Absorption Spectroscopy of an Individual Fano Cluster
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ABSTRACT

Plasmonic clusters can exhibit Fano resonances with unique and tunable asymmetric lineshapes,
which arise due to the coupling of bright and dark plasmon modes within each multi-particle
structure. These structures are capable of generating remarkably large local electromagnetic
field enhancements, and should give rise to high hot carrier yields relative to other plasmonic
nanostructures. While the scattering properties of individual plasmonic Fano resonances have
been characterized extensively both experimentally and theoretically, their absorption properties,
critical for hot carrier generation, have not yet been measured. Here, we utilize single particle
absorption spectroscopy based on photothermal imaging to distinguish between the radiative and
non-radiative properties of an individual Fano cluster. In observing the absorption spectrum of
individual Fano clusters, we directly verify the theoretical prediction that while Fano interference
may be prominent in scattering, it is completely absent in absorption. Our results provide
microscopic insight into the nature of Fano interference in systems of coupled plasmonic
nanoparticles, and should pave the way for the optimization of hot carrier production using

plasmonic Fano clusters.



INTRODUCTION

Collective oscillations of the conduction band electrons in metal nanostructures, known as
surface plasmons, exhibit unique optical properties sensitive to their size and shape and the
refractive index of the surrounding medium.' These highly tunable surface plasmon resonances
have enabled a wide range of diverse applications ranging from nanoscale sensing,> enhanced
spectroscopies*® to vivid color generation.” Carefully designed nanoparticle assemblies provide
increased control over the spectral lineshape.®'' Similar to atoms in a molecule, plasmonic
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clusters exhibit hybridized modes that arise from near-field coupling. The lineshape of these

plasmon modes can be controlled by tuning the coupling strength, which largely depends on the
distance and relative orientation of the individual nanoparticles in a cluster.'®"”

Further control of light scattering can be achieved through mode interference, which is
determined by the relative phase of the different plasmon resonances that can be excited in a

nanostructure.zo’ 2

This effect is due to the fact that light scattering from a nanostructure is
nonlocal, i.e. proportional to the square of the total dipole moment. Thus, when several dipolar
modes can be excited, constructive and destructive interference can occur. If all relevant dipole
moments are oscillating in phase, a strongly broadened superradiant mode is formed. If the
individual dipole moments oscillate out of phase, the total dipole moment can vanish and the
mode is subradiant. The radiance of a plasmon mode is determined by hybridization of the
plasmon resonances associated with the individual structural parts of the nanostructure and can
be controlled by structural symmetry breaking or radiative coupling. A particularly interesting
situation is weak coupling when superradiant and subradiant modes interfere, resulting in a

strongly asymmetric lineshape in the scattering spectrum® known as a Fano resonance.” In this

case, incident light couples efficiently to the broad superradiant mode that transfers some of its



energy through dispersive near-field coupling to the narrow, optically dark subradiant mode.'®*°

The spectrum of a Fano resonance is composed of a broad, intense scattering feature centered
around the superradiant mode with a narrow dip between the sub- and superradiant modes. At

wavelengths corresponding to this “Fano dip”, far-field radiation is minimized.'® ** ! Fano
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resonances have been observed in numerous plasmonic systems, such as metamaterials,” " ring-
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disk cavities, and coupled clusters of nanoparticles. Unlike atomic systems
where Fano resonances were first discovered in absorption spectra, for plasmonic systems Fano
interferences cannot be observed in absorption because in contrast to scattering, absorption is
local and can be evaluated as an integral of the local dissipation at each point of the structure.’
Due to the sensitivity to changes in their dielectric environment, their narrow widths, and their
strongly enhanced near-field properties, Fano resonant nanostructures have become important for
sensing applications.”" *** A particularly high figure of merit of 1000 nm per refractive index
unit was achieved using heptamers, i.e. nanoparticle clusters consisting of a central disk
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surrounded by six disks. The Fano resonance can be tuned to desired wavelength ranges by

varying the metal, nanoparticle sizes, interparticle distances, as well as overall geometric
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arrangement. Recent studies showed how arrays of nanostructures supporting Fano

resonances in the near infrared region can be used to determine the conformation and thickness
of adsorbed protein monolayers.*®
The ability of Fano resonances to enhance hot carrier generation has also attracted significant

attention in light harvesting applications.** *’

Hot carriers are generated from the non-radiative
. .. . . 50
decay of surface plasmons in a manner similar to Landau damping in extended structures.” An

increase in the efficiency of photovoltaic devices was demonstrated using plasmonic Fano

resonant clusters by photo-induced doping of graphene.* Even without direct characterization of



the absorption of these nanostructures, spectral analysis shows that the carrier generation
efficiency is directly related to the absorption of the metal antenna.* Similar results of enhanced
absorption close to the Fano resonance in a semiconductor nanostructure were also deduced from
photocurrent measurements.”’ The development of a method for direct characterization of the
wavelength-specific absorption properties of these complex nanostructures is therefore important
for the design and optimization of light harvesting platforms for energy generation and
catalysis.”> >

While classical electromagnetic modeling can accurately simulate the optical properties of
plasmonic nanostructures,”* > independent experimental characterization provides indispensable
feedback, especially as nanostructures become increasingly complex.’® While absorption and
scattering show close resemblance for small, simple nanoparticles (< 50 nm), they can be
substantially different for larger nanostructures. Single-particle dark-field microspectroscopy has
been used extensively to characterize the far-field properties of plasmonic Fano resonances, but
does not directly provide wavelength-dependent absorption information. With important
emerging applications such as photodetectors®’ and photocatalysts’’ whose properties are more
directly related to light absorption by the nanostructure, it is clearly important to develop
experimental methods to separately measure absorption and scattering distinctly at the individual
nanostructure level.

In this paper, we study the absorption spectrum of a single plasmonic nanoparticle oligomer- a
decamer consisting of a central disk surrounded by nine smaller disks- that supports a strong
Fano resonance (Fano cluster), and its individual components. By comparing its absorption

spectrum with its scattering spectrum we are able to separately characterize both the non-

radiative and radiative properties of this plasmonic Fano cluster as well as its components. We



show that the asymmetric lineshape characteristic of a Fano resonance is noticeably absent in the
absorption spectrum, which is instead a simple symmetric resonance centered at the subradiant
mode. Establishing the distinct absorption properties of a plasmonic structure through direct
experimental means supports the development of plasmonic nanostructures for optimizing their
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absorption-related properties, such as hot carrier generation, that could complement their

already promising sensing and surface-enhanced spectroscopy applications.

RESULTS AND DISCUSSION

Figure 1. a) Schematic illustration of the photothermal spectroscopy technique. Wavelength tunable excitation from
a white light laser is modulated and heats individual nanostructures and their surrounding due to plamson
absorption. Transmission changes of a green probe beam are modulated and detected via lock-in amplification. b)
Description of the experimental setup (see text for details). AOTF: acousto optical tunable filter; PD: photodiode;
Freq. Gen.: frequency generator; Lock-in: lock-in amplifier.

We perform wavelength-dependent photothermal measurements in a transmission geometry
for single particle absorption spectroscopy, illustrated Fig. 1. Excitation wavelengths with 2-6
nm bandwidth are selected from a broadband pulsed laser source (Fianium Whitelaser SC450)
using an acousto-optical tunable filter (AOTF). To extend the spectral range of our absorption
spectrometer compared to our previous work®’, we used two different AOTFs covering two
wavelength ranges, i.e. VIS (400 - 750 nm) and NIR (650 - 1100 nm) shown in Figs. Sla and

S1b, respectively. The laser beam intensities were modulated by the AOTFs to create a time-



dependent thermal lens around an individual nanostructure due to the temperature-induced
refractive index changes of the surrounding medium following plasmon absorption and non-
radiative relaxation.’ The thermal lens was probed using a 532 nm continuous wave laser
(Coherent, Verdi V6), which was chosen to avoid spectral overlap with the wavelength tunable
heating beam. A low probe power (210 pW) was used to minimize steady-state heating of the
nanostructure due to interband transitions at 532 nm. Photothermal spectroscopy presents a
general technique that can be applied to any strongly absorbing nanostructure to obtain its

absorption spectrum without measuring scattering.
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Figure 2. a) Schematic illustrations of the Fano cluster and its components (left) together with their corresponding
SEM images (right). b) Photothermal image of a large sample area containing the lithographically prepared
nanostructures as well as a gold bar used as a reference film. The roman numerals indicate the corresponding
nanostructures in a. For the photothermal image, the wavelength of the heating laser was 700 nm (VIS channel) and
the power was ~ 71 uW. The probe laser wavelength and power were 532 nm and 210 pW, respectively. The
resolution of the image was 210 nm/pixel. ¢) High resolution photothermal image of the central disk. The
wavelength of the heating laser was 800 nm (NIR channel) and the power was ~ 15 puW. The probe laser wavelength
and power were 532 nm and 210 pW, respectively. The resolution of the image was 63 nm/pixel. d) Intensity cross-
section of the photothermal image in c. The red line is a Gaussian fit yielding a FWHM of 500 nm.

Fano decamers were fabricated on a glass substrate by electron-beam lithography. The
decamer (Fig. 2a, 1) was composed of a 175 nm diameter central disk (Fig. 2a, iii) surrounded by

an outer ring of 9 smaller disks having equal diameters of 75 nm (Fig. 2a, ii). The thickness of



gold was 35 nm and a 3 nm thick Ti layer was used for adhesion of gold to the glass substrate.
The gap between each disk was designed to be 12 nm, yielding an overall size of ~350 nm for
the decamer. Spacing individual decamers (i) and subunits, i.e. outer rings (ii) and central disks
(iii1), 8 wm apart eliminated possible near-field and far-field interactions. The entire substrate was
covered with glycerol, which is typically used in photothermal imaging to maximize the signal,”'
by positioning the sample and substrate within a small liquid cell consisting of a second
coverslip and a 50 um mylar spacer.

Prior to single-particle absorption spectroscopy, a raster-scanned photothermal image of the
sample was obtained to identify the locations of the individual nanostructures (Fig. 2b). Each
row in this image contained the same type of nanostructure as depicted by the roman numerals,
corresponding to the decamer, outer ring, and the central disk, as shown in Fig. 2a. In addition to
the equally spaced nanostructures that appear as spots in this image, the rectangular shape on the
top corresponds to the photothermal signal of a 35 nm thick gold film. The continuous gold film
was used to correct the measured absorption spectrum of the nanostructures, i.e. to account for
wavelength-dependent signal variations that can arise from different laser powers and pump-
probe overlaps. With the simulated absorption spectrum of a gold film (Fig. S2) a
straightforward correction factor was obtained, as described in detail in our previous work.®

To ensure homogeneous heating of each entire decamer structure during the absorption
measurements, we employed an objective with a low numerical aperture of 0.7 to focus the
heating and probe beams. The size of the overlapped beams was verified by taking a high
resolution photothermal image of the central disk (Fig. 2c¢) and analyzing the intensity cross-
section with a Gaussian function (Fig. 2d). We obtained a full width at half maximum (FWHM)

along the horizontal and vertical directions of ~ 600 nm and ~500 nm, respectively, which was



significantly larger than the size of even the largest decamers, ensuring homogeneous excitation.
The slight asymmetry in the spot size was due to a non-perfect beam mode of the
supercontinuum laser, which had no effect on the results shown here, as tested by rotating the

sample by 90°.
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Figure 3. a) Comparison of the measured absorption (green circles) and measured scattering (red line) spectra for
the same central disk. The absorption spectrum is cut-off at 550 nm to avoid interference with the 532 nm probe
beam. b) Simulated absorption and scattering spectra of the central disk. ¢) Calculated charge distributions of the
disk dipolar (left) and quadrupolar (right) plasmon mode. d) Comparison of measured absorption and scattering
spectra for the same decamer. e) Simulated absorption and scattering spectra of the decamer. f) Charge distributions
calculated at the spectral positions marked 1 and 2 in e, corresponding to the blue Fano peak at 660 and the Fano dip
at 820 nm, respectively. Heating beam powers varied between 5 and 150 W across the wavelength range and were
adjusted through the use of temperature-balancing filters (Thorlabs, FGT165S), while the probe power at 532 nm
was 210 pW. We checked that no photothermal damage occurred under these conditions by taking several scans and
recording scattering spectra before and after photothermal spectroscopy. The spectra shown here correspond to
unpolarized excitation by averaging two measurements with orthogonal linear excitation polarizations of the heating
beam.® Stitching the spectra from the VIS and NIR AOTF channels was accomplished as described in the SI.



We first measured the wavelength-dependent photothermal response of an individual central
disk in order to verify the operation of our wavelength extended single-particle absorption
spectrometer. The absorption spectrum of the central disk shows a strong signal over a broad
wavelength range and exhibits a dipole mode, and in addition a quadrupolar mode, which is
absent from the corresponding scattering spectrum of the same individual disk (Fig. 3a). In the
absorption spectrum of the central disk the dipolar mode is visible at 840 nm while the
quadrupolar mode is seen at 650 nm with absorption increasing at shorter wavelengths due to
interband transistions (Fig. 3a, green symbols). The scattering spectrum of the same central disk
also shows the dipolar resonance at 840 nm, spectrally overlapping with the absorption spectrum
(Fig. 3a, red line). However, the quadrupolar mode is entirely absent from the scattering
spectrum, apart from a very subtle shoulder that can be observed at ~ 650 nm. The reduced
intensity of the quadrupolar mode in the scattering spectrum relative to the absorption spectrum
arises from the subradiant nature of this plasmon mode.®* Interband transitions are also visible in
the absorption spectrum but do not appear in the scattering spectrum, as would be expected. The
single-particle scattering measurements were performed using a transmission dark-field
microscope (see supporting information (SI)), and the same nanostructures could be found using
alignment markers that were integrated into the sample design (Fig. S3).

The fact that we can observe the spectrum of a purely absorptive quadrupolar plasmon mode
has potentially important implications. It has been reported that quadrupolar modes can be twice
as sensitive to changes in the refractive index of their surrounding environment compared to
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dipolar modes. Quadrupole resonances monitored by this method may serve as improved-

sensitivity nanoscale surface plasmon resonance sensors for detection of, for example, discrete

binding events of individual proteins.**
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Finite difference time domain (FDTD) simulations further validate the measured absorption
spectrum of the central disk. We performed simulations using a commercial software package
(Lumerical Solutions) based on the FDTD method (see SI for details). The experimentally
observed dipolar and quadrupolar absorption as well as the onset of interband transitions at
shorter wavelength are all well reproduced by the simulations (Fig. 3b, green line). The
simulated scattering spectrum of the central disk also matches with the experimental result (Fig.
3b, red line). Simulated charge distributions (Fig. 3c) confirm the assignment of dipolar and
quadrupolar plasmon modes. The overall lineshapes of the measured and simulated spectra are
very similar with only minor resonance wavelength shifts and relative intensity differences. This
small discrepancy is most likely due to the small structural inhomogeneities present in the
lithographically fabricated gold nanodisks, due, for example, to polycrystallinity that cannot be
resolved accurately within the resolution of scanning electron microscopy (SEM). Furthermore,
the side walls of the lithographically prepared nanostructures typically possess a tilt angle,*
which can lead to a blueshift of the plasmon resonance compared to ideal nanostructures with
perfectly sharp edges. The excellent agreement between all measured and simulated spectra for
the same structure clearly validates our ability to measure absorption and scattering spectra over
a broad wavelength range from 550 to 1000 nm.

We now apply this approach to the more complex decamer Fano cluster. The physical
mechanisms for formation of Fano resonances in coupled plasmonic systems have been
extensively described.'® Briefly, in the language of molecular orbital theory, the sub- and
superradiant modes are the adiabatic modes formed from hybridization of the diabatic dipolar
modes of the ring and the larger central disk. Due to its nature as an interference of the sub- and

superradiant modes, the position of the Fano dip does not coincide with the subradiant mode
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(except in the situation where the two modes are degenerate). The position of the Fano dip is
located between these two modes thus cutting out a “hole” in the spectrum of the superradiant
mode. Although the two maxima on either side of the Fano dip are associated with the same
broad superradiant mode, they correspond to specific superpositions of the unhybridized diabatic
ring and central disk modes.'® In the discussion below, we will refer to the low and high energy
“peaks” as the red and blue Fano peaks respectively. The red Fano peak corresponds to the
dipolar mode of the central disk and the blue Fano peak corresponds to the dipolar mode of the
ring.

Compared to a simple disk, the absorption and scattering spectra of the decamer reveal even
stronger differences in spectral lineshapes. The measured scattering spectrum of the decamer
exhibits two Fano peaks at ~650 and 850 nm and a dip around 780 nm, characteristic of a Fano
resonance (Fig. 3d, red line). In contrast, the absorption spectrum of the decamer shows only one
major peak at the subradiant mode around 660 nm (Fig. 3d, green symbols). This large difference
in absorption and scattering lineshapes for the decamer is consistent with theoretical predictions
but has not previously been observed experimentally.

FDTD simulations for the decamer similarly demonstrate distinct differences between
absorption and scattering (Fig. 3d), in very good agreement with the experiments. The simulated
scattering spectrum (Fig. 3e, red curve) displays a strong asymmetric lineshape with a Fano dip
at 800 nm, resulting from the interference of the superradiant and subradiant modes. This
assignment was confirmed by the simulated charge distributions (Fig. 3f) at the blue Fano peak
at 660 nm (arrow 1 in Fig. 3e) and at the Fano dip at 800 nm (arrow 2 in Fig. 3e). The charge
distribution at 660 nm shows a parallel alignment of the dipole moments of all disks, i.e. the

characteristics of superradiance. At 800 nm, the dipole moments of the disk and the ring are out
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of phase, resulting in destructive interference and subradiance.”’ The simulated absorption
spectrum of the decamer (Fig. 3e, green line) also agrees well with the measured spectrum,
exhibiting a single absorption feature around the subradiant mode. This absorption feature is
made up of both the superradiant decamer mode and the quadrupolar modes of the central disk
and therefore appears broad. A closer comparison between the simulated and measured spectra
illustrates a similar blueshift as was observed for the central disk, and is most likely due to

structural deviations from the idealized geometry used in the simulations.
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Figure 4. Decomposition of the Fano cluster absorption spectrum into its central disk and outer ring components. a)
Measured absorption spectrum of the central disk (green) and the outer ring (blue). b) Calculated absorption
spectrum of the central disk (green) and the outer ring (blue). ¢) Sum (black) of the measured central disk and outer
ring absorption spectra compared to the absorption spectrum of the Fano cluster (red). d) Sum (black) of the
calculated central disk outer ring absorption spectra compared to the calculated absorption spectrum of the Fano
cluster (red). SEM images of the central disk, outer ring, and decamer with colored frames corresponding to the line
colors of the spectra in a-d are shown for reference. The size of each SEM image is 500 nm x 500 nm. e) Electric
field intensity maps of the Fano cluster calculated at positions 1 (left) and 2 (right) corresponding to the blue Fano
peak and the Fano dip, respectively. Note that electric fields both inside and outside the gold nanodisks are given,
and that fields outside are larger at 2 while fields inside are larger at 1. Experimental parameters for the
photothermal spectroscopy were the same as described for Fig. 3.
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Measuring the absorption spectra of the constituent components of the Fano cluster - the outer
ring of nanodisks and the larger central disk - yields important insight into the non-radiative
coupling of the involved plasmon modes (Fig. 4). The absorption spectrum of the outer ring
exhibits two almost overlapping peaks in analogy with the bonding and anti-bonding modes of a
homodimer. These two modes are clearly resolved in the measured (Fig. 4a) and simulated (Fig.
4b) absorption spectra. Fig. S4 further supports this assignment by showing simulated absorption
and scattering spectra of the outer ring in comparison to a single disk and a homodimer. With the
absorption spectrum of the central disk, included again in Figs. 4a and 4b, we can assess how the
absorption spectrum of the Fano cluster differs from the sum of its components. Both experiment
and simulations illustrate that the absorption spectrum changes when the outer ring and central
disk are combined, based on near-field coupling between the nanodisks (Figs. 4c and 4d).
However, unlike the result for scattering (Fig. S5), the difference is rather small and the
absorption spectrum of the Fano cluster is dominated by the signal from the outer ring. The slight
reduction in overall absorption in the interacting cluster compared to the sum of the absorption in
its individual components is characteristic of any composite interacting plasmonic system. The
absorption cross sections are larger than the physical cross sections so when two particles are
close together, neither particle is able to absorb the same amount of light as if they were alone.

Hot electron generation by plasmon decay depends also on excitation properties. Strong
plasmon absorption is therefore not the only factor that determines the yield of hot charge
carriers. It has recently been shown that the yield of hot electrons is proportional to the square of
the near-field inside the nanoparticles.” We therefore calculated maps (Fig. 4¢) of the near-field
intensities both inside and outside the nanodisks for the Fano cluster at the blue Fano peak

(position 1) and at the Fano dip (position 2). As predicted theoretically,’® the maximum near-
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field intensities outside the nanoparticles occur at the Fano dip (position 2), a property that has
been extensively explored in surface enhanced spectroscopy and plasmon enhanced nonlinear

2142436770 Tpterestingly, the largest |Eisiael” is observed at the blue Fano peak

optics applications.
(position 1) corresponding to the ring resonance where the absorption is also large. We therefore

conclude that the highest yield of hot electrons for this decamer most likely occurs at the blue

Fano peak because here absorption is maximized with strong internal electric fields.

CONCLUSIONS

Using our recently developed single-particle absorption spectroscopy, we were able to directly
measure the absorption spectra of plasmonic Fano clusters over an extended wavelength range of
550 — 1000 nm. We verified the theoretical predictions that while Fano interference may be
present in the scattering spectrum of plasmonic nanostructures, it should be absent in the
absorption spectrum. For a gold decamer consisting of a large central disk surrounded by a ring
of smaller disks, the maximum absorption occurs on the blue side of the Fano resonance and
occurs in the surrounding disks. The wavelength of maximum absorption coincides with the
maximum near-field inside the gold nanodisks, and it is therefore the optimal wavelength for hot
carrier generation. We anticipate that our results will promote further studies of the non-radiative
properties of complex nanostructures to enable the structural optimization for light harvesting,

sensing, and photocatalytic applications.
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