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The ongoing energy transition to curb carbon dioxide emissions and meet the
increasing energy demands have enhanced the need for integration of
renewable energy into the existing electricity system. Solar energy has been
gaining an increasing market share over the past decade. Multi-junction solar
cells (MJSCs) enable the efficient conversion of sunlight to energy without
being bound by the 33% limit as in the commercialized single junction silicon
solar cells. llI-V semiconductors have been used effectively in space
applications and concentrated photovoltaics (CPV) over the past few
decades. This review discusses the working and components of MJSCs at
cell level as well as module level for space applications and CPV. The
fabrication procedure, material acquirement of MJSCs is analyzed before
introducing the current challenges preventing MJSCs from achieving
widespread commercialization and the research direction in the future
where these challenges can be addressed.
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Introduction

The global energy demand is predicted to continue increasing due to the population
increase and the development of countries especially in the Asia with China and India.
According to the International Energy Agency (IEA), the global energy demand grew by
6% in 2021 due to the rapid economic recovery along with more extreme weather
conditions compared to 2020. Eleven of the hottest years on record have occurred after the
year 2005 with 2006 and 2020 being closely tied at the top. Data collected by National
Oceanic and Atmospheric Administration also showed that July 2021 was Earth’s hottest
month since climate records began 143 years ago (NOAA National Centers for
Environmental Information, 2021). Australian wildfires, monsoon flooding in
Bangladesh, prolonged drought in Eastern African regions leaving millions on the
brink of famine and the heatwaves across Europe are examples of the drastic effects
of climate change in recent memory. IEA predicted a further 3% increase in global energy
demand for the year 2022 (Lorenczik et al., 2022). Consequently, due to the increased
energy demand, it is widely accepted there will be further increases in temperature and
extreme weather conditions in the coming years. Therefore, the welcoming of the energy
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transition is not only a necessity but also an urgency. Paris
Agreement and Glasgow Climate Pact is a motivation for stricter
governmental policies implemented around the world to limit
carbon dioxide emissions. Policies are primarily focused on the
integration of higher share of electricity produced from
renewable sources in the existing energy systems. Currently,
wind energy and solar energy dominates the global share of
renewables and in 2021 contributed to two-thirds of the growth
in renewable energy production (Cozzi et al., 2021). In recent
years, China and India have begun to dominate the solar energy
market with eight out of the top ten highest installed solar farm
capacities in the world. These developments highlight the
importance of solar energy as a tool which can be utilized to
accelerate the energy transition.

In 1839, Becquerel discovered the photovoltaic effect used to
convert the solar irradiation into electricity which was the birth
of the principles of solar energy (Becquerel, 1839). The general
definition of the photovoltaic effect is the formation of a voltage
between two electrodes separated by a solid or a liquid upon
illumination of the system via irradiant light (Goetzberger,
Luther and Willeke, 2002). The first observation in 1876 that
light can generate an electric current in selenium (Adams and
Day, 1877), and the first prototypical selenium/gold photovoltaic
system with less than 1% conversion efficiency marks the birth of
this revolutionary new technology in 1883, even though the term
solar cell was not coined yet. In 1904, 65 years after the discovery
of the photovoltaic effect, copper and copper oxide were
incorporated as semiconductor junctions which are the
founding principles of the modern solar cells (Fraas, 2014).
The brief pathway through the history of the discovery of the
photovoltaic effect to the utilization of semiconductor junctions
to create a solar energy conversion device can now help concisely
define the term.

Solar cells are photovoltaic devices that use a semiconductor
absorber (junction) to convert incident solar irradiation into
electricity due to the photovoltaic effect (Irvine, 2017). In 1954,
Chapin, Fuller and Pearson from Bell Telephone Laboratories
announced the birth of the new silicon (Si) p-n junction
which
electrical power with 6% efficiency. They predicted a high

photocell, converts incoming solar radiation to
theoretical efficiency as the radiant energy is directly
converted to electricity without first being converted to heat.
They observed that the photons of 1.02eV (A = 1.2 um) could
produce electron-hole pairs in the Si semiconductor. In the
presence of a p-n junction, the electron-hole pairs are
separated to generate external work through an electric
circuit. They also concluded that all of the light below a
wavelength of A = 1.2 um can potentially generate an electron-
hole pair but the energy conversion efficiency decreases for
shorter wavelengths as the energy above 1.02eV is wasted
(Chapin, Fuller and Pearson, 1954). The wasted energy
drastically reduces the maximum theoretical efficiency of

single junction solar cells considering other practical design
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FIGURE 1

Equivalent electric circuit (A) and schematics (B) of a typical
triple junction (3-J) solar cell. (C) Energy bandgaps vs. lattice
constants for llI-V semiconductors. Lattice-matched materials,
used for 3-J solar cells, appear as a vertical line (highlighted in
color). Images adapted from (Cotal et al,, 2009).

factors of a photovoltaic device. In 1961, first-principle
calculations were conducted considering a 6000 K black body
as an approximation for the incident solar spectrum to theorize
the maximum possible sunlight to energy conversion efficiency.
The Shockley-Queisser (S-Q) limit of approximately 33% was
calculated as the theoretical maximum efficiency of a single
(Riihle, 2016).
calculation conducted under 1-sun illumination for crystalline

junction solar cell However, theoretical
Si semiconductors showed a maximum efficiency of 29.43% and
29.56% for a 110 and 98.1 pm thick device respectively (Sun et al.,
2022). The current efficiency record for a single crystalline Si
based solar cell under 1-sun illumination is 26.7% using the
heterojunction interdigitated back-contact concept (Yoshikawa

et al., 2017). These practically achieved conversion efficiencies
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are still short of the S-Q limit. The question arises whether it
would be possible to gain more out of the limitless untapped
potential of the Sun’s energy without being bound by the S-Q
limit. A multi junction solar cell (MJSC) has already been
demonstrated as the answer.

A MJSC wuses multiple p-n semiconductor junctions
connected in series to absorb different wavelength ranges of
the solar spectrum enabling light conversion efficiencies which
surpasses the theoretical S-Q limit (Nikoletatos and
Halambalakis, 2018). The idea of MJSCs was first proposed in
1955 by stacking different semiconductor plates with the topmost
cell having the highest energy bandgap with decreasing bandgaps
in the semiconductors below (Jackson, 1955). The working
principle begins with the sunlight penetrating through the top
contacts of the MJSC and the top cell which has the highest
bandgap energy will collect light (photons) from the shorter
wavelengths of the solar spectrum. When the bandgap of the
photons is smaller than the bandgap of the top cell, they are
transmitted through to the lower layers. Each semiconductor
absorbs the photons with energy between its energy bandgap and
the plate above it due to each plate being transparent to
wavelength longer than its absorption edge (Irvine, 2017). In
1960, the of MJSC operation showed that the
semiconductor materials should be connected by an ohmic

basis

contact in a series connection as each layer have different
voltages (Wolf, 1960). The breakthrough occurred in
1988 when a double heterostructure Gallium Arsenide (GaAs)
tunneling junction with a low resistance was used to interconnect
different layers of semiconductors achieving an efficiency of 20%
(Sugiura et al, 1988). The tunneling junction consists of a
tunneling diode that enables electrons from the conduction
band of the lower cell to recombine with the holes in the
valence band of the higher cell with minimum energy losses
(Cotal et al., 2009). The most popular MJSC is a triple junction
(3-]) solar cell which consists of three semiconductor absorbers
separated by a tunneling junction as shown in Figure 1. Over
the next 30 years, more junctions were stacked with a 5-
junction solar cells having an efficiency of 35.8% for space
applications and 38.8% for terrestrial applications (Chiu et al.,
2014). In 2020, MJSCs achieved the maximum light conversion
efficiency with 47.1% under concentrated illumination of
143 suns and 39.2% under 1 Sun illumination by stacking 6-
junctions (Geisz et al, 2020). Consequently, the high
efficiencies of MJSCs are utilized as the present energy
source for space exploration missions. Furthermore, MJSCs
are also the present and the future for terrestrial concentrated
(CPV) to
emissions while meeting the increasing energy demands

photovoltaic  systems counterbalance carbon
(Bett et al., 2009). This review aims to provide a beginner’s
guide to MJSC materials, fabrication processes, challenges, and
a pathway towards a future where MJSCs can grasp a higher
market share for commercial and residential applications

among the photovoltaic technology.
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Triple junction (3-J) solar cells
Material composition of 3-J solar cells

II-V semiconductors are a combination of group III and
group V elements used as semiconductor junctions in MJSCs.
Commercialized 3-] solar cells comprises a stack of III-V
semiconductor layers (Figure 1A) with optimized thickness,
doping levels, and elementary composition (Bett et al., 2013).
The wide direct bandgaps of gallium indium phosphide (GaInP)
and gallium indium arsenide (GalnAs) materials are established
as the top 2 cells in 3-] solar cells grown on a narrow bandgap
germanium (Ge) substrate. III-V materials are direct bandgap
semiconductors which means the maximum energy state in the
valence band and the minimum energy state in the conduction
band is aligned with respect to the momentum. As a result, ITI-V
materials have a higher photon absorption coefficient, for
example a 1pum thick GaAs semiconductor absorbs 90% of
light efficiency. Comparatively, Si, an indirect bandgap
semiconductor, would require a thickness 100 um to achieve
the same light absorption efficiency (Goetzberger, Luther and
Willeke,  2002).  Another of III-V
semiconductors over conventional Si is the possibility of

major advantage
bandgap engineering. The elemental compositions of III-V
materials can be adjusted to tune the bandgap and maximize
light conversion efficiency (Tanabe, 2009).

Each cell is specifically designed to form the p-n junctions.
The emitter and base layers are GaInP for the top cell and GalnAs
for the middle cell with the direct bandgaps of 1.81 and 1.42 eV,
respectively. The Ge base of the bottom cell has an indirect band
gap of 0.67 eV. The p-junction is usually formed by doping the
II-V semiconductor with zinc, beryllium, or magnesium
impurities with the n-junction doped with tellurijum and
sulfur (Grovenor, 1998). Modifying the crystal structure by
controlling the composition of indium (In) and gallium (Ga)
enables band gap tuning in III-V semiconductors which is
advantageous in optimizing the optical absorption (Jakkala
and Kordesch, 2017). Since Ge has a small bandgap, it
produces a current approximately twice as large as the
limiting sub cell current. Furthermore, the Ge substrate makes
up a high share of the manufacturing costs limiting the potential
of reduction of the balance of system cost (Almosni et al., 2018).
Replacing Ge with Si is an active research direction which we will
discuss in the next sections.

The 3 cells are separated by tunneling junctions (Figure 1B)
created by heavily p-doped aluminum gallium indium phosphide
(AlGaInP) and GalnP, respectively. The back surface fields
(BSFs) decrease the depletion width so electrons or holes can
tunnel through while simultaneously preventing the scattering of
charge carriers (Luque and Hegedus, 2011). A wide bandgap BSF
layer was found to be more effective for confinement of minority
carriers compared to highly doped BSFs (Yamaguchi, Takamoto
and Araki, 2008). The tunneling diodes form ohmic contacts
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FIGURE 2

Energy bandgaps of absorber layers in 3-J solar cell and a zoom in on a tunnelling junction and its calculated band diagram. Images adapted

from (Colter, Hagar and Bedair, 2018).

between the cells while being optically transparent and having a
low resistance to reduce parasitic absorption by enabling
electrons to tunnel through the layer. Figure 2 illustrates a
tunneling junction which uses a tellurium-carbon doping
of III-V with
electronic and optical performance (Colter, Hagar and Bedair,

combination semiconductors optimized
2018). In addition to the tunneling junctions, the window layers
are grown for the top cell and the middle cell with the
composition of aluminum indium phosphide (AlInP) and
GalnP respectively. These layers have a higher bandgap, low
series resistance, and small thickness reducing the surface
recombination of charge carriers and optimizing optical
throughput (Bin Rafiq et al., 2020).

of the 3-]
manufactured between two contacts (Figure 1). The front

Semiconductor layers solar cell are

contact is a low resistance electrode that enables the
current to be collected easily. Aluminum (Al) is usually
used in commercial 3-] solar cells due to its low cost and
high availability. However, silver (Ag) has also been utilized as
an alternative contact due to a 50% higher conductivity albeit
for a higher cost. The Al or Ag metal grid on the top of the
solar module can cause a reduction in the optical absorption
and efficiency due to shading losses. Transparent conducting
oxides (TCO) have been applied as alternative electrodes in 3-
] solar cells because it enhances the performance due to a
highly transparent layer. Furthermore, it also forms an ohmic
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contact with the top contact layer of the cell boosting current
collection efficiency (Kao et al, 2019). An anti-reflective
coating (ARC) of silicon dioxide (SiO,) and titanium
dioxide (TiO,) is deposited on the front surface to
maximize absorption via reduction of reflective losses (Oh
et al., 2020).

Optimal electronic performance is achieved in lattice
matched growth between layers ensuring reduced electronic
defects due to strain and dislocations at the boundaries (Zur
and McGill, 1984). Electronic performance is optimized by using
III-V materials due to their ability to form broad solid solutions
of three and four elements, leading to accurate and independent
engineering of lattice parameter and the bandgap. Figure 1C plots
the bandgaps of III-V semiconductors versus the lattice constant
with the mark up of most common 3-J solar cell materials: top
GagsIngsP cell, middle Gaggolng ;A cell, and bottom Ge cell
(Philipps, Dimroth and Bett, 2018). Along with higher
absorption coefficients, III-V semiconductors also have high
minority carrier lifetimes and high carrier mobility (Miles,
2006). The superior radiation resistance and stability of III-V
semiconductors is a major advantage for space missions as
radiation from high energy particles causes the atoms in the
crystal lattice to move from their original orientation and form
displacement damages which reduces the carrier lifetime
(Rehman, Lee and Lee, 2016). The BSF layer provides a shield
against these particles with graded buffer Bragg reflectors also

frontiersin.org
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1. Unpack and clean
the GaAs wafer
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AlAs release layer
AlGaAs contact layer
AlGalnP BSF layer
GalnP absorber layers
AlInP window layer
GaAs contact layer

. Pattern GaAs contact layer
. Deposit metal grid

. Deposit antireflective coating

. Transfer to a cover glass

. Dissolve AlAs layer and
release from GaAs wafer

8. Deposit metal grid
9. Deposit antireflective coating

10. Testing, sorting, assembling

FIGURE 3
Main fabrication step of IlI-V solar cells, exemplified for the
top GalnP cell and contact layers (Karam et al,, 2019).

used to prevent the degradation of opto-electronic properties (Li
etal., 2021). Lastly, CPV and space applications require 3-J solar
cells to operate under extreme thermal stresses as the
temperatures vary from —90°C to over 100°C. Therefore, III-V
semiconductors are utilized due to a superior thermal stability
when compared to Si (Tanabe, 2009). III-V materials
demonstrated only a slight degradation shown after annealing
the cells at 400°C for 200 h (Sun et al., 2016).
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GalnP top

FIGURE 4
Simplified representation of inverted metamorphic material
(IMM) growth (Karam et al., 2019).

Fabrication of 3-J solar cells

Figure 3 shows the schematic of the fabrication process of
single junction solar cell using the upright metamorphic growth
(UMM). epitaxy (MOVPE)
deposition method is used to deposit the III-V semiconductor
layers. MOVPE has an average growth rate of 14 um/h for GaAs.
Reduction processes in dopant precursor flows at higher growth

Metalorganic ~ vapor-phase

rates of 56 um/h causes an electronic degradation of the solar cell
by approximately 4%. The increase in growth rate, however, can
reduce production costs by 74% and cycle time from 42 to 15 min
(Schmieder et al,, 2014). After the MOVPE stack is complete,
chemical etching and photolithography is used to pattern the
GaAs top layer, followed by electroplating of the front metal grid
and deposition of the ARC layer by plasma enhanced chemical
vapor deposition (PECVD). The solar cell assembly is transferred
to a cover glass then epitaxial lift off (ELO) is used to release the
solar cell from epi-wafer substrate. If scaled, ELO has a massive
cost reduction potential as it enables multiple uses of the GaAs
substrate. Finally, patterned metal grid and ARC are deposited
using the same procedure as for the front surface and the current-
voltage characteristics of the solar cell are tested to ensure the
success of the fabrication process (Essig et al., 2017).

Inverted metamorphic material (IMM) growth of solar cells
implies the same procedure, but it is grown from top to bottom. It
is utilized so the wide-bandgap sub cell is lattice-matched to the
substrate with a transition to narrow-bandgap metamorphic
material layers as shown in Figure 4. IMM is harder to
manufacture as each layer needs to be electronically and
mechanically matched, but IMM cells show higher efficiencies
due to less strain and grain dislocations at the boundaries of
connecting layers (Pakhanov et al,, 2018). First, a metal free,
particle free, As oxide rich epi-ready GaAs substrate is achieved
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by wet chemical cleaning. The preparation of the substrate by
ensuring thorough cleaning and polishing quality of the surface is
crucial for the growth of epitaxial layers (Song et al., 2004). After
injecting precursors, MOVPE is used for the IMM growth of
GalInP and GaAs sub cell with the BSF, window, emitter and
tunneling layers as shown in Figures 1, 4. Currently, IMM
prevails in growing top 2cells, preventing threading
dislocations with bandgap tuning and nitrogen addition
enabling the structural bandgap sequences to be better
matched (Karam et al,, 2019). The growth temperature ranges
between 600-700°C. It is easier to achieve lattice matched growth
with the desired bandgap due to the sub cells and the substrate
having a matching lattice constant (Jingfeng et al., 2015).

To complete the MJSC, a graded layer is grown on the Ge
bottom cell to minimize grain dislocations as it is lattice-
mismatched to the preceding layers (Geisz et al, 2007).
Specifically, a graded aluminum indium gallium arsenide
(AllnGaAs) buffer layer is deposited with varying Ga and In
ratios. It is crucial to fix the Al composition, so the bandgap of the
buffer layer is larger than the bottom sub cell (Jingfeng et al.,
2015).

Alternative deposition techniques include close-spaced vapor
transport where solid precursors eliminate the costs and hazards
related with gaseous precursors while producing absorbers with
sufficiently high carrier lifetimes (Boucher et al, 2015).
Additionally, Hydride (HVPE) is
another high throughput, low-cost method with growth rates

Vapor-Phase Epitaxy
of approximately 90 pm/h producing III-V material growth with
near ideal carrier mobility values (Simon, Young and Ptak, 2014).

Assembly of 3-J solar cells for
concentrated photovoltaics and space
applications

For many decades, MJSCs and in particular 3-] solar cells
have been resorted for power requirements during space
exploration missions. Satellites and space vehicles use 3-J
modules for power generation due to the high-efficiencies
ranging from 27% to 32% as well as the robustness of the III-
V materials.

In 1958, Vanguard 1 was the first application of a solar
powered satellite, in which Si was utilized as a semiconductor
absorber. The Vanguard model solar cells only had an
efficiency of 10%. Under exposure to charged particle
radiations, combined with extreme temperatures, these Si
based solar cells undergo severe degradation and thus incur
high operation, maintenance, and replacement costs which is
disadvantageous for long-term space missions. In the 1980s,
the low efficiency and performance degradation drove
towards the use of GaAs based solar cells and in the 1990s,
MJSCs were utilized for majority of the space missions (Bailey
and Raffaelle, 2010). Although the aging in space due to
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FIGURE 5

A photograph of space module assembly on curved substrate

(A) and a cross-sectional view of a module (B). Images adapted
from (Yamaguchi et al., 2015).

exposure to charged particles, UV radiation, atomic oxygen,
and build-up of electrostatic charge cannot be prevented (Iles,
2001), the III-V MJSCs in satellites retains 88% of its original
efficiency after 15 years. In additions, they have an end-of-life
efficiency of 25% which is higher than the initial efficiency of
Si based modules. Even though III-V materials are robust and
ideal for space applications, additional protection without
compromising the weight is required to maintain optimum
performance for long-term space missions. Minimal payload
is a major factor in space applications thus the Al honeycomb
structure is used as a substrate, providing a high strength-to-
weight ratio to support the MJSCs (Figure 5). The MJSCs are
then sandwiched between adhesives which resists thermal
stresses due to temperature variations (Yamaguchi et al,
2015). Shielding material on both sides comprises of
Kapton foils to provide optimal vibration, pressure, and
radiation resistance. Furthermore, they offer protection
against thermal and mechanical damage by space debris.
The assembly is then completed by the deposition of Au as
contacts. Since the cost is not a major deterrent in space
applications, Au is used due to its low electrical resistance,
high corrosion resistance and thermal resistance. In addition,
deposition enables nano-pillars of the semiconductor to pierce
through the microscopic perforations in the Au film reducing
shading losses in the GaAs front contact (Williams, 1980).
Moving away from the extra-terrestrial applications,
combating climate change and the role of MJSCs in
terrestrial applications is of utmost importance. Terrestrial
CPV installations utilizing MJSCs delivers the highest power
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FIGURE 6
Example of concentrated photovoltaic modules with
parabolic mirror optics (Martinez et al., 2017).

output among all the other solar cell technologies as the
irradiance of the sunlight upon a solar cell is directly
proportional to the power generation. By concentrating the
sunlight onto the MJSC, the sunlight-to-energy conversion
efficiency can be effectively increased, and the efficiency-to-
cost ratio can be decreased. CPV installations are split into
three categories according to their concentration power: high
(HCPV), medium (MCPV) and low CPV (LCPV).
Commercial HCPV, MCPV, and LCPV has a typical
of 100-2000 suns,
10-100 suns, <10 suns respectively (Renno, 2022). CPV
installations deliver a high energy yield in geographical

concentration ratio

locations subject to a high yearly direct normal irradiance
(DNI) such as the Middle Eastern countries (Steiner et al.,
2022). As with every solar application, initially, Si based solar
cells were used instead of MJSCs. In 1981, The Saudi Solar
Village photovoltaic power system (PVPS) became the was the
first large CPV in operation capable of supplying more than
350 kW of power. This installation used an array point
focusing optical system to concentrate sunlight onto the Si
solar cells (Salim and Eugenio, 1990). Along with PVPS,
ENTECH linear arched optical concentration system also
utilized Si solar cells for power generation. These two
that
operated successfully for many years during the initial

projects were the pioneering CPV installations
phases of CPV development. Both these systems required
Al finned extrusions for the thermal management system as
cell cooling is a necessity since Si solar cells degrade rapidly at
high temperatures. Even with the cell cooling systems, the Si
based solar cells eventually delaminated and failed (Fraas,
2010). PVPS and ENTECH highlighted the short comings as Si
based solar cells is limited to only LCPV to MCPV range. In

order to harvest more power from the Sun while maintaining
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competitive efficiency-to-cost ratio of the system, a different
approach was required. In 2006, MJSCs passed the fabled 40%
efficiency threshold at the time which signaled that after
decades of development of MJSCs, their performance can
offset the costs required in HCPV systems. This milestone
was monumental for MJSCs gaining ground on conventional
Si based solar cells for terrestrial applications (Kinsey, 2010).

The most common way to concentrate the light onto solar
cells is by using a Fresnel lens (Bett et al., 2006). They were also
used in the pioneering PVPS and ENTECH systems for optical
concentration. Significant efforts have been conducted to
improve the CPV system as a whole along with the MJSCs.
Optical systems using Fresnel lenses are constantly being
optimized to reduce optical losses, material costs and thermal
degradation thus prolonging the life cycle of the system. Optical
losses due to UV-induced degradation can also affect the module
efficiency (Ferndndez-Solas et al., 2021). Modern commercial
HCPV systems use silicone glass Fresnel lenses than the early
acrylic based lenses due to lower costs combined with superior
abrasion and UV degradation resistance (Peharz and Bett, 2010).
Alternatively, parabolic mirrors (e.g., Cassegrain-type) are also
used to concentrate sunlight onto the 3-J solar cells (Figure 6)
(Bett et al., 2006).

In order to consistently focus a high concentration of
sunlight onto the MJSCs, a Sun tracker is a necessity. Single-
axis trackers or fixed mounts (no-tracking) is a cost-effective
solution. However, they limit maximizing the performance of the
CPV system because the peak power output gradually decreases
when the surface of the panel is not subject to direct incident
sunlight. This means that as the position of the Sun changes
during the day, the hours of direct normal incident sunlight
utilized is lowered causing large power generation fluctuations.
Two-axis trackers enable the MJSCs to directly face the Sun
throughout the day and thus over the course of the year provide
the consistency in power output and capacity factor (Kinsey,
2010). As a result, the investment into two-axis trackers is
justified by the performance increase of the CPV system. The
optical concentration system consisting of the two-axis tracker
and Fresnel lens minimizes the optical losses and efficiently
concentrate the sunlight onto the MJSC.

FLATCON CPVs is an example of a modern CPV system
(Figure 7A), Fresnel lenses are mounted on to MJSCs to focus
sunlight up to 500 suns on each 3-] solar cell with a total area of
3.1 mm?* (Figure 7B). Each solar cell works with a current of
200 mA, producing 0.4 W of power with 0.9 W of heat generated
(Dimroth, 2006). Pyron CPV module (Figure 7C) is another
example that has the same working principle. In this system,
Fresnel lenses and MJSC rows are situated in a flat arrangement
to reduce wind load effects during two-axis tracking by rotating
the ring structure in the azimuth (Bett et al., 2006). Commercial
CPV modules have an efficiency >30% with a lifetime of at least
25 years. Aging of MJSCs in CPV applications is mainly due to
moisture and degradation of cell bonding due to high
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FIGURE 7

Photographs of FLATCON concentrated photovoltaic module (A) and schematics of single solar cell and a lens (B). (C) Photographs of Pyron
concentrated photovoltaic module. Images are adapted from (Philipps and Bett, 2014) and (www.pyronsolar.com).

temperatures. Therefore, a cooling system is required to
effectively dissipate the generated heat flux otherwise the solar
cells or the assembly can be damaged. Cooling or thermal
management systems are designed to equip either active
cooling using cooling fluids in a heat exchanger or passive
cooling via air convection. From a designer’s perspective,
passive cooling is more desirable due to less complexity
required in designing such a system. However, passive cooling
requires relatively large areas to dissipate heat. In a Fresnel
optical system, the MJSC is located beneath the lens so an
area equivalent to the lens’ aperture is available for efficient
heat dissipation. On the other hand, this area is not available for a
parabolic concentration system because the MJSCs are located in
front of the optics causing additional shading losses (Peharz and
Bett, 2010).

In the future, the goal is to integrate 3-J solar cells for
terrestrial applications which includes residential and
commercial rooftops and large-scale utility plants
(McConnell and Symko-Davies, 2006). However, these
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envisioned goals come with the inherent challenges faced
by 3-J solar cells which have currently forced them into the
aforementioned niche applications even though they offer
the best all  the
technologies.

performance among photovoltaic

Challenges

Two main challenges are detected for MJSCs. On one side,
the high cost of MJSC modules is the main obstacle for
overtaking the market dominance of mature Si single junction
solar cells, thus restraining MJSCs to niche applications where
the surface area is the limiting factor (i.e., space application or
unmanned aircrafts and drones). On the other side, increase of
MJSC efficiency may outweigh the high cost of MJSCs for long-
term solutions in renewable energy sources. So, a trade-off
between efficiency and cost needs to be considered for the
choice of solar cells.
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FIGURE 8

Theoretical and champion efficiencies of multijunction solar cells
under (A) one sun and (B) concentrated sunlight (Kurtz et al, 2008).

Increasing efficiency

Commercialized MJSC efficiencies are approximately 30%
which is below the S-Q limit for a single junction solar cell. The
ideal theoretical efficiency of a 3-] solar cell is approximately 50%
under one Sun concentration and approximately 64% for a
concentration of 1,000 suns (Figure 8). To increase the
efficiencies, more junctions can be deposited with around 75%
efficiency for 6 junction solar cells. The efficiencies are limited by
concentration, spectrum, and temperature. For example,
maximum concentration of 46,000 suns results in theoretical
efficiencies only 10-20% higher than under the 1 Sun irradiation.
Spectrum tuning has a smaller effect (1-4%) compared to the
absolute. Furthermore, ideal efficiencies consider a unity diode
factor, infinite shunt resistance, zero series resistance, 100%
photon absorption and no recombination, while in reality
these factors are far from ideal due to material chemistry and
imperfections (Kurtz et al., 2008).

Efficiency is dependent on the quality and durability of
materials. Research is being conducted towards material
compositions to boost efficiencies with concepts such as
Auger generation, hot carriers, and intermediate bandgap
materials for high efficiency solar cells. Auger generation

Frontiers in Energy Research

09

10.3389/fenrg.2022.971918

materials is a concept which involves the utilization of higher
energy photons which are more than twice the bandgap to
generate two or more electron-hole pairs. If the excess energy
of the primary electron or hole is not dissipated as phonons, this
energy can be used to generate another electron-hole pair via
impact ionization (Kolodinski et al., 1993). Si-Ge alloy has been
identified as a possible Auger generation material (Goetzberger,
Luther and Willeke, 2002). Hot carrier solar cells use energy-
selective contacts combined with slow carrier cooling absorber to
selectively extract carriers before they relax with the lattice
vibration thus preventing thermalization losses. Intermediate
bandgap solar cells employ the two-step absorption process in
addition to the direct band-to-band transition. This is realized by
the engineering of an additional band in the middle of the
bandgap. Therefore, electrons with lower energy can absorb
another photon in the intermediate bandgap and reach the
conduction band, thus increasing the overall efficiency of the
solar cells (Almosni et al., 2018).

MJSC efficiency is also boosted by minimizing possible losses
that can occur in a photovoltaic system. Bulk recombination
losses originate from impurities, dislocations, and other defects
in the semiconductor absorber, which act as hotspots for non-
radiative recombination. The bulk recombination losses can be
minimized by ensuring the growth of high-quality epitaxial layers
to reduce the density of defects in each MJSC layer (Garcia-
Rey-Stolle, 2014).
recombination loss due to lattice mismatching defects is also

Tabarés and Furthermore, interfacial
minimized by optimizing lattice matching growth, inverted
epitaxial growth, modifications to BSF or insertion of double
heterostructure junctions. Surface passivation layers and double
heterostructure junctions are important research topics as they
also help minimize surface recombination losses (Yamaguchi,
2015). Alternatively, photon recycling through light trapping can
be utilized by deposition of backside mirrors. As a result, optical
losses are minimized by doubling the effective distance travelled
by the light to get reabsorbed in the semiconductors thus
boosting external quantum efficiency of the solar cell (Walker
etal,, 2015). Finally, in all modern solar cells, ARC is used on the
front surface to alter the refractive index and increase the
absorption efficiency so novel coatings are constantly under
development. Nanostructured alumina (Reuna et al, 2022),
SiO,/tantalum pentoxide (Sertel et al., 2019) and zinc oxide
(Aé et al., 2010) are some of the ARCs that have been studied
for MJSC applications.

Reduction of fabrication costs

In theory, efficiency can be increased by depositing more
semiconductor junctions. Recent technoeconomic analysis for
III-V//Si MJSCs shows the relationship between efficiency and
cost. A 30% efficient two-junction (2-J) GaInP//Si and GaAs//Si
solar cell led to a fabrication cost of $4.85/W and $7.17/W
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FIGURE 9

Manufacturing costs of IlI-V//Ge 3-J solar cells for overall
production volumes of 200 kW/year (A) and 50 kW/year (B).
Images adapted from (Horowitz et al.,, 2018).

respectively. Meanwhile, a 3-] GaInP/GaAs//Si solar cell with
35% efficiency was already up to $8.24/W (Essig et al., 2017).
Furthermore, adding four, five or six junctions increases the
complexity of fabrication processes to achieve lattice matched
epitaxial layers with low defects. Consequently, the fabrication
costs can increase exponentially. Given that the fabrication costs
of MJSCs are one order of magnitude greater than conventional
Si solar cells ($0.3-$0.35/W), the question arises whether more-
efficient MJSCs can be chosen for commercial and residential
applications.

For example, if 1000 W/m? is assumed as the solar irradiation
per unit area, one 3-] GaInP/GaAs//Si can generate a peak power
of 350 W/m®. Assuming an average efficiency of 20% for a
conventional Si solar cell, 200 W/m> of power can be
produced. For comparison to generate 1400 W/m?* of power,
four 3-] GaInP/GaAs//Si or seven conventional Si solar cells are
required. However, the total fabrications costs of 3-] GaInP/
GaAs//Si (Essig et al., 2017) still greatly prioritizes the Si solar
cell. As a result, MJSCs are only used for military (unmanned
aerial vehicles) and aerospace applications (satellites) where there
is area and weight constraints rather than costs. In 2018, 3-J solar
cells were produced in low volumes in the range of 100s of kW/
year to couple MW /year. They accounted for only 0.02% of the
market share (Philipps, Warmuth and Al, 2022). Therefore, in
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FIGURE 10
Sensitivity of Il1-V//Ge 3-J solar cells manufacturing costs.
Image adapted from (Horowitz et al,, 2018).

order for MJSCs to provide competitive performance-to-cost
ratio, it is an absolute necessity of optimization or search for
alternate materials and fabrication processes to compete with
conventional Si based technologies.

Figure 9 shows that the total manufacturing costs are $100/W
for 50 kW/year production and $70/W for 200 kW/year
production. The cost difference is due to the building and
fixed equipment costs being underutilized for lower installed
capacities. The high price per Gram of metal-trimethyl
precursors, Ge and As are responsible for the high material
costs. Furthermore, lithography has low throughput and high
costs per tool which is set around $1-2.5 million. The high costs
of MOVPE fabrication prevents the large area deposition
required for kW to GW installations to capture a higher
percentage of market share. Transfer printing technology
provide an extremely low-cost alternative to grow high quality
epitaxial layers if they are scaled up (Lumb et al, 2015).
Furthermore, lower cost fabrication techniques such as
electroplating are active research areas and can reduce the
costs associated with contacts (Philipps, Warmuth and Al., 2022).

Figure 10 shows the effect of +20% variation of materials and
processes from market values. The largest effect on total costs is
the Ge substrate and manufacturing yield. If Au is not recycled,
sensitivity to prices increases significantly. Recycling of Ag causes
the sensitivity to price fluctuations to decrease significantly
showing the importance of recycling processes in the
manufacturing costs of 3-J solar cells. The efficiency of the
solar cells also influences manufacturing costs as increasing
the efficiency from 33% to 34% decreases costs by $2.07/W
and decreasing to 32% increases the costs by $2.2/W
(Horowitz et al., 2018).

Ge is the most expensive part of 3-] solar cells at
$1,200/kg. Ge extraction is a complex procedure because it
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Simplified recycling process for 111-V//Ge 3-J solar cells. Marked in red are the most critical components to recycle due to price or toxicity.
Marked in green are the components, which can be reused if not mechanically damaged. Image adapted from (Wang, 2016).

is naturally formed as a by-product of sphalerite ores. The
multistep procedure includes roasting, leaching and Waelz
process to remove zinc impurities followed by chlorination
Ge 2007).
Performance losses in the Ge cell also contributes to the

and eventually reduction to (Naumov,
delay of market growth of MJSCs. Therefore, research is being
directed to replace Ge cell in the MJSCs. Dilute nitride
antimonide sub cells employing InGaP heterolayer have a
better lattice and bandgap matching than Ge (Sabnis, Yuen
and Wiemer, 2012). Growth of III-V materials on a Si
substrate (or wafer considered as
alternative because the Si has a larger indirect bandgap of
1.12 eV compared to 0.67 eV of Ge. This enables the excess

current to be substantially reduced. Furthermore, the overall

bonding) is an

current of the 3-J solar cells would not decrease, and Si
replacement could lead to higher voltages (Philipps and
Bett, 2014). Lastly, another incentive for the replacement
of Ge to Si in the modern 3-J solar cells is that Si is lighter,
stronger, abundant while having a lower cost compared to Ge
(Derendorf et al., 2013).

Cost reduction via recycling

Availability of scarce raw materials such as Ga or In and high
price of Ge are limiting the performance-to-cost ratio of MJSCs
in the market. In and Ga are constituents of III-V absorbers. In is
also used in TCO electrodes. Thick Ge film represents the bottom
cell in commercial MJSCs. The good news is that these materials
are recoverable and hence giving them a second life while
reducing the costs of the next set of 3-J solar cells.
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The recycling process begins with the disassembly of the CPV
module as shown in Figure 11. The module housing and support
structure can be reused in new modules if it is not damaged. Since
Fresnel lenses are constructed from poly (methyl methacrylate)
(PMMA), they can be recovered by crushing then pyrolysis at
temperatures higher than 160°C. MMA of purity >98% can be
obtained when PMMA is depolymerized with molten lead at a
temperature of 500°C.

Hydrometallurgical treatment is used to separate each MJSC
layer by etching with nitric acid. Although hydrometallurgical
treatment is commercially viable with low emissions, it is the
most expensive and time-consuming process due to the multiple
absorption and separation steps. Each chemical process steps
must also be adapted to respective technology (Chowdhury et al.,
2020). So, research is being conducted towards vacuum blasting,
tenside chemistry, leaching, flotation, etching for material
separation as they provide an alternative with tradeoffs to
mitigate environmental concerns by reducing chemical usage
with low-energy consumption and processing times (Chowdhury
et al,, 2020).

Rare elements of Ga and In compounds are separated by
extraction, ion-exchange or precipitation with an electrowinning
process used to refine Ga and In to high purity of 99.99%. Since
electrolysis is energy and time-consuming process, alternative
solutions include wet refining and two-step vacuum distillation
method (Xu et al,, 2021). Ga can be purified to 99.9999% with
float zoning or Czochralski process which is also used to grow
single crystal Si (Moskalyk, 2003).

Arsenic (As) is a biohazard so treatment with As containing
solution is necessary for recycling with minimum risk. As
solution reacts with sulfur dioxide and arsenic trioxide is
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extracted from the reduced solution (Wang, 2016). Due to these
complex, time consuming and potentially dangerous processes,
the cost of recycling is also higher than competing solar cell
technologies. This makes the cost-to-efficiency ratio of MJSCs at
least for terrestrial applications less desirable so it is necessary for
research to be directed in the development of alternative
recycling methods to drive down the costs.

Future
Perovskite solar cells

Recently, perovskite group of semiconductors has emerged as
new group of materials for photovoltaic applications. Drastic
development from a power conversion efficiency of 3.8%
recorded in 2009 (Kojima et al, 2009) for the first perovskite
solar cell to a record of 25.7% in 2022 (Min et al., 2021) has
enabled their potential use in MJSCs.

Perovskites have an ABX; chemical structure where A and B
are cations and X is a halide. The flexibility in the choice of
cations and anions in the perovskite structure and the use of
cheaper raw materials cause the costs to be relatively low
compared to III-V semiconductors thus enabling a lower cost-
to-efficiency ratio (Snaith, 2013), which is the single most
important  parameter in  delaying the  widespread
commercialization of III-V MJSCs. Methylammonium (MA)
and formamidinium (FA) are usually the A cation, with Pb or
tin (Sn) as the B cation. The X halide is varied between bromine
(Br), chlorine (Cl) and iodine (I). Methylammonium lead iodide
(MAPDI;) has been identified as a cost-effective, high-
performance semiconductor absorber and has undergone
major research over the last decade. MAPbCl;, MAPbBr;,
MASnI;, FAPbI; and FASnl; round up the other popular
organic-inorganic lead or tin halide perovskites (Ansari,
Qurashi and Nazeeruddin, 2018). These perovskites exhibit
high absorption coefficients which are comparable to GaAs
semiconductors (De Wolf et al, 2014), high electron-hole
diffusion lengths which can even exceed 1 pum (Stranks et al.,
2013), high charge-carrier mobilities and low exciton binding
energy (Ansari, Qurashi and Nazeeruddin, 2018). Compared to
Si, MAPDI; have one and two magnitudes higher absorption
coefficient in the green and red region respectively. Only in the
blue region, Si and MAPbI; perovskites have equivalent
absorption coefficients (Yakunin et al, 2017). Next, the
bandgap of the perovskite can easily be tuned by changing the
halide composition. For example, by changing the I-to-Br ratio in
the perovskite MAPb(Br;_,I,), the band gap can be adjusted from
1.6 to 2.3 eV. Like III-V materials, this is a major advantage,
perovskites display over Si (Yakunin et al., 2017). The scale up
from lab to industrial scale for large commercial deployment of
perovskite based MJSCs is realistically attainable in the near
future as this is a hot spot for research and development as a spill-
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over effect from the success of perovskite based single junction
solar cells (Li and Zhang, 2020). In addition, the fabrication of
perovskite films via solution process has fewer steps, is
inexpensive and the film composition can easily be adjusted.
This is and III-V
semiconductors (Niu, Guo and Wang, 2015). As a result,

another major advantage over Si
perovskites can be a viable alternative to replace III-V
semiconductors partly or fully in a MJSC at least for
commercial and residential applications.

However, like any technology, perovskites have their own
drawbacks, which need to be ameliorated before wide-scale
deployment. The most pending problem of perovskites is their
environmental instability. Especially, perovskites are extremely
sensitive to oxygen and moisture, with are inevitable
contaminants during the assembling and testing procedures.
For example, MAPDI; hydrolyzes instantly causing irreversible
degradation in the presence of trace amounts of moisture. Hence,
almost all the manufacturing is conducted in small quantities
inside a glovebox filled with an inert gas such as argon, increasing
the fabrication and labor costs (Niu, Guo and Wang, 2015; Wang
2016).

incompatible with stable solar cell operation. For examples,

et al, Temperature instability of perovskites is
perovskite layers delaminate already at temperatures as low as
85°C in ambient atmosphere (Conings et al., 2015; Wang et al,,
2016). In other study, fast degradation of MAPbIS; is observed as
the temperature gets near 100°C, but it is even more alarming that
MAPDI; slowly decomposes to Pbl, at elevated temperatures
even under an inert atmosphere such as argon (Philippe et al.,
2015). Finally, as perovskites are derived from dye-sensitized
solar cell architectures, they also have the same ultraviolet (UV)
light degradation. The charge collection efficiency of TiO,
electron transport layer deteriorated over a period of 5h when
tested in an ambient condition of 1 Sun illumination and AM
1.5G spectrum. This deterioration is due the electrons injected
into the TiO, being trapped in deep lying unoccupied states
(Leijtens et al., 2013; Wang et al., 2016).

The aforementioned stability problems highlights that for
space and CPV applications, perovskites are unable to match the
superior thermal and chemical stability offered by III-V
semiconductors because under UV light, high temperatures
and extreme pressure conditions, perovskites can decompose
due to changes in the crystalline phases causing the absorbers to
be unstable (Niu, Guo and Wang, 2015).

At the current level of development, the extremely short
lifetime resulting from the ambient stability issues seems worlds
apart compared to the high end-of-life efficiencies offered by Si
and ITI-V based solar cells even after 25-30 years. Researchers are
continuously working on developing novel solutions for the
the
commercialization and the possibility of dethroning Si as the

aforementioned  problems in  perovskites  for
leader in solar cell technologies. After all, no one could have
predicted such a monumental rise of perovskites in such a short

period of time.
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(A) Schematics and (B) cross-sectional scanning electron micrograph of 3-J solar cell with perovskite materials for all absorber layers (Xiao et al.,

2020).

Combining photovoltaic technologies

III-V, perovskites and Si are co-dependent on each other for the
pathway to success of the MJSCs in the terrestrial market. It is well-
established that Ge in the bottom sub cell of a traditional 3-J solar cell adds
up to a hefty chunk of the total cost. Si was the first candidate to be studied
as a possible replacement for Ge in a IlI-V MJSC, promising up to a 70%
of the cell cost reduction (D’Souza et al., 2011). On one hand, Si bottom
cell is more beneficial towards high efficiency MJSCs because of the
voltage and fill factor gain by the substitution. This is a consequence of a
better bandgap and current matching provided by the Si (Derendorf et al,,
2013). On the other hand, formation of defects during compound growth
along with problems related to reliability and reproducibility has hindered
Si into competing with other tandem cell technologies rather than being
the outright best candidate as in single-junction solar cells. However,
processes such as heteroepitaxial growth, mechanical stacking and wafer
bonding ensures that III-V//Si produces the best performance at
competitive costs (Yu, Rabelo and Yi, 2022). In 2021, the 359%
efficiency was achieved for 3-J III-V absorbers with Si when measured
under terrestrial AM 1.5G spectrum. This monumental record is a proof
that there is a real possibility in the near future that the MJSCs will be
competing with conventional single-junction solar cells in terms of
production costs due to higher material availability (Schygulla et al., 2022).

Perovskite materials can also be combined with III-V or Si in a
tandem solar cell and the performance can be boosted to >25% by
collecting the reflected light (i.e., bifacial configuration) as well as
structuring of solar cell layers (De Bastiani et al., 2021). All-perovskite
M]JSCs have been realized based on three perovskite cells with different
bandgaps (Figure 12A) (Xiao et al, 2020). This prototype MJSC
already shows efficiencies of >20%, despite imperfections within the
layers (e.g., polycrystallinity) and at the lattice-mismatched interfaces
(Figure 12B). It is predicted that 3-J perovskite solar cells can reach
efficiencies of 33% (Horantner et al., 2017). However, as mentioned in
the previous section, the inherent stability problems of perovskites need
to be immediately addressed to scale up from lab scale to industry.
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Effects of fabrication optimization (increased material

utilization and throughput) on the cost of 1l1-V//Ge multijunction
solar cells. Image adapted from (Horowitz et al., 2018).

Among other emerging photovoltaic technologies are
chalcogenide quantum dots (Lin et al., 2019) and organic
solar cells (Mazzio and Luscombe, 2015). Lead (II) sulfide
(PbS) quantum dots (QDs) are the most studied, bringing
unique advantage of size-dependent electronic properties,
such as the band gap (Gocaliniska et al., 2010) and mobility
(Yazdanietal, 2014). Both QDs and organic materials possess
additional fabrication advantage of liquid-phase deposition of
thin films via, spin-coating, spray-drying or printing (Lin
et al,, 2021). Due to easy non-vacuum fabrication, QDs and
organic solar cell layers can be integrated with other
photovoltaic technologies, for example amorphous Si cell
reaching efficiencies of >12% for PbS/Si (Kashyap et al,
2020) and 11.7% for organic/Si (Roland et al, 2015)
tandem cells.
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Optimizing production lines

Increasing production volume can cause an overall cost
reduction due to learning-by-doing and economies-of-scale.
MOVPE tool costs are predicted to reduce by 10-15% with
high production volumes and increased automation.
Furthermore, improved tool utilization can lower total
labor costs (Figure 13). For example, when increasing the
growth rate from 15 um/h to 60 um/h with a 95% yield for
MOVPE and HVPE, the production costs reduce by $0.5/W
for 2-] solar cells. Research and development of a continuous,
in-line gallium nitride (GaN) MOVPE reactor which
increased the batch sizes for LED growth resulted in a
higher throughput thus reducing the costs by half
(Figure 13, third bar) (Horowitz et 2018). This
technique doesn’t exist in 2022 for MJSC growth but is

feasible in the future. Dynamic-HVPE has demonstrated

al.,

growth rates of 195 um/h, where the reaction chambers are
spatially separated enabling the production of high-quality
materials with high throughput. The pseudo-in-line reactor
has been demonstrated for 2-J solar cells in lab scale which
could be scaled to use each chamber for deposition of
preceding layers (Horowitz et al., 2018).

Future of concentrated photovoltaics

Along with wind and hydropower, MJSCs in CPV installations
can contribute to the renewable energy harvesting using solar power
to accelerate the energy transition for a sustainable future. The
current CPV market is valued at $740 million and is expected to
double in 2026. MJSCs for CPV have a lower upfront cost than wind
farms and hydropower dams. Among other advantages are the
potential double use of land for CPV such as agriculture or more
stable energy production during the day owing to solar position
tracking.
displacement of land and habitats during construction and

In contrast, hydropower and wind require the

operation causing high negative environmental impact.

On the other hand, disadvantages include CPVs requiring
additional energy storage for discharge during off-peak hours,
whereas dams can use pumped storage. Next, CPV installations
have lower efficiencies compared to wind (45%) and hydropower
(90%). Additional optical losses and lack of technology
standardization increases the risk as MJSCs are new technologies
with a small history of production in industrial scale. Lastly, CPV
can only be installed with high DNI so there is a limited choice of
locations for CPV modules (Wiesenfarth et al., 2017).

Conclusion

Single junction solar cells are limited by the S-Q limit at a
maximum efficiency of approximately 33%. MJSCs are
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proven to be the champion among all the solar cell
technologies both in laboratory and module scale with the
use of multiple semiconductor absorbers to attain record
efficiencies. MJSCs have a record efficiency of 47.1%
(26.7%). M]JSCs double the
performance with research and development directed into

compared to Si offer
novel concepts and materials to further increase the efficiency
by reducing thermalization and transmission losses. These
records are currently set by altering doping, elementary
compositions, and thickness in high quality epitaxially
grown III-V semiconductors. However, complexity of
and the

throughput resulting from slow growth rates has deterred

fabrication, rarity of crucial materials low
the wide-spread commercialization of MJSCs for CPV
applications due to the high manufacturing costs.

Preceding sections in this review arrives at one major
conclusion. Manufacturing costs of the MJSCs needs to
decrease by an order of magnitude to overtake other
photovoltaic  technologies. Innovation in fabrication
processes, research into alternative materials such as Si
and perovskites and recycling techniques is undoubtedly
the key to propel MJSCs to gain ground on conventional
Si and thin film technologies in the next decade. As a result,
leading the acceleration of energy transition to meet climate
and energy demand goals from the solar energy front. Since
perovskite solar cells have not yet been commercialized on a
wide-scale, fully III-V based, or III-V//Si MJSCs are
recommended for the immediate integration in power
grids as these are mature technologies that has a proven
track record of performance. The exponential development
of perovskites over the past decade is expected to continue
and, in the future, they can provide a cost-effective alternative
to III-V materials either in a fully perovskite, III-V//
perovskite or a perovskite//Si tandem MJSC.

On the other hand, currently, MJSCs hold several niche
applications for which long-term stability, resistance to
radiation damage and limited surface area are more
important factors than the module price. In addition, each
MJSC module is profitable, e.g., taking a lifetime of 25 years,
the return cost is predicted as double the initial manufacturing
costs (Hussain and Kim, 2019). Finally, energy payback time
for MJSCs is on par with the mainstream Si solar cells, between
8 and 16 months depending on the operational site and
(Peharz 2005). Thus,

demonstrating that fabrication costs are the only impeding

configuration and Dimroth,
factor for MJSCs to grasp more of the terrestrial applications

for solar energy.
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