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a b s t r a c t

The colored solar–thermal collectors have the advantages of architectural integration and color
appearance. The solar selective absorbing coatings with a metal–dielectric multilayer structure can
show different colors by changing the layer number and thickness. In this work, five colored coatings
with a metal titanium (Ti) and dielectric aluminum nitride (AlN) multilayer structure were designed by
the optical multilayer software and fabricated by magnetron sputtering. The color of the five coatings is
black, purple, yellowish green, red, and yellowish orange. The energy performance, chromaticity, and
brightness of the coatings were studied and compared. The results show that the solar absorbance of
these coatings is between 0.82 and 0.94, the thermal emittance is between 0.05 and 0.27, and the
brightness is in the range of 0.65–8.89%. These colored coatings can be produced by a commercial
production process, and is suitable for the application of building integration.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Solar–thermal collectors with high absorbance and low ther-
mal emittance have been used for converting solar energy into
thermal energy [1,2]. The collector absorbing surface is usually
black in order to maximize the absorption of the solar spectrum.
However, the black color of the collectors on building roofs and
facades limits the architectural integration into buildings [3–6].
Moreover, a survey presents that 85% of architects would prefer
colored solar collectors other than black ones [4,7,8]. Therefore, it
is important to fabricate colored collectors with high solar–
thermal conversion efficiency.

Previously, several methods have been proposed to fabricate
colored collectors, such as spectrally selective colored paint [5,6],
colored glazed collectors based on thin film interference filters
[7,9–12], and colored absorbing coatings [8,13]. Amongst these,
the colored absorbing coatings have the advantages of a good
thermal stability and a low cost in production.

Both wet chemical methods [14,15] and physical vapor deposi-
tion [2,8,16] have been used to prepare solar selective coatings.
Based on physical vapor deposition, the magnetron sputtering
technique is widely used to produce the absorbing coatings with
a metal–dielectric composited structure [2], owing to the good
chemical and thermal stabilities of its products. Accordingly, the
solar selective coatings with a metal–dielectric multilayer structure
ll rights reserved.
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were also prepared by the magnetron sputtering method [17–19],
which has the advantages of good reproducibility, spectral stability
in the deposition process, and satisfying the commercial require-
ments of a mass production process [18,19]. However, a systematic
research about the colored absorbing coating with a metal–dielec-
tric multilayer structure still remains to be reported.

In this work, the colored solar selective absorbing coatings with
a metal–dielectric multilayer structure were designed by the
optical multilayer design software and fabricated by the magne-
tron sputtering technique. The optical constants of metal titanium
(Ti) and dielectric aluminum nitride (AlN) films with different
thicknesses were retrieved from the reflectance or transmittance
values. Energy performance, chromaticity, and brightness of the
colored coatings were studied.
2. Experimental details

In order to obtain the optical constants of AlN and Ti single layer
films, dielectric AlN films with different thicknesses were deposited
on quartz substrates using a metal Al target (99.99% in purity) by
the reactive dc magnetron sputtering. Accordingly, metal Ti films
with different thicknesses were deposited using a metal Ti target
(99.99% in purity) by the non-reactive dc magnetron sputtering. The
substrates, 0.5 mm thick, 2.5 cm�2.5 cm, were cleaned in acetone
and ethanol several times before deposition. The distance between
the substrate and target was 13 cm. The base pressure of the
vacuum chamber was 4.0�10−4 Pa and the sputtering power was
100 W. The thickness of the film was controlled by the sputtering
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time according to the deposition rate. Before the deposition of Ti–
AlN multilayer coatings, a Cu layer with thickness about 120 nm
was deposited on quartz substrate using a metal Cu target (99.99%
in purity) by the dc magnetron sputtering. The deposition para-
meters of Cu, Ti, and AlN layers are summarized in Table 1. Five
colored solar absorbing coatings with a Ti–AlN multilayer structure
were prepared, and the Ti and AlN layers were deposited at the
above conditions. The color of the coatings is black, purple, yellow-
ish green, red, and yellowish orange.

The normal incidence transmittance (T) and total reflectance (R)
of the samples were recorded in the wavelength range of 300–
2500 nm with a spectral resolution of 1.0 nm by a double-beam
spectrophotometer (Perkin-Elmer Lambda 950). It was equipped
with an integrating sphere for measurements of total R. Infrared
spectra were acquired with a Perkin-Elmer Spectrum One Fourier
transform infrared (FTIR) spectrophotometer in the range of 2.5–
25 μm (4000–400 cm−1). FTIR spectra were measured with a 101
specular reflectance accessory and a gold substrate alignment mirror
at room temperature and the spectral resolution is about 0.9 cm−1.
3. Optical constant deduction

Many methods for the determination of optical constants have
been reported [20–28]. Generally, the optical constants of a film were
retrieved by simulating the experimental ellipsometric spectra [21–
24], transmittance or reflectance [25–28] based on the optical
dielectric models. We have determined the optical constants and
thickness of an In2O3:Sn film from transmittance data based on the
Forouhi–Bloomer model combined with the modified Drudemodel in
our previous research results [26]. In this research, Ti film is a metal
film and AlN is a dielectric film. Therefore, the optical constants of AlN
film were calculated by the Forouhi–Bloomer model combined with
the modified Drude model [26,27]. For the Ti film, the Drude–Lorentz
model was used to determine the optical constants, which combines
the Drude model with the Lorentz oscillator model. The dielectric
function of the Drude–Lorentz model can be expressed as [24,28]

εDLðωÞ ¼ εb−
ω2
D

ω2−iγDω
þ∑

j

Cj

ω2
j −ω2−iγjω

ð1Þ

where ω is the frequency, and the constant (εb) depends on the
contribution to the dielectric constants beyond the simulated spectral
range. The second part in Eq. (1) stands for the contribution of the
Drude model, where ωD in Eq. (1) is the plasma frequency and γD is
the Drude damping constant. The last part is the Lorentz model,
where ωj and γj are the frequency and damping terms of a particular
resonance line, and Cj is the amplitude of this resonance line.

Based on the optical dielectric models, two computer programs
were written in FORTRAN for calculating the optical constants and
thicknesses of the metal film and dielectric film using a nonlinear
least squares arithmetic. As a result, the optical constants and
thickness of AlN film were calculated from the measured transmit-
tance data, and those of Ti film were calculated from the measured
reflectance and transmittance data.
Table 1
Sputtering parameters for the depositions of Cu, Ti, and AlN layers.

Layer Ar flow rate
(sccm)

N2 flow rate
(sccm)

Thickness
(nm)

Sputtering pressure
(Pa)

Cu 42.5 – 120 0.7
Ti 42.5 – 18, 24, 31 0.7
AlN 40 8 63, 85, 265 1.6
4. Energy performance, chromaticity, and brightness

4.1. Energy performance

The energy performance of a solar selective absorbing coating is
expressed by two basic parameters of solar absorbance (α) and
thermal emittance (ε), when transmittance is zero, which can be
calculated by [14]

α¼
R 2:5
0:3 ð1−RðλÞÞIsðλÞdλR 2:5

0:3 IsðλÞdλ
ð2Þ

ε¼
R 25
2:5ð1−RðλÞÞIbðλ; tÞdλR 25

2:5 Ibðλ; tÞdλ
ð3Þ

where λ is the wavelength (integral borders in μm), R(λ) is the
reflectance at λ, Is(λ) is the solar spectral radiation at AM¼1.5, and
Ib(λ,t) is the black body spectral radiation, t¼80 1C is used for the
normal temperature solar–thermal application. Note that the upper
integral borders of 25 μm (α) and 2.5 μm (ε) are due to limitations in
the spectrometers, and hence do not cover the whole solar radiation
spectrum and infrared spectrum, where ideally the upper borders
should have been 3 μm and 50 μm (or even 100 μm), respectively.
4.2. Chromaticity

According to the description of the XYZ color system by the
International Commission on Illumination (CIE) in 1931, the tristi-
mulus values X, Y and Z are computed from the measured or
simulated spectral power distribution data P(λ) by [7,8,27]

X ¼
Z 780

380
PðλÞxðλÞdλ ð4Þ

Y ¼
Z 780

380
PðλÞyðλÞdλ ð5Þ

Z ¼
Z 780

380
PðλÞzðλÞdλ ð6Þ

where λ is the wavelength (integral borders in nm). xðλÞ, yðλÞ, and zðλÞ
are the CIE-1931 standard spectrum tristimulus values. In this work,
PðλÞ ¼D65ðλÞRðλÞ, where D65 is a standard illuminant and represents
typical daylight. Then the color coordinates x, y, and z are calculated
by

x¼ X
X þ Y þ Z

ð7Þ

y¼ Y
X þ Y þ Z

ð8Þ

z¼ 1−ðxþ yÞ ð9Þ
4.3. Brightness

When a surface appears to the human eye under certain
illumination conditions, the brightness is determined by its visible
reflectance RVIS, and can be written as [7,10,27]

RVIS ¼
R 0:7
0:4 RðλÞIILLðλÞVðλÞdλR 0:7

0:4 IILLðλÞVðλÞdλ
ð10Þ

where IILLðλÞ is the illuminant at λ (integral borders given in μm),
and VðλÞ is the photopic luminous efficiency function.



Fig. 3. Measured transmittance (T) and reflectance (R) of the Ti films with different
thicknesses, the dashed lines are the calculated transmittance and reflectance of
the 24 nm thick film.
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5. Results and discussion

5.1. Optical constants of AlN and Ti films

The optical constants of a dielectric film may change with film
thickness [29,30]. So AlN films with thicknesses of 63 nm, 85 nm,
and 265 nm were prepared and their transmittances are shown in
Fig. 1. Transmittance is higher than 85% and the highest transmit-
tance (about 93%) is close to that of bare substrate because AlN is a
transparent material. The optical constants and thicknesses were
calculated from the data in Fig. 1 and the calculated transmittance
(dashed line) is in good agreement with the measured datum. Fig. 2
presents refractive index (n) and extinction coefficient (k) of AlN
films. n is between 1.6 and 1.7, and k is lower than 0.01. Moreover,
both n and k increase with increasing thickness, which is due to the
densification as the thickness increases.

According to Savaloni and Shayegan's research report [23], the
optical constants of Ti film deposited by magnetron sputtering
change with film thickness. So Ti films with thicknesses of 18 nm,
24 nm, and 31 nm were prepared, whose transmittance and reflec-
tance are presented in Fig. 3. Transmittance decreases and reflec-
tance increases with increasing thickness owing to the metallicity of
Ti. Based on the transmittance and reflectance data in Fig. 3, the
optical constants of Ti films were calculated by Eq. (1) and the results
are indicated in Fig. 4. The calculated reflectance and transmittance
(dashed lines) of 24 nm thick Ti film are also shown in Fig. 3 and are
consistent and in good agreement with the measured spectra.
As indicated in Fig. 4, n of Ti films is between 1.9 and 4.1, and k is
between 0.5 and 1.8. Both n and k increase with increasing film
thickness.
Fig. 1. Measured transmittance of AlN films with different thicknesses, the dashed
line is the calculated transmittance of the 265 nm thick film.

Fig. 2. Refractive indices (n) and extinction coefficients (k) of AlN films with
different thicknesses.

Fig. 4. Refractive indices (n) and extinction coefficients (k) of Ti films with different
thicknesses.
5.2. Colored absorbing coatings

Based on the optical constants of Ti and AlN films in Figs. 2 and
4, five solar selective absorbing coatings were designed by the
optical multilayer design software [27,31] at a wavelength of 300–
2500 nm and fabricated by the dc magnetron sputtering. In the
design process, layer number and thickness were optimized so
that the sample has a color in the visible spectral region and a high
solar absorbance. The colors of these samples are black, purple,
yellowish green, red, and yellowish orange.

The maximum difference between the designed and measured
reflectance of these samples at a givenwavelength is about 5% when
λo1200 nm, and is about 12% when λ41200 nm. As the examples,
the designed and measured reflectance spectra of the purple and
yellowish orange samples are shown in Fig. 5. For the purple sample,
the measured reflectance is in good agreement with the designed
reflectance at λo590 nm and λ41150 nm. The maximum differ-
ence between the designed reflectance and measured reflectance is
about 4% at λ¼920 nm. As to the yellowish orange sample, the
measured reflectance is consistent with designed reflectance at λ
between 450 nm and 1020 nm. The difference between the designed
reflectance and measured reflectance has the maximum (5%) at
λ¼350 nm. The results indicate that the solar absorbing coating can
be produced according to the design by magnetron sputtering.

Fig. 6 shows the reflectance of the black sample. As presented in
the left inset in Fig. 6, this coating is a Ti–AlN–Ti–AlN four layers



Fig. 5. Designed and measured reflectance spectra of the purple and yellowish
orange samples. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 6. Reflectance of the black sample. Left inset illustrates each material layer and
thickness, and right inset is the sample color taken from photograph.

Fig. 7. Reflectance of the purple sample. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Reflectance of the yellowish green sample. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)
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structure. Thickness of each layer are 21 nm, 39 nm, 16 nm, and
68 nm. The reflectance of the coating is lower than 10% in the
wavelength range of 300–1170 nm and is lower than 5% in the visible
spectral region, which results in a high solar absorbance (0.92), black
appearance (as shown in the right down inset in Fig. 6), and a
relatively low brightness (3.47%). The reflectance increases with
increasing wavelength when λ4830 nm and is higher than 50% as
λ41730 nm, which contributes to a low thermal emittance (0.05).

The purple sample is also a Ti–AlN four layers structure and its
reflectance is presented in Fig. 7. The reflectance of this coating
decreases from 35% to 0% as the wavelength increases from 300 nm
to 540 nm, and is lower than 6% when wavelength is between
540 nm and 1445 nm, which induces a high solar absorbance (0.94)
and a very low brightness (0.65%). The purple color is the result
from the maximum reflectance (10.5%) at 400 nm in visible region.
A low thermal emittance (0.05) is caused by a reflectance larger
than 50% as λ42440 nm.

As shown in Fig. 8, in order to obtain a green color, a AlN–Ti–AlN–
Ti–AlN five layers structure was used in the yellowish green sample
and the thickness of the first layer (AlN) is 269 nm, resulting in a
reflectance with five peaks at wavelengths between 300 nm and
3439 nm. The reflectance of these peaks is 9.4% at 315 nm, 7.7% at
385 nm, 12.8% at 525 nm, 10.7% at 750 nm, and 55.7% at 1465 nm,
inducing a relatively low solar absorbance (0.88) and a relatively high
brightness (8.89%). Among these peaks, only the peak at 525 nm is in
visible region, so the sample appears yellowish green. A relatively high
thermal emittance (0.26) is because the reflectance is lower than 50%
at wavelengths between 3439 nm and 6454 nm.

The red sample is also a five layers structure and its reflectance
is presented in Fig. 9. Two high reflectance peaks of 27% at 655 nm
and 64% at 1390 nm contribute to a low solar absorbance (82%) and
a relatively high brightness (6.15%). The red color results from the
peak at 655 nm. The reflectance has a minimum (1%) at 3364 nm,
resulting in a relatively high thermal emittance (0.27).

Fig. 10 presents the reflectance of the yellowish orange sample.
This coating is also a five layers structure and each layer thickness is
lower than 70 nm. Reflectance is 0% at wavelength of 450 nm and
1460 nm, and there is a broad peak (15.4%) at 685 nm, which induces
a high solar absorbance (0.92), a relatively high brightness (7.60%),
and the yellowish orange appearance. This coating also has a low
thermal emittance (0.06) since the reflectance is higher than 50%
when the wavelength is longer than 2629 nm.

Fig. 11 shows the color coordinates of the five samples in the CIE
tristimulus chromaticity diagram. The location of the black sample is
very close to “neutral”, whereas the locations of other four samples
are far from “neutral”, indicating that the solar absorbing coatings
with different colors can be produced according to the optical design
with a Ti–AlN multilayer structure.

In order to distinguish the performance of the five samples, their
solar absorbance, thermal emittance, and brightness are tabulated
in Table 2. The purple sample has the highest solar absorbance
(0.94) and lowest brightness (0.65%). The yellowish green sample



Fig. 9. Reflectance of the red sample. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Reflectance of the yellowish orange sample. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 11. Chromaticity diagram of the colored absorbing coatings.

Table 2
Solar absorbance, thermal emittance, and brightness of the colored samples.

Sample color Black Purple Yellowish green Red Yellowish orange

α 0.92 0.94 0.88 0.82 0.92
ε 0.05 0.05 0.26 0.27 0.06
RVIS (%) 3.47 0.65 8.89 6.15 7.60
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has the highest brightness (8.89%), and the red sample has the
lowest solar absorbance (0.82) and the highest thermal emittance
(0.27). The yellowish orange sample has a good performance with
respect to the other samples because its solar absorbance is 0.92,
thermal emittance is 0.06, and brightness is 7.60%.
6. Conclusions

Ti and AlN single layer films with different thicknesses were
deposited on quartz substrates by magnetron sputtering. The optical
constants of the Ti and AlN films were retrieved from the transmit-
tance or reflectance data by the optical dielectric models. It is found
that both refractive indices and extinction coefficients of the Ti and
AlN films increase with the increase of thickness. Based on the optical
constants of the Ti and AlN films, five colored solar selective absorbing
coatings with a Ti–AlN multilayer structure were designed by the
optical multilayer software and prepared by magnetron sputtering.
The color of the five samples is black, purple, yellowish green, red, and
yellowish orange. The purple sample has the highest solar absorbance
(0.94) and the lowest brightness (0.65%), and the yellowish green
sample has the highest brightness (8.89%). The solar absorbance,
thermal emittance, and brightness of the yellowish orange sample
are 0.92, 0.06, and 7.60%, respectively. The results show that although
these colored coatings present lower efficiency than the typical black
type coatings, the difference in energy performance is at an acceptable
level when we need esthetic compatibility of solar collectors with
building architecture. Moreover, such colored coatings can be fabri-
cated by a commercial production process.
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