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AssrRAcr

Solar thermal energy is generally accepted as very energy efficient in providing space heating
and cooling, desalination of sea water or solar thermal electricity generation. For all these
applications, one of the key elements is the optical selective coating for solar absorbers.

The process that we developed to produce such multilayered coating for solar thermal
absorbers is sol-gel dip-coating; this chrome-free and low-cost process works at atmospheric
pressure and temperature. The optical properties of the thin films have been characterized by
spectrophotometry and ellipsometry.

Coatings deposited on stainless steel substrate exhibit more than 94% of solar absorptance
and llYo of thermal emittance at 100"C. These results are particularly interesting since the
samples show a very promising durability.

INrnooucrron

Solar thermal energy conversion is accepted as very energy efficient in providing space
heating, domestic hot water generation, industrial process heating, or desalination of sea
water. One key element of all these applications is the optical selective coating on the solar
absorber, which should absorb a maximum of the incoming solar radiation (black body) but
avoid energy loses by infrared radiation (infrared mirror). Today, standard selective coatings
absorb more than 95% of the incoming energy and have a thermal emittance of only 5%. Two
main types of solar absorbers are available on the market, glazed and unglazed solar
absorbers. Figure 1 illustrates the scheme of the radiative transfer for each type.

Selective thermal absorber coatings available commercially today are either produced by
traditional electrodeposition of black chrome f1-2), as selective paint [3], or by vacuum
deposition processes such as reactive evaporation or magnetron sputtering L4-61. In the
electroplating process, toxic Cr6+ ions occur, and care has to be taken to avoid environmental
pollution. This product is very durable but is suffering more and more from the bad image of
the production process. In vacuum deposition, processes initial investment costs related to the
expensive vacuum equipment are high and can be out of reach in certain situations.

This explains the interest in developing a sol-gel process for the production of nanocomposite
selective solar absorber coatings. Indeed, a sol-gel dip-coating process does not require
expensive vacuum equipment and we intend to avoid completely the use of chrome. Using a
sol-gel process, L.Kaluza demonstrated that it was possible to reach 86% of solar absorptance
and lloÂ of thermal emissiüty with only one individual layer [7]. By sol-gel spin-coating
T.Bostrôm obtained fascinating properties for multilayered coatings with a nitrogen
annealing: solar absorptance 97oÂ and thermal emittance 5% [8]. Recently, R.Bay6n obtained
results with ternary oxide that shows good solar absorptance (94%) and thermal emittance
(6%) on aluminium substrate [9]. A novel low-cost sol-gel coating process for solar absorbers
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is developed in our institute. \Me propose a new tandem absorber composed of a
nanocomposite absorbing material on stainless steel substrate.

Figure l: a) schematic diagram of radiative energy transfer in a glazed solar panel b) picture
of glazed solar panels installed on the roof of a building c) schematic diagram of radiative
energl transfer in an unglazed solar panel d) picture ofunglazed solar rooJ.

Mnrnoo

ln order to develop complex nanostructured materials, an iterative process is followed (figure
2). After the deposition of a coating we characterise the thin film with two groups of method.
Spectrophotometryi, ellipsometry and durability measurements allow us to know the
properties of the new layer such as spectral reflectance, refractive index, thicknesses and
durability. From scanning and transmission electron microscopy (SEM and TEM), X-ray
diffraction (XRD) and X-Ray photoemission spectrometry (XPS), a structural model is
derived, which allows us to improve the film properties of the next iteration.
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Figure 2: Iterative cyclefor the development of novel nanocomposite coatings.
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Samples preparation

The sol-gel coatings are deposited on stainless steel as well as on glass or silicon wafer
substrates. The stainless steel that we use is specular reflecting and has 10Yo of thermal
emittance at 100"C. For the development in the laboratory, the typical size of the substrate is
7cmby6cm.

The method v/e use to deposit the layer is a dip-coating process. Metal alcoxides are obtained
by dissolution of metallic salt in pure ethanol. A surfactant is added in order to improve the
wettability (in order to protect our industrialpafiner, the compounds of the solutions are not
described in this paper). This technique permits to deposit coatings in ambient air, at room
temperature. Figure 3 illustrates the dip-coating process and the three main steps: l-dipping of
the substrate in the solution, 2-withdrawal at constant speed and formation of a liquid film at
the surface, 3-evaporation of the solvent and formation of a xerogel. By means of a thermal
annealing between 400"C and 500oC in air during 90 minutes, the films are hardened and
oxidized. With this technique we are able to control with accuracy the thickness of the layer
as a function of the withdrawal speed and the viscosity of the used solution.

Characterisation techniques

The thickness of the layers is determined by spectroscopic ellipsometry. A Sopra GESP5
ellipsometer is used to measure the ellipsometer angles Y and À between 300nm and 2000nm
at various angles of reflection. The ellipsometric data are analysed by applying a point-by-
point fitting algorithm elaborated by our team. This non-destructive method allows us to
determine the thickness with an accuracy of +2.5nm and the complex refractive index, n and
k, of the material.

Spectrophotometry in the visible and near infrared wavelength range up to 2500nm was
carried out in order to determine the optical performance of our nanostructured material on
stainless steel. In the visible range, the spectral reflectance is measured by a spectrograph
(Oriel MultiSpec l25rM 1/8m with Instaspec IITM Photodiode Anay tietectàr with an
integrating sphere). For the near infrared range an Optronic Laboratories Monochromator OL
750-M-S is associated with a NlR-sensitive PbS detector (OL 730). A LabVIEW routine has
been programmed allowing the control of the various components for acquisition of the
optical data. For selected samples, measurement of the spectral reflectance is controlled by an
UV-VIS-NIR Cary 5 spectrophotometer equipped with an integrating sphere.

The spectrophotometric measurements allow us to measure the spectral reflectance R(1") and
to calculate the solar absorptance cr.o1 (Equ 1) by weighting the spectral absorbance cr(À):l-
R(À) with the solar energy distribution I.o1 (reference spectrum AMl.5 global).

d"ol =

[t "",61as"
300

The thermal emittance at 100"C, e16, is measured by means of an emissiometer Inglas TIR100.
In this method, the surface is exposed to the thermal radiation of a black hemisphere heated to
100"C. The infrared radiation is reflected by the surface of the sample and detected by a
sensor (thermopile). The showed emittance is then infened from the IR reflectance.

lt",,1t11t- R(.Dyr
300 (1)
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A simple accelerated aging test is performed by thermal annealing in air. Two kinds of layers
were tested together: a highly durable selective black chrome coating and a selective black
coating made by sol-gel processing in the lab.

Rnsur-rs AND DrscussroN

Thicknesses of the layers

The novel black selective coating is composed of a multilayer stack, where interference
phenomena are important. It is thus crucial to know the thickness of the deposited layers
precisely. Figure 3 shows the thickness of deposited layers in function of the withdrawal
speed. We calculated the thicknesses by ellipsometric measurement of layers on silicon wafer
substrate.

In the range from 3 mm/sec to 7 mm/sec the thicknesses we obtained varied between 30nm
and 80nm. The data can easily be frtted by a power law with the exponent of 213. Our results
follow the Landau-Levich equation [10].

Figure 3: On the left: dip-coating process and the three main steps. On the right: measured
thicknesses of the nanocomposite layer in afunction of withdrawal speed. The datafollow the
exponential behaviour predicted by the Landau -Levich equation.

Optical performance

In order to optimize the global performance of a black selective coating for solar absorbers,
we aim to maximize the solar absorptance c[ro1ând minimise the thermal emittance e6.

In a first step, the optical performance of an individual layer was optimized. As interference
phenomena are important, an optimal thickness has to be found by adapting the withdrawal
speed. The figure 4 shows the reflectance obtained by spectrophotometric measurement of
one individual layer coating on stainless steel substrate. The associated solar absorptance
leads to a value of a*r:85.5Yo andthe measured emittance to ath:l1o4.

In order to improve the solar absorptance, an anti-reflection layer was applied as top layer.
The material we used is a quartz base material also deposited by sol-gel method. Optimisation
of the thickness of this anti-reflection coating was made by simulation (Tfcalc) and led to
values below 100nm. The figure 4 shows the reflectance of a double-layered coating (sotid
line). This top layer allows us to decrease the reflectance in the entire solar spectrum. The
calculated optical properties âre crs61:94oÂ and x6:ll%o.It is also interesting to note that, as
the emittance measurement shows it, far infrared properties don't change when the anti-
reflecting layer is added.
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Figure 4: Visible and near infrared reflectance of the novel nanocomposite solar absorbing
coating. The dotted line represents the reflectance of one individual layer coating on stainless
steel. The solid line represents the reflectance of a doubleJayered coating on stainless steel
(ex,:l1%o). On the left, the spectrum of solar radiation is represented (scale on the ,ight)

Coating durability

In terms of durability, the required properties of solar panel coating are very high.
Comparative aging test \4/as performed in our lab with our coating and a highly resistant black
chrome coating. The duration of the aging steps v/ere 4, 8 and 16 hours. After each step, rÀ/e

measured the solar absorptance cr,5s1 ând the thermal emittance stn of both samples. After 28
hours at 360oC, the black chrome coating is deteriorated and the optical properties decrease
from cr.o1:96.7Yo to ü*or9l.7Yo (Figure 5). In the same time, our coating didn't change his
optical properties. The solar absorptance and the thermal emittance remain at dsd:93.7Yo and
x*:11%o.

Figure 5: Aging test at 360"C during 28 hours. On the left, the graph represents the evolution
of the reJlectance of black chrome coating after 0 hours, 4 hours, 12 hours and 28 hours. On
the right, the same evolution for the novel nanocomposite solar absorbing coating is
represented.
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CoNcrusroN

The developed sol-gel method has proven to produce coatings with good spectrally selective
optical properties. The study has shown that it was possible to produce a double-layered
coating with solar absorptance higher tban 94oÂ and thermal emittance of fi%o. Despite the
fact that optimisation is not yet terminated the optical performance is already competitive.

These results are especially encouraging because of the lactthat the first aging test shows an
exceptionally high durability. Finally it is important to point out that the novel nanocomposite
coating production process is completely free of chrome.
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