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Charge transport materials for mesoscopic
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2 Petros-Panagis Filippatos,®”
*d and

Maria Vasilopoulou, (2 *@ Anastasia Soultati,
Abd. Rashid bin Mohd Yusoff,“ Mohhamad Khadja Nazeeruddin
Leonidas C. Palilis () *¢

Organic—inorganic perovskite solar cells have achieved an impressive power conversion efficiency of up
to 25.6% and 24.8%, respectively, for single and multijunction tandem architectures due to the huge
progress made in the rational design and development of both the perovskite absorbers and the charge
transport and electrode materials used as the selective contacts. The interfaces between the perovskite
film and the charge transport layers are among the most critical factors in determining the efficiency
and stability of perovskite solar cells regardless of the structure employed (mesoporous (mp) or planar
heterostructure). Herein, an overview is provided on the recent advances in the fundamental
understanding of how these interfaces, upon incorporating various functional charge transport layers,
influence the performance of mp perovskite solar cells (mp-PSCs) where the perovskite is deposited and
embedded in a high porosity and surface area mp material. First, the most critical aspects of such
materials that govern the performance of the complete device are discussed including the energy level
alignment at the interfaces, charge transport in interfacial layers, defects in the perovskite, interfacial
layers or at their interfaces, as they all strongly affect interfacial charge recombination and extraction. In
this context, we will discuss the various strategies for the interfaces and the interfacial materials
employed both for the hole (HTM) and electron (ETM) transport/extraction. Next, advances in the
performance of a highly promising alternative mp architecture, namely HTM-free triple mp-PSCs, where
the HTL is removed to reduce complexity and manufacturing cost for printable mp PSCs, will be
discussed. Finally, an outlook for the development of highly efficient and stable mpPSCs will be
provided.

Cl, Br, that bonds to both A and B. Recently, they have emerged
as the most promising photovoltaic technology, rivaling com-

Perovskite solar cells (PSCs) are based on hybrid organic-
inorganic halide perovskite light-harvesting materials with a
chemical structure ABX;; A, B representing cations, typically A
is an organic cation such as CH;CH; (methylammonium, MA)
or NH,CHNH, (formamidinium, FA) or a mixed cation and B is a
metal cation such as Pb or Sn whereas X is an anion, typically I,
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mercialized silicon solar cells, as they exhibit outstanding
power conversion efficiencies (PCEs) for single junction® and
multijunction tandem architectures®> combined with decent
ambient and thermal stability, despite the many defects and
grain boundaries (GBs) inherently present in these materials. In
particular, single junction PSCs' with an impressive PCE of
25.6% and long-term operational stability of 450 h have been
demonstrated by appropriate anion engineering to suppress
anion-vacancy defects present at GBs and at the perovskite film
surface and increase film crystallinity. Lin et al reported a
strategy to reduce Sn defects (vacancies) in mixed Pb-Sn
narrow-bandgap perovskites, thereby increasing the charge-
carrier diffusion length to 3 pym and demonstrating a PCE of
21.1% for 1.22 eV narrow-bandgap perovskites in a single-
junction configuration and monolithic all-perovskite tandem
cells with certified PCEs of 24.8% for small-area devices
(0.049 cm?) and of 22.1% for large-area devices (1.05 cm?).
Remarkably, the tandem cells retained 90% of their initial PCE
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after 463 h of continuous operation. Combining organic
and perovskite materials with an optimized interconnecting
layer structure has recently resulted in perovskite/organic
tandem solar cells with a maximum PCE of 23.6% which is
retained to nearly 90% after 500 h continuous illumination.?
On the other hand, combination of perovskites with silicon
resulted in a monolithic tandem silicon/perovskite cell with
a 1.68 eV bandgap perovskite which retained 95% of its
initial PCE of 29% after 300 h of operation as reported by
Al-Ashouri et al.*

Notably, the highest PCE values have been demonstrated
upon employing a mesoporous PSC architecture (mp-PSC),” in
which typically highly transparent mp metal oxides combining a
high porosity and large surface area are used as electron
transporting materials/layers (ETMs/ETLs) (e.g titanium dioxide
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(TiO,),° tin oxide (SnO,)’) or, alternatively as hole transporting
materials/layers (HTMs/HTLs) (e.g. nickel oxide (NiO,)®). Mp
ETLs/HTLs have been shown to facilitate perovskite infiltration
as well as improve the physical contact and increase the inter-
facial area between the perovskite and the selective electrode,
thus resulting in rapid, more efficient and selective, electron/
hole extraction from the active layer, while blocking opposite
carrier transport and suppressing undesirable interfacial
recombination.’ Note, that in contrast, planar heterostructure
devices are based on planar HTLs and/or ETLs.'® A schematic
diagram illustrating exciton formation upon solar light illumi-
nation, charge transfer and recombination processes in repre-
sentative PSCs is depicted in Fig. 1.

With regard to mp-PSCs, devices with a mp-ETL denote a regular
conventional n-i-p architecture whereas a mp-HTL typically is
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Fig. 1 Schematic diagram illustrating exciton formation upon solar illu-
mination with photon energy hf (1), charge transfer (electron (2) and hole
(3)) and recombination (4, 5, 6, 7) processes in PSCs employing both an ETL
and a HTM to transport electrons and holes, respectively. Thick and thin
lines, respectively, indicate processes desirable for efficient performance
and recombination-induced losses. Reprinted with permission from ref. 9.
Copyright 2020 Royal Society of Chemistry.

used in an inverted p-i-n architecture (depending on the
sequence of the device layers).”> Moreover, advances in device
architecture have resulted in the demonstration of highly
efficient mp-PSCs without the need for a HTL (termed as
HTM-free triple mp-PSCs'") in the n-i-p configuration typically
having a mp-TiO, ETL, a mp insulating spacer layer (such as
ZrO, or Al,0;3) and a mp carbon counter electrode (CE) that can
be printable with various roll-to-roll (R2R) fully compatible
processes and methods. In a typically triple mesoscopic TiO,/
ZrO,/carbon CE architecture, the thickness of the spacer layer,
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loading amount and morphology of perovskite as well as the
substrate and precursor solution temperature can be separately
or, even, simultaneously optimized to enhance both light-
harvesting ability and charge transport.'*'* Representative
architectures for mp-PSCs are shown in Fig. 2.

Evidently, in depth understanding of the operational prin-
ciples of PSCs such as charge generation, exciton dissociation,
carrier transport and extraction/collection and the potential
limitations associated with perovskite film defects and GBs are
highly critical in order to improve device performance and
stability en route to possible commercialization of this break-
through technology. Particularly, as interfaces between the
electrodes and the perovskite layer play a decisive role in both
device efficiency and stability,'* interfacial engineering using
appropriate functional materials is a key strategy employed to
optimize overall device performance.'® The aims of this strategy
are multifold: (i) to enhance interfacial charge transport, (ii) to
improve charge extraction, and (iii) to reduce interfacial recom-
bination either by optimizing the interfacial energy level
alignment® or by passivating interfacial, surface and/or bulk
defects present in the perovskite or at the respective interfaces.'”
These can fulfilled by incorporating suitable charge transport
materials to adjust interface energetics,'® by treating/modifying
the perovskite active layer with various materials for defect
passivation'® or by simultaneously improving interfacial charge
transport and passivating perovskite defects.>’

Despite the fact that there have been recent reviews referring
to mp-PSCs with different charge transport materials (either as
HTLs*' or as ETLs**) and HTM-free mp-PSCs,”’ to the best of
our knowledge there has not been a review covering a wide
range of materials employed for both electron hole transport
and as CEs in mp-PSCs. Therefore, herein we aim to provide a
critical overview of recent advances made in the fundamental
understanding of how interfaces, upon incorporating various
functional charge transport layers, influence the performance
of mp-PSCs. In this context, we will discuss in detail various
interfacial engineered strategies with a particular focus on the
most advanced interfacial materials employed both for hole
and electron transport/extraction. Furthermore, progress in the
performance of HTM-free mp-PSCs will be reviewed in particu-
lar with regard to the various mp-ETLs, insulating and carbon-
based or other novel alternative CE materials explored so far.
At the end, an outlook for the development of highly efficient
and stable mp-PSCs will be provided.
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Fig. 2 Representative n—i—p, p—i—n and HTM-free carbon-based m-PSC architectures employing MAPbI5 as the photoactive perovskite layer, m-TiO,
as the ETL and an organic p-type small molecule (namely spiro-MeOTAD) in the n—i—p structure and m-NiO as the HTL and an organic n-type small
molecule (namely PCBM) as the ETL in the p—i—n structure. Reprinted with permission from ref. 5 and 10, respectively. Copyright 2016 SPIE and

Copyright 2022 Elsevier, respectively.

2. Selection criteria for efficient charge
transport materials in mp-PSCs

Suitable materials selected to be employed as charge transport
layers (HTL or ETLs) in mp-PSCs should fulfill certain criteria
and possess specific functionalities: (i) compatible, graded,
energy levels (valence band, VB, or highest occupied molecular
orbital, HOMO, and conduction band, CB, or lowest unoccupied
molecular orbital, LUMO, with regard to those of the perovskite
- see Fig. 1) for optimized interfacial energy alignment in order
to facilitate, barrier-free (or minimize the respective barrier),
charge transfer and extraction and suppress carrier recombina-
tion at the electrode/perovskite interfaces by blocking the
opposite carriers (i.e. charge selectivity), (ii) high electronic
conductivity and carrier mobility combined with a long carrier
diffusion length and a appropriately large carrier lifetime to
prevent carrier losses, (iii) Large optical bandgap with a high
transparency across the visible and near infrared and an appro-
priate extinction coefficient to allow solar light to enter the
perovskite active layer without absorption losses combined with
a suitable (matched to the perovskite) refractive index to allow
efficient light in-coupling without reflection losses - ideally,
exhibiting complementary absorption to that of the perovskite
so as to absorb photons in the UV and enhance cell photo-
current, (iv) enhanced hydrophobicity in order to not allow
moisture ingress in the perovskite and, thus, avoid its long-
term degradation, (v) excellent, pinhole-free, uniform, confor-
mal layer morphology preventing carrier shunting between the
electrode contact and the perovskite film and being able to fill
pores in the perovskite film with increased interfacial contact
area, (vi) acting as a suitable template in order to tune the crystal
quality of the perovskite film, to increase its grain size and
enhance perovskite crystallinity, (vii) functioning as a buffer/
passivation layer to reduce or passivate surface and interfacial
trap states and/or suppress perovskite ion migration, thus
reducing cell current-voltage hysteresis in the forward and scan
directions, (viii) intrinsic stability under thermal stress and solar
illumination to avoid interfacial degradation upon operation at
various working conditions as well as high resistance against
moisture and oxygen combined with chemical stability against
possible photochemical interactions with the perovskite layer,

11066 | J. Mater. Chem. C, 2022, 10, 11063-11104

(ix) nontoxicity and low material cost combined with simple,
facile, economical and environmentally friendly processing such
as spin coating or inkjet printing (ideally processing from
solution, in particular upon employing organic solvents that do
not attack the perovskite layer).

Concerning the mp scaffold, appropriate film porosity and a
high surface-to-volume ratio with an increased surface area
compared to compact layers are of paramount importance for
improved pore filling as the mp scaffold pore size will determine
perovskite grain growth. Dense agglomeration of employed, for
example, nanoparticles (NPs) and their defect density should be
minimized in order to facilitate perovskite infiltration and
crystallization and reduce surface/bulk or interfacial recombi-
nation as well as light scattering/reflection (thus, to enhance
light trapping). Moreover, the scaffold should be appropriately
designed to accelerate formation of heterogeneous nucleation
sites and lead to enhanced perovskite film quality combined
with uniform coverage.

3. Electron transport materials in
mp-PSCs

3.1 mp-ETLs employed in n-i-p mp-PSCs

Mp electron transporting materials (mp-ETMs) have been
extensively studied in the last decade, and their effective
application in PSCs with a n-i-p architecture has been shown
to depend on their optoelectronic and morphological proper-
ties upon modifying the ETL/perovskite interface characteris-
tics, as well as, improving electron transport and extraction,
and thus enhancing the overall device performance.>*

In particular, TiO, has been the most widely employed mp
ETL in mp-PSCs due to its high transparency, good electron
mobility, well-matched energy levels with that of the perovskite
absorber, and solution-based processing.>® Various methods
have been used for the preparation of TiO, NPs in its three
different crystalline phases anatase, rutile and brookite.>® For
example, Kong et al. prepared a low-temperature solution-
processed brookite mp-TiO, and employed it in mp-PSCs.””
The fabricated mp-PSCs with the brookite TiO, ETL exhibited
higher fill factor (FF) and improved open-circuit voltage (Voc)

This journal is © The Royal Society of Chemistry 2022
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compared with the device based on the anatase TiO,. Lee et al.
reported the effect of the crystalline phase of TiO, on electron
transport and extraction in mp-PSCs.?® In particular, rutile TiO,
based-mp-PSC showed higher short-circuit current density (Jsc)
and lower Vo than the mp-PSC with the anatase TiO, ETL,
while the latter exhibited faster electron transport and shorter
electron lifetime compared with the rutile-based device.

Since the early development of mp-PSCs, it was realized not
only that anatase form generally resulted in the highest PCEs
TiO, phase but that the different synthetic routes to obtain
nanocrystalline TiO, NPs could lead to significant differences
in device performance.* In particular, the basic synthetic route
diminished electron transfer efficiency from MAPbI; to the
TiO, conduction band as its position shifted towards higher
energy. Also, both the acidic and the basic mp-TiO, showed
almost identical but lower charge densities compared to the
commercial anatase TiO, and, thus, a lower Vy¢ as its value is
directly related to the quasi Fermi level difference at the TiO,/
perovskite heterojunction.

Furthermore, mp-TiO, layer thickness and the particle size
of TiO, had a strong impact on mp-PSCs performance and were
investigated by different researchers.>*' It was demonstrated
that the increase in the compact TiO,/mp TiO, interfacial area
resulted in reduced photovoltaic parameters attributed to the
increased series resistance of the mp-PSC. Therefore, an opti-
mization of mp-TiO, is paramount importance to improve
electron transport and thus device performance. Moreover,
porosity optimization of mp-TiO, is highly critical for enhanced
crystallization and nucleation of the perovskite layer in PSCs
and represents a relatively simple strategy to employ in the
fabrication porous TiO, films. For example, carbon spheres
with controllable size were shown to act as an effective template
for mp-TiO, films with tunable porosity which led to a significant
enhancement of the PCE from 11.72% to 16.66% and a reduced
cell hysteresis.*> Optimizing TiO, pore size for effective perovskite
infiltration could also be achieved by employing sub-um sized
polystyrene beads as sacrificial template.®®

As nanostructures can be highly beneficial for increased
light-harvesting and rapid electron transport, alternative novel
architectures based on mesoscopic inverse opal (meso-IO) TiO,
films with a three-dimensionally interconnected porous struc-
ture, a low defect density and an optimum thickness of 600 nm
were employed as effective conducting scaffolds to facilitate
complete MAPDI; infiltration and enhance electron extraction
resulting in a PCE of 17.1% with minimum hysteresis.** Novel
mesoscopic 2D TiO, nanosheets (NSs) with high porosity and
large surface area not only facilitated perovskite diffusion but
also effectively reduced carrier recombination and enhanced
electron collection by forming a fast, direct, pathway for
electron transport and collection.®® Dense thin films of TiO,
anatase nanowires (ATNW) prepared via a simple hydrothermal
method were reported by Wu et al.>® The prepared ATNW acted
effectively as ETL in mp-PSCs while also successfully blocked
hole injection improving charge dissociation within the
devices. Moreover, ATWN films affected the formation and
crystallinity of the perovskite layer deposited atop, exhibiting

This journal is © The Royal Society of Chemistry 2022
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superior light-harvesting efficiency. Alternatively, highly branched
ATNWs with varied orientation were grown via a facile one-step
hydrothermal process on a transparent conducting oxide sub-
strate. These films showed good coverage with optimization
obtained by controlling the hydrothermal reaction time.
A homogeneous methyl ammonium lead iodide (MAPbI;) perov-
skite thin film deposited onto these ATNW films formed a
bilayer architecture comprising of a MAPbI; sensitized ATNW
bottom layer and a MAPbI; capping layer. The formation, grain
size, and uniformity of the perovskite crystals strongly depended
on the degree of surface coverage and the thickness of the
ATNW film. Solar cells constructed using the optimized ATNW
thin films (220 nm in thickness) yielded PCEs up to 14.2% with
a Jsc of 20.32 mA ecm™2, a Voc of 993 mV and a FF of 0.70. The
dendritic ETL and additional perovskite capping layer efficiently
captured light and thus exhibited a superior light-harvesting
efficiency whereas the ATNW film was also a highly effective
hole-blocking layer. A similar approach was followed by Yu
et al. who first grew three-dimensional orchid-like TiO, NWs
(OC-TiO, NWs) as a rationally designed scaffold layer for deep
perovskite infiltration into the spacious pores within the NW
network and facile crystallization. As a result, increased recom-
bination resistance and electron extraction efficiency were
demonstrated. Further improvements in PSC performance
could be obtained upon introduction of Ag NPs in the form of
a Si0,@Ag@OC-TiO, NW composite through localized surface
plasmon resonance (LSPR) of the Ag NPs and the associated
enhanced exciton dissociation. PSCs with the modified scaffold
showed a 24% higher PCE over PSCs with TiO, NPs.*” Recently,
Lv et al. grew rationally designed and highly oriented anatase
TiO, nanopyramid arrays as a promising alternative one-
dimensional (1D) nanostructured ETL in mp-PSCs. Enhanced
interfacial contact and an oriented electric field accelerated
charge transport and separation and as these were combined
with increased light transmission led to a remarkable PCE of
~22.5%.*® Furthermore, Chen et al. reported the hydrothermal
growth of high quality 1D rutile TiO, nanorod (NR) arrays on an
ultrathin MgO-coated TiO, as seeding layer. Both MgO modifi-
cation and titania nanorod morphology significantly influenced
TiO, pore-filling of MAPDI;, facilitated charge separation and
reduced interfacial recombination resulting in a 18% improved
device performance and a PCE of 17.03% with enhanced UV
stability and reduced hysteresis.*®

More recently, Wang et al.*® prepared TiO, microspheres
using a novel emulsion-based bottom-up self-assembly process.
Mp-PSCs based on TiO, microspheres as ETL exhibited a high
PCE value of 19.27% and reduced hysteresis attributed to the
low electron transport resistance and the enhanced electron
extraction rate. Khan et al. incorporated 3D hollow TiO, sub-
microspheres, fabricated using a hydrothermal method, with
tunable thickness and pore sizes in mp-PSCs resulting in remark-
able PCEs of 18.01% due to the improved electron collection,
reduced charge recombination and enhanced light-harvesting
upon effective perovskite infiltration.* In another study, Ti-Zn-O
hallow nanospheres were employed as ETL in mp-PSCs show-
ing an enhanced PCE of 16.39% vs. 15.08% for TiO, spheres
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ascribed to the tuned optoelectronic properties of the TiO, nano-
spheres by introducing Zn** cations leading to well-matched
energy levels between the perovskite absorber and the ETL, as well
as, improved electron transport properties.*>

An alternative, ingeniously designed, architecture employed
40 nm sized TiO, beads endowed with mesopores of a few
nanometers diameter to create an innovative bimodal pore
distribution resulting in a very large perovskite/TiO, contact
area (up to 200 m”> g~ ') facilitated by the interstitial voids
between the TiO, particles which led to rapid electron extrac-
tion. Furthermore, modification of the TiO, surface with CsBr
(and the associated Cs doping) strengthened the interaction
with the perovskite and enhanced its crystal quality while it also
contributed to a more effective trap state passivation and an
improved electron transport. As a result, a remarkable PCE up
to 21% for an optimized cation mixture of Rb/Cs/FAq o5MAg o5
with negligible hysteresis was obtained.** A thin mp-TiO, layer
with a large surface area was also embedded in back-contact
PSCs with an alternative “mp” electrode configuration com-
prising a mp and a compact TiO, layer. As a result, the enlarged
interfacial contact area facilitated faster electron transfer and
improved Jsc.**

Note that as high temperature sintering of mp-TiO, films at
450-500 °C is typically required to enhance film crystallinity, it
has been recently recognized that developing low temperature and
rapid curing techniques compatible with both R2R processing and
plastic substrates such as UV-ozone (UV/O;) treatment, oxygen
plasma treatment (O, plasma) and intense pulsed light (IPL)
sintering would be critical for simple, mass production of mp-
PSCs, at low cost. By employing for example IPL curing, the
processing time could be remarkably reduced from 30 min to a
few seconds without sacrificing device performance. In particular,
stabilized PCEs of 16% and 12% were obtained using IPL on glass
and PEN substrates, respectively.*’

As TiO, electron mobility and the presence of surface trap
states is a bottleneck for rapid, trap-free, electron transport, a
highly effective strategy to further improve the optoelectronic
properties and, likely, passivate trap states of mp TiO, is doping
with appropriate elements. Doping can be generally divided in
n-type doping upon primarily incorporating higher valence
elements and p-type doping upon incorporating lower valence
elements. For example, Al and Mg doping of a mp-TiO, layer
with an optimized concentration delivered a 22% higher PCE in
MAPDI; PSCs. Each metal had multiple functionalities upon
doping TiO,. Al enhanced electron mobility, decreased the TiO,
bandgap and effectively eliminated deep trap states, whereas
Mg increased its bandgap by upshifting the CB minimum.
However, both contributed to reduced cell recombination
losses.*® Cobalt (Co) doping of mp-TiO, by employing a rapid
flame doping process (40 s) was also found to be highly effective
in enhancing Vo and PCE (from 18.5% to 20.0%) and suppres-
sing J-V hysteresis (from 7.0% to 0.1%). These improvements
were attributed to both the formation of cobalt dopant-oxygen
vacancy pairs which effectively reduced the density of Ti*" trap
states and the upshift of TiO, CB minimum facilitating electron
extraction.?” Furthermore, Co doping employing a postannealing
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treatment of TiO, was found to enhance its electronic conductivity
and passivate sub-band-gap-states present due to oxygen vacancies
in pristine TiO, resulting in a PCE of 18.16% (21.7% higher than the
undoped devices) with negligible hysteresis and increased stability
(retaining ~80% of the initial PCE after 200 h) upon optimizing
doping concentration to 0.3 mol%.*®

Zn-doped TiO, NPs with an optimized 5.0 mol% ratio
exhibited optimal interfacial energy level alignment with MAPbI;,
thus improving electron transfer, suppressing electron-hole
recombination and leading to an enhanced average PCE of
16.8% (champion PCE of 18.3%).”’ Yang et al incorporated
Nb-doped rutile TiO, nanorods (NRs) as ETL in mp-PSCs
exhibiting significant improvement in the device efficiency. In
addition, Nb-doping modified the optical band gap of TiO,, thus
facilitating electron injection and forming better interfacial
contact with the perovskite absorber.>® Similarly, Kim et al.
demonstrated enhanced performance of Nb-doped TiO, NPs
based mp-PSC showing higher PCE of 13.4% compared with the
12.2% efficiency of the device using the undoped TiO, ETL.>!
Hou et al. used Li-doped hierarchical TiO, as quasi-scaffold
layer in mp-PSCs reporting improved contact with the perov-
skite absorber.>” Furthermore, Li-doped TiO, was beneficial for
the formation of a high quality perovskite layer along with better
crystallinity, thus largely inhibiting recombination losses
ascribed to the considerably reduced TiO, surface trap state
density. Consequently, a high PCE of 18.25% was realized, which
was attributed to the enhanced electron transport properties of the
Li-doped TiO, quasi-scaffold layer. Li doping also resulted in a
considerably larger electrical conductivity and electron mobility
while it passivated defects such as oxygen vacancies within the
TiO, lattice. MAPbI; PSCs with an improved PCE of 17.59% and
suppressed J-V hysteresis were demonstrated upon optimization
of the Li dopant concentration.>® Furthermore, Li-treated mp-TiO,
improved charge separation/electron injection from MAPbI;, elec-
tron transport in mp-TiO, and reduced surface trap density as
TiO,’s CB edge shifted by 0.1 eV, electron mobility was increased
by a factor of 2 and its conductivity was increased two times, thus
leading to an enhanced PCE from 14.84% to 17.26% for MAPbI;
mp-PSCs without significant J-V hysteresis.”* A more systematic
investigation of the influence of counter anions (TFSI, Coz>~, CI™
and F ) with Li salts on the TiO,-doped electrical properties
revealed an optimum performance for Li,CO;-doped TiO, due to
its deeper, more favorable, CB minimum with respect to that of
perovskite which led to an exceptional PCE of 25.28%.>

Mg-doped and Sn-doped TiO, NRs were also employed as
ETL in mp-PSCs by Manseki et al.’® and Zhang et al.,”” respec-
tively, showing increased Jsc and enhanced device efficiency,
while Mao et al. used Zr and Zr/N co-doped TiO, nanorod arrays
as ETL.”® The optimized mp-PSCs based on co-doped TiO, with
an optimized Zr doping content of 1% exhibited a 12.6% PCE
(31.6% higher than the un-doped devices) due to the improved
electron extraction, the reduced recombination rate as well as
the larger CB offset at the ETL/perovskite absorber interface.
Qin et al. used Y-doped TiO, as ETL in solid-state mp-PSCs
reporting a 15% improvement of Jsc.”® In addition, the applica-
tion of Y-doped TiO, resulted in the surface modification of the
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perovskite layer which improved the morphology of the light-
harvesting layer, as well as, electron transport. Ru** cation doping
of TiO, also suppressed charge recombination and improved
electron transport leading upon precise doping optimization and
Ru"" substituted Ti** to PCEs of 20.87% and a much improved air
PSC stability of over 200 days.®® Recently, Chen et al. synthesized
mesoscopic Ag-doped TiO, NPs of various concentrations by a
sol-gel and hydrothermal procedure and applied them as ETLs in
mp-PSCs.®" The optimized device with 1 mol% meso-Ag:TiO,
showed the highest PCE value attributed to the improved electron
mobility of the Ag-doped TiO, layer. Furthermore, graphene has
been successfully used as a doping material of TiO, due to the
excellent electron transport capability improving the electron
collecting efficiency of a mp-PSC.** Notably, Ebrahimi et al. used
graphene quantum-dots (GQDs) as dopants to mp TiO,.** The
corresponding mp-PSCs based on GQD-doped TiO, showed an
50% increase in efficiency compared with the reference device
with the undoped ETL, along with improved stability maintaining
~ 88% of the initial PCE value. Moreover, GQD-doping improved
the morphology of the perovskite layer deposited on the doped-
ETL forming an almost free-pinhole uniform layer beneficial to
electron transport. Hydrogenenation of both TiO, NRs and
nanocrystals (NCs) was also effective in enhancing PCE due to
its broader absorption in the visible, its increased electron donor
density and the upshift of TiO, CB minimum which resulted
in an enhanced driving force for electron injection, increased
charge separation, larger carrier lifetime and suppressed elec-
tron-hole recombination.®* Hydrogenated TiO, (H-TiO,) NCs and
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NRs (H-TNRs) were successfully synthesized and employed as
ETLs in mp-PSCs. In comparison with PSCs based on untreated
TiO,, PSCs based on H-TiO, exhibit a significantly greater
photovoltaic performance with a solar-to-electric energy conver-
sion efficiency of over 13%. A 15.79% increase in Jsc (from
17.29 mA cm™ > to 20.02 mA cm*) was observed in PSCs based
on TiO, and H-TiO, nanopowders, with a slight amplification of
Voc from 0.92 V to 0.97 V. Detailed characterization elucidated
that H-TiO, NCs could prolong the photogenerated charge life-
time, slow down the recombination rate of the electron-hole
pairs and elevate the photoinduced charge separation efficiency.
Another feasible but less explored so far strategy to improve mp-
TiO, properties is by acid doping. For example, 4-chlorobenzoic
acid was employed as an effective dopant not only to improve
electron transport and PCE in PSCs (from 18.23% to 20.22%) but
also to largely reduce J-V hysteresis as a result of the enhanced,
selective, interaction with the perovskite.*®

Fig. 3 depicts J-V characteristics of PSCs fabricated on undoped
mp-TiO,, variably Li doped mp-TiO, substrates, Co-doped TiO,
films as well as with various other dopant elements along with a
schematic band diagram for Co-doped TiO, based mp-PSCs.
Similarly, Fig. 4 shows images from optical and electrical
characterization of Ru-doped TiO, films and J-V curves of triple
cation Csg 05FA g1 MAy 14PbI, 55Brg 45 perovskite based PSCs on
TiO, and Ru-doped TiO, showing negligible hysteresis under
forward and reverse scan direction.

Another viable approach to control TiO, electronic properties
and morphology is by direct growth on alternative substrates
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Fig. 3

Doping of TiO,

(a) J-V characteristics of PSCs fabricated on undoped mp-TiO, and variably Li doped mp-TiO, substrates. (b) J-V curves of Co-doped TiO,

based mp-PSCs in the forward and reverse scan directions for hysteresis characterization. (c) Schematic energy band diagram of Co-doped TiO, based
mp-PSCs. Reprinted with permission from ref. 47. Copyright 2018 John Wiley and Sons. (d) Performance of mp-PSCs with a compact TiO, layer doped
with various elements under a base mp-TiO, layer. Reprinted with permission from ref. 53. Copyright 2019 American Chemical Society.
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contact angles. (d) Time-resolved PL (TRPL) measurements based on the tri

ple cation perovskite Csg gsFA0.81MAg 14Pbl2 55Brg 45 on TiO, and Ru-doped

TiO,. (e) Cross-sectional micrograph of the 1.5% Ru:TiO,/mp-TiO, ETL-based PSC. (f) J-V curves of triple cation perovskite based PSCs deposited onto

mp-TiO,/Ru:TiO, ETL (inset shows the energy-level diagram of the different

ETLs used herein). (f) Forward and reverse sweep of the 1.5% Ru-doped TiO,

devices showing negligible hysteresis. Reprinted with permission from ref. 60. Copyright 2021 John Wiley and Sons.

such as graphene. This process led for example, in the case of
TiO, NPs, to an intimate interfacial contact and a high quality
interface with faster electron extraction which contributed to a
enhanced PCE of 15.3% for MAPbI;_,Cl, cells.®® Furthermore,
control and optimization of mp structures can also be obtained
by varying the structures and amount of templating polymers
(so called soft polymer template engineering technique)®” in
order to induce perovskite crystallization, increase grain size
and light harvesting as, notably, TiO, NPs can be densely
agglomerated in the scaffold layer thus inhibiting the penetration
of a perovskite solution. Alternatively, TiO, NPs in the highly
active but much less explored TiO,-B crystal phase with a
narrower band gap (3.09 eV) and longtime stability were recently
incorporated in mp-PSCs delivering a high PCE of 18.83% due to
the favorable energy level alignment, the fast electron transport

1070 | J Mater. Chem. C, 2022, 10, 11063-11104

and the suppressed recombination at the high crystallinity
perovskite/TiO, interface.®®

Despite the successful use of TiO, in various forms as ETL in
mp-PSCs, undesirable recombination losses at the TiO,/perovs-
kite layer interface result in deterioration of device performance.
Alternative to doping, interface modification of mp-TiO, upon
introducing an ultrathin passivation layer between the ETL and
the perovskite absorber is an efficient, versatile, approach to
improve electron transport and thus mp-PSC performance. TiO,
NRs®® and NPs’® have been modified by atomic layer deposition
(ALD) of TiO, which acted as passivation layer of mp ETL in
mp-PSCs suppressing charge recombination and enhancing
device efficiency. Insulating materials such as MgO,”" Y,05,”*
7r0,,”® La,0;’* and Ta,05”> have also been used as ultrathin
(<5 nm, typically 1-2 nm) surface modification and highly
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effective passivation layers of TiO, in mp-PSCs. Similarly, Liang
et al. inserted a ultrathin AL, O; interlayer at the mp TiO,/perovskite
interface demonstrating an increase in the mp-PSC performance
and reduction of J-V hysteresis along with improved device
stability due to the decrease of interfacial charge recombination
and improved charge transport.”® A delicate interconnected mix-
ture comprising Al,O; and nanocrystalline TiO, was also found to
be able to tune surface passivation and electron extraction char-
acteristics in mp-PSCs, dependent on the Al,O; concentration.”” A
TiO,/Al,O; bilayer as the mp scaffold significantly reduced the
degradation of the infiltrated perovskite by protecting it from
moisture. As a result, it delivered a high PCE of 16.84% which
retained 82% of its value after 2000 h storage in ambient air
without any optical losses.”®

In a different approach, semiconducting GQDs were used as
passivation layer in TiO, based mp-PSC facilitating electron
extraction from the perovskite layer to the TiO, ETL and thus
increasing PCE.”” GQDs (<5 nm) decorated on the TiO, surface
led to a more effective interfacial electron transport and extraction
which synergistically led to an optimized PCE of 20.45%.%
Incorporation of highly conductive nanocarbon materials, such
as graphene and one-dimensional (1D) carbon nanotubes into
mp-TiO, was proposed as an alternative, to direct doping,
method to improve electron transport in mp-TiO,.** For
example, TiO,/reduced graphene oxide (RGO) hybrids with an
optimal RGO content of 0.2 wt% which were synthesized via an
in situ solvothermal process enhanced electron lifetime and
recombination resistance resulting in improved electron trans-
port and a 22% higher PCE.* Single-walled carbon nanotubes
(SWCNTs) into the mp-TiO, also provided an ultrafast electron
transport pathway and favorably shifted its CB minimum
(i.e. increase the CB minimum) leading to a PCE of 16.11%
(compared to 13.53% for the SWCNT-free device) with reduced
hysteresis and an enhanced light and long-term stability.**
Another highly innovative strategy involved the incorporation
of an optimized amount of colloidal stable, chemically inert,
low-cost, Ge NPs with a high refractive index onto mp-TiO, to
regulate perovskite MAPDbI; crystal growth (more specifically,
increasing crystal size), decrease the number of the GBs,
enhance MAPBI; electron mobility by a factor of 5 and, thus,
promote electron transport at the perovskite/mp-TiO, interface,
resulting in an average PCE of 18.59% (best PCE of 19.6%).%*
The influence of other semiconducting materials such as
titanium nitride (TiN)*® and zinc sulfide (ZnS)®*® as ultrathin
buffer layers with an optimum thickness of 1.8 nm deposited on
mp-TiO, by ALD on the performance of mp-PSCs was investi-
gated by Chavan et al. It was shown that both mp-TiO,/TiN and
ZnS as a modified ETL significantly improved the optical and
morphological properties of the perovskite absorber, while also
reduced interfacial charge recombination losses and improved
electron extraction resulting in high PCE values of 19.38% and
19.10% with negligible hysteresis.

Alternatively, various organic materials have been used as
TiO, modifiers inserted between the ETL and perovskite layer
in mp-PSCs facilitating perovskite crystal growth, passivating
interfacial traps and enhancing the device performance.

This journal is © The Royal Society of Chemistry 2022
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Organic monolayers such as amino acids,?” thiols,*® 4-amino-
benzoic acid,* alkylphosphonic acid-ow-ammonium chlorides®
and fullerene derivatives® as well as Brgnsted and other acids
such as p-toluenesulfonic acid (p-TA)** and various alkyl chain
length SAMs of phosphonic acids with different terminal
groups” reduced the undesirable surface or GB defects of
perovskite appeared during the perovskite film formation
as well as passivated TiO, trap states leading to improved
mp-PSCs efficiency, as well as, long-term stability. In particular,
change of the alkyl chain length and/or the functional group of
the investigated SAM phosphonic acids resulted in a modulation
of the TiO, workfunction and the tunneling barrier/distance.
Notably, for iodo-terminated molecules, a longer spacer group
led to a lower Jsc and FF as a result of the increased barrier/
distance for electron tunneling whereas the shortest spacer
length increased PCE by ~30%, compared to pristine TiO,.
However, no clear correlation with the modified TiO, workfunc-
tion could be established. Post treatment modification of TiO,
has also been exploited to enhance electron transport, passivate
defect states, improve interfacial contact and overcome undesir-
able interfacial recombination. A representative example is TiCl,
which largely improved TiO, NP interconnection and the electro-
nic percolation of adjacent NPs, decreased the density of surface
trap states and recombination losses at the TiO,/perovskite and
enhanced, by an order of magnitude, the bulk electron mobility®*
leading to a PCE up to 17.4% compared with 14.1% for pristine
TiO,.”> Monoethanolamine (MEA) treatment also improved
interfacial energy level alignment, enhanced electron extraction
while simultaneously passivated uncoordinated Pb defects on
the perovskite interface. These synergistic effects resulted in
improved PCE and a remarkable stability under continuous
illumination in air.’® Moreover, mixed solvent treatment with
an optimized ratio of y-butylactone and dimethyl sulfoxide
resulted in improved wetting of the mp-TiO,, a smoother
perovskite layer formation with fewer pinholes and increased
grain size combined with passivated GBs. As a result, suppressed
carrier recombination and increased electron extraction were
obtained leading to an enhnanced PCE of 18.72% compared to
15.21% for the untreated cells.”” Alternatively, TiO, surface
activation upon deep UV light (2 = 254 nm) irradiation was
proposed as a feasible strategy to improve its surface wetting
properties and facilitate growth of a denser perovskite film with a
reduced number of pinholes and consequently with an improved
cell PCE.”® UV light was also effective in removing organic
binders from TiO, resulting in a stabilized efficiency of 18.2%.%°

Note that the incorporation of a thin compact TiO, layer
between the fluorine-doped tin oxide (FTO) and the mp-TiO,
layer is typically employed in order to further enhance electron
transfer and, most importantly, avoid carrier recombination
losses with FTO and eliminate carrier shunting paths in
mp-PSCs. A similar PCE of ~18% was reliably achieved at an
optimized 230 nm mp-TiO, layer as well as a compact TiO, layer
in a large equivalent thickness ranging from sub-nanometer to
30 nm."®® A critical compact TiO, layer thickness of 20-30 nm
was found to be optimal for best device performance'®" while,
obviously, film porosity was also found to play a crucial role in
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efficient perovskite infiltration for enhanced PCE.'** Similarly,
fabrication of a consecutive compact and mp TiO, film with a
dense bottom area and a top mp area with large macropores
promoted perovskite infiltration, facilitated electron transport
and decreased charge recombination.’®® Remarkably, incor-
poration of both low temperature, high quality, virtually
pinhole-free compact combined with mp TiO, layers, deposited
using spray pyrolysis and ALD, respectively, resulted in out-
standing PCEs demonstrated under both outdoor and indoor
illumination conditions i.e. PCE = 15.9% under the AM 1.5
Spectrum and PCE = 24-25.4% under indoor lighting."®*
Another electron transport material used widely in mp-PSCs
is zinc oxide (ZnO) due to its high transparency (bandgap
~3.3 eV), a higher bulk electron mobility (>200 cm> V™' s "),
compared to TiO,, a favorable CB minimum (~4.2 eV) and a
considerably lower crystallization temperature combined with
its ability to create various nanostructures. Bi et al. used for the
first time ZnO NRs as ETLs in mp-PSCs.'®® Although the mp-
PSCs based on ZnO NRs showed lower PCE values than those
with TiO, as ETL due to increased charge recombination losses,
the devices exhibited good long-term stability. Park’s group
investigated the influence of the ZnO seed layer on the growth
of the ZnO NRs, as well as, the effect of the size of the prepared
ZnO NRs on the mp-PSCs performance.'”® Three different
coating solutions, including clear solution, colloidal solution
and nanopowder solution, were studied for the formation of the
ZnO seed layer exhibiting various photovoltaic parameters.
In particular, the highest Voc improvement was recorded for
the mp-PSC with the ZnO NRs grown on the colloidal seed layer
exhibiting also increased recombination resistance as revealed
from impedance spectroscopic measurements. Moreover, the
diameter and length of the ZnO NRs played a critical role in the
performance of the ZnO NRs-based mp-PSC with the optimized
mp-PSC based on 1 pm ZnO nanorod-ETL reaching a PCE value
of 11.13%. Recently, Yun et al. developed well-ordered ZnO NRs
with controllable lengths and studied the effect of the ZnO
nanorod length on the performance and stability of mp-PSCs."?”
It was demonstrated that the optimized length of the NRs at
400 nm facilitated the infiltration of the perovskite absorber
into the ETL and improved the perovskite crystallinity, resulting
in enhanced electron transport and thus improved PCE of
14.23%. This approach has also been applied in lead free
Cs,Snlg mp-PSCs where optimization of the nanorod length
and pore size to ensure high-loading of the perovskite resulted
in moderate but stable PCEs of ~1%."%° In a different so-called
double-layer nanostructured ETL approach, low-temperature
hydrothermal synthesis of a double-layered mp nanostructured
ZnO film, consisting of a vertically aligned film of nanosheet
arrays decorated by horizontally-arranged NRs with improved
electron transport was successfully implemented in mp-PSCs."*
As in the case of mp-TiO,, doping and interfacial modifica-
tion can significantly improve the electron transport properties
of ZnO. Dong et al. used Al-doped ZnO to modify ZnO NRs.'°
An improvement on mp-PSC performance was demonstrated
for the device with the modified ZnO NRs ascribed to the high
CB minimum and electron mobility of the Al-doped ZnO
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facilitating electron transport, while also reducing recombina-
tion losses. Furthermore, Mahmood et al. prepared vertically
aligned ZnO NRs with TiO, shell ETLs by a hydrothermal
method."" The mp-PSCs using the core-shell ZnO/TiO, showed
reduce charge recombination along with excellent light-
harvesting capability resulting in improved efficiency with low
hysteresis. In another study, superaligned ZnO NRs (SAZNRs)
were prepared on commercially available AZO seed layers using
a low-temperature processing.''> Zhao et al. not only demon-
strated the effective use of AZO/SAZNRs as ETLs in mp-PSCs
fabricated on rigid and flexible substrates, but also the efficient
recycling of the devices by a simple process and re-fabrication
of the mp-PSC with slightly reduced performance. The effect of
doping combined with surface modification of low-temperature
solution-processed ZnO NRs on the mp-PSCs performance was
also reported by Mahmood et al.'*® The N-doped ZnO NRs
(N:ZnO NR) ETL exhibited improved electron transport proper-
ties and reduced work function compared to the undoped ZnO
nanorods resulting in improved device efficiency. However, a
significant increase in device performance from 10% to 16%
was obtained when a polyelectrolyte polyethylenimine (PEI)
monolayer was used as interfacial modifier of the N-doped
ZnO NRs, attributed to the improved infiltration of the
perovskite material into the ETL and the favorable work
function shift of the PEI-modified N:ZnO NR. Li et al. fabricated
mp Pbl, based PSCs using ZnO NRs modified by ALD Al,0O;
monolayers.'™* High-quality perovskite films with few defects
and large grains were prepared on Al,O;-passivated ZnO NRs
resulting in reduced recombination losses and a high PCE
value of 17.3%. In a recent work, a superior PCE of 20.74%
was obtained when PEI-mixed multidoped (B and F) ZnO NCs
prepared by a low-temperature solution-processed electro-
spraying deposition method were applied in mp-PSCs as ETLs.""
In particular, mp pure ZnO, boron-doped (B:ZnO), tantalum-
doped (Ta:ZnO), boron and fluorine co-doped (B,F:ZnO), and
tantalum and nitrogen co-doped (Ta,N:ZnO) ZnO nanolayers
were effectively employed as highly efficient ETLs showing high
conductivity, transparency and tunable band gap energy.
Remarkably, the position of the CB edge using combination of
B and F dopants may be raised up to 0.22 eV compared to
pristine ZnO, thus resulting in increased Vo, suppressed carrier
recombination and faster electron transport. A further improve-
ment in the performance of hysteresis-free mp-PSCs was
reported with the deposition of PEI on top of the multidoped
ZnO nanolayers, which reduced the multidoped ZnO work
function and trap-assisted charge recombination, resulting in
an outstanding PCE value over 20% and representing one of the
highest reported efficiencies for mp ZnO-based PSCs. Fig. 5
represents the schematic illustration of PEI-mixed multidoped
ZnO film formation, the fabricated PSC structure, the energy
level of the corresponding cells, along with the j-V characteristic
curves of the champion devices. Furthermore, ZnO surface
modification by binding (i.e. grafting) fullerene to create
ingeniously designed fullerene-anchored core-shell NPs resulted
in a multifunctional ETL that passivated ZnO surface, improved
electron extraction and suppressed ion/water diffusion, being part

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Schematic illustration of low-temperature and fully solution-processed electrospray-deposited (a) pure ZnO and multidoped ZnO NCs (the inset
is the magnified view of mp NCs); (b) PEI-coated ZnO and multidoped ZnO nanolayers; and (c) PEl mixed pure ZnO and multidoped ZnO NCs (the inset is
the magnified view of PEl-blended NCs). (d)(i)—iii)) Schematic illustration of device architecture based on the above oxide nanolayers showing the
electron trapping due to the voids between ZnO NCs. (e) Illustration of device architecture with PEl-coated and PEI-mixed ZnO and doped ZnO
nanolayers and (f) energy-level diagram of the corresponding devices with five various types of pure and doped ZnO nanolayers. J-V curves for the
champion devices with (g) PEI-coated and (h) PEI-mixed ZnO and B, F:ZnO nanolayers using different sweep directions. Reprinted with permission from

ref. 115. Copyright 2018 American Chemical Society.

of the first-ever dual-sensitized (i.e. mp ETL and HTL scaffolds
incorporated in the same architecture) novel metal-oxide based
mp architecture on a NiO, scaffold reaching state of-the-art PCEs
of 21.1% and 20.21% for mixed-cation and MAPbI; PSCs.''®
Nanostructured mesoporous SnO, is another well-known
ETL used in mp-PSCs. SnO, is a promising ETL due to its high
transparency (bandgap > 3.5 €V), its deep CB minimum
(~4.2 eV) leading to a favorable energy level alignment with
that of the perovskite absorber and efficient electron extraction,
its high bulk electron mobility (~250 cm? V! s7%), its out-
standing UV stability and, importantly, its low temperature
processing (comparable to ZnO but lower than TiO,) from
solution or sol-gel. Zhu et al. reported the first application of

This journal is © The Royal Society of Chemistry 2022

hydrothermally synthesized mp SnO, as ETL in mp-PSCs.""”
Despite the high electron mobility of SnO,, SnO,-based
mp-PSCs suffered of strong recombination of the photogenerated
charges resulting in poor efficiency. However, treatment of SnO,,
with TiCl, forming a thin TiO, layer deposited on top of SnO,
significantly improved the device performance. In a similar work,
impedance spectroscopic measurements revealed the beneficial
TiCl, treatment of SnO, since the ultrathin TiO, layer coated on
SnO, ETL reduced trap states facilitating electron transfer
within the mp-PSC.'*® Liu et al developed low-temperature
hydrothermal SnO, nanosheets (NSs) as ETLs and investigated
the influence of the prepared ETLs on the stability of mp-PSCs.'"
Interestingly, the mp ETL improved photon collection, prevented
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moisture penetration in the perovskite material which could lead
to degradation of the photoactive layer, and enhanced device
stability. Moreover, the stability of mp-PSCs using mp-SnO,
under UV light was investigated by Roose et al'®° It was
demonstrated that the mp-SnO, prevented the degradation of
the perovskite absorber leading to mechanical and chemical
stability of mp-SnO,-based mp-PSCs in comparison with the
planar SnO,-based device where the initial PCE was decreasing
after 10 h of 1.5AM illumination exposure. The same group also
investigated the affect of Al-doped mp-SnO, on efficiency and
UV stability of mp-PSCs."*" Al-doping reduced recombination
losses originated by the trap states of mp-SnO, resulting in
higher PCE value of 16.4% compared with the 12.7% efficiency
of the undoped ETL-based device. Furthermore, the reduced
photocatalytic activity of Al-doped mp-SnO, was beneficial to
device stability, attributed to the wider band gap of m-SnO,
compared to that of mp-TiO,, making mp-SnO, a promising
substitute of TiO, ETL for efficient and stable mp-PSCs.
Similarly, Guo et al. reported highly-efficient mp-PSCs using
rare-earth (e.g. lanthanide (Ln)) ions as dopants of mp-SnO,
nanospheres.'*® In particular, Y-doped SnO, based mp-PSCs
showed high efficiency of 20.63% without hysteresis, while the
device with the undoped ETL exhibited a PCE of 19.01%. This
significant improvement in mp-PSC performance was attributed
to the improved quality of the perovskite layer forming dense
and large crystals favorable to good physical contact, as well as,
to the enhanced energy level alignment at the ETL/perovskite
absorber interface. Also, Nb>* n-type doped SnO, with a deeper
CB minimum, reduced defect state density and suppressed
interfacial recombination was favorably utilized as ETL to
fabricate TiO, based mp-PSCs with a ~10% higher PCE (i.e.
13.53% for MAPbI; employing a 2 mol% optimized doping
concentration) compared to that with undoped SnO, as a result
of the enhanced cell photovoltage by 40 mv,"** thus highlight-
ing the multiple functionalities of appropriate dopants in mp
metal oxide ETLs such as TiO,. SnO, or ZnO.

More recently, a two-dimensional SnO, layer which enhanced
the ETL/perovskite interfacial contact area and facilitated
electron extraction as well as assisted in the growth of large-
sized all inorganic CsPbB; grains (up to 1.65 pm) and enhanced
light-harvesting resulted in a PCE of 9.51% free of hysteresis.
Further modification of the interface with graphene QDs led to a
champion PCE of 10.34% due to the improved interfacial energy
level alignment."* Alternatively, mp-SnO, surface modification
with a rubidium fluoride (RbF) layer synergistically passivated
interfacial traps and enhanced electron extraction leading to a
remarkable PCE of 22.72% and maintaining 90% of the initial
PCE after 300 h of tracking operation at the cell maximum power
point (MPP)."** As in the case of TiO,, the controlled porosity and
roughness of mp SnO, was beneficial to passivate the trap states
at the ETL/perovskite absorber interface leading to improved
electron collection efficiency as nicely demonstrated by Wang
et al.'®® To tune the morphology of mp-SnO,, they proposed a
low-temperature method where polyethylene glycol (PEG) acting
as a pore-forming agent was added to the pristine SnO, solution
followed by the removing of PEG from the forming mp-SnO, film
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through a low-temperature process. The performance of mp-PSCs
using this mp-SnO, as ETL was dependent on the PEG volume
ratio with the best device exhibiting a high PCE of 20.82% for
6% PEG volume ratio. Moreover, Song et al. applied an emulsion-
based bottom-up self-assembly strategy to prepare SnO, micro-
spheres in combination with an in situ ligand-stripping method
forming a high-quality mp SnO, film."*” The prepared mp-SnO,
ETL showed better electron transport properties than the planar
SnO, resulted in highly-efficient mp-PSCs with PCE of 21.35%.
Using a surfactant-free solvothermal method, Fan et al. synthe-
sized a series of high-quality monodispersed SnO, microspheres
with high surface area, diameters between 75 and 200 nm and
enhanced crystallinity and employed them by spay-coating as
ETLs to obtain a high PCE of 16.85% in mixed-cation PSCs which
was further improved to 17.08% by adding GQDs into the ETL to
enhance perovskite crystallinity, reduce recombination and enhance
electron transport as a more favorable energy level alignment at the
SnO,/perovskite interface was achieved (ie. a negative shift of the
Sn0,:GQDs CB minimum under illumination).'*® Notably, a bilayer
NP-based mp-SnO, upon deposition of two consecutive mp layers by
anodizing a metallic Sn film in a NaOH solution on FTO under
ambient conditions enabled very recently not only complete cover-
age of ITO but also excellent control of the film morphology by
optimizing the anodization voltage and time (with a constant
solution concentration) resulting in a 27% improvement of a
MAPbI;-based cell PCE as demonstrated by Ullah et al.'*®

Combining TiO, and SnO, in a mesoscopic oxide double
ETL “complimentary” approach was first proposed by Tavacoli
et al. who proposed a TiO, NP scaffold covered by a thin film of
SnO, either in amorphous, crystalline or nanocrystalline form."*°
The amorphous SnO, coated TiO, was found to be the optimum
ETL due to the larger band gap of the amorphous SnO, (com-
pared to the crystalline/nanocrystalline forms) leading to an
upshift of the CB minimum and an excellent interfacial align-
ment with those of the triple cation perovskite and the TiO,
scaffold. As a result, faster electron extraction and reduced carrier
recombination were obtained leading not only to a remarkable
0.17 V gain in the Vo and a 20.4% PCE (i.e. 6% higher than the
cell with the bare mp-TiO,) but also to a drastically improved UV
stability (i.e. only a 3% PCE reduction) of triple-cation PSCs after
60 h UV exposure (see Fig. 6).

Besides TiO,, ZnO, and SnO,, other n-type transition metal
oxides such as tungsten oxide (WO;) have also been explored as
an ETL in mp-PSCs. Mahmood et al. prepared WO; with
different nanostructures including NRs, NPs, and NSs and
demonstrated that the introduction of the latter as ETL signifi-
cantly improved the mp-PSC performance in comparison with
the devices based on the other two WO; nanostructures due to
the improved contact at the ETL/perovskite absorber along with
the good perovskite film formation resulting in fast electron
transfer from the photoactive layer towards the electrode.™’
Furthermore, ternary oxide materials have been studied as
substitutes of mp-TiO, ETL. Chung et al. reported recently the
successful incorporation of another n-type semiconductor,
namely BaSnO; (BSO), as the mp ETL in PSCs, demonstrating
not only a remarkable and among the highest PCEs over 22%

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 J-V curves of the mp-PSCs on mp-TiO,, mp-TiO,/SnO5- and mp-TiO,/a-SnO; (inset is the mp oxide double layer based n—i—p device structure)
(top left), time-resolved PL (TRPL) curves of perovskite films on the different mp metal oxides mp-TiO, (top right) and schematics of energy band
alignment at the perovskite/mp-metal oxide interfaces (bottom). Reprinted with permission from ref. 130. Copyright 2018 American Chemical Society.

among non-TiO, based devices but also exceeding even those
efficiencies (typically >21%) that can be obtained with
Li-doped TiO,."**> A better physical contact between the BSO
and the perovskite layer than that with the TiO, ETL was
observed which complements its high electron mobility and
its appropriate CB minimum to facilitate ultrafast electron
transport and extraction and thus to improve Jsc and FF. More-
over, under high humidity conditions (40% relative humidity),
devices with mp BSO exhibited much higher stability than
Li-doped TiO, ones as the Li hydroscopic nature is deleterious
for device stability in humid air whereas BSO is superior in
terms of moisture stability. Another ternary metal oxide, SrTiO3,
was investigated as ETL in mp-PSCs by Bera et al.'® It was
demonstrated that SrTiO; enhanced surface coverage of the
perovskite absorber, while also exhibited favorable energy level
alignment at the ETL/perovskite interface, increasing the shunt
resistance and hence enhancing device performance, as com-
pared with TiO,-based mp-PSCs. Also, improved electron trans-
fer and collection attributed to the well-matched energy levels
between the mp ternary metal oxide ETL and the perovskite
layer were recently demonstrated by Guo et al.*** In particular,
mp-PSCs based on low temperature solution-processed mp zinc
titanate ZnTiO; (ZTO) exhibited not only improved efficiency of
20.5%, but also excellent long-term stability, along with good
reproducibility. Apart from its intrinsic superior photostability
(i.e. is free of photoshunts) which is ideal for cell UV stability,
ZTO assisted in perovskite crystal growth by increasing the
number of nucleation sites for film formation, reduced trap
state density upon deposition on SnO, as well as improved its
wettability whereas its appropriate CB edge energy facilitated
electron transfer at the interface with perovskite. Moreover,

This journal is © The Royal Society of Chemistry 2022

Oh et al. used for the first time the mp Zn,SnO, (ZSO) as ETL in
mp-PSCs"?*> while Bera et al. showed that ZSO improved the
crystal formation of the perovskite layer deposited on top of it
combined with an enhanced electron transport capability.'*®
Recently, Zheng et al. used ZSO single crystal mp layer of
controllable particle size and morphology in mp-PSCs, demon-
strating a high efficiency of 18.32% attributed to the high Jsc,
and good stability in air with 20% humidity for 15 days (without
encapsulation)."®” In a new concept, recently proposed by Chung
et al, a low temperature processed energy-level engineered
porous planar bi-layered ETL inspired by a mp structure which
employed a model combination of SnO, NPs with 2 nm-size and
ZSO NPs with 20 nm-size as a compact layer achieved a PCE value
of 20.7% and a corresponding 19.9% value on a flexible substrate
by succeeding in maximising electron collection and minimizing
carrier recombination."*®

Summaring the major previously discussed findings in
mp-ETLs, it is evident that although anatase mp-TiO, typically
comprising of ~30 nm NPs is still the most common ETL used
for high efficiency (>20%) n-i-p mp-PSCs major efforts have
been undertaken to improve further both electron transport and
collection efficiency and enhance pore-filling and crystallization
of the perovskie in the mp scaffold by following different
approaches and strategies. Notably, various metal oxide nano-
structures (e.g. NRs, NWs, NTs, NSs) have been carefully designed
and incorporated in mp-ETL based PSCs. More specifically, 1D
nanostructures such as metal oxide NRs, NWs and NTs (either
in their pristine state or with embedded, for example, carbon
nanotubes) provide a direct, highly efficient, “highway”” channel
for fast, barrier-free, photogenerated electron transport while
they also allow better pore filling and infiltration of the
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perovskite due to their open and regular pore structure. Furhther-
more, 2D nanosheets have been shown to allow even better,
compared to their 1D counterparts, perovskite infiltration, thus
reducing carrier recombination while fast, direct, electron trans-
port can also be achieved. 3D nanostructures have the additional
advantage of increasing light harvesting by optical scattering.

Elemental doping of the mp metal oxides is another viable
and simple approach to enhance the mp-ETL optoelectronic
properties, favorably engineer the interfacial energy level align-
ment by appropriate band gap engineering and improve perovskite
crystallinity and mp scaffold infiltration. In particular, Li doping
favorably upshifted the CB edge of the metal oxide resulting in
more efficient interfacial electron transport but suppressed inter-
facial carrier recombination upon reducing surface electron trap
density while, at the same time, it boosted mp metal oxide
electronic conductivity and mobility. Similar effects were observed
upon doping with Mg, Sn, Nd or Y or alkali metals which lowered
the modified metal oxide workfunction and passivated surface
defects. A more significant electron conductivity increase and an
associated stronger enhancement of electron transport and extrac-
tion was observed upon doping with Nb or Ta which downshifted
the CB minimum. However, it is critical to keep dopant concen-
trations to small amounts (up to a few % by wt) as heavy doping
rapidly deteriotated device performance due to the increasingly
difficult electron transport in heavily-doped mp metal oxides.
Doping in some cases promoted the formation of aligned metal
oxide NS arrays (e.g Y doped SnO,) that facilitated perovskite
infiltration and enhanced interfacial contact with the perovskite.

A different, alternative to doping, promising strategy is surface
modification. In this case, surface traps can be effectively passi-
vated, charge recombination may be largely suppressed and the
interfacial energy level alignment may be further optimized.
Various insulating metal oxides, SAMs, organic molecules,
chlorides and acids have been found to modify the mp metal
oxide surface and its properties by either favorably shifting the
CB edge and/or passivating oxide surface traps. Furthermore,
some molecules with appropriate functional groups have been
found to be highly effective in passivating positively and
negatively charged ionic defects in the perovskite, reducing its
grain boundary density and enhancing its crystallinity and mp
scaffold infiltration. Post-treatment of mp metal oxides is also a
feasible tool to enhance interaction with the perovskite and
passivate surface traps. Post treatment including laser sintering,
annealing and UV-ozone or plasma treatment could have multi-
ple, different, functionalities including modulating the oxide
work function, suppressing surface defects and forming a more
uniform, pinhole-free perovskite film.

More advanced strategies include the development of structured
bilayered metal oxide architectures, metal oxide nanocomposites or
hybrid composites with carbon-based nanomaterials such as
graphene QDs and carbon dots or noble metals such as Al or Ag
NPs as well as novel ternary (or quaternary) metal oxides. For
example, noble metal NPs decorating the mp metal oxide
prompted optical effects by enhancing light absorption owing
to the near field enhancement associated with the metal-
induced localized surface plasmon resonance and an enhanced
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charge transport. On the other hand, nanocomposites with
graphene QDs enhanced electron conductivity and decreased
the metal oxide workfunction, thus facilitating electron transfer
and extraction.

Finally, with regard to the most employed mp-ETL modifica-
tion strategy implemented by the community to fabricate highly
efficient (>21%) n-i-p mp PSCs, we wish to note that TiO,
doping with Li salts is one of the most promising approaches to
improve electron transport and has appropriately become the
gold standard to obtain superior PCE in n-i-p mp PSCs.
However, despite its excellent promise, serious stability con-
cerns have been recently raised due to the very high hydrosco-
picity of the Li dopant which results in the formation of a
deleterious thin Li oxide layer and the high Li ion reactivity with
moisture, thus preventing the possibility for commercialization
of this technology. It now becomes increasingly clear that the
ideal candidate may be, alternative to TiO,, mp ternary metal
oxides with exceptional optoelectronic properties that combine
high photostability under continuous illumination and superior
UV, thermal and chemical stability in humid air.

3.2 Planar ETLs employed in p-i-n mp-PSCs

With regards to planar ETLs which can be incorporated in
p-i-n mp-PSCs, so far there have been only a handful of
materials used in this device architecture. The work horse
initially employed was Cgo, whereas its soluble derivative
PC¢BM is gaining more interest in recent years. Typically, a
single planar ETL either a thermally deposited Ce, layer™*® or
a solution-processed Pg;CBM layer'*°™*> topped on various
perovskite layers has been utilized with a thickness ranging
approximately between 20 and 50 nm resulting in efficient,
trap-free, electron transport and extraction at the cathode
electrode. Enhanced and more stable efficiencies could be
utilized upon depositing an appropriate charge selective over-
layer on Cgo or Ps;CBM to create a blayer ETL in order to
enhance hole blocking and suppressed undesired charge
recombination. A typical organic small molecule employed
therein is an ultrathin bathocuproine (BCP) layer, thermally
deposited either on Cgo"*° or on PCg;BM."**"**® Notably, other
novel small molecules employed recently instead of BCP in the
double-layered ETL configuration include a Cg, bisadduct (bis-
Ceo) as a surfactant*® and a zirconium acetylacetonate (ZrAcac)
molecule,'®® both sequentially coated as very thin layers from
solution on isopropyl alcohol and methanol, respectively, onto
the PC¢;BM underlayer. As a result, an ideal cascade energy
level alignment could be obtained for electron transfer and
extraction with reduced interfacial accumulation combined
with a smooth film surface which resulted in significantly
improved PCE and stability of the fabricated PSCs. Alterna-
tively, a ZnO NC overlayer spin-coated from a colloidal NP
solution on top of PC4;BM was also found to be highly effective
in facilitating electron transport and collection to the cathode
in the inverted mp architecture.'

In Table 1, a summary on high performance mp-PSCs with a
n-i-p architecture based on representative materials employed
as the ETL is provided.

This journal is © The Royal Society of Chemistry 2022
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4. Hole transport materials in
mp-PSCs

Despite the high PCE values obtained with mp-PSCs using mp
ETLs, instability issues have been observed, attributed to the
oxygen and moisture penetration into the perovskite layer, as well
as, temperature and UV light exposure, leading to degradation of
the perovskite absorber and hence progressive deterioration
of the device long-term stability, particularly in the absence
of a hole transport material (HTM) thus limiting also device
efficiency.’®»"”® HTMs play a crucial role in obtaining high
solar cell efficiency and stability due to their excellent hole
transfer capability from the perovskite layer towards the anode
along with the effective electron blocking and, subsequently,
reduced recombination losses. Various HTMs including organic,
inorganic and polymeric materials have been developed and
applied in highly-efficient and stable mp-PSCs.

4.1 Planar HTLs employed in n-i-p mp-PSCs

Spiro-OMeTAD (2,20,7,70-tetrakis-(V,N-di-4-methoxyphenylamino)-
9,9-spirobifluorene) is the most commonly used planar HTM,
which was first developed and successfully applied in mp-PSCs
by Park’s group.">® Despite its high optoelectronic properties
and good thermal stability, Spiro-OMeTAD suffers from low
conductivity and hole mobility. To improve the conductivity
and also enhance the hole transport capability of Spiro-
OMeTAD, several studies have been focused on the addition of
additives and/or dopants in the pristine spiro-solution. TBP (4-tert-
butylpyridine) and Li-TFSI (lithium bis(trifluoromethylsulfonyl))
first proposed by Snaith and Griitzel"> are the most common
additives improving its solubility and conductivity, as well, leading
to reduced recombination losses at the perovskite/HTM interface.
The best device performance using Spiro-OMeTAD as HTL in a
mp-PSC was reported by Tavakoli et al., who added adamantyl-
ammonium hydroiodide (ADAHI), TBP and Li-TFSI in the HTM
solution, demonstrating the successful passivation of defect
states at the perovskite/HTL interface resulting in a high PCE
of 21.9%."° Saliba et al. also reported high PCE of 20.8% for a
mixed halide perovskite based on Spiro-OMeTAD HTL doped
with Li-TFSI, TBP and a cobalt salt."”” In another approach to
enhance Spiro-OMeTAD’s electronic properties, it was demon-
strated that dispersing free standing Ni nanobelts in Spiro-
OMeTAD led to an improved PCE of 16.18% by accelerating
hole transfer as well as ambient stability whereas Li-TFSI in
conjunction with the Ni nanobelts was found even more favor-
able for long-term device stability without any encapsulation.*®

In an effort to find more effective HTLs based on the Spiro-
OMeTAD molecular structure, Jeon et al. synthesized three
Spiro-OMeTAD derivatives (para-, meta-, and ortho-substituted
derivatives) and investigated the influence of the position of the
methoxy groups on the mp-PSCs performance.’” It was
reported that the role of -OMe group in the Spiro-OMeTAD
derivative varied the electric characteristics of the mp-PSC, with
the device based on the ortho-substituted derivative HTL to
perform the best with high PCE of 16.7%. In the same context,
Spiro-based molecules employing acridine and fluorene units,
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namely CW3, CW4 and CWS5, with high mobility and conductivity
as well as favorable morphology were used instead of Spiro-
OMeTAD in mp-PSCs resulting in PCEs of 16.56% with tert-
butylpyridine (tBP) and Li-TFSI as additives."®® Ganesan et al.
also investigated the affect of cobalt doping of a spiro-type HTM
(PTS1) on the mp-PSCs efficiency.'®" It was observed that the
device with the cobalt-doped PTS1 exhibited higher PCE value of
13.44% than the undoped PTS1 based mp-PSC with 12.7%
efficiency. However, the decrease in device performance was
significantly more abrupt for the device using the undoped and
Co-doped Spiro-OMeTAD HTLs exhibiting a PCE drop from
12.16% (for Co-doped Spiro-OMeTAD HTL) to 9.57% (for
undoped Spiro-OMeTAD).

Recently, research has been focusing on the development of
other low cost, easily synthesized, small molecules and their
application as HTLs replacing Spiro-OMeTAD in PSCs in order
to avoid the expensive multistep synthesis of the latter. Rakstys
et al. synthesized a novel highly hindered bithiophene-
functionalized dispiro-oxepine derivative (namely DDOF) using
a facile synthetic route and applied it in mp-PSCs reporting
improved efficiency of 19.4% along with enhanced stability in
comparison with the device based on the Spiro-OMeTAD.'®>
Moreover, Saliba et al. demonstrated the successful use of a
molecularly-engineered HTM (namely, a dissymmetric fluorene-
dithiophene (FDT) core substituted by N,N-di-p-methoxyphenyl-
amine donor groups) in mp-PSCs exhibiting a certified PCE of
20.2%.'®® This high efficiency attributed to the improved hole
transport capability makes FDT as a promising material to
replace the expensive Spiro-OMeTAD. Lin et al. also synthesized
HTMs small molecules (P1, P2, and P3) based on the bimesity-
lene core having a similar twisted geometry to that of Spiro-
OMeTAD. Mp-PSCs with the P1 HTL showed a PCE of 12.1%
which was comparable with that of the reference device based on
the Spiro-OMeTAD, while P2 and P3-based cells exhibited lower
PCE values, ascribed to the rougher film morphology of the P2
and P3 HTLs in comparison with the smoother P1 layer."®* This
improved film morphology of P1 resulted in enhanced hole
mobility and prolonged the device lifetime, as well. Comparable
efficiencies with Spiro-OMeTAD-based mp-PSCs were also
demonstrated by Krishna et al. who synthesized three new HTMs
(T101, T102, and T103) based on the triptycene central core
following an inexpensive procedure.'®® The influence of the
conjugation’s extension of the proposed HTMs on the device
performance was investigated, demonstrating improved Vo for
the mp-PSCs with the T102 and T103 HTLs ascribed to the
slightly lower HOMO levels than that of T101.

Thiophene-based materials with high hole mobility and
favorable HOMO energy level position have been also devel-
oped and employed as HTLs in mp-PSCs. Li et al. reported for
the first time the use of a heterocycle-consisting material based
on 3,4-ethylenedioxythiophene (H101) as HTL in mp-PSCs
exhibiting a PCE value of 13.8%, which was comparable with
the device using the Spiro-OMeTAD.'®® The simpler and low-
cost synthesis of H101, as well as, the easier modification of its
chemical structures, made thiophene-based materials excellent
candidates to replace the expensive Spiro-OMeTAD. In a further
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study, they demonstrated improved cell performance incorpor-
ating two novel materials, H111 and H112, which contained
thiophene cores with arylamine side groups.'®” H111 and H112
had deeper HOMO level than that of the previously reported
H101, leading to improved Vo and hence mp-PSCs efficiency.
Moreover, enhanced physical stability within the mp-PSCs was
demonstrated, attributed to the high T, of the synthesized
HTMs. Newly synthesized compounds based on dibenzoquin-
quethiophene (DBQT) and dibenzosexithiophene (DBST) cores,
covalently linked to triphenylamine moieties, led to the four-
armed tetrakistriphenylamine (TTPA) derivatives TTPA-DBQT
and TTPA-DBST which were effective in hole extraction and had
favorable HOMO levels leading to PCEs of up to 18.1%.%®
Krishnamoorthy et al. proposed that HTM based on a swivel
3,3/-bithiophene central unit having an optimum HOMO level
could reduce recombination losses in mp-PSCs.'®® Conse-
quently, the device with the synthesized KTM3 HTL showed
enhanced Voc compared to that with the Spiro-OMeTAD. In
order to avoid p-dopants of Spiro-OMeTAD, such as TBP,
Li-TFSI, and cobalt compounds, which although improve
spiro’s conductivity, but increase also the fabrication cost of
mp-PSCs, making them commercially available, Gritzel’s group
reported high PCE value of 13.4%, when employed a free-
dopant triarylamine-substituted spiro-cyclopentadithiophene
based HTL (spiro-CPDT) in mp-PSCs."”® The comparable effi-
ciency of the spiro-CPDT-device with the p-doped Spiro-OMeTAD
demonstrating the successful application of dopant-free HTMs
in mp-PSCs. Another thiophene-based small molecule, namely
2,5,9,12-tetra(tert-butyl)diacenaphtho[1,2-b:1’,2’-dJthiophenen,
with enhanced hydrophobicity and excellent film formation
combined with a high hole mobility and a favorable HOMO level
showed a PCE of 18.17% in mp-PSCs with an increased long term
stability and little device hysteresis."””" In another approach,
Nazeeruddin’s group reported highly efficient mp-PSCs with
PCE values over 18% using three new synthesized HTMs
(TbT-1, TbT-2, and TbT-3) based on thieno[3,2-b]thiophen con-
jugated moiety as central unit.'””> With the extension of the
central scaffold by using m-conjugated thiophene bridges, the
solubility of the prepared HTMs was improved, resulting in better
film formation and surface coverage, as well. TbT-3-based device
with extended conjugation exhibited the best performance with
PCE value of 18.4%, slightly higher than that of the reference cell
using the common Spiro-MeOTAD HTL. Sasikumar et al. demon-
strated the successful synthesis of cost-effective thiophene-based
HTMs (BTBDT and BTDTP) and their incorporation in mp-PSCs
as HTLs,'”* PCE values of ~17% were exhibited for both devices
using thiophene-based HTLs, attributed to the good optoelectro-
nic and electrochemical properties of the synthesized materials.
Other thiophene-based materials containing an electron-rich
fluorene core'”* with a deep HOMO level exhibited high charge
extraction capability, as revealed from steady-state and time-
resolved photoluminescence measurements, resulting in high
device performance comparable to Spiro-OMeTAD.
Arylamine-based small molecules having a tetraphenylmethane
core with higher glass-transition temperature and larger water
contact angle than spiro-OMeTAD but with comparable hole

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2tc00828a

Open Access Article. Published on 12 juillet 2022. Downloaded on 2025-01-10 05:49:01.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

mobility were successfully incorporated in PSCs reaching PCEs
comparable to that of spiro-OMeTAD.'”” Furthermore, Liu et al.
studied the influence of m-linkers on triphenylamine based
HTLs in mp-PSCs."”® Interestingly, increase in fused thiophene
rings of m-linkers in HTLs resulted in hole mobility enhance-
ment, and consequently in higher device parameters ( /s, FF,
and Vo values), and hence improved overall device performance.
N,N'-Di-p-tolyl-N,N'-bis(4-vinylphenyl)-{1,1’-biphenyl]-4,4’-diamine
crosslinked at low temperatures of 100 °C with a high hole
mobility and a hydrophobic surface (wetting angle of 94.6°)
achieved a PCE of 18.49% and an exceptional stability of retaining
88% of the initial PCE value after 30 days in ambient conditions
with a relative humidity of 60%."”” Other, solution processable,
acene-based organic semiconducting molecules such as 6,13-
bis(triisopropylsilylethynyl) pentacene (TIPS-pentacene) or
pentacene-based HTLs (such as, for example, a A-D-A type
low gap HTL comprising a S,N-heteropentacene central unit) with
a high mobility and a favorable HOMO level compared to the VB of
perovskite gave, comparable to Spiro-OMeTAD, PCEs.'”® Another
interesting family of low cost, solution-processable, thermally
stable small molecular compounds used as HTMs to replace
Spiro-OMeTAD are corroles. In particular, phosphorous triazate-
trabenzcorrole, tetrabenzotriazacorrole and derivatives with suita-
ble energy levels, high hole mobility and excellent thermal stability
were incorporated in MAPbI; PSCs leading to a increased PCE of
16.2%, compared to 11.2% for Spiro-OMeTAD."”® Copper-based
corroles also resulted in a remarkable PCE > 16% while retained
more than 65% of the initial PCE after 1000 h of thermal
aging."®® Other small molecules based on low-cost dyes such
as an anthanthrone (ANT) dye as a representative example were
synthesized by Sonar’s group. Namely, newly developed
ACE-ANT-ACE (ACE: acenaphthylene) and TPA-ANT-TPA
(TPS: triphenylamine) dyes, forming homogeneous, dense films
on perovskite with improved hole transport and collection
achieved a maximum PCE of 17.5% with minimal hysteresis
and improved stability."®" Similarly, quinacridone-based (QA)
dyes demonstrated a maximum PCE of 18.2% for the ACE-QA-
ACE compound with impressive stability under a relative
humidity of 75% for 30 days.'®>

A series of carbazole-based HTMs with 2,7-substitution and
3,6-substitution were also systematically investigated as HTLs
in mp-PSCs. 2,7-Substituted carbazole-based HTMs displayed
higher hole mobility and conductivity whereas the conductivity
was improved after light treatment. These carbazole-based
HTMs were successfully applied in PSCs yielding a promising
PCE of 19.2%."®* Star-shaped molecules are also a promising
class of HTMs employed in mp-PSCs. Do et al. introduced a novel
triazine-based star-shaped HTM in mp-PSC demonstrating a PCE
of 12.51% which was comparable with that using the Spiro-
OMeTAD."® Highly-efficient mp-PSCs using star-shaped HTMs
were also demonstrated by Nazeeruddin’s group.*®® In particular,
KR131 HTM exhibited improved hole extraction ascribed to the
energy level alignment at the KR131/perovskite interface, as revealed
from time-resolved photoluminescence measurements, leading to
remarkable PCE of 18.3%. In another study, an efficiency of 18.04%
was reported for a mp-PSC using a star-shaped HTL with a
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carbazole core and triphenylamine side groups, named as
LD29."® LD29 exhibited appropriate HOMO energy level, high
hole mobility, along with good film formation on top of perov-
skite absorber, beneficial to the device performance. Recently,
inorganic and organometallic HTMs have been (alternatively to
organic ones) used in highly-efficient mp-PSCs. Zhang et al.
incorporated copper phthalocyanine (CuPc) NRs as HTLs and a
low-temperature carbon cathode, demonstrating a PCE of
16.1%."®” Also, the chemical and thermal stability of CuPc HTM
was beneficial to the mp-PSC lifetime, as revealed from stability
tests under 1 sun illumination. Moreover, a novel dimeric por-
phyrin compound, WT3, exhibiting suitable HOMO level, good
charge transport properties, and high hole mobility, employed as
HTL in a triple-cation mp-PSC resulting in high efficiency of
19.44%."%® Except the excellent device performance, mp-PSC with
the WY3 HTM showed improved stability originated from the
hydrophobic nature of porphyrin preventing the degradation of
the perovskite layer. Concerning stability, Abate et al. investigated
in depth the stability of mp-PSCs using many different HTLs."®® In
particular, the synthesized silolothiophene-linked triphenylamine
(Si-OMeTPAs) HTMs showed outstanding thermal stability com-
pared to the spirofluorene materials leading to enhanced lifetime
of mp-PSCs with the Si-OMeTPA layer. Notably, small molecule
doping with appropriate ionic liquids could also be employed
as an alternative, feasible, strategy to create enhanced hole con-
ductivity and stability films that would be used as effective HTLs in
mp-PSCs. For example, N2,N2,N20,N20,N7,N7,N70,N70-octakis
(4-methoxyphenyl) spiro [fluorene-9,90-xanthene]-2,20,7,70-tetra-
amine (X60) doped with a an ionic liquid, namely N-butyl-N'-(4-
pyridylheptyl) imidazolium bis(trifluoromethane) sulfonamide
(BuPyIm-TFSI), as a p-dopant."® Similarly, p-type doping with
strong electron acceptors with deep LUMO levels (a representative
compound is 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane,
FATCNQ, with a LUMO of 5.2 eV) was effective in enhancing device
performance by 57% upon optimization of the HITM electrical
properties and its associated oxidation which is attributed to
the ground state electron transfer from the HOMO of the small
molecule to the LUMO of FATCNQ.**

Conjugated polymers acting as HTMs have also recently
gained attention among researchers. Poly(3-hexythiophene) (P3HT),
widely used as the donor material in bulk-heterojunction (BHJ)
organic solar cell, employed as low-cost HTLs in mp-PSCs to replace
the conventional Spiro-OMeTAD layer. Bi et al. demonstrated first a
low PCE value of 4.5% for the P3HT-based mp-PSC ascribed to
the low electron lifetime,'*> while Lv et al. and Zhang et al.
incorporated it in FAPbI;;_,Cl, and MAPbBr-based PSCs
reporting a PCE of 7.51% and 6.64%, respectively.'*>'** Stable
mp-PSCs using a thin P3BHT HTL were demonstrated by Zhang
et al. promoting the reduction of the device fabrication cost, as
well.’®® However, optimization of the P3HT layer, along with
appropriate doping, could lead to improved conductivity and
increase the overall electrical device characteristics. Nia et al.
studied the influence of molecular weight (MW) of P3HT on mp-
PSCs performance."® It was observed that when the MW was
increased the electron lifetime was also increased resulting in
reduced recombination losses at the perovskite/P3HT interface.
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Moreover, EQE measurements showed an enhancement of
absorption for the samples with the large MW of P3HT indicating
the strong dependence of Jsc and hence efficiency with the MW
of P3HT HTL. Heo et al. investigated the influence of Li-TFSI and
TBP dopants on P3HT conductivity.'®” Enhanced PCE values of
13.5% were achieved for the Li-TFSI/TBP-doped P3HT-based
mp-PSC, in comparison with the 6.5% efficiency for the device
using the undoped P3HT, attributed to the improved hole
mobility/conductivity of the former. Superior improvement
of conductivity more than 50 times was demonstrated by
Zhang et al. after the successful doping of P3HT layer with
1.0% FATCNQ tetrafluoro-tetracyano-quinodimethane)."*® The
p-doping occurred via the electron transfer from the HOMO level
of P3HT to the LUMO level of FATCNQ dopant, as revealed from
Fourier-transform infrared (FTIR) and UV-Vis spectroscopic
measurements, leading to outstanding improvement of p-doped
P3HT conductivity. Consequently, higher PCE values of 14.4%
were obtained for the mp-PSCs using FATCNQ:P3HT as HTL, in
comparison with the 10.3% efficiency of the undoped P3HT
based device. mp-PSCs with the p-doped P3HT HTL exhibited
also excellent long-term stability under ambient air with 40%
humidity, establishing the effectiveness of molecular p-doping
of P3HT. Recently, Di Carlo’s group proposed a new doping
strategy based on the use of three P3HT-HTM dopants
consisting of Li-TFSI, TBP and Co(m)-TFSI (see Fig. 7)."*° High
PCE value of 19.25% on 0.1 cm” active area was achieved for the
three-doped P3HT based (FA,_,_,MA,Cs,)Pb(I;_,Br,);mp-PSC
ascribed to the efficient Co-dopant leading to favorable energy
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level alignment at the perovskite/HTL interface and therefore
improved hole transport properties. Hole extraction was also
improved by the polaron or bipolaron charge carriers formed
along the three-doped P3HT chains resulting in enhanced
hole mobility. Furthermore, the dependence of p-doping on
the lifetime of mp-PSCs was investigated. Non-encapsulated
devices showed good long-term stability under ambient condi-
tions with 60% of humidity, while encapsulated cells exhibited
high thermal and light soaking stability.
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