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Abstract

Nowadays, with all their different forms, tandem cells are considered on top of the modern fields that many researchers try to
explore all over the world. Both theoretical studies and applied technologies are struggling to realize the theoretical limit of the
single-cell efficiency (~30%). Many kinds of tandem cells can be gathered together in different categories. Concerning the
materials used, they are classified into organic, inorganic, and hybrid. But sometimes, they are classified, focusing on the
connections used for sub-cells — stacked, optical splitting, or monolithic. Halide perovskite-based solar cells have acquired
great significance in recent years. They gained a major interest because of their cheap and simple manufacturing as well as fast
efficiency improvements. All these advantages have already met those of the industrially prevailing multi-crystalline silicon.
Integration of perovskite absorber materials into multi-junction cells encourages researchers to exceed the limits of silicon-
based technology and run after higher power transforming efficiencies. Layering many absorbers solar junctions stacked one
above the other helped in the absorption process throughout the solar spectrum, hence, more energy could be obtained from
sunlight. Two qualities caused perovskites to become the ideal candidates: First, the availability of adjusting the energy gap of
perovskite materials to a great extent. Second, the capability to produce high open-circuit voltages from wide-bandgap
absorbers. Perovskites could be used combined with or as an alternative for silicon (Si) in photovoltaic technologies. Those
technologies were used practically and could be collected in architectures of hybrid tandems or layered in all multi-junction
perovskite cells. In this review, many opportunities for perovskite multi-junction cells were tested in an attempt to find out new
developments via inspecting possibilities.
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1. Introduction

It is a must for our planet to seek clean renewable
energy resources replacing fossil fuels. The harm
caused by greenhouse gas releases is unimaginable.
Solar energy, surely, is one of the most influential
energy resources and solar cells are the prominent
model to embody solar energy usage. Consequently,
and owing to the fact that solar energy is extremely
beneficial, photovoltaic appliances with high
conversion energy are demanded. A photovoltaic (PV)
solar cell is a solid-state semiconductor device that
converts sunlight to electricity without any greenhouse
gases, emissions, or pollution during operation [1].
Silicon solar cells are kept in the control of a great
proportion in the market [2] since silicon is bountiful,
stable, non-toxic, and plays an important role in
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semiconductors and their development. Suddenly,
technology interfered, and measure units became sturdy
with low costs of manufacturing. Studies admitted that
the silicon solar cells had great qualities, but
disadvantages revealed in inadequate absorption and
limiting efficiency. So there had to be a different
technique followed to evolve its performance. In the
last years, efficiency in perovskite applied science has
clear advance. Perovskite materials had a hearable
effect in the photovoltaic technology as it showed to
meet the needed qualities such as high absorption
coefficient (4.3206 x10° cm™ at 413 nm) [3], high
dielectric constant [4], and inconstant energy gap (1.51-
3.0 eV) [4]. Solar cells, based on perovskites, are
devices invented to work upon a very simple idea. This
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achieves lower manufacturing costs and gives the
ability to face silicon technology in the predictable
future [5]. A model of perovskite solar cell consisted of
five various layers involving anti-reflective layer,
transparent conductive oxides (TCO) layer, electron
and hole transport layer (ETL and HTL), and rear metal
contact.
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Fig. 1 a) A stacked tandem solar cell. b) A monolithic
tandem solar cell [21].

In the case of solar cells with a single junction,
thermalization occurs. This phenomenon occurs when
higher energy photons are absorbed, but as heat, part of
the energy is lost (excess energy). One of the main
targets for the expected techniques was to minimize
thermalization leakage by applying a form of a multi-
junction. A tandem solar cell was created in a shape of
a combination between the bottom of a narrow band
gap cell and a wide band gap cell. As shown in Fig. (1)
in tandem devices, photons with high energy are reaped
by a wide band gap top cell while a small band gap
bottom cell absorbs low-energy photons uncaptured by
the wide band gap top. Tandem solar cells could be
defined as multi-junction photovoltaic devices with two
sub-cells that are accumulated together or stacked to
serve in a stronger broader solar absorption [6].

Tandem solar cells surmount single-cell devices in
many qualities. Different sorts of tandem solar cells
have been examined: organic/organic (small molecules
[7,8], polymers [9,10]) solar cells, dye-sensitized solar
cells (DSSC) [11-14], inorganic/inorganic (amorphous
and microcrystalline silicon (a-Si/ p c-Si) [15,16]) solar
cells, and hybrid (DSSC/ Cu (In, Ga) Sez, [17,18]
DSSC/Si [19, 20]) solar cells.

This review aims at presenting a complete survey of
perovskite-based multi-junction PVs. Expressing the
steps of its development and conveying a general
description of the field today and its perspective. The
article analyzed the different patterns of multi-junction
cells. It presented a halide perovskite attempt for multi-
junction cell personification and evaluated the actual
condition of the art. The review discussed the limits of
these devices theoretically with some illustrating
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models and finally by facing the challenges that stick
around this technology.

2. Tandem Architectures for Solar Cells

Semiconductor layers were set as the most
significant elements of a solar cell; they were
considered the backbone of such devices. Converting
energy of photons into electrical depended mainly upon
several various semiconductor substances, each of
which had its advantages and defects. When the
absorption of light occurs, photons energies are
absorbed by electrons in the valance band of the
semiconductor substance and jump into the conduction
band. Nevertheless, the resulting surplus energy from
photons with higher energy than the bandgap gets
consumed in thermalization. In this process, the
energetic electrons are eased to the edge of the
conduction band leading to a decline in the device
efficiency. To avoid such conventional restraints in PV
performance, tandem (two-junction) or multi-junction
(two or more junctions) solar cells applied various
layers of absorber with different bandgap. The
efficiency limit for the single-junction solar cells has
reached 33.7%, whereas the potential efficiency for the
double-junction tandems theoretically reaches 46.1%.
In the design of perovskite tandems, three basic
architectures were put into account: mechanically
stacked (Fig. 2(A)), monolithically integrated (Fig.
2(B)), and spectrally split.
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Fig. 2 Architectures of (4T) stacked (A), (2T)
monolithically integrated (B) CHsNH3sPbl; perovskite /
silicon tandem solar cells [22].

Flexibility in designing and processing is one of
the prominent characteristics of mechanically stacked
tandems. The pre-developed single-junction design
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considerations are applied to the tandem by different
fabrication. The top and bottom strings of the cell in the
module can be manipulated to match the voltage or the
current among the strings to permit formation as well
as installation for the simple module [23].

The merit of monolithically integrated tandem was
its efficiency and the low affordable expenses of its
industry. However, the mechanically stacked tandem
needs four electrodes, three of which had to be
transparent. Still, two electrodes were demanded in the
case of monolithically integrated tandem, and only just
one had to be transparent. The monolithically
integrated tandem could be classified later depending
on the intermediate layer that helped connect the two
sub-cells electrically. This middle layer could be either
a band-to-band tunnel junction or a layer that was
intermingled via a thin metal or a transparent electrode
to perform as a recombination site [24, 25]. A proven
option of Band-to-band tunnel junctions is used in 11—
V tandem solar cells [26]. Spectral splitting [27]
gathered both of the good characteristics of
monolithically integrated and mechanically stacked
tandems, but the way of how to produce it widely
through industry was ambiguous. This architecture was
only attainable in high-concentrator systems because of
the high cost of the dichroic mirrors and the physical
geometry of the spectrally split system.

3. Bandgap Tunability of Perovskites

As we mentioned before, perovskite solar cells
(PSCs) occupied most of the scientific thought recently
owing to their low expenses, bandgap tunability [28-
31], high absorption coefficient [32] and high carrier
diffusion lengths [33]. As observed, power conversion
efficiency (PCE) of PSCs had raised quickly from 3.8%
in 2009 [34] to a basic steady-state rate of 22.7% in
April 2018 [35,36]. A favour returned to a Gustav Rose
who discovered calcium titanate (CaTiOs) in 1839 in
the Ural Mountains of Russia and named after Russian
mineralogist L. A. Perovski (1792-1856) [37]. It was
regarded as the core perovskite, and all the materials
that resembled the kind of the crystal component as that
of CaTiOzwere called the perovskite materials
(structure). The distinct physical qualities of perovskite
substances obtained great attention in optoelectronic
and photovoltaic applications. For metal halide
perovskites, that mostly focused on methylammonium
lead halide (CH3NHsPbX3) and cesium lead halide
(CsPbX3) perovskites were the most common models.
Halide perovskite structure had early occurred at
CsPbXzin 1958. Consequently, research and
discussions began in the 1970s on methylammonium-
based perovskites, and those substances were
highlighted as a result of the new beneficial optical and
electrical qualities. Such substances were investigated
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for the sake of field-effect transistor (FET) and thin-
film light-emitting diode (LED) applications. The first
discovery in methylammonium halide (MAX3;)
perovskites existed into action as found in light-
absorbing materials through the photovoltaic appliance
by Miyasaka et al. [38]. The perovskite materials are
also used on a large scale in waveguides, nanolasers,
and photodetectors [39-43]. The condition of
perovskite art materials consisted of ABX3 (AMX3)
formula for the chemical composition, where X
indicates anion, usually halogens or oxides. At the same
time, A larger than that of B and both of them are
cations. Various patterns of perovskite materials as
halide perovskite (ABX3) and chalcogenide perovskite
(AMOs3) were ranked again as organometal halide and
alkali halide. A is a tiny organic or inorganic cation
with a +1 charge as cesium (Cs), methylammonium
(MA) or formamidinium (FA). Tin Sn, germanium Ge
or lead Pb are examples for B which B refers to as a
metal cation with a +2 charge.

In contrast, iodide X, chloride CI, and bromide Br
are other examples for X and X halide anion with a -1
charge, as demonstrated in Fig. (3). It was observed
that by changing the proportion between | and Br in
MAPb (IxBrix)s, the bandgap of the perovskite still
could range around 1.6 to 2.3 eV. Furthermore, if the
formation of Sn were added, it could be induced into
~1.2 eV [44]. This peculiar privilege of perovskites
made them so glamorous for multijunction or tandem
solar cells [45].

Fig. 3 Crystal perovskite structure [46].

Most digital studies clarified that the main reason
behind the bandgap adjustment was embodied in the
variable density of states. Such density resulted from
the insertion consequences of different anions and
cations on the length and angle of the X—Pb—X bond
and the different chemical structures [38]. Alloying Sn-
based and Pb-based perovskites were examined to
produce lower bandgaps than neat Sn or Pb materials,
decreasing into ~1.2 eV [35]. As it was clear,
perovskites could lead to the minimum bandgap needed
for the narrow-gap sub-cell in a tandem appliance.
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Fig. (4A) describes the design of a double-junction
cell by the monolithic technique and the map of related
theoretically modeled bandgap/efficiency gained
through exploiting realistic material advantages by
simulations. Coming to the device architecture, it had
a potential efficiency of >32% whenever a 1.12 to 1.2
eV bandgap bottom cell (either perovskite or silicon)
and a perovskite top cell with a bandgap of 1.7- to 1.8-
eV were merged [45]. Once a triple-junction
formulation was converted, there was an expected
efficiency rise to >35% when applying 1.45 and 1.95eV
perovskite intermediate and top cells above silicon as
presented in Fig. (4B). The unique perovskite
substance for practical application mixed with silicon
(Si) would have a bandgap of about 1.7 eV.
Nevertheless, it was also observed that the light-
induced phase-segregation mechanism caused the
mixed halide perovskites to endure in an obvious way,
as first announced by Hoke et al [48].
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Fig. 4 Configurations of multijunction Perovskite
solar Cells: A) Map of theoretical bandgap/power
conversion efficiency (PCE) of dual-junction devices,
B) Triple-junction perovskite/perovskite/silicon device
power conversion efficiencies [47].

This explained that under the process of
illumination, materials of mixed iodide-bromide
perovskite separated into the bromide-rich and iodide-
rich area. It was noticed that these zones included more
various bandgaps than homogeneous mixed-halide
perovskites. In other words, it was told that there was
an obvious unsteadiness in the bandgap under
illumination as noticed by the photoluminescence
valued for a mixed-halide film. Fig. (5) witnessed the
change; the fundamental top of photoluminescence to a
homogeneous MAPb (Broalos)s films at 1.85 eV was
getting lower step by step under illumination the
summit 1.68 eV was shown since the I-rich zones
photoluminescence was demonstrated. The lowest-
energy photoluminescence had significantly marked
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the bandgap. As a result, it jumped from 1.85 eV to 1.68
eV. Phase segregation caused carriers to be gathered so
fast in the minimum-bandgap regions via energy waste
and by minimizing the desired open-circuit voltage
(Voc).

Photoluminescence measurements grabbed the
process of stage segregation: by time a red-shifted peak
occurred simultaneously with the hiding of the basic
peak. The impact of this photoinduced was metastable
and could be converted if the mixed halide perovskite
remained in the dark. By illumination experiments, a
harmful outcome occurred, the working PSCs sustained
by a shortage defect in open-circuit voltage (i.e., Veficit
= Eg/g — Vo , where q is the primary electron charge )
on a lot of levels standard mixed halide perovskite
structures as shown in a modern review by Unger et al
[31]. Whenever the voltage was concise, the maximum
power conversion efficiencies were assessed and won’t
be achievable. Thus, the application of mixed-halide
perovskites appeared non-perfect in tandem solar cells.
Such a defect reflected that photoinduced separation
consequence only occurred with mixed halide
compositions but not exist with pure iodide or bromide
ones. The appearance of sub-bandgap defect or ““trap’
States led to the mentioned deficiency [48] in the
photonic phase separation. The deficit in voltage was a
rigid barrier to express high-efficiency perovskite
tandem and multijunction solar cells.
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Fig. 5 MAPb (Br0.410.6); methylammonium-based

mixed-halide perovskite under Photoluminescence
(under 457 nm, every 5s) [50].
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A detailed investigation as declared in Fig. 6, this
following photo-induced degradation mechanism
which had blocked the usage of high-bandgap
substances inside tandem solar cells, even in the
recorded appliances, which chose to use 1.55- to 1.63-
eV top perovskite cells on silicon on behalf of higher or
more optimal bandgaps [49].
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4. Evolution of Perovskite-Based Tandem Solar
Cells

This study presents a deep global perception of the
state of the art of perovskite tandem solar cells and
discusses all the influential degradation matters
involved in this technology. All the eyes were dedicated
to perovskite material and how the solar cells
performed in high quality for their application. Mixed
halide perovskites anticipated its unique advantage for
bandgap engineering. Where the bandgap could be
ranged between 1.51eV and 3.0eV [51-54]. The rise in
the absorption coefficient of the mixed halide
perovskite returned to the adjusted rate of its bandgap.
The idea of tandem technique is based upon a
sophisticated method in order to strengthen the
efficiency of Si solar to reach a greater percentage of
the solar spectrum and transform it into electricity. The
mission’s target was to concentrate on designing for a
type to serve any different perovskite tandem solar cells
with the help of SCAPS-1D simulation. The absorption
coefficient, the thickness of the absorber layer and
dopant concentration acted as the elements which
enhanced the solar cell performance. The so modern
swift development of photovoltaic and optoelectronic
devices returned to the organic-inorganic hybrid halide
perovskite. Furthermore, perovskite shared great fame
in the common market of the solar cell because of its
own ability for simple film deposition via vacuum or
solution-based attempts.

When the actual application of the perovskite solar
cell concerning its theoretical limitation took place, it
was like a sign to go beyond the S-Q limit. Two main
problems hindered the single-junction perovskite
devices in (1) demonstrating a higher PCE in the below
bandgap transmission or (2) thermal relaxation of hot
charge carriers. The clue to overcome such an obstacle
lay in constructing a tandem junction device that
included a bottom cell mainly based on the most
common solar cell approaches as silicon (Si) and
copper indium gallium selenide (CIGS) and a top cell
with a greater bandgap absorber. To improve the state-
of-the-art solar cell technology, it was a critical need to
a breakthrough using the organic-inorganic hybrid
perovskite materials with ~1.55 eV bandgap as the top
cell in further.

The efficiency of perovskite solar cells reached
more than 20% using an expensive Spiro-OMeTAD
layer [55]. Spiro-OMeTAD/ MoOy layer acted as a
significant hole selective layer to influence the
transparency in May 2015, by Yang (Michael) Yang in
his design. Here, the top layer (MoOy) could be
regarded as the layer of antireflection, as shown in Fig.
6. Although it was not easy to reach the antireflection
stage for all the absorption spectra, the best thickness
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level of this layer depended basically upon a certain
photovoltaic system. In June 2015, Yao-Tsung Hsieh,
Yang (Michael) Yang and Qi Chen had effectively
presented a multilayer top transparent electrode for
hybrid halide perovskite solar cells [56].

Au seeded Ag layer
MoOx

spira-OMeTAD

TiOx
TO

"

CIGS solarcell

Fig. 6 Device structure, reproduced from [56].

The electrode  exploited the traditional
dielectric/metal/dielectric structure to formulate a
razor-thin gold seeding layer below the silver layer. The
gold (Au) seeded silver (Ag) film conveyed developed
conductivity and transparency compared to the
unpolished Ag or Au detected from changing the
moistening qualification of the metal deposition. The
semi-transparent illuminated solar cell based on
perovskite from this multiplayer top electrode reacted
efficiently with 11.5% and displayed approximately no
loss of FF and V. compared to the ordinary device. In
the following step, this top perovskite cell was attached
to a solution-processed bottom cell CIGS and was
designed to be a four-terminal tandem device, pushing
with a mixed power conversion efficiency 15.5%. That
performance didn’t just present an easy way for the
transparency of top electrode of perovskite solar cells.
Additionally, it reflected awaited path for getting a
more refined current solar cell efficiency via the help of
tandem perovskite - CIGS solar cell structures.

As Yao-Tsung used copper indium gallium selenide
(CIGS) as a bottom cell, other researchers also
fabricated another 4-terminal tandem device. As we
know the semi-transparent solar cells based on
perovskite gained the main focus for their huge area of
application as tandem and bifacial solar cells.
Nevertheless, the power conversion efficiency for
semi-transparent devices remained retarded owing to
the non-occurrence of the supposed transparent rear
electrode or deposition operation. At that time, a new
low-temperature process for the efficiency of semi-
transparent planar perovskite-based solar cells was
declared by Fu and his team in July 2015 [57].
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In Fig. (7a), an approach of hybrid thermal
evaporation—-spin coating was applied to insert the
fullerene derivative [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM) in the appliance composition to
promote the existence of high-quality absorber and
appliances that are free from hysteresis. They applied a
room-temperature radio-frequency magnetron spraying
technique to employ transparent rear electrodes from
high-mobility hydrogenated indium oxide.
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Fig. 7 a) Thermal evaporation/spin coating process for
deposition of perovskite layer. b) (EQE) of 4-terminal
tandem device (CIGS (e blue line), CIGS bottom cell (o
blue line) and Perovskite top cell (red line)) [57].

Also, due to the advantages of zinc oxide as it has
a wide gap with high electron mobility due to its
advantages. It is widely used as a hole blocking and
electron transport layer through photovoltaic devices
such as hybrid, dye-sensitized, organic solar cells, and
PSCs [58-60]. They used zinc oxide with a thickness of
100 nm instead of high-temperature-processed titanium
dioxide (TiO). They produced a semi-transparent solar
cell with a stable efficiency of 14.2% as well as 72% as
average transmittance in the close-infrared zone. A
significant power improvement was shown with such
semi-transparent appliances when they were serving as
a bifacial solar cell. After all, they revealed an
efficiency of 20.5% for 4-terminal tandem structure
when added to bottom cell (CIGS). Fig. (7b) showed
the four-terminal tandem device's External quantum
efficiency (EQE) spectra.

In the same month, some researchers used gold as a
transparent electrode. To reimburse the wasted thermal
energy of silicon solar cells in any tandem devices,
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perovskite solar cells with transparent contacts should
be applied. This offered a way to border languished
efficiencies. Nevertheless, perovskite top cells needed
high electrical conducted contact layers altogether with
perfect and clear transparency. In July 2015, Lang and
coworkers directed the issue by carrying out a big
graphene area raised by chemical vapor deposition and
considered it an extremely transparent electrode in
tandem perovskite solar cells. Here the result would be
a typical charge accumulated efficiency. The electrical
reaction of solar cells with a graphene-based contact
came to those of solar cells with leveled golden contacts
can be observed in Fig. 8. By far, the optical
transmission surpassed that of the actual devices and
amounts to 64.3 % under the perovskite bandgap [61].
At last, a four-terminal tandem device described
combining a graphene-contacted top wide bandgap

(Eg=1.6 eV) perovskite solar cell and an
amorphous/crystalline silicon bottom solar cell
(Eg=1.12 V).

graphene

hv

a0 0, O ol

=

Fig. 8 Structure of 4T tandem solar cell [61].

After one year of Felix Lang's work, Jin Hyuck
Heo and Sang Hyuk used a simple lamination technique
to fabricate a new (MAPbBr; —-MAPDI3) perovskite—
perovskite tandem solar cell, In June 2016 [62]. It was
possible to apply that easy technique because the
conductivity from the support of Li/Li + redox shuttle
of the thick hole conductor PTAA or P3HT with t-BP
and Li-TFSI additives had been strengthened. Hence,
the pristine thick hole conductor poly (triaryl amine)
(PTAA)or Poly(3-hexylthiophene-2,5-diyl) (P3HT)
could not carry the holes adequately to the
HTM/PCBM because of the poor conductivity. As
shown in Fig. 9, the series tandem solar cell MAPbBrs—
MAPbI3 with 8.3 mA cm™2, Vo= 2.25 V, 10.4% 1 and
56% FF could be designed by making the MAPbBr;
and MAPDI; cells as a sandwich. Through
investigation, this technique was reported simply as the
most beneficial way to manufacture tuned bandgap
tandem solar cells of Perovskite-Perovskite,
Perovskite-Si and Perovskite-CIGS and they were the
ready procedure to provide with solar fuels.
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Fig. 9 Perovskite—perovskite (MAPbBr; —MAPbIs)
tandem solar cell, reproduced from [62].

In July 2016, Jeremie Werner and his co-workers
conveyed an efficiency of 14.5% on a 1 c¢cm? near-
infrared transparent perovskite solar cell within
contrast to 16.4% on 0.25 cm? Four-terminal
tandem calculations with 25.2% steady-state efficiency
on a 0.25 cm? top cell were displayed via mechanically
stacking these cells with heterojunction silicon cells.
The advanced top cell processing systems served
20.5% efficiency with 1.43 cm? great monolithic
perovskite/silicon tandem heterojunction solar cells. It
produced a rear-side layered bottom cell to add for its
near-infrared spectral response [56]. Briefly, all
scientists in that field tried to differentiate the formation
of tandem to introduce efficiency-limiting factors and
investigate extra performance attempts. Fig. 14: 4-
terminal mechanically stacked tandem: NIR
transparent perovskite top cell/silicon heterojunction
bottom cells. In July 2016, Jeremie Werner and his co-
workers conveyed an efficiency of 14.5% on 1 cm?
near-infrared transparent perovskite solar cells
compared to 16.4% on 0.25 cm?. Four-terminal tandem
calculations with 25.2% steady-state efficiency on a
0.25 cm? top cell were displayed via mechanically
stacking these cells with heterojunction silicon cells.

The structure below (Fig. 10) showed four-terminal
tandem calculations with 25.2% SteadyState efficiency
for a 0.25 cm? top cell were displayed via mechanically
stacking these cells with heterojunction silicon cells.
The advanced top cell processing systems served in the
industry of 20.5% efficient with 1.43 cm? great
monolithic perovskite/silicon tandem heterojunction
solar cells [63]. It produced a rear-side layered bottom
cell to add for its near-infrared spectral response.
Briefly, all researchers in that field tried to explore
different ways of producing tandems to eliminate
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efficiency-limiting factors and investigate higher
performance methods. After a few months, two and
four-terminal (perovskite-perovskite) tandem solar
cells with matched bandgaps were offered by Giles E.
Eperon, Tomas Leijtens, and Kevin A. Bush in Nov
2016. Their breakthrough was the improvement of
perovskite with a bandgap of 1.2ev for absorption under
infrared, FAo.75CS0.255N0.5Pbo 513, which could anticipate
14.8 % efficiency. By controlling the substance via
adding a wider bandgap FAos3Cs0.17Pb(losBros)s
substance, 17.0 % monolithic 2-terminal tandem
efficiencies with open-circuit voltage >1.65 volts were
completely achieved. Moreover, stacked four-terminal
tandem cells were also mechanically made and
obtained 20.3 % efficiency [64].

Parovskite top cell

Fig. 10 4-terminal mechanically stacked tandem: NIR
transparent perovskite top cell/silicon heterojunction
bottom cell [63].

It was mostly detected that the perovskite cells of
infrared absorbing provided incredibly excellent
thermal and atmospheric stability for Sn-based
perovskites. In Dec 2017, Mahedi Habib and his co-
workers focused on the low-cost solar cell with high
efficiency by choosing Si instead of GaAs whose cost
was incredibly high for worldly matters to making
tandem solar cell (c-Si solar cell with a perovskite solar
cell). They had created a conceptual scheme for giving
simplified 2-terminal perovskite/c-Si tandem solar cells
(Fig. 11). By extermination, the advanced model
witnessed that the efficiency could be developed by
making the tandem including Perovskite and Si. The
Perovskite-Si tandem solar cell registered for the
highest efficiency reaction of 31.8547 %, Jsc = 38.2395
mA/cm?, Voo = 0.9995V and FF=83.3487% [49].
Perovskite optimum thickness layer (CH3NHsPbls) was
accounted to be 6um for the perovskite solar cells
because a better electrical quality could be appeared
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and displayed at that degree. Furthermore, the donor
concentration of CHsNHsPbl; was the most initial
factor for the Perovskite-Si tandem. The Current
matching situation had also been accomplished by
diverting these parameters. There was a prominent
impact parameter of the transport layer on the behavior
of tandem cells and on the options of explaining and
designing low cost, high efficiency with stability
tandem solar cells. The characteristics of this cell
architecture were embodied in the highest efficiency of
silicon-based single-junction; high potential inferred
through the thin-film emitters structure. Such qualities
were shown in higher Voc values than traditional
Crystalline silicon (C-Si) based homojunction. One of
the displayed advantages was any voltage gain is due to
the two stacked cells.

F Crouaros |

c-31 BSF (P+)

Fig. 11 Perovskite/Si tandem cell reproduced from
[49].

Giles E. Eperon wused tin-lead perovskite
(FA0.75Cs0.25Sn0.5Pb0.513) as a low gap perovskite
material in 2016 Leijtens, Tomas and Prasanna used the
same material in Aug 2018. They revealed the
production of monolithic all-perovskite tandem solar
cells with a 19.1% conversion power efficiency, as
shown in Fig 12. The cells also displayed the tin-lead
perovskite's more developed operational, atmospheric
and thermal stability, helping as a low gap absorber.
Thick and uniform tin-lead perovskites were
constructed via a lane, allowing the two-terminal
tandem to gain 80% of external quantum efficiencies in
the near-infrared. All that was to achieve a strong
current density that coped with the two-terminal
tandem through post-processing to the as-deposited tin-
lead perovskite films with the help of
methylammonium chloride vapor. In their experiment,
grain sizes were raised to over a micron, and the open-
circuit voltage of the solar cell was fostered and fill
factor.
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Fig. 12 FA0.75Cs025SnosPbosls perovskite tandem
solar cell structure, reproduced from [65].

To date, any tin-lead perovskite solar cells, which
applied this system, showed the steadiest operation at
the summit point of energy under the sunlight of any
stated narrow bandgap perovskite solar cell. After 150
hours at 85 C in air, they showed that the full
performance of unencapsulated tin-lead perovskite
solar cell was maintained. It was considered to be better
than that observed before. The process is planned to
obtain perovskite tandem solar cells with high
efficiency while getting thermal and operational
stability [65].

In Nov 2018, Md. Masud Rana and some
researchers had the same concept that was put forward
in 2017 but with some differences. Three kinds of solar
cell structures were planned {a} c-Si solar cell, {b} Si-
mixed halide perovskite tandem solar cell without TiO>
and {c} with TiO,. Mixed halide perovskite was used
on behalf of halide perovskite as a top wide-bandgap
absorber layer and c-Si as a bottom narrow bandgap
absorber layer. So, many solar spectrums were covered
by the cell and its efficiency was developed. The
efficiency was to be compared closely to the Si solar
cell and other alternatives. The presence of Si-mixed
halide perovskite tandem cell was followed using the
SCAPS-1D simulator. The sample determined that
efficiency could be getting better by designing a tandem
solar cell. Factors like doping concentration, thickness,
and absorption coefficient had a significant effect on
cell performance. The doping concentration and
optimum thickness of CH3NH3PbICl, were 1017 cm
and 300 nm. The highest performance was measured
for tandem solar cell (Si- CH3NH3PbICIy) is Jsc
=43.0069 mA/ cm? Voc=0.7370V, 1=26.99% and
FF=85.14% [66]. Despite the importance of TiO; as a
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carrier layer for electrons, when they compared the
performance of two tandem cells, it was noted that the
performance of the titanium dioxide-free cell was better
than the cell containing titanium dioxide due to the high
absorption of the perovskite layer, as it can act as
electron and hole transporter. But we still need a
solution to make the energy conversion efficiency
higher. Therefore, some researchers have resorted to
using TiO2 nanotube (TD-NT) as an electron transport
layer. Under the same conditions, they found that PSC
based on TD-NT has a higher PCE (19.14%) compared
to PSC that used TiO, nanoparticles (TD-NP) (17.18%)
[67]. It was somehow essential to manage photons to
realize Perovskite-Si tandem solar cells with power
conversion efficiencies that jump over the records of
single-junction solar cells. That was assured by the last
published record power conversion efficiency of
Perovskite-Si tandem solar cells. The aim was reached
for an electrically and optically rough solar cell.
Mohammad Ismail, in Nov 2018, proposed an
alternative solar cell design. It was electrically flat
mingled with slightly rough interfaces. The presented
design tried to mix the value of reaching high short-
circuit currents while repairing the completeness of
perovskite films processed on planar surfaces or
substrates. One of the targets was to reach for a high fill
factor and open-circuit voltage. The resulting short
circuit current was electrically flat, although optically
rough solar cells and higher than the short circuit
current for optically and electrically flat solar cells. One
of the advantages of perovskite material was its low
refractive index, unlike inorganic solar materials such
as silicon, which had a high refractive index. For
textured interfaces in thin-single junction perovskite
solar cells, the obtained short-circuit current was
caused by a mixture of light trapping and improved
light coupling, whereas, for thick perovskite solar cells,
what mainly got was caused by improved light
coupling. The construction of the offered single-
junction perovskite solar cell rose to 90% of its
potential maximum short-circuit current by applying
just 300-400 nm of thickness [68]. The proposed
Perovskite-Si solar cell displayed the matched short-
circuit current density (js) of 20 mA/cm?, which
permitted inquiring tandem solar cells with power
conversion of 30%.

Maximizing Perovskite silicon tandem solar cells
was the promising up-to-date technology to end up the
efficiency limit of silicon solar cells. Although it was
announced that the highest tandem efficiencies were for
the inverted p-i-n structure, single-junction perovskite
solar cells with high efficiency were generally
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manufactured in the ordinary n-i-p architecture. In June
2019, mixed cation mixed halide high bandgap
absorber in regular n-i-p perovskite solar cells familiar
to tandem solar cells. They were investigated by
inversing engineering.

The open-circuit voltage (Voc) was improved to over
voltage 1.12 V by using a passivating electron contact
by Patricia S.C. Schulze and Alexander J. Bett. The
optimized top perovskite solar cell was applied in a
monolithic Perovskite-Si tandem device with a silicon
bottom heterojunction cell. Although there are many
alternatives, TiO; is considered the best type of electron
transparent layer and it has achieved the best results in
the performance of the PSCs [69,70]. Thus, more
research must be conducted on TiO; to enhance the
PCE of PSCs. So, they used the first compact TiO- layer
(20 nm) by electron beam evaporation. Then, a
mesoporous TiO; scaffold was layered by spin coating.
It permitted for voltages up to ~ 0.725 V. The tandem
solar cells had efficiencies > 20% with an active area of
0.25 cm? reached high points open-circuit voltages
(Voc) of up to 1.85 V [71]. Explaining the perovskite
absorber by physically solved photoluminescence
measurements conveyed stable and homogenous
radiation at ~ 1.7 eV, an optimal value for tandem
devices with Si. The tandem solar cells were restricted
because of the low current. A spectrometric advantage
declared that the perovskite-based solar cell was current
limiting which a thicker perovskite absorber could
develop.

Afsal Manekkathodi, in Oct. 2019, traced a clue that
followed up solution-processed hybrid tandem
photovoltaic appliances. It happened by mixing two
arising photo-absorbing substances, CQDs (Colloidal
quantum dots) and perovskites. The 4T tandem solar
cell won 20.2% stabilized efficiency built on a CQD
back and perovskite front cells. Perovskite solar cells
contained an ultrathin dielectric-metal-dielectric layer
provided semi-transparent solar cells with 18%
stabilized power conversion efficiencies for the top
perfect cells. PCEs were observed as one of the
strongest semi-transparent solar cells and the suitable
cells to represent the front cell in 4-terminal tandem
appliances. This dielectric-metal dielectric transparent
conducting electrode (DMDTCE), which included a
sandwich of ultrathin Au/Ag metal film among
insulating MoOs layers, had an obvious reliant
wavelength conveying as a maximum IR transmittance
for the tandem configuration. But for, The CQD solar
cell carried out a PCE of 11.3% under raw solar
lightening and 2.6% of PCE when it acted as the back
cell behind the front cell perovskite.
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Fig. 13 Structure of a perovskite silicon tandem solar
cell [71].

The conclusion discussed perovskite and CQD
solar cells as a future mingling for solution-processed
tandem solar cells for the coming era of photovoltaic
technologies [72]. The idea of tandem solar cells by
sandwiched materials is becoming more and more
known. As Felix Lang used gold as a transparent
electrode in 2015, some researchers used a nanomesh
of gold for the same purpose after five years.

CQD sub cell

Perovskite sub cell

Fig. 14 Schematic of a 4-Terminal tandem solar cell
device (Perovskite- CQD tandem cell) [72].

In June 2020, Shengnan Zuo and his co-workers
inserted a sandwiched nanomesh of gold among the
layers of MoQs, which performed as a transparent
electrode. The huge surface strain of MoOs;
significantly enhanced hydrophilicity for gold.
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Frank—van der Merwe's growth was to generate an
ultrathin golden nanomesh layer that guaranteed both
high conductivity and unique optical transparency,
which were the core of a tandem/multijunction solar
cell. The more the light was transmitted, the more the
top MoOs layer minimized the reflection at the golden
layer. Consequently, the semi-transparent perovskite
cell reflected an 18.3% efficiency, regarded as the top
type of appliance. Via mechanically stacked technique,
when the semi-transparent perovskite appliance was
stacked with 23.3% PCE of a heterojunction silicon
solar cell, it achieved a mixed efficiency of 27.0%,
greater than those of the sub-cells [73]. This
breakthrough in increasing the efficiency of semi-
transparent and tandem/multijunction devices could
serve to exceed the Shockley—Queisser (SQ) limit.

In 2020, Wenjie Li showed a monolithically
integrated solar flow battery (SFB) appliance based on
perovskite-Si tandem solar cells that configurated main
achievements in several directions, including SPUR,
SOEE, device lifetime, and capacity utilization rate,
without compromising the low cost of its industry. The
perovskite (FAPDI3)oss(MAPbBr3)17/ silicon tandem
solar cell was reasonably planned specifically for
aqueous organic SFBs. It was designed to deliver high
efficiency and provide low expenses effective
perovskite-compatible method of manufacturing the
electrolyte contact for Si bottom cell also allowed better
steadiness and device lifetime. In addition, the
researcher had improved a numerical calculation
method. It led us to the right choice of BTMAP-
Vi/NMe-TEMPO redox couples to match the
Perovskite-Si cells and to reach a high SPUR and
SOEE. Furthermore, it concentrated on the insight idea
of the integrated solar storage technologies with voltage
matching principles in general. The amazing results
investigated a basic trend towards a practical technique
of using integrated solar flow batteries SFBs for solar
home systems and other divided solar power generation
plus being a source of applications [74].

5. Conclusion

To conclude, multi-junction solar cells with
integrated perovskites have risen as a challenging area
of research. It represents swift progress and has a great
economic concern. The best cells have already become
more efficient than single-junction perovskite solar
cells. The cells were getting very near to the best silicon
cells, though there were just a few years of focused
research efforts compared to silicon for many decades.
The outstanding efficiencies and adjustable bandgaps
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of perovskite semiconductors made them ideal
participants for using multi-junction architectures, even
as hybrid cells, including more established technologies
or all-perovskite multi-junction cells. The deepest
marketing view of the hybrid tandem perspective is that
it permitted perovskites to potentially leverage an
accomplished technology to control the competitive
photovoltaic PV market. Through investigation, hybrid
tandems would likely be the most frequently used
perovskite modules to join the market. They would
significantly be a push to Si modules via supporting
with aimed improvements for the minimal added
expense and adjusting the scaled production of the Si
manufacture. As soon as the large-scale fabrication of
perovskites had been accomplished and the eternal
problems had been solved, all-perovskite tandem cells
and multi-junction cells became the most impressive
options and even a more inexpensive technology.
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