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GLAZING

Field of the invention

The present invention relates to glazings which, in particular, may be used in solar
collectors.
In the present text, the term "glazing" means any material, e.g. glass or

polycarbonate, transparent to visible electromagnetic radiation.

State of the art

Architectural integration of solar energy systems into buildings is becoming more and

more important. Thermal solar collectors, typically equipped with black, optical
selective absorbers sheets, exhibit in general good energy conversion efficiencies.
However, the black color, and sometimes the visibility of tubes and corrugations of
the metal sheets, limits the architectural integration into buildings. Various attempts
have been made to overcome this drawback. One way out is to color the absorber
sheets. Optical selective absorber coatihgs are usually deposited by processes such
as magnetron sputtering, vacuum evaporation, electrochemical processes, SolGel
technology, or as selective paint (thickness-sensitive or thickness-insensitive). These
processes are optimised for high solar absbrption, yielding typically black or dark
blue surfaces. Modifying the process parameters can result in a colored appearance
of the solar absorber sheet. Selective paints can be prepared to exhibit blue, green,
and brownish red colors. By varying the layer thickness, sputtered absorber coatings
can also be colored in a large variety of shades. Following this approach, the
absorber surface combines the functions of ‘optical  selectivity (high solar
absorption/low thermal emission) and colored reflection.

Tripanagnostopoulos et. al. (Y. Tripanagnostopoulos, M. Souliotis, Th. Nousia, Sol.
Energy 68, (2000), 343) proposed a different solUtion, i.e. the use of non-selective
~ colorful paints as absorber coatings for glazed and unglazed collectors, and

compensated the energy losses by additional booster reflectors.
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Summary of the invention

An object of the present invention is to provide a colored reflection from a glazing,
e.g. from the cover glass of a solar collector. This approach has the advantage to
separate the functions of optical selectivity and colored reflection, providing thereby
more freedom to layer optimization. In addition, if the invention is used in a solar
collector, the black, sometimes ugly absorber sheet is hidden by the colored

reflection of the glazing.

The principle of the invention is summarised in Figure 1 which schematically shows
a thermal solar collector wtih a colored coating ébplied to the glazing. The coating
reflects a color, thus hiding the corrugated absorber sheet,. However the
complementary spectrum is transmitted. No absorption occurs in the coating. The
coating can be deposited onto the inner of the glazing, as shown in the drawing, but
also on the outer side, or on both. Also, a colored coating on the innef side can be
combined with a mat outer surface (or with a diffusing substrate).The glazing can
consist e.g. of white glass (low iron content), or of organic material such as
polycarbonate.

No energy should be lost by absorption in the coating. All non-reflected energy
should be transmitted.

Those objectives are achieved with the glazing according to the present invention
which, preferably but not exclusively, comprises multilayer interference stacks of
transparent materials. .

Multilayer interference stacks for various optics and laser applications are known in
other fields , see e.9. H. Angus Macleod “Thin-Film Optical Filters”, 3 Ed., Institute of
Physics Publishing, Bristol, ISBN 0-7503-0688-2 (2001) (2" Ed. with Adam Hilger Ltd,
Bristol, ISBN 0-85274-784-5 (1986)).

For the present invention the material choice must be realistic, and the considered
refractive indices have consequently to be within a certain range. In addition to that,
the maximum number of layers is limited. In contrast to applications such as laser
interference filters, solar applications employ typically large surfaces to be coated at

low price, which implies that production costs limit the number of individual layers
building up the multilayer stack.
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One possible way to color the reflected light is the use of thin film interference which
is a well known phenomena which can be observed with soap bubbles, thin oil films
on water, etc.. The cover glass of a solar collector can be coated, either on one side,
or on both. Because of the constraint that no absorption must occur, we preferably
use thin films built up of dielectric, transparent materials like e.g. SiO,, Al,O3, TiO,,
composite silicon titanium oxide, or MgF,. Preferably the glass to be coated is
practically iron-free (‘white’ solar glass).

In contrast to photovoltaics, solar thermal collectors can convert the full solar
spectrum including the infrared. Thus, in solar collectors, the fraction of invisible but
usable solar radiation is much higher than for photovoltaics.

List of figures

Figure 1 schematically illustrates the principle of the invention.
Figure 2 shows the spectrum of the solar radiation and the sensitivity curve of the human
eye.

Figure 3 illustrates the ratio "visible reflectance vs. solar loss".
Figure 4 illustrates a first example of the invention.

Figure 5 shows a corresponding reflectance spectra .

Figure 6 shows the color space.

Figure 7 illustrates a second example of the invention.

Figure 8 shows a corresponding reflectance spectra.

Figure 9 shows another reflectance spectra.

Figure 10 illustrates a third example of the invention.

Figure 11 shows a corresponding reflectivity spectra.

Figure 12 shows another reflectance spectra .

Figure 13 illustrates a fourth example of the invention.

Figure 14 shows a corresponding reflectance spectra.

Figure 15 shows another reflectance spectra.

Figure 16 illustrates a fifth example of the invention.

Figure 17 shows a corresponding reflectance spectra.

Figure 18 shows another reflectance spectra.

Figure 19 illustrates a sixth example of the invention.

Figure 20 shows a corresponding reflectance spectra.

Figure 21 shows another reflectance spectra.

Figure 22 shows another reflectance spectra.

Figure 23 shows another reflectance spectra.

Figure 24 shows a reflectivity spectra.
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Detailed description of the invention

For the calculation of the solar absorbance of thermal solar collectors, the solar
spectrum at air mass 1.5 (AM1.5) is used conventionally. For the calculation of the
solar transmittance Tso oOf the colored cover glasses, we also adapt the use of the
spectrum AM1.5.

Regarding colorimetry, the Commission Internationale d’Eclairage (CIE) describes
standard illuminants (like A, B, C, D65, E). For the determination of the color
coordinates of an illuminated surface, we use the standard illuminant D65, that
corresponds to a daylight illumination taking into account the diffuse radiation of the
sky.

The spectra of D65 and AM1.5 are quite close to each other, but not identical (see
Fig. 2).

In order to get an idea of the potential of the envisaged colored glazing with high
solar transmission, we calculate the performance of an idealized system that reflects
just an extremely narrow spectral band (represented by a &-distribution) and is
perfectly transparent for the rest of the solar spectrum. Calculated are the visible
reflectance Ryis under daylight illumination D65, and the solar energy losses by
reflection Rso (%) (based on the solar global spectrum at air mass 1.5). In absence of
absorption in films and glass, reflection and transmission are complementary: R
(%) * Tsat (%) = 100 %.

By straightforward integration, the ratio Ryis (%) / Rsa (%) is found to be independent

of the amplitude of the narrow spectral band, and depends therefore on the
wavelength only (see fig. 3). .

In the region from 480 nm to 640 nm, the ratio Ryis (%) / Rsoi (%) is greater than 1.
The absolute maximum amounts 6.3 and is reached at 550 nm, which corresponds to
a color of yellowish green. This means, that at this wavelength, a visible reflectance
of e.g. 12.6 % would just induce solar losses of only 2 %.

Obviously, the ratio Ryis (%) / Rsol (%) has the character of a figure of merit.

The substrate to be coated is preferably glass. Solar glazing is nearly iron-free, which

ensures low absorption in the bulk glass. Typical refractive indices exhibit normal
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dispersion in the range of 1.51<n <1.58 (at 500 nm: n=1.52 for BK7, n = 1.54 for
AF45).

Some commonly used thin film materials are listed below :

material deposition technique refractive index n

Al:O3 e - beam evaporation, 1.62 at 600 nm,

magnetron sputtering, 1.59 at 1600 nm

SolGel?
MgF2 evaporation from 1.38 at 550 nm,
tantalum boat 1.35 at 2000 nm
SiO; e - beam evaporation, 1.46 at 500 nm,

magnetron sputtering, 1.445 at 1600 nm
SolGel

SigNg low voltage reactive 2.06 at 500 nm
ion plating,

magnetron sputtering

TiO2 e - beam evaporation, 2.2 -2.7 at 550 nm
magnetron sputtering, depending on structure
SolGel

Of course there exists many more. Intermediate refractive indices can be achieved
by mixing materials to composites (e.g. by mixing SiOz and TiOz to composite silicon

titanium oxide). In many cases the refractive indices depend to a large extend on the
deposition conditions.
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Numerical simulation of multilayered interference stacks

The optical behavior of multilayered thin film stacks is described by well-known but
complicated formulae. Each individual layer is represented by a 2 x 2 matrix, the
multilayered stack by their matrix product. Multiple reflections from back and front
side of the glass have to be taken into account. Due to the complexity of the
equations, numerical simulations are usually performed with the aid of a computer.
Software performing these calculations is already commercially available.” Spectra-
Ray Advanced Fit (SENTECH) is a software originally designed for evaluating
ellipsometry data, but it is also capable of straightforward simulation of reflectance
and transmittance spectra. A professional tool for designing interference filters is
Tfcalc, which also includes the features of refining an existing design and even a

global search for optimal designs.

In large area deposition, it is always advantageous to find a solution with the least

number of individual layers possible.

Example 1 : Refractive Indices 1.46 and 2.2

These refractive indices correspond roughly to SiO, and TiO», both durable materials
accessible by the sol-gel technique as well as by the vacuum techniques of
magnetron sputtering or e - beam evaporation. Therefore it is worthwhile to use their
combination. |

In this example, one side of the glass, which may be the inner side, is coated (see
Figure 4).

The effect of varying just a single parameter, the TiO; thickness t2.2 , has been
studied.

The graph illustrated in Figure 5 shows the reflectance spectra under variation of the
TiO, thickness 2.2 from 0 nm to 80 nm, in steps of 10 nm. The SiO; thickness t1.46
is kept as a constant (140 nm).

The black solid line represents the spectrum for a TiO, thickness 12.2 = 30 nm. |t

shows a sharp maximum at 370 nm, giving rise to a blue-violet color and even a
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region of antireflection around 650 nm. Exhibiting acceptable color saturation (x =y =
0.22) and a relative luminosity of 8.1 %, the spectrum yields a solar transmission as
high as 89.8%.

The locus (x. y) in color space can be plotted with the TiO2 thickness 2.2 as curve
parameter. In Figure 6 the TiO; thickness t2.2 has been running from
0 nm to 1000 nm - point ‘A’ corresponds to the start at t2.2 = 0 nm.

Starting not far from white (point ‘D65’), the response of the system is of oscillatory
nature. The resulting trajectory is in a certain sense beautiful but illustrates the
complexity of the problem: extrema of saturation are of local character (compare
points ‘B’ and ‘D’).

Color coordinates, visible reflectance and solar transmission for some representative
points are given in Table 1,

TABLE 1

point 2.2 (nm) X y approx. color  Rys (%) Tsol (%)
A 0 0.3 0.32 white 7.5 92.7
B 30 0.22 0.22 blue 8.1 89.8
C 106 0.36 0.39 yellow 14.2 86.9
D 152 0.2 0.19 ~ blue 8.5 88.2
E 300 0.22 0.37 green 14 88.5

glass 0.31 0.33 8.2 91.8

(t1.46 = 140 nm)

A variety of colors can be achieved, keeping the solar transmission above
86 %.

Point ‘B’ is characterized by excellent solar transmission, only 2 % worse than that of
uncoated glass.
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Example 2 : Refractive indices 1.38 and 2.2

If a low-index material like MgF2 is available (n = 1.38), the coloration can be
combined with a better partial anti-reflection. Conventionally, this material is
deposited by vacuum evaporation. However it is less tough and stable than SiO,.

At one wavelength, the so-called design-wavelength Ao, the reflection can made to be
zero. Due to the shape of the reflection minimum, this 2-layer design is called
“V-coat”. This is achieved by choosing the appropriate film thicknesses t1 .38 and
t2.2.

Coating both sides of the glass enhances color saturation and the effect of anti-

reflection (see Figure 7).

Figure 8 visualizes the reflectance spectra for design-wavelengths 1o = 650 nm and
1300 nm.

By scaling the film thickness, interference minima and maxima can be shifted easily

in wavelength, thus giving rise to a variety of colors (see TABLE 2).

TABLE 2
A0 t2.2 (nm)  t1.38 (nm) X y approx. color  Rys (%) Tsol(%)

600 16 140 0.15 0.1 violet 1.44 94

650 17 151 0.16 0.15 blue 3.64 934
700 19 163 0.19 0.2 blue 7.7 92.2
800 21 186 0.23 0.27 blue-green 16 90.7
900 24 209 0.28 0.34 green 234 88.9
1000 27 233 0.35 0.41 yellow-green 26.1 87.5
1200 32 279 0.39 0.32 white 16.8 82.2
1300 35 302 0.3 0.2 purple 11.5 83.9
1400 37 326 0.22 0.18 violet 11.4 82.9

glass 0.313 0.329 8.17 91.8
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The solar transmission Tsq can even be made higher than the one of uncoated glass,
nevertheless keeping considerable luminosities in the violet and blue, up to nearly
8 %! In the yellow-green, a luminosity of 26.1 % is achieved, the losses are only

4.4 % worse compared to the uncoated glass!

Example 3 : V-coat or W-coat

For two-layered systems, the nicknames "V-coat” and “W-coat” indicate special anti-
reflection designs. The names are derived from the form of the spectra: a V-coat has
one minimum, a W-coat two ones. For the latter one, the region of low reflection is

broader.
model:  air//LH//glass//HL//air
With “design-wavelength” Ag : n xt(H) =210/2 nxt(L) = Ao/4

n(H)=1.8, 2.2
n(L) = 1.38, 1.47

Figure 9 shows the reflection spectra for a design-wavelength of 800 nm.
For the shown examples, the resulting colors are in the region of bluish green. Due to

the partial antireflection, the achieved color saturation and as well the solar

transmission are remarkable (see Table 3).

TABLE 3
n(H) n(L) t(H) t(L) X y Ruis (%) Tsa (%)
1.8 1.47 222 136 0.18 0.27 9.1 92.5
2.2 1.47 182 136 0.21 0.32 21.1 86.2
1.8 1.38 222 145 0.19 0.29 9.4 93.4
2.2 1.38 182 145 0.23 0.34 23.3 85.7
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Example 4 : Three-layered system

Adding an additional layer to a V-design results in a strong enhancement of the
colored reflection (see Figure 10).

The reflectivity is computed for normal incidence (see Figure 11).

The spectrum corresponding to the case of a 30 nm thick top layer exhibits a strong
enhancement of the reflection peak and still a region of partial anti-reflection at a
wavelength of 1000 nm. For the top layer being 50 nm thick, the region of anti-
reflection is already less pronounced.

The table 4 shows the numerical results in dependence on the thickness t3 of the

third layer (the topmost one).

TABLE 4
t3 (nm) x y Rus (%)  Rsol(%)  Tsol(%)
0 0.22 0.22 8.1 10 90
10 0.24 0.27 17 12 88
20 0.27 0.31 28 16 84
30 0.29 0.34 37 20 80
40 0.31 0.36 43 24 76
50 0.34 0.38 46 27 73

Also from the point of view of the solar transmission Tsol(%), the region between 10
nm and 40 nm appears most interesting.

Towards shorter wavelengths, the reflectance spectra for dielectric thin film stacks
exhibit rapid oscillations between the maxima and minima of higher order. By using
high enough thickness of the individual layers, these maxima can be chosen to be
located in the visible spectral region.

10
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Here, the  computation of color coordinates is based on the CIE illuminant C.
Fortunately, the materials SiO, and TiO, are included, assuming the refractive

indices listed in table 5.

TABLE 5

wavelength TiO2 Sio2
(nm)
300 2.6 1.48
400 2.52 1.47
500 242 1.46
600 2.35 1.45
700 2.33 1.45
800 23 1.44

Figure 12 illustrates an example showing the rapid oscillations in the high wavelength
region and the peaks in the visible which are used for the coloration: for a color of

pink, two peaks in the blue and in the red, are necessary.

In this case, color coordinates of x = 0.39 , y = 0.24 are found, with a visible
reflectance of 9.8 % - the solar transmission amounts 84.6 %. Layer thickness of 213
nm and 258 nm are assumed for the TiO, and the SiO; layers, respectively. Only one
side of the glass is assumed to be coated.

Some more examples are listed in Table 6. The selection comprises two, three and

four layered systems.

TABLE 6
approx. Rys
design layer color coordinates  Color (%) Tsa (W)
1 2 3 4

TiO, SiO, TiO, SiO,

{nm) (nm) (nm) (nm) X y
A 213 258 039  0.24 pink 9.8 846
B 126  304.34 0.22 0.14 blue 6.7 83.6
Cc 15 410 0.35 0.42 yellow 139 904
D 88 224 0.48 0.38 orange 16.1 82.7
E 11.5 378 11.5 0.35 0.41 yellow  16.9 88.5
F 21 45 259 109 0.22 0.15 blue 6.3 88.4
G 11.5 378 11.5 378 0.29 0.39 green 14 89.7
H 104 37 103 231 0.52 035 orange 15.5 80.3

Layer 1 is the next to the glass. Refractive index for the glass : n = 1.52 , coating only

on one side.

11
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Often, quarter wave interference stacks are designed as broadband reflection filters,
consisting of numerous individual layers and exhibiting a nearly perfect reflection
over a broad frequency range. In contrast to this, we focus on filters reflecting just a
narrow frequency band, and we will show how it is possible to achieve reasonable
results with only a few of individual layers.

Example 5 : Narrow peak by many A/4 lavers

Stacks of A/4 layers are frequently used to generate high reflectivity mirrors exhibiting
a broad band of reflection.

However, by choosing the refractive indices of the two involved materials close to
each other, narrow reflection peaks can be produced. If the refractive indices are

really close, a lot of layers are however needed to produce a reasonable amplitude.

The present example refers to a system consisting of 40 individual layers. As shown
further in the text, such a great number of layers is not preferred for the present
invention and should therefore be considered like a comparative example.

We consider (see Figure 13) the reflection of just one coated surface, which

corresponds to the situation where the other surface of the glazing is perfectly “anti-
reflected”.

The resulting reflectance (see Figure 14) spectrum exhibits a sharp peak at A = 550
nm.

The FWHM amounts 21 nm, the spectrum yielding
x=0.31 y= 0.47 Rws =9.1%

If one assumes that the other side of substrate is neither anti-reflected nor coated,

the resulting color is a little less saturated:

x=0.31 y=041 Rvus=127%

12
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The peak position can be chosen freely and is controlled by the scale of the optical

thicknesses of the individual layers : n xt = A/4

The position of the peak depends on the angle of reflection, therefore also the color
is angular-dependent (see Figure 15).

For angles of 0°, 20°, 40° and 60° one gets a different position of the maximum,

550 nm, 535 nm, 496 nm and 447 nm, respectively. The background level rises for

high angles, leading to less saturated colors.

Example 6 : System with a few layers

For a large area application, it is advisable to reduce the number of individual layers.
In order to achieve a reasonable peak height, the refractive indices must exceed a
minimum of difference (see Figure 16). However, if they are too different, the peak is
too broad.

Refractive indices correspond to SiO; (L) and Al,O3 (H).
To achieve a nice peak with this choice of refractive indices, it is important that the

first and the last layers consist of the high index material (phase shifts).

Let us consider the evolution of the reflectance peak, while successive layers are
added (increasing m).

Figure 17 shows the calculated reflectance spectra for 3 to 15 layers (m from 1 to 7).
Increasing the number of layers leads to increasing color saturation and visible

reflectance. Values for color coordinates X, y, Ruis (%), and height and width of
reflection peak Rmax , FWHM (full width at half maximum) are given in TABLE 7.

13
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TABLE 7

3

SN WO N

X

0.33
0.33
0.34
0.35
0.36
0.35
0.33

y

0.56
0.55
0.54
0.53
0.5
0.45
0.38

Ruis (%)

40.4
37.7
34.5
30.6
25.9
204
14.2

Rmax

0.64
0.57
0.49
0.41
0.32
0.23
0.15

PCT/CH2004/000130

FWHM (nm)

For five layers (m = 2), the values seem already to be reasonable.

Figure 18 shows the case of a 5 layer object where the refractive index of material H

76

81

90
102
124
156
234

is changed, keeping its optical thickness n(H) x t(H) always to A/4 (A= 550 nm).

The spectrum for n(H) = 1.65 has already been known from the Iast‘ calculation and is
again represented by the black solid line.

By changing the difference of the refractive indices n(H) - n(L), the peak height can

be easily controlled. Considerable peak heights can be achieved without too

excessive peak broadening (see Table 8).

TABLE 8

n(H)

1.55
1.6
1.65
1.7

1.75
1.8

(n{t)=1.47, t{L)=93 nm)

t(H) (nm)

89
86
83
81
79
76

0.34
0.35
0.35
0.36
0.36
0.35

0.42
0.44
0.45
0.46
0.46
0.45

14

Rvis (%)

94
14.6
20.4
26.5
32.7
38.7

Rmax

0.1
0.16
0.23

0.3
0.36
0.43

FWHM (nm)

144
152
156
164
174
180
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Example 6 : Full system

The full system includes the two surfaces of the glass: one or both could be coated.
one side coated: air//glass/[HLHLH //air

combination with AR: air//AR//glass//HLHLH //air

In a SolGel dip - coating process, both sides of the glass can be coated
symmetrically at the same time (see Figure 19) as follows
air//HLHLH//glass//HLHLH //air

As expected, coating both sides of the substrate identically leads to much higher
peaks (see Figure 20).

The black solid line represents again the system with n(H) = 1.65.
The peaks get slightly broader, but not much. For n(H) = 1.65 this means a FWHM of

167 nm instead of 156 nm. However, this does not harm the color saturation
considerably (see Table 9).

TABLE 9
H(H) 15(H) (nm) Rmax FWHM (nm) X Y Ruis (%) Tsa (%)
1.55 89 0.19 1562 0.34 0.41 17.2 89.7
1.65 83 0.37 167 0.35 0.44 33.7 84.2
1.75 79 0.53 186 0.36 0.44 49 78.3

For n(H) = 1.55, the glass has only lost 2.1 % of solar transmission relative to an
uncoated glass (Tso = 91.7 % ), yielding a visible reflectance of 17.2 %. Even higher
visible reflectance of 33.7 % is found for n(H) = 1.65, the losses relative to the
uncoated glass amount just 7.6 %.

15
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The peak position and thus the color can be controlled by scaling the optical film
thicknesses to a quarter of the design wavelength Xo.

with n(H) = 1.65, n(L) = 1.47 we obtain the representative spectra depicted at Figure
21.

The chosen peak positions correspond to colors of blue, green and orange,
respectively (see Table 10).

TABLE 10
approx.
A0 t(H) (nm)  t(L) (nm) X y Color Rvis (%) Tsol (%)
450 68 77 0.2 - 024 blue 17.1 86.1
550 83 93 - 0.35 0.44 green 33.7 84.2°
650 98 111 0.44 0.36 orange 20 83.8

Figure 22 shows the angular dependence of the spectra for the system with
n(H) = 1.65, n(L) = 1.47, Ao = 550 nm.

The quantification is presented in the Table 11.

TABLE 11
pos. of loss rel. to
angle max. (nm) X y Ruis (0/0) Tsal (%) Tglass (%) glass (%)
0° 548 0.35 0.44 33.7 84.2 91.8 7.6
20° 534 0.32 0.42 33 84.4 91.8 7.4
40° 499 0.27 0.35 28.5 84.2 91 6.8
60° 456 0.25 0.29 24 79.8 84.4 46
80° 0.3 0.33 55.6 446 457 1.1

For raising angles, one notes a blue shift of the maximum. The losses relative to the
uncoated glass (solar transmission Tgass) tend to decrease, the color saturation,
however, too (increasing level of background).

Now, we would like to lower the level of background oscillation. Therefore we choose

both indices of refraction n(H) and n(L) to be lower than the one of glass.

16
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model: air//(HL)*3//glass//(HL)"3//air

L: MgF2 n(L) = 1.38
H:  SiOy n(H) = 1.47

To take into account the phase jump relations, the coating is of the form (HL)*m.

The resulting spectra is illustrated on Figure23.

For normal incidence, the level of oscillation could indeed be lowered to a value of
6% instead of 9 %, thus gaining some percent in solar transmission.

The quantification is shown on Table 12.

TABLE 12
pos. of loss rel. to
angle  max. (nm) X y Rus (%)  Tsa (%)  Tgass (%) glass (%)
0° 549 0.36 0.48 20.8 90.6 91.8 1.2
20° 534 0.32 0.47 20 90.7 91.8 1.1
40° 490 0.22 0.33 14.6 90.2 91 0.8
60° 436 0.25 0.23 13.1 84.7 84.4 -0.3
80° 397 0.31 0.32 52.5 46.5 45.7 -0.8

In this example, the transmission losses relative to the uncoated glass are really
small or even negative (which means gains) — in spite of considerable relative

luminance.

The numerical simulation can also be used to monitor the different preparation
stages of a multilayered coating. If samples are produced with e.g. 1, 2, 3,4 & 5
individual layers, the measured spectra can be compared to the theoretical targets.
Refractive indices are taken here as measured by experimental methods such as
ellipsometry and in situ laser reflectometry.
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model :

# of layer material ref. index thickness (nm)
0 glass 1.52

1 Al;O; 1.6 93

2 SiO; 1.48 86

3 Al>0O3 1.6 93

4 SiO; 1.48 86

5 Al;O3 1.6 93

Figure 24 shows the theoretical normal reflection as the successive layers are
added .

At the design wavelength (here 550 nm), adding the individual layers successively

results in alternating enhanced reflection or anti-reflection.

Other experimental results are listed below :

sample | :

glass substrate // 30 nm TiO2 // 140 nm SiO2

samplell :

glass substrate / 30 nm TiO2 // 140 nm SiO2 // 30 nm TiO2
sample il : )

glass substrate // 30 nm TiO2 // 140 nm SiO2 // 30 nm TiO2 // 140 nm SiO2 // 30 nm
TiOo2

sample IV :

glass substrate // 45 nm TiO2 // 210 nm SiO2

sample V :

glass substrate // 45 nm TiO2 // 210 nm SiO2 // 45 nm TiO2
sample VI :

glass substrate // 45 nm TiO2 // 210 nm SiO2 // 45 nm TiO2 // 210 nm SiO2 // 45 nm
TiO2

18
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TABLE 13
sample color x colory R(vis)[%] | T(sol)[%] loss[%] | M=R(vis)/loss

I 0.26 0.25 9 92 8 1.13

Il 0.24 0.26 16 89 11 1.45

Il 0.2 0.22 18 87 13 1.38

\% 0.28 0.33 20 90 10 2.00

\'/ 0.38 0.41 26 85 15 1.73
Vi 0.32 0.29 15 82 18 0.83

The table shows the CIE color coordinates X, y, the visible reflectance Ryis under
daylight illumination D65, the solar transmission Tsq for a solar spectrum AM1.5
global, the solar energy loss, and the figure of merit M = Rys / loss, as determined
for the samples | to VI by spectrophotometry.

The colored thin film interference stack can also be located between two “thick”
layers (e.g. a substrate and “thick” transparent top layer). “Thick” means here a
thickness larger than the coherence length of the light. This will reduce the color
change induced by water droplets condensing eventually on the inner side of the

collector glazing or being formed on the outer side, respectively.

The following procedure illustrates a general approach which can be used in order to

define the most appropriate glazing for a specific use :

i. rough concept of coating design by theoretical calculation with assumed
values for the index of refraction

i, literature data of material properties = choice of materials

i, deposition of individual layers of chosen materials

iv. experimental determination of optical properties (n, k) and film thicknesses
(t) of real samples (individual layers): spectroscopic ellipsometry,
spectrophotometry

V. optimization of coating design for the real material properties taking into

account the dispersion of refractive index - recommended software Tfcalc
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Vi.

Vii.

viii.

finding process parameters for the right film thicknesses (magnetron
sputtering: e.g. deposition time, input power // SolGel dip - coating: e.g.
withdrawing speed, viscosity)

loop: coating deposition
V )

optical measurement of thickness

deposition of multilayered coating
measurement of reflection and transmission spectra of multilayered
coating, comparison with predictions of theory

in case of deviations: adaptatioh of the process
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Claims

1. Glazing characterized by the fact that it is comprises selective reflecting
means adapted to exclusively reflect a narrow spectral band of visible light

while being transparent for the rest of the solar spectrum.

2, Glazing according to claim 1 wherein said selective reflective means
comprise an interference filter.

3. Glazing according to any of the previous claims wherein said selective

reflective means comprise multi-layer interference stacks.

4. Glazing according to any the previous claim wherein said selective
reflective means are located between two layers having each a thickness

larger than the coherence length of the light.

5. Glazing according to any of the previous claims wherein said selective

reflective means are located at the inner side of the glazing.

6. Glazing according to any of the previous claims 1 to 5 wherein said

selective reflective means are located at the outer side of the glazing.

7. Glazing according to any of the previous“claims comprising a light-diffusing

layer, or a light-diffusing rough surface, or a light-diffusing rough interface

8. Glazing according to any of the previous claims designed in a such a way
that said narrow spectral band corresponds to a ratio "visible reflectance

Rvis / solar energy loss Rso" Which is higher than 1.2.

9. Solar collector comprising a glazing according to any of the previous
claims.
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FIG. 4
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FIG. 6
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FIG. 10
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FIG. 11
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FIG. 13
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FIG. 16
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FIG. 18
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FIG. 19
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