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ABSTRACT 

Architectural windows are a major cause of thermal discomfort as the inner glazing during cold 

days can be several degrees colder than the indoor air. Mitigating this, the indoor temperature 

has to be increased, leading to unavoidable thermal losses. Here we present solar thermal 

surfaces based on complex nanoplasmonic antennas that can raise the temperature of window 

glazing by up to 8 K upon solar irradiation while transmitting light with a color rendering index 

of 98.76. The nanoantennas are directional, can be tuned to absorb in different spectral ranges 

and possess a structural integrity that is not substrate dependent, and thus they open up for 

application on a broad range of surfaces.  

Keywords: thermoplasmonics, thermal management, plasmonic heating, optical antennas, 

plasmonic nanostructures. 
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A sustainable production and use of energy is one of the biggest challenges faced by the modern 

society. New ways to improve thermal energy management are therefore crucial.1-3 The indoors-

outdoors thermal balance plays an important role in the thermal energy efficiency of buildings 

and living spaces. At interior temperature maintained at 20 °C the state-of-the-art low-emission 

windows have typical inner surface temperatures of 16 °C and 14 °C for outdoor temperatures of 

0 °C and -10 °C, respectively.4 The comfortable indoors climate is achieved when the mean 

radiant temperature (MRT, temperature of the walls, windows, ceiling and the floor) is close to 

the temperature of the indoor air. As a rule of thumb, for a change of 3 °C of the MRT, the air 

temperature needs to be adjusted by 2 °C in the opposite direction to balance the perception of a 

comfortable indoor environment.5 That is, elevating the windows’ surface temperature by several 

degrees could allow a substantial lowering of the indoor temperature during the cold time of the 

year while maintaining a comfortable indoor climate and leading to considerable energy savings. 

Inversely, a cold non-absorbing glazing would be beneficial if the indoor climate is perceived to 

be too warm. Making the front and backside of a window to absorb solar radiation differently, 

the heat generator can turn into a solar deflector by reversing the window orientation.  

Here we introduce the concept of a transparent and colorless solar-powered heater (radiator). 

Such a device could transform ordinary windows into radiators, utilizing plasmonic optical 

nanoantennas as heat harvesters. Nanoplasmonic materials are receiving great attention in the 

development of various conversion schemes of sunlight into electricity or the stimulation of 

various chemical and mechanical processes.6-14 Light-absorbing plasmonic materials utilize the 

strong coupling of electromagnetic radiation in the ultraviolet, visible or near infrared (UV-VIS-

NIR) spectral range to the collective oscillations of electrons (plasmons).15 Plasmon-enabled 

absorbing surfaces typically comprise a collection of individual optical antennas that feature 
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specifically configured localized surface plasmon resonances and collectively display spectrally 

and directionally tunable light absorption. Careful design of structure and materials composition 

enables controlled engineering of properties including spectral and directional selectivity and 

nanoplasmon decay pathways.16-18 Highly absorbing plasmonic metasurfaces are supported on an 

underlying substrate and can be realized as macroscopic functional layers.19-20  

In this work, we present thermoplasmonic surfaces composed of arrays of multi-element (one 

and three) gold and nickel plasmonic nanoantennas on glass. The surfaces display a number of 

absorption and scattering resonances that correlates with the number of antenna elements. We 

present both the spectral absorption and the absolute temperature increase of these surfaces upon 

simulated solar illumination, showing an increase of up to 8 K for the optimum configuration. 

Interestingly, the systems provide directionality in light absorption, meaning that the absorption 

is different for light incident the opposite sides of such surface. This also transfers to 

directionality in heat generation. The plasmonic optical properties, heating profiles and 

directionality of the surfaces agree with combined optical and thermal simulations. The surfaces 

are transparent in the visible (about 75% of overall transmittance) and present very high color 

rendering index reaching 98.76. This makes them virtually colorless and suitable for applications 

where transparency is required. The nanoantenna surfaces could be tuned to absorb at different 

wavelengths (e.g. in the NIR), are substrate independent and mechanically robust. 

We prepared thermoplasmonic nanoantenna surfaces using hole-mask colloidal lithography20 as 

described in the Experimental Section. In brief, we used 230 nm polystyrene beads to define 

hole-masks and thermally evaporated material stacks consisting of one or three layers of gold or 

nickel, and SiO2 (for gold) or Al2O3 (for nickel) dielectric layers on top of each metal layer 

(Figure 1a). We also made elliptical nanoantennas by evaporation at a 45º angle (for the 1:1.4 
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ratio between the axis). Figure 1b shows an SEM image of the Ni three-element elliptical 

plasmonic nanoantennas. The elements present a compact vertical arrangement of metallic 

nanoellipses of gradually decreasing size, spaced by dielectric layers. The nanoantennas have a 

characteristic centre-to-centre distance of around 630 nm, as calculated from the radial 

distribution function (RDF) of SEM images. Figure 1c shows a photograph of a produced 

thermal glass (based on the nickel three-element nanoantennas) that is indeed largely transparent 

in the visible and with excellent color preservation, two major criteria to be met with glass 

windows. Below we also quantify the color rendering in transmission for such glasses, 

evidencing their essentially colorless appearance. 
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Figure 1. a) Artistic rendering of a three-element nanoantenna thermoplasmonic surface, 

illuminated from the front side (left) or back side (right). Point heat source nanoantennas 

collectively build up the thermal surface. Due to the directional solar light absorption, most of 

the nanoantenna surfaces are more efficient in generating heat when illuminated from top (air 

side).  b) SEM micrograph of a representative thermal surface built on sparse arrays of the three-

element Ni-Al2O3 elliptical nanoantennas (scale-bar 2 µm). c) Photographs of a glass slides with 

Ni three-element nanoantennas (see text for details of their geometry).  

 

Next, we characterized the optical properties of the nanoantenna surfaces. Figure 2 shows the 

optical absorption, experimental (a-c) and simulated (d-f), of the different nanoantenna arrays 

(one- and three-element gold nanoantennas, and three-element elliptical nickel nanoantennas). 

The spectroscopic absorption was measured by using the integrating sphere (for experimental 

and simulations details – see Experimental Section below). We find a good match between 

experiments and simulations, including overall spectral behavior, peak positions, and 

directionality of light absorption. Single-element gold antennas (Figure 2a) have a distinct 

plasmonic peak at 1085 nm. Adding more elements to the nanoantennas gives more spectrally 

rich absorption, with the three-element gold nanoantennas (separated by 40 nm SiO2 spacers) 

providing absorption peaks at 687 nm, 866 nm and 1147 nm (Figure 2b). This is due to near-, 

mid- and far-field coupling of the nanodisks in the antennas.21 Indeed, numerically simulated 

near-field plots of the same system (Figures 2g-j) show that the peak at 823 nm arises from 

plasmonic coupling between the mid and top elements of the nanoantenna while the longer 

wavelength peak at 1050 nm corresponds to coupling between the lower and mid elements of the 

antenna. Both the overall absorption and the absorption at the peaks increased when adding more 
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elements. The former is promoted by a spectral broadening of the absorption caused by 

additional plasmon modes for multi-elements nanoantennas, and the latter is due to spectral 

overlap of these modes. For nanoantennas with only one element the absorption has a slight 

directionality towards the substrate, which is related to the difference in refractive index of the 

substrate and the surrounding air. While a single nanodisk dipolar optical antenna in 

homogeneous medium is essentially bi-directional, it is well-known that the presence of a 

substrate substantially modifies the absorption/scattering balance and the electromagnetic near-

field distribution.22-23 Adding elements to nanoantennas results in significantly stronger (and 

opposite) directional light absorption. We attribute this to the compact sub-wavelength design 

and tight near-field coupling of all elements, where the near-field of the nanoantennas, as shown 

in our previous work, allows to efficiently beam light from local sources (e.g., quantum dots), 

featuring directionality in emission reaching 12-15 dB.21 Furthermore, light is more efficiently 

absorbed when incident from the frontside of the three-element nanoantenna surface and the 

effects of the substrate are made negligible by the intrinsic directionality of the nanoantenna.  
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Figure 2. Experimental optical absorption spectra of (a) single-element and (b) three-element 

gold nanoantennas as well as (c) elliptical three-element nickel antennas. The solar spectrum is 

schematically shown on the background. The light incidence direction is marked in insets. (d-f) 

FDTD simulations of the geometries in a-c with absorption spectra and corresponding field plots 

of (g) single-element gold nanodisk antenna, (h-i) three-element gold nanodisks and (j) three-

element elliptical nickel nanoantennas at given wavelengths and directions of light incidence. 

Scale bars in (g-j) are 100 nm.  

 

While using gold nanodisk antennas already delivers strong directional absorption, other 

materials can be employed to enhance this functionality. We have previously shown that nickel 

nanodisks outperform gold in terms of heat generation under solar illumination.24 Nickel also 

provides a strong advantage in being cheap, abundant 25 and sustainable material. 26 Figure 2c 

shows the optical absorption of surfaces composed of elliptical three-element nickel 
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nanoantennas. The absorption is higher than for the three-element gold antennas, both at the 

plasmonic peak position (at 950 nm) and throughout the solar spectrum (shown in the 

background). Just as for the one-element antennas,24 the elliptical multi-element nanoantennas of 

this lossy metal show superior optical absorption compared to gold when integrated over the 

solar spectrum. The optical simulation of this system (Figure 2f) agrees well with the 

experimental data, including a preferential absorption upon front illumination as for the three-

element gold nanoantennas. Based on the near-field plots of Figs. 2 g-j we see that strong 

directional absorption is associated with stronger electromagnetic near-field enhancement in the 

nanoantennas. Moreover, the directionality for the elliptical three-element nickel nanoantennas is 

connected to concentration of the near-field primarily to the top element, while the three-element 

gold antennas typically show field concentration between and around two elements.  

In order to correlate the optical absorption with the macroscopic heat generated by the 

nanoantenna surface, we employ our previously reported heat power extraction24 (see the 

Experimental section for details). In brief, we used a thermal camera to monitor the temperature 

evolution of the macroscopic sample upon solar light illumination. This directly provides the 

equilibrium temperature increase upon illumination, while post-processing of the dynamic light 

on/off cycles also enables extraction of the generated heat power density.  
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Figure 3. Experimentally determined (a) absorbed power and (b) absolute temperature increase 

upon solar illumination (AM1.5G) from front and backside (same samples and light directions as 

in Figure 2) for one- (left) and three-element (middle) gold nanoantennas and three-element 

nickel nanoantennas (right). (c) Simulated total solar absorption and (d) simulated temperature 

increase for the same systems.   



 11 

Figure 3a presents the experimentally obtained generated heat power densities of the 

thermoplasmonic surfaces under solar illumination (irradiance of 1 Sun, 1000 W/m2, thermal 

measurements always done on the glass / substrate side due to the constant emissivity of the 

thermal photons from one measurement to another). As expected, the results follow the same 

trends as observed for the optical absorption, with an increase of generated heat from one- to 

three-element gold nanoantennas, and from gold to nickel nanoantennas while maintaining the 

same surface coverage. The heat generation also reproduces and confirms the trends for the 

directionality of light absorption discussed above.  

Next, we turn to how the absorption and generated heat translates to temperature increase for the 

different thermoplasmonic surfaces. Equilibrium is reached when the generated heat equals the 

dissipated heat. In turn, dissipation arises from the temperature difference that is established 

between the glass and its surroundings, while the generated heat is invariant with respect to glass 

temperature. In the present case, heat dissipates primarily through convection and thermal 

radiation. The convection term can be assumed directly proportional to the temperature 

difference between the sample and the surrounding and the radiation term is expressed as: 

𝜀𝜀𝜀𝜀(𝑇𝑇4 − 𝑇𝑇04) = 𝑞𝑞
𝐴𝐴
   (1) 

where ε is the emissivity of the sample, σ is the Stefan-Boltzmann constant, T and T0 are the 

absolute temperatures of the sample and the surrounding, respectively, A is the area of the 

sample and q is the net radiated power. Using the following substitution: 

Δ𝑇𝑇 ≡ 𝑇𝑇 − 𝑇𝑇0   (2) 

equation (1) takes the form: 

𝜀𝜀𝜀𝜀(∆𝑇𝑇4 + 4∆𝑇𝑇3𝑇𝑇0 + 6∆𝑇𝑇2𝑇𝑇02 + 4∆𝑇𝑇𝑇𝑇03) = 𝑞𝑞
𝐴𝐴
 (3) 
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For small temperature increases from room temperature, as applicable for our case (∆T < 10 K 

and T0 ≈ 295 K), the 4∆TT0
3 term of equation (3) will dominate and the radiative losses become 

linear with respect to ∆T. We therefore expect the equilibrium temperature increase to vary 

approximately linearly with the absorbed power.  

Figure 3b shows the measured temperature increase for the three different nanoantenna surfaces 

upon front (red) and back (blue) solar illumination. As expected, we observed the same trend as 

for the generated heat power, with higher increase in temperature for three- compared with one-

element nanoantennas and highest increase for the nickel nanoantenna surfaces. Specifically, the 

three-element Au nanoantennas surface increases its temperature by 4 K (front illumination) and 

3 K (back illumination) from room temperature, which is significantly higher than for the single-

element nanoantennas showing a temperature increase of around 2 K for both illuminations. The 

elliptical three-element nickel nanoantennas produce twice the amount of heat compared to the 

three-element gold antennas, reaching a temperature increase of 8 K for front illumination. For 

all systems, the directionality in temperature increase agrees with the directionality of absorption 

and heat generation. It is instrumental to put this temperature increase into perspective. Here we 

draw an analogy with the molecular solar thermal fuel systems, where the controlled 

absorption/storage of the solar light is followed by the on-demand heat release. Such state-of-the-

art systems typically provide the heat release that leads to temperature increase of up to 10 

degrees, 27-28 i.e., directly comparable to the heat generation by our thermoplasmonic transparent 

surfaces.  

To verify the experimental results for the temperature increase we turn again to numerical 

simulations (see Methods section for details). In brief, we performed the simulations in two 

steps. First, the FDTD method provided optical absorption spectra of the different types of 
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antenna systems. These spectra were then multiplied with the model solar spectrum (AM 1.5G) 

and the resulting curve was spectrally integrated to extract the total absorbed power. The 

absorbed power then acted as the heat source in thermal simulations of the studied systems using 

the finite element method (FEM). The simulations comprise a nanoantenna (based on sizes and 

geometries from the experiments) on a glass support, with periodic boundary conditions in the 

plane of the thermoplasmonic surface to model an infinite array of antennas. We employed 

convective heat flux boundary conditions on the top and bottom of the system to simulate the 

heat dissipation. Figure 3c shows the calculated absorbed powers and Figure 3d shows the 

calculated temperature increases of the three different systems. Clearly, the trends in heat 

generation, temperature and directionality are all in very good agreement with the experimental 

results.  
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Figure 4. (a) Absorption spectra of a thermoplasmonic surface, engineered towards IR 

absorption and built on four-element nickel nanoantennas. Light incidence directions according 

to inset. (b) Actual nanoantenna geometry shown in SEM micrograph with insets of magnified 

single nanoantenna (left) and the schematics (right). Scale bar 2 μm. (c) SEM micrograph of 

three-element elliptical nickel nanoantennas, detached from the substrate (note the array of 

substrate-supported elliptical nanoantennas at the top right). Scale bar 1 μm. (d) Optical 

absorption spectra obtained from FDTD simulations for three-element nickel elliptical 

nanoantennas, positioned normally and upside-down on a substrate.   
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While the created transparent surfaces are able to raise the equilibrium temperature of the entire 

macroscopic glass (0.4 mm thick) by more than 8 K under solar illumination (1 Sun), they also 

need to preserve color rendering in transmission in order to be suitable for use as windows. That 

is, the color perception should not be distorted behind facades made by these thermoplasmonic 

surfaces. We use the Commission Internationale de l'Eclairage methodology29 to determine color 

rendering capabilities of the developed thermal surfaces. The daylight (standard illuminant D65) 

filtering by these surfaces (as in Figure 1b) has a very good color rendering index (CRI Ra), 

reaching 98.71 (standard illuminant-D, 7151 K) for the elliptical three-element nickel antennas. 

This makes the proposed glass material truly colorless. The value can be compared with, for 

example, state-of-the-art luminescent solar concentrators screens that have a lower CRI Ra of 

91.30 

Approximately half of the solar energy lies outside the visible spectral region. For maximized 

heating with maintained visible transparency, it would be optimal to have absorption close to 

unity in those regions. We demonstrate the possibility to modify our elliptical three-element 

nickel nanoantennas towards this purpose by adding an additional nickel layer with a thick (220 

nm) SiO2 dielectric spacer at the bottom of the antennas (see SEM image in Figure 4b). The 

absorption spectra in Figure 4a shows that these four-element nickel nanoantennas absorb 

considerably less in the visible region compared to the three-element nickel antennas, increasing 

the overall transparency while also providing a drastically increased absorption in the infrared 

region. In this design, shown in the inset of Figure 4b, the infrared absorption is enabled by the 

large bottom elliptical nickel element and the dielectric spacer upon which the three-element 

nickel antenna, close to the design presented in Figure 2, is placed. Optimization of the bottom-
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up process of these four-element nanoantennas would allow further enhancement of the 

collective absorption.  

For practical large-scale manufacturing of these new transparent thermal materials, it is 

important that the designed geometry of the nanoantennas enables optimal heat generation for 

mechanically robust systems that, in the best scenario, are also structurally substrate-

independent. We test this by mechanically separating the nanoantennas from the substrate by 

simple scratching (Figure 4c, top-view of the unaffected substrate-supported nanoantennas layer 

can be seen on the right). Remarkably, the three-element nanoantennas fully preserve their 

geometry and, according to numerical simulations shown in Figure 4d, their optical 

directionality. In principle, these antennas could easily be collected and re-located onto basically 

any surface of interest. Such mechanical robustness of the thermo-optical nanoantennas prompts 

for the development of various direction-selective transparent photo-thermal surfaces on 

substrates with challenging geometries or material compositions. A similar approach has 

previously been demonstrated for one-element plasmonic nanoantenna design.31  

In summary, we have developed a transparent and colorless solar-powered heater surface that 

can be implemented on a regular window glass. The surface is built on sparse arrays of multi-

element gold and nickel plasmonic nanoantennas that enable directional absorption of solar light. 

Such directionality correlates with the generated heat at the macroscale, delivered to the entire 

glass substrate and allowing for temperature increases of more than 8 K by solar illumination 

under ambient conditions. The nanoantennas could also be tuned to absorb in the IR. Despite the 

complex composition, the nanoantennas are mechanically robust as their structural integrity is 

independent of the underlying substrate, opening ways of building a broad class of materials that 

are transparent colorless passive heater elements, powered by solar light.  
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EXPERIMENTAL SECTION 

Sample preparation 

All samples were prepared using hole-mask colloidal lithography20. Rectangular microscope 

slides were used as substrates and 230 nm polystyrene beads were used to define the hole-masks. 

When fabricating the nanoelliptical antennas the hole-mask was evaporated at 45° to ensure 1:1.4 

ratio of short and long hole-axis. The material stacks were thermally evaporated at normal angle 

and consisted of 20 nm Au + 20 nm SiO2 for single element antennas, and 20 nm Au + 40 nm 

SiO2 +28 nm Au + 40 nm SiO2 + 30 nm Au + 20 SiO2 for triple element antennas. The diameter 

of the stack decreases with the height due to the orifices of the mask being gradually closed by 

the deposited material. For elliptical nanoantennas the same layer thicknesses were used, but Au 

was replaced by Ni. Also, SiO2 was replaced by Al2O3 for fabrication technical reasons. The 

elliptical four-element nickel nanoantennas for enhanced absorption of infrared radiation was 

fabricated using an elliptical mask made using 510 nm diameter polystyrene beads, with the 

same aspect ratio as for the 230 nm mask. The bottom Ni layer was 20 nm thick and the 

dielectric spacer was 220 nm thick. SiO2 was used as spacer layer in this case (also for 

fabrication technical reasons).  

Spectroscopic absorption measurement 

Optical absorption spectra were recorded in a Cary 5000 spectrophotometer from Varian (now 

Agilent technologies, Inc., Santa Clara, CA) equipped with an integrating sphere of model DRA 

2500, Varian. The samples were mounted with a center mount sample holder and measurements 

were done in “transflectance” mode, meaning that both transmitted and reflected light was 

collected by the detector. The angle of the incident light was kept at 9º off-normal in order to 
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include the specularly reflected beam, which would otherwise escape undetected through the 

beam entrance port of the sphere. In the case of nanoelliptical antennas, the spectroscopic 

measurements are made separately with light polarized parallel to each axis. The absorption data 

then are the mean of the two perpendicular measurements. This was necessary because the light 

in the Cary 5000 spectrometer is highly polarized, while the solar simulator, naturally, produces 

completely unpolarised light. 

Thermally measured absorption 

Thermal absorption measurements were carried out in a similar way as previously reported24. 

The difference being that measurements were also made with the light source placed on the 

opposite side of the samples as seen from the thermal camera. A ss150 solar simulator from 

Sciencetech, inc., London, Ontario, was used as a light source and an A645 thermal camera from 

FLIR systems inc, Wilsonville, Oregon, was used to record the thermal images of the substrate. 

The software Flir ResearchIR 3.4, FLIR systems, was used to extract the temperature.  

Quantification of the absorbed power was done by first multiplying the temperature increase of 

the sample by its specific heat (Cv = 820 J/(K·kg), density (ρ = 2510 kg/m3) and thickness (d = 

4·10-4 m) to convert the trace into a quantity with dimension J/m2 which has the physical 

meaning of net added thermal energy per unit surface. Subsequent differentiation of this quantity 

with respect to time gives the net power that infers this change of thermal energy per unit area. 

Re-plotting the data sets against the sample temperature instead of time reveals two traces 

corresponding to the light on-phase and light off-phase respectively. Making two linear curve fits 

to these traces gives two almost parallel lines. The separation between these lines represents the 

heating power from the absorption of the AM1.5G spectrum. The value of the temperature axis 

at which the light-on line equals zero is the equilibrium temperature upon illumination.  
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Optical numerical simulations 

We performed finite-difference time-domain (FDTD) simulations (absorbed power, electric near-

field intensity, far-field spectra) on the thermoplasmonic surfaces by using the commercial 

software Lumerical FDTD Solutions (http://www.lumerical.com/fdtd.php). To evaluate the 

absorption of the nanoelliptical antennas, the same strategy as in the experiment was applied. 

I.e., the absorption is calculated with light, polarized along the two nanoellipse axes, and the 

resulting ‘unpolarized’ light absorption is the mean of the two data. Nanoantennas are modelled 

with dimensions from the experiment and are placed on SiO2 substrate. Uniform calculational 

mesh is 2.5 nm. 

Thermal simulations 

We carried out finite element method (FEM) heat transfer simulations using the COMSOL-

Multiphysics software package (version 5.1). The geometry of the plasmonic structures was the 

same as used on the optical simulations with a 0.4 mm glass as substrate. The size of the 

simulation was 650 nm on x and y, with periodic boundary conditions to simulate an infinite 

array. A convective heat flux was used on z (top and bottom of the simulation) with a heat 

transfer coefficient of 10 W/(m2·K), a common value used for air. We incorporated the total 

absorbed power by the nanostructures obtained in the optical simulations as heat sources. We 

used the material properties of gold and glass provided by the COMSOL-Multiphysics software 

package. 
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