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Lessons learned from spiro-OMeTAD and PTAA in
perovskite solar cells

Florine M. Rombach, ‘= Saif A. Haque "2 * and Thomas J. Macdonald ‘= *

Organic semiconductors have become essential parts of thin-film electronic devices, particularly as hole
transport layers (HTLs) in perovskite solar cells (PSCs) where they represent one of the major
bottlenecks to further enhancements in both device stability and efficiency. Small molecule 2,2',7,7'-
tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene (spiro-OMeTAD) and polymer poly[bis(4-
phenyl)(2,4,6-trimethylphenyllamine] (PTAA) are two of the first successful HTLs used in PSCs, and have
remained at the forefront of developing high efficiency devices for almost a decade. Since their first
application, many investigations into the properties of spiro-OMeTAD and PTAA have contributed to a
growing understanding of the mechanisms that enable their success as HTLs. This review summarizes
and discusses the key electronic and morphological properties, doping strategies and mechanisms, and
degradation pathways of both spiro-OMeTAD and PTAA. A critical comparison between the two materials is
provided, highlighting both the similarities which explain their enduring popularity as well as key differences in
electrical and morphological properties. From this analysis emerges an improved understanding of the
fundamental properties that enable the persistent success of HTL materials, which are found to include not
only hole conductivity, band gap, and morphology, but also interactions with dopants, the perovskite, and
environmental stressors. The knowledge about these properties, which are critically summarized in this
review, is also applicable to the many other types of organic electronic devices now employing spiro-
OMeTAD and PTAA. A detailed examination of the properties of materials reveals a clear set of guiding
principles for the development of future generation HTLs. Applying these design strategies to produce more
advanced HTLs will be essential to further improve the stability, efficiency, and commercialization of PSCs.

Organic-inorganic lead halide perovskite solar cells (PSCs) are a class of third-generation photovoltaics that have attracted worldwide attention due to their

facile solution processability, high efficiency, and low manufacturing costs. Hole transport layers (HTLs) in PSCs are critical to device functionality and
represent a major bottleneck to further enhancing device stability and efficiency. Specifically, small molecule 2,2’,7,7'-tetrakis[N,N-di(4-methoxyphenyl)amino]-
9,9'-spirobifluorene (spiro-OMeTAD) and polymer poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) are two of the first successful HTLs used in PSCs and
have remained as the most popular for developing high efficiency devices for over a decade. Investigations into the properties of spiro-OMeTAD and PTAA have
contributed to a growing understanding of the mechanisms driving their success as HTLs and as a result, efficiencies of PSCs now routinely surpass 20%. While

both HTLs typically use similar inorganic dopants to improve their functionality, several dissimilarities arising from differing physical and electronic properties
affect their functionality and longevity in a PSC. Therefore, a detailed overview critically comparing the electronic properties, morphology, dopant and
perovskite interactions, and stability of spiro-OMeTAD and PTAA is urgently needed. This will guide the future development of new and improved HTLs and is
applicable for optoelectronic applications beyond PSCs.

1. Introduction

humanity and the world’s ecosystem call for an urgent reduction
in emissions.” The amount of sunlight that reaches the earth

In current times of rapid population and economic growth,
global energy demand is expected to double by 2050." At the
same time, the escalating impacts of global warming on both
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every hour contains more energy than humanity consumes
within one year.® This makes sunlight our most valuable renew-
able resource for energy production, which has prompted a
worldwide research effort into photovoltaic (PV) energy conver-
sion technologies. Over several decades, crystalline silicon (c-Si)
solar cells have dominated the PV market, and although the price
of producing electricity from c-Si declined by 76% between
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2010-2018, the world is still producing over 70% of electricity by
burning fossil fuels.> Further improvements in the efficiency of
solar modules, which will reduce balance of system costs, are
necessary to make the switch to solar power economically
attractive. Whilst ¢-Si PV remains the cheapest way to produce
solar electricity, they are approaching their theoretical maximum
efficiency with only very minor improvements in the past few
years,® and their fabrication is based on non-trivial, high-
temperature processes.’

In the last decade, perovskite solar cells (PSCs) have emerged
as a new type of solar cell, whose fabrication is low-cost, solution
processed, compatible with flexible materials and has the
potential to achieve higher efficiencies than c-Si solar cells
due to its more ideal band gap.® Additionally, the band gaps
of perovskite materials are highly tuneable,” making them ideal
candidates for multi-junction solar cells which promise significantly
higher efficiencies.® The absorber layer of PSCs typically consists of
an ABX; crystal structure where A is an organic/inorganic cation
such as methylammonium (MA), formamidinium (FA), or cesium
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(Cs), B is a divalent cation such as lead (Pb) and/or tin (Sn), and X is
typically one or more halide(s). The first PSC was constructed
in 2009 by Kojima et al.,” who replaced the dye in a typical
dye-sensitized solar cell (DSSC) architecture'® with the perovskite
absorber methylammonium lead iodide. Moving from a liquid
electrolyte to a solid-state hole conductor later raised efficiencies
from 3.8% to 9.7%, simultaneously resulting in greatly improved
solar cell stability.>"" The demonstration that perovskite had a
high absorption coefficient,’*"* could independently conduct
both electrons™ and holes,"” showed exceptionally long electron
and hole diffusion lengths'®'” as well as spontaneous exciton
dissociation,'® set the pace for the next decade of PSC research.
This enabled the further exploration of both mesoporous™® and
planar®®?! device architectures in both conventional n-i—p (Fig. 1a)
and inverted p-i-n forms, as well as novel processing techniques
enabling higher quality perovskite films.>** In all architectures,
charge carriers are selectively directed to their respective electrodes
by charge transport layers (CTLs), where electrons move through
an electron transport layer (ETL) and holes through a hole trans-
port layer (HTL).

Over the last decade, significant progress has been made in
understanding and improving both the efficiency®> ' and
stability®*™*” of PSCs by tuning the properties of the perovskite
absorber and/or CTLs. Over time, PSCs have become increas-
ingly limited in both efficiency and stability by their CTLs.*® A
renewed focus on understanding and optimizing their func-
tionality is hence essential to pushing the efficiency of PSCs
from the current record of 25.6%°° to the ~31% thermo-
dynamic efficiency limit,® whilst also developing sufficient
stability for commercialization.

The highest efficiencies in n-i-p PSCs are most often achieved
using p-doped spiro-OMeTAD***" (2,2/,7,7'-tetrakis(N, N-p-di-
methoxyphenylamino)-9,9’-spirobifluorene, Fig. 1b), which pos-
sesses a long-standing reputation as an effective solid-state HTL.*>
However, the more recently introduced*® p-doped PTAA (poly-
[bis(4-phenyl)(2,4,6-trimethylphenyl)amine], Fig. 1c) has also
become popular and been used to achieve record efficiencies.*
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Introduction to spiro-OMeTAD and PTAA. (a) Architecture of a planar n—i—p PSC and its energy alignment. Chemical structures of (b) spiro-

OMeTAD and (c) PTAA. (d) HTLs used in high-efficiency solar cells over time. Reprinted with permission.>® Copyright 2017, Wiley-VCH.

Despite extensive attempts to develop more efficient and/or
stable alternative HTL materials,” ™’ spiro-OMeTAD and PTAA
remain the most popular HTLs for high-efficiency n-i-p PSCs
(Fig. 1d).*® This review provides an in-depth analysis and critical
comparison of the development, key electronic and morphologi-
cal properties, conventional and alternative doping schemes and
mechanisms, and degradation pathways of both spiro-OMeTAD
and PTAA. This knowledge is highly applicable to device fabrica-
tion and explains the root of various HTL-related device failures.

Whilst this review focuses on applications of spiro-OMeTAD
and PTAA as HTLs in PSCs, most of the properties discussed
remain equally relevant for other electronic devices in which
spiro-OMeTAD and PTAA are used as organic semiconductors.
For example, they are also popular as HTLs in perovskite light
emitting diodes (LED),*>° organic LEDs,”" and dye sensitized
solar cells (DSSC),”* in which familiarity with the energetics,
conductivity, doping, and stability of these materials remains
equally important. Additionally, PTAA remains very widely used
in organic field effect transistors (OFET),”* and both materials
have also been applied in photodetectors.”*>> Researchers from
any of these fields will find useful information about the intrinsic
properties, doping schemes, behaviors under environmental
stressing, and degradation pathways of spiro-OMeTAD and PTAA
in this review. These are relevant to any electronic devices
employing spiro-OMeTAD and PTAA as organic semiconductors.

When looking specifically at the performance of spiro-OMeTAD
and PTAA in PSCs, this review focuses on HTLs in n-i-p

This journal is © The Royal Society of Chemistry 2021

architectures as these still retain the highest efficiencies.
Additionally, recent investigations have suggested that the properties
of charge transfer at the perovskite/HTL interface are the major
efficiency and stability-limiting factors in high-efficiency n-i-p
PSCs.>*® Hence, this review focuses solely on the properties of
HTLs in n-i-p architectures and does not cover the wetting or
crystallographic growth of perovskite materials on top of them.
This analysis reveals a range of fundamental properties that
enable the persistent success of a HTL, which are found to include
not only high hole mobility and good morphology, but also
interactions with dopants, the perovskite, and environmental
stressors. A detailed examination of both doping and degradation
mechanisms reveals general rules for selecting optimal dopants
and ensuring good stability, which apply even to materials beyond
spiro-OMeTAD and PTAA (especially other organic HTLs). As the
efficiencies of PSCs approach fundamental limits, optimization of
hole transport layers will only become more important. Under-
standing the doping strategies, morphological and molecular
adjustments that can be used to optimize device performance is
essential for the development of the next generation of HTLs.

2. Hole transport layers in perovskite
solar cells

The way charges are transferred to and through the CTLs in
PSCs affects every important solar cell parameter and can

Energy Environ. Sci., 2021, 14, 5161-5190 | 5163
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significantly limit power conversion efficiency (PCE). The choice
and processing of the CTLs is central to PSC performance, as
they strongly effect the energetic alighment,*”**% charge tran-
sit time,®" recombination kinetics,***%°* and charge extraction
efficiency®® in the device. Their morphological, mechanical and
chemical properties can strongly affect device stability, where
their abundance and cost determine the commercialization of a
PSC architecture.

In high-efficiency n-i-p PSCs, open-circuit voltage (Vo)
losses have been found to correspond very well to interfacial
recombination currents at the perovskite/HTL interface, which
depend strongly on the HTL used (Fig. 2a).”” Gelmetti et al.
demonstrated that recombination between holes in the HTL
and electrons in the perovskite is the main recombination loss
mechanism in these PSCs.>® The magnitude of this interfacial
recombination can be influenced by the electronic coupling
between the HTL and the perovskite,®* the number of trap
states in the HTL as determined by its energetic disorder,*® and
the HTL conductivity, which when it is much lower than that of the
perovskite can cause accumulation of high densities of holes at the
interface.®> Glowienka et al. suggested that the chemical inter-
action between the HTL and the perovskite creates a chemically
altered ‘dead zone’ in the perovskite in which Shockley-Read-Hall
recombination rates are very high.®® However, some HTLs have
also been shown to actively passivate defects at the perovskite
interface.”’

Additionally, a large offset between the valence band (VB) of the
perovskite and the highest occupied molecular orbital (HOMO) of
the HTL decreases the V,. in PSCs due to hole transport losses.®®
Although the ideal offset remains a subject of discussion,®
Westbrook et al. have suggested that only a small energy offset
of 0.07 eV between the HTL HOMO and the perovskite VB is
needed to drive charge separation at the interface.”> The quasi-
Fermi level of the perovskite must also be aligned with the Fermi
level of the HTL, as an offset exponentially increases the hole
density within the HTL, increasing the interfacial recombination
3857 The energetics of HTLs in n-i-p PSCs have also been
shown to determine the distribution of internal electric potential
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in the cell, thought to be key to device performance as it can drive
charges either towards or away from interfaces (Fig. 2b).*°

Fast charge transit through the HTL is also important to PSC
efficiency, and the conductivity of hybrid perovskites is orders of
magnitude larger than that of most commonly used HTLs.*"%®
Hence, decreasing the transit time of charges through the HTL,
either by making it thinner or increasing its conductivity,
significantly improves both the fill factor (FF) and V,. of the
device by improving charge extraction®®® and reducing the
likelihood of recombination events in the HTL.*® In addition
to this, parasitic absorption of light by HTLs can also reduce
device efficiency by negatively impacting the short-circuit
current density (Jy.).”°

Hence, the energetics, hole conductivity and morphology of
the HTL all greatly influence overall device efficiency.”" The
HTL also plays a crucial role in the stability and lifetime of PSCs
as it sits directly on top of the active perovskite layer, and can
either slow down or accelerate degradation mechanisms.”
Finally, the HTL should also be compatible with low-cost and
solution processable manufacturing techniques. HTLs ideally
require (a) high charge carrier mobilities and conductivities,
(b) appropriate HOMO and quasi Fermi levels for efficient hole
transfer from perovskite to HTL, (c) high LUMO for good
electron blocking, (d) thermal, moisture, UV and chemical
stability, (e) pinhole-free morphology and good morphological
contact with the perovskite. Additionally, the HTLs should be
made with (f) low-cost and abundant materials, (g) cheap,
solution-based fabrication methods using solvents that do not
disturb the perovskite layer, and (h) an easily reproducible synthesis.
As a range of dopants or additives is normally used to improve both
the hole conductivity in HTLs and their electronic alignment with
the perovskite, these should also align with each of these properties.

A wide range*® of potential HTLs from organic small mole-
cules® ™’ to polymers”’* to inorganic compounds’>’® has been
explored over the past decade, with the inclusion of various
additives. However, the most popular hole transport materials
for high efficiency PSCs remain spiro-OMeTAD and PTAA
as demonstrated in Fig. 1a. They are both based on the

(b)

Impact of HTL energetics on PSCs. (a) Trend of quasi Fermi level splitting (QFLS) in a variety of HTLs and ETLs, illustrating impact of CTLs on PSC

Voc. Reprinted with permission.®” Copyright 2019, Royal Society of Chemistry. (b) Energy diagram of a PSC, illustrating band bending at CTL interfaces as
well as impact of energetic offsets. Inset shows potential distribution throughout ETL/MAPI/HTL, with severe potential changes at the 4 Debye layers as
described by the surface polarization model. Reprinted with permission.®® Copyright 2019, Royal Society of Chemistry.
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triarylamine moiety, which has been used in organic semi-
conductors since the late 1990’s and benefits from an exceptionally
stable radical cation’” and facile tuning of optical, electrical, and
morphological properties.®* The review examines how and to what
extent spiro-OMeTAD and PTAA fulfill the requirements for ideal
HTLs, and explains how this translates to their good functionality
as HTL materials. However, it also reveals their limitations and
makes recommendations for research practices around the design
of future HTLs.

3. Spiro-OMeTAD

3.1 Pristine spiro-OMeTAD properties

Spiro-OMeTAD was initially synthesized as a high conductivity,
stably amorphous, small molecule HTL in the 1990’s**”® and first
applied in PSCs in 2012 demonstrating an impressive efficiency of
9.7% and dramatically improved stability compared to liquid
junction PSCs.'* The use of spiro-OMeTAD proved to be critical
to the evolution of solid-state heterojunction PSCs from DSSCs,
and spiro-OMeTAD was the HTL of choice for many early PSC
efficiency records.”**?*>’® The enduring popularity of spiro-
OMEeTAD as a HTL in PSCs can be largely ascribed to its ease of
processing, somewhat favorable HOMO-VB match with the most
popular perovskite light absorbers, and good hole conductivity
when doped. The use of an appropriate solvent, specifically
chloroform,®® enables a smooth, homogenous and pinhole-free
layer of pristine spiro-OMeTAD to be deposited from solution,
which is a morphology strongly correlated to overall device
efficiency.®!

Schulz et al. investigated the band alighment of spiro-OMeTAD
at the perovskite interface using direct spectroscopic methods,
determining a HOMO of —5.0 eV £+ 0.1 eV and a LUMO of
—1.5 eV.%? The LUMO of spiro-OMeTAD is positioned more than
2 eV above the conduction band (CB) of a range of different
perovskites, which indicates good electron blocking abilities.
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However, the offset between the spiro-OMeTAD HOMO and the
perovskite VB, which lies between —5.2 €V and —5.9 eV for a wide
range of photoactive perovskites,®** lies on the order of 100s of
meV, which is large enough to cause significant voltage losses.**

Although hole mobility generally increases with crystallinity
for organic semiconductors,®* the amorphous spiro-OMeTAD
phase is important for maintaining good contact at the HTL/
perovskite and HTL/electrode interfaces.®> Poplavvsky and
Nelson®® determined the hole mobility in pristine spiro-OMeTAD
tobe 2 x 10 *em*V ' s~ but it is worth noting that this mobility
is sometimes measured to be lower in other papers, down to a
magnitude of 107> em® V' s~ .*7®® This variation is likely due
to differences in solvent or spiro-OMeTAD purity® and film
deposition techniques,®® resulting in varying degrees of energetic
disorder in the film,** but could also be caused by the use of
different mobility measurement techniques and models.”®
Conductivity is a product of the hole mobility and hole density
in the HTL. The intrinsic hole density in pristine spiro-OMeTAD
has been cited as 8.67 x 10** em*® and a range of values for its
conductivity can be found in literature, ranging from 2.5 x
1077 S cm™ ' (derived from I-V characteristics) to ~10"% S ecm™*
(derived from 4-point probe measurements).”" These variations in
conductivity measurements can be due to variations in the concen-
tration of oxidized spiro-OMeTAD" in the pristine film caused by
differing amounts of exposure to oxygen or light.”>

The hole conductivity of spiro-OMeTAD is smaller than that
of perovskites by multiple orders of magnitude, which means
that it limits charge transit times®® (Fig. 3a) and particularly the
FF in PSCs.®®® Multiple groups have found that using a
thinner layer of spiro-OMeTAD (down to 180 nm) significantly
improves the FF of PSCs (Fig. 3b), as holes have to traverse a
shorter distance which means that the limited conductivity of
spiro-OMeTAD impacts device performance less.”*°* However,
devices with spiro-OMeTAD layers this thin were found to be
less reproducible due to a reduced uniformity of coverage on
the relatively rough perovskite layer, which enabled occasional
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Impact of spiro-OMeTAD thickness on PSC performance. (a) Transit time of charges through a PSC with different spiro-OMeTAD HTL

thicknesses. Reprinted with permission.®® Copyright 2017, American Chemical Society. (b) PSC parameters with different spiro-OMeTAD HTL
thicknesses. Reprinted with permission.®* Copyright 2015, American Chemical Society.
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direct contact between perovskite and Au. These contacts
increase recombination and are detrimental to V,. (Fig. 3b).
Spiro-OMeTAD hence has an optimal thickness around 200°**
-370 nm°®® depending on perovskite roughness. Additionally, a
smooth HTL/Au interface was found to improve the current
generation in PSCs by enhanced light reflection.’*

In addition to this, spiro-OMeTAD has been found to show
very fast hole transfer on the sub-ps scale from perovskites
(undoped)® and particularly low recombination rates (in its
doped form) in DSSCs as compared to other HTLs.’® This could
be due to the relatively weak electronic coupling between spiro-
OMeTAD and the perovskite because of its bulky molecular
structure.”’

3.2 Spiro-OMeTAD doping

Spiro-OMeTAD is conventionally doped with multiple additives
which enhance both its electronic and physical properties.
Doping is a well-established strategy to improve the conductivity
of semiconductors, where an impurity is added to the semi-
conductor in order to increase the concentration of majority
charge carriers and improve conductivity.”® Spiro-OMeTAD is
p-doped by oxidation to spiro-OMeTAD".*® This also deepens its
HOMO by 420 meV, potentially providing better energetic alignment
at the spiro-OMeTAD/perovskite interface.'* Although the oxidation
of spiro-OMeTAD has been detected even without the addition of
any p-dopants, this was at a rate too low to significantly affect
conductivity.'®" The most commonly used additives are p-dopants
lithium bistrifluoromethanesulfonimidate (LiTFSI) and FK209
(tris[2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(i) tris(bis(tri-
fluoromethylsulfonyl)imide)], as well as 4-tertbutylpyridine (¢BP)
which mainly improves morphology (depicted in Fig. 4a)."**

The simultaneous use of LiTFSI and ¢BP in spiro-OMeTAD
has been found to improve its conductivity by two orders of
magnitude from 2.5 x 1077 Sem ' to 2 x 107> S em ™ *,'* and
the addition of FK209 further improved conductivity causing a
decrease in series resistance from 94.7 Q to 65.8 Q.”° Since
these additives are generally present in large concentrations
(Table 1), dopants can have significant effects not only on
conductivity but also on energetics, recombination, thin film
morphology and stability within a PSC.

LiTFSI. LiTFSI was introduced as a dopant in solid state dye
sensitized solar cells by Snaith et al. in 2006."%* It p-dopes spiro-
OMeTAD by increasing the concentration of oxidized spiro-
OMeTAD", moving the Fermi level of the HTL closer to its
HOMO."*° In PSCs, the oxidation of spiro-OMeTAD by LiTFSI is
suggested to proceed by two separate spectrum-dependent oxidation
mechanisms, where spiro-OMeTAD is either oxidized directly by
oxygen or by an intermediate oxidation of the perovskite depending
on the wavelength of light that drives the reaction (Fig. 4b)."*" The
product spiro-OMeTAD'TFSI™ is weakly bound due to the highly
delocalized charge on TFSI ", which means that the barrier to charge
hopping is reduced, improving conductivity.'”” Hawash et al also
show that the concentration of spiro-OMeTAD" in a LiTFSI-doped
film increased over time upon exposure to air.'°® Additionally,
exposure to high humidity has been suggested to irreversibly
distribute LiTFSI more evenly throughout the film resulting in a
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significant conductivity improvement.'®® 24 hours of aging
LiTFSI-doped spiro-OMeTAD in ambient conditions increased
both mobility and conductivity by more than 2 orders of
magnitude, which was ascribed to irreversible LiTFSI redistribution
by water vapour and reversible oxygen doping by extended
oxygen exposure.'” However, the mechanism by which these
factors specifically increase mobility rather than hole concentration
remains unclear. Although low concentrations of spiro-OMeTAD"
may be created in PSCs by exposure to only light, oxygen or LiTFS]I,
all three factors are necessary to create significant concentrations of
persistent spiro-OMeTAD'. Increases in device efficiency after light-
soaking treatments, in which devices are exposed to intense
illumination for 15-30 min before testing, can also be attributed
to an increase in spiro-OMeTAD" in the HTL.°>*°* To obtain
high efficiency devices, it is customary to age doped spiro-
OMEeTAD in a low humidity ambient environment overnight or
even up to multiple weeks.'” Cho et al. found that this aging
improved V,. and FF in devices both by increasing conductivity
and lowering the HOMO of spiro-OMeTAD, and by reducing
recombination in the perovskite.'' However, this was only
observed in the presence of both oxygen and moisture. The
necessity for light irradiation'®" and the effects of tBP de-doping™"*
may suggest that it is unlikely that the concentration of spiro-
OMeTAD" is significantly increased in the dark. Hence, this
phenomenon deserves further investigation.

tBP. High boiling point (197 °C)®" liquid ¢BP is mainly said
to improve the morphology and uniformity of LiTFSI-doped
spiro-OMeTAD films in PSCs.®""""'* It increases the polarity
of the spiro-OMeTAD precursor which improves wetting on the
perovskite.""® Spiro-OMeTAD films doped with LiTFSI tend to
form pinholes immediately after deposition (Fig. 4ci), which are
detrimental to device stability as they allow the diffusion of
degrading ions, water and oxygen into the perovskite."*® ¢BP is
thought to generate a semi-liquid environment in the deposited
film which permits solid-state diffusion,’'! enabling it to fill
pinholes which re-form when ¢BP is removed by evaporation as
shown in Fig. 4c.''> Wang et al. furthermore suggest that the
addition of ¢BP to a liquid spiro-OMeTAD precursor in chloro-
benzene removes the phase separation induced by the addition
of LiTFSI, which is dissolved in acetonitrile, as shown in
Fig. 4d."** This improved mixing translates to the deposited
film, where the addition of ¢BP greatly improves the distribution
of LiTFSI throughout the film as demonstrated in Fig. 4e.' This
improvement was shown to be due to the formation of LiTFSI-tBP
complexes.'' In addition to this, there are indications that tBP
improves the hole collection efficiency at the perovskite-HTL
interface by p-doping the region of perovskite adjacent to the
HTL, resulting in upward band bending as shown in Fig. 4f.''®
Noel et al. also showed that direct treatment with pyridine was
able to passivate perovskite surfaces to reduce recombination,'*®
which may indicate that tBP has a passivating effect.

Co(m) complexes. Co(m) complexes are a more recently
popularized but less well-understood class of p-dopants used in
spiro-OMeTAD. Burschka et al."*® and Noh et al.”® simultaneously
introduced FK209, which when used alongside LiTFSI and ¢BP,
increased conductivity by ~7x as compared to a LiTFSI- and

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Effects of LiTFSI and tBP on spiro-OMeTAD. (a) Chemical structures of conventional spiro-OMeTAD dopants. Reprinted with permission.?°?
Copyright 2019, Royal Society of Chemistry. (b) UV-vis absorption spectra in the 450-600 nm range of LiTFSI-doped spiro-OMeTAD in chlorobenzene
with either 0.4 LiTFSI/spiro-OMeTAD molar ratio at various illumination times or 1 h illumination time with various molar ratios. Growing absorption peak
corresponds to the oxidized spiro-OMeTAD* species. Reprinted with permission.*®* Copyright 2015, American Chemical Society. (c) Scanning electron
microscopy (SEM) images of freshly prepared spiro-OMeTAD thin film (i) without tBP, showing pinholes, (ii) with tBP, showing no pinholes, (iii) with tBP
after overnight vacuum treatment, showing re-formed voids and pinholes. Reprinted with permission.” Copyright 2016, American Chemical Society. (d)
Photographs of spiro-OMeTAD solution doped with LITFSI (i) without and (i) with tBP. Reprinted with permission.*t” Copyright 2016, American Chemical
Society. (e) Fourier transform infrared spectroscopy microscopy images mapping the LiTFSI signal intensity in spiro-LiTFSI and spiro-LiTFSI-tBP.
Reprinted with permission.8* Copyright 2016, American Chemical Society. (f) Diagram of perovskite region in a PSC with proposed n-doped region next
to ETL and p-doped region next to tBP-containing HTL. Reprinted with permission.> Copyright 2017 Wiley.

Table 1 Spiro-OMeTAD doping ratios in recent high-efficiency PSCs

Ref. Spiro-OMeTAD : tBP : LiTFSI : FK209 (molar ratio)
26 1:3.3:0.53:0.098

41 1:3.5:0.53:0

40 1:1.8:0.28:0.017

104 1:3.7:0.57:0.034

105 1:3.30:0.50:0.03

tBP-doped spiro-OMeTAD film.” Interestingly, FK209 was
shown to oxidize spiro-OMeTAD significantly even under dark
conditions, which LiTFSI does not.

Alternative dopants. The remaining room for performance
improvement, as well as the degrading properties of commonly

This journal is © The Royal Society of Chemistry 2021

used spiro-OMeTAD dopants, have prompted a search for
alternative dopants and additives.'® These have included a range
of metal complexes (often containing the TSFI~ ion),"**™** pyridine
derivatives,""*'** and different Cu(u) complexes."* Particularly pro-
mising are dopants which are able to oxidize spiro-OMeTAD
without any exposure to oxygen such as spiro-OMeTAD(TFSI),,”"
Zn(TFSI),,"** and vanadic oxide (V,0s).">> Oxygen has been
shown to participate in perovskite degradation, and the ability
to encapsulate devices that were never exposed to air directly in
nitrogen makes encapsulation much more effective, especially
for particularly air-sensitive tin-containing perovskites.'*®
Despite the variety of alternative dopants and additives
explored, LiTFSI, tBP and FK209 remain a favourite combi-
nation amongst high efficiency PSCs.***"'** Since it has been
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shown that additives are rarely straightforward modifiers, but
rather interact strongly with multiple components of the spiro-
OMeTAD HTL and the PSC, a better understanding of the
doping mechanisms outlined here can aid the design of
intelligent doping schemes and more stable PSCs.

3.3 Stability limitations of spiro-OMeTAD

Thermal degradation. Whilst the electronic properties of
doped spiro-OMeTAD enable high-efficiency devices in a
research environment, its stability represents a major barrier.
Although spiro-OMeTAD has a 245 °C melting point,*®> even
pristine spiro-OMeTAD was shown to be vulnerable to crystal-
lization upon thermal stressing at 100 °C, which disturbed
contact at its interfaces.®” Thermal stability is worsened by the
addition of tBP, which was found to decrease the stability of the
amorphous spiro-OMeTAD phase,®>''" as well as by p-dopants,
since oxidized spiro-OMeTAD" has a significantly lower glass
transition temperature."” The performance of PSCs using
doped spiro-OMeTAD HTLs has been shown to degrade rapidly
at temperatures as low as 85 °C, whilst most perovskites and
other PSC components have been shown to be thermally stable
in this range.'*® Mesquita et al. observed that only part of this
degradation was irreversible as shown in Fig. 5a.'*° As pristine
spiro-OMeTAD was much less affected by thermal stressing, the
permanent degradation was ascribed to dopant evaporation.
tBP has directly been shown to evaporate from a doped spiro-
OMeTAD film at 85 °C,"*° causing device performance to
rapidly degrade®*'*° through the formation of pinholes,'"?
although this could be partially prevented by the presence of
a metal electrode.”" Additionally, the spontaneous degradation
of spiro-OMeTAD" as well as the de-doping of spiro-OMeTAD"
by tBP were shown to occur at much higher rates at high
temperatures (100 °C).**’

Interface degradation & electrode migration. Lee et al
showed that adhesion at the spiro-OMeTAD/perovskite interface
is poor. This is due to weak interactions as well as a hardening
of the film by an accumulation of additives at this interface.'**
The addition of a very thin polyethylenimine (PEI) interlayer
between the perovskite and spiro-OMeTAD was shown to
improve adhesion as well as device stability."*® Additionally,
Wei et al. observed photodegradation of the chemical contact
between spiro-OMeTAD and Au at the interface under continuous
illumination."**

Another stability problem is the migration of metal ions
stemming from the electrode through the spiro-OMeTAD HTL
into the perovskite, which for Au electrodes occurs at temperatures
as low as 70 °C under illumination (Fig. 5b)."** The presence of Au"
inside the perovskite is suggested to degrade PSC performance
by producing both shunts, which reduce FF, and inducing deep
trap states, which reduce Ji. and V. Spiro-OMeTAD, which
easily allows ionic diffusion, is found to be a very poor barrier
for Au migration. This effect occurs even when PSCs are aged at
room temperature.'*® In other architectures, a bilayer Cu-Ag
electrode has been used to inhibit electrode diffusion and
improve stability."*”
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Li" diffusion. Unoxidized Li" ions in the spiro-OMeTAD layer
stemming from LiTFSI doping have been shown to migrate all
the way through the device into the perovskite layer (Fig. 5¢). As
Li" is small and has a high diffusion tendency, it can diffuse
even faster than the intrinsic perovskite ions.'*® Interestingly,
upon the application of varying LiTFSI concentrations, the
variation in spiro-OMeTAD resistivity was significantly different
from the variation in device series resistance. This suggests that
LiTFSI affects not only the electrical properties of spiro-
OMeTAD but also those of other device components. This does
not necessarily have to be a negative effect, as time-resolved
photoluminescence measurements show that the accumulation
of Li" in TiO, actually facilitates electron injection in the
ETL."*® Dawson et al. showed that Li* ions can also participate
in spontaneous and exothermic perovskite decomposition,
producing LiPbX, or LiX (where X is a halide),"* but the extent
of these processes and their effect on PSC performance remain
unclear.

tBP-assisted spiro-OMeTAD® and perovskite degradation.
Kasparavicius et al. observed ¢BP to degrade the conductivity
of spiro-OMeTAD,"*” which likely occurs as it decreased the
concentration of spiro-OMeTAD" in both solutions and films
over time and even faster at elevated temperatures.' ™™ It was
suggested that ¢BP actively reduces spiro-OMeTAD" through the
formation of an oxidized ¢tBP' ion which is stabilized by TFSI~
before reacting further with another molecule of spiro-
OMeTAD"."*” This is problematic for PSC stability as it means
that the concentration of spiro-OMeTAD', and hence HTL
conductivity, is highly dependent on temperature, illumination,
aging, and ¢BP concentration.

tBP has also been shown to degrade perovskites, which is
proposed to occur by reaction with Pbl,, a perovskite degrada-
tion product, to drive the perovskite decomposition reaction
forward."**'*! This degradation was shown to be a slow process
contingent on the diffusion of tBP into the perovskite, although
increasing the concentration of ¢BP in a spiro-OMeTAD HTL
significantly increased the rate of perovskite degradation.'*!
The inclusion of a montmorillonite buffer layer between the
perovskite and spiro-OMeTAD films was shown to successfully
delay perovskite corrosion, and even reduced charge recombi-
nation in the devices."*!

Moisture degradation. The hygroscopicity of LiTFSI is a well-
known stability concern for PSCs with doped spiro-OMeTAD
HTLs."*>"** The rate of degradation of a perovskite film with
spiro-OMeTAD deposited on top was found to increase expo-
nentially with higher LiTFSI concentrations, indicating that
the hygroscopicity of LiTFSI is directly responsible for the
acceleration of perovskite degradation.”” However, Leijtens
et al. showed that even when doped with an alternative non-
hygroscopic dopant, spiro-OMeTAD incorporated in PSCs still
allows a significant amount of moisture-related perovskite
degradation during aging in humid ambient conditions at
85 °C.*” SEM images revealed that spiro-OMeTAD cracks and
breaks into individual pieces on top of a perovskite layer during
high humidity degradation (Fig. 5d),”* suggested to be due to
the mechanical stress brought about by volume changes of the

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Stability of spiro-OMeTAD and degradation of spiro-OMeTAD-based PSCs. (a) /-V curves of PSCs employing LiTFSI- and tBP-doped spiro-
OMeTAD operating at various temperatures. Reprinted with permission.'® Copyright 2019, Wiley-VCH. (b) Time-of-flight secondary ion mass
spectroscopy (ToF-SIMS) reconstructed maps of Au~ ions traced using depth profiling after aging at 70 °C or 30 °C in nitrogen under illumination for
15 hours. Reprinted with permission.*> Copyright 2016, American Chemical Society. (c) ToF-SIMS elemental depth profile of PSCs utilizing LiTFSI-doped
spiro-OMeTAD, showing a broad distribution of Li over various layer. Reprinted with permission.*® Copyright 2017, Royal Society of Chemistry. (d) SEM
image of spiro-OMeTAD-coated MAPbl; films after 24 h exposure to a high humidity (98 + 2% RH) environment. Reprinted with permission.” Copyright
2015, American Chemical Society. (e) Schematic depiction of the various degradation pathways in LiTFSI- and tBP-doped spiro-OMeTAD HTLs upon
aging, as well as the interactions between these various mechanisms. Reprinted with permission.**? Copyright 2016, American Chemical Society.
(f) Evolution of current density and hysteresis index with spiro-OMeTAD" concentration. (g) Evolution of spiro-OMeTAD™ concentration in spiro-
OMeTAD film on FTO under 1 sun illumination. Both reprinted with permission.®> Copyright 2016, Elsevier.

over the next ~300 hours. This leaves ‘bubbles’ of water in the
HTL which eventually find their way into the perovskite, so that
after 1000 hours device performance is severely degraded. This
theory seems to be confirmed further by the observation that
spiro-OMeTAD and FAPbDI; perovskite are stable under ambient
thermal stressing on their own, but show signs of degradation
when interfaced.’** Devices using FK209 in conjunction with

perovskite at the beginning of its degradation process, which
spiro-OMeTAD cannot mechanically bear.

LiTFSI and tBP co-degradation. Wang et al. proposed a full
degradation mechanism for PSCs considering the effects of both
LiTFSI and ¢BP in a spiro-OMeTAD HTL, shown in Fig. 5e."** In
the first ~200 hours of storage in the dark, ¢BP evaporates,
causing the slow aggregation of LiTFSI which becomes hydrated
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LiTFSI and tBP were also found to be less stable than those just
using LiTFSI and ¢BP, although it is not clear why.'*®

Exceedingly high spiro-OMeTAD" concentration. Whilst a
small concentration of spiro-OMeTAD" is highly beneficial for
conductivity, Sanchez & Mas-Marza found that a spiro-OMeTAD"
concentration beyond 4 mol% in the HTL increasingly decreases
PSC efficiency in the form of J,. reduction (Fig. 5f).”> Performance
degradation due to overoxidation of spiro-OMeTAD is proble-
matic as the concentration of spiro-OMeTAD' continues to
increase under full irradiation for more than 3 hours as shown
in Fig. 5g, such that device performance quickly degrades under
operating conditions.”> V,. also decreases beyond a critical
concentration of spiro-OMeTAD", which was found to be at least
partially associated with a higher charge recombination rate.”!

In summary, spiro-OMeTAD in its pristine form is already
vulnerable to thermal degradation in the operational thermal
range, and its commonly used dopants LiTFSI, ¢tBP and FK209
and their byproducts can be hygroscopic,”* cause morphological
issues,®" evaporate,'* migrate through the PSC,"*® and/or partici-
pate in undesirable side reactions."'*” Spiro-OMeTAD was also
found to be a very poor barrier for the migration of ions stemming
from dopants, electrodes or other PSC components. Additionally,
minor variations in dopant concentration®® as well as environ-
mental conditions such as illumination time and humidity can
significantly affect the conductivity of spiro-OMeTAD, worsening
reproducibility. As a result of these stability issues, PSCs that use
spiro-OMeTAD as a HTL tend to have short lifetimes, especially
when unencapsulated.”® Despite these shortcomings, spiro-
OMEeTAD has persisted throughout the years as a favorite HTL
for high efficiency PSCs,>*>¢3240:41,104

4. PTAA

4.1 Pristine PTAA properties

The other HTL regularly used in high efficiency PSCs is PTAA.>®
Until recent years, PTAA did not specifically refer to the
trimethyl-substituted poly(bis(4-phenyl)(2,4,6-trimethylphenyl)amine
but rather described a wide range of polytriphenylamines, a class of
organic polymer semiconductors which was popularized in the
group of J. Verez for applications in organic field-effect transistors
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(OFETs)."*®"'*® PTAA was first applied as a HTL in PSCs
simultaneously by Heo et al.**> and Noh et al.’*® in 2013 where
it reached an efficiency of 12%, outperforming both a range of
other semiconducting polymers and spiro-OMeTAD when all
HTLs were doped with LiTFSI and tBP."* PTAA was found to
interact more strongly with perovskite at the interface than
other hole-conducting polymers, possibly improving hole transfer.
PTAA has remained a popular HTL choice for PSCs, and has been
used in many high-efficiency devices since its introduction.>***7>1%°

The enduring popularity of PTAA as a HTL in PSCs stems,
similarly to spiro-OMeTAD, from its thermally stable amor-
phous morphology, good solubility in a wide range of organic
solvents, relatively good hole mobility and good energetic
match with most perovskites. Pristine PTAA has repeatedly
been found to be completely amorphous, with no glass transition
or melting phase feature observed in DSC analysis up to
300 °C,"*"'*> and is able to form especially smooth films."**

Ko et al. measured the hole mobility of pristine PTAA
films with M,, varying from 10-50 kDa to lie between 3-4 x
107 em® V' s71,'** and observed a slight decrease in hole
mobility with increasing M,, (Fig. 6a). This was ascribed to a
higher degree of both positional disorder and energetic dis-
order in higher M,, PTAA, as impurities may be preferentially
embedded in longer polymer chains.’®® One occasionally also
sees hole mobilities around 1073-107> em® V' s™" cited for
PTAA"* when using OFET techniques, but these vary with layer
thickness and contact used, and cannot determine general
mobility as accurately as space-charge-limited current (SCLC)
or ToF measurements. The conductivity of pristine PTAA was
determined to be 5.98 x 1077 S cm~"."*> Endres et al. showed
that p-doped PTAA contains a significant number of sub-gap
states below the LUMO, shown to belong to PTAA itself and not
the dopant, which may act as traps and aid recombination in
the HTL.'*®

Various values have been measured for the HOMO of undoped
PTAA, ranging from —4.91 eV*’ using ultraviolet photoelectron
spectroscopy to —5.2 eV®” using photoelectron spectroscopy in air
(PESA), with the average value found in the literature determined
to be —5.19 eV by Westbrook et al.®® The offset between the
HOMO of PTAA and the perovskite VB, which again generally lies
between —5.2 eV and —5.9 eV*** can hence be very small or can
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be on the order of 100s of meV, so the extent of voltage losses due
to hole transport at the PTAA/perovskite interface would depend
strongly on the perovskite used.

Hole transfer from the perovskite to PTAA has been found to
occur on a 10° ps timescale, which is relatively slow compared
to other HTLs such as spiro-OMeTAD, for which hole transfer
occurs 4 orders of magnitude faster.'>” However, Khadka et al.
found PTAA to have low rates of interfacial recombination
compared to other popular HTL materials, which was attribu-
ted partly to a better interface quality and passivation of defect
states in the perovskite at the interface.®”

HTL thickness is an important parameter in PSCs, as the
transit time of holes through the HTL affects both the speed of
charge extraction and recombination in the device. When very
thin (8 nm) layers of undoped PTAA are used in p-i-n PSCs,
higher-order nonradiative recombination losses, which make
up half of the total FF losses, were shown to be nearly
eliminated.®® However, PTAA HTLs in n-i-p architectures are
normally somewhat thicker, ranging from 30-40 nm, which is
still much thinner than spiro-OMeTAD HTLs.**"** As complete
coverage of the perovskite by PTAA is necessary in order to

Table 2 PTAA doping ratios in recent high-efficiency PSCs

Ref. PTAA monomer : tBP: LiTFSI (molar ratio)
24, 44 and 150 1:0.74:0.12
159 1:0.70:0.12
105 1:0.39:0.08
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avoid shunts created by contact between the perovskite and the
electrode material (Fig. 6b), thinner PTAA HTLs result in worse
performances. Even in devices with very thin PTAA layers, the
FF is still shown to be limited by HTL thickness (Fig. 6c),
indicating room for further conductivity improvements.®®

4.2 PTAA doping

Similarly to spiro-OMeTAD, PTAA is conventionally p-doped in
order to increase its conductivity, most often using LiTFSI and
tBP. Endres et al. confirmed that PTAA can be successfully
p-doped by observing a lowering of the Fermi level of PTAA
towards the HOMO upon addition of a p-dopant.'*® Interest-
ingly, the optimal concentrations of dopants for PTAA-based
PSCs (shown in Table 2) are about 4 times lower than the
conventional concentrations of LiTFSI and ¢BP added to spiro-
OMeTAD, which could indicate a higher doping efficiency or,
less straightforwardly, a lower ideal concentration of holes in
PTAA for optimal device performance. Co(ur) complexes are not
normally used to dope PTAA."®

LiTFSI and ¢BP. Although the doping mechanisms and
effects of LiTFSI and ¢BP in PTAA-based PSCs are still somewhat
unexplored, in some ways they are likely to echo their effects in
devices employing spiro-OMeTAD. Additionally, the tendency
of Lewis acids to p-dope Lewis base polymers by forming
complexes with them'®® suggests that LiTFSI may form charge-
transfer complexes with the lone electron pair on the nitrogen in
PTAA.'® Indeed, Kim et al. observed a new UV-vis absorbance
peak arising at 500 nm after doping PTAA with LiTFSI and
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Fig. 7 Effect of doping and M,, on PTAA-based PSCs. (a) Evolution of p-doped PTAA UV-vis absorption peak in LiTFSI- and tBP-doped PTAA films under
illumination. Reprinted with permission.*>® Copyright 2018, Wiley-VCH. (b) Charge mobilities for LiTFSI- and tBP-doped PTAA films of various M., ranging
from 10 kDa to 50 kDa, showing an increase in mobility with M,,. (c) High resolution scanning electron microscopy (HR-SEM) images showing pinholes in
a LiTFSI- and tBP-doped 10 kDa PTAA film, and a lack of pinholes in a 20 kDa film. Both reprinted with permission.*> Copyright 2018, American Chemical
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{BP (Fig. 7a), which they ascribed to the formation of oxidized
PTAA", but PTAA was shown to be oxidized only under
illumination.” 1t seems likely that ¢BP performs a similar
function in PTAA as it has been observed to have in spiro-
OMeTAD, where it forms complexes with LiTFSI to improve its
distribution through the film and to avoid the negative effects
of dopant aggregation on film morphology.®"'*?

The conductivity of LiTFSI- and ¢tBP-doped PTAA was deter-
mined to be 3.4 x 10° S em™*,'** around 2 orders of magnitude
higher than the conductivity of pristine PTAA measured by other
groups.” Interestingly, the mobility of various M, PTAA
(10-50 kDa) increased from ~3-4 x 107> a to ~5-6 X
107° em® V7' s upon optimized doping with LiTFSI and ¢BP
(Fig. 7a),"®* and the mobility of very high M, doped PTAA
(210 kDa) increased even more dramatically from 7.47 X
107° em® V' st to 4.28 x 107! em® V7! s71.*7 This may
indicate that LiTFSI and ¢BP don’t only p-dope the polymer but
also affect the positional and/or electronic disorder in the
film.'®® Additionally, LiTFSI- and ¢BP-doping of PTAA has con-
sistently been found to lower its HOMO,””"***'®* which may
reduce voltage losses. Interestingly, PESA measurements made
by Watson et al. showed that the addition of LiTFSI to a pristine
PTAA film greatly lowers its HOMO from —5.16 eV to —5.44 eV,
but the subsequent addition of tBP increases the HOMO again
to —5.17 eV.'®® The authors suggest that this may be due to the
inhibition of p-doping by ¢BP.

Effect of M,, on LiTFSI- and ¢BP-doped PTAA. Interestingly,
LiTFSI- and ¢BP-doped PTAA films showed a significant increase
in mobility (Fig. 7b) as well as device performance with increasing
M,,.>>1% This trend is opposite to the detrimental effect of
increasing M,, on the mobility of undoped PTAA. Ko et al. argued

(@)
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that the addition of LiTFSI turns PTAA from an amorphous into a
slightly paracrystalline film,"**> in which polymer chains can
connect pi-stacked regions without loss of conjugation if they are
long enough and can so greatly improve charge transport.'®® How-
ever, this claim was justified with HR-SEM images (Fig. 7c),"*> in
which pi-stacking domains are not actually visible. Measurements
on LiTFSI- and ¢BP-doped PTAA films of similar and higher M,,
carried out by Nia et al actually found no signal indicating any
crystalline PTAA phases, in-plane order or indeed any effect on
morphology.'®® Instead, Nia et al. attributed the efficiency improve-
ments observed using high M, doped PTAA mainly to its reduction
of recombination at the perovskite interface and faster hole transfer
when compared to lower M,, PTAA.*®® Electrochemical impedance
spectroscopy measurements confirmed that higher M,, PTAA
HTLs are better able to suppress charge recombination at the
PTAA/perovskite interface.' Interestingly, this differs from other
semiconducting polymer HTLs such as poly(3-hexylthiophene-2,5-
diyl) (P3HT), for which no such relationship between M,, and
recombination is observed."®”

BCF. An alternative pathway to PTAA p-doping are Lewis
acids, which may either form charge-transfer complexes with
PTAA or completely ionize it. Tris-(pentafluorophenyl)borane
(BCF, sometimes also referred to as TPFB), which was first
applied to PTAA by Luo et al.,'** p-dopes PTAA by forming a
frustrated Lewis acid-base adduct'® or by charge transfer to
form free PTAA" and BCF ™ radicals as shown in Fig. 8a.'®*
Usually 5-10% BCF is used, and when PTAA doped with 5 wt%
BCF was compared to LiTFSI- and tBP-doped PTAA, hole mobility
increased slightly from 4.28 x 107 ecm® V' s to 572 x
107" em® V' 57" and the HOMO was lowered from —5.14 eV to
—5.2 eV.'** Additionally, higher efficiency, faster charge extraction,
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Chemical Society. (b) Nyquist plots of PSCs employing either LiTFSI- and tBP-doped or BCF-doped (here labelled LAD) PTAA HTLs, measured at a bias of

0.8 V under simulated AM 1.5 illumination, demonstrating larger recombination resistance in BCF-doped devices. Reprinted with permission.

164

Copyright 2018, Royal Society of Chemistry. (c) J-V curves of PSCs utilizing PTAA HTLs doped with 8% BCF and exposed to various lengths of light-
soaking treatments, demonstrating optimal performance after 5 min of illumination. Reprinted with permission.*®> Copyright 2017, American Chemical

Society.
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higher recombination resistance (Fig. 8b) and better stability when
stored was observed in devices. This could be due to faster charge
extraction or a lower concentration of trap states inside the HTL,
but BCF may also have a passivating effect on perovskite defects at
the interface. It is interesting to note that on several occasions,
BCF seems to be the dopant of choice when particularly high
concentrations of PTAA of 30 mg ml~" are used (which will result
in a relatively thick HTL)."*®'®® Ye et al. showed that the perfor-
mance of PSCs employing BCF-doped PTAA can be further
enhanced through a 5 min light soaking treatment at 1 sun
illumination (Fig. 8c), which can facilitate electron transfer to
BCF and so irreversibly improve conductivity.>> The concentration
of holes in the film was found to continue increasing for light
soaking treatments up to 30 min, but PSC performance began
to deteriorate after 5 min, indicating that an overabundance of
free holes in the film may increase the density of traps or
scattering centres to the extent that these begin to dominate
PSC performance.

Other alternative PTAA dopants. PTAA has been doped by
multiple groups with well-established p-dopant 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane (F4-TCNQ),"”® which has an
electron affinity of 5.2 eV that enables it to form charge-transfer
complexes with PTAA.'® The addition of 1 wt% F4-TCNQ to PTAA
(in p-i-n PSCs) was shown to cause a significant drop in the
resistance of the PTAA films, but higher concentrations increased
resistance which is likely due to dopant aggregation."”*

Not all alternative dopants that have been added to PTAA
function as p-dopants. Watson et al. used 1,3,5,7-tetrakis-(p-
formylphenyl)-adamantane (TPBA), a UV-activated crosslinker,
as an additive to PTAA in addition to LiTFSI and ¢BP in order to
promote better mechanical stability, fracture resistance, and
adhesion to the perovskite.'® It was able to increase fracture
resistance by 221%, improving stability significantly whilst
minimally affecting the electronic properties of the PTAA film.

Alternative PTAA dopants have hence shown significant
potential in replacing LiTFSI and ¢BP and so improving device
stability, although more testing under full operational conditions
is needed to confirm that they don’t introduce new destabilizing
effects. It is not yet clear which properties of these Lewis acids,
other than their electron affinity, makes them function well as
stable dopants. It would be particularly interesting to investigate
whether these dopants form more charge-transfer complexes or
free radical ion pairs, and what effects this has on both mobility
and ion migration-related stability issues. It is also interesting
that the use of different PTAA dopants results in different charge
transfer rates and recombination resistances in the device,'®* as
it suggests that a dopant’s chemical structure may affect its
propensity to act as a recombination center.

4.3 Stability limitations of PTAA

Thermal degradation. Pristine PTAA has a high thermal
stability, with no melting phase feature observed in DSC analysis
up to 300 °C'** and no optically visible crystallization in films
after thermal stressing.'** Saliba et al. used PTAA in combination
with a quadruple-cation perovskite to produce PSCs that are able
to recover an impressive ~90% of their original efficiency after

This journal is © The Royal Society of Chemistry 2021
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500 hours of thermal stressing at 85 °C in nitrogen.** Mesquita
et al. found that only 8.2% of the deterioration in device efficiency
of encapsulated PSCs utilizing PTAA upon thermal stressing at
85 °C was irreversible (Fig. 9a),"*° which was attributed to the
evaporation of dopants ¢tBP and LiTFSI due to the observation of
pinhole formation. Yang et al. furthermore proposed that when
the thermal expansion coefficients of neighboring layers in PSCs
are mismatched, thermal stressing can result in cracking.'’>
Thermal stressing indeed resulted in cracks in the perovskite in
PTAA-based PSCs, accompanied by a 60% efficiency loss.

Moisture degradation. At 98% humidity, a layer of PTAA was
shown to slow down the degradation of MAPbI; significantly,
and SEM images (Fig. 9b) revealed large pinholes and gaps but
no cracking in the PTAA layer after moisture degradation.””
Interestingly, PTAA doped with LiTFSI slowed down degrada-
tion even more than undoped PTAA - it was proposed that
hydrophilic polymer HTLs may be able to ‘trap’ water in the
HTL and slow its migration into the perovskite. Habisreutinger
et al. found that when exposure to air is combined with thermal
stressing at 80 °C, doped PTAA-covered perovskite degrades
almost entirely within 24 hours, even faster than perovskite
covered with spiro-OMeTAD.'”? Accordingly, PSCs employing
PTAA as HTLs show a fast decrease in efficiency under increasing
temperatures in air. However, Bi et al. reported that the addition
of LiTFSI to PTAA in PSCs significantly increases the rate of
degradation of entire devices when stored in a 50-60% humidity
environment as shown in Fig. 9c."”* Luo et al. observed perovskite
degradation in aged devices upon storage in air employing LiTFSI
and ¢BP doping but not in devices using alternative dopant
BCF.'®* Additionally, SEM images of aged PTAA films doped
with LiTFSI and ¢BP showed crystallization, aggregation and
pinholes, whilst those doped with BCF remained smooth and
homogenous. This indicates that much of the moisture instability
of PTAA-based HTLs can be remedied through the use of alter-
native dopant schemes.

Dopant effects & diffusion. As explored in previous sections,
Li" ion and ¢BP migration are likely to negatively affect device
stability in HTLs. Luo et al. use SIMS analysis to show that in
PSCs using LiTFSI- and ¢BP-doped PTAA HTLs, Li" ions migrate
through the cell to accumulate at the TiO,/perovskite interface
as shown in Fig. 9d."** Li* can in this way affect the electrical
properties of other PSC layers and possibly degrade the
perovskite,"*° but may also facilitate electron injection in the
ETL."® Additionally, it is likely that all of the processes that tBP
has been suggested to participate in within spiro-OMeTAD, such as
complexation with LiTFSI,'"* degradation of the perovskite,'>*'*!
and de-doping of oxidized HTL material,"""""*” can occur in a
similar fashion in PTAA. However, the interaction strength
between PTAA or PTAA" and ¢BP could affect the extent to which
these processes take place.

Au electrode migration. Migration of Au” from the electrode
into the perovskite layer is detrimental to device efficiency as it
can produce shunts between the perovskite and the electrode
and because Au' ions act as deep traps, increasing recombina-
tion rates in the device."*® Duong et al. found that after aging at
elevated temperatures of 85 °C, Au does in fact migrate through
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Fig. 9 Stability of PTAA and degradation of PTAA-based PSCs. (a) J-V curves of a PSC utilizing a PTAA HTL operating at various temperatures, as well as
at RT after thermal stressing (black dotted line). Reprinted with permission.*2® Copyright 2019, Wiley-VCH. (b) SEM image of PTAA coated MAPbls films
after 24 h exposure to a high humidity (98 + 2% RH) environment. Reprinted with permission.”? Copyright 2015, American Chemical Society. (c) Stability
of PSCs during storage in an ambient atmosphere with 50-60% humidity employing PTAA HTLs with and without the addition of LiTFSI and tBP dopants.
Reprinted with permission.*”* Copyright 2014, World Scientific. (d) SIMS depth profile showing distribution of Li throughout a PSC containing a LiTFSI-
and tBP-doped HTL. Reprinted with permission.’®* Copyright 2018 Royal Society of Chemistry. (e) ToF-SIMS analysis of a PSC using a fresh PTAA HTL,
one that has been thermally aged, and one that has been thermally aged under illumination, demonstrating Au migration into the perovskite only in the

device that had been thermally aged under illumination. Reprinted with

permission.?’> Copyright 2018, The Institute of Electrical and Electronics

Engineers. (f) Diagram illustrating the effect of M,, on crack formation in PTAA. Reprinted with permission.*>® Copyright 2017 American Chemical Society.

PTAA HTLs into the perovskite (Fig. 9e), but only under light
irradiation."”®> PSCs using PTAA HTLs and Au electrodes aged
at 85 °C over 16 hours under illumination indeed show a
significant deterioration in efficiency, but the replacement of
Au with indium zinc oxide and a MoO, interlayer significantly
improved the thermal stability of the device.

Mechanical stability. The stability of PSCs can also be
compromised when PTAA cohesion or adhesion to the perovs-
kite fails, as good morphological contact is needed to ensure
efficient charge transfer. Lee et al found that a higher M,

5174 | Energy Environ. Sci., 2021, 14, 5161-5190

results in a higher crack onset strain and better cohesion
within PTAA, as the larger degree of entanglement enables
the deflection of cracks as demonstrated in Fig. 9f.">® They
also found that cracks are more easily formed in PTAA in
humid environments. Interestingly, it is possible that a larger
M,, PTAA polymer would be better able to accommodate
the mechanical stress provided by perovskite volume changes
during its degradation as identified by Yang et al,”” and
improved cell stability under humidity. Furthermore, Watson
et al. found that the addition of LiTFSI also reduced the

This journal is © The Royal Society of Chemistry 2021
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adhesion of PTAA to the perovskite layer, and that this adhesion
could be improved by the addition of the cross-linker TPBA.'®®
Reproducibility. A well-known barrier to reproducibility in
polymeric materials is batch-to-batch variability. PTAA can have
significant variation in both polymer chain length distributions and
trace metal impurity content between batches, which can signifi-
cantly affect their electronic and to some extent also morphological
properties.'”® Variations in these parameters are not usually com-
pletely reported by the producer and are costly to control precisely.
In summary, although the amorphous morphology of PTAA
is stable up to high temperatures, it is relatively vulnerable to
allowing moisture ingress into the perovskite and somewhat
prone to mechanical failure and delamination at interfaces.
Additionally, the migration, evaporation and aggregation of
LiTFSI and ¢BP causes many of the same stability issues as in
spiro-OMeTAD, and PTAA is not shown to be a good barrier
against ionic diffusion. Hence, the exploration of alternative
dopant schemes as well as the use of larger M,, PTAA to improve
mechanical stability will provide a pathway to better stability.

5. Comparing spiro-OMeTAD & PTAA

5.1 Energetics

Measuring the HOMO, LUMO and QFLS of semiconducting
materials is rarely straightforward, as exposure to oxygen,
moisture or light can affect doping levels and chemical reactivity
and hence change a material’s energetics in difficult to predict
ways.”® Especially at interfaces, chemical interaction between
HTLs and neighbouring materials can generate interfacial
dipoles or band bending,® significantly affecting charge trans-
fer and recombination.*®*°

The difficulty of these interfacial measurements makes
them rare, but the HOMO of both spiro-OMeTAD (undoped)®*
and PTAA (doped and undoped)'®® has been measured at an
interface with a perovskite, although a different perovskite
composition was used in both cases (Fig. 10a and b). Both
HTLs showed similar HOMO offsets with the perovskite and

(a)

-5-+Undoped spiro-OMeTAD on MAPbI3

(b)i)
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were also suggested to show downward band bending towards
the perovskite interface, potentially due to the formation of a
surface dipole. This is interesting as downward band bending is
theoretically detrimental to charge extraction and recombination
kinetics as it directs holes back towards the perovskite interface.

However, this band bending was suggested to be much
smaller in doped PTAA, which clearly shows a more beneficial
energetic alignment with the perovskite (Fig. 10bii) with only a
very small VB-HOMO offset.">® The band structure at the perovskite
interface of doped spiro-OMeTAD has not been directly investigated,
but ¢BP- and LiTFSI-doping of spiro-OMeTAD resulted in a 0.8 eV
downwards shift of the Fermi level.'® Although this seems to be
beneficial for device functionality it is difficult to predict how this
affects electronic alignment, as HTL doping may also affect the
energetics of the perovskite at the interface.

For PSCs, the alignment of the electronic band structure of
HTLs with that of the perovskite absorber/emitter greatly influences
device efficiency and specifically V,.. Offsets between the HTL
HOMO and perovskite VB or between their Fermi levels, which
should be minimized,****>® affect both charge transfer losses and
recombination kinetics at the perovskite/HTL interface. Overall, it is
suggested that both spiro-OMeTAD and PTAA incur extra V,, losses
in PSCs through the energetic offsets between their HOMO and the
perovskite VB. However, it is difficult to define either spiro-OMeTAD
or PTAA as having ‘better electronic alignment’ with certain per-
ovskites, as their energetics depend heavily on the perovskite used,
on doping concentrations and environmental interactions.'® It
should hence become common practice to measure interfacial
energetic alignments directly when tracking the impact of a novel
HTL in a specific PSC architecture, but these measurements are
currently not widely performed due to their difficulty.

5.2 Mobility & conductivity

The mobility and conductivity of organic semiconductors may
vary with different deposition techniques, chemical purity
levels, and exposure to light, oxygen and moisture — hence
significant variations in measured values for the same material
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Table 3 Mobility and conductivity values from literature for spiro-OMeTAD
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and PTAA films with various doping regimes

Material

Mobility (em®> V' s7)

Conductivity (S em ™)

Spiro-OMeTAD (pristine) 2 x 10°*8¢

~10"7-10"8103

~4.7 x 1071

Spiro-OMeTAD (LiTFSI- and ¢BP-doped)

PTAA (pristine, high M)

2 x 107387103

4 x107°% ~3.5 x 105101
1.5 x 10 2% (aged 24 h in air) ~1092109

~107°1% (7a¥ed 24 h in air)
~3-4 x 107> 152 5.98 x 10771
7.47 x 107>
~5-6 x 10 ° 152 3.4 x 105162

PTAA (LiTFSI- and ¢BP-doped)

4.28 x 1074164

PTAA (BCF doped)

may be observed. Table 3 summarizes literature values for the
mobility and conductivity of spiro-OMeTAD and PTAA with
different doping regimes. Overall, pristine spiro-OMeTAD is
suggested to have a slightly higher mobility, but similar con-
ductivity to PTAA, and upon optimized doping conductivities
continue to be very similar. The large improvements observed
in both the mobility and conductivity of LiTFSI- and ¢tBP-doped
spiro-OMeTAD upon aging in air'% are very interesting and
further highlight the impact of environmental conditions on
the functionality of spiro-OMeTAD and PTAA.

When applied as HTLs in PSCs, the conductivity of both
spiro-OMeTAD and PTAA directly limit the series resistance and
FF of the device as they are orders of magnitude lower than the
conductivity of perovskites.®" Device efficiency can hence be
improved by increasing either the mobility or the hole density
in spiro-OMeTAD and PTAA, where mobility improvements are
preferable as an increase in hole density can also increase the
rate of non-radiative recombination in the HTL and especially
at the perovskite/HTL interface.>®°"

Another strategy to decrease series resistance in PSCs is to
reduce HTL thickness such that holes have to travel shorter
distances, which also reduces their chance of recombination in
the HTL. However, if a HTL is too thin this can allow contact
between the perovskite and the electrode, which can cause
shunts and increase recombination in the device.®®*%°°* This
trend holds true for both spiro-OMeTAD and PTAA, although
the optimal thickness for spiro-OMeTAD at ~ 200°*°*-370 nm®®
is much thicker than that for PTAA, which lies around
30-40 nm.**"*° This suggests that the morphology of PTAA is
more successful at preventing contact between the perovskite
and electrode, potentially due to its polymeric nature.

5.3 Doping mechanisms & effects

When applied in n-i-p devices, spiro-OMeTAD and PTAA are
conventionally doped with Li-TFSI, ¢BP, and other p-dopants, often
at high molar ratios."™* LiTFSI p-dopes the HTL by stabilizing
radical cations created through the oxidation of the hole transport
material,"” which improves its conductivity'® and can also affect
mobility.® ¢BP is said to improve the morphology and distribution
of other dopants through the HTL.*“''?> However, LiTFSI is
hydrophilic and draws water into the device'”® which acceler-
ates perovskite degradation, whilst ¢BP evaporates easily"'> and
corrodes the perovskite.""" Removing ionically doped HTLs
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from n-i-p PSCs has hence been shown to result in significant
improvements in operating stability,"®*'”” but at the cost of
lower device efficiencies.'*

A direct comparison of the effects of most popular dopant
LiTFSI on spiro-OMeTAD and PTAA is lacking. However, non-
ionic p-dopant BCF was shown to dope spiro-OMeTAD by
ground-state integer charge transfer'’® whilst it dopes PTAA
through the formation of charge-transfer complexes in the form
of frustrated Lewis acid-base adducts.">® These mechanisms do not
generally apply to spiro-OMeTAD and PTAA doped with other
dopants - for example, it has been suggested that spiro-OMeTAD
forms charge-transfer complexes with p-dopant F4-TCNQ,"” and
that PTAA is oxidized by LiTFSI through integer charge transfer.">
Whether organic semiconductors are doped by integer charge
transfer or charge-transfer complex formation depends on the
strength of the Coulomb interaction between the positive charge
carrier on the semiconductor and the dopant anion, and hence
doping mechanisms differ for each semiconductor-dopant pair.'”®

Doping mechanisms in spiro-OMeTAD and PTAA are addition-
ally complicated by the involvement of illumination as well as
oxygen and moisture, which are often found to boost doping
efficiency. It is well-established that exposure to both light and
oxygen is necessary to build up a significant concentration of spiro-
OMeTAD" in LiTFSI-doped spiro-OMeTAD,'*! and although the
doping mechanism of PTAA by LiTFSI is less clear, it is also
suggested to require light exposure.” Although the doping
mechanisms of PTAA are much less well-examined, for LiTFSI-
doped spiro-OMeTAD multiple complex doping and de-doping
mechanisms have been shown to exist. Hence, the large extent to
which the conductivity of doped spiro-OMeTAD and PTAA is
influenced by exposure to light, oxygen and moisture can be
problematic for the reproducibility and stability of these materials.

LiTFSI p-doping seems to increase the conductivity of both
spiro-OMeTAD and PTAA by 2-3 orders of magnitude (Table 3),
although this was not a direct comparison and different dopant
concentrations were used. However, a direct comparison of BCF
p-doping has been found to increase the conductivity of PTAA
significantly more than that of spiro-OMeTAD, suggesting
different doping interactions. It remains somewhat unclear
what effects doping can have on mobility. Whilst Abate et al
argued that the ion pairs created by ionic p-dopants cannot
improve mobility in terms of the screening of traps and
reduction of electronic disorder,®* Hawash et al observe very

This journal is © The Royal Society of Chemistry 2021
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significant mobility improvements of more than 2 orders of magni-
tude when spiro-OMeTAD is doped with LiTFSI and ¢BP.'® This
could potentially be due to the rearrangement of spiro-OMeTAD
into locally more crystalline regions facilitated by ¢BP, as proposed
by Lamberti et al.™"' The mobility of PTAA has also been shown to
be improved by about an order of magnitude by both LiTFSI and
BCF doping.'* It is possible that the influence of structural disorder
on PTAA is somewhat different from its influence on spiro-OMeTAD.
However, the general mechanism of whether and how dopants can
affect mobility in these organic semiconductors remains unclear.

5.4 Doped HTLs in PSCs

Doping spiro-OMeTAD and PTAA to improve conductivity seems
essential for PSC functionality when HTL thickness is on the
order of tens-hundreds of nms. For applications in PSCs, the
dopant concentrations generally used in both spiro-OMeTAD and
PTAA are much higher than those in inorganic semiconductors.
Especially since the moles of (BP added often approaches or
exceeds the moles of the semiconductor. This means that
dopants strongly affect material properties. Notably, the ideal
molar concentration of LiTFSI and ¢BP is about 4 times higher in
spiro-OMeTAD than it is in PTAA, and Bi et al. found that the
effect of LiTFSI-doping of PTAA on PSC devices is much smaller
and reaches an optimal point at a much lower concentration
(Fig. 11a)."”* This suggests that the ideal compromise between
conductivity and the adverse effects of dopants on morphology,
recombination and possibly mobility is reached at lower LiTFSI
concentrations in PTAA as compared to spiro-OMeTAD. This is
perhaps partially because thinner layers of PTAA are generally

(@)
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used, which decreases the dependence of device efficiency on
conductivity.*> However, this drastic difference in dopant con-
centration seems specific to LiTFSI, as ideal dopant concentrations
for both BCF (5%"'7® for spiro-OMeTAD compared to 5%"%* or
8%"® for PTAA) and F4TCNQ (1.5%'7° for spiro-OMeTAD
compared to 1%'7' for PTAA) are much more similar for
spiro-OMeTAD and PTAA.

Additionally, PSCs employing doped spiro-OMeTAD are
conventionally aged in ambient or low humidity conditions for
one or more days before electrode deposition in order to improve
Vo and FF, whilst devices employing PTAA typically do not
requiring aging.'® Although there is evidence that the electronic
quality of perovskites can improve with ambient storage,"®*® Cho
et al. describe this efficiency enhancement to also be due to
improved conductivity and lower HOMO of spiro-OMeTAD after
ambient storage.''® It is possible that PTAA is not usually aged
because similar processes do not occur in PTAA, or because PTAA-
based PSCs are merely less sensitive to doping efficiency due to
lower dopant concentrations and thicknesses. Therefore, PSCs
employing PTAA offer the advantage of high efficiency without
ageing, which is particularly useful if any of the underlying layers
are particularly sensitive to ambient or low humidity conditions.

5.5 Charge transfer & recombination dynamics at perovskite
interfaces

Spiro-OMeTAD and PTAA are extremely popular as HTLs for
various types of perovskite-based electronic devices, so their
charge transfer and recombination dynamics at the interface
formed with perovskite materials are highly relevant. In studies

tadeg

~~
O
N

Cui'(mM) Cui'(mM)
20 40 60 80 100 20 40 60 80 100 a 1
T T T T T L) L) L) T T %
425 1.0 =
204 o é ® R 3
L e o420/ 410 =
= \l_i & =
(3} o ) o~ N
-5 < S © S
315- BE 3 \' I ey
e’ E o > 0ol " .A' e
- —e—PTAA 5 ) —e—PTAA - =
—&-Spiro-OMeTAD —8— Spiro-OMeTAD ’ £
T T T O L L L T L ‘%
0 10 20 0 5 10 15 20 g
Cui'(mM) Cu'(mMm) <
. N s
Cui (mM) Cu'(mM) =
20 40 60 80 100 20 40 60 80 100 soneea
0.8 +— ' r T y 0.8 T T —— T
115 (C ST
129= [ [ ] 10*4 © PTAA low-MW.
i \-\. Py o 1 _ ] O Spiro-OMeTAD
]l e T ] 7= * T o
i 0.6 o ] 0.6u. % \. Juo & B nA o ]
w — w 8 8 - Q © A Dom
—e—PTAA o £ oo Aﬁﬁ #5 |a
044 —8—Spiro-OMeTAD  J 0.4 R=EIAN 2 a g, 5
44 m —8— Spiro-OMeTAD 4 5 mq
6 f’) 1:0 1'5 2'0 E] é 110 115 210 Bulk dynamics e
Cui (mM) Cu'(mM) 15

Fig. 11

6E-8 8E-8 1E-7

Charge-CE (C/cm?)

(a) Photovoltaic parameters of PSCs employing spiro-OMeTAD or PTAA HTLs doped with different concentrations of LiTFSI. Reprinted with

permission.’* Copyright 2014, World Scientific Publishing. (b) Atomic force microscopy images of spiro-OMeTAD and PTAA films, showing a significantly
rougher surface for PTAA. (c) Plot of charge extraction (CE) against carrier lifetime, demonstrating same recombination mechanisms for each HTL, but
slower recombination kinetics for higher M,, PTAA. Both reprinted with permission.®® Copyright 2020, American Chemical Society.
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on PSCs, hole transfer from perovskite to HTL is found to occur
4 orders of magnitude faster for spiro-OMeTAD as compared to
PTAA HTLs,"” and although hole transfer is found to occur on
a slightly faster timescale for high M,, PTAA, it is still signifi-
cantly slower than spiro-OMeTAD.'®® As this comparatively
slower hole transfer is common between PTAA and other
polymeric HTLs, it has been ascribed to worse morphological
contact between PTAA and the perovskite (Fig. 11b),'*® which
requires charges to travel longer paths through the perovskite
until they can be transferred."””

When comparing the recombination kinetics in full devices
employing spiro-OMeTAD and various M,, PTAA HTLs, Nia et al.
showed that although the same type of recombination domi-
nated regardless of the HTL used, the rate of recombination of
devices employing spiro-OMeTAD HTLs lies between that of
devices employing 10 kDa and 30 kDa PTAA HTLs, with the
slowest recombination observed using 115 kDa PTAA (see
Fig. 11c)."®® Interfacial recombination can be related to many
different factors, from accumulation of charges at the interface
to HTL/perovskite interactions to trap density in either the HTL
or the perovskite. This makes it difficult to ascribe differences
in recombination kinetics to specific molecular features of
spiro-OMeTAD or PTAA. However, the direct measurement of
interfacial recombination currents in full devices will be essential
to understanding the effect of both new HTLs and new processing
techniques on V. in PSCs. Overall, holes seem to transfer to spiro-
OMEeTAD faster, but high M,, PTAA HTLs seem to result in lower
recombination in PSCs.

5.6 Performance in PSCs

Both spiro-OMeTAD and PTAA have proven essential to the
development of PSCs, with the first four record efficiency devices
employing either spiro-OMeTAD or PTAA HTLs.>*?**130:181
Table 4 summarizes device data found in the literature in which
PSCs employing spiro-OMeTAD and PTAA HTLs were directly
compared. The most recent and highest efficiency devices
fabricated by Nia et al.,'®® which are proposed to best reflect
the dominant loss pathways in state-of-the-art PSCs, suggest
that spiro-OMeTAD and very high M,, PTAA (both doped with
LiTFSI and ¢BP) are able to produce similar device efficiencies.
However, this very high M,, PTAA (~115 kDa) thus far is rarely
used in PSCs, as M,, around ~15-30 kDa are more common,
which were shown to perform worse than spiro-OMeTAD in
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PSCs. This difference in efficiency, which seems to have become
more pronounced as PSC architectures have become more
advanced and other loss pathways have been eliminated, may
explain why spiro-OMeTAD seems to have become more popular
than PTAA in record efficiency devices in very recent years.

Overall, this investigation into the efficiency of spiro-OMeTAD
and PTAA as HTLs in PSCs demonstrates that although HTL
conductivity and HOMO (measured in vacuum) are often treated
as the only important parameters, many other HTL properties
also strongly influence PSC efficiency. Energetic alignment and
band bending as a result of interactions at the perovskite/HTL
interface, charge transfer and recombination dynamics, interface
morphology, and optimal HTL thickness all significantly affect
device functionality. It hence remains difficult to pinpoint which
exact molecular properties of spiro-OMeTAD and PTAA support
or undermine their performance as HTLs, as all of these para-
meters can be affected by molecular structure in complex ways.
However, this does emphasize the importance of carrying out
energy level and recombination kinetics measurements on novel
HTLs in complete devices in order to accurately understand their
properties and performance.

5.7 Stability

Thermal stability. Although PTAA has a higher glass transition
and melting temperature than spiro-OMeTAD, this should not
necessarily be the parameter by which thermal stability of organic
semiconductors in electronic devices should be measured, as both
dopants and impurities can strongly affect glass transition
temperatures.®® Additionally, thermal degradation in the form
of thermally activated ion migration from dopants'*® or the
electrode,™** or morphological degradation at the HTL/perovskite
interface,** can also occur at temperatures far below the melting
point. Kim et al. found that LiTFSI- and ¢tBP-doped PTAA is more
stably amorphous than doped spiro-OMeTAD upon thermal
stressing at both 65 °C and 85 °C (Fig. 12a),"** but pinhole
formation was observed in both doped spiro-OMeTAD and PTAA
films upon thermal stressing and ascribed to ¢BP evaporation.'*®
This highlights the importance of the further development of
alternative doping schemes or dopant-free HTLs for improved
thermal stability.

Moisture stability. As HTLs provide the main barrier between
the perovskite layer and the environment, their response to
moisture strongly affects PSC stability. Spiro-OMeTAD has been

Table 4 Device parameters from literature directly comparing spiro-OMeTAD and PTAA HTLs

Authors Material Device architecture PCE (%) Vo Jse FF

Heo et al.”®  Spiro-OMeTAD FTO/mp-TiO,/MAPbI;/spiro-OMeTAD (LiTFSI- and tBP-doped)/Au 8.4 0.855  16.7 58.8

Heo et al.®®  PTAA FTO/mp-TiO,/MAPDI;/PTAA (LiTFSI- and ¢BP-doped)/Au 12.0 0.997 16.5 72.7

Bi et al.'”* Spiro-OMeTAD  FTO/bl-TiO,/mp-TiO,/MAPbI,/spiro-OMeTAD (LiTFSI- and (BP-doped)/Au  13.9 0.99 213  0.66

Bietal'*  PTAA FTO/bl-TiO,/mp-TiO,/MAPbL;/PTAA (LiTFSI- and tBP-doped)/Au 12.3 094 200  0.66

Nia et al.’®®  Spiro-OMeTAD FTO/c-TiO,/mp-TiO, (LiTFSI-doped)/FA; _,_yMA,Cs,)Pb(I; _,Br,)s/ 18.13 1.06 22.67 0.76
spiro-OMeTAD (LiTFSI- and ¢BP-doped)/Au

Nia et al.'®® PTAA (10 kDa)  FTO/c-TiO,/mp-TiO, (LiTFSI-doped)/FA;_,_yMA,Cs,)Pb(I; _,Br,)s/ 15.05 1.01  21.88 0.68
PTAA (LiTFSI- and ¢BP-doped)/Au

Nia et al.'®®  PTAA (115 kDa)  FTO/c-TiO,/mp-TiO, (LiTFSI-doped)/FA;_,_,MA,Cs,)Pb(I; _,B,)s/ 18.43 1.05  22.73  0.78
PTAA (LiTFSI- and ¢BP-doped)/Au
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Fig. 12 Comparison between the stability and effect on PSC degradation of spiro-OMeTAD and PTAA. (a) Optical microscope images of spiro-OMeTAD
and PTAA thin films upon thermal stressing, showing crystallization in the spiro-OMeTAD film. Reprinted with permission.*** Copyright 2017, Elsevier.
(b) Diagram portraying the different effects high humidity environments have on spiro-OMeTAD and polymer HTLs and resulting impact on perovskite
degradation. (c) Decrease in absorbance of MAPbIs films indicating degradation over time in high humidity (98 + 2% RH) environments covered with
different HTLs (i) without and (ii) with LITFSI dopants. Both reprinted with permission.”?> Copyright 2015, American Chemical Society. (d) Color change of
MAPbDI; films from black to yellow indicating degradation over time during thermal stressing at 80 °C in air covered with different HTLs. Reprinted with
permission.”> Copyright 2014, American Chemical Society. (e) Efficiency deterioration of PSCs employing different perovskite and spiro-OMeTAD or
PTAA HTLs under operating conditions, demonstrating superior stability of PTAA-based PSCs. Reprinted with permission.*** Copyright 2017, Elsevier.

shown to crack upon exposure to high humidity environments,
allowing water to directly degrade the perovskite, whilst PTAA
only forms small holes, enabling better coverage and slower
degradation of the perovskite as displayed in Fig. 12b.”* This
results in better moisture stability of perovskite films covered
in PTAA as compared to those covered in spiro-OMeTAD
(Fig. 12ci), especially when the HTLs are doped (Fig. 12cii).”>
The more pronounced effect of moisture on doped HTLs is
likely due to the hygroscopicity of LiTFSI, present in a much
higher concentration in spiro-OMeTAD.

This journal is © The Royal Society of Chemistry 2021

When their exposure to air is combined with thermal stressing
at 80 °C, PTAA-covered perovskite degrades almost entirely within
24 hours, even faster than perovskite covered with spiro-OMeTAD
(Fig. 12d)."”* Accordingly, PSCs employing PTAA as HTLs show a
slightly faster decrease in efficiency under increasing tempera-
tures in air than those using spiro-OMeTAD. It is interesting that
the use of PTAA promotes the degradation of PSCs more than
spiro-OMeTAD at high temperature in air, as it is both more
thermally stable in nitrogen and more stable under high
humidity conditions at room temperature as explained above.
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This suggests that the combination of heat and moisture may
enable a unique degradation mechanism to occur in PTAA.

Operational stability in PSCs. Under operation, PSCs are
subjected to a combination of thermal, moisture, illumination,
and electrical stresses which cause both reversible and irreversible
device degradation. HTLs and their effect on PSC stability must
hence ultimately be evaluated under complete operating con-
ditions. Kim et al. showed that perovskite, spiro-OMeTAD and
PTAA thin films are stable in isolation under thermal stressing
and only degrade when interfaced,'** suggesting that efficiency
degradation can be mainly ascribed to deterioration of the
perovskite/HTL interface as well as degradation reactions
stemming specifically from contact of the perovskite with the
HTL."'""'?” Under operating conditions at 85 °C, PSCs employing
PTAA HTLs were shown to be significantly more stable than those
with spiro-OMeTAD HTLs (Fig. 12e)."** Mesquita et al. revealed
that whilst both spiro-OMeTAD and PTAA showed significant
losses in efficiency when operating under high temperatures
(80 °C)."*° However, only 8.2% of this efficiency loss was
irreversible after PTAA-based devices returned to room tempera-
ture post-thermal stressing, whilst in spiro-OMeTAD based
devices 21.6% of efficiency was irreversibly lost. These irreversible
efficiency losses was attributed to the evaporation of ¢BP and
LiTFSI in both HTLs, and the higher stability of PTAA was hence
ascribed to its lower dopant concentration.'*® However, the more
stably amorphous morphology of PTAA, or a stronger interaction
strength between PTAA and dopants which could reduce the rate
of dopant evaporation, could also play a role. Finally, the thinner
layer of PTAA used in these devices could also mean that a
reduction in HTL conductivity due to dopant evaporation affects
device efficiency less strongly.

Overall, this research makes it clear that HTLs strongly
affect PSC stability. Specifically, the mechanical qualities of spiro-
OMeTAD and PTAA turn out to be centrally important to protecting
the perovskite under thermal and moisture stressing. Additionally,
many of these stability problems could be linked to the presence of
LiTFSI and ¢BP, which are generally caused by either the dopants
themselves or by the byproducts of HTL oxidation, both of which
can be hygroscopic,"”* cause morphological issues,®" evaporate,'*
migrate through the PSC,"*® and/or participate in undesirable side
reactions.”"™"*” A significant portion of the instability of PSCs can
hence be ascribed to the fact that spiro-OMeTAD and PTAA are most
often doped in n-i-p devices.

6. Directions for the next generation
of HTLs

6.1 Cost, abundance & reproducibility

It should not be forgotten that the cost, natural abundance
and reproducibility of HTLs are essential to their viability for
commercialization. Unfortunately, both spiro-OMeTAD and
PTAA are still prohibitively expensive, with spiro-OMeTAD
carrying a usage cost of 23.96 $ per ml and PTAA carrying a
usage cost of 19.80 $ per mL.'** Spiro-OMeTAD requires a multi-
step synthesis process which utilizes costly materials such as

5180 | Energy Environ. Sci., 2021, 14, 5161-5190

View Article Online

Energy & Environmental Science

Pd catalysts, particularly for the precursor containing the spiro
core.'®® Similarly, the cost of PTAA is driven up by the degree of
purification required after polymer synthesis.®* Additionally,
dopants such as LiTSFI can get quite expensive even when used
in relatively small amounts. The synthetic cost of both materials
unfortunately makes them much less favourable for commercial
application, and no significantly cheaper synthetic routes have
been discovered thus far.

Additionally, both spiro-OMeTAD and PTAA suffer from
reproducibility issues. The mobility of these layers can depend
strongly on both purity and deposition process (see Sections 3.1
and 4.1), and it is especially difficult to control the batch-to-
batch consistency of polymers such as PTAA. When the most
popular doping scheme of LiTFSI and ¢BP is used, complex
doping and de-doping processes exist that are strongly influenced
by environmental factors such as illumination, humidity and
oxygen exposure. Hence, HTL conductivity may vary significantly
both between lab environments and within PSCs over time.
Ideally, HTLs should also be synthesized and deposited by non-
toxic, environmentally friendly processes. Currently the use of
chlorobenzene in the deposition of spiro-OMeTAD has been cited
as a major possible (eco)toxicity impact.'®*

Even the most efficient HTL will ultimately not help bring
PSCs towards commercialization if considerations of cost are
ignored. This makes the discovery of alternative HTLs that can
deliver the same functionality as doped spiro-OMeTAD and PTAA at
a lower material cost essential for the successful commercialization
of PSCs. Hence, the future development of materials should aim to
produce a HTL that can be produced at low-cost with high purity,
stable morphology and chemical composition, and ideally undoped
or containing dopants that are insensitive to standard changes in
environmental conditions.

6.2 State of the art in novel HTLs

Despite the enduring dominant popularity of spiro-OMeTAD
and PTAA, significant progress has been made over the past few
years in designing novel HTLs (for a thorough exploration of
these, see detailed reviews by Urieta-Mora et al.'® and Kim
et al."®®). Many novel small molecule HTLs have been developed
through gradual chemical tuning of existing HTLs. In PSCs,
these new materials are often more stable than spiro-OMeTAD,
but only occasionally result in better PCEs. A foremost example is
TQ2, a quinoxaline-based molecule in which the conventional
pi-spacer core is replaced with an acceptor group. When used in
PSCs, TQ2 is able to produce slightly higher PCEs than spiro-
OMeTAD at a much lower synthetic cost.’®” Another popular
alternative is 9-(2-ethylhexyl)-N,N,N, N-tetrakis(4-methoxyphenyl)-
9H-carbazole-2,7-diamine (also referred to as EH44), which is
significantly more hydrophobic than spiro-OMeTAD and when
doped with Li-free dopants, results in PSCs that retain 94% of
their efficiency after 1000 hours continuous operation in ambient
conditions."””

Chemical modification of polymers has also been successfully
used to synthesize alternative HTLs. Single fluorination of the PTAA
side chain has been shown to downshift the HOMO of this HTL
to create poly(bis(4-phenyl)(2-fluoro-4,6-dimethylphenyl)amine

This journal is © The Royal Society of Chemistry 2021
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(also referred to as 1F-PTAA), which was shown to significantly
outperform PTAA in PSCs in terms of PCE.” Sidechain modifica-
tion can be performed on any polymer to improve its suitability as a
HTL - for example, Zhang et al. introduced diethylene glycol groups
on the sidechain of carbazole- and benzothiadiazole-based
copolymer to optimize its interactions at the perovskite interface
for better hole transfer and mobility."®® Older popular semi-
conducting polymers, such as the very high mobility P3HT, can
also be used as HTLs in PSCs. However, P3HT shows high
recombination rates at the perovskite interface, hence a passiva-
tion layer is required for it to function efficiently as a HTL."®>

The past few years have also seen the synthesis of entirely
new classes of HTLs. Cross-linkable polymers were successfully
employed as a dopant-free and particularly stable HTLs by
Wang et al., but efficiencies don’t yet compete with spiro-
OMeTAD and PTAA.'® Similarly, Hwang et al. were able to
blend together a small molecule organic semiconductor and a
conjugated polymer to create a stable HTL with strong adhesion
at the perovskite interface, but this did not enable a competitive
PCE." Bilayer HTLs are another novel strategy in which
materials with non-ideal HOMO, LUMO or interfacial inter-
actions can complement each other. Particularly promising
examples include NiOx/spiro-OMeTAD™" and carbon nano-
tubes/spiro-OMeTAD,'*” but this strategy opens up far more
opportunities for material exploration. Additionally, inorganic
HTLs have long been proposed as a cheaper, more stable
alternative to organic HTLs, but are difficult to deposit on top
of perovskites as their solvent often degrades perovskites. How-
ever, some materials such as copper thiocyanate’® and copper
phthalocyanine®® have been successfully used in PSCs with
efficiencies exceeding 20% and good thermal stabilities through
the development of new deposition methods. However, inorganic
HTLs have overall only been moderately successful in PSCs
despite their seemingly suitable properties as isolated materials
such as good chemical stability, high conductivity, and suitable
energetics. This may indicate some unfavourable interactions at
the HTL/perovskite interface, which are potentially exacerbated
by deposition challenges.

In addition to this, a new type of HTL made from a monolayer
of self-assembled molecules (SAMs) was very recently introduced
in p-i-n PSCs by Magomedov et al."®* This new HTL is unique in
its ability to form a very thin (<2 nm) layer whilst still maintain-
ing a uniform and complete barrier between the electrode and
the perovskite, which enables very high (~80%) fill factors
without doping. Additionally, the two sides of the SAM can be
independently tuned to ensure both good surface coverage and a
good energetic match with the perovskite. Although development
has only just begun, perhaps it is this shift towards a new type of
HTL that that will enable the next significant improvement in
PSC efficiency. However, SAMs currently cannot be successfully
deposited onto perovskites and hence are not suitable for n-i-p
architectures.

It is worth noting that none of these alternative HTLs have
yet risen to the same level of popularity as spiro-OMeTAD and
PTAA in n-i-p PSCs. This may partially be ascribed to the fact
that groups working on PSCs may not always wish to spend lots
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of time optimizing the HTLs they use and hence prefer well-
established options - however, it also suggests that results
obtained with novel HTLs may not always be reproducible.

6.3 Future HTL development

It is clear that doped spiro-OMeTAD and PTAA cannot achieve
the required stability or low enough cost for commercialization,
especially with current doping schemes. We believe that the
development of novel HTLs should be carried out along four
areas of focus: (a) understanding and tuneability of interactions
at the perovskite interface, (b) characterization within the full
PSC device stack, (c) development of alternative dopants or
dopant-free materials, and (d) focus on material cost.

In order to further improve stability and efficiency, it will be
critical to understand the environment created by chemical
interaction between materials at the perovskite/HTL interface.'*>
Considering the ongoing development of complex perovskite
compositions with differing energetics, it is clear that any broadly
successful HTL must also be tuneable to interact favourably with
a range of different perovskite materials. Thus far, it is clear that
molecular tuning of both small molecule and polymer HTL
materials can be very successful at improving stability in PSCs,
as well as adjusting energetics, hole mobility and morphology.
However, it remains difficult to predict how these properties will
affect how charges behave at the interface in terms of transfer
kinetics and recombination, which critically affects PCE.

Because of this, it is essential to characterize both the
electronic properties and stability of any new materials within the
full PSC device stack, where they have had the chance to interact
with any neighbouring materials. Measurements on stand-alone
thin films of organic semiconductors can be severely different to its
actual properties within the device, as both interactions between the
HTL and the perovskite and environmental factors can strongly
influence fundamental HTL properties. Similarly, device stability
measurements should ultimately be carried out at realistic operating
conditions under elevated temperatures, humid environments, and
at the maximum power point.

Spiro-OMeTAD and PTAA measurements show that HTL
doping can aid charge extraction in PSCs by improving energetic
alignment with the perovskite, increasing mobility and conductivity
in the HTL, and increasing the voltage drop through the perovskite
layer, aiding charge extraction.”® However, the increase in the
concentration of holes in the HTL caused by doping may also
increase recombination at the interface,’® and the presence of
dopant molecules may decrease mobility® or cause morphological
problems.®" Accordingly, alternative dopants often result in much
better device stabilities,"**'*11231% and may in some cases
provide a more facile path to developing more stable HTLs.
This makes an understanding of doping mechanisms, effects
and efficiencies centrally important to the further development
of HTLs. The development of alternative dopants may go a long
way in improving the stability of spiro-OMeTAD, PTAA and
other existing HTLs. However, materials that are completely
dopant-free are expected to have much better reproducibility
and stability, so this should be the ultimate focus of novel HTL
development.
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Finally, novel HTLs need to be significantly cheaper than
spiro-OMeTAD and PTAA. Currently, novel small molecule
HTLs are often produced by making small chemical modifications
such as side chain replacements to spiro-OMeTAD. However, it is
unlikely that small chemical modifications will significantly
change the synthetic routes by which these molecules can be
produced, and hence their production is expected to be similarly
expensive. This may indicate that a stricter focus on cost is
necessary within the field when judging new HTLs, and in fact
candidates with lower synthetic costs'®” deserve more credit for
fulfilling this requirement.

7. Summary & outlook

Over the past decade, research into how spiro-OMeTAD and
PTAA function so well as HTLs has enabled a much deeper
understanding of both the properties a HTL requires and the
best ways to accurately measure these properties. Applying these
lessons is critical to pushing PSCs towards their theoretical
efficiency limits and better stabilities. So, which is the better
HTL - spiro-OMeTAD or PTAA? Despite the seeming decrease in
popularity of PTAA in record-efficiency n-i-p devices in recent
years, direct device comparisons have given conflicting answers,
so there is no straightforward choice. Both spiro-OMeTAD and
PTAA have properties that inhibit their optimal functioning as
HTLs, which include sub-optimal conductivity and significant
recombination at the perovskite/HTL interface. Stability studies
do indicate that PTAA has better thermal and mechanical
stability, possibly due to the lower concentration of dopants
generally used, leading to longer PSC lifetimes. However, both
spiro-OMeTAD and PTAA suffer from a host of stability issues
linked to dopant hydrophilicity, evaporation, migration, aggre-
gation, and reactivity, making the development of alternative
dopants a promising pathway to improving PSC stability.

Additionally, despite their enduring popularity in research
environments spiro-OMeTAD and PTAA remain prohibitively
expensive for commercial PSCs. This, along with the potential
for further efficiency and stability improvements, continues to
motivate the search for new HTLs, which should be informed by
the wealth of knowledge about spiro-OMeTAD and PTAA HTLs
generated over the past decade. This review has revealed that
these materials are successful not only due to their amorphous
nature, energetics and conductivity, but the chemical inter-
actions at the perovskite interface, the resulting charge transfer
characteristics, and complex dopant interactions also play a
significant role. Additionally, it highlights that material pro-
perties such as energy levels, conductivity, and stability should
ideally be measured and compared within complete devices. It
also shows that a significant amount of the stability problems
associated with n-i-p PSCs can be traced back to the dopants
used in spiro-OMeTAD and PTAA. Ultimately, the commerciali-
zation of PSCs will necessitate cheaper and more reproducible
materials.

All of this research is equally applicable to the many other
contexts in which spiro-OMeTAD and PTAA are frequently used,
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including various types of LEDs, DSSCs, OFETs and even more
novel applications in devices such as photodetectors. The deep
understanding of the properties of these organic semiconductors
that has been developed over the past decade, presented in this
review, enables researchers to make predictions about how their
will behave in a variety of electronic applications.

The research examined in this review indicates that inter-
facial recombination at the HTL interface represents a bottle-
neck for further efficiency improvements in PSCs, and stability
has long been established as a limiting factor on further PSC
development. Within n-i-p PSCs, the HTL is uniquely posi-
tioned to address both of these problems. The development of
new HTLs should be extended beyond its current focus on
conductivity and HOMO improvements, and rather become
more informed by an improved understanding of the various
ways in which HTL interactions with the perovskite, dopants,
and the environment affect device efficiency and stability.
The great strides that have been made in understanding the
fundamental properties of spiro-OMeTAD and PTAA over the
past decade will be essential to developing the next generation
of HTL materials.

Acronyms

BCF Tris-(pentafluorophenyl)borane

CB Conduction band

Cs Cesium

c-Si Crystalline silicon

CTL Charge transport layer

DSSC Dye-sensitized solar cell

ETL Electron transport layer

F4-TCNQ 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodi-
methane

FA Formamidinium

FK209 Tris[2-(1H-pyrazol-1-yl)-(4-tert-butylpyridine)-

cobalt(ur) tris(bis(trifluoromethylsulfonyl)imide)]
FF Fill factor

HOMO Highest occupied molecular orbital

HTL Hole transport layer

Jse Short-circuit current density

LED Light emitting diode

LiTFSI Lithium bistrifluoromethanesulfonimidate
LUMO Lowest unoccupied molecular orbital

MA Methylammonium

OFET Organic field-effect transistor

P3HT Poly(3-hexylthiophene-2,5-diyl)

Pb Lead

PCE Power conversion efficiency

PESA Photoelectron spectroscopy in air

PSC Perovskite solar cell

PTAA Poly[bis(4-phenyl)(2,4,6-trimethylphenyljamine]
PV Photovoltaic

QFLS Quasi Fermi level splitting

SEM Scanning electron microscopy

SIMS Secondary ion mass spectrometry
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Sn

Spiro-OMeTAD

Tin
2,2',7,7'-Tetrakis(N, N-p-dimethoxyphenyl-
amino)-9,9’-spirobifluorene

tBP 4-tert-Butylpyridine

ToF Time-of-flight

TPBA 1,3,5,7-Tetrakis-( p-formylphenyl)-adamantane
VB Valence band

Voe Open-circuit voltage
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