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Spiro-Phenothiazine Hole-Transporting Materials:
Unlocking Stability and Scalability in Perovskite Solar Cells
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Manuel Pérez-Escribano, Joaquin Calbo, Likai Zheng, Minseop Byun, Seyeong Song,
Gi-Hwan Kim, Shaik M. Zakeeruddin, Seog-Young Yoon, Yimhyun Jo,*

Agustin Molina-Ontoria,* Enrique Orti,* Nazario Martin,* and Michael Gritzel*

1. Introduction

Improving both the efficiency and long-term stability of perovskite solar cells

(PSCs) is critical for their commercial deployment. Despite the widespread use
of spiro-OMeTAD as a hole-transporting material (HTM), its inhomogeneous
doping behavior and susceptibility to moisture and heat have hindered its
large-scale industrial implementation. Here, a family of spiro-phenothiazine-
based HTMs (PTZ) is reported to address these drawbacks. Among them, the
fluorene derivative (PTZ-Fl) shows a larger Li* affinity and forms a compact
interphase by intercalation in the perovskite passivating layer that prevents Li*
migration. PSCs incorporating PTZ-Fl exhibit power conversion efficiencies
(PCEs) up to 25.8% (certified 25.2% under reverse scan), retaining 80% of their
initial performance after 1000 h under ISOS-L-3 protocol. Furthermore, a 5 x
5 cm mini-module reaches a PCE of 22.1%, surpassing spiro-OMeTAD-based
PSCs and retaining over 85% of its efficiency after 1100 h under ISOS-D-1
protocol. These results demonstrate that PTZ-Fl not only enables high PCEs
but also substantially improves operational stability, offering a promising
pathway toward the large-scale deployment of next-generation PSCs.

Since the seminal report of Miyasaka in
2009 on the use of perovskite materials for
solar energy applications,!l the scientific
community has been attracted by the un-
precedented development of this ground-
breaking technology, reaching, in a decade
of research, power conversion efficiencies
(PCEs) up to 27%, similar to those exhibited
by monocrystalline silicon technologies.!*”7]
The appealing optoelectronic properties
and low-cost fabrication ofPSCs motivate
the development of this new technology,
but important improvements concerning
the device stability are still necessary for
its commercial application.®] One of the
reasons causing the low stability of PSCs
is attributed to the presence of under-
coordinated lead ions in hybrid organic—
inorganic perovskite materials, which
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causes the formation of defect states within the bandgap where
the free carriers are trapped, thereby not only reducing the effi-
ciency of the devices but also promoting the degradation of the
material due to the charge accumulation at these defects.[*1°]

One of the methods to improve device stability is through
the surface passivation of the perovskite. Thus, the HTMs)
can be employed not only as a charge carrier selective con-
tact but also as a protective layer of the photoactive perovskite
material against ambient conditions such as moisture.l'!l The
chemical optimization of hole-transporting materials has been
widely studied in PSCs. In this regard, different structures
such as inorganic compounds,!'>13] polymeric structures,!1*15]
and small organic molecules have been reported during
the last decade.'*'”] Organic small-molecule HTMs are ap-
pealing structures due to their structural chemical versa-
tility, simple synthesis and purification, and tailored opto-
electronic properties. Among them, spiro-containing central
scaffolds, such as the well-known 2,2',7,7'-tetrakis-(N, N-di-4-
methoxyphenylamino)-9,9’-spirobifluorene, commonly known
as spiro-OMeTAD, have been successfully used for achieving
highly efficient PSCs, which is mainly attributed to their excel-
lent ability to form smooth films.[*®] Despite its widespread use,
spiro-OMeTAD suffers from limited thermal and environmen-
tal stability, which hampers its suitability for long-term operation
and large-scale applications, in addition to its complex synthesis.
Alternative spiran-type structures have been recently reported,
demonstrating the potential of spiro-based molecules.['*2!]
Other small organic molecules reported in the bibliography as ef-
ficient HTMs include extended polycyclic aromatic hydrocarbons
(PAHS)[22%] and donor-acceptor systems.[2829]

Herein, we report four new HTMs using spiro-phenothiazine
central scaffold, extended by peripheral arylamine units modi-
fied by the asymmetric introduction of different aromatic frag-
ments, such as naphthyl or fluorene, or the substitution by fluo-
rine atoms (Figure 1a). In a previous study, we demonstrated that
incorporating phenoxazine and phenothiazine units in a spiro-
like structure afforded efficiencies comparable to the bench-
mark spiro-OMeTAD, while significantly improving the long-
term stability.2!l The new chemical design proposed in this work
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modifies the optoelectronic and thermal properties of the spiro-
phenothiazine materials. The new HTMs were incorporated into
planar n-i-p devices using Cl-modified FAPDI;, in combination
with a 2D interface featuring 4-methoxy-phenethylammonium
iodide (m-PEAI), leading to PCEs in PSCs of up to 25.8%. Ad-
ditionally, the device incorporating the fluorene-derivatized com-
pound (PTZ-Fl) as HTM retained 80% of its initial efficiency af-
ter 1000 h under maximum power point tracking, as specified by
the ISOS-L-3 test protocol. Furthermore, we successfully scaled
up the PTZ-Fl-based perovskite module (25 cm?) with a PCE of
22.07%, which retained 85% of its initial efficiency for 1100 h.

2. Results and Discussion

2.1. Structural, Optoelectronic and Thermal Properties of PTZ
HTMs

The synthesis of the new PTZ derivatives was approached fol-
lowing the previous reported procedure (experimental details are
included in the Supporting Information).[?! The estimated syn-
thetic costs for the preparation of the new HTMs are calculated
in the range of 47-75 € g™! (see Table S10, Supporting Infor-
mation for further details). Complete structural characterization
of the four new spiro-based HTMs was carried out using stan-
dard spectroscopic analysis such as NMR (*H and *C), Fourier-
transform infrared spectroscopy (FTIR), and mass spectrometry.
The high-resolution MALDI-TOF analysis confirmed the forma-
tion of the tailored HTMs, exhibiting the respective molecular ion
peaks (see Figures S33, S36, S40, and S44, Supporting Informa-
tion). Figure 1b shows an energy band diagram of the perovskite
and the HTMs.

Relevant insights into the thermal properties of the new HTMs
were provided by thermogravimetric analysis (TGA) and differ-
ential scanning calorimetry (DSC). The TGA curves shown in
Figure 1lc confirm good thermal stability with decomposition
temperatures (T,..) higher than 350 °C (Table S1, Supporting
Information). However, the T,.. values recorded for the asym-
metric HTMs are significantly lower, especially for those bear-
ing fluorine atoms, than the T,.. of spiro-OMeTAD (449 °C).
DSC thermograms (Figure 1d) reveal that the PTZ-based HTMs
present a similar morphological behavior, exhibiting glass transi-
tion temperatures (T,) of 175, 187,152, and 142 °C for PTZ-NaPh,
PTZ-Fl, PTZ-3F, and PTZ-4F, respectively. Interestingly, these
T, values are higher than those measured for spiro-OMeTAD
(125 °C), indicating a reduced tendency to crystallize. This can
contribute to enhancing the long-term thermal stability of the
resultant devices. After consecutive heating/cooling cycles, only
small changes in the T, were observed.

To characterize the influence of the PTZ-based HTMs on the
surface crystalline properties of the perovskite films, grazing-
incidence wide-angle X-ray scattering (GIWAXS) measurements
were conducted (Figure 1e; Figure S11, Supporting Information).
The out-of-plane patterns with low g, values (less than 0.7 A1)
can be attributed to lamellar molecular ordering of HTMs, as evi-
denced by (n00) reflections (where “n00” denotes reflections aris-
ing from planes oriented parallel to the substrate). The g, values
gradually decrease in the order of 0.314 A~' (Control) > 0.312
A~ (PTZ-Fl) > 0.311 A~ (PTZ-3F) > 0.310 A~! (PTZ-4F), indi-
cating that an increasing number of fluorine substituents leads
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Figure 1. a) Chemical structure of the new asymmetric PTZ-based HTMs. b) Energy levels of the perovskite and the spiro-OMeTAD and PTZ-based
HTMs. c) TGA of the PTZ-based HTMs under nitrogen at 10 °C min~' heating rate. d) DSC curves recorded for the PTZ-based HTMs under nitrogen at
a heating rate of 20 °C min~' (second cycle). e) 2D GIWAXS scattering patterns in q space for perovskite film with control and PTZ-based HTMs.

to larger lamellar d-spacings. Notably, PTZ-Fl exhibits stronger
lamellar diffraction intensity with a predominantly edge-on ori-
entation. On the other hand, the perovskite g value of ring pat-
terns in 2D GIWAXS spectra for the PTZ-Fl film shows substan-
tially higher out-of-plane diffraction intensity, which suggests en-
hanced perovskite crystallinity. Furthermore, the results for the
control, PTZ-Naph, and PTZ-4F samples clearly reveal the pres-
ence of a §-phase diffraction peak at g, = 0.8 A1, whereas this
phase is nearly negligible in the PTZ-Fl and PTZ-3F films.

DFT calculations predict minimum-energy molecular struc-
tures for the PTZ-HTMs in which the spiro-phenothiazine scaf-
fold shows z—x interactions with one of the aromatic substituents
of the peripheral arylamine units, with contacts in the range from
3.5 to 4.7 A (see Figure Sla and full computational details in
the Supporting Information). This interaction, which is displayed
in Figure 2a for PTZ-Fl, provides an electron-dense region that
promotes the binding of Li*, effectively reducing its migration
within the HTM layer when doped with Li-TFSI (vide infra).

The optical properties of the new family of spiro-PTZ com-
pounds were evaluated and compared to those of spiro-OMeTAD
using UV-vis absorption and fluorescence experiments in

Adv. Mater. 2025, 05475 €05475 (3 of 9)

CH,Cl, solution (see Figure 2b). The optical characteristics are
summarized in Table S1 (Supporting Information). PTZ-NaPh
and PTZ-Fl exhibit a broader and slightly redshifted absorption
band due to the extended z-conjugation through the periph-
eral naphthalene and fluorene units, respectively, when com-
pared with the peripheral p-anisole moieties in spiro-OMeTAD,
PTZ-3F, and PTZ-4F. Time-dependent DFT (TD-DFT) calcu-
lations predict that, in all cases, the lowest-energy absorption
band corresponds to the S;—S; electronic transition calculated
at ~#400 nm, which is mainly described by the HOMO—LUMO
mono-excitation involving the central fluorene and the arylamine
units (Figure S1b, Supporting Information). Regarding the emis-
sion spectra (Figure 2b), a broad band is observed starting at
~400 nm giving rise to low Stokes shifts, as also observed for
spiro-OMeTAD.

The electron donor character of the new spiro-PTZ-based
HTMs was evaluated using cyclic voltammetry measurements in
CH,Cl, solutions containing 0.1 M of TBAPF,, which acts as the
supporting electrolyte, at a scan rate of 100 mV s (Figure 2¢).
Table S1 (Supporting Information) summarizes the redox poten-
tial of the PTZ HTMs, including the HOMO energies estimated

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 2. a) BMK/6-31G(d,p)+PCM minimum-energy structure calculated for PTZ-FI. Atom color code: C (gray), S (yellow), N (blue), O (red) and H
(white). b) UV-vis absorption spectra (solid line) and emission spectra (dashed line) recorded for the new PTZ HTMs and spiro-OMeTAD (CH,Cl,
solution, 107 m). ¢) Cyclic voltammograms recorded for the new PTZ HTMs and spiro-OMeTAD in CH,Cl, containing 0.1 M tetrabutylammonium

hexafluorophosphate (TBAPF) at a scan rate of 100 mV s~.

from the first half-wave oxidation potential (E*; ;). A similar be-
havior is observed for the four derivatives, showing three oxida-
tion processes in the anodic region assigned to three consecutive
one-electron oxidation processes, assigned to: i) the oxidation of
both the arylamine units and the central fluorene to form a dou-
blet cation, ii) the oxidation of the arylamine units leading to a
singlet dication, and iii) the oxidation of the phenothiazine moi-
ety to form a doublet trication (see Section S5, Supporting Infor-
mation). The resulting HOMO and LUMO energies estimated
for the new HTMs (shown in Figure 1b) ensure an effective hole
transfer of the photogenerated holes from the valence band edge
of the perovskite to the organic layer, leading to an optimal band
alignment, potentially minimizing the voltage loss in the resul-
tant devices.

2.2. Optoelectronic Characteristics of Perovskite Films with
PTZ-Based HTMs

To further understand the impact of PTZ-based HTMs on the per-
ovskite films, we examined both the time-resolved photolumines-
cence (TRPL) decays and steady-state PL quantum yields (PLQY)
(Figure 3a,b; Figure S12, and Table S7, Supporting Information).
Partial and full perovskite/HTM device stacks were fabricated to
evaluate interface recombination and charge transfer. TRPL mea-
surements on perovskite/HTM revealed that the perovskite with
PTZ-Fl exhibited the fastest initial PL decay, which we attribute
to rapid hole injection from the perovskite valence band to PTZ-
F1. We systematically probed the PLQY and QFLS at three criti-
cal stages of the device formation: i) pristine perovskite films, i)
perovskite/HTM stacks, and iii) full perovskite/HTM/electrode
devices. As shown in Figure 3a, introducing the PTZ-FI hole-
transport material (HTM) led to a substantial increase in PLQY
for the partial stack (from 5.4% in the control to 11.3%), highlight-
ing the strong effect of reduced interfacial defects and improved
energy-level alignment at the perovskite/HTM interface. Notably,
even upon deposition of the Au electrode, the PTZ-Fl-based de-
vice maintained a PLQY of 10.6%, indicating that the defect
formation at the HTL/electrode interface was effectively mini-
mized. Consistent with these observations, QFLS measurements

Adv. Mater. 2025, 05475 €05475 (4 of 9)

revealed that PTZ-Fl introduced only a 58 mV difference from
the pristine perovskite film to the full perovskite/HTM/electrode
stack, underscoring minimal non-radiative recombination losses
at the additional interfaces.

2.3. Photovoltaic Performance of the PSCs

We fabricated conventional PSCs using different PTZ-
based HTMs with the planar structure of FTO/SnO,-
/perovskite/HTM/Au as shown in Figure 3c. Cross-sectional
scanning electron spectroscopy (SEM) images show that the
PTZ-based HTM films have a thinner thickness than the spiro-
OMeTAD layer (Figure S13, Supporting Information). Figure 3d
shows the current density-voltage (J-V) curves of the best PSCs
for each given HTM under 1-sun irradiation at 100 mW cm
(detailed photovoltaic parameters are summarized in Table S8,
Supporting Information). Notably, negligible hysteresis was
observed in the -V scans between forward and reverse sweeps
in all devices with PTZ-based HTMs (Figure S14, Supporting In-
formation). The control devices fabricated with spiro-OMeTAD
as HTM exhibited a PCE of 23.08% with a short-circuit cur-
rent (Joc) of 25.13 mA cm™2, an open-circuit voltage (Voc)
of 1.128 V, and a fill factor (FF) of 81.43%, consistent with a
previous report.’®) Compared with control devices, the PSCs
with PTZ-based HTMs demonstrated an overall performance
improvement, attributed to the reduction in the non-radiative
recombination rates between the perovskite film and the HTMs.
Among these, the notably higher V,. of the PTZ-Fl-based
devices is explained by its deeper HOMO level, which ensures
more favorable energy alignment with the perovskite valence
band, and by its suppressed non-radiative recombination at
both the perovskite/HTM and HTM/electrode interfaces, as
supported by the PLQY and QFLS data (Figure 3b). Remarkably,
devices with PTZ-Fl exhibited the best performance compared
to the other PTZ-based HTMs, reaching the best PCE of 25.75%
with Joc of 26.14 mA cm=2, V. of 1.177 V, and FF of 83.63%.
A stabilized PCE of 25.4% was measured for a PSC with PTZ-Fl
under maximum power point (MPP) tracking over a period of
300 s (Figure 3d, inset). Additionally, PTZ-3F achieved a PCE

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 3. a) Absolute photoluminescence intensity and PLQY of perovskite devices. b) PLQY (left y axis) and QFLS (right y axis) for perovskite, per-
ovskite/HTL, and perovskite/HTL/electrode. c) Device structure of planar PSCs. d) J-V curves of devices based on spiro-OMeTAD and PTZ-based HTMs,

and stabilized output power of PSCs with PTZ-Fl (inset).

e) External quantum efficiency and integrated JSC of PSCs with HTMs. f) Statistical distribution

of the PCEs obtained for 30 PSC devices based on spiro-OMeTAD and PTZ-based HTMs. g) Operational stability test of encapsulated PSCs with control

(spiro-OMeTAD) and PTZ-Fl, based on the ISOS L3 protocol.

exceeding 25%, while PTZ-NaPh reached 24.5%. PTZ-4F yielded
alower PCE of 23.18%, which may be attributed to a less uniform
film formation (Figure S15, Supporting Information). Figure 3e
shows the external quantum efficiency (EQE) spectra recorded
for the PSCs. The integrated photocurrent densities match well
with those shown in the J-V curves. Statistical analysis was
also performed with 30 devices. The narrow PCE distribution
of the PTZ-Fl based PSCs indicates better reproducibility than
for the spiro-OMeTAD-based PSCs (Figure 3f; Figure S16, Sup-
porting Information). Encouraged by the excellent performance
of the PSCs incorporating PTZ-based HTMs, the best PTZ-Fl
device was sent to an accredited laboratory (Newport, Irvine,
CA, USA) for certification, where a stabilized PCE of 25.2%
(with Joe = 26.66 mA cm™2, Voo = 1.123 V and FF = 84.12%
under the reverse bias) was obtained (Figure S18, Supporting
Information).

Adv. Mater. 2025, 05475 €05475 (5 of 9)

The long-term stability tests of the encapsulated devices were
conducted following the International Summit on Organic PV
Stability (ISOS) protocol as shown in Figure 3g and Figures
S19 and S20 (Supporting Information).?') The shelf-life test,
conducted in the dark at 25 °C with 30-60% relative humidity,
showed that most of the PTZ HTMs retained an impressive 95%
of their initial efficiency for 3600 h. Devices with PTZ-4F were
the exception, with the PCE decreasing by > 30% over the same
period. To further assess the operational stability, the ISOS-L3
testing protocol was carried out under continuous 1-sun irradi-
ation at 65 °C and ~60% relative humidity. Devices with PTZ-
Fl achieved a T, of 1000 h after continuous maximum power
point tracking, whereas control devices dropped from initial effi-
ciency to below Ty, within 80 h. To further assess thermal robust-
ness, we performed cross-sectional SEM analysis after annealing
fully assembled devices at 85 °C for 150 h. While spiro-OMeTAD

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85U8017 SUOWIWIOD BA1E8.1D) 8|qeotidde ay) Aq peupnob a8 seoile VO '8sn JO So|n. o} Akeiq 1 8UlJUO A8]IA UO (SUOIPUOO-PUE-SWLISYW0D A8 | 1m AReql| Ut |Uo//:SdY) SUORIPUOD Pue SWIS | 8L 89S *[9202/20/£2] U0 A%iqi8uliuo A8|IM ‘PLpeIN 8 8suein|dwod pepsIeAun Aq 521505202 BWPe/Z00T 0T/I0p/uoo A3 | Im Allq 1 jpulUo"peoueApe//Saiy Woiy papeojumoq ‘0 ‘S607TZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

1000

— DOS FAPI slab
— DOS FAPI+m-PEAI

— DOS FAPI+m-PEAI+spiro-PTZ-FI - a
800 — DOS FAPI+m-PEAI+spiro-PTZ-FI - b
— DOS FAPI+m-PEAI+spiro-PTZ-FI - ¢

Density of states (states/eV)

0 -

=5.0 =2 0.0 25 5 75 10.0 125 15.0
Energy (e’

250 .

150

=
o
=3

Density of states (states/eV)

50

-1.0 =05 q 0.5

1.0 1.5 2.0 2.5 3.0
Energy (eV)

Figure 4. BMK/6-31G(d,p)-optimized Li* (pink color) binding modes of PTZ-Fl a) and spiro-OMeTAD b) with the largest association energy. c,d)
PBEsol/tier-1 light NAO-optimized binding modes of PTZ-F| to the m-PEAI passivated FAPbl; slab. m-PEAI cations are shown with high transparency
and different colors to better show the degree of intercalation of the HTM. Color code for the HTM atoms: C (gray), S (yellow), N (blue), O (red), and
H (white). Color code for the perovskite slab: Pb (dark red) and | (turquoise). The two underlying perovskite layers have been removed for simplicity. e)
Density of states for the FAPbI; slab, the m-PEAI passivated perovskite and the m-PEAI passivated perovskite interacting with PTZ-Fl following the three

binding modes shown in Figure S7 (Supporting Information).

films showed clear signs of morphological degradation—such as
voids and delamination—PTZ-based HTMs, particularly PTZ-
Fl, maintained smooth, uniform, and intact layers (Figure S21,
Supporting Information). Complementing these morphologi-
cal observations, we also carried out DSC in the presence of
lithium Dbis(trifluoromethanesulfonyl)imide (LiTFSI) and tert-
butylpyridine (¢BP), as these additives are known to influence the
T, of HTMs (Figure S22, Supporting Information). Pristine spiro-
OMeTAD exhibited a T, of 125 °C, which upon doping drastically
decreased to 62 °C.*>** In contrast, the T, of dried-powder PTZ-
Fl was determined to be 187 °C, which decreased to 153 °C upon
the inclusion of LiTFSI and tBP. These results corroborate the
superior thermal robustness of PTZ-FL

Additionally, PTZ-F] demonstrates higher hydrophobicity in
comparison with spiro-OMeTAD, as evidenced by the contact an-
gle measurements (Figure S23, Supporting Information). The
contact angles of doped PTZ-Fl and spiro-OMeTAD were mea-
sured to be 77.8 and 61.9, respectively, indicating significantly
better moisture protection for PTZ-FL[>>-"] This hydrophobicity
contributes substantially to the improved stability of the PSCs
based on the spiro-PTZ HTMs.

It has been reported that lithium cations migrate from the
HTM into the perovskite layer, lowering the performance and
the stability of the PSC.*%*1] We conducted time-of-flight sec-
ondary ion mass spectrometry (ToF-SIMS) depth profiling on
aged PSCs after light irradiation. Figure S24 (Supporting In-
formation) shows a significant reduction in Li* concentration
in PTZ-Fl-based device compared to the control device. FTIR

Adv. Mater. 2025, 05475 €05475 (6 of 9)

measurements were performed on LiTFSI, pristine HTMs, and
HTMs doped with LiTFSI (Figure S24, Supporting Information).
For the HTM with LiTFSI, the asymmetric vibration of the S-N-S
central group in LiTFSI (1056 cm™! for PTZ-Fl and 1053cm™! for
spiro-OMeTAD) was shifted to higher wavenumbers compared to
pristine LiTFSI (1051 cm™), suggesting that the interaction be-
tween Lit and the TFSI™ anion was weakened due to the affinity
of Li* for the HTM.[324243] Notably, the larger shift observed for
PTZ-Fl denoted that stronger interactions are established in the
case of PTZ-Fl than in spiro-OMeTAD, which retards the migra-
tion of Li* ions.

The greater Li* affinity of PTZ-Fl compared to spiro-
OMeTAD was rationalized by means of theoretical calculations
on HTM--Li* interacting dimers (see the Supporting Informa-
tion for full details). Although the association energy calculated
for the best interacting arrangements was similar for PTZ-Fl (-
3.48 eV, Figure 4a) and spiro-OMeTAD (-3.56 eV, Figure 4b), the
energy penalty required for PTZ-Fl to rearrange its minimum-
energy structure toward Li* recognition was predicted signifi-
cantly smaller (0.05 eV; Figure S5, Supporting Information) than
that required for spiro-OMeTAD (0.18 eV; Figure S4, Supporting
Information). Interestingly, PTZ-Fl effectively interacts with the
Li* cation through an enveloping conformation, facilitated by the
phenothiazine-fluorene embrace, which is expected to dynami-
cally trap Li*. Moreover, periodic DFT calculations performed on
PTZ-Flinteracting with the m-PEAI-covered perovskite show that
PTZ-Fl binds to the passivated surface by intercalation of the fluo-
rene substituents and the phenothiazine core (Figure 4c,d; Figure
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Figure 5. Characteristics of the perovskite mini-module with spiro-OMeTAD and PTZ-Fl. a) J-V curves. b) Shelf-life stability test under ISOS-D1 protocol.
c) PL mapping image of large area (5 X 5 cm) perovskite films with control (left) and PTZ-FI (right) and photograph of the perovskite films with control

and PTZ-Fl (inset).

S7, Supporting Information). This intercalation gives rise to S---O
contacts in the range of 3-5 A between the positively charged S
atom of the phenothiazine ring of the HTM and the negatively
charged O atom of the terminal methoxy group of the passivat-
ing cations (Figure S8, Supporting Information). This compact
interphase, which was not formed for spiro-OMeTAD, as it binds
through the terminal benzene rings (Figure S6, Supporting In-
formation), was expected to further retard the Li* migration in
the PTZ-based PSCs. The hole extraction capability of PTZ-FI
was confirmed by the presence of HTM-centered electronic states
within the perovskite bandgap (Figure 4e).

2.4. Performance and Stability of the Perovskite Mini Module

Achieving high efficiency in the manufacturing of large-area PSC
modules has become crucial for their commercial deployment.

Adv. Mater. 2025, 05475 €05475 (7 of 9)

In this regard, we successfully fabricated a PSC module with
an active area of 25 cm?. Given the high efficiency observed in
small-area tests, we employed PTF-Fl as the hole-selective contact
in the fabrication of the mini module. Figure 5a shows the J-V
characteristics and images of the perovskite module with PTZ-F],
which achieved a PCE of 22.07% with Jy. of 2.428 mA cm™2, V¢
of 11.68 V, and FF of 77.8%. PL mapping of the large-area per-
ovskite film (Figure 5c) revealed substantial differences in the PL
intensity between the spiro-OMeTAD and PTZ-Fl coated films.
Additionally, a 36 cm? substrate was divided into nine sections
and the roughness of the film on each section was measured us-
ing atomic force microscopy (AFM) (Figures S26 and S27, Sup-
porting Information). The control film had an average root mean
square (RMS) roughness of 17.82, while the PTZ-FI film exhib-
ited a slightly higher RMS value of 19.35. However, the PTZ-Fl
film showed a much smaller RMS deviation of 1.25, compared to
3.30 for the control, indicating a more uniform film formation.

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Moreover, pinholes were observed in the control film, which is
consistent with the device performance of the control perovskite
module. Additionally, the operational stability test was conducted
under ambient air at room temperature (Figure 5b). The mini
module with PTZ-F] retained 85% of its initial efficiency after
1100 h under the ISOS-D1 test protocol, demonstrating that the
PTZ-based HTMs also show strong potential for the efficient, sta-
ble, and scalable production of PSC modules.

3. Conclusion

In summary, tailored chemical modification of peripheral ary-
lamines into the spiro-phenothiazine-based central core (PTZ) al-
lowed the preparation of four new and efficient organic (HTMs).
The novel spiro-PTZ-based HTMs have been tested in the fabri-
cation of n-i-p PSCs, yielding outstanding PCE values surpassing
23%. Notably, PTZ-Fl, bearing dimethylfluorene in the periphery,
showed an impressive maximum PCE of 25.75% (25.2% certi-
fied), outperforming reference cells including benchmark spiro-
OMeTAD. Furthermore, remarkable stability following ISOS pro-
tocols has been proved, showing that PTZ-FI retains 95% of PCE
under ISOS-D1 (over 3600 h) and displays a T, of 1000 h in
ISOS-L3 (in sharp contrast to spiro-OMeTAD, showing a Ty,
within 80 h). The enhanced stability is explained by different ap-
proaches. ToF-SIMS and FTIR measurements showed that PTZ-
Fl presents a significant reduction in Li* concentration within
the perovskite layer, typically attributed to triggering its decom-
position. DFT theoretical calculations predicted that PTZ-Fl has
a larger Li* affinity and can be efficiently intercalated into the
m-PEAI passivation layer, giving rise to a compact interphase
that contributes to reducing Li* migration. Enhanced thermal
stability can be attributed to the improved T, under doped con-
ditions shown by PTZ-Fl (153 °C). Additionally, minimodules
of 25 cm? area have been fabricated, reaching efficiencies over
22% (notably higher than that shown by spiro-OMeTAD), also
demonstrating an improved stability under ISOS-D1 protocol.
Gathering all the results, the use of the simple spiro-PTZ core is
demonstrated as an excellent backbone for the preparation of ef-
ficient and stable hole-transporting materials. Particularly, PTZ-
Fl reached one of the highest PCEs reported in the bibliography
(for non-commercially available materials), highlighting also in
its stability and efficiency in large-scale PSC devices.

Supporting Information

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