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ABSTRACT: Due to a still limited understanding of the reasons making
2,2',7,7'-tetrakis (N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene
(Spiro-OMeTAD) the state-of-the-art hole-transporting material (HTM) for
emerging photovoltaic applications, the molecular tailoring of organic
components for perovskite solar cells (PSCs) lacks in solid design criteria.
Charge delocalization in radical cationic states can undoubtedly be
considered as one of the essential prerequisites for an HTM, but this
aspect has been investigated to a relatively minor extent. In marked contrast
with the 3-D structure of Spiro-OMeTAD, truxene-based HTMs Truxl and J
Trux2 have been employed for the first time in PSCs fabricated with a direct <

n-i-p device architecture >

Spiro-OMeTAD
13.4% 10.2% 9.5% [l

. dopant-free
p-i-n device architecture

(n-i-p) or inverted (p-i-n) architecture, exhibiting a peculiar behavior with
respect to the referential HTM. Notwithstanding the efficient hole extraction
from the perovskite layer exhibited by Truxl and Trux2 in direct
configuration devices, their photovoltaic performances were detrimentally
affected by their poor hole transport. Conversely, an outstanding improvement of the photovoltaic performances in dopant-free
inverted configuration devices compared to Spiro-OMeTAD was recorded, ascribable to the use of thinner HTM layers. The
rationalization of the photovoltaic performances exhibited by different configuration devices discussed in this paper can provide
new and unexpected prospects for engineering the interface between the active layer of perovskite-based solar cells and the hole
transporters.
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B INTRODUCTION
Widely employed in organic light-emitting diodes in the past

its synthesis is complex and expensive, the purification process
is costly, and its hole conductivity is relatively low. These

decades,' the renewed interest awakened on z-conjugated
arylamines is justified by their use as hole-transporting materials
(HTMs) in highly performing perovskite-based solar cells
(PSCs).”® In this technology, the perovskite acts as light
absorber, while the HTM role consists in the extraction of the
photogenerated holes from the perovskite active layer and in
their transport to the corresponding electrode.”™” The
commercially available 2,2,7,7'-tetrakis(IN,N-di-p-methoxy-
phenylamine)-9,9-spirobifluorene (Spiro-OMeTAD) repre-
sents the state-of-the-art HTM reference for PSCs; however,
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drawbacks would have a significant impact on low-cost and
large-scale photovoltaic applications. Although a conspicuous
number of potential candidates'*~"” to replace Spiro-OMeTAD
have been recently proposed, most of them did not eventually
exhibit satisfactory efficiencies justifying their lengthy syn-
thesis.”* ™" This status is also due to a fundamentally limited
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Scheme 1. Chemical Structure and Synthetic Sequence for the Obtainment of Truxl and Trux2
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understanding of the key features making Spiro-OMeTAD such
an efficient HTM in the device, and therefore to a misjudgment
of the criteria needed for the molecular design of high
performance alternatives attainable through relatively facile
synthesis. At the same time, the research on this topic is
complicated by the fact that the mere comparison of HTM
efficiency exhibited by devices constructed in different research
laboratories might be misleading, since the performance itself
depends on several other factors such as the perovskite
material/film quality, device geometry, fabrication technologies,
test conditions, only to cite the main ones.

Apart from the thermodynamic prerequisite required for hole
extraction from the perovskite absorber, the introduction of an
adequate number of arylamine groups decorating the HTM
scaffold seems to be the sole “fil rouge” emerging thus far from
the analysis of the relevant literature on PSCs. This structural
feature is probably necessary to promote an eflicient hole
extraction at the perovskite/HTM interface as well as the
intermolecular hole hopping during charge drift within the
HTM layer. At the same time, since the charge-transport
dynamics involves organic molecules in their neutral and radical
cation forms, charge or spin distributions within HTM" species
are also crucial for ensuring efficient hole transport in
perovskite solar cells. Surprisingly, no studies have yet been
focused on unravelling the implications of the electronic
coupling between the redox centers (arylamine groups)
belonging to the HTM on the photovoltaic properties in PSCs.

To this purpose, an interesting structural motif is represented
by truxene, a planar heptacyclic polyarene structure that can be
regarded as constituted by three annulated fluorene moieties,
which could straightforwardly allocate up to three arylamine
groups.”’ The three methylene bridges added to rigidify the
structure and to keep the four phenyl rings coplanar, are also
prone to be readily functionalized with alkyl chains to warrant
suitable solubility to the target molecules. Two truxene-based
molecules: Trux1®' and Trux2—the latter bearing a phenylene
spacer between the truxene core and the three terminal bis(p-
anisyl)amine groups—were implemented in PSCs, and for the
first time, their photovoltaic behavior was investigated in both

direct (or n-i-p) and inverted (or p-i-n) configuration devices.”
The differences between the two architectures mainly rely on
the layer (hole- or electron-transporting) used at the device
bottom, consequently dictating on which substrate the
perovskite grows and which kind of HTM/perovskite interface
is formed. The figures of merit exhibited by Truxl and Trux2
compared to Spiro-OMeTAD were drastically affected by the
device configuration, due to different organic layer thickness
and perovskite/HTM interfaces, highlighting the synergic
cooperation between molecular design and solar cell
architecture for photovoltaic performance optimization.

Bl RESULTS AND DISCUSSION

Synthesis and Characterization. The truxene building
block 1*° was synthesized in three steps starting from the
condensation of 1-indanone, followed by the introduction of n-
hexyl chains and subsequent bromination, as shown in Scheme
1.

The target molecule Truxl was prepared in 68% yield via a
Buchwald—Hartwig C—N cross-coupling between 1 and the
commercially available p-methoxy-diphenylamine in toluene,
using Pd(AcO),/dppf as the catalyst precursor and tert-BuONa
as the base. Analogously, the Trux2 congener was synthesized
via a Suzuki—Miyaura C—C cross-coupling between 1 and 4-
methoxy-N-(4-methoxyphenyl)-N-(4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)phenyl)aniline** in the presence of
Pd(PPh;), as the catalyst precursor, a 2 M K,CO; aqueous
solution acting as the base and toluene as the solvent in 75%
yield. The molecular structures of Truxl and Trux2 were
confirmed by NMR (Figures S1—S4).

In order to evaluate the stability and thermal behavior of the
synthesized materials, thermogravimetric analyses (TGA) and
differential scanning calorimetry (DSC) measurements were
carried out on both HTMs and on Spiro-OMeTAD for
comparison. In the case of Trux2, the 5% weight loss
(commonly accepted as the event associated with the material
decomposition) was observed at 410 °C, slightly lower than the
decomposition temperature recorded for Spiro-OMeTAD (424
°C), as shown in Figure 1A. Conversely Trux1 exhibits a lower
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Figure 1. (A) Thermogravimetric curves of Truxl, Trux2, and Spiro-OMeTAD. (B) Comparison between DSC traces of Trux1 (first and second
heating scans), Trux2 (second heating scan), and Spiro-OMeTAD (first heating scan), identifying the clear glass transition (Tg), cold crystallization

(T.), and melting (T,,) events.
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Figure 2. (A) CV traces of Truxl, Trux2, and Spiro-OMeTAD recorded in methylene chloride (~1.0 X 10™* M) and (B) the corresponding

differential pulse voltammetries.

thermal stability with respect to Trux2 starting to decompose at
393 °C. Interesting results crop up from the DSC analysis,
demonstrating that Trux2 is a fully amorphous material, only
showing a clear glass transition at 106 °C (Figure 1B),
suggesting a stabilized amorphous state particularly relevant for
photovoltaic applications.”>*® On the other hand, the thermal
behavior of Trux1l during the first heating scan revealed a glass
transition with enthalpic relaxation at 47 °C, followed by a cold
crystallization of the amorphous material at 112 °C, leading to
sample melting at 197 °C. However, the second heating scan
only confirmed the presence of the glass transition at 43 °C,
hinting at the amorphous character of Truxl. The thermal
behavior of Truxl during the first heating scan is very similar to
the one recorded for Spiro-OMeTAD, which exhibited a glass
transition at 104 °C and a cold crystallization of the amorphous
material at 158 °C, followed by melting at 247 °C. Conversely,
the second heating scan revealed a weak glass transition at 119
°C and a cold crystallization of the amorphous material at 188
°C, followed by melting at 236 °C (Figure SS). This behavior
could be due to the formation of a different and more stable
crystalline phase following the thermal history erasure of the as-
prepared sample.

Electrochemical Characterization. The two or more
identical redox centers of organic species placed sufficiently
distant from one another to rule out direct overlap between
their localized orbitals®”**
states during electron removal, generating mixed-valence
systems, in which the actual electron density at each redox

attain different formal oxidation
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site reflects the degree of charge distribution between the
individual redox centers, which, in turn, depends on the
presence and nature of the z-spacer.’” Electronic coupling
decreases the difference in intrinsic charge and valence states of
the individual redox sites and renders them electronically
similar, or even identical. Arylamines constitute useful redox
sites for the molecular assembly of organic mixed-valence
systems mainly due to their well-defined N*/° processes
occurring in a relatively low potential region, as well as to the
high extinction coeflicients characterizing their intervalence
charge-transfer (IVCT) transitions.**™** These absorptions
originate from intramolecular electron transfer processes
consequent to photochemical excitation which lead to a
redistribution of the formal redox states within the mixed-
valence species and straightforwardly permit to explore the
degree of charge distribution between the redox centers.
Electrochemical analysis carried out with cyclic voltammetry
(CV) and differential pulse voltammetry (DPV) experiments
represents a useful instrument to evaluate the ionization
potential of HTMs and the feasibility of hole extraction at the
perovskite/HTM interface in PSCs. At the same time, these
techniques can also provide important information about
electronic coupling between the identical redox centers of the
molecule, which is experimentally observed through the
potential splitting of the oxidation events involving the formally
identical redox centers. The potential splitting is generated by
charge distribution in the mixed-valence state of the material
after electron(s) removal during voltammetry measurements. In
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Figure 3. Isodensity plots (0.02 e/bohr’) of the LUMO, HOMO, HOMO-1, and HOMO-2 for Truxl and Trux2 and the corresponding DFT-

calculated energies.
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Figure 4. Absorption spectral changes of Truxl (A), Trux2 (B), and Spiro-OMeTAD (C) upon electrochemical oxidation in CH,Cl,.

the case of Trux1, the CV trace recorded in methylene chloride
at low potentials apparently showed two reversible anodic
events; by contrast, the oxidation behavior of Trux2 was
characterized by a single reversible event (Figure 2A). For
comparison, the CV scan carried out on Spiro-OMeTAD
apparently revealed the presence of three electrochemical
events in the same potential region under investigation. Further
insights carried out by DPV (Figure 2B) confirmed the single
oxidation event in the case of Trux2, while disclosing three
oxidation events in the case of Truxl, plausibly owing to
electronic coupling between its three redox centers present
onto the molecule. In fact, electrons from bis(p-anisyl)amine
groups are removed at almost identical potentials in the case of
Trux2, since the structural framework (truxene core plus
phenylene spacer) that connects the spatially separated actual
redox-active sites acts as an insulator, thereby hampering the
mesomeric stabilization of the mixed-valence states. Conversely,
a strong electronic coupling has to be expected in mixed-
valence Spiro-OMeTAD, occurring between the two bis(p-
anisyl)amine subunits placed onto the same fluorene unit
(Figure 2A). However, it appears from CV scans of Spiro-
OMeTAD that the first electron removal from the two isolated
halves of the molecule results to be electrochemically split into
two oxidation events, clearly more evident (—0.04 V and +0.10
V vs Fc/Fc*) in the DPV measurements shown in Figure 2B.
This behavior hints that, upon one electron oxidation in Spiro-
OMeTAD, the formed positive charge is also mesomerically
stabilized by the arylamine subunits present on the opposite
half of the molecule (vide infra), due to homoconjugation, as
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recently suggested by Nakamura and co-workers for 3-D
carbon-bridged oligophenylenevinylene backbones.**

On the basis of the electrochemical data, recorded in
solution, the highest-occupied molecular orbitals (HOMOs) of
the materials were estimated at —5.15 eV for Truxl and at
—5.24 eV for Trux2, whereas, under the same conditions,
Spiro-OMeTAD exhibited a lower (—5.02 eV) oxidation
potential. Assuming the valence band edge of mixed-ion
perovskite to be at —5.65 eV (vs vacuum),’® the two truxene-
based molecules show enough overpotential to promote charge
extraction at the HTM/perovskite interfaces. Moreover, Trux1
and Trux2 exhibit an excellent band alignment between the
HOMO of the HTM and the valence band edge of the MAPDI,
perovskite. Hence, an efficient hole injection from the HTM to
the perovskite is expected.

Within the approximations of Koopman’s theorem,"” the
oxidation potential trend well correlates with the results of the
DFT calculations (Figure 3 and Figure S6), corroborating the
assumption that the HOMO of Trux2 is substantially stabilized
by the introduction of the phenylene spacers. It is worth noting
that the lowest-unoccupied molecular orbitals (LUMOs) of
Truxl and Trux2 are mainly localized on the truxene core,
whereas the electron density of the relevant HOMOs differs
significantly. The HOMO of Truxl is evidently localized on
two triarylamine groups as well as on the corresponding
interconnecting portion of the truxene system. Conversely,
although substantially similar to the frontier orbital of TruxI,
the contribution of the 7-bridge in the HOMO description in
the case of Trux2 is considerably lower (Figure 3), probably
due to the dihedral distortion introduced by the presence of the
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phenylene moiety, hampering effective orbital overlap and
therefore conjugation. For these reasons, in the case of Trux2,
the three frontier orbitals HOMO, HOMO-1, and HOMO-2
are almost degenerate owing to the presence of the three
isolated triarylamine subunits, while a calculated energy
splitting (0.111 eV) between HOMO and HOMO-2 was
observed in the case of Truxl.

Spectroelectrochemical Characterization. Although
electrochemical measurements and theoretical calculations
provide important qualitative information about ground state
delocalization of the HTM under study, the electronic coupling
between the redox-active subunits present onto the molecules
needs to be addressed by spectroelectrochemistry. To
investigate the spectroscopic properties of their radical cations,
Truxl and Trux2 were subjected to oxidative electrolysis at a
platinum grid working electrode (Figures S7—S9). Figure 4
shows the absorption spectral changes of Truxl recorded
during the oxidative spectroelectrochemical measurements. In
the first one-electron oxidation step (single oxidation; the
potential was gradually increased from +0.50 to +0.64 V vs Ag/
Ag"), the UV-centered absorption band at 354 nm of the
neutral molecule significantly decreased and strong visible/NIR
absorptions attributable to Trux1® appeared. Guided by DFT
and TD-DFT calculations (see Figure S10 and Table S1), these
absorptions can be attributed to the following electronic
transitions: (i) the bands in the region 400—S00 nm to
truxene*-localized transitions; (ii) the absorption peaked at 724
nm to N*-localized transitions; and (jii) the absorption peaked
at 937 nm to truxene — N' charge transfer transitions. The
occurrence of N*-localized and truxene — N* charge transfer
transitions suggests that the radical spin is dominated by the
bis(p-anisyl)amine subunits, although the appearance of
truxene'-localized absorptions suggests that the truxene core
was also partially oxidized. During the second one-electron
oxidation step (potential was gradually increased from +0.64 to
+0.74 V vs Ag/Ag*), the spectral changes followed the same
behavior observed for the first oxidation step. The intervalence
charge transfer (IVCT) transition was only barely detectable as
a broad band (1400—1500 nm, difficult to be peaked) after the
formation of Trux1* and Trux1*'. The intensity and shape of
the IVCT band observed in Trux1* and Trux1** is typical of
class-II mixed valence systems, in which the electronic coupling
renders the redox subunits more similar, but still different with
respect to their intrinsic electron densities. This means that the
charge density, although not uniformly, is distributed along the
whole molecule, the hypothesis being as supported by the
calculated electron spin density distributions (vide infra).

The mesomeric stabilization of the formed charge due to the
residual bis(p-anisyl)amine subunit is confirmed by the fact
that, once Trux1?* is generated at +0.74 V, the IVCT band
promptly disappeared upon further potential increase, owing to
the complete oxidation of redox-active groups, as corroborated
by theoretical calculations (Figure S11). Proceeding with the
oxidation, in fact, new well-defined substructural bands
appeared in the region 400—550 nm, while the band at 750
nm associated with the N'-localized transitions of Trux1®*
relatively increased its intensity with respect to the truxene —
N* charge transfer transition, which was found blue-shifted
(860 nm). To substantiate this behavior and to probe the
effective p-doping by the Co(III)-complex FK209 used for PSC
device fabrication, the absorption spectral modifications
following the chemical oxidation of Truxl upon addition of
FK209 in dichloromethane were analyzed (Figure S12).

The spectroelectrochemical behavior of Trux2 revealed that,
during the oxidative electrolysis in the range between +0.58 and
+0.92 V, the UV-centered absorption band at 363 nm of the
neutral molecule significantly decreased and strong visible/NIR
absorptions of oxidized Trux2 appeared (Figure 4B). Differ-
ently from what was observed in the case of Truxl, however,
the spectral changes of Trux2 occur independently of the
potential increment. The insurgent absorptions features
associated with the oxidized forms of Trux2 can, again,
schematically be assigned to the following electronic
transitions: (i) the bands in the region 400—500 nm to #-
bridge*-localized transitions; (ii) the absorption peaked at 733
nm to N*-localized transitions; and (iii) the absorption peaked
at 974 nm to z-bridge - N* charge transfer transitions (Figure
S10 and Table S2). Also in this case, the occurrence of N*-
localized and m-bridge — N charge transfer transitions
suggests that the electron spin density is dominated by the
bis(p-anisyl)amine subunits, although the appearance of -
bridge*-localized absorptions suggests that the truxene-based
core was also partially oxidized. Since no IVCT bands were
observed during oxidation of Trux2, it can be supposed that the
three arylamine redox centers are not interacting in the
molecule, justifying the absence of potential splitting during
electrochemical measurements. The spectroelectrochemical
behavior was confirmed by chemical oxidation of Trux2 with
the Co(III)-complex FK209 in dichloromethane (Figure S13).

In the case of Spiro-OMeTAD, the absorption spectral
changes during electrochemical oxidation are completely
different with respect to those observed for Truxl and Trux2
(Figure 4C). In the first one-electron oxidation step (single
oxidation; the potential was gradually increased from +0.50 to
+0.64 V vs Ag/Ag"), the UV-centered absorption band at 380
nm of the neutral molecule significantly decreased and typical
strong visible/NIR absorptions of the corresponding Spiro-
OMeTAD" appeared. The strong absorption band peaked at
522 nm can be ascribed to fluorene*-localized transitions, while
the absorption peaked at 687 nm attributable to N*-localized
transitions is barely detectable (Figure S14 and Table S3).
Furthermore, during the potential increase up to +0.64 V, a
strong absorption attributed to IVCT transition appeared as a
broad band centered at ~1545 nm. The observed behavior
during the oxidative scan also proceeded in the course of the
second oxidation event (single oxidation; the potential was
gradually increased from +0.64 to +0.81 V vs Ag/Ag") and can
be explained by the fact that the electron removal required for
the formation of Spiro-OMeTAD?" involves the bis(p-anisyl)-
amine subunits belonging to the other half of the molecule.

More importantly, the spectroelectrochemical results provide
an explanation for the previously described electrochemical
splitting of the oxidation events involving two noninteracting
identical parts of the ground state molecule. It can rationally be
explained by the instantaneous electron spin density delocaliza-
tion along the whole molecule immediately following the
formation of Spiro-OMeTAD" by 3-D homoconjugation, a
hypothesis also corroborated by the theoretical investigations
detailed below. In the course of the third two-electron
oxidation step (double oxidation; the potential was gradually
increased from +0.81 to +0.96 V vs Ag/Ag'), a strong
absorption peaked at 881 nm attributable to fluorene — N*
charge transfer transitions readily appeared, accompanied by
the progressive disappearance of the IVCT band. The
occurrence of more pronounced N*-localized (656 nm) and
fluorene — N* charge transfer transitions suggests that the
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Table 1. Photovoltaic Parameters for Truxl, Trux2, and Spiro-OMeTAD in the Different Configuration (n-i-p or p-i-n) Devices:
Open-Circuit Voltage (Vc), Short-Circuit Current (Js), Fill Factor (FF), and Power Conversion Efficiency (PCE)

HTM device configuration FF (%)
Truxl n-i-p 29
p-i-n 63
Trux2 n-i-p 26
p-i-n 69
Spiro-OMeTAD n-i-p 76
p-i-n 63

Voc (V) Jsc (mA/ sz) PCE (%)
1.044 15.5 49
0918 17.7 10.2
1.046 14.4 4.0
0.986 19.7 134
1.141 21.5 19.2
0.804 18.9 9.5

electron spin density in Spiro-OMeTAD?" and Spiro-OMe-
TAD* is dominated by the bis(p-anisyl)amine subunits. Also in
the case of Spiro-OMeTAD, the spectroelectrochemical
behavior was mirrored by chemical oxidation with the
Co(III)-complex FK209 in dichloromethane (Figure S15).

To rationalize the absorptions of the synthesized compounds
in their radical cation states, electron spin density distributions
were calculated on the DFT-optimized structures of the open-
shell compounds. Suitable models were obtained by replacing
the n-hexyl chains of Trux1 and Trux2 with methyl groups to
reduce the calculation load. The results (Figure S) are in line
with the experimental observation concerning the presence and
form of the low-energy broad band appearing in the course of
the spectroelectrochemical measurements upon one-electron
oxidation of Truxl, being the spin distribution not homoge-
neously delocalized between the three bis(p-anisyl)amine
subunits. The calculated spin distribution in Trux2" is
prevalently localized on one branch of the molecule, explaining
the absence of the IVCT band upon one-electron oxidation. In
the case of Spiro-OMeTAD, the electron spin density
distribution involves the two sides of the molecule,
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substantiating the experimental observation of the electro-
chemical splitting.

Photovoltaic Properties. To test the properties of Truxl
and Trux2 as hole-transporting materials in PSCs, two different
configuration devices were used and the results compared with
those obtained using Spiro-OMeTAD as reference HTM. The
J—V curves of the best performing PSC devices are reported in
Figure 6, while the corresponding photovoltaic performance
parameters, namely, short-circuit current density (Jsc), open-
circuit voltage (Voc), fill factor (FF), and PCE are listed in
Table 1.

In their n-i-p configuration, devices based on Truxl and
Trux2 significantly underperform compared to the Spiro-
OMeTAD. In particular, the J—V behavior appears like a strain
line with respect to the diode-like curve shown by the Spiro-
OMeTAD device, suggesting that the charge collection is
strongly limited by series resistance.”® It can be concluded that
the Truxl and Trux2 HTM layer in this configuration is
significantly less conductive than the Spiro-OMeTAD one. We
tried to reduce the series resistance by lowering the
concentration of the HTM solution to generate a thinner
HTM film. However, our attempt failed due to the roughness
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Figure 7. Time-resolved photoluminescence measurements of direct configuration devices (A) and inverted configuration devices (B). The decays
are collected at the maximum of the perovskite emission band (780 nm).
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Figure 8. Top: pictorial representation of the alleged situation upon hole extraction at the perovskite/HTM interface for Truxl (A) and Spiro-
OMeTAD (B) in direct configuration devices. Bottom: pictorial representation of the molecular arrangement of truxene-based molecules (blue
disks) after deposition onto ITO (C), in contact with the solution of perovskite precursors (D) and following the perovskite growth (E) in p-i-n

configuration devices.

of the perovskite surface inducing electric shunt pathways in the
HTM films obtained from solution at a concentration below
the optimized value used for the Spiro-OMeTAD. To
overcome this issue, we fabricated inverted configuration (p-i-
n) devices that allowed us to work with a significantly thinner
HTM layer.

In the case of the inverted device configuration, both Trux1
and Trux2 achieved remarkable efficiencies, 10.2% and 13.4%,
respectively, overcoming the 9.5% efliciency reached by the
Spiro-OMeTAD reference in the analogous device config-
uration. These performances were achieved without the use of
any dopant additive, confirming that the two molecules are
prone to efficiently extract holes from the perovskite active
layer. Full hysteresis scans are given in the Supporting
Information (Figures S16 and S17 and Table $4).

To gain insight into the dynamics of hole transfer at the
perovskite/HTM interface, we performed time-resolved photo-
luminescence decay measurements. The analysis was carried
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out on both configurations: the direct one in which the HTM
has been deposited on top of the perovskite active layer and on
the indirect one in which the perovskite was deposited on the
hole-transporting layer. The behavior of Truxl and Trux2 was
compared with the Spiro-OMeTAD reference. To provide
suitable reference for both configurations, the perovskite was
deposited on glass and on PMMA (Figure 7).

The perovskite grown on the organic layer (PMMA) shows
worse optical performances if compared with the one deposited
on glass, as the latter exhibits very long PL decays, indicating
low electronic trap densities and balanced carriers trans-
port.**” The role of the substrate in driving the growth of
halide perovskite is fundamental for the performances of the
material, as it influences nucleation and growth processes,
structural order of the material, and grain size/shape
distribution. From the measurements, it appears that PMMA
is not an ideal growing substrate for the perovskite, and
probably is not an ideal reference for our systems, embedding
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the active interface in the inverted configuration as PMMA
differs from the HTMs for the absence of polar groups, likely
increasing the substrate wettability toward the polar perovskite
solvent precursor. Bearing this in mind, it is evident that there is
a strong quenching of the perovskite excited state when all the
three HTMs are screened in the two configurations. In the
direct configuration, Truxl and Trux2 seem to perform even
better than Spiro-OMeTAD (Table SS). By contrast, in the
inverted configuration, the three HTMs perform similarly with
a slightly higher quenching rate observed for Trux2 well
mirroring the device performances. We can conclude that
Truxl and Trux2 can effectively act as hole extracting materials
independently of device configurations. Therefore, other
phenomena must be considered to explain the peculiar
behavior of Trux1 and Trux2 in different configuration devices
with respect to Spiro-OMeTAD.

Actually, in direct configurations, a HTM film (150—200
nm) is deposited onto the perovskite active layer, whereas, in
inverted devices, a very thin film (5—20 nm) of HTM is layered
directly on ITO, before the perovskite growth. We can suppose
that, in the case of the n-i-p devices, where a thicker layer is
required, a certain limitation to the transport properties of the
HTM film takes place, leading to a disequilibrium between
generated/extracted/transported charges at the perovskite/
HTM interface. The localized electron spin densities calculated
for Truxl and Trux2 in their radical cation state can be
accounted for being an obstacle to the smooth hole hopping
(following the interfacial hole extraction from perovskite) by
reducing the likelihood of HTM/HTM' active contacts
through their bis(p-anisyl)amine subunits, and this situation is
exacerbated by the presence of flexible alkyl chains (Figure 8A)
deliberately added to warrant solubility. The effect of alkyl
chains decorating the HTM scaffold on the PSC performances
in n-i-p configurations was recently scrutinized by Nazeeruddin
and co-workers®' as well as by Hagfeldt and co-workers:>* while
the charge extraction and hole mobility are negatively affected
by peripherally positioning the alkyl chains, the effect is indeed
beneficial when they are placed in proximity of the core.

Conversely, the unsurpassed hole-transporting properties of
the popular referentiall HTM in inorganic/organic hetero-
junctions seem to be ascribable to the 3-D electron spin density
distribution in its radical cation state, ensuring a regular
intermolecular hole hopping through the active contacts
between the molecules (Figure 8B). This is underlined in our
work by the peculiarities emerged comparing the direct
configuration device layouts. Nevertheless, when the perovskite
absorber is assembled onto a very thin organic layer, Trux1 and
Trux2 outperform the Spiro-OMeTAD reference. We believe
that, during the p-i-n device construction, the contact between
the organic layer of Truxl and Trux2 and the polar solvent™
dissolving the perovskite precursors, followed by the thermal
treatment required for the perovskite layer generation, can
reasonably promote the formation of a favorable molecular
arrangement at the perovskite/HTM interface (Figure 8C—E),
ensuring efficient device performances in spite of the intrinsic
charge transport properties of the employed HTMs.

B CONCLUSIONS

The performances of new hole-transporting materials were
investigated for the first time in perovskite-based solar cells
intentionally assembled into two different (direct and inverted)
architectures, and compared with those of the state-of-the-art
2,2,7,7 -tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spiro-

bifluorene (Spiro-OMeTAD) reference. Star-shaped hole-
transporting materials were designed by binding the bis(p-
methoxyphenyl)amine groups to a truxene-based core (Trux1)
and by interspacing these electron-donating functionalities from
the core with 1,4-phenylene 7-bridges (Trux2). We suppose
that photovoltaic responses of the two molecules, dramatically
different when employed in direct or inverted configuration
PSCs, depend on intramolecular charge distributions in radical
cations, combined with the thickness of the HTM layers. Since
photoluminescence decay measurements suggested an even
better hole extraction from the perovskite absorbing layer in
direct configuration devices with respect to Spiro-OMeTAD
(which exhibited efficiencies up to 19.2%), the performances of
Truxl and Trux2 (4—5%) were heavily influenced by the
reduced hole-transport properties, likely ascribable to the
mandatorily thicker HTM layer. The results of our inves-
tigations indicate the 3-D charge distribution of Spiro-
OMeTAD radical cation as the cause of the excellent behavior
of this HTM reference, favoring a smooth hole transport across
adjacent molecules. On the other hand, the trend of the
photovoltaic response observed for the p-i-n architecture
devices was completely reversed: since, in this configuration,
the use of a very thin HTM layer was allowed and the
perovskite absorber was assembled onto the organic layer, a
more favorable perovskite/HTM interface was generated due
to the tailored 2-D structure of the truxene-based HTMs,
boosting the performances of Trux2 up to 13.4% compared to
the 9.5% of the Spiro-OMeTAD reference device. We believe
that understanding the HTM role in differently configured
PSCs could open new frontiers for the rational manipulation of
the perovskite/HTM interface aiming at improving perform-
ances beyond the state-of-the-art.
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