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Abstract

Spectrally selective glazing system attracts great attention for energy efficient radiator applica-
tions. The present work reports the possibility of a specific shield (Stainless steel/Borosilicate
glass) to provide passive cooling for the purpose of reducing the use of classical active method.
Radiative cooling devices require a convective shield that blocks all incoming solar radiation, but
should selectively reemit radiation in the “atmospheric-window” region. In this study, borosilicate
glass substrate coated with a stainless steel thin film was prepared by thermal evaporation and
low pressure (6.3 x 10-3 bar) DC plasma sputtering, in order to achieve the radiative cooling effect.
The optical properties of the optimal thickness thin film were measured in the wavelength range
of 0.3 - 20 um by an OL-750 double-beam spectroradiometer. The thin film has high visible band
reflectance with high infrared band emissivity across the full 8 - 13 pm; which indicates that
stainless steel thin film can be used as good radiative cooling material.

Keywords

Radiative Cooling, Reflectance, Stainless-Steel Thin Film, Optical Properties, Emissivity

1. Introduction

Radiator serves an important role in buildings to enhance high quality of life. In architecture, borosilicate glass
is prestigious for its carrying positive images such as transparency, natural brightness, modernity, freshness and
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indoor-outdoor interaction. Ordinary glass is not convenient for building envelopes in cold and temperate cli-
matic conditions because their properties do not satisfy strict requirements for low energy consumption in
buildings. Borosilicate glass tubes are used due to their low thermal expansion and superior environmental re-
sistance. Most thermal energies are passing through a glazing system in modern buildings, and it is important to
control them for energy efficient radiator applications. Architectural design can play a major role in achieving a
broader market penetration of solar heating and cooling options. Low-energy technologies, such as solar active
or passive cooling options, should be emphasized. However, integrating the solar heating and cooling systems
into the building envelope is a necessity if the systems are to be economically feasible. Typically, it can be roof
or facade integrations such as wall, balcony, awning or shade of the building. The integration is only possible if
the design of the solar technology is included in the design of the building.

Radiative cooling has many others potential applications [ 1]-[3], including keeping food, seeds and water desali-
nization. The energy consumption related to cooling of buildings is steadily increasing as a consequence of the
world-wide industrialization and increasing living standard. Solar heating systems have often been modified for ra-
diative cooling applications, or systems were designed in order to serve both solar heating and radiative cooling [4]
[5]. Passive radiative cooling is one among today’s challenges in materials science research it occurs when a body
gets cold by losing energy through radiative processes. The phenomenon of radiative cooling uses the fact that the
thermal energy emitted by a clear sky in the “atmospheric window region” (8 - 13 pm) [6] [7] is much less than the
thermal energy emitted by a blackbody at ground air temperature in this wavelength range. For this reason, the sur-
face on the earth facing the sky experiences an imbalance of outgoing and incoming thermal radiation and cools to
below the ambient air temperature. While this concept can work well at night, assuming a relatively dry atmos-
phere, the solar energy absorbed during the day, which is normally much greater than that has radiated out, causes
heating of the system. To prevent this, a shield is needed to cover the radiating surface in order to stop solar radia-
tion during the day as well as possible to prevent convective mixing in the cooled space. A shield possibly changes
this and promotes cooling or, at least, avoids heating. The use of stainless-steel as an optical thin-film material on
borosilicate glass for production of elements for regulating thermal energy emittance, especially for highly reflect-
ing mirrors of solar thermal devices, requires appropriate environmental protection. The reduction of radiation
losses of a radiator depends on the low-emissivity coating on its optical and radiative properties. Stainless-steel
low-emissivity coatings reduce absorptance of infrared radiation into a glass shield.

The use of optical materials improves the efficiency in passive cooling and energy efficient windows. There
are two principal configurations of a shield that can be used for passive cooling application.

The first configuration is the use of infrared transparent shields in order to evacuate IR radiation via atmos-
pheric window region. With an infrared transparent radiatif shield, it is possible for the radiator surface to cool
to temperatures below ambient [8] [9].

In the second design, the cover is opaque to both solar light and the IR. If the upper side of the cover has a
high solar reflectance and a high IR emissivity, most of the absorbed power from the sun will be emitted as
thermal radiation towards the sky and the temperature of the cover will be close to that of the ambience [10]
[11]. This paper deals only with the second design covers employing (Stainless steel/Borosilicate glass) system.

In this study, Stainless steel thin films coating on borosilicate glass substrate and their optical properties were
discussed in order to assess the possibility of stainless steel thin film for radiative cooling system uses. Vacuum
evaporation is generally used to deposit such films. In this work, we use the sputtering technique for stainless
steel film preparation. This method appears promising for the design of radiative cooling shield, where specific
properties are required [ 12].

2. Stainless Steel Sputtering

A series of multilayer films with different stainless steel layer thicknesses were prepared. The films prepared for this
study consist of stainless steel (45, 115, 150 and 195 nm) thick coating a float borosilicate glass sheet (3 mm). The
borosilicate glass substrate was ultrasonically cleaned in acetone, rinsed in alcohol and then dried in flowing nitrogen
gas. Metallization of the borosilicate glass substrate was performed by DC magnetron sputtering [ 12] with one target.
A pressure of 6.3 x 10 bar was maintained to produce the reactive plasma by applying 0.8 A with an advanced
energy DC power supply. Film thicknesses were determined by measuring the step height between masked and un-
masked regions on the substrate using a Dektak surface profiler. The deposition parameters are listed in Table 1.
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Table 1. Deposition parameters of thin films.

Reactor pressure (bar) Flow rate (sccm) Electrical currents (A) Discharge voltage (V)

6.3 %107 35 0.8 650 - 680

Scem: standard cubic centimetre per minute.

3. Experimental Instrument

Spectral data (reflectance and transmittance) of stainless steel thin films are measured over the full (0.3 - 20 um)
at room temperature using an OL-750 double-beam spectroradiometer, equipped with two different sources. A
150 Watt quartz-halogen lamp was used from 300 nm to 1 micron and an infrared, ceramic glower filament
source, from 1 micron to 20 micron, which were kept up at a high stability. Errors due to source instabilities are
minimized by means of a high stability controlled DC power supply. The modular approach of the spectro-ra-
diometer OL-750 coupled with a powerful application software packages allows the user to ensure repeatability.
The inaccuracy in the data of spectral specular reflectance and transmittance are estimated, from several mea-
surements on different samples, to be less than 2% in the range from 3 to 16 micron. Above 16 microns, the in-
accuracy may be larger.

The emitted light spectrum is scanned by a monochromator, which includes a rotating diffraction grating, in
order to select a specific wavelength before interaction with the sample. The resolution was about 0.1 nm ac-
cording to the grating adapted to each wavelength range. The light beam divergence is defined to be less than 1°
at the point of incidence on the sample. The monochromator sweeps the spectrally resolved light beam past a
fixed detector. A silicon detector is used in the short wavelength range (0.2 - 1.1 micron) whereas a pyroelectric
detector is used from 1 to 20 micron. The whole device was purged to eliminate water molecules. The normal
transmittance is measured at a small incidence angle (1°) to reduce influence of multiple reflections, whereas the
near-normal reflectance is measured at 20° (Specular reflectance).

4. Model for Radiative Cooling Effect

In the model understudy used for the radiative cooling, the radiator is covered by a horizontal shield, which pro-
tects it from direct solar heating [10] [13].

The shield is assumed to steadily receive energy from the sun and the atmosphere. The shield absorbs some of
the coming energy from the sun and the atmosphere, reflects back a part in the space and transmits the rest to-
ward the absorber.

The absorber emits thermal radiation toward the shield which is partially reflected and absorbed by the ab-
sorber (radiator). The absorber emits hemispherical thermal radiation toward the window which is partially re-
flected and absorbed by the radiator. At the thermal equilibrium, the shield radiates its hemispherical thermal
energy toward the space and absorber according to Lambert’s law (Figure 1). The shield is characterized at each
wavelength by two spectral transmittance coefficients (7; (1), 7,(4)) and by its two spectral reflectance coef-
ficients R (1) and R,(A) corresponding, respectively, to the waves traveling from the upper face (side 1) to
the lower face (side 2) and from the (side 2) to the (side 1). The same for spectral absorptance coefficient, we
have 4 (A) and A4,(A). These coefficients verify the following relation

A(A)+R (A)+T(A)=1i=12 (1)
In order to compare characteristic optical properties of the two faces of the sample, optical functions are de-

fined, following the definition of Nilsson et al. [14]. The solar band reflectance (R, ) is estimated as the aver-
age spectral reflectance over the entire solar spectrum (0.3 <4 < 2.5 um), as given by

Ry = [ R(A)W (2)da /[ Iw (2)da, @)

where W (A) is the solar spectrum AM1.5 [15] and R(A) is the spectral reflectance of the sample face.
Similarly, we calculated the solar band transmittance (7, (1)) and solar band absorptance ( 4, (1)) as giv-
en by the following equations

T, = [T (2w (2)daf [ w(2)da, (3)

0.3



M. Benlattar et al.

Solar incident energy

Borosilicate glass ———p
Stainless steel >

Radiator (absorber)

Figure 1. The schematic description of the model.

and
Agy =1-(R,, +Ty,) 4

sol

Applying the same calculation method in the atmospheric window (8 - 13 microns) is a more complex issue,
since the sky spectrum (atmospheric window range) is highly dependent on the humidity of the atmosphere.

The minimum parameters required to characterize the atmosphere specrtum for optical modeling and spectral
measurements research are turbidity, water vapor and carbon dioxide [16] [17].

For simplicity, we will use the atmospheric spectral transmission for clear sky as reported for the AM1.5 by
Berdhal and Fromberg [18], and in the same way, T 5., Rs.3,m and 4 5, are calculated in the atmos-
pheric window range.

Ry = | R(AX, (2)d2] [, (2)d, 5)
Ty = Jy R(AX (2)d2 ][ ¢, (2)da, ©)

where ¢, (/1) is the atmospheric spectrum transmittance.
Ax-13pm:1_(R8-13um+T3-13pm) (7)

The IR band properties are calculated for a spectral distribution of blackbody at radiance of 300 K.

The solar absorptance ¢, of an opaque material on a stack of thin films is described using Equation (8) with
spectral reflectance data [19]. The spectral region of 0.3 - 2.5 um was used because this region contains ap-
proximately 96% of the solar radiation intensity.

In that equation R(Z) is the reflectance, /,(A) is the spectral intensity of solar radiation, and A and 6
respectively represent the wavelength in micrometers and the incident angle of solar radiation. A low reflectance
in the spectral region of 0.3 - 2.5 pm causes high « .

2.5
[(1-R(2,0=20"))15 (2,T)d2
a=2 — ®)
I5(4,T)dA

0.3

The coating thermal emissivity &, is calculated by integrating spectral reflectance in the spectral region of
2.5 -20 pum, expressed as [19]
20
[(1-R(2,6=20"))1,(2,T)dA
£y = 25 - 9)
[1,(4.T)dA

25
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where I (T,A) is the spectral solar radiance (air mass of AM1.5 [20], and 1, (T, 2) is the spectral blackbody
radiative intensity.

5. Results and Discussion

At the fixed borosilicate glass thickness (3 mm), Figure 2 and Figure 3 present the measured optical reflectance
spectra of the Stainless-steel/Borosilicate glass system with different thicknesses of Stainless Steel layer. Coat-
ings are single-layer stainless-steel of 45, 115, 150 and 195 nm thicknesses.

1.50
Glass/Stainless steel(3 mm/195nm)
Glass/Stainless steel (3 mm/190nm)
1.25 Glass/Stainless steel (3 mm/115nm)
Glass/Stainless steel (3 mmy/45nm)
1.00
8
c
3
2 0.75
4
0.50
0.25
0
0.5 1 2 5 10 20
Wavelength A(um)

Figure 2. Measured reflectance spectra of thin film stainless-steel coatings of various thick-
nesses on, borosilicate glass substrate. Borosilicate glass is facing the incident beam (side 1).

1.50
———— Sainless steel/Glass (195 nm/3mm)
125 — Sainless steel/Glass(150 nm/3mm)
' — Sainless steel/Glass(115 nm/3mm)
——— Sainless steel/Glass (45 nm/3mm)
1.00
8
S
g 0.75
o= .
&
0.50
0.25
0
0.5 1 2 5 10 20
Wavelength A(um)

Figure 3. Measured reflectance spectra of thin film stainless-steel coatings of various thick-
nesses on borosilicate glass substrate. Stainless steel is facing the incident beam (side 2).
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As the system is not symmetric, measurements are carried out for the two different situations: 1) borosilicate
glass facing the incident beam (side 1) and 2) metal coating facing the incident beam (side 2). Corresponding
results are shown in Figure 2 and Figure 3, respectively.

The optical properties such as «, and &, of the coatings (Stainless-steel/Borosilicate glass) above study,
evaluated at 300 K, are listed in Table 2.

Figure 3 presents the optical reflectance spectra of the stainless-steel/borosilicate-glass system with different
S.S. layer thicknesses for fixed thickness of borosilicate glass layer (3 mm). It is seen that as the thickness of
S.S. layer increases, the reflectance increases but it decreases when the thickness of S.S. layer is about 150 nm
and there is a shift to longer wavelength regions. It is observed that when the stainless steel thickness is or nearly
equal to 150 nm thickness, the emissivity of stainless steel reaches a minimum value (Figure 4). The absorbed
energy is preferentially reemitted toward the sky due to the high emissivity of borosilicate glass (70% at 300 K)
compared to that of stainless-steel (18%) [21].

If borosilicate glass is facing the sky, these configurations indicate that the top layer prevents the transmit-
tance of the greatest part of radiation coming from the sky, and allows the bottom layer to evacuate most of the
thermal radiation emitted by an underlying material, a black radiator in the present case. As a consequence, the
blackbody covered by the present shield will support radiative cooling.

Figure 4 shows the thermal emissivity and solar absorptance of thin film stainless-steel coatings of various
thicknesses on borosilicate glass substrate. The solar absorptance and thermal emissivity of film coated sample
is calculated according to Equation (8) and Equation (9).

Table 2. Optical properties of the selective coatings.

Thicknesses (nm) a, (side 1) &, (side 2)
45 0.87 0.70
115 0.75 0.52
150 0.70 0.18
195 0.90 0.21
E—=&1 Thermal emissivity
—— Solar absorptance
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Figure 4. Calculated thermal emissivity and solar absorptance of borosilicate glass coated
with signal-layer stainless-steel coating of various thickness.
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The spectral transmittance and reflectance of the optimal thickness of stainless steel thin film (150 nm) deposited
on borosilicate glass substrate (3 mm) (side 2) are shown in Figure 5. From spectral reflectance, we can see the
position of the critical point structure at 0.41 eV (0.32 pm) [22]. For metals, the onset of this interband absorption
is associated with transitions from Fermi surface to the next empty band or with transitions from a lower lying
filled band to the Fermi surface. Interband absorption can be identified with the structure in the real and imaginary
parts of the dielectric constant [23]. There is a high peak of reflectance around 4 micron in Figure 3, which seems
to be due to abnormal skin-effect [10]. The stainless-steel film on a borosilicate glass substrate was used as spec-
trally selective filter that reflects most of the visible spectrum and absorbs infrared radiation (due to the properties
of the metal layer). The highly reflective metal film, that otherwise transmits very little energy in the infrared re-
gion, was absorptive coatings so as to enhance the energy emitted in infrared window (8 - 13 pm).

Figure 6 shows the spectral transmittance and reflectance of borosilicate glass substrate (side 1). It can be
observed that the reflectance of the borosilicate glass (side 1) is higher in solar region and lower in the (1 - 20
pm) except for the peak situated at 9 pm corresponding to the O-Si-O bonding [24]. Most of the measurements
for radiative cooling materials were made using a borosilicate glass substrate, but in some cases Si substrate was
required [25]. Single-layer coating of SiO, is the simplest and most promising coating for enhancing emissivity
[26]. Borosilicate glass thin substrate is one of practical substrates for use as radiation shield. It was selected as
the substrate material due to its availability and constant optical properties, which were difficult to obtain for the
homemade samples. Therefore, borosilicate glass has high-emissivity behavior because due to low reflectance
and to low transmittance results in a high absorptance in the IR window.

Optical measurements of the optimal thickness (150 nm/3mm) were carried out using two different configura-
tions: in one, the side 1 and the side 2 (Figure 5 and Figure 6 respectively). Table 3 gives the above radiative
properties for the shield reported in this work.

As expected, due to the presence of the thick metallic coating, the transmittance 7 is found to be negligible in
the whole wavelength range, both for the case of glass facing light and for the case of metal.

In the case of borosilicate glass facing the incident beam, the solar band reflectance over most of the solar re-
gion is rather high (R, = 0.24) and increases to (0.52) in the visible region. As can be seen from Figure 6, the
solar transmittance is reasonably very low in (T, = 0.07) and falls to a null value in the visible region. The
window IR band transmittance is very low (Ts_3,m = 0.03), but the IR band reflectance of the radiative object is
very high 0.79 for the 8 - 13 pm band, that is, the IR band emittance reaches 18%.
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Figure 5. Reflectance R(4), 7(4) transmittance and absorptance A4(4) for a 150
nm-thick stainless steel film coated borosilicate glass (3 mm). Stainless steel

is facing the incident beam.
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The concept of this approach is to combine high solar reflectance or scattering from the upper side of the
shield and to high reemission in the “atmospheric-window” from the upper side of the shield. Such radiative
properties values are suitable for passive cooling use [10] [27] [28].

In the second case, the incident beam, the reflectance is low (0. 27) between 0.3 and 1 um, then it increases to
reach the maximum (0.61) around 2 pm. The solar band transmittance is reasonably very low in (T, = 0.04) and
falls to a null value in the visible region. The window IR band absorptance is very high (Ag_3 = 0.88), but the
IR band reflectance of the radiative object is very low 0.1 for the 8 - 13 um band, that is, the IR band emittance
reaches 87%.

The treated window is opaque to most of the visible radiation received from the sun. It has also an opaque
behavior of the thermal radiation emitted by the absorber. It’s checked that the emission of the treated side is
very weak compared to that of the untreated side.

A consideration of the two geometries leads to an expected difference in the spectral specular reflectance.
However, the side 2 facing blackbody appear to possess the best properties for use as a shield radiative cooling
devices. In the conditions of a normal incidence (T = 300 K), the temperature of the black absorber, in the ab-
sence of the shield, is estimated at 364 K. Using the measured radiative properties (Table 3), the computed
temperature of the black absorber when it is covered by the shield is 288 K [29] [30]. The net radiative cooling
power of a radiator (P,) is the difference between the power radiated by the radiator at its operating temperature
minus the power absorbed by the radiator from the sky [31] [32]. The cooling power (P,.) of the shield’s surface
is about 59 W/m’. The maximal cooling power of a body at ambient temperature with high infrared emittance is
in the range of 100 W/m? for clear night sky and low air humidity [7] [33] [34].
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Figure 6. Reflectance R(1), transmittance 7(4) and absorptance 4A(4) for a 150 nm-thick stainless steel film
coated borosilicate glass (3 mm). Borosilicate glass is facing the incident beam.

Table 3. Values of the optical functions, Rg_ 13, Tg_ 13, Ag_- 13, Ryop, Tso1 and Ay of shield faces for application
in radiative cooling devices.

Sample Rsol Tsol Asol TS - 13 pm A8 - 13 pm R8 -13 pm
Side 1 0.24 0.07 0.69 0.02 0.88 0.1
Side 2 0.39 0.04 0.57 0.03 0.18 0.97
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6. Conclusion

In summary, metallization of the borosilicate glass substrate was performed by DC magnetron sputtering. The
optical properties of the film were measured in the Vis/near IR (solar) and mid-IR (atmospheric-window) re-
gions both for the coated and for the uncoated faces. Radiative cooling properties were determined for a black-
body radiator shielded by a borosilicate glass cover coated with a stainless steel film. If the metallic coating is
facing the radiator, this system was shown to possess suitable optical properties for use as a shield. Moreover,
because of its high emissivity in the atmospheric transparency window, the stainless steel coating thin film could
be used for radiative cooling.
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