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Abstract: The unprecedented development of perovskite-silicon (PSC-Si) tandem solar cells in the
last five years has been hindered by several challenges towards industrialization, which require
further research. The combination of the low cost of perovskite and legacy silicon solar cells serve as
primary drivers for PSC-Si tandem solar cell improvement. For the perovskite top-cell, the utmost
concern reported in the literature is perovskite instability. Hence, proposed physical loss mechanisms
for intrinsic and extrinsic instability as triggering mechanisms for hysteresis, ion segregation, and
trap states, along with the latest proposed mitigation strategies in terms of stability engineering,
are discussed. The silicon bottom cell, being a mature technology, is currently facing bottleneck
challenges to achieve power conversion efficiencies (PCE) greater than 26.7%, which requires more
understanding in the context of light management and passivation technologies. Finally, for large-
scale industrialization of the PSC-Si tandem solar cell, the promising silicon wafer thinning, and
large-scale film deposition technologies could cause a shift and align with a more affordable and
flexible roll-to-roll PSC-Si technology. Therefore, this review aims to provide deliberate guidance on
critical fundamental issues and configuration factors in current PSC-Si tandem technologies towards
large-scale industrialization. to meet the 2031 PSC-Si Tandem road maps market target.

Keywords: perovskite-silicon; roll-to-roll; stability; solar cell; tandem

1. Introduction

The uncertainty in energy markets caused by the coronavirus disease-19 (COVID-19)
pandemic has further highlighted the demand for renewable energy—Especially in the
solar cell market—Due to the unreliability of oil as a constant source of income which
may hinder the renewable energy resource market [1,2]. Accordingly, low-cost and highly
efficient photovoltaic (PV) materials are immensely required as a source of renewable
energy to overcome our dependency on fossil fuels in the context of minimizing global
carbon footprint. Ideally, to economically compete with other clean energy resources, the
cost of the PV module must be offset by highly efficient power output and operation cycle
prolongation [3]. In theory, the need for tandem solar cells stems from the single-junction
solar cell power conversion efficiency (PCE) intrinsic thermodynamics (Shockley-Queisser)
limitation (i.e., around 29% in visible light range for the silicon) [4]. To date, the silicon
heterojunction mono-crystalline silicon, inter-digitated back contact (IBC), and silicon
heterojunction (SHJ) solar cells have shown sufficiently remarkable results on lab-scaled
cell’s PCE > 26%. However, the state-of-the-art silicon solar cell technology is still struggling
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to offset around 3% from the calculated theoretical thermodynamic limit since 2017, limited
by passivation and light losses [5,6]. Therefore, multi-junction photovoltaic or tandem solar
cells (TSCs) represent a paradigm shift towards surpassing intrinsic single-cell limitations
by stacking high bandgap solar cells over the bottom silicon solar cell [7].

In general, the multi-junction solar cell has proven its exceptional potential to pro-
duce PCE above 41%, with a theoretically expected PCE of 46% in the limit of no light
concentration. Unfortunately, despite the improvement in PCE, the cost of PV modules is
still high [8]. However, while targeting high PCE, tandem photovoltaic broad-spectrum
research tends to be cost-oriented. The Levelized Cost of generated Electricity (LCOE) has
been proposed to be significantly related to the long-life cycle of TSCs [9]. Consequently,
in recent years, multi-junction (tandem) solar cells have enabled a relatively low-cost pro-
cessing technique with superior efficiency than conventional homojunction and the rather
expensive heterojunction solar cells [10].

Perovskite solar cells (PSCs) with intrinsic optoelectronic capabilities are projected
to reach PCE over 29% by 2040 [11]. Research has shown that they can act as a top
cell for silicon tandem cells due to their unique optoelectronic properties. Furthermore,
economically added values of perovskite cells, such as ease of processing and relaxation
of conventional lattice mismatch conditions, have enabled perovskites for further multi-
junction processing [11].

In contrast with PSCs, silicon solar cells are technologically well-established due
to their beyond visible light range bandgap (roughly from 500 nm to below 1200 nm),
material abundancy, and proven microelectronic technology for a broad spectrum of
research academia and industry [5,6,12]. Interestingly, the most outstanding record of
the small-scale PSC-Si (~1 cm?) has attained PCEs of over 28% [13]. Nevertheless, the
perovskite-silicon (PSC-5i) tandem’s detailed balance calculation reveals more than 40%
efficiency that can be appropriately obtained at specific conditions [14]. However, the gap
between theoretical and recent practical PCEs towards broad commercialization is still
very challenging. Thus, even though the PSC-Si shows a promising upward trend, several
intrinsic and extrinsic issues of the sub-cell and complete cell need to be addressed before
the PSC-5i tandem could enter the solar cell market.

Though a 2021 International Technology Roadmap for Photovoltaic (ITRPV) projec-
tion [15] shows an outstanding Si-tandem solar cell market share, it is unclear whether per-
ovskite solar cells may overcome a low lifetime issue (i.e., perovskite instability). Many in-
teresting reviews on perovskite, silicon, and PSC-Si tandem solar cells have been published
in the last five years, as illustrated in Table 1. However, whereas the focus on the perovskite
has possessed many works of literature, the PSC-Si tandem solar cell with various configu-
rational factors on each sub-cell detailed degradation and proposed mechanisms, and the
prospect of the flexible substrate methods were less explored. Thus, in this comprehensive
topical review on each sub-cell, we endeavoured the following:

e  We present the current perovskite challenges and their possible solutions with a
comprehensive concept of stability engineering. We provide our understanding and
focus on the PSC intrinsic instability as the primary loss mechanism leading to multiple
losses in device performance.

e  We portray the prospects of PSC-Si tandem solar cells, focusing on the current cham-
pion PSC-Si solar cells” most recent issues and obstacles.

e  We explain the possible silicon solar cell technologies that may act as bottom cells in
the PSC-Si tandem configuration, their advantages and disadvantages, market trends,
and the shortcomings of providing wafer thinning requirements as possible routes for
a cost-effective tandem based solar cell.

e  The final section focused on the latest endeavours, challenges, and opportunities in
roll-to-roll technology towards PSC-Si commercialization as a promising method of
aligning thin-wafer silicon with PSC processing technology.
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Table 1. Recent research gap studies on perovskite, silicon, and PSC-Si tandem solar cell.

Ref.no/Year Author(s) Focused Area(s) Research Gap(s)
Abmad rviewon Pl detaled bl
[16]/2016 Taesoo et al. thin-film sola}r cell methods, and PSC-Si tandem
technologies
solar cell
A recent review on o . .
. perovskite ion migration
perovskite technology challenges, addressin
[17]/2017 Kour et al. degradation 8¢S, SsIng
. methods, and PSC-Si tandem
mechanism and solar cell
market challenges
Topical review on all Perovskite degradation
[11]/2018 Yamaguchi et al. SH]J based tandem mechanisms and various
solar cell technology silicon solar cells structures
Advanced PSC passivation
Perovskite stability methods such as two/three
[18]/2018 Salhi et al. challenges dimensional 2D /3D PSC and
understanding silicon-based tandem solar
cell
Perovskite stability Silicon bottom solar cell
[19]/2019 Krishnan et al. comprehensive challenges and tackling
review methods
A comprehensive and Hysteresis, halide free
[20]/2019 Wang et al. detailed on perovskite study, and PSC-5i
perovskite stability tandem
o PSC additive/compositional
[21]/2019 Yang et al. Perovsk.lte m.terface engineering and PSC-5i
engineering
tandem
Passivating contacts
[22]/2020 Hermle et al. for silicon solar cell in Perovskite instability
tandem configuration
A detailed review on  Various silicon bottom cells
[23]/2021 Akhli et al. PSC-Si tandem with technologies/roll-to-roll
various configuration fabrication technology
Progress on PSC-Si Various silicon bottom cells
[24]/2021 Wu et al. tandem solar cell technologies /roll-to-roll
technologies fabrication technology
Detailed and recent
. progress on Four-terminal 4T PSC-5i
(25172021 Lui etal. monolithic PSC-Si tandem
tandem
Upscaling PSC-5i
[26]/2021 Kim et al. monolithic tandem Perovskite loss mechanism

strategies, including
blading deposition

and 4T PSC-Si tandem

2. PSC-Si Tandem Solar Cells Configurations

Researchers focus on innovative perovskite silicon tandem solar cells to achieve a
highly efficient solar cell based on the proven and complex III-V elements-Si tandem solar
cell technology [27,28]. Although III-V elements have provided adequate blue-shift light
management, the considerable perplexity associated with III-V compounds solar cells, such
as epitaxial lift-off deposition process and high material cost, has made researchers seek out
cheaper and effective alternatives [28]. These alternatives are attractive because they are
quickly processed and have direct band gaps, easily incorporated on a silicon sub-cell [29].
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Technologically, three unique tandem cell structures are proposed by the research
community; 2T (Two Terminals), 4T (Four Terminals) (Figure 1), and spectrally split
tandem-based cell structures. Predominantly, while the spectrally split tandem cell is less
cost-effective, this paper does not review spectrally split PSC-Si tandem cells due to the
complex and expensive optics incurred in spectrally split PSC-5Si even though it achieved
high efficiency of beyond 28% [30,31]. In addition to the high cost incurred by the optical
system, another concern is its unsuitability for adopting spectrally-split PSC-Si tandem
due to light angular distribution sensitivity [32]. However, the standard classification is
based on the choice of current contact terminals.

Figure 1. PSC-Si 4T (left) and 2T (right) simple schematic diagram.

Generally, 2T tandem solar cells feature a straightforward structure with perovskite
being monolithically deposited on silicon. Hence, it is primarily suitable for the existing
production line integration. However, 2T current matching limitations require delicate
sub-cell engineering. In contrast, 4T tandem solar cells relax the interconnection or recom-
bination layer condition. The downside of 4T is mainly the extra electromagnetic spectrum
loss due to separate window and interfacial layers (in the case of 4T) [33,34]. Furthermore,
the 4T configuration dictates the economics of scale costs as the extra peripherals (e.g.,
wirings) would be reflected on module cost. Table 2 summarizes the most prominent
PSC-Si tandem solar cells structures featuring the technical 2T and 4T advantages and
limitations of 2T and 4T solar cells.

Table 2. Summary of the advantages and challenges based on PCS-Si tandem with various conditions, materials, and structure.

Tandem Solar Cell Type Ref./Year Advantage(s) Limitation(s)
- Champion cell, Highest PCE (29.15%), - Current density mismatch (A]) ~0.77 mA
and FF (>80%) so far - Relative improvement of V. owed to
2T-PSC-Si [35]/2020 - Stable in overcoming PSC-hole carrier non-radiative recombination at
extraction efficiency with low perovskite’s electron transport
ideality factor layer PSC-ETL
: SHelrgn}:tfa(r:E (iféifg:r /Au/MgF, front - Slight Cr/ Au light parasitic loss
AT-PSC-Si b &2 - Cr/Au/MgF, Higher sheer resistivity

[361/2020 electrode allows IR light transmittance to

the bottom cell (~66%) which affected FF and Js. of the top cell
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Table 2. Cont.

Tandem Solar Cell Type Ref./Year Advantage(s) Limitation(s)
- PCE 26.0%, total Jsc 40mA. Low fill factor (FF)
2T-PSC-Si [37]/2019 - Optimized layers thicknesses using Si Higher current mismatch between
homojunction bottom cell. sub-cells
- PCE 25.2% @38.7 mA /cm? via layers
2T-PSC-Si [38]/2019 index matching techniques for flat PCE 25.2% is limited due to low FF
surface silicon sub-cell
. - High V. ~2.69 eV with optimized
~ 2T-Triple [39]/2018 middle cell band gap with PSC PCE (14%) Limited due to low FF
Junction-PSC/PSC/SH] sequential deposition technique
- PCE 25.2% @19.5 mA @500 nm PSC Requires more improvement in the front
@1.63 eV contact and successive layers.
2T PSC-Si [40]/2018 - Fully Textured cell. Top cell voltage improvement towards
- Low lateral and conductive nc-Si: H wide-bandgap absorber.
- Device stability improved Stability to be improved.
- An optimized 26.4% overall efficiency
4T PSC.Si [411/2017 mlglulg?gill;;niigxi% 1chif)Xszth the use Open circuit voltage is yet below the
-1 L -~ . . .
- Improved cell stability and negligible obtained bandgap with reduced FF
hysteresis resulted from Rubidium
- PCE 23.6% @1.63 eV Vo
- Reduced parasitic absorption loss
- Enhanced stability through bilayer
SnO, /ZTO as a diffusion barrier Due to PSC surface roughness, V. is low
. - Low-temperature deposition, i.e., ALD or to reach the theoretical limit.
2T-PSC-Si [42]/2017 pulsed-CVD over the rough surface of Front surface reflection still exists (to
PSC account for)
- Silicon Nano Particles (SiNP) enhanced
infrared EQE
- Hysteresis free
- Improvement of perovskite aperture area
2 2 . .
to 1 cm* from 0.25 cm” total efficiency Low FF due to high series resistance in
PCE of (23% and 25.2%) 1 em? cell
4T-PSC-Si [32]/2016 ) n—1—p-baseq with PCE 20.5% monollthlc Parasitic absorption due to ITO and in
at 1.43 cm is also developed in the .
Molybdenum oxide (MoOy) layers
same paper
- Low-temperature PSC solvent deposition
Hall transport layer (HTL)
- PCE 18.1% @1.78 V Spiro-OMeTAD parasitic absorption with
2T PSC-Si [43]/2015 - Low Temperature deposition of ETL high overall reflectance and no

(Sn0O,) as replacement to the TiO,.

surface texturing
ICL: ITO acts reflector
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In comparison, perovskite-perovskite solar cell (PSC-PSC) and PSC-Si tandem solar
cell have yielded over 24% PCE and 28% PCE, respectively, with the top absorber wide
bandgap ~1.7 eV [9,13,44-46]. However, perovskite’s reliability issues and many complex
phenomena impede its successful industrialization and wide implementation [47]. Hence,
there is a compelling need for a parallel optimization process of top-cell perovskite while
the entire tandem cell is being carefully designed. The upcoming sections of this work
will portray the recent challenging issues of PSC-Si tandem and propose state-of-the-art
solutions thematically.

Accompanying the upward trend of PSC-Si tandem cell efficiency, PCE has been
boosted from 13.2% to over 29% in less than 10 years (irrespective of the terminal type of
configuration). Furthermore, research efforts have been tailored to the economic feasibility
of material and processing costs, making potential tandem cells” future market more viable
over single-junction solar cells [48-52]. As a result, in 2020 and 2018, with various cell
sizes, Helmholtz-berlin and Oxford announced a world record of 29.15% and 28% certified
perovskite-silicon tandem, respectively, followed by IMEC-Belgium with 27% and EPFL-
Switzerland (25.3%) [40,50-52]. A summary of the prominent PSC-Si tandem solar cells
metrics and limitation are briefly detailed in Table 2.

Another recent success with 26.3% PCE has been achieved by Italian research groups,
which overcame the technological process complexity of the previously produced mono-
lithic 2T multi-junction technologies via 4T transformation based on the mechanical bond-
ing technique [53]. A PCE of 25.7% was recently revealed through the direct solution
process using thick perovskite film achieved under a collaboration between KAUST and
the University of Toronto [54]. In addition, PSC 2D-coated 3D (integrated low dimen-
sionality) perovskite showed better stability and passivated surface with 27.7% PCE and
26.2% IBC and PERL silicon, respectively [55]. Considering the silicon solar cell recorded
the highest PCE of 26.7%, the perovskite silicon tandem can reach around 45% theoretical
limit [56,57]. Meanwhile, this technical advancement of PCE in a brief period by highly
dedicated research groups has been certified. As in Figure 2, the perovskite silicon multi-
junction solar cell market’s success is obstructed by sub-cell and the composite integrated
tandem cell issues. In Figure 2, the size of the presented tandem cell is limited by the size
of the perovskite top cell. The inverse correlation between PCE and the active area is so
far attributed to perovskite’s low fill factor as a result of high series resistance and various
recombination mechanisms [58], which requires careful engineering using new materials,
interfaces engineering, and sheet resistivity reduction techniques. The perovskite cell’s
stability is another challenging problem that will be detailed in the next sections.

3. Perovskite Solar Cell as Top Cell

Given the progress timeline during 2020, Perovskite solar cell efficiency reached
>25% in a decade, superseding silicon solar cells for a similar time [59]. Thanks to the
perovskite intrinsic magnificent optoelectronic properties, easy technological process, and
high availability of materials. Furthermore, Perovskite optical response is corroborated by
high visible light absorption utilization of up to 70% of the incident photons [60], making
perovskite an effective absorber compared to inorganic silicon-based active layers [61].
Moreover, perovskite carrier diffusion length in the order of 1um is higher than silicon by
a notable difference, which is reportedly due to the bulk near crystalline low defect level
concentration [62,63].
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Figure 2. PCE (%) as a function of the area in cm? for certified PSC-Si tandem solar cell for various
structures since 2016-2020 shown in the navy-blue color zone margins. The lowest right coroner
represents uncertified 2018 released by University of Sydney (USYD)-Australia [64]. The figure shows
current PCE-Area and research/future trends in the colored arrows. Data has been extracted from
solar cell efficiency tables (49-57) available at www.onlinelibrary.wiley.com.

3.1. Perovskite Solar Cell Structure

Diverse structures have been tentatively proposed for perovskite photovoltaic. Clas-
sifications are based on various layers of chemical composition involved in the physical
generation of photo carriers (active layer) and other buffer layers. Buffer layers vary for
electron transport layer (ETL) and hole transport layer (HTL), which ideally should pass
through the optical light/generated carriers to/from the active layer [17]. Electronically, a
buffer layer is commonly introduced to induce a proper energetic band bending through
band matching with both absorber/active layer and metal contacts [65]. Ideally, perovskite
solar cells are implemented in various configurations; typical or regular/standard (n-i-p)
and inverted (p-i-n) structures. Schematic illustrations of PSC structures can be found
elsewhere [66,67].

Commonly, the standard chemical structure of the perovskite active layer with no
derivatives satisfies ABX3, where A site typically hosts organic/inorganic elements(s).
In contrast, the B and X sites are filled with inorganic metal and halide elements, respec-
tively [68]. Thus, perovskite photovoltaics’ performance and structural stability properties
are profoundly influenced by each chemical site composition, precursor, solvent, and
crystallization engineering strategy. A conventional well-cited fundamental structure is
tetrahedral organic-inorganic mixed-halide methylammonium lead iodide (CH3NH;3Pbl;s
or MAPDI3) perovskite, which has received wide attention due to its superior optoelectronic
properties [36,69,70]. However, the structure for perovskite absorbers does not have to
stick to the basic MAPbI;3 because highly efficient perovskite cells involve absorbers with
mixed cationic (multi-cationic) chemical compounds, as in Table 3. Interestingly, ever
since the first reported perovskite solar cell, researchers have been trying to establish the
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merits of uniquely designed solar cells. However, since many perovskite constituent layer’s
materials and intrinsic physiochemistry properties vary enormously, the search’s starting
point was the geometrical evaluation of perovskite bulk using the Goldschmidt (f) criterion
in EQ 1. .
p= 4T0 1

V(rs 10) v
where rg is the radius of oxygen; r4 and rp are the ionic radii of the A and B cations,
respectively.

The Goldschmidt tolerance factor (f) represents the first formalism of perovskite stabil-
ity based on the distinctive ionic radii geometrical size of the ABX3 perovskite constituents.
However, the uncertainty associated with tolerance factors as a design tool will be discussed
in the figure of merits limitations section [71].

Table 3. List of examples of efficiency performance-related material types and perovskite absorber
chemical structures.

Material (Compound) Perovskite Absorber PCE (%) Ref.
Organic (FAPDbI3).95 (MAPbBr3)g 05 22.7 £0.51 [72]
Organic (FAPbI3);_x(MAPbBr3)x 21.6 [73]

Organic-Inorganic FAO 75(MAg.6Cs0.4)0.25Pbly Br/Rb(5%) 174 [41]
Organic-Inorganic PTABr-CsPbls 17.06 [74]
Organic-Inorganic CsyFA1_«Pb(I,Br)3 14.0 [39]

Upscaling of perovskite solar cells is profoundly required for successful industrializa-
tion, utilizing the advantages of optoelectronic properties and inexpensive cell processing
methods [58]. However, since 2009, many challenges have demanded in-depth investiga-
tions for innovative, diverse materials, structures, and technological methods [16,58,68],
increasing the selection process’s complexity.

3.2. Implementations and Challenges of PSC

While tandem photovoltaic devices represent an essential block in overcoming single-
junction (homo-junction) limitations, PSC-Si tandem economic feasibility is well stud-
ied [75]. Recently, Zhengshan ]. et al. [38] performed a detailed balance techno-economic
study on tandem solar cells. With high certainty, the study revealed a feasibility condition
on a module cost level basis. It has been proven that the tandem cell would lose a market
advantage if the top cell were more expensive than the bottom sub-cell. Therefore, the rela-
tive module cost to the balance of the system (BoS) cost ratio favors the cheap top sub-cell
compared to the bottom sub-cell. Thus, the main concern for the realization and large-scale
industrialization of PSC-5Si tandem configuration is perovskite’s durability which may
hamper the optimistic techno-economic studies outcomes.

Furthermore, hysteresis, surface defects, and ionic segregation involve materials” eco-
suitability, thus limiting technology upscaling [76,77]. Each of these loss mechanisms will
be highlighted in the following sub-sections on a priority basis. However, all loss mecha-
nisms of perovskite top cell implementation will be treated strategically and cumulatively.
In other words, a comprehensive study on the device stability loss mechanism (next) is
essential to promote PSC-5i tandem cells, which is lacking in the literature. Therefore, stan-
dardized reports on PSC solar cell is highly needed to understand the physics underlying
loss mechanisms.

3.2.1. Perovskite Solar Cell Stability

A typical state-of-the-art perovskite with the highest PCE is currently being demon-
strated on a small scale in the order of ~0.1 cm?, as presented in Figure 3a,b. Therefore, PSC
small size can be significantly observed from the inverse relationships between perovskite’s
PCE and area due to low fill factor (FF) and solution method (i.e., spin coating) limited
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large cell size, as in Figure 3a (inset) [19,58,78-80]. Typically, the other main factor that
hinders perovskite from vast market presence is its inherent scaling instability. However,
the ongoing research progress is still working on this challenge. R. Wang et al. in Ref. [20]
elaborated on the various proposed instability mechanisms associated with perovskite
geometrical instability factor metrics. They also discussed the pathways of perovskite loss
factors. This work distinguishes instability into intrinsic instability from extrinsic losses as
both effects influence the mainstream PSC-5i tandem solar cells.

30 T T T T 1000 T T T T
1.
=~ Thin Film (Cell)
¥~ Thin Film {Other)
* 1.25]
25| g ]
g » soof} @—@
* - 1
$—n 5
201 E 075
O s0of- <
9 'E 05
o 15 1 &
(6] ~
o * 4 025
2 400l F—%k
* D O G 1d
T 2012 2014 2016 2018 2020
22 Cell veares)
55 Cell
200F ——
Mini-Module 1 <> gg ge}:
Sub-Module > Ve
Thin Film (Cell) = Mini-Module
g =& Sub-Module
Thin Film (Other)
2012 2014 2016 2018 2020 2012 2014 2016 2018 2020
Year(s) Year(s)
(@ (b)

Figure 3. Illustration of the certified various perovskite cell and multi-cells, (a) the efficiency trend,
the inset shows real minimodules produced by Toshiba [81]; (b) the area of the corresponding cells for
the same period for higher cells area, and the inset represents the corresponding thin film (various)
small area graph. Some data points in Figure 3 coincide with each other. Data are obtained from solar
cell efficiency tables (42-57) available at www.onlinelibrary.wiley.com.

A. Perovskite Intrinsic Stability

Remarkably, research has already established a link between perovskite instability
and every material constituent, such as intrinsic and extrinsic materials” properties and
interactions, electronic states, doping, deposition methods, and device structures [18,19].
Arguably, the inherited (intrinsic) effect could have resulted from the ion migration ef-
fect [35]. Even though the perovskite may be highly encapsulated, associated factors due
to poor intrinsic instability exist. Due to its volatility, the irreversible chemical reaction
between bulk perovskite constituents poses a challenge in the trade-off between perovskite
efficiency and stability. Hence, we speculate PSC intrinsic instability likely to be the initiator
for the domino effects for the entire device instability. So far, the most efficient perovskite
solar cell involves locally formed isolated phases Pbl, and CH3NH;I due to the intrinsic
chemical reaction, which requires particular attention in addressing this challenge [20].
Hence, we may infer that inherent compositional engineering plays a vital role in per-
ovskite instability. Recently, Zhang et al., in their timely review of perovskite stability,
showed that there is inconsistency in the thermodynamic evaluation methods results at
room temperature [80]. Hence, perovskite intrinsic requires more understanding of the de-
gree of enthalpy or entropy on the given perovskite ionic components and thermodynamic
data quantification availability for a given precursor with enough informative materials
database. The uncertainty in perovskite materials’ intrinsic thermodynamic instability may
undermine other encapsulation strategies to be adopted. Therefore, the understanding of
perovskite constituents’ thermodynamics is critical for stability design rules. For instance,
a clear understanding of the PSC-HTL intrinsic interface has driven PSC-5i tandem PCE
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up to 29.15% [35]. Hence, detailed knowledge of physiochemistry and charge extraction
rate is required to address perovskite instability issues.

Intrinsic stability is also a structurally dependent function; for example, mesoporous-
based electrodes such as TiO, have shown better stability than planar electrode-based
perovskite [20]. This may drive further research on the notion of the superiority of nanos-
tructures incorporated in perovskite device engineering. Furthermore, the chemical inter-
action between perovskite’s various constituent layers is another intrinsically challenging
issue. The acidic PEDOT:PSS was shown to intrinsically react with transparent conductive
oxide (TCO) in addition to its hygroscopic nature, which may drive perovskite research
with the promise of alternative stable HTL materials and HTL-free layers [82,83]. Moreover,
the metallic iodide formation due to the interaction between perovskite carrier layers and
the metallic contact could be considered as perovskite instability intrinsic pathway [84,85].
Hence, interfacial engineering with pinhole-free and 2D materials is highly required to
address perovskite intrinsic stability issues.

B. Perovskite Extrinsic Stability

The extrinsic instability of perovskite with the introduction of environmental stimuli
such as moisture, oxygen, and light negatively affect PSC-Si tandem solar cells. Aside from
the intrinsic reliability of perovskite, the extrinsic effects are discussed in the literature with
the underlying proposed degradation mechanisms and proposed solutions in Refs. [19,20].

Moisture is always discussed as the most detrimental factor for perovskite solar cell
stability as an extrinsic agent. The Amine group is considered the primary degradation
pathway due to the affinity between a water molecule and hydrogen, producing a hydrated
product [19,80]. Hence, sulfur and/or compositional engineering would effectively address
perovskite moisture instability [86]. Furthermore, 2D /3D perovskite has also proved
to be promising grain boundaries passivation and moisture blocking methods due to
the 2D perovskite exhibiting good hydrophobicity [87]. However, 2D perovskite carrier
transport anisotropy could be strategically researched as a perovskite-enabled capping or
encapsulation supporting method.

Degradation of perovskite materials has been researched for the influence of environ-
mental oxygen on structure decomposition. So far, the synergetic effects of oxygen and light
degradation have shown that the formation of superoxide as a result of the light-induced
photoelectron is the possible cause for oxygen formation [88,89]. Therefore, the search for
perovskite materials with less oxygen reactivity and high binding energy could address
oxygen degradation [89,90]. On the other hand, ultraviolet (UV) light has been considered
another extrinsic perovskite degradation mechanism. Proper interfacial engineering with
barrier layers carrier transport has shown to be an effective method to tackle the UV light
effects on perovskite [91,92]. However, UV light degradation requires specific engineering
as the perovskite top cell is critical for blue-shift light spectrum absorption.

Remarkably, 2D perovskite and compositional engineering were proven as effective
methods to address perovskite thermal stress mechanisms. However, thermal stability is of
paramount importance for perovskite stability as the standard operating conditions require
a continuous temperature of 85 °C for a specific time [87,93,94].

Many promising approaches have been proposed to maximize device stability in
recent research compiled in Table 4 [83,84] to address the short lifetime of perovskite cells.
Table 4 shows the interplay between the extrinsic and intrinsic proposed physical degra-
dation mechanisms and their best corresponding mitigation/elimination strategies, the
chemical decomposition interplay between the original perovskite structure constituents
may initiate unstable solar cells [20]. To the best of our knowledge, there are many pro-
posed solutions based on the current comprehensive understanding corresponding to each
stability degradation mechanism.
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Table 4. The summaries of the

ing/mitigation strategy (s).

significant stability sub-challenges with physical basis along with proposed heal-

No. Challenge Reasons Remedies
Mixed-cationic engineering with dual ion
. - . e s hybridization [82,95,96]
L Moisture Instability Amine salt hydrophilicity [20] Low dimensionality perovskite and
nanostructures integration [97,98]
Oxygen desorbing donor trapping sites [68] High binding energy layer/less oxygen reactive
2. Oxygen instability May Water formation [99] materials [82,89,90]
Superoxide formation [88,89] Cationic and passivation engineering [88,99]
Proper interfacial engineering with barrier layers
carrier transport [91,92]
Light-induced degradation of the constituent
3 UV light instability perovskite materials chemical instability, Integration of 2D and 2D-3D composite
' including charge transport layers [90,91] perovskite [100]
Interface engineering such as in CsBr interface
[101]
Proper structural Alpha phase perovskite
engineering (e.g., organic cationic engineering)
De-phasing of the perovskite organic absorber
due to thermal decomposition capacity of Surface engineering with organic cation
constituent’s materials (accelerated with light termination and quantum dots Q.Ds [104]
4. Thermal instability exposure) [102,103]
2D perovskite engineering [87,93]
Top layer thermal sensitivity [105] Novel electrode thermally stable materials [105]
Chemical reaction with environmental factors Interface engineering with good blocking effect
such as U.V and surrounding layers (e.g., TiO) layers of diffused ions between Transport layer
[106] and perovskite modification [106]
Modification/irreversible deformation of HTL- Adoption of the improvement on the new concept
Spiro-OMeTAD due to MA* alteration, which materials such as stable transition metals oxides,
5 HTL and ETL interface may induce pinholes ready for iodide carbon nanomaterials with modified interfacial
) instability diffusion [107] layers (HTL Free) [108-112]
Li oxides doped-Spiro-OMeTAD salt hydrophilic
and diffusive nature [83] . s .
PEDOT: PSS high hygroscopes and acidity nature ?;;(;dgglg n ::sltgg]um free dopants in the
to react with Transparent Conductive Oxide P 4
(TCO) [82,83]
Electrode interaction with the environment.
Moreover, the Pinholes created with the Metal contact engineering with pinhole-free
Metal electrode interaction of metal contact with perovskite interfacial engineering (e.g., barrier design) [84]
6. layer-based instability absorber-halide/transport layer may cause the 2D metal novel semitransparent doped materials
formation of Aluminum/silver- halide compound (e.g., Graphene) [113-116]
(All3 and/or Agl) [84,85]
Low-temperature annealing process influence low Understanding the 1nte}“play effect of optimum
£ . temperature and materials on perovskite
racture energy as a result of a small grain and . . .
. thermomechanical properties and morphological
rough films [117] aspects [117,121]
Water content during processing is responsible for Sol 4 . . isol hel
i increased hysteresis due to the increment of olvent engineering using antisolvents helps
7. Processing-post process create an intermediate phase that may remove

methods

mobile ions [118]

Annealing temperature may lead to a difference
in thermal coefficient resulted in inefficient
interface connectivity [119]

Elimination of unreacted Pbl, [120]

humidity content after the annealing step [122]
Understanding of the influence of preprocessing
and post-processing conditions and
compositional engineering on the morphology
and crystallinity of Perovskite [120]
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C. Stability Figure of Merits Evaluation

As explained earlier, the geometrical factor maps the tolerance factor to the ideal
cubic perovskite structures [123]. However, one may question the validity of this method
as a structural stability evaluation tool for the broad spectrum of perovskite materials.
Even though the Goldschmidst criterion assessed the stability of various perovskite struc-
tures (Table 3) as well as the extendibility of double perovskite structure (AB;Xg), its
accuracy is often insufficient for all perovskite functional materials [124,125]. Moreover,
more than one Goldschmidt tolerance factor makes it a confusing perovskite stability eval-
uation tool [71]. Christopher et al. showed a revised version of the Goldschmidt tolerance
factor having an extendibility of almost 92% of the materials, which may overcome the
generic Goldschmidt tolerance factor predictability limitations [126].

Therefore, even though stability-based geometrical tools such as Goldschmidt repre-
sent an empirical or semi-empirical evaluation tool, structural stability is still considered a
heuristic tool for the general design of perovskite due to the limitations in understanding
the various intrinsic and extrinsic agents’ interaction with structural stability. For instance,
under the ionicity different size assumption, Formamidinium (FA*) HC(NH,),* ion has
a better tolerance factor ratio t ~0.99 under thermal stress than the methylammonium
CHj3 NH3 * ion. However, despite the superiority of FA over MA ion in resisting extrin-
sic effects such as light and thermal stress, FA* shows low reliability in the presence of
moisture, which implies shortcomings in stability-based geometrical assessment methods
as a fundamental tool [123]. Hence, there is a need for a more comprehensive figure of
merits based on the physical understanding of overall perovskite instability. Furthermore,
the relationship between perovskite constituents’ ionic radii size and lattice constant hy-
pothesizes a stability trade-off for the corresponding extrinsic agents as experiments show
good stability.

Meanwhile, the stability response is weak for the same ionic radii; it requires delicate
tuning through perovskite compositional engineering. To this end, a standardized and
comprehensive geometrical design tool is needed to facilitate upfront engineering, such that
the stability predictability becomes more certain sensitive to the new materials inclusions.
Furthermore, schematically, the major interrelated extrinsic and intrinsic factors that place
obstacles in developing perovskite solar cells can be conceptualized in Figure 4.

As explained earlier, we may sum up the perovskite instability factors in Figure 4a,
which portrays the entire perovskite degradation mechanisms manifested in extrinsic and
intrinsic effects. The humidity, thermal stress, and UV light are the main external factors of
the perovskite solar cell, which requires extensive perovskite encapsulation engineering
research, as depicted in Figure 4b. Although extrinsic effects are considered a triggering
means for the perovskite decomposition, the intrinsic instability factors in Table 4, such as
active layer low activation energy of decomposition, carriers transport layers, and metal
electrode reaction, are likely to be the leading cause for the ion segregation mechanisms,
free surface states and hence hysteresis. Therefore, we can understand that intrinsic
perovskite instability is the primary area driving mechanism on which the perovskite
research shall concentrate. We have observed that most perovskite research may focus on
several engineering areas in Figure 4b. However, collective and comprehensive engineering
(herein, we refer to as stability engineering) is highly required to address perovskite
intrinsic stability. In light of Table 4 various solution methods for the PSC instabilities, we
propose the concept of stability engineering as a guiding and formal design tool rather
than handling one specific engineering method and neglecting the other design methods.
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Figure 4. Schematic diagram of (a) the simple interplay between extrinsic and intrinsic perovskite performance degradation
mechanisms with blue line arrows. The consequence of direct and indirect chain reactions is represented in red and
green arrows, respectively. Hysteresis symbolic graph is depicted from Ref. [127]. (b) Summarizes the various perovskite
engineering methods adopted in Table 4.

3.2.2. Perovskite Hysteresis Effect

Predominantly, even though the latest state-of-the-art PSC-Si tandem had experienced
almost negligible hysteresis due to better composition engineering of perovskite, long-term
hysteresis scenarios have yet to be investigated. Hysteresis signifies the looping behavior
of the parametric function for various systems [127,128]. In technological process termi-
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nology, Hysteresis indicates system instability and loss of controllability [129]. Similarly;,
current density-voltage mismatch sweeping (J-V) behavior is considered an unwanted
aspect of future photo-efficient perovskite solar cell improvements [130,131]. Zhenggi et al.
showed that there is an unconfirmed hypothesis on the origin of hysteresis. However,
to a certain extent, hysteresis is attributed to the intrinsic reversible Ferro-polarization of
perovskite materials, ion migration, and contact charge trapping or contact polarization
(see Figure 4a) [131,132]. Another understanding of the hysteresis effect can be thought of
initially due to intrinsic perovskite materials stability. The intrinsic decomposed perovskite
materials such as Pbl, induced ion segregation (see next section), and hence interfacial
defects induce a hysteresis effect in PSC. Lin et al. [87] proposed that perovskite low di-
mensionality can hinder hysteresis through high crystallinity degree control. In that sense,
2D /3D stacking structures demonstrated the hysteresis elimination method and defects
and ion migration healing method [87]. Recently, the high passivation of trap density
has been proven as an effective potential method for hysteresis suppression [133-135].
However, based on the research as mentioned earlier and PSC-Si tandem solar cell, we may
suggest that PSC solar cell passivation strategies need to be transformed to the tandem
level utilizing low dimensionality materials such as 2D, so it may assist in acquiring stable
and negligible/hysteresis free PSC-Si tandem solar cell.

3.2.3. Perovskite Ion Segregation

Perovskite ion segregation is a critical factor in PSC-Si tandem as it is closely related
to hysteresis and perovskite top cell instability. Therefore, it is of the utmost importance
to look into PSC-5i’s ion segregation effect. One of the perovskite’s detrimental factors
is ion migration (i.e., charged defects) under bias voltage or thermal drift, as displayed
in Figure 4a [136]. In a typical perovskite reference structure, it is evident that MA ion
concentration is higher compared to iodide ion, yet iodide ion (I*) diffusivity is more
elevated in magnitude than MA* [137]. However, the primary reasoning is debatable.
Lee and co-workers [136] quantified that the intrinsic reasons for ion migration were
high defective perovskite and low-temperature solution preparation method (i.e., thermal
instability). However, other researchers proposed that ion segregation may be caused
by precursor solution ionicity and the propensity of perovskite compounds/elements
having a weak bond (activation energy). Anderes et al. concluded that there is relevance
between ion segregation and increased grain boundaries with iodide-rich domains, which
indicates the direct correlation between grain size and ion segregation [138]. Hence, it is
suggested that composition and morphology properties play a vital role in understanding
and suppressing ion migration effects [137-141]. Therefore, enhanced crystallinity suggests
uniformed crystal orientation will decrease grain boundaries. However, an exception for
a high bandgap halide-rich perovskite can be beneficial for performance, representing a
trade-off compromise for top cell perovskite in tandem configuration. It was found that
mixing halide bromine (Br) and iodine (I) in the light induces compositional segregation
due to Pb: Halide excess stoichiometry [139]. Further information on optimum halide ratio
versus bandgap can be found in Ref. [58].

Moreover, ion segregation reportedly decreased due to higher lateral size than smaller
ones in the bulk perovskite [140]. Nevertheless, as mentioned in the earlier literature and
the conflict raised in the data provided for ion segregation, the agreement on A and B cations
alloying with improved crystallinity could be a possible solution for the light-induced
anion phase ion segregation [141]. A recent study showed that a minimum intensity
threshold of 90 °C is enough to induce ion segregation with thermodynamic analysis [142].
Furthermore, a. Mahapatra et al. demonstrated with additive engineering for various
interfacial materials that the enhancement was not only in terms of efficiency, but hysteresis,
surface, and bulk states were almost eliminated or diminished [143]. However, perovskite-
sustained elemental and/or compound thermodynamic data are crucial for understanding
and tackling ion segregation mechanisms/pathways. Furthermore, we promote perovskite
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high crystal along low dimensional (2D) research as the ultimate research path towards
ion- segregated and hysteresis-free perovskite.

3.2.4. Perovskite Free Surface States

The role of surface states in the PSC-5Si tandem was not intensively investigated.
However, surface states near the band edges are definitively considered a detrimental
factor for J-V characteristics due to the low charge extraction rate [144]. The effect of surface
states typically leads to an undesirable point, which is intrinsic Fermi level pinning (FLP)
in GaAs semiconductors and organic semiconductors [145,146]. In organometallic halide
perovskite, the effect of Fermi pinning takes place at the interface due to surface state
density [147]. The impact of FLP is critical to metal contact and perovskite charge transport
layer band alignment. Therefore, getting an accurate perovskite FLP measurement is
another cumbersome to be well studied [147]. Thibaut et al. developed an accurate FLP
physical characterization method, which can be considered a standardized characterization
protocol [148]. In addition, it is suggested that the fluctuations of the electrical properties
in polycrystalline materials arise due to grain-to-grain variations and not due to distinctive
electronic properties of the grain boundaries [148-150]. Since the conclusive origin of FLP
in perovskite is still under debate, many methods are being considered to understand
FLP conditions and reduce surface recombination. Lately, quad-cationic engineering with
strontium addition has shown great healing of interface states [151].

Furthermore, it was shown that surface morphology improved for Cgy/perovskite due
to the addition of strontium [151]. Another study of interest involves interface engineering,
which requires more investigation into perovskite’s defective nickel oxide (NiOx)HTL layer.
As a result, NiOy created an ohmic contact due to NiOy’s tendency to fix the FLP close to the
valence band maxima [152]. Therefore, we think work function (WF) engineering is critical
to mitigating FLP in PSC. Further improvement in the stability context through interface
engineering strategies can be found in Ref. [21]. Furthermore, interface engineering demon-
strated a proper pathway towards the highly efficient champion PSC-Si tandem solar cell
(PCE 29.15%) through HTL optimization [35]. Given that the ambiguity lies in high quality
and repeatable perovskite film process conditions, we believe that Al-Ashouri et al. [35]
study is one of the most promising methods to address intrinsic interface recombination,
which can be extended to the metal contact surface recombination mitigation.

3.2.5. Perovskite Eco-Toxicity

Although this issue can be considered of minor importance in PSC-Si tandem solar
cells, lead toxicity remains of paramount concern for current and potential perovskite
manufacturers. Kim et al. [77] discussed that a large perovskite module has to pass
through less hazardous chemical routes for PSC fabrication [77]. However, an overall
understanding of the toxic materials/elements spill rate is lacking for accurate toxicological
impact studies [153]. On the one hand, a lead amount in PSC that might be considered
extremely harmful lacks a quantification study). On the other hand, lead-free perovskite is
known to experience facile oxidation in the presence of air, which poses a challenge for the
research community to innovate more suitable alternatives for Pb (lead-free perovskite).

Moreover, to the best of our knowledge, laws, and regulations have not yet been
established specifying the permissible amount of lead to be used in future perovskite solar
cell processes. Even though many techno-environmental studies on several PSC-Si tandems
have been conducted [154], perovskite’s stability failure mode needs to be further investi-
gated to keep silicon bottom cells operable and potentially reduce perovskite material’s
environmental impact during perovskite top cell failure. We believe another exciting point
that is interesting for lead-based perovskite solar cells is materials recycling/reuse. Re-
cently, Chen et al. [155] showed that more than 99% of the Pbl, can be reused with weakly
acidic cation exchange resin from the decommissioned perovskite solar cells. However, we
think recycling economic barriers such as proper and standardized recycling technologies
are yet to be attractive for recycling agencies and companies. In other words, low-cost solar
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cell recycling requires research and financial incentive to be widely accepted for various
perovskite solar cell recycling treatments.

4. Silicon Solar Cell as Bottom Cell

Silicon is an abundant and non-toxic material with proven microelectronic applica-
tions for more than 50 years [156]. With above 29% estimated thermodynamic theoretical
efficiency, the current state-of-the-art silicon solar cell technology is close to reaching the
theoretical limit of attaining a stable PCE of 26.7% [6,157,158]. However, one solution is
abridging the expected single-cell limitation via multi-junction (i.e., tandem) solar cell
technologies [159-161]. By and large, looking into current PSC-5i bottom cell, the chal-
lenging aspect of silicon photovoltaics lies (with the exclusion of current mismatching) in
producing highly efficient solar cells with low capital expenditures (CapEx), O&M, and
hence low module cost that may compete with other electrical power sources [162-164].
Technologically, this can be achieved by adopting low-cost, highly passivated development
of thin single/heterojunction quality cells (advanced new concept cell technologies), which
is conceived as a probable limitation of silicon state of the art solar cell for tandem applica-
tion. A review of the state of art silicon bottom solar cells potentially applicable to PSC-5i
tandem solar cells is portrayed in the next section.

4.1. Silicon Solar Cell Performance Metrics

Since the inception of the first homojunction silicon solar cell in the 1950s, the main
motive for developing highly efficient solar cells has been cost reduction [165,166]. Hence,
numerous research and advancements have been carried out on silicon types such as
polycrystalline, mono-crystalline, and amorphous silicon [167]. While deposition, diffu-
sion, and characterization technologies are undergoing remarkable development in the
passivated emitter and rear cell (PERC) solar cell Figure 5a, the focus on heterojunction
solar cells intensified. In silicon heterojunction solar cells (SHJ), which constitute most of
PSC-Si bottom solar cells, the use of pure mono-crystalline silicon absorber in conjunction
with high-quality passivation led to various forms of built-in and selective surface electrical
fields [168,169]. Figure 5 shows several silicon solar cell technologies via cross-section
schematics, which indicates the different structures, passivation layers, and materials.
On the other hand, even though IBC technology Figure 5c has been demonstrated in
3-Terminal PSC-Si tandem solar cells [170], the mainstream research objective for highly ef-
ficient laboratory-based heterojunction crystalline silicon solar cell (SH]J), as in Figure 5b, is
benefiting from SH]J structural symmetry. Therefore, the requirements for a highly efficient
new concept of silicon bottom solar cells are:

High-quality purified and thin absorber (i.e., kerf loss reduction) [171-173];
Introduction of high-quality surface passivation with better light transmission and
electronically tunneling layers of polycrystalline silicon on oxide (POLO) technology
and its derivative technologies such as tunnel oxide passivated contact (TOPCon)
harmonized with PERC technology forming PERx/TOPCON /(PERC+) solar cells,
which may benefit from existing PERC production facilities [174-177]. The most recent
SH]J solar cell research on passivated contacts investigates a shift of local selective
contact from very thin a-Si: H to a new concept of self-doped and high/low work
function (hole/electron) adapted materials. Examples of high /low work functions are
transition metal oxides (TMOs) optimized for the front and rear contacts [178-182];

e Adoption of advanced and cost-effective new concepts for light trapping techniques
to sustain wafer thinning technologies [183,184]; and

e  The high-quality metallic contact layer is optimized using fewer materials and more
industrial high throughput production of metallic contact [174,185].
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Figure 5. Generic and fragmented silicon solar cell technologies cross-section schematics (The surface morphology may vary
from flat surface/partially textured to the fully textured surface) From Left to right (a) PERC technology, middle (b) SHJ
technology and (c) IBC. All structures and materials are for an explanatory purpose reprinted from [186], Copyright (2016),
with permission from Elsevier (Not to Scale). (Note: in PERC structure, back metal contact in the black color is intended to
diffuse through insulator via local BSF layer).

4.2. Implementation and Challenges of Silicon Solar Cell

Recent studies established four criteria of silicon cell-based device loss according
to each parameter-dependent cell efficiency. The four criteria are carrier recombination
analysis, optical analysis, resistive loss, and cost reduction [187]. Table 5 shows the main
performance metrics, overall loss mechanism(s), and technology—commercial gap for the
silicon solar cell technologies depicted in Figure 5.

Silicon heterojunction solar cell (SHJ) sub-cell technology offers a promising future
in PSC-Si tandem cell bottom cells [43]. A high-quality SHJ absorber features high-
quality passivation of symmetric structure with an enhanced open-circuit voltage close
to 750 mV [181,188-190]. Hence, more focus on present silicon solar cell challenges will
emerge from this technology. Despite SHJ-based technologies having less recombina-
tion loss in comparison with widely industrialized technologies such as passivated emit-
ter and rear cell (PERC), as shown in Figure 5a, and aluminum-back surface field (Al-
BSF) [174,176,177], SHJ technology encounters optical loss due to the intrinsic and doped
hydrogenated amorphous silicon and TCO bilayers [191].

As for parasitic optical loss analysis, high/low work function transition metal oxide
compound for hole and electron promises to play a role in reducing intrinsic and doped
a-5i:(H) parasitic layer losses [192,193]. Concerning reflection loss, back-contacted SHJ with
double Anti Reflective Coating (DARC) has been proven to be an effective way to reduce
optical reflection current [194,195]. On the other hand, Cruz et al. proposed the TCO’s
couple pathway optimization routes through thin TCOs that complement optical thickness
of ARC and a new competitive candidate replacement of the conventional ITO [196]. Lately,
compounds such as aluminum-doped zinc oxide (AZO) have shown the potential to replace
scarce ITO components for more than 22% PCE [195]. For prospects, 2D materials such as
graphene are currently optimized to yield over 97% transmittance. However, graphene
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possesses high sheet resistance in comparison with ITO. One possible solution for high sheet
resistance of graphene is through chemical and/or hetero-doping [197]. More research
on this area is required to attain the ultimate trade-off between light transparency and
low resistivity.

Resistive loss presents an extensive challenge, limiting solar cell performance, clearly
manifested in fill factor parameter value. Fill factor (FF) is a corresponding parameter
highly influenced by recombination current, series, and shunt resistance. Hence, for
proper characterization, it is necessary to decouple the influence of each FF-dependent
parameter [194,198,199]. As for series resistance, a trade-off with novel materials is required
to outweigh each SHJ bilayer conductivity and passivation function [200]. It is imperative
to have good TCO coverage as it is necessary to avoid an edge effect. Due to TCO’s edge
effect, the low shunt resistance may lead to high leakage current [201,202].

Finally, silver (Ag) metallization and wafer process cost concern the module level
because they are considered significant costing challenges [173,203]. While high series
resistance metal fingers aspect ratio and paste conductivity must be balanced, especially in
thin silicon wafers, silver metallization cost can be offset by optimized screen-printing and
copper plating deposition. Furthermore, TCOs can be considered as a potential replacement
for the expensive Ag [22]. Therefore, an updated and systematic techno-economic study
represents a promising way through the highly efficient thin wafers for overcoming module
cost ($/kW) and CapEx ($/kW/Yr) alongside maintaining a plateau Levelized Cost of
Electricity (LOCE) ($/kWh) curve. Therefore, frequent and updated techno-commercial
studies are crucial for assessing the wafer thinning approach as a promising route for cost
reduction, which requires optimization of slicing technologies through loss reduction (kerf
loss) and contact materials optimizations [171,173].

Table 5. The overall performance metrics for a bottom cell selection criteria, loss mechanism (s), and leading silicon

technologies market perspective.

Technology Performance Metrics Loss Mechanism(s) Market Share State/Anticipation
. Current mainstream silicon along
N Bulk, emitter, and back Al-BSF photovoltaic.
- less Surface Recombination contact SRH . :
. . S Anticipated shift from p-PERC to
Velocity (SRV) in recombination [187] . o
PERC comparison with Front and back reflector n-PERC reaching 70% total sol.ar cells
AL-BSF [171,187] optical loss markeft share by 2022 then fading
. . away for
High Al consumption [204] PERx/TOPCON/PERC+ [205].
. . The market share was expected at 16%
| Ly comparon by 200 50
assivation technologies Slight increase in series A 2021 recent projection PERC+ to be
p Bles resistance in comparison with the leading market stream in the
PERC+ - Less Al paste consumption
. . . PERC [204] upcoming years [15]
in comparison with
PERC [171,204] -Anticipated to be the leading horse
, for the tandem applications
Front and back contact layers
- Better passivation quality optlcall loss [181] ) International Technology Roadmap
as compared to Balancing between TCO’S )
homojunction and IBC-SH]J optical and electrical series for Photovoltaic (ITRPV) expects SHJ
SHJ ) P to possess a 12% market share by 2026,

cell (Figure 5b) [6]
Less thermal budget used
in SHJ [181]

resistance performance [181]
Effect of the edge
recombination due to TCO’S
inadequate coverage [143].

a more significant share than 15% by
2031 [15,206]
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Table 5. Cont.

Technology Performance Metrics Loss Mechanism(s) Market Share State/Anticipation
- Better optical response due
;%;goivmhlfte&fogﬁz'?c) 8] - Process complexity (i.e.,
) Com aral:zc);le Vg and FF to lithography) and cost are the - ITRPV market share expectation at
IBC-SHJ SH [Ig] oc main concerns for this 15-20% by 2030 [15,207]
technology [181]

A promising new paradigm
with IBC POLO [174]

5. Fundamental Issues and Configuration Factors in PSC-Si Tandem

Regardless of the various PSC-5Si tandem configurations, the PSC-Si tandem solar
cell is essentially influenced by each sub-cell loss mechanism separately elaborated in the
previous sections of this article. Additionally, composite tandem layers possess a portion
of the entire tandem cell loss mechanisms, which require more investigation in current
and future research. As stated in the perovskite section, instability is the primary concern
for perovskite to be widely industrialized, affecting the whole tandem derivatives indus-
trialization. Hence, from all previously produced perovskite that showed cell instability,
a common observation is that the aperture size was within the range of 1 cm?2. For the
sake of large-scale industrialization, there is a need to research positive zone paths (in
green color), in Figure 2. Despite efforts of tandem lifetime prolongation through various
technologies such as 2D /3D-based perovskite, the aperture size is below industrialization
requirements [54,208]. Therefore, perovskite instability, ion movement, and hysteresis must
be understood before fully commercializing PSC-Si tandem solar cells in the context of
stability engineering.

In addition to the perovskite instability, one fundamental monolithic multi-junction
photovoltaic requirement is each sub-cell current matching (band matching) [57]. However,
even though the perovskite absorber enables band tunability characteristics, technologi-
cally, top cell in tandem configuration suffers from reaching the optimum bandgap with
high-quality and thick films in the order of 1 pm [209-211]. It has been reported that per-
ovskite film thickness and morphology control are constituent parts for better performance;
hence the need for more market-oriented and controllable deposition technologies can be
proposed as an active research area [211-213]. Another degradation mechanism is carrier
selective contact reactivity, as elucidated by K. Bush et al. [42].

One of the scalable process selection criteria is process compatibility within PSC-Si
absorbers and sub-cell complementary layers [102,211]. Consequently, research focuses
on increasing inorganic-based perovskite’s PCE and low thermal budget layer, thanks to
the maturity of inorganic-based chemistry and the invention of novel deposition methods,
such as photonic curing methods, which need to be developed to be upscaled for large
PSC-Si tandem solar cells.

As for the bottom cell, the route for PSC-Si tandem cell has been well established
with the most promising silicon solar bottom cell technology [76,107,214]. In most cases,
the mainstream technology undertaken for PSC-5i tandem has been established with SHJ
bottom cell technology, as in Table 3. However, SHJ's first challenge has been explained
earlier in terms of optical and carrier recombination loss. Another disadvantage of SHJ
that has caused a delay in its introduction to the market is its higher cost than the PERC
cell [215].

In addition to the parasitic absorption loss exhibited in the entire PSC-5i tandem cell,
incompatibility process conditions between top and bottom tandem-based cell integration
pose a material selection challenge. However, besides the perovskite sequential deposition
technique by authors in Ref. [39], Lamanna et al. [53] produced an innovative breakthrough
in overcoming the technological process for monolithic perovskite silicon solar cells. Their
method was achieved by decoupling various process temperature conditions of top cell
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perovskite from the bottom silicon, where: (a-5i:(H) layer is designed only to tolerate
temperatures below 200 °C. Moreover, this unique independence feature has allowed
for direct mechanical bonding over the randomly textured silicon surface while relaxing
perovskite surface roughness conditions [53].

Similarly, a promising method to overcome the challenges of solution-based perovskite
deposition on roughly textured silicon surface was covered by Yi Hou et al. It was carried
out by depositing an increased molar ratio perovskite solution to the top of the silicon,
which yielded a cumulative cell efficiency of 25.7% [54].

This new 2T concept needs to account for the intermediate recombination or tunneling
layer (ICL) design (Figure 6). A nanotechnology-based ICL nanocrystalline structure has
been revolutionized and demonstrated in the subsequent PSC-5i tandem solar cell, cited in
Table 2 [37,38,216]. In addition, an organic recombination layer with other materials has
been proposed for low carrier recombination, high light transparency, and as a protective
layer for subsequent bottom cells [27].

Even though industrial PSC-Si tandem cells may require more research to realize
feasible lossless ICL on a large-scale basis, scientists have improved the optics in the 2T
tandem through a high surface-to-volume ratio of nanostructured (nanocrystalline silicon)
recombination layer [38,216,217]. Typically, nano-based structure applications are not
just limited to ICL applications. For instance, the requirement for transparent perovskite
using a silver nanowire electrode has vastly extended and dramatically improved light
transparency even though perovskite instability might occur from the chemical interaction
between silver and segregated halide.

However, in the next section, perovskite band tunability and silicon Js. and FF are
discussed. Furthermore, Figure 6 schematically summed up all open research challenges
for the 2T monolithic PSC-Si tandem.

5.1. Band Gap Tunability in Perovskite Sub-Cell

Recognition of the high open-circuit voltage obtained in perovskite solar cells is due
to the apparent good passivation. On the contrary, as explained in the previous section,
tuning the high/low bandgap is not a trivial task due to expected variability in the high
throughput production line (see Figure 6). Therefore, ongoing research adopts methods
and technologies that have enabled tunable perovskite bandgap through advancement in
materials, processes, and triple tandem cell-based technology.

At present, many examples of novel bandgap engineering in perovskite have been
attained and become more pronounced through compositional engineering and technolog-
ical process advancements [34,216,218]. For example, Sahli et al. exploited the sequential
deposition process alongside compositional halide engineering for tuning bromine /iodine
ratio content for a relatively stable perovskite. Their structure demonstrated a perovskite
bandgap of 1.63 eV through cationic engineering using inorganic-organic Cs-FA mutations.
However, the obtained perovskite bandgap was far from the optimum top cell bandgap
of 1.75 eV [216]. Perovskite bandgap tuning has obtained 1.94 eV with the conventional
solvent technique and improved crystallinity utilizing potassium additive, contributing to
the suppressed ionic migration and hysteresis effect reduction [10]. Remarkably, Werener
et al. applied the triple junction PV with open device circuits of 2.7 V by adopting 1.8 eV
and 1.4 eV for optimized perovskite top cells and middle cells, respectively. However, the
drawback of the optimized triple cell bandgap is that FF had to be sacrificed due to the
current mismatching limitation raised from the bottom cell [39]. Hence, the optimized high
bandgap of perovskite is not adequate for obtaining high voltage and FF values. Instead,
high and non-variable compositional engineering is required to obtain high open-circuit
voltage in the top cell.
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5.2. Jsc and FF Evaluation in Silicon Sub-Cell

Low Jsc is not a significant concern for the four-terminal (4T) PSC-Si tandem solar
cell as each sub-cell is mechanically stacked on each other. However, repetitively stacked
solar cell bilayers in separate sub-cells increases module-related costs, such as wiring cost.
While the two-terminal 2T tandem is more straightforward in process and cost than the
4T, each cell’s current matching represents significant limitations. These limitations are
due to current mismatching in the bottom-cell bandgap [217]. Steve et al. showed that
the low Jsc limited low temperature monolithic PSC-Si tandem with 18% efficiency due to
the cell’s flat surface [43]. The adoption of symmetric surface texturing as light trapping
management along with indium-doped zinc oxide (IZO) trans-conductive layer in the
tandem block has shown a modest improvement in Jg. [52]. A very close PCE of 25% at
1.4 mA cm~2 was demonstrated by Luana e. al. with an adequate back textured surface
and intermediate refractive index matching layer [217]. However, in the 2T PSC-5i tandem
cell configurations, the optimum trade-off between the cumulative short circuit current and
open-circuit voltage needs more optimization without sacrificing FF with delicate design
and less production variability.

In all PSC-Si tandem bottom cells, FF was shown to be drastically reduced due to
the texturing of perovskite on the silicon surface, which in turn undermined the bottom
cell’s FF [216]. Furthermore, Werner et al. observed that front surface texturing did not
influence free carrier absorption at 550-800 nm; instead, FF was influenced by perovskite
solution-based deposition on the textured surface, leading to the undesirable lateral carrier
transports and shunt resistance reduction [32]. On the other hand, with less FF cell loss,
perovskite co-evaporated conformal deposition methods over textured silicon surface
suit the low-scale tandem, which is not feasible for large-scale PSC-Si tandem solar cells.
Therefore, the technological process for perovskite conformal coating needs further research
towards market scale cell size.

6. Future Perspectives towards Large-Scale Industrialization

By looking into uncertain present energy conditions due to COVID-19, the solar energy
market needs to compete with conventional energy resources. However, existing silicon
technologies such as the current mainstream market for solar cells are set for anticipated
cost reduction schemes. Therefore, this review aims at providing some future perspectives
on the large-scale solar cell industrialization, whereas PSC-Si cell mating may attract
investors” attention in the upcoming periods. Our proposed industrialization roadmap
supports other roadmaps suggested by academia in adopting metal electrodes and simple
reduced functional layers [220]. However, the suggested roadmap emphasized perovskite
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stability engineering, thin silicon advanced passivation understanding, current matching
improvement in 2T PSC-Si, and the exploitation of ongoing roll-to-roll perovskite solar cell
technology. Furthermore, iterative testing protocols are updated to match the existing IEC-
based reliable silicon testing methods.

Even though silicon possesses the highest PV market share and attracts many antici-
pated efforts on PSC-Si industrialization from 2018 [221], the research society argues that
silicon market share is not up to the commercial 2030 baseline target. A struggling PCE
of 26.7% evidence this since 2017 [6]. As such, the realization of high-quality highly-thin
silicon solar cells (~<50 um) requires a revolution of wafer passivation, slicing process,
and kerf loss reduction technologies (Figure 7) [171,222], which requires critical research of
passivation characterization techniques. Moreover, we recommend the review of Rehman
et al.’s study [223] for passivation prospects in line with current technologies.

Technological process challenge in cost reduction through high production line effec-
tive throughput is also required for further feasible industrialization of PSC-Si. For example,
Hasse et al. showed that upscaling, laboratory-scaled low-pressure chemical vapor deposi-
tion (LPCVD), and plasma-enhanced chemical vapor deposition (PECVD) downsides need
to be overcome on a technological basis process to accommodate commercially passivated
contact processes. Furthermore, thermal vapor deposition metallization requires more
research on finding feasible and effective upscaled alternatives [22]. On the other hand, the
200 °C metallization is not a limitation for the silicon bottom cell, but the top cell, where
perovskite top layers cannot tolerate this temperature. Hence, the low process and high
throughput metallization gap need more top cell adaptation research [224]. Therefore,
under perovskite top cell low process temperature, we expect the breakthrough in the
POLO-based silicon solar cell [175], which recently reached a PCE~26.1%, may take place
only in the upcoming 4T tandem cell benefiting from an existing production line.

Even though perovskite is a relatively cheap technology compared to silicon solar
cell technology, its current reliability is not yet satisfied to uplift perovskite for large-
scale industrialization [225,226]. Hence, various engineering such as fine compositional
engineering, additive engineering, interface engineering, and inexpensive encapsulation
engineering routes are required to optimize perovskite top-cell continuously, as shown
under ‘stability engineering’ in Figures 4 and 7.

Remarkably, for future perovskite module industrialization, the solution for processing
the life cost cycle needs to have a shorter pay-back period than other solar cells [227]. In that
sense, the scalable and promising alternative methods feasibly proven to commercialize
perovskite are the sequential deposition process and the blading coating process. However,
frequent observations showed anti-correlation between cell area and solar cell efficiency,
which the scalable deposition methods need to consider [228,229].

Despite many efforts in establishing wide-scale deposition of contact technologies with
industrial standards methods such as sputtering for perovskite transport layers [230-235],
stagnating issues of stability and hysteresis remain major concerns [236-238]. Similarly;,
the co-evaporation deposition technique in Ref. [40] effectively preserves the bottom cell’s
surface texturing. However, it does not fit in to be considered a high throughput industrial
technique that requires a revolution in manufacturing technologies. Moreover, the lack
of standardized testing protocols is cumbersome as perovskite testing protocols must be
appropriately aligned with the established IEC-61215 [225,239]. Furthermore, Perovskite
age-driven hysteresis testing protocols with actual in-situ conditions must be aligned with
silicon photovoltaic-based protocols [240-244]. Ashraf U. et al. reported that the lack of
perovskite solar cell standard test protocols resulted from an ambiguous way of stability
record assessment [241,242].
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Hence, inexpensive and reliable encapsulation may pave the way towards the elim-
ination of the extrinsic instability factors. However, in the end, recent and economically
effective encapsulation strategies elaborated in literature [243] have not yet fully consid-
ered the critical economic balance requirement for PSC-5i tandem’s sub-cell. This point
is evident as silicon solar cell encapsulation has already been standardized. Therefore,
any perovskite top cell tandem-based encapsulation methods must align with the existing
bottom cell encapsulation techniques. Recently, a novel set of low lifetime testing protocols
has been developed for perovskite [59]. Furthermore, current UV-filtered perovskite solar
cell testing methods require a shift to a more standardized one, such as the International
Electrotechnical Commission (IEC) testing protocols [44,225]. However, this is not the case
to gain similar consumer confidence in silicon bottom cells, which render low lifetime
testing conditions restricted to the research laboratory before realistic commercialization.

Although the roadmap for perovskite upscaling requires proper perovskite stability
engineering (Figure 4b), the emerged microelectronic blade coating technology would
have to be industrialized instead of the lab-based small-scale spin coating method, which
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lacks upscaling due to film non-uniformity [44,77,244]. Yaoguang et al. [225] briefed on
the loss mechanisms, which pose a roadblock towards industrialization. However, in
the same work, an explanation of the potential coating methods to transfer current mini
and sub-module streams from laboratory-based efficiency to the in-situ modules was
made. To further reduce LOCE of PSC-5i tandem solar cells, exploitation of perovskite
roll-to-roll printing technologies could boost PSC-Silicon tandem research motives, as im-
plemented by Toshiba for PSC cell technology [44,55]. With its laboratory-based successful
mini-modules through blading technology, Toshiba’s perovskite solar cells have demon-
strated cell efficiency of 10.5% at 5 cm?. Toshiba highlighted that one of the challenges
in their upscaling methods from poly-crystalline perovskite film uniformity production
and scribe process was the removal of the remnants from the top electrode during blade
coating [81]. Even though the first goal was to introduce a novel and invariable meniscus
organic methylammonium lead iodide material, the latter problem had been addressed
through the optimized low-pressure blade coating in combination with undisclosed easily
removable materials.

One step forward that would pave the road towards standardization has been claimed
by Microquanta, a China-based company. Microquanta planned a 20 MW perovskite solar
cell pilot line that has claimed the European Solar Test Installation Agency testing pass
for 200 x 800 cm? of PCE beyond 14% and 17% [245,246]. The current champion PSC-5i
tandem cells are mostly tested in a controlled environment; thus, testing similar tandem
cells at maximum power point (MPP) tracking is critical to certifying the feasibility of
PSC-Si marketing.

The Anita Ho-Baillie research group at the University of Sydney (USYD) demon-
strated a very optimistic process towards industrialization. The group adopted ITO or
nanocrystalline-based silicon-free interfacial layer (tunneling) 2T monolithic technology to
produce PSC-Si tandem over 21% at 16 cm? without having to retool the current silicon
single-junction solar cell technology [162,247-249]. The same group in earlier experiments
demonstrated a 4 cm? PSC-Si tandem cell by exploiting downshifting antireflective coating
material, which acts as a UV filter and silicon light trapping layer [250]. Even though
the overall work of the USYD group is promising, standardized protocols may need to
be optimized in future days. Lastly, as the monolithic 2T tandem-based solar cells work
towards vast industrialization, ICL engineering with highly conductive and optical index
match deserves valuable engineering time such that the optoelectronic loss is negligible.

In the roll-roll context, assuming all aforementioned PSC-Si tandem cells stabilities
and film uniformity (Table 2) are acceptable for IEC standards, we conceptually propose
integrating perovskite roll-roll production line into existing silicon solar cells (Figure 7b).
However, further investigation is required to align roll-roll perovskite technology with
standard and futuristic thin wafer-silicon solar cells technology. Further, it may require a
techno-economic evaluation, feasibility studies, and convincing equipment manufacturers
to combine PSC and thin wafer silicon production lines.

With the rapid trend of perovskite solar cell’s PCE and the existing silicon solar
cells, we expect to experience a decent shift in perovskite-silicon tandem future market
share, provided that the significant challenges conveyed in this work and previous works
are unraveled.

7. Conclusions

Perovskite-silicon tandem has a great chance to obtain decent market shares amongst
anticipated PV tandems. However, the unprecedented development in the last seven years
may require top cell tandem low-cost perovskite loss mechanism-related industrialization
issues to be addressed.

The main challenges and proposed strategies of top cell perovskite to overcome loss
mechanisms and their main mitigations methods were highlighted in this work. Perovskite
instability, hysteresis, toxicity, and low-cost industrial film technologies are the main
inter-related concerns for top cell industrialization. Furthermore, a cost-effective and
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atmospheric proof encapsulation requires more research to offset the extrinsic degradation
effects. Despite the silicon bottom cell being a consolidated PV technology, the state-of-the-
art silicon struggles to reach 27% efficiency. Therefore, critical passivation and light loss
require more research. POLO-based silicon solar cell is another anticipated route for the
bottom tandem solar cells due to the availability of the existing PERC production line.

A proposed roadmap based on the integration of existing perovskite roll-roll technol-
ogy into silicon solar cells production line was presented in this work. Therefore, following
the evolution of the proposed comprehensive perovskite stability engineering and testing
protocols, the flexible and elastic substrate applications featuring roll-to-roll technologies
may accommodate affordable and efficient PSC-5Si tandem solar cells. As a result, wafer
thinning, effective passivation, cost-effective light management techniques, and a shift
in perovskite stability engineering can make a commercial PSC-Si tandem real. Similarly,
advanced ICL layers require a more careful design and application, which needs special
consideration on a large scale. Suppose the main perovskite-silicon tandem challenges
towards broad marketing are solved. In that case, a revolution in the renewable energy PV
market share may occur, especially for markets that opt-out to prevail during and after the
COVID-19 pandemic period meeting the 2021 ITRPV projection.
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