness of the oxide
spacer layer, further improvements of the described effects
might be achieved. We performed angle- and polarization-
dependent spectroscopic ellipsometry measurements [23] in
reflection mode in order to obtain access to both phase
and amplitude of the SPP and LSPR modes [18, 19],
which allows us to study their interactions in more detail.
To do so, the polarization of the incident wave is modu-
lated between P- and S-polarization, and the phase infor-
mation is extracted by performing lock-in measurements
at the modulation frequency. The measured quantities
tan(�) and cos(�) are related by the main equation of
ellipsometry:

ρ = RP

RS

= tan(�) exp(i�)

= tan(�)
(

cos(�) + i sin(�)
)

(1)

and represent the amplitude reflection ratio between P and
S (tan(�)) and the phase difference between the reflected
signals � for the two polarizations (reflected in the cos(�)

value).

Results and Discussion

The gold nanodisks were fabricated by conventional e-beam
lithography on PMMA resist and subsequent evaporation of
gold nanodisks. After the sample fabrication, a short anneal-
ing step was applied in order to reduce the damping of the
plasmon modes [24] (more details on sample fabrication in
supporting information S1). The electromagnetic angle- and
polarization-dependent response of the samples was mod-
elled in the RF module of COMSOL Multiphysics [25] for
one unit cell (wired box in Fig. 1a) using periodic Bloch
boundary conditions. In that way, both the amplitude and
the phase of the reflected waves could be extracted by aver-
aging the complex fields of the reflected waves over one
unit cell.

Panels c and d of Fig. 1 show the measured and simulated
reflection spectra at an angle of incidence of 45◦ for the 100-
and 140-nm disk samples, respectively. For both samples,
we observe a pronounced LSPR mode in both polarization
states and a propagating SPP mode for the P-polarization.
For 100-nm disks (panel c) in P-polarization, the LSPR
mode is observed at shorter wavelengths than the SPP mode,
while both of them are spectrally well separated. They show
little or no interaction, and as a result, their line shape is
highly symmetric. For the 140-nm disks (panel d), the SPP
mode is observed at shorter wavelengths than the LSPR
mode, and they show more spectral overlap. Therefore,
these modes tend to interact more pronounced, resulting in
asymmetric Fano line shapes. In a next step, we investi-
gated the angle dependence of the different plasmon modes
and their interactions. Figure 2 shows an overview of the
measured and simulated angle- and polarization-dependent
reflection spectra for 100-nm disks in air.

For P-polarized waves (panels a and b), the LSPR mode
is observed around 620 nm for small angles of incidence
and shows a minor red shift up to 650 nm as the incident
angle is increased. The SPP mode is observed at longer
wavelengths and shows a pronounced red shift from about
700 to 800 nm as the incident angle is increased. Therefore,
at small angles of incidence, we observe a minor interac-
tion between the LSPR and SPP modes, resulting in slightly
asymmetric line shapes. As the grating SPP mode shifts to
longer wavelengths, the interaction between both modes is
reduced when the incident angle increases. The observed
grating mode is the ν = −1 diffracted order which can be
described by the grating formula

kspp = k0sinθ ± ν
2π

a
(2)

in which k0 is the incident wave vector, θ the incident angle,
and ν the diffracted order. The spectral shift with increasing
incident angle can easily be understood from the dispersion
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Fig. 1 a Schematic overview of the periodic nanodisk samples. The
pitch is 400 nm in both directions, and the disk diameter is fixed at 100
and 140 nm. The red wire box indicates the unit cell used in simula-
tions. b Top-view scanning electron microscope picture of one of the
nanodisk samples. c and d Measured (full lines) and simulated (dashed
lines) reflection spectra for 100 and 140 nm disks, respectively, at an

incident angle of 45◦ in P- and S-polarization. Note that in both cases,
an SPP grating mode is excited for P-polarized light and the dipole
LSPR modes are excited for both polarization states. For the 100-nm
case, the SPP and LSPR modes in P-polarization show little or no inter-
action, while in the 140-nm case, the interaction of the modes results
in an asymmetric line shape

relationship of the SPP mode, as illustrated in the support-
ing information (S2). The ν = +1 diffracted order is not
observed in our experimental spectra, as it is expected to
be observed at higher energies where the reflection spec-
tra are dominated by absorption due to interband transitions
in the gold. For this mode, a blue shift with increasing

angle of incidence is expected, which could be observed
for larger grating pitches. For S-polarized waves, we only
observe the LSPR mode which shows a minor red shift with
increasing incident angles. For 140-nm disk samples, we
observe a quite different behavior both in measurements and
simulations, as depicted in the spectral plots in Fig. 3.

Fig. 2 Intensity plots for
angle-dependent reflection
measurements and simulations
on 100-nm disks in air. a
Measured spectra for
P-polarization. b Simulated
spectra for P-polarization.
c Measured spectra for
S-polarization. d Simulated
spectra for S-polarization. In
P-polarization, we clearly
observe the −1 diffracted SPP
mode that shows little or no
interaction with the dipolar
LSPR mode, while in
S-polarization, we only observe
the dipolar LSPR mode
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Fig. 3 Intensity plots for
angle-dependent reflection
measurements and simulations
on 140-nm disks in air. a
Measured spectra for
P-polarization. b Simulated
spectra for P-polarization. c
Measured spectra for
S-polarization. d Simulated
spectra for S-polarization. In
P-polarization, we clearly
observe the −1 diffracted SPP
mode that strongly interacts
with the dipolar LSPR mode for
large angles of incidence, while
in S-polarization, we only
observe the dipolar LSPR mode
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For P-polarized waves the spectral position of the LSPR
and SPP modes are switched with respect to the 100-nm
disks, which modifies their interaction substantially. The
ν = −1 SPP mode is observed at shorter wavelengths
than the LSPR mode, and it shows the expected red shift
with increasing angles. For large angles of incidence, the
SPP mode shifts closer to the LSPR mode, which start to
interact strongly. The two modes show pronounced anti-
crossing behavior, which causes the SPP mode to push the
LSPR mode to higher wavelengths. The interaction results
in highly asymmetric Fano line shapes for both plasmon
modes, where we see the spectral line width increase for
the SPP mode and decrease for the LSPR mode. The LSPR
for S-polarized excitation is red-shifted compared to the
100-nm disk case and also shows a very minor red shift
with increasing angle of incidence. In the next step towards
refractive index sensing, we measured the angle-dependent
reflection spectra of these 140-nm disk samples in water
and performed phase-sensitive spectroscopic ellipsometry
measurements at an incident angle of 30◦, as presented
in Fig. 4.

The amplitude-based reflection spectra in water are
shown for P- and S-polarized waves in panels a and b,
respectively. Compared to the measurements in air (Fig. 3)
in P-polarization, we see that the spectral positions of the
LSPR and SPP modes have switched. This can be attributed
to fact that the decay length for SPPs is much longer than
for LSPR modes [20], resulting in a larger bulk sensitiv-
ity to the refractive index of the surroundings. Therefore,
the SPP mode shifts beyond the LSPR mode, and we see
that in this case, both modes interact strongly for small
angles of incidence, where the SPP mode pushes the LSPR
mode to shorter wavelengths (even to shorter wavelengths

than for the measurements in air). Panels c and d show
the phase-sensitive spectroscopic ellipsometry data for the
same sample measured in air and water at an angle of inci-
dence of 30◦. The amplitude reflection ratio tan � shows
dips for the localized (P) and propagating (SPP) plasmon
modes in P-polarization and a peak for the LSPR in S-
polarization (S), while the phase difference � between P-
and S-polarized waves is reflected in the cos� value. Simi-
lar to our earlier work on randomly distributed nanoparticles
[18], we observe a phase difference at the center frequency
of the different plasmon modes with a much smaller spec-
tral footprint than for the intensity-based measurements. As
the effects of inhomogeneous broadening are largely sup-
pressed in our periodic arrays, the spectral footprint of the
plasmon resonances is significantly decreased down to 5,
7, and 9 nm for the SPP, P-LSPR, and S-LSPR, respec-
tively. We observe a very pronounced distinction between
the measurements in air and water where the SPP and LSPR
modes for the P-polarization show weak and strong interac-
tion, respectively. For the measurements in water, where the
SPP and LSPR modes show strong Fano interference and
anti-crossing behavior, a pronounced increase in the phase
difference is observed for all three plasmon modes involved.
Additional spectroscopic ellipsometry data for 100- and
130-nm disks in air and water, respectively, are provided
in the supporting information (S4 and S5), where a pro-
nounced increase of the phase differences is observed as
the SPP and LSPR modes show pronounced Fano inter-
ference. It is exactly in this region of strong interaction
that we performed refractive index sensing measurements,
taking benefit both of the strong reduction in line widths
and the Fano interference between the LSPR and SPP
modes.
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Fig. 4 Intensity plots for angle-dependent reflection measurements
on 140-nm disks in water. a Measured spectra for P-polarization.
b Measured spectra for S-polarization. The spectral positions of the
resonances for P-polarization have been switched compared to the
measurements in air and now clear anti-crossing behavior is observed
at small angles of incidence. c and d Spectroscopic ellipsometry

measurements in air and water showing the amplitude reflection ratio
tan(�) and the phase difference cos(�) between P- and S-polarized
reflected waves for an angle of incidents of 30◦. Clearly, in water,
there is pronounced interaction between the SPP and LSPR mode
in P-polarization, resulting in a large increase of the observed phase
differences

An overview of the ellipsometry-based refractive index
sensing data is presented in Fig. 5 and Table 1. The samples
were mounted in a flow cell and different concentrations
of glycerol in water were pumped through in order to
investigate the RI sensitivity of the different plasmonic
modes.

As expected, we observe a pronounced but different red
shift for all the plasmon resonances with increasing values
of the refractive index.

For the non-interacting S-LSPR, we observe a sensi-
tivity comparable to the one obtained for randomly dis-
tributed gold nanoparticles [18], as we would expect. In
P-polarization, however, we observe quite some interesting
and unexpected results. For both plasmon modes, the sen-
sitivity is much higher than for the S-polarized case, which
can be attributed to the Fano interference between the SPP
and the LSPR modes. As illustrated in Fig. 4, the SPP mode

Table 1 Comparison of the sensitivities and FOMs for refractive
index sensing measurement at an incidence angle of 30◦

Mode P S SPP

dλ/dn (nm/RIU) 375 218 291

FWHM (nm) 7 9 5

FOM 54 24 58

is observed at longer wavelengths than the LSPR mode,
and the interaction between the modes pushes the LSPR to
shorter wavelengths than its resonance position in air. When
the refractive index of the surroundings is increased, the SPP
mode shifts to longer wavelengths, and thus, it clears spec-
tral space for the LSPR mode, allowing it to also shift closer
to its natural resonance position. Therefore, we observe
a much larger sensitivity for the P-LSPR in the periodic
array than for random nanoparticle distributions (almost two
times larger). This type of Fano interference can therefore
also be exploited to boost the refractive index sensitivity of
LSPR modes. If we compare the performance of the peri-
odic samples with randomly distributed nanoparticles, we
observed three different factors that contribute to a large
enhancement of the FOM for RI sensing. First of all, the
effects of inhomogeneous broadening are largely reduced,
resulting in severe line width reduction in the intensity-
based measurements. Secondly, by measuring the phase
next to the amplitude of the resonances in spectroscopic
ellipsometry, an additional reduction of the line width is
obtained. Thirdly, the combination with the enhanced RI
sensitivity due to the interference of SPP and LSPR modes
in P-polarization results in largely enhanced values of the
FOM, which reaches values as high as 54, 24, and 58 for the
P-LSPR, S-LSPR, and SPP modes, respectively.

Surprisingly, the sensitivity for the P-LSPR mode turns
out to be higher than the one for the SPP mode and even
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Fig. 5 Refractive index sensing
measurements for different
concentrations of glycerol in
water with an incident angle of
30◦. Measured tan � (a) and
cos � (b) data for 140-nm
nanodisk samples

(a) (b)

twice as large as the sensitivity for the S-LSPR. If we
compare the sensitivity with the values obtained for ran-
domly distributed nanoparticles [18], this turns out to be
a very unusual result. We would expect the sensitivity of
the two LSPR modes to be similar to the ones for the ran-
dom particles, but we only observe this for the S-LSPR.
Moreover, we would expect that the sensitivity of the SPP
mode would be the largest, as the decay length for a prop-
agating mode is much longer than for a localized mode. In
fact, the sensitivity for the SPP mode would be much larger
than the one for the P-LSPR if the two modes would not
show any pronounced coupling. If we compare the spec-
tra in air and water, we notice that the SPP mode shifted
beyond the P-LSPR mode in water, which already indi-
cates that the SPP mode shows a higher sensitivity to the
refractive index. On top of that, for the measurements in
water (Fig. 4a), we observe anti-crossing behavior between
the P-LSPR and SPP modes, which causes the P-LSPR to
be blue-shifted with respect to its spectral position in air
(Fig. 3a). When the refractive index of the surroundings is
increased, the SPP mode shifts to longer wavelengths and,
thus, away from the P-LSPR mode, allowing this one to
also shift closer to its natural resonance position. There-
fore, we observe a much larger sensitivity for the P-LSPR
in the periodic array than for random nanoparticle distribu-
tions. This type of Fano interference can, therefore, also be
exploited to boost the refractive index sensitivity of LSPR
modes. If we compare the performance of the periodic sam-
ples with randomly distributed nanoparticles, we observed
three different factors that contribute to a large enhance-
ment of the FOM for RI sensing. First of all, the effects
of inhomogeneous broadening are largely reduced, result-
ing in severe line width reduction in the intensity-based
measurements. Secondly, by measuring the phase next to
the amplitude of the resonances in spectroscopic ellipsom-
etry, an additional reduction of the line width is obtained.
Thirdly, the combination with the enhanced RI sensitiv-
ity due to the interference of SPP and LSPR modes in
P-polarization results in largely enhanced values of the
FOM, which reaches values as high as 54, 24, and 58 for the
P-LSPR, S-LSPR, and SPP modes, respectively.

Conclusions

To summarize, we have shown that the interaction between
localized and propagating plasmon resonances in periodic
arrays of gold nanoparticles on top of a silica spacer and
a continuous gold layer can be used to tune the refractive
index sensing performance of the LSPR. By adjusting the
size of the nanoparticles and the pitch, it is possible to
tailor the optical response in such a way that the localized
and propagating modes can be excited in a small spectral
window. The Fano interference between these two modes
results in more pronounced phase differences with reduced
line widths, making them very useful for refractive index
sensing applications. The sensitivity of the LSPR can be
enhanced when it interacts with the SPP mode and can
reach values which are twice as large as those for the non-
interacting mode. The resulting line widths range between
5 and 10 nm and the FOM values reach values in between
24 and 58 for the different plasmon modes.
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