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1. INTRODUCTION

The Industrial Revolution, which began in the mid-18™ century, led to several
groundbreaking inventions, increased production and efficiency, migration to urban
areas as well as improved working conditions and a better health care, which resulted
in enormous growth of human population, being almost eight times larger today than
it was a few hundred years ago. The industrialization and an increased number of
inhabitants caused a vast consumption of fossil fuels and rising air pollution, which
resulted in an energy and environmental crisis®. Therefore, the research on renewable
energy is moving to the forefront in a variety of fields, owing to its increasing
relevance in the modern world. Among various renewable energy technologies, solar
energy is an incredibly abundant and extremely clean source; approximately 5x10* EJ
of easily harvestable energy reaches the Earth annually?, while global energy
consumption in 2021 was only 595 EJ3. Therefore, the Sun is an inexhaustible free
energy provider that has the potential to fulfill growing energy demand of the entire
globe if appropriate technologies are used.

Silicon solar panels are the most employed photovoltaic (PV) technologies in
the market for their well-known manufacturing procedure, abundance of silicon, and
a lifespan of over 25 years. However, the production of traditional solar cells is an
expensive and highly energy intensive process*®. In addition, conventional solar cells
have limited application possibilities due to their rigidity, brittleness, and heavy
weight®’.

As the world transitions towards a carbon-free society, the necessity for more
applicable technologies is inevitable. Over the past three decades, the development of
thin and flexible PV technologies has captivated a significant amount of attention,
demonstrating that emerging solar cells have immense potential for a low-cost and
easy-processable fabrication technique with a minimum quantity of the used
materials®?®,

The most rapidly developing and one of the most promising PV technologies
among other types is organic-inorganic hybrid perovskite solar cells (PSCs), which
were reported in the literature for the first time in 2009 as light-energy converting
devices'®. One of the reasons for this attention is extraordinarily rapid improvement
of power conversion efficiency (PCE) value, increasing from 3.8 % to almost 26 % in
a little longer than a decade!®!!. The astonishing performance of PSCs, which already
exceeds those of the commercialized silicon solar panels, is based on the exceptional
electrical and optical properties of halide perovskites'?*3.

Without a perovskite absorber layer, another crucial component for building
efficient PSCs is the hole transport layer (HTL), which is responsible for the extraction
in perovskite/hole transporting material (HTM) interface'*'S. Organic synthesis
supplies endless options to provide the necessary properties for the HTMs to
successfully achieve the commercialization of efficient and stable PSCs.

The aim of the work is the design, synthesis, and characterization of novel
cost-effective enamine-based hole transporting materials for perovskite solar cells.
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The following objectives were outlined in order to achieve the aim of the
dissertation:

1.  To synthesize and investigate small organic molecules, containing aniline
core and enamine-linked diphenyl branches, suitable for the application in the
perovskite solar cells as hole transporting materials;

2. To synthesize and investigate thermal, optical, and photophysical
properties of novel hole transporting materials based on spirobifluorene core with
enamine-linked diphenyl branches and study their performance in perovskite solar
cells;

3. To synthesize and characterize a new series of organic semiconductors
with different central heteroatom cores and a varying number of enamine branches
used for the hole transport in the perovskite solar cells;

4.  Tosynthesize and characterize cross-linkable molecules that derived from
fluorene and study the influence of thermal polymerization on the performance of
perovskite solar cells;

5.  To estimate the synthesis cost of synthesized hole transporting materials.

Scientific novelty and relevance of the work

In order to become commercially available, PSCs must conform to several
requirements: reasonable price, high efficiency, and long-term stability. Although
recently, a new PCE record of 25.7 % was certified'®, the lack of suitable HTMs
circumscribes the performance of PSCs. The state-of-the-art benchmark for HTMs,
called spiro-OMeTAD, was synthesized two decades ago; however, even nowadays,
it is one of the most commonly used organic semiconductors for n-i-p structured
devices. Thus, the synthesis of this HTM consists of six steps, which require inert
conditions, and the usage of aggressive and sensitive reagents; furthermore, extensive
purification procedures are mandatory. Such factors strongly influence the price of
spiro-OMeTAD and limit its industrial applicability. Therefore, HTMs published in
all four articles by the author of this dissertation were synthesized using a simple
enamine synthesis chemistry, where metal catalysts and difficult purification
procedures are not required, which results in a reduced final cost of the
semiconductors.

A group of HTMs obtained from commercially available aniline via one-step
procedure were presented in the first publication. PSCs containing such compounds
as HTLs have demonstrated an efficiency of over 20 %, which at the time of the
publication was a remarkable and promising result. Furthermore, the device
containing an organic semiconductor with an enlarged © conjugated system endured
96 % of its original efficiency after storing it for 800 hours, while the efficiency of the
reference device decreased to 42 %.

The second publication presented condensation-based spirobifluorene enamine
family, where the same spirobifluorene core helped to improve the morphological
stability and retain the electronic properties of connected m systems, as it did for
spiro-OMeTAD. A different number of enamine arms in the central core as well plays
an important role in the properties of semiconductors. A higher degree of substitution
resulted in a higher glass transition temperature, hence improving morphological
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properties as well as more stable amorphous state. As a result, the devices fabricated
with spirobifluorene core based HTMs presented high PCE values exceeding 19 %,
which are comparable to the efficiency of spiro-OMeTAD-based devices. Moreover,
PSCs containing HTMs with one and two enamine arms demonstrated the best
stability from the series, being more stable than the devices composed with a reference
HTM.

The third publication as well focuses on the inexpensive and affordable
straightforward synthesis of HTMs. In this publication, a new series of enamine-based
organic semiconductors with a varied central heteroatom core (C, N, O, and S) and a
different number of enamine arms was reported. The champion efficiency of PSCs
containing HTM with nitrogen heteroatom exceeded 20 %, whereas the devices with
spiro-OMeTAD showed identical PCE. Additionally, N- and C-cored HTMs allowed
to reach a higher thermal stability of the PSCs compared to the reference-based
devices. Such results indicate that logical molecular engineering of a simple
condensation reaction can result in stable and high-performing solar cells.

The last publication focuses on low-cost and high efficiency and especially on
the longevity of PSCs. In order to increase the electrical conductivity in organic
semiconductors, chemical doping is used; however, due to the hygroscopic nature and
chemical degradation, traditional dopants have a negative impact on the stability of
devices. Therefore, in this publication, dopant-free HTMs were used for the
fabrication of p-i-n structured devices. Thermal polymerization allowed to form
solvent-resistant films, which led the efficiency of PSCs to exceed 18 %, thus making
the proposed strategy an attractive approach for the further development of HTMs for
PSCs.

Contribution of the author

The author has designed, synthesized, and purified four series of organic
materials described in sub-chapters 2.1-2.4. The author has performed and analyzed
the results of ultra-violet absorption, photoluminescence, and contact angle
measurements. Moreover, the author has analyzed thermal, photophysical, and
photovoltaic properties of the synthesized compounds. Dr. Zhiping Wang
(Department of Physics, University of Oxford) fabricated and characterized the
devices, performed stability tests, and analyzed the data. Assoc. Prof. Dr. Tadas
Malinauskas (Department of Organic Chemistry, Kaunas University of Technology
(KTU)) performed DFT calculations and analyzed the obtained data. Dr. Maryté
Daskevi¢iené and Dr. Giedré Bubniené (Department of Organic Chemistry, KTU)
advised and assisted with the synthesis of new compounds. Charge mobility and
ionization potential measurements were performed by Dr. Vygintas Jankauskas and
Dr. Jonas Nekrasovas (Institute of Chemical Physics, Vilnius University (VU)). Prof.
Dr. Henry J. Snaith (Department of Physics, University of Oxford) advised with the
preparation of the manuscript. Dr. Cristina Momblona and Dr. Bin Ding (Institute of
Chemical Sciences and Engineering, Ecole Polytechnique Fédérale de Lausanne
(EPFL)) contributed to the film preparation, device fabrication, and testing. Dr.
Kasparas Rakstys (Department of Organic Chemistry, KTU) advised on the synthesis
approach and supervised the research. Dr. Cansu Igci (Institute of Chemical Sciences
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and Engineering, EPFL) contributed to the conductivity measurements and analysis
of the data. Dr. Albertus Adrian Sutanto (Institute of Chemical Sciences and
Engineering, EPFL) contributed to the SEM measurements and analysis. Assoc. Prof.
Dr. Alytis Gruodis (Institute of Chemical Physics, VU) performed computational
simulations. Prof. Dr. Abdullah M. Asiri (Center of Excellence for Advanced
Materials Research, King Abdulaziz University) and Prof. Dr. Paul J. Dyson (Institute
of Chemical Sciences and Engineering, EPFL) helped by analyzing the data. Prof. Dr.
Mohammad Khaja Nazeeruddin (Institute of Chemical Sciences and Engineering,
EPFL) supervised the research and contributed to the writing and reviewing of the
manuscript. Dr. Minh Anh Truong, Mr. Tsukasa Funasaki, and Dr. Takumi Yamada
(Institute for Chemical Research, Kyoto University) fabricated and characterized the
devices, performed stability tests, and analyzed the data. Dr. Richard Murdey, Prof.
Dr. Yoshihiko Kanemitsu, and Prof. Dr. Atsushi Wakamiya (Institute for Chemical
Research, Kyoto University) advised with the preparation of the manuscript. Dr.
Amran Al-Ashouri (Young Investigator Group Perovskite Tandem Solar Cells,
Helmholtz-Zentrum Berlin (HZB)) fabricated and characterized the devices,
performed stability tests, and analyzed the data. Dr. Egidijus Kamarauskas (Institute
of Chemical Physics, VU) performed ionization potential measurements. Dr. Artiom
Magomedov advised and assisted with the synthesis and helped to prepare the
manuscript. Prof. Dr. Steve Albrecht (Young Investigator Group Perovskite Tandem
Solar Cells, HZB) advised with the preparation of the manuscript. Prof. Dr. Vytautas
Getautis (Department of Organic Chemistry, KTU) advised on the design of new hole
transporting materials and preparation of the manuscript.
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1.1. Perovskite solar cells

1.1.1. Hybrid organic-inorganic metal halides

German minerologist Gustav Rose discovered calcium titanium oxide (CaTiO3),
as well known as calcium titanate, in the Ural Mountains in 1839. Afterwards, this
mineral was named perovskite in honor of Russian minerologist Lev A. Perovski?'.
Currently, the term ‘perovskite’ determines a class of compounds with a crystal
structure similar to CaTiOs. In general, the chemical formula of hybrid
organic-inorganic halide perovskites, which are commonly used for photovoltaic
applications, is ABXs, where A represents a small monovalent organic cation
(methylammonium CH3;NHs* (MA) or formamidinium NH,=CHs;NH;* (FA)), B is a
divalent metal cation (Pb?* or Sn?*), and X represents a monovalent halide anion (CI-,
Br~, or I"). The idealized structure of perovskite has a cubic symmetry (Figure 1),
where B-type cations coordinate with anions and form corner-sharing BXs octahedra,
which define a cuboctahedral cavity for an A-type cation?®.

Figure 1. The ideal cubic structure of ABXj3 in a unit cell (left), and extended projection of
the 3D crystal structure of perovskite (right); reproduced from ref. 19

Perovskites have been intensively studied not only for photovoltaic applications,
but for light-emitting diodes (LEDs)!*# and photodetectors?*2* as well. Such
attention was attracted mainly because of their optical properties, including high
absorption coefficients and tunable bandgaps, which are essential for light absorbers
as well as light-emitting materials. MAPbI; perovskite absorber is known for a broad
absorption range, which covers almost the entire visible spectrum, reaching the near
infrared region (800 nm)*°. Moreover, large absorption coefficient on the order of 10°
cm™! allows to use less material for the production of the perovskite layer; hence, it is
an easy and less expensive manufacturing procedure?. The bandgap of perovskite can
be adjusted from around 1.6 to 2.3 eV by choosing different cations or anions and
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varying the ratio between them?®. However, after years of optimization of the
perovskite composition, triple cation perovskite mixture with the addition of an
inorganic cesium cation became a standard for further research, showing improved
reproducibility of the performance results and better stability?’.

1.1.2. Architectures and operating mechanism

The structure of hybrid organic-inorganic perovskite solar cell typically consists
of five layers: transparent electrode, electron transporting material (ETM), light
absorbing perovskite, hole transporting material, and metal electrode?®. Since
perovskites can be adjusted to n- or p-type conduction, several types of device
architecture exist?®. According to the structure of the electron transport layer, PSCs
are separated into two categories, i.e., mesoscopic and planar®®, and both can be
additionally divided into conventional (n-i-p) and inverted (p-i-n) configurations,
depending on the position of charge extraction layers®. All four different types of
device architecture can be seen in Figure 2.

a) n-i-p mesoporous  b) p-i-n mesoporous ¢) n-i-p planar d) p-i-n planar
Metal contact Metal contact Metal contact Metal contact
Perovskite Perovskite
Perovskite Perovskite

Glass & TCO Glass & TCO Glass & TCO Glass & TCO
Figure 2. Schematic diagrams of PSCs in a) n-i-p mesoporous, b) p-i-n mesoporous, ¢) n-i-p
planar, and d) p-i-n planar structures

Mesoscopic, as well known as mesoporous, solar cells were first introduced by
Park et al. in 2012 when they reported a breakthrough in the PCE of devices by
depositing perovskite onto mesoporous TiO. layer, which had HTM infiltrated
pores®. Not long after, Snaith et al. presented a different device structure, where a
compact layer of TiO, was followed by a mesoscopic scaffold of TiO> with infiltrated
perovskite and a separate layer of perovskite®. This improvement led to achieve
higher efficiency values of PSCs; therefore, such configuration was one of the most
frequently used for a long time.

As an alternative, planar configuration, in which the mesoporous TiO; layer is
eliminated, was investigated as well. In such structure, perovskite layer is deposited
on top of the HTL after absorber layer follows electron transporting and blocking
layer; thus, electron-hole pairs are separated more efficiently and rapidly343,

As it is demonstrated in Figure 3, a photovoltaic process in a regular PSC begins
when light passes through the transparent electrode; thus, photons excite the
perovskite material, instantly photogenerating electron-hole pairs in the same layer.
After the separation of electrons and holes (1), the electrons are injected from the
conduction band (CB) of the perovskite to the electron transport layer (ETL) (2).
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Simultaneously, photogenerated holes are injected from the valence band (VB) of the
perovskite to the HOMO level of the hole transporting material (3). Afterwards, the
charge carriers are transferred to the electrodes, where they are collected by external
circuit, producing a photocurrent®. Unfortunately, such a mechanism is possible only
under ideal conditions. In reality, several undesirable processes, such as back charge
transfer recombination of the charge carriers (4-6) or non-radiative recombination (7),
occur®’. In order to fabricate high-efficiency PSCs, the processes of charge generation,
separation, and extraction must occur more frequently than the charge recombination
processes.
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Figure 3. Schematic diagram of energy levels and charge transfer processes in conventional
PSCs

1.1.3. Components of the structure
1.1.3.1.  Transparent conductive oxide

Transparent conductive oxides (TCOs), as well known as working electrodes,
usually have a wide bandgap (Eg> 3.1 eV); therefore, they can efficiently transmit
light in the visible and near-infrared regions®. Other equally important characteristics
of TCO materials are high conductivity and low resistivity*®®. Additionally, working
electrodes must consist of low-cost materials to use them for the application in
commercial solar cells. Although a variety of materials, such as tin oxide (SnO,,
SnO;,:F), indium oxide (In20s), indium doped tin oxide (ITO), zinc oxide (ZnO), and
others, are used as TCOs, only a few of them (ITO and FTO — fluorine-doped tin
oxide) had application-specific properties and were chosen for the fabrication of PSCs
of this dissertation.

1.1.3.2.  Electron transport layer

The fundamental role of ETL is to ensure efficient extraction of photogenerated
electrons from the perovskite light absorbing layer and transport to the contact

16



electrode. Another important function of ETM, greatly impacting the overall device
performance, is the prevention of hole migration to the counter electrode. In order to
implement such functions, this layer must meet several requirements. First, ETM
should be able to form a dense uniform layer to prevent pinholes and shunting.
Second, the layer should be transparent because of the wide band gap to ensure
efficient light harvesting. Third, ETM must have an appropriate band alignment with
both the perovskite material to trigger electron transfer and the electrode to assure
ohmic contact®. Fourth, high electron mobility is necessary to provide efficient
charge transfer and reduce the charge accumulation*. Finally, ETM should be
morphologically stable and have suitable layer preparation conditions, compatible
with previous and following layers.

ETMs can be categorized into two groups, i.e., organic and inorganic. The
organic category, which is more adapted for the fabrication of inverted PSCs, includes
[6,6]-phenyl-Cei-butyric acid methyl ester (PCBM), buckminsterfullerene (Ceo), and
other fullerene derivatives*>. However, several disadvantages, such as limited
tunability of the LUMO level®, insufficient morphological stability, costly synthesis,
and purification procedures, limit the commercial applicability of fullerene ETMs*.
Therefore, non-fullerene materials recently became an emerging topic of scientific
interest. Perylene diimide (PDI1)*+¢, naphthalene diimide (NDI)*"“¢, and azaacene**>
derivatives preserve some fullerene properties and can propose some superiorities,
such as easily tunable energy levels, good thermal and chemical stability, which show
a great promise for the future applications. The inorganic category of ETMs, which
includes titanium oxide (TiO,)%, tin (IV) oxide (Sn0,)%, zinc oxide (Zn0)%, zinc
selenide (ZnSe)*, cadmium sulfide (CdS)%, etc., is more common for the application
in regular PSCs. The most examined ETM for PSCs is TiO., which is known for its
wide bandgap (~3.2 eV) and suitable CB energy (4.4 eV)®®, being marginally lower
than that of the perovskite, thus guaranteeing an efficient electron injection. Despite
publications about impressive device performance while using titanium oxide ETL, it
has several disadvantages: a major one being the necessity of high temperature
sintering at approximately 500 °C for the deposition process®. As an alternative to
TiOy, tin (IV) oxide is a promising candidate, offering even lower CB energy level
and a possibility to deposit this layer at relatively lower temperatures®.

1.1.3.3.  Perovskite light-absorbing layer

Hybrid organic-inorganic halide perovskite plays the main role among the other
components of PSCs and is essential for the absorption of light, photogeneration, and
transportation of free carriers, demonstrating ambipolar behavior®®. Great
performance of devices can be attributed to the excellent optoelectronic properties of
perovskite. The CB energy level of the well-known MAPbI; is around 5.2 eV, while
the VB is approximately at 3.6 eV®’; the numbers may vary depending on the material
processing, which demonstrate perfect conditions for the electron injection from the
CB of the perovskite into the CB of TiO; and the hole injection from the VB of the
perovskite to the HOMO energy level of HTM. Furthermore, even though there are
various deposition procedures for perovskite films, such as co-evaporation®,
sequential evaporation®?, or vapor-assisted solution method®, the perovskite layer can
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be formed as well by using a simple and economical technique, which is called
solution deposition®. It can be performed as a one-step® or a two-step® procedure,
where both precursors PbX; and MAX, dissolved in common organic solvents, such
as dimethylsulfoxide (DMSQO) or N,N-dimethylformamide (DMF), are either mixed
into one solution, or both precursor solutions are prepared separately and thus
deposited sequentially. Afterwards, the evaporation of a solvent at a suitable
temperature induces the crystallization of the perovskite; hence, a light-absorbing
layer is formed. Because of the simplicity and inexpensiveness of the solution-based
procedure, it is particularly attractive for both industrial and academic researchers;
therefore, only this method is used in this dissertation.

1.1.3.4.  Hole transport layer

HTL is essential for the fabrication of highly efficient PSCs, being responsible
for the processes of hole extraction at the perovskite/HTM interface and hole
transportation to the metal electrode. Additionally, it helps to prevent unwanted
charge recombination processes by acting as an energy barrier. In order to implement
such functions, HTMs must have well-aligned energy levels; the HOMO level should
be slightly higher in energy than the VB of the perovskite for efficient hole injection,
whereas the LUMO level should be much higher in energy than the CB of the
perovskite for the beneficial electron blocking. Other indispensable properties of
HTMs are high hole mobility and sufficient conductivity, which ensure rapid hole
transport to the contact before they recombine. Furthermore, in order to assure long-
term device stability, HTMs should be thermally and photochemically stable, well
soluble, and have good film-forming properties, because such layers have to protect
oxygen and moisture sensitive perovskite layer from degradation®’. Nonetheless, for
PSCs to be commercially viable, a straightforward and cost-effective synthesis of
HTMs should be considered.

Up till now, a considerable number of HTMs have been employed in PSCs and
reported; all of them can be categorized into two types, i.e., organic and inorganic.
There are several advantages of inorganic HTMs: simple fabrication procedures, low
cost of production, good chemical stability, suitable energy levels, good transparency
in a visible region, and high hole mobility®®°. The best performance of PSCs,
containing inorganic HTLs, reportedly exceeds 20 % so far. Such PCE value was
achieved in p-i-n configuration, where nickel oxide (NiOy) doped with lithium (Li)
and magnesium (Mg) was used as inorganic HTM, resulting in a highly stable device,
maintaining over 85 % of its initial efficiency after 500 hours of operation™. A similar
device performance of over 20 %, rapid charge extraction and transportation were
demonstrated by copper thiocyanate (CuSCN), well known for its wide bandgap (3.9
eV), high conductivity, and suitable VB energy level (-5.3 eV)™. Another alternative
is delafossite materials, such as copper gallium oxide (CuGaQ), which, when coated
on top of nickel oxide, yielded an inverted PSC with the efficiency of 20 % and
maintained a great long-term stability’. Although inorganic HTMs have many
favorable characteristics, which demonstrate their potential for the application in
PSCs, the PCE has not been sufficiently optimized.
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Organic HTMs can be divided into two categories, i.e., small molecules and
polymers. In the category of small molecules, p-type semiconductor 2,2',7,7'-
tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (spiro-OMeTAD) has
been selected as the state-of-the-art benchmark for HTMs in 1998, when it was first
employed in solid-state dye-sensitized solar cells (DSSCs)’, and it remains a
reference HTM nowadays. Despite the high efficiency of PSCs, spiro-OMeTAD has
several disadvantages, such as morphological instability of amorphous film, which
has a negative impact on the long-term stability”, and complicated multi-step
synthesis (Scheme 1), which results in a high cost, hence smaller commercialization
opportunities for wide application™.

1) HCI, H,0, 0 °C phenylboronic acid, K,CO3, 1) fluorenone, Mg, THF, Ny, reflux 4 h
2) NaNO,, H,0, 30 min PdCly(PPhs),, DME/H,0, 2) HCl (ag), 1t, 2 h O O
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Scheme 1. An example of a possible synthesis route to obtain spiro-OMeTAD

Moreover, spiro-OMeTAD, as the most organic semiconductor, has low
conductivity and hole drift mobility; therefore, several dopants, such as lithium
bis(trifluoromethane)sulfonimide (LiTFSI), tris(2-(1H-pyrazol-1-yl)-4-tert-
butylpyridine)cobalt(l11) tri[bis(trifluoromethane) sulfonimide] (FK209) and 4-tert-
butylpyridine (tBP), are standardly added into the composition of HTL (Figure 4).
The main role of oxidative additives is to remove electrons from the HOMO energy
level of HTM, thus producing intrinsic holes, which lead to an enhanced charge carrier
density, resulting in an improved film conductivity’’. tBP helps to increase the
solubility of LiTFSI and prevents aggregation of such salts, hence enhancing the
quality of HTL'®. Other sources state that it as well reduces charge recombination,
significantly improving the performance of PSCs™. However, chemical doping can
negatively influence the long-term stability of PSCs, since LiTFSI and tBP accelerate
the chemical degradation of the perovskite due to their hygroscopic properties®.
Alternatively, the use of dopant-free HTMs may help to improve the stability of PSCs.
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Figure 4. Chemical structures of the most common dopants for HTMs employed in PSCs®!

Another major part of organic HTMs is classified as polymers, which are a more
common choice for the inverted PSCs, since HTL has to withstand the deposition of
a perovskite solution, containing polar solvents, such as DMF and DMSO. Polymeric
materials are as well well-known for their exceptional charge carrier mobility, good
film-forming properties, morphological stability, and hydrophobicity. In addition, a
unique monomer feature that is called cross-linking allows for the formation of a 3D
network, resulting in a dense solvent-resistant film, which acts as a protective layer
for the perovskite, preserving it from moisture, hence potentially improving the
stability of the device. One of the most efficient polymeric HTMs based on
triphenylamine  is  poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine  (PTAA),
achieving the PCE of PSCs of around 22 %®%?, which arises from an impressive hole
mobility of 102-10- cm?/Vs. However, extremely high cost of over 3,000 €/g® limits
its suitability for a large-scale commercial application. As an alternative, another well-
known and cost-effective conductive polymer used in PSCs is poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS). Nonetheless, the
photovoltaic performance and stability of such devices are limited due to a significant
energy barrier between PEDOT:PSS and the perovskite layer and intrinsically acidic
properties of PEDOT:PSS®. The chemical structures of both PTAA and PEDOT:PSS
can be found in Figure 5.

PEDOT:PSS

Figure 5. Chemical structures of several common polymeric HTMs®®
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In this dissertation, both types of organic HTMs have been used for the
application in PSCs to examine the impact of different HTLs on the photovoltaic
parameters of the device.

1.1.3.5.  Counter electrode

The main role of counter electrode is to extract, transfer, and collect charges
from charge transporting layer and generate current; therefore, naturally, it has a
significant influence on the PCE and reliability of PSCs. In order to fabricate high-
performing devices, the top electrode must comply with several requirements, such as
good electrical conductivity, chemical and physical stability, simple deposition
technique, and low-cost®, One of the most common counter electrodes used in PSCs
is gold (Au), owning to its advantages, such as excellent conductivity, chemical
inertness, and intrinsic stability®”. However, Au has a few disadvantages as well:
firstly, heat can influence its ion migration towards the perovskite layer through HTL,
which can lead to a lower device performance and cause stability issues. Secondly,
Au is an expensive material, and it might become an obstacle for large-scale
applications in PSCs®. As an alternative, silver (Ag) with a higher conductivity and
substantially lower price has been used as an electrode material. However, it is more
reactive to the environment and prone to oxidation when compared to Au; hence, it
could lead to rapid device degradation®. Despite the variety of metals, which have
already been employed as effective top electrodes in PSCs, the research continues to
explore alternative materials, such as carbon nanotubes and graphene, which have a
potential to show even better stability and performance®°:,

1.1.4. Photovoltaic characteristics

Photovoltaic parameters of PSC, such as open-circuit voltage (Voc),
short-circuit current density (Jsc), fill factor (FF), and power conversion efficiency
(PCE), are usually extracted from a photocurrent-voltage (J-V) curve by measuring it
with a solar simulator. The measurements are typically conducted under 1 sun
illumination at standard AM1.5G solar spectrum® (Figure 6) by using an application
of external potentials to the device and at the same time, measuring a corresponding
current generation.

1.75

1.50 AM1.5G
1.25
1.00
0.75
0.50
Absorbance

range of
perovskite

Spectral Irradiance W m2 nm -1

et
N
23

e
o
S

250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength nm

Figure 6. The AM1.5 Global spectrum of solar irradiation®
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As shown in Figure 7, the Voc is a characteristic obtained under open-circuit
conditions when the photocurrent density is zero, whereas Jsc is a parameter obtained
from a measured current at short-circuit as photovoltage equals zero. The maximum
power point (Pmax) Can be determined as a value obtained by multiplying the
photocurrent and voltage at their maximum values, Jmax and Vmax, respectively.
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Figure 7. Typical J-V curve of a perovskite solar cell under constant illumination

The aforementioned parameters help to define the FF, which is a measure
describing how closely a solar cell functions as an ideal source, expressed as a ratio
of the Pmax (represented by a dark purple rectangular in Figure 7) to the product of Jsc
and Voc (represented by a light purple rectangular):

Pmax
FF = focxvos @

When comparing the performance of different solar cells, the PCE is the most
frequently used parameter, measuring the efficiency of a solar cell in converting
incident light into electrical power, which is defined as a ratio of the maximum power
output of a solar cell to the power of the incident light (Pin):

PCE = [max _ JscVocFF 2)
Pin Pin

The maximum efficiency of a solar cell is determined by the Shockley—Queisser
(SQ) limit® (Figure 8). Assuming that the bandgap of a semiconductor is 1.34 eV for
a single junction cell, the calculation places maximum PCE around 33.2 %%
However, the bandgap of CH3NHsPbls is approximately 1.57 eV; therefore, the
efficiency limit for PSCs is slightly lower, i.e., around 31 %%,
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Figure 8. Shockley—Queisser limit: maximum PCE as a function of a bandgap energy; data
points represent record efficiencies of laboratory solar cells®

The performance of PSCs is strongly influenced by the scan direction (forward
and reverse), which leads to differential behavior of the J-V curve and is called
hysteresis®"*8, When a device is held at a forward bias voltage prior to measurement,
the efficiency may be higher than when the device is at reverse biased, the maximum
power point, or short-circuit. Furthermore, it has been observed that at the faster scan
rate, hysteresis becomes more pronounced®!®, The causes of hysteresis in PSCs are
still a subject of ongoing research; however, several reasons, such as ferroelectric
polarization, unbalanced charge carrier transport, ion migration, and charge carrier
trapping and detrapping, have been already proposed®®,

1.2. Molecular engineering of organic hole transporting materials for
perovskite solar cells

Organic chemistry provides limitless possibilities for the synthesis of organic
semiconductors and allows to adjust electronic properties, intermolecular interactions,
and molecular functionality. Such an advantage enables the fulfillment of many
requirements: high hole mobility and conductivity, good thermal as well as
photochemical stability, and suitable energy level compatibility, which are crucial
features for high-performing HTMs in efficient PSCs. However, in order to
manufacture affordable solar cells, the synthesis of HTMs has to be straightforward
and low-priced; additionally, such compounds should have a simple purification
procedure.

Since a tremendous number of HTMs has been synthesized to this day, only the
selected examples of small organic molecules and polymeric compounds, their
properties and performances are presented in this sub-section.

1.2.1. Small organic compounds as hole transporting materials

As mentioned in the sub-section 1.1.3.4., spiro-OMeTAD still prevails among
other HTMs, and it is used as a reference molecule in PSCs. The reason for such an
extraordinary performance lies in the chemical structure of the molecule, which
consists of a 9,9-spirobifluorene central core and four units of
p-methoxydiphenylamine. A perpendicular arrangement of two electroactive
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molecular fragments connected via a common sp®-hybridized carbon atom provides
high morphological stability, while optoelectronic properties retain the original™.
However, in order to obtain such spiro-centered core, it is necessary to use a complex
multi-step synthetic procedure, which usually involves sensitive or aggressive
reagents as well as harsh reaction conditions, such as very low temperatures. In
addition, the remaining part of the molecule is equally important, especially to the
electronic properties, since the prebrominated spiro core is linked with
diphenylamine, endowed with electron-rich methoxy groups. C—N bonds are formed
during a cross-coupling reaction, which as well has severe requirements, such as
expensive transition-metal catalysts and inert reaction conditions®2. Furthermore, the
tedious purification procedure of HTM is mandatory for the production of efficient
devices, since the remains of metal catalysts act as charge carrier traps and negatively
impact their intrinsic properties'®®%, These requirements greatly impact the
commercial cost of spiro-OMeTAD, which varies between 350 and 500 €/g. Despite
all drawbacks, spiro-OMeTAD is the most well-known and most frequently cited
HTM in the literature. The efficiencies of PSCs based on this compound routinely
surpass 20 %1%; therefore, many researchers are working on the structural
modifications of spiro-OMeTAD.

At the same time, the researchers are looking for ways to simplify the synthesis
of HTMs by avoiding the use of palladium catalysts. Although a variety of
semiconductors, containing different central cores, such as carbazole!®107,
truxene'®®1%, thiophene''®'!, pyrene''?'® and triazine!**!!® derivatives, have been
reported, most of them are functionalized with diphenylamine or triphenylamine
fragments, which indicates that problematic metal catalysts were used for the
synthesis. One of the ways to enlarge conjugation by using a metal-free synthetic route
is to use condensation chemistry. Such reactions do not require complicated
purification procedures because the only by-product is a small molecule, e.g., water
or ethanol. Additionally, condensation reactions are usually performed under ambient
conditions. The aforementioned factors result in a greatly reduced synthesis cost of
HTMs, demonstrating the potential of a straightforward condensation chemistry for
the PV applications.

1.2.1.1.  Hole transporting materials based on spiro-OMeTAD

A variety of publications have already demonstrated that small organic
spiro-based HTMs can achieve similar to spiro-OMeTAD photovoltaic performance
of PSCs or even exceed it, while reducing the synthesis cost. Some representative
examples of such compounds are shown in Figure 9 and Figure 10. The photovoltaic
characteristics of spiro-type HTMs are summarized in Table 1.

One of the first publications about structural modification of spiro-OMeTAD
HTM was reported by Seok et al. in 20146, when they examined the influence of the
position of methoxy groups. It is worth mentioning that such group is responsible for
the tuning of the HOMO level of the molecule as well as enhancing the contact
between HTL and perovskite. According to Hammett, electron-donating or
withdrawing properties of the methoxy group depend on the substitution position in
the aromatic ring, para-substitution or meta-substitution, while ortho-substitution
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influences the steric effect''’. The best efficiency of 16.7 % for PSCs was achieved
with o-substituted po-spiro-OMeTAD, demonstrating the highest value to date, which
can be explained by the increased FF.

Other interesting modifications of methoxy groups were presented in a
publication by Huang et al.!8, where they synthesized three new HTMs, containing
replaced p-substituents with methylsulfanyl (spiro-S), ethyl (spiro-E), and N,N-
dimethylamino (spiro-N) groups. Spiro-S and spiro-E showed closer HOMO energy
values of —4.92 and —4.81 eV, respectively, when compared to spiro-MeTAD (—4.76
eV), which perfectly align with the energy levels of CHsNH3Pbls. Whereas spiro-N
demonstrated a higher HOMO energy level (—4.42 eV) influenced by a stronger
electron-donating ability of N,N-dimethylamino groups. Different substitution of
heteroatoms had a great impact on the optoelectronic properties of HTMs and the
performance of devices. The highest PCE values of 15.92 and 15.75 % were obtained
for PSCs based on spiro-S and spiro-E.

R3

po-spiro-OMeTAD: R; = OCH3, R, =H,R; =H
pm-spiro-OMeTAD: R; =H, R, =0CH3, R;=H
pp-spiro-OMeTAD: R; =H, R, =H, R; =OCH3;
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Figure 9. Chemical structures of spiro-OMeTAD and spiro-based HTMs!16-120
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One of the most frequently used methods to modify the structure of
spiro-OMeTAD and make it more commercially available is to change the
spirobifluorene central core. Sun et al. presented X60'%°, containing an inserted
oxygen bridge, which was synthesized via a simple two-step synthetic route. Low-
cost raw materials, the one-pot approach to obtain the 2,2'.7,7-
tetrabromospiro[fluorene-9,9'-xanthene] (4Br-SFX) center, and the non-use of air-
sensitive or corrosive reagents lead to a significantly reduced synthesis price. In
addition, such a minimal change in the structure of HTM influenced an enhanced
charge transfer, hence an incredible device PCE of 19.8 %. Equally high photovoltaic
performance was reached by Hagfeldt et al.*?°, who replaced the central spiro-linkage
with a C—C bond, resulting in H11. The synthesis of this HTM as well contains only
two steps; therefore, H11 as well as X60 show a great potential for large-scale
applications in PSCs.
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Figure 10. Chemical structures of spiro-based HTMs: FDT, HTM-1, DFH and
SFDT-TDM?2-124

As mentioned above, heteroatoms play a significant role in the performance of
PSCs; therefore, in order to enhance hole transfer at the HTM/perovskite interface,
the tiophene-iodine interaction was used. A novel spiro-cyclopentadithiophene central
core, substituted by N,N-di-p-methoxyphenylamine donor groups, was molecularly
engineered by Nazeeruddin et al.'?l. Such HTM, called FDT, employed in a
conventional PSC architecture showed a remarkable performance, exceeding 20 %
efficiency, and outperformed spiro-OMeTAD. Moreover, the synthesis cost of FDT
(~60 $/g) was calculated to be eight times lower than of the purified reference material
(~500 $/g). A similar approach was used in a publication by Gritzel et al.'??, where
they presented a hole conductor HTM-1, comprising a central core of spiro-acridine-
cyclopentadithiophene substituted by triarylamine moieties. Owing to its high hole
drift mobility at low electric field, HTM-1 containing devices yielded a PCE of almost
21 %, exhibiting an excellent long-term operational stability after aging for 400 h. A
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very similar efficiency of inverted PSCs was achieved by Berlinguette et al.?®, who
reported a preferable dopant-free HTM (called DFH) containing two fluorene-bridged
triphenylamine moieties connected to a 1,3-dioxolane group through a spiro carbon
center. Such an excellent performance can be explained by the strong intermolecular
interactions between dioxane groups, which lead to a high hole mobility value of
1x1073 cm?/Vs, and an improved morphology of the perovskite layer. Furthermore,
DFH was obtained using a two-step synthetic procedure from inexpensive
commercially available reagents at a cost of 3 $/g. Recently, Zhu et al. reached a
record PCE (21.7 %) among spiro-based dopant-free HTM based PSCs, introducing
rationally designed spirofluorene-dithiolane based hole conductor named as SFDT-
TDM?*?4, The involvement of methylthio groups, which act as Lewis bases, led to the
passivation of defects on the perovskite surface, improving charge extraction at the
perovskite/HTM interface.

Table 1. Photovoltaic characteristics of PSCs employed with spiro-based HTMs

Voc Jsc PCE Reference PCE
HTM FF
(V) (mA/cm?) (%) (%)
po-spiro-OMeTAD? 1.02 21.2 0.78 16.7 15.2
pm-spiro-OMeTAD¢ 1.01 21.1 0.65 13.9 15.2
pp-spiro-OMeTAD? 1.00 20.7 0.71 14.9 15.2
Spiro-SPe¢ 1.06 19.15 0.78 15.92 11.55
Spiro-EP° 1.07 18.24 0.80 15.75 11.55
Spiro-Nb¢ 0.96 16.55 075 11.92 11.55
X60¢ 1.14 24.15 0.70 1955 -
H11d 1.15 24.2 0.71 19.8 18.9
FDT¢ 1.148 22.7 0.76 20.2 19.7
HTM-1¢ 1.10 24.74 0.77 20.95 21.09
DFHP¢ 1.08 22.0 0.81 20.6 19.2
SFDT-TDM®b4 1.13 24.1 0.80 21.7 20.3

3Spiro-OMeTAD or PTAA was used as a reference HTM, Pdopant-free composition, °p-i-n
device structure, “n-i-p device structure.

1.2.1.2. Hole transporting materials based on the condensation
chemistry

As a result of a facile, low-cost, organometallic-catalyst-free condensation
chemistry, a new emerging group of materials demonstrate promising performance
results in PSCs, competing even with a reference spiro-OMeTAD. Some examples of
HTMs obtained via condensation reactions are shown in Schemes 2-4. The
photovoltaic parameters of such compounds are summarized in Table 2.
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Scheme 2. Synthetic route and molecular structure of HTM EDOT-OMeTPA based on the
condensation chemistry*?

Docampo et al. have pioneered the utilization of small molecules obtained via
condensation chemistry as HTMs for PSCs in 20152, when they introduced an
azomethine-based compound EDOT-OMeTPA. It was synthesized by a simple one-
step Schiff base condensation reaction (Scheme 2), which had only one by-product,
i.e., water, hence an uncomplicated workup procedure. Regularly structured PSCs
employed with EDOT-OMeTPA resulted in PCE exceeding 11 %, which at the time
was in comparison with the state-of-the-art compound spiro-OMeTAD.
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Scheme 3. Synthetic route and molecular structure of HTM EDOT-MPH based on the
condensation chemistry*?

Several years later, the same authors extended their research and presented a
small molecule based on hydrazone, named EDOT-MPH, obtained via the hydrazine
condensation reaction with aromatic aldehyde (Scheme 3)*%. An application of such
HTM in PSCs resulted in an average PCE of 15.8 %, which can be explained by a
lower Voc value, most likely originating from the unoptimized energy levels and
interfacial recombination.
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Scheme 4. Synthetic route and molecular structure of HTM EDOT-Amide-TPA based on the
condensation chemistry*?’

One of the highest efficiencies for HTMs in PSCs at the time was reported by
Petrus et al.?’, introducing the first hole conductor with an amide-based backbone
named EDOT-Amide-TPA (Scheme 4). An outstanding PCE value of 20.3 %,
outperforming spiro-OMeTAD-based devices (19.7 %), resulted from an effective
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charge transfer at the perovskite/HTM interface, which is a consequence of intrinsic
properties of amide group and passivation of the perovskite surface.
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Figure 11. Chemical structures of HTMs based on condensation chemistry28-1%0

Previous studies gave a fresh start to a new class of compounds called enamines,
containing diphenylethenyl fragments, by showing a cost-effective and more
environmentally friendly route towards scaled-up synthesis of HTMs. Daskeviciene
et al. reported a promising PCE value of the devices, reaching almost 18 %%, Such
performance was demonstrated by mesoporous PSCs, employed with a p-type
semiconductor V950, which was obtained via enamine condensation reaction between
the aromatic amine and aromatic aldehyde, without the need for column
chromatography or sublimation purification of the product. In the following
publication, Daskeviciene et al. introduced a new series of enamines based on V950,
conducting a more detailed investigation about the influence of aliphatic chains on the
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properties of carbazole-based HTMs!?, According to the research, the incorporation
of longer alkyl chains (V1000, VV1013) resulted in slightly decreased PCE values,
whereas additional substitution with the tert-butyl group at the 6™ position of the
carbazole fragment (V1004) led to an increase in efficiency, reaching 18.6 %.
However, the highest performance of PSCs from the series was achieved when the
number of enamine fragments was doubled (V1021), and the devices employed with
such HTM showed PCE exceeding 19 %, which coincides with the highest hole
mobility value. Recently, a similar approach, using differently N-substituted carbazole
derivatives, was reported by Snaith et al.**. MeO5PECz N-substituted with an
additional diphenylethenyl group and MeO4PEBCz containing a butyl chain in the
aforementioned position were used as dopant-free HTMs for n-i-p type devices.
Champion PSCs fabricated with MeO4PEBCz achieved the efficiency of 16.4 %,
while MeO5PECz reached almost 17 %, which shows a performance comparable to
the devices employed with doped spiro-OMeTAD (18.1 %). Moreover, the removal
of oxidizing additives considerably improved the stability of the devices by
maintaining more than 80 % of their original efficiency after 1,000 h, whereas PSCs
containing doped spiro-OMeTAD degraded rapidly within the first 24 h.

Table 2. Photovoltaic characteristics of PSCs employed with HTMs based on the
condensation chemistry

Voc Jsc PCE Reference PCE
HTM FF

(V) (mA/cm?) (%) (%)°
EDOT-OMeTPA¢ 0.95 18.9 0.61 11.0 11.9
EDOT-MPH¢ 1.06 20.1 0.73 15.8 17.2
EDOT-Amide-TPAd 1.16 22.7 0.77 20.3 19.7
Vv950¢ 1.07 225 0.74 17.8 18.6
V1000¢ 1.036 22.46 071 16.51 19.10
V1013¢ 1.022 22.39 0.75  17.09 19.10
V10044 1.093 22.49 0.76 18.61 19.10
V1021¢ 1.118 22.62 0.75 19.01 19.10
MeO5PECZP 1.06 22.2 0.72 16.9 15.1°
MeO4PEBCz"¢ 1.02 21.9 0.74 16.4 15.1°

3Spiro-OMeTAD or PTAA was used as a reference HTM, Pdopant-free composition, °p-i-n
device structure, “n-i-p device structure.

1.2.2. Polymeric compounds as hole transporting materials

As briefly mentioned in the sub-section 1.1.3.4., in addition to small organic
molecules, polymers have attracted an increased amount of attention from researchers
during recent years. Such interest mainly arose because of a few alluring properties of
polymeric compounds: exceptional thermal stability, mechanical flexibility, good film
forming ability, hydrophobicity, tunable energy levels, and rapid charge transport.
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Despite previously mentioned polymeric compounds, such as PTAA®, often used as
a reference, or PEDOT:PSS®, a variety of other polymers have been employed in
PSCs as hole conductors. Based on the basic structure, polymers can be classified into
two types, i.e., non-crosslinked (linear) and cross-linked (network) polymers.

1.2.2.1.  Non-crosslinked polymers as hole transporting materials

Linear polymers are composed of repeated monomers, which are arranged in a
straight line and tend to have end-to-end links. These polymers are usually held
together by weak van der Waals forces or hydrogen bonding, whereas cross-linked
polymers mainly have strong covalent bonds between monomeric units. Some
examples of non-crosslinked polymeric compounds are shown in Figure 12. The
photovoltaic parameters of such HTMs are summarized in Table 3.

v
(H/\/ Alkoxy-PTEG

PTEG

it “@m’%”

PTAA-P1
P3HT P3CT-Rb

Figure 12. Chemical structures of HTMs based on non-crosslinked polymeric
compounds*32-137

A well-known polymer poly(3-hexylthiophene) (P3HT) presented only
mediocre performance (10.3 %) when used without dopants in a regular PSC*32, which
can be explained by low conductivity; however, after a few years, Carlo et al.
demonstrated that the same HTM doped with regular additives can show a remarkable
enhancement in device efficiency, reaching 19.25 %%, Similarly structured polymer
named P3CT doped with alkali metal Rb* ions helped to achieve even higher
efficiency (20.52 %) for inverted PSCs'*. Such an improvement presented by Wu et
al. is based on the enhanced conductivity and well-aligned work function of P3CT-
Rb, corresponding with the VB of the perovskite, which as well resulted in a
remarkable Voc value and high FF. Another interesting enhancement of the efficiency
of regularly structured PSCs was noticed after the incorporation of an undoped
polymer-based HTM, named PTEG. Park et al., who presented such conductive
polymer with incorporated flexible tetraethylene glycol (TEG) groups, which improve
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solubility and contact with the perovskite layer, exhibited a successful performance
of devices reaching 19.8 %', However, the same authors later demonstrated that the
PCE of devices containing PTEG derivative alkoxy-PTEG can be enhanced even
further'®, The replacement of tiophene groups with alkoxy groups in the backbone of
BDT (benzo[1,2-b:4,5:b']dithiophene) significantly improved the solubility of the
HTM, even in non-aromatic green solvents, such as 3-methylcyclohexanone.
Moreover, it has been found that TEG groups can prevent potential lead leakage by
chelating lead ions. PSCs based on a dopant-free polymer alkoxy-PTEG exhibited a
PCE of 21.2 %. Recently, a new molecular engineering strategy was used by Zhu et
al. to improve the PCE of dopant-free PTAA-based p-i-n devices!®’. The incorporation
of pyridine units into the PTAA backbone resulted in an extraordinary PV
performance, reaching almost 25 %, which is one of the highest values for inverted
PSCs reported to date. Additionally, these devices demonstrated superior long-term
stability, maintaining more than 93 % of their initial efficiency after 800 h.
Outstanding PV parameters can be explained by the interaction of pyridine units with
the perovskite layer through the coordination with Pb?* ions, positively affecting the
interface of the perovskite film and the molecular conformation of HTM (PTAA-P1),
providing favorable regularity and uniformity.

However, there are several issues limiting the scalable application of polymers
in the PSCs. The most important disadvantages are the tedious synthesis schemes, low
batch-to-batch reproducibility, and complicated purification procedures. Moreover,
such non-crosslinked HTLs can be partially dissolved or etched by DMSO or DMF
solvents, which are used for the subsequent fabrication step in p-i-n structured devices.
In order to solve these issues, several different strategies, such as self-assembled
monolayers'*® (SAMs) or the change of solvent for perovskite precursor!®, have been
employed; however, another promising alternative called cross-linking has been
reported recently.

Table 3. Photovoltaic parameters of PSCs employed with non-crosslinked
polymer-based HTMs

Voc Jsc PCE Reference PCE
HTM FF

(V) (mA/cm?) (%) (%)°
PEDOT:PSS* 1.03 22.57 0.81 18.8 -
P3HTRd 0.96 19.5 0.55 10.3 -
P3HT® 1.09 23.86 0.74  19.25 -
P3CT-Rbh¢ 1.144 21.67 083  20.52 -
PTEGP 1.14 22.5 0.77 19.8 -
Alkoxy-PTEGP¢ 1.14 23.2 0.80 21.2 -

PTAA-P1bc 1.17 25.50 0.83  24.89 22.85

3PTAA was used as a reference HTM, or compounds were compared with each other;
bdopant-free composition, °p-i-n device structure, 9n-i-p device structure.
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1.2.2.2.  Cross-linked polymers as hole transporting materials

Insufficiently researched cross-linkable compounds demonstrate excellent
potential as HTMs for perovskite devices, since they have a combination of properties,
which are common for both small-organic molecules and polymers. Firstly, such
compounds can be synthesized via a simple low-cost synthetic route with ensured
repeatability of reactions and without any extensive purification procedures, which is
mainly attributed to small-organic materials. Secondly, cross-linkable compounds are
known for their remarkable thermal and morphological stability, good film-forming
properties, which are inherent characteristics of polymeric materials. Finally, the
cross-linking of monomers that contain vinyl groups allows to form insoluble 3D
networks, which are resistant to the solvents that are used for the perovskite precursor
solution. Some representative examples of cross-linkable compounds are shown in
Figure 13. The photovoltaic characteristics of such HTMs are summarized in Table 4.
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Q

VB-MeO-FDPA VB-Me-FDPA DH-MeO-FDPA

3
Qg gg
HTM-H %;:; 5

HTM-F
Figure 13. Chemical structures of cross-linkable HTMst40-143

Sargent et al. were among the first ones to report this new methodology for hole
extraction, when in 2016 they presented a novel cross-linkable arylamine derivative,
named VNPB, and employed it in a regular PSC architecture (PCE=16.5 %)*°. VNPB
was deposited on top of the perovskite layer by spin-coating; afterwards, it was
thermally cross-linked, forming a protective 3D network, which enhanced the device
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resistance to moisture, heat, and both polar and non-polar solvents. In addition,
VNPB-based devices demonstrated impeccable stability results under heat and
moisture after 30 days, which proved that cross-linked HTL provides exceptional
physical protection to the perovskite.
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Scheme 5. The synthetic route of HTM-F4

Other HTMs containing triphenylamine moieties and cross-linkable groups of
tetrafluorovinylic (the synthetic route is shown in Scheme 5) or vinylphenyl were
introduced by Xu et al.!*%. The fabrication of inverted PSCs using dopant-free HTLs
with fluorine units (HTM-F) and without fluorine units (HTM-H) resulted in high PV
performance values of 20.51 and 19.07 %, respectively. Since fluorine atom, organic
cations, and lead are capable of forming strong interactions, the inclusion of fluorine
greatly improved the quality of the perovskite film by passivating the perovskite layer.
More importantly, the incorporation of cross-linkable groups had a tremendous
positive effect on the stability of devices, PSCs with HTM-F retaining 90 % of the
efficiency after 2,000 h in ambient air. The thermal polymerization reaction of HTM-
F and a schematic illustration of the formation of a cross-linked 3D polymer network
are demonstrated in Figure 14.
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Figure 14. In-situ cross-linking polymerization of HTM-F under thermal conditions (a)**,
a schematic illustration of the formation of a continuous network polymer (b)
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Shao et al. introduced a series of cross-linkable HTMs based on diphenylamine
and fluorene derivatives!#2, The fabrication of inverted PSCs revealed that all in-situ
thermally cross-linked HTLs positively influenced the efficiency of the devices when
compared to the performance of the reference PEDOT:PSS-based PSCs (12.3 %). The
highest PCE of 18.7 % was exhibited by a device containing HTM, empowered by
methoxy groups and vinylbenzyl substituents, called VB-MeO-FDPA. Significantly
improved device performance can be attributed to a better energy level alignment of
VB-MeO-FDPA with the perovskite and high conductivity of the cross-linked layer.
However, the replacement of methoxy groups with methyl groups (VB-Me-FDPA)
resulted in a barely reduced efficiency of 17.9 %, whereas the incorporation of
cross-linkable alkyl chains instead of vinylbenzyl substituents (DH-MeO-FDPA)
decreased the PCE even more (15.9 %). Such results can be explained by high hole
drift mobility values of VB-MeO-FDPA and VB-Me-FDPA, hence higher FF values.
Recently, Zhang et al. presented carbazole-based in-situ cross-linkable compound
MCz-VPOZ for hole transport in inverted PSCs, which demonstrated the highest
reported performance (23.9 %) for non-PTAA HTMs so far’*, Moreover, HTL of
MCz-VPOZ showed an impressive chemical resistance to DMF and substantial defect
passivation effect, resulting in a high-quality perovskite film and a decrease in
recombination losses. Furthermore, the unencapsulated PSCs employed with cross-
linked MCz-VPOZ HTL demonstrated an outstanding stability under several
operational stressors for 2,500 h.

Table 4. Photovoltaic parameters of PSCs employed with cross-linkable HTMs

Voc Jsc PCE Reference PCE
HTM FF
% (mA/cm?) (%) (%)
VNPB®d 1.11 19.0 0.81 16.5 14.0
HTM-FP¢ 1.09 23.03 0.82 2051 -
HTM-Hpe 1.05 22.7 0.80 19.07 -
VB-MeO-FDPAP¢ 1.15 20.89 0.78 18.7 13.7
VB-Me-FDPAP¢ 1.16 20.17 0.77 17.9 13.7
DH-MeO-FDPA®¢ 1.09 19.54 0.75 15.9 13.7
MCz-VPOZb¢ 1.169 24.15 0.85 23.9 20.9

aSpiro-OMeTAD, PTAA, or PEDOT:PSS were used as a reference HTM, or compounds were
compared with each other; "dopant-free composition, °p-i-n device structure, n-i-p device
structure.
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2. REVIEW OF THE PUBLISHED ARTICLES

2.1. “Efficient and stable perovskite solar cells using low-cost aniline-
based enamine hole-transporting materials” (scientific publication no. 1, Q1, 56
guotations)

This sub-chapter is based on the paper published in Advanced Materials, 2018,
30, 1803735 by D. Vaitukaityte, Z. Wang, T. Malinauskas, A. Magomedov, G.
Bubniene, V. Jankauskas, V. Getautis, and H. J. Snaith™**.

As mentioned in the previous sections, cost-effective and stable HTMs are
essential for ensuring further progress and scaling up of PSCs. Therefore, it is
necessary to avoid the use of multi-step synthesis, metal catalysts, and a tedious
sublimation step as the purification procedure. In the first publication, aniline was
chosen as a backbone for the whole series of novel HTMs, since it is one of the most
fundamental and commonly used precursors in the chemical industry. Surprisingly
low price influences its availability and usability for the manufacture of various
chemicals on a large scale’®*. In order to reduce the cost of aniline-based
semiconductors even further, they were synthesized using a straightforward single-
step condensation reaction, which is a transition-metal-catalyst-free synthesis; hence,
the purification of HTMs is much less complicated, and often, a simple crystallization
procedure is perfectly adequate.

In this work, four semiconductors were obtained by means of condensation
between the amine group of aniline precursors and aldehyde group of
2,2-bis(4-methoxyphenyl)acetaldehyde in the presence of (+/—)camphor sulfonic acid
(CSA). The synthesis of novel HTMs is presented in Scheme 6. Depending on the
ratio of reactants, the enamines with two (V1056, V1092) or three (V1091, V1102)
diphenylethenyl groups have been synthesized. In order to obtain V1056, aniline
derivative with a methoxy group in the p-position, acting as an additional donor, was
used as a precursor; correspondingly, for the synthesis of V1102, 3,5-dimethylaniline
was used, which reportedly has a positive influence on the PV performance of
devices'*®,

The price of the reagents that are necessary for the synthesis was estimated using
the procedure determined by Osedach et al. in order to evaluate the cost-effectiveness
of new HTM series'¥”. According to the calculations, the cost of V1091 is
approximately 16 $/g, whereas 1 g of V1056 can be synthesized for 8 $, proving that
enamines can be obtained at a significantly reduced rate compared to the reference
spiro-OMeTAD (synthesis cost is 92 $/g)'%.

In order to ascertain the thermal stability of aniline-based semiconductors,
thermogravimetric analysis (TGA) was carried out; the results are demonstrated in
Figure 15 and Table 5. The measurements showed that all four compounds possess
superb thermal stability that was higher than 310 °C, which is sufficient for regular
device operation conditions. Additionally, the heating curves demonstrate rapid
weight loss, indicating that HTMs sublime rather than thermally decompose, which
implies that HTLs can be formed by vacuum deposition, further expanding the
application of compounds.
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Scheme 6. Synthesis of aniline-based HTMs: a) V1091, V1092; b) V1056, V1102
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Figure 15. TGA heating curves of aniline-based HTMs (scan rate 10 K/min)

The thermal transitions of new HTMs were investigated by differential scanning
calorimetry (DSC); detailed data is collected in Table 5. DSC analysis revealed that
larger molecules, such as V1091 and V1102, containing three diphenylethenyl
moieties, show a lower tendency to crystallize than relatively smaller compounds
V1056 and V1092, including only two aforementioned moieties. The aniline
derivative with the simplest structure of the series V1092 presents a high melting
temperature (Tm) at 251 °C, a glass transition (Ty) temperature at 80 °C, and a
crystallization process at 129 °C. The incorporation of an additional methoxy group
into the para-position of the phenyl ring V1056 causes some disorder in the molecule,
resulting in a significantly reduced T (190 °C) and the absence of the crystallization
peak. The introduction of the third diphenylethenyl group in the mentioned position
(V1091) interferes with the crystallization process even more; hence, the molecule
gains a fully amorphous state. V1102 shows similar behavior, but its Tq is lower,
which can be explained by the steric hindrance of the molecule that occurred due to
the addition of two methyl moieties.

Table 5. Thermal, optical, and photophysical properties of aniline-based HTMs and
reference spiro-OMeTAD

D Tm Te Tg Tdec iabs | p Ho u
(CC?  (°C)*  (°C* (°C) (nm) (eV) (cm?Vs)  (cm?Vs)?
333 5 4
V1056 190 78 334 oy 519 1.3x10 7.8x10
V1091 - - 109 388 381 517 2.8x10%  1.7x1072
V1092 251 120 80 310 31 53 _ -
370
V1102 - - 96 375 367 516 1.6x10%  1.5x10%
Spiro-OMeTAD 245 - 126 449 387 500 4.1x105  5.0x10*

aDetermined by DSC: scan rate 10 K/min, N, atmosphere, second run; °determined by TGA:
scan rate 10 K/min, N atmosphere; ‘mobility value at zero field strength; 9mobility value at
6.4x10% V/cm field strength.
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The optical properties of novel HTMs were inspected by the means of
ultraviolet-visible (UV-vis) absorption. Figure 16 a shows the UV-vis spectra; the
recorded absorption wavelengths are collected in Table 5.
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Figure 16. a) UV-vis absorption spectra of aniline-based HTMs and spiro-OMeTAD in THF
(c = 10™* M), b) electric-field dependencies of the hole drift mobilities in films
of V1056, V1091, and V1102

The UV-vis absorption spectra of V1056 and V1092, containing two
diphenylethenyl fragments, show that the incorporation of methoxy group has an
insignificant influence on the m-conjugated system. Whereas the addition of the third
fragment considerably expands the size of the system, demonstrating a bathochromic
shift of =50 nm. In comparison, adding two methyl groups in the 3,5-positions of the
phenyl ring (V1102) results in a =14 nm shift towards shorter wavelengths, which
could be attributed to an enhanced steric hindrance at the para-position, twisting
diphenylethenyl fragments out of the plane.

In order to investigate the energy levels of new semiconductors in the solid state,
the ionization potential (I,) was measured by the photoelectron spectroscopy in air
(PESA) method; the results are summarized in Table 5. The highest I, value of the
series is demonstrated by VV1092. The addition of electron donating moieties, such as
diphenylethenyl (V1091) or methoxy (V1056), decreases thel, value by
approximately 0.1 eV, while two additional methyl groups (V1102) do not have any
effect compared to the I, of V1092. Although, the measured values of I, of aniline-
based HTMs are slightly higher than that one of spiro-OMeTAD, they are suitable for
the application in PSCs, being in compliance with the VB of the perovskite absorbing
layerl“8,

The charge transport properties of synthesized enamines were studied by using
the xerographic time-of-flight (XTOF) technique (Figure 16 b); the results are shown
in Table 5. The hole drift mobility value of V1056 is in the same order of magnitude
at high electric fields as for spiro-OMeTAD (5.0x10* c¢cm?/Vs)¥*°, whereas the
addition of the third diphenylethenyl fragment in V1091 resulted in substantially
increased mobility of 1.7x102 cm?/Vs. However, the addition of two methyl groups
to the phenyl ring in V1102 has a negative impact on the charge transport properties
at zero field strength due to the increased steric hindrance effect.
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Table 6. Solar cell performance parameters extracted from the J-V curves

Voc Jsc PCE

D V) mAem) T )
V1056 1.07 221 0.79 18.7
V1091 1.11 225 0.81 20.2
V1102 1.13 22.7 0.68 17.6
Spiro-OMeTAD 1.12 22.6 0.80 20.2

Eventually, in order to test the performance of aniline derivatives as HTLs,
planar perovskite solar cells with a device structure of FTO/SnO./perovskite/HTM/Au
were fabricated. The J-V characteristics were collected under simulated solar
illumination (AM 1.5G, 100 mW/cm2); the data is summarized in Table 6. The
champion PCE of the prepared devices with enamine-based HTMs varies from 17.6 %
for V1102 to 20.2 % for V1091, reaching the same efficiency as a control device
containing spiro-OMeTAD.
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Figure 17. Decay of SPO of devices with spiro-OMeTAD and V1091

In Figure 17, the stability of the devices in ambient air with a relative humidity
of 45 % without any encapsulation is reported for more than 800 h. The cells with
V1091 maintained even 96 % of their initial efficiency, while the stabilized power
output (SPO) of the control device with spiro-OMeTAD decreased to 42 % after
aging. The improvement in stability can be attributed to the enhanced molecular
packing and a more hydrophobic surface of the V1091 films.

2.2. “Cut from the same cloth: enamine-derived spirobifluorenes as hole
transporters for perovskite solar cells” (scientific publication no. 2, Q1, 6
quotations)

This sub-chapter is based on the paper published in Chemistry of Materials,
2021, 33, 15, 6059-6067 by D. Vaitukaityte, C. Momblona, K. Rakstys, A. A.
Sutanto, B. Ding, C. Igci, V. Jankauskas, A. Gruodis, T. Malinauskas, A. M. Asiri, P.
J. Dyson, V. Getautis, and M. K. Nazeeruddin®®°.

As previously discussed, spiro-OMeTAD is among the most extensively
researched HTMs, but the synthetic and purification procedures are too complicated
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and expensive to begin a large-scale production. However, the synthetic strategy of
aniline-based enamines, introduced in the aforementioned section, has proven to be
successful in regard to the simplified synthetic scheme and product workup, hence a
considerably reduced cost of HTMs. Therefore, in the following publication, a
combination of both strategies, spirobifluorene core and condensation reaction, has
been used.

Herein, four novel HTMs with a differently substituted spirobifluorene core,
containing from one to four enamine branches and mimicking the state-of-the-art
spiro-OMeTAD, were obtained. Scheme 7 demonstrates the chemical structures of
spirobifluorene-based semiconductors and synthesis route that are used to obtain such
compounds. The calculations of a lab-scale synthesis cost of enamine-derived
semiconductors showed that V1307 (~37 $/g) is much more inexpensive than a
reference spiro-OMeTAD (~92 $/g).
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Scheme 7. Synthesis of spirobifluorene-based HTMs: V1305, V1306, V1307, V1308

The results of TGA and DSC of new condensation-based HTMs are summarized
in Table 7. The decomposition temperature (Taec), indicating a weight loss of 5 %, of
all compounds from the series is approximately 400 °C, which implies very good
thermal stability. DSC analysis indicated that three of four materials (\V1305, V1306,
V1308) tend to exist in both crystalline and amorphous states as well as
spiro-OMeTAD. However, a compound with a large structure and an enhanced
molecular weight (V1307) has only an amorphous state and the highest T in the series
(169 °C). Furthermore, all newly synthesized enamines have a higher glass transition
temperature compared to spiro-OMeTAD (126 °C), indicating an improved
morphological stability of the films.
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Table 7. Thermal, optical, and photophysical properties of spiro-based HTMs

Tm Te Tg Tdec Aabs Ip Eg Eea Mo
(°C)* (°C)* (°C)* (°C)* (nm)° V) (ev)! (ev) (cm’/Vs)
V1305 243 - 131 380 267, 372 533 290 243 1.7x10°

V1306 294 226 154 402 267, 373 537 284 253 54x10°
V1307 - - 169 401 263,389,408 546 2.83 263 6.4x10*

V1308 305 203 158 371 263,388,408 546 2.78 2.68 9.4x10*

30bserved from DSC and TGA (10 °C/min, N2 atmosphere); Pabsorption spectra were
measured in THF solutions (10 M); Cionization energies of the films measured using PESA;
9E, estimated from the intersection of absorption and emission spectra of solid films;
®Eea = Ip - Eg; 'mobility value at zero field strength.

Figure 18 a shows the UV-vis absorption spectra of synthesized HTMs in THF
solution. All four enamines exhibit m—n* transitions of the absorption band located
around 260 nm, whereas even a stronger absorption band was observed in the 370-
410 nm range, attributing to n—n* transitions. The differences in absorption spectra
are due to a different number and the substitution position of diphenylethenyl
moieties. The absorption shifts hyperchromically when the quantity of enamine
fragments increases, whereas the substitution of fluorene on both sides (V1307,
V/1308) determines a red-shift of 35 nm. The optical bandgaps (Eg) estimated from the
intersection of the absorption and emission spectra are in the range between 2.78 and
2.90eV.

a) [ _vi1305

5 | —v130e

3 [ —wv1307 .

> | —vi1308 h

‘0

c i

2

£ i

[ =

2 J

I 4 V1305

2 1 . v V1306

2 1 1 « V1307 1

< . V1308
250 300 350 400 450 O 200 400 600 800 000

Wavelength, nm E112 (vicm)1/2

Figure 18. a) UV-vis absorption spectra of spiro-based HTMs in THF (104 M), b) electric
field dependencies of the hole drift mobility in films of spiro-enamines
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The solid-state I measurements demonstrate that the HOMO energy level of
spiro-based HTMs is in the range of 5.33 and 5.46 eV, which is quite stabilized
compared to spiro-OMeTAD (5.00 V)L, The data mentioned above was used for
the calculations of the electron affinities (E..), which were found to be between
2.43 and 2.68 eV. It is important to note that the E.. values are smaller than the CB of
the perovskite (—4.10 eV); thus, it should be possible to avoid the unwanted electron
transfer from the perovskite to the electrode. The results of the I, measurements and
the calculations of the Ec, are summarized in Table 7.

Figure 18 b shows the hole drift mobility dependency on the electric field
strength; the summarized data is provided in Table 7. The best charge transporting
properties of the series were demonstrated by V1308 and V1307 with the o values of
9.4x10* and 6.4x10~* cm?/V/s, respectively; thus, both exceeded the mobility value of
the reference spiro-OMeTAD (uo = 1.3x107* cm?Vs)™2, Such results indicate that
charge transporting abilities are strongly influenced by the molecular structure and
particularly in this case, by a higher degree of conjugation in enamine branches of
V1307153—155.

Table 8. Solar cell performance parameters extracted from the J-V curves

Voc Jsc PCE

D V) (mAcmd) T %)
V1305 108 2317 076 190
V1306 100 2222 071 158
V1307 107 2321 077 192
V1308 107 2344 076 191

Spiro-OMeTAD 1.12 22.90 0.77 19.7

In order to reveal the influence of HTM with a different number and substitution
position of enamine fragments on the performance of PSCs, n-i-p structured devices
with a layout of FTO/c-TiO2/m-TiO2/SnO/perovskite/HTM/Au were fabricated. The
data from the J-V curves is collected and summarized in Table 8. Three out of four
devices containing V1305, V1307, and V1308 showed similar efficiency values of
19.0 %, 19.2 %, and 19.1 %, respectively, which are on par with those of the
traditional spiro-OMeTAD-based cells. In contrast, V1306 presented the smallest
PCE of the series (15.8 %), which can be attributed to the lowest value of hole
mobility. In addition, a lower FF might be another element, which implies poor film
quality of V1306-based devices, hence an unfavorable effect on the hole charge
extraction and inadequate performance. The stability measurements of the
unencapsulated devices revealed that enamine-based PSCs show results, comparable
to those of the devices incorporated with a standard spiro-OMeTAD, for the same
testing period.
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2.3. “Molecular engineering of enamine-based hole-transporting
materials for high-performing perovskite solar cells: influence of the central
heteroatom” (scientific publication no. 3, Q1, 1 quotation)

This sub-chapter is based on the paper published in Solar RRL, 2022, 6, 11,
2200590 by D. Vaitukaityte, M. A. Truong, K. Rakstys, R. Murdey, T. Funasaki, T.
Yamada, Y. Kanemitsu, V. Jankauskas, V. Getautis, A. Wakamiya®®.

According to the scientific literature, the replacement of the central core of a
molecule can have different effects on the properties of HTM®*"1%, Furthermore, the
presence of a different heteroatom in the structure has an impact on the
electrochemical and photophysical properties of the material and the performance
parameters of the device. The incorporation of heteroatoms, such as oxygen (0)€0.161,
nitrogen (N)*2183 and sulfur (S)*+% into the structure of the hole transporter is
reported to result in the passivation of undercoordinated lead ions, while suppressing
nonradiative losses at the perovskite/HTM interface. Moreover, the substitution of
heteroatoms leads to suitably aligned energy levels regarding the VB of the
perovskite, which may improve the performance of PSCs!8170,

In this publication, the same one-step synthetic procedure, as it has been
previously described, was used for the synthesis of a new series of compounds based
on the incorporation of various central fragments, such as diphenyl ether (V1433),
diphenyl sulfide (\V1434), triphenylamine (V1435), and tetraphenylmethane (V1431),
containing a different number of enamine branches (Scheme 8).
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Scheme 8. Synthesis of HTMs V1433, V1434, V1435, and V1431 with a different central
heteroatom and a varying degree of enamine branches
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The TGA analysis revealed that all newly synthesized semiconductors possess
excellent thermal stability values of 413, 415, 409, and 413 °C for V1431, V1435,
V1433, and V1434, respectively. The results of the DSC analysis showed that the
C-cored compound V1431 only has an endothermic peak at 339 °C, which implies
about the melting process, whereas V1433, containing the oxygen core, presents Ty at
130 °C, followed by a cold crystallization at 270 °C and T, at 295 °C, implying both
crystalline and amorphous behavior. The other two molecules with N- and S-cores
exhibited a reduced tendency to crystallize with glass transition temperatures at
130 °C for V1435 and 125 °C for V1434, confirming their fully amorphous behavior.
Detailed thermal features are summarized in Table 9.

Table 9. Thermal, optical, and photophysical properties of enamine-based HTMs

Tm Tc Tg Tdec ;LabS | P Eg Ega Ho
(°C)F (0 (°C  (°C (m) (V) (eV)! (eV)® (cm/Vs)'

V1433 295 270 130 409 261,344 537 297 240 3.0x10°

V1434 - - 125 413 264,357 552 299 253 35x10°
V1435 - - 130 415 260,373 527 288 239 2.0x10°
V1431 339 - - 413 263,347 554 3.02 252 50x10°

aMelting, crystallization, and glass transition temperatures observed from DSC; decomposition
temperature observed from TGA, respectively (10 °C/min, N, atmosphere); Pabsorption
spectra were measured in THF solutions (10~* M); Cionization potentials of the films measured
using PESA,; °E4 estimated from the intersection of absorption and emission spectra of solid
films; °Eea = Ip — Eg; Thole drift mobility value at zero field strength.

The absorption spectra of enamines in the THF solution (Figure 19 a) display
Amax at 344, 347, 357, and 373 nm for V1433, V1431, V1434, and V1435, respectively,
indicating a red-shift of approximately 20 nm for N-cored compound, which can be
ascribed to an enhanced m-conjugation. Based on the intersection of absorption and
emission spectra, the estimated bandgap values for all semiconductors from the series
are similar at around 3.0 eV (Table 9).

The solid-state ionization potential measurements revealed that the HOMO
energy level shifts deeper as the electron density of the central atom decreases; the Ip
values of the compounds are presented in Table 9. LUMO energy level of novel
compounds was estimated from the I and Eq4 values (-2.39, -2.40, -2.53, -2.52 eV for
V1435, V1433, V1434, V1431, respectively), and it was found to be suitable for the
application in PSCs!®8,

The XTOF technique was used to estimate the charge transporting properties of
undoped films of these new semiconductors; as demonstrated in Figure 19 b and
Table 9, the best zero-field hole drift mobility value belongs to the N-cored V1435,
showing one order of magnitude higher results than the rest of the compounds from
the series.
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Figure 19. a) Absorption spectra of V1433, V1434, V1435, and V1431 in THF solutions
(10 M), b) electric field dependencies of the hole-drift mobhility of enamines with a
different central heteroatom

A new series of enamines containing various central heteroatoms was tested as
HTLs in conventional n-i-p structured PSCs with the following device architecture:
ITO-coated glass substrate/SnO,/perovskite/HTM/gold. However, compound V1433
with oxygen core did not show good solubility in 1,2-dichlorobenzene and
chlorobenzene; therefore, the devices using this HTM could not be manufactured. In
addition, a mixed-composition perovskite layer (Cso.osFA0.s7MAo.0sPbl2.76Bro.24) With
a comparably deep VB level (-5.68 €V)®° had to be chosen for the fabrication of these
PSCs in order to match the HOMO energy level of new HTMs. The PV characteristics
of the champion devices for each enamine-based HTM and a reference
spiro-OMeTAD are summarized in Table 10.

Table 10. Solar cell performance parameters extracted from the J-V curves

Voc Jsc PCE

'D V) mAaem) T ()
V1431 1.11 22.3 0.73 18.0
V1434 1.11 22.7 0.74 18.6
V1435 1.12 22.7 0.79 20.1
Spiro-OMeTAD 1.13 224 0.79 20.1

The best performance, as well as the highest hole drift mobility value, was
demonstrated by VV1435-based PSCs, reaching a PCE of 20.1 %, which was the same
for the reference device. Other fabricated solar cells showed comparable performance
results of 18.0 and 18.6 % for C- and S-core based HTLSs.
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2.4. “Enamine-based cross-linkable hole-transporting materials for
perovskite solar cells” (scientific publication no. 4, Q1, 7 quotations)

This sub-chapter is based on the paper published in Solar RRL, 2021, 5, 1,
2000597 by D. Vaitukaityte, A. Al-Ashouri, M. Daskeviciene, E. Kamarauskas, J.
Nekrasovas, V. Jankauskas, A. Magomedov, S. Albrecht, V. Getautis'™.

As mentioned earlier, high efficiency of PSCs is not the only goal: the longevity
of these devices is an equally important criterion. One of the ways to improve the
stability of devices is to avoid using dopants, which in most cases are responsible for
the accelerated degradation of the perovskite, since lithium salts are hygroscopic and
tBP tends to form complexes with Pbl,™. In order to enhance the longevity of p-i-n
structured PSCs, it is necessary to use a solvent-resistant HTL that the polar solvents
used for the formation of the perovskite layer could not wash away or etch the layer
formed below the perovskite. One of the best options to fulfill these criteria is to take
advantage of the characteristic of monomers containing vinyl groups to be thermally
cross-linked and form 3D networks. In addition, such a strategy was combined with
the aforementioned strategy for the synthesis of cost-effective enamine-based HTMs,
and both were adapted and used in this publication.
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Scheme 9. Synthesis of cross-linkable HTMs: a) V1162, b) V1187

Firstly, for the preparation of enamines, the same synthetic approach as
introduced before was followed, where two commercially available fluorene amines
were chosen as starting materials. Secondly, in order to prepare the target molecules
containing two vinyl groups, which are necessary for the thermal polymerization, a
simple alkylation reaction was used in the presence of 4-vinylbenzylchloride,
benzyltriethylammonium chloride, and sodium hydroxide in DMSO. During this
synthetic procedure, two final compounds with one (V1162) and two (V1187)
enamine branches were obtained (Scheme 9). Even though two-step synthesis was
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used to prepare these semiconductors, the overall price of compounds was calculated
to be 13.56 and 16.34 €/g for V1162 and V1187, respectively, which is still extremely
lower than the synthesis cost of one among the best performing polymeric HTMs for
p-i-n devices, i.e., PTAA (500 $/g)*"2.

A slightly different behavior of cross-linkable semiconductors can be observed
from DSC curves (Figure 20 a, Table 11). During the first heating cycle, V1162
presents a glass transition process at 100 °C, followed by a sharp endothermic peak
corresponding to Tr, at 228 °C, which indicates both crystalline and amorphous states
that are inherent to this compound. An exothermic process appears right after the
melting of the compound at 231 °C, indicating the thermal polymerization
temperature (T). The absence of additional phase transitions during consecutive scans
indicates the formation of the cross-linked polymer. In comparison, V1187 shows a
slightly higher T4 of 136 °C; moreover, the heating curves do not show the melting
process, which is an indication of only amorphous state. The thermal polymerization
starts at around 190 °C and reaches its peak at approximately 239 °C.
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Figure 20. a) DSC curves for V1162 and V1187 (heating rate 10 °C/min),
b) the cross-linking experiment of the films of V1162 and VV1187; the absorption of the
solutions, prepared by dipping spin-coated HTM films into THF after heating at the required
temperatures for the respective times, relative to the absorption of the solution, prepared by
dipping of the non-cross-linked film

UV-vis spectra demonstrated that the absorption maximum of compound V1162
is at 370 nm, whereas V1187 shows a bathochromic shift of 36 nm, which can be
attributed to a larger m-conjugated system, resulting from the addition of a second
enamine branch. The results are summarized in Table 11.

The UV-vis spectroscopy was used for the evaluation of the cross-linking
process of novel semiconductors. First, thin films of synthesized HTMs were formed
by spin-coating, then the films were heated at 231 and 239 °C for V1162 and V1187,
respectively, for 1 hour. Afterwards, the layers were rinsed with THF, and the amount
of washed material was analyzed by the absorption spectra. The results indicate that
after 15 minutes of heating, the majority of both monomers were cross-linked into
solvent-resistant 3D networks, while after 45 minutes, the thermal polymerization
process was completed (Figure 20 b). In addition, Fourier-transform infrared

48



spectroscopy (FTIR) was previously reported to prove the completion of the
cross-linking processt”1™, The results show that the peaks of the vinyl groups at the
988-991 and 904-908 cm™* disappear after heating.

Table 11. Thermal, optical, and photophysical properties of cross-linkable HTMs

Tm Tp Ty Taec Aabs Ip u

(°C)* (°C)}* (°C)* (°C)}* (nm)" (eV)° (cm?/Vs)°
8.6x107 (before cross-linking)
4.0x10* (after cross-linking)

5.0x1073 (before and after
cross-linking)

V1162 228 231 100 396 370 5.26

V1187 - 239 136 393 406 511

aMelting, polymerization, and glass transition temperatures observed from the DSC;
decomposition temperature of cross-linked polymers observed from TGA, respectively
(10 °C/min, N, atmosphere); Pabsorption spectra were measured in THF solutions (104 M);
‘ionization potentials of the films measured using PESA; “hole drift mobility value at strong
electric fields.

Ip measurements revealed that the values recorded for both cross-linkable
enamines are suitable for the use of these semiconductors in PSCs (5.11 and 5.26 eV
for V1187 and V1162, respectively).

Excellent charge transport properties at strong electric fields were demonstrated
by enamine V1187, reaching 10 cm?/Vs. More importantly, the hole drift mobility
value of V1187 did not change after the cross-linking process. In comparison,
compound V1162 with a smaller structure showed lightly worse mobility values
before the polymerization, whereas mobility after heating became significantly lower.
The results of charge transport properties in films are collected in Table 11 and
presented in Figure 21 a.
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Figure 21. a) Electric-field dependencies of the hole drift mobilities in films of V1162 and
V1187 before and after thermal polymerization, b) dependence of PCE on the concentration
of the V1187 solution
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Table 12. Solar cell performance parameters extracted from the J-V curves

Voc Jsc PCE
FF
ID V) (mA/cm?) (%)
V1162 0.878 21.60 0.76 14.49

V1162 cross-linked  1.077 21,51 0.64 14.71

V1187 0.932 20.73 0.80 1551

V1187 cross-linked  1.069 21.40 0.73 16.77

The newly synthesized enamines were incorporated into p-i-n PSCs as HTLs
(device architecture: ITO/HTM/perovskite/C60/bathocuproine (BCP)/Ag). The
performance parameters of devices are summarized in Table 12. The data illustrate
that PSCs containing neat films of V1187 showed higher efficiency values (15.51 %)
compared to V1162 (14.49 %), which can be attributed to the higher hole drift
mobilities. The same tendency is observed for the devices containing cross-linked
films; furthermore, after the thermal polymerization, the efficiency of all PSCs
increased, demonstrating promising results of 16.77 % for VV1187-based devices. In
addition, even higher PCE values for VV1187-based PSCs were achieved by optimizing
the concentration of HTM in a solution, which varied between 0.5 and 2 mg/mL.
Detailed results can be found in Figure 21 b. Finally, the best performance was
recorded to be 18.14 % for the devices with cross-linked films of V1187 produced
from 1.5 mg/mL solutions.
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3.  CONCLUSIONS

To conclude, this work presents a straightforward and cost-effective route of
enamine synthesis by condensation reaction, which allows the elimination of
palladium catalysts associated with excessive purification procedures, and the
avoidance of inert atmosphere conditions, as a result, ensuring that such an approach
is more appealing for the industrial applications in perovskite solar cells. In particular:

1. A new series of small organic enamine-based hole transporting materials
containing aniline core were synthesized and investigated. It has been
determined that:

1.1. Synthesized aniline derivatives are thermally stable; the decomposition
temperature of all compounds exceeds 310 °C, which is sufficient for
regular device operation conditions;

1.2. The addition of a third diphenylethenyl fragment into the p-position of the
phenyl ring expands n-conjugated system of a molecule and ensures a fully
amorphous state of the compound;

1.3. The developed p-type organic semiconductors show suitable values of
ionization potential (5.16-5.30 eV) and excellent charge transport
properties, reaching 10 cm?/Vs at strong electric fields;

1.4. The incorporation of aniline-based trisubstituted enamine V1091 as hole
transport layer in the fabricated perovskite solar cells allowed to reach an
excellent champion power conversion efficiency exceeding 20 %, proving
the potential of a novel class of compounds, while devices with
spiro-OMeTAD showed identical efficiency results.

2. New hole transporting materials based on spirobifluorene core were
synthesized, and their investigation revealed that:

2.1. The addition of enamine fragments increases the glass transition
temperature of the final compounds, determining their tendency to
amorphousness and greater morphological stability;

2.2. The best charge transporting properties (9.4x107% cm?/Vs) were
demonstrated by the compound V1308 with the highest number of
substituents;

2.3. Three out of four semiconductors (V1305, V1307, V1308) in the series
ensured a high performance of devices exceeding 19 %, which is on par
with spiro-OMeTAD-based cells.

3. Novel hole transporting materials containing different central heteroatoms and
a varying number of enamine branches were synthesized; the investigation of
their properties has shown that:

3.1. Thermal decomposition temperatures corresponding to 5 % weight loss of
newly synthesized compounds exceeded 400 °C, which indicate an
excellent thermal stability of the series;

3.2. The fully amorphous state of the materials was achieved only for the
enamines containing triphenylamine and diphenyl sulfide central
fragments;
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3.3. An expanded m-conjugated system in the N-cored compound is
responsible for a bathochromic shift of approximately 20 nm compared to
the absorption maximum of the other molecules. In addition, this
semiconductor demonstrated the best hole drift mobility value
(2.0x10° cm?/Vs) from the series;

3.4. The best maximum power conversion efficiency of more than 20 % was
demonstrated by the devices with nitrogen-cored semiconductor, which
helped to achieve one of the highest reported performances among
enamine-based hole transporting materials.

. A group of new fluorene-derived cross-linkable hole transporting materials

were synthesized and investigated; moreover, a study of the influence of

thermal polymerization was conducted. It has been found that:

4.1. The polymerization process of the compound with one enamine branch
occurs at 231 °C, while the compound containing two enamine branches
has a slightly higher peak of polymerization temperature (239 °C);

4.2. The enamine-based films form three-dimensional networks and become
resistant to the organic solvents after approximately 45 minutes of heating;

4.3. Charge transporting properties of new enamines were not significantly
affected by the in-situ cross-linking procedure; thus, cross-linkable layers
are suitable for the application in p-i-n solar cells;

4.4. The concentration of solution of the hole transporting material appeared
to have a notable influence on the performance of perovskite solar cells,
and the cross-linking process positively affects the efficiency of the
devices;

4.5. Optimized p-i-n structured perovskite solar cells containing a cross-linked
hole transport layer of disubstituted enamine demonstrated promising
efficiency results of over 18 %.

. The synthesis cost of newly synthesized organic p-type photoconductors is 3 to

12 times lower compared to the well-known standard hole transporters
(spiro-OMeTAD) that are typically used for efficient perovskite solar cells.



4.  SUMMARY

4.1. Jvadas

XVIII a. viduryje prasidéjusi Pramonés revoliucija ne tik paskatino daugybe
novatorisky idéjy, iSradimy, padéjo didinti pramoninés gamybos apimtis ir naSuma,
sukélé gyventojy migracija i§ uzmiescio | miestus, bet taip pat pagerino darbuotojy
darbo salygas ir leido uztikrinti geresng sveikatos apsaugg. Tokie veiksniai salygojo
didziulj zmoniy populiacijos augima, ir ji Siandien yra beveik astuonis kartus didesné
nei buvo pries kelis Simtus mety. Industrializacija ir labai iSauges gyventojy skaicius
paskatino intensyvy iskastinio kuro naudojima ir padidéjusj oro uzterStumo lygj, o tai
sukélé energetikos ir aplinkosaugos krizes!. Dél iSaugusios svarbos Siandieniniame
kontekste moksliniai tyrimai atsinaujinanciy istekliy energetikos srityje yra plétojami
vis spar€iau. Tarp visy atsinaujinan¢iy energijos Saltiniy saulés energija yra viena i$
papras¢iausiai i$gaunamy ir pladiausiai paplitusiy, per metus Zeme pasickia apie
5 x 10* EJ energijos?, o viso pasaulio suvartotas energijos kiekis 2021 m. buvo tik
595 EJ°. Tai jrodo, jog Saulé yra neiSsenkantis energijos Saltinis, galintis visiskai
patenkinti augantj zmonijos energijos poreikj, pasitelkiant reikiamas technologijas.

Siliciniai saulés elementai yra placiausiai paplite visoje fotovoltiniy
technologijy rinkoje dél gerai zinomo gamybos proceso, plataus paties silicio
paplitimo ir prietaisy ilgaamziskumo. Tac¢iau tradiciniy saulés elementy gamyba yra
labai brangus ir daug energijos sgnaudy reikalaujantis procesas*®. Be to, dél savo
kietumo, trapumo ir sunkumo $ie prietaisai turi ribotas pritaikymo galimybes®’.

Zmonijai jsipareigojus kuo grei¢iau pasiekti nulinj $iltnamio efekta sukelianéiy
dujy emisijos lygj veiksmingesniy technologijy pritaikymas yra tiesiog
nei$vengiamas. Pastaruosius tris deSimtmecius plonasluoksniy, lanks¢iy fotovoltiniy
technologijy plétra sukélé nemazai susidoméjimo, kuris jrodo, jog naujausios kartos
saulés elementai turi didziulj potencialg pigiai ir paprastai gamybos technologijai,
kartu sunaudojant nedidelj medziagy kiekj®®.

Viena i sparCiausiai tobulinamy ir daugiausiai zadan¢iy technologijy yra
organiniai-neorganiniai hibridiniai perovskitiniai saulés elementai (PSE), kurie
2009 m. literatiiroje pirma karta buvo paminéti kaip Sviesos energija konvertuojantys
prietaisai®. Si technologija sulauké tokio didelio susidoméjimo dél nepaprastai greito
prietaisy efektyvumo augimo, kiek ilgiau nei per deSimtmetj jy naSumas pakilo nuo
3,8% iki beveik 26 %%, Stulbinantis PSE efektyvumas, kuris $iandien lenkia
komerciniy i$ silicio pagaminty saulés elementy efektyvuma, yra pagristas
iSskirtinémis elektrinémis ir optinémis perovskito savybémis!?®3,

Be absorbuojancio perovskito sluoksnio, Kita ypatingai svarbi PSE sudedamoji
dalis yra skyles transportuojantis sluoksnis, kuris atsakingas uz skyliy iStraukimg i$
perovskito ir skyles transportuojan¢ios medziagos (STM) sandiiros**'. Siam
sluoksniui modifikuoti yra pasitelkiama organiné sintezé, kurios déka STM gali jgyti
atitinkamas savybes, nulemiancias efektyviy bei stabiliy PSE gamyba ir s¢kminga ju
jvedimg ] rink3.
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Darbo tikslas — ekonomisky enaminy sintezé ir jy savybiy iStyrimas bei
pritaikymas skyliy transportavimui perovskitiniuose saulés elementuose.

Disertacijos tikslui pasiekti buvo iSkelti Sie uzdaviniai:

1.  Mazamolekuliy organiniy junginiy, turinéiy anilino centrinj fragmentg bei
difeniletenilgrupes ir tinkan¢iy panaudojimui perovskitiniuose saulés elementuose,
sintezé ir tyrimas.

2.  Naujy skyles transportuojantiy medziagy, turinéiy spirobifluoreno
centrinj fragmenta ir difeniletenilgrupes, sintez¢ ir terminiy, optiniy bei fotofizikiniy
savybiy tyrimas, taip pat perovskitiniy saulés elementy fotovoltiniy savybiy
vertinimas.

3. Naujy organiniy puslaidininkiy, besiskirian¢iy centriniu heteroatomu ir
enamino fragmenty skai¢iumi, sintezé, charakterizavimas ir pritaikymas skyliy
transportavimui perovskitiniuose saulés elementuose.

4.  Fluoreno centrinj fragmentg turin¢iy ir tinklintis galin¢iy molekuliy
sintezé, charakterizavimas ir terminés polimerizacijos jtakos perovskitiniy saulés
elementy efektyvumui tyrimas.

5. Susintetinty skyles transportuojanciy medziagy sintezés kainos
jvertinimas.

Darbo naujumas ir sarysis tarp publikaciju:

Siekiant jvesti PSE | rinka, jie turi atitikti keleta reikalavimy: pasizyméti
prieinama kaina, bati itin efektyvias ir ilgai islikti stabilis. Nors visai neseniai buvo
uzfiksuotas naujas $iy prietaisy efektyvumo pasaulinis rekordas (25,7 %)*°, taciau
tinkamy STM trikkumas Vvis dar neleidZia iSnaudoti viso PSE potencialo. Geriausiali
Zinomas standartas, taikomas norint palyginti Sias medZiagas, yra vadinamas
spiro-OMeTAD. Nors ir buvo susintetintas daugiau nei prie§ du deSimtmecius, Sis
organinis puslaidininkis net ir §iandien yra vienas dazniausiai naudojamy STM n-i-p
tipo prietaisuose. Deja, vienas i§ pagrindiniy spiro-OMeTAD minusy yra sudétinga
Sesiy zingsniy sintezé, kuriai biitinos inertinés salygos ir agresyviy bei jautriy reagenty
naudojimas, be to, siam junginiui iSgauti reikalingas ilgas ir komplikuotas gryninimo
procesas. Tokie veiksniai labai padidina organinio puslaidininkio kaing, 0 tai apriboja
jo pritaikyma pramonei. Todél visose keturiose $ios disertacijos autorés publikacijose
apraSytos STM buvo susintetintos pasitelkus paprastg enaminy kondensacijos
reakcija, kuriai nenaudojami brangiis katalizatoriai ir netaikomos sudétingos
gryninimo proceddros, ir tai nulémé mazesng¢ organiniy puslaidininkiy savikaing.

Pirmojoje publikacijoje pristatoma serija junginiy, susintetinty vienpakopés
sintezés déka, kaip pradine medziagg naudojant komercinj anilina. Siuos organinius
junginius panaudojus PSE kaip skyles transportuojancius sluoksnius, prietaisai
pademonstravo didesnj nei 20 % efektyvuma, o tuo metu, kai buvo publikuotas sis
straipsnis, tai reiské jspudingus ir daug Zadancius rezultatus. Be to, prietaisai, kuriuose
panaudotas organinis puslaidininkis su padidinta konjuguota = dvigubyjy jungciy
sistema, islaiké net 96 % savo pradinio efektyvumo pra¢jus 800 valandy, o Stai
prietaisy su standartu spiro-OMeTAD efektyvumas pragjus tam paciam laikui
sumazéjo iki 42 %.
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Antrojoje publikacijoje aprasoma spirobifluoreno-enaminy serija, kuri pasizymi
patobulintu  morfologiniu stabilumu ir islaikytomis elektrinémis savybémis
spirobifluoreno centrinio fragmento déka. Puslaidininkinéms savybéms svarbig jtaka
turi ir skirtingas enamino fragmenty skaiéius, prijungtas prie spirobifluoreno centro.
Didesnis pakaity kiekis salygojo didesng stiklé¢jimo temperattira, kuri ne tik padéjo
gerinti morfologines medziagy savybes, bet ir nulémé stabilesne amorfing biiseng. Dél
to PSE parodé didesnj nei 19 % efektyvuma, kurj galima prilyginti prietaisy su etalonu
spiro-OMeTAD efektyvumui. Be to, STM, turincios vieng ir du enamino fragmentus,
leido pademonstruoti geriausius prietaisy stabilumo rezultatus lyginant su kitais Sios
serijos junginiais ar standartu spiro-OMeTAD.

Treciojoje publikacijoje démesys taip pat skiriamas pigiai ir paprastai STM
sintezei, joje pristatyta nauja enaminy serija su skirtingais centriniais heteroatomais
(C, N, O bei S) ir atitinkamai kintan¢iu enamino fragmenty skai¢iumi. Geriausias PSE
efektyvumas buvo pasiektas panaudojus azoto heteroatomg turintj organinj
puslaidininkj, kai prietaiso efektyvumas vir§ijo 20 %, o $tai PSE su etalonu spiro-
OMeTAD parodé identiskus efektyvumo rezultatus. Be to, STM su azoto ir anglies
centriniais atomais uztikrino geresnj prietaisy terminj stabilumg lyginant su PSE,
kuriuose buvo naudojama palyginamoji STM. Sie rezultatai patvirtina, kad taikant
racionalig molekuliy inZinerijg net ir paprasta enaminy kondensacijos reakcija gali
biti panaudota stabiliy bei nasiy saulés elementy gamybai.

Paskutinéje publikacijoje démesys kreipiamas ne tik j nedidele kaing ar gera
PSE efektyvuma, bet ir ypatingai koncentruojamasi j jy ilgaamziskuma. Norint
pagerinti organiniy puslaidininkiy elektrinj laiduma, tam yra naudojami legiruojantys
priedai, taciau dél savo higroskopinés prigimties ir cheminio irimo jie neigiamai
veikia prietaiso stabiluma, todél siai publikacijai buvo pagaminti p-i-n tipo prietaisai,
kuriuose tokie priedai nenaudoti. Straipsnyje pristatomi fluoreno pagrindu susintetinti
organiniai puslaidininkiai gali bati termiskai sutinklinami, Sitaip suformuojamas
tirpikliams atsparus STM sluoksnis, kuris padéjo PSE pasiekti didesnj nei 18 %
efektyvumg, o tai jrodo pasiillytos strategijos veiksmingumg tolimesniam STM
tobulinimui.

4.2. Paskelbty publikaciju apZvalga

4.2.1. Anilino pagrindu susintetinty enaminu panaudojimas skyles
transportuojantiems sluoksniams efektyviuose ir stabiliuose perovskitiniuose
saulés elementuose

Sis skyrius yra para$ytas remiantis publikuotu straipsniu: Advanced Materials,
2018, 30, 1803735, D. Vaitukaityte, Z. Wang, T.Malinauskas, A. Magomedov,
G. Bubniene, V. Jankauskas, V. Getautis, H. J. Snaith™**; cituota 56 kartus.

Kaip minéta ankstesniuose skyriuose, ekonomiskos ir stabilios STM yra biitinos
norint uztikrinti tolimesnj progresa PSE gamybos ir jy komercializavimo srityje.
Siekiant $io tikslo jgyvendinimo, labai svarbu vengti daugiapakopés sintezés, metalo
katalizatoriy ir sudétingy gryninimo metody, tokiy kaip sublimacija, taikymo.
Kadangi anilinas yra vienas paprasCiausiy ir dazniausiai chemijos pramonéje
naudojamy reagenty, jis buvo pasirinktas kaip pagrindas naujai STM serijai, apraSytai
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pirmojoje publikacijoje. Stebétinai maza anilino kaina salygoja §io junginio
prieinamuma ir platy pritaikyma jvairioms cheminéms medziagoms gaminti dideliais
kiekiais'*®. Siekiant dar labiau sumazinti anilino pagrindu susintetinty puslaidininkiy
gamybos islaidas, tam buvo pasirinkta vienpakopé kondensacijos reakcija, kuriai
nereikalingi pereinamyjy metaly katalizatoriai, todé¢l tokiy medziagy gryninimas néra
sudétingas, ir tam daznai uztenka paprastos kristalizacijos procediros.

Siame straipsnyje buvo pristatyti keturi nauji organiniai puslaidininkiai, gauti
kondensacijos reakcijos metu reaguojant anilino dariniy amino grupei su
2,2-bis(4-metoksifenil)acetaldehido aldehido grupe, dalyvaujant katalizatoriui
(+/-) kamparo sulfoninei rags¢iai (KSR). Naujy STM sintezé yra pateikta
1 schemoje. Pagal skirtinga reagenty santykj buvo susintetinti enaminai su dviem
(V1056, V1092) arba trimis (V1091, V1102) difeniletenilgrupémis. Anilino darinys,
p-padétyje turintis papildoma donoring metoksigrupe, buvo panaudotas gauti V1056,
atitinkamai, V1102 sintezei buvo pasirinktas 3,5-dimetilanilinas, kuris gali turéti
teigiama jtaka fotovoltiniy prietaisy veikimui4s,

Siekiant jvertinti naujos STM serijos ekonomiskuma, visy reagenty, reikalingy
junginiy sintezei, kainos buvo paskai¢iuotos remiantis Osedach ir kt. pasitlyta
procediira’¥’. Paskai¢iuota, kad junginio V1091 kaina yra apie 16 $/g, o 1 g junginio
V1056 galima susintetinti uz 8 $. Taigi Sie enaminai yra zymiai pigesni nei gerai
iStirtas standartas spiro-OMeTAD, kurio sintezés kaina 92 $/g'%.

Siekiant jvertinti terminj anilino pagrindu susintetinty puslaidininkiy stabiluma
buvo atlikta termogravimetriné analizé (TGA), kurios rezultatai pateikti 1 paveiksle
ir 1lentel¢je. Matavimai parodé, jog visiems keturiems junginiams yra budingas
puikus terminis stabilumas, didesnis nei 310 °C, kurio pakanka jprastomis prietaisy
veikimo sglygomis. Be to, termogravimetrinés kreivés demonstruoja gana staigius
masés nuostolius, 0 tai reiskia, jog S$ie junginiai sublimuojasi, todél skyles
transportuojanéiy sluoksniy formavimui galima panaudoti ir vakuuminj nusodinima,
kuris i$plecia $iy junginiy pritaikymo galimybes.

°100
o~
_%;‘ 80+
g %0 V1092 310C
2 40y ——v1056
> 20{ ——V1091
= ] ——Vv102
100 200 300

Temperatira, °C

1 pav. I§ anilino ir jo dariniy susintetinty organiniy puslaidininkiy termogravimetrinés
kreivés (kaitinimo rezimas 10 K/min)
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(4,5 ekv.)

KSR, toluenas, v. t., 6 val.
O J &

®
>

— _O

V1091 (69 %)

v

(2,1 ekv.)
KSR, toluenas, v. t., 2 val.

b’

(2,5 ekv.) [
KSR, toluenas, v. t., 20 min

SN

V1092 (72 %)

NH,
V1056 (46 %)
R R | I
|
(0] (0] A
I I N
(6 ekv.) o O
KSR, toluenas, v. t., 2 val. O
/O o\
Cl
V1056: R, = H; R, = -OCHj ~°
V1102: R, =-CH3; R,=H V1102 (60 %)

1 schema. I anilino ir jo dariniy gauty STM sintezé: a) V1091, V1092; b) V1056, V1102

57



Naujai susintetinty STM morfologinés savybés buvo nustatytos naudojantis
diferencine skenuojamgja kalorimetrija (DSK), iS$samiis duomenys pateikti
1 lenteléje. DSK analizé parodé, jog didesnés molekulés V1091 ir V1102, turinios
tris difeniletenilo fragmentus, yra labiau linkusios kristalizuotis lyginant su
mazesniais junginiais V1056 ir V1092, turinCiais tik du pries tai minétus fragmentus.
Anilino darinys su pacia paprasiausia struktira V1092 pademonstravo didele
lydymosi temperatira (Tiya,) esant 251 °C, jo stikléjimo temperatira (Ts) nustatyta
ties 80°C, o kristalizacijos procesas uzfiksuotas esant 129 °C. Papildomos
metoksigrupés jvedimas fenilo ziedo p-padétyje (V1056) sukelia tam tikra netvarka
molekulés struktiiroje, kuri lemia zZymiai sumazéjusig Tiya. (190 °C) ir egzoterminés
kristalizacijos smailés iSnykimg. Trecio difeniletenilfragmento buvimas Sioje padétyje
(V1091) dar labiau apsunkina kristalizacijos procesg, ir molekulé tampa visiskai
amorfiska. V1102 taip pat pasizymi visiSka amorfine biisena, ta¢iau §io junginio Ts.
yra kiek zemesné, o tai gali buti paaiskinta erdviniais trukdziais, atsiradusiais dél
dviejy papildomy metilgrupiy buvimo.

1 lentelé. IS anilino bei jo dariniy susintetinty STM ir standarto spiro-OMeTAD
terminés, optinés ir fotofizikinés savybés

J . led. Tkrist. Tst. T5 % ntwas j—abs |p Ho )2
nu .
unginys —ecyr (ecyr (ec) cop (M) @) (e (emve
333 . 3
V1056 10 - 78 34 209 519 13x10°  78x10
V1091 - - 109 388 381 517 2,8x10° 1,7x1072
331
V1092 251 120 80 310 530 - -
370
V1102 ~ _ 96 375 367 516 1,6x10° 1,5x10%
Spiro-OMeTAD 245  — 126 449 387 500 41x10° 50x10%

aNustatyta i§ DSK matavimy: kaitinimo rezimas 10 K/min, N terpé; °nustatyta i TGA:
kaitinimo rezimas 10 K/min, N2 aplinka; °kriivininky dreifinis judris esant nuliniam elektrinio
lauko stipriui; %riivininky dreifinis judris, esant 6,4x10° V/cm stiprio elektriniam laukui.

Naujy  junginiy  optiniy  savybiy  nustatymui  buvo  panaudoti
ultravioletinés-regimosios §viesos (UV—RS) spinduliuotés sugerties spektrai (2a pav.,
1 lent.). Junginiy V1056 ir V1092, turindiy du difeniletenilfragmentus, UV-RS
absorbcijos spektruose matyti, kad papildomos metoksigrupés jvedimas neturi didelés
jtakos konjuguotai 7z elektrony sistemai. O S$tai trecio difeniletenilfragmento
atsiradimas zymiai praplecia konjuguota sistema, tai jrodo absorbcijos maksimumo,
atitinkancio z—z* elektrony peréjimus, batochrominis 50 nm poslinkis. Taciau
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dviejy metilgrupiy buvimas 3-iojoje ir 5-0joje fenilo ziedo padétyse (V1102) sukelia
14 nm poslinkj j trumpesniy bangy pusg, kurj galima paaiSkinti padidéjusiais
erdviniais trukdziais p-padétyje, ir difeniletenilfragmenty pasisukima plokstumos
atzvilgiu.

a) 80k ——— V1056 —— spiro-OMeTAD b) 10"F . V1I°55
70k{) —— V1091 P . V1091
sox V1092 / \ 10°F . vi102

) \—.— V1102
T VAN

- 50k | / A,
€ a0kl \ o9, / \
- RN LVALY Wt /
e N A |
o/ NNy x|
S o W .
10k Pt AN
RO
0 . . . . l&r_—,:n‘:r- 10"' s L . L L )
250 300 350 400 450 0 200 400 600 800 1000 1200

Bangos ilgis, nm E2 (viem)12

2 pav. a) I3 anilino bei jo dariniy susintetinty STM ir spiro-OMeTAD UV-RS spinduliuotés
sugerties spektrai (THF, ¢ = 10 M); b) junginiy V1056, V1091 ir V1102 dreifiniy judriy
priklausomybé nuo elektrinio lauko stiprio

Siekiant nustatyti puslaidininkiy energijos lygmenis buvo panaudotas
jonizacijos potencialo (l,) matavimas elektrony fotoemisijos ore metodu, rezultatai
pateikti 1 lenteléje. Didziausig |, vertg parodé junginys V1092. Papildomy elektrony
donory, tokiy kaip difeniletenil- (V1091) arba metoksigrupiy (V1056), atsiradimas
molekuléje sumazin0 jonizacijos potencialg mazdaug 0,1 eV, o §tai dviejy metilgrupiy
(V1102) jvedimas neturéjo jokios jtakos lyginant su puslaidininkio V1092 I,. Nors i$
anilino bei jo dariniy susintetinty STM I, vertés Kiek didesnés nei spiro-OMeTAD,
Sie junginiai yra tinkami naudoti PSE, kadangi jy HOMO lygmuo yra suderintas su
perovskito sluoksnio valentine juosta®*.

Susintetinty enaminy kriivio pernaSos greitis buvo iSmatuotas kserografiniu
laiko 1ékio metodu (2b pav.), rezultatai pateikti 1 lenteléje. Junginio V1056 skyliy
dreifinio judrio verté stipriuose elektriniuose laukuose yra tos pacios eilés kaip ir
standarto spiro-OMeTAD (5,0 x 10* cm?Vs)!, o §tai trecio difeniletenilfragmento
jvedimas (V1091) lemia zymiai padidéjusj judrj (1,7 x 10 cm?/Vs). Taciau junginio
V1102, turinio tuos pacius tris difeniletenilfragmentus bei dvi papildomas
metilgrupes prie fenilo ziedo, kriivio pernasos greitis silpnuose laukuose yra zymiai
mazesnis, grei¢iausiai dél didesniy erdviniy trukdziy atsiradimo.

Norint jvertinti anilino dariniy kaip skyles transportuojanciy sluoksniy
panaudojimo efektyvuma buvo sukonstruoti n-i-p architektiiros PSE (sandara: FTO
(fluoru legiruotas alavo oksidas)/SnO./perovskitas/STM/Au). Duomenys, surinkti i$
fotosrovés—jtampos (J-V) kreiviy grafiko, susisteminti ir pateikti 2 lenteléje.
Remiantis PSE fotovoltinémis charakteristikomis galima teigti, jog prietaisy su nauja
STM serija efektyvumas varijuoja nuo 17,6 % (V1102) iki 20,2 % (V1091), ir tai
parodo, jog Sie enaminai gali padéti pasiekti tokj patj efektyvuma, Kaip ir etalonas
spiro-OMeTAD.
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2 lentelé. Saulés elementy nasumo parametrai, gauti i§ J-V kreiviy

Voc Jsc PCE

Junginys V) (mAJcm?) FF (%)
V1056 1,07 22,1 0,79 18,7
V1091 1,11 22,5 0,81 20,2
V1102 1,13 22,7 0,68 17,6
Spiro-OMeTAD 1,12 22,6 0,80 20,2

3 paveiksle yra pavaizduotas neuzsandarinty prietaisy stabilumas juos laikant
ore ilgiau nei 800 valandy, esant 45 % drégmei. Rezultatai rodo, jog PSE su junginiu
V1091 i8laiké net 96 % savo pradinio efektyvumo, o $tai kontrolinio prietaiso su
spiro-OMeTAD nasumas nukrito iki 42 %. Toks stabilumo pagerinimas gali bati
paaiskinamas kokybiskesniu molekuliy i$sidéstymu sluoksnyje ir didesniu V1091
hidrofobiskumu.

RS

© 1,0 96%
£ ’ o
2 08

©

< 06 -

® | 42%
S 04t

g ’" | —@— Spiro-OMeTAD

N 0,2 -—e—v1091

‘-E 00 I " 1 " 1 n 1 " 1 " 1 " 1 " | " 1
© Y

i 0 100 200 300 400 500 600 700 800

Laikas, val.

3 pav. PSE su V1091 ir spiro-OMeTAD efektyvumo kitimas laike

4.2.2. Perovskitiniuose saulés elementuose skyles transportuojantys
enaminai, turintys spirobifluoreno fragmenta

Sis skyrius yra paraSytas remiantis publikuotu straipsniu: Chemistry of
Materials, 2021, 33, 15, 6059-6067, D. Vaitukaityte, C. Momblona, K. Rakstys,
A. A Sutanto, B.Ding, C.lgci, V.Jankauskas, A.Gruodis, T.Malinauskas,
A. M. Asiri, P. J. Dyson, V. Getautis, and M. K. Nazeeruddin®*; cituota 6 kartus.

Kaip jau minéta anksciau, spiro-OMeTAD yra viena labiausiai iStyrinéty ir
aprasyty STM, taciau jos sintez€s ir gryninimo procedtiros yra per daug sudétingos ir
brangios norint pradéti gamybg pramoniniu mastu. O $tai enaminy sintezés i$ anilino
bei jo dariniy strategija, pristatyta ankstesniame poskyryje, jrodé esanti puiki
alternatyva, pasizyminti supaprastinta sintezés schema ir paprastu produkty
i$skyrimu, zymiai sumazinan¢iu STM kaing. Todél Sioje publikacijoje pristatyta
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abiejy minéty strategijy, spirobifluoreno centrinio fragmento ir kondensacijos
reakcijos, kombinacija.

Siame straipsnyje buvo susintetintos keturios naujos STM su spirobifluoreno
centru, turinéiu nuo vieno iki keturiy enamino fragmenty, i$sidésciusiy taip, jog
atkartoty etalono spiro-OMeTAD struktlirg. 2 schemoje pateiktos S$iy junginiy
struktiirinés formulés ir pavaizduotas sintezés kelias, naudotas iy puslaidininkiy
gavimui. Laboratorinés sintezés kainos skai¢iavimai parodé, jog susintetinti
puslaidininkiai, turintys tiek spirobifluoreno, tiek difeniletenil- fragmenty, yra Zymiai
pigesni: pavyzdziui, 1 g junginio V1307 kainuoja apie 37 $, o Stai standarto spiro-
OMeTAD kaina yra 92 $/g.

. 3 Reras ;
ALS D ?? V1305 (49 %) °\ o=

Ry O R, KSR, THF/toluenas, v. t.

/o OO: e /o O;
0 O oolen
O (G0 &

V1305: R;=H; R,=NH,; Rz=H; Ry=H
V1306: R, = H; R, = NH,; R3=NHy; Ry=H
V1307: R; = NHy; R, = NHy; Ry = NHy; Ry = NH,
V1308: R; = NH,; Ry = NHy; R3=H; Ry=H V1307 (33 %)

2 schema. I8 spirobifluoreno dariniy susintetinty STM sintezé: V1305, V1306, V1307,
V1308

Naujy, kondensacijos reakcijos metu susintetinty, STM TGA ir DSK matavimy
rezultatai yra pateikti 3 lenteléje. 5 % masés nuostoliy temperatiira $ios serijos
junginiams yra apie 400 °C, o tai rodo, jog jiems budingas labai geras terminis
stabilumas. DSK analizé rodo, kad trims i§ keturiy medziagy (V1305, V1306, V1308)
yra budingos tiek kristalingé, tiek amorfiné busenos, panasiai kaip ir
spiro-OMeTAD¥, Taciau junginys V1307, turintis didZiausig struktiirg ir molekuling
mase, pasiZymi vien tik amorfine biisena, be to, jam biidinga ir auksciausia T, 1§ visos
junginiy serijos (169 °C). Visi naujai susintetinti enaminai turi didesne stikl&jimo
temperatiirg lyginant su etalonu spiro-OMeTAD (124 °C), o tai jrodo geresnj
sluoksniy morfologinj stabiluma.
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3lentelé. IS spirobifluoreno dariniy susintetinty STM terminés, optinés ir
fotofizikinés savybés

) led. Trist. Tst. Ts % Aabs Ip Eg Eea Huo
Jungmys mas. nuost.
o O (O (e (m)y> (eV)° (V) (eV)'  (cm?Vs)
V1305 243 - 131 380 267,372 533 290 243 17x10°

V1306 294 226 154 402 267, 373 537 284 253 54x10°

V307 - ~ 169 401 265203889; 546 283 263 64x10°
V1308 305 203 158 371 265203888; 546 278 268 94x10*

aNustatyta i§ DSK ir TGA matavimy (10 °C/min, N, terpé); Pabsorbcijos spektrai, uzrasyti i3
tirpaly THF (104 M); Sjonizacijos potencialai, iSmatuoti plévelése, taikant elektrony
fotoemisijos ore metoda; 9Eg, apskaiciuota i§ absorbcijos ir emisijos spektry susikirtimo vietos;
®Eea = Ip — Eg; 'skyliy dreifinio judrio vertés esant nuliniam elektrinio lauko stipriui.

4 paveiksle pavaizduoti susintetinty STM UV-RS absorbcijos spektrai. Visy
keturiy spirobifluoreno-enaminy sugerties spektruose pastebimas prie 260 nm esantis
absorbcijos maksimumas, atsirades dél z—z* valentiniy elektrony Suoliy molekulése,
o §tai kitas sugerties maksimumas, biidingas n—z* elektrony Suoliams, uzfiksuotas
srityje nuo 370 nm iki 410 nm. Absorbcijos spektry skirtumai gali biti paaiskinti
skirtingu difeniletenilfragmenty skaiciumi ir padétimi molekuléje. Didéjant enaminy
fragmenty skaiCiui stebimas Aas hiperchrominis poslinkis, o $tai pakaity buvimas
abiejose fluoreno pusése nulemia 35 nm aborbcijos maksimumo poslinkj raudonyjy
bangy link. Draustiniy energijy juosty (Eg) vertés buvo paskaiciuotos i§ sugerties ir
emisijos spektry susikirtimo vietos, jos varijuoja nuo 2,78 eV iki 2,90 eV.

a) [ vi1305
—_ V1308
- — V1307
| — V1308

sant. vnt.

Absorbcijos intensyvumas,

250 300 350 400 450 0 200 400 600 800 1000
Bangos ilgis, nm E”z, (Vfcm)1"2

4 pav. a) I§ spirobifluoreno dariniy susintetinty STM UV-RS absorbcijos spektrai
(THF, 10* M); b) spirobifluoreno-enaminy dreifinio judrio priklausomybé nuo elektrinio
lauko stiprio
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Spirobifluoreno-enaminy jonizacijos potencialo matavimai parodé, kad HOMO
energijos lygmens vertés yra pakankamai stabilizuotos tarp 5,33 eV ir 5,46 eV,
lyginant su spiro-OMeTAD (5,00 eV)®™. Remiantis §iais duomenimis buvo
apskaiciuotos ir elektroninio giminingumo (Ec.) vertés, kurios yra intervale nuo
2,43 eV iki 2,68 ¢V. Svarbu paminéti, kad Sios vertés taip pat nurodo ir LUMO
energijos lygmenj, kuris turi biiti mazesnis nei perovskito sluoksnio laidumo juosta
(4,10 eV), siekiant iSvengti nepageidaujamos elektrony pernasos i§ perovskito j
elektroda. Duomenys i$ Ip matavimy ir Eea skai¢iavimy yra pateikti 3 lenteléje.

4b paveiksle pavaizduota skyliy dreifinio judrio priklausomybé nuo elektrinio
lauko stiprio, apibendrinti duomenys pateikti 3 lenteléje. Greiciausig kriivio pernasg
esant  nuliniam  elektriniam  laukui  pademonstravo  junginiai V1308
(9,4 x 10* cm?/Vs) ir V1307 (6,4 x 10* cm?Vs), kuriy dreifinio judrio vertés yra
didesnés nei etalono spiro-OMeTAD (uo = 1,3 x 10 cm?/Vs)'%2. Sie rezultatai rodo,
jog kriivio pernasos savybes stipriai veikia molekulés struktira, ypa¢ didesné
konjugacija (V1307) esant didesniam enamino fragmenty skai¢iui'®®1%,

4 lentelé. Saulés elementy naSumo parametrai, gauti i§ J-V kreiviy

Voc Jsc PCE

Junginys V) (mA/em?) FF %)
V1305 1,08 23,17 0,76 19,0
V1306 1,00 22,22 0,71 15,8
V1307 1,07 23,21 0,77 19,2
V1308 1,07 23,44 0,76 19,1

Spiro-OMeTAD 1,12 22,90 0,77 19,7

Norint nustatyti skyles transportuojancioje medziagoje esanciy enamino
fragmenty skaiCiaus ir padéties jtakg PSE efektyvumui buvo sukonstruoti n-i-p tipo
prietaisai (sandara: FTO/c-TiO, (kompaktinis titano dioksidas)/m-TiO, (mezoporinis
titano dioksidas)/SnO2/perovskitas/STM/Au). Duomenys, surinkti i§ J-V kreiviy,
susisteminti ir pateikti 4 lenteléje. PSE su trimis i§ keturiy STM i§ naujos serijos
parodé panaSias prietaisy efektyvumo vertes, siekiancias 19 % (V1305, V1307,
V1308, atitinkamai, 19,0 %, 19,2 %, 19,1 %). Kiek maZesnj nasumag (15,8 %)
pademonstravo PSE su junginiu V1306, to priezastis gali buti maziausia Sios STM
dreifinio judrio verté. Be to, prie mazesnio efektyvumo galéjo prisidéti ir mazesnis
uzpildymo faktorius (angl. FF-fill factor), Kkuris parodo prastg skyles
transportuojanciy sluoksniy kokybe. Prietaisy stabilumo matavimai pademonstravo,
jog PSE su naujos serijos enaminais yra tokie pat stabils, kaip ir prietaisai su
standartu spiro-OMeTAD.
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4.2.3. Centrinio heteroatomo jtaka perovskitiniams saulés elementams
skirty skyles transportuojanciy medZiagy savybéms

Sis skyrius yra paraSytas remiantis publikuotu straipsniu: Solar RRL, 2022, 6,
11, 2200590, D. Vaitukaityte, M. A. Truong, K. Rakstys, R. Murdey, T. Funasaki,
T.Yamada, Y. Kanemitsu, V.Jankauskas, V. Getautis, A.Wakamiya'®®; cituota
1 kartq.

Remiantis moksline literattira, centrinio branduolio pakeitimas molekuléje
stipriai paveikia ir keicia STM savybes'®%, Be to, skirtingy heteroatomy atsiradimas
struktiiroje turi jtakg ne tik elektrocheminéms ir fotofizikinéms medziagy savybéms,
bet ir prietaisy naSumo parametrams. Deguonies (O)%%1 azoto (N)¥*216 jr sieros
(S)*64-166 heteroatomy jvedimas j skyles transportuojancia molekule padeda pasyvuoti
§vino jonus, Kartu mazinant rekombinacinius nuostolius perovskito/STM sandiiroje.
Tinkamo heteroatomo parinkimas taip pat lemia efektyvesnj junginiy energetiniy
lygmeny suderinima, kuris turi teigiamg poveiki paciy PSE naSumuitt®170,

Sioje publikacijoje naujai organiniy puslaidininkiy serijai su jvairiais centriniais
fragmentais (difenileteriu (V1433), difenilsulfidu (\VV1434), trifenilaminu (\V1435) ar
tetrafenilmetanu (V1431)) ir skirtingu enamino $aky skai¢iumi gauti buvo panaudota
ta pati vieno zingsnio sintezés procediira, apraSyta ankséiau (3 schema).

o%-Be oS

O, oa, 5 o < O

N EN BN
o ° V1433 (87 %) V1434 (84 %)

NH, | |

o & E= .
£y \oé ¥

e ‘;
o _\ )

o= o~

V1435 (78 %) V1431 (75 %)

3 schema. Puslaidininkiy V1433, V1434, V1435 ir V1431 su jvairiais centriniais
heteroatomais ir skirtingu enamino fragmenty skaiciumi sintezé

TGA rezultatai atskleidé, jog visi naujai susintetinti puslaidininkiai pasizymi
puikiu terminiu stabilumu, siekian¢iu 413 (V1431, V1434), 415 (V1435) ir 409 °C
(V1433). DSK analizé parodé, jog junginys su centriniu anglies atomu V1431 turi tik
endoterming smailg esant 339 °C, kuri reiSkia lydymosi procesa, o Stai junginio
V1433, turin¢io deguonies centra, termogramose uzfiksuota tiek T esant 130 °C, tiek
kristalizacija esant 270 °C, tiek lydymosi procesas esant 295 °C; tai rodo dvieju,
kristalinés ir amorfinés, bliseny egzistavima. Likusios molekulés su N- ir S-centrais
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pademonstravo sumazéjusj polinkj kristalizacijai, kadangi jy termogramose
uzfiksuotos tik stikléjimo temperatiiros, esant 130 °C junginiui V1435 ir esant 125 °C
junginiui V1434, jrodan¢ios amorfinés biisenos dominavimg. I§samesné terminiy
savybiy informacija pateikta 5 lenteléje.

5 lentelé. STM su jvairiais centriniais heteroatomais terminés, optinés ir fotofizikinés
savybés

Ty Tee Te ™S e b B Ee o
Junginys nuost.

(°C)*  (°C)* (°C)? oy (nm)®  (eV)® (eV)? (eV)* (cm*/Vs)
261;

V1433 295 270 130 409 244 537 297 240 30x10°
264;

V1434 - - 125 413 357 552 299 253 35x10°
260;

V1435 - - 130 415 473 527 288 239 20x10°
263;

V1431 339 - — 413 247 554 3,02 252 50x10°

8Lydymosi, kristalizacijos ir stikléjimo temperatiiros, uzfiksuotos i§ DSK matavimy; 5 %
masés nuostoliy temperatiira, uzfiksuota TGA metu (10 °C/min, N, terpé); Pabsorbcijos
spektrai, matuoti i$ tirpaly THF (10-* M); %jonizacijos potencialai, i¥matuoti plévelése, taikant
elektrony fotoemisijos ore metods; 9Eg, apskaiciuota i§ absorbcijos ir emisijos spektry
susikirtimo vietos; *Eea = Ip — Eq; 'skyliy dreifinio judrio vertés esant nuliniam elektrinio lauko
stipriui.

Enaminy sugerties spektrai (5a pav.) rodo, jog absorbcijos maksimumai yra
uzfiksuoti prie 344 nm (V1433), 347 nm (V1431), 357 nm (V1434) ir 373 nm
(V1435). Is siy duomeny galima pastebéti, kad junginiui, centre turiniam azoto
atoma, yra budingas 20 nm poslinkis raudonyjy bangy link, kuris gali biiti paaiSkintas
padidéjusia konjuguota 7 dvigubyjy jungcCiy sistema. Pasinaudojus junginiy sugerties
ir emisijos spektry susikirtimo vietomis buvo apskaiciuotos draustiniy energijy juosty
vertés, kurios visiems puslaidininkiams buvo panasios, apie 3,0 eV (5 lent.).

Jonizacijos potencialo matavimai medziagoms esant Kietosios busenos
atskleidé, jog HOMO energijos lygmuo giléja centrinio atomo elektrony tankiui
mazéjant, lp vertés yra pateiktos 5 lentel¢je. Naujy junginiy LUMO energijos lygmuo
buvo apskaiciuotas i§ lp ir Ey verciy (-2,39eV, —2,40eV, -2,53eV, -2,52 eV
junginiams V1435, V1433, V1434, V1431, atitinkamai); tai parodé, jog Sios
medZiagos yra tinkamos panaudojimui PSE*®,
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5 pav. a) Junginiy V1433, V1434, V1435 ir V1431 absorbcijos spektrai (THF, 107 M);
b) enaminy su skirtingu centriniu heteroatomu dreifinio judrio priklausomybé nuo elektrinio
lauko stiprio

Pasitelkus kserografinj laiko 1ékio metoda buvo nustatytos puslaidininkiy kriivio
pernaSos savybés (5b pav., 5 lent.), i$ kuriy galima teigti, kad geriausiu kriivininky
dreifiniu judriu, esant nuliniam elektrinio lauko stipriui, pasizymi junginys V1435 su
N-centru, pademonstraves viena eile aukstesnius rezultatus nei kiti junginiai i$ $ios
Serijos.

6 lentelé. Saulés elementy naSumo parametrai, gauti i§ J-V kreiviy

Voc Jsc PCE

Junginys V) (mA/em?) FF %)
V1431 1,11 22,3 0,73 18,0
V1434 1,11 22,7 0,74 18,6
V1435 1,12 22,7 0,79 20,1
Spiro-OMeTAD 1,13 22,4 0,79 20,1

Nauja enaminy serija su skirtingais centriniais heteroatomais buvo isbandyta
kaip skyles transportuojantys sluoksniai ir panaudota tradicinés n-i-p strukttros PSE
gamybai (prietaiso sandara: ITO (indZio alavo
oksidas)/SnOz/perovskitas/STM/auksas). Deja, junginys V1433, turintis deguonies
centrinj branduolj, nebuvo pakankamai tirpus nei 1,2-dichlorbenzene, nei
chlorbenzene, todél prietaisy su $iuo junginiu sukonstruoti nepavyko. Siekiant, kad
naujai susintetinty STM HOMO energijos lygmuo gerai deréty su perovskito
valentine juosta, siuo atveju teko pasirinkti misrios kompozicijos perovskito sluoksnj
(CSo,osFAo,mMAo,ong|2,7eBI’0,24), kuris pasiiymi kiek gilesniu valentinés jLIOStOS
lygmeniu (5,68 eV)*°. Nasiausiy prietaisy su enaminais ir etalonu spiro-OMeTAD
fotovoltinés charakteristikos yra pateiktos 6 lentel¢je. Didziausig, net 20,1 %,
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efektyvuma pademonstravo PSE su junginiu, pasizyminciu didziausiu kriivio
pernasos greiciu i§ visos serijos, V1435 (palyginamieji prietaisai su standartine STM
parodé tokius pacius rezultatus). Saulés elementai, sukonstruoti su kitais enaminais,
taip pat pademonstravo daug zadancius rezultatus, pasiekdami 18,0 % ir 18,6 %
efektyvuma su atitinkamai anglies ir sieros centrinius fragmentus turinéiomis STM.

4.2.4. Enamino fragmentus turinéios ir tinklintis galincios skyles
transportuojancios medZiagos perovskitiniams saulés elementams

Sis skyrius yra paraytas remiantis publikuotu straipsniu: Solar RRL, 2021, 5, 1,
2000597, D. Vaitukaityte, A. Al-Ashouri, M. Daskeviciené, E. Kamarauskas,
J. Nekrasovas, V. Jankauskas, A. Magomedov, S. Albrecht, V. Getautis!’®; cituota
7 kartus.

Kaip jau minéta anksciau, didelis prietaisy efektyvumas néra vienintelis tikslas
siekiant komercializuoti PSE; Kita taip pat svarbi savybé yra ilgaamziskumas. Vienas
i$ budy uztikrinti prietaiso stabiluma yra priedy, naudojamy skyles transportuojanciy
medziagy laidumui pagerinti, atsisakymas. Zinoma, kad li¢io druskos yra
higroskopiskos, o 4-tret-butilpiridinas yra linkes formuoti kompleksus kartu su Pbl,,
ir tai lemia greitesnj paties perovskito skilimg!™*. Norint prailginti p-i-n tipo PSE
veikimo trukme bitina paruosti tirpikliams atsparius skyles transportuojancius
sluoksnius, kurie neissiplauty perovskito sluoksnio formavimo metu, kai naudojami
stiprais poliniai tirpikliai. Vienas geriausiy varianty Siems kriterijams jgyvendinti yra
pasinaudoti unikalia vinilgrupes turin¢iy monomery savybe suformuoti trimatj tinkla,
paveikus temperatiira. Be to, $i strategija buvo suderinta su jau minéta ekonomiskai
efektyviy STM sintezés strategija ir abi jos pritaikytos Sioje publikacijoje.

a) %
W, o
O/
O ,o \ Eg
/0
O.O NHz KSR, toluenas, Q BzN(Et);Cl,
V.t NaOH, DMSO, k. t
/O
1(47 %)
b) \
ol
W, c‘
O/ _0. 0\ 0
O O °\
Y cf
HaN O‘Q NH; KSR, tome:asf f BZN(Et)gcl }/
vt NaOH, DMSO, k. t.
2 (94 %) V1187 (59 %)

4 schema. Sutinklinamy STM sintezé: a) V1162; b) V1187
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Pirmame STM sintezés zingsnyje buvo pritaikyta anksfiau minéta
kondensacijos reakcija, kuriai komerciskai prieinami fluoreno aminai pasirinkti kaip
pradinés medziagos. Antroje sintezés stadijoje, siekiant jvesti terminei polimerizacijai
reikalingas vinilgrupes, buvo pasitelkta alkilinimo reakcija su 4-vinilbenzilchloridu
dimetilsulfokside, reakcijoje dalyvaujant benziltrietilamonio chloridui ir natrio
hidroksidui. Sios sintezés metu buvo gauti du galutiniai junginiai su vienu (V1162) ir
dviem (V1187) enamino fragmentais (4 schema). Nors §iy puslaidininkiy gavimui
buvo reikalinga dviejy zingsniy sintez¢, taciau paskaiciuota jy savikaina (13,56 €/g ir
16,34 €/g, atitinkamai, V1162 ir V1187) vis tiek yra zymiai mazesné nei Vienos
efektyviausiy polimeriniy STM — PTAA, naudojamy invertuotos architektiiros
prietaisuose, sintezés kaina (500 $/g)*"2.

Is DSK matavimy nustatyta, kad sutinklinamiems puslaidininkiams btudingos
skirtingos savybés (6 pav., 7 lent.). Pirmojo kaitinimo metu junginio V1162
termogramoje esant 100 °C uzfiksuotas stikléjimo procesas, po kurio esant 228 °C
uzfiksuota endoterminé smailé, atitinkanti Tiyq. Tai parodo, jog Siai medZiagai
budinga tiek kristaliné, tick amorfiné biisenos. Be to, i§ karto po lydymosi proceso,
esant 231 °C pastebétas egzoterminis procesas, nurodantis terminés polimerizacijos
temperatiira (Tpo). Kadangi tiek ausinimo, tiek antrojo kaitinimo metu daugiau
neuzfiksuota jokiy terminiy virsmy, tai patvirtina sutinklinto trimaéio polimero
susiformavimg. O $tai junginiui V1187 budinga kiek didesné Ts. (136 °C), bet
lydymosi procesas termogramoje neuzfiksuotas, tai parodo, jog §i medziaga turi tik
amorfing biliseng. Terminé polimerizacija prasideda esant 190 °C ir pasiekia
maksimuma esant 239 °C.

a) b) 1o
2 kaitinimas —V1162 ' —a-V1162
—V1187 - V1187
1 Kaitinimas S 08 1
Q
e
2 239°C 5 06 I
" H
| |2 kaitinimas e ~ E
1 kaitinimas 5 04 -
2
c
S 02 -
—————— 00 : N
0 50 100 150 200 250 300 0 15 30 45 60
Laikas, min

Temperatdra, °C

6 pav. a) Junginiy V1162 ir V1187 DSK termogramos (kaitinimo rezimas: 10 °C/min);
b) junginiy V1162 ir V1187 pléveliy sutinklinimo eksperimentas. Tirpaly, gauty po skirtinga
laikg kaitinty pléveliy nuplovimo, absorbcijos palyginimas su tirpaly, paruosty po
nesutinklinty pléveliy nuplovimo, absorbcija

I8 UV-RS spektry nustatyta, kad junginio V1162 absorbcijos maksimumas yra
ties 370 nm, o §tai V1187 maksimumui biidingas 36 nm batochrominis poslinkis, kurj
galima paaiskinti didesne = konjuguota dvigubyjy jungc¢iy sistema, atsiradusia dél
antrojo enamino fragmento buvimo molekuléje. Matavimy rezultatai pateikti
7 lenteléje.
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7 lentelé. Terminés, optinés ir fotofizikinés sutinklinamy STM savybés

Tye T T TS o p
nuost.
(°C)* (°C)* (°C)* C)° (hm)®  (eV)* (cm?/V/s)!

Junginys

8,6 x 10* (pries
V1162 228 231 100 396 370 5,26 sutinklinimg)
4,0 x 10 (po sutinklinimo)
5,0 x 1073 (pries ir po

V1187 - 239 136 393 406 5,11 R
sutinklinimo)

8 ydymosi, polimerizacijos ir stikl¢jimo temperatiiros, uzfiksuotos DSK metu; Sutinklinty
puslaidininkiy 5 % masés nuostoliy temperatiira, uzfiksuota TGA metu (10 °C/min, N terpé);
Pabsorbcijos spektrai, matuoti i§ tirpaly THF (1074 M); Sonizacijos potencialai, imatuoti
plévelése, taikant elektrony fotoemisijos ore metoda; %skyliy dreifinio judrio vertés esant
stipriam elektriniam laukui.

UV-RS spektroskopija taip pat buvo pritaikyta puslaidininkiy sutinklinimo
procesui jvertinti. Visy pirma buvo suformuoti susintetinty STM sluoksniai, po to
plévelés buvo pakaitintos vieng valandg skirtingose temperatiirose (231 °C ir 239 °C,
atitinkamai junginys V1162 ir V1187). Véliau, sluoksniai buvo nuplauti su
tetrahidrofuranu, o nuplovimui naudotas tirpiklis iSanalizuotas absorbcijos spektrais.
Rezultatai parodé, jog didzioji dalis abiejy monomery buvo supolimerinta |
organiniams tirpikliams atsparias trimates (3D) struktiiras jau po 15 kaitinimo
minuciy, o po 45 minuciy terminés polimerizacijos procesas buvo visiskai baigtas
(6b pav.). Sutinklinimo proceso jrodymui buvo pritaikyta ir Furjé transformacijos
infraraudonyjy spinduliy spektroskopija!”*!'7*. Tyrimy rezultatai parodé, kad
vinilgrupiy smailés, esancios prie 988-991 cm™' ir 904-908 cm™!, iSnyksta po
sluoksniy pakaitinimo atitinkamoje temperatiiroje.

Jonizacijos potencialo matavimai pademonstravo, kad abiejy sutinklinamy
enaminy /p vertés yra tinkamos norint $iuos puslaidininkius pritaikyti PSE gamybai
(5,11 eV ir 5,26 eV, atitinkamai junginiams V1187 ir V1162).

Enaminas V1187 parodé puikias krivio pernaSos savybes stipriuose
elektriniuose laukuose, kai buvo pasiektos 10~ cm?/Vs vertés. Visgi dar svarbiau tai,
kad V1187 dreifinio judrio vertés nei kiek nesuprastéjo po sutinklinimo proceso. O
Stai junginys V1162, turintis mazesng¢ strukttiring formule, pasizyméjo Kiek prastesniu
kravio pernasos grei¢iu nei V1187, ir po terminés polimerizacijos jo dreifinio judrio
vertés sumazéjo kone dvigubai. Kriivio pernaSos savybiy plévelése duomenys pateikti
7 lentel¢je ir 7a paveiksle.
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7 pav. a) Enaminy V1162 ir V1187 dreifinio judrio priklausomybé nuo elektrinio lauko
stiprio pries§ ir po terminés polimerizacijos; b) prietaisy efektyvumo kitimas esant skirtingai
STM V1187 tirpalo koncentracijai

Naujai susintetinti enaminai buvo panaudoti kaip skyles transportuojantys
sluoksniai p-i-n tipo perovskitiniuose saulés elementuose (prietaiso struktiira:
ITO/STM/perovskitas/C60/batokuproinas (BCP)/Ag), jy naSumo parametrai pateikti

8 lenteléje.

8 lentelé. Saulés elementy naSumo parametrai, gauti i§ J-V kreiviy

Voc Jsc PCE

Junginys V) (mA/cm?) FF (%)
V1162 0,878 21,60 0,76 14,49
V1162 (sutinklintas) 1,077 21,51 0,64 14,71
V1187 0,932 20,73 0,80 15,51
V1187 (sutinklintas) 1,069 21,40 0,73 16,77

Duomenys rodo, kad prietaisai su nekaitintais V1187 sluoksniais turi didesnj
efektyvuma (15,51 %) palyginus su V1162 (14,49 %); tam galéjo turéti jtakos
greitesné junginio V1187 krtiviy pernasa. Tokia pati tendencija yra stebima lyginant
prietaisus su sutinklintais STM sluoksniais; be to, nustatyta, kad terminé
polimerizacija teigiamai veikia ir jy efektyvuma, uzfiksavus daug zadancius PSE
rezultatus (16,77 %) su enaminu V1187. Visgi optimizavus sios STM koncentracija
tirpale, kuri varijavo nuo 0,5 mg/ml iki 2 mg/ml, buvo sukonstruoti dar naSesni
prietaisai, issamts rezultatai pateikti 7b paveiksle. Taigi po atlikty eksperimenty
nustatyta, kad aukséiausias uzfiksuotas PSE su sutinklintu enamino V1187 sluoksniu
efektyvumas yra 18,14 %, kuris buvo pasiektas esant 1,5 mg/ml STM tirpalo
koncentracijai.
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4.3. ISvados

Siame darbe pristatytas nesudétingas ir ekonomiskai patrauklus enaminy
sintezés kelias pasitelkus kondensacijos reakcija, kuri leidzia visiSkai atsisakyti
medziagy gryninimo procesg apsunkinanciy paladzio katalizatoriy ir iSvengti inertinés
aplinkos sglygy naudojimo; tai uztikrina Sios strategijos patrauklumg pramoninei
perovskitiniy saulés elementy gamybai. Darbo metu suformuluotos isvados:

1. 18 anilino ir jo dariniy susintetinta ir iStirta nauja mazamolekuliy organiniy
skyles transportuojanciy junginiy, turin¢iy enamino fragmentus, serija. Atlikus
tyrimus nustatyta, kad:

1.1. Gauti anilino dariniy enaminai yra termiSkai stabiliis, visy junginiy 5 %
masés nuostoliy temperattira yra didesné nei 310 °C.

1.2. Treciojo difeniletenilo fragmento prijungimas fenilo Ziedo p-padétyje ne
tik praplec¢ia molekulés konjuguota 7 dvigubyjy jungéiy sistema, bet ir
uztikrina puslaidininkiy amorfing baisena.

1.3. Sie puslaidininkiai turi tinkamas jonizacijos potencialo vertes (5,16—
5,30 eV) ir puikias skyliy transportines savybes, stipriuose elektriniuose
laukuose siekiangias 102 cm?/Vs.

1.4. Perovskitiniy saulés elementy gamybai kaip skyles transportuojancius
sluoksnius panaudojus Siuos anilino dariniy enaminus, puslaidininkis,
turintis tris enamino fragmentus (V1091) pademonstravo didesnj nei 20 %
efektyvuma. Tokiomis pat sglygomis etalonas spiro-OMeTAD parodé
lygiai tokius pacius rezultatus.

2. Susintetinti skyles transportuojantys spirobifluoreno dariniai, turintys enamino
fragmenty. Jy tyrimai atskleide, kad:

2.1. Enamino fragmenty buvimas molekulés struktiroje padidina junginiy
stikléjimo temperatiirg, kuri nulemia geresnj morfologinj stabiluma.

2.2. Geriausias kriivio pernasos savybes (9,4 x 10 cm?/V/s) pademonstravo
junginys V1308, turintis du enamino fragmentus viename fluoreno Ziede.

2.3. Trys i$ keturiy naujos serijos puslaidininkiy (V1305, V1307, V1308)
uztikrino didesnj nei 19 % prietaisy efektyvuma, kuris prilygsta saulés
elementams su spiro-OMeTAD tomis paciomis salygomis.

3. Susintetinta nauja skyles transportuojanéiy medziagy serija, kurioje junginiai
skiriasi centriniu heteroatomu ir enamino fragmenty skai¢iumi. Siy medziagy
savybiy tyrimai parodé, kad:

3.1. Naujai susintetinty medziagy 5% masés nuostoliy temperatira yra
aukstesné nei 400 °C, ir tai jrodo puiky visos serijos terminj stabiluma.

3.2. Visiskai amorfiné blisena yra budinga tik dviem enaminams, kurie savo
struktiiros centre turi trifenilamino ir difenilsulfido centrinius fragmentus.

3.3. Junginys su centriniu azoto heteroatomu turi didesn¢ konjuguota =
dvigubyjy jungéiy sistema, dél kurios buvo uzfiksuotas apie 20 nm
batochrominis absorbcijos maksimumo poslinkis. Be to, $is puslaidininkis
pademonstravo ir didziausig i§ visos serijos kriivininky dreifinj judrj
(2,0 x 10° cm?/Vs);

3.4. Prietaisai, kuriy strukttiroje buvo panaudotas puslaidininkis su azoto
centriniu atomu, pademonstravo didesnj nei 20 % efektyvuma, o tai yra
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vienas i§ didziausiy publikuoty naSumy tarp perovskitiniy saulés
elementy, kuriuose skyles transportuojantys junginiai turi enamino
fragmenty.

4. Susintetinta grupé sutinklinamy ir skyles transportuojanciy fluoreno dariniy,
turiniy enamino fragmentus. Atlikus §iy junginiy analize ir terminés
polimerizacijos poveikio jy savybéms tyrimg buvo nustatyta, kad:

4.1.

4.2.

4.3.

44.

4.5.

Vieng enamino fragmentg turincio junginio polimerizacija uZzfiksuota
esant 231 °C, o Stai junginio su dviem fragmentais polimerizacija vyksta
esant kiek didesnei temperatarai (239 °C).

Po mazdaug 45 minuciy kaitinimo i§ enaminy pléveliy susiformuoja
organiniams tirpikliams atspartis trimaciai sutinklinti sluoksniai.

In-situ sutinklinimo procesas neturi didelés jtakos naujyjy enaminy skyliy
transportinéms savybéms, todél tokie sluoksniai gali buti pritaikyti p-i-n
tipo perovskitiniuose saulés elementuose.

Skyles transportuojanc¢ios medziagos tirpalo koncentracija turi didelg jtakg
perovskitiniy saulés elementy efektyvumui, 0 pats sutinklinimo procesas
prietaisy efektyvuma veikia teigiamai.

Optimizavus prietaisus, turin¢ius sutinklintg skyles transportuojancios
medziagos su dviem enamino fragmentais sluoksnj, buvo pasiektas daug
zadantis, didesnis nei 18 %, efektyvumas.

5. Susintetinti p-tipo organiniai fotopuslaidininkiai yra nuo 3 iki 12 karty pigesni

nei

zinomi standartiniai  puslaidininkiai  (spiro-OMeTAD), naudojami

efektyviems perovskitiniams saulés elementams gauti.
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Efficient and Stable Perovskite Solar Cells Using Low-Cost
Aniline-Based Enamine Hole-Transporting Materials

Deimante Vaitukaityte, Zhiping Wang,* Tadas Malinauskas, Artiom Magomedov,
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Metal-halide perovskites offer great potential to realize low-cost and flexible
next-generation solar cells. Low-temperature-processed organic hole-
transporting layers play an important role in advancing device efficiencies
and stabilities. Inexpensive and stable hole-transporting materials (HTMs)
are highly desirable toward the scaling up of perovskite solar cells (PSCs).
Here, a new group of aniline-based enamine HTMs obtained via a one-step
synthesis procedure is reported, without using a transition metal catalyst,
from very common and inexpensive aniline precursors. This results in a
material cost reduction to less than 1/5 of that for the archetypal spiro-
OMeTAD. PSCs using an enamine V1091 HTM exhibit a champion power
conversion efficiency of over 20%. Importantly, the unsealed devices with
V1091 retain 96% of their original efficiency after storage in ambient air, with
a relative humidity of 45% for over 800 h, while the devices fabricated using
spiro-OMeTAD dropped down to 42% of their original efficiency after aging.
Additionally, these materials can be processed via both solution and vacuum
processes, which is believed to open up new possibilities for interlayers used
in large-area all perovskite tandem cells, as well as many other optoelectronic

device applications.

During the past several years, perovskite solar cell (PSC) tech-
nology has evelved from a scientific curiosity to a major research
subject in the field of photovoltaics. In that short period of
time, they have gained recognition as one of the most promi-
sing photovoltaic technologies and managed to demonstrate
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remarkable achievements in the power
conversion efficiency (PCE) exceeding
229" and rivaling other thin-film tech-
nologies as well as silicon photovoltaic
devices!) The remarkable device per
formances can be attributed to excellent
optoelectronic properties of metal halide
perovskites, such as low exciton binding
energy,l high charge carrier mobility,**
high absorption coefficient/®”! and long
carrier diffusion lﬁ-ngih.w"’] To date, most of
the high-efficiency negative(n)-intrinsic(i)-
positive(p) structured PSCs are based on
either 2,2°,7,7-tetrakis(N,N-di-p-methoxy-
phenylamine)-9-9 -spirobifluorene
(spiro-OMeTAD) or poly[bis(4-phenyl)
(2,4,6-trimethylphenyljamine] (PTAA)
hole-transporting materials (HTMs), bath
of which are very expensive'®! The
generated high cost is mainly due to the
following reasons: i) multistep synthesis;
ii) complicated purification procedures!!;
iii) sublimation steps for purification;
and iv) use of transition metal catalysts.
For step iv, tiny amount of the catalysts, i.e., palladium, would
remain in the grained HTMs, which may serve as traps that
deteriorate the charge-transporting properties of the synthe-
sized HTMs and result in poor device performance!'*!5l To
remove the catalyst residue, sophisticated purification proce-
dures, such as sublimation or repeated column chromatog-
raphy, are typically required, which would greatly reduce the
material yield and therefore further increase the final costs.

Aniline, as one of the most basic and widely used precursors
in chemical industry, has been used in synthesis of numerous
chemicals and is extremely cheap and produced on a vast
scale (over 7 million tons per year).l'l Use of such a low cost
and readily available reagent as a starting material could be
beneficial from both practical and commercial points of view.

Herein, we synthesize enamine-based HTMs using aniline
precursors and further adopt a cost-effective single step,
transition-metal-catalysts-free route which we established
previously!'’l We demonstrate that PSCs with the synthe-
sized HTMs exhibit comparable high efficiencies and greatly
enhanced ambient-air stability in contrast to the cells with the
state-of-the-art spiro-OMeTAD HTM

We synthesize the HTMs by reacting the aniline precursor
with 2,2-bis(4-methoxyphenyljacetaldehyde in the presence of
(+/-)camphor sulfonic acid (CSA). Depending on the ration

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of the reagents, enamines with two (V1092) or three (V1091)
diphenylethenyl groups have been isolated (Scheme 1a).
Additionally, aniline derivatives with a methoxy group in the
para-position (V1056) and 3,5-dimethyl-substituted analogue
(V1102) were also used for the synthesis (Scheme 1b). The
methoxy group serves as an additional donor and blocks the
para-position of the phenyl ring. The 3,5-dimethylaniline was
chosen due to its beneficial influence on device performance.l'®l
Different from the synthesis of the conventional HTMs used in
PSCs,1 we do not need any transition metal catalysts during
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CSA, toluene, 110°C
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Scheme 1. A single-step synthesis of the HTMs: a) V1091, V1092;
b) V1056, V1102
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the synthesis of these enamines, and the problematic catalysts-
residual-induced recombination?*?% as mentioned above is no
longer a major concern. Another advantage of the catalyst-free
synthesis is that the purification of the HTMs is largely sim-
plified and oftentimes a basic crystallization is sufficient. The
detailed synthesis procedure and analysis can be found in the
Supporting Information.

To assess the cost-effectiveness of the HTMs, we performed
material cost estimations for the synthesis of V1056 and V1091
based on the procedure established by Osedach et al. (Tables S1
and S2, Supporting Information) [}l We estimate the material
cost is ~16 § g7! for V1091 and ~8 $ g™! for V1056 which are less
than 1/5 of the cost of the reference spiro-OMeTAD (=92 $ g™).*4

To examine the thermal stability of the target materials, we
applied thermogravimetric (TGA) measurement as we show
the data in Figure 1, and give full characteristics in Table 1. We
find that all the HTM molecules exhibit excellent thermal sta-
bility. Interestingly, we observe a rapid weight loss during TGA
experiments, which indicates that the HTMs undergo sublima-
tion rather than thermal decomposition. This suggests that the
HTMs could also be processed by vacuum process which would
further widen its applications.

Differential scanning calorimetry (DSC) analysis demon-
strated that the relatively smaller molecules with two diphen-
ylethenyl fragments (V1056 and V1092) have a stronger ten-
dency of crystallization than the larger analogues with three
diphenylethenyl fragments (V1091 and V1102). Aniline deriva-
tive V1092 shows a relatively high melting temperature (Tyy) of
251 °C (Figure 1b); during the second heating, a glass transition
(Ty) is observed at 80 °C followed by recrystallization at 129 °C.
The additional methoxy functional group in V1056 introduces
a certain degree of disorder into the molecule and lowers the
melting temperature considerably to 190 °C. It also contrib-
utes to the stability of the amorphous state; the material no
longer crystallizes during second heating and only Ty at 78 °C is
observed (Figure 1c). The third diphenylethenyl moiety in the
para-position of the phenyl ring in V1091 even further hampers
crystallization and molecule becomes fully amorphous; it also
adds some additional structural bulk, increasing Ig to 109 °C
(Figure 1d). Similar picture is observed for V1102 (Figure le),
although, glass transition temperature is lower, most likely
methyl groups at the 3,5-positions of the phenyl ring contribute
to the steric hindrance of the molecule.

The ultraviolet-visible (UV—vis) absorption spectra of the
aniline-based enamines containing two diphenylethenyl groups
(V1056, V1092) showed a bathochromic shift (=50 nm) com-
pared with the unsubstituted aniline (Figure 2a). The methoxy
group in V1056 has a negligible effect on the size of the
m-conjugated system. A third diphenylethenyl group in V1091,
however, noticeably increases its size, resulting in an =50 nm
bathochromic shift. This confirms that the amine condensa-
tion with 2,2-bis(4-methoxy-phenyl)acetaldehyde offers a simple
route toward enlarged conjugated system. In fact, the sizes of
the m-conjugated system of the spiro-OMeTAD and tri-substi-
tuted aniline V1091 are similar. With the addition of the methyl
groups in the 3,5-positions of the phenyl ring, V1102 shows sig-
nificant changes in the overall size of the m-conjugated system as
compared with V1091, resulting a hypsochromic shift of =14 nm.
It is likely that the steric hindrance at the 4-position of the

@© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a) TGA heating curves of V1092, V1056, V1091, and V1102 (heating rate 10 K min™"). b—) DSC heating curves of V1092 (b}, V1056 (c), V1091

(d), and V1102 (&) (heating and cooling rate 10 K min™")

phenyl ring is increased by the presence of the methyl groups
at the 3,5-positions. As a consequence, diphenylethenyl moiety
becomes more twisted out of the plane.

Table 1. Thermal properties of synthesized HTMs and spiro-OMeTAD.

HTM Tm €] Trewr €] Te[°CF Toec ['C]
V1056 190 - 78 334
V1091 - - 109 388
V1092 251 129 80 310
V1102 - - % 375
spiro-OMeTAD 245 - 126 449

Determined by DSC: scan rate, 10 K min'; Nz atmosphere; second run.
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Photoelectron spectroscopy in air method was used to
measure ionization potentials (Iy) of the investigated HTMs
(Figure S1, Supporting Information; Table 2). Aniline deriva-
tive containing two diphenylethenyl groups (V1092) exhibits
the highest I, value among all HTMs investigated in this work.
Additional electron donating dipheneylethenyl (V1091) or
methoxy (V1056) group lowers the T values of the HTMs by
~0.1eV. With the addition of methyl groups at the 3,5-positions of
the phenyl ring in V1102, we do not see an obvious change in
Ip. On the whole, the IF values of the synthesized HTMs are
slightly higher than spiro-OMeTAD, but still suitable for hole
extraction in PSCs.2

The charge-transport properties of the investigated HTMs
were measured using xerographic time-offlight (XTOF) tech-
nique (Figure 2b) and we show the results in Table 2. V1056, with

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) UV-vis absorption spectra of V1056, V1091, V1092, V1102, and spiro-OMeTAD in THF (¢ = 10~ m). b) Electric-field dependencies of the

hole drift mobilities in films of V1056, V1091, and V1102.

the methoxy group at the para-position of a phenyl ring, shows
a similar hole mobility as compared to spiro-OMeTAD. In
contrast, V1091, containing three diphenylethenyl moieties,
displays significantly better hole drift mobilities at high electric
fields. The presence of the methyl groups at the 3,5-positions
of the phenyl ring in V1102 results in reduced charge mobility.

To study influence of the methyl groups on the geometry
of the V1102, molecular geometries of V1091 and V1102 were
optimized via density functional theory (DFT) calculations
with B3LYP/def2-SVP (vacuum) level of theory. Dihedral angle
between phenyl plane of aniline and double bond increased
from 24.6° in V1091 to 58.6° in V1102 after addition of two
methyl groups (Figure 3). Generally, increased 3D structural
complexity of organic molecules, ie., decreased planarity,
would disturb intermolecular 7—r packing and leads to difficul-
ties in intermolecular charge carrier hopping.?27 We, there-
fore, observed decreased mobility in the V1102 as compared
to V1091. This is also in good agreement with the DSC results
where we observed a higher glass transition temperature for
the V1091 than the V1102. Furthermore, from highest occupied
molecular orbital (HOMO) of the corresponding molecules
(Figure 3), we see that a lower planarity hinders delocalization
of the electrons in V1102 over double bond and results in a
smaller m-conjugated system as compared to the V1091. There-
fore, we would expect a smaller absorption coefficient for the

Table 2. UV-vis absorbance, I,, and hole mobility investigated HTMs
and spiro-OMeTAD.

D Aoa't lp o g o
[nm] [eV]  [em?V7sT [em? Vs [em!2V13)
V1056 333,384 5.19 13x10°  7.83x10% 0.0041
V1091 331 5.7 28x10°  1.7x107? 0.0046
V1092 331, 370 5.30 - - -
V1102 367 5.16 1.6x10%  1.5x10* 0.0064
spiro-OMeTAD 387 5.00 41x10°  5.0x10* 0.0031

IMobility value at zero field strength; ®Mobility value at 6.4 x 10° V cm™' field
strength; “Poole-Frenkel parameter ().
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V1102 than that for the V1091. This is consistent with the UV-
vis absorption measurement (Figure 2a).

We now proceed to test the synthesized HTMs in planar
heterojunction PSCs (with a device structure: fluorine-doped
tin oxide (FTO)/SnO,/perovskite/ HTM/Au). A mixed-cation
lead mixed-halide FAg3Csg17Pb(IgoBrg )3 perovskite was
adopted as a photoactive layer.?$2 The current-density—
voltage (/-V) characteristics were measured under a simulated
AM 1.5 G (100 mW cm?) sunlight and results are presented
in Figure 4a and Table 3, while device statistics can be seen

Figure 3. a,b) Optimized geometries of the V1091 (a) and V1102 (b). ¢,d)
HOMO molecular orbitals of the V1091 (c) and V1102 (d).
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Figure 4. a) J-V characteristics of the best performing PSC devices using V1091, V1102, V1056, and spiro-OMeTAD. b) Corresponding EQE spectra
as a function of the wavelength of monochromatic light. c) SPO over time of the devices containing investigated HTMs and spiro-OMeTAD. d) Decay
of SPO of devices with spiro-OMeTAD (navy) and V1091 (red). The device structure is FTO/SnO,/perovskitef HTM/Au. The devices are in ambient air

with a relative humidity of = 45% under dark conditions without encapsulation.

Table 3. Summary of solar cell characteristics.

600 700

800

D Jsc[mAEem ] Vo V] FF PCE [%]

spiro-OMeTAD Average 226+0.24 1.11£0.03 0.75+0.03 18410
Champion 226 112 0.30 20.2

V1091 Average 220+027 1.11+0.0s 0.77 £0.03 17.0+25
Champion 225 m 0.31 20.2

V1102 Average 220+0.64 1.05+0.07 0.59+0.06 135425
Champion 227 1.13 0.68 17.6

V1056 Average 221£015 1.03£0.03 0.78+£0.05 17512
Champion 221 1.07 0.79 187
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in Figure S2 in the Supporting Information. As determined
from the forward bias (FB) to short-circuit (SC) current—
voltage scan, the device using the V1102 and V1056 shows a
champion efficiency of 17.6% and 18.7%, respectively, which
is slightly lower than the PCE of 20.2% for the control device
using the spiro-OMeTAD. In contrast, the PSC using V1091
exhibits a high efficiency of 20.2% with a [ 0f 22.5 mA cm™2, a
Vo of 1.11 V, and a FF of 0.81. The devices containing investi-
gated HTMs showed very similar external quantum efficiency
(EQE) spectra to that of the spiro-OMeTAD device (Figure 4b),
which is consistent with the similar [, observed in the -V
scans. Due to the hysteretic behavior of PSCs, a stabilized effi-
ciency measurement was performed to accurately access the
performance of the PSC (Figure 4c). By holding the cells at a
fixed maximum power point FB voltage, we measure the sta-
bilized power output (SPO) over time, achieving a stabilized
efficiency of 19.8% for the control device and 18.4% for the
V1091 device. Furthermore, we find that device performance
varies significantly with the thickness of the spiro-OMeTAD,
as shown in Figure S6 in the Supporting Information. In con-
trast, the performance of the V1091 devices is less sensitive
to the thickness of V1091. We note that when increasing the
thickness of the V1091, we need a longer time for oxidization
to reach the peak efficiency. Understanding and accelerating
the oxidization process is a subject of ongoing study. On the
whole, PSC containing V1091 and spiro-OMeTAD showed
comparable performance.

To access the device stability using the HTMs, we aged
nonencapsulated high-efficiency devices with the V1091 and
spiro-OMeTAD hole-transporting layers in ambient air with a
relative humidity of =45% under dark conditions and measured
under an AM 1.5 G solar simulator at different time intervals,
the decay of the SPO is shown in Figure 4d. The V1091 device
showed superior stability sustaining 96% of its original effi-
ciency after 820 h. In contrast, the SPO of the control device
dropped to 42% after aging. The Li-TFSI was used as a dopant
for both the V1091 and spiro-OMeTAD. Previous studies
observed that devices using the Li-TFSI doped spiro-OMeTAD
show moisture instability due to the hygroscopic nature of Li-
TFS1,223% which can be the reason for the observed fast decay
of efficiency in the control device. Surprisingly, the V1091
molecule seems to specifically resist this Li-TFSI-induced deg-
radation. To better understand the stability enhancement, we
measured the UV-vis absorption spectra of the HTMs in solu-
tions and thin films, as we show the results in Figure S3 in
the Supporting Information. Generally, the molecules in solu-
tion do not have a particular packing, which is random. For
V1091, we observe a bathochromic shift of absorption max-
imum and broadening of the spectrum when comparing the
thin films with the solution, which is indicative of aggregate
formation in the AlmB3 [n contrast, we do not see notice-
able change in the spectra of spiro-OMeTAD selution and thin
films, suggesting its random molecular packing in the thin ilm
(Figure S4, Supporting Information). Furthermore, we carried
out contact angle (6) measurement to assess the hydrophobicity
of the HTMs (Figure S5, Supporting Information). We do not
see an obvious change in 6 between the pristine (undoped)
spiro-OMeTAD and V1091 films. However, we surprisingly
discover that with the addition of Li-TFSI and tBP dopants, the
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V1091 film displays a clearly more hydrophobic surface with a
6 of 71.2° than the spiro-OMeTAD film with a 6 of 65.4°. Both
of the improved molecular packing and a more hydrophobic
surface for the V1091 film would retard the ambient moisture
ingression, which directly contributed to the improved stability.

In conclusion, we have developed a new group of aniline-based
HTMs obtainable via a one-step synthetic procedure from low-
cost aniline starting materials without the use of expensive and
problematic oraganometallic catalysts. The material costs have
been greatly reduced to less than 1/5 of that for spiro-OMeTAD.
PSCs using these cheap HTMs show comparable efficiency
to the cells using the expensive spiro-OMeTAD HTM. Impor-
tantly, PSCs using enamine V1091 shows significantly enhanced
ambient stability in contrast to the cells using spiro-OMeTAD.
The cost-effective, efhcient, and stable aniline-based enamines
offer great opportunities for up-scaling PSCs. Furthermore,
these materials can be processed via both solution and vacuum
processes, which we believe would open up possibilities for the
interlayers for large-area perovskite-perovskite tandem cells as
well as many other opto-electronic device applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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ABSTRACT: To attain commercial viability, perovskite solar cells
(PSCs) have to be reasonably priced, highly efficient, and stable for
a long period of time. Although a new record of a certified power
conversion efficiency (PCE) value over 25% was achieved, PSC
performance is limited by the lack of hole-transporting materials
(HTMs), which extract positive charges from the light-absorbing
perovskite layer and carry them to the electrode. Here, we report
spirobifluorene-based HTMs with finely tuned energy levels, high
glass-transition temperature, and excellent charge mobility and
conductivity enabled by molecularly engineered enamine arms.

i

HTMs are synthesized using simple condensation chemistry, which V] water by, 9 spirc-OMeTAD

does not require costly catalysts, inert reaction conditions, and
time-consuming product purification procedures. Enamine-derived
HTMs allow the fabrication of PSCs reaching a maximum PCE of 19.2% and stability comparable to spiro-OMeTAD. This work
demonstrates that simple enamine condensation reactions could be used as a universal path to obtain HTMs for highly efficient and
stable PSCs.

B INTRODUCTION to commercialization decades ago makes it one of the most
researched materials, which is currently reported more than
4000 times in the scientific literature. However, the cost-
effective industrial potential of spiro-OMeTAD toward
practical applications is hardly probable due to its synthetic
complexity and high-purity sublimation-grade requirement to
obtain high-performance devices contributing more than 30%
of the overall module price. Another key factor that plays a
major role in the commercialization potential is the stability of
the device. To match the necessary electrical conductivity,
spiro-OMeTAD needs to be doped as pristine layers generally
suffer from low PCE.">"?

Due to the success of spiro-OMeTAD, many research

The perovskite materials used in solar cells, ie., perovskite
solar cells (PSCs), and APbX; (A = methylammonium (MA),
formamidinium (FA), caesium (Cs); X = Br, 1) have
remarkable properties, such as high absorption coefficients,
long carrier diffusion lengths, small exciton binding energies,
and high charge carrier mobilities.'” Most highly efficient
PSCs utilize an n-type layer of mesoporous TiO, and a p-type
layer of spiro-OMeTAD in an n—i—p device configuration,
where perovskite materials are used as light absorbers.” With
the increased quality of perovskite films, further optimization
of other la‘érers to improve the overall solar cell performance is
needed.”’ Specifically, there is a renewed interest in
identifying hole-transporting materials (HTMs) other than
spiro-OMeTAD that can yield high power conversion
efficiency (PCE).

Since the first report of an HTM in solid-state dye-sensitized
solar cells 2 decades ago, the organic semiconductor 2,2",7,7'-
tetrakis-(N,N'-di-p-methoxyphenylamine )-9,9'-spirobifluorene
(spiro-OMeTAD) has revolutionized the field and has been Received:  April 29, 2021 W
selected as the state-of-the-art benchmark."' Two decades have R"Vi‘_‘“l: July 8, 2021 ;
passed, yet spiro-OMeTAD still prevails among other HTMs Puablished: July 19, 2021
in the field of PSCs, and despite its high cost (~250 $/g), it is
commonly used as a highly efficient reference material for

research studies. The wide availability of spiro-OMeTAD due

groups have focused on spiro-type compounds, expecting to
improve the PCE with slight structural modifications."*~ ' The
basic idea of the spiro concept is that the morphological
stability is improved while retaining the electronic properties of
connected 7 systems with identical or different functions via a

° mzl;ﬁi&‘ﬂ%ﬁé%ﬂﬂﬁ;g htps://doi.org/10.1021/acs chemmater. 1601486
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Figure 1. Schematic comparing cross-coupling and condensation reactions for the synthesis of spiro-OMeTAD and novel enamine HTMs.

common sp*hybridized atom.'” Several groups have studied
central 9,9'spirobifluorene-linked HTMs including dimethyl-
fluorenyl-, ethylcarbazolyl-, and fluorinated methoxyphenyl-
terminated compounds, which have been recently reported by
Seo,'® Chen," and Yang,™ respectively. However, the main
focus is still directed on the development of new central spiro-
cored structures such as spiro[fluorene-9,9'-xanthene],*' ™
spirobisacridine,” thiophene-containing spiro cores,”” >” and
other spiro-type derivatives.’””' However, the peripheral part
is equally or of even more importance in fine tuning the
properties of the HTM.™"’ Generally, such spiro-centered
HTMs are designed by linking prebrominated spiro core
species with diphenylamine or borylated triphenylamine, both
having electronrich methoxy groups using C—N or C-C
cross-coupling reactions, respectively. These reactions demand
severe procedures that result in several disadvantages including
inert reaction conditions, costly transition-metal catalysts, and
time-consuming purification procedures due to the inherent
formation of side products. Moreover, residues of metal
catalysts remain in the HTL, which act as traps, deteriorating
charge-transporting properties and ne&atively affecting the
performance of the resulting devices.*"* Therefore, the hunt
is now on for new organic semiconductors that are prepared by

6060
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simple, cost-effective, and green chemistry without sacrificing
the efﬁcier‘m}r.]ﬁ‘“7 In this sense, enamine condensation is
promising to eliminate the use of palladium-catalyzed reactions
since the only byproduct is water and cost-ineffective catalysts
are not involved. In addition, greatly simplified product
workup and purification significantly minimize the cost of
the final product.’*~*

Herein, we present a condensation-based spirobifluorene
enamine family. The influence of different substitutions in the
central spirobifluorene core going from single- to multiarmed
enamines was revealed, showing that a higher degree of
substitution has several advantages. First, the perpendicular
arrangement of the two overcrowded enamine-based molecular
halves leads to a high steric demand of the resulting rigid
structure, efficiently suppressing molecular interactions.
Furthermore, compound V1307 with a larger globular
structure, higher molecular weight, and small intermolecular
cohesion results in a high stability of the amorphous state.
Comparing directly the dimethoxydiphenylamine- and bis-
(dimethoxydiphenylenamine)-donating fragments of spiro-
OMeTAD and V1307, respectively, it is found that the latter
has some merits. First, bis(dimethoxydiphenylenamine) being
a less strong donor results in the stabilized HOMO values.

https://doi.org/10.1021 /acs.chemmater. 1c0 1486
Chem. Mater. 2021, 33, 6059-6067
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Figure 2. (a) UV—vis absorption spectra of V1305, V1306, V1307, and V1308 in THF solutions (10™* M). (b) Electric field dependencies of the

hole drift mobility in spiro-enamines.

Second, the more pronounced and higher degree of
conjugation in enamine arms results in the better charge
transport through V1307, a more densely packed layer. These
advantages made novel enamine-derived spirobifluorene
HTMs promising candidates for their successful application
in PSCs, reaching a photovoltaic performance of up to 19.2%
with comparable stability. With this, we demonstrate the
simple enamine condensation chemistry as a universal
approach to obtain highly efficient and stable HTMs.

Bl RESULTS AND DISCUSSION

Figure 1 presents the chemical structures of the parent spiro-
OMeTAD and enamine-based analogues (V1307, V1305,
V1306, and V1308). A series of four new HTMs containing a
well-known spirobifluorene core with enamine arms were
obtained simply by condensing aminated precursors with 2,2-
bis(4-methoxyphenyl)acetaldehyde. The condensation reac-
tion was carried out under ambient conditions, and the only
byproduct is water, which is continuously separated using a
Dean—Stark trap that accelerates the formation of the final
product. Detailed synthetic protocols and full characterization
of the compounds (NMR spectroscopy, mass spectrometry,
and elemental analysis) are described in the Supporting
Information. To assess the synthesis costs of the enamine
condensation reaction in comparison with the regular cross-
coupling reaction, we calculated the costs on a lab-scale
synthesis (Table $1)."" The evaluated cost of V1307 is ~37
$/g, which is much less than the cost of spiro-OMeTAD (~92
$/g)."

Thermogravimetric analysis suggests that novel HTMs start
to decompose at around 400 °C (Figure 51), which is far
above the temperature for conventional device operation.
Differential scanning calorimetry measurements (Figure S2)
indicate that V1305, V1306, and V1308 could exist in both
crystalline and amorphous states similar to spiro-OMeTAD.*
Interestingly, V1307 is fully amorphous and has the highest
glass-transition temperature (T,) of 169 °C, which should
result in the improved quality of the V1307 layers. We also
note that all synthesized HTMs have higher T, than spiro-
OMeTAD (124 °C), meaning that the introduction of
enamine fragments improves the morphological stability.

6061

Gaussian09 software™ was used for simulation purposes to
establish the most probable molecular geometries of V1305,
V1306, V1307, and V1308 with their corresponding
absorption spectra. Ground state geometry optimization was
performed by means of the density functional theory method
with B3LYP and 6-31G basis sets without polarization
functions, and the predicted molecular structures are presented
in Figure 83. As expected, two fluorene core fragments
(F1>C<F2) are connected through the carbon atom having a
perpendicular orientation. Due to the presence of the double
bonds in the enamine chain [>C=CH—N—CH=Cx<],
orientation of substituents is chaotic and a large number of
different possible positions are allowed. However, the most
probable orientation is related to the V-shaped structure, when
one methoxyphenyl fragment of F1 is oriented to the end of F2
(see Figure S3, V1305). Similar enamine branch orientations
could be found in V1306, V1307, and V1308. Interestingly,
comparing both four-armed V1307 and spiro-OMeTAD,
several differences in the molecular orientation are observed,
i.e, well-ordered and dual-axed perpendicular symmetry of
spiro-OMeTAD is damaged since the fluorenes in V1307 are
not completely perpendicular, and they are not flat anymore
due to the chaotic arrangement of enamine substituents
resulting in the fully amorphous morphology of V1307.

The ultraviolet—visible absorption (UV—vis) spectra in
THEF solutions of V1305, V1306, V1307, and V1308 are
shown in Figure 2a. All spiro-enamines possess two significant
absorption bands at around 260 and 380 nm. The less intense
absorption at shorter wavelengths corresponds to localized
m—m* transitions. Longer wavelengths are observed for more
intensive delocalization from the conjugated scaffold and are
assigned to n—7* transitions. The change in the number and
the position of enamine arms in the system has significantly
influenced the absorption. While the increasing number of
enamine arms shifts the absorption hyperchromically (V1305
< V1306 = V1308 < V1307), the increased conjugation in
V1307 and V1308, where fluorene is substituted on both sides,
also resulted in the bathochromic shift around 35 nm. The
optical gaps (bg) were evaluated from the intersection of
absorption and photoluminescence (PL) spectra of thin films
and were estimated to be similar for all of the compounds at
around 2.85 eV (Figure S6).

https://doi.org/10.1021/acs.chemmater. 1c0 1486
Chem. Mater. 2021, 33, 60596067
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Table 1. Thermal, Optical, and Photophysical Properties of Newly Synthesized Enamines

D T.[°Cl* Z.[*Cl® T,[CF T.[Cl® Ay [am]” I [Vl E [eV]? E.[eV]® polem®V7's'Y g[S cm7']E
V1305 243 131 380 267 and 372 533 2.90 243 17 x 107% 39 x 107
V1306 294 226 154 402 267 and 373 537 2.84 253 54 % 107 67 % 107
V1307 169 401 263, 389, and 408 5.46 2.83 263 64 % 107% 14 % 107
Vi308 305 203 158 371 263, 388, and 408 5.46 278 268 94 % 107* 29 % 107

“Melting (

m) crystallization (T.), glass transition T) and decomposition (T,,) temperatures observed from DSC and TGA (10 °L,r’m|.n, 3

atmosphere). Absorptlun spectra were measured in THF solutions (107* M) “lonization energies of the films measured using PESA. E
estimated from the intersection of absorption and emission spectra of solid films. “E,, = Ip — E; fMubl].ltY value at zero field strength. g(_unduchvlty

values.
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Figure 3. (a) PL spectra upon the 625 nm excitation wavelength of perovskite and perovskite/H'TM samples deposited on glass with HTMs: spiro-
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the device, (c) J—V characteristics of the most efficient devices under 1 sun illumination measured in air, and (d) stability of unencapsulated devices

under constant 1 sun illumination in the N, atmosphere.

The solid-state ionization potentials (I;) of V1305, V1306,
V1307, V1308, and spiro-OMeTAD were determined using
photoemission spectroscopy in air (PESA) of the thin films to
assess the HOMO energy level of spiro-enamine HTMs
(Figure §7). Ip values of V1305, V1306, V1307, and V1308
were found to be 5.33, 5.37, 546, and 5.46 eV, respectively,
which are significantly stabilized compared to those of spiro-
OMeTAD (5.00 eV).* Based on the solid-state optical gap
and I, values, we calculated the electron affinities (E,,) to be
2.43, 2.53, 2.63, and 2.68 eV for V1305, V1306, V1307, and
V1308, respectively. Importantly, the electron affinities are
smaller compared with the conduction band energy of the
perovskite (—4.10 eV); therefore, effective electron blocking
from the perovskite to the electrode should be ensured.

Xerographic time-of-flight measurements were used to
determine the charge mobility of the V-series layers. Depend-
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encies of hole drift mobility on the electric field strength are
shown in Figure 2b. V1308 and V1307 exhibited the highest
zero-field hole-drift mobility (p,) among the series with the
values of 9.4 x 107* and 6.4 X 10™* cm®/Vs, respectively, both
outperforming spiro-OMeTAD (u, = 1.3 X 107* ecm?/Vs).** In
addition, the lateral thin film conductivity of the V-series layers
was measured with organic field-effect transistors (OFETs)
(Figure S8). Similar to the result of the hole mobility
measurement, V1307 and V1308 showed a higher con-
ductivity (1.4 x 107% and 2.9 X 107" § cm™, respectively) than
V1305 (39 X 107° S em™) and V1306 (6.7 X 107° § em™).
The conductivity of the doped spiro-OMeTAD as a reference
was determined to be 1.0 X 107 § ecm™. The conductivity
trend obtained for the V-series was found to be directly
correlated with the degree of conjugation of the molecules.
The fact that V1307 has the higher hole mobility and

https://doi.org/10.1021/acs.chemmater. 1c0 1486
Chem. Mater. 2021, 33, 6059-6067
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conductivity value between the V-series and spiro-OMeTAD
can be attributed to the higher degree of conjugation in
enamine arms of V1307.**" The thermal, optical, and
photoelectrical properties of the spiro-enamines are summar-
ized in Table 1.

Steady-state PL was evaluated in samples with glass/
perovskite and glass/perovskite/HTM layouts to determine
their hole extraction properties in PSCs (Figure 3a). The PL
spectra show that the hole transfer between V1307 and V1308
HTMs and perovskite is more efficient than that between
V1305 and V1306. A slight quenching effect is observed in
V1305 and V1306, which is in good agreement with the lowest
hole drift mobility values (5.4 X 10~ cm?/Vs for V1305 and
1.7 X 107 em*/Vs for V1306). This quenching is enhanced
with the use of spiro-OMeTAD, V1307, and V1308 HTMs
that have higher hole mobility values (1.3 X 1074 6.4 x 1074,
and 9.4 X 107" cm?/Vs) due to more efficient hole transfer
between perovskite and the corresponding HTM.

Fabrication of n—i—p solar cells was carried out with the
device layout FTO/c-TiO,/m-TiO,/SnO,/perovskite/HTM/
Au by spin-coating, except for the top electrode, deposited by
thermal evaporation. The perovskite composition used was the
triple-cation perovskite [(FAP-
bl3)g 57 (MAPBBr3)g 13]002(CsPbl)g s and the HTM is
doped with the bis(trifluoromethylsulfonyl)imide lithium salt
(LiTFSI) and cobalt(I11)-tris(bis( trifluoromethylsulfonyl)-
imide). fert-Butylpyridine (tBP) was also added to the HTM
solution to improve the HTM morphology and increase the
LiTFSI solubility.** The energy diagram of the device is shown
in Figure 3b, and the detailed preparation process is described
in the Methods section. Cross-sectional and top-view scanning
electron microscopy (SEM) images were obtained to
determine the thickness and morphology of the HTM,
respectively (Figures S9 and S10). The HTM thickness is
180 nm for spiro-OMeTAD-based devices; 80 nm for devices
containing V1305, V1306, and V1307; and 140 nm for devices
fabricated with V1308.

The current—voltage (J—V) characteristics of the most
efficient devices are presented in Figure 3¢, and their
corresponding PV parameters are extracted and shown in
Table 2. The most efficient devices containing V1305, V1307,
and V1308 have similar PCE values of 19.0%, 19.2%, and
19.1%, respectively. The corresponding external quantum
efficiency (EQE) and the integrated current density are

Table 2. PV Parameters Extracted from the Corresponding
Hysteresis J—V Curves for the Best Performing Solar Cells”

VOC ]FC PCE

] (mV) (mA em™) FF (%)
spiro-OMeTAD  REV 1118 22.90 077 19.7
FWD 1104 22.89 075 19.0

V1305 REV 1077 2317 0.76 19.0
FWD 1043 23.15 071 17.1

V1306 REV 1004 2.2 071 15.8
FWD 981 2217 0.54 117

V1307 REV 1073 2321 0.77 192
FWD 1052 23.18 075 183

V1308 REV 1074 23.44 0.76 19.1
FWD 1066 23.37 0.74 18.4

“REV, reverse bias; FWD, forward bias. Precondition: 2 s of light
soaking. [llumination area through a shadow mask of 16 mm?, a scan
rate of 50 mV s™', and a voltage step of 10 mV.
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shown in Figure S11. The analysis of the statistical data
presented in Figure $12 and Table 54 confirms the correlation
between hole-drift mobility and device performance, and being
the most efficient, the devices containing the HTM with higher
hole mobility values follow the order: V1306 < V1305 <
V1308 ~ V1307.”

Although the use of HTMs with deeper HOMO levels is, in
principle, beneficial for the device performance due to larger
Vo values,” in our study, all the devices showed lower Vo
values. These values (~1070 mV) are lower compared to those
of the devices containing spiro-OMeTAD (~1100 mV) in
spite of their deeper HOMO values (5.33 eV for V1305, 5.37
eV for V1306, and 5.46 for V1307 and V1308) compared to
spiro-OMeTAD (5.00 eV)." Therefore, the lower Vo values
might be due to a contact issue at the perovskite/HTM
interface producing higher charge recombination in compar-
ison to spiro-OMeTAD-based devices. The fill factor (FF) is
similar for devices containing spiro-OMeTAD, V1305, V1307,
and V1308, but this main parameter differs for V1306-based
devices, indicating poor film quality, which will negatively
affect the hole charge extraction. The analysis of the film by
top-view high-magnification SEM demonstrates the presence
of pinholes in devices fabricated with V1306 (Figure S13a).
The appearance of these pinholes is also observed in the device
fabricated with V1308 (Figure S13b). However, for V1308,
the efficiency is not affected, but it does affect the long-term
device stability. The hysteretic behavior of the devices was
estimated from the J-V curves collected by scanning the
device from the forward bias (FB) to the short circuit (SC)
followed by from SC to FB (Figure S14), and their PV
parameters are reported in Table 2. The hysteresis index was
calculated from the formulae previously I'ePUl'tEd,51 and values
of 0.036, 0.100, 0.259, 0.047, and 0.037 were estimated for the
devices containing spiro-OMeTAD, V1305, V1306, V1307,
and V1308, respectively.

The stability of the unencapsulated devices was measured
under 1 sun illumination and under a N, atmosphere, as shown
in Figure 3d. Devices containing V13035 and V1306 that have
one and two enamine arms, respectively, are the most stable of
the series and have a slightly better stability than devices that
are composed of spiro-OMeTAD. However, the introduction
of a second enamine moiety in the transconfigurated V1308
induces a fastest decay and is completely detrimental for the
stability, which is in good agreement with the inhomogeneity
observed in the top-view SEM images, where the highest
pinhole density was observed. Interestingly, a slight initial
decay in PCE of the tetra-substituted V1307 device was
observed in the beginning of the measurement during the first
hour followed by the similar trend to V1305, V1306, and
spiro-OMeTAD during the remaining time. Similar dynamic
mechanisms have been observed, demonstrating that a quick
degradation is activated by the migration of metal electrode
particles through HTM, resulting in the contact with the
perovskite layer.”>* Stability measurements revealed that the
number and position of enamine arms in the final HTM
structure have a large impact on the stability of the final device.

B CONCLUSIONS

In conclusion, a new series of spirobifluorene-based hole-
transporting enamines were synthesized and systematically
studied. Novel HTMs are obtained by a simple and
straightforward condensation reaction, which in contrast to
spiro-OMeTAD, do not require expensive palladium catalysts

https://doi.org/10.1021 /acs chemm ater. 1c0 1486
Chem. Mater. 2021, 33, 6059— 6067
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and inert conditions, and water is the only byproduct obtained.
In addition, simple product workup and purification result in
significantly reduced synthesis costs. The impact of the
different number and substitution of enamine fragments was
revealed through the optical, electrochemical, photophysical,
and photovoltaic measurements. It was found that enamine
fragments increase the glass-transition temperature of final
HTMs that are more amorphous and morphological stable.
Moreover, synthesized enamine materials demonstrate a very
high hole mobility and conductivity up to 9.4 X 107 cm?/Vs
and 1.4 x 107§ cm™, respectively. In summary, PSCs
fabricated with the novel V1305 and V1307 HTMs present
high-efficiency values exceeding 19%, with small hysteresis and
stability being comparable to those of devices containing spiro-
OMeTAD in the same testing period. This demonstrates that
simple enamine condensation chemistry is a universal

approach to obtain highly efficient and stable HTMs.

B METHODS

Device Fabrication. Fluorine-doped tin oxide (FTO)-coated
glass was laser scribed to avoid the direct contact between electrodes.
The etched substrates were cleaned by the following procedure: 2%
helmanex solution, deionized water, and ethanol were placed in an
ultrasonic bath for 10 min and UV/Oj; treatment was performed for
15 min. Compact TiO, (c-TiO,) (30 nm) was deposited by spray
pyrolysis from titanium diisopropoxide bis(acetylacetonate) (Sigma-
Aldrich) in isopropanol solution (1:15, v/v) and annealed at 450 °C
for 30 min. The mesoporous TiO, (m-TiO,) layers were prepared
from a TiO, paste (Dyesol 30 NR-D) solution (1 gin 9 mL of ethanol
dilution) by spin-coating at 5000 rpm (1000 rpm/s acceleration, 15
s). The layer was sintered on a hot plate at 500 °C for 30 min.
Following this, a 20 nm $nQ, layer was prepared by dissolving SnCl,
(Acros) in deionized water (12 pL in 988 uL of water) and spin-
coated at 3000 rpm for 30 s (1000 rpm/s acceleration), followed by
annealing at 190 °C for 1 h. The [(FAP-
bly)y5-(MAPbBr,) o 13]p0( CsPbLy) s perovskite solution was pre-
pared by mixing 17.41 mg of MABr, 27.02 mg of Csl, 57.06 mg of
PbBr,, 178.94 mg of FAL and $48.60 mg of Pbl,, and it was dissolved
in 1 mL of DMF/DMSQ (0.78:0.22, v,r’v). Then, the perovskite
solution was spin-coated at 2000 rpm for 10 s, followed by 5000 rpm
for 30 s. During spinning in the second step, the antisolvent
chlorobenzene (110 L) was dropped on the sample 15 s before
finishing the process. The films were annealed at 100 °C for 1 h inside
the glovebox. Once the samples were cooled down, the HTM was
deposited on top of the perovskite layer by spin-coating at 4000 rpm
for 30 s. The spiro-OMeTAD was deposited from a 60 mM solution
in chlorobenzene with tBP, tris(2-(1H-pyrazol-1-yl)-4-tert-
butylpyridine Jcobalt(I11) (FK209), and LiTFSI as additives. The
concentration of V-series HTMs was 20 mM. The molar ratio of
additives for spiro-OMeTAD and each doped HTM solution was 0.5
for LiTFSI from a 1.8 M stock solution in acetonitrile and 3.3 for tBP
and 0.03 for FK209 from a 0.25 M stock solution in acetonitrile.
Finally, a 70 nm Au film was thermally evaporated as the top
electrode. The cross-sectional film morphology was investigated by
using a high-resolution SEM (Merlin, Zeiss) equipped with a
GEMINI II column and a Schottky Field Emission gun. Images
were acquired with an In-Lens Secondary Electron Detector at 3 kV.

Thin Film and Device Characterization. Conductivity measure-
ments of V1305, V1306, V1307, V1308, and spiro-OMeTAD were
carried out using the OFET configuration with a two-contact
electrical conductivity setup. The OFET substrates were purchased
from Fraunhofer IPMS, The substrates were first prepared with 20
min of oxygen plasma deaning and subsequent film deposition of
HTMs and spiro-OMeTAD by spin-coating following the same
procedure as in the device fabrication, at 4000 rpm for 30 s from a
chlorobenzene solution (20 mM) chemically doped with FK-209,
LiTFSI, and tBP as additives. The conductivity measurements were
carried out on the 2.5 ym channel by sweeping from —10 to 10 V
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(source—drain voltage) at a scan rate of 1 Vs™" with a Keithley 2612A
(Figure S8). The data were recorded using the KickStart software
program. The channel width and height are 10 mm and 40 nm,
respectively, and the gate capacity is 15 nF. The conductivity was
calculated from a linear fit of the current—voltage measurement and
Ohm’s law. The J—V characteristics were determined by using a 2400
Keithley system (scan rate: 50 mV 5" and 10 mV voltage step) in
combination with a XeJlamp Oriel sol3A sun simulator (Newport
Corporation), previously calibrated to AM1.5G standard conditions
by using the reference cell Oriel 91150 V. The devices were measured
with 2 s of light soaking, and the illumination area was defined
through a shadow mask of 16 mm® EQE was measured with an
IQE200B quantum efficiency measurement system (Oriel, Newport,
UK). The stability test was performed as maximum power tracking
under 100 mW cm™” illumination with an LED power source. Note
that during the stability test, the samples were placed in a
measurement box purged continuously with nitrogen gas at 0%
humidity to create an inert atmosphere. The box temperature was
kept at 25 °C by a cooling system. A shadow mask of 16 mm?* was
used to define the illumination area during the long-term stability test.
Top-view SEM images were recorded by an in-lens detector of the
FEI Teneo Schottky field-emission SEM at a tension of 5 kV. The
steady-state PL spectra of the glass/perovskite and glass/perovskite/
HTM thin films were measured and recorded using a Fluorolog-3-22
spectroflucrometer. The spectra were recorded upon excitation at 625
nm with the sample illuminated from the front side (perovskite or the
HTM side).

W ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https: //pubs.acs.org/doi/10.1021 /acs.chemmater.1c01486.

Tables 51—S4 and Figures S1—S25; experimental
section; detailed synthetic procedures; TGA data;
DSC; optimized geometry of frontier molecular orbital
djagrams,- electronic absorption spectra; electronic
excitation; V1305, V1306, V1307, and V1308 distribu-
tions; UV—vis/PL spectra of thin films; photoemission
in air spectra; current—voltage measurements; 'H and
C NMRs; MALDI-TOE-MS spectra; PESA; con-
ductivity; SEM images; photovoltaic parameter statistics;
J-V curves; EQE (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Kasparas Rakstys — Department of Organic Chemistry,
Kaunas University of Technology, Kaunas 50254, Lithuania;
Email: kasparas.rakstys@ktu.lt

Vytautas Getautis — Department of Organic Chemistry,
Kaunas University of Technology, Kaunas 50254, Lithuania;

orcid.org/0000-0001-7695-4677;

Email: vytautas.getautis@ktu.lt

Mohammad Khaja Nazeeruddin — Institute of Chemical
Sciences and Engineering, Ecole Polytechnique Fédérale de
Lausanne, CH-1951 Sion, Switzerland; © orcid.org/0000-
0001-5955-4786; Email: mdkhaja.nazeeruddin@epfl.ch

Authors
Deimante Vaitukaityte — Department of Organic Chemistry,
Kaunas University of Technology, Kaunas 50254, Lithuania
Cristina Momblona — Institute of Chemical Sciences and
Engineering, Ecole Polytechnique Fédérale de Lausanne, CH-
1951 Sion, Switzerland; ® orcid.org/0000-0003-2953-
3065

https://doi.org/10.1021 /acs.chemmater. 1c0 1486
Chem. Mater. 2021, 33, 60596067



Chemistry of Materials

pubs.acs.org/cm

Albertus Adrian Sutanto — Institute of Chemical Sciences and
Engineering, Ecole Polytechnique Fédérale de Lausanne, CH-
1951 Sion, Switzerland; ©® orcid.org/0000-0002-9413-
2789

Bin Ding — Institute of Chemical Sciences and Engineering,
Ecole Polytechnique Fédérale de Lausanne, CH-1951 Sion,
Switzerland

Cansu Igci — Institute of Chemical Sciences and Engineering,
Ecole Polytechnique Fédérale de Lausanne, CH-1951 Sion,
Switzerland

Vygintas Jankauskas — Institute of Chemical Physics, Vilnius
University, Vilnius 10257, Lithuania

Alytis Gruodis — Institute of Chemical Physics, Vilnius
University, Vilnius 10257, Lithuania

Tadas Malinauskas — Department of Organic Chemistry,
Kaunas University of Technology, Kaunas 50254, Lithuania;

Drciﬂ.Drg/UUDD-UUUZ-SEﬁ'S-ﬁSSD

Abdullah M. Asiri — Center of Excellence for Advanced
Materials Research (CEAMR), King Abdulaziz University,
21589 Jeddah, Saudi Arabia; ® orcid.org/0000-0001-
7905-3209

Paul J. Dyson — Institute of Chemical Sciences and
Engineering, Ecole Polytechnique Fédérale de Lausanne, CH-
1951 Sion, Switzerland; © orcid.org/0000-0003-3117-
3249

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.chemmater.1c01486

Author Contributions

D.V. conducted the synthesis and structural characterization of
the compounds and carried out UV—vis and PL measure-
ments. C.M. and B.D. contributed to film preparation and
device fabrication and testing. K.R. conceived the idea, K.R.
and C.M. wrote the initial manuscript. C. L contributed to the
conductivity measurements and analysis. A.A.S. contributed to
the SEM measurements and analysis. VJ. carried out the
charge mobility measurements. A.G. performed computational
simulations. TM,, AMA,, and PJ.D. analyzed data. V.G. and
M.K.N. supervised the research. All authors contributed to
writing and reviewing this paper. This manuscript was written
through contributions of all authors. All authors have given
approval to the final version of the manuscript.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The research leading to these results had received funding
from the European Union's Horizon 2020 research and
innovation program under Grant agreement no. 763977 of
the PerTPV project. V.G, D.V, and T.M. acknowledge
funding from the Research Council of Lithuania under grant
agreement No. 01.2.2-LMT-K-718-03-0040 (SMARTMOLE-
CULES). The authors acknowledge the Swiss National Science
Foundation (SNSF) funding through the Synergia Grant
EPISODE (Grant no. CRSIIS_171000) and German Research
Foundation (DFG) (Projekt number 424101351)—Swiss
National Foundation (SNF) (no. 200021E_186390). AA.
and M.K.N. extend their appreciation to the Deputyship for
Research & Innovation, Ministry of Education in Saudi Arabia
for funding this research work through project number 326.
Computations were performed on resources at the High
Performance Computing Center, “HPC Sauletekis” (Faculty of

6065

Physics, Vilnius University). Prof. Raffaella Buonsanti is
acknowledged for the use of the Fluorolog system, and Dr.
E. Kamarauskas is acknowledged for ionization potential
measurements. K.R. acknowledges the funding received from
M]J Foundation.

B REFERENCES

(1) Oga, H,; Saeki, A; Ogomi, Y.; Hayase, S.; Seki, S. Improved
Understanding of the Electronic and Energetic Landscapes of
Perovskite Solar Cells: High Local Charge Carrier Mobility, Reduced
Recombination, and Extremely Shallow Traps. . Am. Chem. Soc.
2014, 136, 13818—13825.

(2) Stranks, S. D; Eperon, G. E,; Grancini, G.; Menelaou, C;

Alcocer, M. ]. P,; Leijtens, T.; Herz, L. M; Petrozza, A; Snaith, H. J.
Electron-Hole Diffusion Lengths Exceeding 1 Micrometer in an
Organometal Trihalide Perovskite Absorber. Science 2013, 342, 341—
344.
(3) Burschka, J.; Pellet, N.; Moon, S. J; Humphry-Baker, R.; Gao, P;
Nazeeruddin, M. K; Gritzel, M. Sequential Deposition as a Route to
High-Performance Perovskite-Sensitized Solar Cells. Nature 2013,
499, 316—319.

(4) Jeon, N. J; Noh, J. H; Yang, W. S,; Kim, Y. C;; Ryy, S.; Seo, J.;
Seok, S. I. Compositional Engineering of Perovskite Materials for
High-Performance Solar Cells. Nature 2015, §17, 476—480.

(5) Saliba, M,; Matsui, T.; Seo, J. Y.; Domanski, K.; Correa-Baena, J.
P.; Nazeeruddin, M. K,; Zakeeruddin, S. M.; Tress, W.; Abate, A,;
Hagfeldt, A; Gritzel, M. Cesium-Containing Triple Cation Perovskite
Solar Cells: Improved Stability, Reproducibility and High Efficiency.
Energy Environ. Sci. 2016, 9, 1989—1997.

(6) Wehrenfennig, C.; Eperon, G. E; Johnston, M. B.; Snaith, H. J;
Herz, L. M. High Charge Carrier Mobilities and Lifetimes in
Organolead Trihalide Perovskites. Adv. Mater. 2014, 26, 1584—1589.

(7) Lee, M. M.; Teuscher, ] ; Miyasaka, T.; Murakami, T. N.; Snaith,
H. ]. Efficient Hybrid Solar Cells Based on Meso-Superstructured
Organometal Halide Perovskites. Science 2012, 338, 643—647.

(8) Zhao, Y; Zhu, K Organic-Inorganic Hybrid Lead Halide
Perovskites for Optoelectronic and Electronic Applications. Chem.
Soc. Rev. 2016, 45, 655—689.

(9) Liu, My Johnston, M. B, Snaith, H. J. Efficient Planar
Heterojunction Perovskite Solar Cells by Vapour Deposition. Nature
2013, 501, 395398,

(10) Jeon, N. J,; Noh, J. H.; Kim, Y. C; Yang, W. S.; Ryu, S,; Seok, S.
L. Solvent Engineering for High-Performance Inorganic-Organic
Hybrid Perowvskite Solar Cells. Nat. Mater. 2014, 13, 897—903.

(11) Bach, U, Lupo, D.; Comte, P; Moser, ]. E.; Weissortel, F;
Salbeck, J.; Spreitzer, H; Gritzel, M. Solid-State Dye-Sensitized
Mesoporous TiO2 Solar Cells with High Photon-to-Electron
Conversion Efficiencies. Nature 1998, 395, 583—585.

(12) Jiang, K; Wu, F; Zhang, G; Zhu, L; Yan, H. Efficient
Perovskite Solar Cells Based on Dopant-Free Spiro-OMeTAD
Processed With Halogen-Free Green Solvent. Sol RRL 2019, 3,
No. 1900061.

(13) Luo, W.; Wu, C.; Wang, D.; Zhang, Z,; Qi, X,; Guo, X; Qu, B,;
Xiao, L; Chen, Z. Dopant-Free Spiro-OMeTAD as Hole Trans-
porting Layer for Stable and Efficient Perovskite Solar Cells. Org.
Electron. 2019, 74, 7—12.

(14) Rakstys, K; Igci, C; Nazeeruddin, M. K. Efficiency: Vs.
Stability: Dopant-Free Hole Transporting Materials towards Stabi-
lized Perovskite Solar Cells. Chem. Sci. 2019, 10, 6748—6769.

(15) Hawash, Z.; Ono, L. K; Qi, Y. Recent Advances in Spiro-
MeOTAD Hole Transport Material and Its Applications in Organic—
Inorganic Halide Perovskite Solar Cells. Adv. Mater. Interfaces 2018, 5,
No. 1700623.

(16) Gangala, S.; Misra, R. Spiro-Linked Organic Small Molecules as
Hole-Transport Materials for Perovskite Solar Cells. J. Mater. Chem. A
2018, 6, 18750—18765.

hteps://doi.org/10.1021 /acs.chemmater. 101486
Chem. Mater. 2021, 33, 6059-6067

103



Chemistry of Materials

pubs.acs.org/cm

(17) Saragi, T. P. L; Spehr, T.; Siebert, A; Fuhrmann-Lieker, T.;
Salbeck, J. Spiro Compounds for Organic Optoelectronics. Chem. Rev.
2007, 107, 1011—1065.

(18) Jeon, N. J; Na, H.; Jung, E. H; Yang, T.Y,; Leg, Y. G,; Kim, G.;
Shin, H. W; Il Seok, S.; Lee, |; Seo, J. A Fluorene-Terminated Hole-
Transporting Material for Highly Efficient and Stable Perovskite Solar
Cells. Nat. Energy 2018, 3, 682—689.

(19) Chen, C. C.; Deng, Z; He, M.; Zhang, Y,; Ullah, E,; Ding, K.;
Liang, J.; Zhang, Z.; Xu, H.; Qiu, Y; Xie, Z,; Shan, T.; Chen, Z;
Zhong, H. Design of Low Crystallinity Spiro-Typed Hole Trans-
porting Material for Planar Perovskite Solar Cells to Achieve 21.76%
Efficiency. Chem. Mater. 2021, 33, 285—-297.

(20) Jeong, M,; Choi, L. W,; Go, E. M;; Cho, Y,; Kim, M,; Lee, B,;
Jeong, 8 Jo, Y.; Chei, H. W Lee, ].; Bae, ]. H,; Kwak, S. K; Kim, D.
S.; Yang, C. Stable Perovskite Solar Cells with Efficiency Exceeding
24.8% and 0.3-V Voltage Loss. Science 2020, 369, 1615—1620.

(21) Bi, D.; Xu, B; Gao, P; Sun, L.; Griitzel, M.; Hagfeldt, A. Facile
Synthesized Organic Hole Transporting Material for Perovskite Solar
Cell with Efficiency of 19.8%. Nano Energy 2016, 23, 138—144.

(22) Xu, B; Bi, D.; Hua, Y,; Liu, P,; Cheng, M.; Gritzel, M.; Kloo,
L.; Hagfeldt, A.; Sun, L. A Low-Cost Spiro[Fluorene-9,9"-Xanthene]-
Based Hole Transport Material for Highly Efficient Solid-State Dye-
Sensitized Solar Cells and Perovskite Solar Cells. Energy Environ. Sei.
2016, 9, 873—877.

(23) Zhang, ].; Xu, B; Yang, L.; Ruan, C.; Wang, L.; Liu, P.; Zhang,
W.; Vlachopoulos, N.; Kloo, L.; Boschloo, G.; Sun, L; Hagfeldt, A.;
Johansson, E. M. J. The Importance of Pendant Groups on
Triphenylamine-Based Hole Transport Materials for Obtaining
Perovskite Solar Cells with over 20% Efficiency. Adv. Energy Mater.
2018, §, No. 1701209.

(24) Xu, B; Zhang, ].; Hua, Y.; Liu, P; Wang, L; Ruan, C,; Li, Y,;
Boschloo, G.; Johansson, E. M. J.; Kloo, L.; Hagfeldt, A.; Jen, A. K. Y.;
Sun, L. Tailor-Making Low-Cost Spiro[Fluorene-9,9"-Xanthene]-
Based 3D Oligomers for Perovskite Solar Cells. Chem. 2017, 2,
676—687.

(25) Chiykowski, V. A.; Cao, Y.; Tan, H.; Tabor, D. P; Sargent, E.
H; Aspuru-Guzik, A; Bedinguette, C. P. Precise Control of Thermal
and Redox Properties of Organic Hole-Transport Materials. Angew.
Chem,, Int. Ed. 2018, 57, 15529—15533.

(26) Drigo, N; Roldan-Carmona, C; Franckevicius, M,; Lin, K. H.;
Gegevidius, R; Kim, H.; Schouwink, P. A.; Sutanto, A. A.; Olthof, S.;
Sohail, M.; Meerholz, K; Gulbinas, V.; Corminboeuf, C.; Paek, S.;
Nazeeruddin, M. K. Doped but Stable: Spirobisacridine Hole
Transporting Materials for Hysteresis-Free and Stable Perovskite
Solar Cells. J. Am. Chem. Soc. 2020, 142, 1792—1800.

(27) Saliba, M; Orlandi, S.; Matsui, T.; Aghazada, S.; Cavazzini, M.;
Correa-Baena, J. P.; Gao, P.; Scopelliti, R.; Mosconi, E.; Dahmen, K.
H,; De Angelis, F,; Abate, A.; Hagfeldt, A.; Pozzi, G.; Graetzel, M.;
Nazeeruddin, M. K. A Molecularly Engineered Hole-Transporting
Material for Efficient Perovskite Solar Cells. Nat. Energy 2016, 1,
15017.

(28) Rakstys, K ; Paek, S.; Sohail, M.; Gao, P.; Cho, K. T.; Gratia, P.;
Lee, Y,; Dahmen, K. H.; Nazeeruddin, M. K A Highly Hindered
Bithiophene-Functionalized Dispiro-Oxepine Derivative as an Effi-
cient Hole Transporting Material for Perovskite Solar Cells. J. Mater.
Chem. A 2016, 4, 18259—18264.

(29) Gao, K; Xu, B; Hong, C.; Shi, X.; Liu, H.; Li, X; Xie, L; Jen,
A. K Y. Di-Spiro-Based Hole-Transporting Materials for Highly
Efficient Perovskite Solar Cells. Adv. Energy Mater. 2018, 8,
No. 1800809.

(30) Zhu, X. D.; Ma, X. ] Wang, Y. K; Li, Y,; Gao, C. H; Wang, Z.
K.; Jiang, Z. Q; Liao, L. S. Hole-Transporting Materials Incorporating
Carbazole into Spiro-Core for Highly Efficient Perovskite Solar Cells.
Adv. Funct. Mater. 2019, 29, No. 1807094.

(31) Wang, X; Zhang, J.; Yu, S,; Yu, W,; Fu, P.; Liu, X;; Tu, D;
Guo, X; Li, C. Lowering Molecular Symmetry To Improve the
Morphological Properties of the Hole-Transport Layer for Stable
Perovskite Solar Cells. Angew. Chem. 2018, 130, 12709—12713.

104

6066

(32) Truong, M. A,; Lee, ]; Nakamura, T Seo, J. Y.; Jung, M;
Ozaki, M; Shimazaki, A; Shioya, N.; Hasegawa, T.; Murata, Y;
Zakeeruddin, S. M.; Gritzel, M.; Murdey, R.; Wakamiya, A. Influence
of Alkoxy Chain Length on the Properties of Two-Dimensionally
Expanded Azulene-Core-Based Hole-Transporting Materials for
Efficient Perovskite Solar Cells. Chem. — Eur. . 2019, 25, 6741 —6752.

(33) Rakstys, K; Abate, A; Dar, M. L; Gao, P.; Jankauskas, V.;
Jacopin, G; Kamarauskas, E; Kazim, S; Ahmad, S; Gritzel, M;
Nazeeruddin, M. K. Triazatruxene-Based Hole Transporting Materials
for Highly Efficient Perovskite Solar Cells. J. Am. Chem. Soc. 2015,
137, 16172—16178.

(34) Rakstys, K; Saliba, M; Gao, P,; Gratia, P; Kamarauskas, E;
Paek, §; Jankauskas, V.; Nazeeruddin, M. K. Highly Efficient
Perovskite Solar Cells Employing an Easily Attainable Bifluorenyli-
dene-Based Hole-Transporting Material. Angew. Chem,, Int. Ed. 2016,
55, T464-T468.

(35) Usluer, O.; Abbas, M; Wantz, G; Vignau, L; Himsch, L;
Grana, E; Brochon, C.; Cloutet, E.; Hadziioannou, G. Metal Residues
in Semiconducting Polymers: Impact on the Performance of Organic
Electronic Devices. ACS Macro Lett. 2014, 3, 1134—1138.

(36) Petrus, M. L; Music, A; Closs, A. C,; Bijleveld, J. C; Sirtl, M.
T.; Hu, Y.; Dingemans, T. J.; Bein, T.; Docampo, P. Design Rules for
the Preparation of Low-Cost Hole Transporting Materials for
Perovskite Solar Cells with Moisture Barrier Properties. | Mater.
Chem. A 2017, §, 25200—25210.

(37) Petrus, M. L.; Schutt, K; Sirtl, M. T.; Hutter, E. M,; Closs, A.
C.; Ball, J. M,; Bijleveld, J. C.; Petrozza, A.; Bein, T.; Dingemans, T. J.;
Savenije, T. J.; Snaith, H.; Docampo, P. New Generation Hole
Transporting Materials for Perovskite Solar Cells: Amide-Based
Small-Molecules with Nonconjugated Backbones. Adv. Energy Mater.
2018, 8 1-11.

(38) Daskeviciene, M.; Paek, S; Wang, Z; Malinauskas, T
Jokubauskaite, G.; Rakstys, K; Cho, K. T.; Magomedov, A;
Jankauskas, V.; Ahmad, S; Snaith, H. J,; Getautis, V.; Nazeeruddin,
M. K Cabazole-Based Enamine: Low-Cost and Efficient Hole
Transporting Material for Perovskite Solar Cells. Nano Energy 2017,
32, 551-557.

(39) Vaitukaityte, D.; Wang, Z.; Malinauskas, T,; Magomedov, A.;
Bubniene, G.; Jankauskas, V.; Getautis, V.; Snaith, H. ]. Efficient and
Stable Perovskite Solar Cells Using Low-Cost Aniline-Based Enamine
Hole-Transporting Materials. Adv. Mater, 2018, 30, 1-7.

(40) Daskeviciute, S.; Momblona, C; Rakstys, K; Sutanto, A. Aj;
Daskeviciene, M.; Jankauskas, V.; Gruodis, A.; Bubniene, G.; Getautis,
V.; Nazeeruddin, M. K. Fluorene-Based Enamines as Low-Cost and
Dopant-Free Hole Transporting Materials for High Performance and
Stable Perovskite Solar Cells. J. Mater. Chem. A 2021, 9, 301-309.

(41) Osedach, T. P; Andrew, T. L.; Bulovi¢, V. Effect of Synthetic
Accessibility on the Commercial Viability of Organic Photovoltaics.
Energy Environ. Sci. 2013, 6, 711-718.

(42) Petrus, M. L.; Bein, T,; Dingemans, T. J.; Docampo, P.; Low
Cost, A. Azomethine-Based Hole Transporting Material for Perov-
skite Photovoltaics. J. Mater. Chem. A 2015, 3, 12159—12162.

(43) Malinauskas, T.; Tomkute-Luksiene, D.; Sens, R.; Daskeviciene,
M,; Send, R.; Wonneberger, H.; Jankauskas, V.; Bruder, L; Getautis,
V. Enhancing Thermal Stability and Lifetime of Solid-State Dye-
Sensitized Solar Cells via Molecular Engineering of the Hole-
Transporting Material Spiro-OMeTAD. ACS Appl. Mater. Interfaces
2015, 7, 11107-11116.

(44) Additional Citation Recommendations. Gaussian 09 Citation
Gaussian.com, https://gaussian.com /g09citation/ (accessed 2020-05-
15).

(45) Liao, Y. L; Hung, W. Y,; Hou, T. H,; Lin, C. Y,; Wong, K. T.
Hole Mobilities of 2,7- And 2,2-Disubstituted 9,9'-Spirobifluorene-
Based Triaryldiamines and Their Application as Hole Transport
Materials in OLEDs. Chem. Mater. 2007, 19, 6350—6357.

(46) Qiu, J; Liu, H; Li, X.; Wang, S. Position Effect of Arylamine
Branches on Pyrene-Based Dopant-Free Hole Transport Materials for
Efficient and Stable Perovskite Solar Cells. Chem. Eng. J. 2020, 387,
No. 123965.

https://doi.org/10.1021 /acs.chemmater. 1c0 1486
Chem. Mater. 2021, 33, 6059-6067



Chemistry of Materials

pubs.acs.org/cm

(47) Liu, P.; Xu, B,; Hua, Y.; Cheng, M.; Aitola, K; Sveinbjornsson,
K.; Zhang, J.; Boschloo, G.; Sun, L.; Kloo, L. Design, Synthesis and
Application of a Il-Conjugated, Non-Spiro Molecular Alternative as
Hole-Transport Material for Highly Efficient Dye-Sensitized Solar
Cells and Perovskite Solar Cells. J. Power Sources 2017, 344, 11—-14.

(48) Wang, S.; Sina, M,; Parikh, P.; Uekert, T.; Shahbazian, B,;
Devaraj, A.; Meng, Y. S. Role of 4-Tert-Butylpyridine as a Hole
Transport Layer Morphological Controller in Perovskite Solar Cells.
Nano Lett. 2016, 16, 5594—5600.

(49) Daskeviciene, M,; Paek, S.; Magomedov, A.; Cho, K. T.; Saliba,
M.; Kizeleviciute, A.; Malinauskas, T.; Gruodis, A; Jankauskas, V,;
Kamarauskas, E.; Nazeeruddin, M. K,; Getautis, V. Molecular
Engineering of Enamine-Based Small Organic Compounds as Hole-
Transporting Materials for Perovskite Solar Cells. ]. Mater. Chem. C
2019, 7, 27172724,

(50) Urbani, M; De La Torre, G; Nazeeruddin, M. K.; Torres, T.
Phthalocyanines and Porphyrinoid Analogues as Hole-and Electron-
Transporting Materials for Perovskite Solar Cells. Chem. Soc. Rev.
2019, 48, 2738—2766.

(51) Habisreutinger, S. N.; Noel, N. K; Snaith, H. J. Hysteresis
Index: A Figure without Merit for Quantifying Hysteresis in
Perovskite Solar Cells. ACS Energy Lett. 2018, 3, 2472—2476.

(52) Guarnera, S.; Abate, A; Zhang, W.; Foster, ]. M; Richardson,
G.; Petrozza, A; Snaith, H. ]. Improving the Long-Term Stability of
Perovskite Solar Cells with a Porous Al203 Buffer Layer. | Phys.
Chem. Lett. 2015, 6, 432—437.

(53) Domanski, K; Correa-Baena, ]. P.; Mine, N; Nazeeruddin, M.
K.; Abate, A; Saliba, M.; Tress, W.; Hagfeldt, A,; Gritzel, M. Not All
That Glitters Is Gold: Metal-Migration-Induced Degradation in
Perovskite Solar Cells. ACS Nano 2016, 10, 6306—6314.

6067

https://doi.org/10.1021/acs.chemmater. 1c0 1486
Chem. Mater. 2021, 33, 60596067

105



RESEARCH ARTICLE

www.solar-rrl.com

Molecular Engineering of Enamine-Based Hole-
Transporting Materials for High-Performing Perovskite
Solar Cells: Influence of the Central Heteroatom

Deimante Vaitukaityte, Minh Anh Truong, Kasparas Rakstys,* Richard Murdey,
Tsukasa Funasaki, Takumi Yamada, Yoshihiko Kanemitsu, Vygintas Jankauskas,

Vytautas Getautis,* and Atsushi Wakamiya™

Stabilizing the high-performing perovskite solar cells (PSCs) with low-cost and
simply affordable hole-transporting materials (HTMs) has been identified as an
ongoing ambitious challenge. Herein, a series of enamine-based HTMs having
different central heteroatoms (C, N, O, and S) and a number of enamine branches
is designed and synthesized. The impact of varied central heteroatom cores

is investigated in-depth including thermal, photophysical, and photovoltaic
properties. Importantly, molecularly engineered HTMs are obtained by a single
condensation reaction without the need for expensive catalysts, inert reaction
conditions, or tedious product purification. PSCs with a power conversion effi-
ciency (PCE) of over 20% can be realized with the triphenylamine core HTM
(V1435), a result comparable with spiro-OMeTAD. HTMs based on tetraphe-
nylmethane (V1431) and diphenyl sulfide (V1434) cores give a slightly lower
performance under similar device fabrication conditions. This work demonstrates
how rational molecular engineering of a simple condensation approach can

binding energy, and high charge carrier
mobility."™* The remarkable power con-
version efficiency (PCE) of perovskite solar
cells (PSCs) of 25.8% has been achieved.”!
In a conventional n—-i—p device, a perovskite
light-absorbing  layer is sandwiched
between an electron-transporting material
(ETM) and a hole-transporting material
(HTM). HTMs facilitate photogenerated
hole transport toward the counter electrode
and block electron transfer back from the
perovskite layer.I""'"! They can also prevent
water ingress into the hygroscopic perov-
skite layer.'” Accordingly, the proper
incorporation of an appropriate HTM can
significantly improve the stability of PSC
devices."*'* The most common HTM
used in PSCs is 2,2/,7,7 -tetrakis-(N, N-di-

produce HTMs for high-performing PSCs without sacrificing the PCE.

1. Introduction

Organic-inorganic metal halide perovskites are employed
as efficient light absorbing materials due to their high absorption
coefficient, long carrier diffusion length, small exciton
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p-methoxyphenylamine)-9,9"-spirobifluorene
(spiro-OMeTAD). This compound combines
high solubility, good film-forming ability,
and suitable frontier molecular orbitals energy levels, resulting in
excellent performance and ease of use.">""I However, the synthe-
sis of spiro-OMeTAD is expensive and its purification is tedious,
which limits its application to the large-scale fabrication of
PSCs™®* Although many HTMs with comparable performance
with spiro-OMeTAD have been reported, multistep synthetic
procedures are still required in most cases.”*?* More work is,
therefore, needed to develop truly low-cost and efficient HTMs
needed for the commercialization of PSCs.

Among the HTMs which have been reported to date, star-
shaped molecules with their nonplanar structures and relatively
large molecular volumes exhibit higher stability of the amor-
phous state compared with those of linear molecules™** and,
as a result, have consistently demonstrated better performance
in PSCs.”? Triphenylamine is one of the most well-known build-
ing blocks for efficient star-shaped HTMs because of its low ion-
ization potential, excellent charge transport properties, and
desirable thin-film morphology.lzs’m In addition, four-fold
symmetrical tetraphenylmethane has also been reported to be
an effective skeleton for improving thermal properties and pro-
viding good contact with different layers in organic solar cells!®®
or PSCs.*!

Many studies have shown that the properties of HTMs can be
improved through modification of the central group***!

© 2022 WileyVCH GmbH
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However, HTMs are typically assembled by connecting prebro-
minated central units to diphenylamine or borylated triphenyl-
amine via Buchwald-Hartwig C-N or Suzuki-Miyaura C-C
cross-coupling chemistry. Such coupling reactions require inert
reaction conditions, expensive transition metal catalysts, and
time-consuming purification procedures—including sublima-
tion or repeated column chromatography—due to the inherent
formation of side products. Moreover, residues of the metal cat-
alyst may act as charge carrier-trapping sites and negatively affect
the performance of the resulting PSC devices.***”! Therefore,
efficient HTMs, which can be prepared by simple, cost-effective,
and green chemistry, are required."****" I this sense, enamine
condensation has several advantages over transition metal-
catalyzed reactions; first, expensive catalysts are not required,
and second, water is the only side product. Moreover, simple
product workup and purification may significantly reduce the
cost of the final product.'840-4!

Herein, a new series of the enamine-based HTMs was pre-
pared in a simple condensation reaction from commerdally
available materials without the use of expensive transition metal
catalysts. The new HTMs comprise different central heteroatom
and enamine branches. Oxygen (O),[Q'“] sulfur (S],W—“’] and
nitrogen (N)*7** heteroatoms in the HTM structure are reported
to efficiently passivate the undercoordinated Pb*", suppressing
nonradiative losses at the perovskite/ HTM interface and improv-
ing the open-circuit voltage (V) and overall efficiency of the PSC
devices. Also, heteroatom substitution can modify the frontier
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orbital energy, leading to more effective alignment with the
perovskite valence band (VB).**' It was found that among
the synthesized enamine-based compounds, the N-core-based
V1435 has the highest glass transition temperature and hole drift
mobility and the most suitable ionization potential. PCEs over
20% were achieved in PSCs fabricated using V1435, This is
the highest efficiency among previously published enamine-
based HTMs.H*#32 These results demonstrate that effective
modification of the enamine-based HTMs with selected heteroa-
toms leads to highly efficient devices with strong potential as low-
cost semiconductors for large-scale commercial fabrication.

2. Results and Discussion

Figure 1 shows the chemical structures containing modulated
central fragments of diphenyl ether, diphenyl sulfide, triphenyl-
amine, and tetraphenylmethane equipped with the different
numbers of enamine arms coded V1433, V1434, V1435, and
V1431, respectively. Four HTMs were synthesized by simply con-
densing aminated precursors with 2,2-bis(4-methoxyphenyl)
acetaldehyde.P” The enamine condensation reaction was
performed under ambient conditions and water is the only
side-product, being separated using a Dean—Stark trap that accel-
erates the formation of the final products. Detailed synthesis and
molecular characterization are described in Supporting
Information. The chemical structures were verified by NMR
spectroscopy, mass spectrometry, and elemental analysis.
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Figure 1. Chemical structures of HTMs containing different central heteroatoms and degree of enamine branches.
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Thermal properties of enamine-based HTMs were evaluated
by thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) in nitrogen atmosphere at a heating rate of
10°C min ', The results are shown in Figure 2a, and S1,
Supporting Information, and summarized in Table 1. The ther-
mal decomposition temperatures (Ta.) corresponding to 5%
weight loss of V1431, V1435, V1433, and V1434 were estimated
to be 413, 415, 409, and 413 °C, respectively, indicating that all
synthesized HTMs possess sufficient thermal stability for the
typical processing conditions of PSCs. During the second heating

www.solar-rrl.com

scan of the DSC measurement, C-cored V1431 shows only one
endothermic peak corresponding to a melting process at a tem-
perature of 339 °C, while O-cored V1433 exhibits a complex ther-
mal behavior with three continuous processes: a glass transition
(Tg) at 130 °C, followed by a cold crystallization at 270 °C and
melting at 295°C. In contrast, for N- and S-cored HTMs
(V1435, V1434), only the glass transition was observed at 130
and 125 °C, respectively. The T, of these HTMs is slightly higher
than that of spiro-OMeTAD (124°C)** and should result in
improved film morphology.
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Figure 2. a) TGA data (heating rate of 10°C min~", N, atmosphere); b) Absorption spectra in THF selutions (107* m); ¢) the PESA spectra; and d) electric
field dependencies of the hole-drift mobility of V1433, V1434, V1435, and V1431.

Table 1. Thermal, optical, and photophysical properties of enamine-based compeunds.

HTM T 1Y T g T, Q¥ Taee [C] A [ Ip [ev]? £, [eV]? Eey [eV)? po [em? V7' s
V1433 295 270 130 409 261, 344 537 2.97 240 3.0x10°°
V1434 - 125 413 264, 357 552 2.99 253 3.5%10°¢
V1435 - - 130 N5 260, 373 527 2.88 239 20x10°°
V1431 339 - - a3 263, 347 5.54 3.02 252 5.0x107°

"Me\ting (Tow), crystallization (T.), and glass transition (T,) temperatures were observed from the second heating scan of DSC. Decomposition (T,.) temperatures were
observed from TGA measurements (10 °C min~ ', N, atmosphere). L"Akzxmrptinn spectra were measured in THF solutions (107" m). “lonization potentials of the films were
measured using the PESA. “’E! was estimated from the intersection of absorption and emission specira of solid films. “E., = Ip — E,. “Hole drift mobility value at zero field
strength.
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Ultraviolet-visible  (UV-vis) absorption spectra were
measured for the compounds in THF solution. The spectra
are shown in Figure 2b and the related data are summarized
in Table 1. The absorption maximum (i, was observed at
344, 347, 357, and 373nm for V1433, V1431, V1434, and
V1435, respectively. A bathochromic shift of around 20nm is
observed for the N-cored V1435 in comparison with the other
molecules due to enhanced n-conjugation. The optical gaps
(Ey) were calculated from the intersection of absorption and pho-
toluminescence spectra of thin films and were found to be simi-
lar for all the compounds at around 3.0eV (Figure S2,
Supporting Information). To interpret the absorption spectra
of these molecules, time-dependent density functional theory
(TD-DFT) calculations at the CAM-B3LYP/6-31G(d)//B3LYP/
6-31G(d) level of theory were performed (see Table S1-S4,
Figure S3-S6, Supporting Information). The singlet-excited elec-
tronic states were labeled as S,.. For C-cored V1431, an intense
absorption band at 347 nm was ascribed to the electronic transition
So— S, whereas the shoulder at around 390 nm was attributed to
the electronic transitions to lower excited states (Sp— S, n=1,2,
and 3). Similarly, in case of N-cored V1435, it was found that elec-
tronic transitions to highly excited states (S, — S, n= 4, 5) were
assodated with an intense absorption band at 373 nm. However,
the Sy — S, (=1, 2, and 3) transitions have very low oscillator
strength; thus, they cannot be observed in the absorption band
of V1435. In contrast, for O- and S-cored HTM (V1433, V1434),
the broad band in the 325-400nm range could be attributed to
electronic transitions Sy — S, (1=1, 2, and 3).

The solid-state ionization potentials (Ip) of V1435, V1433,
V1434, and V1431 were measured using photoelectron spectros-
copy in air (PESA). As shown in Figure 2c, the highest occupied
molecular orbital (HOMO) energy levels of V1435, V1433,
V1434, and V1431 was determined to be —5.27, —5.37, —5.52,
and —5.54 eV, respectively. The HOMO energy level is shifted
to be deeper as the electron density of the central atom is
reduced. The lowest unoccupied molecular orbital (LUMO), cal-
culated from the optical gap and ionization potential, is —2.39,
—2.40, =253, and —-2.52eV for V1435, V1433, V1434, and
V1431, respectively. These HOMO and LUMO energy levels
of these enamine derivatives are suitable for the application in
the PSCs.*!

To evaluate the charge transporting properties, the hole drift
mobilities of the undoped films were measured by xerographic

C
N
=
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time of flight (XTOF). As shown in Figure 2d and Table 1,
the zerofield hole drift mobility (ug) of V1435 s
20x 10 em’V 's™!, one order of magnitude higher than
those of the other compounds and similar to that of spiro-
OMEeTAD reported elsewhere.!'”!

The reorganization energies (4,.,) of these enamine-based
molecules and spiro-OMeTAD, which represent their relaxation
after oxidation (Figure S7, Supporting Information), were calcu-
lated using the B3LYP/6-31 G(d) level of theory and are summa-
rized in Table S5, Supporting Information. Generally, according
to the Marcus theory, small reorganization energy implies a fast
hole transfer rate. As shown in Table S5, Supporting
Information, the reorganization energies of V1431, V1434,
V1433, V1435, and spiro-OMeTAD are 74, 125, 132, 170, and
145 meV, respectively. Thus, the hole mobility of C-cored
V1431 might be expected to be superior to the S- and O-cored
molecules (V1434, V1433). While the high mobility of V1431
was confirmed by the XTOF experiments, N-cored V1435 with
Areorg = 170 meV also shows high mobility. In this case, the high
mobility could be explained by strong electronic coupling
between neighboring V1435 molecules.

To evaluate the potential use of the new enamine-based HTMs
in PSCs, the conventional n—-i—p structure was used. The device
stack is indium tin oxide (ITO)-coated glass substrate/SnO,/
perovskite/HTM/gold electrode (Figure 3a). Reference devices
using spiro-OMeTAD as the HTMs were prepared with the same
fabrication process for comparison. The fabrication process for
PSC devices is provided in the SI. HTMs were dissolved in chlo-
robenzene (0.02 M for the enamine-based HTM and 0.06 M for
spiro-OMeTAD), together with the following dopants and addi-
tives: an oxidizing agent tris(2-(1 H-pyrazol-1-yl)-4-tert-butylpyri-
dine)cobalt(I1I) tri[bis(trifluoromethane)sulfonimide] (Co(III)
TFSI, 0.15 equiv), lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI, 0.54 equiv), and 4-tert-butylpyridine (tBP, 3.3 equiv).
The water contact angle of V1433, V1434, V1431, and V1435
was estimated to be 82°, 76°, 74°, and 72°, respectively
(Figure S8, Supporting Information), indicating similar wettabil-
ity to that of spiro-OMeTAD (76°).1'¥ Unfortunately, V1433 did
not form a smooth film due to its poor solubility in either chlo-
robenzene or 1,2-dichlorobenzene (Figure $9, Supporting
Information). Therefore, PSC devices based on V1433 could
not be fabricated. As we already reported previously,”* efficient
hole extraction from the perovskite layer requires that the
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L

Current density (mA cm‘z)

V1431
V1434
V1435
Spiro-OMeTAD

0.6 0.8 1.0 12
Valiage (V)

02 0.4

Figure 3. a) The solar cell structure used in this study. b) The forward scan J-V curves of the champion devices fabricated using different HTMs.
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HOMO energy level of the HTM be at least 0.1 eV higher than
the VB of perovskite. Therefore, considering that the HOMO
energy level of these enamine-based HTMs is in the range
of —5.27 to 5.54 €V, a mixed-composition CsggsFAgsyMA s
PbBry la 76 perovskite material with a relatively deep VB level
of -5.68 eV was used as the absorber layer in the PSCs prepared
in this work."’!

The HTM layer plays an important role in both transporting
holes to the counter electrode and preventing direct contact
between the perovskite layer and the electrode. While a thin
HTM layer could fadlitate hole transport, it might reduce the
uniformity of coverage. In contrast, a thicker HTM layer would
uniformly cover the perovskite surface but retard hole transport
due to the low hole mobility of HTM. Therefore, the thickness of
the HTM layer needs to be carefully optimized to obtain full
coverage of the perovskite layer without sacrificing the hole trans-
porting ability.*™ The thickness of the HTM films was optimized
for PSC performance by adjusting the speed during spin coating.
Cross-sectional and top-view scanning electron microscopy (SEM)
images were measured to determine the thickness, coverage, and
morphology of the HTM layers (Figure $10-517, Supporting
Information). The detailed results for HTM thickness optimiza-
tion are provided in Figure S$18-S21, and Table S6-S9,
Supporting Information. All the thickness-optimized HTM films
were observed to uniformly cover the perovskite layer. Although a
thick layer of spiro-OMeTAD (~:200nm) is typically required to
obtain high-performance PSCs with high reproducibility,”” we
found that devices using enamine-based HTMs could achieve
comparable performance with thinner HTM layers. The optimal
thickness of V1431, V1434, and V1435 was estimated to be around
160, 55, and 130 nm, respectively.

The performance of the PSC devices was evaluated under
AML5G simulated sunlight. The current density—voltage
(J-V) curves in the forward scan of the champion devices for
each HTM are shown in Figure 3b, and the photovoltaic param-
eters are summarized in Table 2.

The best PCE for V1435, V1434, and V1431 obtained from the
forward scan was 20.1%, 18.6%, and 18.0%, respectively. The
average forward scan PCE was calculated to be 19.3%, 17.4%,
and 17.6% for V1435, V1434, and V1431, respectively. All devices
show small hysteresis. The hysteresis index of V1431, V1434,

www.solar-rrl.com

V1435, and spiro-OMeTAD-based devices was calculated to be
—0.028, —0.022, —0.046, and —0.020, respectively. It is noted
that the obtained result for V1435 is the highest performance
compared  with  previously  published enamine-based
HTMs.***"*"] The performance drop is mainly due to the loss
of fill factor (V1435: 0.79, V1434: 0.74, and V1431: 0.73). The
high fill factor of V1435 can be explained by its high hole
mobility.

The Jsc values estimated from the J-V curves are consistent with
the integrated current densities derived from the incident photon-
to-current effidency (IPCE) measurements (Figure S18-521,
Supporting Information). Overall, the performance of the devices
using the enamine-based HTMs was comparable with the spiro-
OMeTAD-based devices (Figure S22, Supporting Information).
The HTMs with N- and C-central atoms (V1435, V1431) showed
slightly better performance than the S-cored variant (V1434).

While HTMs with deeper HOMO levels are expected to align
more effectively with the perovskite VB and result in higher Ve
values, this trend was not observed in our study. The Vpc of
V1431 and V1434 are both 1.11 V; these values are slightly lower
than those of V1435 and the devices with spiro-OMeTAD
(V1435:1.12V, spiro-OMeTAD: 1.13V) despite their deeper
HOMO values. The absence of a correlation between the
HOMO energy levels of HTMs and the Vi of the corresponding
devices may be due to high variability in the quality of the
perovskite/HTM interface for different materials.”*** Any
dependence on the energy-level offset would be obscured if
the charge recombination is dominated by a strongly variable
interface trap density.

Complex impedance plots for devices with V1431, V1434,
V1435, and spiro-OMeTAD HTM taken under AM1.5G are
shown in Figure $23, Supporting Information. Impedance meas-
urements can reveal differences in the electrical characteristics of
the device and materials that may not be readily apparent in the
experimental J-V curves, which are all closely comparable. The
data are analyzed with a simple equivalent circuit with series and
parallel resistances and a single-capacitive element. Under low
applied voltage, the parallel resistance reflects leakage or recom-
bination currents, larger values indicating either superior quality
of the perovskite layer or more efficient charge extraction from
the perovskite absorber into the transport layers. The estimated

Table 2. Phetovoltaic parameters of PSCs using different HTMs derived from J-V measurements.

HTM® Scan® Jue [mA em™2 Voo M9 FF PCE 6] HIY

V1431 Forward 223 (22.1+032) 111 (1.1 £ 001) 073 (0.7240.02) 18.0 (17.6 £ 03) 0028
Reverse 22.2 (22.0+£02) 112 (1.11 £ 001) 071 (0.69-+0.02) 17.5 (16.7 £ 05)

V1434 Forward 22.7 (22.6 £0.1) 111 (1.09 + 0.04) 0.74 (0.70-+ 0.03) 186 (17.4£10) 0022
Reverse 223 (2234 032) 109 (1.10 £ 0.03) 0.74 (0.720.03) 182 (17.7+£13)

V1435 Forward 22.7 (2224 03) 112 (1.12 £ 001) 0.79 (0.78 £0.01) 20.1 (19.3£05) ~0.046
Reverse 22.6 (2224 03) 112 (1.11 £ 001) 0.76 (0.74 £0.01) 19.2 (183 £ 05)

Spiro-OMeTAD Forward 22.4 (22.2401) 113 (1.13 £ 001) 0.79 (0.78 £0.01) 20.1 (19.6+£02) 0020
Reverse 223 (22.2+0.) 113 (1.12 £ 001) 0.78 (0.77 £0.01) 19.7 (19.2+03)

UHTM concentration: 0.02 M for V1431, V1434, and V1435, 0.06 M for spiro-OMeTAD. The optimal thickness is 160, 55, 130, and 215 nm for V1431, V1434, V1435, and
spiro-OMeTAD, respectively. " Forward and reverse indicate the scan direction from Jsc to Voc and from Vo to Jsc, respectively. “The average and standard deviation values
were calculated from nine devices. ¥'Hysteresis index (HI) = (PCEgerse — PCEf pruvard) {PCEgererse-
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Figure 4. a) Steady-state PL spectra and b) time-resolved PL spectra of the pristine perovskite (Csgg5FAg g7MAg gsPbBrg 2417 76) and perovskite/[HTM films

excited at 688 nm with an excitation fluence of 100nj em™2.

parallel resistances of V1431 (98 Qcm?), V1434 (44 @ cm?), and
V1435 (87Qam?) are all lower than spiro-OMeTAD
(157.5Qcm?). While this is consistent overall with the lower
measured PCE realized with the newly synthesized HTMs, no
correlations could be drawn between the parallel resistance value
and any feature of the experimental [~V curves. The series resis-
tance for the V1431, V1434, V1435, and spiro-OMeTAD devices
was estimated at 2.0, 1.2 1.1, and 1.0 Q cm® respectively. Here,
we can clearly differentiate between the V1434, V1435 HTMs,
which have comparable conductance to the spiro-OMeTAD
reference, and the V1431 HTM, which has a substantially lower
conductance. The higher series resistance of the V1431 HTM
can explain the slightly lower fill factor (FF) observed for the cor-
responding devices (see Table 2).

Following the impedance measurements, the operational
stability of the devices was assessed by running them at the
maximum power point under AM1.5G for 10h. The results
are shown in Figure $24, Supporting Information. The stability
of the V1431- and V1435-based devices is comparable with
spiro-OMeTAD and higher than that of the V1434-based devices.

As stability is important for PSCs, a thermal durability test on
the unencapsulated devices with different HTMs was performed
under ambient atmosphere (room humidity = 55%) (Figure S25,
Supporting Information). After heating the devices at 100 °C for
1h, the efficiency of the device using V1431 is largely
unchanged. In contrast, under the same conditions, the effi-
ciency of the devices using V1435, spiro-OMeTAD, and V1434
drops to 86%, 68%, and 47% of the initial efficiency, respectively.
The higher thermal stability of V1431- and V1435-based devices
is a result of the more stable amorphous phase of these materials
compared with V1434 and spiro-OMeTAD.

The hole extraction properties of the HTMs were further
investigated by performing steady-state photoluminescene (PL)
quenching measurements on quartz/perovskite and quartz/
perovskite/ HTM
samples!®” The PL peak of the pristine perovskite film was
observed at 795 nm. After fabricating HTMs on perovskite layers,
the PL peak intensity was reduced to 629, 44%, 26%, and 15%
for V1434, V1431, V1435, and spiro-OMeTAD, respectively
(Figure 4a). The strong PL quenching indicated that hole extrac-
tion into V1435 proceeds more efficiently than with V1431 and
V1434, The higher V¢ and FF of the corresponding devices can
be rationalized in terms of the improved hole extraction.

Sol. RRL 2022, 2200590
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The trend was further confirmed by time-resolved PL (TRPL)
decay measurements. The PL lifetime for the pristine perovskite
film was 192ns and in the perovskite/HTM films decreased
to 130, 96, 76, and 47 ns for V1434, V1431, V1435, and spiro-
OMeTAD, respectively (Figure 4b).

3. Conclusion

A new series of enamine-based HTMs was designed and
synthesized via a simple condensation reaction. The influence
of heteroatoms in the enamine core was systematically investi-
gated by thermal, photophysical, and photovoltaic measure-
ments. It was found that compared with the hydrocarbon
compound (V1431) or the varant with sulfur heteroatom
(V1434), the enamine-based HTM with nitrogen heteroatom
(V1435) resulted in a higher glass transition temperature, more
suitable ionization potential for perovskite applications, and
higher hole drift mobility. The maximum PCE of devices using
V1435 as the HTM exceeded 20%. To the best of our knowledge,
this is the highest reported performance for enamine-based
HTMs. The performance and stability of V1435 were similar
to spiro-OMeTAD reference devices fabricated under the same
conditions. This study demonstrates that the combination of
the finely tuned core structure and simple enamine condensation
chemistry is a beneficial approach to afford HTMs for high-
performing and stable PSCs.

Supporting Information

Supperting Information is available from the Wiley Online Library or from
the author.
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Enamine-Based Cross-Linkable Hole-Transporting Materials

for Perovskite Solar Cells

Deimanté Vaitukaityté, Amran Al-Ashouri, Maryté Daskeviciene, Egidijus Kamarauskas,
Jonas Nekrasovas, Vygintas Jankauskas, Artiom Magomedov, Steve Albrecht,

and Vytautas Getautis*

The development of the simple synthesis schemes of organic semiconductors
can have an important contribution to the advancement of related technologies.
In particular, one of the fields where the high price of the hole-transporting
materials may become an obstacle toward successful commercialization is
perovskite solar cells. Herein, enamine-based materials that are capable of
undergoing cross-linking due to the presence of two vinyl groups are synthesized.
It is shown that new compounds can be thermally polymerized, making the films

resistant to organic solvents. This can allow the use of a wet-coating process for
the deposition of the perovskite absorber film, without the need for orthogonal
solvents. Cross-linked films are used in perovskite solar cells, and, upon opti-

mization of the film thickness, the highest power conversion efficiency of 18.1%

is still limited. Therefore, it is important to
search for promising new organic materials.

As an additional constraint, to keep the
transition from lab to fab as fast as possible,
it is advantageous to maintain the simplic-
ity of the organic materials as one of the
highest priorities. It is thus necessary to
use simple and short synthesis pathways
because it was recently shown that multi-
step schemes lead to extremely high mate-
rials costs.”! In addition, it is better to avoid
the use of metal-catalyzed reactions, as
metal traces are known to have detrimental

is demonstrated.

1. Introduction

Perovskite solar cells (PSCs) have recently demonstrated efficien-
cies comparable to those of the best Si-based technologies."
Among other things, further advancement of PSCs depends on
the development of novel materials that can serve as efficient hole
transporters.”” However, the choice of organic hole-transporting
materials (HTMs) that are able to deliver competitive performance
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effects on the performance of optoelec-
tronic devices,!*! and therefore additional
purification processes (e.g., sublimation®)
are required, which further increases the
price of the final material. In this context,
condensational chemistry is giving possibilities to increase the
n-conjugated system of the molecules in a simple way, with
water as the only byproduct. The simplicity of the synthesis
and purification can promote wider application of such materials.

One of the semiconducting material classes that fulfill the
aforementioned requirements is enamines. Typically, they are
synthesized from aromatic amine and aromatic ketone/aldehyde.
First studies of their charge-transporting abilities were reported
in the 1980s,°®! and since then they have been successfully
incorporated in electrophotographic devices!” and organic
light-emitting diodes,!"” and recently they have been reported
to show good performance in PSCs.''-13

Depending on the order of the layers in the final device, PSCs
are commonly divided into two large groups. Currently, the high-
est certified efficiency, published in peerreviewed journals
(22.7%), was achieved in a so-called regular or n—i—p configura-
tion, where the HTM is deposited on top of the perovskite
absorber layer.[“] As an alternative, in recent years, also p-i-n
(or “inverted”) configuration of PSCs was established, with
efficiencies getting close to those of the best PSCs (highest
published certified value of 22.3%),"! and in addition, having
advantages in tandem applications."®'”! In the case of p-i-n
devices, solution processing of the perovskite absorber layer adds
additional constraints on the choice of HTMs, as it usually
should withstand a mixture of polar dimethylformamide:
dimethyl sulfoxide (DMF:DMSO) solvents. The perovskite pre-
cursor solution has significantly lower ability to dissolve organic
HTMs (Table $1, Supporting Information); however, it is enough
to reduce the scope of the applicable materials. Therefore, so far

© 2020 Wiley-VCH GmbH
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the most popular choice of organic HTMs for such devices is
polymers, such as poly[bis(4-phenyl)(2,4,6-trimethylphenyl)
amine]"® and poly(3,4-ethylenedioxythiophene) polystyrene sul-
fonate.['"! Recently, different small-molecule HTMs for p-in
have been reported, such as MPA-BTTLM BTF4' and
BDPSO;* however, their number is still rather limited due
to the aforementioned restriction. Therefore, as an alternative,
several strategies have been reported, e.g., change of the perov-
skite precursor solvent,®*! use of self-assembled monolayers}“]
and use of soluble precursors that are subsequently transformed
into insoluble films.!**! In addition, recently cross-linkable HTMs
were introduced into inverted devices, resulting in relatively
high performance.*®! However, it was achieved using palladium-
catalyzed reactions.

In this work, enamine-based cross-linkable HTMs, containing
two vinyl groups, were synthesized and investigated. We show
that new materials can undergo thermal polymerization, forming
solvent-resistant films. The polymerization process has a negli-
gible effect on the electrical properties of the materials. As a proof
of concept, PSCs of p-i-n configuration were constructed, and
devices with polymerized V1187 showed a promising power con-
version efficiency (PCE) of 18.14%, showing the great potential of
the presented class of dopant-free organic HTMs.

2. Results and Discussion

For the target materials to undergo in situ cross-linking, it is
required to incorporale atleast two groups that can undergo poly-
merization into the structure of the final compounds. To do so,
commercially available fluorene amines were chosen as the
starting compounds, and following a simple two-step reaction
scheme (Scheme S1 and S2, Supporting Information), two final
compounds V1162 and V1187 were obtained (Figure 1). Detailed
synthesis procedures are reported in the Supporting
Information. In brief, during the first step, starting amines were
condensed with 2,2-bis(4-methoxyphenyljacetaldehyde, follow-
ing a previously published procedure,!'" and intermediate com-
pounds 1 and 2 were isolated via crystallization in 47% and 94%
yields, respectively. During the second step, intermediate com-
pounds were alkylated by 4-vinylbenzylchloride, to obtain final
compounds V1162 and V1187 with good yields (74% and
59%, respectively). Structures of the synthesized compounds
were confirmed by means of NMR and elemental analysis.

Following a previously published pmcedure,l]] the costs of the
materials used for the synthesis were evaluated (detailed
calculations can be found in the Supporting Information).
The calculated price of the materials is 13.56 and 16.34€ g '
for V1162 and V1187, respectively, which is somewhat higher
than the lowest reported costs of organic HTMs (e.g., V950
~6€ g~ 1" and EDOT-amide-TPA ~5% g~'*")); however, it is
significantly lower than that of the most popular HTM Spiro-
OMeTAD (93$ g~ ')

To evaluate the optical properties of the synthesized com-
pounds, UV-vis and photoluminescence (PL) spectra were
recorded from the solutions, and the results are shown in
Figure S2, Supporting Information. The enamine V1162 has
an absorption maximum (4. in the UV range at 370 nm, with
only negligible absorption in the visible range of electromagnetic
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Figure 1. Molecular structures of the synthesized cross-linkable HTMs
V1162 and V1187.

radiation. The compound V1187 with its additional enamine
branch has a bathochromically shifted A, of 406 nm due to
the larger n-conjugated electrons system, giving a slightly stron-
ger light absorption in the visible range. This might reduce the
performance of the p—i-n PSC, where the light first passes
through the HTM layer; however, if the film thickness is small,
the drop in J,. should not be significant. In addition, from the PL
spectra, it can be seen that the emission of the V1187 is slightly
redshifted by 7 nm, compared to that of V1162, which is consis-
tent with the increased n-conjugated electron system.

For the evaluation of the thermal stability of the materials and
their ability to undergo a cross-linking process, thermal proper-
ties were studied by means of differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA). For the V1162,
during the first DSC heating cycle (Figure 2), the glass transition
process was detected at 100 °C, followed by a melting process at
228 °C, showing that the material after purification has a mixture
of amorphous and crystalline states. Directly after melting, an
exothermic process was detected at 231 °C, suggesting that ther-
mal polymerization occurs at this temperature. During the sec-
ond heating cyce, no phase transitions were observed,
confirming formation of the cross-linked polymer. For V1187,
with higher molecular weight, a slightly higher Ty of 136°C
was detected and no melting process was observed, suggesting
that V1187 was isolated as an amorphous material. The cross-
linking process started at ~190°C, with a peak at around
239°C. Again, during the second heating cycle, no phase tran-
sitions were detected. In addition, both compounds showed
excellent thermal stability, with a Tz of 396°C for V1162 and

© 2020 WileyVCH GmbH
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Figure 2. First and second scan heating curves of V1162 and V1187 (heat-
ing rate 10°C min~'; the y-axis is showing a heat flux).

393 °C for V1187, as can be seen from TGA analysis (Figure S1,
Supporting Information).

To evaluate the cross-linking ability of the thin films of the
new HTMs, they were analyzed by evaluating the amount of
washed material from the spin-coated film, by means of UV—
vis spectroscopy (detailed cross-linking procedure can be found
in the Supporting Information). The results are shown in
Figure 3. After heating the HTM films at 231 °C, already after
15 min the majority of the monomer was cross-linked into an
insoluble polymer. A very similar behavior was observed for both
the V1162 and V1187 materials, and the process of cross-linking
was complete roughly after 45 min of heating. The cross-linked
films have shown to be resistant to the DMF:DMSO (4:1)

1.0
—m—V{162
0.8+ -v- V1187
-
2
=
206
S
"]
a2
[
=
[}
[
0.2
"“\
0.0 . : ?—"—"- =T x
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Time, min

Figure 3. Cross-linking experiment of the V1162 and V1187 films. The
absorption (at 370 nm for V1162 and at 406 nm for V1187) of the solu-
tions, prepared by dipping spin-coated HTM films into THF after heating
at 231 °C for the respective times, relative to the absorption of the solu-
tion, prepared by dipping of the non-cross-linked film.
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solvents, as after exposure to them the UV—-vis absorption spectra
of the films remained almost the same (Figure S4 and S5,
Supporting Information). As an additional indication of the con-
version of the vinyl groups, fourier-transform infrared spectros-
copy were recorded (Figure S6, Supporting Information). After
annealing, the characteristic peaks of the vinyl groups at the 988
991 and 904908 cm ! disappeared, which were previously
reported to show a complete cross-linking.”**” Next, to study
the electrical properties of the synthesized HTMs, the hole drift
mobility was measured with the xerographic time-of-flight
(XTOF) technique (Figure 4). V1187 showed very good charge-
transporting properties, reaching 10 *em®V 's™' at strong
electrical fields. The simpler compound V1162 showed slightly
lower hole drift mobilities, yet still comparable to those of popu-
lar HTMs for PSCs. As the cross-linking process does not affect
the chromophoric system of the HTMs, ithad only a minor influ-
ence on the hole drift mobility. For V1187, the value stayed vir-
tually the same, whereas for V1162 after cross-linking mobility
became roughly two times lower (Figure 4). In addition to charge-
transporting properties, ionization pntentials were measured
through photoelectron spectroscopy in air (PESA). The values
were 5.11 and 5.26eV for V1187 and V1162, respectively.
Such values are consistent with the values reported for other
HTMs used in PSCs.

To evaluate the performance of the materials acting as hole-
selective layers in PSCs, devices with the p—i-n architecture were
fabricated and characterized. As an absorber material, triple-
cation perovskite was used,”*"! with a nominal precursor solution
composition of Csygs(FAgssMAg 17)0.0sPb(lossBro17)s  (see
Figure S8, Supporting Information, for the top-view and
cross-section scanning electron microscopy images of the best
device). The films of the organic HTMs were prepared by spin
coating from toluene, and afterward, they were annealed in a
nitrogen atmosphere at 230°C for 45 min for the cross-linking,
as was determined previously. The J/V curves are reported in
reverse (from open to short circuit) direction, as the devices have
shown only a minor hysteresis (Figure S11, Supporting
Information). A detailed description of the fabrication and

rd
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Figure 4. Electric-field dependencies of the hole drift mobilities in films of
V1162 and V1187 before and after thermal cross-inking.
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Figure 5. |/V measurements of the PSCs prepared with the new HTMs (reverse scan, from open to short circuit). a) Comparison of the devices, prepared
with the neat HTM versus cross-linked HTM; b) comparison of the performances of the two cross-linked HTMs.

Table 1. Average performance parameters of the PSCs with new HTMs (prepared from 2 mg mL™" in toluene). Data extracted from J/V scans, including
the standard errors and the best performance parameters (in brackets). The statistics are based on six to ten cells on different substrates.

Compound

Jse [mAem ™)

Voe [V]

FF [26]

PCE [%]

V1162
V1162 cross-linked
V1187
V1187 cross-linked

21.19 4+ 0.12 (21.60)
21.55 +0.14 (21.57)
21.34 4 0.16 (20.73)
21.95 £0.15 (21.40)

0.8464+0.013 (0.878)
1.036 +0.014 (1.077)
0.891 4+ 0.020 (0.932)
1.040+£0.012 (1.069)

758 402 (76.4)
61.7 4038 (63.5)
793404 (80.3)
711418 (73.3)

13.60 -+ 0.25 (14.49)
13.78 £ 0.35 (14.77)
15.08 +0.35 (15.57)
16.21 £0.35 (16.77)
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Figure 6. PSC analysis of cross-linked V1187 films. a) Dependence of the FF and V. and b) PCE on the concentration of the V1187 solution.
¢) Comparison of representative J/V characteristics (reverse scan, from open to short circuit) of V1187-based devices prepared from solutions with

different concentrations and d) respective maximum power point tracking.
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Table 2. Average performance parameters of the PSCs with the V1187 films, prepared from solutions with different concentrations. Data extracted from J/
V scans, including the standard errors and the best performance parameters (in brackets). The statistics are based on six to ten cells on different

substrates.

Compound Concentration [mgml~'] Joe [mAem™ Ve M FF [%] PCE [%]

V1187 cross-linked 0.5 2098 +0.09 (21.18) 1.039+0.013 (1.066) 733421 (79.4) 1595+ 047 (17.51)
1.0 21424+0.12 (21.64) 1.057 £0.014 (1.070) 72.74+3.4 (79.2) 16.43 £ 0.838 (17.74)
1.5 21.3940.09 (21.61) 1.075 £0.009 (1.092) NA4L25(77.7) 16.44 068 (18.14)
2.0 21314£0.10 (21.67) 1.077 £0.007 (1.095) 69.241.2 (73.2) 15.88+£033 (17.12)

characterization of the devices can be found in the Supporting
Information.

First, to check the influence of the cross-linking on the perfor-
mance of the devices, we compared thermally cross-linked HTM
films with the the neat films. Via profilometry, we measured no
significant surface morphology differences after the cross-link-
ing process (Figure S3, Supporting Information). As shown in
Figure 5 and Table 1, both V1162 and V1187 devices with mono-
mer films showed low open-circuit voltages (Vo) (0.85V for
V1162 and 0.89V for V1187 on average). It can be attributed
to the formation of a direct contact between the perovskite
and indium tin oxide (ITO), due to the damage of the HTM film
during solution processing of the perovskite film. This in turn
leads to increased interfacial recombination, which reduces
Voo ?*** In contrast, for both materials after thermal polymeri-
zation, V. was significantly improved up to 1.04 V on average.
Quite a different trend can be observed for the full factor (FF),
where higher values were obtained for neat films (75.8% for
V1162 and 79.3% for V1187 on average), which can be attributed
to the high conductivity of the ITO, and as a consequence fast
transport of charges. This result is supporting the previous state-
ment that after cross-linking the HTM films have improved resis-
tance against solvents.

V1187 allowed for higher FFs than V1162 (Figure 5), and as a
consequence, the highest PCE of 16.8%. As the films are used
without oxidizing dopants, such improvement can be attributed
to the higher values of the hole drift mobilities,** and as a result
better transport of the charges through the film.

To further optimize the HTM film, the concentration of the
V1187 starting solution was varied from 2mgmL™" down to
0.5mgmL™" in toluene. As expected, the lower concentration
led to the improved FF, but at the cost of reduced Vi
(Figure 6, Table 2). Steady-state PL measurements of the perovskite
films on this concentration series revealed a reduced intensity of
the emission with lower concentration (Figure S9, Supporting
Information). As the extraction abilities of the material should
be independent of the concentration, such a behavior can be attrib-
uted to insufficient coverage of the ITO substrate and increased
direct contact between the perovskite and ITO.*! As a result of
increased interface recombination, the reduction in V,. is
observed. Overall, an optimized PCE of 18.1% for the cross-linked
films prepared from the 1.5 mgmL ™" solutions was achieved.

3. Conclusion
In conclusion, in this work, two new enamine-based HT Ms were

synthesized and investigated. Due to the presence of two vinyl
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groups, materials V1162 and V1187 are able to undergo thermal
cross-linking during heating at 230 °C. After =45 min, the depos-
ited films became resistant toward organic solvents. It was fur-
ther shown that polymerization leads only to minor changes in
hole drift mobilities; therefore, the materials are suitable for
application in p—i-n PSCs. As a result, devices with the thermally
cross-linked films have shown advantageous performance,
mainly due to the higher open-circuit voltage. After further opti-
mization of the concentration of the V1187 solution, PSCs have
shown over 18% power conversion efficiency, demonstrating the
great promise of the presented strategy.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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