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Polycyclic heteroaromatics play a pivotal role in advancing the field of high-performance organic
semiconductors. In this study, we report the synthesis of a pyrrole-bridged double azahelicene through
intramolecular oxidative cyclization. By incorporating bis(4-methoxyphenyllamine (OMeDPA) and
ethylenedioxythiophene-phenyl-OMeDPA (EP-OMeDPA) into the sp®-nitrogen rich double helicene
framework, we have successfully constructed two organic semiconductors with ionization potentials
suitable for application in perovskite solar cells. The amorphous films of both organic semiconductors
exhibit hole density-dependent mobility and conductivity. Notably, the organic semiconductor utilizing
EP-OMeDPA as the electron donor demonstrates superior hole mobility at a given hole density, which is
attributed to reduced reorganization energy and increased centroid distance. Moreover, this organic
semiconductor exhibits a remarkably elevated glass transition temperature of up to 230 °C and lower
diffusivity for external small molecules and ions. When employed as the p-doped hole transport layer in
perovskite solar cells, TMDAP-EP-OMeDPA achieves an improved average efficiency of 21.7%.
Importantly, the solar cell with TMDAP-EP-OMeDPA also demonstrates enhanced long-term operational
stability and storage stability at 85 °C. These findings provide valuable insights into the development of
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1. Introduction

Organic semiconductors are crystalline or amorphous materials
comprised of molecules that aggregate through van der Waals
forces.”™ These molecules typically consist of carbon and
hydrogen atoms, as well as heteroatoms such as oxygen, sulfur,
and nitrogen, and possess conjugated structures. In their
intrinsic state, organic semiconductors with wide or interme-
diate bandgaps act as electrical insulators and can only be
transformed into semiconductors through charge injection,
photoexcitation, or doping.® In the display industry, the incor-
poration of a doped organic charge transport layer is essential to
meet technological maturity requirements.” Furthermore,
perovskite solar cells, which have repeatedly broken efficiency
records, often employ a doped hole transport layer composed of
spiro-OMeTAD (Fig. 1).*'° Among the various organic semi-
conductors reported, spiro-OMeTAD exhibits a high energy level
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of the highest occupied molecular orbital (HOMO), facilitating
efficient hole extraction, and is influenced by its nitrogen and
oxygen atom content and specific atomic connectivity."** This
hole transport layer is deposited using solution processing and
offers advantageous characteristics, including suitable hole
conduction and a smooth morphology on the surface of the
perovskite polycrystalline film. Despite its exceptional perfor-
mance, this hole transport layer is susceptible to fracturing with
increasing temperatures, resulting in a decline in device
performance.”'* Consequently, the development of the next
generation of high-performance hole transport layers is of
utmost importance.

The utilization of polycyclic aromatic hydrocarbons holds
significant importance in the construction of high-mobility
organic semiconductors. This is attributed to the ability of
aromatic fusion to enhance the rigidity of w-conjugated systems
and the carbon-to-hydrogen (C/H) ratio, thereby amplifying
intermolecular charge transfer integrals and reducing the
reorganization energy associated with charge transfer.'>'®
Consequently, intermolecular charge hopping becomes more
favorable. Notably, polycyclic aromatic hydrocarbon based
organic semiconductors, such as pentacene and rubrene,
exhibit exceptional charge mobility, surpassing 20 cm> Vv~ s 1.1
However, typical polycyclic aromatic hydrocarbons often
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Fig. 1 Molecular structures of organic semiconductors. The pyrrole-
bridged double helicene was painted in magenta.

possess a high degree of planarity, resulting in strong inter-
molecular noncovalent interactions and aggregation, which
pose challenges in achieving solution-processed films with the
desired thickness and uniformity required for practical opto-
electronic devices. Hence, the introduction of multiple bulky
and flexible side chains is often necessary to mitigate inter-
molecular self-aggregation and enable the application of poly-
cyclic aromatic hydrocarbons in solution-processable thin-film
optoelectronic devices. In recent years, extensive research has
been conducted on large, two-dimensional extended polycyclic
heteroaromatics incorporating nitrogen, oxygen, sulfur, boron,
phosphorus, and other elements.”””*® By manipulating the
topological structure of the m-conjugated system, including the
fusion mode of aromatic rings and the number and composi-
tion of heteroatoms, various electronic structure-related prop-
erties can be tuned, including the bandgap, electronic
absorption spectra, photoemission, and redox behavior. These
distinctive characteristics make polycyclic heteroaromatics
suitable as both p-type and n-type semiconductors in diverse
organic optoelectronic devices. The presence of heteroatoms in
polycyclic heteroaromatics facilitates the introduction of
inherent dipole moments and provides opportunities for edge
derivatization, offering additional means to control molecular
solubility and self-assembly behavior.

Helicenes are a class of non-planar polycyclic aromatic
hydrocarbons or polycyclic heteroaromatics with screw-shaped
skeletons formed by the ortho-fusion of benzene or other
aromatic rings.**** The presence of steric hindrance among the
terminal aromatic rings endows helicenes with a helical
structure and imparts helical chirality. In contrast to their
planar counterparts, helicenes exhibit heightened solubility.
As early as 1903, Meisenheimer and Wittes reported two vari-
ants of helicenes, specifically aza[5]helicene and benzo[f]
naphtho[2,1-c]cinnoline.>® Subsequently, in 1927, Fuchs and
Niszel synthesized aza[6]helicene.** However, it was not until
the year 1955 when Newman and colleagues accomplished the
synthesis and resolution of hexahelicene, thereby igniting
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a surge of interest in helicene chemistry.> Surprisingly, the
development of the first-ever helicene-based semiconductor
device did not materialize until 2009.%¢ Since then, an esca-
lating number of helicene-based organic semiconductors have
found application in organic light-emitting diodes, photode-
tectors, organic field-effect transistors, organic solar cells, and
perovskite solar cells.?”"**

Recently, prototypical helicenes, including oxa[5]helicene,
thia[5]helicene, and aza[5]helicene, have been used as 7-linkers
in donor-m-donor type organic semiconductors for perovskite
solar cells, achieving impressive efficiencies of up to 21.1%
when combined with bis(4-methoxyphenyl)amine as the elec-
tron donor.***® Vailassery and Sun made a detailed review on
the properties and device performance of helicene-based
organic semiconductors for perovskite solar cells.*” Density
functional theory calculations reveal that J4 (Fig. 1), featuring
aza[5]helicene as the m-linker, exhibits a theoretical HOMO
energy level of —4.79 eV, comparable to spiro-OMeTAD (—4.74
eV), while counterparts with oxa[5]helicene and thia[5]helicene
display deeper HOMOs (—4.91 eV and —4.90 eV, respectively).
However, organic semiconductors with deep HOMOs face
challenges in achieving high hole density through air oxidation
doping, resulting in limited direct-current conductivity. Addi-
tionally, the doped composite materials of these simple
helicene-based organic semiconductors exhibit low glass tran-
sition temperatures below 70 °C, as determined by differential
scanning calorimetry, imposing constraints on their applica-
tion in the fabrication of thermally stable devices.

In this study, we synthesized a pyrrole-bridged double
helicene, designated as DAP (highlighted in magenta in Fig. 1).
By functionalizing the trimethylated DAP, referred to as
TMDAP, with two bis(4-methoxyphenyl)amine electron
donors, we successfully obtained TMDAP-OMeDPA (Fig. 1).
Molecular dynamics simulations revealed that TMDAP-
OMeDPA exhibited a theoretical glass transition temperature
of 237 °C, significantly higher than that of J4 (167 °C).
Furthermore, we introduced the 3,4-ethylenedioxythiophene-
phenyl fragment between TMDAP and bis(4-methoxyphenyl)
amine, leading to the construction of TMDAP-EP-OMeDPA
(Fig. 1). Theoretical calculations demonstrated that TMDAP-
EP-OMeDPA exhibited lower recombination energy and
larger intermolecular centroid distance compared to TMDAP-
OMeDPA, resulting in enhanced hole mobility. Moreover,
molecular dynamics simulations indicated an even higher
theoretical glass transition temperature of 276 °C for TMDAP-
EP-OMeDPA. By utilizing doped TMDAP-EP-OMeDPA as a hole
transport layer, we successfully fabricated perovskite solar
cells with an average efficiency of 21.7%. The TMDAP-EP-
OMeDPA cells also exhibited good operational stability and
thermostability at 85 °C.

2. Results and discussion
2.1. Synthesis

The synthetic routes for TMDAP-OMeDPA and TMDAP-EP-
OMeDPA are presented in Scheme 1. Initially, a solution of 7-
methyl-7H-dibenzo[c,g]carbazole (1) in tetrahydrofuran

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthetic routes. Reagents and conditions: (i) N-bromosuccinimide (1.33 equivalent), tetrahydrofuran, —20 °C, 0.5 h, 45%; (ii) nitric
acid, trichloromethane, rt, 2 h, 98%; (iii) palladium/activated carbon, hydrazinium hydrate, tetrahydrofuran, rt, 0.5 h, 92%; (iv) 5-bromo-7-methyl-
7H-dibenzolc,glcarbazole, tris(dibenzylideneacetone)dipalladium, tri-tert-butylphosphine tetrafluoroborate, sodium tert-butoxide, toluene,
120 °C, 12 h, 87%; (v) (2,6-dichloro-3,5-dicyano-1,4-benzoquinone), toluene, rt, 0.5 h, 80%; (vi) sodium hydride, iodomethane, N,N-dime-
thylformamide, rt, 3 h, 98%; (vii) N-bromosuccinimide (2 equivalent), tetrahydrofuran, 0 °C, 1 h, 96%; (viii) bis(4-methoxyphenyl)amine, tris(di-
benzylideneacetone)dipalladium, tri-tert-butylphosphine tetrafluoroborate, sodium tert-butoxide, toluene, 120 °C, 14 h, 85%; (ix) 4-(2,3-
dihydrothienol3,4-b][1,4]dioxin-5-yl)-N,N-bis(4-methoxyphenyl)aniline, palladium(i) acetate, tri(o-tolyl)phosphine, pivalic acid, potassium

carbonate, N,N-dimethylformamide, 130 °C, 24 h, 86%.

underwent dropwise addition of 1.33 equivalents of N-bromo-
succinimide in tetrahydrofuran at —20 °C, yielding 5-bromo-7-
methyl-7H-dibenzo[¢,g]carbazole (2) with a yield of 65%. By
precisely controlling the reaction temperature, quantity of the
nitration reagent, and addition method, 7-methyl-5-nitro-7H-
dibenzo[c,g]carbazole (3) was obtained with a yield close to
quantitative. Subsequently, compound 3 was reduced using
hydrazinium hydrate and a palladium/activated carbon catalyst,
resulting in 7-methyl-7H-dibenzo[¢,g]|carbazol-5-amine (4) with
a yield of 92%. The Buchwald-Hartwig cross-coupling of
compound 2 with compound 4 afforded bis(7-methyl-7H-
dibenzo[c,g]carbazol-5-yl)Jamine (5) with an 87% yield. In the
presence of the oxidant (2,6-dichloro-3,5-dicyano-1,4-
benzoquinone), compound 5 underwent intramolecular oxida-
tive cyclization, resulting in the formation of DMDAP with an
80% yield. The spatial structure of DMDAP was confirmed
through single-crystal analysis, and the crystallographic data
are provided in Table S1 of ESL{ Subsequently, DMDAP was
methylated using iodomethane to quantitatively produce
TMDAP. Further, at 0 °C, TMDAP reacted with two equivalents
of NBS, leading to TMDAPBr, with a yield of 96%. Finally,
TMDAPBr, underwent two-fold Buchwald-Hartwig cross-
coupling with bis(4-methoxyphenyl)amine, yielding TMDAP-
OMeDPA with an 85% yield. Additionally, the reaction of
TMDAPBr, with 4-(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)-N,N-
bis(4-methoxyphenyl)aniline via a two-fold Pd-catalyzed direct
arylation afforded TMDAP-EP-OMeDPA with an 86% yield. For
detailed synthesis procedures and structural characterizations,
including "H NMR spectra, ">’C NMR spectra, high-resolution
mass spectra, and attenuated total reflectance Fourier-
transform infrared spectra, please refer to ESI.f Notably, both
organic semiconductors exhibited solubilities in chlorobenzene
exceeding 160 mg mL .

© 2023 The Author(s). Published by the Royal Society of Chemistry

2.2. Energy level and hole extraction

The cyclic voltammograms and square wave voltammograms in
a tetrahydrofuran solution are presented in Fig. 2A and B,
respectively. Within the potential range of —0.2 V to 0.4 V,
TMDAP-OMeDPA exhibits three overlapping oxidation-reduction
waves in the cyclic voltammogram. However, their formal
potentials can be precisely determined as 0.120 V, 0.198 V, and
0.320 V (relative to ferrocene) using square wave voltammetry.
Within the same potential range, TMDAP-EP-OMeDPA shows
two distinct oxidation-reduction waves. Based on peak current
and halfwave width analysis, the first pair of oxidation-
reduction waves corresponds to a two-electron process with an
anodic peak potential of 0.165 V and a cathodic peak potential of
0.092 V. The second pair of oxidation-reduction waves has an
anodic peak potential of 0.350 V and a cathodic peak potential of
0.287 V. By extracting the onset potential (Eonser) Of the first
oxidation wave from the cyclic voltammogram, we estimated the
HOMO energy level (ES) of organic semiconductors using the
formula ESY = —5.10 — Egpe.®® The derived ESY values for
TMDAP-OMeDPA and TMDAP-EP-OMeDPA are —5.11 eV and
—5.14 eV, respectively (Fig. 2A), indicating that extending -
conjugation does not necessarily result in a higher HOMO
energy level. Under the same experimental conditions, spiro-
OMeTAD and J4 exhibit E5’ values of —5.10 eV and —5.12 eV,
respectively (Fig. S21). Concurrently, the frontier orbital energy
levels of these four molecular semiconductors were computed
using the density functional theory method, as illustrated in
Fig. 2C. Fig. 2D demonstrates a good linear correlation between
the electrochemically measured HOMO energy levels and those
calculated by density functional theory. We note that the theo-
retical HOMO values depend on the selection of functionals and
basis sets, which normally cannot match the experimentally
measured values exactly.

Chem. Sci., 2023, 14, 10285-10296 | 10287
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Fig. 2

(A) Cyclic voltammograms with bis(pentamethylcyclopentadienyl)iron (DMFc) as the internal reference. The derived onset potential

(Eonset) Of the first oxidation wave is also presented. (B) Square wave voltammograms. (C) The lowest unoccupied molecular orbital energy levels

(values above color bars) and the HOMO energy levels (ES

) (value under color bars) calculated by the density functional theory method at the

B3LYP/6-311G(d,p) level. (D) Correlation between the HOMO energy levels from voltammetric measurement and theoretical calculation. (E)
Time-resolved photoluminescence traces of CsSMAFA perovskite films with and without an organic semiconductor layer. Note that the broken x-
axis was set to be in a partially linear and partially logarithmic mode. The gray lines represent the biexponential fits of normalized photo-
luminescence intensity as a function of time (t), yielding the amplitude-averaged lifetime (). The excitation wavelength is 670 nm.

Saliba et al initially reported triple-cation lead halide
perovskite alloys with excellent photostability.>® Following their
work, we prepared a perovskite thin film with the chemical
formula (CsPbl;)y.05(MAPbBI3)g.075(FAPDI;)0 875, denoted as
CsMAFA, where MA represents the methylammonium cation
and FA represents the formamidinium cation. Fig. 2E shows
that the amplitude-averaged lifetime () of the photoexcited
state for CSMAFA on glass is 2.4 pus. Upon depositing a layer of
spiro-OMeTAD, J4, TMDAP-OMeDPA, or TMDAP-EP-OMeDPA
on the surface of the CsMAFA film, the t value decreases to
19-21 ns (Fig. 2E and S37), indicating that all four organic
semiconductors can efficiently extract holes from the photoex-
cited perovskite with nearly 100% yield. The calculation details
on photoluminescence lifetime and hole extraction yield can be
found in Table S2.7 The slight differences in hole extraction
rates can be attributed to variations in the HOMO energy levels
of the organic semiconductors, with higher HOMO energy levels
leading to faster hole extraction. We remark that the design of
organic semiconductors with proper HOMO energy levels is
necessary for the quantitative carrier photogeneration for
perovskite solar cells with the titania and tin oxide electron
transport layers, which extract electrons with time constants of
a few hundred nanoseconds.

2.3. Hole density, mobility, and conductivity

The efficiency of perovskite solar cell is intricately linked to the
series resistance, including the resistance of hole transport
layer. In addition to its thickness, the conductivity of the hole

10288 | Chem. Sci,, 2023, 14, 10285-10296

transport layer influences its resistance. To mitigate potential
interference from interface charge transfer resistance, we
employed a 10 pm-wide gold interdigital electrode to evaluate
the conductivities (¢) of the nominally “pure” organic semi-
conductor thin films. When the channel widths were 5, 10, and
20 microns, there was no difference in the measured ¢ values,
indicating that the effect of contact resistance could be ignored.
The ¢ value of TMDAP-OMeDPA was measured as 0.06 puS cm ™ *,
whereas that of TMDAP-EP-OMeDPA was found to be 0.42
uS em ) which is seven times higher than the former. Under
equivalent test conditions, the ¢ values of spiro-OMeTAD and J4
were determined to be 0.12 puS cm ' and 0.04 puS cm %,
respectively. Our measured value for spiro-OMeTAD is compa-
rable to the literature value of 0.25 puS cm™'.* Furthermore, we
fabricated = metal-insulator-semiconductor  devices  and
measured their capacitance-voltage curves. By utilizing the
Mott-Schottky relationship, we calculated the hole density (p) of
an organic semiconductor thin film. The p values for TMDAP-
OMeDPA, TMDAP-EP-OMeDPA, spiro-OMeTAD, and J4 were
determined to be 1.1 x 10" em ™3, 7.2 x 10"® em 3, 1.3 x 10"
em ?, and 1.0 x 10"7 ecm™?, respectively. In general, for these
four organic semiconductors, higher HOMO energy levels cor-
responded to greater Gibbs free energy for air oxidation doping
reactions, larger equilibrium constants, and higher p. By
employing the formula ¢ = gpu,, where g represents the
elementary charge, we derived the hole mobility (up). The u,
values for TMDAP-OMeDPA, TMDAP-EP-OMeDPA, spiro-
OMEeTAD, and J4 were determined to be 3.4 x 10°® cm? V!
s136%x10°em?*V 's 1 58x10 °ecm?V 's!, and 2.6 x

© 2023 The Author(s). Published by the Royal Society of Chemistry
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10°% em?® V7' s respectively. Notably, J4 exhibited the lowest
up, while TMDAP-EP-OMeDPA displayed the highest w,,. The u,
for TMDAP-EP-OMeDPA exceeds that of TMDAP-OMeDPA by an
order of magnitude.

Pristine organic semiconductors with a bandgap of =2 eV
maintain a carrier density below 10° cm ™ at room temperature,
arising from the disproportionation reaction: 20SC = OSC" +
OSC™.** Consequently, even without intentional dopants,
TMDAP-OMeDPA and TMDAP-EP-OMeDPA, which possess high
HOMO energy levels, undergo unintentional oxygen doping
from the surrounding atmosphere.*>** The chemical equation
representing air doping in organic semiconductors (OSC) can
be described as 20SC + O, = (0SC"),03". It is crucial to high-
light that organic semiconductor films typically contain impu-
rities and exhibit energetic and dynamic disorders, resulting in
trap densities reaching levels as high as 10'°-10'® cm>.** The
low-density holes generated through air oxidation are captured
by deep traps, thereby limiting .

To enhance air oxidation doping, tert-butylpyridinium bis(-
trifluoromethanesulfonyl)imide (TBPHTFSI)* was introduced
during the deposition of the organic semiconductor layer. The
presence of TBPHTFSI facilitates the chemical reaction for
oxygen doping in organic semiconductors, represented as 20SC
+ 0, + 2TBPHTFSI = 20SC'TFSI~ + 2TBP + H,0,. Notably, the
TFSI anion exhibits weaker alkalinity compared to the peroxide
anion, leading to an increased equilibrium constant for the
oxidation reaction and promoting the air doping process.
Furthermore, TBPHTFSI demonstrates lower hygroscopicity
and higher solubility in common nonpolar organic solvents
compared to the conventional air-doping promoter, LiTFSI.

Fig. 3A illustrates the power-law increase in room tempera-
ture conductivity as the weight percentage of TBPHTFSI
increases. At a 15% weight percentage of TBPHTFSI, the ¢
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values of the TMDAP-OMeDPA, TMDAP-EP-OMeDPA, spiro-
OMEeTAD, and J4 composite films are 23 pS cm™", 46 uS cm ™,
30 puS em™', and 9 uS em ', respectively. The use of LiTFSI
instead of TBPHTFSI also gave a ¢ value of 30 uS cm™ % It is
expected that a higher conductivity of the doped organic semi-
conductor film is favourable for a higher fill factor of perovskite
solar cell. Electron paramagnetic resonance spectra were
recorded for films with and without TBPHTFSI, as shown in
Fig. 3B and C, revealing a progressive increase in the electron
paramagnetic resonance signal of cationic radicals with higher
weight percentage of TBPHTFSI. Notably, the broader electron
paramagnetic resonance spectra observed for TMDAP-EP-
OMeDPA compared to TMDAP-OMeDPA suggest a wider
conformational distribution of cationic radicals. The p value of
the organic semiconductor film without TBPHTFSI was
measured in a previous experiment. By comparing the quadratic
integrals of the ESR signals with and without TBPHTFSI
(Fig. 3D), the p value of an organic semiconductor film con-
taining TBPHTFSI was estimated. The results indicate a linear
increase in p with the increase of the weight percentage of
TBPHTFSI (Fig. 3E). Similarly, the p value of the composite film
can be calculated. As p increases, u,, exhibits an exponential rise
(Fig. 3F), indicating the reduced trapping of holes due to trap
filling.*” At a certain p, the TMDAP-EP-OMeDPA film demon-
strates a superior u, compared to the TMDAP-OMeDPA film.
Finally, the temperature-dependent ¢ of the organic semi-
conductor film was measured. As depicted in Fig. S4,f the ¢
gradually increases with temperature. By utilizing the Arrhenius
equation, the activation energy for hole conduction can be
determined. Fig. 3G illustrates that with an increase in the
weight percentage of TBPHTFSI, the activation energy of hole
conduction decreases exponentially, which indicates the shift of
the Fermi energy closer to the transport level with the

A, Oy B 15 TMDAP-OMeDPA C '5{ Tmpar-er-omedPA | D 30{TmoarEr.omera E  8{Tupap-er-omeDPA
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Fig. 3
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(A) Conductivity (o) plotted as a function of the weight percentage (w) of TBPHTFSI. The solid lines represent fits based on the relationship

o « WP where b is a constant greater than 1. (B and C) Electron paramagnetic resonance spectra, showing the first derivative of absorption
intensity (d//dB) plotted against magnetic field strength (B). (D) Quadratic integral of the electron paramagnetic resonance signal plotted against
the weight percentage of TBPHTFSI. The solid lines correspond to linear fits. (E) Hole density (p) plotted as a function of the weight percentage of
TBPHTFSI. The solid lines represent linear fits. (F) Hole mobility (up) plotted as a function of hole density (p). The solid lines depict mono-
exponential growth fits. (G) Activation energy (E,) for hole conduction. The solid lines depict monoexponential growth fits. (H and ) Statistical
analysis of two physical parameters relevant to hole transport: (H) centroid distance (d) and (I) transfer integral (vj). (J) Kinetic Monte Carlo

simulated hole mobility (u"<
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concomitant increase in the hole density.*” In summary,
a gradual increase in the weight percentage of TBPHTFSI leads
to increased p, progressively filled traps, decreased activation
energy for hole transport, and a gradual improvement in u, and
0.%™* Thereby, it is pertinent to compare the charge mobilities
of organic semiconductors at the same charge density.

2.4. Microscopic insights into hole transport in organic
semiconductors

In organic semiconductors, charge transport typically relies on
thermal activation, with the hopping rate influenced by several
factors, including the reorganization energy, the HOMO energy
level difference between the hopping sites i and j, the transfer
integral, and the centroid distance.”®* Molecular dynamics
simulations offer valuable insights into the atomic-scale
microstructure of amorphous organic semiconductors,
revealing a diversity of molecular conformations, orientations,
and the distinct impact of surrounding electrostatic and
polarization forces. In this study, we focused on dimers with
nearest interatomic distances below 5 A. Fig. 3H demonstrates
a substantial difference in the average centroid distances
between TMDAP-EP-OMeDPA and TMDAP-OMeDPA. Energetic
disorder was determined by fitting the HOMO energy level
difference in a dimer using a Gaussian function, resulting in
energetic disorders of 145 meV for TMDAP-OMeDPA and 155
meV for TMDAP-EP-OMeDPA (Fig. S51). Notably, Fig. 31 illus-
trates a negligible disparity in the distribution of the transfer
integral. The reorganization energy for hole transport was
computed via the four-point method, based on adiabatic
potential energy surfaces, yielding values of 209 meV for
TMDAP-OMeDPA and 147 meV for TMDAP-EP-OMeDPA. Theo-
retical hole mobility was simulated using the kinetic Monte
Carlo method.* Fig. 3] demonstrates the exponential increase
of up, in organic semiconductors as p rises. At a given p, TMDAP-
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EP-OMeDPA exhibits higher theoretical hole mobility than
TMDAP-OMeDPA. These results are consistent with the experi-
mental measurements.

2.5. Glass transition, diffusion, and water permeation

In perovskite solar cells, the amorphous organic hole transport
layer can undergo strain and/or crystallization as it approaches
its glass transition temperature, resulting in reduced film
uniformity, flatness, and the formation of pinholes or cracks
that detrimentally affect cell efficiency. Differential scanning
calorimetry measurements were conducted, revealing a glass
transition temperature of 193 °C for TMDAP-OMeDPA and
a higher glass transition temperature of 230 °C for TMDAP-EP-
OMeDPA, which are much higher than the values of 125 °C for
J4 and 121 °C for spiro-OMeTAD. However, the inclusion of
15 wt% of the small molecule TBPHTFSI induced a plasticizing
effect, leading to a decrease in glass transition temperature by
approximately 40 °C. Specifically, the glass transition tempera-
ture was measured to be 150 °C for the TMDAP-OMeDPA
composite and 175 °C for the TMDAP-EP-OMeDPA composite,
which are also remarkably higher than the values of 83 °C for
the J4 composite and 72 °C for the spiro-OMeTAD composite. A
higher glass transition temperature of the hole transport layer is
critical to maintain the morphological stability of perovskite
solar cells at elevated temperatures such as 85 °C. Molecular
dynamics simulations were performed to explore the
temperature-dependent specific volume characteristics. Linear
fitting of the specific volume values in both the high-
temperature and low-temperature regions resulted in the
intersection of two lines, defining the theoretical glass transi-
tion temperature (Fig. S6T). Notably, Fig. 4A demonstrates
a strong linear correlation between glass transition tempera-
tures obtained from molecular dynamics simulation and
differential scanning calorimetry measurement.
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A250 @ TMDAP-EP. omzupA + TBPHTFSI B 440 M Ter EERTFST [0 M c 378 g g G 10
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85 wt% TMDAP-OMeDPA + 15 wt% TBPHTFS

85 wt%TMDAP-EP-OMeDPA + 15 w!°/.;, TBPHTFSI

'-"

Fig. 4 (A) Correlation between glass transition temperatures obtained from molecular dynamics simulation (769V) and differential scanning
calorimetry measurement (Tgsc)_ The weight percentage of TBPHTFSI is 15%. (B) 80 °C diffusivity (D) for internal and external species in an
organic semiconductor composite containing 15 wt% TBPHTFSI. (C) Water permeability (Pn,o0) obtained from molecular dynamics simulation for
the 15 wt% TBPHTFSI-containing organic semiconductor composite. (D—F) Evolution of water contact angle (values in green) and polarized
optical microscope images over time for a perovskite film covered with a hole transport layer under a water droplet. The hole transport layer
composition is also provided. The polarized optical microscope image size is 500 x 500 um. (G) Time-dependent percentage (¢) of the yellow

region in polarized optical microscope images.
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Organic semiconductors doped through redox reactions
inherently maintain electrostatic balance by incorporating cor-
responding anions and cations.*® The diffusion of some small
molecules or ions in the perovskite layer and the hole transport
layer, along with ion migration induced by the local electric
field, can introduce variations in device parameters.”** For
instance, the diffusion and migration of iodide ions can trigger
reductive dedoping in the hole transport layer. Moreover,
elevated temperature and humidity can gradually degrade the
perovskite material. Effective control over the volatilization of
components from the perovskite layer and the permeation of
ambient moisture through the hole transport layer, which
covers the perovskite surface, shows potential for enhancing the
durability of perovskite solar cells.

To investigate this, we conducted molecular dynamics
simulations to explore the diffusion behaviour of specific
intrinsic and extrinsic species in the hole transport layer,
including 4-tert-butylpyridinium (TBPH"), bis(tri-
fluoromethanesulfonyl)imide anion (TFSI™), HI, and water. As
depicted in Fig. S7,} our results demonstrate a gradual increase
in the diffusivity with temperature. Specifically, at a given
temperature such as 80 °C, the diffusivities of TBPH", TFSI~, HI,
and water in the TMDAP-EP-OMeDPA hole transport layer were
lower compared to those in the TMDAP-OMeDPA hole transport
layer (Fig. 4B). Notably, the diffusivities of these relevant
species, especially water, in the spiro-OMeTAD control are
significantly higher.

The water permeability exhibits a positive correlation with
the diffusivity and solubility of water molecules. Molecular
dynamics simulations revealed that at a weight percentage of
15% TBPHTFSI, the theoretical water permeability in the
TMDAP-EP-OMeDPA and TBPHTFSI composite was 84 mBarrer,
which is 1.65 times lower than that in the TMDAP-OMeDPA
counterpart (water permeability = 139 mBarrer) (Fig. 4C).
Notably, the water permeability in the spiro-OMeTAD control is
remarkably higher, being 378 mBarrer. To visually assess water
permeation, we deposited the hole transport layer onto the
CsMAFA perovskite layer and subsequently applied water
droplets onto its surface. As shown in Fig. 4D-F, the initial water
contact angles on perovskite films covered with spiro-OMeTAD,
TMDAP-OMeDPA and TMDAP-EP-OMeDPA composites were
measured as 78.9°, 75.5° and 79.6°, respectively. After 40 s of
water droplet deposition, the water contact angles of both
samples remained essentially unchanged. Interestingly, polar-
ized optical microscope images revealed an increasing amount
of yellow birefringence over time in the region beneath water
droplets, while regions without water droplets exhibited no
such birefringence. Based on this observation, we speculate that
in the presence of water droplets, water molecules gradually
permeate into the hole transport layer, directly contacting the
perovskite film, thereby leading to perovskite decomposition
and the formation of discernible Pbl, grains. To quantitatively
evaluate the relationship between the fraction of birefringent
regions and time, we employed the mathematical expression of
the Bohart-Adams fixed-bed adsorption and permeation model
(Fig. 4G). Our results demonstrate that the full degradation time
constant of perovskite films covered with the spiro-OMeTAD

© 2023 The Author(s). Published by the Royal Society of Chemistry
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composite layer and the TMDAP-OMeDPA analogue are 20 s
and 45 s, respectively, which are shorter than that of perovskite
films covered with the TMDAP-EP-OMeDPA counterpart (85 s).
The reciprocal ratio of the total degradation time constants is
4.3:1.9:1, aligning well with the ratio of water permeability
(4.5:1.7 :1) obtained from theoretical simulations. The higher
water permeabilities for the spiro-OMeTAD and TMDAP-
OMeDPA composites can be attributed to the increased solu-
bilities and diffusivities of water. Obviously, the adoption of
TMDAP-EP-OMeDPA, which exhibits a lower water permeability,
holds promise for impeding the penetration of external mois-
ture, thereby effectively retarding perovskite decomposition in
solar cells.

2.6. Application in perovskite solar cells

2.6.1. Photovoltaic characteristics. Perovskite solar cells
were fabricated with the device structure FTO/TiO,/CSMAFA/
hole transport layer/Au, using an organic semiconductor
composite containing 15 wt% TBPHTFSI as the hole transport
layer. The current density-voltage (J-V) characteristics were
measured under simulated AM1.5G illumination at 100 mW
cm 2. Detailed descriptions of device fabrication and charac-
terization can be found in the experimental section of ESLf
Statistical analysis of four performance parameters, namely
short-circuit current density (Jsc), open-circuit voltage (Voc), fill
factor (FF), and power conversion efficiency (PCE), is presented
in Fig. 5A-D. TMDAP-EP-OMeDPA cells exhibited higher Vo,
FF, and PCE compared to TMDAP-OMeDPA cells. The PCEs of
TMDAP-EP-OMeDPA are in the range of 21.4% to 22.1%.
Representative J-V curves are depicted in Fig. 5E, and the
photovoltaic parameters are listed in Table 1. Notably, our cells
demonstrated negligible hysteresis effects, as evidenced by the
forward and reverse scan curves shown in Fig. S8.1 The TMDAP-
OMeDPA cell exhibited a Jsc of 24.5 mA cm ™2, an Voc of 1.120V,
an FF of 77.0%, and a PCE of 21.1%. The TMDAP-EP-OMeDPA
cell displayed the same Jsc of 24.5 mA cm ™2, but with an
improved Vo of 1.135 V, an FF of 78.2%, and a PCE of 21.7%.
Under the same conditions, the spiro-OMeTAD control cell had
a Jsc of 24.5 mA cm ™2, an Voc of 1.125 V, an FF of 75.6%, and
a PCE of 20.9%; moreover, the J4 cells achieved a PCE of 19.6%
(Fig. S91).

To investigate the variations in performance parameters
resulting from different hole transport layers, we used the
Shockley diode equation™ to fit the J-V curves, as illustrated in
Fig. 5E. Additional simulations and analyses are depicted in
Fig. S9 and Table S3.f Compared to the TMDAP-OMeDPA cell,
the TMDAP-EP-OMeDPA cell exhibited a higher shunt resis-
tance and a lower reverse saturation current, leading to an
improved Vpc. It is noteworthy that the impact of reverse satu-
ration current on Vo is particularly significant. Furthermore,
the superior FF observed in the TMDAP-EP-OMeDPA cell can be
attributed to its larger shunt resistance, smaller reverse satu-
ration current, and decreased series resistance, with the
contributions ranked as series resistance > reverse saturation
current > shunt resistance. The reduction in series resistance in
the TMDAP-EP-OMeDPA cell is attributed to the increased
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(A-D) Statistical analysis of performance parameters: (A) short-circuit photocurrent density (Jsc); (B) open-circuit photovoltage (Voc); (C)

fill factor (FF); (D) power conversion efficiency (PCE). (E) Representative photocurrent density—photovoltage (J-V) characteristics under the
simulated AM1.5G irradiation (dotted). The solid lines refer to fits based on the Shockley diode equation. (F-H) Maximum power point (MPP)
tracking results obtained under equivalent one sun irradiation from a white light emitting diode: (F) photocurrent density at MPP (Jupp); (G)

photovoltage at MPP (Vupp); (H) PCE at MPP (PCEwpp).

Table 1 Representative performance parameters under the simulated AM1.5G irradiation®

Cell Jsc [mA cm™?] Voc [V] FF [%] PCE [%)]
Unaged spiro-OMeTAD 24.50 1.125 75.6 20.9
Unaged TMDAP-OMeDPA 24.50 1.120 77.0 21.1
Unaged TMDAP-EP-OMeDPA 24.50 1.135 78.2 21.7
Aged spiro-OMeTAD 21.70 1.085 57.9 13.6
Aged TMDAP-OMeDPA 22.37 1.115 60.2 15.0
Aged TMDAP-EP-OMeDPA 23.18 1.135 70.0 18.4

% The aperture area of metal mask: 0.16 cm”. The 1000 h aging was conducted in an 85 °C oven.

conductivity of its hole transport layer. The decreased reverse
saturation current and increased shunt resistance values are
linked with its higher glass transition temperature, which
impedes the infiltration of gold into the hole transport layer,
thereby preventing filament-like contacts between the perov-
skite layer and the hole transport layer.

2.6.2. Operational stability. To assess the operational
stability of perovskite solar cells, we conducted experiments in
a nitrogen-filled glovebox at 40 °C, subjecting the cells to one
sun equivalent irradiation from a white light-emitting diode.
The monitoring of the maximum power point allowed us to
track the changes over time in the photocurrent density, pho-
tovoltage, and PCE at the maximum power point, as presented
in Fig. 5F-H. After 500 h, the TMDAP-EP-OMeDPA cell exhibited
a decrease in PCE at the maximum power point from 21.3% to
20.2%, with a retention rate of 95%. The retention rates for the
photocurrent density and the photovoltage at the maximum
power point were 97% and 98%, respectively. In contrast, the
PCE at the maximum power point of the TMDAP-EP-OMeDPA
cell decreased from 20.4% to 18.0%, with a retention rate of
89%. Diode fitting of the j-V curves before and after MPP
tracking revealed that the long-term operation primarily led to
an increase in series resistance and a decrease in shunt resis-
tance. The decrease in shunt resistance indicated an accelerated
charge recombination, possibly linked to an increase in defects

10292 | Chem. Sci,, 2023, 14, 10285-10296

within the perovskite layer. The increase in series resistance
could be attributed to the rise in defects and scattering centers
within the perovskite layer, as well as the dedoping of the hole
transport layer caused by iodide ion migration. Considering the
precedent results from diffusion simulations, it can be
concluded that the careful selection of an appropriate hole
transport layer and the control of species migration under
operating conditions is crucial for the practical application of
perovskite solar cells.

2.6.3. Thermostability. Subsequently, the cells were sub-
jected to a 1000 hours thermostability test in an 85 °C oven.
Fig. 6A depicts the temporal evolution of PCE, with the curves
fitted using a biexponential decay function. The results indicate
that PCE degradation primarily occurs within the initial 200 h of
thermal aging for both cells. After 1000 h, the average PCE of the
TMDAP-EP-OMeDPA cells decreased from the initial value of
21.7% to 18.4%, with a retention ratio of 85%. In comparison,
the PCE retention ratio of the TMDAP-OMeDPA cells was lower
at 71%. Representative -V curves for the aged cells are pre-
sented in Fig. 6B, and the corresponding performance param-
eters can be found in Table 1. At the same conditions, the cell
with spiro-OMeTAD presented a PCE retention ratio of 65%.
Analysis reveals that the degradation ratios of performance
parameters follow the order: FF > Jgc > Voc. Specifically, the FF
degradation ratio for the TMDAP-OMeDPA cell reached 22%,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) Evolution of the PCE with aging time at 85 °C. (B) J-V curves
under simulated AM1.5G irradiation for perovskite solar cells aged at
85 °C for 1000 h. (C and D) Plots of interface recombination resistance
(Rye) as a function of voltage (V). (E and F) Plots of transport resistance
(Ry) as a function of voltage.

while for the TMDAP-EP-OMeDPA cell, it decreased to 11%.
Similarly, the Jsc degradation ratios exhibited a comparable
trend, with values of 9% for the TMDAP-OMeDPA cell and 5%
for the TMDAP-EP-OMeDPA cell. Moreover, the V¢ degradation
ratios for both cells remained below 1%. Impedance analysis™
indicates a slight decrease in recombination resistance at
a given bias potential for the aged TMDAP-OMeDPA cell
(Fig. 6C), while recombination resistance for the TMDAP-EP-
OMeDPA cell remained nearly unchanged (Fig. 6D), aligning
with the observed V¢ degradation trend. Additionally, thermal
aging led to an increase in transport resistance (Fig. 6E and F).
The increase in transport resistance was significantly smaller
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for the TMDAP-EP-OMeDPA cell compared to the TMDAP-
OMeDPA cell. These smaller changes in both recombination
resistance and transport resistance contribute to the lesser
degradation of FF in the TMDAP-EP-OMeDPA cell when
compared to the TMDAP-OMeDPA cell.

Furthermore, we conducted measurements of the external
quantum efficiency spectra of the short-circuit cells. As shown
in Fig. 7A, thermal aging resulted in a reduction of the
maximum external quantum efficiency for the TMDAP-OMeDPA
cell from 94% to 87%. In comparison, the decrease in the
maximum external quantum efficiency for the TMDAP-EP-
OMeDPA cell was relatively smaller, going from 94% to 91%.
By utilizing the standard AM1.5G solar spectrum (ASTM G173-
03), we predicted the short-circuit photocurrent density of the
cells under AM1.5G conditions (Fig. 7B). Notably, there existed
a strong linear correlation between the short-circuit photocur-
rent density predicted from the external quantum efficiency
spectra and measured from the J-V characteristics, for both the
unaged and aged cells (Fig. S117).

Time-resolved photoluminescence measurements revealed
a significant increase in the photoluminescence lifetime of the
TMDAP-OMeDPA cell due to thermal aging, rising from 18.0 ns
to 36.3 ns (Fig. 7C). In contrast, the change in photo-
luminescence lifetime for the TMDAP-EP-OMeDPA cell was
relatively minor, with an increase from 20.0 ns to 26.1 ns
(Fig. 7D). The elongation of the photoluminescence lifetime
could be attributed to hole transport layer rupture and/or the
formation of wide-bandgap species at the interface between the
perovskite and hole transport layer. Subsequently, we removed
the encapsulation material and gold electrode to measure the
electronic absorption spectra of the cells before and after aging.
Fig. 7E and F indicate a reduction in optical density within the
600-800 nm wavelength range for the aged cells, signifying
perovskite photoactive layer decomposition. The TMDAP-EP-
OMeDPA cell exhibited a smaller decrease in light absorption
compared to the TMDAP-OMeDPA cell. Additionally, X-ray
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(A) External quantum efficiency (EQE) spectra of the unaged and aged perovskite solar cells. (B) ASTM G173 AM1.5G spectral photon flux (a)

and the photocurrent densities predicted by the EQE spectra (JESE) for the unaged cell with TMDAP-OMeDPA (b), the unaged cell with TMDAP-
EP-OMeDPA (c), the aged cell with TMDAP-OMeDPA (d), and the aged cell with TMDAP-EP-OMeDPA (e). (C and D) Time-resolved photo-
luminescence traces of the unaged and aged perovskite solar cells. The gray lines represent the biexponential fits of normalized PL as a function
of time (t), yielding the amplitude-averaged lifetime (z). (E and F) Optical densities (OD) of the unaged and aged perovskite solar cells after removal
of the gold electrode. (G and H) X-ray diffraction patterns of the unaged and aged perovskite solar cells after removal of the gold electrode. X-ray

diffraction intensities were normalized to the (110) plane of CsMAFA.
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diffraction patterns were recorded (Fig. 7G and H). The peak
centered at 26 = 14.0° corresponded to diffraction from the
(110) crystal plane of the a-phase perovskite, while the peak
centered at 26 = 12.7° could be attributed to the (001) diffrac-
tion of Pbl,. Notably, the PbI, (001) diffraction peak was
observed even in the unaged cells due to excess Pbl, in the
precursor solution during perovskite deposition. Aging at 85 °C
resulted in perovskite degradation and the formation of wide-
bandgap species, Pbl,. The increase in Pbl, diffraction inten-
sity was significantly greater for the TMDAP-OMeDPA cell
compared to the TMDAP-EP-OMeDPA cell.

Furthermore, scanning electron microscope tests were con-
ducted to examine the morphological changes of the hole
transport layers in perovskite solar cells before and after aging.
As depicted in Fig. 8A and B, the hole transport layers in the
unaged cells uniformly covered the perovskite polycrystalline
layer. Following 1000 hours of aging, the hole transport layer in
the TMDAP-OMeDPA cell exhibited a highly rough texture with
penetrating fractures (Fig. 8C, highlighted by yellow circles),
while the hole transport layer in the TMDAP-EP-OMeDPA cell
displayed slight roughness with shallow pits (Fig. 8D). Deteri-
oration in hole transport layer morphology can compromise
hole extraction and transport, and in severe cases, it may lead to
localized contact between the perovskite layer and the gold
electrode. Subsequently, the hole transport layers were removed
using chlorobenzene, and the surface morphology of the
perovskite layer was examined. Scanning electron microscope
images of the perovskite layers in the unaged cells (Fig. 8E and
F) revealed a tightly packing of sub-micron-sized grains. Upon
thermal aging, numerous sub-micron-sized voids emerged in
the perovskite layer of the TMDAP-OMeDPA cell (Fig. 8G,

unaged

TMDAP-OMeDPA

TMDAP-EP-OMeDPA

Fig. 8
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Fig. 9 (A-D) Fluorescence optical microscope images for the

perovskite layers in the unaged and aged perovskite solar cells. The
encapsulation material, the gold electrode, and the hole transport
layers were removed prior to imaging.

indicated by yellow circles), while the morphology of the
perovskite layer in the aged TMDAP-EP-OMeDPA cell exhibited
minimal change (Fig. 8H).

Additionally, fluorescence optical microscope measure-
ments indicated the absence of discernible microstructures in
the perovskite layers of the unaged cells (Fig. 9A and B).
Conversely, in the aged TMDAP-OMeDPA cell, the perovskite
layer displayed densely distributed needle-shaped or punctate
species emitting green light (Fig. 9C), which we attributed to the
G-band emission of Pbl,. In comparison, the perovskite layer of
the aged TMDAP-EP-OMeDPA cell only exhibited punctate

(A—D) Top-view scanning electron microscope images for the hole transport layers in the unaged and aged perovskite solar cells. The

encapsulation material and the gold electrode were removed prior to imaging. (E—H) Top-view scanning electron microscope images for the
perovskite layers in the unaged and aged perovskite solar cells. The encapsulation material, the gold electrode, and the hole transport layers were

removed prior to imaging.
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species (Fig. 9D). The results obtained from electronic absorp-
tion, X-ray diffraction, scanning electron microscope, and
fluorescence optical microscope measurements suggest that, in
comparison to TMDAP-OMeDPA, the utilization of TMDAP-EP-
OMeDPA can not only maintain the hole transport layer
morphology but also retard the thermal degradation of the
organic-inorganic hybrid halide perovskite.

3. Conclusions

In summary, we have successfully synthesized a trimethylated,
nonplanar polycyclic heteroaromatic, which features two aza[5]
helicenes bridged by pyrrole (TMDAP). Through the incorpo-
ration of electron donors, we have developed two TMDAP-based
organic semiconductors with sufficiently high HOMO energy
levels for use in perovskite solar cells. Notably, compared to the
bis(4-methoxyphenyl)amine electron donor, EP-OMeDPA
enhanced the hole mobility of the TMDAP-based organic
semiconductors by one order of magnitude, under an identical
hole density. This improvement can be attributed to reduced
reorganization energy and increased average centroid distance,
despite having comparable transfer integrals and slightly
increased energetic disorder. Consequently, when employed as
the doped hole transport layer in perovskite solar cells with
a triple cation lead halide perovskite, TMDAP-EP-OMeDPA
demonstrated superior PCEs of up to 22.1%. Moreover,
TMDAP-EP-OMeDPA exhibited a higher glass transition
temperature and lower diffusivity for external small molecules
and ions compared to TMDAP-OMeDPA. These essential, yet
uncommon, properties of an organic semiconductor contrib-
uted to enhanced long-term operational stability and improved
thermostability for perovskite solar cells. Detailed analysis of
device degradation highlighted the significance of utilizing an
organic semiconductor with a high glass transition temperature
to preserve the morphology of the hole transport layer and
mitigate the degradation of the hybrid perovskite layer. Overall,
our study provides valuable insights into the design of high-
performance organic semiconductors for achieving efficient
and durable perovskite solar cells.
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