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ABSTRACT: Optical coupling between propagating light and
confined surface polaritons plays a pivotal role in the practical
design of nanophotonic devices. However, the coupling efficiency
decreases dramatically with the degree of mode confinement due
to the mismatch that exists between the light and polariton
wavelengths, and despite the intense efforts made to explore
different mechanisms proposed to circumvent this problem, the
realization of a flexible scheme to efficiently couple light to
polaritons remains a challenge. Here, we experimentally demon-
strate an efficient coupling of light to surface—plasmon polaritons
assisted by engineered dipolar scatterers placed at an optimum
distance from the surface. Specifically, we fabricate gold disks
separated by a silica spacer from a planar gold surface and seek to
achieve perfect coupling conditions by tuning the spacer thickness for a given scatterer geometry that resonates at a designated
optical frequency. We measure a maximum light-to-plasmon coupling cross section of the order of the square of the light wavelength
at an optimum distance that results from the interplay between a large particle-surface interaction and a small degree of surface-
driven particle-dipole quenching, both of which are favored at small separations. Our experiments, in agreement with both analytical
theory and electromagnetic simulations, support the use of optimally placed engineered scatterers as a disruptive approach to solving
the long-standing problem of in/out-coupling in nanophotonics.
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B INTRODUCTION The problem of exciting ultraconfined polaritons is
commonly addressed by the following two different kinds of

The ability to confine and manipulate light at small length
strategies: the inelastic conversion of energy into polaritons

scales allows us to enhance the optical electromagnetic field by

several orders of magnitude at specific spatial locations, and and the transformation of incident photons into polaritons.
this, in turn, enables the design of improved optoelectronic Among the former, localized emitters such as quantum dots
devices,"”” chemical sensors,” > and nonlinear photonic can be placed at designated positions and be optically or
structures.”™® Surface polaritons play an important role in electrically excited, so they decay into single polaritons with a
this context because they provide the means to realize a strong good quantum efficiency.'®"” Inelastic electron tunneling from
degree of spatial confinement, thanks to their small associated metallic tipszo’21 and heterojunctions22 can also lead to the
wavelengths compared with the light wavelength at the same generation of polaritons. Likewise, free electrons are routinely
frequency. In particular, visible and near-infrared plasmons can used to create polaritons with a high degree of control over
be trapped in regions spanning just a few nanometers in size,” their spatial placement in the context of electron micros-

resulting in a largel field enbancement thatl has been _exter_lswse})or o PY:B’M and in fact, this approach enabled pioneer studies in
leveraged for optical sensing and chemical identification™

1 ics.”>?  Although th thod b d
down to the single-molecule level'' '3 as well as for enhancing plasmonices oug ese methods can be made

both the efficiency of light harvesters'*'® and the nonlinear
response of nanostructures.”'®  As impressive as these
applications might be, the full potential of light confinement Revised:  January 23, 2024
is dramatically hindered by the mismatch between the light Acce}’ted‘ January 23, 2024 \@)
and polariton wavelengths, which results in an intrinsically Published: February 29, 2024 =)
weak in and out coupling of propagating light to polaritons'’ - :
and prevents a wider deployment of polariton-based devices.
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efficient,"””” alternative schemes based on the direct coupling

from light to polaritons hold the advantage of preserving
optical coherence, thus enabling a vast range of applications in
which interference and phase information play a role.”**” For
moderately confined surface polaritons, the prism-based
Kretschmann configuration®”’" provides an efficient coupling
method, which unfortunately cannot be extrapolated to
strongly confined modes as they would require the use of
prisms with a high refractive index of the order of 1/4, (the
ratio of the free-space photon and polariton wavelengths).
Consequently, optical coupling generally relies on scattering
elements such as surface edges,zg’32 nanotips,33’34 and
gratings,35’36 whose efficiencies are limited by the polariton-
light wavelength mismatch mentioned above.

A dipolar scatterer constitutes a prototypical element that
can assist in light-to-polariton coupling. Surface polaritons
decay evanescently away from the supporting medium, and
therefore, the interaction between a scatterer and surface
polaritons increases as their separation is reduced. However,
that interaction also contributes to quenching the excitation of
the scatterer by incident light, which is detrimental to coupling.
A rigorous analysis leads to a fundamental limit for the
maximum achievable light-to-polariton coupling cross section
at short scatterer—surface separations:'” the maximum possible
in-coupling cross section is ~A/4, where 1, and A are the
polariton and photon wavelengths, respectively. For strongly
confined surface modes (/1P < 1), the cross section is thus very
small compared with the free-space extinction cross section of
a resonant lossless dipolar scatterer, 6, = 31%/2z. This situation
can be improved by separating the scatterer from the surface to
find the optimum balance between an intense scatterer—
polariton interaction (favored at short separations) and a small
surface quenching (decreasing with an increasing scatterer—
surface distance). Based on this concept, complete coupling
between focused light beams and surface polaritons has been
predicted to be possible through precise adjustment of the
distance between the scatterer and the surface and, in addition,
shaping the angular profile of the incident light such that it
matches that associated with the emission from the dipolar
scatterer in the presence of the surface.”” Likewise, one expects
that the coupling cross section under plane wave incidence
conditions can be substantially increased by using resonant
lossless scatterers placed at an optimum distance from the
polaritonic surface, but this concept has not yet been
experimentally explored.

In this work, we demonstrate an optimum coupling between
light and surface modes in a planar gold-silica interface assisted
by resonant dipolar scatterers separated from the metal by a
silica spacer. Specifically, we fabricate gold disks that act as
reasonably lossless scatterers placed at a controlled distance
from the gold surface. Under plane-wave illumination, we
measure coupling cross sections that exceed the free-space
perfect-dipole extinction cross section 6, = 34%/27x by nearly a
factor of 2, provided the disk resonates at the operation
frequency and an optimum choice of the spacer thickness is
made. The coupling cross section decreases from such a
maximum value when the spacer thickness is varied and also at
frequencies away from the scatterer resonance. Our results
support the use of distant scatterers as a practical approach to
solving the in/out-coupling problem in nanophotonics by
efficiently funneling far-field radiation into surface polaritons at
designated spatial positions on a flat surface.
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B RESULTS AND DISCUSSION

Light Coupling to a Planar Surface Assisted by a
Dipolar Scatterer. A dipolar point scatterer represents a
prototypical element that mediates light coupling to the optical
modes of a planar surface. We discuss coupling to a metallic
film under normal-incidence illumination (Figure 1a) and start
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Figure 1. Optimizing the variation in absorption cross-section due to
a dipole placed near a planar surface. (a) Scheme of the system under
consideration, consisting of a dipolar scatterer placed at a distance z,
from a gold surface under normal-incidence plane-wave illumination
at wavelength 4. (b) Calculated variation of the absorption cross
section 6™ due to the presence of the scatterer as a function of light
wavelength 4 and dipole—surface separation z;. The scatterer is taken
to be lossless and resonant at a wavelength 1, = 1.5 pm, with a
resonance width k = 0.1 X 27zc/A,. We normalize 6 to the maximum
dipolar extinction cross-section in free space, 6, = 34*/2x. (c) Cut of

o™ along the dashed line in panel (b) at fixed wavelength 1 = .

by first considering a lossless scatterer described by a
Lorentzian polarizability

3¢

4w03 w, — w — ik/2

a(w) ~ K

(1)

which is resonant at a frequency @, (wavelength 4, = 27c/@,)
with a total width k. The ix/2 term in the denominator relates
to all light—particle interaction processes (elastic scattering and
inelastic absorption), while the presence of « in the numerator
guarantees that inelastic absorption in vacuum (xIm{a} —
lal*2@?/3c®) vanishes at @ = @,. This system can be described
analytically, as shown in the Methods section. In Figure 1b,c,
we present the change in the absorption cross section of the
entire system produced by the presence of the particle (i.e., the
difference between extinction and scattering cross sections, o
= 0™ — ¢, using the explicit expressions in eqs 17a and 17b;
see Figure S1 in the Supporting Information for plots of 6™
and 6*). We take k = 0.1 w, as a reasonable radiation-limited
nanoparticle resonance width (compatible with experimental
data in Figure S3 in the Supporting Information) and find that
o varies dramatically with the dipole-surface separation. We
find it natural to compare the cross section associated with the
particle-near-a-surface system to the maximum extinction cross
section of a dipolar scatterer in free space o,. Specifically, we
find that the absolute variation of 6*™ goes from —1.32 6, to
1.06 o, (i.e., exceeding o, for some dipole-surface separations
within the 100—500 nm range). This is more clearly illustrated
in a cut of the contour plot for fixed wavelength A = 4, (Figure
1c), which also reveals the presence of alternating maxima and
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Figure 2. Measurement of the effective polarizability of a single disk near a metal surface. (a) Schematic representation of the samples under
consideration, consisting of gold disks of diameter D and height h = 40 nm lying on a silica layer of thickness z, deposited on top of a 100 nm-thick
gold film. (b) SEM images of two of the fabricated samples with D = S00 nm disks arranged in sparse square periodic arrays of periods a = 20 D
(left) and a = 10 D (right). (c,d) Wavelength dependence of the effective polarizability Im{a*"/ rgV} extracted from experimental measurements
and normalized by using the reflection coeflicient ) of the planar surface (in the absence of particles) and the disk volume V = zhD?/4 for either

P

(c) fixed D = 350 nm and varying z, or (d) fixed z, = 150 nm and varying D. In each case, results obtained from samples with periods of 10 D (solid

curves) and 20 D (broken curves) are shown.

minima oscillating between negative and positive values of 6*.
Interestingly, the variation can be positive or negative,
indicating a larger coupling to surface modes for ¢** > 0
and depletion of absorption by the planar surface (absorbance
of ~98%) for 6" < 0. We remark that 6** does not refer to the
total absorption of the system but rather the variation of
absorption due to the presence of the scatterer, so a negative
value means that total absorption is reduced relative to the
surface without scatterer. This behavior is the result of the
interplay between different scattering field components,
including the self-consistent dipole field induced by the
incident light, its reflection on the surface, and the image
dipole.

Experimental Demonstration of Optimum Scatterer-
Assisted Light Coupling to Surface Plasmons. We
experimentally explore the concept of particle-assisted
optimum light coupling to surface modes by fabricating
samples with the configuration sketched in Figure 2a (see the
Methods section), consisting of gold disks (thickness h = 40
nm and varying diameter in the D = 300—500 nm range)
separated by a silica layer (thickness z, = 10—200 nm) from an
optically thick (100 nm) gold surface. The optical response is
then measured for normal-incidence light impinging on the
system from the upper side. Light coupling to gold surface
modes (e.g, surface—plasmon polaritons) is assisted by the
particles and translates into depletion of the reflectance, which
we monitor through Fourier-transform infrared (FTIR)
spectrometry. To obtain a sizable signal, we arrange the
particles in periodic square arrays with a large period a, such
that the interaction among particles can be safely neglected. In
particular, for each particle diameter, D, we fabricate samples
with periods given by either a = 10 D or a = 20 D, as illustrated
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by the scanning electron microscope (SEM) images presented
in Figure 2b for D = 500 nm. The range of particle diameters is
chosen such that the particle response is dominated by an in-
plane dipolar plasmon within the spectral window under
consideration (see Figure S2 in the Supporting Information).
We assimilate the particle, including its interaction with the
layered surface, to an effective polarizability a*®(w). The
Fresnel reflection coeflicient rg of the bare surface (without
particles and considering p polarization for concreteness, as the
results are polarization-independent under normal incidence
on in-plane isotropic materials) is then supplemented by the
field scattered from the particles. For small particles that can be
described through a polarizability a(w), the effective polar-
izability is given by (see eq 11 in the Methods section)

eff _ 1

a =0 5
a -G

@)

where G accounts for the interaction of the self-consistently
induced dipole with the surface (eqs 8a). In our samples, the
disks are relatively large compared with their separation from
the gold—silica planar interface, so they cannot be described as
point particles, but their response is still dominated by a
dipolar mode (see Figure S2 in the Supporting Information),
and therefore, it is legitimate to represent them through an
effective polarizability a*®(w), which includes their interaction
with the surface. Importantly, the combination of eqs 1 and 2
produces an expression for the effective polarizability similar to
eq 1 but with an additional correction factor f in the numerator
(see Section S2 in the Supporting Information), which we find
to be of order unity in our fitting of the experimental results
discussed below (see Figure S3 in the Supporting Information,
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Figure 3. Coupling cross section of single disks to a metal surface. (a,b) Measured (a) and simulated (b) dependence of the wavelength for the
maximum coupling cross section as a function of disk diameter D and silica spacing z, under the conditions of Figure 2a. (c) Maximum coupling
cross section corresponding to the wavelengths in (a,b) as a function of silica spacing z, for different disk diameters D. The cross section is

normalized to 6, = 34y*/27.

where the fitted expression compares excellently with actual
measured data). In addition, the obtained values of f are
compatible with the condition that the variations in extinction
and absorption cross sections of the particle—surface system
are similar in magnitude (see Figure S4 in the Supporting
Information).

Using 8previous results for periodic arrays of dipolar
particles,”® we can write the total specular reflection coefficient
of the surface plus disks as r = 7} — 4o (@) /a*), where we
neglect interparticle interactions because of the large in-plane
separation a in our samples. Also for this reason, the second
term in r is small compared with Irgl S 1, so we can
approximate the relative change in reflectivity (i.e., taking the
bare surface as reference in the FTIR measurements) as

‘2 ~ 1+ (87r2/azi)lm{aeff(a))/r§}

R= ‘r/ rg
Plugging our measured values of R in this expression, we
experimentally determine Im{a**(w)/r}}, whose spectral
dependence is presented in Figure 2c,d. Reassuringly, we
obtain very similar profiles for the normalized polarizability of
the samples with the smallest and largest periods (solid and
broken curves, respectively), thus corroborating our hypothesis
of negligible interparticle interactions. The spectral profiles are
dominated by the noted in-plane dipolar mode, whose peak
position redshifts with increasing D (Figure 2d for fixed z, =
150 nm) as a manifestation of retardation in larger particles,
which is further accompanied by an increase in the strength of
the polarizability. The evolution with z, (Figure 2c for particles
of diameter D = 350 nm) is more complex and characterized
by frequency shifts associated with the particle-surface
interaction. For a point-particle system, the maximum of the
effective polarizability is roughly given by the condition

Refa™ — G} =0 (see eq 2), which moves the resonance
frequency from @, in the isolated particle (see eq 1) to a new
frequency w. The attractive dipole-surface interaction generally
produces @ < @,. We observe this effect in our experiments in
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the z; ~ 10—150 nm range, although a small redshift with
increasing z, takes place at larger separations, presumably as a
result of the more complex particle—surface interaction due to
the departure from the point-particle limit in the disks.

As expected from the analysis presented in Figure 1, the
magnitude of the polarizability displays a maximum as a
function of particle—metal separation, which is observed in our
measurements at z, ~ 150 nm. Incidentally, the bare surface
has a reflection coefficient 5 ~ 1 within the investigated
spectral range, and therefore, the spectral curves displayed in
Figure 2¢,d can be approximately regarded as those of the
effective particle-on-the-surface polarizability.

The existence of a maximum in the obtained effective
polarizability anticipates that the coupling cross section from
incident light to surface modes should also find a maximum at
some optimum distance. Here, we obtain the absorption cross
section (dominated by coupling to surface modes) from the
experimentally measured FTIR reflectivity R as
6™ = (1 — R)a* (ie, the fraction of light that is depleted
from the reflection signal multiplied by the unit cell area). We
then search for the maximum cross section in the spectra as a
function of D and z,, which occurs at wavelengths in the near-
infrared spectral range (Figure 3a) exhibiting a redshift when D
is increased (as an effect of retardation) or z, decreased (as the
result of the attractive coupling between the particle dipole and
the surface) (see Figure SS in the Supporting Information for
the whole set of measured spectra of the cross section). This
trend and the actual values of the maximum wavelength are
well reproduced by the electromagnetic simulations plotted in
Figure 3b.

Similar to the polarizability, the peak coupling cross section
takes maximum values for a disk-gold surface separation z, ~
150 nm (Figure 3c). This optimum distance is rather
independent of the disk diameter (Figure SS in the Supporting
Information), although this parameter affects the spectral
position of the particle resonance due to retardation for
increasing size (Figure 3a,b). Incidentally, the absolute value of
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Figure 4. Resonant absorption by periodic particle arrays near a gold surface. (a) Absorbance under normal incidence on a square particle array as a
function of particle—surface separation z; and light wavelength 1. We set the array period to a = 1 um and the particle polarizability such that
Re{a™! — G} = 0 (resonant) and Im{—a™'} = 167°/34° (lossless). (b—d) Same as (a) for different periods a (see labels) and particles described by
the polarizability of eq 1 with a resonance wavelength of 4, = 1.1 um (indicated by green arrows).
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Figure S. Effect of interdisk interaction in dense periodic disk arrays. (a) Schematic representation of a sample comprising gold disks of diameter D
and height 40 nm arranged in a dense periodic square array of period a. The disks lie on a silica layer of thickness z, deposited on top of a 100-nm-
thick gold film. (b) SEM image of a fabricated sample with D = 500 nm disks in an array of period a = 3 D. (c,d) Measured absorbance spectra (c)
and simulated spectra (d) for a fixed silica spacer thickness z, = 30 nm and different values of the disk diameter. The calculated absorbance of the
surface without disks (~2%) is shown in (d) for comparison (symbols). (e,f) Measured (e) and simulated (f) absolute maximum in the absorbance
as a function of silica spacer thickness for several disk diameters (see color-coordinated legend in (e)). In panels (d,f), we present simulations for
disks of uniform diameter (broken curves) as well as the convolution of spectra obtained for a Gaussian distribution of arrays with different
diameters (solid curves; fwhm Aj, = 0.07 D; see Figure S7 in the Supporting Information). The central disk diameter in the simulations is increased
by 20 nm with respect to the nominal size for D = 300—400 nm and by 30 nm for D = 450—500 nm, consistent with deviations in the actual
diameters of our samples (see Figure S7 in the Supporting Information).

the maximum coupling cross section exceeds the dipolar free-
space extinction limit 6. Although our samples incorporate a
dielectric spacing in contrast to the self-standing particle
configuration in the model calculations in Figure 1, the
maximum cross section exceeds o, in both cases. In addition,
our electromagnetic simulations (Figure 3c, broken curves)
reproduce well the magnitude and overall behavior of the
coupling cross section as a function of particle—metal surface

2187

distance z;, although the maximum at z, ~ 150 nm is better
defined in the experiment.

Light Coupling through Periodic Scatterer Arrays. An
extension from individual particles to periodic arrays of a small
period leads to a depletion of the reflectivity under resonance
conditions, as we show theoretically in Figure 4 and
experimentally in Figure S. We first explore this type of
configuration through analytical theory for a periodic array of
small particles placed at a distance z, from a planar surface (see
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the self-contained derivation in Methods). The effective
polarizability of the particles is still given by eq 2, but with
the particle—surface interaction term G supplemented by the
self-consistent interaction with all other particles in the array
(see eq 19 in Methods). We then have o = 1/(a”! - G),
where G = G + G™ is the sum of direct and surface-reflected
interparticle interactions. In the absence of a surface, direct
interactions produce lattice resonances that are observed as
maxima in the optical reflectivity,””” including the possibility
of complete reflection even for arbitrarily small particles.*’
Although lattice resonances associated with free-space
interparticle interactions (i.e., dipolar fields decaying with
distance r as 1/r) are generally quenched when the particles
are placed at an interface between different dielectric
media,*"* a new type of lattice resonance is produced in
particle arrays deposited on a polariton-supporting surface,*®
assisted by surface-mode-mediated interparticle interactions
(now decaying as 1/+/r with distance). The separation
between the array and the surface then acts as a gauge that
controls which of the two mechanisms (direct and surface-
reflection lattice resonances) is more efficient. For simplicity,
we present results for square arrays of period a smaller than the
light wavelength 4, so that nonspecular Bragg reflections are
evanescent and vanish in the far field.

To better understand the optical behavior of periodic
particle arrays near a planar surface, we show in Figure 4a the
absorbance calculated from eq 19 as a function of particle-
surface separation z, and light wavelength 4 assuming lossless
particles (i.e, taking Im{—a~'} = 167°/31%) that are on-
resonance for each choice of zy and 4 (i.e., setting Re{a™" — G}
0). The plot is dominated by regions of near-unity
absorption around a horizontal feature at 4 2 a and also
around oblique lines. The former is produced by a surface-
reflection lattice resonance occurring roughly when the in-
plane plasmon wavelength 4, matches the period a = 1 ym,
which corresponds to 4 — a & 11.7 nm (from the plasmon

dispersion relation 4, = 4/ Re{,/es/ (e, + 1) } with €, stand-

ing for the gold permittivity"), in excellent agreement with the
spectral position of the noted horizontal region. The oblique
features originate in Fabry—Perot (FP) resonances, which
involve multiple reflections at the surface and the array. We can
further analyze them by considering z, > a, such that only
specular reflections survive: imposing the above-mentioned
conditions for @ on eq 19, using the exact result’® Im{G¥"} =
47°/a*A — 167°/32% and evaluating G by only retaining the
specular beam in eq 18, we obtain a total reflection coefficient
Rgp = r[? - (rgeikz" - e_ikz")z/(Re{rgeZikZ“} — 1), where the
vanishing of the denominator coincides well with the oblique
features. This expression for the reflection coefficient produces
results that are nearly identical to those in Figure 4a, except for
the absence of the horizontal plasmon-mediated feature (see
Figure S6 in the Supporting Information). Incidentally, there is
a clear interaction between the two types of resonances,
leading to avoided crossings as a function of z; and A.

For particles described by the polarizability in eq 1 (Figure
4b—d), we observe a similar set of periodic FP resonances that
are redshifted relative to the chosen particle resonance (set to
Ao = 1.1 um, green arrows) as well as a more involved structure
near the surface-reflection resonance, always appearing at a
wavelength slightly above the period. For a = 1 ym (Figure
4b), a redshift is observed in the FP resonances, which show
up at a wavelength larger than the period as a consequence of
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particle—surface interaction. This behavior can be intuitively
understood for large z,, where full maximum reflection from
the particle array alone (associated with the direct lattice
resonance) is well-known to take place at a resonant
wavelength 1 > a,>® similar to the resonances identified in
metallic gratings by Fano.”* To be more quantitative, using the
polarizability in eq 1, the resonance frequency signaled by
Re{a™ — G} = 0 occurs at @ =~ w, — (3c°k/4w,>)Re{G},
which is redshifted relative to @, because Re{G} > 0 near the
lattice resonance.”® When a approaches 1y, the redshifted
resonance is still separated from the surface mode (Figure 4c).
Eventually, for a sufficiently large compared with 4, (Figure
4d), the direct and surface-reflection resonances merge,
generating an avoided-crossing pattern resembling the one
observed in Figure 4a.

We experimentally investigate disk particle arrays near a gold
surface under the configuration of Figure Sa with a period a set
to three times the disk diameter D (see Figure Sb for an SEM
image of an illustrative sample). In contrast to the isolated
disks studied above, we consistently observe values of the
maximum absorbance around or exceeding 50% that are mildly
dependent on disk diameter (Figure Sc). Our electromagnetic
simulations for defect-free disks show absorption maxima at
similar wavelengths (Figure Sd, broken curves) but with
substantially higher peak values nearing full absorbance, in
contrast to ~2% for the surface without disks. We attribute this
effect to the finite distribution of disk sizes around the nominal
diameter due to fabrication imperfections in the lithography
process. As a simple prescription to account for such an effect
in theory, we average over the spectra calculated for disk arrays
with different diameters (see Figure S7 in the Supporting
Information for details), leading to a reduction in peak
absorption that results in similar values to those observed in
the experiment when assuming a Gaussian diameter distribu-
tion with a 7% full-width-at-half-maximum (fwhm) variation
(Figure Sd, solid curves). This level of imprecision is consistent
with the diameter histograms obtained upon inspection of
SEM images of different experimental samples (see Figure S7).
The optimum placement of the scatterers needed to optimize
light coupling to surface modes is closely related to their self-
interaction with the surface, which impacts how they scatter
light. In contrast to individual scatterers, self-interaction in the
array configuration is supplemented by the interaction of each
scatterer with all other particles in the array, thus, substantially
changing the optical response of the entire system.
Consequently, we expect that the optimum distance should
differ in both configurations. Indeed, when analyzing the peak
absorption measured as a function of silica spacer thickness for
a broad range of disk diameters, we observe an absolute
maximum at z, < S0 nm (Figure Se), a much lower distance
than for individual particles, where optimum coupling was
found at z; ~ 150 nm. This result is in excellent agreement
with simulations when we incorporate the finite distribution of
disk diameters (Figure 5f, solid curves), although it represents
a departure from the prediction for perfect disks, in which,
although the absolute maximum is still lying at z, < 50 nm,
one finds nearly full absorption. The presence of a peak at low
values of z; is also in qualitative agreement with the leftmost
feature observed in the model system of Figure 4.

B CONCLUDING REMARKS

In brief, we have experimentally demonstrated a large optical
coupling between externally propagating light and modes on a
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planar gold surface assisted by individual gold particles placed
at an optimum distance from it through a silica spacer. For
disks of 40 nm thickness and different diameters, the optimum
spacer thickness is ~150 nm, for which we measure a
maximum coupling cross section that is about twice the
extinction cross section of a lossless resonant dipole in free
space ~A?/2. When the particles are arranged in denser
periodic arrays with a surface-to-surface disk separation equal
to twice the diameter, dramatic changes are produced in the
light-to-surface coupling characteristics due to interparticle
interaction, such as a departure from the previous distance for
optimum coupling down to a smaller separation z, ~ 30 nm.
Our results support the use of dipolar scatterers to assist the
coupling between propagating light and surface polaritons,
emphasizing the important role played by particle-surface
separation to maximize the coupling. In our method, the
response of the scatterer is dipolar, as lossless as possible, and
resonant at the targeted surface-polariton frequency. An
extension of these results to multipolar scatterers should be
attainable, in which the maximum coupling cross section at an
optimum distance can depend on the scattering properties, and
additionally, an engineered combination of different multipolar
responses could push the coupling even further. Ogtimum
coupling to surface modes in anisotropic materials™” (e.g,
phonon polaritons in MoO;) should also be possible by
resorting to in-plane anisotropic scatterers. We envision the
use of suitably spaced couplers as a practical solution to the in/
out-coupling problem in nanophotonics, whereby light can be
funneled into surface modes at designated positions, propagate
along the surface while performing different functionalities
(e.g., optical sensing through absorption by analytes), and
eventually be converted back into radiation.

B METHODS

Fabrication of Gold Films on Silicon Substrates. We
deposited gold films on square silicon chips with a 1 cm? area.
Before the gold deposition, the chips were cleaned in ultrasonic
baths of acetone and isopropyl alcohol solvents for 5 min each
and covered with a layer of 3 nm of titanium via electron-beam
(e-beam) evaporation to promote stronger gold adhesion.
Thick gold films (100 nm thickness) were then deposited using
thermal evaporation. Both depositions were carried out in a
Leybold Univex 350 system at a chamber pressure of 107
mbar.

Silica Spacer Layer Deposition. A layer of 1 nm of
titanium was deposited on gold to improve silica adhesion.*® A
small thickness of the titanium layer was used to minimize
additional inelastic losses of surface-plasmon polaritons at the
silica/gold interface. A silica layer was then deposited using an
ion-assisted e-beam Lesker LAB18 evaporator with different
silica thicknesses in the 10—200 nm range on different chips.
Finally, samples were annealed at 200 °C for 30 min to
improve stability.

E-Beam Nanolithography. Gold nanodisks with different
diameters were fabricated by using e-beam lithography (EBL)
and a liftoff process of thermally evaporated gold. In this
procedure, a 350 nm-thick layer of ZEP520A positive resist
was spin-coated onto silica-coated gold mirrors. Samples were
then prebaked on a hot plate at 150 °C for 2 min and allowed
to cool for 5 min. Following the cooling, disk patterns were
inscribed onto the resist using the Crestec CABL 9000C e-
beam lithography machine. After EBL, samples were immersed
in an amyl acetate developer for 1 min, revealing the desired
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hole patterns in the resist. Subsequently, a 3-nm titanium layer
and a 40 nm gold layer were successively deposited on the
samples using the Leybold Univex 350 system. The resist was
then removed by immersing the sample in a warm acetone
bath at 70 °C for 15 min, accompanied by gentle blow-cleaning
using plastic pipettes. This resulted in gold disk patterns neatly
positioned on top of the silica spacer layer. Throughout this
work, we report nominal disk diameters, but a variation in
diameter of a few percent was observed upon inspection of
SEM images (see Figure S7 in the Supporting Information).
SEM Imaging and Optical Characterization. SEM
images were collected using a FEG-SEM Inspect-F system
operated at 3 kV. Optical reflection spectra were acquired
using a Bruker Hyperion FTIR spectrometer covering the
wavelength range of 1.2-25 pm with unpolarized light.
(Incidentally, polarization should not play a role under normal
incidence for the geometries under consideration.)
Theoretical Analysis of the Absorption Cross Section
by a Particle Near a Planar Surface. We consider a system
comprising a small particle separated by a distance z, from a
planar surface and illuminated by a light plane wave of
frequency @ and electric field amplitude EJ°. The particle is
taken to be isotropic along directions parallel to the surface
and small enough as to be describable in terms of its 3 X 3
electric polarizability tensor a(w), while the surface is
accounted for using its Fresnel reflection coefhicients Tip and

s for p (TM) and s (TE) polarization, respectively, which

depend on the in-plane optical wave vector k;. We take the
particle position at ry = (0, 0, z,) with z, > 0 and the surface at
z = 0. The convention E(r,t) = 2Re{E(r)e '} is used for the
time dependence of the optical electric field and similarly for
other electromagnetic quantities, so we operate with complex
amplitudes associated with the e components. Upon
illumination, the particle acquires an induced dipole moment
p = aE(x,) in response to the field E(r,) acting on it. The
latter is comprised of the incident field and its reflection on the
surface, as well as the reflection of the dipole-generated field.
We are interested in the z > 0 region in what follows, which we
take to be filled by a host medium of real permittivity €.

Dipole Field near a Planar Surface. We find it convenient
to write the direct field produced by the dipole starting from
the expression'’

. 1., ik lr—r
Egi(r) = —[k?p + (p-V)V]
€ lr — x| (3)
where k = @/c and k' = k</€. We now use the identity
ik'r . 2
i - meik”-kﬁk;lzl
r 2rnd Kk, (4)

where R = (x, y), k = (k, k), and k] = JK? = kHZ + i0* with

Im{k,’} > 0. Inserting eq 4 into 3, we find the expression

dir i d2k|| 2 ETeNE ik R+ik,lz—z
Bjn(r) = —— [lp — k(W p)Jekirii
2wed  k,
(5)
for the direct dipole field, where

represents the 3D optical wave vector for upward (+) and
downward (—) propagation, corresponding to z > z, and z < z,
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in eq 5, respectively. To deal with the surface, we expand the
integrand in a k-dependent 3D orthogonal frame defined by

. . . At
the unit polarization vectors €

and éﬁp together with the

light wave vector k'* inside the host medium of permittivity €.
More explicitly, we have

éJ'Hs— ( kg + k, ¥) @)
Cap = kkH <+k kH - k\\zi) (60)

Incidentally, we have é;‘s = é;”s for s polarization. We then

find that the expression in square brackets in eq 5 is orthogonal
to k'*, while the second term inside it is orthogonal to the
polarization vectors. Therefore, projecting on the latter, we
obtain

E31;<>——2/k, o

We are now prepared to write the total dipole field Ey,(r) =
f]{l‘; (r) + th;(r) including the reflection of the direct
component on the surface, which, from eq 7a, can be written as

ref ik R+ik,
Edip(r) = Z / k/ ran' an'(ekHa p)e R¥ik{e+z)
n' s,p

I ot
kHa

A+

ik R+ik.lz—z
ple | z 0
kHo’ )

(7b)
where we have introduced the polarization-dependent Fresnel
coeflicients T From eq 7b, we can write Edlp(ro) =Gpin
terms of the 3 X 3 matrix

lkz Py
= Z / ’ k”ne:”n ® ek”rre o
o=s,p (8a)
=GR +y®Y)+Gi® 12 (8b)
with components
g — / k”dkH Zlkzzo( 2 _ " k/Z)
1= 5 k! Tk kyp™z (8¢)
i o kpdky L
gl — l f I : I e21kzz(,rkp
edo K ” (s4)

where we have used eq 6a for the polarization vectors and
performed the integral over the azimuthal angle of k.
Self-Consistent Dipole under Plane-Wave lllumination.
We now consider the particle-near-the-surface system under
illumination by a light plane wave of field amplitude

E™(r) = EJ e*or®=koz (j o incident from z > 0), where

the 0 subscript in ko and kg, = \/k'* — ko|| +i0" indicates

that these quantities refer to the direction of incidence. The
self-consistent field acting on the particle becomes

—ikg f ik, ef
E(rp) = Eg‘e "% + Eg'e™™ + Eg (ry) )
where Eref(r) — Eref ikg R+ikg,z with
£ o
Ey = Z T ekOH(f ko0 Ep°)
omup (10)
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is the surface-reflected field (involving the Fresnel coefficients
)= i, for a parallel wave vector ko), while the Effi;(ro)

component is linear in the induced dipole according to eq 7b.
Note that E(r,) does not include the direct dipole field. Using

ref

eq 9 together with p = a-E(ry) and Ej (ry) = G-p (see egs 83,
8b, 8¢, and 8d), we find

p= aeff (Emc —ikg.zo + E(r)efeik(;zzu)

(11)

ff

for the self-consistently induced dipole, where a°
1/(a”" — G) is the effective polarizability (eq 2).

Optical Theorem and Absorption Cross Section. We
consider the time-averaged Poynting vector defined by
S(r) = (c/27)Re{E*(r) x [H**"(r)]*}, which is associated
with the scattered electric far-field

ik'r
E(r) = Effelorttios 4 £ (55— (12)

and the corresponding magnetic field H**(r) = (1/ik) V X
E**(r), where E5 is the direct surface-reflected field amplitude
(eq 10) and fdip(r) is the scattering amplitude produced by the

induced dipole and its reflection on the surface (i.e.,

Edip(r) k—) fdip(f‘)eik,r/ r). The latter can be analytically
obtained from eqs 7a and 7b by applying the identity

2 TR ik

/ k/||e1kH~R+1kzzg(k”) - —2ﬂig(k’R/r)e

'r— 00 r

Z

leading to the result

fdlp(l’) =K’ Z ekHa[

6=s,p

A+

—ik.z ~— _iklz
ekHo’ °+ rkHO'ekHO'e 0)‘P]

(13)

with k' = k'f, under the assumptions that € is real and z >> z,,.
In the absence of the particle, the incident light power

(P, = IAcos 6, where I, = (c</€ /27)IEJF is the associated
intensity, A is the surface area, and 6, = cos™'(k(,/k’) is the
incidence angle) is decomposed into reflection and absorption

channels as P, = P + PP where P = B IES/EXP,
while P2 is determined by energy conservation (e.g,
Pgbs = P)(1 — Ir) for light with polarization ). (Inciden-
tally, the absorption term is considered to include light
transmission for partially transparent substrates; therefore, we

only deal with the z > 0 region above the surface.)
In the presence of the particle, we can calculate the total

power P reflected by the particle-surface system (i..,
including scattering by the dipole) by integrating the z
component of the Poynting vector associated with the field in
eq 12 over in-plane coordinates R at a distant constant-z plane.
This leads to (see the Supporting Information)

pref — P(r)ef +

scat
I

ext
0o— 0 I

0 (14)
where we recover ?re{ from the contribution of the Eref term
alone and we define the cross sections 6°* and ¢ arising from
fdip(f') and its interference with EX,

f dQ6**(%) in terms of an

elastic scattering cross section resolved into outgoing directions
T as

respectively. More

. . t
precisely, we can write 6°" =
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) = Iy () /BT (150)
where fdip(f') is given by eq 13. The interference term accounts

for the fraction of incident power that is not recovered through
specular reflection or nonspecular elastic scattering, so it can be
interpreted as an extinction cross section

_ 4
k' IEJ1*

ext

rt ref
Im{fdip(ko)'EO i (15b)

where we define IA(§= (l/k')(kou + ky,2) to indicate the
direction of incidence (—) and specular reflection (+). A
detailed derivation of eqs 15a and 15b is offered in Section S1
of the Supporting Information. Finally, energy conservation
leads to P = P™ + P where the absorbed power
PP = Py 5P can be in turn separated into the sum of

a contribution P arising in the absence of the particle (see
above) and a component induced by the presence of the
particle, which we express in terms of an absorption cross
section ™. Combining these elements, we have

scat
— 0

abs ext
o =0

(15¢)
We note that 6*™ accounts for absorption events that take
place either at the surface or at the dipole. The latter can be
readily obtained from the field acting on the particle as"’

abs

4r 2k ine2
= 7[Im{a} - lad* ||E(x,) /Eg

€

(16)

which vanishes in the lossless limit>” (Im{-1/a} = 2k’3/3€).
The power absorbed by the surface is finally given by ¢** —
ot

Incidentally, in the absence of a substrate, eq 15a remains
valid for the angle-dependent scattering cross section by an
electric dipolar scatterer. Additionally, a direct extrapolation of
the above analysis shows that eq 15b yields the extinction by
an isolated particle in a homogeneous medium if we substitute

e At )
k, for k, and E§° * for Eif
It is worth noting that the total reflected power P “f in eq 14

deviates from the one for the surface without a particle 7)56f
(upon light-plane-wave illumination) because it involves the
subtraction of the change in absorption power ¢**I, (see eq
15¢). In addition, the extinction cross section 6™ relates to the
reduction produced in the specularly reflected beam by
introducing the particle, whereas 6™ refers to the resulting
nonspecular reflection. Analogous cross sections are commonly
employed to characterize free-standing particles, relating to the
depletion and deflection from an incident light plane wave and,
consequently, satisfying the inequality 6 > 6°* because
extinction is the sum of scattering and absorption. In contrast
to the free-standing scatterer, for which all cross sections are
positive-defined, the inequality above does not hold for the
particle-surface system, which can feature negative values of
0™ (see Figure 1c), indicating that the particle redirects light
to the specularly reflected beam at the expense of a reduction
in absorption by the planar surface, while ¢** remains always
positive.
Under normal incidence, eqs 15a and 15b reduce to

2191

2 i
Gscat — 7[164 |aHeff| 1 — rl())ezdc z0|2
1
2ik’zou 2 _ 2ik’zou)2 | 2
X /‘; dulll + @ I+ 11 i p® “p”]
(17a)
47k 0 .y
O_ext — Im{_aHeff(l _ rI())e21k z0)2 (r;))*e 2ik zo}
Je (17b)

with a”eff = 1/(0‘(H_1 — QH), where a stands for the in-plane

component of the polarizability tensor and k= k'y/1 — ut.

We use eqs 17a and 17b to produce Figure 1b,c for a lossless
scatterer (6% = 0) near a gold surface described by a

dip
permittivity e,(@w) taken from optical data,”’ so that

o= (J& — D/(J& + 1), M = (= 1)/ (e + 1),

Tep = (et —p)/ (et + ), and py = m

Theoretical Analysis of the Absorbance by a Periodic
Particle Array Near a Planar Surface. We now extend the
above analysis to a periodic array of particles placed at
positions (R, zy) with one of the lattice sites (j = 0) set at
origin Ry = 0. For light incident with in-plane wave vector kg,
the dipole induced on the particle at each lattice site j can be

written as peor™, Following the methods of ref 38, we find
the induced dipole p to be given by eq 11, but with the
effective polarizability redefined as o = 1/[a™" — G(kop)],
such that G is substituted by a lattice sum G(ky) over the
fields induced by the dipoles of all particles in the array. We
can separate the lattice sum as G(ky;) = G* (ko) + G™ (ko)
into the contributions of direct and surface-reflected parts. In
_‘k"”'RIEj:;(Rj, z,) (see
eq 3), in which the self-induced term j = 0 is not included. We
evaluate G%"(ky;) numerically using highly convergent
methods developed by Kambe.®*’ The surface-reflected

component can be directly obtained from eq 7b as Gmf(kou)

Zje_ik"“'R/Eref(Rj, z,), where the j 0 term (self-

dip

particular, we have Gdir(kou) = Z}. 40€

interaction) now needs to be included and is found to reduce
to the single-particle self-interaction G (eqs 82, 8b, 8¢, and 8d).
We carry out the j sum by using the identity

2]_ IR — (Zﬁ)ZA_lzg 5(kH — g), where A is the unit-cell

area and the rightmost sum runs over 2D reciprocal lattice
vectors g. This allows us to write

2rik? Z eZiketo

ref
G (koll)z " 2

At A=
K’ 7‘Ik0H+gI,6ek0H+g,6 ® ekou+g,(f
8z

(18)
where kg, = \/kze = ko + g’ +i0". We evaluate this

expression by direct numerical computation, producing
convergent results by including g vectors of large magnitude
compared with both k" and 1/z,. Now, the total reflected field
is given by

E“(r) = B5' (1)

+ Z eikou-Ri[Egig(r - R) + E{ﬁ}f’(r - Rj)}
j

where we include the direct reflection on the surface (eq 10) as
well as the direct and surface-reflected fields produced by each
of the dipoles (eqs 7a and 7b). Finally, using eqs 7a, 7b, 10,
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