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Al,Oy/Cr/AlLOy multilayered selective absorber was theoretically optimized using the individual layers’ optical
constants acquired through fitting the transmittance and reflectance measurements into SCOUT software. The
optimized multilayer was deposited onto polished aluminium substrates by DC magnetron sputtering at room
temperature. The structural analysis of the multilayer stack revealed low crystalline diffraction peaks of Cr at 20

~ 43.3° ascribed to (110) diffraction plane of BCC Cr metal. However, due to the amorphous nature of the
deposited films, no Al;Oy phase was detected by XRD. SEM and AFM analysis revealed the uniformly and densely
distributed small grains with a considerably average surface roughness of ~5.6 nm. The deposited Al;Oy/Cr/
Al,Oy multilayered stack was found to have an optical absorptance of 0.91 and thermal emittance of 0.12 at a
temperature of 373 K, which is potential and suitable for selective solar absorbers applications.

1. Introduction

Solar thermal conversion through concentrating solar power (CSP)
systems is among the fast-growing technologies as the alternative way to
minimize the dependence on fossil fuels [1,2]. To convert solar radiation
into heat energy, one requires an efficient selective solar absorber that
can withstand high-temperature operation while maintaining selec-
tivity. Ideally, selective solar absorbers should absorb much in the solar
UV-Vis-NIR spectrum region and emit none/low in the infrared region
extending above 2500 nm [3,4]. So far, no single material has been
reported to meet these requirements and operate well at high operation
temperatures beyond 400 °C. To address this, several absorber designs,
such as semiconductor metal tandems [2], metal-dielectric composites
[5-7] and multilayer absorbers [l, 8], to mention a few, have been
researched and developed for wider solar-thermal applications.
Recently, the multilayer interference stack design, among others, has
been attracting the competing interest of researchers. Among the
multilayer interference stacks, the typical multilayer absorbers consist-
ing of a semitransparent metal layer sandwiched between the dielectrics
(i.e. Dielectric/Metal/Dielectric, DMD) are promising due to their
feasible spectral properties over a wide range of solar spectrum and wide
incident angles, low thermal emittance, low cost and the flexibility of
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production, which are potential for medium and high-temperature ap-
plications [9-11]. The spectral selectivity in DMD multilayer absorbers
is enhanced by multiple reflections and interferences of incident radia-
tion and the Surface Plasmon Polaritons (SPP) confined along the
dielectric-metal interface [12,13].

So far, the multilayer-based selective solar absorbers coatings for
solar thermal conversions such as CryOy/Cr/Crz03 [14], HfO2/Mo/HfO,
[15], MgO/Zr/MgO [16,17], AlyOy/Al/AlOy [18], Al,Oy/Ni/AlOy
[10], Al;03/Mo/Al;O3 [19], Aly03/Pt/Al;03 [3], Cry03/Cr/Cry03 [20,
211, ZrOy/Zr/ZrO4/AlyOy [22] have been fabricated by different
methods such as chemical vapour deposition, pulse laser deposition,
spray pyrolysis, sol-gel spin coating [23], thermal evaporation [3,22]
and sputtering [2,5,7,14]. However, the selectivity for most of such
coatings are still technically challenged by factors such as
inter-diffusion, oxidation, high humidity, corrosion, and poor interlayer
adhesion, arising when the device is operated at temperatures beyond
400 °C and in the air [13,22,24]. In this regard, there has been an in-
crease in the search for new transition metals and microstructure
modification through modelling, optimization of material characteris-
tics and preparation techniques to suppress the fore mention constraints
[12].

Explicitly, the multilayer AlyOy/Cr/Al,Oy is a potential candidate

E-mail addresses: jtibaijukal4@gmail.com, justine.tibaijuka@udsm.ac.tz (J.J. Tibaijuka).



that has not been fully explored for selective solar absorber coating. The
potential is geared by its environmentally friendly components with
excellent properties for fabricating spectrally selective solar absorbers
such as high melting point, low thermal conductivity, corrosion-free,
good oxidation resistance and intrinsic selectivity [3,12,21,25].
Furthermore, besides having full spectral transparency from ultra-violet
to mid-infrared, wide band gap and tunable refractive index, the
alumina dielectric component has proved its suitability as a diffusion
barrier [26,27]. The latter makes alumina dielectric the first choice to
prevent inter-diffusion among the interlayer stacks of multilayer-based
selective absorbers. Likewise, Cr metal, besides being an intrinsic se-
lective absorber, has also demonstrated its suitability as DMD selective
absorber using other dielectrics such as CryO3 [14,21]. Thus, combining
Cr metal with excellent alumina dielectric is potentially ideal for effi-
cient and thermally stable selective solar absorber coatings.

Additionally, several studies have revealed that the optical proper-
ties and thermal stability of the DMD selective coatings rely on deposi-
tion techniques and conditions [8,16,21]. Among these methods,
sputtering is versatile and suitable for large-area deposition due to its
relatively high deposition rate and being environment-friendly.
Furthermore, most thin films produced by this method have
high-quality uniform films with exceptional physical and optical prop-
erties [28]. Such potentials however, are still unrealized on the prop-
erties of AlyOy/Cr/Al Oy selective solar absorbers. Therefore, this study
systematically reports for the first time the structural and optical char-
acteristics of DC sputtered Al,Oy/Cr/Al,Oy multilayer selective solar
absorbers coated on high-shining Al substrates.

2. Materials and methods
2.1. Sample preparation

All films (Cr, AlxOy, and AlOy/Cr/Al,Oy) were deposited onto Soda
Lime Glass (SLG) and Al substrates at room temperature using the
BALZERS BAE 250 coating unit. Before deposition, the sputtering
chamber was evacuated to a minimum pressure of 10~® mbar using a
built-in turbo-molecular pump backed up with a rotary vane pump.
Similarly, the glass and Al substrates were intensively cleaned to remove
the grease and other embedded impurities as ascribed in Tibaijuka et al.,
[29]. In all cases, the SLG was chosen to optimize the thickness, optical
transmittance, and reflectance of film coating, whereas Al substrate was
selected to ascertain the optical performance of the multilayer stack.

The top and bottom Al,Oy layers were reactively sputtered at a power
of 200 W and Oxygen flow rate of 4.15 SCCM from high purity Al target
(99.99%) commercially acquired from Plasmaterials Inc. Prior to
deposition, the Al target was pre-sputtered for 10 min to remove the
target’s surface contaminants. Also, to minimize arcing, the sputtering
gas was first introduced in the chamber and allowed to stabilize for 5
min, and thereafter, the reactive oxygen gas was introduced and
increased slowly to the desired value. Likewise, the Cr films were
deposited at the power of 25 W and Argon flow rate of 15 SCCM from
high purity Cr target (99.99%) commercially acquired from Plasmate-
rials Inc. as ascribed elsewhere in Tibaijuka et al., [28]. In all de-
positions, the working pressure of a chamber was fixed at 5 x 107°
mbar.

Before depositing the multilayer, the optimal individual layer
thicknesses suitable for selectivity were determined from the simulated
AlyOy/Cr/AlOy multilayer absorber. The multilayer stack was simu-
lated using the optical constants of the substrates and individual layers,
determined by fitting the measured transmittance and reflectance
spectra into SCOUT software 2.4 [30] with the proper dielectric func-
tions describing their optical behaviours. For the glass substrate, the
optical constants were extracted from the SCOUT database using the
“microscope slide, Vis” model, while that of the Al substrate was
modelled using the dielectric function built with dielectric background,
Drude model and a harmonic oscillator [2,21,30]. The chromium

mid-layer was modelled using dielectric functions consisting of the
complex dielectric background and Brendel-Bormann oscillators, while
the dielectric Al,Oy was modelled using the dielectric function
comprising dielectric background and harmonic oscillators [2,21,30].

2.2. Characterization of samples

The film thicknesses were determined by measuring the step pro-
duced by a Teflon tape laid on a substrate before deposition, using the
Alpha Step surface profiler. The film’s structural phases were deter-
mined by Bruker D2-Phaser X-ray Diffractometer (XRD) that was oper-
ated at a scanning rate of 0.050 per minute for the 26 ranging from 20° to
70° using a 0.1504 nm wavelength Cu K-o radiation. The obtained
phases were analyzed using reference PDF data in the ICDD database.
The sample structures were further analyzed with the help of Raman
spectroscopy by employing Raman laser excitation with 532 nm wave-
lengths. The surface morphology and topology of the coating were
examined using Field Emission-Scanning Electron Microscopy (FE-SEM)
(Zeiss Crossbeam 540 model) and Nanoscope IIIA atomic force micro-
scope (AFM). The AFM and SEM images were respectively analyzed for
grains’ size and surface roughness using WSxM software (version 4.0)
and ImageJ 2 software as ascribed in Ref. [31]. Using a double beam
PerkinElmer Lambda 1050+ UV-Vis-NIR spectrophotometer with a
5-nm scan interval, the optical transmittance and reflectance of the films
in the wavelength range of 250-2500 nm were measured. The reflec-
tance in the infrared band up to 15,000 nm was characterized using
Fourier transform infrared (FT-IR) spectroscopy. The spectral solar
absorptance («) and thermal emittance (¢) were computed from the
measured reflectance using equations (1) and (2).

3. Results and discussion
3.1. Structure and morphology of the films

3.1.1. XRD and Raman analysis

Fig. 1a depicts the XRD pattern of a typical AlyOy/Cr/Al,Oy depos-
ited on an SLG substrate at room temperature. The XRD pattern reveals
the diffuse and low-intensity broad peaks due to their amorphous na-
ture. The prominent broad peak was observed at 26 ~ 43.3° which can
be associated with the (110) plane of BBC Cr films as per Joint Com-
mittee of Powder Diffraction Standards (JCPDS) (PDF#06-0694). No
distinct crystallinity peaks associated with AlyOy were observed due to
the amorphous nature of the films as alumina films are said to crystal-
lizes at higher temperatures ~900 °C [3,22]. However, the analysis
performed on the sample using Raman spectroscopy (Fig. 1b) revealed a
broad peak at ~500-700 cm ™, which was ascribed to Al-O vibration
modes [32].

Fig. 2 shows the quantitative analysis of the substrate and the
deposited coatings using EDX spectra. As seen from Fig. 2a, only one
peak ascribed to Al was observed, which confirms the purity of the used
substrate. The EDS spectra in Fig. 2b revealed the presence of the
principal elements (Aluminium, Oxygen and Cr) and other elements,
such as Calcium, Silicon, and carbon arising from the glass substrate and
carbon coating done before measurements. The Cr, Al and O peaks were
found at energies of 14.0 keV, 1.5 keV and 0.52 keV, respectively, which
is consistent with EDX results of amorphous Chromium and Alumina
films reported in other literature. Besides, the EDX analysis revealed
further that the as-deposited Al;Oy films were nonstoichiometric.

3.1.2. SEM and AFM analysis

Fig. 3 presents the SEM micrograph of the deposited Al,Oy/Cr/Al Oy
multilayered solar absorber coating onto the Al substrate. The SEM
micrographs reveal a uniform surface with some clustered grains, which
could be due to high deposition power and Argon flow rate on depositing
the top AlcOy layer. Furthermore, Fig. 3b-inset revealed the columnar
growth structure on both the bottom and top dielectric layer; however,
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Fig. 1. XRD (a) and Raman (b) pattern of deposited Al,O,/Cr/Al,O, multilayer
stack selective solar absorber on SLG substrate.

no columnar growth is seen on the mid layer as its thickness is very thin
compared to the rest layers of the coating.

Fig. 4 presents 2D and 3D AFM topographical images of the Al;Oy/
Cr/AlzOy multilayered coating deposited onto the SLG substrate. AFM
images reveal the small cluster of grains with root-mean-square rough-
ness and average surface roughness (Ra) of ~6.8 nm and ~5.6 nm,
respectively. The observed surface roughness is comparable to previ-
ously reported roughness for AlyOy-based multilayered selective ab-
sorbers [1,33]. The average surface height was found to be 20 nm. To
analyze the symmetry and sharpness (or peakedness) of the surface
height distribution, the skewness and kurtosis values were extracted
from the surface height distribution histograms (Fig. 2c) using the
WSxM software as ascribed by Tibaijuka et al. [34]. The skewness values
of 0.1 and the kurtosis value of 2.7 were recorded, implying that the
film’s average surface height distribution was dominated by narrower
and sharper peaks than valleys [28]. Similarly, the AFM images showed
evenly dispersed columnar-like structures on the multilayer’s surface, as
was in SEM images. As reported in the literature, the columnar struc-
tures enhance the coating’s capacity to trap the incident light and hence

I Spectrum 14

Al I
cC 1u
Weight %

B Spectrum 11
Cc I
Si I
o I
Na B
ca i
zr |
Al
K

Weight %

Fig. 2. EDX spectra of the substrate (a) and the deposited Al,O,/Cr/Al,Oy
multilayered stack selective solar absorber (b).

the improved selectivity. Besides, the columnar formations in the se-
lective solar absorber coating have also been documented by other
literature [16,35,36].

4. Optical properties

Fig. 5 presents the fitted and experimental optical reflectance of the
polished Al substrate used for depositing a multilayer stack. As seen in
Fig. 5, the optical reflectance is above 90%, which is suitable for
depositing selective solar absorbers. Figs. 6-9 show the optical proper-
ties of the deposited individual layers and the multilayer selective ab-
sorbers, whose thickness was ~60/10/118 nm for the bottom, mid, and
top layers, respectively. As seen in Fig. 6a, both the top and bottom
Al,Oy layers exhibited an average optical transmittance above 70% with
an increasing trend towards longer wavelengths. On the other hand,
their respective reflectance (Fig. 6b) showed a decreasing trend with the
increase of wavelengths. For Cr mid layer (Fig. 8 a,b), the optical
transmittance of ~25% and reflectance ~of 45% were recorded, which
is suitable for solar thermal applications [20,28].

Figs. 7 and 8c illustrate the refractive indices (n) and extinction
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Fig. 3. FE-SEM micrographs of the multilayered Al,O,/Cr/AlOy stack opti-
mized on SLG substrate (a) Surface view, inset (b) - cross-sectional view.

coefficients (k) of the deposited bottom Al,Oy, mid-layer Cr, and the top
layer Al;Oy, respectively extracted through fitting of experimental data
obtained by UV-Vis-NIR spectrophotometer and the theoretical model
into SCOUT. As seen in Fig. 7, the values of n decreased spontaneously
with an increase in wavelength, and small k values close to zero were
recorded for both the bottom and top Al,Oy layers, which signify the
dielectric behaviour of the deposited films. This results trend agrees with
other authors’ reports on alumina films [20,28,34]. Besides, the values
of n and k of the middle Cr film (Fig. 8c) demonstrated an increasing
trend towards the longer wavelengths, which confirms the characteristic
behaviour of metallic chromium film [3,28,34]. It is worth mentioning
that, in DMD selective absorber, the layers are chosen in such a way that
the metal volume fraction and the refractive index of each layer
generally decrease from the substrate to the surface in favour of the
absorptance [12].

Fig. 9 shows the reflectance curve and the corresponding schematic
diagram of the AlyOy/Cr/Al;Ox multilayer spectral selective absorber. It
can be seen that both the measured spectra and simulated curves show
good agreement confirming the reliability of the results from the sim-
ulations and the experiment. The sample revealed a minimal reflectance
in the visible and near-infrared range, 300-1700 nm, which then
increased exponentially towards the longer wavelength. The observed
low reflectance and the step transition increases of the reflectance curve
signify the coating’s significant absorption property and spectral selec-
tivity in that region [3]. In most cases, the ratio of solar absorptance (@)
to thermal emittance (¢) is often used to ascribe the coatings’ optical
performance, typically called spectral selectivity. In this study, equation
(1) was used to calculate the solar absorptance, which is the percentage
of incident light absorbed in the solar spectral range [12].
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where 6,p(1), 41, 4. and G(4) stand for an incident angle of light,
reflectance, minimum wavelength, maximum cutoff solar wavelengths
and weight by solar irradiation at AM1.5, respectively. Meanwhile, the
thermal emittance (¢) describes the ratio of the object emitted radiation
at a specific temperature to the perfect blackbody emitted radiation at
the same temperature. In this work, the surface thermal emittance (¢)
was computed as the weighted fraction between emitted radiation and
the Planck black body distribution at 373 K, using the spectral reflec-
tance and the spectral blackbody emissive power as per equation (2),
adapted from Dan et al. [12].
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Fig. 4. 2D and 3D AFM images of the Al,O,/Cr/Al,Oy deposited on SLG sub-
strate with their corresponding surface height distribution.
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where Ejp(1) represents Plank’s black body radiation spectrum. The solar
absorptance was found to be 91.4% which is potential and suitable for
solar thermal conversions. Moreover, deposited coating recorded the
thermal emittance, ¢, of ~12% at 373 K, which is recommended for solar
thermal conversion applications. These results suggest that the depos-
ited AlyOy/Cr/Al,Oy selective solar absorber coating is potential for low
and mid-solar thermal applications. Evaluation of the potential of a
multilayer selective absorber also requires consideration of long-term
thermal stability and deep cycle studies. For these reasons, this study
advises comprehensive analyses of these in future studies.

5. Conclusions

In this work, the multilayered Al;Oy/Cr/Al Oy selective absorber was
successfully deposited onto Al substrate using DC magnetron sputtering.
The deposition was done at room temperature as the amorphous films
are compact and thus can serve to prevent the interfusion between the
layers. The structural measurements of the deposited AlyOy/Cr/Al,Oy
multilayer stack revealed low crystalline diffraction peaks of Cr at 20 ~
43.3° attributed to (110) diffraction plane of BBC Cr metal. No XRD
diffraction peaks were observed for Al;Oy; however, the Raman and EDX
measurements depicted the presence of Al and O in the samples. In
addition, the deposited sample recorded a solar absorptance a of
~91.4% and thermal emittance ¢ of ~12% at 373 K, which are potential
and recommendable for selective solar absorber applications. These
results are promising and indicate the potential of this type of coating for
solar selective absorber applications at high temperatures.
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