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Space-Based Solar Power (SBSP) 

 

 

TO BEAM OR NOT TO BEAM, THAT IS THE QUESTION 

Space-based solar power (SBSP) is the concept of collecting solar power in outer space and 
distributing it to earth. Potential advantages of collecting solar energy in space include a higher 
collection rate and a longer collection period due to the lack of a diffusing atmosphere, and the 
possibility of placing a solar collector in an orbiting location where there is no night. 

The sun is a spectral type G2 V dwarf star that emits 3.8 x 1033 ergs/sec  or 3.8 x 1026 watts of 
electromagnetic power from gamma ray to radio wavelengths, with most of the energy emitted in 
the visible light spectrum between 400 nm and 700 nm. This is an amount of energy each second 

equal to 3.8 x 10
26

 Joules. In one hour, or 3600 seconds, it produces 1.4 x 10
31

 Joules of energy or 

3.8 x 1023 kilowatt-hours.  A considerable fraction of that incoming solar energy (55–60%) is lost on 
its way through the earth's atmosphere by the effects of reflection and absorption. 

Space-based solar power systems convert sunlight to microwaves outside the atmosphere avoiding 

these losses and the downtime due to the Earth's rotation, and then transmit them to collector 

stations via a process known as Power Beaming. 

Power Beaming is the process of transferring power from one place to another without wires. The 

field can be separated into two distinct subfields; where power is transferred from earth, and where 

power is transferred to earth. When transferring power from earth the applications are mainly the 

powering of satellites or moon bases, asteroid deflection by vaporization of small portions of the 

asteroid, orbital raising without the use of chemical propellant, etc. For the subfield of transferring 

power to earth the main application is that of a solar array beaming collected solar power to 

conversion stations located on earth. 
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This image shows the conceptual configuration of the SPS system consisting of the flight and ground 
segments. The flight segment, which is called the solar power satellite (SPS), converts sunlight into 
direct current (dc) power using photovoltaic cells and then generates a microwave beam down to 
the ground segment. The conversion efficiency from dc to microwave energy is expected to be 80% 
in the near future. 
 

 

Example of a Space Based Solar Power Configuration 

 
One of the major global issues we are facing today is the energy problem combined with a shortage 

of natural energy resources and increasing atmospheric concentrations of CO2. If we continue to rely 
only on non-renewable resources, they will be completely consumed within 100–150 years.  
 

Furthermore, large amounts of fossil fuel consumption increase the CO2 concentrations in the 
atmosphere, which raises serious environmental concerns. The situation has become even more 
serious after the failure of certain nuclear plants because it has been revealed that low-carbon 
nuclear plants have substantial safety concerns. For these reasons, a clean, renewable, and safe 
energy system is urgently required in the near future. Presently, systems that make use of wind, 
geothermal, and terrestrial are being developed for implantation for large scale use. However, each 
of these systems is limited by geography as to where they can be implemented. This makes scaling 
those systems upwards to meet the needs of a growing world population difficult. 
 
One of the potential candidates for this required energy system, and probably the most realistic 
solution, is the solar power satellite (SPS). A solar power satellite (SPS) is a renewable energy system 
that converts the sun’s energy into electricity in space and transmits it to earth using microwaves.  
The sun’s unlimited constant energy supply is available in space, where solar energy harvesting is 
unaffected by weather conditions and day/night cycles. The time average solar power available per 
unit area in space is five to ten times larger than that available on the ground. For example, the solar 

radiation in London, UK, is on an average about 104-107 W/m2 throughout the year, while in a 

geosynchronous orbit it is constant at about 1325 W/m2.  



 DarkStar Aerospace  www.darkstaraero.space
   
 
In a typical SPS system, solar energy is collected in space by a satellite in a geostationary orbit. The 
solar energy is converted to direct current by solar cells, and the direct current is in turn used to 
power microwave generators in the gigahertz frequency (microwave) range. The generators feed a 
highly directive satellite-borne antenna, which beams the energy to the Earth. On the ground, a 
rectifying antenna (rectenna) converts the microwave energy from the satellite into direct current, 
which, after suitable processing, is fed to the terrestrial power grid. A typical theoretical SPS unit – 

with a solar panel area of about 10 km2, a transmitting antenna of about 2 km in diameter, and a 
rectenna about 4 km in diameter – may yield an electric-power output of about 1 GW.  
 
Accounting for new technological designs and methodology, we can reduce the complete scale size 
while increasing power generation and output. We are able to do this due to refinements in solar 
panel design which allow for efficiencies exceeding 50% over traditional models, and the 
improvement in design & technology that enable us to reduce the size of an SPS without losing 
capability. Both of these allow us to reduce the total area needed for an SPS array substantially over 
the original SBSP designs while jointly increasing power generation and conversion capability. 
 

The ionospheric/atmospheric attenuation for microwaves below 6 GHz is less than 3%, except in 
rainy conditions. For 5.8-GHz microwaves, the atmospheric attenuation in a moderate rainy 
condition (5 mm/h over a 10-km path) is estimated to be 8% and the ionospheric attenuation is 
significantly less than 1%. 
 
The ground segment converts the microwave power into dc power by using rectifying antennas 
(rectennas) and then transfers the power to the commercial power grids or habitat powerbank. The 
conversion efficiency from microwave to dc is expected to exceed 80% in the near future. The 
wireless power transmission/reception is an additional process in comparison to the ground solar 
power plant, but the power loss during the microwave power transmission/reception is expected to 
be less than 50%, considering the conversion efficiency between dc and RF and the propagation 
attenuation. 
 
The SPS has a competitive advantage over solar power plants on the ground, even when the 

transmission loss from space to ground is considered. If the geostationary orbit near the 36000km 

altitude is selected for the SPS, you can get power almost continuously from space throughout the 

year. The energy payback time for a 1-GW class SPS is estimated to be less than ten years, while the 

operational life is expected to exceed ten years. The life of spacecraft is often limited by the life of 

photovoltaic cells (PVC) in the space environment. Currently, the prime operational life of solar cells 

in a space environment is 10–15 years though they can operate up to a lifespan exceeding 60 years, 

whereas the prime operational life of radiation-resistant cells, such as copper indium selenide (CIS), 

is more than 30 years. This has been a primary focal point for DarkStar Aerospace, working on solar 

cell refinement and enhancement which allows for increased power gain and operational life  

One of the major concerns is the power cost of the SPS but studies have shown that the SPS power 

price can be made competitive with that of ground based power plants. The CO2 emissions from the 

SPS have been estimated to be about 20 g/kWh, which is comparable to that of nuclear plants and 

much less than that of fossil fuel plants. 
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Another important feature of the SPS is its capability to change the service area quickly on demand 
since the microwave beam can be guided by a pilot signal from the receiving site on the ground.  
 
 
One of the most challenging technologies for the SPS is microwave power transmission from 
geostationary orbit to the ground. The technologies for microwave power transmission have been 
studied for more than 80 years since the initial demonstrations in the 1960s; however, for SPS 
applications, considerable research, especially on high-efficiency power conversion between direct 
current (dc) and radio frequency (RF) and on high-accuracy microwave beam control over a long 
range as well as concrete statistics for attenuation of the solar flux by the Earth’s atmosphere are 
still needed. 
 

Aside from microwave power transmission, laser power transmission has also recently been 
suggested. In such instances, highly concentrated solar radiation would be injected into the laser 
medium (direct solar pumping) and transmitted to earth. On the ground, the laser light would be 
converted to electricity by photovoltaic cells. Such a system would be fundamentally different from 
a classical SPS using microwave power transmission: In space, there would be the light-
concentration system and the lasers instead of a photovoltaic cell array and the transmitting 
antenna; on the ground, there would be a photovoltaic cell array instead of the rectenna. Since the 
technological challenges and problems for such laser-based systems have not yet been sufficiently 
explored, and since many subcomponents are at a low technology-readiness level, coupled with 
potential power transmission complications due to atmospheric & ionospheric distortion, DarkStar 
Aerospace has not involved itself with this type of SPS system. 
 

As a result of advancements in technology, design, and methodology, we can reduce the complete 
scale of an SBSP configuration while increasing power generation and output. We are able to do this 
due to refinements in solar panel design which allow for efficiencies exceeding 50% over traditional 
models, and the improvement in design & technology that enable us to reduce the size of an SPS 
without losing capability. Both of these allow DarkStar Aerospace to reduce the total area needed 
for an SPS array substantially over the original SBSP designs while jointly increasing power 
generation and conversion capability.  
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MICROWAVE SPS SYSTEMS, A DSA FOCAL POINT 
 
In the microwave SPS power-transmission system radio waves, otherwise used as a carrier of 
information, would be used as carriers of energy.  
 
In principle, the energy-carrying microwaves would be monochromatic waves, without any 
modulation. The microwave power transmission would use power densities at the surface of the 
transmitting antenna that are three or four orders of magnitude higher than the corresponding 
levels in wireless communication systems, and up to 25 orders of magnitude higher than power 
densities received by the radio astronomy and remote-sensing services. 
 
The main parameters of the microwave power-transmission system for the SPS system are the 
frequency, the diameter of the transmitting antenna, the output power (beamed to the earth), and 
the maximum power-flux density.  
 
The microwave frequency for the SPS is optimal in the range of 1–6 GHz, by compromising between 
the antenna size and atmospheric attenuation. For higher frequencies, the scale of the 
transmitting/receiving antenna can be smaller and the ionospheric plasma interaction is less, but the 
rainy attenuation becomes larger. If we choose a frequency in the industrial, scientific, and medical 
(ISM) radio bands, then either 2.45 or 5.8 GHz would be a potential candidate. A frequency of 2.45 
GHz was used in an early developmental phase study, but given the recent progress in the C-band RF 
technologies, 5.8 GHz is considered to be a more favourable frequency to use. 
 
For SPS applications, new advancements in high power conversion efficiency between RF and dc, 
and microwave beam pointing, are especially important.  
 
For microwave power generation and amplification, tubes such as the magnetron, the klystron, and 
the travelling wave tube (TWT) have been proposed for SPS use because the resultant power 
conversion efficiency is already high at more than 70%, at low cost. A semiconductor amplifier is 
another potential candidate because it has an improved power efficiency of more than 70% with 
expected low cost. A class-F amplifier circuit with about 80% efficiency in simulation has recently 
been reported. The insertion loss of phase shifters, which are used in combination with the 
microwave amplifier, has been greatly improved, but is still unsatisfactory for SPS use, if located at a 
subsequent stage after the power amplifier. 
 
The use of a suitable beam pointing technology is essential for long-range power transmission from 
the geosynchronous orbit to the ground. The technology, peculiar to wireless power transmission, is 
not covered by existing communication technologies. In the typical SPS model, a narrow beam angle 

of 100 rad with a 10-rad pointing accuracy is required for the 5.8-GHz transmission from a 2-km2 
antenna in the geosynchronous orbit to a rectenna of 3.5-km diameter on the ground. In this 
configuration, the rectenna is located inside the Fresnel zone. The transmitting antenna is expected 
to be assembled by a number of arrays of antenna panels that consist of subarray antennas. In total, 

other plans have been to install 1 billion or more antennas in the 2-km2 transmitting antenna with 

an interantenna spacing of less than one  to suppress the grating lobes. A retrodirective technology 
using a pilot signal from the ground will be used to control the microwave beam from each antenna 
panel, directing precisely to the ground station. The concept of this technology is well understood, 
although considerable amounts of engineering work are required for accurate beam control.  
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Although each antenna panel is sufficiently stiff for microwave beaming, the relative motion 
between the panels cannot be avoided for the panel assembly. In order to form a wave front 
propagating to the ground station, the phase of the microwave from each panel needs to be 
adjusted between the panels, and this requires new technologies. 
 
The microwave power at the receiving site is rectified to provide dc power using arrays of rectennas 
with Schottky diodes. The power conversion efficiency for a single rectenna element at 5.8 GHz 
exceeds 80%, but the efficiency of the rectenna array connecting the elements in series and parallel 
is currently 70% or less. Further research is required to improve the power efficiency for the 
integrated rectenna system, considering that the power distribution decreases with distance from 
the centre of the rectenna site. 
 
The microwave frequency for the SPS has not been assigned by the International Telecommunication 
Union (ITU). To obtain a frequency band for the SPS service, a formal negotiation is required within 
the ITU framework. 
 
Since the 1990s, a ‘‘question’’ in the ITU regarding the wireless power transmission was maintained 
by contributions from a team from NASA, and later, by a team from JAXA. In order to proceed to the 
next step for the frequency assignment, a report including detailed interference analysis is required. 
The microwave transmitter for the commercial SPS needs to be designed to satisfy the ITU 
regulations concerning radiation characteristics. 
 
One of the essential concerns about the microwave power transmission from space is the possible 
nonlinear interaction of the high-power microwave beam with the ionosphere. The power density of 

230 W/m2 was selected as the maximum level to avoid strong interaction with the ionospheric 
plasma during the early stage of the SPS design. The recent theoretical works and numerical 

simulations have shown that the effects are not critical for a power density of around 1 kW/m
2
 at 

5.8 GHz, but these predictions need to be fully verified in the early phase of space experiments. 
 

 
Configuration of a microwave power transmission experiment in space on a small satellite. A microwave transmitting 
antenna, 1.6 m x 1.6 m is attached to the bottom of the satellite to transmit power at 3.8 kW 
 

This figure illustrates the experimental configuration of the small satellite, in which a microwave 

beam is transmitted from a 1.6 x 1.6-m2 panel consisting of a transmitting antenna array. There are 
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two flight configurations in the experiment, as shown in the next figure: microwave transmission to 
the ground, perpendicular to the spacecraft flight direction (Mode A), and microwave transmission 
parallel to the flight direction (Mode B). The beam direction controlled by the pilot signal from the 
ground is verified in Mode A. Mode B is a favourable configuration to study the microwave/plasma 
interaction, because in this mode, the plasma segment is irradiated and heated by the microwave 
longer than in Mode A. 
 

 

Flight configuration of the microwave power transmission experiment by a small satellite at a height of 370 km. Modes 
A and B are dedicated to study the beam control capability guided by a pilot signal from the ground and beam plasma 
interactions in the F-layer, respectively. 

 

 

 

 

 

 

 

 

 



 DarkStar Aerospace  www.darkstaraero.space
   

SOLAR PHOTOVOLTAIC SYSTEMS (SPV) 
 
A vital component of the SPS is the design, type, and deployment of its solar photovoltaic systems 
(SPV), otherwise known as a solar cell. We discuss two SPV systems and their design technology that 
DarkStar Aerospace works with. We outline their different compositions, methods of power gain, 
and design for use in solar power satellites. 
 
 
Due to their high efficiency and matured technology, Silicon based solar cells have been leading the 

market until now. Crystalline semi conductors (viz.Si and GaAs) have the highest performance as 

compared the other options available in the market. While, the solar cells based on the less pure 

materials (viz.poly- crystalline or amorphous inorganic or organic materials), or any combination of 

these having less performance but where the production cost is low. Therefore, researchers all over 

the world are exploring other options with higher performance to produce electricity by means of 

solar cells.  

Also due to the low cost and its lightweight as compared to the mono and polycrystalline solar cells, 

the thin film technology (CdTe) has been seen as a valuable technology but its low efficiency was a 

cause of concern among the scientific community until recent advances have increased its efficiency 

coupled with techniques to increase power gain and output breaking the 1V barrier. CdTe solar cells 

have the potential to undercut the costs of electricity generated by other technologies, if the open-

circuit voltage can be increased beyond 1V without significant decreases in current. However, in the 

past decades, the open-circuit voltage has stagnated at around 800–900mV. This is lower than in 

GaAs solar cells, even though GaAs has a smaller bandgap; this is because it is more difficult to 

achieve simultaneously high hole density and lifetime in (II–VI) materials than in (III–V) materials. By 

enhancing the CdTe with a Group V element, it was reported that lifetimes in single-crystal CdTe are 

nearly radiatively limited and comparable to those in GaAs over a hole density range relevant for 

solar applications.  

The deposition on CdTe of nanocrystalline CdS layers that form non-ideal hetero interfaces with 10% 

lattice mismatch impart no damage to the CdTe surface and show excellent junction transport 

properties. These results enable the fabrication of CdTe solar cells with open-circuit voltage greater 

than 1V, which enable this thin film solar technology to be highly competitive. 
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Multi-Junction SPV Systems 

Multi-junction (MJ) solar cells are solar cells with multiple p–n junctions made of different 
semiconductor materials. Each material's p-n junction will produce electric current in response to 
different wavelengths of light. The use of multiple semiconducting materials allows the absorbance 
of a broader range of wavelengths, improving the cell's sunlight to electrical energy conversion 
efficiency. 

Traditional single-junction cells have a maximum theoretical efficiency of 33.16%. Theoretically, an 
infinite number of junctions would have a limiting efficiency of 86.8% under highly concentrated 
sunlight, such as a space based platform. 

 Currently, the best models of traditional crystalline silicon solar cells have efficiencies between 20% 
and 25%, while models of multi-junction cells have demonstrated performance over 46% under 
concentrated sunlight. Commercial examples of tandem cells are widely available at 30% under one-
sun illumination, and improve to around 40% under concentrated sunlight. However, this efficiency 
is gained at the cost of increased complexity and manufacturing price. To date, their higher price and 
higher price-to-performance ratio have limited their use to special roles, notably in aerospace where 
their high power-to-weight ratio is desirable.  

 

 

Example of a DarkStar Aerospace Multi-Junction SPV Solar Power Satellite (SPS) 
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The need for lattice matching, or quasi-lattice matching, is a constraint on efforts to build high-
efficiency III-V multi junction Solar cells. Lattice matching in Solar cells reduces crystallographic 
defects that may cause non-radiative recombination of electron-hole pairs. (When pairs recombine 
before a p-n junction separates them, the efficiency of the solar cell diminishes.) Presently, the need 
for lattice-matching strongly influences selection of materials for use in Solar cells and, as a result, 
efficiency may be compromised. 
 
Recent technological developments allow different materials in a multi-junction solar cell to be 
selected to increase the cells performance without being constrained by the need for lattice 
matching. It has been demonstrated that solar cells using a substantially lattice-matched indium 
gallium phosphide/gallium arsenide/germanium (InGaP/GaAS/Ge) configuration formed on Ge 
substrates achieved the relatively high efficiency of 40.1% in converting sunlight into electricity.  
 
A three-junction solar cell tailored to increase efficiency without regard for lattice matching, 
however, may employ a configuration other than the aforementioned InGaP/GaAs/Ge configuration, 
because the bandgaps of the lattice-matched materials offer a sub-optimal way of capturing the 
solar spectrum. In particular, the theoretical efficiency of a solar cell reaches its maximum when it 
absorbs each portion of the sun's spectrum with a material that has a bandgap close to the photon 
energy of the respective portion of the sun's spectrum.  
 
 GaAs was found to have a 1.42 eV bandgap which is substantially more than the bandgap of 
approximately 1.1 eV that was determined by its previous modelling, which indicates it is more 
suitable to be used as the middle material in a three-junction cell with InGaP and Ge.  
 
The different photovoltaic cells that make up a multi-junction cell are referred to as sub-cells. 
Including photovoltaic sub-cells or solar sub-cells. Thus, a sub-cell is a fully functional photovoltaic 
cell, and multiple sub-cells are included in different solar devices, such as multi-junction solar panels 
on an SPS. The preferred bandgap of the materials of a sub-cell in a multi-junction solar cell is 
determined by several factors. If the bandgap in a sub-cell is too high, then photons with energy 
below the bandgap may pass through the sub-cell without being absorbed, and the energy of that 
photon may be lost unless it is absorbed by a lower cell. If the bandgap of a sub-cell is too low, then 
more photons may be absorbed by that sub-cell, but the higher energy photons may be absorbed 
inefficiently. The preferred bandgap energy represents a compromise between these two effects. 
 
While Ge is currently the substrate of choice in III-V solar cells because of the lattice match of Ge 
with GaAs, two practical issues are associated with the use of Ge as a substrate. First, Ge substrates 
contribute to the high cost of III-V solar cells: they are smaller and more expensive than Si 
substrates, and they rule out modern Si processing as a cost reduction technique. Also, the limited 
Supply of Ge Substrates may restrict growth of the market for these devices. 
 
Embodiments that use silicon (Si) as a middle sub-cell in a multi-junction solar cell provide improved 
performance and reduced cost. Various embodiments use Si in Solar cell configurations that utilize Si 
substrates and modern Si processing. In some embodiments, aspect ratio trapping (ART) techniques 
provide an effective mechanism for depositing high-quality non lattice-matched materials on Si.  
 
Aspect ratio trapping (ART) enables solar-cell designers to select junction materials on the basis of 
their bandgaps without being constrained by their lattice constants. It also enables solar cell 
manufacturers to take advantage of inexpensive Si substrates and modern Si processing 
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technologies. Multi-junction solar cells fabricated on Si substrates by ART also offer good mechanical 
strength, light weight, and superior heat dissipation in comparison to Ge Substrates.  
The superior heat dissipation may be especially important in concentrator applications, since solar 
cells generally work less efficiently at elevated temperatures. 
 
ART substantially eliminates problems from threading dislocations arising from a mismatch between 
the lattice constants of a film and an underlying substrate. It reduces stress due to the mismatch in 
thermal expansion coefficients, employs standard equipment, and does not require prohibitively 
expensive processes. 
 
An ART structure may be formed in accordance with the following steps. A semiconductor substrate 
300, i.e., a semiconductor wafer, is provided. The semiconductor substrate 300 may include a 
semiconductor material and may be, for example, a bulk silicon wafer, or a bulk germanium wafer. 
The substrate 300 may include or consist essentially of a first semiconductor material such as a 
group IV element (e.g., germanium or silicon). In an embodiment, the substrate 300 includes or 
consists essentially of (300) silicon. 
 
A dielectric layer 310, including a dielectric material, i.e., a non-crystalline material such as SiO is 
formed over the semiconductor substrate 300. SiO is just one example of a dielectric material, and 
those skilled in their design may substitute other materials such as SiN as appropriate to reduce 
recombination effects. The dielectric layer 310 may be formed by thermal oxidation or plasma-
enhanced chemical vapour deposition (PECVD) in a suitable system, such as the CENTURA ULTIMA 
manufactured by Applied Materials, based in Santa Clara, Calif. The dielectric layer may have a 
thickness corresponding to a desired height of crystalline material to be deposited in an opening 
formed through the dielectric layer. In some embodiments, the thickness of the dielectric layer 310 

may range from 25 nm to 20 m. 
 

High Efficiency Multi-Junction SPV 

In the space environment there are considerable quantities of high-energy radiation, specifically 
protons and electrons that penetrate the solar cell and introduce defects that act as carrier traps 
and recombination centres. 
 
As a typical satellite PV array is expected to last up to 20 years, it is important to understand the 
behaviour of radiation induced defects and so to design solar cells that can tolerate the space 
environment. Owing to the series connection in the multi-junction solar cell, the radiation resistance 
of the cell as a whole will be dominated by the worst performing layer. 
 
The effect of radiation damage is first a reduction in the minority-carrier diffusion length followed by 

majority-carrier removal under heavy irradiation. It is clear that the In0-49Ga0-51P  is reasonably 

radiation hard, maintaining a high Isc while the Ge and In0-01GaAs  junctions degrade quite quickly. 
However, as the Ge junction is current rich, its effect on the overall multi-junction cell radiation 

performance is small. It is then the degradation of the In0-01GaAs junction that dominates the 
degradation of the multi-junction cell under irradiation.  
 
Various schemes such as thinning the emitter and base layers and field-assisted collection can be 
employed to improve the radiation response of each sub-cell in a multi-junction device. When 
considering the multi-junction cell as a whole, the standard means for maintaining high efficiency is 
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to design the solar cell such that the In0-01GaAs junction is current rich at the beginning of life (BOL) 

and becomes current matched to the In0-49Ga0-51P at the end of life (EOL). Nevertheless, this 

compromises the BOL efficiency, so it is desirable to dispense with the In0-01GaAs junction and 
consider designing a multi-junction cell around more radiation resistant materials, such as InGaAsP. 
 

It is worth noting that the In0-49Ga0-51P/In0-01GaAs/Ge triple junction terrestrial concentrator solar 
cell is an important driving force in multi-junction solar cells. Efficiencies in excess of 

36% have been demonstrated from an In0-49Ga0-51P/In0-01GaAs/Ge concentrator solar cell with 
developments in progress to achieve efficiencies higher than 40%.  
 

The In0-49Ga0-51P/In0-01GaAs/Ge bandgap combination is not ideally suited to the AM0 solar 
spectrum, the InGaP being current rich and the GaAs current poor. In the past, the situation has 
been helped by thinning the top cell, allowing unabsorbed sunlight to penetrate to the lower 
junction. This raises the current in the lower junction and thus the overall current in the multi-
junction cell, but the top cell open-circuit voltage is compromised. 
 
A preferable, but more challenging approach is to find a higher bandgap material to replace the 

In0-49Ga0-51P material, thereby increasing the photocurrent in the lower junction and increasing the 
top cell open-circuit voltage. A recent demonstration of this showed a comparison between a thick 
1-96 eV AlInGaP device with a thin 1-87 eV InGaP device. The short-circuit currents are identical, but 
the AlInGaP device yields a higher open-circuit voltage. It is anticipated that this improvement alone 
will raise the multi-junction AM0 efficiency from 29% to almost 31%. 
 
 
 
The Ge junction provides a fairly robust substrate for the multi-junction cell, but its properties as a 
third junction are far from ideal. The bandgap is too low for efficient conversion of the sub-GaAs 
photon flux and it would be preferable to use a material with a bandgap of around 1 eV. 
Considerable effort has been invested to dilute nitride materials such as GaInNAs for this purpose 
and, although results to date have been poor on account of low minority-carrier diffusion lengths, a 
greater understanding of the material and its defects is emerging. 
 
Recent progress in growing high-quality lattice-mismatched materials may offer a shorter-term 
solution to the problem of a 1 eV junction. While the efficiencies of lattice-matched devices still 
exceed those of lattice-mismatched devices, the flexibility offered by the lattice mismatch approach 
is very attractive.  
 
The substrate material also plays an important role. Traditionally, the choice of GaAs and Ge 
substrates have constrained the multi-junction solar cell to a limited range of materials, due to the 
usual requirement for lattice matching. However, the recent progress in growing high-quality lattice-
mismatched materials noted above frees the choice of substrate to some extent. While Ge provides 
a more robust substrate than GaAs, further gains could be made by replacing the Ge substrate with a 
Si substrate. For space, the mechanical strength of Si combined with the high-efficiency and 
radiation tolerance of the III–V cells would give a large power-to-weight ratio when combined with a 
lightweight panel structure where the specific power for a complete panel is plotted as a function of 
BOL -AM0 efficiency.  
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The current rigid panel technology is indicated by the filled circles, for both multi-junction cells on 

thick (5
.
5 mil) Ge substrates and thin devices (e.g., 3 mil Si). In this case, the area of the rigid panel 

dominates the specific power, so multi-junction cells outperform the thin devices.  However, if a 
lightweight panel technology were developed, then the overall specific power would become 
dominated by the cell’s specific power. Here the choice of substrate for the multi-junction solar cell 
becomes critical and a move to lighter substrates, such as 2mil Si, would be required for the multi-
junction cells to maintain superior power. 
 
In the longer term, it is worth considering multi-junction cells as one of the primary means for 
achieving high efficiency solar cells. In this respect, the next generation of high-efficiency solar cells 
are likely to draw from breakthroughs in semiconductor materials. If a material were found where a 
third (intermediate) band exists in addition to the usual conduction and valence band, then it would 
be possible to surpass the efficiency of a double-junction solar cell. Various hot-carrier approaches 
have been suggested, some maintaining a high voltage by sustaining the hot-carrier population for 
longer than the carrier collection time with others yielding a high current through impact ionization.  
 
The physics of these hot-carrier proposals are closely related and yield identical limiting efficiencies. 
The possibility of manipulating the solar spectrum prior to absorption in the solar cell can, in theory, 
lead to high efficiency, some of these concepts were proposed almost simultaneously to the multi-
junction solar cell, so while developments in compound semiconductor technology have led to the 

In0-49Ga0-51P/In0-01GaAs/Ge multi-junction cell, it is hoped that advanced semiconductor materials 
may lead to a practical implementation. 
 

 

Thin Film 

A Thin-Film solar cell is a second generation solar cell that is made by depositing one or more thin 
layers or thin film (TF) of photovoltaic material on a substrate, such as glass, plastic or metal. Thin-
film solar cells are commercially used in several technologies, including cadmium telluride (CdTe), 
copper indium gallium diselenide (CIGS), and amorphous thin-film silicon (a-Si, TF-Si). 

Film thickness varies from a few nanometres (nm) to tens of micrometers (µm), much thinner than 
thin-film's rival technology, the conventional, first-generation crystalline silicon solar cell (c-Si), that 
uses wafers of up to 200 µm. This allows thin film cells to be flexible, and lower in weight. It is used 
in building integrated photovoltaics and as semi-transparent, photovoltaic glazing material that can 
be laminated onto windows. Other commercial applications use rigid thin film solar panels 
(sandwiched between two panes of glass) in some of the world's largest photovoltaic power 
stations. 

Thin-film technology has always been cheaper but less efficient than conventional c-Si technology. 
However, it has significantly improved over the years. The cell efficiency for CdTe and CIGS is now 
beyond 30%, outperforming multicrystalline silicon, the dominant material currently used in most 
SPV systems. Accelerated life testing of thin film modules under laboratory conditions measured a 
somewhat faster degradation compared to conventional SPV systems, while a lifetime of 20 years or 
more is generally expected.  
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Other thin-film technologies that are still in an early stage of ongoing research or with limited 
commercial availability are often classified as emerging or third generation photovoltaic cells and 
include organic, dye-sensitized, polymer solar cells, quantum dot, copper zinc tin sulfide, 
nanocrystal, micromorph, and perovskite solar cells. DarkStar Aerospace are currently in the final 
research stages of a thin film prototype that has increased degradation resistance with a cell 
efficiency approaching 40% in laboratory testing. 

 

 

Example of a DarkStar Aerospace Thin-Film SPV System on a Solar Power Satellite (SPS) 

The thin film technology based solar cells are cheaper as compared to silicon based solar cells due to 

the fact that the material is required less in the manufacturing process to the former. The 

amorphous silicon being non-crystalline and its disordered structure form having 40 times the higher 

absorptive rate of light as compared to monocrystalline silicon, thus amorphous silicon based solar 

cells are very famous as compared to the materials such as, CIS/CIGS and CdS/CdTe due to the 

higher efficiency of the former.  

There were challenges in the development of the CdS/CdTe substrate solar cells on Mofoil. By 

combining close-space sublimation and RF sputtering, ITO/ZnO/CdS/CdTe/Mo solar cells have been 

grown in a substrate configuration. A CdCl2 annealing process was developed using a two stage 

process, CdTe doping was done in the first stage while second stage contributes to the CdTe/CdS 

interdiffusion by secondary ion mass spectrometry analysis. The efficiency has been found to have 

increased by 6% to 8% by the inclusion of a ZnO layer between CdS and ITO layers and increasing the 

shunt resistance from 563 Ω cm2 to 881 Ω cm2. However, for improving the CdTe solar cell 

characteristics, an experimental study revealed that chemical heat treatment is needed to produce 

better cells.  
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On the other hand, copper indium gallium selenide (CIGS) based polycrystalline semi-conductors are 

found to be one of the most popular choices for materials in recent years due to its higher scale 

efficiency of about 20.3%. A study into the selenization and annealing in CIGS films found that after 

selenization at 450 °C, two separated phases as CIS and CGS at the top and bottom of the film were 

formed. Efficiency enhancement, reliability and lifetime of this device were the prime target among 

researchers around the globe. There is need for continued development to produce more reliable 

outcomes and higher efficiency ratings in areas such as junction activation treatment, the formation 

of stable back contacts, interfacial land grain boundary properties and impurities diffusion within 

devices. 

 

 

BEAM ME DOWN SOL 

 

 

Artist rendition of Solar Power Beaming 

  

There is considerable interest in the aspect of Space Based Solar Power (SBSP) and Power Beaming, 

not only for the purpose of providing an enhanced form of renewable energy and reducing carbon 

emission, but its ability to produce a consistent and reliable power source for earth based locations. 

For the purpose of space settlement, SBSP and Power Beaming offer one of the most efficient 

methods of providing power for habitation settlements as well as operational platforms, whether 

they are based on a planet, moon, or an asteroid. The ability to provide a continuous power source 

to a settlement or platform without an established power generation source enables a greater 

diversity for location and adaptability to environment. 
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DarkStar Aerospace have invested time in research, technological enhancement & refinement, SPS & 

SPV development, satellite technology, and the development of new PVC technology allowing for 

greater efficiency ratings and adaptability to different environments allowing for multiple power 

generation methods.  

The DarkStar Aerospace Center for Space Colonization (DSA-CSC) is an international collaboration of 

scientists & engineers, academics & educators, and innovators & industry experts committed to 

providing new technology and methodology for the purpose of humanity’s expansion into our solar 

system. We offer different sources for power generation as well as battery & powerbank storage. 

Our technological and scientific expertise has allowed us to design an efficient SBSP configuration at 

a substantially reduced cost compared to current research and theoretical models of alternate 

agencies. This enables a wider access to SBSP for more people than has previously been available. 

We offer adaptability with all of our technological designs, enabling them to be suitable to different 

environments and purpose, as well as linked to our other technological designs to create multi-

aspect platforms capable of increasing our technological prowess on earth as well as our ability to 

adapt to different bodies in our solar system and prosper. 

Additional information can be obtained at: 

https://darkstaraero.space/csc/ 

 

 

 

 


