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A B S T R A C T

Lanthanum hexaboride (LaB6) single-crystals are known rom a long time or their excellent thermionic and eld-
assisted electron-emitting properties. Recently, multi-crystalline ceramics, which oer several technological
advantages over single-crystals, have been studied as well, proving a low work unction and Richardson constant,
in addition to avorable optical properties or high-temperature solar radiation absorbers. However, to ully
disclose to LaB6 ceramics the novel application o a double-unction bulk thermionic emitter, enabled by the
direct absorption o solar radiation, and, at the same time, thermodynamic solar absorber or Concentrating Solar
Power (CSP), their optical properties should be urther optimized. The ideal result, consisting in the selective
increase o the solar absorptance and decrease o the thermal emittance, thus increasing both the spectral
selectivity and the photothermal eciency o the absorber, has been obtained in this work by realizing Laser-
Induced Periodic Surace Structures (LIPSS) on the ceramic surace by means o emtosecond-laser treatments.
LIPPS ormation has been investigated as a unction o the accumulated laser fuence.

1. Introduction

Concentrating Solar Power (CSP) and Concentrating Solar Thermal
(CST) are two related technologies based on mirrors (mainly, or on
lenses) which ocus the solar radiation onto a small area, where an
absorber material is heated, reaching high temperatures (>300 ◦C). The
heat can be used either to produce electricity using turbines (in CSP) or
used as process heat (in CST). Both systems can be designed with
dierent solar-concentrating architectures, among which the solar
tower emerged as one o the most promising, due to higher temperature
operation and easier integration o direct thermal storage [1]. Concen-
trating solar technologies are a key tool or the green energy transition.
For instance, or CSP, recent IEA projections [2] oresee an installed
capacity o 281 GW by 2040 and 426 GW by 2050 in the Net Zero
Emissions by 2050 Scenario (NZE). As or CST, it is rapidly raising ex-
pectations both to decarbonize energy-intensive sectors (e.g. cement,

steel, ceramics, desalination) by supplying process-heat and to renew-
ably synthesize chemicals and uels or industry and transportation
[3–5]. The key technological leap or increased penetration o both CSP
and CST is a high operating temperature > 550 ◦C, as it boosts the e-
ciency o power thermodynamic cycles and enables endothermic, high-
temperature, chemical reactions.

In this context, Ultra-High Temperature Ceramics (UHTCs), which
include borides and carbides o early transition metals, have been pro-
posed as novel high-temperature bulk solar absorbers and extensively
studied by our group [6,7]. UHTCs are known or their extremely high
melting temperature, high thermal conductivity and excellent stability
at high temperatures, making them the election materials or thermal
shields in aerospace applications (re-entry vehicles, nose cones, rocket
nozzles). Among UHTCs, borides are characterized by a superior
oxidation resistance [8]. Our previous works have proven that they also
possess avorable optical properties or solar applications, in particular
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the spectral selectivity and low thermal emittance [9] in contrast to
silicon carbide, which is currently the most advanced material used in
CSP. On the other hand, i the solar absorptance o borides is concerned,
it can typically be improved, e.g. by acting on the surace roughness
and/or porosity [10,11]. These approaches, however, typically also in-
crease the thermal emittance. A useul approach towards application-
optimized materials is realizing a surace texturing, e.g. by chemical
etching [12] or laser processing [13]. This latter, once suitably opti-
mized, has been recently proven to be able to provide a selective
enhancement o solar absorptance, not only with a limited increase o
thermal emittance, so that the photothermal eciency o the absorber is
enhanced [14], but with an emittance decrease, instead [15], which
translates in a superior spectral selectivity as well.

Lanthanum hexaboride (LaB6) is known rom a long time or its
excellent capability o thermionic and eld-assisted electron emission
[16], thanks to high thermal stability and low work unction, such to be
deeply exploited in several electron emission applications, like electron
guns in cathode tubes [17] or in electron microscopes [18].

Recently, we have reported on optical and thermionic emission
properties o sintered LaB6 multi-crystalline ceramics to evaluate their
potential as solar absorber material or CSP systems [19], as well as or
high-temperature thermionic energy converters (TECs) [20], showing,
or these ceramics, competitive solar absorptance and spectral selec-
tivity and promising low work unction and Richardson constant.
However, our previous studies highlighted some key points to be
improved in view o the development o a double-function active solar
absorber also acting as a cathode material or solid-state converters in a
CSP architecture (i.e., a double-unction high-temperature thermody-
namic solar-absorber and thermionic solar generator). Indeed, we ound
that to obtain a remarkable solar-to-electric direct conversion eciency,
even able to surpass 35 %, a proper ceramic surace engineering would
be carried out to selectively increase the solar absorptance, without
detrimentally enhancing the thermal emittance [20]. This can be ob-
tained through the selective trapping o desired radiation wavelengths
by a proper surace texturing, as shown in the literature or dierent
materials including, besides UHTC ceramics [13], bulk semiconductors
[21], semiconductors lms [22] and metallic [23] or dielectric coatings
deposed on metal substrates [24]. For ultra-hard materials, like the case
o borides, the use o ultra-short laser machining emerged as one o the
better investigated and most promising methods to produce surace
textures [25]. However, or lanthanum hexaboride, emtosecond laser
processing has been used so ar only or the abrication o eld-emission
tip arrays to improve the already high emission capability o LaB6 [26].
Instead, to the best o our knowledge, no attempts o creating Laser-
Induced Periodic Surace Structures (LIPSS) have been reported or
this boride. LIPSS, e.g. a regular system o periodic morphological pat-
terns is ormed usually ater irradiation with ultrashort linearly polar-
ized laser pulses and were discovered in the 60 s on laser treated
germanium [27]. Since then, systematic studies in metals [28], semi-
conductors and dielectrics [29] have been conducted to understand the
main parameters that infuence the nal surace morphology. The most
accepted explanation or the origin o these structures is based on the
intererence o the incident laser radiation with electromagnetic surace
waves that propagate or scatter at the surace o the irradiated material.
LIPPS ormation can be exploited to obtain a surace unctionalization
that has application in many elds, including optics, tribology, and
biomedicine [30].

Thereore, in the present work we realized dierent texturing
treatments on a pure and porous LaB6 ceramic sample using a emto-
second laser and setting dierent laser parameters, and we systemati-
cally characterized the optical properties o obtained suraces. We show
that, depending on the laser processing parameters, the optical proper-
ties can be remarkably improved or, on the contrary, degraded. This
result opens promising perspectives towards the practical development
o a double-unction thermionic-thermal converter to be used in novel
hybrid CSP plants.

It is worth to note that the idea we propose here, i.e. the use o a
single engineered ceramic bulk to carry out both unctions o absorber o
concentrated solar radiation and TEC cathode, is radically dierent,
signicantly simpler and more robust and durable than the approach o
the deposition o an electron emitting thin layer on a selective substrate
[31] with consequent deects, adhesion and durability problems, mak-
ing it applicable in the most advanced thermionic-based solutions ound
in the literature, such as combined thermionic-thermoelectric genera-
tors [32], and hybrid thermionic-photovoltaic converters [33]. For the
same reasons o superior durability and reliability, the use o a bulk
ceramics is advantageous or the solar absorbing unction as well, in
comparison to the alternative approach o deposing a solar absorbing
coating on a substrate. In act, at our operating temperatures, which are
expected to be higher than 1200 K, solar selective coatings developed so
ar [34–37], including those made with thin layers o UHTC materials
[38–41], cannot be used.

2. Experimental

The LaB6 disc o 34 mm diameter, 2.9 mm thickness was sintered by
hot pressing at 1900 ◦C, 40 MPa, with holding time o 15 min, starting
rom commercial powders (H.C. Starck). The density o the sintered
body, evaluated with the Archimede’s method, was 3.7 g/cm3 [20],
resulting in a relative density o 80 %. One surace o the disc was pol-
ished with diamond paste down to 1 μm. More details about the sample
preparation are reported in [19].

The surace treatments were carried out by employing a Ti:Sapphire
linearly polarized emtosecond laser (wavelength λ = 800 nm, pulse
duration ~100 s, repetition rate f= 1 kHz). The laser beam was ocused
perpendicularly on the surace o the sample, positioned on the motor-
ized nanometric resolution stage o a Newport μFAB workstation. The
treatments were perormed by 12 mm × 12 mm o active area in air
environment. The accumulated laser fuence is calculated as the product
between the single pulse fuence (ϕP) and the number o pulses (equals
to wf/v, being w the diameter o the laser spot and v the abrication
velocity). The laser spot diameter was assessed with the method
described in Re. [42].

The microstructure o the original polished sintered surace and o
the laser-treated suraces were analyzed using eld emission gun-
scanning electron microscope (FE-SEM, ZEISS Sigma, Carl Zeiss Micro-
scopy GmbH, Germany) and energy dispersive X-ray spectroscopy (EDS,
INCA Energy 300, Oxord instruments, UK).

Room-temperature hemispherical refectance spectra were acquired
using a double-beam spectrophotometer (Lambda900 by Perkin Elmer)
with Spectralon®-coated integration sphere or the 0.3–2.5 µm wave-
length region and a Fourier Transorm spectrophotometer (FT-IR
“Excalibur” by Bio-Rad) with gold-coated integrating sphere and liquid
nitrogen-cooled detector or the range 2.5–16.0 μm. From experimental
refectance data (R∩(λ)), the spectral absorbance α(λ) or emittance ε(λ)
o these ully opaque materials can be obtained, as:

α(λ) = 1R ∩ (λ) = ε(λ) (1)

Then, a comparison among treated and untreated suraces can be
carried out by estimating the samples’ solar absorptance α, the total
hemispherical emittance ε at the temperature T, and the spectral
selectivity α/ε, according to the ollowing equations:

α =

∫3μm

0.3μm

α(λ)⋅S(λ)dλ

∫3μm

0.3μm

S(λ)dλ

(2)
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ε =

∫16.0μm

0.3μm

ε(λ)⋅B(λ, T)dλ

∫16.0μm

0.3μm

B(λ,T)dλ

(3)

where S(λ) is the sunlight spectral distribution [43] and B(λ,T) is the
blackbody spectral radiance at the temperature T. For a more complete
evaluation, the emittance in Eq. (3) has been calculated at dierent
temperatures rom 800 K to 1930 K.

3. Results and discussion

Table 1 lists the investigated suraces and their laser processing pa-
rameters. The accumulated laser fuence (ϕ) varies around 21 J/cm2,
which was evaluated as the threshold or obtaining LIPSS by preliminary
experiments perormed with single laser spot. Since the beam has a
Gaussian shape, a proportional correlation between increase o the laser
spot diameter and the average single pulse fuence is ound. To obtain
such value, the single pulse fuence and the total pulse number were
changed accordingly to achieve similar ϕ. The sample appearance is
shown in Fig. 1. The study is ocused on the variation o the morpho-
logical and compositional properties obtained by changing ϕP and N and
maintaining a xed ϕ.

Features o the as sintered surace prior to the laser treatments are
shown in Fig. 2. The ceramic contained a signicant raction o porosity,
in agreement with density measurements, and the grain size ranged rom
3 to 10 µm. Traces o Lax-Oy phases were detected along the grain
boundaries by SEM-EDS analysis, Fig. 2b,c. These impurities are typical
contaminants o boride powders and tend to segregate at the grain
boundaries and triple points during densication, leaving white
spurious pockets, see Fig. 2b.

It was previously observed that or other UHTCs, e.g. HC, TaC and
TaB2 [13,25,44], the laser treatment always modied the surace
morphology. For LaB6, ater treatment L3, a surace modication
occurred but no ripples were ormed and some traces o Lax-Oy phases
were still detected, see Fig. 4c, . On the contrary, ater treatments L2
and L1 the surace patterning is evident as reported in Fig. 4b,e and 4 a,
d. The periodic patterning, induced by linearly polarized pulses, and
oriented perpendicularly to these, presents the typical unidimensional
repetition o LIPSS. The spatial periodicities o the LIPSS were calculated
by perorming 2D Fast Fourier Transorm (2D-FFT) onto the SEM mi-
crographs presented in Fig. 3e and Fig. 3. The sotware Gwyddion
(v2.60) was used to calculate the two-dimensional histograms o the
spatial requencies in the original SEM images. Usually, 1D-LIPSS pre-
sents sickle-shaped eatures or which the center position determines the
most requent spatial periods, Λ [45]. Spatial periodicities o 615 ± 70
nm or L2 and 615 ± 50 nm or L1 were ound ater 2D-FFT and are
shown in Fig. 3a and Fig. 3b respectively. The spatial periodicity (λ /2 ≤
Λ ≤ λ) and the orientation o LIPSS is consistent with Low Spatial Fre-
quency LIPSS (LSFL) that can be ound on highly absorbing materials,
and are oten classied as LSFL-I [46].

The ormation or no-ormation o ripples was observed to be con-
nected with a very narrow threshold or the accumulated laser fuence.

In a previous work on HC [44], ripples were not obtained with 7 J/cm2

fuence, but were produced with 15 J/cm2. Here, or LaB6, the ormation
o ripples was observed at higher fuences than HC, in agreement with
the lower absorbance o LaB6 at the laser wavelength, in comparison to
the carbide. Another important parameter or the ormation o LIPSS
and their peak-to-valley depth is the number o pulses that impinge the
surace. LIPSS ormation is a multi-pulse phenomenon and an increasing
number o pulses induces a positive eedback caused by the deepening o
the grooves [46]. In this case, it is obvious that as the number o pulses
increases, the LIPSS are more dened, as recently observed also or other
materials considering a xed single pulse fuence [47]. This is conrmed
also or LaB6 since, despite the highest single pulsed fuence (about 2.6
times more or L3 with respect to L1), the sample treated with a higher
processing speed (i.e., lower number o impinging pulses) is the one
presenting the less regular nanostructures, and only an embryonal orm
o LIPSS.

Compared to the as sintered surace, with roughness Ra o 0.08 ±

0.02 µm, the laser treatment increased the surace roughness in all the
cases. The highest value was or treatment L1 with Ra= 0.27± 0.14 µm,
whilst the measured roughness o L2 (with ripples) and L3 (with no
ripples) were quite similar, Ra = 0.14 ± 0.08 µm and L3 Ra = 0.18 ±

0.07 µm, respectively. More dicult is to understand the eect o laser
onto the pores and surace discontinuities. Generally speaking, the laser
treatment seems to have partially removed secondary La-O phases
detected in the as-sintered ceramic. The EDS analysis conrmed the
presence o carbon in all suraces.

The solar absorptance, thermal emittance and spectral selectivity,
calculated rom Eqs. (1)–(3), are shown in Fig. 5. In all cases, the
treatments modiy the suraces’ optical properties with respect to the
pristine reerence sample (L0) and always increase the solar absorp-
tance. For L3 treated surace, the increase in solar absorptance is
accompanied by an increase o the thermal emittance as well. However,
remarkably, in the cases o L1 and L2 suraces, the laser texturing also
decreases the thermal emittance at the same time, resulting thereore in
the improved spectral selectivity. This is a very promising result towards
the practical application o these materials as high-temperature CSP
solar absorbers, and, to the best o our knowledge, it is the rst
demonstration o solar-selectivity enhancement by ultra-short pulsed
laser processing in ceramic solar thermodynamic absorbers.

The obtained results o optical parameters could be explained as an
interplay between two dierent eects: the laser-induced changes in
surace composition and changes in surace morphology (presence o
ripples and their spacing). Iwe consider the couple o treatments L1 and

Table 1
Investigated samples.

Surace label Laser spot
diameter
(μm)

Single Pulse
Fluence ϕP
(J/cm2)

Pulse
number
(N)

Accumulated
laser fuence (J/
cm2)

L0 (untreated
surace or
reerence)

—— —— ——

L1 150 0.214(9) 100 21.49
L2 165 0.382(5) 55 21.04
L3 185 0.566(6) 37 20.96

Fig. 1. Laser-processed LaB6 ceramic disk. L0: pristine untreated surace. L1-
L3: treated suraces.
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L2, we see that L2 has a slightly higher solar absorptance. According to
the approach given in [13], this is consistent with the slightly larger size
distribution o LIPPS in L2, entailing a slightly higher value o solar
irradiance integral in the range o L2 ripples. In other words, the slightly
higher solar absorptance ound in L2 is due the trapping o a slightly
larger portion o solar spectrum. On the other hand, also the L3 sample
shows an increased solar absorptance with respect to L0, but lower than
L1, L2: the trapping o solar radiation is very weak in L3 due to the
presence o ew embryonal LIPPS.

As or the emittance trend, the partial removal o the high-emittance
oxide phases [48] by the heaviest laser treatments could explain the
lower thermal emittance o L1 and L2 with respect to the pristine sam-
ple, as the laser-induced eatures on the suraces are much smaller than
thermal radiation wavelengths. For L3, the increased emittance with
respect to L0 could be due to the appearance o embryonal LIPPS in a
non-homogeneous way on the surace, which induces larger-scale su-
perstructures o sizes compatible with thermal radiation wavelengths.
Finally, even i urther investigations are needed to explain the emit-
tance dierence between L1 and L2, we could, however, hypothesize
that the dierent stoichiometric content on the two suraces (proved
rom the color dierences rom blue to purple [49] seen in Fig. 1) could
be related to the observed results.

As a side comments, it is worth to discuss that the values o optical
parameters reported here and calculated rom Eqs. (1)–(3), being ob-
tained rom room-temperature spectra, must be considered as estimated

values, useul or comparisons among samples and generally under-
estimated with respect to the values measured on heated samples
[11,19]. They agree with the similarly calculated values on the un-
treated porous and polished LaB6 ceramic in Re. [4], whose experi-
mentally measured thermal emittance at 1100 K was ound to be around
0.4 [4] and was used in [20] to calculate the expected solar-to-electric
conversion eciency o LaB6 double-unction ceramic TEGs.

According to these estimations, a prediction under ideal conditions
o the solar-to-thermal conversion eciency (ηs-th) can be done to
compare the results o L2 and L0 samples (Fig. 6a) to act as selective
solar absorber. ηs-th is calculated as:

ηsth = α ε(T)⋅
σ× T

4

C × I
(4)

where σ is the Stean-Boltzmann constant, C is the solar concentration
ratio and I is the average solar irradiance (1 kW/m2).

At the xed value o C= 400, a value that can be obtained in the solar
tower architecture [50], we ound that the treated sample shows an
improvement o ηs-th in all the investigated range o temperature up to
an increase o 9% at T= 1930 K, even i the maximum value o 60.6 % is
reached at T = 800 K. On the other side, by varying the value o C, ηs-th
increases when the operative temperature is lower, and C is higher
(Fig. 6b). The maximum value o 60.6 % eciency is reached or L2
sample when T = 1000 K and C = 1000 suns, much higher than that o

Fig. 2. a) SEM image showing microstructure o as sintered surace (L0). b-c) SEM images showing presence o traces o La2O3 phase detected by EDS analysis
(spectrum 2).

Fig. 3. a) 2D-FFT o sample L2. b) 2D-FFT o sample L1. In this picture it is possible to denote a lower dispersion o spatial requencies around the peak centered at
1.626 μm1.
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SiC (eciency ~ 50 % [51]), which is, to date, the most advanced bulk
absorber material used in existing CSP plants [51,52]. Additionally, ηs-th
showed little variations when the concentration ratio increases at the
lowest considered temperatures ~ 1000–1200 K, whereas when the
temperature increases, the dependence o photothermal eciency on
the solar concentration ratio becomes more pronounced. At the
maximum considered temperature o 1930 K, the photothermal e-
ciency is 29.1 % or C = 600 and 42.2 % or C = 1000.

On the other hand, as introduced beore, LaB6 is a well-known ma-
terial to be used in thermionic converters, since it can act as engineered
absorber able to both produce electricity and eed a secondary thermal
stage like heat transer fuids (HTF) and then turbines. With the aim to
have a more realistic and reliable estimation o the perormance o
treated LaB6 samples as cathodes in solar thermionic converters, a nite-
element model by COMSOL Multiphysics v5.6 was perormed to predict
the temperature o a laser-treated LaB6 disc with a diameter o 100 cm.

Fig. 4. SEM images o the microstructures o treated suraces (From let to right: L1, L2, L3) highlighting the variation o the laser treatment. The periodic spacings
on the )-L3 surace were not detectable. The direction o the laser polarization (i.e. normal to the LIPSS) is indicated by the white arrows in d)-L1 and e)-L2 images.
The EDS spectra g-i) are reerred to the areas indicated in a-c.

Fig. 5. Calculated thermal emittance (a) and spectral selectivity (b) as a unction o temperature. The calculated solar absorptance values are indicated in legend.
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This size is considered as appropriated or the design o a converter to be
installed in a CSP solar tower plant and parabolic dishes, where high
values o C are managed. Thereore, a concentration ratio o 600 suns is
xed as the average value or central receiver systems [53].

The absorber is simulated in operating conditions, within a vacuum
enclosure, illuminated by the concentrated sunlight passing a high
transmittance quartz window and xed to a molybdenum rame acting
also as electrical contact or the converter. In these conditions, the
temperature o the absorber is 1930 K (Fig. 7), which is a value
considerably lower than that needed or materials typically used in the
thermionic energy conversion (e.g., reractory metals).

Based on these estimations and considering the work unction and
the Richardson constant measured in [20], equal to 2.55 eV and 43.62
A/cm2K2, respectively, we can calculate the solar-to-electrical conver-
sion ηs-e o the thermionic conversion stage as:

ηse = η
therm

=
J × V

C × I
(5)

being ηtherm the thermionic conversion eciency, J the net thermionic
current density and V the converter output voltage. Fig. 8 shows ηs-e
calculated as a unction o dierent anode work unction ΦA (with a
Richardson constant o 120 A/cm2K2) when the temperature dierence
between anode and cathode is xed to 500 K, that is a reasonable value
allowing or the exploitation o a residual thermal fux with HTF and a
second conversion cycle. The space-charge eects are considered
negligible, supposing the inter-electrode distance is maintained optimal
with the use o technological solutions specically developed or this
aim [54,55].

Fig. 6. Evaluation o the perormance o the treated sample L2 vs the untreated L0 as selective solar absorber in terms o solar-to-thermal conversion eciency as a
unction o operating temperature (a) and, or L2, as a unction o the concentration ratio at xed temperatures (b).

Fig. 7. Simulated temperature distribution in the sunlight-irradiated LaB6 ceramics.

Fig. 8. Thermionic conversion eciency as a unction o the anode
work unction.

E. Sani et al.
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We ound that the maximum value o the conversion eciency
is18.4 % when the ΦA is 2.2 eV, close to maximum conversion eciency
due to the Carnot limit. The trend can be explained in a simple way: on
one side, whenΦA is lower than the optimal value, ηtherm decreases since
the anode counter-emission is too strong; on the other side, a value oΦA

higher than 2.2 eV leads to a very low output voltage, thus decreasing
the thermionic power. This estimation represents a very promising
value, because o this engineered receiver could produce 70.0 kW o
electricity (considering an active area or the cathode o 6358 cm2) and,
at the same time, contributing to eed a secondary thermal fux with the
anode at a temperature o 1430 K.

4. Conclusions

To develop novel double-unction solar thermal absorbers/therm-
ionic cathodes operating at high temperatures, sintered ceramics o LaB6
were treated by emtosecond laser. It was ound that, depending on the
treatment parameters, the ceramic surace was modied in dierent
ways. Surace roughness was increased in all cases, while Laser Induced
Periodic Surace Structures (LIPSS) were created only or specic values
o single pulse fuence and number o pulses, which induce a very
dened window in terms o accumulated laser fuence. In addition, SEM
analysis detected the partial removal o oxide phases on the laser-treated
suraces. As a consequence o both eects, the optical properties were
strongly changed: the solar absorptance was always increased. For the
two samples showing LIPSS, this was also accompanied by a decrease o
thermal emittance, entailing thus an increased spectral selectivity,
which is a remarkable result or the intended high-temperature solar
absorber application. An about 9 % increase o the estimated solar-to-
thermal conversion eciency was ound or the best treated surace,
with respect to the as-sintered sample, or C = 400 concentration ratio.
Eciency values rom 57.8 % to 60.6 % were predicted in the range
300–1000 o concentration ratio when the temperature is 1000 K. As the
operating temperature is increased, the photothermal eciency o the
absorbers physiologically decreases and the dependence on the solar
concentration ratio becomes more marked. At the maximum considered
temperature o 1930 K, the photothermal eciency is 29.1 % or C =

600 and 42.2 % or C = 1000.
Additionally, the perormances o LaB6 treated discs as thermionic

cathodes were assessed by multiphysics modelling under simulated
operative conditions o C = 600 and 1930 K temperature. A maximum
solar-to-electrical conversion eciency o the thermionic stage o as
much as 18.4 %, not ar to the Carnot eciency limit (25.9 %), is
calculated. The heat rejected by the anode towards a cascaded thermal
or thermodynamic stage in this case has a temperature o 1430 K. These
results open interesting perspectives towards the development o an
ecient double-unction ceramic bulk material to be used as direct
power converter and high-temperature solar absorber element or
Concentrating Solar Power and Concentrating Solar Thermal.
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