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ABSTRACT: Even though hole-selective self-assembled monolayers (SAMs) are 1.0
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a key player for light management and carrier management in Pb- and Sn—Pb SAM (Pb PSCs) Q>33%
based perovskite solar cells (PSCs), they are markedly underdeveloped for Sn sAM(sn-pbPscs) Al

PSCs. Herein, we offer multifaceted approaches as a roadmap to tackle this ozl R
challenge. We systematically reviewed recent publications on Sn PSCs utilizing —~ g
hole-selective SAMs to identify underexplored approaches and suboptimal <, . Ogﬁ%";"om’ss (SnPsCs) | @
photovoltaic performance. We then examined state-of-the-art PSCs based on = o 2%m M) <
Pb and Sn—Pb perovskites to induce their success to arise from multifaceted 06r % s 1E
approaches on the substrate, SAM, perovskite, and their interfaces. Additionally, PCE: ~6% Eo
we emphasized the unique underlying properties of Sn PSCs that warrant careful °

consideration. Finally, we proposed feasible approaches to improve the SAM- 04 o2 oe o8 o
based Sn PSCs, in light of light management and carrier management, by Uxf (FFV o /FF Vo)

leveraging the unique properties of Sn perovskites alongside the multifaceted

approaches proven effective in other PSCs.

self-assembled monolayer (SAM) is a thin and
Acompact film (thickness: ca. 1-5 nm) composed of
small molecules that are chemically and physically
adsorbed onto a substrate to tailor its surface properties (e.g.,
surface energy, dipole moment, and passivation) to cater to
fundamental studies and applications spanning biosensing,
nanotechnology, electronics, and photovoltaics.l’2 SAMs can
be coated onto diverse substrates with conformality to their
surfaces. Coupled with their thin film nature, SAMs offer
advantages in material consumption, light transparency, and
charge carrier transfer. They also benefit from high molecular
designability, mechanical flexibility, and compatibility with
both solution and vacuum processing. Central to making the
best use of SAMs is enhancement of packing density for high
surface coverage and designing functional groups for effective
interface interaction and energy level alignment with the active
layer while ensuring strong chemical adsorption to substrates.
The rapidly growing use of SAMs has become notable in the
research of lead halide-based perovskite solar cells (Pb PSCs).
High performance is achieved with the SAM, whose molecules
embed carbazole moieties, as used as a hole selective layer
(HSL) in a p-i-n device architecture. Recently, SAMs have
been instrumental in setting performance records for PSCs.
For example, the all-time high efficiency (>26%) of power
conversion (PCE), along with the maximum power point
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(MPP) tracking stability (T,s of 1,200 h, where Ty represents
the time required to retain 95% of the initial efficiency), has
been reported.” Moreover, high efficiency of >33% is marked
by the SAM in Si/perovskite tandem cells.” The high device
performance primarily results from the SAM’s ability to build
an interface with the HSL, minimizing losses in photovoltaic
properties and avoiding dopants that could undermine
stability. Alongside parallel research on perovskites and
electron-selective layers (ESLs), SAM research is anticipated
to bring further compelling progress for Pb PSCs in the near
future.

Unfortunately, the aforementioned performance has not yet
been attained by other types of prospective PSCs, namely, the
Sn—Pb and Sn PSCs. Both types of devices hold smaller
bandgap energies (below 1.5 eV) than the Pb PSC, which
theoretically allows for greater efficiency. As a result, the Sn—
Pb PSC serves as a narrow bandgap subcell in perovskite/
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Figure 1. (a) Schematic illustrations of three different types of Sn PSCs utilizing SAM only, PEDOT:PSS/SAM, and NiO,/SAM HSLs where
BCP represents bathocuproine. (b) Representative SAM molecules used for Sn PSCs, with the R, and R, functional groups in TP-MN and
TQxD highlighted in a rounded rectangle. The full names of the SAM molecules are as follows: [2-(9H-carbazol-9-yl)ethyl]phosphonic acid
(2PACz), [2-(3,6-dimethoxy-9Hcarbazol-9-yl)ethyl]phosphonic acid (MeO-2PACz), (4-(7H-dibenzo[c,g]carbazol-7-yl)ethyl)phosphonic
acid (2PADBC), 6-phosphonohexanoic acid (6PA), trimethoxy (3,3,3-trifluoropropyl)-silane (F;-TMOS), 2-chloroethylphosphonic acid
(CEPA), 4-aminobenzoic acid (AB), 2-((7-(4-(bis(4-methoxyphenyl)amino)phenyl)-2,3-bis(4-((2-ethylhexyl)oxy)phenyl)thieno[3,4-b]-
pyrazin-5-yl)methylene)malononitrile (TP-MN), and (2E,2’E)-3,3’-((2,3-bis(4’-(bis(4-methoxyphenyl)amino)-[1,1’-biphenyl]-4-yl)-
quinoxaline 6,7-diyl)bis(thiophene-5,2-diyl))bis(2-cyanoacrylic acid) (TQxD).

perovskite tandem cells and is responsive to light at relatively
long wavelengths (up to ~1,000 nm). The Sn PSC benefits
from high carrier mobility, slow cooling of hot carriers, relative
broad light harvesting (wavelength: up to ~900 nm), and
sustainability.” The wide bandgap (>1.6 eV) Sn PSC seeks
applications like Si/perovskite tandem cells with sustain-
ability.”” Meanwhile, the hitherto high efficiency of the Sn—Pb
PSC using a SAM HSL exceeds 23%,”” which is impressive
and approaching that of the Pb PSC. In contrast, the best Sn
PSC using a SAM HSL attains 9.6% efficiency'® and that using
two HSLs of PEDOT:PSS/SAM, where PEDOT:PSS is the
poly(3,4-ethylenedioxythiophene) polystyrenesulfonate, exhib-
its efficiency 14.67% and N,-shelf storage lifetime (T.q, for
1000 h)."" Using two HSLs of nickel oxide (NiO,)/SAM, the
high efficiency (14.19%) and stability (Ty; for 1000 h) was
recently reported.'® Even though the SAM-based Sn PSCs are
significantly underdeveloped relative to the Pb and Sn—Pb
counterparts, their recent advancements that have closed the
gap with the best Sn PSC based on a HSL of PEDOT:PSS
presenting 15.7% efficiency'” should encourage compelling
future research efforts.

Specifically, we elaborate on potential merits of using two
HSLs of PEDOT:PSS/SAM and NiO,/SAM. As SAMs are
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deposited onto substrates such as indium tin oxide (ITO)
glass, their coverage may not always be perfect to spoil the
interface with perovskite due to factors such as aggregation of
SAM molecules and imperfections of the ITO surface. On the
other hand, PEDOT:PSS suffers from hygroscopic nature and
fast recombination and NiO, contains reactive species of Ni>>*
and exhibits relatively low reproducibility.'* The two HSLs can
overcome the respective limitations inherent in each individual
HSL. In addition, they could effectively extract hole charge
carriers by a cascade-like transfer. They also allow for tuning of
the interface properties: for example, PEDOT:PSS enables
smooth surface and is soft adaptable to perovskite lattice
expansion and shrinkage under stress conditions: nanocrystal-
line NiO, facilitates a flatter surface on the ITO substrate and
homogeneous distribution of SAM molecules."*~"> However,
it needs to be remarked that a SAM sole HSL could be
improved in the aforementioned interfacial properties, as well
as surface coverage. We thus believe that advancing both HSL
systems in parallel is required to make a breakthrough in the
Sn PSC research.

Herein, we look at the so-far progress of Sn PSCs using SAM
HSLs from 11 research papers.”” ' "'#172! We then review
multifaceted approaches on SAM HSLs made for high-
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Figure 2. Energy level diagrams of SAM, PEDOT:PSS/SAM, and NiO,/SAM HSLs in Sn PSCs are presented in which the HOMO energy
level of PEDOT:PSS/CEPA is derived from PEDOT:PSS. For comparison, representative SAMs of 2PACz and Me-4PACz, known for high-
performance in Pb PSCs, are also included. All data are sourced from Table 1, except for the Pb perovskite energy levels.>®

performance Pb or Sn—Pb PSCs, by which the remaining
challenges and strategies for Sn PSCs are identified and
discussed. Since not all issues are addressable by this literature
review due to unique properties of Sn perovskite, we further
suggest our perspective on these properties to tackle the

challenges.

B SAM HSL RESEARCH IN SN PSCS

Characteristic Features of Functional Groups in SAM
Molecules. Inverted architecture, specifically p-i-n, is
predominantly used for high-performance, where a HSL
plays a pivotal dual role in extracting holes and regulating
perovskite quality. SAMs have been explored by one of three
HSL structures: SAM, PEDOT:PSS/SAM, and NiO,/SAM. As
a substrate, either ITO glass (mostly) or FTO glass is typically
used. Sketches of the full device structures are presented in
Figure la and representative SAM molecules are added in
Figure 1b. In general, SAMs consist of three functional parts
that include a terminal group, a spacer group, and an anchoring
group. The anchoring group ensures that SAM is firmly
attached to the substrate via chemical (and/or physical)
linkage. The so-far used anchoring groups include phosphonic
acid (for 2PACz, MeO-2PACz, 2PADBC, 6PA, and CEPA),
carboxylic acid (AB), silane (F;-TMOS), cyanoacrylic acid
(TQxD), and dicyano vinylene (TP-MN). These anchoring
groups have different binding energies and modes." Phos-
phonic acid groups are an excellent choice because they
suppress homocondensation (i.e., polymerization), are com-
patible with various oxide substrates, including ITO and FTO
glass substrates, and bind firmly to the substrates. In addition,
they offer high surface loading and hydrolytic stability. Using
two anchoring groups in a single SAM molecule (TQxD)
could attain stronger binding. Silane groups are initially
hydrolyzed, for example, by surface water and then covalently
bind to the substrates. It is known that silane-based SAM
molecules can polymerize while binding to the substrates with
polymerization accelerated in the presence of excess water.

The spacer group bridges the terminal and anchoring
groups. As exemplified in Figure 1b, two types of spacer groups
are employed, nonconjugated (e.g, aliphatic chains) and
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conjugated groups (e.g., aromatic rings). AB, TP-MN, and
TQxD SAM molecules have conjugated spacer groups, while
the others use nonconjugated spacer groups consisting of
aliphatic chains. The spacer group influences on charge
selectivity, and at the same time, aids self-assembly through
dipole—dipole, 7—n, and CH—rx interactions and van der
Waals forces. Conjugated spacer groups allow charge
delocalization, contributing to improved stability. In contrast,
aliphatic chains contribute to charge carrier separation,
physical barrier formation, and SAM molecule solubility. We
further note that long aliphatic chains could undermine the
tunneling of hole charge carriers, and on the other hand, are
flexible and undergo van der Waals interaction to control the
SAM orientation and interface quality,”> so designing an
appropriate length of aliphatic spacer is pivotal.

The terminal group primarily determines the functionality
and interface (or surface) properties such as the dipole
moment, packing, and orientation of SAM molecules, as well as
interfacial defects. Moreover, it influences the perovskite
crystal quality. The SAM molecules in Figure 1b feature core
moieties of carbazole groups (2PACz, MeO-2PACz, and
2PADBC), a phenylene group (AB), thienopyrazines (TP-
MN), a quinoxaline group (TQxD), and aliphatic groups
(6PA, F;-TMOS, and CEPA). Incorporating electron rich
groups, including carbazole and triphenylamine, can promote
hole selection, as corroborated by high-efficiency Pb PSCs.
Introducing a phenoxy group in TP-MN can suppress the
aggregation of SAM molecules, while the addition of a 4,4'-
dimethoxytriphenylamine group in TP-MN and TQxD can
increase their solubility in organic solvents. Dangling moieties
of methoxy (MeO-2PACz and TQxD), carboxylic acid (6PA),
amine (AB), chloride (CEPA), and fluorine (F;-TMOS)
groups can form hydrogen, halogen, or coordination bonds
with perovskite, the chemical interaction facilitating stable
interface formation. These moieties such as methoxy and
amine groups and carboxylic acid can lower the contact angles
(CAs) of perovskite precursor solutions (or water), which is
conducive to the lamination of perovskite films onto SAMs in
accordance with the Young—Dupré equation:
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W, = o,(1 + cos 0) (1)
where W, 6, and 6 stand for the work of adhesion, the surface
tension of the perovskite solution, and the CA.

While the dipole moments of SAM molecules are influenced
by all functional groups, they can be modulated by the type
and position of the dangling moieties, thereby altering the
work function (WF) of substrates and the highest occupied
molecular orbital (HOMO) energy levels of SAMs; all data on
the SAM-based Sn PSCs are summarized in Supporting
Information. This is exemplified by the WF that is reduced
from +2 D for 2PACz to +0.2 D for MeO-2PACz with the
methoxy moieties.”> Additionally, 2PADBC adopting a helical
m-extension on the carbazole moiety increases its dipole
moment from +2.13 D to +2.71 D compared to the parent
molecule of 2PACz.*° Figure 2 presents energy level diagrams
displaying the HOMO energy levels of SAM, PEDOT:PSS/
SAM, and NiO,/SAM HSLs used for Sn PSCs, along with the
energy levels of Sn perovskites. Overall, the energy level offsets
between the HSLs and Sn perovskites are small (<0.2 eV).
And, the HOMO energy levels are noticeably elevated, likely to
align with Sn perovskites with narrow bandgaps (~1.4 €V)
whose valence band maximum (VBM) energy levels are
relatively shallow; for comparison, the energy levels of HSLs
and Pb perovskites are also presented in Figure 2. We further
need to remark that, in addition to modulating energetic
properties, dipole moment affects not only self-assembly and
coverage of the SAM but also SAM/perovskite interface
passivation by protecting undercoordinated perovskite species
and/or repelling electrons.

It is worthwhile mentioning that beyond those presented in
Figure 1b, all functional groups in SAM molecules are
tailorable for Sn perovskites to achieve target properties
mentioned above due to the high molecular tunability afforded
by the extensive library of organic compounds.

Photovoltaic Performance with SAMs. While discussing
the properties of SAM molecules themselves above, we now
turn to their effects on device performance in Sn PSCs. The
first use of SAMs as a sole HSL in Sn PSCs was reported in
2021."° In this study, three SAM molecules —2PACz, MeO-
2PACz, and Me-4PACz were tested by a dipping method for
Sn PSCs. These molecules are commercially available and have
demonstrated high-performance in Pb and Sn—Pb PSCs. They
all feature a carbazole core that is bridged by an ethyl chain for
2PACz and MeO-2PACz (or a butyl chain for Me-4PACz) to
an anchor of phosphonic acid. Additionally, MeO-2PACz and
Me-4PACz have methoxy and methyl groups at the 3,6
positions, respectively. Among these, MeO-2PACz, which is
the most hydrophilic, possesses a shallow HOMO energy level
along with an interactive methoxy terminal group, marked the
highest efficiency (4.1%) according to a two-step fabrication
process to make the tin perovskite layer. In contrast, Sn
perovskite films were difficult to form on the Me-4PACz.
Interestingly, it was discovered that the hydrophilicity was
strengthened for better formation of perovskites and remaining
layers, resulting in the increased Jgc and PCE to 20.3 mA cm™>
and 6.5%, respectively, as ITO glass substrates were annealed
at 400 °C for 30 min. The impressive stability is manifested as
a Ty lifetime of ~1,900 h under shelf-storage in a N,-filled
glovebox.

Overall, adopting a two-step deposition method for Sn
perovskites is crucial regardless of the SAM type. This method
involves sequential spin-coating of the Snl, dissolved dimethyl
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sulfoxide (DMSO) precursor solution and the FAI precursor
solution. When using a one-step deposition of Sn perovskite,
the MeO-2PACz SAM shows potential as an efficient HSL in
Sn PSCs, as highlighted in recent reports.'”'® Notably one
report describes a holistic approach entailing comolecular
SAMs, perovskite engineering, and an efficient ESL (indene-
C60 bisadduct, ICBA) to decline photovoltage deficit.'” The
comolecular SAM is composed of MeO-2PACz and 6PA
molecules of complementary properties: incorporating the 6PA
molecule—featured as a hydrocarbon chain core bridging a
phosphonic acid anchoring group and a carboxylic acid
terminal group—is effective for perovskite lamination, enabling
high open-circuit voltage (Vi) of 0.829 V and a PCE of 9.4%,
the best among SAM only HSL-based Sn PSCs. As assessed by
the CA measurements, it turns out that 6PA had higher surface
energy than MeO-2PACz due to the ~2.5-fold greater polar
components for hydrogen bonds and ion-dipole interactions.
Interestingly, it is found that perovskite film thickness is
sensitive to the precursor solution volume, unlike PE-
DOT:PSS, inviting eclectic engineering efforts on the
comolecular ratio, perovskite precursor volume, and even
antisolvent volume and type."’

In another report, solvent engineering on superseding the
common solvent (DMSO) of with N,N-diethylformamide/
N,N’-dimethylpropyleneurea (DEF/DMPU) was employed to
attain 5.8% device efficiency.'® The justification of selecting
DMSO-free solvent comes from the fact that DMSO acts as an
oxidizer for Sn(II) in the perovskite solution and is partially
reduced to dimethyl sulfide with room for impinging on the
crystallization rate. Meanwhile, the MeO-2PACz SAM was
deposited by spin-coating at rates ranging from 4000 to 6000
rpm. Interestingly, the highest rate presumably leading to the
thinnest SAM film resulted in the smallest water CA (55.39 —
47.07°) and highest average efficiency. As the MeO-2PACz
SAM is compared with a PEDOT/AL,O; HSL at the device
level, a higher V¢ (0.590 — 0.638 V at the reverse J—V scan)
and a narrower hysteresis index distribution are observed in the
J=V curves.

Besides the aforementioned carbazole-based molecules,
other promising SAM molecules have been successfully
developed for Sn PSCs. The TQxD SAM molecule embeds
4,4’-dimethoxytriphenylamine groups to effectively donate
electrons to perovskites and two anchoring groups for strong
binding.'” It also features a dye molecular structure
incorporating conjugated spacers. The thiophene group
attached to the core quinoxaline moiety plays a crucial role
in forming perovskites with excellent crystal quality. The
TQxD SAM afforded the proper energy level of HOMO
(=5.09 eV) and led to improved efficiency to 8.3%,
accompanied by a lifespan exceeding 1,600 h of Tg,. The AB
SAM molecule is designed with a phenylene core that bridges
an electron-withdrawing carboxylic acid group and an electron-
donating amine group, resembling an acceptor-z-donor
configuration.”’ Rather than phosphonic acid, carboxylic acid
was chosen due to the higher reactivity with preferred
adsorption to the ITO glass substrate. The AB SAM exhibits
excellent wettability with the precursor solution, as indicated
by a small CA of 6.52°. Notably, the perovskite precursor
solutions present smaller CAs than water (see Supporting
Information), on the back of decreased surface tension. The
decent device efficiency (7.6%) and stability (3,500 h of Tg,)
were recorded. As compared with PEDOT:PSS which is
currently the most efficient HSL for Sn PSCs, the AB SAM
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Figure 3. Bandgap-dependent photovoltaic parameters, (a) PCE, (b) Vo, (c) Jsc, and (d) FF of Sn PSCs incorporating SAM HSLs, with
numerical values presented in Table 1. For comparison, high-efficiency Pb and Sn—Pb devices using SAM HSLs and Sn PSCs with a
PEDOT:PSS HSL are inserted. The SQ limit, along with its 75% and 50% thresholds, is added as a reference.

attains higher stability under ambient conditions (relative
humidity: 60%) without encapsulation.

The TP-MN SAM molecule is an organic dye based on a
thienopyrazine core moiety that is conjugated with a dicyano
vinylene anchoring group on one end and attaches the 4,4'-
dimethoxytriphenylamine group (for electron donation to
perovskite) and a phenoxy group (for dye dispersal) on the
other end."* The TP-MN SAM is decorated atop a NiO,
nanoparticulate film on an ITO glass substrate to form the
NiO,/SAM HSL; we note that the TP-MN SAM with a cyano
anchoring group could adsorb onto NiO, as other anchoring
groups do, enabling its deposition using the same methods,
such as spin-coating and dipping, applied to ITO and FTO
substrates. It is claimed that NiO, reduces the substrate
roughness and provides a higher density of hydroxyl groups for
SAM anchoring compared to ITO. However, NiO, is
susceptible to forming oxygen vacancies to react with tin
iodides (i.e., Snl, — Snl,) upon contact with Sn perovskite.
The TP-MN SAM with the 4,4’-dimethoxytriphenylamine
group helps to prevent this reaction. In addition, the TP-MN
SAM resulted in the formation of a ~ 2-fold thicker perovskite
film with large crystal grains together with an appropriate
energy level of VBM (—5.05 eV). The decent device efficiency
(7.7%) and stability (4,000 h for T,_g,) are accompanied as a
result.

The two-step deposition method for perovskite has been
primarily applied to SAM-only HSLs while the one-step
method has been mostly used with SAM HSLs on NiO, or
PEDOT:PSS (see Table 1). The one-step method can be
advantageous for engineering high quality perovskite crystals.
2PADBC is a high-performance SAM whose molecule contains
a 7 scaffold of 7H-dibenzo[c,g]carbazole core with a
hydrocarbon spacer group and a phosphonic acid anchoring
group.”’ Especially, the 7 scaffold renders a helical z-extension
that can promote self-assembly by increasing both the dipole
moment and z—x interactions as compared to the mother
molecule of 2PACz. According to the differential charge
density simulation, the increased dipole moment could
populate electron density near Sn atom to suppress its
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oxidation. 2PADBC is specifically effective as used onto a
NiO, HSL as it passivates and homogenizes the surface.
Following the dipole moment strength, the VBM energy level
of NiO,/2PADBC is slightly lowered by 0.1 eV, to —5.25 eV,
relative to that of NiO,/2PACz. With the NiO,/2PADBC
HSLs, Sn PSCs attain the high Jgc of 23.23 mA cm™* and PCE
of 14.19%, along with the stability of 1,000 h of Ty;. Under
thermal stress at 85 °C in a nitrogen environment, the thermal
stability was impressive, with a T g, lifetime of 500 h. While
thermal stability is not frequently reported in Sn PSCs, this
result is encouraging. Even after scaling the active area from
0.04 to 1.00 cm?, the PCE remains high at 12.05%.

In addition to the NiO, scaffold, PEDOT:PSS has been used
in conjunction with several SAM molecules; it should be noted
that PEDOT:PSS could be dissolved in SAM processing
solvents at varying rates; therefore, its processing predom-
inantly involves spin-coating, which has a shorter processing
time than dipping. Even though PEDOT:PSS proves effective
for high-performance Sn PSCs, it is hygroscopic and acidic
likely being detrimental over long periods of operation.
Introducing the 2PACz SAM atop PEDOT:PSS would
mitigate this issue.® It is claimed that 2PACz molecules anchor
to PEDOT:PSS via ionic interactions between the P—O~
groups of 2PACz and the S* groups of PEDOT, creating a
thin monolayer (sub 1 nm). The PEDOT:PSS/2PACz HSL
effectively suppresses Sn oxidation and eliminates lattice strain
in the perovskite crystals. The measured VBM energy level of
—5.73 eV is deeper than that of PEDOT:PSS by 0.6 eV. This
energy level is compatible with the wide bandgap perovskite
used in this research. As a result, a PCE of 8.66% and FF of
73%, which are decent for wide bandgap devices, are yielded.
The stability includes a T lifetime of 70 days under shelf-
storage in a nitrogen atmosphere, and a T, lifetime of 70 min
at 85 °C temperature in the ambient atmosphere. The MeO-
2PACz SAM has been also coupled with PEDOT:PSS in Sn
PSCs, attaining a PCE of 12.16% with reduced J—V hysteresis
and a N, shelf storage stability (>2,000 h of T}q,).” The origin
of the reported performance comes from the MeO-2PACz
insertion improving interfacial properties toward reducing
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defects, suppressing Sn oxidation, and enhancing perovskite
quality in terms of crystallinity and orientation.

The CEPA SAM molecule, containing a hydrocarbon chain
between a chloride terminal group and a phosphonic acid
anchoring group, was also applied to PEDOT:PSS."” The
chloride terminal group is disclosed to be interactive with the
major perovskite precursor (Snl,). This not only removes
excess PSS and passivates the interface with perovskite but also
lowers the VBM energy level (—5.09 — —5.24 eV) toward
minimizing the energy offset. In addition, it regulates
perovskite crystals for improving crystallinity while suppressing
defects of the oxidized tin, iodine, and voids. As a consequence,
the PEDOT:PSS/CEPA SAM enabled the Sn PSC to achieve
Jsc of 23.17 mA cm™2, FF of 71.81%, and a PCE of 10.65%.
The shelf-storage stability (850 h of Tg,) and light aging
stability of (240 h of Tg,) were attendant, both assessed in an
N, environment. Meanwhile, the F;-TMOS SAM molecule
was introduced on top of PEDOT:PSS.'' It embeds a
hydrocarbon chain with rimethoxysilane anchoring and CF;
terminal groups. Unlike phosphonic acid, silane must undergo
hydrolysis for heterocondensation (for anchoring to the
substrate) and homocondensation (for polymerization of the
molecules). The CF; group, being electron-withdrawing,
contrasts with the electron-donating NH, group. The
PEDOT:PSS WF is increased by the CF; group, which is
opposed by the NH, group, in relation to the dipole moment.
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This WF alteration indicates that the CF; group is relatively
electronegative, making dipole points away from the substrate,
whereas the NH, group is relatively electropositive, creating
dipole points toward the substrate. It is claimed that the
increased WF is favorable for hole extraction from the
perovskite. The F;-TMOS surface modification reinforces Sn
perovskite film formation by facilitating higher crystallinity and
crystal orientation, attenuating defects, and alleviating
interfacial strain and distortion. Consequently, a high PCE
(14.67%) owing to the Ve (0.91 V), Joc (22.52 mA cm™),
and FF (71.56%) was reached.

Performance Comparison of SAM HSL-Based PSCs. In
Figure 3 and Table 1, we summarize photovoltaic parameters
(PCE, V¢, Jso, and FF) of the aforementioned Sn PSCs with
SAM HSLs as a function of perovskite bandgap energy (E,) for
comparative analysis. The Shockley-Queisser (SQ) limit, along
with its 75% and 50% thresholds, is presented as a guide. The
SQ limit sets the upper boundaries for the photovoltaic
parameters. For broader insights, the high-performance SAM-
based Pb and Sn—Pb PSCs,>*”** as well as PEDOT:PSS-
based Sn PSCs'*** are also included in Figure 3. Above all, the
PCE presented in Figure 3a points to that the Pb PSCs are
above the 75% limit with offsets of 5.35—5.68% from the SQ_
limit and the Sn—Pb PSCs are approaching this limit, with
offsets of 9.81—10.01% while the Sn PSCs reside below the
50% limit with offsets of 17.52—18.34% for PEDOT:PSS and >
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~20% for SAMs. Despite having lower SQ limits due to larger
bandgaps, the supreme PCEs are recorded by the Pb PSCs,
accounted for by the highest photovoltaic parameters far above
the 75% limit, as shown in Figures 2b-d. They are a
consequence of well-developments of perovskites, contact
materials, and deposition methods, for which many worldwide
researchers have strived. The Sn—Pb PSCs are fairly mature
and close the performance gap with the Pb PSCs. In stark
contrast, the Sn PSCs incorporating PEDOT:PSS and SAM
HSLs leave abundant room for improvement, despite the
potential for higher efficiency.

Overall, the data points of the photovoltaic parameters of
the SAM-based Sn PSCs are scattered due to ongoing
development since their introduction in late 2021 and the
Voc and Jgc values are largely spread below the 75% limit,
whereas the FF values remain above this threshold with smaller
deviations, albeit with a few exceptions. The two devices of
PEDOT:PSS/2PACz and PEDOT:PSS/MeO-2PACz utilize
wide bandgap (>1.6 eV) Sn perovskites. Interestingly, it is
observed that Jgc is the least developed even in the
PEDOT:PSS devices. The SAM-based Sn PSCs attaining a
PCE over 14% typically incorporate either PEDOT:PSS/F;-
TMOS or NiO,/2PADBC, exhibiting photovoltaic parameters
that are mostly greater than the SAM-only (below 10%). The
>14% devices are not the best-efficiency Sn PSCs. These
contradict with the Pb PSCs reaching high efficiency with
SAM-only HSLs. Importantly, comparative studies to under-
stand the fundamentals of the aforementioned trends are
deficient for SAM-based Sn PSCs. In the following paragraphs,
we explore the strategies developed for SAM HSLs in Pb and
Sn—Pb PSCs aiming to draw valuable insights and explore how
to apply them to Sn PSCs. We categorize the strategies used in
SAM-based Pb and Sn—Pb PSCs into five sectors: the
substrate treatment, SAM deposition, SAM molecular design,
overlayers, and perovskite engineering. Furthermore, given the
unique properties of Sn perovskites, we propose additional
insights to consider to expand on the strategies gained from Pb
and Sn—Pb PSCs.

B LITERATURE SURVEY ON PB OR SN—PB PSCS
USING SAM HSLS

Brief Introduction. In the pioneering research reported in
2018 on a SAM HSL based on carbazole-based molecule
(called V1034), a respectable PCE of 17.8% was achieved for a
Pb PSC, which had only a gap of ~5% compared to the
certified best PSC at the time.”®*” Then, the next generation of
carbazole-based molecules of 2PACz, MeO-2PACz, and Me-
4PACz were disclosed,””** and these have been commercial-
ized and frequently used due to their high performance and
reproducibility. The advent of these SAM molecules
(particularly, Me-4PACz) has advanced the development of
tandem solar cells, exemplified by the c-Si/PSC.** The success
of these SAMs stems from the fact that PSCs were already
fairly well-developed at the moment in light of perovskite film
formation and contact materials (including ESLs and metals).
Since then, multifaceted approaches involving substrate
treatment, SAM molecular design and deposition methods,
interlayers, and perovskite engineering have led to present-day
SAM HSL-based PSCs exceeding 26% (for Pb perovskite)™*
and 23% (for Sn—Pb perovskite)*” in PCE. In the following
subsections, we will discuss key lessons from these staggering
PCE achievements.
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Substrate Modification. We summarize several examples
of the multifaceted approaches in Figure 4. As substrates for
SAM, ITO and FTO glass substrates that are commercially
available are commonly used, even with varied qualities. They
differ in surface properties of texture, WF, and chemical
composition. In a report comparing the two using the same
SAM molecules, PCEs of 24.4% (ITO) and 22.7% (FTO)
were reported.28 However, the effects of the substrate on SAM
formation and device performance have yet to be fully
explored. Though, many researchers choose to use ITO
substrate.”” Using the ITO substrate, a UVO pretreatment
proceeds to clean surface carbon atoms and to increase surface
oxygen concentration as a strategy to improve wettability. O,
plasma treatment provides a similar surface modification effect
as the UVO treatment while also physically etching the surface
(Figure 4a). Specifically, the latter enables flatter surface
texture for SAM growth.30 Meanwhile, ITO surface is
tailorable in chemical composition, via the successive treat-
ments of hydrofluoric acid and UVO.*! This, in turn, removes
the undesired surface hydroxyls and hydrolyzed products and
creates a partially fluorinated surface that improves interface
passivation, reduces perovskite defects, and facilitates high-
density SAM formation. It has been discovered that a
significant amount of surface hydroxyls is weakly bound to
the ITO surface to be washed away with ease by the perovskite
precursor solvent.”> For this reason, the ITO surface was
reconstructed by implementing atomic layer deposition to
form an ITO film with a thickness of ~9—10 nm. The similar
surface reconstruction approach was reported for Sn PSCs,
where annealing the ITO substrate at 400 °C modulated
surface chemical composition toward effective SAM formation
for Sn perovskites.'®

SAM Molecular Design. Anchoring Group. Monopodal
SAM molecules are exemplified by a series of carbazole-based
compounds, 2PACz, MeO-2PACz, and Me-4PACz, each
featuring a single anchoring group (phosphonic acid).'
Meanwhile, several phosphonic acid-free anchoring groups
have been designed, the examples of which are presented in the
following. The acrylic acid that is a highly polar group is
soluble in polar solvents like alcohols and the cyano group that
can be categorized as a Lewis base group is capable of
suppressing Pb*>" defects despite serving as an anchoring
group.”” Phosphonic acid in 2PACz has been replaced with
carboxylic acid to create a new SAM molecule (9-carbazolyl)-
acetic acid) while shortening the spacer group length.** This
change in the anchoring group exerts influence on SAM
orientation and arrangement for attenuated nonradiative
recombination, improved perovskite crystallinity, and better
energy level alignment and hence produces a high PCE
(23.1%) and the shelf-storage lifetime (To; for 2,500 h).
Having the weaker acidity than phosphonic acid, boric acid was
used as an anchoring group in a triphenylamine-based SAM
molecule.”’ The boric-acid—based SAM can chemisorb to
oxygen vacancy sites on the ITO surface. It is claimed that the
weaker acidity mitigates ITO corrosion and enhances interface
stability. Another SAM molecule with a trimethoxysilane
group, (3,6-dimethoxy-9H-carbazol-9-yl)-
trimethoxyphenylsilane, was synthesized.”” The silane anchor-
ing group presents greater binding energy (—6.94 — —14.65
eV), as calculated by the density functional theory (DFT),
through the tridentate anchor mode, in contrast to the
bidentate mode of phosphonic acid. In contrast, the multipodal
SAM molecules possessing two or more anchoring groups

https://doi.org/10.1021/acsenergylett.4c03228
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capable of stronger binding to substrates have been developed.
The dipodal SAMs derived from indolocarbazole are designed
with anchoring groups at three different positions (ortho, meta,
para) of the two nitrogen atoms within the core unit."” The
positioning of these anchoring groups affects the dipole
moment and 7—7x interactions, thereby regulating the
interfacial properties. Tripodal monolayer molecules bearing
triazatruxene core units were also designed.*' In contrast to the
edge-on orientation of monopodal SAM molecules, the
tripodal molecules are subjected to the face-on orientation,
which turns out to be effective for hole selection.

Spacer Group. ** The aliphatic spacer in MeO-2PACz is
replaced with a phenyl group which is more rigid and promotes
intermolecular and intramolecular 7—n stacking and con-
jugation.”” These molecular properties are translated into
desired SAM characteristics for hole selection, nonradiative
recombination, and UV light resistance. Meanwhile, adopting a
phenyl spacer group could also strengthen the thermal stability.
For instance, adding two phenyl groups in series raises
decomposition temperature from 180 (for one phenyl group)
to 354 °C according to thermogravimetry results.”” As
benzothiadiazole served as a spacer group, it strengthened
structural planarity for intermolecular stacking and specific
interactions between sulfur atoms and undercoordinated Pb**
ions through coordination bonds.”” A cyanovinyl spacer group
can augment hydrophilicity greatly toward a super wettable
surface to the perovskite precursor solution (CA: 4.9°) and
demonstrate defect passivation capability via Pb—N inter-
actions, as shown in the bilayer stack of SAM molecules
(Figure 4b).*

Terminal Group. The so-far developed carbazole-based
SAMs have several tail moieties including methoxy, methyl,
phenyl, iodo, sulfur, methoxyphenyl, and dimethoxyphenyl
groups.””****~*" The methoxy group bearing a Lewis basic
heteroatom (i.e, oxygen) alters the dipole moment and
passivates the perovskite surface by coordination with
undercoordinated lead ions.”’ The dimethoxybenzene group
reinforces energy alignment and solubility while promoting the
formation of perovskite film with smoothness and compact-
ness.”” The methyl group that is weakly electron-donating
affects energy alignment with the perovskite without
significantly altering dipole moment and interface passiva-
tion.”> The iodo group renders more wettable SAM surface,
modifies dipole moment, and interacts with undercoordinated
lead ion and with iodide and bromide ions by halogen
bonding."* The phenyl groups expand the conjugation area,
dipole moment, and dihedral angle, by which SAM solubility,
energy level, and assembly along with perovskite crystallization
can be ameliorated.””*® The sulfur group, with its Lewis
basicity, can passivate undercoordinated lead ions; however, its
controlled exposure, enabled by the methylation for steric
hindrance, is crucial for adequate crystallization of perovskite.*’

In place of carbazole, other core moieties such as
triphenylamine,”*” zinc porphyrins,”® a phenyl ring,*’
ruthenium(IT) complex,” benzothiophene,”’ and tricyclic
aromatic rings,”” have been explored for SAM HSLs. In
these carbazole-free SAMs, various tail moieties have been
investigated. For instance, benzoic acid is para-substituted by
—NH, (4.5 D) < —OCH, (=3.9 D) < —H (=2.1 D) < —Cl
(2.0 D) < —Br (2.1 D) for a wide range of dipole moments."’
For the interaction with perovskite, hydrogen termination
hinges on the van der Waals force, whereas the others do
dipolar interactions. It was verified that perovskite crystal-
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lization is modulated by factors, such as the grain size, defect,
and crystallinity. Meanwhile, heteroatoms of O, S, and Se are
incorporated into SAM molecule based on tricyclic aromatic
rings containing bromide groups as a core moiety.”” While the
bromide groups are especially electron-withdrawing for dipole
moment control and electron blocking ability, the heteroatoms
increase the interaction energy between the SAM and
perovskite in the order Se > S > O, quantified by DFT
calculations. This interaction plays a crucial role in vitiating
interfacial defects and extending charge carrier lifetimes.
Comolecular SAM. Adopting comolecular SAMs compris-
ing two or more different molecules of synergistic or
complementary properties is an effective route to tailoring
interfacial properties. As 1,6-hexylenediphosphonic acid is
coassembled with Me-4PACz, the perovskite precursor
solution wettability is enhanced, due to a ~ 10% increased
polar component of surface energy, to markedly promote
lamination of the resulting perovskite film.>* This concept was
repeatable, as different types of perovskites and SAM
molecules were tested. Meanwhile, interfacial passivation can
be reinforced by coassembling (2,7-dimethoxy-9H-carbazol-9-
yl)methyl) phosphonic acid and 6-(iodo-4%-azanyl) hexanoic
acid onto an ITO substrate.”* The former molecule is an
analogy to MeO-2PACz and the latter molecule contains a
linear alkyl chain capped with an ammonium group. Addi-
tionally, the latter molecule is greater in length than the former
so as to make an ionic interaction with perovskite, thereby
passivating the buried interface concurrently with maintaining
efficient hole extraction. Methyl phosphonic acid coassembled
with 2PACz for Sn—Pb PSCs attains high efficiency (23.3%)
and improved thermal stability;® it is small in size and hence
escalates the overall SAM coverage by anchoring onto exposed
areas of the FTO substrate between 2PACz molecules. Energy
level alignment between SAM and perovskite can be tuned by
coassembling MeO-2PACz and 2PACz onto NiO,.>> The
VBM energy levels are shiftable by approximately 0.6 eV
between the upper limit (by MeO-2PACz) and the lower limit
(by 2PACz). Meanwhile, Me-4PACz molecules are mixed with
a polymer of PFN-Br (poly(9,9-bis(3’-(N,N-dimethyl)-N-
ethylammonium-propyl-2,7-fluorene)-alt-2,7-(9,9-
dioctylfluorene))dibromide) to create a more wettable sur-
face.’® The PEN-Br interacts with the A-site cation in
perovskite so as to facilitate perovskite film formation with
enhanced uniformity and crystallinity and, furthermore,
improves energy level alignment with the perovskite.
Polymer SAM. New types of HSLs using polymerized SAM
molecules have been reported. One promising example
material is poly(carbazole phosphonic acid) which shows
comparable hole transport capacity and solution process-
ability.”” It also shows lessened sensitivity to layer thickness
and TCO roughness and passivates the interface with the
perovskite. Consequently, the impressive device efliciency
(24.4%) and MPP tracking stability (Ts, of 1,500 h) are
marked. Another example is based on poly(3-hexylthiophene)
with carboxylic acid anchoring groups. This material yields a
well-oriented polymer chain arrangement with a coil-like
conformation.>® Tt features a low-lying HOMO level, reduced
surface defects, and low hydrophilicity (ie, low surface
energy) and enables perovskite to grow with a high degree
of crystallinity; we specifically remark that the SAM surface
energy could be in a trade-off relationship between perovskite
wettability and crystallization. The polymer SAMs could affect
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surface roughness and could be soft, adaptable to perovskite
lattice change, which should be investigated in future research.

SAM Deposition Method. In addition to the substrate
treatment and SAM molecular design, selecting and
implementing an appropriate deposition method and con-
ditions to attain the desired intermolecular packing and tight
anchoring onto the substrate can be pivotal. Pretty manifold
deposition methods are available and their SAM growth
mechanisms are elaborated in the literature.”” Spin-coating
and dip-coating are mostly utilized, each with varied processing
conditions.”” For example, for the family of 2PACz, spin-
coating employs a high concentration (~ 1 mM) and a short
processing time (spin-time: < 1 min) whereas dip-coating uses
a relatively low concentration (e.g, ~ 0.2 mM) and a long
processing time (dipping-time: minutes-hours).'®** At high
concentrations, SAM molecules would form micelles in the
processing solution such as ethanol or isopropanol due to their
amphiphilicity. By spin-coating that is kinetically driven with a
short deposition time, the presence of micelles may suppress
intermolecular packing. This issue can be mitigated by a
cosolvent strategy (Figure 4¢)3* Adding dimethylformamide
(DMF) as a cosolvent in 2-propanol (IPA) helps disassemble
the SAM micelles by strong solvent—solute interactions with
the carbazole group. The disassembled micelles ensure the
improved packing density of SAM (2.48 X 10" to 3.84 X 10"
molecules cm™ evaluated from cyclic voltammetry) on the
ITO substrate toward better energy level alignment, more
efficient hole extraction, and attenuated interfacial recombina-
tion loss. Alternatively, by sequentially spin-coating the two
different SAMs, the packing density can be increased.”’ Large-
area applicability, process temperature controllability, and
thermodynamically driven adsorption make dip-coating
appealing. In particular, with the latter two, the SAM quality
might differ from spin-coating depending on the types,
solvents, and else.

In addition to spin- and dip-coating, other methods have
been developed for SAM deposition. Spray-coating, a high
throughput technique with unparalleled linear deposition
speeds of up to 12 m min™" was applied to deposit the
MeO-2PACz SAM.°” By comparison with other deposition
methods including spin-coating, dip-coating, and airbrush-
coating, it is disclosed that spray-coating can demonstrate a
competitive PCE. Codeposition represents the concurrent
deposition of SAM molecules and perovskites by dissolving the
former in the solution of the latter.® This approach simplifies
the process, addresses the wettability issue of perovskites onto
SAMs with low surface energies, and results in high device
performance (24.5% efficiency and 1,200 h of T, evaluated
by the MPP tracking). Moreover, this method proves versatile
across different SAM molecular systems together with
perovskite compositions, solvents, and processing methods.
Beyond the dominance of the aforementioned solution-based
methods, vacuum-assisted physical vapor deposition has been
developed to offer greater process flexibility.”* This method
tackles two major concerns: whether SAM molecules degrade
at high processing temperatures and whether they are
covalently adsorbed onto substrates. These concerns are
mitigated by corroborating that the desired surface chemical
properties are preserved. Notably, the surface energy of the
Me-4PACz SAM is significantly altered, manifested by the
water CA decreasing from 64.4 to 27.1°. Regardless of the
deposition methods used, SAMs may form as multilayers,
increasing their thickness. While rinsing after deposition could
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mitigate this issue, we hypothesize that thick SAMs could add
resistivity during hole selection, potentially degrading device
performance. However, a detailed understanding of this
phenomenon has yet to be established. For instance, it remains
uncertain whether thick SAMs—not prepared via codeposition
but others—reduce their thickness after perovskite deposition
through interactions with precursor solutions and antisolvents
and/or with perovskite nuclei or crystals during annealing. In
addition, the molecular orientation and number of layers in
thick SAMs, both before and after perovskite deposition, and
their impact on device performance remain unclear, warranting
thorough examination in future studies.

Introducing Interlayers. Interlayer Below SAM. An
interlayer between the substrate and SAM is added on the
purpose of protecting the ITO surface from corrosion by acids,
iodine, and other factors, minimizing the adverse effects of the
ITO crystalline facets and surface roughness on SAM defects
formation, mitigating the sensitivity of the UVO pretreatment
to WF of ITO, and promoting a hydroxylated surface for SAM
adsorption via strong chemical bonds. NiO, is a favorable
choice for an interlayer due to its properties as a p-type
semiconductor that facilitates hole transport between the
substrate and SAM while tackling the above issues. To this
end, hydroxyl-rich NiO, is coated onto ITO substrates by
atomic layer deposition.'> Prominently increased SAM
molecule (MeO-2PACz) density and hence reduced batch-
to-batch variations of devices are resultant outputs (see Figure
4d). NiO,, can also be processed in the form of nanoparticles
by solution deposition. Incorporating hydrogen peroxide into
the NiO, nanoparticle solution can relax particle aggregation
and enhance the transition of Ni(OH), to NiOOH for
conductivity and more surface hydroxyls for SAM adsorp-
tion.”> Accordingly, a more homogeneous Me-4PACZ SAM is
formed which is beneficial for the growth of perovskite over
large areas.’®

Interlayer above SAM. The insertion of an interlayer
between the SAM and perovskite serves multiple purposes:
promoting perovskite lamination, suppressing nonradiation
recombination, improving interface passivation and dipole
moment, and regulating perovskite crystallization. For example,
methylenediamine makes the Me-4PACz SAM more wettable
to the perovskite." An ultrathin ionic layer of potassium
fluoride (KF) between the 2PACz SAM and the perovskite can
bolster the SAM dipole moment toward higher hole selectivity.
This is driven by an ion-dipole interaction between F~ and
2PACz that outweighs intermolecular interaction.”® Con-
currently, interface defects are repaired by K" for halide
vacancies and F~ for Pb*" and organic ammoniums through
hydrogen bonding. On top of the Me-4PACz SAM, Al,O;
nanoparticles are overlaid, which can increase roughness while
maintain nearly unaltered ITO WF.?® The pores between these
nanoparticles act as pinning sites for the perovskite precursor
solution, yielding complete coverage of perovskite.”> The
excellent perovskite coverage is attainable by overlaying PFN-
Br (see Figure 4e), however, the Shockley-Read-Hall
recombination is better suppressed by Al,O; having an
amphoteric nature. The challenge of inserting a low-
conductive, ultrathin insulating interlayer is balancing between
the V¢ and FF. A ~ 100 nm thick layer of Al,O; nanoplates
with random nanoscale openings (reducing contact area by ~
25%) can circumvent this issue while leveraging the benefits of
interlayers.”” This configuration lowers surface recombination
velocity from 64.2 to 9.2 cm s™' on account of a lower trap
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Figure 5. (a) The line profiles of ITO + MeO-2PACz and NiO + MeO-2PACz layers derived from the conducting atomic force microscope
height and current maps.'® Reproduced with permission from American Chemical Society, Copyright 2021. (b) Schematic illustration of the
interaction between a Sn perovskite and different SAM molecules: MeO-2PACz and 6PA. In the perovskite crystal, A, X, and Sn stand for
ammonium cations, halide anions, and divalent tin.'"® Reproduced with permission from American Chemical Society, Copyright 2024. (c)
Schematic demonstration showing two different perovskite deposition methods atop the ITO/MeO-2PACz SAM. In the one-step deposition,
FASnlI; was directly spin-coated, during which an antisolvent chlorobenzene (CB) was injected. In the two-step deposition, the Snl, in
DMSO and FAI in a cosolvent system were sequentially deposited using spin-coating to form FASnI,.'® Reproduced with permission from

American Chemical Society, Copyright 2021.

density and extends the bulk recombination lifetime from 1.2
to 6.0 ms because of ameliorated perovskite crystallinity. As a
result, the product of V. and FF reaches 87.9% of the SQ
limit.

Perovskite Engineering. The polymer of p-poly(1,1-
difluoroethylene) was used as an additive to tailor the
perovskite deposited onto the MeO-2PACz SAM.*® This
polymer, possessing highly ordered dipolar structure, effec-
tively interacts with the perovskite components by which void
formation is suppressed and perovskite crystal grains are
enlarged (see Figure 4f). In addition, it offers a strain-buffering
and lattice stabilizing effects under thermal stress ranging from
—60 to 80 °C. Meanwhile, one appealing recent development
includes adopting a triple cosolvent system of DMF, DMSO,
and N-methyl-2-pyrrolidone (NMP) to formulate the perov-
skite precursor solution for deposition atop the Me-4PACz
SAM.®®* NMP — presenting a relatively nonpolar nature—
facilitates binding of the perovskite solution to the SAM as
evidenced by the DFT calculations and CA measurements.
The facilitated binding leads to the formation of perovskite
films with high coverage over device active areas ranging 0.16—
1.08 cm’.

Top surface passivation strategies for enhanced efliciency
and stability have been reported. By applying oleylammonium
iodide molecules, the Ruddlesden—Popper—phase 2D perov-
skite layers were formed to passivate the 3D perovskites in
2PACz SAM-based PSCs.”” This approach allowed for high
efficiency, accompanied by high stability under damp-heat test
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conditions (85 °C and 85% relative humidity). Meanwhile,
piperazinium diiodide molecules are used as an additive,
enabling passivation of deep-level defects, homogenization of
potential distribution, and appropriate band bending on the
top surface.”* In Me-4PACz devices, a high PCE of 26.15%
and decent MPP tracking stability (1,000 h of Ty,,) were
achieved.”* While passivator ligands are often electrically
insulating and their dense packing perpendicular to the
interface may limit FF of PSCs, 4-chlorobenzenesulfonate
molecules that are prone to align in a planar orientation with
dual binding-sites are developed to tackle this issue.” Their
interaction with undercoordinated Pb** ions declines the
surface defect density and minimizes the energetic mismatch
between the perovskite and the ESL. Used in 2PACz/Me-
4PACz co-SAM-based devices, the molecules contribute to a
certified high efficiency of 26.15% and MPP tracking stability
at 65 °C (Tos of 1,200 h).

Main Takeaway. Although the results of the aforemen-
tioned approaches vary from strategy to strategy, the principal
goals of these approaches are to improve SAM quality in terms
of packing density, orientation, dipole moment, stability, SAM
interface properties, perovskite quality, or a combination
thereof. While these approaches have driven recent impressive
advancements in Pb (and Sn—Pb) PSCs and are still evolving,
many of them merit adoption for Sn PSCs. On the other hand,
Sn perovskites possess unique chemistry and crystallographic
structure. With these two perspectives in mind, we will now
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discuss what should be further developed for SAM HSL-based
Sn PSCs, focusing on the following topical issues.

B PERSPECTIVE ON PRINCIPAL ISSUES IN SN PSCS
USING SAM HSLS

HSL Roughness. The present-day high-performance HSL
for Sn PSCs is namely PEDOT:PSS."” It can show a very
smooth surface with the root-mean-square roughness less than
1.5 nm on the ITO surface.”” However, the SAM roughness
tends to be hi gher, exemplified by over 2 nm for the MeO-
2PACz SAM." Even though the roughness discrepancy may
slightly vary depending on the type of ITO glass, it mainly
arises because the SAM forms with high conformality to the
granular (i.e., relatively rough) ITO surface, in contrast to
PEDOT:PSS. The addition of nanocrystalline NiO, in thin
films can partially flatten the rough ITO surface for SAMs to
appreciable extent as Figure Sa shows. On a side note, NiO,,
can homogenize the distribution of SAM molecules due to the
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increased content of hydroxyl groups compared to ITO."*"

We note that thick and porous NiO, films, used in mesoscopic
PSCs,”' differ from the aforementioned thin NiO, films.
Oxygen surface etching can reduce the roughness to 1.35 nm.”
The polymerized SAM molecule of poly(carbazole phosphonic
acid) can smooth the surface.’” We note that the high
roughness could give rise to the creation of void defects at the
SAM/perovskite interface. We envision that this issue would
become more problematic for Sn perovskites, which crystallize
rapidly. The outperformance of PEDOT:PSS/SAM and NiO,/
SAM HSLs over a SAM only HSLs in Sn PSCs might be
explained by this. To corroborate this issue, a future
investigation on the buried SAM interface by microscope
imaging is required.

Lamination of Perovskite Films. The PEDOT:PSS HSL
can exhibit a low CA of water (~10°) and a high surface
energy (~73 mN/m)."® Notably, the polar component of its
surface energy is more than 4-fold greater than that of the
MeO-2PACz SAM. It is worth remarking that the MeO-
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Figure 7. (a) Schematic representation of sequential deposition to grow a low-dimensional perovskite phase on the 3D layer (FA,3GA,,Snl;,
abbreviated as E1G20) in the second step using one of eight bulky ammonium cations (BAC, represented by L) as indicated. The top
photographs show the effect of solvents (left, IPA; right, HFP) applied in the second step to dissolve the LI salts.”” Reproduced with
permission from American Chemical Society, Copyright 2021. (b) Schematic illustrations of post-treatment with 4AMPY(Ac), onto the
PEDOT:PSS HTL in a device with 4AMPY(Ac),.”” Reproduced with permission from American Chemical Society, Copyright 2023.

2PACz SAM presents relatively small CAs relative to others.
The PSS enriched surface in PEDOT:PSS and the methoxy
dangling moiety in MeO-2PACz elevate their polarity to be
more interactive with perovskites by hydrogen and coordina-
tion bonds, respectively. Specifically for PEDOT:PSS, we thus
posit that owing to its large polar component, coupled with the
smooth surface, Sn perovskites are nearly seamlessly laminated
onto PEDOT:PSS. Future efforts to enhance the polar
component toward a more wettable surface will be essential
for applications to SAM HSL-based Sn PSCs. For example,
introducing interlayers above SAMs such as Al,O; PFN-Br,
and KF could find suitability for Sn PSCs as NiO,, does, which
is so far not being studied yet (see Supporting Information). In
an alternative way, comolecular SAMs with a myriad of
material combinations and ratios warrant extensive exploration,
as demonstrated by the MeO-2PACz and 6PA SAMs for Sn
PSCs (Figure Sb). As discussed earlier, a superwettable HSL
surface by designing SAM functional groups is desirable to the
extent that gaseous H,O and O, — prevailing in surroundings—
being capable of degrading tin perovskites and their interfaces
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are not invasive. Vacuum-aided SAM deposition, which can
raise surface energy of Me-4PACz remarkably to improve
coverage of the Pb perovskite films,** is available and should be
further developed for Sn PSCs.

The lamination partially hinges on the perovskite deposition
method. Therefore, in parallel with optimizing SAM surface
properties, developing suitable perovskite deposition methods
is required for perovskite lamination. Straightforwardly,
depositing the SAM together with the perovskite (namely,
the codeposition method) could potentially resolve the
lamination issue, thus finding suitability for Sn PSCs. In
cases where a one-step antisolvent-reliant deposition is used,
both the precursor solution and antisolvent should be
optimized in terms of volume and type due to the sensitivity
of perovskite film thickness to the SAM.'® Switching a one-step
deposition method to another would offer a technical solution.
For example, the two-step method of sequentially depositing
the Snl, and FAI precursor solutions—described in Figure Sc—
can be effective for perovskite lamination likely because of the
low CAs (below ~ 20°) of the Snl, solution (see Supporting
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2022.

Information), the long contact time of the Snl, layer on the
SAM (from its spin-coating to FAI layer deposition), and the
relatively slow crystallization process (usually over 10 s,
compared to just a few seconds in one-step deposition).'®
Beyond the solution-processing, the vapor- or vacuum-assisted
deposition method to enable the formation of Sn perovskite
films conformal to SAMs should be free of delamination issues
to encourage future research endeavors.

Perovskite Crystallization. Regulating the crystallization
kinetics of Sn perovskites in a judicious manner could help
improve crystal quality (e.g., crystallinity, crystal orientation)
as well as lamination. The topic of improvin% crystallization has
been dealt with several review papers.””’> However, it is
important to remark that crystallization should be further
developed on SAM HSLs, potentially using refined or novel
materials and methods. In addition, fundamental parameters
for perovskite deposition including precursor solution volume
and loading time, as well as the type, volume, and injection
method of the antisolvent can play a pivotal role in optimizing
the process.'’

It has been revealed that the strong Lewis acidity of Sn** and
relatively low solubility of Snl, to instantly react with organic
or inorganic halides drive rapid crystallization of Sn perovskites
compared to their lead counterparts. This poses a great
challenge toward attaining perovskite crystals possessing all the
desired properties simultaneously such as high crystallinity,
preferred orientation, large grain size, and pinhole-free films
not only on PEDOT:PSS but also on SAMs. For example, the
preferred orientation is better realized with the MeO-2PACz/
6PA SAM than with PEDOT:PSS, but at the expense of overall
crystallinity.'” In this regard, it is urged to revisit the
approaches developed to date for SAM-free HSLs (mostly
PEDOT:PSS) for a strengthened perovskite quality. In
particular, incorporating additives and cations into perovskite
precursor solutions is a good startin% point, with examples
includin§ thioureas,'>’* pyridines,”’® n-propylammonium
iodide,'* ethylenediammonium diiodide,”® and 2-phenyl-
ethylammonium iodide.”” While rapid crystallization gives
rise to fast nucleation and crystal growth, incomplete
nucleation (i.e, low nuclei density) — likely resulting in poor
morphology and unreacted perovskite precursors—is thought
to be prevailing in Sn perovskites. Nuclei would be more sparse
on SAM HSLs due to the smaller surface energies than
PEDOT:PSS.”® To densify nuclei, approaches such as
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poly(vinyl alcohol) or acetic acid as an additive,””*" heating
the precursor solution or antisolvent,”"** and adopting acetic
acid antisolvent™ as an antisolvent have been attempted,
whose representative examples are illustrated in Figure 6.
While heterogeneous nucleation is thermodynamically favor-
able, its Gibbs free energy (i.e., the activation energy)
decreases as the perovskite solution exhibits greater wettability
on the HSL surface. This implies that increasing the surface
energy of SAM HSLs through their molecular design with
various functional groups (e.g., hydroxyl, carboxyl, or amino
groups) could promote the densification of perovskite nuclei.
However, this seems to contradict the SAM interface with Pb
perovskite, as it reflects the rapid crystallization of Sn
perovskite. Meanwhile, if we assume that the crystallization
occurs downward from the perovskite/air interface,** residual
solvents may linger and be trapped at the buried SAM HSL
interface since the low volatile solvents including DMSO or
DMF/DMSO and the low annealing temperatures (usually,
below 100°) are applied for Sn perovskites. The residual
solvents would ultimately create voids or pinhole defects.”
While this issue requires further research, declining the
proportion of DMSO or replacing it with volatile solvents
will likely be necessary.

Top and Buried Perovskite Interface Engineering. On
the top surface of Sn perovskite films, the unique defects of
Sn(IV) with propensity to create tin vacancies become
enriched and some of these defects contribute to the formation
of Sn0,.*® This unregulated surface significantly hampers
electron extraction, thereby negating the effect of SAM HSLs
and diminishing the device performance. On this point, the top
interface engineering is pivotal. One example is shown in
Figure 7a. Upgrading the perovskite top surface using a 2D
layer with anilinium iodide,”” passivation layers with 6-
maleimidohexanehydrazide trifluoroacetate, acetylacetone and
ethylenediamine,***” and a dipole layer with 4-fluorophene-
thylamine hydrobromide,'* and/or replacing the widely used
ESL of C60 (buckminsterfullerene) with ICBA™ or the
diethylmalonate-C60 bisadduct’ should be explored. Specif-
ically, C60 or its analogs would possess non-negligible in-gap
defect states that facilitate recombination. Indeed, it has been
verified that the ICBA ESL significantly improves the V¢ of
SAM-based Sn PSCs as presented in Table 1.

SAMs demonstrate the capability to reduce interfacial
defects more effectively than conventional HSLs, such as
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PEDOT:PSS.”* Though, the buried interface engineering of Sn
perovskite films is encouraged in light of further reducing the
defects and passivating uncovered substrate regions with SAM
molecules. In this regard, the buried perovskite interface
engineering that was applied to PEDOT:PSS’*"*** will be
attractive. One such example of PEDOT:PSS is presented in
Figure 7b. Nonetheless, it is important to note that buried
interface modification on SAMs must be handled with caution,
as it could be compromised by the deposition of the
subsequent perovskite layer.

By leveraging the aforementioned remedies for perovskite
lamination, crystallization, and interface engineering, SAM-
based Sn PSCs can outpace PEDOT:PSS devices and cross the
50% threshold in PCE (Figure 3a). With strong optimizm for
further advancements toward the 75% threshold and beyond,
we delve into additional but still critical issues in the following.

Increasing Perovskite Film Thickness. Sn perovskite
films (thickness: ~ 200—300 nm) are thinner than lead
perovskite films (> ~ S00 nm) for solar cell applications,
despite their comparable light extinction coefficients. The
thinner films lead to an overall reduction in light collection
across the entire absorption range (Figure 8a), resulting in a
substantial J¢- deficit. They are formed at relatively low
concentrations (< 1.0 M) of the perovskite precursor solution.
One report assesses the thickness—PCE relationship in the
range of 150 to 300 nm, disclosing that a 200 nm Sn perovskite
film led to the best performance.” The key photovoltaic
parameter to determine this thickness is apparently the Js.. In
principle, Jsc is influenced by both light and charge collection
efficiencies, so increasing the film thickness induces their
interplay to account for the 200 nm thickness might limit the
effective charge carrier diffusion length for the tested
perovskite films. In contrast, in triple mesoscopic devices,
perovskite film thickness is adjustable over a wider range (up
to several micrometers) by the predetermined structure of
mesoporous layers (Figure 8b) and thick Sn perovskite films
(~ 2 um) can achieve high Jsc (over 27 mA cm™2).”° This
indicates that the effective charge carrier diffusion length
remains unclear for Sn perovskite films and may be technically
extendable. To enable thicker Sn perovskite films and,
consequently, higher Jq., efforts should be directed toward
higher concentrations (> 1.0 M) of the perovskite precursor
solution and/or taking advantage of the mesoporous layers. On
the other hand, perovskite deposition methods, such as vapor
or vacuum-aided deposition, would need to be advanced; one
example on vapor deposition is presented in Figure 8c.
Regardless of the efforts made, it is crucial to control
perovskite crystallinity, bulk defects, and interfacial defects—
particularly tin vacancy defects for p-doping, which would
shorten the diffusion length of electrons—while ensuring
seamless integration of perovskite films onto high-performance
SAM HSLs.

Defect Control. In lead perovskite, point defects such as
vacancy, interstitial, and antisite defects are likely present both
within the interior and on the exterior of its crystals. Also, these
defects are likely embedded in the tin perovskite crystals.
However, conduction band and valence band edges are overall
shallower with tin perovskite compared to lead perovskite with
influence on energy levels of traps formed by the defects.
According to the DFT calculations,” in tin perovskite,
acceptor-type defects like iodide interstitial (I;) and tin vacancy
(Vs,) defects are shallower, while donor-type defects like
iodide vacancy (V) and tin interstitial (Sn;) defects are deeper,
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relative to lead perovskite. Notably, deep-level traps serve as
the primary source of charge trapping and give rise to
nonradiative recombination losses.

Technically, the point defects of prime concern in lead
perovskites are driven by migration of halide ions. In contrast,
the major defects are formed in the tin perovskite by easy
oxidation of tin. In specific, the redox potential of Sn(II)/
Sn(IV) (+ 0.15 V vs SHE) is significantly lower than that of
Pb(11)/Pb(IV) (+ 1.67 V vs SHE), concomitantly modulating
defect activity differently between tin and lead perovskites and
influencing their electronic features. The lower redox potential
of Sn makes oxidation easier. The oxidation (Sn(II) to
Sn(IV)) dislodges tin atoms from the perovskite lattice to form
SnO, upon contact with oxygen, concurrent with creating
vacancy defects. As a result, tin perovskites tend to be highly p-
doped by the presence of tin vacancy defects. In contrast, lead
perovskites have much greater resistance to oxidation,
exhibiting nearly intrinsic character. In this regard, the primary
approach should focus on suppressing the oxidation for tin
perovskite, whereas for lead perovskite controlling ion
migration is key. This distinction should be considered when
designing the SAM/perovskite interface for Sn PSCs.

Attenuating tin vacancy defects can be demonstrated by
suppressing Sn(IV) formation in precursor solutions, perov-
skite films, and devices. The detailed tin oxidation mechanism
and mitigation methods are delineated from this perspective in
several review papers.'”°”'%® Here, we specifically focus on the
SAM/perovskite interface. It is recommended that the surface
of SAM HSLs should be tailored with functional groups to
prevent Sn perovskites from Sn(II) oxidation. If functional
groups act as Lewis bases, such as groups of methoxy, sulfur,
amine, cyano, and hydrazine, they can effectively stabilize
undercoordinated Sn(II). Also, ammonium halide- or
pseudohalide-terminated SAM molecules could stabilize
undercoordinated Sn(II). We note that attention should be
given to the presence of Sn(IV) in FTO and ITO substrates
that could emerge as SAM/perovskite interface, which can be
analyzed by photoelectron spectroscopy (the analysis depth: ~
1 to 10 nm).

Meanwhile, device encapsulation to further suppress the
Sn(IV) formation is encouraged. Interestin%ly, hydrophobic
SAMs fabricated using fluorinated molecules'®* were used to
passivate Sn perovskite films and top metals like Ag likely with
good conformality. Especially, the metal passivation, which
directly targets the surface, differs from traditional encapsula-
tion methods using a sealant and supporting substrate without
direct contact. This approach is likely more effective in
protecting tin perovskites from invasive harmful species such as
gaseous H,O and O,.

Once tin vacancy defects (Vg,) are controllable, other types
of defects—such as vacancies (e.g,, Vi and Vg,), interstitials
(e.g, FA, Sn, and I;), and antisite substitutions (e.g, FAs,
Sngs, FA;, Sn;, Ig,, and Ig,) where FA stands for the
formamidinium—are apt to be outstanding in bulk and
interfaces of Sn perovskite films.*® Interfacial defects are
generally regarded to be more abundant than bulk defects. The
implication of this is that the defect-lean interfaces of SAM
HSLs will be crucial for upgrading the Sn PSCs to levels
comparable to and exceeding those of Pb PSCs. This
underscores the need for new research advances in the key
strategies articulated here.

Energy Level Alignment. The hole transfer arguably takes
place from the perovskite VBM to the SAM HOMO and ITO
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Figure 9. (a) The current ratio (j) versus the product of voltage and fill factor ratios (v X f) is plotted for SAM HSLs-based Sn PSCs, using
the data from Figures 2b—d. For comparison, the high-efficiency Pb and Sn—Pb devices using SAM HSLs as well as Sn PSCs with a
PEDOT:PSS HSL are included. (b) The future research direction for SAM-based Sn PSCs is illustrated to surmount the hurdles (the 50%
and 75% limits), focusing on carrier management and light management, with key controlling factors proposed.

WE. The transfer from the SAM to ITO would involve two
different mechanisms: tunneling and injection. The non-
conjugated SAM like MeO-2PACz could transfer holes by
tunneling where the spacer breaks conjugation and its length
alters tunneling efliciency. On the contrary, the conjugated
SAM like TQxD could transfer holes by injection. Though,
energy alignment at the SAM interface would affect hole
transfer irrespective of the transfer mechanism.

The Sn perovskites in three-dimensions present VBM energy
levels of —4.9—5.2 eV that are shallower than lead analogs due
to the uplifted Sn Ss orbital level. Therefore, the energy
alignment of existing HSLs, likely customized for Pb or Sn—Pb
perovskites, with Sn perovskites would not be ideal; we note
that the HOMO energy levels of the TQxD and TP-MN SAMs
developed for Sn PSCs are shallow.'*'” The SAM dipole
moment can alter the ITO WF and SAM HOMO energy
levels, as mentioned earlier. The ITO WF is adjustable by a net
change in three contributions, the possible geometry relaxation
of the surface, the molecular dipole moment normal to the
surface, and the interfacial dipole.””'> The latter two can be
major contributors and then the following equation can be
used to calculate the WF change:

”z,SAM + HiTo—sam

Adp = -N
2)

where N is the SAM coverage, j,s4y is the dipole moment
along the z-axis (normal to the surface), ¢, is the vacuum
permittivity, kgay is the effective dielectric constant, and
Hiro—san/ (€oKrro—san) is the term associated with the
interfacial dipole. The ITO WF is approximately 4.7 eV but
can be adjusted by SAMs as much as ca. 1.5 eV. Meanwhile,
the HOMO energy level tends to conform to the trend of WF
changes.”” The WF and HOMO energy level data of SAM
HSLs on Sn PSCs are summarized in Table 1 and the
Supporting Information. A more extensive library on PSCs can
be found in literature.””””

Tailoring SAM molecules, substrates, or their interfaces to
maintain the appropriate energetic properties is encouraged for
future research. More straightforwardly, one can take
advantage of the comolecular SAM concept to systematically
adjust the energetic properties, making them well-suited for tin
perovskite. For example, MeO-2PACz can be combined with
various other SAMs available in the library to achieve the
desired outcomes.

€oKsam €oKiT0-5AM
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Comparative Study. Cross-fertilization by comparative
studies on HSL types (e.g.,, PEDOT:PSS vs. SAMs), perovskite
types (e.g., Sn perovskite vs. Sn—Pb perovskite vs. Pb
perovskite), and perovskite deposition methods (e.g, one-
step vs. two-step) offers a powerful avenue for advancing SAM-
based Sn PSCs. A widely used study is the comparison of
photovoltaic parameters as we did in Figure 3. Moving
forward, we further explore comparative studies by plotting
Figure 9a using the data points from Figure 3, in light of two
characteristic parameters, light management (j = Jsc/Jsq) and
carrier management (v X f = (Voc/Vgq) X (FF/FFs)), where
Jso Vs%, and FFg, stand for the Jgc, Vi, and FF at the SQ
limit;'” we note that in Figure 9a one can compare each
device irrespective of perovskite bandgap, unlike in Figure 3.
Light management relates to the degree of light coupling,
absorption, and trapping in the perovskite layer and carrier
collection efficiency. Carrier management reflects the extent of
charge carrier recombination in the perovskite bulk and at the
interface, along with the resistive losses and other nonidealities.
As seen in Figure 9a, Sn PSCs perform below 50% of the S—Q
limit and lag significantly behind Sn—Pb and Pb PSCs in both
carrier management and light management. In common, all
types of PSCs suffer from relatively poor carrier management,
to varying degrees. All in all, in Sn PSCs, PEDOT:PSS/SAM
and NiO,/SAM HSLs provide better light management and
carrier management compared to SAM alone. The previously
mentioned Sn perovskite thickness and crystal quality are
considered as poor light management (< 0.72 of j) and carrier
management (< 0.63 of v X f). In Figure 9b, we summarize five
key factors to deal with to attain desired light management (>
0.9 of j) and carrier management (> 0.9 of v X f) including 1)
refining substrate, 2) SAM molecular design, 3) introducing
interlayers, 4) perovskite engineering, and S) interface
management, by which SAM-based Sn PSCs can surpass
50% and 75% of the SQ_limit, ultimately approaching 100%.
On a further note, it is formidable to accurately predict how
each key factor impacts light management and carrier
management, respectively, at this time. However, it should
be emphasized that these five key factors are fundamental to
addressing the principal issues discussed in this Section.

Meanwhile, future research should focus on comparative
studies of light and carrier management using a broader range
of SAM materials. Besides, more specific characteristic
parameters should be introduced to deepen the understanding
of the fundamentals and seek further solutions, exemplified by
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hole transfer and recombination rates at the SAM interface.
Measurements of transient surface photovoltage, photo-
luminescence decay profiles, femtosecond transient absorption,
and others are available for this purpose. One should consider
that this SAM interface would entail excluding the effects of
perovskite crystal quality on hole transfer and recombination
kinetics.

Up-Scaling Efforts. Following progress toward a commer-
cial level (competitive with or surpassing Pb PSCs), Sn PSC
fabrication is transitioning from laboratory-scale to industrial-
scale production. This transition requires additional processes
for re-engineering materials and methods, as well as
implementing sophisticated steps such as laser scribing,
alignment, and interconnection, among others. Some of these
processes have to be carried out under ambient air conditions,
which necessitates the high stability of Sn PSCs. Therefore,
efforts to enhance the stability of tin perovskites and their
interfaces are critical for commercialization. We further note
that these efforts could also promote high reproducibility.

Inspiringly, a recent report reveals that one path to achieving
high device stability involves replacing a PEDOT:PSS HSL
with a more robust HSL.'”’ During laser scribing, the
deposited layers of HSL/tin perovskite/ESL/metal are partly
etched and exposed to ambient air. In this process,
PEDOT:PSS tends to absorb moisture, leading to degradation
of both itself and its interfaces, resulting in a mere 1% device
efficiency. In contrast, the robust HSL composed of PEDOT/
Al,Oj; avoids this issue, enabling a higher efficiency of 5.7%.
We anticipate that SAM, which is relatively less hydroscopic—
could replace PEDOT:PSS to further stabilize large-scale
devices for higher efficiency and stability.

Beyond hygroscopicity, other factors, including the molec-
ular structural stability of SAMs, should be taken into account
to achieve high stability. To date, research on this topic,
particularly at the device level, remains limited. To address this
gap, the high tunability of the SAM molecules could be
leveraged. One potential approach involves hypothesizing that
conjugated spacer groups may offer greater stability compared
to others. Validating this hypothesis will require post-mortem
device analysis.

B CONCLUSIONS

Sn perovskite solar cells using hole-selective self-assembled
monolayers are highly promising on account of their high
efficiency potential and low toxicity. However, their perform-
ance is inferior to that of lead-based counterparts due to poor
light management and carrier management together with low
stability. The issues to deal with are multifaceted, spanning
substrates, SAMs, perovskites, and interfaces thereof. They
include, specifically, SAM roughness and energy level and
perovskite lamination, thickness, and crystal quality as well as
interface passivation engineering. Implementing methodical
approaches across diverse materials and processing methods is
essential to tackle these issues. Comparative studies across
distinct SAM and perovskite types can offer complementary
insights. The successful implementation of these approaches
will promise that Sn perovskite solar cells will close the gap
with and eventually surpass competitors in the pursuit of
sustainable single-junction and likely tandem photovoltaics.
This progress could facilitate the development of Sn perovskite
and SAM-based applications in energy and electronics,
including light-emitting diodes, photodetectors, and transis-
tors, among others, toward outperformance and upscaling.
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