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Exposing optical near fields of plasmonic patch nanoantennas
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Plasmonic nanosystems are typically used in optical experiments to concentrate electromagnetic
energy into sub-wavelength volumes. In this context, metal-dielectric-metal (MDM) nanosystems
provide an attractive geometry for achieving strong field enhancement and mode confinement on a
few-nanometer scale. Unfortunately, the disadvantage of the MDM configuration can be that the
enhanced near fields are confined to the dielectric spacer and are not externally accessible. This
limits the suitability of such platforms for applications, where the interaction of light with external
nano-objects is desirable, such as sensing, detection, and quantum optics. To expose the enhanced
near fields to the environment, we selectively and isotropically etch the gap dielectric layer, which
results in patch antennas on thin silicon oxide pedestals. We perform optical sensing experiments
and simulations and confirm the sensitivity of the optical near fields to the refraction index change
in a small volume. Published by AIP Publishing. https://doi.org/10.1063/1.5001199

Optically induced collective oscillations of surface elec-
trons in metallic nanosystems give rise to localized resonan-
ces called plasmons. These electromagnetic modes are not
subject to the same diffraction limits as pure photonic modes
and thus can be confined to volumes much smaller than the
diffraction limit of free space light." This ability to focus
optical energy into nanometer-scale volumes enables optical
experiments and platforms where the light concentration is
beneficial, such as nonlinear optics, quantum optics, and
optical sensing.>”> For many of these applications, the con-
finement of optical fields is an important parameter as it can
lead to a larger field enhancement and a stronger light-matter
interaction.

In isolated nanoparticles, the mode confinement is
achieved by exciting decaying evanescent near fields which
in the optical regime can be on the order of tens of nano-
meters [Fig. 1(a)]. These isolated systems typically feature
modest field enhancement. To increase the field enhancement
even further, multiple interacting elements can be used where
charge accumulation in the nanometric gaps between the
nanoparticles can concentrate the optical fields.® The field
enhancement in these systems scales inversely with the size
of the gap and is ultimately limited by nonlocal and quantum
tunneling effects.””® Unfortunately, in top down fabrication
techniques such as electron beam lithography (EBL), the
nanoparticle gaps that can be reproducibly achieved are on
the order of >20 nm.

Optical patch antennas (or nanoparticles on a mirror)
have recently gained popularity as platforms with few-
nanometer gaps and strong field confinement.'®'* In these
systems, nanoparticles are fabricated on top of a smooth
metal film separated by a thin dielectric gap [Fig. 1(b)].
Illumination of these metal-dielectric-metal (MDM) systems
with far field optical fields excites the localized plasmon
modes in the nanoparticles. The oscillating charges of these
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plasmonic modes in turn excite mirror charges in the metal
film. Attractive coupling between plasmonic charges and
their image charges gives rise to strongly enhanced optical
fields in the gaps defined by the spacer. Since the thickness
of the dielectric layers of the spacer can be controlled with
atomic precision, very small nanometer-scale gaps can be
easily achieved. The highly confined fields excited in these
gaps have been used to enhance nonlinear effects and emis-
sion properties of quantum emitters.'>°

However, one drawback of the patch antenna geometry
is that the near-fields of such structures are confined to the
spacer dielectric and are not externally accessible. This can
lead to limited performance of the MDM-based systems for,
e.g., sensing, particle detection, and plasmon-quantum emit-
ter coupling applications. To expose the near-fields to the
environment, in this work, we have selectively and isotropi-
cally etched the gap dielectric in MDM nanostructures. To
test the exposure of the confined fields in the nanometric

FIG. 1. Resonant local electric field enhancement for 110 nm diameter gold
nanodisks (a) on a glass substrate and (b) in a MDM patch antenna configu-
ration with a 5nm SiO, spacer layer. (c) Scanning electron microscopy
image of the Au nanodisk array. Inset: schematic of the MDM array. The
scale bar is 1 yum.
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gaps, we have carried out optical sensing experiments and
verified the increased sensitivity of the plasmon resonance
peak to the change in the refractive index.

Our samples consist of plasmonic nanodisk arrays fabri-
cated using standard positive resist EBL. and subsequent ther-
mal deposition of a 30 nm gold layer [Fig. 1(c)]. The substrates
used for patch antennas were glass cover slips covered with a
smooth 30nm Au layer and a Snm layer of sputtered SiO,
that acts as a spacer. To produce samples with exposed near
fields, the SiO, layer was selectively etched, resulting in a
narrower pedestal under the nanodisks. Inductively Coupled
Plasma (ICP) etching with CF, and O, gases was used to selec-
tively etch the SiO, layer in the patch antenna gap, without
etching Au. We have also used Indium Tin Oxide (ITO)
covered glass substrates to produce control samples without
extreme field confinement. Several arrays with varying nano-
particle sizes were fabricated to control the spectral position of
the plasmon resonance. The periodicity of arrays was set to
250nm or 350 nm; however, no periodicity-dependent effects
were observed in our experiments. Optical measurements were
carried out in the transmission configuration where a colli-
mated white light from a tungsten lamp illuminated the sample
at normal incidence. The transmitted light was collected using
a low numerical aperture (NA =0.25) objective and directed
to a spectrometer. Si-based CCD was used to measure spectra
in the 400 nm—1000 nm spectral region, and an InGaAs linear
array was used for the 800 nm—1600 nm region. The measured
transmittance spectra were normalized to spectra transmitted
through the substrates alone, without the presence of the nano-
disks, and the resulting transmittance ratios were plotted
for comparing the performance of different samples. The true
transmittance spectra of the arrays can be inferred from these
spectra by multiplying them with the corresponding transmit-
tance spectra of the substrates.

Figure 2 shows our experimental transmission data for
MDM patch antenna arrays [Fig. 2(a)] and for nanodisks fab-
ricated on ITO-coated glass substrates [Fig. 2(b)]. The latter
show a conventional spectral dip characteristic of light extinc-
tion due to the plasmonic resonance, whereas the MDM
arrays feature dispersive transmission curves resembling Fano
resonances. The position of the Fano feature is sensitive to the
size of the nanodisks with larger diameter nanoparticles pro-
ducing red-shifted features [Fig. 2(a)]; however, the experi-
mental and numerically simulated spectra are not sensitive to
the periodicity of the arrays (data not shown). The Fano shape
of the transmittance spectra can be understood in terms of
coupling of the narrow spectral plasmonic resonance to the

FIG. 2. Transmission spectra of (a) the MDM structures featuring a Fano
resonance and (b) an Au nanodisk array on the ITO substrate showing only a
Lorentzian dip.
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continuum of the white light transmitted through the sub-
strate. The interference of the fields scattered by discrete
nanoparticles with directly transmitted fields can produce
complex lineshapes depending on the relative phase between
the scattered and the background optical fields.”'** Note that
the transmittance of the bare 30 nm Au film in the near infra-
red spectral region is <10%, and the presence of the nanopar-
ticle scattering can result in enhanced light transmission in the
case of constructive interference. The scattered light under-
goes the m phase shift as the frequency of light is swept
through the plasmon resonance, which results in its destruc-
tive interference with the driving field to the blue of the reso-
nance and enhanced transmission to the red of the resonance.
In the absence of the metal film, nearly all the light is trans-
mitted through the substrate; therefore, the presence of the
nanoparticles can only result in decreased transmittance due
to absorption and scattering. Unlike the case of the Fano reso-
nances produced by the coupling between the bright and dark
plasmonic modes in the nanoparticles,” >’ the Fano coupling
observed here between the far field excitation and the scat-
tered field results in only modest improvement of the spectral
width of the resonance, as we will show below.

To verify the quality of the nanofabricated samples and
our interpretation of their experimental transmittance data,
we performed numerical simulations using the commercial
software CST Microwave Studio. All the geometric parame-
ters in these simulations were taken from the experimental
samples. Along the z-axis, the mesh lengths for the simula-
tions were set to be 7nm in the metal and 1 nm in the SiO,
gap, while along the x-y plane, the mesh size was 10nm.
The dielectric constant of the SiO, substrate and gap was
fixed at 2.13. As for the dielectric constant of gold, the
Drude model

€An = €xo —w;/w(w—iy) (1

was used to describe its frequency dependence. The parame-
ters e, = 10, ®, = 1.37 x 10" rad/s, and y = 6.75 x 10'*Hz
were obtained by fitting the Drude model to the experimen-
tally measured permittivity of the bulk Au material.

In the simulations, light was normally incident onto
the nanodisk arrays. The far-field transmission spectra were
obtained by integrating the Poynting vectors at a plane placed
at 800 nm below the metal film inside the SiO, substrate. Light
transmitting through a 35nm bare metal film was employed
for transmission normalization. The local field spectra aver-
aged over the nanocavity edges are used to represent the total
local field enhancements. With the increasing patch size from
90nm to 110nm, we see that the wavelengths of the resonant
MDM cavity modes (local field enhancement spectra) can be
shifted from 900 nm to 1085 nm as shown in Fig. 3(a) (dashed
lines). Correspondingly, the calculated transmittance ratio
spectra, shown in Fig. 3(a) (solid lines lines), will experience
the same redshift. As it can be seen from these calculations,
the local field resonances possess an approximately Lorentzian
lineshape, whereas the calculated transmission spectra feature
a typical Fano-type resonance. The wavelength of the local
field enhancement peak is located between the corresponding
transmission dip and the peak. Thus, the transmission dips are
caused by the destructive interference between the directly
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FIG. 3. (a) Calculated transmission spectra normalized by metal film trans-
mission (solid curves) and local field enhancement (dashed curves) for patch
nanoantennas for different nanodisk diameters. (b) Calculated transmission
spectra of Au nanodisk arrays with different diameters on the ITO-covered
glass substrate.

transmitted field and the resonantly transmitted field through
the metal film. In contrast, the calculated transmittance for the
gold nanodisks on ITO covered substrates features only a dip
[Fig. 3(b)], in accordance with our experimental data. It should
be noted that the measured transmittance ratios are signifi-
cantly smaller than the calculated values due to the imperfect
interference conditions caused by the finite NA of the collec-
tion objective (Fig. S1 in the supplementary material).
Typically, the localized plasmon resonances of nanopar-
ticles depend on not only the size and shape of the particle but
also the refractive index of their environment. Thus, by track-
ing the shifts of plasmonic spectral peaks, one can measure
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the change in the refractive index of the surrounding medium
and use this for particle detection and molecular and chemical
sensing.”®>! The sensitivity of such refractive index sensors
typically depends on two main parameters. First, the width of
the optical resonance is important, with narrower peaks pro-
ducing better sensors. Second, the spectral shift per refractive
index unit change determines the sensitivity of the sensor to
the change in the environment.

The strong field confinement in the MDM patch anten-
nas makes them attractive for optical sensing since they are
expected to be very sensitive to small changes in the refrac-
tive index in the gap. However, in our samples shown in
Figs. 1(b) and 1(c), the strongly confined near fields are not
exposed and thus cannot be used for optical sensing. To
expose the near fields of our platform and make them acces-
sible to sense the refractive index of the environment, we
have performed isotropic etching of the samples. The result-
ing structures feature gold nanodisks standing on a SiO, ped-
estal on a gold film [Fig. 4(f), inset] exhibiting exposed near
fields that are ideal as optical sensors with ultrasmall sensing
volumes.

To test the sensitivity of our samples, we use widely
accepted sensing Figure of Merit (FoM) definition as>>

(Awgnii/ An)

FoM =
Aoy,

2

FIG. 4. (a) Theoretical calculated and
(b) experimentally measured spectral
shifts for unetched MDM patch nano-
antennas in different environments. (c)
Theoretical calculated and (d) experi-
mentally measured spectral shifts for
nanodisks on ITO-covered glass sub-
strates in different environments. (e)
Theoretical calculated and (f) experi-
mentally measured spectral shifts for
etched MDM patch nanoantennas on a
pedestal in different environments. (f)
The transmittance of the array before
plasma etching (black curve). Inset:
schematics of patch antennas on a
pedestal.
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where Awgy,a/An is the frequency shift per refractive index
unit change and Aw,,;;;, is the width of the resonance. For
the latter parameter, the full width at half maximum of the
peak is used for Lorentzian resonance. For Fano resonances,
due to the asymmetric lineshape, we instead use the fre-
quency difference between the Fano dip and its closest peak,
as accepted in previous studies.***

Figure 4 shows the results of our sensing experiments
and simulations. For the unetched MDM nanodisk sample,
we measure the transmittance ratio of the sample in air and
compare it to the plasmon peak shift when it is immersed in
oil with a refractive index of 1.51 [Fig. 4(b)]. The experi-
mental FoM for this system exhibits a modest value of ~0.9
which is in a good agreement with the numerical simulations
shown in Fig. 4(a). The nanodisks on the ITO substrate simi-
larly exhibit only a FoM of ~0.7 [Figs. 4(c) and 4(d)]. For
the etched MDM patch antennas, the experimental FoM is
calculated by performing a transmittance measurement in
air and in immersion oil. Samples with slightly larger gaps
(8 nm) were used in this experiment. A much larger value of
FoM =2.2 is observed for etched MDM samples [Fig. 4(f)].
It is worth noting that after immersing the sample in oil,
the transmittance spectrum resembles the spectrum measured
in air before etching. This indicates that the position of the
plasmon peak mainly depends on the refractive index of the
area where the near fields are concentrated, i.e., in the gap
between the nanodisk and the metal film. The determination
of FoM of the same sample for media with different refrac-
tive indices yields similar results (Fig. S2 in the supplemen-
tary material). The theoretical FoM for patch antennas
calculated from Fig. 4(e) for a 50 nm radius SiO, pedestal is
even higher and reaches the value of 6.6. This is comparable
to the highest FoM values reported in the literature for iso-
lated particle:s;24’27’28’33 however, our sensor possesses much
smaller sensing volume. The relatively smaller experimental
value compared to the numerical FoM is possibly due to the
fact that the samples were under-etched. Numerical simula-
tions with different undercuts support this view showing
deteriorated FoM values in the case of insufficient etching
(Fig. S3 in the supplementary material). Thus, the experi-
mental FoM can be improved further by optimizing the etch-
ing procedure and by using samples with smaller gaps. It is
worth noting that the improvement in the FoM for patch
antenna arrays is mostly due to the larger shift per unit
refractive index change Awg;»/An and not the significantly
smaller width of the resonance Aw,,;4,. For example, in the
system shown in Fig. 4 for Aw,,4,, we have 52.83 THz and
36.74 THz, whereas Awg,,/An is 52.35 THz and 238 THz
for ITO-covered sample and patch antennas, respectively.

In conclusion, we have developed a platform with highly
confined, exposed near fields in the optical regime. Metal-
dielectric-metal patch nanoantennas are used to produce
strongly localized fields in a spacer layer, which are exposed
to the environment by selective etching of the dielectric layer.
To confirm the performance of our optical platform, we have
carried out optical sensing experiments and have demon-
strated sensitivity to the refractive index change in ultrasmall
volumes. Our approach paves the way for applications, where
highly reproducible nanostructures with exposed strongly
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confined near fields can be beneficial, such as optical detec-
tion of molecular layers and bioparticles, coupling plasmonic
fields to single photon emitters such as quantum dots, and
placing nonlinear nanomaterials in plasmonic hot spots.

See supplementary material for transmittance spectra for
different collection NA, FoM determination with different
refractive index media, and numerical calculations of differ-
ent degrees of undercut.
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