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Abstract

Multilayer absorbers based on Cr.0; and Cr, designed to improve the Solar-to-thermal conversion
efficiency at mid temperatures in high vacuum flat thermal panel, are fabricated via sputtering
deposition on bulk copper substrates and characterized by thermal and optical analysis. The refractive
index of the single layers has been measured and used to estimate absorber thermal efficiency at the
operating temperatures. Multilayers have been produced via sputtering deposition on bulk copper
substrates. The absorber multilayers can be 10% more efficient than the commercial alternative at 250 °C
operating temperatures, reaching 380 °C stagnation temperature without Sun concentration. The thermal
stability has been checked at temperature of 400 °C in vacuum for four hours. High vacuum flat thermal
collectors, equipped with the produced selective solar absorbers can obtain unprecedented performances
and can give important contribution to the energy transition from fossil fuels to renewable energy for
efficient heat production.

Keywords: Selective Solar Absorber, refractive index, high vacuum flat panels, thermal conversion
efficiency, radiative properties

1. Introduction

The energy transition from fossil fuels to renewable energy is an important goal of our society and Solar
energy can play a key role in such transition [1]. Almost one third of the energy resources in the developed
countries is nowadays used for heating and cooling [2], [3], and a large fraction of this energy can be
provided by highly efficient solar thermal collectors. The most efficient solar thermal collector in the low
temperature range is the High Vacuum solar thermal Flat Panel (HVFP) [4] produced by TVVPSolar SA [5]. The
Selective Solar Absorber (SSA) is the key component in determining the efficiency in HVFP. In particular, its
thermal emittance determines the radiation losses, that represent the main loss source thanks to the presence of
high vacuum. As explained by Cao [6] at temperature higher than 100 °C without concentration, the thermal
emittance gains importance over the thermal absorption. However, all absorbers available in commerce [7], [8]
and most of the absorbers present in literature [9], [10] have been developed to work for concentrated solar
applications [11].

As pointed out by Moss and coworkers [12], HVFPs can be the most efficient collectors also at temperature
up to 250 °C if they were equipped with an optimized SSA with thermal emittance of 0.04. Unfortunately,
commercially available absorbers have such low emittance value only at room temperature. Their emittance
increases to 0.1 or more at temperatures higher than 200 °C resulting in an increase of radiative power losses,
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with a consequent decrease in efficiency. Very few scientific studies have been performed on SSAs for
unconcentrated applications. The only SSAs developed to work in unconcentrated environment and temperature
higher than 100 °C, are reported in [13], [14]. The SSA based on semiconductor multilayer developed in [13]
only reaches 220 °C as maximum temperature and authors claim that it could optimized to reach 300 °C
maximum temperature. A SSA based on metal/dielectric multilayer, reported in [14], was deposited by e-beam
on a glass/metal substrate. The glass substrate was chosen to perform ellipsometric characterization avoiding
the roughness contribution to the optical response. Results were very promising: a very selective emissivity
curve was obtained opening the route to high efficiencies in the temperature range (150-300) °C without
concentration. However, the produced samples could not be measured in operating conditions [14] and
preliminary results on copper bulk substrates indicated that the temperature stability is not adequate to mid
temperature applications.

Nowadays, a commercially available SSA (Mirotherm from Alanod) is mounted in HVFPs, providing very
good efficiency up to 150 °C operating temperatures. In the present study we present SSAs based on metal (Cr)
and dielectric (Cr.0s) multilayer deposited on Cu industrial substrate via DC magnetron sputtering, designed to
work at temperatures higher than 150 °C. They have been characterized in operating conditions by absorptance
and thermal emittance measurements. SSA thermal stability was also verified at 400 °C under vacuum for 4
hours.

2. Experimental and Theoretical Details

The most important properties of a SSA are the spectrally averaged absorptivity @ (also referred to as solar
absorptance) and the spectrally averaged emissivity £(T) (also referred to as thermal emittance). They are
defined and calculated according to the following equations:
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where S(A) (Wm2um™?) is the solar radiation spectrum and Ep(A, T) (Wm2um?) is the blackbody
radiation spectrum depending on the radiation wavelength A and temperature T, with the wavelength A
expressed in um. According to the energy conservation and the Kirchkoff’s law of thermal radiation we have
(for opaque materials with transmissivity t(A)=0):

a) =eD)=1-pA) @O

where p(}) is the wavelength dependent reflectivity.

The measurement of reflectivity allows to determine the spectral emissivity (1) and absorptivity a(4)
and, using eq.(1) and (2), their spectrally averaged quantities & and £(T") which in turn determine the coating
efficiency ncoqe [11]:
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where H,, is the heat flux to the thermal system (Wm), o the Stefan-Boltzmann constant (Wm2K™),
T, the absorber temperature (K), T,.,,p the ambient temperature (K) and C the concentration factor.
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According to the previous equations, the ideal spectral emissivity (1) that maximizes the coating
efficiency is represented by a step function as the black line in figure 1a) having a value equal to 1 From UV
region up to 2.5 pum to maximize absorptance of the Sun radiation (orange area in figure 1a), and equal to O
above 2.5 pm to minimize the absorber blackbody emission (blue area in figure 1a). The wavelength at which
the emissivity switches from 1 to O is the so-called cut-off wavelength (A¢,¢—ofr). However, such ideal
behavior cannot be achieved experimentally and real SSAs typically have an emissivity curve similar to the
red curve reported in figure la.

Itis clear from eq. (4) that, in absence of concentration (concentration factor C = 1), the coating efficiency
Neoar NAS a strong temperature dependence due to the Stephan Boltzmann emission term that can be mitigated
by a very low value of the thermal emittance. The presence of concentration C >1 reduces the radiation loss
term and the emittance loses importance with respect to the solar absorptance term.

Since the blackbody irradiance is temperature dependent, also the ideal A.,;—o5f, that maximizes the
coating efficiency, depends on the absorber operating temperature and as well as on the concentration factor,
as illustrated in figure 1b).
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Figure 1 a) On the left axis spectral emissivity curve of real SSA (red line) and of an ideal SSA (black line).
On the right axis the spectral irradiance of the Sun (orange area) and of a blackbody at a temperature of
250 °C (blue area). b) Ideal cut-off wavelength as function of the absorber temperature for different
concentration factors.

In the present study we have fabricated multilayers with different A.,._,ss to obtain the maximum
efficiency at operating temperature higher than 150 °C. The spectral emissivity curve of the multilayer can
be precisely calculated by transfer matrix method [15], if the dispersion laws of all materials are known.
The dispersion law of the single layers was determined by ellipsometric measurements.

2.1. Thin film deposition

To deposit thin films and multilayers, a magnetron sputtering machine has been used. The system has a
cylindrical vacuum chamber equipped with four sputtering targets of 10 cm diameter placed at 90 degrees from
each other. A rotating supporting disc with four sample holders allows to place the substrates under the desired
cathode and deposit up to four different materials without breaking the vacuum. The distance between the
cathodes and the substrate is set to 10 cm. Cr and Cr,Os thin films are deposited from a 99.99% pure Cr cathode
by means of DC magnetron sputtering and DC reactive magnetron sputtering process respectively. Argon was
used as a sputtering gas for Cr deposition and oxygen was added as a reactive gas for Cr,O; deposition. Flow
rates are controlled by means of flowmeters and mass flow controllers. Pressure in the chamber, during the
sputtering process, is measured by a capacitance gauge (Pfeiffer CMR 364). For Cr deposition, argon flow was
set at 3.3 sccm corresponding to a pressure of 0.2 Pa. During Cr.0; deposition an oxygen flow of 1.6 sccm was
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chosen to obtain stable deposition condition that produces Cr,O; films with the required dielectric properties
[16]. All samples are loaded in the chamber the day before and pumped down overnight by a 1500 I/s
turbomolecular pump to obtain the same base pressure of about 2x10° Pa. Before gas injection, the turbo
pumping speed is reduced by a throttle valve without affecting the base pressure. A rotating shutter placed at
few cm from the cathodes is used to control the deposition time and, as consequence the layer thickness.

Fig 2 reports the discharge voltage As function of the oxygen flow rate, having set the argon flow rate at 3.3
sccm and the discharge current at 0.5A. It can be noted that, increasing the oxygen flow rate from zero, the total
pressure (right-y axis) is unchanged up to a flow rate of 3 sccm and also discharge voltage is almost constant,
indicating that all injected oxygen is absorbed by the Cr film and Cr target and the target remains metallic.

At 3 sccm the discharge voltage starts to increase due to cathode poisoning [16], also total pressure has a
jump and for increasing oxygen flows the pressure starts to increase linearly with the oxygen flow indicating
that the nitrogen pumping speed of Cr target and of the growing film is no more effective [17].
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Figure 2 Left axis: voltage discharge for a fixed DC sputtering current (0.5 A) and fixed Argon flow rate
(3.3 scem) as function of the oxygen flow rate (black square increasing flow rate, red dots decreasing flow
rate). Right axis: total pressure as function of the oxygen flow rate

According to [16], we fully oxidized the cathode at higher oxygen flow rate (20 sccm) and operated the
deposition in the decreasing O- flow region, where the discharge voltage presents a maximum. Such optimal
flow rate, corresponding to the maximum discharge voltage, represents the stable condition that guarantees
less oxygen impurities in the growing film and it is indicated by the circle in figure 2. For oxygen flow rates
lower than the maximum, the cathode starts to fall back in the metallic condition, whereas at higher oxygen
flow rate there is an excess of oxygen in the plasma that can be included in the growing film. It is worth to
note that decreasing the oxygen flow rate from a fully oxidized cathode produces a linear decrease in total
pressure down to the zero-oxygen flow rate that recovers the target to the original metallic condition. Before
starting the deposition on substrates, the cathode is exposed to the discharge for 15 min to condition it and
to obtain stable and reproducible depositions.

The multilayer Cr,0s/Cr/ Cr,05 is completed with SiO- thin film used as AntiReflecting (AR) coating
and deposited by RF magnetron sputtering technique in pure argon atmosphere. The deposition conditions,
for the various layers, are reported in table 1. The copper substrate is also reported in the table to complete
the SSA structure.
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layer Air flow O, flow | Discharge | Discharge Rate Pressure | Timel Time2

(scecm) (sccm) Current Voltage (nm/s) (Pa) (s) (s)
(A) (V)
SiO; 4.0 0.0 200 W (RF) 0.11 0.3 673 607
Cr,03 3.3 1.6 0.5A 395V 0.14 0.3 386 321
Cr 3.3 0.0 0.3A 300V 0.44 0.2 21 18
Cr,03 3.3 1.6 0.5A 395V 0.14 0.3 193 100
Copper substrate

Tab.1 Parameters for deposition of the different layers on copper substrate: the two multilayers differ
for the deposition time reported in the last two columns: timel (time2) refers to coating designed to
work at 200°C (300 °C).

The reported deposition rates are calculated by the ratio between the layer thickness measured with a
profilometer (KLA Tencor P-15) and the deposition time. The step height to calibrate the deposition rates
are typically about 300 nm and they are obtained in dedicated layers by lift-off procedure in acetone, using
standard photolithographic techniques. Single layers were deposited on optically flat substrates to determine
the optical properties by ellipsometric measurements, whereas multilayers were deposited on bulk copper
from KME and measured in the calorimetric system up to the stagnation temperature.

2.2. Optical Layer characterization

To evaluate the refractive indices of the material constituing the multilayer absorber we used the
ellipsometric technique. Measures were carried out by means of a phase modulated spectroscopic ellipsometer
(Horiba Jobin Yvon UVISEL) in the wavelength range 300-1600 nm at an incidence angle of 70°. Measures
were performed on layers deposited in the same conditions reported in section 2.1, on a different substrate,
consisting of an aluminum film grown on a glass support to be optically flat substrate. Thickness and complex
refractive index fi(A) of the film were obtained by fitting the experimental data with numerical data returned
by an optical model of the sample in which material dispersions are described by analytical formula. The
experimental data were fitted by using the Forouhi-Bloomer formula for the chromium oxide [18] [19], while
for chromium Drude-Lorentz [20] dispersion relation has been used.

Figures 3a) and 3b) show the refractive index dispersion for both chromium and chromium oxide which
best fit the ellipsometric experimental data, used for the optical simulations. The reported refractive indices
were able to fit Cr,0; film for thicknesses from 15 nm up to 100 nm and Cr layer from 5 to 30 nm and they
were obtained by fitting experimental data of several samples. The use of optically smooth surfaces allowed
to exclude surface roughness effects in the models.

Since the ellipsometric analysis is limited in the range between 300 nm and 1600 nm, refractive indices
of both chromium and chromium oxide have been extended outside the measured wavelength range by using
the respective dispersion relations. The results show good agreement with literature data [21]-[23]. Reflection
measurements further confirm the effectiveness of the obtained refractive indices: figure 3c) shows a
comparison between measured and simulated reflection of a Cr,O3/Cr bilayer on aluminium substrate (model
and layer thickness in inset). Integrating sphere coupled with an Optical Spectrum Analyzer was used to
measure VIS-NIR range (0.35-1.75 pum) reflectance and Fourier Transform Infrared Spectroscopy (FTIR)
was used to measure reflectance in range 1.00-4.00 pum. The two instruments overlap in the range 1.00-1.75
pm indicating a good agreement between the two different measurement techniques. The optical simulation
of the sample under investigation uses the refractive indices reported in figure 3 and literature data for Al,Os
and Al substrate [20], [21], [24]. The agreement between optical simulation and the reflectance measurements
validates the studied refractive index for both chromium and chromium oxide in the whole wavelength range.
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Figure 3 Refractive index and extinction coefficient obtained by fitting ellipsometric measurements for
Chromium (a) and Chromium Oxide (b) . ¢) the agreement between experimental data and simulation
obtained using the reported refractive indices is shown.

2.3. Multilayer simulation and characterization

The refractive index obtained by the ellipsometric data were used to design the SSA for operating
temperature of 200 °C and 300 °C according to procedure reported in [14] and resulted in the deposition time
reported in table 1.

Optical properties of multilayers deposited on bulk copper were measured at room temperature by
hemispherical spectral reflectivity measurement in the range (400-1700) nm using an integrating sphere
connected to an optical spectrum analyzer and by absorptance and emittance measurement in operating
condition under vacuum using a calorimetric method [14].

3. Results and Discussions

Using the refractive indices reported in the section 2.2, it is possible to predict the reflectivity of multilayer
as function of the layer thicknesses. Then, using eq. 3, 1 and 2 is possible to calculate the spectrally average
emissivity and absorptivity. In Figure 4 a) we report the result for two coatings designed to work at Operating
Temperatures (OT) higher than 150 °C (coating 1 at OT = 200 °C and coating 2 OT = 300 °C). The reported
thermal emittance is extremely low. To obtain such low values of emittance the cut-off wavelength has to move at
wavelength shorter than the one of the commercial absorber; as consequence the solar absorptance is slightly
reduced. The calculated absorptance values, according to equation 1, are 0.95 for coating working at 200 °C and
0.89 for coating working at 300 °C.
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Figure 4 a) Thermal emittance vs temperature for the two coating designed to work at 200 °C (blue line) and
300 °C (red line). b) Efficiency of the coatings (OT =200 °C blue line and OT = 300°C red line). ¢) Efficiency
calculated according to eq. 5 for the same coatings of figure b) compared with the commercial coating
(MT1300R black line).


https://doi.org/10.20944/preprints202107.0224.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 July 2021 d0i:10.20944/preprints202107.0224.v1

The coating efficiency, calculated according to eq. (4), is reported in figure 4b as function of temperature.
Calculation assume an illuminating power density of 1000 W/m? and an ambient temperature equal to 20 °C.
However, the absorber efficiency 7,4, has to take in to account also the thermal emittance of the substrate & that
can be considered temperature independent. The absorber efficiency can be expressed by eq (5)

dh
Hgps

E(Ta)U(Tt‘zl'_T;mb) _ ES o (Tg_Tc‘l}mb) (5)

= 0c —
S C Hgps C Hgps

Nabs =
and assuming a copper emissivity of 0.02, the expected n,;s is reported in figure 4c) for the two
multilayers and for the Mirotherm (absorptance 0.95, coating thermal emittance &(T,) = 0.06 + 3.4 *
107°T + 2.66 * 10~7T? , aluminium substrate emittance & = 0.03, illuminating power density 1000W/m?
)[25].
The simulated multilayers have been deposited as described in section 2.1 on a copper bulk substrate 0.2
mm thick. A metallic frame was used to avoid deposition on the back side of copper substrate. To correctly
measure the SSA optical properties in the emissometer, the spurious contributions to absorber temperature
(such as the thermal conductance and capacitance of thermocouple, support etc.) should be negligible.
Therefore, the sample dimensions have been chosen to be 10cmx10cm, comparable to the sputtering target
diameter. The picture of multilayers after deposition can be observed in figure 5 a). To check thickness
uniformity, we have performed the spectral absorptivity measurements in the center of the sample as well as
along the diagonals and the midlines, as reported in figure 5b). Despite the large area reflectivity is very low
and uniform over all the absorber surface for wavelengths below 1 um. At wavelength large than 1pum, the
results in figure 5b indicate that the absorptivity follows the sample symmetry respect to the center: the
reflectivity curve measured on the midlines (red curves) are very similar among them, and they are in between
the center (thick dark red curve) and the diagonal point (light orange curves). The reflectivity curve measured
in the sample center presents the lowest reflectivity curve it is in agreement with the simulation (black dashed
curve). This result is not surprising since the deposition rate was calculated on the sample center and as
consequence only in the center the correct layer thickness is guaranteed and the maximum absorptance is
obtained. In figure 5 b) the averaged absorptivity obtained from the average of the 9 measurements is also
reported as black thick curve. The averaged absorptivity will be used to compare the results of the thermal
stability test.
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Figure 5 a) Photo of the SSA just after the deposition, b) SSA reflectivity measurement on 9 points
arranged as illustrated in the inset and their average (black thick curve). Also reported is the expected
reflectivity (black dashed line)
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The samples were mounted in a custom emissometer [14], [25] to measure absorptance and emittance in
operating conditions. During the measurement the vacuum enclosure, that surrounds the absorber and keeps
it under vacuum, reaches a stable and uniform temperature of about 50 °C. The measurement allows to
estimate the overall absorber emittance ., = &(T,) + & and to extrapolate the coating emittance &(T,) if
& is known.

Results for the two samples are reported in figure 6 a) and compared with commercial absorber (black
line). The absorber emittance is higher than expected from simulation of about 0.04 for both multilayers. The
slight discrepancy in absorber emittance can have different origins and need more investigations. However,
despite an emittance higher than expected the absorber efficiency is better than commercial absorber at
temperatures higher than 150 °C, as illustrated in figure 6b. In particular, the absorber efficiency at 250 °C,
calculated according to the experimental values (see figure 6a), increases from 0.490 for Mirotherm up to
0.593 for coating designed to work at 300 °C, with a 10% absolute efficiency improvement (21% relative
increase). At 300 °C the efficiency improvement is even more pronounced: the sample designed for such
temperature has n,,s = 0.425 compared with n,,s = 0.225 of the Mirotherm at the same temperature, with
a 20% absolute improvement corresponding to about 90% relative increase. As consequence of the low
emittance, the stagnation temperature, that is the temperature at which the incident power is equal to the
emitted power and efficiency is equal to zero, increases from 331 up to 380 °C.
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Figure 6 a) Absorber emittance measured at temperature up to 400 °C for commercial coating
(Mirotherm black line), SSA designed to work at 200 °C (blue line) and 300 °C (red line). b) Absorber
efficiency calculated according to equation (5) for Mirotherm (Black line) and multilayer coating
designed to work at 200 °C (blue line) and 300 °C (red line).

It is worth to mention that the reported results are the average on a relatively large area substrate (10 cm
x 10 cm), having a slightly non uniformity. Using larger deposition system, with industrial sputtering cathode
it would improve uniformity and performances.

To test the thermal stability of the realized absorbers, they have been kept at 400 °C for four hours under
high vacuum. After the thermal cycle, absorptance and emittance were measured again at operating
temperature and the difference in the results were within the experimental error. Also, the spectral reflectivity
measurements before and after the thermal stability test are very similar as can be noticed in figures 7 a) and
7 b). For clarity we have reported only the average reflectivity curve, obtained as in figure 5b), before and
after the thermal stability test. There is some small change in the absorptivity curve, however the slight
decrease in reflectivity in the region around 500-600 nm, where the Sun spectrum has the maximum intensity,
compensates the slight increase in reflectivity at wavelength above 1000 nm and the absorptance value is
unchanged.
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Figure 7 reflectivity measurement before and after the thermal stability test for a) SSA designed
to work at 200°C) and b) SSA designed to work at 300°C

Preliminary results on the ageing of coatings designed to work at 300°C indicate that the service lifetime
will be larger than 25 years [26].

4. Conclusions

The use of Cr based multilayers to realize selective solar absorbers open the route to the application of
high vacuum flat panels as very efficient thermal solar collectors at temperature up to 250-300°C. The
multilayers are realized via sputtering deposition techniques and their fabrication process can be easily
transferred to industrial deposition systems.

The presented selective solar absorbers have a very low emittance preserving a large absorptance and
reaching stagnation temperature in excess of 350°C with superior performances with respect to commercial
coatings. Absorber efficiency higher than 70% at 200°C and higher than 40% at 300° C have been obtained.
However, the measured thermal emittances on copper bulk substrates are slightly higher than expected by
simulations. The origin of such increase can be the surface roughness and/or the presence of copper oxides at
the interface between substrate and multilayer. Understanding the origin of the increased emittance would
allow to further improve the SSA performances.
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