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a b s t r a c t

The thermal emittance of the Mo film, as an IR-reflector in solar selective absorbing coatings, is the most
important property. The effects of the substrate material, the substrate surface roughness, the film
thickness and the temperature on the thermal emittance of the Mo/substrate have been investigated. A
series of Mo films with increasing film thickness were deposited on two types of substrate materials
(glass and stainless steel). A saturated Mo thickness of 50 nm is found to produce the lowest thermal
emittance. The thermal emittance of the Mo film is reduced by decreasing the substrate surface
roughness. The emittance of the optimal Mo film remains 0.05 from 25 �C to 400 �C, which can meet the
optical requirements for the IR-reflector.

© 2016 Elsevier Ltd. All rights reserved.m.co
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1. Introduction

Solar selective absorbing coating (SSAC) is designed to maxi-
mize photothermal conversion efficiency. Namely, it should maxi-
mally absorb solar radiation corresponding to blackbody radiation
at 5777 K from 0.3 mm to 2.5 mm and minimally emit the infrared
(IR) thermal radiation from 2.5 mm to 20 mm at working tempera-
ture (100 �Ce400 �C) [1,2]. The thermal energy transferred from the
absorbed solar energy is taken away by the heat transfer fluid for
electric power application as shown in Fig. 1. Hence an ideal SSAC
should both have a high solar absorptance a (close to one) in solar
radiation range and a low thermal emittance ε (close to zero) in IR
range. The typical double cermet coating structure from surface to
substrate (steel tube in Fig. 1) consists of a ceramic anti-reflection
layer, a low and a high metal volume fraction cermet solar ab-
sorption layers (LMVF and HMVF), and a metal IR-reflector layer [3]
as shown in Fig. 2.
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The performance for SSAC is characterized by the photothermal
conversion efficiency [4] given in Eq. (1), which should be close to
the maximum value one.

hT ¼ a� sT4

CI
εT (1)

where a is solar absorptance, εT is the thermal emittance at tem-
perature T of the SSAC, s is the StefaneBoltzmann constant
(5.67� 10�8W/m2 K4), I is the irradiance (typically 1000W/m2) and
C is solar concentration (for parabolic trough typically C¼ 80). Thus
enhancing solar absorptance and suppressing thermal emittance
are effective methods to improve the photothermal conversion
efficiency according to Eq. (1). The solar absorptance formost SSACs
[5e7] have approached to maximum value one, whereas it is
difficult to decrease the thermal emittance of SSACs to zero. To
improve the photothermal conversion efficiency, it is effective to
reduce the thermal emittance of SSACs.

Reduction of thermal emittance of the metal IR-reflector layer is
a crucial method to inhibit the thermal emittance of the SSAC [8].
The preparation parameters of the metal layer have an important
effect on the emittance. The emittance is decreased with decrease
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Fig. 1. Cross section of the receiver tube used in the parabolic trough collector (a kind
of solar thermal collector).

Fig. 2. Schematic diagram of the typical double cermet layer structure for SSAC.

Table 1
The surface average roughness (Sa) of all the substrates and the emittance (100 �C)
of 50 nm Mo/substrate.
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in the sputtering gas pressure [9e13] and increase in the target
power [14,15], due to the great change in the microstructure of the
metal layer [9]. Thus, the low working gas pressure and high target
powerwere used to prepare themetal IR-reflector in this paper. The
recent results have shown that the emittance of the Au film and W
film is reduced by decreasing the substrate surface roughness
[16,17], which is also verified by the result in this paper.

The metal IR-reflector layer should have not only high reflec-
tance in the IR range but also excellent thermal stability at elevated
temperature. Molybdenum (Mo) possesses high melting point
(2623 �C) among all the metals. In addition, the SSACs of NiAl-Al2O3
and Mo-SiO2 used Mo films as IR-reflector have high thermal sta-
bility at 500 �C [18], 600 �C [19] and 800 �C [20] in vacuum
respectively. Hence, high IR reflecting Mo is a promising candidate
as an IR-reflector layer [7,21e23]. In addition, Mo is also used as a
back contact and its optical properties are quite important in thin
film solar cell community [12,13]. In this paper, the magnetron
sputtering is used to deposit the Mo film [20,24,25] and stainless
steel (SS) is selected as the substrate for the industrial production
requirement. The effects of the substrate materials, substrate sur-
face roughness, film thickness and temperature on the emittance of
the Mo/substrate have been studied in detail. The SSAC of SiO2/
ZrSiON/ZrSiN/Mo is prepared, in which the optimized Mo film is
used as the IR-reflector.
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2. Experiments

Stainless steels 304 (304SS) and glass are used as substrates. The
3D parameter average roughness (Sa) is defined as the arithmetic
mean of the absolute value of the deviation from the mean height
[26], given by Eq. (2).

Sa ¼ 1
MN

XM
i¼1

XN
j¼1

���z
�
xi; yj

�
� m

��� (2)

Where m ¼ 1
MN

PM
i¼1

PN
j¼1zðxi; yjÞ is the mean height. An equally

spaced digitised 3D surface, can be denoted by z (xi, yj) (xi ¼ iDx,
yj ¼ jDy; i ¼ 1, 2, … M; j ¼ 1, 2, … N), where Dx and Dy are the
sampling intervals, and M and N represent the number of sampling
points in the x and y directions, respectively. The values of Sa of all
the substrates are listed in Table 1. The SS1, SS2 and SS3 denote the
stainless steels with the polished surface, the specific treated sur-
face and the sand blasting surface respectively. The surface treat-
ment for the SS2 substrate includes four steps: cold rolling, heat
treatment, acid pickling or dephosphorization, bright annealing.
The Mo films with thickness range of 6e180 nm, 10e250 nm and
10e10000 nmwere deposited on glass, SS1-2 and SS3 substrates by
a JGP350Cmagnetron sputtering equipment as shown in Fig. 3 [24].
The size of Mo target isF60mm� 4mmwith a purity of 99.95%. All
substrates were cleaned with alcohol followed by de-ionized water
in an ultrasonic agitator and blow-dried before being deposited.
The detailed preparation parameters are listed in Table 2.

The thermal emittance for the opaque sample and semi-
transparent sample is calculated according to Eq. (3) and Eq. (4),
respectively [27]. Intensity distribution of the blackbody radiation
at temperature from 25 �C to 400 �C is in the wavelength range of
1e100 mm, and the main intensity distributes in the wavelength
range of 1e20 mm.

εð25�C�400�CÞ ¼

Z 100mm

1mm
ð1� RðlÞÞIbðl; TÞdl

Z 100mm

1mm
Ibðl; TÞdl

(3)

εð25�C�400�CÞ ¼

Z 100mm

1mm
ð1� RðlÞ � tðlÞÞIbðl; TÞdl
Z 100mm

1mm
Ibðl; TÞdl

(4)

Where Ibðl; TÞ is the blackbody radiation at the given temperature
T. Reflectance R(l) and transmittance t(l) are measured at normal
incidence and room temperature. All samples are opaque except for
the samples of 6e50 nm thick Mo films on glass substrate.

The solar absorptance (a) is weighted by the solar spectral ra-
diation Is(l) as shown in Eq. (5). The main solar energy (more than
95%) distributes from 0.3 mm to 2.5 mm.
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Substrates SS1 Glass SS2 SS3

Sa (nm) of substrate 1 3 23 1497
Emittance (100 �C) of 50 nm Mo/substrate 0.05 0.07 0.08 0.32



Fig. 3. Schematic (a) cross sectional and (b) three dimensional representations of the
geometry of the magnetron sputtering system.

Table 2
The deposition parameters for the Mo films.

Sputtering method Base vacuum Substrate-to-target distance Ar gas flow rate Sputtering pressure Power density

DC 1 � 10�3 (Pa) 40 (mm) 8.3 � 10�7 (m3/s) 0.4 (Pa) 5.9 (W/cm2)

Fig. 4. Emittance variation of the Mo films with increasing thicknesses deposited on
glass and SS1 substrates.
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a ¼

Z 2:5mm

0:3mm
ð1� RðlÞÞIsðlÞdl

Z 2:5mm

0:3mm
IsðlÞdl

(5)

Reflectance and transmittance in the wavelength range of
0.3e2.5 mm and reflectance in the wavelength range of 2.5e22 mm
were measured by a Perkin-Elmer Lambda 900 UV/VIS/NIR double
beam spectrometer and Fourier Transform Infrared Reflectance
(FTIR) spectrometer Bruker Tensor 27, respectively. The other
reflectance data in the wavelength range of 23e100 mm were
extrapolated. Both instruments are equipped with the integrating
sphere coated with BaSO4 powder and gold respectively, for
reducing diffuse scattering effect. An error of ±0.02 in the emit-
tance values is adopted as same as that in the Zhao's result [28],
because the same spectrometers and calculationmethodwere used
to get the emittance values in the present study. The surface mor-
phologies of the Mo films on SS substrates were observed by a
scanning electron microscopy (SEM). The Mo film thickness was
measured using a Dektak 6M surface profiler. The surface rough-
ness of the substrates was measured by the atomic force micro-
scope (AFM) CSPM400 (for the smooth surface). For the SS3
substrate, the surface roughness was measured by the white light
interferometer due to beyond the measurement range of the AFM.

w.sp
Fig. 5. Emittance variation of the Mo films with increasing thicknesses deposited on
SS1, SS2 and SS3 substrates.
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3. Results and discussion

3.1. Effect of substrate material on emittance of Mo/substrate

The emittance variation of Mo films with increasing film thick-
ness deposited on glass (Sa ¼ 3 nm) and SS1 (Sa ¼ 1 nm) substrates
is shown in Fig. 4. The effect of the substrate material on the
emittance of Mo/substrate depends on the film thickness. The
emittance decreases sharply with film thickness (less than 50 nm)
and keeps unchanged when the film thickness is greater than
50 nm. Here the film thickness value of 50 nm is defined as the
saturated thickness. The thermal radiation of the substrate can't be
suppressed when the film thickness less than the saturated thick-
ness. The thermal radiation of the Mo/substrate comes from both
the substrate and the Mo film. In addition, the emittance of the
glass substrate (0.86) is considerably larger than that of the SS1
substrate (0.11). Hence, the emittance ofMo/glass is larger than that

w

of Mo/SS1 under the same film thickness (less than 50 nm).
Furthermore, the contribution of substrate to the thermal radiation
is becoming smaller as the film thickness increasing and when the
saturated thickness is exceeded, the thermal radiation is all derived
from the Mo film.
3.2. Effect of substrate surface roughness on emittance of Mo/
substrate

The emittance of Mo films, which were deposited on the three
stainless steel substrates with gradually increasing surface rough-
ness, is shown in Fig. 5. The emittance is obviously suppressed by
decreasing the substrate surface roughness under the same film
thickness. As shown in Table 1, the emittance is 0.32, 0.08 and 0.05
for 50 nm thick Mo films on SS3, SS2 and SS1 respectively. It results
from the enhanced reflectance of the Mo/substrate induced by
decreasing substrate surface roughness as shown in Fig. 6.

The variations of reflectance and emittance are due to the
different morphologies of Mo films on the SS1, SS2 and SS3 sub-
strates as shown in Fig. 7 and Fig. 8. The morphologies of the three
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Fig. 6. Reflectance spectra of the Mo films and the corresponding SS1, SS2 and SS3
substrates.

Fig. 7. SEM morphologies of the Mo films on SS1, SS2 and SS3 substrates.

Fig. 8. SEM morphologies of the Mo films in nanometer scale on SS1 and SS3 substrates, (a) 180 nm Mo/SS1; (b) 250 nm Mo/SS3.
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substrates remain unchanged although the substrates are covered
by the Mo films. The surface of Mo film deposited on SS1 is smooth
as shown in Fig. 7(a). However, the cloudy-like structures of Mo
film on SS2 and the ravine-like structures of Mo film on SS3 are
presented in Fig. 7(b) and (c), which forms optical traps for
absorbing more light [29e31]. Hence the reflectance of Mo films on
SS2 and SS3 is lower than that of Mo film on SS1 in Fig. 6.
3.3. Effect of film thickness on emittance of Mo/substrate

The effect of film thickness on the emittance of Mo/substrate
depends on the substrate surface roughness as shown in Fig. 5.
There is a saturated thickness about 50 nm for Mo films deposited
on SS1 (Sa ¼ 1 nm) and SS2 (Sa ¼ 23 nm) substrates. The emittance
keeps the lowest value when the film thickness is larger than the
saturated value, which is in accord with the results in literature
[17,32]. However, there is not a saturated thickness for Mo films
deposited on SS3 substrate. Due to the large surface roughness of
SS3 substrate (Sa ¼ 1497 nm), it is hardly to obtain a low emittance
for the Mo/SS3 despite the film thickness reaching 10 mm.
3.4. Effect of temperature on emittance of Mo/substrate

The emittance variations of the Mo films with calculated



Fig. 10. The (1-R(l)) and I0b (l, T) of the Mo films on SS1, SS2 and SS3 substrates.
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temperature, deposited on SS1, SS2 and SS3 substrates, are shown
in Fig. 9. The emittance increases monotonously with temperature
for the Mo films on SS2 and SS3 substrates. However, it keeps 0.05
from 25 �C to 400 �C for the Mo films on SS1, which satisfies the
optical requirements for the IR-reflector.

The emittance variations of the Mo films with calculated tem-
perature on SS1, SS2 and SS3 result from their reflectance variations
with wavelength. If

Z100mm

1mm

Ibðl; TÞdl ¼ cðTÞ (6)

Eq. (7) is obtained via substituting Eq. (6) into Eq. (3), where the
range of T is 25 �Ce400 �C.

εT ¼
Z100mm

1mm

ð1� RðlÞÞ Ibðl; TÞ
cðTÞ dl ¼

Z100mm

1mm

ð1� RðlÞÞI0bðl; TÞdl (7)

Eq. (8) is obtained according to Eq. (7) and Eq. (6),

Z100mm

1mm

I0bðl; TÞdl ¼
Z100mm

1mm

Ibðl; TÞ
cðTÞ dl ¼ 1

cðTÞ
Z100mm

1mm

Ibðl; TÞdl ¼ 1

(8)

According to Eq. (7), the emittance is the function of (1-R(l)) and
I0b (l, T), where I0b (l, T) is only determined by temperature when the
wavelength is fixed. The (1-R(l)) depends on the reflectance spectra
R(l). The reflectance spectra R(l) and the (1-R(l)) of theMo films on
SS1, SS2 and SS3 substrates are shown in Figs. 6 and 10,
respectively.

For the Mo/SS1 sample, due to the reflectance R(l) mainly keeps
unchanged with wavelength, the (1-R(l)) mainly keeps unchanged
with wavelength. Eq. (9) is obtained according to Eq. (7) and Eq. (8),
which calculates the emittance of the Mo/SS1 at temperatures from
25 �C to 400 �C. Therefore, the emittance of Mo/SS1 keeps un-
changed with temperature.

εT ¼
Z100mm

1mm

ð1� RÞI0bðl; TÞdl ¼ ð1� RÞ
Z100mm

1mm

I0bðl; TÞdl ¼ ð1� RÞ

¼ constant

(9)

For the Mo/SS2 and Mo/SS3 samples, the reflectance R(l)
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Fig. 9. Emittance variation of the Mo films with temperature on SS1, SS2 and SS3
substrates.
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increases with wavelength in Fig. 6. Because the action that
increasing substrate surface roughness reduces the reflectance of
the Mo film, is being weakened with increasing wavelength
although the surface roughness value is fixed for the SS2 and SS3
substrates. Based on the variation of reflectance R(l) of Mo/SS2 and
Mo/SS3, the (1-R(l)) of them increases with decreasing wavelength,
which results in larger values of (1-R(l)) locating in the short
wavelength range as shown in Fig. 10.

In Fig.10, the integration of I0b (l, T) being one represents the area
under its curve. When the calculated temperature increases, the
wave package (most of the area) of I0b (l, T) is moving to the short
wavelength range. And the main integral range of the emittance
calculated at evaluated temperature is in the short wavelength
range. According to Eq. (7) and Fig. 10, both larger (1-R(l)) and I0b (l,
T) are in the short wavelength range and bring about larger emit-
tance at evaluated temperature. Consequently, the emittance of
Mo/SS2 and Mo/SS3 increases with temperature.

.co
m.cn
3.5. Mo/SS1 as IR-reflector for ZrSiON SSAC

The Mo/SS1 with the film thickness from 50 nm to 250 nm has
the lowest thermal emittance 0.05 according to Fig. 5. And
considering having both excellent thermal stability [33] and
adhesion [34], the Mo/SS1 with an appropriate film thickness of
180 nm is chosen as the IR-reflector. The layer structure of the
optimized SSAC of 61 nm SiO2/23 nm ZrSiON/36 nm ZrSiN/180 nm
Mo/SS1 is shown in Fig. 11. The reflectance spectra of the ZrSiON
SSAC and the Mo/SS1 IR-reflector are shown in Fig. 12. The solar
absorptance and thermal emittance of the SS1 substrate, Mo/SS1
IR-reflector and ZrSiON SSAC are listed in Table 3. The reflectance in
solar radiation range is suppressed near zero after depositing the
subsequent three layers of the ZrSiON SSAC on the Mo/SS1 IR-
reflector. As a result, the solar absorptance increases to 0.92 from
0.34. The contributions of the increased absorption consist of three
Fig. 11. Schematic diagram of the SiO2/ZrSiON/ZrSiN/Mo/SS SSAC.



Fig. 12. Reflectance spectra of the SiO2/ZrSiON/ZrSiN/Mo/SS1 SSAC and the Mo/SS1 IR-
reflector.

Table 3
The solar absorptance (a), thermal emittance (ε) of SS1 substrate, 180 nmMo/SS1 IR-
reflector and the optimal SiO2/ZrSiON/ZrSiN/Mo/SS1 SSAC.

Samples a ε (100 �C) ε (400 �C)

SS1 substrate 0.33 0.11 0.14
Mo/SS1 0.34 0.05 0.05
SiO2/ZrSiON/ZrSiN/Mo/SS1 0.92 0.05 0.08

Y. Ning et al. / Vacuum 128 (2016) 73e7978
parts, which are the enhanced solar transmission by the SiO2 anti-
reflection layer, the intrinsic absorption by the ZrSiN layer and the
interference absorption caused by the ZrSiON and ZrSiN layers.

The thermal emittance has been successfully decreased to 0.05
both at 100 �C and 400 �C from high values of 0.11 (100 �C) and 0.14
(400 �C) of the SS1 substrate by depositing the Mo film on it. The
high IR reflectance of 0.95 in the wavelength range of 4e20 mm of
the ZrSiON SSAC is guaranteed contributing to the high IR reflec-
tance of the Mo/SS1 IR-reflector. As a result, the thermal emittance
of the ZrSiON SSAC keeps 0.05 at 100 �C and increases to 0.08 at
400 �C. Owing to the high IR reflectance of the Mo/SS1 IR-reflector,
the low thermal emittance of the ZrSiON SSAC is obtained. There-
fore, the optimized Mo film shows an excellent property of high IR
reflectance as an IR-reflector in SSAC.
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4. Conclusion

In summary, the effects of the substrate material, substrate
surface roughness, film thickness and temperature on the thermal
emittance of Mo/substrate are discussed in this paper. The emit-
tance of the Mo film is reduced by decreasing the substrate surface
roughness. A saturated thickness 50 nm is found in the Mo films on
glass (Sa¼ 3 nm), SS1 (Sa¼ 1 nm) and SS2 (Sa¼ 23 nm) substrates,
but not on SS3 (Sa ¼ 1497 nm) substrate. The thermal emittance of
theMo film on SS1 substrate keeps 0.05 from 25 �C to 400 �C, which
satisfies the optical requirements for an IR-reflector. Based on the
180 nm Mo/SS1 IR-reflector, the optimized ZrSiON SSAC of 61 nm
SiO2/23 nm ZrSiON/36 nm ZrSiN/180 nm Mo/SS1 is prepared. The
solar absorptance of the ZrSiON SSAC is 0.92 and the thermal
emittance keeps 0.05 at 100 �C and increases to 0.08 at 400 �C. The
results will provide valuable reference for choosing the surface
morphology of the SS substrate and determining the film thickness
of the metal IR-reflector layer properly, so as to keep the emittance
of the metal layer as low as possible.
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