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Organic—inorganic perovskite materials have gradually progressed from single-junction solar cells to tandem
(double) or even multi-junction (triple-junction) solar cells as all-perovskite tandem solar cells (APTSCs).
Perovskites have numerous advantages: (1) tunable optical bandgaps, (2) low-cost, e.g. via solution-processing,
inexpensive precursors, and compatibility with many thin-film processing technologies, (3) scalability and
lightweight, and (4) eco-friendliness related to low CO, emission. However, APTSCs face challenges regarding

Received 25th October 2023, stability caused by Sn®* oxidation in narrow bandgap perovskites, low performance due to V. deficit in the

Accepted 7th May 2024 wide bandgap range, non-standardisation of charge recombination layers, and challenging thin-film deposition
DOI: 10.1039/d3ee03638¢ as each layer must be nearly perfectly homogenous. Here, we discuss the fundamentals of APTSCs and

technological progress in constructing each layer of the all-perovskite stacks. Furthermore, the theoretical
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Broader context

power conversion efficiency (PCE) limitation of APTSCs is discussed using simulations.

Global warming caused by the excessive use of fossil fuels has accelerated the necessity for renewable energy sources. Metal halide perovskites are considered a

promising next-generation technology for photovoltaics with rapid progress in performances in recent years and involve manufacturing processes with a low
carbon footprint. All-perovskite tandem photovoltaics, constructed using multiple perovskite layers deposited on top of each other, are of particular interest

because they permit more efficient use of available areas, require less consumption of materials and demonstrate an improved energy harvest. This is all the
more compelling as recently all-perovskite tandems have exceeded the performances of both single-junction perovskite and silicon solar cells. In this review, we

outline the theory and advantages of all-perovskite tandems as well as their potential to achieve even higher performances in the future.

1. Introduction

Organic-inorganic perovskites have shown great promise for photo-
voltaics (PVs). Perovskite single junction solar cells have been
recently certified at >26% efficiency close to established silicon
at >27% efficiency." Moreover, certified perovskite-based tandem
solar cells have made improvements in a short period of time from
4.6% in 2014 to the current world record of 33.9%.>* Even
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perovskite—perovskite-silicon triple junction solar cells have been
recently reported with an efficiency of 27.1%."

Recently, APTSCs have been gaining attention with rapidly
increasing performances, with 28.5% (certified: 28.0%) effi-
ciency for a perovskite-perovskite tandem (double junction)
(Fig. 1a-d).” Although the efficiencies of APTSCs are still lower
than silicon-perovskite tandems, they have several benefits.
Here, we present the fundamentals of the APTSCs, providing
the current research state as well as the future outlook.

Perovskites have remarkable material properties: direct
bandgap, long diffusion length, long minority carrier life time,
tunable bandgap and high defect tolerance.®'® The ABX;
perovskite crystal structure comprises A, B, and X sites, where
the A ion is positioned in the cuboctahedra vacancy formed by
the X atoms in cuboctahedral AX;,. The B site is occupied as an
octahedron in a BXg structure. The organic-inorganic metal
halide perovskites are typically composed of (1) a monovalent
A-site cation: caesium (Cs"), methylammonium (MA") or for-
mamidinium (FA'); (2) a divalent B-site metal: the lead(i)
(Pb*") or tin(n) (Sn**) ion; and (3) a monovalent X-site anion:
chloride (C17), bromide (Br™) or iodide (I7), superhalides or

This journal is © The Royal Society of Chemistry 2024
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pseudohalides (Fig. 1e). The impact of the different compo-
nents on the perovskite framework determines the motifs and
properties of the perovskite crystal structure. For instance, large
A-cations lead to 2-dimensional (2D) metal-organic sheets,
which can alter electronic properties."*™ Over time, some
leitmotifs for perovskite were found, which predict the form-
ability of the 3-dimensional (3D) organic-inorganic perovskite
structure: the A-site component has a size constraint decided by the
cuboctahedral vacancies created by the corner-sharing BX; octahedra.
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The Goldschmidt tolerance factor (f) can be used to predict
the stability of the 3D perovskite structure indirectly given by
the ionic radii of elements A, B and X in the equation
t = (ra +rx)/V2(rs + rx), where, r4 s x are the respective ionic
radii.**

Experimentally, most 3D organic-inorganic perovskites have
a Goldschmidt tolerance factor in the range of 0.80 < ¢ < 1.00.
If t > 1.00, the perovskites form a hexagonal structure.
Ift < 0.80, due to the small A cation, a non-perovskite structure
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is formed. A second restriction of the perovskite structure is the
octahedral factor (u), given by u = rg/rx."> Generally, in the range
of 0.44 < p < 0.90 a stable octahedral structure is formed.

The tolerance factor and octahedral factor inform about the
formability of the perovskite structure. Much research concen-
trates on multi-component perovskites with any of the A, B, and
X-sites rather than the pure structures of MAPbI;, FAPbI;, and
CsPbl;, as they frequently suffer from phase instability (FAPbI;
and CsPbl;) or volatility (MAPbI;).

2. Advantages of APTSCs

2.1. High performance (tunability)

Tunable properties with compositional engineering boost
research on perovskite solar cells (PSCs). In the organic-
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inorganic based perovskite structure (ABXj;), the perovskite
absorber layer from every A, B, and X position can modify the
optical bandgap.'®"® For instance, in the A-site case, going
from FA", MA" to Cs' widens the bandgap (Fig. 3a). In the
B-site case, generally, Sn®" can create a narrower bandgap than
Pb>". At specific points of tin-lead mixed perovskite films,
lower bandgaps than the pure tin-based perovskite film are
observed.” Lastly, in the X-site case, going from I", Br~ to Cl~
widens the bandgap. Also, additive engineering with bulky
organic molecules slightly changes the bandgap.>*** The
bandgap tunability of the perovskite solar cells (PSCs) allows
to extend to the field of tandem technology.>*>® Especially,
APTSCs have much potential for performance increase com-
pared to single junction PSCs; however, dedicated bandgap
alignment engineering is required. Recently, many studies
have shown all-perovskite tandems (double junctions) with
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Fig.1 Summary graphs regarding efficiencies and active areas of APTSCs and the structure of perovskite. (a) This graph shows the power conversion
efficiency progress of APTSCs regarding double and triple junctions with efficiency and according reference number just below (in brackets). The bifacial
APTSCs are not included. (b) The scatter graph showing the efficiency (vertical axis) and area (horizontal axis) of APTSCs, regarding certified devices
showing also the reference numbers. (c) The scatter graph showing the efficiency (vertical axis) and area (horizontal axis) of 2T and 4T APTSCs, containing
the following information: bifacial and module device as well as the reference numbers. (d) The scatter graph showing the efficiency (vertical axis) and
area (horizontal axis) of 2T and 4T APTSCs involving flexible substrate APTSC and triple junction APTSC information with the reference numbers. Device
details (PCE, active area, terminal, and note) are in Table S1 (ESIt) regarding Fig. 1la—d. (e) The standard ABXz perovskite structure.
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optimised narrow bandgaps between 1.21 and 1.26 eV and wide
bandgaps between 1.73 and 1.78 eV with PCEs of 26.0-
28.5%.>*% On the other hand, the all-perovskite multi-
junction bandgaps are not optimised yet for the highest per-
formances, which will be a critical issue in the future.**”

2.2. Low cost

Compared to conventional silicon solar cells, PSCs have the
potential to be a competitive technology owing to: (1) low-
temperature manufacturing, where most fabrication steps are
below 150 °C, e.g., in the so-called planar architecture that does
not require high temperatures (since no mesoporous TiO, is
used). Although, compared with the conventional PV industry,
even a 500 °C step (for mesoporous TiO,) could be considered
as relatively low. (2) PSCs are a thin-film technology that need
only a small amount of material.

Furthermore, studies calculated the economic efficiency of
perovskites at a relatively low cost with a levelized cost of energy
(LCOE).*®*° For example, one study calculated the LCOE of two
types of double junction and two types of single junction solar
modules by adopting a bottom-up cost model to estimate the
module cost (Fig. 2a-d). It claimed that the all-perovskite
tandem solar module showed the most economical cost
(Fig. 2e). All-perovskite tandem solar module showed the lowest
LCOE with 4.22 US cents kWh ™" (Fig. 2d) compared to other
modules (5.50, 4.34 and 5.22 US cents kWh™'; Fig. 2a—c).*’
Another study calculated the LCOE of 2-terminal (2T) all
perovskite tandem and 4-terminal (4T) all perovskite tandem
PV modules. 2T all-perovskite tandem PV modules are slightly
more competitive (US $33.8 per m?) than the 4T ones (US $42.3
per m?). However, the overall studies argued that perovskite
solar cells have highly competitive prices.**

However, in the LCOE simulation, the stability of perovskite
solar cells is a critical factor as longer lifetime devices mean
lower LCOE values.*®**>** In general, in the photovoltaic mar-
ket, companies warrant the durability of, e.g., 20 years with over
80% of the initial module PCE. Research of perovskite single
junction solar cells demonstrated, e.g., 4500 h of stability under
illumination for PCEs >22% retaining more than 96% of the
initial performance.** Nonetheless PSCs (and thus APTSCs) still
need more robust durability in the future to reach conventional
PV module stability of 20 years with over 80% of the initial PCE.

The durability issues of APTSCs are more severe due to the
different compositions of the perovskite absorbers. In the
literature, most simulations for APTSCs assume long-term
stability like conventional photovoltaics, which may be too
optimistic for now although the durability of APTSCs is cur-
rently also rapidly developing. Hence, realistic LCOE simula-
tions are essential. Furthermore, offering the LCOE results
regarding outdoor-based APTSCs is important, as degradation
rates can directly affect the LCOE output.

2.3. Scalable and lightweight

The scalability of solar cells is a critical issue for commercia-
lisation escaping from the small lab scale. Many methods can
be used for manufacturing large-area PSCs: blade coating, slot-

4394 | Energy Environ. Sci., 2024,17, 4390-4425
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die-coating, spray coating, inkjet printing, screen printing, and
electro- and vapour-phase deposition.**° Spin coating is often
used for lab scale fabrication, although there are examples of
large-area PSCs using spin coating.>® Currently, it is challen-
ging to determine which methods will be the frontrunner for
commercialisation in the future since all fabrication strategies
are developed in parallel. Moreover, most deposition techni-
ques are rapidly advancing with better device performances,
e.g., blade coating reaching 23.2% (certified) at 7.3 mm?” in
the cell and 18.2% at 3580 mm’ in the module.”® This
scalability for the singlejunction PSCs can also be
extended to APTSCs similarly. Some studies demonstrated
decent device performance with APTSCs in large areas.
From 2016 to now, six research papers have been reported
for large areas (>1000 mm?), including 2T and 4T. The
large all-perovskite tandem solar modules’
reported in papers are 1200 mm® (using a stack of glass/
ITO/NiO/FAg 5CS0.2Pb(I5 ¢Bro.4)3/Ceo/ALD-SNO,/Au/PEDOT-PSS/
FA 7MA, 3Pbg 58N, 5153/Ceo/ALD-SNO,/Cu), 1225 mm? (with a
stack of MgF,/glass/IO0:H/2PACz/wide bandgap perovskite/LiF/
C60/SnO,/ITO and Au/PEDOT:PSS/narrow bandgap perovskite/
PCBM/Cgo/BCP/Cu), 1430 mm® (using a stack of glass/ITO/
PTAA/wide bandgap perovskite/Cgo/SnO,/Au/PEDOT:PSS/nar-
row bandgap perovskite/PCBM/Cq0/BCP/Cu), 2025 mm? (using
a stack of glass/ITO/VNPB/NiO/Cs 35FA¢ ¢5PbI; gBr; »/Ceo/ALD-
Sn0,/Au/PEDOT:PSS/FA, ;MA, ;Pbg 55N, 513/Ceo/ALD-SNO,/Ag),
2025 mm® (using a stack of glass/ITO/NiO/VNPB/Me-4PACz/
wide bandgap perovskite/Ceo/ALD-SnO,/Au/PEDOT:PSS/narrow
bandgap perovskite/Cgo/ALD-SnO,/Cu) and 5000 mm? (using a
stack of wide bandgap: PET/ITO/SnO,/wide bandgap perovs-
kite/Spiro-MeOTAD/VO,/IMI; of narrow bandgap: PET/ITO/
PEDOT:PSS/narrow bandgap perovskite/Ceo/BCP/Cu), which
demonstrated the PCEs of 21.4%, 19.1%, 21.6%, 22.5%,
24.5% and 15.3%, respectively.”*® Except for the active area
of 1200 mm” (spin coating), all perovskite-perovskite tandem
solar cells or modules were fabricated with blade coating.

Yet, the APTSCs still have particular challenges when using
scalable fabrication methods, e.g., when transferring optimised
spin coating (lab scale) to the blade coating (industry scale)
process. Firstly, the higher bromide concentrations in wide
bandgap perovskite precursor solutions hinder high-quality,
scalable fabrication due to the low solubility showing variable
crystallisation kinetics. One study conducted by Xiao et al.
attempted to tune the caesium concentration using a gas-
assisted blade coating method, which resulted in enlarged
average grain sizes from 290 to 380 nm.’® Secondly, it is
challenging to eliminate excess perovskite precursor solvents
such as DMF or DMSO after depositing perovskite layers due to
low vapour pressure. The excess solvents disturb the formation
of a uniform film and can be a challenge to process the narrow
bandgap perovskite on top of the wide bandgap perovskite as
those solvents can also dissolve the underlying wide bandgap
perovskite layer. Fundamentally, selecting solvents with low
boiling points can be achieved more easily than changing the
blade coating parameters such as blade speed, the gap between
the blade and the top layer or quenching gas pressure. Thirdly,

active areas

This journal is © The Royal Society of Chemistry 2024
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both the top and bottom cells suffer from stability issues.
Typically, Sn-Pb-based narrow bandgap perovskite bottom
solar cells have a more critical stability challenge. In the future,
large-area APTSCs may need to be manufactured in controlled
atmospheres, which may be under nitrogen gas conditions
or other controlled environments. Alternatively, the perovskite
inks can be made more robust against outside variations.
Finally, all perovskite tandem modules face challenges
regarding module interconnection as described in Section 4.3
(Module interconnection of APTSCs). These reported papers

This journal is © The Royal Society of Chemistry 2024

d.66

indicated that APTSCs have the potential for commercial
scale-up.>*>*

Lightweight or flexible substrate-based architectures are
another desired property in perovskite research. Flexible PSCs
are a promising high-power-per-weight application.’® The flex-
ible substrate-based APTSCs were reported in the papers using
polyethylene naphthalate (PEN) or polyethylene terephthalate
(PET) substrates with decent PCEs (Fig. 1d).>*®°"*® These flex-
ible or thin metal-based architectures may aid in developing
economic roll-to-roll processing including an encapsulation
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process for APTSCs.>* However, all fabrication steps of APTSCs
need to be checked for compatibility with roll-to-roll processing
because of the speed and lower cost.

2.4. CO, footprint (energy use)

The carbon footprint is the total amount of carbon dioxide
along the entire value chain. At the beginning of the perovskite
research, environmental research claimed that PSCs or
organic solar cells have an issue with carbon dioxide (CO,)
emission compared to other types of conventional photovol-
taics such as Si-based solar cells or CdTe owing to a short
lifetime (Fig. 2f). They considered the lifetime of the PSCs as
approximately two years. Hence, the study mentioned that PSCs
have 2-3 times higher carbon dioxide emissions than silicon
photovoltaics.** However, as perovskites have been quickly improv-
ing, recent research showed that <100 kg CO,.q per kW, for
single-junction PSCs and <200 kg CO,.q per kW, for double
junction APTSCs are among the lowest carbon dioxide emis-
sions per kilowatt.®> Moreover, PSCs have the shortest energy
payback time (EPBT) of 0.35 years among different types of
solar cells. A study regarding the carbon dioxide footprint
compared silicon/perovskite tandem solar modules and per-
ovskite/perovskite tandem solar modules. It postulated a per-
ovskite/silicon tandem with 25.2% efficiency and a perovskite/
perovskite tandem with 23.1% efficiency as 2T architectures.
Despite the perovskite/perovskite tandem modules having a
lower efficiency than the perovskite/silicon tandem modules,
carbon footprint calculations showed that perovskite/perovs-
kite tandem modules emit less carbon than silicon hetero-
junction (SHJ) solar modules (212.6 kg CO,eq per m’) or
perovskite-silicon tandems (223.2 kg CO,eq per m”) consider-
ing the lifetime of modules. When using the flexible substrate
for perovskite/perovskite tandem solar modules (43.7 kg CO5¢q
per m?), a slightly less carbon footprint was observed compared
to a glass substrate (47.0 kg CO,eq per m?) (Fig. 2g).°°

3. Fundamentals of tandem solar cells

3.1. What are tandem solar cells?

Tandem (double junction) or multi-junction solar cells have
been studied intensively over the years and are now a reliable
technology, e.g. for space solar cells. The concept of tandem
solar cells is to stack different absorber layers on top of each
other so that each layer sequentially absorbs light close to its
bandgap. Thus, the sunlight goes through the stack from the
wide to the narrow bandgap material. This way, photons with
energies lower than the bandgap are transmitted through the
material. The photons with energies higher than the bandgap
get absorbed while any excess energies beyond the bandgap are
lost to internal thermal conversion.

The tandem solar cell avoids excessive losses in thermal
energy by absorbing the higher energy photons in a suited
material with a higher bandgap. Accordingly, architectures with
two or three different absorber layers can be targeted adding
complexity but also reducing the amount of heat loss.
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3.2. Perovskite-based tandem or multi-junction solar cells

Ever since the concept of multi-junction solar cells was sug-
gested in 1955, various tandem (double-junction) or multi-
junction solar cells have been demonstrated to facilitate the
development of highly efficient photovoltaics.®” For example,
the highest efficiency of a multi-junction solar cell is 47.6%
using optimised metal contacts and antireflection layers in a
complex four-junction gallium indium phosphide (GaInP)/alu-
minium gallium arsenide (AlGaAs)/gallium indium arsenide
phosphide (GaInAsP)/gallium indium arsenide (GaInAs) in a
wide light spectral range between 300 and 1780 nm at a
concentration of 665 suns.®®

As the perovskite bandgap can be tuned from 1.2 to 3.0 eV, it
can be flexibly employed with other absorber layers, such as
perovskite/silicon solar cells, perovskite/organic solar cells,
perovskite/copper indium gallium selenide (CIGS) solar cells,
perovskite/dye-sensitized solar cells (DSSCs), perovskite/
cadmium telluride (CdTe) solar cells and all-perovskite
Stacks.23,24,69771

3.3. Theoretical performance limit of tandem solar cells

The Shockley-Queisser (S-Q) limit was calculated for the max-
imum efficiency in single junction solar cells considering only
the radiative recombination loss while neglecting non-radiative
recombination caused, e.g., by Auger recombination and Shock-
ley-Read-Hall recombination. Moreover, the S-Q limit assumes
that each absorbed photon creates one electron/hole pair and
that internal thermal conversion occurs, i.e., photon energy in
excess of the bandgap is lost as heat. Open-circuit voltage (Vo.),
short-circuit current (/) and fill factor (FF), which are factors of
device efficiencies, show different trends with increased band-
gap. Vo increases linearly until a bandgap of 4 eV. J,. decreases
steeply, and around a bandgap of 3.5 eV reaches nearly 0. The
FF can reach theoretically over 90% at 1.5 eV and a higher
bandgap. According to the S-Q limit, the best possible theore-
tical efficiency is 33.16% with a bandgap of 1.34 eV under
standardised air mass (AM) 1.5G illumination conditions
(Fig. 3a-d).””

For higher efficiencies, a tandem solar cell with multiple
materials is required. Although the ideal bandgap for the wide
bandgap perovskite is close to 1.7 eV for Si or CIGS bottom cells
(bandgap 1.1 eV), a higher bandgap of around 1.8 eV is
preferred to pair with the bottom narrow-bandgap (around
1.2-1.3 eV) perovskite solar cells.>* The highest efficiencies that
can be achieved with double junction tandems are 46% and
46.1% for 2T and 4T considering bandgaps from 0.5-2.5 €V,
respectively.”> However, achieving perovskite bandgaps <1 eV,
needed for high multi-junction stacks, is challenging. All
perovskite tandem solar cell studies are restricted to the
narrowest perovskite bandgap at 1.2 eV (using mixtures of Sn
and Pb)."® Many studies employed a well-optimised narrow
bandgap of 1.22 eV. Therefore, utilising a top cell with 1.82
eV and a bottom cell with 1.22 eV enables a theoretical 43%
PCE for a 2T tandem, which is similar to a 4T tandem, where
the bandgap of the top cell can range from 1.75 to 2.08 eV,

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Prediction of single junction solar cells. (a) Shockley—Queisser limit graphs in terms of PCE, (b) V., (c) Jsc and (d) FF with the bandgaps of the
different A-site, B-site and X-site perovskite compositions (the same colour indicates the same mono or polyatomic ions).

under AM 1.5G illumination as shown in Fig. 4a-d. So far,
1.22 eV and 1.25 eV as bottom bandgaps were used for triple
junction all perovskite solar cells. In the theoretical PCE limit
calculation, when a bottom bandgap of 1.22 eV was employed,
an intermediate bandgap of 1.59-1.61 eV and a wide bandgap
of 2.08-2.11 eV combination can achieve over 46% PCE. When a
bottom bandgap of 1.25 eV was used, an intermediate bandgap
of 1.62-1.65 eV and a wide bandgap of 2.1-2.13 eV combination
can theoretically achieve over 45% PCE, under AM 1.5G illumi-
nation as shown in Fig. 5a-d. Although this calculation does
not include the thickness of absorber layers, recent APTSC
research showed that around 400 nm is desired for a wide
bandgap, over 1000 nm for a narrow bandgap in a double
junction and approximately 300 nm for a wide bandgap and
over 1000 nm for intermediate and narrow bandgaps in a triple
junction as shown in Table S2A and B (ESIt). Many works have

This journal is © The Royal Society of Chemistry 2024

optimised the thicknesses of double-junction perovskite absor-
ber layers. However, there is not sufficient research yet on the
optimised thicknesses for triple junction APTSCs. This review
provides APTSC simulation information regarding potential
efficiency in Section 7 and Table 3 considering the electrical
properties of real devices’ stacks.

3.4. Wide bandgap perovskite solar cells

Wide bandgap perovskite solar cells had already been success-
fully integrated with narrow-bandgap absorbers such as Si
(1.12 eV), CIGS (1.1 eV), and tin (Sn)-lead (Pb)-based-perovskites
(1.25 eV), resulting in tandem architectures with promising effi-
ciencies of 33.9%, 24.2%, and 28.5%, respectively.>*!

However, unlike well-investigated perovskites with band-
gaps of 1.4-1.6 eV for single junction or narrow bandgap
perovskites (1.2-1.4 eV), wide bandgap perovskites have a
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relatively large V. deficit, e.g., a V,,. of 1.7 V (theoretical limit is
1.98 V) for a bandgap of 2.3 eV contrasting narrow bandgap
perovskites with 1.26 V (theoretical limit is 1.32 V) for a
bandgap of 1.6 eV.”*” The V,. is a key performance indicator
towards higher efficiency of APTSCs.

Especially, 2T APTSCs have a significant opportunity to
improve efficiencies as the total V,. in the series connection
is the sum of the individual subcell’s V,.. In a study, FACs-
based (1.77 eV bandgap) PSCs were tested to determine the
cause of the V. deficit. Although the theoretical V. is 1.49 V at
1.77 eV, the device showed 1.03 V. It was concluded that trap-
assisted, non-radiative recombination (~400 mV) and photo-
induced phase segregation (~100 mvV) reduce the V..
The main reason for the V.. deficit is the non-radiative
recombination within the perovskite absorber and interface

4398 | Energy Environ. Sci., 2024, 17, 4390-4425

between perovskite and charge extraction layers such as elec-
tron transport layers or hole transport layers.”® Up to
now, using new materials for the charge extraction layer,
additive engineering in perovskite precursors and passivation
layers between the perovskite absorber layer and charge extrac-
tion layer have been applied to reduce non-radiative
recombination.”” "

Here, the wide bandgap perovskites are discussed within the
context of inorganic perovskites and organic-inorganic hybrid
perovskites with mixed halides and cations.

3.4.1. Inorganic perovskite solar cells. Incorporating fully
Cs' in a perovskite crystal as an A-site instead of MA" or FA"
organic molecules increases thermal stability.®”"®® CsPbX;-
based (X: halides) structures have bandgaps from 1.72 eV to
2.99 eV (Fig. 3a)."” As a side note, inorganic perovskites may be

This journal is © The Royal Society of Chemistry 2024
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1.22 eV), intermediate bandgap (1.3-1.7 eV) and wide bandgap (1.7-2.2 eV), and (d) theoretical efficiency limit of triple junction solar cells in a monolithic
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suited for space applications due to thermal stability at tem-
peratures >200 °C.%”

However, in inorganic perovskites, stability challenges arise
when devices are exposed to humidity, oxygen and illumination
conditions.®® The most extensively studied inorganic perovs-
kites are CsPbl;, CsPbBr;, and halide mixtures thereof
CsPbl;_,Br,, where x is 0 < x < 3.

CsPbl; has four different types of phases, one photoinactive
yellow phase, which is the orthorhombic §-phase, and three
photoactive black phases: cubic phase (a-phase), tetragonal
phase (B-phase), and orthorhombic phase (y- phase). a-phase
CsPbl; has the ideal bandgap (1.73 eV). To convert from the §-
phase of CsPbI; to the a-phase, a high temperature of 360 °C is
needed. In the process of cooling after annealing, CsPbl;
transforms into the original yellow §-phase. However, in the

This journal is © The Royal Society of Chemistry 2024

process of phase change, CsPbI; shows a series of metastable
black polymorphs. The symmetry o-phase begins to transit to
the B-phase at 260 °C, followed by a further loss of symmetry to
the y-phase at 175 °C. During the o« — B — vy transition, the
high symmetry is removed because of octahedral tilting and
macroscopic strains. Consequently, stable CsPb(I; _,Br,);-based
solar cells were demonstrated with various deposition techni-
ques and surface or additive engineering. Simultaneously, this
inorganic perovskite-based wide bandgap APTSC showed rela-
tively high performance with 25.6% PCE.*’

3.4.2. Mixed halide or cation-based wide bandgap solar
cells. Not only Cs-based perovskite films but also standard
organic cation-based perovskite films can contribute to tandem
solar cells. They are favourable due to their wide bandgaps
utilising mixed halide. The crystallisation of a mixed halide
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perovskite with Br~ and I (MA, oCsg 1Pb(I 6Br.4)4) can achieve
a bandgap of 1.8 eV following the Ostwald ripening crystal
growth.®® Another example demonstrated reaching a wide
bandgap ultimately under Cs* free conditions and modifying
only the halide part, i.e., MAPbI,Br; ,. The composition allows
the optical bandgap to reach around 1.70-1.75 eV.”>%*

However, the I-Br mixed halide perovskites have shown
phase segregation resulting in different bandgap energies.”**
This photoinduced phase segregation forms the I-rich and Br-
rich domains on surfaces and grain boundaries under illumi-
nation resulting from ion migration.®® This phenomenon can
affect the production of photoinduced traps, reduction of
charge mobility, and short carrier lifetime causing V. loss.

Hence, typically Cs,FA; ,Pbl; (x is from 0 to 1) perovskites
have been investigated to avoid the halide segregation
problem.®® After photoinduced segregation, a self-healing phe-
nomenon can be observed to recover from the damage of two-
photon microscopy.97 When Cs is >0.5 in Cs,FA;_,Pbl;, a
potentially higher stability than pure CsPbI; was observed
due to a more appropriate tolerance factor. However, because
of the different phase transition temperatures between FAPbI;
and CsPbl; perovskites, and the large lattice mismatch of
perovskite structure, the quest for phase stable materials with-
out segregation is still ongoing.”®

3.5. Narrow bandgap PSCs

The development of narrow bandgap PSCs is also one of the
main factors responsible for the compatible APTSCs replacing
the silicon or CIGS bottom cells. In recent research, tin-based
PSCs or tin-lead mixed PSCs provided promising results.”® %
Partial substitution of Sn into Pb perovskites forming the mixed
Sn-Pb perovskites can tune the bandgap to the near-infrared
region (1.2 to 1.4 eV), which can be employed for ideal bandgap
single-junction PSCs or be paired with wide bandgap PSCs to
fabricate APTSCs.'® The mixed Sn-Pb perovskites possessed
unique optoelectronic properties, such as high conductivity,
likely due to high background carrier concentrations, and the
bandgap bowing effect (not following the Vegard law) that
showed non-linearity of the bandgap graphs.'®>'* This shows
that Sn-Pb perovskites (Pb, »5Sn, 75 alloy) have a lower bandgap
than pure Sn perovskite.'®> Moreover, Sn or Sn-Pb perovskites
have been developed for fabricating low-toxicity PSCs.'*1®
3.5.1. Pure Sn (lead-free)-PSCs. A pure Sn-based perovskite
absorber layer is in the spotlight due to the broad absorption
range with a bandgap of 1.24 eV, thus including the infrared
region, high charge mobilities, long carrier diffusion, and
lifetimes."'*>''° MA" is hygroscopic.''"'**> Hence, MA" can react
with water caused by the degradation of MASnI; perovskite
devices. Sn-O bonds are produced between water molecules
and the surface Sn atoms, breaking Sn-1 bonds with the I atoms
of the closet MAI layer.""? Therefore, pure Sn-perovskites suffer
from instability due to the Sn** to Sn** oxidation, leading to the
defect formation of Sn vacancies in the crystal structure and
resulting in high p-doping.'™ The tin vacancies act as the main
recombination sites for charge -carriers causing much-
shortened durability and poor operational stability of 500 h
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(under 75% relative humidity conditions) compared with their
wider bandgap (> 1.5 eV) counterparts, which are, e.g., stable
for 1200 h (at 85 °C and 85% relative humidity) retaining 86%
of the initial efficiency.'*>*'® This imposes challenges for the
monolithic APTSC structure.'!”

3.5.2. Sn-Pb mixed PSCs. MASnl; perovskites did not
demonstrate significant photovoltaic properties for a long
time because of the unstable Sn>*. Hence, a small content of
Pb is often added to fabricate PSCs and stabilise Sn>*. The
alloyed perovskite with MASnI; and lead analogue attracted
interest as a narrow bandgap absorber exhibiting 1.2-1.3 eV for
single-junctions and the bottom cells for APTSCs. The PCEs
of Sn-Pb mixed-perovskites have improved from 7.37%
for MASn,,sPby ;53 at 1.24 eV in 2014 to 23.2% for
MASN,Pb;_,I; (x is from 0 to 1) at 1.21 eV in 2022."%''® sn-
Pb-mixed perovskites have exhibited a better stability than pure
Sn-based perovskites due to reduced (unwanted) tin oxidation,
improving film quality and binding energies. Nevertheless, the
stability issue still remains a challenge for Sn-containing
perovskites."'® One facile solution is compositional
engineering. Instead of the pure MA', adding FA" or Cs'
improved the efficiency to 21% and 1000 h of thermal
stability under air and dark conditions at 85 °C without
encapsulation.'®***! Currently, Pb-Sn-mixed-perovskite is the
only viable narrow bandgap absorber and thus, the only option
for the bottom cell in APTSCs. Therefore, many methods were
used for studying the Sn®" instability, which thus will be
elaborated below.

4. Architectures of APTSCs

Each configuration of the tandem solar cells has advantages
and disadvantages. APTSCs have a similar architecture to
silicon/perovskite tandem solar cells."** Commonly, 2T and
4T were demonstrated in many studies.

4.1. 2T APTSCs

The concept of 2T APTSCs is to fabricate all the layers on the
same substrates, i.e. a monolithic architecture. The stack
follows back electrode/narrow-bandgap perovskite (bottom
cell)/interconnecting layer (charge recombination layer)/wide-
bandgap perovskite (top cell)/transparent electrode (Fig. 6a).
Thus, 2T tandems only need one substrate, which is one of the
cost advantages. However, when the top layers of the overall
tandem are deposited, it is crucial not to damage the under-
lying layers, e.g., by solvent addition or sputtering. In addition,
the configuration of the interconnecting layers is important.
Three different interconnection viewpoints should be consid-
ered to create the high-quality interconnecting layers: electrical,
optical and mechanical. Electrical interconnection is consid-
ered to extract carriers from the near subcells and to facilitate
the recombination in the subcells. Optical interconnection
needs to address optical transparency issues to reduce absorp-
tion losses. Mechanical interconnection is required in order
not to damage the underneath subcells during the device

This journal is © The Royal Society of Chemistry 2024
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fabrication."®® This review describes the main strategies for

manufacturing interconnecting layers in Section 6.3.

4.2. 4T APTSCs

4T tandems use two different substrates (Fig. 6b and c). More-
over, 4T APTSCs do not require current matching as there is no
series interconnection mechanically. Thus, the fabrication pro-
cess of 4T tandems is more convenient than that of 2T

This journal is © The Royal Society of Chemistry 2024

tandems, although it employs more materials and is prone to
higher optical losses from parasitic absorption and unwanted
reflection. 4T tandems have two types of designs. One type is
similar to 2T but requires four electrodes. However, the used
area is the same as 2T tandems. Another type is an installed
optical splitter between two subcells, which are located perpen-
dicularly. Therefore, one subcell absorbs high energies of
photons, another absorbs low energies of photons. This

Energy Environ. Sci., 2024,17, 4390-4425 | 4401


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee03638c

Open Access Article. Published on 10 May 2024. Downloaded on 2/10/2026 9:42:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

method can be more efficient when it comes to large areas for
commercialisation, although the additional costs for the opti-
cal splitter needs to be factored in as well.'*®

4.3. Module interconnection of APTSCs

Perovskite solar modules are commonly manufactured by an
integrated series interconnection of subcells. Fig. 6d and e
show the scheme of 2T and 4T all-perovskite tandem modules,
respectively. For fabricating all-perovskite modules, a scribing
process with three patterning steps P1, P2 and P3 is used:

P1 scribing is carried out on a transparent conductive oxide
(TCO) based substrate. P2 scribing is implemented before
depositing the last conductive layers, which means removing
all layers except the bottom TCO. These P2 lines interconnect
the subcells. After the top electrode deposition, such as TCO or
metal, P3 lines are scribed to isolate the top electrode from
adjacent cells. Although this patterning process is necessary, it
comes with drawbacks, such as dead areas where the scribing
was applied (not creating electricity). Therefore, the dead areas
must be minimised without producing shunting losses. A study
demonstrated how the subcell width can affect the perfor-
mance of all-perovskite tandem modules. Increasing the sub-
cell width (6.4-15.0 mm) resulted in having higher geometric
fill factors (88.3-95.0%) and instantly affected higher module
efficiencies (the highest efficiency is 21.2% with a width of
11.25 mm and a geometric fill factor of 93.3%). However, from
the width of 7.5 mm, series resistance increased, and conse-
quently, the fill factor of the module was reduced following a
parabolic shape.

After the P3 lines, each small cell is exposed to ambient
atmospheres such as oxygen or moisture causing degradation.
In perovskite tandem modules, halides from the perovskite
absorbers can react with the metal electrodes at the intercon-
necting subcells. This may create deep defects, which can be
mitigated using, e.g., a thin conformal diffusion barrier depos-
ited, e.g., by atomic layer deposition.’® As a result, the con-
formal diffusion barrier hampered halide-metal interdiffusion
avoiding the reaction between the perovskite layer and the
metal electrodes improving stability. Finally, 4T all-perovskite
tandem modules consist of two submodules. Hence, it is
important to align the patterned areas carefully to prevent

power losses 54,55,57,124-126

5. More specific APTSCs

Less standard configurations use bifacial APTSCs, inorganic-
based APTSCs, flexible APTSCs, substrate configured or multi-
junction designs.

5.1. Bifacial all-perovskite tandems

A bifacial solar cell generates more electricity using light from
the front and rear side. The bifacial APTSCs were reported in
various studies in the literature: Li et al. suggested the initial
design of bifacial APTSCs using TCO as the back electrode
(Fig. 7a). Moreover, the optimised current matching design for
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mono-facial APTSCs resulted in the current mismatch in the
bifacial configuration because the current of the bottom side
will be increased with albedo in bifacial monolithic tandems.
Besides, the back side TCO led to a reduced current as there
was no light reflection parts like metals to guide more light into
the perovskite absorber. For example, at the wide bandgap of
1.77 eV, mono-facial APTSCs showed 24.36% and bifacial
APTSCs showed 23.34% and 25.25% without and with 30 mW
cm 2 rear irradiance (RI) conditions respectively. Although
under the RI conditions, a 1.68 eV bandgap indicated the
highest efficiency of 28.51%, without RI, only 19.29% efficiency
was obtained."® Another study also focused on creating TCO
electrodes for both sides, demonstrating a PCE of 20%
(Fig. 7b)."*® Chen et al. implemented several techniques for
improving energy yield: by decreasing the optical bandgap of a
wide bandgap cell to 1.65 eV instead of 1.78 eV and by specially
embedding a light-scattering micrometre-sized particle layer
into a narrow bandgap perovskite (Fig. 7c). As the embedding
particles, the cation-exchange resin particles were employed to
obtain the light-scattering function to lock the Pb in perovskite
devices, which is important for leakage cases. This particle layer
supported solving the removal of the reflection back metal
electrode and the reduction in the photon path length. This
method effectively absorbed 5 to 15% in the infrared region.
The highest efficiency of a bifacial APTSC was obtained at a
wide bandgap of 1.65 eV with 29.3% under the 30% albedo light
conditions. However, without albedo light conditions, the
bandgap of 1.65 eV (16.7%) led to a lower efficiency than the
bandgap of 1.78 eV (20.6%)."*°

5.2. Inorganic APTSCs

As mentioned above, inorganic perovskites have a favourable
optical bandgap (~1.77 eV) for wide bandgap solar cells and
high thermal stability. Until now, one publication demon-
strated APTSC with an inorganic wide bandgap subcell. How-
ever, the interface between the transport layer and inorganic
perovskite has challenges of a significant energetic mismatch
and limited charge extraction. To solve this, interfacial engi-
neering was applied.”*" Furthermore, a study demonstrated
fully inorganic-based APTSCs in a 4T integration.>*>

5.3. Flexible APTSCs

Flexible APTSCs provide the opportunity for mass production
by a roll-to-roll process in the future. Currently, various works
use a flexible substrate, such as polyethylene naphthalate (PEN)
or polyethylene terephthalate (PET), although the loss of open-
circuit voltage at a wide bandgap is more distinct than that on
rigid substrates. Another challenge is depositing layers uni-
formly on the flexible substrate since flexible substrates typi-
cally have rougher surfaces than the rigid ones. To resolve these
issues, primarily interfacial layer engineering or additive engi-
neering was implemented. These flexible substrate-based
APTSCs were tested on the 4T and 2T configurations, e.g., with
the largest area being at 5000 mm” on a PET substrate with a
PCE of 15.3% in 4T APTSCs. The highest efficiency on a flexible

This journal is © The Royal Society of Chemistry 2024
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configurations. © 2020. American Chemical Society All rights reserved. © 2020. Springer Nature All rights reserved.>¢%”

This journal is © The Royal Society of Chemistry 2024 Energy Environ. Sci., 2024,17, 4390-4425 | 4403


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee03638c

Open Access Article. Published on 10 May 2024. Downloaded on 2/10/2026 9:42:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

PET substrate with a 4.9 mm? active area was 24.7% in 2T
APTSCS 54,60-63

5.4. Substrate-configured APTSCs

The generally used superstrate configuration, where the wide
bandgap subcell comes first followed by the narrow bandgap
subcell, has stability challenges in the fabrication. Especially,
the narrow bandgap perovskite comprises tin-lead mixtures,
which are particularly exposed to the oxygen environment, to
which they are more sensitive compared to the wide-bandgap
perovskite at the bottom. A substrate-configured device is
fabricated by depositing the first narrow-bandgap perovskite
and subsequently the wide-bandgap perovskite. Hence, the
narrow bandgap perovskite embedded at the bottom is more
protected from oxygen conditions. This can improve oxidation
resistance and thus stability. Furthermore, this configuration
can utilise all substrates flexibly, from transparent substrates
such as glass, PET, PEN, and polyimide (PI) to opaque sub-
strates like polymers, stainless steel or metal foils."

5.5. Multi-junction APTSCs

Multi-junction (three or more junction) APTSCs have the
potential for even higher PCEs beyond 33%. Among the main
works published thus far, the reported efficiencies, although
lower than the double-junction tandem solar cell, were: 6.7%
(Glass/FTO/SnO,/PCs;BM/wide bandgap perovskite (WB PVK)/
Spiro-MeOTAD/PEDOT:PSS/ITO NPs/PCs;BM/intermediate
bandgap perovskite (IB PVK)/Spiro-MeOTAD/PEDOT:PSS/ITO
NPs/PC¢;BM/narrow bandgap perovskite (NB PVK)/Sprio-
(TFSI),/Ag), 16.8% (Glass/ITO/PTAA/WB PVK/Cg,/SnO,/Au/PED-
OT:PSS/PTAA/IB  PVK/Cg,/SnO,/Au/PEDOT:PSS/NB  PVK/Cgo/
BCP/Ag), 20.1% (Glass/ITO/PTAA/WB PVK/Ceo/ALD-SnO,/Au/
NiO/PTAA/IB PVK/Cg,/ALD-SnO,/Au/PEDOT:PSS/NB PVK/Cgo/
BCP/Cu), 24.3% (Glass/ITO/NiO,/Me-4PACz/WB PVK/PEAI-
EDAIL,/PCBM/PEIE/SnO,/ITO/NiO,/Me-4PACz/IB PVK/PEAI-
EDAL/PCBM/PEIE/SnO,/Au/PEDOT:PSS/NB  PVK/Cy,/SnO,/Ag)
and 25.1% (Glass/IO:H/NiO,/Me-4PACz/WB PVK/PCBM/PEI/
ALD-SnO,/ITO/NiO,/Me-4PACz/IB  PVK/Cgo/ALD-SnO,/Au/PED-
OT:PSS/NB PVK/Cgo/ALD-SnO,/Ag).

Selecting the appropriate bandgap will be particularly
important for the triple junction APTSCs as three different
absorbers are needed (wide/intermediate/narrow bandgap).
For example, publications demonstrated triple junction all-
perovskite solar cells with bandgaps, as shown in Table 1.
(Fig. 7d-f). Furthermore, the best stability of triple junction
all-perovskite solar cells is currently 420 h, retaining 80% of

Table 1 The bandgap data of triple junction perovskite solar cells

Wide Intermediate Narrow

PCE (%) bandgap (eV) bandgap (eV) bandgap (eV)
6.7%° 1.94 1.57 1.34

16.8%7 1.99 1.6 1.22

20.1%¢ 1.73 1.57 1.23

24.3% 2 1.6 1.22

25.1%* 1.97 1.61 1.25
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their initial efficiency under illuminating and room tempera-
ture conditions from the literature. Hence, this triple junction
field has promising potential for development of highly effi-
cient and stable devices.***”

6. Challenges and solutions for
APTSCs

PSCs have rapidly developed efficiency and stability. The latest
research has demonstrated that APTSCs showed efficiencies
higher than single-junction PSCs. However, in APTSCs, the
stability-related degradation issue still remains a challenge,
i.e., the phase transition from the original crystal structure to
the constituent components or a side phase caused by heat,
freezing, moisture, or illumination. Herein, various methods
were described on how APTSCs accelerated efficiency and
stability. Furthermore, we detailed recent research trends in
comprehensive summary graphs and tables (Fig. 1a-d, Table 2
and Table S1, ESI¥).

6.1. Perovskite absorber layers

The perovskite absorber layer is among the most challenging to
modify in the APTSC architecture, as it is the core layer directly
correlated to efficiency and stability. For example, Sn-based
perovskites generally used for achieving narrow bandgaps have
poor moisture stability due to the oxidation of Sn*" to Sn*".
Another example is that many defects exist on the perovskite
surface area, which may cause non-radiative recombination.
Additionally, wide bandgap perovskites have a V,. loss
challenge.

6.1.1. Crystal growth control. Crystal growth control is
crucial for the device performances. The crystal nuclei originate
from particles such as organic molecules or ions in the per-
ovskite precursor solution. These particles move randomly in a
perovskite precursor solution, forming (statistically and at a low
percentage) clusters, which typically disappear rapidly in an
unsaturated solution system. If the perovskite precursor is
oversaturated, the seed crystal from clusters can grow and
exceed the critical seed size to trigger crystal growth.™*

The LaMer mechanism and Ostwald ripening are well-
established theories regarding crystal growth. The LaMer
mechanism consists of three steps. The first step is to increase
the concentration of the solution until a critical point. The next
step shows rapid nucleation and crystal growth formation once
the concentration is oversaturated, which means crossing a
certain energy barrier. Meanwhile, the concentration will start
reducing. If the concentration of the solution is sufficiently low,
the nucleation starts reducing. In the final step, the diffusion
in the solution dominates.*** As another crystal growth model,
Ostwald ripening occurs when small particles dissolve into
larger particles due to the high surface energy and high
solubility of small particles.">*™*” Especially, some perovskite
studies applied a digestive ripening model theory, which is the
inverse of Ostwald ripening, expecting the increase of bonds

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee03638c

View Article Online

Energy & Environmental Science

Review

851610C nD/dDd/*°D/MAd N/VVLA/SSd:LOAdd
dag SSB[D LT ¥89 €C TTT €0c — — 8T €91 MAd €GN Ul SARIPPE UOl Wniwpe) 3[qnod /OLI pa1annds/cOus/*D/MAd 9M/VVId/OLI/SSED
021610T uonounforalay 3v/dDd/*°DMAd AN/ouIZ padop-wunruruny
3ny  ssen It 8¢ 80T 6T'T ¥ST — — V/N 99T MAd-OLI J0 JuswuSie pued d[qnod /A1Ad/**D/AVT/IAd M/IE-NAd/Ad.L-L[0d/OL1/SSe[D

Iz <ot £7¢
161610T LT SoT At nD/d0d/*°D/MAd dN/SSdLO
3ny  ssen It €L 8VC Tl TIe — — LT S9T uopoear uoneuoniodoidwod sqnod  -AAd/NV/COUS-ATY/*°D/MAd GM/VV.Ld/OLI/SSEID
1610 3v/dD4/*°D/MAd AN/SSd:LOAAd/(OLI
un[  sse[n 1T (49 T'1C STT V/IN — — ST V/N uopeassedynq uopeiodioour suno[yd diqnod  /f00W/3V) TO1/dD4/*°D/MAd GM/VVILd/OLI/SSE[D
ny/dod/°D/MAd dN/SSd:LO
296102 Ndd Iz 8¢ N 4 3uruny uomyed -qAd/OL1/2PIX0 duiz padop-wniunun|y/a1dd/ D
Ae SSe[D 1z 8¢ '€ LTT §9T — — LT T6Ll  PUB UONBIYIPOW I9AB] UOHEBUIqWOIY I[qnod /AVI/MAd 9M/Id-NAd/PdI4[0d/OLI/ssel3 10 OLI/NAd
101610T Sse[n 1y S0t ¥'se MAd 3v/dDd/°°D/MAd AN/SSd:LOAAd/OL1/SSeld N
dy  ssed Iz S0t T'€T STT 0T — — €9'T §'8T N Ul 2ARIppE a3euefooIy3 wniuipiuens d[qnoq 3v/dDd/*°D/MAd M/VVLA/OLI/SSe[S :dM
3v/4(1sd1)-o1ds
MAd AN/WNEDd/SAN OLI/SSd-LOAAd/AV.LOSW
£610C wapue) -o11dS/MIAd d1/IWE"°Dd/SAN O.LI/SSd:LOddd
uef SSe[H 1T 616 L'9 V€T T'IT ST V/N ¥6'T 911  uonoun(ajdin passasord uonnjos A[ng  9[diil, /QVIOSN-011dS/ A IM/INI°Dd/°OUS/O.LA/SSEID
,,1810T (d1Sd) 1o4er Sur 3y/dDd/°°D/susifishlod/SAd IN/SSA 1O
AON Sse[o 1T o1 6L ¥TT  T9C€L — — €8T TETI -J09UUO0DIAIUL PISeq-UOISSIWo J[UOIWIdYL,  3[qnod -qdd/nv/nD/dDd/*°D/dISA/MAd M/ OIN/OLI
¢1810T Itz ocl T9T Burdop TLH ‘(101) uone[nsdeoud/3v/TLH/MAd IN/(NG"°0d padod
»0 sse[n LT TL 69'8T 9TT  SS'ST — — 8G'T 67°8T I9Ae[ 3uposuuodIsiul passadoid-uonn[os  d[qnod -GNH/VV.Ld) TOINIAD GM/ING °Dd/*OLL/OLI/SSEID
op1810T 3v/dD4/°°D/MAd AN/SSd:LOAHd
10 sse[n Lz S0t 1T STT 8T — — ST ¥l MAd 9N 10} _[D jo uoneiodiooul d[qnod  /OLI/FOOW/3V/dDL/*°D/MAd 9M/VVId/OLI/SSEID
»p1810T VI Bumoeldar 3v/dDd/*°DMAd
3ny  ssen 1T VN 6T ¥TT TEL — — 9T 9¥1 ,SO Bursn Zuraurdua [euonisodwo) d[qnod  AN/SS:LOAAd/OLI/SOUS/*°D/MAd M/VVId/OLI
3v/dDd/*°DMAd AN/SSd*LOAAd/OLI/SSeLS AN
6,1810T OLI/*O0N/AVLOSIN
uef SSE[D 1y 01 1T°€C STT §LT —  — SLT LSt $apo13da[d Juaredsueny OLI/FOON  d[qnod -o11dSHIAd AM/INVS-2°D/°0OUS/OLA/SSBS M
¢1LT0T Ioke] uoneurq nV/QVIOSW-0I1dSMAd EN/*°D/SSd:10add
bETq| SSe[H 1 V/N 'S SS°'T LT — — €7 T'S -wooa1 a31eyd oruedio passadord-uonn[os I[qnod /AVILON-0IIdS/MAd M/ OLL-W/°OLL-0/OLd/SSeD
AL/ Iake] 3y/°9D-s19/Vda°D1/MAd AN/SSd:LOddd
m(f Sse[n A4 (0] 7’81 ¢TT PPL — — T8T STl dryIaul (VEO°DI) I9Nppe-siq °°D-auspul  3[qnod /OLI pa1a3nds/0°D-s19/°°0/MAd 9M/°OIN/OLI/SSe[D
0T 3v/dDd/*°D/MAd EN/SSI*LOAEd/OLI/SSe[3 *aN
61 LT0T *OOW/NV/*O0IN/AVLON
ue[  sse[D Ly S8 TIT STT 9/T — — 8ST €8I SSOWNDIYI MAd JO uonestundo  dqnoa -ox1dSHIAd dM/INVS-2°D/°0US/OLA/SSB3 :dM
Ny/ONNDL
0,19T0T -9 WLLBL/WLLBL/MAd GN/°°D/WYd:*°D/ONNDI.L
2a sse[n LT 9 96T SS'T ¥er — — T L0T s103onpuodIwas druedio padod s[qnoa -9d:WLLBL/WLEL/MAd 9M/HAI/?OLL/OLI/SSE[D

Iy 00T 91

Iz 00T €€t
¢c1910C I 0T 10T 3v/dDd/*°D/MAd AN/SSd:LO
10 sse[n 1 (14 691 TT IvT — — 81 86 uonestundo despueq  d[qnod -add/IWEDd/°0US/OLZ/MAd mk\o_z\ot\%m%
v
epr910C 0T 10 Buusauidus [°9D-S19/INDDd/MAd AN/SSd:LOAAd/OLI/SSB[S ‘N
3ny SSE[D NA 2N 4 A 8067 €€T  SEFT — — /ST 6TF1 [euonisodwod pue 3ulysem JUsA[OS  d[qnod  OLI/*°D-SIq/INGDd/MAd M/ OIN/OLI/SSB3 :dM
SSd:10dadd
+21ST0T -0y JuaredsuenyMIAd AN/TAd:INGDd/14d/SSd:LOAAd
2%a sse[n LT 01-¥ L VN ¥IT — — VN LTT TIO [9A0N  9[qnod /AV.LOSN-OIIAS/MAd dM/°OLL-W/?OLL-D/OLA/SSBID
2,1ST0T OLI/SSd:1O0aAd
120 sse[n IZ 96 80T SS'T 81 — — STT ¥8 (VV.Id 10 LHEd) INLH Ul db7 + ISAL-IT d[qnod /A AN/WLDd/VVId/,MAd 9M/°OLL/OLA/SSE[D
('399) 91B1ISQNS [BUTULIDL, FEEV (%) @0d  (A9) (%) (A9) (%) (A9) (%) POYIdN uonoun[ 2IN30N1S 1A

ayep edle WopuRL €GN HDd AN 9l dDd dMm dDd
paydaooy 2A1Y L4l AM

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"INV 92:2t76 9202/0T/Z U0 papeo|umod 20z AeIN OT UO paus!|and B[01Y sseooy usdO

$DSLdV O Sseqejep jedibojouoiyd syl g dgel

4405

Energy Environ. Sci., 2024,17, 4390-4425

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee03638c

View Article Online

Review

Energy & Environmental Science

S0T §'€T (OIN
£9CC0T 6’7 e Ppadplig-a[nod[owl & 03 PalIdJal OIN-dIN) nD/dDA/*?D/MAd IN/SSd-LO
AeW  oIqIxold 1z 67 LY TTT VIN — — ST T9L  S3[NI3[OW JANDI[IS-9[0Y 0M} JO SINXIN  d[qnod -AHdd/NV/°0uS-a'Tv/*°D/MAd IM/OIN-GIN/OLI/NAd
¢010C0T 7T wniuIpiuens pue wWnuoWWeAyIau 3v/dDd/*°D/MAd AN/SSd:LO
AeN  sse[D LT 6 SST STT TTC — — ST 99T -oyd suones dluedio Afng yim ae-Isend d[qnod  -add/nv/ OUS/*°D/AVI/MAd AM/ZDOVAT-OdIN/SSBID
261CC0T SPLIO[Yd PUB WNIUOWWEIAY} np/dod/*°D/MAd AN/SSdLO
dy  sse[d Iz VN 79T TI L0t — — 8T (/1  -owiIp Surfo[[e Suisn SUMISUISUD OLB)S d[qnOd  -AHd/NV/°OUS-A'TV/*°D/MAd 9M/VVILA/OLI/SSe[D

It 3620  pL'1C

6CC0T 1T 5520C §'Te 3V/°Ous-a'Tv/*°D/MAd dN/SSd:LOddd
dy  sse[d Iz 6% 1'ST ,TT'T 61 — — 8T TLI SABIPPE SO pue 3Upeod Spe[d  I[qnod  /NV/COUS-A'TV/*°D/MAd dM/GdNA/OIN/OLI/SSEID
¢or120T 9T (Vd-£d0) wntuowrwuejduayd nD/dDd/*°D/MAd AN/SSd:LOdAd
22Q sse[n Iz 6% L'9T ,TTT T — — 9T €LI -Ayroworonn-f Suisn uoneaAlssed d[qnod  /ny/°OUS-A'TV/*°D/MAd M/AdNA/OIN/OLI/SSBID
3v/dDd/°°D/HdINMAd IN/VV.Ld/OLI/SSe[S :dN
. 114 (Hd1) 19359 [Axay proe oruordoxd 13N/OZI/* 00N
22Q sse[n Ly <ot 8'¥c 97T 98T — — €9T 6@ -°O-ouspur Suisn SunauIdud BRI S[qnOd /AVIO0PN-011dS/>IAd GM/°OUS/H:O1/SSBI3 :dm

(157eM UT *QIN S[EISAIOOURU)
11 120T “OIN-M PUe (Jouey3a ur *OIN S[eIsA100ueu) nD/OUS-ATV/*°D/MAd gN/*OIN-4/SON
Eble} SSE[D AK4 6% S'€T ,WTT ¥ —  — 8T §91 TOIN-E 'S1LI pue STLH I0J SapIX0 [P  d[qnod OLI/*0uS-a1v/*°D/MAd mﬁ\xoﬁz-i\orm\mmﬁo
v/dod
/°°D/INEADd/MAd N/2PONd3[d U0l H:0I/SSeld :gN
051 FC0T 9po13d3[d Juoy (H:OI) CI3IN/9Pp0I303[d T8I OZI/*OOIN/AVILON-011dS
dag sse[n 1y V/N 8'¥C 97T /T — — 791 61 H:¥0%u1 op1xo winipur padop-uadoIpAH o[qnod /A dM/c0us-du/apondafe Juoij H:QI/SSe[s :dm

TLH e Sse
601 ¥20T (ddNA) surwerp-,7*p-[Ausydiq(jAusydidura nD/dOd/*°D/MAd dN/SSd:LO
un[  sse[n 1z 67 67T 9T'T 6'ST — — LT 9T B)SIA-"NUN-(A-T-usreyiydeu)ip- NN d[qnod -@Ad/NY/COUS-A'TV/*°D/MAd 9M/GdNA/OLI/SSBID
3v/dDg/°°D/WEIDd/MAd IN/VV.LA/OLI/SSe[S N
+¢1020T 243N/OLI/“OON
PO SSe[D Ly S0T 9'€T 9T'T T8l — — S9T 8T uoned 9[dUL 9[qnod  /AV.LOIN-01IdS/MAd dM/°0us-du/OLI/SSelS :am
3v/dD4d/*°DMAd dN/SSd:LOddd/nV/°Ous
T61 s[qnod  /°°DIAd dM/VV.LA/OLI/SSe[D :uondun( sjqnoq
3v/dDd/*°D/MAd AN/SSd:LO
,:0T02 -qdd/nV/°0us/**DMAd d1/VV1d/SSA:LOqdd/nY
das SSe[D LT 9.9 89T €T'T 9¥L LS'T S9T €T T8 ssoo01d uonnjos dojs-omy S[ESIOA  I[dILL /COUS/*°D/MAd GM/VV.LA/OLI/SSeD :uondun( ofduy,

1T 002T 71T 0T
¢c020C IT 00T  T%C (VSd) proe oruy[ns dUIPIWEWLIO) [IIm nD/COUS-ATV/*°D/MAd IN/SSd:LOAAd
das sse[n Iz 6% 96T TTT LTT — — LLT 6'ST SI[NOJ[OUW J[UOHRIMZ SUMOYDUE-00BJINS  3[qNOd  /NV/?OUS-A'TV/*°D/MAd dM/GdNA/OIN/OLI/SSBID
nD/d0d/*°D/MAd
0c020T AN/SSd:LOAdd/NV/°0uS-A'TV/*°D/MAd 41/VV.id
3ny  ssen IZ 67 1°0C TTT 10 9T 61 66T #0T uvopounf-pw aidiy,  SdUL  /OIN/DV/20US-A'TV/*°D/MAd 9M/VVId/OLI/SSE[D
,1020T ST TTT nD/d0d/*°D/Ad
un[  sse[n Iz 6¢ v¥e 12T T0T — — 8LT ST aIm3onns wapue) payidwis dqnoa AN/ Cous (u)/9D (Lu)/MAd M/VV.LA/OLI/SSEID
¢910T0T /56'8T MAd 9N 10} UODED WNIUOWWE nD/dDE/*°D/MAd AN/SSd:LO
qad SSB[D 1T 6% L'€T STT ¥6r — — ST 19T -[Ayzouayd 3uisn 10de] g ulyi-en|n dqnod  -ddd/nv/COus-aTv/*°D/MAd m>>\<<&m\oe_\mmwo
v
/dD9/*°D/WADd/MAd AN/SSA:LOAAd/OLI/SSe[S N
516102 CA8N/OLI/* 00N
2d SSe[D Ly 00T €T LTT T8l — — €91 &8I IMOI3 UOIEI[ONU PIJSISSE-WINNOBA  d[qnod /AVIOPW-011dS/MAd GM/°OUS/OLI/SSBI3 :dM
4916T0C 3v/dD4d/*°D/MAd dN/SSd:LOAId/OLI/SSe3 AN
AON  sse[d Ly 9 97eC TI 8S6L — — 9T G6I "LLH ® SB SS4:1L0ddd pa1infid [qnod 3v/dDd/*°D/MAd M /VV.Ld/OLI/SSE[S :dM
(‘304) orensqng [eurwIL], (wuw) (%) ADd  (A9) (%) (A9) (%) (A9) (%) POy uonoun( 2INPNIS 142
ayep BdIE WOPUEL GN EDd AN €I dDd dm dDd
pardasoy JATIOY Kiil AM

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"INV 92:2t76 9202/0T/Z U0 papeo|umod 20z AeIN OT UO paus!|and B[01Y sseooy usdO

(panupuod) gz aqel

This journal is © The Royal Society of Chemistry 2024

Energy Environ. Sci., 2024,17, 4390-4425

4406


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee03638c

View Article Online

Energy & Environmental Science

52£20T aAnIppe (]DVINC) n)/dod/*°D/MAd IN/SSd:LOddd
Tely SSe[D N4 8997 STT  L6°1T €T TT'0T 9PUO[Yd wnruowwedyouayd pue 9[Dqd dqnod /OLI/°0US/*°DIAd M/ITINAA/VV.Ld/OLI/SSeID
02£20T (1oHs4D) nD/dDd/*°D/MAd AN d3A-[DHSAD/SSA:LO
TelN SSe[D Ic AST LTT  ST'TT LL°'T 8%'LT 9PLO[YI0IPAY duralsho Suisn uoneaissed d[qnod -Add/OLL/*0US/°DMIAd 9M/ZDVAT/OLI/SSBID
(pazay)
291£T0T 119
TeN SSB[D 1y VI'€C STT  92°0C ¥£1 €021 oanippe wnifed(ojeuorpaueiuad-F‘z)siiL, aiqnoa
00£20T nD/d0d/*°D/MAd 9N/SSd:LOAAd/OLI/NAd :dN
ue( o[qIxo[g I '€e vT1 S'81 8.1 TSI 2ADIPPE °quS  d[qnod OZI/OUZ/WLDd/MAd 9M/ZDVAT/OLI/NAd dM
101C20T nD/dDd/*°D/MAd IN/LOdAd/NV/°Ous
AON SSe[n A4 STT STT 10T SLT S0T 10Qdd 993-SSd d[qnod  -A'TV/°°D/dTT/AAND/MAd IM/IGND/INVS/OLI/SSeID
9¢1CC0T /6T°9T JE61 wniuowwerp 3y ous-aTv/*?DIAd 9N/SSd:LOAdd/nY
AON SSe[n 1T ¥'LT TTT STT 6L'T 70T suedoxd-¢‘T Sursn uonealssed d[qnod /fOUS-A'TV/*°D/MAd M/ZDVdF-d9IN/*OIN/OLI/SSBID
6212C0T Iake[ uoneUIlq €0V A'TV/3V/A'Td OLI/dDg/*°D/MAd dM/WleL
AON SSe[D Ie 10 9T'1 S /T 89'T £'CT -woda1 adreyd oruedio pajisodop-winnoeA  d[qnod  /WIRI-d/09D-u/%%D/MAd IN/SSd:LOAAd/OLA/SSe[D
121€20T nD/f0US-A'Tv/**D/MAd AN/SON
10 SSe[D A4 €97 9’1 1T LT €T W[y aIpjsaolad paseq uol AIS-V V4 A[[Nd  d[qnod  OLI/COUS-A'TV/*°D/MAd IM/IINA/OIN/OLI/SSe[D
(9 yam
[e1oeJIq)
£6¢
061C20T (ouow) [FOUS-ATV/*°D/MAd dN/UISa1/LOAAd/apxo suayd
10 SSe[n R4 v¥e 1TT 76T S9'T VN wapue) [eBJlg  3[qnod  -B1S/°QUS-A'TV/*°D/MAd 9M/SOVAT-OdIN/OLI/SSBID
3v/dDd/WLIDd/MAd IN/SSd:LOAAd/OLI/SSe[O ‘N
262¢C0C 4N pue gm jo Wiy
‘1P0 SSse[n I L0'8T 6€°T 8cT 86'T 9T'TT MAd owuedioul A[[nj pue dedpueq uruny, a[qnodg /AVLOIN-011dS DA IM/°OUS/OLI/SSEID M
QpIpoIip ES_COEEEUQCE%SHQ
261020 pue (JAVS) 1ode[ouow pa[quIasse-§[as nD/dDd/*°D/MAd dN/SSd:LO
dag SSe[D R4 A T¥C 8T1 96T 9/'T  8'LT ZDVdT-Od Sulsn Juaunean adej1alul [end  d[qnod  -dad/OUS/nv/°°D/MAd IM/ZDVAT-OdIN/OLI/SSe[D
LI Jam
4212C0T [e1oe31q) OLI/°0us/*°D/MAd IN/SSd:LO
dag SSe[n Ic 15°8C TTT V/N 89'T  V/N wapue) [BRJIG  9[qnod  -Add/NV/°0US/*°D/MAd IM/INVS/OIN/OLI/SSeID
np/dDd/*°D/MAd AN/SSd*LOAdd/OLI/*OUS-ATY
L 8°€T /WADd/[DOVALMAd dM/VV.LA/ZDVdT/OLI/NAd LT
(1ovdal) nD/d0d/*°D/MAd AN/SSd:1OAAd/OLI/NAd dN
16C20T opuIo[yd wnruowrure[Ay3eauaydoryy
das orqmerd I 97 ¥TT T'8T LLT TST -z 3ulsn Juounean-1s0d  dqnod /INIDJ/IDVALMA IM/VV.LA/ZDVdTZ/OLI/NAd dM
,c€20T 1T 9'TC nD/dDd/*°D/WLDd/MAd AN
mf  ssemo R4 1°€T TTT €07 L9T ¥9T Buneood-ape[q paisisse-sed J0H d[qnod /SSd:LOAAd/NV/°0us/*°DMAd IM/VV.Ld/OLI/SSe[D
912C0T aprwoiq 3v/avIemo-ondsNIAd AN/°D/SSd:10add
unf SSB[D 1z ¥ TTOL 6ST  LO'ST LS'T £0°9T  wnruowwe[Ayng-u 3uisn [mord nys uy  d[qnod  /AV.LOW-01dSMAd dM(AE/AT)/*OUS/OLI/SSeID
1T 6 6LV
5518C0T R4 6  S0'ST 3v/dDd/*°D/MAd dN/SSd:LO
un[  sse[p I 6 SI'ST STT  ISTIC LS'T 8S°8T Buipesuue soeds-as0[p  s|qnoa -Add/OLI/*0US/*°D/MAd GM/VVId/OLI/SSeID
nD/d0d/*°D/MAd 9N/SSd:LOAAd/OLI/LAd AN
4CT0T
un(  a[qrxa[g I €ST 9T'T LT'6 IL'T  TS'6 MAd Ul SSABIPPE 9JBUBADOIY) WNIUIPIUEND  3[qnod  /*OA/AVIOSW-011dS/MAd GM/°OUS/OLI/LAd M
R4 8T
Ie 861
¢CC0T I 16T uonisodap nD/dDd/*°D/WLDd/MAd AN/SSd:10ddd/NV 10
Ao SSe[n 1T §'€T 97T V/N 8/'T V/N wnnoea pue 3uneod ape[q yam 3ulfedss-dn  a[qnod OLI/*OUS/*°D/ATT/MAd IM/ZDVAT/H:O1/SSe13/ A8
(‘Jo¥) 2rBnSQNS [RUTWIDL, (%) 30d  (A9) (%) (A9) (%) POy uonoun( 21N30N1S 2140
a1ep wopueL EN d0d 4N am  dod
pardoaooy AM

Review

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()

"INV 92:2¥'6 9202/0T/2 U0 papeo|umoq 720 AeIN OT UO pausiand 901y sseody uado

4407

Energy Environ. Sci., 2024,17, 4390-4425

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee03638c

View Article Online

Review

Energy & Environmental Science

jonppesiq %°H-auapul pue ‘19159

np/gdan/°ous

481£20T -[Ayow proe ouking *9p [Ausyd ‘ousisiing -ATVAd AN-TH/MAd 9N/SSd*LOdAd/nV/°Ous
AON Sse[n I¥ 45T0T €€T STT 90 — — 8T 6T Joaumxiu e Suistidwod sauais[[ny pUgAH d[qnod  -A'TV/MAd IM-IH/MAd IM/SIAVS/*OIN/O.LI/SSe[D
np/dod/*°0/MAd dN/aul
,51£20T p1oe druoj[nsaueyjoourwe -INBI/OLI/?OUS-ATV/*°D/MAd dM/poe dtuoydsoyd
AON SSB[D Iz SL6 €09 ST'T §TC — — LT VN -z 3uisn Ad gN 221) TLH d[qnod ([Anq(j4-,-a10zeqres[§]ozuaqip-H,)-¥)/OLI/SSEID
£1°07 uonnjos nD/dDE/*°DMAd dN/SSd:1OAdd/OL1/Ssel8 :aN

051 £20T 61T 10s1noa1d anysaorad dedpueq opm
AON Sse[n I¥ 2oL  908C STTI ¥TIT — — 99T ¥'CCT Ul 2ADIPPER PIdR JIUOJ[NS-2Uazuaq-[A0apod  d[qnod  OLI/20US/*°D/MAd GM/ZDVAT-OdN/OLI/SSelS :am

IaA®[ 9ATIOQ[9S-9[0Y

ays se (vdg-g0a) proe oruoydsoyd(jAing(j4
351€00C -£-0zeq1ed[3'2]ozuaqIp-H L-0woIqIp no/d0g/°°0/MAd AN/SSA:LOAHAd/sS®3 AN
AON sse[n Iy S.'6 69 STT €50 — — LL'T 8881 -6‘S)-¥) Jo 1oAejoUOW pa[qUIasse-}[dS d[qnod 0ZI/°0US/*°D/MAd 9M/VdF-9Dd/OL1/SSelS :dm
+51£20T uonnjos aipjsaorad dedpueq apm a3 3v/°0us-aTv/*°ONAd AN/SSd:LOddd/ NV
AON sse[n 1z 8L 809¢ STTI €LI¢ — — 67T 900¢ ol aanippe anydsoydodAy wnisselod o[qnod /2OUS-aATv/°°D/MAd IM/ZDOVAF-9IN/*OIN/OLI/SSBID
3v/*ous-arv/*°o/MAd 9N/SSd:10ddd/nv/ ous
¢¢£20T 8€T 9PIPOI WINTUOWWEIP -A'TV/°°DNAd d1/ZDVAb-9IN/*OIN/OLI/*OuS-aTv
Eble} sse[n 1T 6% 1'sT STT 1°0C 9¢'T €1¢ L6'T §°ST -¢‘T-ouedoid pue fes apijey winiuowwelq  d[duL  /Idd/INIDd/MAd M/ZDVdF-0IN/*OIN/H:OI/SSe[D

MAd

aM 10J (INVS-ZDVd ) Juauea1) IaAejouowt
¢g1£20T L9 pajquuasse-j[as (proe oruoydsoyd[IAyIa(j4 3v/a14d/°°0MAd AN/SSd:LOAAd
dss  ssed IZ €6  99%T ¥TT 8T — — LT T9'LT -6-]0ZeqIed-H6)-C]) Paseq-Aatow ajozeqie) I[qnod  /Mv/°QuS/*°D/AVT/MAd GM/INVS-ZOVAT/OLI/SSEID
np/cous
£€20T 8T -a'Tv 10 dOd/°D/dM PeI-IINY/MAd N/SSd:10ddd
KeN SSe[n Iz 6% S'8T STT 8¢t — — 8LT 98T Iake[lq dg/dE dIqnod  /nV/fOUS-A'TV/°°D/MAd GM/INVS/OIN/OLI/SSB[D
2¢£20T nD/dDd/*°D/MAd AN/SSd:LO
Kew SSB[D It 8¥'6 10°9C ST'T 91'cc — — 8L'T VN 3urdop *oug [eamyeN s[qnoq -q@Ad/nV/*0us/*°DMAd 9M/ZDVAT/OL1/SSe[D

(4¢) proe sr0zuaq (4

-p-[ozeiperql[s‘z‘1][o]ozuaq(jAusydoiongjip
0e€20T 9T /60°6T -6‘z-(ourwe([AusydAxoyzow nD/f0US-ATV/**D/MAd IN/d¢/SSd:LO
KeN SSB[D Ie  9Ls TTLT STT  vTeET —  — LL'T €£°6T -F)SIQ)-b)-L)-F SUIsn 10BIU0D 9A1IIS[AS IOy  d[qnod -Add/0Z1/°0us-a'Tv/*°D/MAd dM/AT/OLI/SSeID
0,1£20T 3v/dDd/°°DMAd dN/SSd:LOAAd/0Z1/°0us
e Sse[n A4 0T  ¥2°ST ,STT VIN — — LL'T LS9T 9JBIISqNS IRINIS[OWOUOW/VV.Id d[qnoq -ATV/*°DNMAd AM/ZDOVANIE‘Y/VV.LA/OLI/SSe[D
v/ ous/*?DIAd
AN/SSd*1LOAdd/NV/*OuS/d1dd/WdDd/“TVAd-1Tvdd
+¢£20T €T PIAd d1/ZDVdP-9N/*OIN/OLI/*QUS/ATdd/WIDd
ey Sse[n Iz 6% €¥e TTT V/IN 9T V/N T ¥'€T  9p[saorad oruediour uoned paxiwr sD/qY  A[dUL  /AIVAF-IVAA/Ad IM/ZDVdE-9IN/*OIN/O.LI/SSe[D

proe oruoydsoyd(j£ng([4-2
1¢£20T A9T -[ozeqIed[39]ozuaqIp-H.)-¥) JO IaAejouowt nD/2ous/*DHIAd
TeN : mmm_mw 1T ¥H01 [T STT  LTIT — — [T TT8T PIIquuasse-J[as Sulsn IoAe[ 9A109[9s-9[0Y o[qnod  GN/OZI/°OUS/*°D/Ad 9M/TLH [9A0U/OLI/SSBID

[10J nD
SqIxald Iz  6TS £0T
(NAd-nD) Iahe]
261£C0T  dqIXdA 1T 6CS 1844 UONOI[JRI-NUY/OZI/*OUS-A'TV/*°D/INVS/OIN/OLL
ey Sse[n It  6TS €5t TTT 96T — — LLT T6T 2AnIppe Yadenn a[qnod  /°OUS-A'TV/°°D/MAd 9N/SSd:LOAAd/OLI/ND/SSL[D
(pa1a31y)
62£20T 9L nD/d0d/*°0MAd AN/SSd:LOAAd/OLI N
ey Sse[n Iv 88'TT €97 ,¥T'1 80 — — /9T S£0T aAnIppe 9jenie; winisselod Auownuy s[qnod  OLI/OUS-A'TV/°°D/IAd IM/ZOVAT-OdN/OLI :dM
161£20C wnruowwedyiouayd nD/d0d/*°D/MAd IN/SSd:1O0ddd
TeW SSe[n IT 6% 9'ST TTT LTc — — 8T S8T (Ayzsworonpgiiy)-F Suisn uopealssed d[qnod  /NV/°QUS-A'TV/*°D/IAd GM/INVS/OIN/OLI/SSB[D
(‘304) orensqng [eurwIL], (wuw) (%) ADd  (A9) (%) (A9) (%) (A9) (%) POy uonoun( 2INPNIS 142
a1ep BdIE WOPUEL GN EDd AN €I dDd dm dDd
pardasoy JATIOY Kiil AM

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"INV 92:2t76 9202/0T/Z U0 papeo|umod 20z AeIN OT UO paus!|and B[01Y sseooy usdO

(panupuod) gz aqel

This journal is © The Royal Society of Chemistry 2024

Energy Environ. Sci., 2024,17, 4390-4425

4408


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee03638c

View Article Online

Energy & Environmental Science

Review

MAd M

202¥20T uo 9pIpOIoIPAY durureAyId([Ausydoronyy nD/2QuUS/*D/MAd AN/SSA-LOAAd/S[eISA10 oueu
1dy SSe[H 1T ¥89 LT TTT §'IC — — 8.1 ¥6l -b)-¢ Suisn uonearssed dz  d[qnod  OLI/2OUS-ATV/°°D/MAd 9M/ZOVdT/*OIN/OLI/SSBID
(paraay)
678 nD/dDd/*°D/MAd IN/SSd:LOAAd/OLI/SSel3 N
102720C uonnjos ansaorad de3pueq apim Ut aAn Ol1l
IeN SSe[DH Iy 00T G€'8C STT  SLTC — — L9'T 90°0T  -IPPE SPIPOIOIPAYIP SUIWUEIP-§T-9UBIQ  d[qnod /°0OUS/*°D/MAd GM/ZOVAT-2N/ OIN/OLI/SSBID dM
002?€0T saypjsaorad dedpueq 8v/dod/*°0/MAd AN/SSd*LO
qad sse[n It 9 €€97 STT 8SCC — — 8L'T €8°/1 MOIIRU Jo Jusunean-sod uagdojoia [fzuag o[qnod  -QAd/NV/°OUS-A'TV/°°D/MAd 9M/VVId/OLI/SSeID
aprpor
wNIUOWWERIP-Z‘T-9URYId pUB dpIpol
661720T wniuowweAyjousydoIonfj-¢ pauIquIod 3v/dDI/*°D/MIAd AN/SSA 1O
qad SSe[n It TV  @0°LT STT  6€1C — — LLT AE6T uonn[os Y3 SUISN JUSUNEAT JBJINS  d[qNOQd -@dd/*0us/*°D/MAd IM/ZDVAT/*OIN/OLI/SSBID
5617C0T LL'T 66T MAd M 10} (1gdS) apruroiqoIpAy 3v/dDd/°°D/MAd 9N/SSd:LOddd/nV/°0us
uef SSe[n A4 8's LT STT VIN — — /9T .P'TT B2INOIYIOSI[AYIa-§ SUISn JUSWIBaN) 30BJING  d[qnod  -A'TV/°°D/dIT/AGAS/MAd 9M/ZDVdP-9IN/OLI/SSe[D
161720T uonnjos AN 3v/°0us/*°D/MAd IN/SSd:LO
uef SSe[D 17 6 95°/T STT 9€€T — — V/N V/N -saoiad pes[-un ul sAnIippe aie[exo (MuLl d[qnod  -AdAd/NV/°0uS/*°D/IAd IM/ZOVT-9IN/OLI/SSeID
0617¢0T Va4 wiy v/ ous-artv/*°D/MAd 9N/SSd:LOddd/NY WUt
uef Sse[n Iz 6% €LT VTT € — — 6LT 0T 9p[sao1ad qd-us 10 JUSWIBaI) PIOB 2[00  d[qnod /*OUS-A'TV/*?D/IAd IM/ZDVP-9IN/ OIN/OLI/SSeID
ajeaysqns
PaALIDD
I1S 1c 6 91T uonnjos anjsaoiad dedpueq
c61720T NAd 1T 6 T MOIIRU PUE dPIM UI T/[d pUe duBYISIN nD/dD4/*°D/MAd IN/SSd:LOAAd/NY
uef SSe[n A4 6 197 TI 60c — — 8T 97T -Ajod ayeueA>0sTIp [AuaydIp SUSIAYIDIN  d[qnod  /°OUS-A'TV/°°D/MAd GM/6TLN/OIN/OLI/27e1sqns
9PIPO! WNTUIPIWENULIO) PUE JPIPOl
+617C0T (pa1aay) wnruowwrelp-suedoid-¢‘1 Yaim JustIRID nD/dDd/*°D/MAd gN/SSd:LOAAd/OLI/SSerd :aN
uef SSe[D Iy 20t ¥9°LC ST'T €6 — — LLT TL8T -3sod pue aip[sao1ad pajeod ape[d  I[qnod  OLI/COUS/*°D/MAd 9M/ZOVAT-O3N/OLI/SSELS :dm
500%9 8'€T
5520T SV
4c€C0T 5000C 6'%C wyy apsaorad qd-us nD/c0US-A'TV/*°D/MAd AN/SSd:LOdAd/nV/°Ous
29a SSB[D 12 ()8 897 STT 71T — — 8T 6'LT Ul 2ANIPPR dPLIO[Yd0IPAY SPIUIRISdBOUTWY  d[qnod -A'TV/°?D/MAd IM/ZOVAT-9IN/IINA/OIN/OLI/SSeID
c61£€0C 96°9¢C saip[sao1ad pesy-un 3v/dDg/°°DIAd AN/SSd:LOddd
223 Sse[n Iz T¥ €LT STT 9ITC — — 64T 96T Ul aanippe poe ouoydsoydidyzowoioryd a[qnod /nv/*Ous/*?D/MAd 9M/ZOVAT-OdN/ OIN/O.LI/SSe[D
SL'T 1881
SLT L6T
261£20¢ L9'T £6'CT aprporoipAyIp 3v/dDd/°°D/MAd AN/SSd:LOAAd/OLI
22 SSe[H 1T L 1'9C STT m H.Nw —  — /9T T°€T SUIWERIPAIUBYID IIM I9AB] UOIOLAI 30BJING J[qNOd /°OUS-ATV/°°D/MAd IM/ZDVAT-9IN/*OIN/O.LI/SSe[D
pazay
161£20C €L uonnjos 10sindaid dedpueq 3v/dDa/°°D/MAd AN/SSd:LOAAd/OL1/SSel3 N
AON Sse[n Iy  V/N 8%9C STI I¥FIT — — S9'T SSIC 9OPIM Ul 9ANIPPR IO SUIWER[OURYIAIL], d[qnod OUZ/%°D/MAd IM/VVId/OLI/SSeLS :dm
saip[saozad
de3pueq moireu 10j SARIPPE APIPOI
061£20C wnpiqni pue anysaorad dedpueq apim nD/°OUS/A1dd/**D/MAd 9N/SSd:LOAAd/OLI/°0OuS
AON Sse[H 1T (41 JS°LT 9TT 90 — — 8T €£0¢ 10 juauwean adeyIns aprpol winruizerddid o[qnod  /°°D/MAd 9M/ZDVAT/OLI/SSe[3/[10] UOTIO[JoI-IUY
651£€0C 3y/A1dd/°°DMAd IN/SSd:1Oadd-dl
AON SSE[D It ¥9°LT TS'€T STT  8TIT — — LLT VN SSd:LOddAd Ul OSINA-TVIN Surdod  a[qnod /nv/°Ous-a1v/°°D/dArT/ZOVdT-ON/OIN/OLA/SSe[D
(‘304) orensqng [eurwIL], (wuw) (%) ADd  (A9) (%) (A9) (%) (A9) (%) POy uonoun( 2INPNIS 142
a1ep BdIE WOPUEL GN EDd AN €I dDd dm dDd
pardasoy JATIOY Kiil AM

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"INV 92:2t76 9202/0T/Z U0 papeo|umod 20z AeIN OT UO paus!|and B[01Y sseooy usdO

(panupuod) gz aqel

4409

Energy Environ. Sci., 2024,17, 4390-4425

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee03638c

Open Access Article. Published on 10 May 2024. Downloaded on 2/10/2026 9:42:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

(continued)

Table 2

4410

E =e
5] < L2
B | & g, =5
O O jSalien)
[SEE=ER T -\ I~ =
SIS So SRS O
IBE|<S <S &2
o ?
g Es
Bla » =
212 2 § 8
:;.E S + T
@7 |0 ) T o
—_ = o
< [ =]
£ SF)
= <=
e
O [ B 2}
== < EB
8
) & m &
Z g & z 38
s 2
2E5E |« b 2
= g
—
ES 5
— o ~ o
=L S £ o
< O |©o 0 m o
H AN S 35
= ]
| — (=R
M > | IS il
Z 2 | = — "8,;5
8 = = é"j.
& 5o o5 ETE
Bels RE2S &2 L83
z& |8 KREXI KE 88
— = — .'_10'8
= &< g
Bl | T 209
=N g gt
=93}
]
o Bo g B
BEE] \ Eoe
084-*
©o © O¥ %
R o « B ©°
22 (S — 5%
~ — Ems
R D T S 2
O |l & o S m.E
Bﬂ-‘vﬂ — N <
EET
4 '—‘em
.2 ]
Q 3 A L >
a—; Qm “= o
g gz I
o o =]
o =5 v ©®
b s s 8
< U 8o 2
' "‘z oh o ©
) o0 T 5 n
o= ;:Q S 5@
= = S 58
= ER S g E
(N 5 292
= .= B w2
o (Sl S g ®
=) =il =I5}
£ T = <2<
EO 2 E Eme
= 1] "Zﬂ)
o = ©n 3 &) Q
L = Z55
> O =} = =1
T | = Q)E .m T
C |3 Q a— .
S(Le & g T
o |l=3 oo ol 4
o A, =t o o
S |A & n o aZ s
= =
o |ov [ 25T
= ) g8
Sz 3 < 8 &
S (2 5] S EY
=] T 2o
= A A 9] 1
EET
552
w = s E=o
< o O o0 O
I o X AT &
A A =g
o O = 0O . .2
£ A < A LA
= 3 a 3 e ©
= @ & I a,%
B L g £ @ xE
S K o> K 8o
) 2> =% > S < oo
O A L A a5
N o] M Q.2
> z g z T8%
&l § @ ]
g £ < £ @273
E 3 [ 1 S 2
£ oo & S,
32 5.2 i
] =]
| B s ¥= RS
= = & =3 52X
5 (3 = OO\ =2
b= o ) R
S|l B EEE 8 E.E
s 1= = =25 S ==
[l = 3 _= =
2l2 ¢ 203 82 5
oS 8 SEoa =t
2% %A KEE
|8 @ €54 K3
ARlz Z 22z <4 8
| Energy Environ. Sci., 2024,17, 4390-4425

View Article Online

Review

with ligands on the surface or prevention of organic component
loss during thermal annealing.'**7%

Generally, the small grain size is a potential challenge for
efficiency and stability because grain boundaries are potentially
the sites for defects, which can affect the performances through
increased recombination and thus limit the open-circuit
voltage."*> For these reasons enlarging the grain size is a
strategy for improving the efficiency and stability of PSCs.

Dimethyl sulfoxide (DMSO) is often used as a co-solvent
in the perovskite precursor due to its property of retarding
crystallisation while forming intermediate complexes.?® In the
25% tin incorporated narrow bandgap perovskite precursor
(MAPb, ;5510 5513), the DMSO co-solvent created the intermedi-
ate phase, Snl,-3DMSO. This phase led to the production of
high-quality perovskite films by slow crystallisation."** In con-
trast, the volatile acetonitrile (CH;CN)/methylamine (CH3;NH,)
(ACN/MA) solvent-based perovskite solution process was
demonstrated to have a faster drying speed than DMF.*”

Methylammonium chloride (MACI) vapour surface treat-
ment affected grain growth significantly to the micron size
and can heal defects like cracks."** Chloride (Cl17) is one of the
favourable elements in the single junction perovskite composi-
tion, as it enhances the grain size. CI™ has also improved the
device performance of monolithic all-perovskite solar cells by
increasing the grain size and reducing the electronic disorder
in the Sn-Pb-based narrow bandgap perovskite layers.'*>"*°

The vacuum-assisted growth control (VAGC) method showed
reproducible film quality by enlarging the grain size from
<400 nm to 2 um in the narrow bandgap perovskite solar cell
(FA.sMA, ,Sng 5sPbg 5I3). The primary purpose of the VAGC
method was to form large columnar grains with reduced grain
boundaries perpendicularly to the thin film surfaces because
the oriented columnar grains supported the fast transportation
of charge carriers to the selective layers such as the ETL and
HTL.'Y

The annealing strategy is the main factor in controlling
crystallisation. The close-space annealing strategy (CSA)
allowed the grain size to enlarge due to Ostwald ripening and
thus enhanced the crystallinity with high-quality optoelectronic
properties of APTSCs (narrow bandgap and wide bandgap).'*®

The thickness of the perovskite absorber can control the
performance of the PSCs. For a narrow bandgap perovskite
(FASnI3)o.6(MAPDI;), 4, 620 nm perovskite thickness was sug-
gested for optimised results."*? Thickness also increases with a
higher concentration of the perovskite precursor, e.g., a 2.0 M
concentration yielded a thickness of 700 nm with 13.1% PCE
for a narrow bandgap perovskite (FAg-5CSo.25Sng.5Pbg sI3)."**

6.1.2. Bandgap and band alignment. The bandgaps and
band alignments are essential for improving performances.

Steric, additive, or compositional engineering can assist in
finding suitable bandgaps. The A-site cation can fine-tune the
bandgap, while the X-site as part of the metal-halide octahe-
dron can tune the bandgap over a wider range. The dimethy-
lammonium cation (DMA") was reported as a promising option
considering the modified tolerance factor of less than 4.18
for the Csg g, DMA, 15Pbl; composition.****** DMA* allowed the

This journal is © The Royal Society of Chemistry 2024
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larger cation to be incorporated before forming a non-
photoactive phase. Although the bulky organic molecule led
to a decrease in the charge-carrier mobility, lifetime increases
from <150 ns to >250 ns.’* Another work demonstrated
APTSCs by alloying dimethylammonium (DMA") and chloride
(CI7) into the perovskite precursor. Using the DMA" and Cl~
and reducing Br~ in a wide bandgap perovskite, an appropriate
bandgap of 1.8 eV was obtained. Simultaneously, the lattice
strain and trap densities were minimised. Additionally, this
method prevented light-induced halide segregation because the
halides were less equimolar.'®” In a study, antimony potassium
tartrate (APTA) was used as an additive in the perovskite
precursor expecting multi-functions not only for better band
energy alignment but also for suppression of non-radiative
recombination and protection against phase segregation utilis-
ing the coordination with unbonded lead and blocking the
halide migration in perovskites.>® FA cation-based perovskite
films manifested a narrower bandgap than the MA cation-
based ones with 1.31 eV instead of 1.35 eV. The reduction
of the bandgap effect was observed in the MA-Sn-based per-
ovskite film (MAPb,,5Sng,515), including the FA cation
(MA, sFAg 5Pby 755N, 5515).*** FASnI; composition engineering
was demonstrated with a standard MAPbI; perovskite precursor
(FASNI;), ¢(MAPDI;) 4, with a bandgap of 1.25 eV.’*'*° A MA-
free, FA-Sn-based perovskite film showed a narrower
bandgap of ~1.2 eV compared to a MA-FA-Sn-based perovskite
(FAp.sMA, ,Sn, 5Pby sI3) film with a bandgap of 1.26 eV.
The MA-free, FA-Sn-based perovskite (FASn,sPb,sl3) can
increase the bandgap by incorporating the Cs cation
(FA0.75CS0.255N¢ 5Pbg 5I3). This strategy improved performance,
providing a slightly better-adjusted bandgap, morphology,
charge carrier diffusion length and crystal structure.'”***
6.1.3. Buffer layer for energy level matching. Interfacial
engineering was also implemented to obtain a favourable
energy level. Indene-Cgy-propionic acid hexyl ester (IPH) was
used as an interlayer between the perovskite and Cg, resulting
in a conduction band offset of approximately 0.2 eV and a
reduced trap density.">®> Another modification was 1,3-propane
diammonium iodide (PDA). PDA suppressed cross-interface
recombination by reducing the band offset between Cg, and
the perovskite. It reduced the minority carriers at the interface.
Finally, quasi-Fermi-level splitting increased by 90 meV using a
wide bandgap of 1.79 eV with V,. values of 1.33 V in single
junctions and 2.19 V in APTSCs."*® Another research demon-
strated that ([2-(9H-carbazol-9yl)ethyl[phosphonic acid) (2PACz)
and ([2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl|phosphonic acid)
(MeO-2PACz) were used to bridge the interface. These two
chemicals have distinctly different molecular dipole moments.
2PACz and MeO-2PACz molecules anchor on the surface of
oxides of NiO, using the phosphonic acid group. This led the
molecule-bridged NiO (MB-NiO) to tune the energy-level align-
ment between NiO and wide bandgap perovskites (Fig. 8a).%®
6.1.4. Treatment of defects. The defects of the perovskite
absorber layer and interface (such as vacancies or grain bound-
aries) generally deteriorate perovskite crystallinity and affect
morphology, diffusion length and recombination leading to

This journal is © The Royal Society of Chemistry 2024
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CysHClin the Sn—Pb perovskite. © 2023. John Wiley and Sons All rights reserved.2® (c) Illustration of antioxidation using formamidine sulfinic acid (FSA) in

the Sn—Pb perovskite. © 2020. Springer Nature All rights reserved.>®

low stability and device efficiencies. In order to resolve these
defects, mainly two methods were applied. One was additive
engineering and the other was (interfacial) passivation
engineering.

Due to the oxidation tendency of tin(u), the Sn-based narrow
bandgap perovskite layer had a significant issue with vacancy

This journal is © The Royal Society of Chemistry 2024

defects for which various solutions have been proposed. Stu-
dies demonstrated potential solutions to solve the unwanted
oxidation reaction.'®” 0.03 mol% of cadmium ions were able to
fill the Sn vacancies to de-dope Sn-based perovskites. Although
the grain size did not differ from the reference owing to the
small amount of cadmium ion, it reinforced electronic
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee03638c

Open Access Article. Published on 10 May 2024. Downloaded on 2/10/2026 9:42:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

properties: the minority carrier recombination lifetime, carrier
mobility and diffusion length."*® Guanidinium thiocyanate
(GuaSCN) has been a popular chemical in single-junction solar
cells, and many groups had previously demonstrated high-
efficiency devices accordingly.>®'®® This GuaSCN manifested
excellent performances in the tin-lead-based perovskite solar
cell (FASnI;), ¢(MAPDIL;), 4, improving the optoelectronic prop-
erties, reducing energetic disorder and surface recombination
velocity, increasing carrier lifetimes, and providing better mor-
phology with suppression of defects in APTSCs.>*'®" Cysteine
hydrochloride (CysHCIl) was employed as a bulky passivation
and a surface anchoring agent for tin-lead perovskites, redu-
cing trap density and non-radiative recombination and increas-
ing carrier diffusion lengths. This multifunctional organic
chemical consists of three functional groups: -NH;", ~-COOH,
and -SH. -NH," had the strongest electrostatic potential. -NH;"
was prone to participate in electrophilic reactions filling the
FA'/MA'/Cs" vacancies. The oxygen and sulfur atoms from
-COOH and -SH had lone pair electrons, which coordinated
with Sn** or Pb*", passivating undercoordinated Sn** or Pb**
and halide vacancies (Fig. 8b).?° Use of tin fluoride (SnF,) as an
additive in Sn-Pb-based perovskites was also studied as a
passivation method because the fluorine anion had a strong
coordinating ability resulting from its hard Lewis base nature.
Therefore, the SnF, additive suppressed tin vacancy formation,
creating an SnO; ,F(y,05) based interface.®® Guanidine tetra-
fluoroborate (GuaBF,) was demonstrated to prohibit the for-
mation of halogen vacancy defects with a minimal effect on the
perovskite lattice in an additive method for narrow bandgap
perovskites."*> Another strategy was to use anchored passiva-
tion. The zwitterionic molecules allowed for this surface-
anchored passivation. This zwitterionic antioxidant hindered
Sn** oxidation, passivating the surface and improving the
uniformity of the film. The formamidine sulfinic acid (FSA)
additive acted as a zwitterionic molecule in a tin-lead-based
perovskite precursor coordinating to form complexes through
dative bonding. This FSA has the ability to passivate both sides
of defects, such as electron-donating (FA'/MA" vacancies) and
electron-accepting (halide vacancies, under-coordinated Pb>*/
Sn®") (Fig. 8c).”® Organic metal coordination compounds
can also be employed for additive engineering to make better-
quality perovskite films. For example, tris(2,4-pentanedi-
onato)gallium (TPGa) was used for the expected heterovalent
substitution and antioxidant effect in Sn-based narrow band-
gap perovskites.'®® A study especially demonstrated utilising
the natural SnO, for doping in a Sn-Pb-based narrow-bandgap
perovskite, resulting in good morphology, defect treatment,
and improved carrier recombination. The natural SnO, was
produced by exposing the SnI, powder to an oxygen and humid
environment and washing it with toluene.*

More research on interfacial engineering demonstrated
successful treatment of defects. A study reported a quasi-two-
dimensional structure (PEA),GAPb,I, by adding bulky organics
such as phenethylammonium iodide (PEAI) and guanidinium
thiocyanate (GASCN) to control defects. This strategy led to
improved optoelectronic quality of the Sn-Pb-based perovskite
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films."® 4-Trifluoromethyl-phenyl ammonium (CF3-PA) was
used for the surface treatment by anchoring CF3-PA on the
grain surfaces. This mechanism of passivation adsorption
stemmed from that of Lewis base molecules. Hence, the
perovskite film was prevented from undergoing surface Sn**
oxidation.'®® In the inorganic-based wide-bandgap perovskite
(CsPbl;_,Br,), using high-polarity 4-(trifluoromethyl)phenethyl
ammonium (CF3-PEA) molecules, a strongly bonding electric
dipole interlayer was formed to passivate surface defects and
regulate interfacial energy-level alignment, resulting in sup-
pressed non-radiative recombination and improved charge
extraction.”®" A surface-anchored passivating molecule also
improved the suppression of Sn** in a narrow bandgap per-
ovskite. 2-thiopheneethylammonium chloride was used as
the 2D perovskite to heal the defects of the perovskite surface.
It performed relatively well mitigating interfacial recombina-
tion, reducing non-radiative recombination and simulta-
neously offering band alignment between the perovskite and
phenyl-Ce,-butyric acid methyl ester (PCBM).*! Using the n-
butylammonium bromide (BABr), a 2D perovskite was created
on the 3D perovskite showing a good open-circuit voltage of
2.33 V.'®* As another 2D phase passivation layer, lead chloride
(PbCl,) and phenethylammonium chloride (PMACI) were
demonstrated by combining both chemicals. ClI~ functioned
by decreasing the halide vacancies and suppressing ion migra-
tion in the crystal lattice of perovskite film. PMA" facilitated the
formation of a 2D perovskite phase on the surface of the
perovskite film.”® Although the established 2D/3D structure
had generally been shown to reduce surface recombination,
the approach suffered from transport losses resulting in fill
factor reduction. An immiscible 3D/3D bilayer perovskite pro-
vided better functions to suppress the interfacial non-radiative
recombination and activate charge extraction in the interface
between the Sn-Pb-based perovskite and ETL.

Antisolvents were employed for defect passivation as well.
When an antisolvent was used, the solvent can simultaneously
react with the perovskite bulk and surface, employing a phe-
nethylammonium ligand, ie., phenethylammonium iodide
(PEAI) in ethyl acetate (EA).'®

6.2. HTL (hole transport layer)

In APTSCs, polyethylenedioxythiophene:polystyrenesulfonate
(PEDOT:PSS) is a typical choice for the HTL. However, this
HTL has challenges including acidity, hygroscopicity, anisotro-
pic charge injection and irreproducibility regarding electrical
and physical properties.*®® Hence, many papers described their
own solutions in terms of PEDOT:PSS for APTSCs.

The presence of water in PEDOT:PSS affected the underlying
layers, e.g. resulting in pinholes and nonuniformity in thin
films. The water and PSS-free PEDOT-based HTLs showed good
performances with 21.5% efficiency.'®’ In addition, PEDOT:PSS
reacted with a tin-lead-based perovskite leading to charge
extraction issues during thermal ageing. The indium tin
oxide-perovskite heterojunction (without the HTL) showed a
good thermal stability of 1000 h at 85 °C, retaining 95% of
initial efficiency while suppressing oxidative degradation due
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to a larger grain size of 350 nm and compactness of tin-lead
perovskite films."*° Another study showed that simple diluted
PEDOT:PSS decreased the work function value in UPS spectra
from —4.85 eV to —5.04 eV. This helped energy band alignment
improving the performance because of mitigating the
unmatched work function.'®® In recent studies, a ternary
Sn(u) alloy of SnOCI was used as the HTL replacing PEDOT:PSS
to obtain bigger grain sizes.''® A study demonstrated non-
acidic PEDOT:PSS as the HTL because acidic PEDOT:PSS
resulted in the formation of I, and quickly oxidised Pb-Sn.
Hence using non-acidic PEDOT:PSS, the device showed better
thermal stability."*°

Apart from PEDOT:PSS, other organic or inorganic chemi-
cals were used as HTLs: The in situ cross-linked small molecule
N4,N’-di(naphthalen-1-y1)-N4,N4’-bis(4-vinylphenyl)biphenyl-
4,4'-diamine (VNPB) had strong interaction and lower trap
density at the interface between VNPB and a wide bandgap
perovskite. This resulted in improved device performance with
a PCE of 24.9%."%° [2-(9H-carbazole-9-yl)ethyl] phosphonic acid
(2PACz) was employed for wide band gap perovskites to over-
come the V. loss at the HTL/perovskite interface reducing the
Voc-deficit of 480 mV at a 1.80 eV bandgap. It resulted in high
film uniformity on ITO-based polymer foil.** MeO-2PACz was
demonstrated as a HTL reducing the nonradiative losses. This
method resulted in a PCE of 24.1% in 2T APTSCs.”” Surface
treatment using a monomolecular layer, [4-[3-(carbazole-9-
yl)carbazole-9-yl]butyl]phosphonic acid (4,3BuPACz) on the
poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), as a
buffer layer for wide bandgap perovskites (single junctions) demon-
strated good performance improvement of 16.38% from 14.05%
PCE. The nitrogen of the PTAA has a lone pair of electrons as a
base. The -P-OH from -POsH, has acidic properties. Therefore, it
formed ionic products from the acid and base."”® In addition to the
molecules mentioned above, 4-(7-(4-(bis(4-methoxyphenyl)Jamino)-
2,5-difluorophenyl)benzo[c][1,2,5]thiadiazol-4-yl) benzoic acid
(MPA2Ph-BT-BA) and (4-(7H-dibenzo|¢,g]carbazole-7-yl)butyl)phos-
phonic acid (4PADCB) were also used for improving the quality of
HTLs.***!

Inorganic HTLs are a good choice for replacing conventional
organic HTLs like PEDOT:PSS because of their high thermal
stability. The nickel oxide (NiO,) nanocrystal (NC) is a good
candidate due to its dispersibility in water and good thermal
stability. The NiO, NC was dissolved in ethanol and used as a
HTL in APTSC applications. Ethanol dissolved NiO, more than
water since ethanol has less intense polarity and protected the
previous front subcell during the fabrication. This resulted in
improving the thermal stability, i.e., 2500 h at 85 °C, retaining
>80% of the initial efficiency.'”* Another work also demon-
strated that NiO, is a suitable HTL candidate; NiO, was utilised
with PTAA as a bilayer. In this configuration, the thick NiO,
modified the surface of the sub-cells treating defects. This
method was used for double and triple junctions.®®

6.3. CRLs (charge recombination layers)

The charge recombination layer (CRL), also called the inter-
connection layer or tunnel junction, is essential to fabricate a
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working device in a series connection for a monolithic tandem.
To create high-quality CRLs, holes are supposed to transport
from the wide bandgap side to the electron transport layer from
the narrow bandgap perovskite side. Electrons, conversely, have
to be conveyed from the narrow bandgap side to the hole
transport layer from the wide bandgap perovskite side. Here,
several high-performance cases of CRLs in APTSCs are
described.

6.3.1. Initial CRLs. Initial APTSC architecture did not have
CRLs. Instead of CRLs, only p-type HTLs and n-type ETLs
existed between narrow bandgap perovskites and wide bandgap
perovskites as p-n junctions or tunnel junctions. Therefore,
there was an issue with decreasing the open-circuit voltage. To
solve this problem, research focused on the hole transport
material (HTM) layers. First, HTMs such as PTAA or poly(3-
hexylthiophene-2,5-diyl) (P3HT) with lithium bis(trifluoro-
methanesulfonyl)imide (Li-TFSI) and tert-butylpyridine (¢-BP)
additives functioned as quasi-solid electrolytes with the proper-
ties of conductive hole conductors due to their Li/Li" redox
shuttle. These additives led to more conductivity between the
HTM and PCBM interface. Hence, the HTM, including addi-
tives, can improve the recombination layer quality.'”> Second,
HTM research demonstrated a new type of novel HTL additive.
This was the cross-linked p-doped hole transport layer consist-
ing of 1,2-bis[4-(azido-methyl)phenyl]-1,2-diphenylethene (TPE-
MN3) and molybdenum tris-[1-(trifluoroethanoyl)-2-(trifluoro-
methyl)ethane-1,2-dithiolene] (Mo(tfdCOCF;);) doped in PTAA.
This HTL was a part of the CRL in the APTSC architecture and
showed good solvent protection, appropriate energy level and a
high electrical conductivity of 8.5 x 10 S ecm™* at 1 wt% doping
compared to the non-doped one (2.5 x 1077 S cm '). The
authors assumed that the azide group would react with reactive
nitrene species upon ultraviolet exposure, which was able to be
inserted into the C-H bonds in PTAA. It formed insoluble cross-
linked networks."”?

6.3.2. Current CRLs. Firstly, the CRL was configured with
several layers (spiro-MeOTAD/PEDOT:PSS/PEI(polyethylenimine)/
PCBM:PEI) matching with essential functions such as a large work
function between the top and bottom surfaces, low-temperature
processes, orthogonal solvents, and suitable protective layers for
the same solvent (Fig. 9a)."”* Secondly, another example with
several layer configured solution-processed organic-based chemi-
cals (Spiro-MeOTAD/PEDOT:PSS/Cs,) has demonstrated an excel-
lent open-circuit voltage of 1.96 V with high CRL quality. Spiro-
MeOTAD and Cg, acted as p-type and n-type layers, respectively,
and thin PEDOT:PSS acted as a recombination layer (Fig. 9b)."”>
Thirdly, organic doping for CRLs is a great option. By doping 2,2’-
(perfluoronaphthalene-2,6-diylidene) dimalononitrile (F6-
TCNNQ) in N4,N4,N4" N4"-tetra([1,1’-biphenyl]-4-y1)-[1,1":
4',1"-terphenyl]-4,4”-diamine (TaTm), TaTm:Fs-TCNNQ was
deposited as a p-doped HTL. In contrast, N1,N4-bis(tri-p-
tolylphosphoranylidene) benzene-1,4-diamine (PhIm) was
doped in Cg, as an n-type ETL. These two organic doped layers
functioned nicely as CRLs (Fig. 9c)."”® Fourthly, a thermionic
emission-based CRL structure composed of four layers was
demonstrated, FSIP/ETL(Cez/BCP)/ultrathin transparent metal
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Fig. 9 Several configurations of charge recombination layers. (a) Device configuration including the charge recombination layer of spiro-MeOTAD/
PEDOT:PSS/PEI (polyethylenimine)/PCBM:PEI. © 2020. Royal Society of Chemistry. All rights reserved.'’* (b) Cell structure including the charge
recombination layer of Spiro-MeOTAD/PEDOT:PSS/Cgo. © 2017. American Chemical Society All rights reserved.’”® (c) Device structure including an
organic dopant (Fg-TCNNQ) in TaTm for the charge recombination layer configuration. © 2016. John Wiley and Sons. All rights reserved.?’® (d) Device
configuration including the charge recombination layer of (fluoride silane and polyethylenimine ethoxylated (PEIE) in trichloro(3,3,3-
trifluoropropyl)silane) FPTS/Cgo/BCP/Cu:Au alloy/PEDOT:PSS. © 2018. John Wiley and Sons. All rights reserved.”” (e) Device structure before simplifying
the charge recombination layer of Cgo/SnO,_,/ITO/PTAA. (f) Device structure after simplifying the charge recombination layer of Cg0/SnO,_,. © 2020.
Springer Nature. All rights reserved.'’®

alloy (Cu/Au), and HTL (PEDOT:PSS). Here, FSIP had critical
roles in solvent resistance due to its hydrophobicity and good
optoelectrical properties. FSIP was considered an ultrathin
insulating layer (~ 5 nm) because it consisted of fluoride silane
and polyethylenimine ethoxylated (PEIE) where trichloro(3,3,3-

4416 | Energy Environ. Sci., 2024, 17, 4390-4425

trifluoropropyl)silane (FPTS) was proposed as a silanising agent
incorporated on PEIE (Fig. 9d)."”” Lastly, a study has success-
fully tested the simplification of a CRL because the conven-
tional CRL consisted of four or more layers. The layers for CRLs
had issues regarding device performance. For example, ITO,
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indium-doped zinc oxide (IZO) or gold resulted in current
density losses due to parasitic absorption and reflection at
the interface forming the multilayers, while the sputtering
deposition processes damaged the underlying layers, reducing
the fill factor. A complex to simple CRL was achieved using the
Ce0/SnO; 76 layer. In the fabrication process, Cqo was fortui-
tously n-doped by iodine ions from the previous perovskite
layer, which functioned as an effective electron-selective layer.
The incomplete oxidation of tin had the property of ambipolar
carrier transport due to the large density of Sn** (Fig. 9e and

fJ 178

6.4. Electrodes

In 4T-based APTSCs, the research regarding electrodes on the
HTL in wide bandgap-based perovskite solar cells is necessary
owing to the optoelectrical losses. The conventional MoO,/Au/
MoO, electrode limited the transmittance due to parasitic
absorption from the thin metal layer. Replacing MoO,/Au/MoO,
with transparent MoO,/indium tin oxide (ITO) led to an
improved transmittance in the infrared range. Consequently,
the light transparency of the infrared range in the top cell was
enhanced up to 70%."”° Another electrode study used highly
transparent hydrogen-doped indium oxide (IO:H) to replace
ITO as the electrode, which was an option with the HTL-free
configuration in 4T APTSCs. I0:H improved photocurrent,
thus reducing ultra-low near-infrared optical loss and
increasing high charge carrier mobility with the HTL-free
configuration.®’

7. Simulated models of APTSCs

Since 2017, the number of simulation models has increased
attempting a full APTSC model.**> Many simulations have
attempted to optimise the thickness of the layers. Another
increasing trend is the simulation of lead-free perovskite mate-
rials. Here, the research in terms of thickness simulation with
lead and without lead is briefly described.

7.1. Lead-containing perovskite simulations

One simulation study derived that the ideal thickness of the
subcells was 350 nm, reaching the maximum output efficiency
of 36.6%, with the bandgap of the top cell being 1.5 eV and the
bottom cell bandgap being 0.95 eV.”°® Another study intro-
duced CsPbIBr, at 2.05 eV for the top cell and MAPbI; at 1.55 eV
for the bottom cell. The optimised thickness was 600 nm for the
top cell and 500 nm for the properties of CsPbIBr,. A maximum
PCE of 27.4% was calculated.>””

7.2. Lead-free perovskite simulations

Although Pb-based PSCs are a promising state-of-the-art tech-
nology in the field of photovoltaics, due to lead toxicity, many
groups are interested in lead-free perovskites. Concerns are
focused on the leakage of lead from broken modules due to
natural disasters/phenomena such as earthquakes, hail or
heavy rain, even though the overall lead content of PSCs is
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low at 0.4 g m~>.*°® Thus, many simulations were conducted to
study possible lead-free alternatives.

There are several papers regarding the thickness optimisa-
tion of lead-free perovskite absorbers. One work simulated a
perovskite with a wide bandgap (Cs,AgBiy.755b¢.25Br6) of 1.8 eV
and a low Pb content-based perovskite (FACsPb, 5Sn, 5I3) with a
narrow bandgap of 1.2 eV. In the APTSC configuration, the
optimised thicknesses of the wide bandgap and the narrow
band gap perovskites are 380 nm and 400 nm, respectively,
reaching the PCE of 17.35%.?°° When the MASnI; perovskite
with a narrow bandgap of 1.3 eV and Cs,AgBi, ;5Sbg »5Brs With a
wide bandgap of 1.8 eV were employed, the simulation indi-
cated that a maximum PCE of 24.86% can be achieved.”'”
Another work utilised germanium to replace Pb for achieving
a wide bandgap. A combination of methyl ammonium germa-
nium halide was produced with a wide bandgap of 1.9 eV.
Germanium  slightly increased the narrow bandgap
(FAp.7sMAy »5S1n0.25Ge 513), reaching the bandgap of 1.4 eV.
The optimised APTSC efficiency was 26.72% considering the
different ETLs such as SnO,, IGZO, PCBM and ZnO.?'! Another
simulation also employed germanium in the perovskite com-
position (CsSn, 5Gey s13) for achieving a wide bandgap of 1.5 eV.
In contrast, only Sn was used instead of tin-lead mixed per-
ovskite solution showing 1.3 eV for a narrow bandgap perovs-
kite. The optimised perovskite thickness of 2T is 450 nm and
812 nm for wide and narrow bandgap perovskites, respectively,
achieving a PCE of 18.32%. On the other hand, for 4T APTSCs,
optimised perovskite thickness was thicker than the thickness
of 2T at 1300 nm and 900 nm for wide and narrow bandgaps
showing a PCE of 19.86%.>'> Another simulation used germa-
nium for lead-free APTSCs as an alternative to lead. The
optimised thickness of the wide bandgap (MAGel;) was
983 nm, and the thickness of the narrow bandgap was
1600 nm. With this structure, the calculation showed a PCE
of 30.85%.>"

8. Conclusion and perspectives

Many state-of-the-art PV technologies have gradually pro-
gressed from single-junction solar cells to double or triple-
junction solar cells. The increasing attention on the APTSCs
has been proven by the number of published papers annually
and the improved device performances. In this review, we
introduced the fundamentals of APTSCs, the approaches for
the current issues, and the potential of APTSCs in the future.

The tandem technology is one of the key methods beyond
the single junction S-Q limit. The tunable bandgap of the
perovskite provides the privilege of high efficiency towards
ideally 45% instead of 33%. Additionally, the low cost originat-
ing from the thin film technology, lightweight, scale-up
chances, and eco-friendly technology related to a low CO,
footprint are highly attractive.

We elaborated on various types of APTSCs considering 2T
and 4T architectures and classified APTSCs into bifacial,
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inorganic, flexible substrate-based, substrate configured and
multi-junction APTSCs beyond the double junctions.

However, these high-tech APTSCs faced several issues
regarding stability caused by Sn*>* oxidation of narrow bandgap
perovskites, V,. loss of wide bandgap perovskites, non-
standardisation of CRLs, and inhomogeneity in the layers
during the deposition of a multilayer stack. We also offered
information regarding each layer of the APTSC configuration
and solutions. Most of the resolutions consisted of using
additives or passivation processes for controlling the crystal
growth rate, managing bandgaps and band alignment, and
treating the defects.

Furthermore, to show the potential of the APTSCs, we
summarised the simulation studies. A variety of simulations
were implemented with diverse APTSC conditions. Mainly, the
simulation research demonstrated the possibility of improving
the performance of the APTSCs beyond 30%.

In the journey to commercialising APTSCs, we suggest
possible milestones to achieve PCEs >30% with all-
perovskite tandem modules.

Blade-coating (instead of spin-coating) methods are cur-
rently demonstrated for the scale-up. In addition, slot-die
coating, spray coating, inkjet printing, and screen printing also
have the potential towards scaling APTSCs.

Furthermore, we need more studies on the flexible
substrate-based APTSCs for mass production. The roll-to-roll
process can accelerate perovskite market growth.

To develop high-performance scaled APTSCs, we consider
three main engineering aspects: buried interface engineering,
simplifying the charge recombination layer, and reducing the
vacuum process. The first technical method is buried interface
engineering (so-called additive engineering), which provides
several advantages. Buried interface engineering enables fast
device manufacturing speed as it does not demand an extra-
thin passivation layer. Additionally, it does not demand high-
quality super-thin layer technology for the passivation layers. It
can not only improve the quality of the perovskite, ETL, or HTL
bulk layer but also achieve the passivation effect,>®'8%197:201
The second technical method is to simplify the charge recom-
bination layer. The complicated structure of the charge
recombination layer constructed using different deposition
techniques can retard the commercialisation of APTSCs regard-
ing the design of the manufacturing execution system (MES).
The third technical method is to reduce the vacuum process as
much as possible during device fabrication. Although using
atomic layer deposition or sputtering deposition can provide
excellent layers, as mentioned above, the different deposition
techniques can hinder production efficiency. Moreover, a
vacuum can be detrimental to perovskite solar cells, affecting
their device lifetime.>*>>!

However, considering the low durability of perovskites
against humidity and oxygen, a plant may require an inert
gas system (or an otherwise controlled environment) until
encapsulation is applied.

In addition, for commercialising APTSCs, highly efficient
and stable all-perovskite module technologies are crucial, such
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as cell-to-module (CTM) technology. In this case, interconnec-
tion development will be necessary to minimise dead areas,
thus increasing the geometric fill factors to reduce CTM loss.
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