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around 3300 cm−1, lied to –OH groups and around 3600 cm−1 lied to –NH groups and influenced by
water content.
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Figure 4. Refractive index of two silicon nitride thin layers compared to bulk one. 

In Figure 5 is shown a comparison between infrared reflectance of CM simulated and CM 

deposited on aluminum plate. 

 

Figure 5. Infrared reflectance of CM simulated and experimental. 

In Figure 6, a comparison between CM FTIR reflectance of CM, as deposited on different 

substrates by means of the same sputtering process is reported. It is remarkable the high reflectance 

in a large part of infrared range (>95% from 2000 to 6000 cm-1) and the strong absorption (and, hence, 

emission) in 670–1300 cm-1. Only few differences between metamaterials, as grown on different 

substrates in infrared reflectance spectra, are detectable, because reflective behavior of such 

metamaterial in this range is heavily influenced by the 200 nm silver layer. The absorption band (670–

1300 cm-1) is identical in all different samples. A difference can be detected in the hydrogen bonds 

absorption band around 3300 cm-1, lied to –OH groups and around 3600 cm-1 lied to –NH groups and 

influenced by water content. 
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Figure 4. Refractive index of two silicon nitride thin layers compared to bulk one.
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Figure 5. Infrared reflectance of CM simulated and experimental.
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Figure 6. Infrared reflectance of CM deposited on different substrates: silicon (red line), glass (blue 

line), aluminum (green line). 

Apart from CM, a cover protecting the system from natural convection can also play an 

important role to optimize the performance of the radiative cooler. As above mentioned, for daytime 

application, it is fundamental to block convective heat gain, so that the cooling prototype’s net 

radiated power is higher than the absorbed solar power and the device can yield a temperature below 

the ambient one. On the contrary, if the absorbed solar power is higher than the net radiated power, 

the device temperature becomes higher than the ambient air temperature. In this circumstance, the 

use of convective covers is undesirable, as natural convection can facilitate the release of heat from 

the cooling device. In the absence of direct solar radiation, convection covers can greatly improve the 

device performance in terms of radiative cooling. 

To cover the box, protect the panel from air and wind, and suppress convective heat gain from 

the ambient, it is necessary to individuate a material with a high optical transmittance in 8–13 micron 

range, since differently this could reduce CM emissivity.  

Moreover, the covering material has to be flexible and low cost. An organic material typically 

absorbs in such a region, but in literature it has been demonstrated that a thin film of pure 

polyethylene has a transmittance higher than 80% in the IR region 8–13 µm (769–1250 cm-1), as 

reported in Figure 7a (book transmittance spectrum of polyethylene card). Different commercial 

samples of PE (of various origins and thicknesses) have been analyzed with other polymeric 

transparent materials (e.g., Fluon of different type, PE-PET of different thickness, PC, etc.). As an 

example, in Figure 7b, the FTIR Transmittance percentage (T%) vs. wavenumber is reported for 

different selected samples (Fluon 250 (red line), PE film 6 micron thick (blue line), PET-PE 10 micron 

thick (green line), PE based freezer bag (dark line). Focusing on the interest region (Figure 7c), a 6-

micron thick PE film cab be considered appropriate for the purposes of the present work. It is worth 

noticing that, in some commercial PE based polymers, a white pigment is present that interferes with 

optical behavior. In other terms, it is always advisable to verify, through FTIR analysis that the 

covering film is transparent in the specific interest region. Differently, the work to optimize 

metamaterial optical properties could be useless, since the effective front of the device is the polymer. 

Figure 6. Infrared reflectance of CM deposited on different substrates: silicon (red line), glass (blue
line), aluminum (green line).
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Figure 9. Comparative temperature test between CM and identical plate without coating exposed to 

clear sky conditions: (a) photo, (b) data. 

The CM exposed to the air after the test started to partly peel off from the metallic slab substrate 

edges. The peeling process that initially started in the edges region (Figure 10b), after 1 month of air 

exposure (Figure 10a), appeared uniform on the entire slab. Pink regions, entirely delaminated from 

substrate, are visible in Figure 10a. Such behavior is not detectable in samples deposited on different 

substrates (produced for analytical purposes).  
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Figure 10. (a) Photos of mirror coatings before and after test.(b) ThermoCamera image during test. 

The FTIR reflectance spectrum of the metallic sample after 1 month of air exposure was 

measured and it is reported in Figure 11, compared to as grown one. A degradation phenomenon 

that reduces emission performances in the transparent atmosphere window is evident. In particular, 

a decrease of TO and LO Si-N and Si-O absorption modes is present.  
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Figure 11. FTIR Reflectance before the field test and after 1 month. 

4. Discussion  

Aims of this work is the proof of concept of a passive daytime radiative cooling device, to be 

potentially integrated with a chiller or a fan coil (and in such case semi-passive) to maintain cool an 

indoor environment reducing electricity consumption. This electricity saving can be achieved if the 

cooler located on the roof is able to grant, under direct sunlight, a temperature well below ambient 

temperature. 

In a classical macroscopic physics approach, a radiative cooler exposed to a daylight sky is 

subject to both global solar irradiance and atmosphere thermal radiation. The net cooling power 

emitted by the radiator depends on the power balance between radiative, convective, and conductive 

transport phenomena. In particular, the device radiative power has to increase, while the conductive 

and convective parts have to lower. The radiative device power can be maximized with the use of 

emissive materials (that strongly emit in the window transparency window of 8�.13 micron range). 

The amount of the incidental atmospheric radiation (PsunAM1.5), which is absorbed by the radiator, can 

be diminished by increasing reflectance in solar range (250�.2500 nm). The power absorbed by the 

surrounding atmosphere (Patm) and the power gained due to convective and conductive phenomena 

(Pconv+cond), which could heat the device can be lowered by means of a proper insulation from ambient.  

When the radiated output power exceeds the net absorbed power (PsunAM1.5+ Patm + Pconv+cond), the 

radiator temperature lowers. 

Thus, to achieve a state where T is significantly below Ta, an engineered material with peculiar 

optical properties has to be integrated in a device where the radiative emission within the 8�.13 µm 

wavelength region has to be maximized and the absorbed power from the incoming atmospheric 

radiation, non-radiative contributions, and absorption of solar power must be minimized. All these 

requirements can be satisfied acting on the different constituents of the cooling device, in particular 

tailoring optical properties of engineered metamaterial.  

The global AM1.5 solar spectrum in the Mediterranean area has an irradiance value of about 

1000 W/m2 and a significant absorption of this power flux can easily diminish the cooling effect of the 

device. For this reason, the passive radiative coolers reported in the literature are utilized in the night. 

For a daytime application, it is important that solar incoming radiation is highly reflected (95%) in all 

spectral wavelength range, except for the 8�.13 micron window (770�.1250 cm-1), where a strong 

selective emission is required. In case of a lack of selectivity in such IR region, a significant absorption 

of the atmospheric radiation outside the transparency window can occur, not allowing the cooling 

device to achieve temperatures significantly below the ambient temperature. 
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