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Abstract 

Epsilon-near-zero (ENZ) materials offer unique properties for applications including optical 
clocking, nonlinear optics and telecommunication. To date, the fabrication of ENZ materials 
at visible wavelengths relies mostly on the use of periodic structures, providing some 
manufacturing and material challenges. Here, we present the engineering of non-periodic 
sodium tungsten bronzes (NaxWO3) metamaterials featuring ENZ properties in the visible 
spectrum. We showcase their use as efficient optical sensors demonstrating a non-resonant 
sensing mechanism based on refractive index matching. Our optimized ENZ metamaterials 
display an unconventional blue-shift of the transmittance maximum to increasing refractive 
index of the surrounding environment, achieving sensitivity as high as 150 nm/RIU. Our 
theoretical and experimental investigations provide first insights on this sensing mechanism 
establishing guidelines for the future engineering and implementation of efficient ENZ 
sensors. The unique optoelectronic properties demonstrated by this class of tuneable NaxWO3 
materials bear potential for various applications ranging from light-harvesting to optical 
photodetectors. 
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Introduction 

Optically resonant subwavelength metasurfaces based on the collective oscillations of 
conduction electrons in nanostructured metals, i.e. surface plasmons, 1  enable confinement 
and enhancement of the electromagnetic energy in subwavelength regions,2  allowing 
efficient optical bio- and chemical-sensing3-5. In the past decades, engineering of 
nanostructured metal metasurfaces has significantly increased the sensitivity of plasmonic 
sensors achieving down to single molecule detection limits6-9. However, the high intrinsic 
losses at visible frequencies of established plasmonic materials –arising from the high 
imaginary part of the permittivity, ε’’– determine a threshold for the operating frequencies of 
these materials10, 11 (Supplementary Information, Appendix A).   
 
To overcome the above limitations, some non-resonant approaches have been recently 
proposed for refractive index sensing. The latter include the introduction of optical 
modulation in Mach-Zehnder interferometers via channel waveguide,12 layered metal-
insulator-metal structures,13 or spatial mapping of the scattering field intensity.14 While 
providing benefits, these methodologies often require a larger footprint than plasmonic 
metasurfaces due to the large path length requirements.15 An alternative route is provided by 
engineering the metamaterials dielectric function to achieve vanishing real part of the 
permittivity, a condition referred to as epsilon-near-zero (ENZ).16 ENZ conditions commonly 
occur in the vicinity of the plasma resonance, at the cross-over frequency (λc), where the real 
part of the permittivity, ε’, turns from negative to positive.17 As λc depends on the carrier 
concentration, n, metallic nanomaterials (n~1023 cm-3) exhibit ENZ properties in the UV 
region of the spectrum, while transparent conductive oxides, featuring a smaller carrier 
concentration (n~1020 cm-3), achieve ENZ in the infra-red spectrum.18 
 
Early application of ENZ materials have been recently demonstrated with nano-optical 
circuits,19 photon-funnels,20 invisibility cloaking21 and nonlinear optics.22 Realization of ENZ 
materials at visible wavelengths is a challenging task,23-25  even more so with non-periodic 
disordered structures. Even elevated levels of doping in transparent conductive oxides and 
semiconductors are insufficient to shift this region below near-infrared wavelengths18, 26. To 
date, achieving ENZ metamaterials at visible frequencies has relied on the fabrication of 
resonant subwavelength arrays27 and structured alternate layers.23 These top-down 
approaches impose limitations on materials and fabrication techniques, restricting the 
practical application of visible spectrum ENZ metamaterials. The engineering of disordered 
materials displaying ENZ properties at visible wavelengths bears significant potential for 
numerous optoelectronic applications, including wavefront shaping28 and light tunnelling.29 
 
Here, we report the design and engineering of non-periodic ENZ metamaterials at visible 
wavelengths by large-scale self-assembly of sodium tungsten bronze (NaxWO3) nanocrystals. 
We demonstrate a first use of these ENZ metamaterials by fabrication of efficient optical 
sensors relying on a novel non-resonant sensing mechanism. These metamaterials 
demonstrate sensitivity as high as 150 nm/RIU for the detection of local refractive index 
variations. Our simulations and experiments reveal that this behaviour is largely insensitive to 
structural parameters such as nanostructure size, shape and distribution. Combined ab-initio 
and FDTD simulations of the NaxWO3 optoelectronic properties show a metal-to-insulator 
(MIT) transition, which is responsible for the minimization of the scattering cross-section and 
ENZ regime at visible wavelengths. We believe that these novel insights provide guidelines 
for the engineering of a family of optical ENZ materials with applications extending from 
sensing to photo-electrochemistry, non-linear photonics and optical cloaking. 



Results and Discussion 
Sodium tungsten bronze is an inorganic non-stoichiometric compound with a perovskite 
ABO3 crystal structure (see Supplementary Information S1). It features extreme tuneability of 
its electronic band structure displaying a transition from insulator to conductor with varying 
Na content30. Recently, engineering of NaxWO3 structure has enabled to impart 
superconductivity31, near-infrared absorption32, photocatalytic33, thermoelectric34 and 
plasmonic properties35-37. While a range of routes have been proposed for the synthesis of 
NaxWO3,32, 38 39

 they mostly result in  a broad size distribution of micrometre-scaleparticles, 
limiting the control on the optical properties (e.g. light scattering) of the resulting NaxWO3 
films. 

 
Here, we report the engineering of nanostructured NaxWO3 metamaterials with tuneable 
optolectronic properties by a rapid two-step approach. First, we synthesize a continuous 
aerosol of Na-doped WO3 nanoparticles (with atomic Na/W ratio from 0 to 1) by flame spray 
combustion to achieve a direct self-assembly of these matarials onto quartz substrates, as 
shown in Figure 1a. This results in a ultraporous nanoparticle network (Figure 1c) with a 
thickness of ~5.1 µm. The latter thickness is independent of the Na amount (Na from 0 to 1) 
and show a similar hierarchical film porosity, charateristic of diffusion-limited aggregation40, 

41 (Figure S6) . 
 
In a second step, NaxWO3 nanocrystals are formed by intercalation of Na in the WO3 lattice 
during reduction of the as-deposited Na-doped WO3 films at 800 °C in N2 atmosphere with a 
5% H2 for 3 hours (Figure 1b). During the high temperature reduction, the porous Na-doped 
WO3 nanoparticle network structure undergoes significant densification, accompanied by the 
formation of larger crystals with increasing sodium content (Figure 1d and Supplementary 
S5). Increasing the Na/W ratio lattice from 0 to 1 also led to a change in the crystal symmetry 
from monoclinic to orthorhombic, tetragonal and finally cubic.30 This rich phase diagram is 
accompanied by a remarked colour change from black of the reduced WO3 to the goldenish of 
NaWO3 (Figure 2a) and are caused by a metal-to-insulator transition42 where a sodium 
doping fraction of x~0.25 sets the threshold of the MIT. This provides a facile, morphology-
independent, route to tune the NaxWO3 optoelectronic properties, as systematically shown by 
Tegg et al. in a series of theoretical analysis on this material.35-37 Direct characterization of 
the permittivity of the NaxWO3 samples as a function of the Na concentration of Na should be 
attempted in the future (e.g. by ellipsometry) to provide further insight on the ENZ tenability 
of this material. 
 
 
 



 
Figure 1. a) A hot aerosol of Na-doped WO3 nanoparticles is continuously generated by 
flame spray pyrolysis of sodium and tungsten precursor solutions. b) NaxWO3 nanocrystals 
are obtained in a subsequent reduction step at 800 °C with a reducing atmosphere of 5% H2 in 
N2. c-d) Scanning electron microscope (SEM) micrographs of as-deposited Na-doped WO3 
(Na/W ratio of 1) before and after the thermal reduction process. 
 
To provide further insights on the optoelectronic properties of these NaxWO3 nanocrystals, 
we performed first-principle ab initio simulations on the two case limit, namely a Na/W ratio 
of 0 (pure WO3), representing the most semiconducting state, and of 1 (NaWO3), representing 
the most metallic state. Figure 2b-c and Figure 2d-e show the computed band structure for a 
cubic Brillouin zone and the density of states (DOS) between -10 < Fermi Energy (EF) < +10 
eV for these Na/W ratio, respectively. Qualitatively, the overall electronic band structure and 
DOS are similar for both Na/W ratios. Their valence band structure is comprised of O 2p 
orbitals, while their conduction band is formed by W 5d and O 2p hybrids, in line with 
previous theoretical studies35, 43. The main difference between the WO3 and NaWO3 is related 
to the position of their Fermi energy, EF. As the Na donates its 3s electrons to the W 5d 
orbitals, EF rises with increasing Na content, intersecting the conduction band for a Na//W 
ratio > 0.25,  which results in a metallic behaviour44.  
 
The computed band diagrams provide information about the electronic transition and 
resulting optical properties.10 In particular, in every metallic system (NaxWO3 with x > 0.25), 
the interband transitions between valence and conduction bands have energies within the 
range ~ 3-8 eV that are well above the visible range. In contrast, the free carrier contribution 
(intraband transitions) to the imaginary part of the dielectric function falls in the visible 
spectrum with energy in the range of ~1-3 eV.  

 
Figure 3a shows the results of electron energy loss spectroscopy (EELS) measurements of the 
NaxWO3 metamaterials, with increasing Na/W ratio from 0.2 to 1. A strong peak at 0 eV is 
attributed to the zero-loss energy and is intrinsic of EELS measurements. Consistent with the 
theoretical transition energies, the broad peak associated to the discussed interband 
contributions (Figure 3a, light yellow box) becomes visible at around ~3 eV and gets more 
pronounced at ~4 eV. Increasing the Na/W ratio, and thus metallicity, increases the 
interband-peak width. A strong loss due to the intraband transitions is present at around 2 eV 
for any Na/W ratio equal or above 0.4 (Figure 3a, light blue region), further confirming that a 
metallic material behaviour above the MIT Na threshold ratio. The 2 eV characteristic peak is 
absent for lower Na concentration, indicating a semiconductor behaviour35, 45.  



 

 
Figure 2. a) Optical images of NaxWO3 metamaterials as a function of the Na/W ratio 
from 0 to 1. b-e) Computed band structure and density of the states for the representative 
semiconductor (b,c) WO3 and metallic (d,e) NaWO3 systems.  

 
A set of complementary characterization was pursued to confirm the MIT transition threshold 
and evolution of the NaxWO3 structural and optoelectronic properties (see also 
Supplementary Information S2-S6). X-ray powder diffraction (XRD) measurements show 
that reduction of the pure WO3 nanoparticle networks leads to formation of WO2 (Figure 3b). 
Increasing Na/W ratio decreases the WO2 peak intensity and show the formation of an 
increasing amount of NaxWO3 phase with space group Pm-3m. At Na/W ratio above 0.4, a 
pure NaxWO3 phase is obtained with no trace of WO2 crystals. Further characterization on the 
crystallinity and uniformity is shown in Supplementary Information S2 and S3. These results 
indicate that the Na ions intercalate in the WO3 lattice during the reduction, leading to the 
formation of a stable, and eventually pure NaxWO3 phase. 
 
Figure 3c shows UV-Vis transmittance as a function of the Na/W ratio. Sodium ratios below 
0.4 display a low and flat transmittance across the whole visible spectrum, attributed to the 
small bandgap (~0.6 eV) of the WO2.

33 At a Na/W ratio of 0.4, a broad transmittance peak 
appears in the wavelength range of 450 - 650 nm, further indicating that a MIT transition is 
obtained at this threshold sodium content. Increasing the Na/W ratio above 0.4 increases and 
sharpens this transmittance peak. Notably, a Na/W ratio of 0.6 (Na0.6WO3) leads to the 



highest transmittance band and quality factor, making it a promising candidate for use in 
optical sensing. 

 
Figure 3. a) EELS measurements of the NaxWO3 metamaterials as a function of the Na/W 
ratio, showing contributions of intraband (light blue region) and interband (light yellow 
region) transitions. b-c) XRD patterns and UV-Vis transmittance measurements of the 
NaxWO3 metamaterials at the same Na/W ratios. d-e) Real (ε’) and imaginary part (ε”) of the 
permittivity and refractive index (n,k) for Na0.6WO3, respectively, taken from Ref 46. The 
dotted line in panel d represents the ENZ condition. 

 
Figure 3d shows the real and imaginary component of the permittivity (ε’ and ε”) for 
Na0.6WO3. At this Na/W ratio, ε’ vanishes at ~2.1 eV (~ 590 nm) demonstrating an epsilon-
near-zero window in this spectral range. As the causality condition forbids the possibility to 
have lossless and negative permittivity simultaneously in any dispersive material,47 the 
imaginary part ε” is close to zero (< 0.5) indicating low losses within this energy region. By 
using the known square-root relationship, we computed the refractive index components for 
Na0.6WO3 (Figure 3e). The imaginary part, k, of the refractive index shows intraband losses 
arising from free-electrons –predominantly at high wavelengths– and from interband 
transitions –predominantly at low wavelengths– while between 400 to 600 nm, k is always 
less than unity, corroborating the low-loss behaviour. Interestingly, at ~515 nm, Na0.6WO3 
shows a real part of the refractive index close to the unity; this wavelength matches well the 
transmission peak wavelength (Figure 3c), indicating that the transmission maximum results 
from a matched effective permittivity of the metamaterial to the surrounding environment. 
To gain further insights into the interaction of these NaxWO3 metamaterials with light, we 
have performed a set of finite-difference time domain approach (FDTD) simulations (see 



Methods in Supplementary Information). Figure 4a shows the electric field enhancement 
(E/E0) on a vertical cross-sectional plane through the middle of the cube as a function of 
wavelength. At wavelengths of ca. 300 nm, a first enhancement attributed to interband 
transitions is observed within the cube bulk. Interestingly, in a broad range of frequencies, 
between ~450 and 600 nm, the electric field enhancement has a constant spatial field 
distribution in the medium. Figure 4b shows a y-z cross-section of the cube at a wavelength 
of 523 nm, which shows a unitary field-enhancement indicating that the Na0.6WO3 cube is 
essentially invisible at these wavelengths due to impedance matching with the surrounding 
medium. At wavelengths above 600 nm, the near-field is increasingly enhanced. The E/E0 
reaches its peak values in the NIR range at the interfaces of the cube with the air and 
substrate. This is attributed to the light absorption by free carriers and the excitation of 
localized surface plasmon polaritons48. 
 
Figure 4 c-e shows computed scattering cross-sections, σscatt, for different morphologies, 
including cubic, spherical and hexagonal polygons. The σscatt is determined by two major 
bands, one in the high energy region (200-400 nm) which corresponds to the absorption due 
to the interband transitions at the plasma frequency and a second one above ~700 nm which 
corresponds to the excitation of free carriers by intraband transition49. Remarkably, the 
scattering minimum at λ~520 nm, arising from a refractive index close to 1, is almost entirely 
independent of the geometry and particle size.  
 



 
Figure 4. a) Chromatic map showing the electric field enhancement (E/E0) as a function of 
the wavelength for a Na0.6WO3 cube with a 100 nm edge placed between -70 < z < +30 
delimited by the white dotted line and taken at the edge of the cube (dotted red line in the 
inset) b) Orthogonal cross-section image of the y-z plane showing the unitary field 
enhancement at a wavelength of 523 nm. c-e) Scattering cross-section for Na0.6WO3 
crystals having different shapes (cubic, spherical and hexagonal polygon, respectively) and 
dimensions, ranging from 50 to 200 nm. f) Normalized transmittance measurements of the 
Na0.6WO3 metamaterials with increasing environment refractive indexes (RI). g) Computed 
scattering cross-section for a Na0.6WO3 crystal as a function of the environment RIh) 
Experimental and computed cross-over wavelength blueshift as a function of the 
environment RI.  

 
We demonstrate the use of the relatively inert, in terms of intra- and inter-band transitions, 
region of the NaxWO3 metamaterials to develop a non-resonant sensing approach. Notably, 
we observed that, by exposing the Na0.6WO3 metamaterials to environments having an 
increasing refractive index (nenv), the transmittance peak blueshifts toward smaller 
wavelengths (Figure 4f). Specifically, increasing the refracting index from air (~1) to toluene 
(1.49) the transmittance peak maximum blueshifts by about 100 nm, from ~510 nm to ~420 
nm. This corresponds to a large refractive index sensitivity of 150 nm/RIU. This novel 



sensing mechanism provide an interesting alternative for monitoring refractive index changes 
with high sensitivity. Indeed, our device compares favourably against other label-free 
nanoparticle-based plasmonic50and dielectric sensing platforms51, as well as against slot- 
waveguide RI sensors52 and 2D photonic crystals. For instance, our device shows a threefold 
enhancement with respect to the sensitivity (~50 nm/RIU) of plasmonic Au nanospheres53 
and more than the double of silver-coated optical fiber plasmonic sensors.54 While other 
platforms have achieved higher performances55, they often require challenging geometrical 
optimization strategies or time-consuming functionalization processes. In contrast, the facile 
synthesis process and the structure-independent sensing mechanism of our NaxWO3 
metamaterials could be favourable in contexts where cost and scalability are important. 
 
To gain insights on this sensing mechanism, we have computed the scattering cross-section of 
Na0.6WO3 crystals as a function of the environment refractive index (Figure 4g). Increasing 
the surrounding refractive index of the medium from 1 to 1.49, decreases the Na0.6WO3 
scattering in the UV region. While the computed NIR plasmonic resonance red-shifts with 
increasing nenv, the wavelength where the scattering cross-section is minimized blue-shifts 
(Figure 4h, red circles). This trend is in very good agreement with the experimental 
measurements revealing a blueshift of the transmission peak maximum with increasing 
refractive index (Figure 4h, grey squares). 
 
We provide an explanation of this interesting phenomenon proposing a refractive index 
matching mechanism. Within the Mie scattering theory, the wavelength where the 
transmission is maximum, and where the scattering is lowest, corresponds to the wavelength, 
where the refractive index of the Na0.6WO3 crystal is equal to the real part of the refractive 
index of the environment, resulting in a matching condition. Considering that the real part of 
the Na0.6WO3 refractive index (n) increases from 1 to 1.49 with decreasing wavelength from 
527 to 462 nm (Figure 3e), the index-matching condition shifts to shorter wavelengths when 
the surrounding refractive index increases (Figure 4h, triangles). This matching condition is 
in agreement with the computed blueshift of the scattering cross-section as a function of 
environment refractive index (Figure 4h, circles) and shows a good consistency with the 
measured blueshift (Figure 4h, square). To the best of our knowledge, this is the first 
demonstration of non-resonant, size- and shape- independent refractive index matching based 
on impedance matching. 

Conclusions 
We presented the engineering of epsilon-near-zero NaxWO3 metamaterials with tuneable 
optoelectronic properties by the large-scale self-assembly and reduction of flame-made Nax-
WO3 nanoparticles. We exploited the intercalation Na in the WO3 lattices to induce a metal-
to-insulator transition, resulting in epsilon-near-zero properties at visible wavelengths. Our 
first principle and FTDT simulations, and experimental characterizations indicate a structural 
independent ENZ region at visible wavelengths, providing a robust and facile mean for the 
preparation of tailored ENZ materials. We explore the use of these non-periodic NaxWO3 
metamaterials for optical sensing, demonstrating a non-resonant sensing mechanism based on 
the refractive index matching, with sensitivities as high as 150 nm/RIU. This is a threefold 
enhancement with respect to the sensitivity of plasmonic Au nanospheres, while 
simultaneously drastically reducing radiation losses. We believe that these novel insights and 
the unique properties of these tuneable NaxWO3 metamaterials provide a promising family of 
optical materials for the engineering of optoelectronic devices with application extending 
from sensing and light harvesting to photocatalysis and optical clocking. 
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