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Abstract

Plasmonic quasi periodic structures are well known to exhibit several surprising phenom-
ena with respect to their periodic counterparts, due to their long range order and higher rota-
tional symmetry. Thanks to their specific geometrical arrangement, plasmonic quasi-crystals
offer unique possibilities in tailoring the coupling and propagation of surface plasmons through
their lattice, a scenario in which a plethora of novel phenomena can take place. In this paper we
investigate the Extra-Ordinary Transmission (EOT) phenomenon occurring in specifically pat-
terned Thue-Morse nano-cavities, demonstrating noticeable enhanced transmission, directly
revealed by near field optical experiments, performed by means of a Scanning Near-field Op-

tical Microscope (SNOM). SNOM further provides an intuitive picture of confined plasmon
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modes inside the nano-cavities and confirms that localization of plasmon modes is based on
size and depth of nano-cavities, while cross talk between close cavities via propagating plas-
mons holds the polarization response of patterned quasi-crystals. Our performed numerical
simulations are in good agreement with the experimental results. Thus the control on cav-
ity size and incident polarization can be used to alter the intensity and spatial properties of
confined cavity modes in such structures, which can be exploited in order to design novel
plasmonic device with customized optical properties, desired functionalities and for several

applications in quantum plasmonics.
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Surface plasmons (SPs) arise from a resonant coupling between incident light and collective
oscillations of the conduction electrons present in metallic nanostructures. Their localization and
propagation can be engineered by specifically designing plasmonic resonators geometry opening
new prospectives in various interdisciplinary fields'->. The observation of very large transmis-
sion enhancement through subwavelength periodic metallic nano-holes with respect to theoretical
predictions in the framework of Bethe’s standard diffraction theory?, is known as Extra-Ordinary
Transmission (EOT)*>. This phenomenon is considered a breakthrough in plasmonics, opening
to numerous novel applications. However, despite the fascinating implementations, the physical
origin of the enhanced transmission has been extremely controversial and under debate®’. Several
theoretical and experimental studies by Ebbesen and co-workers suggest that enhanced transmis-
sion appears due to the involvement of propagating and localized SPs>%°. An alternative inter-
pretation based on a composite diffracted evanescent wave (CDEW) model has been proposed as
well '12. According to this model, the detected signal on the output of a structure propagates in
the far field due to the interference of surface evanescent waves with the directly transmitted waves

passing through the holes and no contribution from SPs is taken into account.
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Despite all these controversial points of view, manipulating light matter interaction through
metallic nano-apertures enables several applications in plasmonic biosensing !*!4, tunable and se-
lective wavelength filters>, increased signal in surface enhanced Raman spectroscopy for single
molecule detection!® and near field optics'®!7. Furthermore, tailoring plasmonic resonances in
particularly designed nanoplasmonic devices, SPs have also been exploited as information carriers,
thanks to their ability to confine, concentrate and channel light through sub-wavelength structures.
This envisages a future where SPs based circuits can be merged with electronics on same chip, in
order to offer miniaturized and faster devices'3.

However, it is well known that far-field measurements can not clearly distinguish the role of
SPs, due to the bound nature of their electromagnetic field, whose salient features arise in the near
field propagating regime. Scanning Near-field Optical Microscopy (SNOM) enables the opportu-
nity to visualize the surface plasmons mediated mechanisms as well as the enhanced transmission
phenomenon through particular patterned structures, beyond the diffraction limit!*2°, When these
nano apertures (usually called nanoholes) are patterned in order to exhibit long range order and
higher rotational symmetry, but no translational symmetry, are known as quasi crystals (QCs)2!?2,
QCs demonstrate special features with respect their periodic counterparts, such as the ability to

create a band gap for low refractive index material >3

, a polarization and incident angle indepen-
dent broad transmission enhancement?*, as well as the possibility to mimic a conventional lens?>
and light harvesting property in solar cells?S. Till now, optical properties were investigated on such
plasmonic structures designed either patterning air holes in metallic films or placing nano-discs in
periodic and quasi-periodic arrangements.

Here we report on near and far field spectral properties of quasi-periodic plasmonic nano-
cavities (NCs), fabricated by patterning a Thue-Morse (T-M) array of nano-holes in a polymeric
film and thermally evaporating a thin gold layer to obtain perfect metallic nano-cavities with gold
also inside the holes. Such a quasi-periodic configuration allows unique coupling possibilities

between propagating and localized surface plasmons. We demonstrate enhanced transmission

through sub-wavelength T-M patterned nano-cavities, as a consequence of the strong coupling
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between surface plasmon polaritons (SPPs) and cavity plasmon resonances (CPRs). The pres-
ence of gold inside the nano-cavities completely rules out the possibility of an explanation within
the framework of the CDEW model, pointing out the plasmonic nature of the EOT phenomenon.
SNOM investigations confirm that NCs are the only source of transmitted light via SPPs strong
coupling with CPRs in such sub-wavelength quasi-structures. Furthermore, this plasmonic cou-
pling enables polarization and size dependent cavity modes in T-M patterned structures with in-
creased nano-cavities diameter, causing the appearance of surface plasmon pattern waves which
reduces the overall EOT effect. In particular, 750 nm diameter T-M structure is able to confine
efficient quadrupole modes under crossed polarizers configuration and proper resonant excitation
laser source. We also show that dodecagonal quasi-periodic structure preserves the polarization in-
dependent response, attributed to the particular arrangement of NCs and cavity-cavity interactions

via propagating plasmons.

Results and discussions

T-M patterned structures with different diameters (©) as well as a dodecagonal structure, have
been fabricated by means of a nano-lithography procedure reported in the Methods section?’-%%.
Samples are identified as S-A (©=250nm), S-B (©=400nm), S-C (©=500nm), S-D (©=750nm)
and S-E (dodecagonal with ©=500nm), respectively, (see Figure la for details). Scanning elec-
tron microscopy (SEM) images of S-B and S-E confirm the fabrication of T-M and dodecagonal
quasi-periodic patterns (see Figure 1b and 1c), while uniform presence of gold inside the NC is
clearly evident in the inset of Figure 1b. A sketch representing the coupling mechanism between
an impinging plane wave (E;) and a single nano-cavity is reported in Figure 1d. The plane wave
impinging on the nano-cavity excites SPPs on both sides of the deposited gold film, at the two inter-
faces with air (outer) and resist (inner), as well as inside each nano-cavity. Propagating plasmons

(SPPs) strongly couple with the specific resonant cavity modes (CPRs), causing the appearance of

a confined behavior in near field regime and a propagating one in far-field.
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Figure 1: (a) Thue-Morse (T-M) patterned plasmonic nano-cavities with different diameters, rang-
ing from 250nm to 750nm, as well as a dodecagonal array, have been fabricated and named as
sample S-A (©=250nm), S-B (©»=400nm), S-C (©=500nm), S-D (©=750nm) and S-E (dodecago-
nal array with ©=500nm), respectively. (b) SEM image of T-M patterned plasmonic structure
sample-B (scale bar of 2um), while inset shows the depth and deposition of gold inside nano-
cavity (Scale bar is of 200 nm). (c) SEM image of dodecagonal quasi periodic pattern sample-E.
Scale bar is of 2um. (d) Sketch of a NC section with an incident plane wave (E;), the induced SPP
that propagates at the inner and outer metal-dielectric interface, and the coupling with the resonant
cavity modes (CPRs), to propagate in the far-field. (e) Schematic and beam path of WITec Alpha
300S SNOM for near and far field optical experiments in transmission mode. Inset: particular of
the cantiliver and tapered aluminum SNOM tip. P is polarizer, A is analyzer.

Figure le reports the schematic and beam path of the SNOM system used to perform near and

far field optical experiments in transmission mode.

Optical investigation

To investigate the optical transmittance of the obtained quasi-periodic nano-cavities, a SNOM (Al-

pha 300S by WITec) has been used in confocal transmission mode. The transmitted signal acquired
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from the quasi-periodic structures has been compared and normalized to that one coming from an
un-patterned gold film of same thickness, taken as a reference, under the same experimental con-
ditions (incident power and polarization of excitation laser source, A, = 532nm). The laser beam
is focused on the samples through a long working distance 100x objective (0.75 numerical aper-
ture (NA)), while transmitted light is collected from the bottom by a 50x objective (0.5 NA) and
detected by a photomultiplier tube (PMT). We observe a 3.15-fold and a 2.9-fold enhancement in
PMT counts in the case of S-A and S-B with respect to the un-patterned gold film, respectively
(see supplementary Figure S1). On the contrary, transmitted signal through S-C, S-D and S-E
are comparable with the reference. This surprising enhancement in PMT counts happening only
through the two sub-wavelength plasmonic NCs (S-A and S-B) induced us to perform a far field
spectroscopic analysis on all the samples. An incident beam coming from an incoherent white light
source have been focused on the structures and the transmitted light has been detected in the far
field. To demonstrate net transmission enhancement through patterned structures over un-patterned

gold film, we defined delta transmission (A7) as:

_ T =)

Ar
Ir(up)

ey

Where, I,y and I7(,,) represent transmitted intensity through patterned structures and un-patterned
gold film, respectively.

This normalized quantity ensures that the common transmitted peak due to d-orbital intra-
band transitions, which is an intrinsic property of gold, is excluded !*°. Figure 2a shows the net
enhanced transmission spectra for the five patterned structures, while the inset reports the transmis-
sion spectrum of un-patterned gold film, exhibiting the intraband transition peak around 500nm.
Sample A exhibits broadband transmission enhancement in the visible range, followed by two
maxima at 900nm and 965nm, while sample B presents a maximum around 710nm, and two addi-
tional peaks at the same spectral positions of the observed maxima in S-A. In addition, patterned

structures also show minima in transmission at specific wavelength regions, which are attributed
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Figure 2: (a) Delta transmission through different sized nano-cavities, while inset shows the trans-
mission through un-patterned gold film. Electric field profiles of sample B and its deconstructed
components such as T-M patterned plasmonic nano-cavities (b), nano-holes (c¢) and nano-discs (d)
at the excitation of 710nm incident light, respectively. Insets of figures 2b, ¢ and d are the sketches
of a nano-cavity, nano-hole and nano-disc, respectively.

to Wood’s anomaly, a phenomenon that occurs when diffracted incident waves become tangent to
air/metal interface of patterned films3!. Enhanced transmission effect reduces as the nano-cavity
diameter is increased. In fact S-D transmits almost the same amount of light with respect to the
un-patterned gold film as shown in Figure 2a (purple curve).

Moreover, comparison between transmission spectra of S-C (T-M configuration) and S-E (a
dodecagonal quasi-periodic pattern) clearly reveal how the rotational symmetry and cavity-cavity
interactions also play a role in the transmittance of the structures>?. S-C shows an enhanced peak
around 900 nm, while S-E does not present any transmission enhancement in the whole spectral
range (Figure 2a). We attributed the enhanced transmission effect observed in S-A and S-B to the

coupling of SPPs, propagating on the both sides of the deposited gold film, with the cavity plasmon
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resonances (see sketch in Figure 1d). It is well known that, while increasing the diameter of the
nano-holes, their cavity plasmon resonances become broader and weaker.3334. For this reason,
even the coupling between propagating surface plasmons and cavity plasmon modes inherent to
nano-cavities with larger diameter is weaker, preventing the occurrence of the EOT effect as in
the cases of S-C, S-D and S-E, independently on the specific lattice arrangement. Observation of
enhanced transmission through both sub-wavelength NCs strongly opposes the CDEW model !*!1,
which proposes that constructive and destructive interferences of evanescent waves at metal surface
with the fraction of impinging plane waves on the aperture leads to enhanced and suppressed
transmission, respectively. Our nano-cavities (due to the presence of gold in the bottom of the
hole) do not allow the fraction of impinging wave to take part in such process, underlining the role
of plasmonic coupling.

In order to further prove the significant role of propagating and localized plasmons coupling to-
wards transmission enhancement, we performed numerical simulations, based on finite difference
time domain (FDTD) method, on three different T-M structures of 400nm diameter. Three scenar-
ios have been theoretically investigated: (i) sample S-B (Figure 2b), (ii) T-M patterned structure
made of simple nano-holes without gold inside (Figure 2c) and (iii) T-M patterned gold nano-discs
on a dielectric (glass) substrate (Figure 2d). All these structures have been excited by a plane wave
at 710 nm, the maximum of transmitted peak experimentally observed in S-B. Our simulations
show that the plasmonic NCs are able to confine intense electric field with respect to T-M pat-
terned nano-holes, due to the stronger coupling of propagating plasmons with CPRs, as shown in
Figure 2b and 2c, respectively. Figure 2d shows a T-M array of nano-discs simulation exhibiting a
weaker local field (see reduced scale bar) due to the absence of metal layer and, consequently, of
propagating plasmons to be coupled with disc resonances.

To better understand the physics behind this enhanced transmission mechanism and to inves-
tigate localization of electromagnetic fields inside the obtained NCs, SNOM technique represents
an essential tool exploiting a sharp optical probe used to detect near field at each NC, in order

to obtain super resolution imaging, beating the optical diffraction limit. A linearly polarized laser
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beam (Agy. = 532nm) has been tunnelled through an Al coated aperture SNOM tip, with a diameter
of about 60 nm, in order to collect near-field information in transmission mode as shown in the

inset of Figure le.
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Figure 3: Polarization independent near field response of sample A. (a,b) Topography and corre-
sponding SNOM images of sample A, when excited by X-polarized 532 nm laser beam. (c) SNOM
image of sample A, when excited by Y-polarized laser beam. (d) Line profiles of topography and
SNOM images along red line from a and b, together with the simulated line profile (blue circles and
line) along white line from e. (e,f) Simulated near-field images of sample A for X and Y-polarized
532nm incident light, respectively.

Figure 3 reports the topographic (a) and transmitted optical near field images (b-c) of sub-
wavelength sized nano-cavities (S-A), while the direction of incident polarization is indicated by
the white arrow. Sample A shows an intense bright mode inside each nano-cavity not affected by
the polarization of the excitation beam, reported as bright spots.

Figure 3d reports the profiles of experimental topography (black line) and near-field images
(red line) corresponding to lines drawn in Figures 3a and 3b, respectively and the electric field
profile of simulated near-field image (blue circle and line) along the white line marked in Figure
3e, confirming that each nano-cavity is able to confine the light exciting bright radiative plasmonic

modes.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Nano Page 10 of 23

Topography image of sample S-A is implemented in the FDTD simulation to obtain the near-
field at 532nm. Numerical simulations reproduce very well the polarization independent behavior
of near-field evolution of bright spots, as shown in Figure 3e and 3f, referred to the two polariza-

tions.
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Figure 4: (a,b)Topography and corresponding SNOM images of sample B, when excited by 532nm
laser beam with X-polarization. (c) Near field images excited by Y-polarized 532nm laser beam.
(d) Line profiles of topography and SNOM images of sample B along red line from (a) and (b),
together with the simulated line profile (blue line and circles obtained from black line in (e)). (e,f)
Simulated near-field images of sample B for X and Y-polarized 532nm incident light, respectively.

Propagating and localized plasmons coupling mechanism is attributed to the formation of cav-
ity modes in quasi-periodic plsmonic nano-cavities. When incident light through SNOM tip illu-
minates the thin film based metallic systems, plasmons propagate on the upper and lower metal
interfaces due to surface charge distribution on the either side of the film?%3*. These propagating
plasmons become optically active when patterned structure (hole or cavity) offers dipolar localized
surface modes along its upper surface>*. Induced dipole moment along the circumference of cavity
and excitations of plasmons on the other side of nano-disc form cavity plasmon resonances (CPRs)
in such nano-cavities. Propagating plasmons strongly couple to these CPRs (strong induced dipole
moment along the surface of nano-cavity) of S-A and emerge as a bright spot through each NC

as shown in Figure 3b and 3c. Gao et al. also imaged enhanced transmission mechanism through

10
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250nm diameter periodic nano-holes drilled in thin gold films and observed the same bright spots

across the nano-holes as the first direct evidence of SPPs role in EOT phenomenon !°.
Furthermore, it has been well established (theoretically and experimentally) that the resonances

of nano-holes in metallic film are weaker and broader with the increase in hole diameter, very

3334 Same behaviour is manifested in the case of nano-cavities

similar to particle resonances
in thin metallic film and this is what we observed in each nano-cavity of S-B which enables a
weaker coupling of propagating plasmons to the cavity resonances. Figure 4b and 4c report the
near-field behavior of S-B when excited by means of a X- and Y-polarized laser beam at 532nm,
characterized by bright modes on the borders of each nano-cavity and dark spots in the center.
Line profiles along the marked red curves of Figure 4a and 4b confirm the presence of donut-
type modes in each nano-cavity (see Figure 4d). Figure 4e and 4f report the FDTD simulations
obtained for the same sample by starting from the AFM topography images, showing the same
donut-type modes. Note, we also performed the same near-field optical experiments on sample B
by exciting it at 710 nm, observing bright intense modes instead of such donut-type modes (see
supplementary Figure S2). Thus sub-wavelength plasmonic quasi-periodic structures (sample A
and B) conclusively show polarization independent near field response and reveal that most of the
transmitted signal travels through nano-cavities and emerges as bright and dark spots via different
coupling of propagating plasmons to cavity resonances. To further confirm the role of propagating
plasmons coupling to localized resonance in the confinement of cavity modes, 400nm diameter T-
M nano-discs structure (a deconstructed component of sample B) has been fabricated as sketched
in the inset of Figure 2d. Near-field optical experiment on such nano-discs confirms the complete
absence of any cavity modes due to the absence of the metal layer used to induce the propagating
plasmons in such system (see experimental demonstration in supplementary Figure S3).

Figure 5 demonstrates how even a small increase in cavity diameter modifies both the localiza-
tion of plasmon modes inside each nano-cavity and the polarization response of the entire system
under the same experimental conditions. Figure 5a shows topographic image of S-C, when illumi-

nated by an X-polarized 532nm laser beam. Three intense spots, confined in each cavity as bright

11
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Figure 5: (a-b) Topography and corresponding SNOM images of sample C, when excited by X-
polarized 532nm laser beam. (c) Near field image excited by Y-polarized laser beam. (d) Line
profiles of topography and SNOM images along red line from (a) and (b). (e-f) Simulated near-field
images of the same sample when excited by an X- and Y-polarized light at 532nm, respectively.

modes, are visualized along the polarization direction under excitation (see Figure 5b and 5c). In
addition, topographic and near field line profiles of red lines are reported in Figure 5d, clearly
confirming the presence of two bright modes coming from the border of the cavity, accompanied
by another intense mode located in the center. Simulated near-field images of S-C are in complete
agreement with the experiments, confirming the polarization control of the excited modes (see
Figure 5e and 5f).

Another effect observed in these quasi-periodic structures is the formation of standing waves
on the film surface, more pronounced with the increase in cavity diameter. When propagating
plasmons encounter a nano-cavity, they can couple with localized surface plasmon resonances and
confine a fraction of their energy inside the NC, while the remaining part is reflected back, caus-
ing constructive interference with other propagating plasmon modes and the appearing of intense
fringes (standing plasmon polariton waves) on the metallic film 73

In this context, sample A just supports poor fringes due to SPP waves as shown in Figure 3b

12
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and 3c, while fringes originate more clear in S-B, as visualized in Figure 4b and 4c, following
the polarization direction of incident light. Furthermore, SNOM images corresponding to S-C
demonstrate more intense and numerous fringes (see Figure 5b and 5c¢) with respect to near field
images of S-B in the same traveling distance. Comparison of fringes in near field images of S-B
and S-C have been quantitatively reported in supplementary Figure S4. Such behavior underlines
the fact that strong coupling of propagating plasmons to CPRs of NCs in subwavelength sized T-M
structure (sample A and B) allows its major fraction to transmit through cavities in the far field
and to reflect a minor fraction utilized in the fringe formation in the near field. On the other hand,
weaker coupling takes place with the increase in NCs size (sample C and D) due to weaker and
broader CPRs which enhances the scattering nature of cavities irrespective of transmitting via NCs,
leading to the formation of strong and intense fringes on the film surface and contributing very few

in transmission.
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Figure 6: Polarization hypersensitive cavity modes in 750 nm sized T-M nano-cavities named as
sample D. (a,b) Corresponding SNOM images of sample D, when excited by X and Y-polarized
laser beam, respectively. (c) Line profiles of SNOM images along red line (main graph) and dashed
white line (inset), marked through the middle of two nano-cavities in b. (d,e) Rise of quadrupole
modes, when polarizations are crossed. (f) Line profile of SNOM image along red line marked
in (e), showing no fringe formation. Insets in (a,b,d and e) show cavity modes through one nano-
cavity in three dimensional space.
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Figure 6 summarizes the extended near field optical experiments performed on sample D, while
the insets in all figures show the shape of these cavity modes in three-dimensional space. Plasmon
modes confined in such quasi-periodic NCs are referred as Mie-type modes as the radius of cavities
lies below the excitation wavelength3.

In such Mie-type structure, larger size of NCs results in further weaker and broader CPRs. In
addition, it also provides an opportunity for SNOM tip to excite plasmons in the larger area inside
the nano-cavities and to probe the near-field signal from extremely close distance to the bottom
of cavity (disc). We expect that plasmons (localized and propagating) excited on internal side of
cavities play much vital role in the confinement of cavity modes in larger sized S-D with respect to
propagating plasmons along metallic surface coupled to induced dipole moment along the cavities
rim and results in the emergence of polarization hypersensitive cavity modes. Figure 6a displays
two ring shaped modes (one ring around the rim of cavity and another inside the NC) as an out-
come of plasmonic coupling mechanism in such cavities, when excited by X-pol laser light, while
atypical redistribution of electromagnetic fields develops due to the excitation of Y-pol laser beam,
as shown in Figure 6b. As it can be seen, the orientation of fringes results along the polarization

direction of excitation beam.

Moreover, Kwak et al. demonstrated that by placing a polarizer after the sample and before
the detector with a fixed but unknown polarization direction, the orientation of fringe patterns can
be changed along the direction of polarization of excitation beam for a 250nm diameter periodic
hole array?’. Here we also placed an analyzer A before the detector (see sketch in Figure le).
When the polarization direction is crossed with respect to A direction, Mie approximated quasi-
periodic structures are able to reproduce well defined quadrupole modes through the NC structures
(see Figure 6d and 6e, respectively). Observation of quadrupole modes in the plasmonic structures
are of particular relevance to enhance the quality factor of plasmonic cavities3’” and to control
the specific plasmon modes of nanowires by manipulating separated nanoantenna’s position and

shape3®. Such crossed polarization configuration completely cancel the fringe patterns (standing

14
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plasmon waves) from the near field images. In order to demonstrate this effect, we extracted the
intensity of PMT counts along the red lines marked on SNOM images (see curves in Figure 6¢ and
6f) which have been obtained without and with the analyzer, respectively, while the inset of Figure
6¢ reports the line profile of a white dashed line as mentioned in Figure 6b in order to visualize the

fringes in clearer way.
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Figure 7: (a) AFM Topography of sample E (500nm diameter dodecagonal plasmonic nano-
cavities) (b-c) Polarization independent behavior of the near field localization of light. (d) Line
profiles of topography and SNOM images along red line from a and (b). (e-f) Near-field behavior
of a single cavity exhibits polarization dependent behavior. Inset in (e) is the AFM topography of
the single cavity.

It is well known that polarization insensitivity in nanoplasmonic devices opens up the way

3940 To examine the role of

towards several applications with different optical functionalities
cavity arrangements in the control of optical properties, near-field optical experiments have also
been performed on a dodecagonal structure (S-E) patterned by same dimensions (diameter and
depth) of nano-cavities of sample S-C in (Figure 5) under the similar experimental condition.
Topographic (Figure 7a) and near field images (7b and 7c) clearly show the polarization insensitive

response, confining the similar cavity modes obtained in NCs along a specific polarization (X, Y

or 45°). In Figure 7d we also report the line profiles of AFM and SNOM images referred to
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red lines in Figure 7a and 7b, respectively. Then, we fabricated a single cavity of similar size
and depth and investigated its near field response. Figure 7e and 7f report confined modes in
the cavity now aligned to the polarization direction of incident light beam, confirming that the
near-field polarization independence, observed in the whole sample, depends on specific cavities
arrangement and on the interaction between neighbour cavities via propagating plasmons. In the

inset of Figure 7e the topographic image of the single cavity is reported.

Conclusion

In conclusion, this work explores how the slight deviations from periodicity and specific plasmons
engineering lead to fascinating and unexpected near and far field optical phenomena in quasi-
periodic structures. Patterned plasmonic nano-cavities make such quasi-periodic periodic struc-
tures very particular and enable the strong coupling between surface plasmon polaritons propagat-
ing on the gold surface with the cavity resonances of each nano-cavity. We demonstrated enhanced
transmission mechanism via polarization independent near-field responses in the sub-wavelength
Thue-Morse arrays of plasmonic nano-cavities. Moreover, the structures with increased nano-
cavity diameter demonstrate polarization sensitive nature along with the ability to obtain large
field enhancement in terms of cavity modes at precise positions in nano-cavities. Such plasmonic
structures can be exploited as substrates in SERS experiments”®, quantum emitters spontaneous
emission enhancement, sensing and in the development of polarization sensitive and insensitive
next generation photonic devices. We also propose that analytical modeling of plasmon hybridiza-
tion in such quasi-crystalline nano-cavities can be useful to understand light matter interactions in

these complex systems and to unearth several physical phenomena.
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Materials and Methods

Fabrication of quasi-periodic plasmonic nano-cavities

180 nm thick layer of electron-sensitive polymer resist, styrene methyl acrylate (ZEP 520A), was
spin-coated on 15 nm thick ITO coated glass substrate. Electron beam lithography (EBL) by a
Raith 150 was used to nanopattern the holes by following both a T-M and a dodecagonal con-
figuration. In this context, 12.8 pA electron beam with an dose/area of 25 uCcm~2 was locally
focused on polymer films to expose the particular regions of photoresist and design the quasi-
periodic holes structures at 170°C for 5 minutes. Nano-holes were obtained in ZEP layer after
developing it in an n-amyl acetate solvent and rinsing for 90s in 1:3 MIBK/IPA solution (methyl
isobutyl ketone/isopropyl alcohol), then washed by IPA solution and dried in a gentle flow of ar-
gon gas (step 2 of Figurela). Finally, thermal evaporation of a 60nm thick gold film (evaporating
rate of 0.2 s~!) over the quasi-periodic array transforms the nano-holes into uniform plasmonic
nano-cavities, (step 3 in Figure la). To fabricate 400nm diameter nanodisks, we followed the
subsequent protocol. A film of 180 nm thick of ZEP is spin coated on a 15nm ITO coated glass
substrate and baked at 170 °C for 5 min. The pattern is realized by exposing and developing the
sample with the same parameters as for nano-cavities. After these steps, the pattern based on T-M
shaped nano-holes with diameter 400nm is generated in the resist film. Deposition of chrome and
subsequently gold film having 2nm and 60nm thicknesses, respectively, is made on the sample
by using a SISTEC CL-400C e-beam evaporator. After an additional step of gold lift-off accom-
plished by immersing the sample in Acetone for 20-25 min and then in N-methyl-pyrrolidinone, at

80 °C, for 5 min the nano-pattern based on gold T-M shaped nano-disks are realized.

Simulations

The calculation of optical properties of the NCs have been performed by means of a finite differ-
ence time domain (FDTD) method, implemented with the aid of a commercial software package

(Lumerical FDTD Solutions). For the calculation of electric fields, both in near and far field con-
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figuration, AFM images have been used in the software, while perfectly matched layer (PML) is
used for the boundaries. Gold optical properties have been considered as reported in Johnson and

Christy data. The injection of the source is performed in the z direction with a normal incident.
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Enhanced transmission and polarization control of cavity modes in quasi-
periodic nano-cavities based on Thue-Morse patterns
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