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Metamaterials are attracting increasing attention due to their ability to support novel and engineerable

electromagnetic functionalities. In this paper, we investigate one of these functionalities, i.e. the extraordi-

nary optical transmittance (EOT) effect based on silicon nitride (Si3N4) membranes patterned with a peri-

odic lattice of micrometric holes. Here, the coupling between the incoming electromagnetic wave and a

Si3N4 optical phonon located around 900 cm−1 triggers an increase of the transmitted infrared intensity in

an otherwise opaque spectral region. Different hole sizes are investigated suggesting that the mediating

mechanism responsible for this phenomenon is the excitation of a phonon-polariton mode. The electric

field distribution around the holes is further investigated by numerical simulations and nano-IR measure-

ments based on a Scattering-Scanning Near Field Microscope (s-SNOM) technique, confirming the

phonon-polariton origin of the EOT effect. Being membrane technologies at the core of a broad range of

applications, the confinement of IR radiation at the membrane surface provides this technology platform

with a novel light–matter interaction functionality.

1. Introduction

Metamaterials are a class of artificially engineered systems
exhibiting exotic electromagnetic and transport properties not
available in natural materials.1–3 Interestingly, the electromag-
netic and transport response of these media to external stimuli
can be engineered at will, going beyond some of the limit-
ations encountered when using natural materials. For these
reasons, metamaterials are of particular importance in optics
and photonics.4–8 Although less developed compared to plas-
monic (electron-based) metamaterials, phononic metamater-
ials have been recently attracting increasing attention allowing,
for instance, the control of the phonon propagation and heat
transport at a microscopic level.9–12 Moreover, they are

employed in several applications, working as mechanical
filters,13 beam steerers, and lenses,14 reaching a similar level
of feasible applications as plasmonic metamaterials do. One
of the striking advantages concerning artificial materials relies
on the possibility to manipulate electromagnetic radiation at a
sub-wavelength scale, looking for field concentration and
enhanced optical transmission.15,16 Indeed, highly localized
fields in the vicinity of films can be beneficial for performing
sensing studies, intensively investigated in nanophotonics.17,18

Although plasmonics has been devoting great attention to this
kind of research, drawbacks are not missing. Indeed, in metal-
lic nanostructures, the capability to concentrate light at sub-
diffraction scales is efficient at near-infrared and visible fre-
quencies, but in the infrared and terahertz (THz) range high
attenuation due to inherent material absorption is
experienced.19–21 Even noble metals, such as silver and gold,
are scarcely efficient in this spectral range, which strongly
affects the realization of such applications. Although the use
of unconventional materials like graphene,22–25 topological
insulators,26 and high temperature superconductors27,28 may
mitigate this effect, an alternative way to obtain efficient field
confinement and enhancement at IR frequencies consists in
exploiting another kind of collective excitation: the surface
phonon polariton (SPhP).29 Using polar dielectric materials, a
coupling between electromagnetic radiation and optical
phonons at infrared frequencies can be obtained in a way
similar to both propagating and localized surface plasmons in
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metals.30 Advantageously, polar dielectrics allow to obtain sim-
ultaneously sub-diffraction confinement via a negative dielec-
tric permittivity, and low optical losses in the THz–IR spectral
range due to the small damping rate of optical phonons.31

In this work, we studied the Extraordinary Optical
Transmittance phenomenon32–35 generated on phononic meta-
materials obtained from a set of patterned self-standing
silicon nitride (Si3N4) membranes. Membrane technologies
show a broad range of applications embracing both industrial
and fundamental research.36,37 Within this context, Si3N4

membranes offer an ultra-flat and mechanically robust
support to Transmission Electron Microscopy (TEM) and
Scanning Transmission Electron Microscopy (STEM) imaging,
real-time chemical reactions, and crystal growth investigations.
The development of the so-called in situ/operando spectrosco-
pies has indeed led to major advances in functional material
characterization, leveraging also on membrane-based techno-
logies. In line with these characteristics, the possibility to
confine and enhance electromagnetic (EM) waves at the mem-
brane surface could inherently endow this technological plat-
form with newly designed functionalities, where a stronger
light–matter interaction mediated by a phonon-polariton field
can play a crucial role.

In this framework, we fabricated periodic arrays of holes
with different diameters d (3, 5, and 7 μm) with a lattice para-
meter a of 12 μm (see below) on Si3N4 membranes, and investi-
gated for the first time, at least to our knowledge, their phonon-
polariton properties in the IR spectral region. The fabricated
metamaterial structure allows the coupling between the incom-
ing infrared electromagnetic wave and a Si3N4 optical phonon
around 900 cm−1, generating a surface phonon polariton at the
air–Si3N4 interface. The scattering of this SPhP and its radiative
decay through the hole array explain the appearance of an EOT
peak in the same spectral region. The electric field distribution
around the holes has been further investigated by numerical
simulations and nano-IR measurements based on a Scattering-
Scanning Near Field Microscope (NEASPEC s-SNOM). Both
simulations and measurements confirm the phonon-polariton
origin of the EOT effect.

2. Experimental
2.1. Si3N4 membranes synthesis and patterning

As already mentioned above, for this study we used self-stand-
ing silicon nitride membranes, which are widely used in appli-
cations such as TEM and STEM.36,37 Their main advantage
consists in being chemically inert and mechanically robust,
thus being good candidates to make a free-standing thin meta-
material structure.

The fabrication of these suspended Si3N4 membranes, pro-
vided by Istituto Italiano di Tecnologia (IIT) in Genova, can be
summarized in the following steps. 500 μm thick double-side
polished Si(100) wafer with 500 nm low stress Low Pressure
Chemical Vapor Deposition (LPCVD) Si3N4 film, grown on
both sides, was used. An etching window was realized on the

wafer backside using standard optical lithography (Süss
MicroTec MA6/BA6 mask aligner system). Before UV exposure,
a S1813 positive resist was spun at 4000 rpm and baked for
1 minute at 95 °C. The exposed resist was developed in
MICROPOSIT MF-319 for 45 s. The sample was then loaded
into a plasma-enhanced reactive ion etching system (Sentech
SI500), and processed with a 12 : 1 gas mixture CHF3 : O2, 600
W of ICP power and 30 W of RF power. The suspended mem-
branes were finally realized using wet-etching in KOH. Focused
ion beam (FIB) machining was employed to mill the Si3N4

surface with a nanometric spatial resolution. The process was
performed in a FEI – Dual Beam Helios Nanolab 650 machine,
where Ga+ ions were emitted with a current of 21 nA and accel-
erated by a voltage of 30 kV. Prior to ion milling, a 20 nm-thick
Au film was evaporated by physical vapour deposition tech-
nique, in order to avoid charging effects. In this way, three pat-
terned samples with a lattice parameter of 12 μm and 3, 5,
7 μm diameters were realized, covering a 300 × 300 μm2 area.
The process was finalized by dissolving the Au sacrificial layer
in a standard etchant potassium iodide solution.

2.2. Optical measurements

Optical transmittance measurements have been performed in
a spectral region including terahertz (THz), IR, Visible, and
Ultraviolet (UV), by combining different light sources, detec-
tors, and optical elements. A Bruker Vertex 70v Fourier-
Transform interferometer and a Jasco V-770
Spectrophotometer have been used to cover the wide THz-UV
spectral range (150–52 000 cm−1) for the characterization of
the unpatterned membrane. A resolution of 4 cm−1 was used
on the THz–IR region and of 2 nm for the Visible-UV one. The
Bruker interferometer coupled to a Hyperion-2000 infrared
microscope (Cassegrain 15× objective with an illumination
angle of 30° and a numerical aperture NA = 0.4) has been used
to cover the THz and IR spectral range for the characterization
of all the patterned samples. The use of a microscope was
necessary due to the small size of the patterned area.

2.3. Simulations

Numerical simulations of the optical properties of the meta-
material array were performed through COMSOL Multiphysics
via a finite-element method. The transmittance of the unpat-
terned and patterned samples was simulated in the spectral
range between 400 and 1650 cm−1, allowing the extraction of
the electric field distribution maps in and out of resonance
conditions. The Si3N4 metamaterial array, surrounded by air,
was simulated by applying periodic boundary conditions to a
unit cell of period a = 12 μm and hole-diameter d = 3 μm, thus
generating an infinite periodicity. The complex dielectric func-
tion and optical conductivity of the unpatterned sample have
been used as input parameters.

2.4. Scattering-type scanning near-field optical microscopy
measurements

In order to perform nano-resolved IR microscopy and AFM
measurements, metallic tips (ARROW-NcPt from Nano World,
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Matterhorn, Switzerland) with a diameter of about 20 nm,
nominal resonance frequency of 285 kHz, and force constant
of 42 N m−1, were used. Measurements were performed in
tapping mode at a tapping frequency Ω of 243.5 kHz. An infra-
red QCL tunable laser operating in the spectral region between
850 cm−1 and 1800 cm−1 was used. A nitrogen-cooled Mercury
Cadmium Telluride (MCT) detector was used to detect the
infrared signal. Phase and amplitude of the IR signal have
been acquired directly from Neaspec acquisition software,
Neascan, by lock-in demodulation of the interference signal at
the 3rd-harmonic of the cantilever oscillation frequency, and
by using as a reference a Si substrate. Data postprocessing was
performed with Neaplotter (Neaspec), and a phase correction
filter was applied in order to take into account the slight phase
changes of the IR laser.

3. Results and discussion

In this work, we used four membranes with a thickness of
500 nm and a patterned area of 300 × 300 μm2 in size. The
optical transmittance T (ω) of the unpatterned Si3N4 mem-
brane has been measured in a broad spectral region from
150 cm−1 to 32 000 cm−1 to fully characterize its electrody-
namic response. T (ω) is shown in Fig. 1a (light blue line). The
two minima below 1000 cm−1 correspond to phonon modes of
the membrane (see discussion below), while the numerous
peaks at higher frequencies generate from a Fabry–Pérot effect
related to the thin (500 nm) sample thickness. Above nearly
32 000 cm−1 the transmittance goes to zero due to the elec-
tronic optical gap of Si3N4. In order to extract the dielectric

function ε(ω) of the material, T (ω) has been analyzed with the
RefFIT software recurring to a Lorentz model,38 and taking
into account the Fabry–Pérot effect as well. The fit is shown in
Fig. 1a (black empty diamond symbols) and the experimental
real (light blue line) and imaginary part (black line) of ε(ω) are
represented in Fig. 1b in the same spectral range. Here, one
can observe two phonon peaks at about 450 cm−1 and
900 cm−1, followed by a flat ε1 ∼ 4 region, in agreement with
the absence of any electronic absorption up to the electronic
gap. More specifically, the first phonon peak (at about
450 cm−1) is associated with the Si–N breathing mode,
whereas the second peak (at about 900 cm−1) is caused by two
(nearly degenerate) Si–N stretching modes.39,40 The absence of
any electronic contribution in the infrared and a marked nega-
tive value of ε1 around 900 cm−1 strongly indicate that Si3N4 is
a good material candidate for studying the phonon-polariton
formation.33,36 Three periodic arrays of circular holes with
different diameters d have been fabricated onto the mem-
branes via Focused Ion Beam (FIB) lithography (see section 1).
In Fig. 2a optical microscope images of the samples are pre-
sented, in the case of d = 3 μm (a), 5 μm (b), and 7 μm (c). The
diameter size has been chosen to set the phononic meta-
material in sub-wavelength conditions, whereas the lattice
parameter has been fixed at a = 12 μm to supply the wavevector
required to excite the surface phonon-polariton at the air–
Si3N4 interface.

Fig. 2d depicts the transmittance measurements in the
phonon region for all membranes. The patterned samples
show a transmittance enhancement with respect to the unpat-
terned one in the spectral region around 900 cm−1. In order to
better visualize this effect, in Fig. 2e the ratios among the

Fig. 1 (a) Experimental (light blu line) and fitted (black empty diamond symbols) transmittance of the Si3N4 membrane, measured in the THz-UV
range. The vertical black dashed line separates the phonon absorption region (low-frequency) to the high-frequency part characterized by Fabry–
Pérot fringes. (b) Real (light blue line) and imaginary (black line) parts of the dielectric function, extracted from the fitted transmittance by consider-
ing the Fabry–Pérot effect.

Paper Nanoscale

16004 | Nanoscale, 2023, 15, 16002–16009 This journal is © The Royal Society of Chemistry 2023

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 1
1:

29
:1

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr02834h


transmittance curves of patterned samples (green, light-blue,
and red lines, in Fig. 2d) with respect to that of the unpat-
terned one (blue line in Fig. 2d) are presented. The extraordi-
nary optical transmittance effect is mainly localized around
900 cm−1, i.e. in the spectral region of the Si3N4 stretching
phonons. More in detail, the transmittance enhancement is
on the order of 30%, 70% and 160% for the patterned samples
with 3 μm, 5 μm and 7 μm hole diameter, respectively. It could
be argued that the transmittance improvement is caused by
holes due to a reduction in the effective refraction index of the
membranes. However, this reduction would increase the trans-
mittance across the entire spectral region, which is clearly not
the case.

The EOT effect can be explained in terms of the excitation
of a surface phonon polariton at the air–Si3N4 interface.41–43

This mode propagates along the surface and decays, when it is
scattered through the holes, into a radiative channel, generat-
ing extra photons and, thus, the transmittance enhancement.
A sketch summarizing the EOT effect is represented in Fig. 2f.

The inset in Fig. 2d shows the transmittance minimum fre-
quency as a function of the hole diameter for the unpatterned
(d = 0 μm) and patterned (d = 3, 5, 7 μm) samples. A redshift of
these minima with respect to the unpatterned sample is
observed, becoming more and more pronounced as the dia-

meter is increased. The redshift ranges from 1% for the
sample with d = 3 μm (nearly 10 cm−1), until 7% for the
sample with d = 7 μm (nearly 60 cm−1). On the other hand, the
transmittance minimum associated with the other phonon,
around 450 cm−1, is not affected by a redshift at all. The red-
shift of the first minimum (around 900 cm−1) agrees with its
polariton origin. Indeed, the phonon-polariton formation is
related to the dielectric function sign change at the interface.
While this condition is satisfied for the phonon mode around
900 cm−1, it is not for that at about 450 cm−1 (see Fig. 1b).
Meanwhile, the EOT maxima depend on the diameter d (see
Fig. 2e), their variation with the lattice parameter a is scarce.
This result has been discussed in Fig. S1 of ESI.†

In order to better understand the far-field results and intro-
duce those in the near-field (see below), numerical simulations
were performed through the COMSOL Multiphysics software
via a finite element method (see section 1). An infinite meta-
material array was simulated by drawing a single unit cell and
applying periodic boundary conditions to it. Putting the dielec-
tric function and the optical conductivity of the unpatterned
membrane as input parameters, the transmittance of the bare
and patterned membranes was simulated under an incident
plane wave polarized along y. Fig. 3a shows the normalized
experimental transmittance of the patterned sample with d =

Fig. 2 Optical microscope images of the patterned Si3N4 samples, with 3 μm (a), 5 μm (b) and 7 μm (c) hole diameters d, and lattice parameter a =
12 μm. (d) Shows the transmittance spectra for unpatterned and patterned samples. (e) Depicts instead the normalized transmittance, defined as the
ratio between the transmittance of each patterned sample and the one of the unpatterned. (f ) Sketch depicting the self-standing 500 nm thick Si3N4

membrane patterned with circular holes, filled with air. The membrane side is 500 μm. This picture schematically describes the EOT phenomenon,
in which the incoming light at phonon frequency excites a surface phonon polariton, indicated by black arrows, trapped at the air–membrane inter-
face. The scattering process and the radiative decay of this mode through the holes generate extra light at phonon frequency, giving rise to the EOT
phenomenon, as described, for instance, in ref. 42.
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3 μm (light blue line), compared with the simulated one (black
dashed line). There is a good agreement between experiment
and simulation. Similar results (not shown) were obtained for
the other samples. In order to understand the electric field be-
havior along the membrane surface, a distribution map of |Ez|
(modulus of the electric field component along z) has been cal-
culated. Fig. 3b and c show |Ez| distribution maps on the Si3N4

unit cell surface (xy plane) at height z equal to the membrane
thickness, in resonance (900 cm−1) and out of resonance
(1650 cm−1) conditions, respectively. The electric field values
were normalized to 1. At the resonance frequency, |Ez| is
strongly localized around the edge of the hole, while across
and away from the hole it is almost zero. On the contrary,
outside resonance, |Ez| is almost zero along the whole xy
plane. These results indicate electric field confinement around
the holes is strongly enhanced in the resonant case through
the SPhP excitation. Additional maps of |Ex|, |Ey| and Ejj

�� �� ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Exj j2þ Ey

�� ��2
q

are shown in Fig. S2 of ESI.†
Finally, Fig. 3d shows the |Ez| value (light blue open

circles), obtained at 900 cm−1 along a line of length 2d (d is
the hole diameter), connecting the hole center and the border
of the unit cell, as shown in the corresponding inset. The
curve was averaged out to obtain the same spatial resolution
(200 nm) of the experimental near-field measurements that
will be discussed later. As expected, the field is maximized
near the hole edge, decaying exponentially far from it, as
expected for evanescent waves. IR nano spatially-resolved
measurements were carried out at the SISSI beamline44,45

through the help of an s-SNOM nano-FTIR microscope

(NEASPEC, Germany) coupled to an infrared tunable quantum
cascade laser (QCL). The microscope allowed us to simul-
taneously perform IR and AFM imaging (see section 4).

Fig. 4 shows measurements of the scattered radiation
amplitude A and phase φ, in resonance and out-of-resonance
to the surface phonon excitation at about 900 cm−1 for the
membrane patterned with holes of d = 3 μm. Similar data (not
shown) have been obtained for the other patterned mem-
branes. The membrane region, mapped with a spatial resolu-
tion of 200 nm, is a 12 μm × 18 μm area containing three holes
of the array. The scattering amplitude and phase maps are pre-
sented in Fig. 4a, divided into two columns. On the left
column, maps acquired at the SPhP excitation frequency of
900 cm−1 (i.e. in resonance to the EOT peak), are shown. On
the right column, maps obtained with radiation out of reso-
nance to the SPhP excitation (at a frequency of 1650 cm−1), are
instead reported. Strong differences are visible between the
two cases. As a matter of fact, the “out of resonance” ampli-
tude map highlights only the morphology of the sample and
the phase shows almost no variation through and away from
holes. At the resonance, a strong signal variation surrounds
the holes, for both amplitude and phase. These variations
suggest electric field confinement due to the excitation of the
SPhP, which is also present in the numerical simulations
(Fig. 3b). An analogous behavior (not shown) was observed for
the other two samples, with 5 μm and 7 μm holes. To better
understand those maps we extracted the amplitude and phase
signals as a function of the distance from the hole center, and
compared them to the hole depth profile. In Fig. 4b the scat-

Fig. 3 (a) Experimental (light blue line, already reported in Fig. 2e) and simulated (black dashed line) normalized transmittance for the sample with d
= 3 μm. The simulation has been performed under an incident plane wave polarized along y. (b) and (c) |Ez| distribution maps on the Si3N4 unit cell
surface (xy plane) at a fixed height equal to the membrane thickness, in (900 cm−1) and out of resonance conditions (1650 cm−1), respectively. The
electric field values were normalized between 0 and 1. (d) |Ez| value along a line of length 2d (where d is the hole diameter), connecting the hole
center (located at 0 μm) and the border of the unit cell, as shown in the corresponding inset. Light blue open circles highlight points obtained with a
200 nm spatial resolution (black dashed line is a guide for the eyes).
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tered amplitude and phase are shown, in (green line) and out
of (red line) resonance conditions, together with the depth
profile (blue line) as a reference. An increase in the amplitude
near the edge of the hole with a strong change in the phase of
∼π/2 can clearly be seen. The amplitude curve has a very good
agreement with the simulated z-component of the electric
field shown in Fig. 3d. On the contrary, the amplitude curve
out of resonance follows the morphology profile line with no
change in its phase. These data confirm that the EOT phenom-
enon originates from the excitation of an SPhP at the air–Si3N4

interface. Noteworthy, a similar electric field confinement has
been measured in nanoporous graphene, where it has been
also associated with heat localization around the holes.46

4. Conclusion

In this paper, we demonstrated that the infrared electromag-
netic properties of technologically relevant Si3N4 membranes
can be engineered through the use of surface phonon polari-
ton formation. Arrays of circular holes have been fabricated by
the Focused Ion Beam technique on 500 nm thick Si3N4 mem-
branes, and different hole sizes have been investigated,
suggesting that the mediating mechanism responsible for the
extraordinary transmittance is the excitation of a phonon-
polariton mode. The electric field distribution around the
holes has been further studied by numerical simulations and
IR nanometric spatially-resolved measurements through a scat-
tering-SNOM technique, confirming the phonon-polariton
origin of the EOT effect. The transmittance increase in the IR
spectral range paves the way for interesting sensing appli-

cations not achievable with plasmonic metamaterials due to
strong optical losses in this frequency range for conventional
metals.
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Fig. 4 (a)Nano-IR maps of the scattering amplitude and phase variations over the d = 3 μm holes. On the left column, maps were obtained with
infrared radiation at 900 cm−1, resonating with the SPhP excitation. On the right column, maps were measured with radiation at 1650 cm−1, out of
resonance with the SPhP excitation. Maps were obtained from the same spatial region and, in order to reduce the background noise, were acquired
by sampling the signal at the cantilever 3rd harmonic frequency. The black bar indicates a distance of 5 μm as a scale reference. (b) Amplitude and
phase signals extracted from the maps in resonance (green line) and out of resonance (red line) of the SPhP excitation as a function of the distance
from the hole center compared with the hole depth profile (blu line). The profiles shown were extracted from the hole in the upper right side.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2023 Nanoscale, 2023, 15, 16002–16009 | 16007

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 1
1:

29
:1

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr02834h


Acknowledgements

We acknowledge support by the European Research Council
(ERC) under the European Union’s Horizon 2020 Research
and Innovation Program “REPLY ERC-2020-COG Grant agree-
ment no. 101002422”. This publication was also partially sup-
ported by the PNRR project for the realization of
“Infrastructure for Energy Transition and Circular Economy @
EuroNanoLab” (iENTRANCE@ENL), funded by MUR (call
Research Infrastructures D. D. n. 3264-IR/2021, contract
IR0000027), by PNRR project Rome Technopole, and by Prin
project 2020RPEPNH. This work has been also partly per-
formed in the framework of the Nanoscience Foundry and
Fine Analysis (NFFA-MIUR) facility.

References

1 F. Bilotti and L. Sevgi, Metamaterials: Definitions, pro-
perties, applications, and FDTD-based modeling and simu-
lation, International Journal of RF and Microwave Computer-
Aided Engineering, 2012, 22, 422–438.

2 Y. Liu and X. Zhang, Metamaterials: a new frontier of science
and technology, Chem. Soc. Rev., 2011, 40, 2494–2507.

3 F. Capolino, Theory and Phenomena of Metamaterials, CRC
Press, Taylor and Francis Book, London, 3rd edn, 2009.

4 W. Cai and V. Shalaev, Optical Metamaterials:
Fundamentals and Applications, Phys. Today, 2010, 63(9),
57.

5 Y. Chen, B. Ai and Z. J. Wong, Soft optical metamaterials,
Nano Converg., 2020, 7, 18.

6 H. Chen, C. T. Chan and P. Sheng, Transformation optics
and metamaterials, Nat. Mater., 2010, 9, 387–396.

7 A. Valipour, M. H. Kargozarfard, M. Rakhshi,
A. Yaghootian and H. M. Sedighi, Metamaterials and their
applications: An overview, Proc. Inst. Mech. Eng., Part L,
2021, 1–40.

8 I. I. Smolyaninova and V. N. Smolyaninova, Hyperbolic
metamaterials: Novel physics and applications, Solid-State
Electron., 2017, 136, 102112.

9 M. Nomura, R. Anufriev, Z. Zhang, J. Maire, Y. Guo,
R. Yanagisawa and S. Volz, Review of thermal transport in
phononic crystals, Mater. Today Phys., 2022, 22, 100613.

10 Z. Zhang, Y. Guo, M. Bescond, J. Chen, M. Nomura and
S. Volz, Coherent thermal transport in nano-phononic crys-
tals: An overview, APL Mater., 2021, 9, 081102.

11 M. Sledzinska, B. Graczykowski, J. Maire, E. ChavezAngel,
C. M. Sotomayor-Torres and F. Alzina, 2D Phononic
Crystals: Progress and Prospects in Hypersound and
Thermal Transport Engineering, Adv. Funct. Mater., 2020,
30, 1904434.

12 M. Maldovan, Sound and heat revolutions in phononics,
Nature, 2013, 503, 209–217.

13 M. Kalderon, A. Paradeisiotis and I. Antoniadis, 2D
Dynamic Directional Amplification (DDA) in Phononic
Metamaterials, Materials, 2021, 14(9), 2302.

14 X. Zhou, M. Badreddine Assouar and M. Oudich, Acoustic
superfocusing by solid phononic crystals, Appl. Phys. Lett.,
2014, 105, 233506.

15 J.-P. Liu, L.-L. Wang, B. Sun, H.-J. Li and X. Zhai, Enhanced
optical transmission through a nano-slit based on a dipole
source and an annular nano-cavity, Opt. Laser Technol.,
2015, 69, 71–76.

16 L. Ruihua and M. Zhong, Enhanced transmission
performance based on ultrathin broadband circular
hole array metasurface, Mater. Res. Express, 2021, 8,
025801.

17 T. Chen, S. Li and H. Sun, Metamaterials Application in
Sensing, Sensors, 2012, 12, 2742–2765.

18 M. L. Brongersma and P. G. Kik, Surface plasmon nanopho-
tonics, Springer New York, 2010.

19 J. B. Khurgin and G. Sun, Scaling of losses with size and
wavelength in nanoplasmonics and metamaterials, Appl.
Phys. Lett., 2011, 99, 211106.

20 J. B. Khurgin and A. Boltasseva, Reflecting upon the losses
in plasmonics and metamaterials, MRS Bull., 2012, 37,
768–779.

21 J. B. Khurgin, How to deal with the loss in plasmonics and
metamaterials, Nat. Nanotechnol., 2015, 10, 2–6.

22 A. N. Grigorenko, M. Polini and K. S. Novoselov, Graphene
plasmonics, Nat. Photonics, 2012, 6, 749–758.

23 F. H. L. Koppens, D. E. Chang and F. J. García de Abajo,
Graphene Plasmonics: A Platform for Strong Light-Matter
Interactions, Nano Lett., 2011, 11(8), 3370–3377.

24 Z. Fei, A. S. Rodin, G. O. Andreev, W. Bao, A. S. McLeod,
M. Wagner, L. M. Zhang, Z. Zhao, M. Thiemens,
G. Dominguez, M. M. Fogler, A. H. Castro Neto, C. N. Lau,
F. Keilmann and D. N. Basov, Gate-tuning of graphene plas-
mons revealed by infrared nano-imaging, Nature, 2012,
487(7405), 82–85.

25 L. Tomarchio, S. Macis, A. D’Arco, S. Mou, A. Grilli,
M. Romani, M. Cestelli Guidi, S. Kukunuri, S. Jeong,
A. Marcelli, Y. Ito and S. Lupi, Disordered photonics behav-
ior from terahertz to ultraviolet of a three-dimensional gra-
phene network, NPG Asia Mater., 2021, 13, 73.

26 P. Di Pietro, M. Ortolani, O. Limaj, A. Di Gaspare,
V. Giliberti, F. Giorgianni, N. Brahlek, N. Bansal,
N. Koirala, S. Oh, P. Calvani and S. Lupi, Observation of
Dirac plasmons in a topological insulator, Nat.
Nanotechnol., 2013, 8, 556–560.

27 S. Macis, L. Tomarchio, S. Tofani, F. Piccirilli,
M. Zacchigna, V. Aglieri, A. Toma, G. Rimal, S. Oh and
S. Lupi, Infrared plasmons in ultrahigh conductive
PdCoO2 metallic oxide, Commun. Phys., 2022, 5, 145.

28 S. Macis, M. C. Paolozzi, A. D’Arco, L. Tomarchio, A. Di
Gaspare and S. Lupi, Terahertz Resonators Based on
YBa2Cu3O7 High-Tc Superconductor, Appl. Sci., 2022,
12(20), 10242.

29 S. Foteinopoulou, G. C. R. Devarapu, G. S. Subramania,
S. Krishna and D. Wasserman, Phonon-polaritonics:
enabling powerful capabilities for infrared photonics,
Nanophotonics, 2019, 8(12), 2129–2175.

Paper Nanoscale

16008 | Nanoscale, 2023, 15, 16002–16009 This journal is © The Royal Society of Chemistry 2023

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 1
1:

29
:1

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr02834h


30 J. D. Caldwell, L. Lindsay, V. Giannini, I. Vurgaftman,
T. L. Reinecke, S. A. Maier and O. J. Glembocki, Low-loss,
infrared and terahertz nanophotonics using surface
phonon polaritons, Nanophotonics, 2015, 4, 44–68.

31 S. Adachi, The reststrahlen region. Optical properties of crys-
talline and amorphous semiconductors: materials and funda-
mental principles, Springer Science + Business Media
New York, NY, 1999.

32 D. Z. A. Chen, Extraordinary optical transmission through
subwavelength holes in a polaritonic silicon dioxide film,
Appl. Phys. Lett., 2007, 90, 181921.

33 T. W. Ebbesen, H. J. Lezec, H. F. Ghaemi, T. Thio and
P. A. Wolff, Extraordinary optical transmission through
sub-wavelength hole arrays, Nature, 1998, 391, 667–669.

34 M. P. van Exter, E. Altewischer and J. P. Woerdman,
Coherent Polarization Transfer through Sub-wavelength
Hole Arrays, NanoNet, 2009, 76–83.

35 C. Genet and T. W. Ebbesen, Light in tiny holes, Nature,
2007, 445, 39–46.

36 T. L. Morkved, W. A. Lopes, J. Hahm, S. J. Sibener and
H. M. Jaeger, Silicon nitride membrane substrates for the
investigation of local structure in polymer thin films,
Polymer, 1998, 39, 3871–3875.

37 V. Lausch, P. Hermann, M. Laue and N. Bannert, Silicon
nitride grids are compatible with correlative negative stain-
ing electron microscopy and tip-enhanced Raman spec-
troscopy for use in the detection of micro-organisms,
J. Appl. Microbiol., 2014, 116(6), 1521–1530.

38 A. Kuzmenko, Guide to RefFIT, Software to fit Optical
Spectra, 2018.

39 F. Ay and A. Aydinli, Comparative investigation of hydrogen
bonding in silicon-based PECVD grown dielectrics for
optical waveguides, Opt. Mater., 2004, 26, 33–46.

40 G. Cataldo, J. A. Beall, H.-M. Cho, B. McAndrew,
M. D. Niemack and E. J. Wollack, Infrared dielectric pro-
perties of low-stress silicon nitride, Opt. Lett., 2012, 37, 20.

41 S. A. Maier, Plasmonics: Fundamentals and Applications,
Springer-Verlag New York, 2007.

42 L. Salomon, F. Grillot, A. V. Zayats and F. de Fornel, Near-
Field Distribution of Optical Transmission of Periodic
Subwavelength Holes in a Metal Film, Phys. Rev. Lett., 2001,
86, 6.

43 P. B. Catrysse and S. Fan, Near-complete transmission
through subwavelength hole arrays in phonon-polaritonic
thin films, Phys. Rev. B: Condens. Matter Mater. Phys., 2007,
75, 075422.

44 S. Lupi, A. Nucara, A. Perucchi, P. Calvani, M. Ortolani,
L. Quaroni and M. Kiskinova, Performance of SISSI, the
infrared beamline of the ELETTRA storage ring, J. Opt. Soc.
Am. B, 2007, 24, 959–964.

45 P. Roy, J.-B. Brubach, P. Calvani, G. deMarzi, A. Filabozzi,
A. Gerschel, P. Giura, S. Lupi, O. Marcouillé, A. Mermet,
A. Nucara, J. Orphal, A. Paolone and M. Vervloet, Infrared
synchrotron radiation: from the production to the spectro-
scopic and microscopic applications, Nucl. Instrum.
Methods Phys. Res., Sect. A, 2001, 467–468(1), 426–436.

46 D. Suzuki, T. Okamoto, J. Li, Y. Ito, T. Fujita and
Y. Kawano, Terahertz and Infrared Response Assisted by
Heat Localization in Nanoporous Graphene, Carbon, 2021,
173, 403–409.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2023 Nanoscale, 2023, 15, 16002–16009 | 16009

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 1
1:

29
:1

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr02834h

	Button 1: 


