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The interface modification of halide perovskite materials is a fundamental step to obtain efficient charge
extraction, passivation of defects and improved stability of polycrystalline active layers at the core of
perovskite-based solar cells. For CsPbls inorganic perovskite, this is particularly critical due to the usual
formation of surface defects during perovskite crystallization, leading to increased nonradiative
recombination and energy mismatch with organic transporting layers. Here we propose the use of
a polychlorinated thiele hydrocarbon (TTH), i.e. a stable singlet diradicaloid belonging to the family of
para-quinodimethanes, that uniquely combines the dynamic generation of a charge transfer zwitterionic
excited state with excellent photostability. We proved that the use of the TTH molecule as a CsPbls

interface modifier in inverted photovoltaic devices significantly enhances the open circuit voltage of the
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substituents, optimal energy level alignment and the light-triggered dipole that, overall, reduces the

DOI: 10.1039/d5ta04509¢ resistance to the charge transfer. This work paves the way to the employment of singlet diradicaloids in
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Introduction

Cesium lead triiodide (CsPbl;) perovskite has garnered signifi-
cant attention as a promising alternative to its organic-inor-
ganic halide counterparts, based on MA and FA cations, in
perovskite-based solar cells (PSCs). Its appeal lies in its
nonvolatile nature, thermal stability and photoelectric
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properties. With a relatively wide bandgap of 1.60-1.72 eV, all
inorganic perovskites are particularly well-suited for indoor
application® and as sub-cells in both perovskite-silicon and
perovskite tandem solar cells (PSCs).>* Tandem configurations
hold substantial potential for exceeding the Shockley—Queisser
limit of single-junction solar cells, thereby achieving higher
power conversion efficiencies (PCEs), which is a critical aspect
for advancing solar technology.* Currently, most of the photo-
voltaic devices based on CsPbl; are fabricated using n-i-p
architecture.”™® However, this architecture has certain limita-
tions such as the use of thermophobic hole transport layers
(HTLs) and high processing temperatures of electron trans-
porting layers (ETLs), which limit their implementation in
tandem solar cells.™ In contrast, the inverted (p-i-n) structure
offers several key advantages over the n-i-p design. For
instance, it improves stability against air and humidity, due to
its dopant-free and hydrophobic rear layer and low temperature
processing, which facilitates tandem integration as a sub-cell.”

Nevertheless, the implementation of CsPbl; perovskite in
inverted architecture poses significant additional challenges,
with respect to more conventional MA/FA-based compositions.
Among them, the energy level mismatch between inorganic
perovskites and organic layers hampers charge extraction,
leading to lower PCE and greater open-circuit voltage (Vo)
losses.”'14

This journal is © The Royal Society of Chemistry 2025
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During film processing, the top-surface region is prone to
defect formation such as lead vacancies (Vpp,) and iodine-lead
inversion (Ipp) traps form, pinning the Fermi energy (Er) near the
valence band edge (VB). This results in inefficient electron
transfer and increased nonradiative recombination at the
CsPbl;/fullerene interface.*>'¢

Previous studies have highlighted various promising
passivating species as interlayers between the perovskite layer
and the charge transporting material on top, including organic
molecules,"” " quantum dots***' and organic halide ammo-
nium salts.**> Among them, free-radical molecules have been
proposed as additives for perovskites primarily serving as n-type
dopants*®** and acting as antioxidants.”® Recently, donor-
acceptor trityl radicals bearing carbazole or aryl amine donor
groups have been employed as effective hole transporting layers
(HTLs) due to their favourable charge transport properties and
ability to passivate interfacial defects.***” In this context, poly-
chlorinated trityl radicals are particularly well-suited, as the
high number of chlorine substituents ensures efficient elec-
tronic coupling and provides multiple binding sites with
perovskites. However, the presence of electron-donating groups
limits the application of these derivatives as electron trans-
porting layer (ETL) materials. Simple trityl radicals, such as
tris(2,4,6-trichlorophenyl)methyl radical (TTM, shown in Fig. 1),
exhibit suitable redox potentials for use as interlayers between
the perovskite and the ETL.*® Unfortunately, the lack of charge-
transfer stabilization in the excited state makes these radicals
highly photosensitive, limiting their use in photovoltaic devices.
To address this issue, we propose the use of a polyhalogenated
thiele hydrocarbon, specifically the TTM-like thiele hydro-
carbon (TTH, shown in Fig. 1),* as an interlayer in the hetero-
junction between CsPbl; perovskite and Cgo. TTH represents, to
date, a rare and promising example of a photostable di-
radicaloid compatible with the electronic requirements of
CsPbl;-based devices. It shares nearly identical redox properties
with the TTM radical, and its highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) levels align closely with those of PCBM. However,
unlike TTM, TTH offers exceptional photostability due to its
singlet species nature.
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Fig. 1 Excited-state polarization. Molecular structure of the TTM
radical and TTH diradicaloid and pictorial representation of the sudden
polarization in the TTH excited state, where the elongation and
twisting of exocyclic double bonds induces a symmetry breaking of
the molecule with the consequent formation of a charge separated
state (zwitterion).
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TTH is the simplest TTM-based diradical and belongs to the
family of singlet diradicaloids, singlet species characterized by
a moderate degree of diradical character, described using the
diradical index y,, which ranges from zero (closed-shell species)
to one (pure diradical), see Fig. 1.*° In the case of TTH the y,
exhibits a value of 0.33.

TTM-based diradicals exhibit new low-lying excited states,
which are absent in TTM monoradicals, since they are ascrib-
able to the charge resonance between the two radical subunits
constituting the derivative. The excited state at higher energy is
responsible for light absorption, while the lowest excited state is
characterized by a double excitation and is formally dark for
symmetric diradicals® Interestingly, in polyhalogenated thiele
hydrocarbons, the two excited states can mix leading to the
formation of a zwitterionic charge transfer excited state,
breaking the symmetry of the molecule, driven by a sudden
polarization process (the elongation and twisting of exocyclic
double bonds induce the formation of a charge-separated state),
as schematically shown in Fig. 1.>** Therefore, despite TTH not
being a zwitterion in its ground state, since it is a centrosym-
metric, non-polar hydrocarbon bearing only chlorine substitu-
ents, it possesses a low-lying zwitterionic excited state, as
illustrated in Fig. 1. This state emerges from the diradical
character of the molecule.

While singlet diradicaloids have been proposed as emitting
species in electroluminescence devices,***?* their potential
application in perovskite solar cells (PSCs) remains unexplored.
We applied the TTH molecule as a CsPbl; passivating layer in
inverted solar cells and we found a significant increase in open
circuit voltage with respect to the use of PCMB. Through
a combination of theoretical modelling and experiments, we
found the existence of a strong interaction between the di-
radicaloid molecule and the perovskite, efficiently stabilizing
the CsPbl; surface in the device. Furthermore, an efficient
energy alignment with respect to the perovskite energy levels
enhances the electron extraction contributing to enhancing the
Ve Of the solar cell. The zwitterionic nature of the TTH excited
state could also play a role in generating an interfacial internal
dipole moment that enhances the material polarization and
influences the electric field within the cell, reducing the likeli-
hood of recombination and resistances.'****” These light-
triggered properties of TTH play a pivotal role in enhancing
charge dynamics within the device, thereby enhancing the V..

Results and discussion

We examined the impact of the TTH deposition layer on the
device characteristics using a p-i—n cell stack: glass/indium tin
oxide (ITO)/PEDOT:PSS/CsPbl;/PCBM or TTH/C60/
bathocuproine (BCP)/silver (Ag), where TTH and PCBM (as
reference) were used as interlayers, at an optimal concentration
of 0.75 mg mL ™" and 10 mg mL ™" in CB,*® respectively (SI Fig. 3).
CsPbI; has been synthesized starting from a 0.6 M solution of
salts dissolved in DMF and crystallized at 210 °C for 1 min, as
detailed in Methods and in SI Fig. S2 and S3 compatible with
the p-i-n architecture.
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Fig. 2 compares the PSCs based on the pristine cell stack
(PCBM) with those embedding TTH. The statistical photovoltaic
parameters from 40 devices and the J-V curves of the champion
device are presented in Fig. 3b and c.* The solar cells charac-
terization was always performed at a relative humidity below
50% and a temperature below 25 °C, to avoid fluctuation of the
parameters. It is clear how the introduction of the TTH layer
remarkably increased the V,. from 0.69 V to 0.86 V, despite
being overall limited by the PEDOT:PSS as the HTL, together
with an increase in all other parameters. The film thickness of
approximately 190 nm, revealed by the cross-sectional scanning
electron microscopy (SEM) image of the device stack (SI Fig. S4a
and b), a direct consequence of the poor solubility of CsI in
polar aprotic solvents,*®*** also strongly limits the extracted
current and the overall performances.

The steady power output for this champion device sustains
at 13.37 mA cm 2, measuring at a fixed voltage of 0.86 V close to
the maximum power point (Fig. 2).

To further verify the photocurrent enhancement, incident
photon to current efficiency (IPCE) spectra were recorded
(Fig. 2e) revealing the well-matched current density to the Ji.
from J-V curves with an integrated current density of 13.31 and
14.14 mA cm > for the PCBM and TTH integrated devices.
Moreover, iodide PSCs feature higher absorption in the long-
wavelength region.*!

The enhanced short-wavelength absorption (500-540 nm)
with TTH incorporated in the cell indicates that this interlayer
plays a crucial role in absorbing photons at that wavelength,
contributing to the generation of electric current, either
through its direct absorption (SI Fig. S5) or by enhancing charge

(a) (b)
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collection efficiency at the interface. This leads to an increase in
the overall efficiency of the solar cell, highlighting the forma-
tion of the dipole moment in the excited state of the
diradicaloid.

The as-prepared CsPbl; films show an absorbance onset at
~736 nm in Fig. 3a indicating a band gap of 1.68 eV. The optical
energy band gap was calculated using Tauc's plot by plotting
a graph between (hv) vs. (ahv)>.*® Upon incorporation of the
perovskite into the device, the p-type surface with deep energy-
level traps can lead to uneven band bending at the PCBM/
CsPbl; interface, resulting in hindered electron transfer and
significant nonradiative recombination.'>*® The undesirable
electron-transfer dynamics would limit the efficiency improve-
ment of inverted CsPbI; PSCs with low V.. and FF. TTH exhibits
the same LUMO energy level as PCBM Fig. 3b.*® The steady-state
normalized PL spectra (Fig. 3c) confirm the formation of the
TTH excited state even when the molecule is adsorbed on the
perovskite, indicating that part of the incident radiation is
directly absorbed by TTH. The excitation at 570 nm reveals the
presence of two distinct emission bands that are deconvoluted
as shown in Fig. S6: one corresponding to the perovskite
emission (peaking at 723 nm) and the other associated with one
of the TTH emissions (peaking at 680 nm). TTH emission
appears blue-shifted with respect to the photoluminescence of
the isolated film.* This shift suggests a strong interaction
between TTH and the perovskite surface, leading to increased
molecular rigidity. In fact, a reduced Stokes shift typically
indicates minimal structural reorganization in the excited state,
supporting the idea of restricted molecular motion due to
surface binding. This evidence points to a scenario where TTH
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Fig. 2 Device characteristics. (a) Schematics of perovskite solar cell architecture. (b) Statistical photovoltaic parameters obtained from 40
devices for PCBM and TTH. (c) J-V curves of the sample PCBM (reference) and TTH p—i—n PSCs under 1-sun (100 mW cm™2) illumination. (d)
Maximum power point for PCBM- and TTH-embedding devices. (e) Comparison of the IPCE spectra with an integrated Js. of 13.31 mA cm~2 and
14.13 mA cm 2 for PCBM and TTH, respectively. The stabilized power output under maximum power point (MPP) conditions of TTH and PCBM.
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PCBM or TTH respectively.

is not merely passively located at the interface but actively
participates in electronic processes. In this context, the
observed fluorescence from TTH confirms that part of the
incident radiation is absorbed by the molecule, triggering TTH
excited states and as a consequence its zwitterionic nature when
included as an interlayer in the perovskite device. A transient
dipole formed at the interface with perovskite under working
conditions.

To elucidate the electronic and optical properties of the
investigated device, density functional theory (DFT) simulations
were carried out, with particular emphasis on the perovskite/
electron transport layer (ETL) interface. Both TTH and PCBM
were considered representative ETLs.

Following the approach established in our previous studies
on MAPDI; (ref. 43) and FAPbI;,** a CsPbl; slab model was
adopted, featuring a Pb-terminated surface, which is recognized
as the most reactive and defect-prone termination due to the
presence of undercoordinated lead atoms* (for further details,
see Computational methods in the SI).

A complete monolayer of either TTH or PCBM molecules was
subsequently adsorbed onto the CsPbl; surface. As illustrated in
Fig. 4a and b, the computed adsorption energies per molecule
(AE,qs) for both ETLs are negative, indicative of a thermody-
namically favorable interaction with the perovskite surface and
suggestive of an intrinsic protective effect.

Interestingly, PCBM displays a more pronounced interaction
strength (—1.81 eV per molecule) compared to TTH (—0.84 eV
per molecule), although their adsorption configurations differ
substantially. PCBM coordinates the undercoordinated Pb
centers via the carbonyl oxygen of its ester functionality,
whereas TTH interacts through its chlorine atoms. This coor-
dination modality is known to effectively mitigate trap states
associated with undercoordinated lead sites.** Due to the steric
bulk of PCBM, at equivalent molecular coverages, TTH is
capable of passivating approximately twice the number of
undercoordinated Pb atoms, resulting in more efficient surface
passivation. This observation aligns with the experimentally
observed reduction in nonradiative recombination and the
corresponding increase in the open-circuit voltage (Vo).

The surface passivation was verified by X-ray Photoelectron
Spectroscopy (XPS) on CsPbl;, CsPbl; + PCBM and CsPbl; +

This journal is © The Royal Society of Chemistry 2025

TTH, and the results are reported in Fig. S7 and S8 and SI Table
S1. In the survey spectra in Fig. S7, C, O, I, Cs and Pb signals
were detected, while Cl was identified in CsPbl; + TTH with
a high resolution spectrum.

In Fig. S8, I 3d HR spectra show its characteristic spin-orbit
splitting with I 3ds/, and I 3d;/, located at ~618.5 and 630.0 eV,
corresponding to I species, composing the Pb-I bonds.*® Cs 3d
HR spectra display the Cs 3d5/, and Cs 3d;/, doublet at ~724.4
and 738.4 eV, which is related to the presence of Cs' in the 3D
perovskite structure.*® The Pb 4f HR spectra exhibit the char-
acteristic spin-orbit splitting of Pb 4f;,, and Pb 4f;, positioned
at ~137.6 and 142.5 eV, assigned to Pb>* incorporated within
[PbX,]*~ octahedral units.* The Cl 2p HR spectrum of the TTH
sample shows its characteristic spin-orbit splitting of CI 2p3,
and Cl 2p,,, at 200.3 and 201.9 eV, which revealed the presence
of organic Cl (C-Cl) from TTH.*” A chemical shifting in the main
signals of the perovskite towards higher binding energy (BE)
when PCBM is added to the CsPbl; perovskite was observed
(values of the shifting: Cs 3d (0.4 eV), Pb 4f (0.5 eV) and I 3d (0.7
eV)), while when TTH is added the shifting occurs in the
opposite direction, towards lower BE (values of the shifting: Cs
3d (0.4 eV), Pb 4f (0.4 eV) and I 3d (0.3 eV)). The different
chemical surroundings leading to different binding energies
are likely responsible for the better passivation of TTH. This
suggests a different nature of the interface between CsPbI3 and
the different molecules. In particular, as we can see in Table SI2,
the contribution to the adsorption energy for TTH is totally
associated with the dispersion interaction (D3) while PCBM also
shows a covalent component. Moreover, to further investigate
the nature of the perovskite/ETL interaction and to quantify the
extent of charge transfer across the perovskite interface, we have
resorted to a charge displacement (CD) analysis,*® which allows
us to visualize the displacement of charge occurring from the
non-interacting perovskite and ETL fragments to the interacting
heterointerface. We performed the CD analysis on the half
coverage interface to evaluate the effect of one molecule. As we
can see in Fig. 4c and d, the amount of charge accumulation at
the interface between perovskite and PCBM is larger than that
in the TTH case in line with the highest adsorption energy and
the presence of covalent contribution. This different electronic

J. Mater. Chem. A, 2025, 13, 39960-39969 | 39963
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Fig. 4 Optimized geometry of the perovskite/ETL interface with (a) TTH and (b) PCBM. The AE 4 in eV is also reported. The real space plot of the
charge redistribution upon adsorption and the planar-average profile along the z-axis for the (c) TTH and (d) PCBM molecules. In the real space
plots, the isosurface level was set to 0.002 e A~%; the blue isosurface indicates charge depletion and the yellow isosurface indicates charge
accumulation. In the profile diagrams, the perovskite slab boundaries are indicated by blue dotted lines.

character could be related to the different XPS behavior found
experimentally.

Besides the passivation of the surface, the intrinsic dipole
moment of the TTH molecule in its excited state may further
contribute to the V,. enhancement. Unfortunately, we are not
able, at this stage, to reproduce this kind of excited state in our
model considering the large interface model under periodic
boundary conditions. We previously reported this effect on
a different molecule, demonstrating the possibility of the VB
and CB level tuning of the perovskite under the effect of the
adsorbed species dipole.*” Considering the formation of the
TTH dipole under illumination at the perovskite interface as

39964 | J Mater. Chem. A, 2025, 13, 39960-39969

proved by PL, we can confidently assume the presence of such
an effect also in our system.

To further investigate the role of TTH, impedance spectros-
copy (IS) was conducted under open-circuit conditions with
different light intensities for TTH and PCBM based solar cells.*®
The Nyquist plots at V,. of impedance spectra at 1 sun are
presented in Fig. 5a. As it is generally observed in PSCs, we
detected principally two different semicircles, in low-frequency
(LF) and high-frequency (HF) ranges. In the devices measured
a decrease in the width of the arc is observed when TTH is used
which indicates a lower resistance or better transport due to the
presence of TTH at the interface with perovskite which will
result in higher PCE. These data were modeled with an

This journal is © The Royal Society of Chemistry 2025
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composed of a series resistance, Rs, and recombination resistance, R..., obtained as the sum of HF and LF arcs, considering the transport
resistance negligible, which is in parallel to a HF capacitance, Cgy, the geometrical capacitance, and an RC branch (Cq, and Ry,), that splits the
pattern into HF and LF arcs;*? (b) plot of recombination resistance (R,.c) versus applied voltage of devices based on PCBM and TTH as ETMs.

equivalent circuit previously reported as shown in the inset of
Fig. 5a.*” In particular, the recombination resistance, Ry.., see
Fig. 5b, has been obtained by the fitting of impedance
measurements, as the sum of the resistances of HF and LF arcs,
considering transport resistance to be negligible.*> In the
presence of the TTH layer the recombination resistance
increases, which in turn implies a decrease in the nonradiative
recombination rate. The recombination losses are effectively
reduced by TTH, in line with the observed increase in the V..
This could be due to the improved interface matching which
induces halide perovskite passivation, as confirmed by DFT,
reduction of interfacial recombination and the formation of the
dipole at the excited state. The lower surface recombination also
contributes to the enhancement of photocurrent® as observed
in Fig. 3.

Conclusions

We have effectively implemented a singlet diradicaloid, namely
the TTM-like thiele hydrocarbon (TTH), as an interface modifier
of CsPbl; perovskite in substitution of the typically used PCBM,
for passivating the p-type surface with deep energy-level traps
that leads to uneven band bending at the ETL/CsPbl; interface,
resulting in hindered electron transfer and significant non-
radiative recombination. This class of molecules, used for the
first time in perovskite solar cells, offers exceptional photo-
stability and polarization upon illumination, at the molecular
level. By XPS we verified the presence of a significant interaction
between TTH and the perovskite surface that was found to be
very favorable by DFT. TTH interacts with the undercoordinated
Pb through the chlorine atoms, providing overall a more effi-
cient passivation of the surface with respect to PCBM. Photo-
luminescence and IPCE further indicate that the molecule is not
just passively present at the interface but is actively involved in
electronic processes. Upon 1 sun illumination, TTH is directly
promoted to an excited state, suggesting that its photoexcitation
contributes to the interfacial charge dynamics. Impedance
spectroscopy revealed an increase in recombination resistance,
which implies a decrease in the nonradiative recombination

This journal is © The Royal Society of Chemistry 2025

rate. The recombination losses are effectively reduced by TTH,
resulting in an increase of the V. in the solar cell.

The relative PCE enhancements observed upon TTH incor-
poration provide a clear validation of its functional role in
modulating interfacial energetics and suppressing nonradiative
recombination. These improvements are fully consistent with
the spectroscopic, electrochemical, and theoretical evidence
presented, which collectively confirm the effectiveness of TTH
in defect passivation and interface dipole formation. More
broadly, this work demonstrates how the rational design of
molecular interface modifiers with tailored photophysical
properties can directly influence interfacial charge dynamics in
perovskite devices.

Beyond its application in photovoltaics, the unique combi-
nation of photostability, photoactivity, and directional charge
interaction exhibited by TTH underscores the potential of this
emerging class of photoresponsive diradicaloid molecules for
a wider range of perovskite-based optoelectronic technologies.
In particular, their integration could benefit light-emitting
diodes, photodetectors, and other architectures where precise
interface control is critical for performance and stability. As
such, TTH represents not only a functional alternative to
conventional fullerene-based materials, but also a molecular
platform for the development of next-generation hybrid
interfaces.

Materials and methods
Materials

Unless otherwise stated, all materials were used as received
without further purification. Cesium iodide (CslI, Anhydro-
Beads™, 99.999% trace metals basis (perovskite grade)) was
purchased from Sigma-Aldrich. Dimethylammonium chloride
(for synthesis) was purchased from Sigma-Aldrich. Poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS)
aqueous solution (PVP Al 4083) was purchased from Ossila and
[6,6]-phenyl Cg; butyric acid methyl ester (PCBM) and fullerene
Ceo (sublimed, 99.99%) were purchased from nano-C. Bath-
ocuproine (BCP) sublimated grade (purity > 99.5%) was
purchased from Ossila. Dimethylformamide (DMF) anhydrous
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99.8% and chlorobenzene (CB)
purchased from Sigma-Aldrich.

anhydrous 99.8% were

DMAPbDI; powder synthesis

The DMAPbI; precursor was prepared by dissolving PbI, (4.62 g)
in DMF (10 mL) and then adding HI (3.6 mL), followed by
stirring at 50 °C overnight to ensure complete reaction. To
remove excess HI, the precursor was then washed with absolute
ethanol to obtain a light-yellow precipitate. The obtained
powder was dried in a vacuum at 65 °C for 12 h and stored in
a nitrogen glovebox®**> and characterized (SI Fig. S2a and b).

Perovskite solution

CsI and DMAPbI; powder in a molar ratio of 1 : 1 were dissolved
in 1 mL DMF to obtain a final concentration of 0.6 M, followed
by stirring for 1 h at 60 °C. To regulate the crystallization
process of the CsPbl; perovskite films, DMACI] was incorporated
into the precursor solutions at a concentration of 2,28 mg
mL '8

TTH synthesis

TTH was synthesized according to a procedure reported in the
literature.>

Device fabrication

Pre-patterned ITO glasses were washed with detergent solution
(Semico Clean 56, Furuuchi Chemical), water, and isopropanol,
followed by drying with an air gun and UV-ozone treatment was
performed before the hole transport layer (HTL) deposition. The
PEDOT:PSS hole transport layer was fabricated from an aqueous
dispersion which was filtered through a 0.45 um PVDF filter and
then spin coated on the ITO substrate in air, using a spin
program of 3500 rpm for 40 s, and annealed at 80 °C for 1 min
and 120 °C for 30 min, and then cooled to room temperature.
Subsequently, the glass/ITO substrates with PEDOT:PSS
deposited were transferred into a nitrogen-filled glove box.
Cesium lead iodide solution was spin-coated on PEDOT:PSS
and processed at 3000 rpm for 30 s without dripping. The ob-
tained films were subsequently annealed onto a hot plate at 210
°C for 1 min and then cooled to room temperature. The
temperature in the glove-box needs to be kept below 24 °C in
order to obtain reproducible film characteristics. PCBM (10 mg
mL " in CB) and TTH (0.75 mg mL™" in CB) were spin-coated at
2000 rpm for 45 seconds and dried in a N, glove box at room
temperature without annealing for 20 minutes. The perovskite-
coated samples were moved under N, to a vacuum deposition
chamber, where 20 nm of Cg, (deposition rate 0.01 nm s~ ') and
8 nm of BCP (deposition rate 0.01 nm s~ ') were deposited by
thermal evaporation. The top electrode was prepared by
depositing 110 nm of Ag through a shadow mask. The deposi-
tion rate for Ag was first set at 0.005 nm s~ * to reach 5 nm, then
raised to 0.01 nm s ' to reach 20 nm, and finally raised to
0.08 nm s ' to reach the target thickness.
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Characterization techniques

Photoluminescence (PL) spectra. Photoluminescence (PL)
spectra were collected by using a Fluorolog®-3 spectrofluo-
rometer (HORIBA Jobin-Yvon, Edison, NJ, USA), equipped with
a 450 W xenon lamp as the excitation source and double grating
excitation and emission monochromators. The PL emission
spectra were recorded at ambient temperature by using an
excitation wavelength of 570 nm.

Incident-photon-to current conversion efficiency (IPCE).
IPCE was measured using a QEPVSI-b Oriel measurement
system and measured in DC mode.

Electrochemical impedance spectroscopy (EIS) measure-
ments. Electrochemical impedance spectroscopy (EIS)
measurements were performed by applying 20 mV voltage
perturbation at different frequencies from 1 MHz to 0.1 Hz on
a PGSTAT-30 from Autolab and under 1 sun illumination at
different applied potentials, from 0 to 1.2 volts. A Xe lamp was
used to illuminate the PSC controlling the light intensity with
neutral density filters, at 1 sun (100 mW cm™~?) on a logarithmic
scale. The AC voltage perturbation was fixed at 20 mV under
open-circuit conditions. The integration time was fixed at
0.125 s and the number of cycles was equal to 1. Each frequency
spectrum was measured ranging between 1 MHz and 0.1 Hz.
The recombination resistance was calculated by using the
equivalent circuit previously reported.**

Solar cell characterization. The current voltage (/-V) curves
are measured using a Keithley 2612 source meter under AM
1.5G (1000 W m~?) provided using a solar simulator from Abet
and xenon short-arc lamp Ushio 150 watts, in the air at
a temperature of around 25 °C and without encapsulation. Each
curve is generated using 123 data points from a starting
potential of 1.2 V to a final potential of —0.02 V (reverse scan;
vice versa for the forward scan) using a scan rate of 10 mV s~ .
The active area of the cell is 0.121 cm®. The operation stability
was evaluated by maximum power point tracking under
continuous 1 sun illumination.

X-ray diffraction. XRD patterns for structural investigations
were collected using a PANalytical Empyrean diffractometer
equipped with a 1.8 kW CuKo. ceramic X-ray tube (1 = 1.5418 A)
and a real time multiple strip (RTMS) PIXcel3D detector.
Analytical conditions were 40 mA and 40 kV, a scanning speed
of 0.026° s, and a 26 range from 7° to 80°. To minimize
background noise coming from the holder and to improve the
signal to background in a powder pattern, a zero-background
holder (ZBH) made of a single crystal silicon cut at a special
orientation parallel to the Si (510) plane was used. All powdered
samples were packed in a shallow cavity of 8 mm diameter and
0.2 mm thickness and all measurements were performed at
room temperature.

Attenuated total reflectance - Fourier transform infrared
spectroscopy (ATR-FTIR). A vacuum Bruker Vertex 70v Fourier
transform infrared spectrometer was used to record the infrared
absorption spectra of perovskite thin films deposited on glass in
the range 400-4000 cm™ " over 32 scans with a resolution of
4 cm™ . Spectra were collected in attenuated total reflectance

This journal is © The Royal Society of Chemistry 2025
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mode utilizing an ATR module equipped with a single reflection
diamond ATR crystal (refractive index of 2.4).

Scanning electron microscopy (SEM). The topographical and
cross-sectional images were recorded using a field emission
scanning electron microscope (FEG-SEM) JEOL 3100F operated
at 5 kV. The SEM was recorded from films deposited on top of
the ITO substrate.

X-ray photoelectron spectroscopy (XPS). The surface chem-
istry, composition, and electronic state were determined by X-
ray Photoelectron Spectroscopy (XPS, ESCA-2SR, Scienta-
Omicron). The spectra were recorded at a pass energy of
150 eV for survey and 30 eV for high-resolution (HR), respec-
tively, by employing monochromatic Al Ko = 1486.6 €V, oper-
ated at 200 W and 12.5 kV. The surface charge was compensated
for by using a charge neutralizer (CN-10) operated at 7 pA and
1 eV. Adventitious carbon (284.8 eV) was utilized for reference
on the binding energy scale. CasaXPS processing software (Casa
Software Ltd) was used to analyze the data.

Computational details

The calculations were based on the experimental crystal struc-
ture of CsPbl; obtained from the work of Sutton et al.>* We fixed
the lattice parameters to the orthorhombic black phase with a =
8.856 A, b = 8.577 A and ¢ = 12.472 A and relaxed only the ions
inside the unit cell. All calculations were performed using the
Quantum Espresso packages,’** employing density functional
theory (DFT) at the PBE level of theory within the generalized
gradient approximation (GGA). To account for van der Waals
interactions, the Perdew-Burke-Ernzerhof (PBE) functional was
employed with DFT-D3 dispersion corrections.** Norm
conserving pseudopotential from the dojo04 repository®” was
used to describe core-valence interactions, with a kinetic energy
cutoff of 60 Ry for the wavefunction and 240 Ry for the charge
density. A gamma-centered k-point grid of 4 x 4 x 2 was
employed for Brillouin zone sampling of the unit cell. To refine
the electronic structure predictions and improve the accuracy of
band gap estimations, the hybrid exchange-correlation func-
tional HSE06 (ref. 58) was utilized, with the exact exchange
parameter set to 0.43. The calculated band gap at the PBE level
of theory is 1.67 eV, and with HSE06-SOC it is 1.71 eV, which
agrees well with the experimental band gap of 1.69 obtained
from this work.

Once the unit cell was fully analyzed, we extended our study
to the surfaces. A 2 x 2 in-plane supercell was constructed, and
the perpendicular direction was cleaved to create the (001)
surface by adding a 20 A of vacuum. Two distinct terminations
were investigated: the Csl-terminated surface, referred to as
“passivated,” and the Pbl,-terminated surface, referred to as
“unpassivated”. Hence, we focused only on the Pbl, terminated
surface and we studied the difference in adsorption and the
consequential changes in the electronic properties of the
perovskite materials by adsorbing the PCBM and TTH mole-
cules as ETL materials. The adsorption energy (E.qgs) is calcu-
lated following this equation:

AEads = [Emolecule-slab - (Epristine —nX Emolecule)]/n (1)

This journal is © The Royal Society of Chemistry 2025
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where Enolecule-siab 1S the total energy of the passivated slab;
Epristine 1S the total energy of the pristine Pbl,- or MAI-termi-
nated bare surface and molecule is the energy of the isolated
molecule. We normalize E,qs by dividing by the number of
molecules (n) corresponding to the number of the molecules
adsorbed on the surfaces. Finally, the energy positions of the
valence band maxima (VBM) on differently terminated surfaces
were quantified by calculating the associated ionization energy
(IE). The IE is defined here as the energy required to extract
electrons from the valence band and is distinguished from the
work function of the slab, which is the energy required to extract
electrons from the Fermi level and is significantly influenced by
carrier densities and surface defects.
IEs were calculated by using the expression:

IE = Eyoc — Evem (2)

The bulk CsPbl; VBMs used in eqn (2) were obtained by
matching the electrostatic potential in the slab to that in bulk
CsPbl;. In eqn (2) Ey,. is the potential in the vacuum, i.e. the
sum of the pseudo and Hartree potentials (Vps + Vi) in the
vacuum region between periodic slabs, and Eygys is the energy
of the top of the valence band of bulk CsPbI;.
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