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We demonstrate the utility of individual nanocube patch antennas, consisting of a silver 

nanocube separated from an Ag sheet by a thin fluoropolymer spacer, to act as subwavelength 

sensing elements. An increase in relative humidity (RH) causes the spacer to expand, which 

alters the resonance of the plasmon cavity mode formed between the cube and the sheet. 

Using bottom-up fabrication techniques, sensitivities up to 0.57 nm/% RH are recorded, and a 

resolution of better than 1 % RH achieved with a rapid response time, making this the most 

effective single nanoparticle plasmonic humidity sensor to date. Finite-difference time-

domain simulations are conducted to understand the effects of particle geometry on the 

sensitivity. This platform could be utilised to detect a variety of gases with an appropriate 

choice of spacer material, and could be scaled up to create a large-area metamaterial sensor, 

or used as a subwavelength sensing element with the potential for integration into plasmonic 

circuitry. 
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1. Introduction 

 

Over the last decade there has been a concerted effort to develop plasmon-based or enhanced 

sensors
[1–3]

 to follow up on the great success story of surface enhanced Raman 

spectroscopy.
[4]

 Localized surface plasmons (LSP’s) are attractive for sensing as they  offer 

orders of magnitude electric field enhancements which are extremely sensitive to the 

immediate dielectric environment.
[5-9]

 Plasmonic sensing offers a number of advantages 

compared to conventional electrochemical methods, with faster response times,
[5,6]

 the 

potential for increased sensitivity
[7–9]

 and low susceptibility to external electromagnetic (EM) 

radiation. With length scales below the diffraction limit, and fast operational speeds, well-

designed plasmonic sensors also have potential for integration with on-chip photonic or 

plasmonic circuits.
[10,11]

 

To utilise a plasmonic sensor across a range of applications, the plasmon resonances must 

be tunable to the spectral region of interest and be as sensitive as possible to small changes in 

the local environment. Whilst individual particle resonances can be effectively tuned through 

size, shape and material choice,
[2,12]

 coupled modes between two or more nanoparticles have 

been shown to exhibit far greater electric field enhancements and produce more sensitive 

detectors.
[13–1516–18]

 However, these are extremely difficult to fabricate, with many top-down 

lithographic and FIB based examples being unrealistic for scaling up, and bottom-up 

techniques that generally produce randomly oriented particle pairs with no control over the 

alignment, which is key as the resonances of such dimers are highly sensitive to the 

polarisation of incident illumination. Henzie et al. made some important progress in this field 

by using a gravity-driven technique to assemble nanoparticles in shallow pits in a substrate, 
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which allows excellent control over orientation and positioning of any number of particle 

sets.
19

 Another elegant solution to the fabrication problem is the placement of a metallic 

particle above a metal sheet separated by a thin spacer. A ‘mirror particle’ is excited in the 

metal plane which produces a strong coupling effect without having to align two separate 

particles, drastically simplifying the production process.
[20-20]

 There is a growing body of 

work investigating the properties of silver nanocubes (NC’s) above metal films, to tune their 

scattering properties,
21

 produce controlled-reflectance surfaces,
[22]

 and to control and enhance 

the radiative processes of fluorophores within the spacer material,
[23,24]

 as well as theoretical 

studies looking to build a complete description of the structure.
[25,26]

 

 

 
 

 

Figure 1.  (a) Artistic image showing the nanocubes resting on a Nafion film interacting with 

water molecules (b) The basic setup for simulations and experiments in this report: a silver 

NC with a PVP coating is separated from a  silver film by a Nafion spacer layer. It is 

illuminated and the scattered light used to characterise the system.  (c) FDTD simulation 

showing the (normalized) electric field intensity of the principal mode excited between a NC 

and an Ag sheet with a 5 nm spacer.  
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This system can be considered an optical patch antenna, where gap plasmon modes are 

supported between the metal sheet and the NC.
[21]

 The resonant modes of these antennae are 

extremely sensitive to the properties of the spacer layer separating the NC and the silver sheet, 

and any environmental changes that influence the refractive index (RI), or more importantly 

the thickness of the chosen material will produce significant changes in the plasmon 

resonance. As long as spacer materials which expand in response to a given analyte are 

available, this design can be utilised to detect any number of chemicals. This forms the basis 

for a new type of sensor, which can operate equally well in a gaseous or liquid setting 

(depending on spacer choice) and that is scalable from the sub-wavelength scale (the footprint 

of one nanocube) up to a large-surface area metamaterial.  

In this paper we demonstrate the operation of the nanocube patch antenna system as a gas 

sensor for the first time, using the Nafion fluoropolymer from Dupont as our spacer material. 

Nafion is a Poly(perfluorosulfonic acid)-based ion-conducting membrane with a hydrophobic 

fluorocarbon polymer backbone and hydrophilic sulfonic acid side chains which allow it to 

take on water from its surroundings and expand significantly with increasing humidity
[27–29] 

(See figure S1 for the chemical structure of Nafion). We demonstrate the tunability of the 

principal waveguide mode using basic fabrication techniques, and the use of this system as a 

humidity sensor, both through measuring resonance shifts and variations in the scattering 

intensity from illumination by a red laser. A road to enhancing the sensitivity is also explored 

using Finite-difference time-domain (FDTD) simulations and the potential for integration of 

this design with a photonic waveguide is discussed. 
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2. Experimental Results 

 

Figure 1 displays the geometry of a film-coupled nanocube antenna sensing element. 

Figure 1(a) is an artistic impression of the silver NC’s resting on the Nafion spacer layer 

above the silver film, with H2O molecules in the local environment and some being absorbed 

into the Nafion spacer leading to local swelling. The basic geometry used for simulations and 

experiments in this report is shown in Figure 1(b). Figure 1(c) shows the electric field 

intensity distribution of the fundamental cavity mode beneath a 75 nm cube with 10 nm RoC 

edges, calculated using finite difference time domain modelling. It can be clearly seen that the 

electric field is concentrated between the NC and the metal film, inside the Nafion spacer, 

with the strongest concentration near the corners. This field concentration is the origin of the 

extreme sensitivity to changes in the spacer layer.  

The mode shown in figure 1(c) is formed from coupled plasmon oscillations across the near 

face of the cube and the surface of the metal sheet, which possess mirrored charge 

separations, producing a very concentrated electric field. This can be considered as an optical 

patch antenna formed by the flat face of the cube on top and the metal sheet below.
[21,30,31]

 

Reflections at the cube edges lead to resonances, and the wavelength of the fundamental 

resonance, λpk, for a cube with perfectly sharp corners, corresponds to a half wavelength in the 

cavity and is related to the cube width, w by:  λpk = 2neffw  where neff is the effective index of 

the mode inside the spacer. The linear relationship between w and λpk has been demonstrated 

experimentally.
[21]

  

Through considering the lossy nature of the surface plasmons, Bozhevolnyi et al. 

demonstrated that the relationship between neff and the spacer thickness, t can be said to be 

inversely proportional for very thin spacers
[30]

 so: λpk ~ neffw ~ w/t , (although the precise 

relationship for films thicker than a couple of nm is more involved - see supporting 



    Submitted to  

 

6 

 

information).  A generally reciprocal relationship between the resonance properties and the 

coupling distance is to be expected for an evanescent effect such as plasmonic coupling. As 

the resonance is only dependent on w and t, it is extremely insensitive to polarization and 

angle of incidence, making arrays of these antennas extremely useful for selective reflection 

coatings.
21,22

 It has been demonstrated that the optical properties of nanocubes are very close 

to those of nanorods  and nanostrips,
[22,32]

 therefore this 2D model can be used to understand 

the relationship between cube size, spacer properties and the resonance conditions and 

sensitivity of the fundamental mode, although the importance of corner geometry to NC 

behaviour is so far neglected; this is discussed later and also in the work of Bowen and 

Smith.
[25] 

 
Figure 2. (a) FDTD simulation showing the wavelength shift of the principal mode as the 

thickness of the Nafion spacer is increased. (b) Plot showing simulated peak wavelength for a 

spacer RI fixed at 1.35 (dash-dot line) and one which varies with thickness (dashed line), 

compared to experimental dark-field scattering results (black stars) for 75 nm NC’s on 
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varying thicknesses of Nafion polymer. (c)-(f) Dark-field CCD images of NC’s above 110, 16, 

13 & 11 nm Nafion films. 

 

Figure 2(a) shows an FDTD simulation of the scattering spectra of a single NC above an 

Ag sheet with varying thicknesses of Nafion spacer. The fundamental mode manifests as a 

peak around 600 nm, which redshifts as the film thickness is decreased, due to an increase in 

the effective index within the cavity.
[30]

 There are a variety of other modes which can be 

excited in this system,
[21]

 which appear as shorter wavelengths peaks in the scattering spectra, 

but as these show a much weaker wavelength dependence on the spacer properties, they are of 

limited interest for this application. 

Simulated values of the resonance peak positions for varying ambient spacer thicknesses, are 

compared with experimental results in figure 2(b). Experimental values of λpk were taken from 

dark-field scattering spectra from NC’s above spin-coated Nafion films from 11 – 24 nm, with 

50 NC’s in each sample. A clear reciprocal relationship between thickness and resonance 

wavelength is observed, with a stronger redshifting of the peak for thinner films in line with 

an increasing effective index (see figure S3).  

The refractive index of very thin Nafion films is known to depend upon the film thickness 

(figure S4), but this change is small compared to the change in effective index due to the 

increased density of states in the gap, as determined by the spacer thickness. A good 

agreement is seen between the experimental data and simulations both where the thickness-

dependent RI of Nafion is considered, and where a constant RI of 1.35 is assumed. 

Uncertainty in the experimental data is due to the range of NC dimensions in the sample and 

local variations in the thickness of the Nafion layer from the spin coating, which will affect 

the resonance conditions of each particle. The resonance shift is significant enough that it can 

be detected visually, as shown by figures 2(d)-(f), where white-light scattering from 11, 13 
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and 16 nm samples show a clear shift from a deep red to a yellowy orange as the film 

thickness increases. Also shown in figure 2(c) is a sample with a 110 nm film showing a peak 

strongly in the green, demonstrating a resonance with negligible coupling between the cube 

and the metal. 

 
 

Figure 3. (a) Normalised experimental scattering spectra of a 75 nm Ag cube separated by a 

silver sheet by a 11 nm spacer under conditions varying from 11-85 % RH. (b),(c) Dark-field 

image of NC scattering under 11 % and 85 % RH respectively. (d) Resonance peak position 

vs RH for the NC measured in (a), compared with the % thickness increase of a bare Nafion 
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film measured on the ellipsometer. A fit line demonstrating the approximately linear relation 

between RH and peak position in the rapid swelling regime above ~50 %RH is also shown. 

 

Agreement between simulation and experiment here demonstrates that the peak resonance 

is tunable through altering the thickness of the spacer layer using basic deposition techniques. 

As Nafion is known to expand and contract with humidity variations, we now have the basis 

for a sensor. The utility of the patch antenna geometry as a gas sensor is demonstrated in 

figure 3, where the samples are placed inside a humidity chamber and the RH of the enclosed 

environment is altered whilst scattering spectroscopy is performed. Figure 3(a) shows a 

marked redshifting of the peaks as the humidity increases and the spacer takes on water and 

expands. This process was found to be reversible and showed identical results after several 

repeats which is expected from previous studies of Nafion films, which found them to be 

highly robust giving nearly identical results after 50 days usage.
[33]

 The resonance shift can be 

observed visually, and varying the RH from the lower range of our apparatus at 11 % RH, to 

the upper at 85 % RH, produces a noticeable shift from a deep red to a much brighter orange 

(figure 3(b) and (c)).  

In figure 3(a) and (d) it can be seen that peak shifts are greater for larger humidities, and that 

there are at least two regions of differing expansive behaviour for the Nafion. This has been 

observed previously and the small expansions below ~50 %RH are attributed to individual 

domain growths which are very limited by the matrix of hydrophobic backbones. Above 

~50 %RH these domains coalesce and cooperative effects of ionic groups overcome the 

mechanical resistance, leading to a reduced elastic modulus and greater expansions.
[34]

 The 

response of the thickness of a bare Nafion film and the resonance peak wavelength to RH are 

shown to be closely related in figure 3(d) and in the rapid swelling regime above 50 %RH, 

both follow an approximately linear trend. An analysis of the relationship between RH and 
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resonance wavelength in the region between 52-85 % RH found a linear fit to be a good 

approximation, with an average R
2
 coefficient of determination from 10 separate NC’s of 

0.98. This region is therefore chosen to investigate the relationship between film thickness 

and peak shift and to determine the sensitivities of the system.  

 

 
 

Figure 4. (a) Expansion as a percentage of ambient thickness for Nafion films as RH changes 

from 52-85 % as measured via ellipsometry and fitted to an exponential curve. (b) 

Experimental (blue squares) resonance shift for 75 nm, 10 nm RoC Ag NC’s above a silver 

film with various spacer thicknesses, with simulated shifts based on the expansions in (a) 

where the RI of the films is fixed (dotted line), where it varies with thickness only (dashed 

line) and where it varies with thickness and RH (solid line). 

 

Due to the inverse relationship between the mode effective index and spacer thickness, 

(figure S3) scattering from NC’s above thinner films will show a much greater shift in 

resonance wavelength than thicker films for a given change in spacer thickness. Ellipsometer 
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measurements of the expansion of Nafion films when RH is varied from the ambient level of 

52 % up to 85 % (figure 4(a)) show that thinner films also expand a much larger fraction of 

their initial width, following an approximately exponential relationship. Whilst a quantative 

model is lacking, it has been suggested that this behaviour is due to a reduced ability of the 

Nafion in very thin films to phase segregate and form the rigid backbone structures that 

generally exist in thicker films, which limit the water absorption capacity, leading to runaway 

expansion in very thin films.
[35]

 Temperature has also been shown to be a factor in the RH 

response of Nafion,
36

 and is discussed further in the supporting information.  

We therefore expect to see the much greater shifts for a given RH change in thinner films 

shown in figure 4(b). Experimental data are plotted here against values from FDTD 

simulations taking the expansion fraction from the fit line in figure 4(a). When the RI 

dependence on film thickness (shown in Fig. S4(a)) is taken into account, the reduction of the 

Nafion RI with film thickness results in a decrease in the gradient of the fit, and the data and 

simulations demonstrate good agreement. Some variation of the film’s RI is found with the 

absorption of water, although since the RI of dry Nafion is similar to that of water this is 

found to be small (around a 1% variation), as shown in figure S4. When the RI shift of the 

expanding Nafion is also included, the fit is slightly improved, although both cases agree well 

within error, once again showing that shifts in the RI of Nafion due to structural changes are 

less significant compared with the dependence of neff on spacer thickness, but must be taken 

into account to obtain a good fit. The good match between theory and experiment also 

indicates that the presence of the NC’s above the film does not significantly affect water 

uptake. 

There are significant sources of uncertainty in the results, especially for thinner layers, 

again due to lack of monodispersity in the cubes, surface roughness and the fact that any 



    Submitted to  

 

12 

 

inhomogeneities in the ambient film will be accentuated through uneven expansion.
[37]

 

However, the trend is very much in line with the predictions of the leaky cavity model and our 

knowledge of Nafion expansion. Therefore the best sensors must use the thinnest films 

available where the expansion properties can be maintained. 

The best average humidity sensitivity of this system over the range considered is found to 

be 0.37 nm/% RH for NC’s above an 11 nm film, with an average FWHM of 47 nm. Certain 

individual NC’s show much higher sensitivities, of up to 0.57 nm/% RH, which is probably 

due to the individual NC’s having sharper corners as will be discussed in the next section. 

This result is an improvement on previous systems based around plasmonic resonance shifts 

due to changing polymer refractive index around single NP’s, the best of which, by Wang et 

al, produced a sensitivity of  ~0.19 nm/% RH.
[6]

 This result in itself is an order of magnitude 

improvement on previous work using bare nanoparticles.
[38]

 Following the fit line in figure 4, 

we can predict that sensitivities of around 0.66 nm/% RH should be achievable for the same 

cubes on thinner Nafion films, with even greater enhancements possible using larger NC’s 

with sharper corners and new materials with greater expansion coefficients.
[39] 
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Figure 5. (a) White-light scattering spectra of NC peaks under changing humidity conditions 

showing the position of the laser wavelength. (b) Scattering intensity of a single NC above a 

11 nm spacer illuminated by TM polarized 633 nm laser emission as RH is varied, compared 

to the readings from a commercial electrochemical sensor. Plot (c) highlights the fast response 

time of the NC system for a measured RH change of 50-67%. 

 

 

Another approach to measuring RH change is to illuminate the sample with monochromatic 

light with a resonance chosen so that under ambient conditions the illumination wavelength 

falls approximately half way up the scattering peak (figure 5(a)). Using monochromatic light 

allows for faster and more precise observation of a signal change, and is a more scalable 

method as it does not require a bulky and expensive spectrometer to measure shifts. 

 

FDTD simulations show that the scattering spectrum of a 75 nm, 10 nm RoC NC, is well 

approximated by a straight line (with an R
2
 coefficient of determination of 0.989) within 75 % 

the spectral distance from the FWHM to the peak, meaning that careful tuning of the NC 

resonance is required for monochromatic sensing. Data from this approach can be seen in 

figure 5(b), where a 633 nm red laser was used to illuminate an individual NC. In this plot, an 

NC with an ambient peak of 653 nm was illuminated and the RH varied between 45-80%. The 

measured intensity of the NC scattering is well matched to the RH shifts recorded using a 

commercial electrochemical sensor, except for at an RH of 45 % where the response of the 

Nafion film to RH ceases to be linear, and an inferior response is to be expected in this region. 

This results justifies  the assumptions of linearity made in this chapter. Through examining 

the change in photon count in the single-photon avalanche diode (SPAD) with RH shift, this 

approach was found to produce a RH sensitivity of 0.09 dB/% RH, which again is a marked 

improvement on previous single NP humidity sensors.
6
 The r.m.s. variance of the signal 
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measured at a constant humidity gives a noise-limited resolution for the sensor of 0.9 % RH, 

although this is dependent on the assumptions of linearity of both the film expansion and the 

slope of the NC scattering peak. 

 

 The initial response of the sensor to a change in humidity is extremely rapid, figure 5(c) 

shows a step with an RH shift of 17 % and the response here for 90% of the signal change 

occurs across ~200 ms, although this could be limited by the rate moist air is injected into the 

system and the actual maximum could be significantly higher. Nafion is known to have a 

quick response time to humidity change, Santos et al found a response of 242 ms for a 3% RH 

variation with 35 µm films,
[33]

 and so this is not surprising, especially as these films are only 

10-20 nm thick and the hydrophilic domain size is estimated to be 1-3 nm,
[40]

 so there are very 

few layers of molecules that the water must diffuse through before it has completely 

permeated the polymer.  

We now compare these results with other sensors in the field. The most common type of 

humidity sensor is an electrochemical design with a water-reactive film placed between two 

electrodes, have shown high sensitivities, with impedance changes of several orders of 

magnitude with RH
41–45

 and response times usually around several seconds.
46,47

 The most 

common optical sensors take the form of optical fibers coated with a reactive material which 

changes the confinement of the mode in response to RH.
33,47–5051

 These designs have response 

times ranging from 10 ms
48

 – 0.5 minutes
49

 and have resolutions up to 0.01%RH across a 

broad range.
3347

 

In recent years there has been a concerted drive to produce sensing elements that can be 

integrated with nano and micro scale optical circuitry, to comply with lab-on-a-chip devices 

and other emerging technologies. Gas sensors have been constructed based upon whispering 

gallery resonators,
52

 gas sensitive photonic crystals,
53

 nanowires above sensitive polymer 
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films,
54,55

 specially fabricated nanoparticles
7,38

 and nanoparticles embedded in polymer 

optical nanofibers.
6
 Nanoscale humidity sensors typically achieve resolutions between 0.1 – 1 

%RH, and response times on the order of 100 ms.
6,52,54

 The patch antenna geometry presented 

here performs well compared to other nanoscale designs, and better than existing single 

particle models.
6,38

 It has the additional benefit of significantly easier fabrication, requiring no 

complex apparatus or top-down processing, and the possibility for ready integration with 

various waveguide designs. 

 

 

      We have demonstrated that thinner spacers produce more sensitive detectors, due to the 

approximately reciprocal relationship between thickness and the effective refractive index of 

the mode. It is also possible to tune the resonance and the sensitivity by changing the size and 

shape of the nanocubes, which is investigated using FDTD simulations. 

 

 

 

 

 
Figure 6. (a) FDTD simulation of the scattering spectra of  75 nm Ag NC’s with 10 nm RoC 

above a 12 nm film with a 2 nm PVP layer as the cube width is varied from 60-100 nm. (b) 

Plotting the resonance peaks of the NC’s for spacer thicknesses from 5-22 nm. (c) Plotting the 

sensitivities of the peak position to a 1 nm increase in spacer thickness for 60-100 nm NC’s. 
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Figure 6(a) illustrates the effect of cube size on the scattering spectra of NC’s with 10 nm 

corners above a spacer of 12 nm, while 6(b) shows that the cube size is more significant in 

tuning the resonance wavelength than spacer thickness for the parameter range under 

consideration. An increase in sensitivity for larger NC’s is seen in figure 6(c), but reducing 

the film thickness is seen to be a much more significant factor in this range. For cubes above a 

5 nm spacer, where the values for varying cube size are the most divergent, the sensitivity 

only changes by ~8 nm/nm for a 40 nm change in size, whereas by changing spacer thickness 

from 5 to 20 nm, the sensitivity varies between 2 – 22 nm/nm.   

This behaviour fits well with our understanding of the patch antenna model. We have stated 

that the resonance wavelength is dependent on both NC size and spacer thickness: λpk ~ w and, 

loosely λpk ~ 1/t. The sensitivity of the peak to a change in spacer thickness, St = dλpk/dt comes 

down to a derivative of the expression in eq. S2 and will therefore be extremely sensitive to 

thickness changes in thin films, whilst the size dependence remains linear. For tuning λpk, the 

greater range of sizes accessible for NC fabrication make it the more useful parameter. 
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Figure 7. (a) FDTD simulation of the scattering spectra of 75 nm Ag NC’s above a 12 nm 

film with a 2 nm PVP layer as the RoC of the corners is varied from 1-37.5 nm at which point 

the NC becomes a sphere. (b) Plotting the resonance peaks of the NC’s for spacer thicknesses 

from 5-21 nm. (c) Plotting the sensitivities of the peak position to a 1 nm increase in spacer 

thickness. (d-g) Electric field intensity plots showing the mode geometry about the corners as 

the RoC increases from 1 nm (d) to 37.5 nm (g). 

 

The effect corner radius of curvature has on the modes is more complex: Reducing the RoC 

produces both a pronounced redshift of the peak and a significant increase in the sensitivity. 

This behaviour is displayed in figure 7(a-c) for 75 nm NC’s with a RoC from 1 nm to 37.5 

nm (a spherical particle). Examining the electric field intensity of the modes in figure 7(d-g), 

the points of greatest field strength in the film are separated by 73 nm for a NC with 1 nm 

corners, but only 53 nm for a cube with 20 nm RoC corners. It can be seen that the mode 

maxima is located close to the start of the corner curve, so even the slightest beveling appears 

to have a significant effect on the plasmon resonance. Bowen and Smith
[25]

 found that 

defining an effective width for NC’s with rounded corners was necessary to accurately model 

the scattering behaviour. We postulate that reduced λpk values for more rounded corners are 

due to scattering of the free electrons that make up the surface plasmons at the start of the 

curved edges. This reduces the effective size of the plasmonic cavity, which leads to 

resonances at shorter wavelengths than would be expected for a given size of cube.  

 

As well as scattering of the free electrons, the addition of the corners also promotes the 

formation of gap modes between the NC and the spacer. Here the evanescent field becomes 

highly concentrated in the small gap due to its low refractive index,
[56]

 at the cost of the mode 

in the film, and the simulations show that for any corner rounding at all, the strongest field 

concentration is in this gap. In figure 7(d-g), as the RoC is increased a clear reduction of the 

electric field strength in the spacer can be observed, meaning that the resonance conditions of 
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this system will become less sensitive to what is happening in the film as RoC is increased, 

which is highly undesirable for a sensor which depends on the film response. For a doubling 

of the corner RoC from 10-20 nm for 75 nm NC’s above a 13 nm film, a ~40% decrease in 

the sensitivity is predicted.  

This modelling suggests that the sensitivity of our device can be greatly enhanced. For a 

100 nm NC, with 5 nm corners above a 5 nm Nafion film, parameters which have been shown 

to be achievable,
[57,58]

 a peak sensitivity to thickness change of around 43 nm/nm is expected, 

which translates to a humidity sensitivity of 1.3 nm/% RH, over three times better than the 

best average from this investigation, and more than double the best individual result.  

As well as further enhancements to the sensitivity, future work should focus on the 

integration of this sensor with plasmonic circuitry. If a single NC was deposited above a metal 

waveguide with a <10 nm Nafion spacer, the humidity response of the system would result in 

a difference in the attenuation of a surface plasmon polariton sent down the waveguide. Due 

to the extremely concentrated modes excited between the cube and the metal substrate we 

anticipate that this would be significantly more sensitive than detectors using a strip 

waveguide coated with solely a reactive polymer layer. This is supported by the work of 

Mock et al, who demonstrated that the modes excited between spheres and a metal films are 

more sensitive to spacer thickness than the surface plasmon polaritons excited in the metal 

film using a prism.
59

 Thus this system has the potential to operate as a fully integrated 

component in a plasmonic circuit, opening the way to a new class of on-chip nanoscale 

sensors.  

A further benefit of this design is that it can be utilised to detect any number of chemicals as 

long as appropriate spacer materials can be found. There are many polymers which expand in 

response to a specific chemical, or class of chemicals, which would allow for the detection of 
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analytes as diverse as alcohols, using poly(methyl methacrylate) as the spacer,
[53]

 to 

nitroaromatic explosives such as TNT using poly(4-vinylpyridine).
[60] 

To conclude, in this report we have demonstrated the operation of the nanopatch antenna 

system as a novel, sub-wavelength optical humidity sensor and explored the limits of its 

sensitivity. We have shown that by using Nafion, a polymer which expands with increasing 

humidity, as the spacer layer between a silver nanocube and silver sheet we can produce a 

nanoscale sensor with a fast response time and higher sensitivity than any other single-particle 

plasmonic humidity sensor recorded. Sensitivities up to 0.57 nm/% RH are recorded, and a 

resolution of better than 1 % RH achieved.  FDTD models predict that the sensitivity can be 

more than doubled from the recorded maximum through careful choice of structural 

parameters. An appropriate choice of alternative spacer materials would enable this structure 

to detect a variety of other gases. This system is easy to fabricate and is an extremely scalable 

design - arrays of NC’s could be created to form a large-scale metamaterial, or kept as a 

single-NC system with a sub-wavelength footprint and the potential to be integrated into 

photonic circuitry.  

 

 

 

Experimental Section 

 

Silver Nanocubes were purchased from Nanocomposix and characterised using a Jeol 

3000F TEM. They were found to have an average length of 75 ± 4 nm, with a corner radius of 

curvature (RoC) of 10 ± 2 nm (figure S2), with a PVP buffer layer of around 2-3 nm. These 

were diluted in deionized water at a ratio of 1:50 and sonicated before use.  

Wafers of silicon were cleaned in acetone and isopropanol, then either coated with 100 nm 

of Ag in an evaporation chamber or left bare for ellipsometry measurements. Nafion was 
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bought as a resin from Sigma-Aldrich and diluted in ethanol to 0.5 or 0.25% wt. The Nafion 

was then dropped onto the sample through a 0.2 µm PVDF filter and spincast for 60s at 

speeds of 1000-4000 rpm. Samples were heated to 70 
o
C under vacuum for 2 hours to 

promote adhesion of the Nafion to the substrate. Ellipsometry was performed on Nafion films 

spin-coated onto Si substrates under controlled humidity conditions using a J.A. Woollam, 

Alpha-SE ellipsometer. 

The NC’s were adsorbed onto the Nafion layer using the method described by Moreau et 

al.
[20]

 In brief – after sonication, 30 µL of NC solution was dropped onto a cleaned coverslip 

and the sample was placed on top. The nanocubes adsorb to the surface and most aggregations 

drop away. The surface density is determined by the time in contact with the solution.  

The samples were then placed in a sealed chamber containing an electrochemical humidity 

sensor from Thorlabs (TSP01) with two pipes connected to dry and moist air chambers and a 

pressure release valve to control the relative humidity around the sample. The humidity 

chamber was then connected to a dark-field microscope with TM polarised illumination either 

from a white light source or 632 nm red laser, focused onto the sample at an angle of 60
o
 from 

the normal so that all specular reflection not interacting with the NC’s would not be collected 

by the long (22 mm) focal length 0.8 NA objective. When using the laser an APD was used to 

confirm the stability of the red laser before interaction with the sample. After the objective a 

beam splitter directs some light to a CCD for imaging. Two telecentric lenses focus light 

through a 50 µm pinhole aperture to allow for single NC selection. Light from the selected 

cube was then directed into a SPAD and an Andor spectrograph.  

Simulated results were achieved using the Lumerical finite-difference time-domain (FDTD) 

simulation package. Nafion is simulated as a dielectric with a thickness-dependent refractive 

index taken from the ellipsometry data shown in figure S4. PVP is simulated as a dielectric 
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with an RI of 1.5. All simulations were conducted in 2D to conserve processing time. It has 

been previously shown that the underlying physics between a nanocube and a nanostrip in this 

structure are very close,
[20,36]

 and that the orientation of the NC does not affect the resonance 

frequency of a cube.
21,22,61

 This has been confirmed by contrasting selected 2D and 3D 

simulations. 
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A humidity sensor based on the plasmonic response of a nanocube and metal surface 

separated by a polymer with high expansion coefficient when exposed to water. The 

sensing element has a sub-wavelength footprint and exhibits a high sensitivity and fast 

reaction times compared to other plasmonic sensors. The sensitivity dependence on both 

nanocube and polymer layer parameters is theoretically investigated. 
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