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Applications

* Wireless power transfer is the ideal power
technology when fixed infrastructures are not
feasible: case of satellites’ power supply

* Laser beams are the case of electromagnetic
radiation (e.g., micro- and mm-wave) with the highest
transferred power density: smaller receivers and
lower weight

* Laser beaming is ideal when sunlight is not
available: permanently shadowed regions PSR
and South Pole of the Moon

« Exploration of PSR and South Pole is primarily
important for rough materials and water

* Other planetary explorations (e.g., Mars) can
exploit the laser beaming

- Small robotic systems such as rovers, drones,
cubesats can be power-supplied by laser
beaming

daniele.trucchi@ism.cnr.it
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Needs & Available technologies

* Thermally resistant technology -> Operations from -100 °C (lunar night) to

+200 °C (day)

« Compact technology -> Manage high radiation power densities > 50 W/cm?
- Lightweight technology -> Solid-state converter

Vacuum conditions-> from 10-12 mbar (night) to 10-1° mbar (day)

Available technologies:

Radioactive Thermoelectric

« Concentrated photovoltaic cells

Generators .. combined with laser beaming
v Long lifetime T —a v Efficiency > 40%
v Thermally resistant v' Compact
v Temperature independent | 4 v Lightweight
| Moderate compactness — | Extremely expensive
| Low efficiency <7% | Efficiency limitations under high
| Use of radioactive sources (safety) temperature conditions
| Moderate lightweight (screening of | Efficiency limitations at high

radioactive source) fluxes > 30 W/cm?
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High-Temperature Solar Cells (PETE Devices)

Absorber: thin-film
semiconductor with bandgap

PETE* devices can be defined as Optically transparent

Emitting layer, able to

high-temperature cells for substrate for £ 1.8 eV and.a thick drastically reduce the work

solar concentrating systems, mfﬁhanufﬁllz supPor:mg P ﬁun?jrr]' o V% function ancsi allow electron
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of junction cells and even e Epare 8 / v / ]
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*J. Schwede et al., Nature Materials 9 IR >-»lo1 . ’
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g ' < . g '\ Vacuum enclosure
o Direct application of PETE: \ N4 J | (pressure as low
= * Solar Concentrating Systems = Y as possible)
9 * Laser Beaming CATHOBE ANODE
Q) Back surface
c contacy e oo,
é « Photo-generation increases electron population at conduction band above the equilibrium X ©
S level, and the emission energy barrier is reduced: more electrons are emitted from the
o cathode at lower cathode femperatures compared to conventional thermionic emitters
g « Thermalization processes within the cathode increase temperature, thus increasing the
I emission current density (thermionic emission)

« PETE devices utilize both photonic and thermal processes for energy conversion, and are
not subject to either the Shockley-Queisser limit or the thermal limit (Carnot)**
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InsTablh‘ry at high-tempe / " '
- the crystal lattice and of the — . .
emitting coating g Defect Engineering

*D.M. Trucchi et al., Solar Thermionic-Thermoelectric Generator (ST26): concept, material and prototype demonstration, Adv. Energy
Mater. 8, (2018) 1802310
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Efficiency & Structure
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- * Simple device structure _ « Two possible configurations: PETEC or PETEC+TEG
= : Thgrmoelec’rmc generator (TEG) is « Both configurations can be highly efficient
= optional « PETEC is more efficient than photovoltaic cells under
* Additional advantage on the Moon: no comparable conditions since it uses also excess
need for vacuum case thanks to the thermal energy

absence of atmosphere
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Electric
contacts

P-type layer

A. Bellucci et al., Defect Engineering of Diamond Cathodes for High Temperature Solar Cells, 2015 IEEE
15th International Conference on Environment and Electrical Engineering Proceedings, (2015) 1616-1619.
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Selective-Response Heterostructure Diamond PETE Cathode

Surface Texturing
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Semicondu Bandgap Operati | Meltin Thermal
ctor energy, ng g point | expansion
direct (D) or | wavelen | (°C) coefficient

indirect (I) | gth (nm) (K
Ge 0.67eV,1 <1850 938 5.9 x10°
Si 1.12eV, 1 <1107 1414 2.6 x10°
InP 1.35¢eV,D <918 1062 4.6 x 10°
CdTe 1.58eV,D <784 1041 59 x10°
3C-SiC (B) 236eV,D <525 2830 2.8 x10°
GaN 34eV,D <364 | >1600 | 4.5x10°
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Surface Texturing — BLACK DIAMOND

ACCUMULATED FLUENCE Accumulated fluence = 5.0 kJ/cm?

. 2
(’ ‘ . Accumulated fluence = ), LIPSS characterized by:
number of pulses = fluence -, « Periodicity = A\, / 2n=
‘l'lllIIHHIIIII,HIIIHII‘IHlllllll|||l|l|l||||ll|||Il\lllllHlI\llH‘H l\llll\\“l of pl-“se = 160 nm
7. &k el "ok Twk Tagh Taall TEe e - Depth < 1 um
Laser parameters: * Length of several um to
* Linear polarization \ \A’ : [ - mm range
« A =800 nm « ﬂ to =0y ——I[%
* Pulse duration = 100 fs P A e =}
* Repetition rate = 1000 Hz ' t £ =l
« Pulse energy density = 1.6 - 5.1 | 1 L {
J‘ / sz E“Jfli"m":v‘ ;‘Q’Q?";l”f;;l _ ?:;2222’22‘”5. _ g‘
« Spot size = 5 - 150 um
o t = 1, + At * The delay of 500 fs
§ System parameters: At =50 fs + 50 ps— was found fo
S-=  Vacuum level < 107 mbar AT HRTI optimize the
o or i P 0 0098595 000 0t s‘rrucTureg
= 2 Ambient pressure in N, or He iz s O S IO gEiegenaityss
0 G BIELILD. >3 20. 005 008°  Periodicity and size
D O 504 can be controlled to
s 2 80 nm or 160 nm
alke OCT: depending on the

pulse fluence.

A u'i:%‘f;?: :
nergy Conversion, Appl. Surf. Sci. 380 (2016) 8-11
M. Mastellone et al., "Deep-Subwavelength 2D Periodic Surface Nanostructures on Diamond by Double-Pulse Femtosecond Laser Irradiation" Nano

e T ———
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——OG-1 (untreated)
——0G-2 (tr@2.5 kJ/cm?)
—0G-3 (tr@>5 kJ/cm?)
——0G-4 (tr@12 kJ/cm?)
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M. Girolami et al., Optical characterization of double-nanotextured black diamond films, Carbon 138
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P. Calvani et al., Black Diamond for Solar Energy Conversion, Carbon 105 (2016) 401-407
M. Girolami et al., Transport properties of photogenerated charge carriers in black diamond films, Ceramics International 45 (2019) 9544
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PETE Cathode / Emitting layer
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2| | 3 PETE cathodes based on diamond single crystal
* | plates with lateral size of 8x8 mm2 and different
% thickness of 500, 200, 100 um have been developed to B im
‘| | study the influence of thickness vs electron diffusion ~—
_Cg length (150-250 um)*
*J. Ristein, W. Stein, and L. Ley, PRL 78 (1997) 1803 Mo Anode
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D.M. Trucchi et al., Demonstration of photon-enhanced thermionic energy conversion by black-diamond cathodes, in
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Three regions can be
clearly distinguished:

"""""""" > T < 300 °C,
demonstrate | photoemission is
d for the """""" predominant;
FIRST

> 300 < T < 600 °C,
PETE regime is
demonstrated for the
FIRST TIME;

> T > 600 °C,

thermionic emission is

T R T predominant.
7 (K)

D.M. Trucchi et al., Demonstration of Ehofon—enhanced thermionic energy conversion by black-diamond cathodes, in preparation
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Our PETEC technology

High temperature solar cells adapted fo laser beam operating with photon-enhanced
thermionic energy conversion (PETEC) can satisfy all the conditions:

* Manage high radiation power densities up to 200 W/cm?

* Operations from -200 to +500 °C

* Lightweight technology -> About 2 g/cm? (excluding the stainless-steel
enclosure, necessary only for lunar powder)
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Conclusion & Perspectives

v' BLACK DIAMOND can be defined as a new defect-engineered

DaHEMALdD @
e R

nanotextured material, characterized by the excellent physical
properties of diamond and enhanced interaction with solar light,
lithography steps are not necessary, and able to absorb about 99%
of sunlight

v. BLACK DIAMOND is the KEY ENABLING MATERIAL of an
ADVANCED TECHNOLOGY COMBINATION for developing
EFFICIENT HIGH-TEMPERATURE SOLAR CELLS & LASER
BEAMING RECEIVERS (in a vacuum environment on the Moon)

v' PETE concept was demonstrated for the FIRST TIME with a
TESTING under HIGHLY-CONCENTRATED SUNLIGHT

Perspectives

Extension of the recipes to polycrystalline diamond
Extension to heterostructured cathodes

Reduction of diamond plate thickness

Extension to other wide bandgap semiconductors

The fs-laser based techniques can be exported for developing optoelectronic
devices with high integration capability

V V 'V V N
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