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The Non-Innocent Role of Hole-Transporting Materials in

Perovskite Solar Cells

Francesco Lamberti,* Fabian Schmitz, Wei Chen, Zhubing He,* and Teresa Gatti*

The race to the future generation of low-cost photovoltaic devices continuously
takes on added momentum with the appearance of novel practical solutions for
the fabrication of perovskite solar cells (PSCs), a paradigm technology for
ultracheap light-to-electricity conversion. Much has been done in the past few
years toward defining standard protocols for the assessment of their efficiency
and stability, aiming at achieving a worldwide consensus on the issue, that will
allow reliable reporting of new data. While this is undoubtedly a step ahead
toward commercialization of these devices, it also often triggers researchers to
test record architectures using benchmark configurations, mainly for what
regards the ancillary layers that extract electrical charges from the photoexcited
perovskite. In particular, the mostly used hole-transporting material (HTM) is the
small-molecule spiro-OMeTAD, which is also well known to be the origin of PSC
degradation after prolonged operation. Herein, it is aimed to remark the huge
impact of the HTM on PSC performance, recalling major issues associated with
the conventional spiro-based one and providing an overview of state-of-the-art

bis(trifluoromethylsulfonyl)-imide, LiTFSI,
as dopants/additives), the planar PSCs nor-
mally achieve the highest power conversion
efficiencies (PCEs) at lab scale (up to
24%)." However, this result is strongly over-
estimated when compared with the long-
term stability of the device: it has been
already largely proved by several works that
the necessary doping of the organic material
augments the hygroscopic character of the
layer, thus favoring moisture uptake from
the atmosphere and subsequent perovskite
film decomposition.”?! Combined with its
notable cost (nowadays slightly decreasing
due to the presence of more producers on
the market),**! we can assert that Spiro is
only a model/benchmark HTM useful for
lab-scale PSC production and testing. This

alternatives. Finally, possible scenarios for the future development of smart
HTMs are also envisioned, as charge-extracting layers, with a real active role in

ensuring PSC operational stability.

1. Introduction

Spiro-OMeTAD (2,2',7,7 -tetrakis[ N, N-di(4-methoxyphenyl)aminol-
9,9'-spirobifluorene, from now on simply Spiro) is the most used
and applied hole-transporting material (HTM) in perovskite solar
cells (PSCs). The reason is straightforward: after opportune formu-
lation (i.e., addition of 4-tert-butylpyridine, tBP, and lithium

is a pity indeed, because it possesses all
the properties required for a good perform-
ing HTM: the high glass transition tempera-
ture due to the Spiro-type bond, the smooth
film morphology that it forms, the relative
simple processing, the electrochemical stabil-
ity, the optical transparency in the visible win-
dow, the amorphous nature, the optimal band alignment with the
perovskite valence band, and the chemical compatibility with
dopants. Despite these very promising properties therefore, the
high costs and very low inherent hole conductivity hugely reduce
the possible commercialization of Spiro-based PSCs and force sci-
entists to identify new avenues for obtaining long-term stability and
for simplifying device processing methods.
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After proper molecular structure engineering through the
introduction of methoxy groups, allowing to reach the ideal melt-
ing temperature (=121 °C)," the subsequent engineering of the
Spiro-HTM formulation underwent two different routes: reduc-
ing the effect of the environment by replacing the additives
(e.g., with cobalt-based complexes!”)) and optimizing the energy
matching with the perovskite films."®! Beyond these experimental
strategies, other organic compounds were adopted as HTMs,
such as poly(3,4-ethenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS), the most implemented HTM in inverted and
flexible PSC architectures due to its very low processing temper-
ature,”” polytriarylamine (PTAA), going from 16.2%""! up to
20.2%!" PCE in few years, or (poly[(9,9-dioctyl-fluorenyl-2,7-
diyl)-co- (4,4'-(N-(4-secbutylphenyl) diphenylamine)]) (TFB)!”
with the overall goal to diminish electrical hysteresis and
improve the conductivity of the HTM without the use of any
dopants. In addition, HTM—perovskite interface tuning through
2D/3D engineering also allowed to open up new perspectives for
remarkable device stability improvement and elimination of
dopants from the hole-extracting layer.!"’!

At the same time, inorganic semiconductors, mainly oxides,
were applied to both inverted and direct architectures: materials
like NiO,M Cul™ Cu0," v,0,"”" Mo0,,"¥ Mos,,*
CuSCN™” became competitors of Spiro-based HTMs. The use
of inorganic semiconductors prevents the chemical degradation
occurring in organic HTMs after light soaking and prolonged
use. In particular, detrimental effects of nitrogen, oxygen, and
moisture were proven to be effective when organic HTMs were
used.”"?? In a recent paper, some of us also showed that insta-
bility can be due to a direct action of the additives in a classical
Spiroformulation: oxygen soaking coupled to the contemporary
presence of tBP and LiTFSI, fundamental for achieving the high-
est conductivity in Spirolayers, ultimately causes a dedoping pro-
cess with the formation of a pyridinium cation (see the next
paragraph for more details).”*) However, inorganic HTMs do
not guarantee to date the same conductivities and ease of proc-
essing of organic molecules: are we thus at a dead end? How can
we exploit the benefits of organic HTMs without neglecting the
long-term stability that is vital for commercialization within the
design of next-generation HTMs? In this Review, we want to
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highlight the most recent efforts reported in the literature that
display unique properties for HTMs able to provide both a func-
tional and an active role in the device fortune, that is, emphasiz-
ing the “noninnocent” role of HTMs in PSCs. Leveraging on
Spiro-based HTMs intrinsic limitations, we will review the most
innovative alternatives, starting from dopant-free and fully inor-
ganic HTMs, to then discuss even more promising possibilities,
such as those deriving from HTMs-free carbon-based PSCs
(C-PSCs) and “smart” HTMs that display intriguing properties
able to actively cope with specific stability issues (Figure 1).

2. Dopant-Free HTMs for PSCs

As discussed previously, the need to use LiTFSI as the dopant to
trigger the oxidation of Spiro-based HTM formulations!**! has
been shown to be a key issue for device stability, due the hygro-
scopic quality of the finally obtained layer, causing an undesir-
able water uptake from the atmosphere that ultimately reaches
the perovskite photon absorber, causing its degradation toward
the high-bandgap metal halide precursors.”*”! While much atten-
tion has been addressed to the role of this ionic additive in influ-
encing PSC stability, less was known until few years ago about
the possible influence of the second major additive in the Spiro-
HTM formulation, namely, the small organic molecule tBP. This
additive is generally assumed to provide considerable help in
reaching the optimal HTM morphology on top of the perovskite
layer, permitting good pinhole passivation. In contrast, it is used
in large excess with respect to Spiro-molecules in the HTM blend
(about three times more) and it has a very high boiling point
(197 °C), excluding the possibility that it leaves the layer after
casting through evaporation. In 2019, some of us fully demon-
strated, following previous reports that hinted at the same con-
clusion but did not fully explain the mechanism behind,**® that
such additives have indeed the ability to cause progressive dedop-
ing of Spiro-HTMs, thus altering the charge transport proper-
ties.””) To investigate this ageing process, we used electron
spin resonance (ESR) spectroscopy, a technique very sensitive
to the presence of unpaired radicals in samples and of their sur-
rounding environment. Being the doped Spiro-molecule, a radi-
cal cation, we could very nicely follow the decay of its ESR signal
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Figure 1. Main drawbacks associated with Spiro-OMeTAD HTMs for PSCs and possible solutions to circumvent them examined in this Review.
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in different conditions (Figure 2a). With the help of Raman spec-
troscopy then, we were able to unequivocally identify the exis-
tence of pyridinium ions as the residual products existing in
the Spiro:LiTFSI:tBP mixture after the ESR signal of the Spiro
radical cation completely disappeared (Figure 2b). Based on these
evidences, we proposed a dedoping mechanism for Spiro™ mol-
ecules that pass through the formation of an unstable ¢BP radical
cation, which then further reacts with another Spiro™ species to
produce a t-butylpyridinium adduct (Figure 2c).

It is evident from all the earlier discussed aspects that doping
of small-molecule-based HTMs cannot most likely represent an
adoptable solution in future commercialized PSCs. In this sense,
many efforts from chemists and materials scientists have been
addressed in the past few years at developing other small mole-
cules that can extract and transport holes efficiently without
requiring a doping step (dopant-free HTMs). Molecular engi-
neering has provided a plethora of new structures exploiting dif-
ferent strategies to improve hole mobility such as donor-acceptor
(D-A) alternation or extended n-conjugation. This specific topic
has been anyway thoroughly addressed in other seminal
reviews—we address the reader interested in understanding
more of this particular aspect.**?%) Here, we will just report some
peculiar and very recent examples that might constitute the bases
for next improvements in the field.

Some of us reported recently on new small-molecule structures
characterized by an advanced and very accurate design, able to
address multiple requirements and functions for an ideal
dopant-free molecular HTM to be used in inverted PSC architec-
tures.’” In Figure 3a, such a design strategy is highlighted,
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showing that together with the unmissable hole transport proper-
ties, dipole moment tuning (which can induce self-doping and built-
in potential to boost charge extraction—more on this topic is
discussed in Section 5), appropriate z-stacking (to improve charge
mobility), and ability to passivate perovskite surface defects are addi-
tional powerful features installed in the newly developed molecules
(namely, MPA-BTI and MPA-BTTI). With similar compounds,
p-i—n devices reached a remarkable maximum PCE of 21.17%, with
negligible hysteresis and superior stability under prolonged illumi-
nation. A further step is the development of similar structures,
brought to the synthesis of dendritic derivatives like the ones shown
in Figure 3b.*" Here, the central acceptor moiety is decorated with
either diphenylamine, carbazole, or diphenylamine-/carbazole-
mixed dendrons that act as the donor components. With these den-
drimers, structures which are located in the middle between small
molecules and polymers, excellent HTM film morphology was
achieved, allowing good interfacial contacts with the overlaying
perovskite layer and providing PCEs above 20%, with exceptionally
ultrahigh fill factor (FF) values.

The most recent trends in small-molecule-based dopant-free
HTMs have shown evergrowing attention in the direction of
always more complex chemical engineering, with remarkable
reports on species able to conduct multisite defect healing at
the perovskite/HTM interface, allowing application in solar mod-
ules,? to adopt face-on orientation on the perovskite surfaces to
provide high hole mobilities!**** or tune aggregation states and
intermolecular interactions depending on peripheral substitu-
ents that influence PCE and device stability,*>* also in inverted
PSCs.P7]

SPIRO:LiTFSI:tBP

— Odays
3 days
5 days
13 days
24 days
42 days

«
T

ff

0 20 40 60 80 100 120 140 160

Time (min)

Q R
| N hv 0 | N| R S
"
SPIRO +% - SPIROC + J|— | .
*

De-doped
SPIRO

R = SPIRO* or H’

Figure 2. Spiro-OMeTAD dedoping process triggered by the tBP additive. a) ESR investigation of the dedoping process. b) Raman spectra of the aged
samples showing the presence of an intense pyridinium ion signal. c¢) Proposed mechanism for dedoping. Reproduced with permission.?”! Copyright

2019, Elsevier Inc.
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Figure 3. Emerging dopant-free small-molecule HTMs for inverted PSCs. a) Molecular design principle for D-A-D dopant-free molecular HTMs with
reinforced z-stacking, high dipole moment, and perovskite passivation ability. Reproduced with permission.*® Copyright 2019, Wiley-VCH. b) Structures
of D-A-D dopant-free dendritic HTMs. Adapted with permission.®" Copyright 2020, Science China Press and Springer-Verlag GmbH.

An alternative strategy to overcome the dopant-related bottle-
neck is to resort to composite materials as HTMs. This approach
can rely on the choice of a suitable matrix, which is perhaps
already a good organic HTM, in which fillers like nanomaterials
or small molecules are inserted, that have a positive influence on
the overall conductivity of the matrix and thus somehow act as
dopants, even if they do not hold the previously discussed draw-
backs of classical ones, like lithium salts. For example, nanocar-
bon species like carbon nanotubes (CNTs) or graphene-based
materials (GBMs) can be selected for the role of conducting fill-
ers, when their optimal dispersion within HTM matrix is attain-
able. In this way, HTMs which normally perform worse than
Spiro in terms of overall PCE they allow to deliver, like
poly(3-hexylthiophene) (P3HT), can be endowed with augmented
transport properties. P3HT composites containing CNTs as
HTMs in direct-architecture PSCs were first proposed by
Wang and coworkersi®® and characterized by significantly
reduced charge recombination at the interface with the perov-
skite layer compared with bare P3HT, which consequently pro-
vided higher PCEs due to improved open-circuit voltage (Voc)
and FF. In 2016 then, some of us reported on the use of highly
homogeneous P3HT composite HTMs with organic functional-
ized CNTs and GBMs, where the optimized concentration of car-
bon nanostructures to ensure the best dispersibility in the

Sol. RRL 2021, 5, 2100514 2100514 (4 of 21)

polymer matrix was determined by applying a sedimentation-
based separation (SBS) process before HTM deposition, thus
eliminating all major aggregates that can act as sources of charge
recombination within the thin layer.’”) With these HTMs, both
efficiency and long-term stabilities of the resulting PSCs were
improved compared with the use of pristine P3HT. As the
organic functionalization in this blend approach seemed to have
a significant role in defining the final quantity of well-dispersed
nanocarbons within the polymer phase after application of the
SBS process, we further investigated the effect of different func-
tionalization moieties able to establish supramolecular interac-
tions with the P3HT matrix and, more specifically, with either
the lateral alkyl chains or the thiophene-based polymeric back-
bone (Figure 4a).*”! From this systematic screening of function-
alized GBM derivatives, two composites resulted in having the
higher stabilized concentrations of fillers in the polymer blend
after SBS and those were namely the derivatives bearing
aryl-bithiophene and aryl-hexyloxy moieties, which were conse-
quently tested for the role of HTMs in n—i—p solar devices in
comparison with pure P3HT and Spiro-based HTMs. As the per-
formance of the two types of composites in PSCs resulted in
being significantly different, with the derivative containing the
bithiophene functionalities providing lower PCEs (even lower
than bare P3HT) as a consequence of reduced short-circuit

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 4. Use of organic-functionalized reduced graphene oxide (RGO) fillers in a P3HT matrix for the construction of composite HTMs. a) Different
functionalities address supramolecular interactions with the semiconducting polymer matrix and allow to obtain high concentrations of the carbon
nanostructure in a polymer blend without the concomitant formation of aggregates. b) PSC performance is strongly affected by the type of functionality
covalently attached to RGO. c) Lower PCEs and Jsc in bithiophene-functionalized RGO/P3HT HTMs are due to self-aggregation of the RGO flakes (right
SEM image) that generate short circuits within the charge-extracting layer, ultimately affecting charge recombination. In contrast, the presence of hexyl
moieties on the nanocarbon favors flat disposition of the sheets in the polymer matrix, allowing improved hole extraction and transport across the HTM.

Adapted with permission.*?! Copyright 2018, Wiley-VCH.

current densities (Jsc, Figure 4b), we investigated the morphol-
ogy and electrical properties of the perovskite/HTM interface by
means of scanning electron microscopy (SEM) and impedance
spectroscopy. In this way, we were able to evidence increased
charge recombination occurring in this down-performing
HTM case, due to the self-crumpling of the GBM flakes within
the polymer matrix (Figure 4c), generating local short circuits
that funnel back to the perovskite and the extracted holes. In con-
trast, the presence of hexyl chains on the GBM filler seems to
favor the smooth displacement of the nanocarbon sheets within
the P3HT HTM, favoring charge extraction and transport.

The versatility of P3HT to host nanofillers of various natures,
together with its relatively low price, high hydrophobicity, and
ease of processability/film-forming ability, has stimulated several

Sol. RRL 2021, 5, 2100514 2100514 (5 of 21)

other attempts to design and prepare innovative polymer com-
posite HTMs to improve PSC performance and stability. Xu
and coworkers reported on three different types of P3HT com-
posite HTMs tested in n—i—p device configuration."~**! In the
first work, they prepared P3HT /phtalocyanine nanowire compo-
sites tuning the ratio between the two components to achieve a
modulation of both HTM energy levels and hole mobility
(Figure 5a).[*!] With these composite HTMs, better efficiency
was obtained in as-prepared PSCs compared with the use of
pristine P3HT as HTM and, more strikingly, also remarkable
long-term stability resulted for devices kept unencapsulated in
high-humidity conditions (Figure 5a). In another work, the same
group reported a similar blending approach between P3HT and a
highly hydrophobic Lewis acid small molecule, namely,
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Figure 5. Examples of P3HT composite HTMs with different small molecules acting as highly hydrophobic dopants. a) P3HT composite HTMs with
copper(ll) phtalocyanine (N-CuMe,Pc) nanowires at different polymer:nanowire ratios (P1C3, P1C1, P3C1) are used in direct-architecture PSCs, providing
interesting environmental stability profiles compared with the use of the sole pristine polymer. Reproduced with permission." Copyright 2018, Wiley-
VCH. b) P3HT composite HTMs with a bis(pentafluorophenyl)zinc Lewis acid at different dopant concentrations providing improved performance in
n—i—p devices compared with pristine P3HT. Reproduced with permission.*? Copyright 2019, Wiley-VCH.
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bis(pentafluorophenyl)zinc, to achieve doping of the polymer and
consequently higher PCEs in PSCs as a consequence of
improved hole mobility and hole extraction ability (Figure 5b).[*?

Finally, it should be mentioned that the mixing of p-type semi-
conducting polymers with phtalolocyanines into composite HTM
structures has provided also other interesting results in terms of
PSC performance enhancement. P3HT composites with either
Zn or Cu phtalocyanines were used recently to, respectively,
improve efficiency in carbon-based PSCs!** (see discussion on
these particular devices in Section 4) and deliver outstanding
FF values and thermal stabilities in large-area nanostructured
PSCs.™ In a p-i-n configuration, poly(3,4-ethylenedioxythio-
phene):polystyrenesulfonate (PEDOT:PSS) composites with Cu
phtalocyanines as HTMs delivered a maximum PCE above
17% with high FF, due to excellent hole extraction capability
and improved perovskite crystallization on top of the composite
layer.[*°!

3. Inorganic HTMs for PSCs

A huge number of works discussing the integration of inorganic
HTMs in PSCs are present in literature.*’~* The reason for this
wide interest in similar layers/materials is certainly related to the
numerous inorganic compounds that can be applied for this role,
their relative ease of processing through versatile technologies
(spin coating, spray coating, thermal evaporation, electrospray-
ing), the low cost associated with high-abundant raw materials,
and the inherent hydrophobic nature of many of them, which
prospects good device stability. In addition, further benefits
can be derived by the interfacing of inorganic HTM layers with
organic ones, enabling higher levels of control of the hole-extract-
ing properties.”” Particular mention should be given to bidi-
mensional transition metal dichalcogenides (2D TMDs),
whose use in HTMs has been thoroughly discussed in a recent
review.’! For this reason, in this brief overview, we will high-
light only the last remarkable results concerning the use of inor-
ganic HTMs, trying to give emphasis to the functional role of the
HTM layer itself with respect to the overall device performance.

The mostly used materials are the ones belonging to the cop-
per family: CuO,, CuSCN, Cul. Historically, they were first
extensively applied to dye-sensitized solar cells (DSSCs)*? and
then (as occurred many times in PSC history, directly derived
from DSSC research) applied also to PSCs. Researchers active
in the field are indeed very lucky: copper is a wonderful element
because it is abundant on Earth and does not show any major
safety issue for humans and the environment (for this reason
it is considered as a noncritical raw material),** so, most likely,
next-generation solar devices will be realized, exploiting copper-
based compounds and other noncritical transition metals like
iron or manganese.®* Copper materials are economical and
chemically stable, with proper energy levels for alignment with
perovskite photoactive layers and optimal transmittance. In
particular, copper oxides, CuO,, different from the other species
of the family, have a very narrow bandgap and thanks to its
p-conductivity it has been extensively used for the so-called
all-oxide solar cells,”*** in which it acts as the absorbing layer.
However, hole conductivity is not so high, forcing researchers to
adopt doping strategies when preparing such solar devices. In
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the perovskite field, however, these materials are generally used
in the pristine form. The first example of Cu,0 as HIM in a PSC
provided about 9% PCEP®: cuprous oxide was deposited by mag-
netron sputtering, a methodology that allows fine tuning of the
oxygen percentage in the prepared thin film but, conversely, does
not allow to obtain the highest crystallinities required for high
FFs. For these limitations, copper oxide-based PSCs have gener-
ally very low efficiencies (below 10%).*¥ More suitable for perov-
skite photovoltaics (PV) is copper iodide, Cul, because it has good
solubility in organic solvents (thus making it a perfect candidate
for replacing Spiro or as a dopant replacing hygroscopic
LiTFSI®”), a good hole mobility (up to 20 cm?V~"'s™*),"® and
a high bandgap (3.1 eV) acting as the blocking layer for interfacial
charge recombination. However, also in this case, the obtainable
PCE does not exceed 10% due to lower Vpc values than those
provided using Spiro as reference, although FF is higher.’”
To the best of our knowledge, however, there is only one example
in which an engineered Cul HTM allowed to reach almost 20%
PCEL: in this work Ye et al., by exploiting molecular engineer-
ing, realized for the first time a p-type semiconductor including
thiourea in the Cul structure, increasing the PCE from 14.6% to
19.9%. The authors explained this result by an ongoing perov-
skite trap passivation conducted by the thiourea additives.

The main character in the copper family is undoubtedly cop-
per thiocyanate, CuSCN, that displays all the good properties of a
suitable HTM for PSCs!®"): decent hole mobility due to the qua-
simolecular structure given by the pseudohalide SCN™,°? high
bandgap (3.4-3.9 eV), p-type character (work function [WF] of
5.2 eV), hydrophobic nature and good solubility in organic sol-
vents (mainly sulfides) and aqueous ammonia.®” In this latter
case, researchers demonstrate the possibility of integrating
CuSCN in a water environment, paving the way to scalable
manufacturing of PSCs using mild solvents and obtaining a
remarkable PCE of 17.5%. In addition, CuSCN filmability is very
straightforward due to its lamellae-like structure, bringing
reduced surface roughness. CuSCN can well be combined with
other 2D materials like graphene. Arora et al. achieved 20% PCE
in a standard-architecture PSC in which the CuSCN layer was
wet processed: by the addition of a thin layer of RGO between
CuSCN and top-contact gold electrode, the performance of the
device remained almost unchanged after 1000 h of continuous
illumination at 60° (Figure 6a).**! The high potential of this com-
pound is demonstrated also by the emerging attempts of CuSCN
engineering: in an early article,*® Yang et al. optimized the inter-
face between perovskite and CuSCN by the addition of an organic
aromatic compound that facilitates hole extraction: in this way,
the resulting device showed remarkable long-term stability (86%
of initial PCE after 200days). Similarly, Xu and coworkers
reported a CuSCN/conjugated polymer multilayer HTM struc-
ture to achieve 21.7% certified PCE in a direct-architecture
PSC and high light and moisture stability.[*®!

Another promising example of copper-based HITM is copper
phthalocyanine (CuPc), that recently was applied to standard-
architecture PSCs using Au as top electrodel®: in this
remarkable work, the researchers found that by conducting a
postannealing step at 85°C, the recombination at the HTM/
perovskite interface strongly diminishes due to Au doping of
the CuPc layer that favors the dissolution of cracks in between
grains, as shown in the SEM image (Figure 6b). The thermal
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Figure 6. To-date, best-performance examples of PSCs containing copper-based HTMs. a) Long-term stability of a PSC containing a CuSCN/RGO HTM.
Adapted with permission.®¥ Copyright 2017, The Authors, some rights reserved; exclusive licensee American Association for the Advancement of
Science. b) Effect of heat treatment on a CuPc HTM-based PSC. Adapted with permission.®”] Copyright 2018, American Chemical Society.
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stability is thus hugely increased, showing almost unchanged
performances after 2000 h at 85 °C.

Another example of very popular inorganic HTMs is nickel
oxide, NiO. The compound is a notable candidate for replacing
organic HTMs having intrinsic p-character with good hole mobil-
ity (2.8 cm?V~'s71),1¥ excellent transparency, optical bandgap
(3.6-4 V), and valence band values in agreement with perov-
skite configuration, facilitating hole extraction and electron
blocking.”% It can be processed by exploiting different strategies,
like sol-gel, electrodeposition, spray and spin coating, sputtering,
pulsed laser deposition, and more. His fortune derives from the
very-low hygroscopic and acidic nature and for this reason it is
widely applied to inverted p—i-n devices. Although remarkable
PCEs were reached (20%),”"7% its use is not so extensive,
and the main reason can be ascribed to the toxicity of nickel.
Comprehensive detailed reviews are available in literature for
further reading.”*7!

Over the past several years, some of us have systematically
investigated the optimization of NiO, HTMs via both doping
and surface passivation strategies, by which we have achieved
over 22% efficiency for inverted PSCs with low-temperature-
processed NiO,-based HTMs."® It is well established that
stoichiometric NiO is insulating, which results in increased
recombination and reduced hole extraction. The conductivity
of NiO, can be increased by extrinsic dopants with shallower
acceptor levels. In 2017, we demonstrated that Cs could be an
effective dopant for significantly improving the conductivity
and enhancement of device performances.””’ We have obtained
a best efficiency over 19% based on MAPbDI; perovskites.
However, these Cs-doped NiO, HTMs were prepared by a
sol-gel solution method, which required high-temperature post-
annealing (270 °C), limiting its application on flexible substrates
and increasing the fabrication costs. To avoid high-temperature
processing, we developed NiO, nanoparticles ink recipe to prepare
the NiO, HTMs at low temperatures (<150 °C). We achieved over
18% PCE for the devices with NiO, nanoplatelets (NPs) HTMs
and MAPDI; perovskites.”””® To further improve performance,
Cu-doped NiO, NPs were prepared, thus increasing HTM conduc-
tivity and tailoring hole concentration and WF. The possible mech-
anism of Cu doping was comprehensively investigated, and the
best efficiency for small-area, large-area, and flexible devices
was over 20%, 18%, and 17%, respectively.””) At a later stage,
another molecular doping strategy for NiO, with F6TCNNQ
was developed, allowing to achieve over 20.8% efficiency for
NiO,-based inverted PSCs, which was the highest reported effi-
ciency in that period.® More recently, we attempted the use of
alkali chlorides as interfacial modifiers at the NiO,/perovskite
interfaces.®!! The role of the alkali chlorides in passivating the
perovskite defects was explored experimentally and theoretically.
After alkali chloride modification, the V¢ and PCE of the result-
ing inverted PSCs were significantly improved, with best PCE
close to 21%.

For concluding this section on inorganic HTMs, we highlight
the last works exploiting 2D TMD HTMsP"#? exceeding the 20%
PCE threshold. 2D WS, was applied in p-i-n devices by Liu
et al.,®3] exploiting its ultrahigh hole mobility and its capability
of driving high-quality epitaxial growth of the perovskite thin
film, thus achieving about 21% PCE. At the same time, 2D
MoS, flakes were adopted also in an inverted PSC in which,
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as in the previous example, the chalcogenides guided the aniso-
tropic growth of the perovskite, allowing the device to reach
20.55% PCE with no hysteresis.®* The last example that is note-
worthy to highlight concerns the use of a not common HTM like
MnS: like copper, manganese represents one of the noncritical
metals that makes sense to try to exploit and engineer. In a recent
work,®% Chen et al. showed the possibility of retaining 90% of
the initial PCE (=20%) in a very humid environment (80% rela-
tive humidity: RH) for 1000 h, using the suboptimal perovskite
methylammonium lead iodide and MnS HTM.

4. HTM-Free PSCs

A drastic, yet simple solution to overcome the drawbacks as well
as the high costs of an HTM is to spare it entirely and deposit the
back electrode directly on top of the perovskite layer. However,
when using metallic electrodes, this method reveals new prob-
lems for the PSC performance. For example in case of the often
used silver electrodes,®**% those limits are a large energy mis-
match between the perovskite’s valence band maximum (VBM)
and the electrode’s WF,°” as well as the formation of silver hal-
ides at the perovskite/electrode interface, leading to a degrada-
tion of the perovskite layer itself®>®* Gold, another
commonly used electrode material, has been observed to also
negatively affect PSC performances due to ion migration of gold
particles into the perovskite layer,>! as well as the formation of
gold halide complexes.®® Furthermore, both HTMs and metal
electrodes take up a large part of PSC material costs. Figure 7
shows that eliminating the HTM and substituting a gold elec-
trode by an abundant, easily processable material can drastically
reduce the material cost of PSCs.l"”)

Carbon-based materials can work as metal electrode/HTM
substitutes, as they show WFs comparable with that of gold
(5.1eV),P% are chemically inert toward the perovskite layer,
and, due to the typical thickness of carbon electrodes (CEs)
of several micrometers, they protect the perovskite layer
from humidity, increasing the environmental stability of
PSCs.®® 19U still, there are several factors that suppress PSC effi-
ciencies when CEs are applied that have to be targeted to boost
the performance of carbon-based PSCs (C-PSCs). Those are the

M TCO Substrate
TCO Substrate HTL
Au Electrode
ETL
M Perovskite

Spiro-OMeTAD

¥ Encapsulation

PVK Solar Cell Materials Cost

Figure 7. Relative material costs of separate PSC components. Adapted
with permission.®”! Copyright 2020, Wiley-VCH.
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deposition-caused inhomogeneous contact of the CE with the
perovskite layer, that reduces the interfacial charge trans-
fer,[100102103] 35 well as the anisotropic conductivity of gra-
phene/graphite layers, characterized by low resistance along
the 2D plane of individual graphene sheets but high resistance
in the perpendicular direction."*>~'%! CEs also lack the reflectiv-
ity of metal electrodes, which means that the thickness of a perov-
skite layer in a C-PSC has to be increased for it to absorb the
same amount of photons as it would do when a metal electrode
is applied.”®%!" Approaches to improve the perovskite/CE
energy-level mismatch either aim at the heterogeneous incorpo-
ration of hole-extracting materials with a VBM lower than the
CEs’” WF®?1%7 or at the modification of the perovskite’s VBM
at the perovskite/CE interface.’®'%%

The latter approach was adopted by Zhong and coworkers,
post-treating a CsPbI,Br perovskite film surface with hexyltrime-
thylammonium bromide (HTAB), which decreased the energy
offset between the perovskite and the CE from 0.70 eV in the
pristine perovskite to 0.32 eV in the HTAB-treated one, as shown
in Figure 8.1 This lowered energy mismatch increased the V¢
from 1.13V for the pristine perovskite to 1.20 V for the HTAB-
treated perovskite in C-PSCs. The HTAB-treated film additionally
shows suppressed defect-induced charge carrier recombination
and increased hydrophobicity, leading to devices that maintained
90% of their initial PCE over 330 h at 40-60% humidity and tem-
perature of 85°C. The HTAB-treated PSCs showed an average
PCE of 13.9%. Chen et al. conducted a perovskite post-treatment
on MAPbI; and FAPDI; (where MA is methylammonium and FA
is formamidinium) using another long alkyl chain ammonium

www.solar-rrl.com

halide, namely, pentafluorophenylethylammonium iodide
(FSPEAI), to create a passivating 2D perovskite phase at the perov-
skite/CE interface."®" As shown in Figure 8b, they were able to
increase the Vo of their post-treated PSCs from 0.92 and 0.96 V
for the nontreated PSCs to 0.98V and 1.02 V for MAPbI; (PCE:
16.24%) and FAPDI; (PCE: 17.47%), respectively.

A similar approach was further adopted by Wu et al. to pas-
sivate a MAPDI; perovskite layer with phenethyl ammonium
iodide (PEAI) that increased the films’ hydrophobicity, smooth-
ened the perovskite surface, increased the interface area, and
lowered the defect concentration.!” In combination with a cop-
per phtalocyanine(CuPc)-modified CE, they were able to build
PSCs with a maximum PCE of 13.41% that maintained 93%
of their initial efficiency for 300h (30% humidity, 70°C).
CuPc was integrated into the CE to lower the energy offset
between the perovskite’s VBM and the electrode’s WF, while
at the same time blocking the electron transfer from perovskite
to electrode due the high-energy CBM of CuPc. In this direction,
Liu and coworkers resorted to a CuPc modifier to increase the
hole extraction from the perovskite to a CE but deposited it as
a separate layer on top of CsPbl,Br perovskite film to build C-
PSCs with a maximum PCE of 11.04%.1"% Gong et al. increased
the VBM of CsPbBr3 not by surface post-treatment but by adding
small amounts of tetra-bisphenol A (TBBPA) in the bulk of the
perovskite layer to enhance the hole extraction capability into the
CE.[% [ addition, the TBBPA-treated perovskite was character-
ized by larger grain sizes and fewer trap states than the unmodi-
fied one, resulting in PSCs achieving a maximum efficiency of
9.82%.
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Figure 8. a) Energy diagram of a C-PSC incorporating a pristine CsPbl, photoactive layer in comparison with a HTAB-post-treated CsPbl, one. Adapted
with permission.®® Copyright 2021, Wiley-VCH. b) C-PSCs performances comparing pristine FAPbl; (black) and FSPEAI-post-treated FAPbI; (red) perov-

skite layers. Reproduced with permission."®" Copyright 2021, Wiley-VCH.
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The major goal of the previously discussed perovskite and CE
modifications is to lower the energy mismatch at the perovskite/
CE interface. In addition, these modifications are accompanied
by enhanced optoelectronic properties, for example, reduced
charge carrier recombination, which result in increased C-PSC
performances. In contrast to those examples, Lin et al. suggested
a new C-PSC device design that is based on the idea of a perov-
skite layer that is not entirely p or n doped due to Pbl, or MAI
excess, respectively, but consists of two separate parts, one of
which is n doped while the other one is p doped.'*! A similar
active-layer architecture creates a built-in field that encourages
the charge separation and suppresses recombination. From their
simulations, they concluded that an optimal MAPDI; perovskite
layer would consist of a 400 nm-thick n-doped and a 700 nm-
thick p-doped layer with doping concentrations of 10" and
10" cm 3, respectively. An optimized C-PSC from such a perov-
skite layer could reach a theoretical PCE of 25.07%.

While the modified perovskite layers in C-PSCs are used to
achieve a more efficient hole extraction that positively affects
device PCEs, the efficiency-suppressing factors related to the sub-
optimal conductivity of CEs as well as their typically improvable
small contact area with the perovskite photoactive layer are other
issues that have to be seriously tackled. Chu et al. tried to face
these bottlenecks by depositing a CE consisting of carbon black
nanoparticles and carbon fibers (CFs) onto a MAPDI; perovskite
layer to build a device that achieved a maximum PCE of 14.1%
due to good conductivity and high perovskite/CE contact
area.’® In addition, they conducted a Mott—Schottky analysis
and determined that nanosized noncontact areas do not hinder
the hole extraction from the perovskite into the CE as they are
overcome by a driving force of the built-in field originating from
the band offset at the perovskite/electrode interface. In contrast,
macrosized noncontact areas significantly suppress the hole
extraction. The group of Huang improved the contact area using
a mixture of CNTs and CFs as the CE to incorporate additional
highly conductive pathways within this last one."®® C-PSCs con-
taining this electrode material and MAPDI; as the photoactive

(a)

(b)

Pbl,+PbBr,
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layer showed a maximum PCE of 11.80%, outperforming C-
PSCs prepared with electrodes consisting of pure CNTs or CFs.
CEs can be prepared either through high-temperature or
through low-temperature fabrication procedures (for a detailed
review on the topic, we address the reader to very recent and com-
plete reviews!''*''!)). For the former fabrication approach, all
layers of the solar cells except the perovskite ones are prepared
in separate high-temperature steps and finally the temperature-
sensitive photoactive perovskite is incorporated into a
mesoporous buffer layer which separates the CE from the
electron-transporting layer (see Figure 9).''

In contrast, low-temperature fabrication of the carbon back
electrode allows to adopt a layer-by-layer method in which the
CE can be deposited through different low-temperature proce-
dures. In contrast to metal electrode deposition, which is an
energy-demanding vacuum-assisted fabrication, those CE
deposition methods are not only scalable for high-throughput
industrial fabrication but, due to the low-temperature pro-
cessability, they also require less energy to be processed and
thereby are less cost intensive. In addition, the high abundancy
of carbon (CEs have been derived from a variety of plants and
biomasses 3%} lowers the production cost even further.
Wu et al. demonstrated a procedure to not only deposit a dense
carbon back electrode via electrospray printing but also to fabri-
cate an entire solar cell using this method, as shown in
Figure 10.””) In comparison with doctor-bladed CEs, these elec-
trosprayed CEs, consisting of a mixture of carbon black nanopar-
ticles and graphite, showed a lower sheet resistance due to denser
films and lower average carrier lifetimes, indicating faster hole
extraction originating from an increased interfacial charge trans-
fer. PSCs containing the electrosprayed electrodes showed a PCE
of 14.41%, which was significantly higher than that of PSCs with
doctor-bladed ones (11.14%). Furthermore, the possibility to fab-
ricate entire C-PSCs through solution-based low-temperature
processes opens up interesting perspectives for the manufactur-
ing of flexible PSCs."*71*¢117] A preliminary example in this
direction was reported recently by Que and coworkers, who built

MABr+FAl

Figure 9. a) Sketch and SEM cross section of a high-temperature-fabricated C-PSC. The perovskite is incorporated through the porous layers as the last
fabrication step, depicted by the yellow arrow in (a). b) Two-step perovskite deposition in which the porous layers of the cell are first soaked with Pbl, and
PbBr, solution and later the cell is dipped into a solution of MABr and FAI. Reproduced with permission.!"'? Copyright 2021, Wiley-VCH.
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Figure 10. Layer-by-layer electrospray fabrication of entire C-PSCs. Reproduced with permission.””! Copyright 2020, Wiley-VCH.

flexible MAPDI;-based C-PSCs with doctor-bladed CEs on flexible
polyethylene naphthalate/ITO substrates that showed a maxi-
mum PCE of 11.53% and retained 69% of their initial efficiency
after 2000 bending cycles (2 mm bending radius).'*®!

To construct well-performing large active area solar cells,
Chen et al. chose a modular PSC architecture glass/FTO/
SnOZ/CSO.OS(FAO.SSMAO.15)0.9SPb(IO.SSBr0.15)3/CE as well as a
glass/FTO/CE charge collector which they pressed onto the
PSC by contacting both CEs.'®! This modular architecture
enhanced the lateral conductivity of the back electrode and
enabled the fabrication of 1cm? active-area PSC with a maxi-
mum PCE of 11.2%. The authors also compared the perfor-
mance of three CE materials like graphene, carbon nanocoils,
and multiwalled CNTs (MWCNTSs) and found that MWCNTs
outperformed the other materials in terms of hole extraction abil-
ity, perovskite/CE band alignment, electrical conductivity, and
thermal stability.

A different approach to deposit the CE is to prefabricate it and
to then transfer it onto the PSC. For this procedure the contact of
the perovskite/CE interface is increased by applying pressure on
the cell. Such a preparation method was demonstrated by the
group of Lee, who constructed a separate hybrid graphene/
dry-spun CNT CE and then deposited it on the solar cell using
alaminator."®* Their MAPbI;-based PSCs that incorporated also
a Spiro-OMeTAD HTM showed a maximum PCE of 15.36% and
maintained 86% of the initial PCE after 500h (25°C, 50%
humidity) due to the presence of the highly hydrophobic CE.
Teixeira et al. used separately fabricated transferable CEs to dem-
onstrate a direct comparison of different electrodes on PSCs.''”)
This was achieved by first fabricating and measuring PSCs with
gold electrodes. Those electrodes were removed again, CEs were
transferred onto that same PSCs, and finally the PSCs were mea-
sured with exchanged electrodes (the PSC incorporated the HTM
Spiro-OMeTAD). The PSCs with CEs showed a maximum of
89% of the PCE that was obtained originally with the gold
electrode.

It is important to mention that CEs are not only applied in
high-performing lead-based PSCs but also in their lead-free
counterparts in which the highly toxic Pb is substituted with less
toxic metals. In general, lead-free PSCs achieve efficiencies that
cannot be compared with those of the lead-based counterparts,
and this results in relatively low PCEs also when CEs are
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introduced. Panneerselvam and Angaiah built lead-free C-
PSCs based on MASnI; on which they deposited CEs that incor-
porated either Cu,AgInS, (CAIS) or Cu,AglnSe, (CAISe) nano-
particles to increase the CEs’ hole extraction capability.'** C-
PSCs with the CAIS-modified CE achieved a PCE of 4.24% in
comparison with 2.69% of C-PSCs that incorporated an unmod-
ified CE. Another example of lead-free perovskite materials is the
highly stable all-inorganic double-perovskite Cs,AgBiBrs that
was used as the photoactive layer by the group of Tang to prepare
highly sustainable C-PSCs.["*!! These solar cells showed a maxi-
mum PCE of 2.57% for Li*-doped Cs,AgBiBr, which is not far
from the maximum efficiencies of around 3% obtained from
analogous PSCs based on this material using metal
electrodes.!'*?!

It is important to remind that there are also ways to fabricate
HTM-free PSCs other than applying CEs. Song et al. showed
such an example by replacing a CE with a screen-printed elec-
trode consisting of indium tin oxide (ITO) nanoparticles.!"*’]
Due to the increased light reflectance of ITO as well as its lower
WEF, which enhances hole extraction, tin-based PSCs’ PCE can be
increased from 5.4% when the ITO nanoparticle electrode is
used in comparison with 3.0% with a CE.

5. Smart HTMs for PSCs

Up to now we have discussed the most recent opportunities
offered by newly developed HTMs that can substitute Spiro-
OMeTAD for the role of hole transporters without featuring
the same instability problems related to the presence of the added
dopants. As it is anyway also well recognized, to ensure PSC sta-
bility, it is necessary to delay or suppress any other decomposi-
tion pathway triggered by environmental factors such as,
primarily, atmospheric humidity but also heat and excess irradi-
ation. To cope with these second major issues, the incorporation
of a protective function within the HTM, particularly for direct-
architecture devices, can be considered a smart approach to over-
come device instability. In addition, for both direct n—-i—p and
inverted p—i-n configurations, other aspects may become rele-
vant, such as the effect of light on organic HTMs, thus calling
for optically engineered species to improve overall performances,
or solvent orthogonality issues, requiring the deposition of stable
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redissolution layers. In this paragraph, we will extend the discus-
sion to these aspects in relation to the design of novel “smart”
HTMs and, for logistic reasons, we will start with examining
the latter cases of optically engineered and solubility engineered
HTM in PSCs.

The idea that photoexcited or electrically induced configura-
tions of molecular or polymeric constituents of an organic
HTM can have a huge impact in determining device perfor-
mance has recently emerged. The formation of properly oriented
electric dipole layers at the HTM /perovskite interface can result
in improved charge extraction and reduced charge recombina-
tion, thus providing overall better PCEs. This concept was first
explored by Hu and coworkers in 2016, reporting on the benefi-
cial effect of photoinduced dipoles in thieno[3,4-b]thiophene-alt-
benzodithiophene (PTB7) polymeric HTM on the performance
of direct-architecture PSCs.'** When compared with crystalline
P3HT, the amorphous PTB7 was found to be able to undergo
partial alignment of optically generated dipoles under the influ-
ence of the device’s built-in potential. By carrying out magneto-
photocurrent measurements under the influence of an external
electric field, they proved that the presence of these dipoles par-
tially suppresses the recombination of the photogenerated charge
carriers in the bulk of the perovskite layer. Following this inter-
esting concept, the group of Park engineered the optical features
of HTM layer in a p—i—n PSC (where the HTM is the first layer to
absorb the incoming light) by designing organic molecules that
have a high transition dipole moment at the excited state and can
be processed as an interlayer between NiO, HTM and the perov-
skite absorber.'?*! Their structures can undergo keto-enol tau-
tomerism that causes an excited-state intramolecular proton
transfer (ESIPT) process to take place after light absorption, as
shown in Figure 11a. This transient structural variation is accom-
panied a change in dipole moment and polarizability, which can
be further tuned by adding electron donor or acceptor moieties to
the main molecular scaffold. By applying this concept, the
authors achieved interesting results in terms of PCEs, with
considerably reduced interfacial charge recombination in the
resulting PSCs, as well as improved photostability due to the
UV-blocking properties of the wisely engineered molecular
HTMs. The same group also very recently reported an update
to this strategy, by further developing the idea to achieve not only
control over the excited-state polarizability of the HTMs but also
over their aggregation properties, which drive charge transport in
organic semiconductors-based layers.'?®! The structure of the
designed compounds is shown in Figure 11b, together with a
scheme depicting the effect of the oriented excited-state dipoles
within an inverted PSC architecture. The two molecules have a
D-A character, with a triarylamine donor and an imidazole-based
acceptor moiety. The second derivative (DNI) features an
extended n-conjugation which favors intermolecular interactions
in the solid state between adjacent molecules to boost aggrega-
tion and charge mobility, as demonstrated through grazing-
incidence X-ray diffraction and hole mobility measurements.
Overall, the synergy between the dipolar and aggregation effects
led to improved charge extraction at the perovskite/HTM inter-
face and prolonged stability of the devices kept in air at room
temperature and under intense illumination. The generation
of an electric dipole layer that increases the built-in potential
in a PSC and thus causes the improvement of the overall

Sol. RRL 2021, 5, 2100514 2100514 (13 of 21)

www.solar-rrl.com

performance can also be achieved by implementing smart dop-
ing of an organic HTM. A recent example reported by Kim and
coworkers demonstrates the validity of this approach using a
D-A-conducting polymer HTM with high doping capability by
means of a tetrafluoro-tetracyanoquinodimethane (F4-TCNQ)
interfacial dopant in direct-architecture PSC."*”) The establish-
ment of the dipole layer and its entity was demonstrated by con-
ducting Kelvin probe force microscopy measurements to track
the WF variation, originating as a consequence of effective dop-
ing. The devices containing similar interfacial-doped HTMs pro-
vided better Jsc and FF compared with the un-doped reference,
pointing out at increased hole extraction efficiency. In inverted
PSC architectures, with generally lower efficiencies compared
with direct ones, polymer-based HTMs such as PEDOT:PSS,
PTAA, and Poly-TPD are widely used, either alone or in compos-
ite structures with other hole-extracting materials."?*73% These
HTMs result in good morphological properties and high effi-
ciency, but inferior reproducibility and stability, in particular
when dopants are needed for high-performance devices. As com-
pared with polymer HTMs, small-molecular HTMs exhibit
chemical structural tunability, design flexibility, and high purity.
Unfortunately, their application in p-i-n configurations is hin-
dered by their potential partial redissolution during the subse-
quent deposition of the perovskite layer from mixtures of
highly polar solvents (DMF/DMSO). Even if this redissolution
is sometimes minimal due to relatively good solvent orthogonal-
ity, it might be enough to diminish the HTM layer quality. A
beneficial approach to improve the solvent stability of molecular
HTMs used in inverted configurations is to resort to crosslinking
strategies that can be activated once the HTM has been depos-
ited, thus making it completely insoluble. In the past few years,
some examples of this method have appeared in the literature, in
which small-molecule HTMs were endowed with crosslinking
ability, by conducting tailored modifications of their original
structure with the introduction of a polymerizable functional
group such as simple ethylene, as shown in Figure 12.[1**7134
The effective crosslinking process can be then activated through
different methods. In the first example reported by Hsu and cow-
orkers, a N,N’-bis(tolyl)-N,N’-bis(vinylphenyl)-1,1’-biphenyl-
4,4’-diamine (DVIPD) HTM was used, that can undergo simple
thermally induced crosslinking of the styryl groups at 180°C
(Figure 12a), forming a robust film on top of a VO, electron
blocking layer."*"! With this highly stabilized HTM structure
and a top electron transporting layer (ETL) based on an ionic ful-
lerene, they achieved maximum PCE of 18.8% and prolonged
device stability in high humidity conditions. In another similar
case, Getautis and coworkers reported on the use of cost-effective
enamine-based cross-linkable HTMs, as the one shown in
Figure 12¢, in p—i-n PSC configuration, achieving a promising
PCE of 18.14%."33) Here, the crosslinking process was thermally
initiated at 231 °C, which was identified after conducting an accu-
rate thermal characterization of the newly synthesized HTM
through differential scanning calorimetry and thermogravimet-
ric analysis. Tremblay et al. designed a photocrosslinkable
HTM based on a bis(triarylamine) molecule bearing cinnamate
side chains!"*?: photocrosslinking is a potentially more advanta-
geous process with respect to thermally induced crosslinking, as
it does not require high temperature (>150 °C) and thus can be
conducted at ambient temperature also on plastic substrates.
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Figure 11. Emerging smart molecular HTMs for optically engineered hole extraction layers in PSCs. a) Basic molecular structure of these HTMs with
illustration of the ESIPT process that drives the change in excited-state dipole moment. Reproduced under the terms of the Creative Commons
CC BY License.l'””! Copyright 2018, The Author(s). Published by Springer Nature. b) D-A structures with improved excited-state dipole moment
and solid-state self-aggregation properties. Adapted with permission.l'?®! Copyright 2020, Wiley-VCH.

With a similar approach, the authors achieved a stable,
dopant-free HTM, whose performance in inverted PSCs was
found to be perfectly comparable with that achieved using a
doped poly-TPD HTM.
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Crosslinkable HTMs can also be considered valuable alterna-
tives for direct-architecture n-i—p PSCs, being based on 3D net-
work structures where a high density of charge-transport
channels can be achieved, together with good thermal and
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Figure 12. Examples of crosslinkable small-molecule HTMs for PSCs. a) A thermally crosslinkable N,N’-bis(tolyl)-N,N’-bis(vinylphenyl)-1,1’-biphenyl-
4,4'-diamine (DVTPD) HTM used in an inverted PSC. Reproduced with permission.["*'! Copyright 2018, American Chemical Society. b) A spiro[fluorene-
9,9'-xanthene]-3’,6’-diol-based, crosslinked polymer, obtained through a mild free-radical polymerization as a dopant-free HTM for n—i—p-type PSCs.
Reproduced under the terms of the Creative Commons CC BY License."**! Copyright 2020, The Authors. Published by ELSEVIER B.V. and Science Press.
¢) Molecular structures of two enamine-based crosslinkable HTMs used in p—i—n devices. Reproduced with permission.l"**! Copyright 2020, Wiley-VCH.

mechanical durability. In this regard, Sun and coworkers recently
reported on the use of a novel spiro[fluorene-9,9’-xanthene]-
37,6'-diol-based crosslinked polymer (Figure 12b), obtained
through mild freeradical polymerization as a dopant-free
HTM for n-i-p-type PSCs.'**! With a similar HTM they
achieved PCEs slightly lower than those obtained with a classi-
cally doped Spiro-based HTM (17.7% vs 19%) but a remarkably
higher stability in high-humidity conditions, most likely ensured
by the improved hydrophobicity of the layer following
crosslinking.

Other remarkable crosslinking approaches reported in the
past two years by different groups regard the incorporation of
fluorine moieties within a crosslinkable and dopant-free small-
molecule HTM to further boost hydrophobicity of the charge-
extracting layer and target defect-passivating interactions with
the perovskite surface,'**! the use of electropolymerization to
induce in situ formation of polyamine-based dopant-free
HTMs for inverted PSCs, 3% and the in situ thermal conversion
of solution-processable xanthate precursors into the correspond-
ing insoluble glycol-derivatized poly(1,4-phenylenevinylene)
HTMs with different hydrophilicity profiles influencing final
device performance.!**”!

The insertion of an interfacial layer between the perovskite
and the HTM or the HTM and the top metal electrode has been
shown in other cases to be advantageous for reducing charge
recombination in PSCs,!"**"3% also through the passivation of
surface defects in the semiconductor.'"**'*?l Engineering of
the perovskite/HTM interface at the molecular level has even
allowed Seo and coworkers to achieve outstanding PSC perfor-
mance (a PCE of 22.7%) and stability, using a pristine, undoped
P3HT HTM,™? which normally provides relatively low PCEs
(10-15%,8%* slightly better ones if doped™*>'*®)), The con-
comitant perovskite surface passivation with a quasi-2D
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perovskite layer and the supramolecular hydrophobic interaction
of this last one with the lateral chains of the P3HT HTM created
the right conditions to form a highly oriented, self-assembled
semiconducting polymer layer with very high hole mobility. If
the passivation layer is based on a highly hydrophobic material,
further protection from humidity-driven decomposition can be
achieved."*”! This was the case, for example, in the work of
Chaudhary et al,"*® where a solution-processable poly
(4-vinylpyridine) film was used to passivate the perovskite
surface, through the coordination of the pyridine moieties to
undercoordinated lead atoms on the surface of the perovskite
light absorber. Similarly, Prabakar and coworkers used two
highly hydrophobic, dopant-free, donor-z—acceptor semicon-
ducting polymer HTMs containing thiophene residues, able to
passivate surface defects on the perovskite photoactive layer
and to fabricate standard-architecture PSCs with good efficiency
and environmental stability.!*”!

A notable emerging direction in the field of smart HTM devel-
opment that deserves to be reminded in this Review is undoubt-
edly the implementation of self-assembled monolayers (SAMs) at
the interface between the HTM itself and the perovskite layer in
inverted PSCs, similarly as it was done in the past for electron-
transporting layers in direct-architecture devices.">® The first
example of a SAM HTM implemented in a p-i-n PSC was
reported in 2018 by the groups of Getautis and Albrecht using
a dopant-free small-molecule HTM functionalized with phos-
phonic groups able to directly bind to the transparent conductive
oxide (TCO) surface.">") More recent reports have described the
use of carboxylic acid-decorated species for anchoring to the
TCO,? as well as the systematic study of the effect of different
anchoring groups on the final device PCE and stability.!*>*
However, the most remarkable achievement of a similar strategy
is the incorporation into tandem solar cells, allowing
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considerable simplification and high versatility of device architec-
ture design: with the SAM HTM approach indeed, Albrecht and
coworkers were able to fabricate both CIGSe/perovskite™** and
silicon/perovskite monolithic solar cells!">*! with very high effi-
ciencies and environmental stability. As discussed along this
entire Review, the improvement of hydrophobicity at the level
of the HTM has often provided good opportunities to obtain
PSCs with interesting stability profiles with respect to the expo-
sure to ambient moisture or even to excess humidity. In contrast,
it is necessary to highlight here that hydrophobic materials/addi-
tives/functional groups are only a “passive” way to hinder the
income of water molecules across a PSC, so as to avoid their con-
tact with the highly water-sensitive photoactive perovskite layer.
Similar hydrophobic HTMs might be therefore able to ensure
such a blocking effect only until they do not start to degrade
themselves, thus not being anymore able to act as a barrier
for humidity. A different perspective could be offered by the
development of HTMs that have the capability of “actively” trans-
forming water into unharmful or even beneficial species, which
ultimately boost the overall PSC performance. In this regard,
some of us have recently reported on the incorporation of a
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water-splitting active layer as the HTM in n-i-p PSCs.'>®

Endowing an HTM with water oxidation and reduction proper-
ties is indeed a very peculiar and potentially disruptive approach
to solve the problem of water-driven perovskite decomposition,
which might even lead to the realization of compact photovoltaic
technologies able to generate at the same time both electricity
and hydrogen as a solar fuel. Our proof-of-concept water-splitting
active HTM was realized by incorporating CuSCN nanoplatelets
(CuSCN-NPs, a transmission electron microscopy (TEM) image
is shown in Figure 13a, together with an estimation of the aver-
age diameter obtained through dynamic light scattering, DLS)
into P3HT matrix, producing a nanocomposite in which both
the components have hole-transport properties. In this blend,
a hole transfer process between the inorganic nanofillers and
the semiconducting polymer host is detected through ESR spec-
troscopy (here the signal of the P3HT polaron is considerably
increased in the presence of the blended CuSCN-NPs, see
Figure 13Db). The ability to conduct both water oxidation (at
the composite valence band) and reduction (at the CuSCN
Fermi level) was demonstrated by conducting electrochemical
studies on the CuSCN@P3HT composite and by comparing
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Figure 13. A water-splitting “active” CuSCN@P3HT composite HTM transforms harmful water molecules into hydrogen and oxygen. This last one
further promotes the in situ p-doping of P3HT, improving the charge transport properties of the layer during PSC operation in high-humidity conditions.
a) CuSCN-NPs used as nanofillers for a PZHT HTM matrix (TEM image and DLS spectrum). b) ESR spectra of the composite HTM, highlighting the
considerably greater polaronic response of P3HT in the presence of the inorganic nanofillers. c) Linear sweep voltammetry curves (anodic region) of the
CuSCN@P3HT composite HTM and neat P3HT, highlighting the current contribution of the two different materials at 1.23 V. d) Working mechanism of a
water-splitting HTM-endowed direct-architecture PSC, in which the parasitic mechanism occurring within the HTM itself promotes the generation of both
hydrogen and oxygen molecules from incoming moisture. Reproduced under the terms of the Creative Commons CC BY 4.0 License.l"*® Copyright 2021,
The Authors. Published by Springer Nature.
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them with results obtained on pristine P3HT: in Figure 13c, the
anodic regime is shown, where a remarkable difference in cur-
rent response between the composite and the neat P3HT film is
well visible at 1.23 V, the minimal potential required to promote
water oxidation. Also, at the cathodic side (not shown), a clear
contribution to water reduction in the presence of CuSCN
was detected. The additional peculiarity of a similar “active”
HTM resides in the fact that the in situ-generated oxygen mol-
ecules can act as p-dopants for the P3HT phase (as shown
through Kelvin probe experiments in which an evident down-
shifting of the WF is found), improving the charge transport
properties of this last one during device operation in
RH > 80%: it was indeed in such conditions and not in “dry”
ones that the potential of this water-splitting active HTM was
revealed, allowing to achieve a stable (and even slightly improved)
PCE in standard PSCs over a 1 month time storage in a water-
saturated atmosphere. In Figure 13d, the occurrence of a water-
splitting process within the HTM is conjectured to make use
of a part of the photocurrent generated by the solar cell (through
the there-defined “main mechanism”) to install a “parasitic
mechanism” able to promote the generation of oxygen and
hydrogen molecules, being the right energetics for both reactions
available within the layer itself.

6. Conclusions and Outlook

Within this contribution, we wanted to highlight new scenarios
in the development and application of smart HTMs for PSCs.
We started from an experimental and highly validated evidence
that supports the closing of the first PSC era, represented by
high-performance devices with a limited shelf-life and reflecting
the impossibility of producing commercial items exploiting the
very popular Spiro-based HTM, whose golden age appears to
have reached a definitive end. For this reason, researchers have
learnt how to resort to new inorganic and organic HTMs, by
exalting their noninnocent role to guarantee similar peak
performances of Spiro-based devices that also prolong long-term
stability, thus closing the gap for industrial scale-up. Within this
scenario, we believe that a species like CuSCN will become the
new main character of upcoming PSC research, thanks to its
chemical stability in high humidity conditions and its optimal
electronic properties. However, there are some issues in the
processing as the solubility in sulfide was demonstrated to be
a problem for the underneath perovskite layer, so that miniaturi-
zation (as done in our P3HT-CuSCN composite HTM work!'*®))
can perhaps fix this issue. In addition, the inspiration of the expe-
rienced organic chemists will help the community in the devel-
opment of new molecules able to replace Spiro at lower costs of
production and without the need for additional dopants. These
new small molecules are already under development and are
characterized by an extremely sophisticated structural design
and highly optimized electronic properties. Finally, there is
the possibility of completely cutting the HTM layer, thus notably
simplifying device architectures, by resorting to the so-called
HTM-free C-PSCSs, that use CEs having both the quality of hole
acceptors and real top electrodes. Apart for the essential benefit
in terms of economic savings that results from the elimination of
the highly expensive gold electrode, the use of carbon-based
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layers can improve PSC stability and, after proper interface engi-
neering with the perovskite layer, can open perspectives for appli-
cation in tandem solar cells, devices in which the number of
layers is undoubtedly an issue to be tightly monitored.!"*”)
In addition, drastic cost reduction paves the way to new oppor-
tunities for similar ultracheap photovoltaic technologies, such as
the ever-growing need for viable power sources to be applied in
the internet of things (IoT) field.

All these intriguing possibilities require versatile and repro-
ducible processing that actual lab-scale methodology does not
allow. For this reason, there is the need of exploring new and
even not yet considered approaches for thin-film photovoltaics
production, such as for instance spray coating™*® and sputter-
ing,!"* that can overcome, in principle, the intrinsic limitation
of CuSCN processing, opening the way for the new (and ulti-
mate) era of PSC development: the industrialization.
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