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Abstract 

 Advances in the understanding and fabrication of plasmonic metal nanostructures have paved the way towards a 

plethora of unprecedented optoelectronic and optochemical applications. In particular, nano-confined plasmon 

resonance has found widespread use as efficient optical transducers of local refractive index changes in liquids, 

leading to highly specific biomolecular sensors with sensitivity reaching the single molecule limit. However, it has 

proven challenging to translate these achievements to the selective detection of gases, which typically adsorb in an 

unspecific manner and induces refractive index changes below the detection limit. Here, we show that integration of 

tailored fractals of dielectric TiO2 nanoparticles on a resonant plasmonic metasurface strongly enhances the 

interaction between the plasmonic field and volatile organic molecules and provides a means for their selective 

detection. Notably, this superior optical response is due to the unexpected enhancement of the interaction between 

the dielectric fractals and the plasmonic metasurface for thickness of up to 1.8 μm, much higher than the spatial 

extension of the plasmonic near-field (~30 nm). Optimal dielectric-plasmonic structures allow measurements of 

changes in the refractive index of the gas mixture down to <8x10-6
 at room temperature and selective identification 

of three exemplary volatile organic compounds, acetone, toluene and ethanol. These findings provide a basis for the 

development of a novel family of dielectric-plasmonic materials with application extending from light harvesting 

and photocatalysts to contactless sensors for non-invasive medical diagnostics.  
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Introduction 

Localized surface plasmon resonance (LSPR) is being increasingly used as a powerful mechanism for the 

optical sensing of important chemical and biological compounds in liquid environments. In LSPR devices, the 

change in the resonant collective oscillations of free electrons of metal nanostructures, such as gold, silver, 

copper and aluminium, are used as transducer for changes in the refractive index of their surrounding[1]. The 

high local sensitivity of this sensing mechanism arise from the strongly evanescent field, which decays within 

the first 6-30 nm[2-6] from the nanoparticles surface. As a result, LSPR sensors can easily detect very low 

concentrations of chemicals and biomolecules[7-13], which are mainly concentrated near the metal surface 

where the plasmonic fields are strongest. Application of LSPR to the rapidly growing area of gas molecule 

sensing has proven difficult, due to their lack of sensibility toward small refractive index changes, induced by 

most volatile compounds, and the challenge to discern between the optical responses to different analytes. For 

instance, application of LSPR to non-invasive medical diagnostics via breath analysis would require detection 

of down to particle per million concentrations of specific volatile organic compounds, corresponding to 

variations of less <10-5 in refractive index, in complex gas mixtures[14]. 

A variety of metal nanostructures and morphologies have been proposed to improve the LSPR sensing 

performances[15-23]. Liu et al. has shown that the gas-phase sensitivity toward H2 can be improved via the 

utilization of nanoscale layout comprising of a palladium nanodisk absorption layer and a gold nanoantenna[24]. 

Bingham et al.[25] has demonstrated a high-resolution (HR)-LSPR spectroscopy system with silver 

nanoparticles able to detect bulk refractive index changes as small as 3x10-4 measuring a plasmonic shift of 

0.048 nm for switching from pure He to Ar. Integration of catalytic reactive layers on LSPR systems has been 

pursued by numerous approaches such as sputtering, electron-beam deposition and sol-gel[26-29]. Contrary to 

the direct LSPR sensing, in these systems the metal nanoparticles act as a reactive surface for interaction with 

the gas molecules, resulting in a variation in the optical properties of the catalytic material via charge-transfer 

processes at relatively high temperatures[26, 30, 31]. Alternatively, integration of two-dimensional materials 

has been achieved mainly for surface enhanced Raman spectroscopy demonstrating the enhancement of the 

electric field without suppressing its propagation[32, 33].  

As an alternative approach integration of dielectric materials on resonant metal nanostructures is being 

investigated as a means to optimally couple plasmonic and photonic materials[34, 35]. Although several 

different methods have been developed to integrate metallic nanoparticles into periodic dielectric structures[36] 

or embedding them in porous dielectric materials[37], amplification of the optical sensing properties of these 

devices is still insufficient, due to the low dielectric contrast and degree of order[37]. Furthermore, a facile and 

controllable strategy for the large-scale production of well performing dielectric-metal LSPR sensors is lacking. 

In this context, integration of intrinsically scale-invariant fractals made of wide bandgap semiconductors [38, 

39] could provide a well-controlled and scalable approach to investigate the potential of LSPR-dielectric device 

for sensing of gas molecules.  

Here, we use dielectric fractals of TiO2 nanoclusters, with a fractal dimension of 1.8, to enhance the optical 

response of efficient plasmonic substrates (Figure 1a) to small variations in the refractive index of gas mixtures, 

achieving the detection of low concentrations of volatile organic compounds and providing an approach for 

their identification. Self-assembly of 98% porous TiO2 nanostructured fractals with controlled thickness from 

0.7 to 2.9 μm on Au nanodisks surfaces was obtained by scalable and well-reproducible nanoparticle aerosol 

deposition (Figure 1b-c and Supplementary Information, S1-S4). An SEM analysis of the multi-layer TiO2-Au 

structure is shown in Supplementary Information S7. The low effective refractive index of these nanostructured 

TiO2 fractals minimizes the attenuation of the optical signal (Figure 1d and Supplementary Information, S6), 



while providing a large surface area for the anchoring of the gas molecules and their interaction with the 

plasmonic field. We observe that an optimal fractal thickness of 1.8 m increases the shift of the plasmonic 

resonance by a fivefold and increases the detection limit of from 4% of the bare metasurfaces to 0.1 vol% of 

three test VOCs. Simulation of the interaction of the plasmonic field with the dielectric fractals indicate an 

enhancement of the electric field in the proximity of the TiO2 nanoparticles as well as an increase of the sensing 

volume beyond the plasmonic sensing thickness of 30 nm. We use the temperature dependence of the VOCs 

adsorption equilibrium on the TiO2 fractals to identify and distinguish between three common VOCs, namely 

acetone, toluene and ethanol, providing an approach for future engineering of selective gas-phase LSPR 

sensors. 

Figure 1 

| Dielectric fractals-plasmonic LSPR sensors. a, Simplified schematic of the fractal TiO2-Au nanodisks layout 

emphasizing the morphology of a single TiO2 fractal (not in scale). The real devices consist of multiple TiO2 fractals 

deposited both on the Au nanodisks and on the surrounding glass surface (Figure S7) b, Cross-section image in tilted view 

of a Au nanodisks metasurface with an in-plane diameter of 100 nm and a thickness of 40 nm. c, Cross-section SEM 

image of the engineered TiO2 dielectric fractals with a porosity of 98% and a thickness of 1.8 μm. d, Optical 

characterization of the dielectric fractals-plasmonic sensors as a function of the TiO2 thicknesses. Integration of these 

highly porous TiO2 fractals on the Au metasurface does not affect the LSPR peak position up to a thickness of more than 

2.9 m. 

Results and Discussion 

Large-scale resonant Au substrates with monomers having an in-plane diameter ranging from 60 to 150 nm 

were obtained through hole-mask colloidal lithography (HCL) (see Methods and Supplementary Information 

S1-S2). Since the dimensions of the gold particles and the nearest neighbour distances are both subwavelength, 

the particles surface behaves optically as a homogeneous film (i.e. no higher diffractive orders and very diffuse 

scattering), which is commonly, and here, referred to as a metasurface. The fractals were directly self-

assembled on the Au metasurfaces via direct deposition of flame-made TiO2 nanoparticle aerosols in the 

diffusion regime. The fractal nature of these layers arises from the stochastic nature of the nanoparticle aerosol 

deposition process, where since the early stage the structures begin to ramify[40-42]. This leads to a highly 

porous and uniform fractals with tunable thickness and identical primary particle size and composition[38]. A 

peculiar characteristic of the presented fractals is their stocastic self-similarity for all thickness implemented 

here. In fact, upon a distance of three particle diameter from the surface, equivalent to ca. 20-30 nm here, the 

nanoparticle aerosol deposition leads to three-dimensionally disorganized structures composed of surface-bond 

agglomerates having scale-invariant features[41]. Notably, in the diffusion regime, the self-assembly of the 

nanoparticle aerosols on the surface leads to an average film porosity of ca. 98%[43]. The high porosity and 



surface area of these fractals provide a unique opportunity for the efficient trapping of gas molecules and 

possibly to increase the effective change in refractive index for LSPR sensing.  

Figure 2a shows the generated fractal from the pixel distribution of a representative scanning electron 

microscope (SEM) image of a 1.8 μm thick TiO2 film on a plasmonic metasurface. Two key parameters to 

defining the fractal space are the fractal dimension and lacunarity. The fractal dimension, Df, is a dimensionless 

number, which measures the degree of complexity of a system providing the likelihood that an object is 

invariant at different scales. It can be computed evaluated by applying the following fractal power law[44-46]: 𝑁 = 𝑘0 (𝑅𝑔𝑟 )𝐷𝑓
           (1) 

where N is the number of monomers with radius r, which is proportional to the mass of the system, Rg is the 

gyration radius, i.e. a spatial distribution of mass in the aggregate, and k0 is a constant prefactor of the order of 

unity. By estimating Rg/r with the number of pixel (), Figure 2b visualizes the Df of the TiO2 fractals as the 

slope of the ln(N) versus ln() plot, which results in a Df of 1.75. This is in agreement with recent reports on the 

Df of fractals generated by Brownian’s collision of nanoparticle aerosols[47-49], confirming the diffusion-

limited cluster-cluster aggregation as the driving mechanism for the film self-assembly[49, 50]. 

 

Figure 2 | Characterization of the dielectric TiO2 fractals. a, Top-view SEM image of a dielectric film made of 

TiO2 fractals with an average thickness of 1.8 μm. The inset shows the fractal generated from the pixel analysis. b, 

Double-log plot of the foreground pixel number as a function of the scaling factor. The slope of the curve provides the 

fractal dimension (Df = 1.75). c, Lacunarity as evaluated by the pixel distribution of the image. The lacunarity is a 



parameter which quantifies the fractal morphological inhomogeneity and shows a maximum inhomogeneity in the range 

of 150-200 nm. Note that the pixel size is 6.25 nm. Hence, length (nm) = ε (pixel) × 6.25 (nm per pixel).d, Normalized 

Raman spectra of the thinnest and thickest fractals on the Au metasurfaces indicating the formation of an anatase TiO2 

phase. 

The lacunarity, Λ, quantifies the fractal morphological inhomogeneity. It represents the heterogeneity and the 

textures of a fractal indicating how the fractal space is filled with gaps: the higher the lacunarity the lower the 

homogeneity. Here, the mean Λ has been evaluated from the mean, μ, and the variance, 𝜎2, of the foreground 

pixels in the image (Figure 2a, and Supplementary Information, S7). Notably, the plot of the lacunarity versus 

the analysed box length (Figure 2c) shows a peak indicating a maximum level of inhomogeneity in the range of 

150 nm – 200 nm. This provides an estimate of the maximum anisotropy achieved during cluster-cluster 

coagulation in the aerosol, and indicates a value for the radius of gyration. From the fractal interpretation of the 

dielectric TiO2 is possible to indirectly estimate the specific surface area (SSA) and the porosity (see 

Supplementary Information, S7). Notably, these values are in good agreement with the experimental results 

obtained from the BET measurements of TiO2 nanoparticles collected from the flame-made aerosols with 

backhouse filters. The isotherms of nitrogen adsorption and desorption of these particles reveal a BET surface 

area of 126 m2/g (Supplementary Information, S4), in good agreement with previous studies of flame-made 

anatase TiO2 nanoparticles made in similar conditions[51, 52].  The corresponding BET particle diameter 

assuming a spherical particle shape (see Supplementary Information S4) is 11.2 nm, and thus in good 

agreement with the particle size distribution and mean particle size of 10.58 nm computed from the TEM 

measurements (Figure S5). The average TiO2 film porosity was computed by gravimetric and cross-sectional 

SEM analysis revealing an average porosity of ~98%, in excellent agreement with previous theoretical[40] and 

experimental studies[53]. These high SSA and porosity are a key factor for promoting a deep and reversible 

diffusion of the gas molecules in the dielectric fractal film, enhancing the effective change in refractive index 

interacting with the plasmonic metasurfaces. 

Raman spectroscopy was performed to confirm the fractal composition as a function of the film thickness 

confirming a pure anatase TiO2 composition. The TEM characterization reveals a mostly spherical particle 

shape and a highly crystalline composition of the primary particles (Fig. S4a-c), in line with previous studies on 

flame-made TiO2[38]. The particle size distribution (Fig. S4d) was evaluated from the TEM images counting 

218 primary particles, and revealed a typical gaussian-shaped unimodal distribution with a was carried out to 

evaluate the particle size distribution; in particular the mean particles diameter, dp, of 10.58 nm a geometric 

standard deviation of 1.32. Figure 2d (and Supplementary Information, S4) shows the characteristic active 

Raman modes of anatase TiO2 for both the thinnest and thickest film. This is in line with previous reports on 

the flame synthesis and aerosol deposition of TiO2 films[54] indicating a successful fabrication of TiO2 fractal 

films with identical composition from an average thickness of 0.7 to 2.9 m.  

Figure 3 summarizes the use of the dielectric fractal-LSPR sensors for the measurement of ethanol, a standard 

test volatile organic compound, in air at room temperature. Figures 3a,b show the characteristic extinction 

spectra of a bare and a TiO2 fractal-enhanced Au metasurface in air and upon injection of 4 vol% of EtOH gas. 

The change in the dielectric environment from air (n = 1.000292) to 4 vol% ethanol (n = 1.000878), 

corresponds to a refractive index change of the gas mixture of (Δn) 2.3 x 10-5. Notably, while the increase in 

refractive index always induces a redshift of the plasmonic resonance, the fractal-enhanced Au metasurface 

shows a five times higher increase in the plasmonic shift than the bare one, resulting in a variation of 3.6 nm in 

the peak position. Figure 3c shows the peak position of a representative fractal-enhanced Au metasurface 

during several cycles of ethanol on/off switching in air. These devices promptly responds to multiple injections 

of 4 vol% of EtOH in air at room temperature showing good reproducibility with a cycle-to-cycle and batch-to-



batch variation of the LSPR shift of below 5% (see Supplementary Information S8). Upon gas purging, the 

device readily reacts to the local refractive index change showing a fast response and recovery time, both of the 

order of 10 s. This fast response dynamics is attributed the 98% porosity, which enables a facile and reversible 

adsorption of the gas molecules in the whole fractal film.  

Optimization of the interaction of the dielectric fractal structure with the plasmonic metasurfaces for LSPR 

sensing of VOCs was pursued as a function of the Au nanodisks diameters and TiO2 fractal average thickness. 

First, the LSPR response of different Au nanodisks arrays with a diameter from 60 to 150 nm, coated with a 

fixed TiO2 fractal thickness of 1.8 μm, to cycles of synthetic air and 4 vol% EtOH at room temperature was 

investigated. Figure 3d summarizes the results in terms of plasmonic shift and extinction difference. Relevant 

simulation results can be found in Figure S9. It was found that the strongest coupling between the Au 

metasurface and the dielectric fractals is obtained with the 100 nm Au array, resulting in the maximum LSPR 

peak shift. Figure 3e shows the plasmonic shift and extinction difference as a function of the thickness of the 

TiO2 fractals from 0 to ca. 3 m on the optimal 100 nm Au disks metasurfaces. Notably, while both the 

plasmonic shift and extinction were increased for any TiO2 thicknesses, an optimal fractal thickness of 1.8 μm 
was observed.  Despite this fractal thickness is significantly larger than the 30 nm LSPR electromagnetic field 

decay length[5], it still resulted in an increase of the overall LSPR sensitivity. 

 

Figure 3 | Dielectric fractal-enhanced LSPR sensing of gas molecules. a, The extinction spectra in air for the 

bare 100 nm diameter Au shows a small shift upon 4 vol% EtOH injection at room temperature. b, The plasmonic shift is 

enhanced when a 1.8 μm-thick TiO2 fractal film is deposited on the same Au metasurfaces. c, Dynamic response of the 

resonance peak position of a 1.8 μm-thick TiO2 fractal film on the 100 nm Au disk array to different cycles of air/EtOH 

with a concentration of 4 % vol at room temperature. d, Plasmonic shift and extinction difference of 1.8 μm-thick TiO2 

layer as a function of the Au disk diameter with 4% EtOH in air at room temperature. e, The optimized 100 nm disk array 

has been chosen to analyse the effect of TiO2 layer: plasmonic shift and extinction difference were recorded as a function 

of the layer thickness, showing optimum coupling for 1.8 μm-thick layer f, Limit of detection for the optimized sample as 

a function of the change in the gas-phase refractive index shows very high sensitivity to the local environment. Note the 

logarithmic scale on the x-axis. 



The lower limit of detection of these fractal-enhanced Au metasurfaces LSPR sensors was investigated 

decreasing the ethanol concentration from 4 to 0.1 vol%. Figure 3f summarizes the changes in plasmonic shift 

and extinction difference as a function of the change in refractive index of the gas mixture. Notably, the fractal-

LSPR coupling allowed to discern changes in the refractive index of the gas mixture down to less than 10-5 at 

room temperature. A linear fit of the Δλ vs Δn plot, provides a sensitivity (slope of the curve) of 137345 

nm/RIU (see Supplementary Information, S8). In comparison, the bare Au metasurfaces had a reliable lower 

limit of detection of 4 vol% (See Supplementary Information, S10). With respect to recent high performing 

LSRP sensors for detection of gas molecules, the sensitivity, reported here, for the fractal-enhanced dielectric 

structures is about 4-8 times higher[25, 55]. 

The enhancement is due to a twofold reason: first, the fractal system presents a large surface-to-volume ratio 

which increases the condensation probability of the volatile gases for the hybrid systems. At the same time it is 

observed an extension of the effective sensing volume to several hundreds of nanometers. The first one is 

suggested by the Figure 3e: clearly, the sensitivity increases up to a certain thickness. Afterwards, it decreases 

due to difficulty for the volatile gas to penetrate inside the fractal dielectric and diffuse to the active sensing 

region.  

To gain insight on the second mechanism for the fractal-enhanced LSPR devices, we performed a set of 

electrodynamic simulations using finite-difference time-domain (FDTD) technique at room temperature (See 

also Supplementary Information, S9). The enhancement of the electrodynamic field (E) with respect to the 

incident plane wave (E0) above the Au metasurface, was analysed for a range of dielectric fractals with 

representative structural properties (TiO2 nanoparticles of 10 nm) and compared to the bare Au nanodisks. 

Figure 4a shows a schematic of the bare Au disk layout with a diameter of 100 nm. For the latter, the electric 

field shows a dipolar enhancement, characteristic of plasmonic structures (Figure 4b,c). Figure 4d shows the 

extension of the field orthogonally to the Au disk circumferential plane. A typical exponential decay of the 

|E/E0|2 field was observed with a confinement in the first 17 nm above the Au surface.  

As a model comparative structure, we analysed the field behaviour with two fractals having the lowest possible 

fractal dimension of Df = 1, which is equivalent to a TiO2 nanoparticle chain with 10 nm of diameter, separated 

by a 3 nm gap orthogonally aligned on top of the 100 nm diameter Au disk (Figure 4e). The two TiO2 fractals 

with a Df = 1, have been investigated as an idealistic (case-limiting) situation for the smallest possible fractal 

dimension. For this purpose, different spacing between the two chains of TiO2 monomers have been 

investigated (Supplementary Information S9). It was found that a gap value of 3 nm shows a slightly higher 

enhancement. This is attributed to the sub-wavelength regime of the dielectric TiO2 nanoparticles, where the 

separation is small in comparison to the excited plasmonic field. We observed that the field bends inside the 

straight fractal chains (Figure 4f), resulting in a maximum amplification and propagation of the field between 

the chains’ gap and increasing the sensing volume. Figure 4g shows the |E/E0|2 in the gap between the TiO2 

chains as a function of the orthogonal distance from the Au disk circumferential plane. Notably, within the gap 

the field does not decay with the first 17 nm as per the bare Au, but retains a 4-times increase in the |E/E0|2 

amplification up to the end of the fractals structure at 400 nm above the Au surface. The TiO2 chains cause an 

increase of the electric field both within the first 30 nm and at longer distances. Immediately above the Au 

surface, the amplitude drastically increases, showing a series of local electric field maxima corresponding to the 

closest point between the TiO2 nanoparticles. Above 100 nm, due to the repetitive TiO2 geometry, the gap 

intensity shows a periodic wavelike pattern along the length of the chains, with an average 4-times intensity 

increase with respect to the incident plane wave.  



Figure 4h shows the change in |E/E0|2 switching the environment from pure air to 4 vol% of EtOH, and it 

indicates a similar pattern but a slight decrease in the field intensity (Figure 4g-h). This effect was also analysed 

from a far-field perspective via evaluation of the extinction cross-section. Interestingly, in air the electric field 

intensity is always higher with respect to the presence of the analyte: the increase in the refractive due to the gas 

causes a decrease in intensity.  Notably, this decrease in field energy is reflected in a shift of the LSPR peak to 

longer wavelength (Figure 4i), in agreement with the experimental measurements. The results obtained with 

these model TiO2 chains, having a Df = 1, show the contribution of the dielectric fractals in increasing the 

effective increase sensing volume.  

Next, we extended our simulations to a more realistic TiO2 fractal-Au disk system. The latter consisted of a 

fractal cluster with Df = 1.8 deposited on a 100 nm-diameter Au nanodisk (Figure 4l). The dielectric cluster was 

obtained from particle dynamic simulation of nanoparticle aerosol self-assembly in the diffusion regime, as 

described in detail elsewhere[41], and is a representative morphology for the TiO2 fractals used here[56, 57]. 

Figure 4m shows the electric field in a vertical cross-sectional plane to the Au disk circumference, while 

Figures 4n,o show the parallel cross-sections at 20 nm and 200 nm above the Au disk. The latter provide a 

direct comparison with the bare Au (Figure 4c), indicating an enhancement of the electric field also inside this 

more realistic fractal cluster.  

For the FDTD simulation with the two straight chains of fractal having a fractal dimension (Df) of 1, it has been 

observed that the strongest field enhancement is observed between the two chains once the distance between the 

chains is 3 nm. This could not be confirmed for the most realistic FDTD simulation with a fractal dimension of 

1.8, as in these disordered structures there is a broad range of inter-particle spacing. 

The low fractal dimension of the TiO2 nanostructures provides a very porous, high refractive index layer above 

the Au disks. This enables the redistribution of the dipolar plasmonic field, which tends to be pulled toward the 

high refractive index TiO2 layer[19]. The TiO2 surface is also the location of the strongest interaction and 

presence of the gas molecules  (e.g. where the condensation may occur for the VOCs). Thus, this porous TiO2 

layer morphology may promote an enhancement of the optical sensor response via confinement and 

enhancement of the field between the TiO2 high index fractal structures. More analysis of field enhancement 

can be seen in Fig. S9. To further investigate the fractal morphology, we have simulated and compared three 

more TiO2 morphologies (Figure S10): (i) a denser fractal structure with a fractal dimension of 2.1 (porosity of 

84%), which represents the (case-limiting) most dense morphology possible for ballistic deposition of 

nanoparticle aerosols; (ii) a randomly packed arrangement of the same TiO2 nanoparticles (with a porosity of 

36%); and a fully dense TiO2 film (porosity of 0%). The comparison between the two different fractals (Figure 

S10), shows a lower field enhancement - |E/E0|2 – at every distance from the gold disk for the more dense fractal 

(Df = 2.1) obtained by deposition in the ballistic regime. We believe that this is due to the lower porosity of the 

latter fractal that eventually reduces the penetration of the field through the TiO2 and prevents the condensation 

phenomena. A similar, but stronger decrease, of the field enhancement is observed for the randomly packed 

spheres morphology. For the completely dense TiO2 layer on the gold disks, it is observed a very small 

enhancement only at the edges of the film due to the dipolar behaviour of the plasmonic field. To further 

understand the impact of the porosity on the enhancement of the optical response, we have investigated the 

response to EtOH a denser TiO2 top layer (porosity of ca. 50%) deposited on the same Au nanodisks. The TiO2 

top layer was fabricated by drop-casting of a 0.03 M solution of the same flame-made TiO2 nanoparticles, that 

were collected from the aerosol through a backhouse glass fibre filters placed at 30 cm from the burner. The 

optical response of these samples to decreasing ethanol concentrations from 4 to 2 vol% in air at room 

temperature was measured (Figure S11).  We observed a lower limit of detection for EtOH of 3 vol%, with a 

maximum λLSPR shift for 4 vol% of ~1 nm. The latter performance is significantly worse than that of the highly 

porous fractal TiO2 deposited by aerosol deposition, which achieves a lower limit of detection for EtOH below 



0.1 vol% and a λLSPR shift for 4 vol% of ~3.6 nm. These simulations and experimental results further indicate 

that a highly porous morphology of TiO2 nanoparticles is beneficial in enhancing the plasmonic field and 

optical sensor response. While it cannot be excluded that a non-fractal TiO2 morphology having a similar (very 

high) porosity of 98% may provide a similar enhancement, such a structure may be hardly fabricated without 

using fractals. Furthermore, while other methods such aerogels may provide similar average porosities the 

fractal structure has the further advantage of providing a bimodal pore size distribution (Figure xx in the 

manuscript) with micrometer-large pores, which facilitates the penetration of the VOC molecules in the film, 

and a smaller more-packed mesoporous structures that provide a large surface area for adsorption of the VOC 

molecules.  

 

Figure 4 | Electrodynamic simulations of the fractal-enahnced LSPR sensors. a, Schematic model of a the 

simulated 100-nm Au nanodisk with the interacting plane wave. Cross-section (b) and top view at 20 nm from the top Au 

edge (c) of the enhancement of the dipolar electric field. d, Plasmonic field decay as a function of the distance from the 

disk for the bare disk. e, Schematic of the simulated simplified model consisting of two nanoparticles’ chains (Df = 1) of 

TiO2 with a particle radius of 5 nm separated by 3 nm and deposited onto the Au disk with an in-plane diameter of 100 

nm. f, Cross-section of the idealistic model showing an enhancement of the electric field in the gap between the chains. 



The electric field is bended and amplified in the proximity of the disk. g, |E/E0|2  enhancement in the gap between the 

TiO2 chains at the λLSPR as a function of the distance from the Au nanodisk simulated in air (blue line) and with 4% of 

EtOH (orange line) at room temperature. h, Magnification of g shows a regular pattern due to the TiO2 nanoparticles and 

the steep refractive index change. i, Simulated extinction cross-section for the idealistic model in air (blue line) and with 4 

vol% of EtOH (orange dashed line) at room temperature. l, Not in scale, the schematic of the simulated model of the Au 

disk with an in-plane diameter of 100 nm and a TiO2 cluster obtained from particle dynamic simulations with a realistic 

Df of 1.8 and particle size of 10 nm. Cross-section (m) and top-view images (n,o) at 20 and 200 nm from the Au disk, 

respectively, of the |E/E0|2 enhancement for the realistic fractal cluster model. The hybrid device shows high 

amplification of the field which is confined in the gap between of the nanoparticles.    

A key issue affecting the development of sensors, and in particular LSPR, for gas molecules measurement is the 

lack of selectivity against other gas molecules. The ability of a device to not only detect but also discern 

amongst different species is a highly desirable feature. Here, we take advantage of the molecular adsorption on 

the large and accessible fractal surface to identify the interacting VOC and achieve its selective sensing. At 

room temperature and standard humidity levels, there is a not-negligible amount of gas molecules from the 

surrounding environment that condensates on the nanostructured surface. In addition, photoadsorbed reactive 

species (e.g. O2
-, O2-) on the TiO2 surface (Fig. S12), which are formed under UV-Vis illumination, can 

participate to the weak interactions and adsorption process of the VOCs on the TiO2 surface (Supplementary 

Information S11). In particular, the interaction of EtOH with the TiO2 surface has been widely investigated for 

catalysts purposes. Different mechanisms have been proposed, and at room or low temperatures (< 200 °C) the 

main pathway implicates the adsorption of EtOH through a hydroxyl group [58-60]. The adsorption initially 

takes place thanks to the O-H bond cleavage and is surface-structure independent,[58] this leads to the 

formation of CH3CH2O and H species that promptly reacts with the active oxygen on the TiO2 surface.  

In the case of acetone, the interaction with the TiO2 surface is likely to involve the carbonyl group (C=O). 

Under UV-Vis light, this interaction can be triggered by several photoadsorbed oxygen reactive species (O-), or 

simply with the TiO2 lattice oxygens[61, 62]. 

In the case of toluene, an aromatic hydrocarbon, the adsorption on the TiO2 surface is configuration 

dependant[63], i.e. the orientation of the benzoic ring can affect the interaction with the TiO2. If the toluene 

molecule has the benzoic ring planar to the surface, it will likely bind through the hydroxyl groups[64]. If the 

ring is orthogonal to the TiO2 surface, the methyl group can dissociate and interact either with the lattice 

oxygen or photoadsorbed oxygen species. Such condensation increases the local refractive index near the 

surface of dielectric structures effectively increasing the LSPR response and device sensitivity. As the partial 

pressure of different gases is strongly dependent on the ambient temperature, this also provide a useful tool to 

discern amongst different VOCs by obtaining hyperspectral transmittance maps of our hybrid metasurface at 

different temperatures. 

To test this concept, we exposed the optimal fractal-enhanced LSPR structures to three different exemplary 

VOCs, namely ethanol, acetone and toluene with increasing temperatures from 25 to 80 °C. Figures 5a,b show 

the characteristic measured LSPR redshift at room temperature for 4 vol% acetone and toluene, respectively. 

Interestingly, we achieved a fast response of fractal-enhanced LSPR structures, in the order of 10 s, to all the 

tested VOCs. Figure 5c shows the high repeatability and sensitivity of the optical response with cyclic injection 

of toluene from 4 to 1 vol% at room temperature (Figure 5c).  

An analysis of the optical response as a function of temperature and concentration is shown in Figures 5d,e for 

acetone and toluene, respectively. They describe the response of the optimized fractal-enhanced LSPR sensor as 

a function of both the temperature and the analytes concentration.  



For any specific analyte, the higher the concentration the higher is its vapour pressure. Considering the 

adsorbed gas molecules on the ultra-porous fractal and their kinetic energy distribution, at any given 

temperature, there is a non-zero probability that the inter-molecular attractive forces between the fractal 

adsorbent and the gas are greater than those between molecules of the gas itself, resulting in a condensation. 

This is turn, causes a substantial increase in the local refractive index n. In the case of toluene the condensed 

equilibrium thickness can be estimated from its vapour pressure within the Hamaker theory[65] and is 

evaluated to be 0.41 nm (see Supplementary Information, S12). This corresponds to a total effective refractive 

index of 1.0116 calculated with the Bruggeman effective medium equation, which is an enhancement of more 

than two orders of magnitude in the decimal digits with compare to the refractive index of the air 

(nair=1.000292). With no gas condensation, assuming the same VOC concentration, the calculated refractive 

index of the toluene-air gas mixture is 1.000315.  

Figure 5 shows the use of this condensation mechanism for selective sensing and identification of the injected 

VOC. The thin liquid layer present on all the surface of the system is responsible for the dramatic increase in 

the refractive index. Increasing the temperature increases the evaporation rate a decreases the condensation rate. 

This process leads to the reduction of the amount of VOC condensed decreasing the change in refractive index, 

and resulting in a drop in the LSPR shift (figure 5d-g). Notably, Figure 5d-e show a further proof of the impact 

of the condensation mechanism on the sensing performance.  Above the corresponding evaporation 

temperatures for acetone and toluene of 56 °C and 111 °C (at standard condition), respectively, there is a 

negligible LSPR shift. 

Figure 5f shows the LSPR shift as a function of the temperature for toluene. At any specific temperature the 

ΔλLSPR decreases with decreasing toluene concentration. For any given VOCs the vapour pressure, which is 

directly correlated to the condensation rate, is a function of the temperature as stated from the Clausius-

Clapeyron equation[66] , thus the amount of condensation is an intrinsic property of every different VOCs. By 

using this hallmark, our sensors can differentiate with high selectivity analytes at very low concentrations. A 

normalization of the sensor response (ΔλLSPR) to its maximum value, at different concentrations and 

temperatures, shows the temperature induced decay of the optical responses for these three different VOCs. 

Notably, plotting the normalized LSPR shifts against the temperature leads to an overall exponential decay 

trend with decay rates depending on the analyte (Figure 5g). Fitting these experimental data with a vapour 

pressure-exponential decay model shows good correlation. It is observed that well defined different decay rates 

for each VOCs gases, respectively τethanol=26±3 °C, τacetone=7.4±0.3 °C, τtoluene=12±3 °C are found. This allows 

to identify several analytes, that induce similar variations in the local refractive index, by analysing the shape of 

the optical response decay induced by increasing the temperature. This opens the way for a new class of 

wireless optical gas sensors, working at low operating temperatures and providing high sensitivity and 

selectivity.  

 



 

Figure 5 | Condensation and selectivity. a-b, Extinction measurement in a 0% and 4% acetone-air (a) and toluene-

air (b) mixture, mixtures for the hybrid 100 nm- Au disks array functionalized with 1.8 μm of TiO2 c, Dynamic responses 

of the same sample to different cycles of air/toluene at room temperature and at different concentrations show high 

repeatability and sensitivity. d, e Proof of the condensation mechanism for the LSPR sensing using the 1.8 μm of TiO2 

functionalization onto the 100 nm-disks array: different VOCs were tested at different concentrations and temperatures. 

For any given concentration, the higher the temperature the smaller is the measured redshift due to evaporation of a 

condensed layer. f, LSPR shift as a function of the temperature for different concentrations of toluene. The amount of the 

LSPR shift at each temperature is proportional to the gas concentration. g, The condensation rate is unique to each gas 

and it depends on the vapour pressure. By normalizing the shifts and fitting the data as a function of the temperature we 



obtain different exponential decays with proper and well defined decay rates: this enables to discriminate between gases 

opening the road towards selectivity.  

Conclusions 

We have developed a novel nanostructured material, comprising of resonant metasurfaces and tailored 

dielectric fractals, for enhancing the interaction of the plasmonic field with a gaseous environment. We 

demonstrate the use of this material for optical sensing of volatile molecules at room temperature, with superior 

sensitivity and selectivity. Notably, optimal dielectric-plasmonic structures are able to detect refractive index 

changes lower than 8x10-6 in a gas mixture, improving the lower limit of detection of the resonant metasurfaces 

by more than 30 times, achieving selective detection of gas molecules better than 0.1 vol%. This is attributed to 

the strong enhancement of the plasmonic near and far field in the porous dielectric fractal structures for 

thickness exceeding 1.8 m. Simultaneously, the large surface area of these fractals provide multiple means of 

controlling the interaction with gaseous molecules allowing, not only the detection but also the identification of 

volatile organic compounds. We believe that the unique properties of these dielectric-plasmonic materials set 

the basis for the engineering of many novel optoelectronic and optochemical devices with application extending 

from photocatalysis to contactless non-invasive medical sensing.  

Materials and Methods 

Gold plasmonic metasurfaces were obtained through a hole-mask colloidal lithography technique (see Figure 

S1 for a schematic of the fabrication method)[67]. Briefly, the fused silica substrates were cleaned in acetone 

and IPA and sonicated. PMMA was spun on the sample at 3000 rpm and soft baked in an oven furnace at 

180°C for 10 minutes. A quick oxygen plasma (50 W for 5 s) rendered the surface hydrophilic and a PDDA-

water solution (0.2%) was dispersed on the samples for 30 s and rinsed in deionized water for 10s to positively 

charge the surface. Polystyrene beads with different diameters and diluted in water (0.1%) were subsequently 

dispersed for 3minutes on the substrate by dropcasting, and successively rinsed for 30 seconds in running 

water.  A 10 nm Au mask was deposited on the sample and the latex beads removed by tape stripping. The 

resulting Au mask was then used as a deposition mask. The PMMA was first etched by O2 plasma, at 50 W at 

250 mTorr for 3 minutes. A 1 nm Ti adhesion layer and 40nm Au were deposited. Lift-off in acetone at room 

temperature was performed. All samples were annealed air at 150°C for 10 minutes prior to shipping. The 

different diameter sizes were determined by the initial polysterene bead diameter utilized. Some test samples 

were imaged using a Zeiss Supra SEM and e-spacer to avoid charging effects. The tilted view SEM image in 

Figure 1 was obtained for a substrate fabricated as described above, but using a Silicon chip as an initial 

substrate to avoid charging effects. Linear extinction measurements in Figure S2 were obtained using a fiber 

coupled halogen lamp (HL-2000, Ocean Optics) as an illumination source and the light was collected by a fiber 

coupled spectrometer (BRC711E, B&W Tek). All measurements were normalized using the transmission 

through a bare fused silica substrate as a reference. 

A flame spray pyrolysis setup has been used for the synthesis and direct deposition of the TiO2 fractal clusters 

on the Au nanodisk array. Titanium (IV) isopropoxide (TTIP, Sigma-Aldrich,purity > 97%) was diluted in 

xylene (Sigma-Aldrich) in order to produce a metal concentration of 0.2 mol L−1. The precursor solution has 

been supplied at a constant rate of 5 mL min−1 through a syringe pump and dispersed into a fine spray with 7 L 

min-1 oxygen at a constant pressure drop of 2 bars. In both cases spray was ignited by supporting premixed 

methane/oxygen flames (CH4 = 1.2 L min-1, O2 = 2 L min-1) and the height above burner (HAB) was set to 20 

cm. 



Topographical and optical characterization techniques have been used to depict all the samples. Morphological 

characteristics have been investigated with an analytical scanning electron microscopy (SEM), using Zeiss 

Ultraplus (FESEM) at 3 kV and the results have been analysed using the software ImageJ and its plugin 

FlacLac for the fractal analysis. Raman spectra were collected using a Renishaw inVia reflex spectrometer 

system equipped with a 532 nm laser radiation and a grating of 2400 l/nm. TEM imaging of the flame-made 

TiO2 nanoparticles was performed by a high resolution field emission microscope Jeol 2100F and the particle 

size distribution was evaluated by counting 218 monomers with the help of the software ImageJ.  

Extinction measurements have been taken in real time using a linear transmittance setup equipped with a gas 

delivery system with controlled temperature and flow-rate. An optimal focus of the beam has been reached with 

a series of collimating and objective lenses, as well as adjustable apertures, from ThorLab. The beam was then 

delivered to a UV-Vis cooled modular spectrometer Ocean Optics QE Pro. 

Electrodynamic based on finite-difference time-domain were performed with commercially available software 

(Lumerical FDTD). Perfectly matched layers (PML) were employed as boundary conditions to avoid the wave 

reflection at the boundary. A total-field scattered-field source with a polarization along the x-axes and a 

propagation vector along the z-direction was chosen to excite from the backside the structure. A not-uniform 

meshing refinement was used to guarantee a precise result with a smallest mesh cell of 0.2 nm to increase the 

accuracy of the simulation. Drude models were applied to the fused silica and TiO2, instead the optical 

properties of gold were taken from the Johnson and Christy[68]. The Au and TiO2 dimensions were chosen to 

mimic the experimental results of the best response sample. The near-field enhancements at the resonance were 

then monitored using a set of frequency domain probes.  
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