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Epsilon-near-zero surface waves enhance infrared vibrational spectroscopy

Thin film epsilon-near-zero (ENZ) supports guided modes analogous to surface plasmon modes in the infrared, where surface plasmons are difficult to excite. Leveraging these modes can enhance the signal of SIERA sensors by a factor of three, enabling the detection of minute amounts of materials. However, material losses can significantly impact sensor performance. To address this issue, we establish a condition that limits the impact of losses while still preserving the advantage of ENZ-SWs. Our findings may pave the way for the identification and exploration of particularly suitable materials for highly efficient photonic SIERA sensors.

Electromagnetic surface waves (SW) are modes guided by a single interface between two semi-infinite media, and constitute peculiar solutions to Maxwell's equations. They play a central role in key photonic technologies because of their ability to concentrate the electromagnetic energy in a small volume. Although a diversity of materials can support SWs, such as anisotropic or periodic dielectric materials, materials supporting phononic or excitonic resonances, surface plasmons waves (SP) which propagate at the surface of any plasma are the most extensively researched, particularly at optical frequencies [START_REF] Polo | Electromagnetic surface waves: a modern perspective[END_REF] . Such SW can be excited at the surface of any jellium contained in any piece of noble metal, whatever its geometry. When the surface is flat, their excitation thanks to a prism or a grating leads to sharp surface plasmon resonances (SPR). The extreme sensitivity of SPR to changes in the environment has led to the development of various devices, particularly SPR optical sensors [START_REF] Homola | Surface plasmon resonance sensors for detection of chemical and biological species[END_REF] . One example of the use of SPR is in identifying molecules deposited on rough metallic surfaces, by monitoring the electromagnetic absorption resulting from the excitation of their vibrational resonances through SPP waves. This label-free technique is known as surface-enhanced infrared absorption (SEIRA), and has benefited greatly from the advanced control over optical waves offered by metasurfaces and plasmonic systems, which can be used to enhance the SEIRA signal [START_REF] Hartstein | Enhancement of the infrared absorption from molecular monolayers with thin metal overlayers[END_REF][START_REF] Osawa | Surface-enhanced infrared spectroscopy[END_REF][START_REF] Neubrech | Surfaceenhanced infrared spectroscopy using resonant nanoantennas[END_REF] . Among the various approaches, structures featuring nanometer-scale gaps have in particular shown their capacity to detect a small number of molecules [START_REF] Dong | Nanogapped au antennas for ultrasensitive surface-enhanced infrared absorption spectroscopy[END_REF][START_REF] Neubrech | Resonant plasmonic and vibrational coupling in a tailored nanoantenna for infrared detection[END_REF][START_REF] Cubukcu | Split ring resonator sensors for infrared detection of single molecular monolayers[END_REF][START_REF] Brown | Surface-enhanced infrared absorption using individual cross antennas tailored to chemical moieties[END_REF][START_REF] Barho | All-semiconductor plasmonic gratings for biosensing applications in the mid-infrared spectral range[END_REF][START_REF] Huck | Surface-enhanced infrared spectroscopy using nanometer-sized gaps[END_REF][START_REF] Srajer | Double-layered nanoparticle stacks for surface enhanced infrared absorption spectroscopy[END_REF][START_REF] Cattoni | λ 3/1000 plasmonic nanocavities for biosensing fabricated by soft uv nanoimprint lithography[END_REF][START_REF] Chen | Nanogap-enhanced infrared spectroscopy with template-stripped wafer-scale arrays of buried plasmonic cavities[END_REF][START_REF] Yoo | High-contrast infrared absorption spectroscopy via mass-produced coaxial zero-mode resonators with sub-10 nm gaps[END_REF] . However, if these approaches reduce the detection threshold, they also weaken the SIERA signal. In addition, the resonant properties of these structures limit their functionality to a narrow infrared range, which in turn restricts their ability to capture the complete molecular fingerprint. While some multi-resonant structures have been suggested to address this issue, the SEIRA signal remains weak [START_REF] Li | Multifunctional chemical sensing platform based on dualresonant infrared plasmonic perfect absorber for on-chip detection of poly (ethyl cyanoacrylate)[END_REF][START_REF] Aouani | Ultrasensitive broadband probing of molecular vibrational modes with multifrequency optical antennas[END_REF][START_REF] Chen | Dual-band perfect absorber for multispectral plasmon-enhanced infrared spectroscopy[END_REF][START_REF] Rodrigo | Resolving molecule-specific information in dynamic lipid membrane processes with multi-resonant infrared metasurfaces[END_REF] .

It has recently been demonstrated that Epsilon-Near-Zero (ENZ) materials have the ability to reshape the electric field inside nanoslit based SIERA sensors [START_REF] Smaali | Reshaping plasmonic resonances using epsilon-near-zero materials for enhanced infrared vibrational spectroscopy[END_REF] . When the nanoslits are backed with a ENZ layer, the usual hot spots localized at the tips of the nanoslits are replaced by an intense and uniform electric field within the nano-gaps. This property increases the SIERA signal by making the entire volume of the nano-gap effective for molecule detection. By using doped semiconductors to realize an ENZ material, this approach en-ables operation over a wide frequency range by adjusting the doping level without modifying the structural parameters of the device.

We emphasize that recent studies have shifted away from utilizing surface plasmons (SP) and are instead focusing on localized plasmonic modes, in order to produce the desired sub-wavelength confinement of electromagnetic fields. The response of noble metals is also responsible for such a shift. In the mid-infrared range, noble metals present a very large negative permittivity, so that the effective index of the SP, n SP = εm 1+εm , is very close to the optical index of air. As a consequence, the fields associated to the SW extends far from the interface, make it less confined and more difficult to excite with sub-wavelength features -so that it ceases to enhance the SIERA signal in the mid-infrared range. Yet, SW add richness and complexity to the response of plasmonic structures, making them more versatile in various applications [START_REF] Liu | Microscopic theory of the extraordinary optical transmission[END_REF] , combining SW with localized resonances in the same optical sensor operating in the mid-infrared has the potential to increase the detection surface and to lower the detection threshold.

Here we show that the guided mode in a very thin Epsilon-Near-Zero (ENZ) film at the surface of a noble metal can play the exact role of the SW for higher frequencies. This mode, related to the long range plasmon polariton, presents remarkable characteristics, as a linear dispersion relation, and an electric field that grows as the inverse of the layer thickness [START_REF] Campione | Theory of epsilon-near-zero modes in ultrathin films[END_REF][START_REF] Vassant | Berreman mode and epsilon near zero mode[END_REF][START_REF] Vassant | Epsilon-near-zero mode for active optoelectronic devices[END_REF] . ENZ-mode can be supported by various kinds of films including polar materials, doped semiconductors and oxide materials, as long as their thickness is smaller that a fraction (1/50 typically) of the plasma wavelength (see Fig. 7 of ref. [START_REF] Campione | Theory of epsilon-near-zero modes in ultrathin films[END_REF] ). For example, the dispersion of the ENZ-mode has been experimentally measured for a nanolayer of indium tin oxide on glass [START_REF] Campione | Experimental verification of epsilon-near-zero plasmon polariton modes in degenerately doped semiconductor nanolayers[END_REF] . In the present work, beyond quantifying the improvement brought by the ENZ modes, we determine the general conditions for which the role of the SW can be restored when losses are taken into account.

We consider a film of thickness t and relative permittivity ε over a gold substrate of relative permittivity ε m . The superstrate is air. We assume a e i(k x-ωt) for all fields. The dispersion relation for such a structure can be written

1 + β m β a ε m = i tan(βt) εβ m ε m β + β εβ a , (1) 
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β a = k 2 0 -k 2 is the dispersion relation in air, β = k 2 0 ε -k 2 in the ENZ and β m = k 2 0 ε m -k 2 in
the metal (we use the standard notation k 0 = 2π/λ ). Assuming a subwavelength thickness, as well as βt ≪ 1 and |ε m | ≫ 1, which is the case for mid-infrared frequencies, the effective index n e f f = k /k 0 has the very simple form

n e f f = - ε 2π λ t , (2) 
when it is large enough ( n e f f ≫ 1). We observe an excellent agreement between the effective indices calculated from the dispersion relation (Eq.( 1)) and from the analytic expression of Eq. ( 2) for a thickness t = 10 nm, shown Fig. 1a. Since we consider deeply sub-wavelength thicknesses for the ENZ film, the ENZ-mode looks like a SW whose evanescent tail spreads at a distance t/(-ε) of few tens of nanometers, Fig. 1b.

The ENZ-mode is coupled out by etching a periodic set of slits of width f = 10 nm into a gold film of thickness h r = 10 nm. A planar cavity of thickness g is next added below this grating to further amplify the SW. This kind of structure has been proven to support a magnetic Fabry-Perot cavity mode that can efficiently couple the gap-plasmon mode of the slits by properly adjusting the grating period [START_REF] Smaali | A universal design to realize a tunable perfect absorber from infrared to microwaves[END_REF][START_REF] Chevalier | Optical helmholtz resonators[END_REF][START_REF] Fabas | Dispersion-based intertwined seira and spr effect detection of 2, 4-dinitrotoluene using a plasmonic metasurface[END_REF] . In addition we consider that the cavity is filled with the same ENZ material to benefit from the reshaping effect demonstrated in Ref. [START_REF] Smaali | Reshaping plasmonic resonances using epsilon-near-zero materials for enhanced infrared vibrational spectroscopy[END_REF] . Finally a poly(methyl methacrylate) (PMMA) film of thickness h p is introduced in between the slits and onto the metallic grating, Fig. 2.

Such a material presents several vibrational absorption peaks in the mid-IR range between 5 to 15 µm (500-2000 cm -1 ) [START_REF] Jitian | Determination of optical constants of polymethyl methacrylate films from ir reflection-absorption spectra[END_REF] . The structure, which can be seen as a metasurface, is illuminated in normal incidence with a p-polarized plane wave, which corresponds to a magnetic field along the slits. The SIERA signal is defined by the reflectance variation ∆R = R with -R without , where R with and R without are the reflexion coefficients when the optical losses due to PMMA are switched on or off. Since the PMMA present multiple resonances, we choose to optimize our geometrical parameters in order to get an optimal SIERA signal at the nominal wave-FIG. 2. Schematic of the ENZ structure. length of 8.7 µm which corresponds to one absorption line.

To evaluate the impact of the ENZ-SW, we first calculate the SIERA signal for an increasing PMMA thickness (1 nm, 2 nm and 10 nm) with and without a 10 nm thick ENZ layer coating the grating, Fig. 3. In order to assess the potential of ENZ and because its plasma frequency can be tuned, we first neglect the dispersion of the material. The signal reaches almost 47% for only 1 nm of PMMA and increases to 70% and 90% for 2 nm and 10 nm of PMMA. These spectra clearly show that the ENZ-SW is responsible of a drastic increase of the SIERA signal not only at the nominal wavelength (8.7 µm) but also for a wide range of frequencies, showing the potential of the device.

For example, with 1 nm of PMMA, the signal reaches about 18% at the nominal wavelength for the bare grating, showing already the high performances induced by the reshaping effect of the gap plasmon confined within the slits. [START_REF] Smaali | Reshaping plasmonic resonances using epsilon-near-zero materials for enhanced infrared vibrational spectroscopy[END_REF] . This value is multiplied by a factor 2.4 when the grating is coated with the ENZ film, Fig. 3(b-c) shows that the enhancement reaches 2.1 and 1.3 for PMMA thicknesses of 2 nm and 10 nm, respectively.

The evolution of the enhancement of the SIERA signal is related to the absorbance of the molecules. Since the intensity of the electric field in air exponentially decreases, with a typical length estimated to t/(-2ε) ≈ 20 nm, molecules are efficiently detected close to the ENZ film within in the tail of the ENZ-SW. This behavior is confirmed by the calculation of the absorbance as a function of the PMMA thickness h p (see Fig. 1SI of the supplementary information). The absorbance saturates almost at 100% for films of molecule thicker than 10 nm explaining that SIERA signal cannot overpass 90%.

The intensity maps of the electromagnetic field, calculated at the nominal wavelength for the bare grating, show that the magnetic field is concentrated below the grating, inside the Fabry-Perot cavity, Fig. 4a. The electric field is uniform inside the slits because of the ENZ material filling the FP cavity, responsible for a reshaping of the resonance (see Fig. 4b). The ENZ-SW appears when the grating is coated with a 10 nm ENZ layer, Fig. 4(c-d). It is worth noting that while the electric field remains confined within the slits, the ENZ-SW presence leads to a dramatic expansion of the detection area. This expansion provides an explanation for the observed enhancement of the SIERA signal. Since all the slits act as sources of SW propagating in both directions, the field map show what occurs when SW interferences are constructive from one slit to another. The measurement of interfringe, corresponding to This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. the half of the effective wavelength, allows us to deduce the value of the effective index which is equal to here 34 in complete agreement with Eq. ( 2).
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The performance of the sensor can be further improved by leveraging the behavior of the ENZ guided mode. It has been demonstrated that the intensity of the electric field is inversely proportional to the thickness of the ENZ layer 22 : |E| 2 ≈ 1/t 2 . We hence reduce the thickness of the ENZ layer to only 1nm and calculate the SIERA signal for three PMMA thicknesses, Fig. 5a. This strategy allow us to detect an molecular film of PMMA of only 1 angström thick with a SIERA signal of about 70 % at the nominal wavelength. We underline that such an ultra thin PMMA film can simply be not detected without the ENZ-SW. Moreover, the same efficiency is achieved when the PMMA is removed from the silts indicating that the detection can only be attributed to the ENZ-SW. The signal quickly saturates around 90 % when the thickness of the PMMA reaches 10 nm. The size of the tail of the surface wave in air, which is approximately 15 nm, is consistent with the obtained result. The magnetic field intensity map illustrates a reduction in the interfringe distance due to the rise in the effective index, which can reach up to 96 (refer to Fig. 5b).

The use of highly doped semiconductors has been proposed to implement such ENZ based SIERA sensors [START_REF] Taliercio | Semiconductor infrared plasmonics[END_REF] . The modification of the doping level is able to shift the plasma frequency and consequently to scan the finger print of the molecules over a large frequency range for the same structural parameters. When dispersion is taken into account, the enhancement of the SIERA signal occurs around the plasma frequency over a typical wavelength range of 2 microns in the range of 5-15 micron [START_REF] Smaali | Reshaping plasmonic resonances using epsilon-near-zero materials for enhanced infrared vibrational spectroscopy[END_REF] . However such a solution is more challenging when realistic material losses are considered. [START_REF] Zhong | Review of mid-infrared plasmonic materials[END_REF] . The optical losses added by the semiconductor layer which plays the role of the ENZ film may indeed limit the propagation distance of the SW which can be approximated by l = t/ℑ(ε). The level of the optical losses determines the period of the grating since each consecutive slits acts as almost punctual source that launches This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. SWs. In order to obtain constructive interferences between SWs launched by adjacent slits, the period has to be a multiple of the effective wavelength of the guided mode, d = pλ e f f with p an integer and λ e f f = λ /n e f f . However, the typical propagation length must be at least half of the effective wavelength for interference to be observable, which provides a condition on the real and imaginary parts of the permittivity for the ENZ material that can be written
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ℑ(ε) ≤ -ℜ(ε)/π (3) 
The relative permittivity of doped semiconductors can generally be modeled with a Drude model: ε = ε ∞ω 2 p /(ω 2 + iΓω). Assuming that the losses are weak (Γ ≪ ω) and that Re(-ε) ≈ 0, the real and imaginary parts of the permittivity can be approximated by : Re(ε) = ε ∞ω 2 p /ω 2 and Im(ε) = ε 3/2 ∞ Γ/ω p . These relations allow to scale the grating period and the angular plasma frequency when taking into account the optical losses in the ENZ material. For example, for an InAsSb doped semiconductor ε ∞ = 11.7 and ω p = 7.45×10 14 rad.s -1 , the normalized angular frequency ω/ω p and the grating period that satisfy Eq. ( 3) can be computed using Fig. 6a. The choice of the pitch depends on the ENZ layer thickness since the effective index is linked to t. To operate at the nominal wavelength 8.7 µm which corresponds to the normalized angular frequency ω/ω p = 0.29, we obtained from Figure 6a a grating period d = 330 nm and a normalized damping Γ/ω p = 0.15%. In order to validate this parameters the SIERA signal is calculated as a function of the damping coefficient at the nominal wavelength, Fig. 6b. Without losses the SIERA signal attains 84% and it drops by a factor of two for Γ/ω p = 0.15%. In that case, despite the absorption losses, the SW still contributes to the detection of the molecules (as shown the magnetic field map of Fig. 2SI). Beyond this maximal loss, SWs are not excited efficiently, resulting in reduced effectiveness of the structure in exciting PMMA molecules and a subsequent decrease in the SIERA signal.

In conclusion, we have shown that, theoretically, the efficiency of SIERA sensors could be greatly increased by using ENZ modes guided in a thin layer on top of a periodically etched metallic film. The ENZ modes play the role that surface plasmons do play at higher frequencies and increase the effective detection area of the sensor. The SIERA signal can be expected to be enhanced by a factor of 3 and the detection threshold lowered so much that even a thickness as low as 1 angström could theoretically be detected. The practical implementation of such a design has been explored through the use of a doped semiconductor as the ENZ material. This versatile solution allows to tune the targeted detection wavelength without modifying the geometrical parameters of the structure. As losses may be detrimental to the functioning of the sensor, we have established a condition for which the impact of losses would be limited enough to preserve the advantage brought by the use of ENZ. We hope that this approach will help to efficiently implement ENZ-SWs in photonic components despite the constraint imposed by material losses.

  FIG. 1. (a) Effective index of the ENZ guided mode for a layer of thickness t =10nm and of relative permittivity -0.24 over a gold substrate. The solid line correspond to the exact calculation and the dotted line to Eq.(2). (b) Map of the real part of the magnetic field calculated for λ =8.7µm.
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 34 FIG. 3. SERIA spectra with an ENZ coating of thickness t = 10 nm and without the ENZ coating (t = 0 nm). (a), (b) and (c) for PMMA thicknesses h p = 1nm , 2 nm and 10 nm respectively. The vibrational peaks of the PMMA are indicated by dotted lines. The parameters are d = 610 nm, f = 10 nm, h r = 10 nm and g = 1820 nm. The relative permittivity of the ENZ materials is ε = -0.24.
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 5 FIG. 5. (a) SIERA signals obtained with an ultra-thin ENZ coating of thickness t = 1nm and for PMMA thicknesses of 0.1 nm, 5 nm and 10 nm. (b) Map of the square modulus of the magnetic field calculated for a 8.7 µm wavelength. The parameters are d = 550 nm, f = 10 nm, h r = 10 nm and g = 1000 nm. The relative permittivity of the ENZ materials is ε = -0.07.

  FIG. 6. (a) Grating period as a function of Γ/ω p for three ENZ layer thicknesses t = 5 nm, 10 nm and 20 nm and normalized angular pulsation as a function of Γ/ω p . The dotted red lines highlight the working point Γ/ω p = 0.15%, ω/ω p = 0.29 and d = 330 nm. (b) SIERA signal as a function of Γ/ω p for thickness PMMA of 10 nm with the following parameters: d = 320 nm, f = 10 nm, h r = 10 nm and g = 2500 nm.
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