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Abstract

In recent years, the excitation of surface phonon polaritons (SPhPs) in van der Waals
materials received wide attention from the nanophotonics community. Alpha-phase
Molybdenum trioxide (a-MoQ3), a naturally occurring biaxial hyperbolic crystal, emerged as
a promising polaritonic material due to its ability to support SPhPs for three orthogonal
directions at different wavelength bands (range 10-20 pum). Here, we report on the
fabrication, morphological, and optical IR characterization of large-area (over 1 cm? size) o.-
MoOs polycrystalline films deposited on fused silica substrates by pulsed laser deposition.
Due to the random grain distribution, the thin film does not display optical anisotropy at
normal incidence. However, the proposed fabrication method allows us to achieve a single .-
phase, preserving the typical strong dispersion related to the phononic response of o-MoO3
flakes. Remarkable spectral properties of interest for IR photonics applications are reported.
For instance, a polarization-tunable reflection peak at 1006 cm™ with a dynamic range of
AR=0.3 and a resonance Q-factor as high as 53 is observed at 45° angle of incidence.
Additionally, we report the fulfillment of an impedance matching condition with the SiO»
substrate leading to a polarization-independent almost perfect absorption condition (R<0.01)
at 972 cm™! which is maintained for a broad angle of incidence. In this framework our
findings appear extremely promising for the further development of mid-IR lithography-free,
scalable films, for efficient and large-scale sensors, filters, thermal emitters, and label-free
biochemical sensing devices operating in the free space, using far-field detection setups.

Keywords: optical phonons, vdW materials, polarization tuning, Reststrahlen band, hyperbolic materials.

XXXX-XXXX/ XX/ XXXXXX 1 © xxxx IOP Publishing Ltd



1. Introduction

Advances in nanophotonics have enabled the
miniaturization of optical components due to the exploitation
of surface plasmon polaritons (SPPs) [1] in the visible range
that can strongly localize electromagnetic fields to small
volumes. Recently, doped semiconductors [2,3] and graphene
[4] have been proposed to extend SPPs to the 2—-8 pum range.
Also, nanoantennas have been employed to achieve electric
field localization in the mid-IR range for sensing applications.
However, in order to take full advantage of surface-enhanced
infrared absorption (SEIRA) techniques, a precise positioning
of the analyte is required [5].

Moving toward the 8-20 pum wavelength range, where
vibrational absorption peaks provide relevant information on
molecular bonds, the SPP approach is less effective due to the
poor field confinement at longer wavelengths [6]. Moreover,
for the development of a complete IR photonic platform,
miniaturization, and integration of optical components with
the chip-scale platforms using facile fabrication techniques
[7,8] is highly desired. A conventional IR polarizer is
nowadays designed using state-of-the-art holographic
techniques [9] onto IR transparent support (CaF», ZnSe, BaF,)
with typical transmission losses of about 30%. Furthermore,
the surface of such holographic grid polarizers is extremely
delicate, and touching is absolutely to be avoided. Similarly,
optical components such as polarization rotators have been
realized using artificial metasurfaces [10] in the wavelength
range up to 10 pm. Functionality at longer wavelengths is
achieved using a combination of two parallel polarizers and
by tilting the plates with respect to each other. Given the
complexity of these components, their integration with the
chip-scale platform can, therefore, be prohibitive and the
challenge for an efficient, integrated and robust IR photonic
platform persists.

Recent promising solutions are based on the exploitation of
polar materials [11] including ultra-thin van der Waals (vdW)
materials such as MoO3, MoS,, Ga»O3, hBN [12,13]. Besides
their strong anisotropy related to optical phonons (ideal for
polarization rotation and control), they allow strong field
localization by the excitation of surface waves called surface
phonon polaritons (SPhPs), achieved through the coupling of
the electromagnetic field with lattice vibrations. Several
works reported on the great potential of polar materials for
mid-IR sensing applications up to the terahertz (THz) regime
[14,15] and for the realization of compact IR photonic devices
[16,17].

Among vdW materials, Molybdenum trioxide (a-MoQ3) is
attracting a great deal of attention [18] as it supports SPhPs in
three different wavelength bands for the three orthogonal
directions (range 10-20 um), rendering this material a
naturally hyperbolic and biaxial material [19,20]. Increased
versatility can be obtained by combining it with other

materials. Recent results show that a-MoOj3 can be combined
with vanadium dioxide, (VO,, a phase change material that
undergoes insulator to metal phase transition at a temperature
of 68° C) [21,22] in order to dynamically tune the polariton
resonances. A metamaterial approach has also been proposed
based on the random nanostructuring of o-MoOs with
subwavelength dielectric elements (i.e., air ellipsoidal
inclusions). This scheme could increase design versatility as
well as tuning and hybridization of polariton modes [23].
Near- and far- field photonics effects have been theoretically
explored integrating a a-MoOs film on a SiC metasurface on
top of SiO, substrate showing interesting applications for
surface polariton propagation control and radiative cooling
[24].

Despite huge potential of this promising material, the
development of a novel, highly versatile and compact o-
MoOs-based IR photonics platforms is hampered by the lack
of availability of high-quality scalable films and/or multilayer
stacks. a-MoOs for IR photonics and polaritonics is mostly
used in the form of physical vapor deposition (PVD)-grown
crystalline flakes. Although flakes allow exciting results in
terms of hyperbolic phonon polariton excitation along x- and
y-directions, there are several drawbacks that might limit the
wide adaption of flakes geometries: the existing alignment
techniques for flakes with a few tens of nanometers thickness
are challenging; the flakes often have irregular shape
preventing a good propagation of SPhPs; the dimensions of
the flakes are usually limited to few hundreds of pm at most,
therefore the large area or integrated/multifunctional devices
are not practical. The fabrication process for obtaining such
flakes is very complex, requiring investigation of strategies to
create efficient conditions for films growth such as high
temperatures (e.g., 780°C [25]). Furthermore, a successive
mechanical exfoliation process for transferring the desired
MoOs 2D film onto a substrate of interest is needed [26]. In
reference [27] a high confinement of near field signal
corresponding to a Q factor of 40 has been reported in a-MoO3
covering submicron-width trenches. These flakes are,
however, difficult to handle and integrate in a practical device
while keeping low fabrication costs. Moreover, they are
relatively small for far-field applications since their
dimensions often reach the diffraction limit of 10-20 pm
range IR radiation thus requiring expensive and state of the art
near-field detecting schemes.

The realization of single a—phase, oriented, large area
MoOs film is still an open technological challenge. Atomic
layer deposition (ALD), has been used to obtain good quality
a-phase MoOs; films, but only after 500 °C post-growth
annealing [28]. This was necessary because deposition
temperatures higher than 200 °C interfered with the stability
of the employed precursor. Furthermore, a long annealing time
(> 1h) was required when the annealing was performed at
lower temperatures than 500°C. This means that, according to
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[29], ALD cannot be used to perform a-phase MoO; films
deposition in one single step, making more difficult a possible
integration of the MoO; film within a multilayer structure.
ALD is, furthermore, an expensive tool employing hazardous
precursors gases and even higher temperatures are needed for
depositing MoOs3 by sublimation [30].

Conventional sputtering techniques were also employed to
deposit MoOs films at room temperature. This led to a multi-
phase crystalline MoOs film only after a post-growth
annealing process [29-31]. When the annealing is performed
at temperatures greater than 400 °C, it produces monoclinic
B—phase MoOj3 films, not useful to exploit an optical phonons
response [32]. Pulsed laser deposition (PLD) is a versatile and
low-cost deposition technique which has already been
employed for the deposition of a-phase MoOs films at 500 °C
[33] and other metal oxides such as VO3 [34], and ZnO [35].
Compared with the exfoliation technique, it allows depositing
large area MoOs films, which can be much more easily
handled and integrated into a multilayer structure. However,
to the best of our knowledge, a detailed IR characterization
aimed at the identification of possible applications of the
obtained films has not been reported so far for large area MoO3
films deposited either by PLD or ALD. In the following, we
show that PLD can be employed to obtain a-MoOj; films at
lower temperatures (e.g. 400 °C), without using harmful
precursor gases normally employed by ALD and without the
need of any post-growth annealing. Optical IR reflection
spectra reveal a remarkable enhanced tunability of the
reflection peak related to the z-axis phonon response as a
function of the incident electric field polarization. Moreover,
a polarization-independent perfect absorption condition is
achieved for a broad angle of incidence. These features are not
displayed from a single crystal flake. Our results show, for the
first time, interesting possibilities for large-scale, lithography-
free, polycrystalline MoOs film to be employed for IR signal
management.

2. Sample Fabrication

2.1 MoO; Deposition.

The mainly investigated structure in this study is composed
of a 2200 nm (average thickness) MoOs3 film deposited on a
fused silica substrate (Figure 1a) using pulsed laser deposition
at 400°C and 0.1 mbar of oxygen pressure. The PLD system
employed uses a Q-switched tripled Nd:YAG laser (Quantel
mod. YG78C20, A = 355 nm) generating 6 ns width pulses
with an energy of 80 mJ per pulse [33, 34, 36]. The density of
energy was maintained at 1.2 J cm™2, and the repetition rate

was 4 Hz. The MoOs target was a 1-inch diameter, 0.25-inch-
thick disk (purity 99.9%).

Before each deposition, the substrates were cleaned in an
ultrasonic bath with acetone, subsequently rinsed with
isopropanol and then dried with compressed air. After
cleaning, each substrate was clamped onto an electrical heater,
which allows achieving temperatures as high as 800 °C. The
heater was then placed inside a vacuum bell jar where oxygen
gas can be introduced through an electromechanical valve to
maintain the desired pressure.

The PLD deposition yields better crystallinity than
sputtering due to its higher kinetic energy of ablated species.
Furthermore, the PLD setup allows extremely versatile
deposition conditions. Thus, the proper choice of deposition
parameters and the resulting fabrication constraints is of
crucial importance. In the present work, we focus attention on
the best choice of parameters for the narrow band IR
polarization filter functionality.

2.2 Structural and Morphological Characterization.

X-ray diffraction (XRD) measurements were performed at
room temperature to evaluate the crystalline structure of the
deposited layers. XRD analysis was performed by using a
D5005 diffractometer (Bruker AXS, Karlsruhe, Germany)
equipped with a Cu Ka (1.5406 A) source and operating at 40
kV and 30 mA. The following experimental conditions were
used: 5s acquisition time, 0.05° step in a 5° - 90° 20 angular
range. XRD patterns showed that the high-quality MoO; films
deposited at 400°C exhibited the stable orthorhombic a-phase
of MoOs;, as shown in Figure 1(b). For the sake of
completeness, we include in the supporting material the XRD
pattern for a similar sample, deposited at a lower temperature
(i.e., 200 °C), showing a monoclinic-only phase of the MoO3
film (Figure S1).

The surface morphology of the MoO3 thin films has been
characterized by using an Anfatech high speed atomic force
microscope (AFM) as shown in Figures 1c and 1d, and Hitachi
S-4700 cold field emission high-resolution scanning electron
microscope (SEM) as shown in Figure S2. Consistently with
X-ray diffraction measurements, the surface morphology
captured by AFM and SEM images revealed a grain
distribution in the thin film. The average grain size is around
400 nm and root-mean-square (RMS) roughness is about 100
nm. After the deposition, the film thickness was assessed by
profilometry using a Dektak 150 profilometer. The average
thickness was found to be approximately 2200 nm. Details on
the profilometer measurements and a picture of the Sample are
reported in Figure S3 of the supporting material file.
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Figure 1. (a) Sketch of investigated sample. (b) X-Ray diffraction (XRD) pattern of a MoOs3 film deposited onto fused silica
by PLD at 400 °C and 0.1 mbar oxygen pressure. The assigned peaks correspond to the orthorhombic phase of MoO3 (ICDD
01-078-4612 card). (c-d) AFM images of a MoOs film deposited onto fused silica by PLD: (c) image area 10 x 10 pum?; (d)

image area 5x 5 pm?.

3. Results and Discussion

3.1 Polarization-dependent reflection
measurements.

IR reflection measurements have been performed using
a FT-IR interferometer (Invenio-R, Bruker) in the spectral
range 6000-400 cm™'. The IR source was a glow-bar while
the detector is based on deuterated triglycine sulfate
(DTGS) pyroelectric detector. A total of 64 interferograms
were acquired for each measurement, with a spectral
resolution of 1 cm™. A sample area of 3x3 mm? was
selected during IR data acquisition using knife-edge
apertures. The FT-IR platform is equipped with a
reflectance unit allowing to set the angles of incidence and
reflectance, from almost normal incidence (about 13°) to
grazing angles (85°) as illustrated in Figure (2a). The
polarization state of incident light was selected using a
holographic polarizing filter with a motorized mounter.
Two different sets of measurements were performed with
incidence angles of £=15° and 6=45°, respectively.
Specifically, the reflectance spectra were recorded as a
function of different linear polarization angles (¢) of the
incoming light as sketched in Figure (2a). The measured

spectral reflectance curves for different incidence angles
and polarization of the incoming beam are shown in Figure
(2b) and Figure (2¢) for 6=15° and £=45° incidence angles,
respectively. Here ¢=0° polarization angle stands for p-
polarized light while ¢=90° stands for s-polarized light.
From Figure (2b) we note that the polycrystalline nature of
the laser-deposited MoQOj; simultaneously unveils, also at
quasi normal incidence, the three Reststrahlen bands (RBs)
associated to the alpha phase of bulk MoOs: the x-RB
(edged by blue bars), corresponding to the frequency range
from 820 cm™' to 972 cm™!; the y-RB (red bars), extending
at lower frequencies, between 545 cm™! and 851 cm™' and
the z-RB (green bars), which is located between 962 ¢cm™
and 1010 cm™! which is also partially overlapped with the
RBof glass substrate (fused silica) from 1070 cm™ to 1240
cm! [18]. We also note another RB of the glass substrate
from 450 cm™! to 505 cm!. Both glass RBs are delimited in
Figure 2b-c with black bars. Moreover, the polarization-
resolved set of measurements, shows that at quasi-normal
incidence, the sample exhibits negligible in-plane
anisotropy.
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Figure 2. (a) Sketches of investigated experimental configuration: @1is the angle of incidence, ¢ is the polarization angle (¢=0°
stands for p-pol and ¢=90° stands for s-pol) ; polarization-dependent reflection FT-IR spectra measured at (b) £=15° and (c)
6=45° incidence angle from a a-MoOs3 film, grown on fused silica substrate using pulsed laser deposition; As a reference we
added the edges of the Reststrahlen bands of bulk a-MoOs along x-(blue), y-(red) and z-(green) directions. RBs of the glass
substrate are depicted in black. d) surface plot of FT-IR reflection signal as a function of frequency and different polarization
states of the incoming beam, measured at 6=45° incidence angle.

An ABB Bomen FTLA 2000 FT-IR [37], was also used to
measure the reflectance of the samples after twelve months
of the sample growth. The results as presented in Figure S4
agree very well with each other.

We focus our attention on the 900-1100 cm™' frequency
range. We note that in this region interesting spectral
features arise due to the overlap of two a-MoO3; RBs and
the near transverse optical phonon resonance of the glass
substrate: a) a perfect absorption condition at 972 c¢cm™!
(measured reflectivity less than 1%); b) a narrow band
reflection peak at 1006 cm™. In order to extract more
information on the behaviors of these features we also
examined the reflection spectra at £=45° incidence angle.
Results are displayed in Figure (2c). We note that reflection
spectra for polarizations angles ¢=45° and ¢=135° are
nearly identical. This is another sign confirming that the

MoO:; film is polycrystalline and amorphous whereas the
bulk MoOs; would have displayed in-plane anisotropy.
Nevertheless, we also note a big difference between
reflectance for p-polarized (¢=0°) and s-polarized (#=90°)
incident fields. Indeed geometric out-of-plane anisotropy
arises from the non-zero incidence condition. Figure 2d
depicts a surface plot containing the experimental
reflection spectra collected for different polarization angles
¢ ranging from 0° to 180°. The symmetry of the map with
respect to ¢=90° (s-polarization) is clear evidence that there
is no in-plane anisotropy due to the polycrystalline nature
of the MoQO;3 film. Despite the geometrical anisotropy, we
note that the perfect absorption condition at 972 ecm! is
almost preserved (minimum reflectivity ranges from 1% to
2%) for all polarization angles (note the almost horizontal
low reflection line in Figure 2d). Low reflection in this
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region is related to the fulfillment of an impedance-
matching condition between air/a—MoO3/SiO,. Although
972 cm! is slightly out of its RB, SiO, exhibits a non-
negligible absorption at that frequency and the MoOj3 layer
contributes minimizing the reflection losses thus
maximizing the absorption. The low refractive index for
MoO; around 972 cm™! arises from the overlap between x-
and z-RBs which affects the overall response of the
polycrystalline film. The MoOs; film acts as an
antireflection coating at that frequency and the signal is
efficiently absorbed by the SiO, substrate. Because of the
low value of the refractive index at that frequency, the
effect is preserved for a broad value of angle of incidence
and it is not polarization sensitive. In the next section, we
will numerically verify the fulfillment of this condition.

A completely different scenario is presented at 1006 cm”
!. Indeed, for that frequency, a strong modulation of MoOs
film infrared spectral features with the polarization of the
incoming light can be observed (Figure 2¢ and Figure 2d).
Rotating the polarization state of incoming light (as
highlighted in the legend) modifies both resonance
intensity and width. It is worth noting that the polarization-
dependent reflection peak at ®m=1006 cm™ with a full
width at  half maximum (FWHM) Aw=17 cm’!
corresponding to a quality factor as high as Q=®max/A® ~60
is obtained in a lithography-free polar film. We note that
the reflection peak is not a pure Lorentzian resonance. In
order to provide a more accurate evaluation of the
resonance linewidth we considered two Lorentzian-shaped
curves respectively fitting the inner and the outer part of
the experimental data. Results are reported in the
supporting material (Figure S5): the FWHM of the
experimental resonance has been then retrieved by taking
the average between the FWHMs of the Lorentzian curves
and the maximum semi-dispersion as FWHM+ A(FWHM)
= (19 +£3) cm™!. Thus the Q factor has been evaluated as
Q=AQ=53+8. We finally include in the supporting material
(Figure S6) the reflection spectra of the previously
mentioned monoclinic B-MoO; film (XRD pattern
depicted in Figure S1) for an incidence angle of 45° and
several polarization angles. We note that the high-Q
polarization-dependent reflection peak at 1006 cm™ does
not appear. Indeed this feature is specifically related to the
a-MoOs optical phonon along the crystal z-axis (OPh,)
[18].

3.2 Theoretical models.

Theoretical modeling of the optical properties of the
polycrystalline a-MoOjs film are performed considering the
following observations. (1) The AFM images of surface
morphology reported in Figures (1¢) and (1d) show that the

grain sizes are much smaller than the infrared wavelengths
in the measurements. (2) The almost negligible in-plane
anisotropy demonstrated by the reflectance measurements
at 15° angle of incidence (Figure 2b) implies that the
crystallite grains in the material are nearly randomly
oriented. (3) The thickness of a-MoO; film varies from
about 2000 nm to 2300 nm, as provided by the
profilometer (see Figure S3 of the supporting material file).
Thus the material should be considered isotropic and
homogenous, and an average thickness of 2200 nm is used
in the simulation for this sample.

Conventional dispersion analysis of homogeneous
composites seeks the effective dielectric function based on
the individual constituents, also known as the effective
medium theory (EMT) [38]. For example, polycrystal
materials with various crystallite sizes can be predicted
using a modified EMT proposed by Mayerhofer [39,40].

We also note that phonon frequencies in the
polycristalline sample can be shifted away from the TO and
toward the LO position when compared with a perfect
crystal. For instance, the resonance at 1006 cm ™! in Figure
2b and 2c is shifted with respect to the bulk a-MoO; w, 10
= 957 cm! [18]. This may be caused by the random
orientation of crystallites in polycrystalline material, or the
effect of air inclusions with an unknown volume fraction
since a rough surface of a-MoOj3 film is observed. Due to
such unknown parameters, EMT such as the Maxwell-
Garnett theory or an arithmetic average of the principle
dielectric functions did not provide a satisfactory
agreement with the measured spectrum.

Therefore, an isotropic Lorentz model with three
oscillators, which roughly correspond to the frequency
values of the oscillators in the x-, y-, and z-directions of a
perfect crystal a-MoOs3, is used to model the effective
dispersion of the film:

2
Siwj

e(®) = gmp + X1y (1

w?-iyjw-w?’

The resonance frequencies wj, oscillator strengths S,
damping coefficients y in Eq. (1), with i = 1,2,3, and &,
are determined as fitting parameters by minimizing the
RMS deviation between the calculated and measured
reflection spectra. The fused silica substrate is modeled
using the optical constants from Ref. [41].

Initially, we used [42] to calculate the reflectance for
anisotropic stratified media. However, since the a-MoO3
film behaves as an isotropic medium we used the standard
transfer matrix method for multilayer structures [38] in
order to improve the speed and the efficiency of the fitting
algorithm. Results obtained with the two methods are in
perfect agreement. A thickness of 2200 nm is used in the
calculation. The described fitting procedure applied to the
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experimental reflection spectra at 15° and 45° angle of
incidences, allowed us to retrieve the parameters for the
polycrystalline film with a RMS deviation of 0.054. The
obtained parameters are listed in Table 1 with a typical
error bound of 20% considering uncertainties in the
measurements and fitting.

Tablel: Fitted Lorentz oscillator parameters for the
polycristalline a-MoOj3 film.

Si ; [em™] % [em]
1 1.224 560 151
0.100 841 33.0
0.023 1005 3.74
Einy = 269

As mentioned, there exist a shift of the phonon
frequencies towards LO for the resonators when compared
with the values for a perfect crystal a-MoOj3 reported in
[18]: wy1o =545 cm™, wyr10 = 821 cm™ and w,10 = 957
cml,

Figure 3 shows the comparison between the modeled
and the measured reflectance spectra for s- and p-polarized
incident fields at 45° angle of incidence. In Figure 4 we
compare the measured reflectance spectra at 15° of
incidence with the theoretical predictions obtained with the
fitted parameters evaluated from the previous data. In both
cases, the model calculation is in reasonable agreement
with the experiment, except for 600 cm™ < @ < 1000 cm™'.
A better agreement could be obtained if more oscillators
were used. However, this was not done due to the lack of
information, and it is not the focus of this work. Overall,
the RMS deviation between the model and experiments is
within 0.06 for the entire spectrum. Details on the modeling
of different samples and the effect of thickness are reported
in Figures S7 and S8 of the supporting material,
respectively. The previously discussed antireflection
coating behavior at 972 cm™, can be verified by calculating
the retrieved refractive index for the a-MoOs film and
comparing it to the SiO» refractive index at the same
frequency[41-43]. Our calculations show that the value of
the refractive index of MoOj is extremely close (less than
2% relative difference) to the square root of the refractive
index of SiO, for that frequency. Moreover, the optical
thickness of the MoOs film is close to a quarter wavelength
stack. With fine optimization, it could behave as a perfect
matching layer at that frequency.

As a final discussion, we focus on the small
discrepancies between theoretical and experimental curves.
It is worth mentioning that the reflectance measurement is

performed with a measuring spot diameter of the order of a
few millimeters. The inhomogeneity of the sampling area
with varying surface roughness will result in the phonon
frequency shifts to multiple positions. This effect leads to
the deviation between experimental and theoretical data
evaluated from a fixed frequency-oscillator model for
calculation. This interpretation could also explain why the
modeled spectra are less accurate for 6=45° angle of
incidence with respect to 6=15°. Indeed, at higher angles,
the spot becomes larger, and sample inhomogeneity
becomes more relevant.

1.0 T T

0.8
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0.2 ;

0.0 *
400 600 800 1000 1200 1400

o [em™]
Figure 3: Comparison between the modeled (dash-dotted
line) and the measured (solid line) reflectance spectra for s-
and p-polarized incident fields at 45° angle of incidence.
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Figure 4: Comparison between the modeled (dash-dotted

line) and the measured (solid line) reflectance spectra for s-
and p-polarized incident fields at 15° angle of incidence.
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4. Conclusions

Flat optics requires the design of optical components
into thin, planar, films to be integrated into photonic
platforms. The use of vdW materials, leads to 2D flat optics
with ultra-compact and tunable devices. Nevertheless,
atomically thin optical elements suffer from alignment
issues and will low possibilities of far-field applications.
To overcome this limitation and achieve control and tuning
of the spectral features over a large area, we prepared and
investigated a-MoOs films using pulsed laser deposition.
Although deposition parameter optimization is still
required for the definition of a process to synthesize MoO3
films with a high degree of crystallinity, our experimental
findings show remarkable spectral features of the obtained
polycrystalline films. Specifically, we reported both a
polarization-independent perfect absorption behavior at
962 cm™ well preserved for a broad angular incidence
range, starting from normal incidence and an enhanced
tunability vs. light polarization angle of a narrow band
reflection peak at 1006 cm™! with a Q factor of 53+8. The
obtained high dynamic range of AR=0.3 with off-normal-
excitation (which can be improved with increased
incidence angle, see Figure S9 in supporting material) is
reliable and repeatable and results in wide tunability that
may have great potential for label-free biochemical sensing
application and narrow-band detection in the IR range
without the use of time- and cost-consuming lithographic
processes. In particular, the investigated sharp resonance
can find applications to identify a spectral marker
associated with specific moieties such as phenylalanine
[44] tryptophan [45] to give some examples. We stress the
point that the low fabrication cost and the Q-factor are not
the only two relevant parameters to take into account. The
possibility to operate with large sensing area without the
need for microscopy or near-field techniques is an
important benefit. Our large-area samples only require a
basic far-field source/detector scheme, making them
suitable for low-cost, mass distribution devices.
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