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Abstract

The architectural integration of thermal solar collectors into buildings is often limited by their black color and the
visibility of tubes and corrugations of the absorber sheets. A certain freedom in color choice would be desirable, but the
colored appearance should not cause excessive energy losses. Multilayered interference filters on the collector glazing
can produce a colored reflection, hiding the corrugated metal sheet, while transmitting the non-reflected radiation
entirely to the absorber. We investigate the potential of quarterwave stacks by simulation of their optical behavior,
yielding the visible reflectance Ryis, the solar transmittance Ty, a figure of merit M = Ryjs/Rso1, and the CIE color
coordinates. The necessary number of individual layers in the multilayer stack as well as the choice of refractive indices
and thus of thin film materials are discussed. Finally, examples for realistic multilayer designs are proposed.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Architectural integration of solar energy systems into
buildings has become a widely recognized issue (Hestnes,
1999; Roecker et al., 1995; Hagemann, 2002; Scartezzini
and Courret, 2002), which regards techniques ranging
from photovoltaics and daylighting to thermal solar
energy conversion. Thermal solar collectors, typically
equipped with black, optical selective absorber sheets, in
general exhibit good energy conversion efficiencies. How-
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ever, the black color, and sometimes the visibility of tubes
and corrugations of the metal sheets, limit the architec-
tural integration into buildings. A recent opinion poll
(Weiss and Stadler, 2001) showed that 85% of architects
would prefer other colors besides black, even if a lower
efficiency was the price to pay. Various attempts have been
made to overcome this drawback. One option is to color
the absorber sheets. Optical selective absorber coatings
are usually deposited by processes such as magnetron
sputtering (Graf et al., 1997; Schiiler et al., 2000, 2001),
vacuum evaporation (Lazarov et al., 1995), electrochemi-
cal processes (Tabor, 1955), sol-gel technology (Kaluza
et al., 2001), or as selective paint (thickness-sensitive or
thickness-insensitive) (Orel et al., 1986; Crnjak Orel
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et al., 1990; Crnjak Orel and Gunde, 2001; Orel et al.,
2003). Niklasson and Granqvist described the pioneering
work in this area within a comprehensive overview
(Niklasson and Granqvist, 1983). The above mentioned
coating processes are usually optimized for high solar
absorption, typically yielding black or dark blue surfaces.
However, modifying the process parameters can result in
a colored appearance. By varying layer thicknesses, for
example, sputtered absorber coatings can be colored in
a large variety of shades. Also selective paints can be pre-
pared to exhibit other colors, such as for example blue,
green, and brownish red. Following this approach, the ab-
sorber surface combines the functions of optical selectivity
(high solar absorption/low thermal emission) and colored
reflection. Tripanagnostopoulos reports a different solu-
tion: his group used non-selective colored paints as absor-
ber coatings for glazed and unglazed collectors, and
compensated the energy losses by additional booster
reflectors (Tripanagnostopoulos et al., 2000). An alterna-
tive option to solve the problem is to establish a colored
reflection not from the absorber but from the collector
glazing. Interference colors of dielectric thin films are ide-
ally suited for this purpose. Coloring the bulk glass by col-
ors of absorption would mainly affect the transmission
color, and in addition to that, useful energy would be lost.
Extensive literature exists about multilayer interference
stacks for various optics and laser applications (see
Macleod, 2001 and references therein), but to the knowl-
edge of the authors, only few deals with its application as
energy-efficient coloration of solar thermal collectors. For
multilayered thin films on solar collector glazing several
constraints exist. The possible range of the refractive indi-
ces of the individual layers depends on the availability of
durable thin film materials. In addition, the maximum
number of layers is limited. In contrast to applications
such as laser interference filters, solar applications typi-
cally employ large surfaces to be coated at low price,
which implies that production costs limit the number of
individual layers building up the multilayer stack. In
many cases, quarterwave interference stacks are designed
as broadband reflection filters, consisting of numerous
individual layers and exhibiting a nearly perfect reflection
over a broad frequency range (Macleod, 2001). This paper
will focus on quarterwave stacks reflecting a rather nar-
row frequency band. We will investigate whether it is pos-
sible to achieve reasonable results with only a few
individual layers, and study the proper choice of refractive
indices.

2. Theoretical potential of colored glazed or unglazed
solar collectors

The solar reflectance Ry, corresponding to the solar
energy losses, can be defined based on the hemispherical
reflectance R(1):

fR sol d;7 (1)
f]sol

where the solar spectrum AMI1.5 global is used as Iy, (1)
(for reference spectra see Hulstrom et al., 1985; ASTM,
2004).

The visible reflectance Ryg is a measure for the
brightness of a surface as it appears to the human eye
under certain illumination conditions. A white surface
or a perfect mirror exhibits 100% visible reflectance, col-
ored or grey surfaces less. The determination of the vis-
ible reflectance Ry;s is based on the photopic luminous
efficiency function V(4) and depends on the choice of
the illuminant IILL()V):

fR IILL ( )d/t,
fIILL ( v) di ’ (2)

where R(Z) is the simulated or measured hemispherical
reflectance of the sample.

The International Commission on Illumination (CIE,
Commission Internationale d’Eclairage) described how
to quantify colors (CIE, 1986). All existing colors can
be represented in a plane and mapped by Cartesian
coordinates, as shown in the CIE Chromaticity Dia-
grams. The quantification is based on the 1931 CIE Col-
or Matching Functions x(4), y(4), and z(1), which reflect
the color sensitivity of the human eye. These functions
depend to some extent on the width of the observation
field (we will use the functions for an opening angle of
2°).

The human eye perceives only a small part of the
solar spectrum; large spectral regions in ultraviolet and
in infrared are invisible. This is illustrated by Fig. 1,
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Fig. 1. Solar spectrum AMI1.5g, the photopic luminous effi-
ciency function V(1), and an idealized, boxcar-shaped spectrum
of a colored reflection. For the evaluation of the general
potential of colored solar collectors, we consider the case of the
reflection of a narrow spectral band centered at the wavelength
Ao, with the width w tending towards zero. The solar spectrum
and the photopic luminous efficiency function are normalized
with their maximum at 100%.
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which shows the solar spectrum AM]1.5 and the phot-
opic luminous efficiency function V(1). In theory, a col-
ored solar collector might just reflect a narrow frequency
band in the visible range, thus giving rise to a colored
appearance. The non-reflected part of the solar spectrum
should be completely converted to thermal energy. A
corresponding idealized reflectance spectrum is added
to Fig. 1. The narrow spectral band of the width w cen-
tered at the wavelength 1y can be described as follows:

R(A)=C for g—1/2w< A< Hh+1/2w, and
R(A) =0 else. (3)
Using this reflectance spectrum, let us compute the visi-
ble reflectance Rys under illumination /Iy (4). We con-
sider the limit for w small (w — 0):
SR e I (A) - V(2)d2
[T () V(i) da
_ w-C- IILL(/IO) . V(/LO)
SInp(4) - V(2)di

Ryis =

4)

The solar reflectance R, is computed in a similar way
(w small):

f,/nojll//;: Cc- Isol()“) di _ w-C- 1501(/10)
S I (2)d2 N S I (2)dA

At this point it is useful to introduce a figure of merit. In
a previous publication (Schiiler et al., 2004) we defined
the ratio of the visible reflectance Rys under daylight
illumination Dgs and the solar reflectance Ry, (based
on the solar spectrum AM1.5 global) as figure of merit
M:

Rsol = (5)

M = (Ryis under daylight illumination Dss)
/(Rso1 for AML1.5 global). (6)

M is large in the case of high visible reflectance or low
solar energy losses Rso. This number describes the en-
ergy efficiency of the visual perception (“‘brightness per
energy cost”). Following this definition, we obtain for
the narrow spectral band centered at the wavelength 4,
in the limit where the width w goes to zero:

_ Rvis(Z) _ Des(h) - V(o) . J I (4)d2
N Rsol(/l()) N 1501(10) fD65(/1) : V(j') dj'
(7)

Here an important advantage of the definition used in
Eq. (6) becomes apparent: Eq. (7) depends no longer
on the intensity but only on the position of the narrow
frequency band.

The shape of the curve for M(Zy), which exhibits a
maximum around 550 nm (corresponding to the color
of yellow green), reflects the shape of curve V(4). How-
ever, the normalization is important: at the maximum,
an absolute value of approximately six is reached. In this
ideal case, a visible reflectance of 6% costs only 1% of

M (4)

the solar energy. If we desired a visible reflectance of
12%, which is already considerable for a color (since
100% corresponds to white), we would have to sacrifice
only 2% of the incident energy. Since all arbitrary spec-
tra can be regarded as superpositions of narrow spectral
bands, and the corresponding integrals are linear, this
maximum value of six represents the principal upper
limit for M(Zy). This fundamental upper limit applies
to all colored solar collectors, glazed or unglazed, and
is valid for reflectance spectra of all possible shapes.

3. Simulations of quarterwave stacks

As an alternative to coloring the absorber sheet of a
glazed solar collector, we propose to deposit a colored
coating on the inner or outer side of the collector glaz-
ing, or on both (see Fig. 2). This coating should reflect
a color, but transmit the complementary spectrum. No
absorption should occur in the coating. This approach
has the advantage that the black absorber sheet, which
might exhibit unwanted undulations of the thin metal
sheet or welding traces, is then hidden by the colored
reflection. Additionally, the functions of optical selectiv-
ity and colored reflection are separated, giving more
freedom to coating optimization.

An optical multilayer of plane-parallel thin films on a
substrate can be considered as a stratified medium. The
propagation of electromagnetic waves in stratified media
has been discussed by Born and Wolf (Born and Wolf,
1999). The field of optics of thin films has been reviewed
by various authors (e.g. Heavens, 1955; Holland, 1956;
Anders, 1965; Knittl, 1976; Macleod, 2001). Due to mul-
tiple reflections between the different interfaces, the
problem of the optical behavior of a multilayered thin
film stack is non-trivial. It can be treated, though, by

incident radiation q
from sun and sky black
d absorber
= @ <
colored reflection .
transmitted
radiation 9
collector glazing
L_F coating

Fig. 2. Schematic drawing of a thermal solar collector, where a
colored coating is applied to the collector glazing. This coating
should reflect a color, thus hiding the corrugated absorber
sheet, but it should transmit the complementary spectrum. No
absorption should occur in the coating. Interference colors of
dielectric thin films are ideally suited for this purpose. The
coating can be deposited on the inner side of the collector
glazing, as shown in the drawing, but also on the outer side, or
on both.
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the method of characteristic matrices, which defines one
matrix M, per individual layer (with the layer no. r). The
whole layer stack is then represented by the matrix
product.

q B d cosd, (isind,)/n,
{HM"}{HLn,sina, cos d, ]} ®)

r=1

employing the tilted optical admittance #, and the phase
shifts o, = 2nN,d, cos¥,/A. Here, N,=n, — ik, is the
complex refractive index, and ¥, the corresponding com-
plex angle. From this matrix product, transmission and
reflectance spectra can be computed. Extended calcula-
tions are usually carried out by a computer.

In quarterwave stacks, all individual layers are of the
optical film thickness n-¢ = A¢/4, where Ay is called the
design wavelength. Usually layers of a high index mate-
rial (H) alternate with layers of a low refractive index
material (L) resulting, for example, in a stack of the
form HLHLHL... The larger the difference in the
refractive indices, the larger is the spectral region of high
reflection. We are interested in the opposite, a narrow
reflectance peak. Therefore we chose the refractive indi-
ces to be very close to each other (but not identical). Be-
cause the reflection at each interface is weak now, we
need a considerable number of layers. Making the some-
what arbitrary choice of forty, our model has the form
glass//(LH)"20//air. For a graphical representation see
Fig. 3(a). With a design wavelength of 550 nm in mind,
the following parameters were chosen: for the low
refractive index material n=1.47 and a thickness of
93.5nm; for the high index material n=1.5 and
91.7 nm; for the glass substrate n = 1.52; and for the
air n = 1. Considering the reflection at one coated side
of the glazing, we computed the reflectance of the system
glass//coating//air for normal incidence with the aid of
the methods described above. Indeed, we generated the
shape of a narrow peak at the design wavelength
550 nm, with a maximum reflectance of around 30%
(Fig. 3(b)). The full width at half maximum (FWHM)
for this peak amounts to 21 nm. The peak emerges from
a weak oscillation around the value of the uncoated
glass (4%). For comparison, the photopic luminous effi-
ciency function V(1) and the solar spectrum AMIL.S5,
both normalized with their maximum at 100%, are
added to the graph. The calculated reflectance curve,
showing an isolated narrow peak and low reflectance
in the rest of the solar spectrum, approximates satisfac-
torily the proposed boxcar-shaped function displayed in
Fig. 1. The spectrum yields the color coordinates
x=0.31, y=0.47 (yellowish green), and the visible
reflectance Ryis = 9.1%. Assuming that the other side
of the substrate is neither anti-reflected nor differently
coated, we calculated the reflectance of the total system.
Taking into account the multiple reflections between the
two sides of the glass of a thickness of several mm

glass//(LH)"20//air
n(L) = 1.47
n(H) = 1.50
n(glass) = 1.52
incident
radiation
(a)
r 100
------- solar spectrum AM1.5g S
— - spectral sensitivity of human eye | F 80
(photopic) E
o —— stack of 40 layers: FWHM 21 nm| ~
Q F ®
Q =
s oy
3 z
5 E 8
o E40 F
T e e e B )
1000 1500 2000 2500

(b) Wavelength (nm)

Fig. 3. (a) Schematic drawing of a quarterwave stack consisting
of forty individual layers. The optical model has the structure
glass//(LH)"20//air. The refractive indices amount to 1.5 and
1.47 for the high and the low index material, respectively. We
simulate the reflection at the coated backside of the glass. (b)
Reflectance spectrum (solid line), as computed for the optical
model in (a). For comparison the solar spectrum AM1.5g and
the photopic luminous efficiency function (1), both normal-
ized with their maximum at 100%, are added to the diagram.

(greater than the coherence length of sunlight), the
intensities of the beams are added, and not their ampli-
tudes. Due to the additional reflection from the un-
coated surface, the resulting color turned out to be a
little less saturated (x =0.31, y =0.41, Ryis = 12.7%).
Reflectance spectra corresponding to varying angles of
incidence (0°, 20°, 40°, and 60°) have been calculated
for the complete system air//glass//(LH)"20//air and are
shown in Fig. 4(a). For larger angles of incidence, the
peak shifts towards shorter wavelengths (obtained posi-
tions: for 0° 550 nm, for 20° 535 nm, for 40° 496 nm, and
for 60° 447 nm). This blueshift is typical for interference
filters and related to the phase shift §,, which occurs in
the matrix formula and is proportional to the expression
cost,/A. In the calculated spectra for high angles, the
background level rises, leading to less saturated colors
(obtained color coordinates: for 0° x =0.31, y =0.41;
for 20° x=0.29, y=0.41; for 40° x=10.28, y =0.34;
and for 60° x =0.29, y = 0.28). The trajectories in x,y
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Fig. 4. (a) Angular dependence of the reflectance spectra as
computed for the total system air//glass//(LH)"20//air. With a
rising angle of incidence the peak shifts towards shorter
wavelengths. This blueshift is related to the phase shift o,,
which occurs in the matrix formula and is proportional to the
expression cosd,/A. In the reflectance spectra for high angles,
the background level rises, leading to less saturated colors. (b)
Trajectories in x,y color space for the optical models glass/
(LH)"20//air (black curve, solid circles) and air/glass//
(LH)"20//air (grey curve, open circles). For the latter, colors
are generally less saturated and change less rapidly as a function
of the angle of reflection.

color space for the optical models glass//(LH)"20//air
(black curve, solid circles) and air//glass//(LH)"20//air
(grey curve, open circles) are illustrated in Fig. 4(b).
For the latter, colors are generally less saturated and
change less rapidly as a function of the angle of
reflection.

For large area production, it is always advantageous
to work with the least number of individual layers. How

many layers are necessary to produce a sufficiently large,
isolated, and not too broad peak in reflectance? In order
to attain a considerable reflection at the interfaces, we
choose a larger difference between the refractive indices,
employing n(H) = 1.65 for the high index material H,
and n(L) = 1.47 for the low index material L. These val-
ues also have the advantage that they correspond
roughly to silicon dioxide and aluminum oxide, respec-
tively (Macleod, 2001; Heavens and Smith, 1957). The
refractive index of the substrate (1.52) now lies between
the indices of the two layer materials. From the Fresnel
coefficients (see e.g. Bergmann and Schaefer, 1999) the
phase jumps for the reflection at an interface can be de-
rived. In the case of a transition from a lower refractive
index to a higher refractive index, and in the absence of
absorption (n; and n, real and n; < n,, Fresnel coefficient
real and negative), a phase jump of = is found, while for
the transition from a higher refractive index to a lower
one no phase jump occurs (Fresnel coefficient real and
positive). These relations imply the order of the layers
demanding that the terminating layer should be the
one with the higher index of refraction. A model with
the structure glass//H(LH)"m//air is thus chosen, with
m=1,2,3,... Here again, H indicates the high index
material and L the low index material. We simulate
the reflection and transmission at a likewise coated side
of the substrate. The resulting reflectance spectra for
m=1,2,...,7 (3-15 individual layers) are displayed in
Fig. 5. For m =1 (3 layers), a relatively broad feature
around the design wavelength 550 nm is formed. For
five layers (m =2), a pronounced reflectance peak is
emerging. The corresponding spectrum is represented
by the solid line. It is characterized by a maximum

fhm=7

0.6

0.5

Reflectance

500 1000 1500 2000 2500
Wavelength (nm)

Fig. 5. Computed reflectance spectra for fewer layers. The
optical model has the structure (glass/H(LH)"m//air), with
m=1,2,3,... Adding more layer pairs to the stack yields
narrower and more distinct peaks.
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Table 1

127

Color coordinates x and y, the full width at half maximum FWHM, the value R« of maximum reflectance, the visible reflectance
Ry1s, the solar transmission T, and the figure of merit M = Rys/R,), as computed for the curves displayed in Fig. 5

m X y FWHM [nm] Rinax Ryis [70] Tso1 [%] M = Ryis/Rsol
1 0.33 0.38 234 0.15 14 92 1.8
2 0.35 0.45 156 0.23 20 91 2.3
3 0.36 0.50 124 0.32 26 90 2.6
4 0.35 0.53 102 0.41 31 90 3.1
5 0.34 0.54 90 0.49 35 89 3.1
6 0.33 0.55 81 0.57 38 89 3.4
7 0.33 0.56 76 0.64 40 88 3.4

reflectance of 23%, with a FWHM of 156 nm. The color
of reflection is yellow-green (x = 0.35, y = 0.45), the vis-
ible reflectance considerable (20%), and the solar trans-
mission rather high (91%). Adding more pairs of layers
to the stack yields narrower and more distinct peaks
leading to an increase in color saturation and visible

A\ n(H) = 1.80

0.4

0.3

Reflectance

0.2

0.1

500 1000 1500 2000 2500
Wavelength (nm)

Fig. 6. Variation of the refractive index n(H) of the high index
material, for a quarterwave stack of 5 individual layers (m = 2).
The optical thickness n(H) x #(H) has always been kept at 1/4
(4 =550 nm). By increasing n(H), substantial peak heights can
be achieved. The peaks get not only higher but also moderately
broader.

Table 2

reflectance and to a slight decrease in solar transmission.
A survey of the resulting figures, the color coordinates x
and y, the full width at half maximum FWHM, the value
Ri.x of maximum reflectance, the visible reflectance
Ry;s, the solar transmission T, and the figure of merit
M = Ryis/Ry are given in Table 1. The figure of merit
M increases gradually from 1.8 (for 3 layers) to 3.4
(for 15 layers).

Let us keep the number of layers to five (m = 2) and
vary the refractive index n(H) of the high index material,
dimensioning the optical thickness n(H) x #(H) of the
latter always to A/4 (4 =550 nm). Here again, only the
reflection at the backside of the glass substrate is mod-
elled. The refractive index n(H) has been varied from
1.55 to 1.80 in steps of 0.05. The obtained curves are de-
picted in Fig. 6. The spectrum for n(H) = 1.65 is already
known from the last calculation and is again represented
by the solid line. By changing the difference of the refrac-
tive indices n(H) — n(L), the peak formation can easily
be controlled. By increasing n(H), substantial peak
heights can be achieved (for n(H)=1.80 a maximum
reflectance of 43%), yielding considerable relative lumi-
nosities (for n(H) = 1.80 a visible reflectance of 39%).
The peaks not only get higher but also moderately
broader (FWHM 180 nm at n(H) = 1.80 compared to
e.g. 156 nm at n(H) = 1.65). In spite of this broadening,
the figure of merit M increases from 1.6 (for n(H) = 1.55)
to 2.6 (for n(H) = 1.8). For n(H) < 1.6, the color coordi-
nates remain nearly constant. The numerical results for
the characteristic figures (x, y, FWHM, R.x, Rvis, Tsols
M) are displayed in Table 2.

Color coordinates x and y, the full width at half maximum FWHM, the value R, of maximum reflectance, the visible reflectance
Ry1s, the solar transmission T, and the figure of merit M = Rys/R,), as computed for the curves displayed in Fig. 6

n(H) R y FWHM [nm] Ruax Ryis [7] Tso1 [70] M = Ryis/Rsol
1.55 0.34 0.42 144 0.10 9 94 1.6
1.60 0.35 0.44 152 0.16 15 93 2.1
1.65 0.35 0.45 156 0.23 20 91 2.3
1.70 0.36 0.46 164 0.30 27 89 2.4
1.75 0.36 0.46 174 0.36 33 87 2.5
1.80 0.35 0.45 180 0.43 39 85 2.6
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4. Discussion

As principal upper limit for M the factor of approx-
imately six has been found. This value indicates a large
potential: in this ideal case, six percent of visible reflec-
tance cost only one percent in solar transmission, or,
even more striking, twelve percent visible reflectance
cost only two percent of solar transmission. Twelve per-
cent visible reflectance represent already a considerable
value for a colored, non-white surface, while two percent
reflectance losses can be regarded as moderate, com-
pared to the reflectance losses of an uncoated glass pane
(8%). In contrast to photovoltaic systems, where cell
area is precious, the surface area of the thermal collec-
tors generates only a fraction of the total system costs
(the total system including pumps, boiler, stock, tubing,
etc.). Therefore, for solar thermal systems, the loss of
some percent in transmission can more easily be com-
pensated with a larger receiving area. Colored glazing
hiding the absorber structure would promote facade
integration of solar thermal systems. Vertical facade col-
lectors are especially advantageous for the winter sea-
son, when the sun is closer to the horizon and thermal
energy is needed. Additionally, vertical facade collectors
are less exposed to the sun during summertime and thus
better protected against overheating. In the case of Cen-
tral European latitudes, for example, the mean irradia-
tion on vertical south-facing surfaces even exhibits a
plateau during the whole time span from March to
October, and decreases only moderately during winter-
time, as illustrated by a recent Austrian study (Stadler,
2001). With the vertical orientation the overheating
problem can thus be reduced, and the collector area
can be dimensioned more generously, leading to a better
match of heat offer and demand.

The general characteristics of quarterwave stacks
have been illustrated by the examples above: when tar-
geting narrow reflectance peaks, the difference in the
refractive indices of the two coating materials should
be sufficiently small. In order to create a considerable
peak in spite of a small difference in refractive indices,
the number of individual layers needs to be sufficiently
high. The more layers, the higher is the peak; the closer
the refractive indices, the lower and narrower is the
peak. The ideal case of an isolated, narrow peak could
be approximated by a stack of numerous (forty) layers,
yielding a peak width of only 21 nm. Furthermore, it has
been demonstrated that the quarterwave principle leads
to reasonable results already for five individual layers.
This is not completely out of reach for large area pro-
duction. When employing refractive indices comparable
to those of silicon dioxide and aluminum oxide, the
resulting peaks are not too broad to yield colors of rea-
sonable saturation.

The angular dependence of the color of reflection is
related to the phase shifts J,, and thus inherent to inter-

ference filters. One can reduce the angular color varia-
tion by combining a rough, mat outer surface or a
bulk diffusing glass with the colored coating on the inner
backside. The resulting angle integrated spectrum can be
approximated by a weighted mean value of the spectra
for the different angles. Brilliant surfaces might be inter-
esting for modern style office buildings, while rough, mat
surfaces might be an interesting alternative for residen-
tial buildings.

Aiming at a certain generality, the optical dispersion
of the materials has been neglected in the given exam-
ples. At this stage of the development this approxima-
tion can be justified by the fact that in most cases the
refractive indices of thin films depend on the deposition
conditions and vary to some extent. Thus, in order to fi-
nally refine the coating design, it might be helpful to
base the computation on measured data for the relevant
process. Common thin film deposition processes are
magnetron sputtering, plasma enhanced chemical vapor
deposition, vacuum evaporation, or sol-gel dip coating.
Transparent oxides such as silicon dioxide (n ~ 1.47),
aluminum oxide (n~1.65), or titanium dioxide
(n=2.2) can routinely be deposited (Macleod, 2001;
Heavens and Smith, 1957; Hass, 1952). Intermediate
refractive indices are accessible by the synthesis of mixed
oxides. Nanocomposite mixed oxides can be modeled in
the framework of effective medium theories, such as the
Bruggeman or the Ping Sheng theory (Bruggeman, 1935;
Sheng, 1980), leading to analytical expressions for the
resulting optical properties. With all coating processes,
care has to be taken to obtain a superior film homogene-
ity, which is essential for interference filters. Vacuum
processes in general yield high quality films, but a con-
siderable investment into vacuum coating machines is
necessary already in the start-up phase. The scale-up
of a vacuum process, which has been developed in the
laboratory, has been demonstrated in many cases (see
e.g. Milde et al., 2000). Among the crucial factors
regarding the upscaling are the mean-free path of the
particles, which does not scale automatically with the
machine dimensions, the necessity of a high deposition
rate for amortization of the rather expensive equipment,
the introduction of a moving substrate inducing gradi-
ents within the films, and the coating of the walls, which
eventually introduces drifts in the plasma potential. In
sol-gel dip coating, the same process parameters as
those used in production can be tested on a small scale
in the laboratory. The fact that the substrate, the coating
machine and the volume of the solution are smaller will
not necessarily imply changes of the chemical composi-
tion of the solution and the withdrawal speeds. The
problems faced here relate to the controlled and clean
environment necessary to avoid dust, and the ageing
of the solutions with time. Costs rise with the repeated
baking of multilayered coatings on large glass panes.
One promising option could be special precursors, which
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enable film hardening by ultraviolet light (Mennig et al.,
1999).

Long-term stability of the proposed coatings is essen-
tial for their application and will be the subject of future
studies. Coatings need to be humidity resistant and sta-
ble at high temperatures and temperature gradients.
However, we have reasons to be optimistic: the thin
films and the glass substrates used are non-metallic
materials and thus less subjected to wet corrosion than
e.g. metallic absorber sheets or cermet absorber coat-
ings. Additionally, the differences in thermal dilatation
are expected to be smaller than those of cermet coatings
on metal sheets. Fully oxidized thin films, which are not
susceptible to further oxidation, can be employed.
Finally, the multilayered coating can also be on the in-
ner side of the collector glazing where it is not exposed
to ambient conditions.

5. Conclusions

The general potential of colored thermal solar collec-
tors is promising, and can be expressed by a figure of
merit M. The principal upper limit for this number M
amounts to approximately the value six, which indicates
a potential of low energy costs per perceived brightness.
The ideal reflectance spectrum of an isolated, sharp peak
can be approximated by quarterwave stacks of numer-
ous individual layers. By scaling film thicknesses, the
peak position and thus the color of reflection can easily
be tuned. Even with a realistic number of individual lay-
ers (e.g. five), reasonable performance can be obtained.
The difference in refractive indices between the high
index and the low index material governs the peak
height. The illustrated examples, and the resulting char-
acteristic figures, such as color coordinates, the visible
reflectance, the solar transmission, or the figure of merit
M, encourage putting the idea into practice.
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