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A B S T R A C T

Traps and structural defects at the hole and electron transport interfaces of the microcrystalline absorber limits
the efficiency and long-term stability of perovskite solar cells (PSCs) due to accumulation of the ionic clusters,
non-radiative recombination and electrochemical corrosion. Surface engineering using self-assembled mono-
layers (SAM) was considered as an effective strategy for modification of charge-collection junctions. In this work,
we demonstrate the first report about complex integration of a SAM for double-side passivation in p-i-n PSCs.
Integrating the novel 5-(4-[bis(4-fluorophenyl)amino]phenyl)thiophene-2-carboxylic acid (FTPATC) as a fluo-
rinated SAM at the hole-transport interface reduced potential barriers and lattice stresses in the absorber. At the
electron-transport side, FTPATC interacted with the A-site cations of the perovskite molecule (Cs, for-
mamidinium), inducing a dipole for defect compensation. Using the passivation approach with fluorinated SAM
demonstrated benefits in the gain of the output performance up to 22.2 %. The key-advantage of double-side
passivation was confirmed by the enhanced stability under continuous light-soaking (1-sun equivalent, 65 ◦C,
ISOS-L-2), maintaining 88 % of the initial performance over 1680 h and thermal stabilization under harsh
heating at 90 ◦C.

1. Introduction

Halide perovskites (HPs) stand out as one of the most promising
materials for next-generation photovoltaics (PVs) [1], owing unique
combination of semiconductor properties and simplified fabrication
technology. Solar cells based on HPs are thin-film devices with an
absorber of submicron thickness and microcrystalline morphology. HP
layers are characterized by strong absorption in the visible range
(104–105 cm⁻1) [2], suppressed non-radiative recombination dynamics
[3], and relatively high charge carrier mobility (up to 10 cm2 V⁻1 s⁻1)
[4]. Combined with scalable manufacturing methods based on

solution-processing (slot-die coating [5], ink-jet printing [6], etc.), this
technology shows great potential for reducing capital expenditures
(CAPEX) at the commercialization stage [7]. To date, perovskite solar
cells (PCSs) have achieved a power conversion efficiency (PCE) record
of 26.7 % [8], demonstrating benefits over well-developed PV technol-
ogies compared to thin-film CdTe and CIGS devices, and offering
competitive performance with various crystalline Si cells [8].

However, the use of simplified technological processes complicates
the fine-tuning of transport properties and the structural perfection of
HP thin-films. Microcrystalline absorber interfaces are characterized
with uncompensated defects and a high concentration of structural
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imperfections [9]. The presence of ionic species and perovskite
decomposition products (I₂, etc.) [10] can induce unfavorable accumu-
lation at the contacts with transport layers or electrodes under an
electric field [11], potentially triggering electrochemical corrosion. This
can result in the decomposition of perovskite and the degradation of the
device structure.

The interface engineering using self-assembled monolayers (SAM)
was considered as an effective strategy for surface passivation and
improvement of energy level alignment in PSCs. The formation of SAM is
made possible by the phenomenon of self-assembly, which refers to the
spontaneous organization of components into patterns and structures
[12]. The formation of SAM is contingent upon the availability of a
range of interactions, including covalent bonds, hydrogen bonding,
electrostatic interactions, hydrophobic interactions, and steric repulsion
between the SAMmatrix and the substrate material [13]. The formation
of covalent bonds in semiconductor devices between SAM and materials
employed in electrodes and transport layers (for example, metal oxides)
is feasible due to the presence of the so-called anchor group in the SAM.
It is most common for acid residues to act as anchor groups, specifically
carboxylic and organophosphorus acids. Covalent bonds are formed
between the oxygen or hydrogen atoms of the acid group and the metal
or oxygen atoms of the semiconductor material [14].

To achieve the optimal properties of SAM, it is possible to vary the
anchor group andmodify the terminal group of the molecule. A common
method for modifying SAM is the introduction of halogen atoms into the
terminal group. The incorporation of F, Cl, Br, or I into the molecular
composition allows for the manipulation of HOMO and LUMO levels, the
work function (WF), the hydrophobicity of the resulting material’s sur-
face [15], and consequently, the photovoltaic properties of the final
device. Of the halogens, the modification of SAM by the introduction of a
fluorine atom into the molecule is particularly noteworthy. The fluorine
atom is notable for its strong electronegativity, which enables it to form
robust hydrogen bonds with the hydrogens of the amino groups present
in the organic ligands of the perovskite. This binding action increases the
thermal stability of the device. Furthermore, the surfaces formed by
fluorinated molecules are typically hydrophobic, providing a protective
barrier against moisture-induced erosion [16].

In the actual literature, numerous reports highlight the advantages
for application of SAM for hole-transport interlayers, mainly in p-i-n
device architectures [17]. However, surface passivation and stabiliza-
tion at the absorber/charge transport layer junction on the electron
collection side are also required. Double-side passivation, close to
c-Si/amorphous-Si heterostructures concept [18], represents a prom-
ising approach for stabilization of interfaces and improvement in charge
collection efficiency. Several research groups reported the efforts for
double side interface modification using organic dielectrics [19], poly-
electrolytes [20], halide-containing compounds [21] and 2D perovskites
[22]. Nevertheless, the stabilization of interfaces and improvements in
device efficiency necessitate the development of novel methods and
their implementation. The subject of integrating double-sided passiv-
ation with modified self-assembled monolayers (SAMs) has yet to un-
dergo rigorous investigation and analysis. In this paper we present a
comprehensive study on the use of self-assembled monolayer based on
5-(4-[bis(4-fluorophenyl)amino]phenyl)thiophene-2-carboxylic acid
(FTPATC) for both-side interface passivation in p-i-n PSC. In our recent
research [23], we demonstrated devices based on TPATC material that
exhibited excellent performance. To further enhance the material,
TPATC underwent a modification process involving the introduction of
two fluorine atoms into the benzene rings of the triphenylamine unit,
situated in the para-position relative to the nitrogen atom.

We presented a complex investigation into the effect of FTPATC on
the surface and optoelectronic properties of the double-cation perov-
skite CsFAPbI₂.₉₃Cl₀.₀₇. SAM integration resulted in significant Fermi
level pinning, changes in energy level alignment, and qualitative im-
provements in buried interface morphology. We found that FTPATC
suppresses trapping and reduces non-radiative recombination, which in

turn decreased the dark currents and the non-ideality factor of the PSCs.
Passivation with SAM gained the photoelectric performance from ~20
% for the bare device to ~22 % for p-side modification and ~21 % for
double-side configuration, respectively. Interface engineering with
FTPATC allowed to reach relevant stability of the devices under
continuous photo-stress (ISOS-L-2) exceeding 1750h for T80 period. The
detailed study of surface properties uncovered the interaction of
FTPATC with Cs and FA cations, which led to improved thermal stabi-
lization under harsh heating conditions up to 90 ◦C. We deeply analyzed
the specific impact of modifying single interfaces and the synergy of
combining approaches with the application of fluorinated SAM. A
gathered insights provides a detailed investigation on changes in thin-
film/surface properties and physical processes in solar cells.

1.1. Results and discussions

In our work, the surface passivation of charge-transporting in-
terlayers was achieved through the use of FTPATC as a novel SAM. The
synthesis of FTPATC is outlined in Fig. 1(a)(b). The initial stage of the
synthesis involved an N-arylation reaction between 1-bromo-4-fluoro-
benzene (1) and aniline carried out under Buchwald-Hartwig condi-
tions. This resulted in the formation of a difluorine-substituted
triphenylamine derivative (2), which was obtained in 91 % yield. Sub-
sequently, a non-functional bis(4-fluorophenyl)[4-(2-thienyl)phenyl]
amine (5) was obtained via the bromination reaction of compound 2
with N-bromosuccinimide (NBS) in 87 % yield followed by the Suzuki
cross-coupling reaction with 4,4,5,5-tetramethyl-2-(2-thienyl)-1,3,2-
dioxaborolane (4) in 74 % yield. The final stage involved the carbox-
ylation reaction of the in situ prepared lithium derivative of the com-
pound 5, which resulted in the target compound FTPATC being obtained
in 70% yield. Further details and experimental protocols can be found in
the ESI (synthetic procedures section). All of the compounds were iso-
lated and characterized by 1H and 13C NMR spectroscopy (see ESI,
Figs. S1–S8). FTPATC was found to be a crystalline material with a
melting temperature of 224 ◦C and a relatively high decomposition
temperature (above 255 ◦C) (see ESI, Fig. S9). Moreover, the absorption
maximum of FTPATC in the thin film occurs at 393 nm, which circum-
vents the «parasitic » light absorption by the HTL in p-i-n device ar-
chitectures. The HOMO and LUMO energy levels for FTPATC were
determined to be − 5.42 eV and − 2.61 eV, respectively, according to the
cyclic voltammetry (CV) technique (see ESI, Fig. S10). The estimated
HOMO and LUMO energy values allow us to classify FTPATC SAM as a p-
type semiconductor material. Whereas, the HOMO and LUMO energy
level values taken from the literature for the mixed perovskite CsFAP-
bI3-xClx we used were given aprox. as − 5.5 eV and − 3.9 eV, respectively
[24,25]. Thus, it can be assumed that FTPATC is quite suitable for the
hole transport from the perovskite, whereas in the case of electrons, the
charge transport is expected to be hindered due to the mismatch of its
LUMO energy level. However, considering the thin thickness of the
FTPATC interfacial layers used, a less pronounced decrease in the
electron transport can be expected due to the presence of a tunneling
effect for the charge transfer. Looking ahead, these conclusions are also
traced when analyzing the output characteristics of the devices in which
FTPATC was used. The p-side modification resulted in a significant
improvement in efficiency compared to the control device, whereas the
n-side modification resulted in a slight decrease. However, this delib-
erate trade-off was aimed primarily at achieving a mutual synergistic
effect of device stability increase, which was achieved precisely by using
a double side modification.

To evaluate the specific properties of the developed SAM, we
analyzed the properties of NiO/FTPATC thin-film structures, multilayer
samples with microcrystalline perovskite, and p-i-n solar cells. Briefly,
the devices with planar, so-called inverted structures were manufac-
tured with the following architecture (Fig. 1(c)): Glass/ITO (anode)–330
nm/NiO (hole-transport layer, p-type, 20 nm)/SAM interlayer/perov-
skite absorber (intrinsic, 450 nm)/SAM interlayer/C60 (electron
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transport layer, n-type, 40 nm)/bathocuproine (BCP-Ti3C2, hole block-
ing layer, 8 nm)/Bi–Cu (metal cathode, 10/100 nm). The absorber was
Cs0.2FA0.8PbI2.93Cl0.07 fabricated accord to our previous investigation
[26]. The synthesized FTPATC was integrated into NiO/perovskite and
perovskite/C60 interfaces via solution processing. To simplify sample
identification, we used the following names: “control” for bare config-
urations, “p-side” for configurations with SAM at the HTL/absorber
junction, “n-side” for configurations with SAM at the absorber/ETL
junction, and “d-side” (double-side) for modifications on both sides of
the perovskite thin-film.

To estimate the optical properties of FTPATC integrated to HTLs, we
measured the transmittance of thin-films, PL spectra and TRPL dynamics
for stacks with perovskite absorber and Tauc plot calculations for
extraction of band-gap energy (Eg) (Fig. S11 in electronic supplementary
material (ESI)). The obtained transmittance plot (Fig. S11(a) in ESI)
indicates FTPATC parasitic absorption in the short-wavelength region
(300–450 nm), corresponding to its wide band-gap. Analysis of the
perovskite absorption spectra with Tauc calculation method (Fig. S11
(b), ESI) showed that band-gap of perovskite thin-filmwas ~1.58 eV and
hadn’t relevant changes for p-side, n-side and d-side configurations. The
photoluminescence spectra of perovskite absorber with deposited SAM
interlayers presented in Fig. S11(с) (ESI). For multilayer structures with
the absorber, an increase in photoluminescence intensity was observed

for the p-side and d-side configurations compared to the control sample,
whereas no changes in signal amplitude were observed for the n-side
configuration. Typically, the quenching of the PL signal in multilayer
structures with perovskite thin-films is recognized as a signature of
photoinduced charge transfer. Suchmeasurements are one of the routine
methods for evaluating photo-induced charge transfer in thin-film HP-
based structures, although interpreting these results is not always
straightforward. As reported in Campanari’s work [27], it is not possible
to establish a clear relationship between PL quenching and photoelectric
performance. We also observed fluctuations in the peak position for the
investigated sample configurations within the range of 1.59–1.61 eV,
which can be attributed to the reconfiguration of surface trapping states
[28]. In our case, the crystallization of perovskite on the
FTPATC-modified surface (p-side, d-side) indicates a reduced contribu-
tion of non-radiative processes and improved thin-film quality. The
obtained trend was supported by TRPL data (Fig. S11(d) and Table S1 in
ESI). While, the extracted total charge carrier lifetime was almost equal
for control and n-side samples (~42 ns), the p-side and d-side showed an
increase up to ~50 ns, obviously originated from the presence of
FTPATC at hole collection interface. Increased carrier lifetime in
multilayer samples with HP thin-films is generally indicative of reduced
recombination rates, so the charge carriers can exist for longer periods
before SRH recombination [29,30].

Fig. 1. Synthesis scheme of the compound FTPATC (a); visualization of the FTPATC molecule (b); the device schematics of p-i-n PSCs with integrated SAM in-
terlayers in hole and electron collection interfaces (c).
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The specific feature of the SAM for interface integration in PCSs is
tuning of the surface wettability. Incorporation of SAM on HTL could
enhance hydrophobicity and impacts on crystallization dynamics of the
perovskite thin-films. The measurements of the wetting angle (WA) on
bare and modified NiO surfaces (Fig. S12, ESI) revealed increase of from
26◦ to 74◦. The investigation surface morphology for the control and p-
side multilayer stacks (Fig. S13, ESI) exhibited almost equal average
grain size ~120 nm.

Despite the absence of notable changes in the morphology of
perovskite layers with SAM, the analysis of structural properties could
give an insight for differences in lattice parameters, phase composition
and possible strain-effects. X-ray qualitative phase analysis was con-
ducted on control, p-side, n-side, and d-side samples, as depicted in
Fig. S14 (ESI). The predominant phase observed in all samples was the
P4/mbm tetragonal phase of β-CsFAPbI₃, characterized by peaks at
14.08⁰, 19.96⁰, 22.33⁰, 24.50⁰, 26.51⁰, 28.35⁰, and 31.80⁰. No additional
phases were detected. The introduction of FTPATC notably influenced
the peak positions of the perovskite phase (Fig. 2(a)). Lattice parameters
were calculated using the Rietveld method and are presented in
Table S2 (ESI). For the p-side sample, the parameter "a" changed from
8.904 Å in the control sample to 8.923 Å upon FTPATC application.
Covering the perovskite with FTPATC resulted in compression of the "c"
parameter from 6.314 Å in the control sample to 6.302 Å in both the n-
side and d-side samples. In contrast to n-side sample, the d-side had
lattice parameters of a = 8.907 Å and c = 6.302 Å. This displays a
distinct decrease in crystal unit cell size, leading to the initiation of
compressive strain in the perovskite film. As reported [31], compressive
strain enhances phase stability of the perovskite film associated with ion
migration.

To reveal the features of the interlayer interaction for perovskite/
FTPATC, we conducted XPS analysis. The survey spectrum is shown in
Fig. S15 (ESI), with changes in elemental composition detailed in
Table S2 (ESI). The high-resolution F1s spectrum (Fig. 2(b)) confirms
the presence of fluorine on the back surface of the absorber (electron
collection side) as well as at the buried interface with HTL (p-side bot-
tom). Comparing the bare absorber with perovskite/FTPATC (n-side),
we observed a 0.15 eV shift in the Cs3d5/2 maximum (Fig. 2(c)). Fitting
the components of the corresponding Pb4f peaks (Fig. 2(d)) indicated
area changes in line intensities at 138.9 eV. Notably, for the outer shell
electrons of Pb5d5/2 (Fig. 2(e)), a shift to lower binding energies

(increased kinetic energy) was observed for the n-side configuration.
This results in total shift of the maxima valence bend towards Fermi
level from 1.55 eV (control) to 1.26 eV (n-side) as shown in Fig. S16
(ESI). N1s spectra presented in Fig. S17 (ESI). So, the resulting changes
of the energy level position for perovskite/FTPATC interface reached
~0.3 eV compared to Control sample.

In order to elucidate potential chemical interactions for FTPATCwith
organic cation of the perovskite molecule (formamidinium), the set of
liquid-state proton nuclear magnetic resonance (1H NMR) studies was
conducted in DMSO solution (Fig. 2(f)). The NMR data indicated the
presence of the broad peak, attributed to four equal ─NH2 protons, at δ
8.75 ppm, while the formyl singlet proton peak was observed at δ 7.84
ppm, for pure formamidinium iodide (FAI), which in accordance with
the literature data (full spectra, in Fig. S18, ESI). The followed addition
of FTPATC, the weak carboxylic acid, resulted in a significant change in
the spectrum (1:1 M ratio). The equivalence of the ─NH2 protons was no
longer observed, and the presence of two signals at δ 8.99 and δ 8.64
ppm was noted, while the formyl proton located at δ 7.84 ppm was
recorded as a triplet of triplets. The similar pattern, previously observed
in the literature when adding molecular iodine (I2) to FAI in DMSO
solution, indicated the formation of strong hydrogen bonds between
amino-protons and the triiodide anion (I3─) via η3-allylic complexes
shaping, which is not observed for the iodide anion (I─) [32]. Further-
more, the formamidinium triiodide single crystal was isolated and
characterized in its individual state [33]. Based on the aforementioned
considerations, it can be proposed that a comparable observation was
likely to occur for the FAI and FTPATC interaction. The presence of
hydrogen bonds ensures the binding of FTPATC on the perovskite sur-
face through the chemical interactions with the organic cation, which, in
some studies, is considered as a proxy for better passivation [34]. Slight
changes in the cesium peak position, along with NMR data, indicate that
FTPATC forms chemical bonds with the A-site cations of the perovskite
molecule, specifically Cs and FA. We should note that XPS exhibited
considerable changes only in outer shell electrons energy, which could
be originated from the locally enhanced electric field on the surface
induced by formation of the dipole [35].

To explore the possible changes in optoelectronic properties of the
modified thin-films, we used KPFM (Kelvin probe force microscope)
technique. Analyzing the surface potential of multilayer HTLs with a
perovskite layer is not trivial. These studies require consideration of the

Fig. 2. XRD patterns of perovskite films with FTPATC in different interfaces (a); high resolution XPS spectra of F1s (b); Cs3d5/2 (c); Pb4f (d); Pb5d5/2 (e) for
perovskite with and w/o FTPATC and 1H HMR spectra of FAI, FTPATC and their blend in d-DMSO solution (f).
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properties of individual thin-films as well as the buried interface of the
absorber, where the surface state plays a crucial role in photo-carrier
charge transport. We performed the mapping of the surface potential
measurements with calculations of the work-function values for charge
transporting layers stacks and de-laminated perovskite absorber with
SAM interlayer (Fig. 3 (a) and Fig. S19 in ESI). The calculated mean Wf
for the surfaces of bare NiO and FTPATC HTL were close, with values of
4.69 and 4.67 eV, respectively. The observed KPFM data showed that the
FTPATC interlayer reduces the energy level offset (ΔE) between NiO and
the absorber from 0.46 to 0.08 eV. This could potentially reduce the
impact of hole accumulation at the interface, reduce the dynamics of
non-radiative recombination processes, and increase charge-carrier
extraction efficiency. Analysis of the top (electron collection) side of
the absorber showed that bare perovskite film has Wf of 4.48 eV, while
for n-side configuration we observed a shift to 4.57 eV. Hypothetically,
this could affect to energy level alignment with C60 ETL which has the
position of lowest unoccupied molecular orbit at ~4.2 eV [36]. How-
ever, the complex impact of surface modification on quasi-Fermi level
splitting under light exposure requires analysis of PSC output.

Further, we made the analysis of interface passivation with FTPATC
on the output of the p-i-n devices. To investigate the photoelectric
performance of the fabricated PSCs, we used standard illumination
conditions (AM 1.5 G spectra, 100 mW/cm2, 25 ◦C) employing AAA Xe
solar simulator. The box-charts with statistical distribution of output
parameters (open circuit voltage- Voc, chort-circuit current density - Jsc,
filling factor–FF, power conversion efficiency - PCE) extracted from the
volt-ampere (IV) curves presented in Fig. S20 (ESI). The performance of
the champion devices is shown on Fig. 4(a). All IV characterization was
conducted in the ambient conditions for the encapsulated devices. The
best (average) PCE of control PCSs reached the values of 20.2 % (18.9
%). The devices of p- and d-side configurations showed a relevant in-
crease in PCE up to 22.2 % (19.4 %) and 21.3 % (19.6 %), respectively.
In contrast, the n-side devices exhibited a slight reduction in PCE with
values of 19.9 % (18.3 %). Primarily, the changes in PCE were driven by
Voc and JSC, while the average/best FF values for all device configura-
tions fluctuated in the narrow range of 78–79 %. In solar cells, the Voc
value related to quasi-Fermi level (QFL) splitting, which occurs in the
perovskite absorber during photo-injection. Theoretically, Voc and QFLS
values should be very close, but experimental results typically demon-
strates that Voc is much lower. The large mismatch between QFL and
open-circuit voltage in the devices originates from the energy level offset
for absorber and charge transporting layers, combined with the pro-
cesses of the interfacial recombination. This could cause unfavorable
bending of the energy levels, leading to a reduction in Voc and affecting
charge carrier transport efficiency. Our results highlight that interface
modification with FTPATC has a significant impact on Voc changes. The
best (average) Voc values for the control devices were 1.08 V (1.07 V). P-
side PCSs increased to 1.13 V (1.10 V), while d-side devices exhibited
the strongest gain, achieving 1.14 V (1.13 V). Interestingly, for the n-
side configuration, we observed a decrease in Voc to 1.06 V (1.03 V),
which is lower than the control. Notably, d-side devices, which also have

FTPATC on the electron collection side, didn’t show this trend. This
indicates that reconfiguring energy level alignment and FLP in the
absorber should be combined to achieve an optimal Wf shift. The
changes in Jsc for PCSs with SAM were less dramatic, but statistical
analysis clearly showed the effect of interface engineering. The Jsc for
control PSCs was 23.7 mA/cm2 (22.6 mA/cm2). For the p-side config-
uration, the mean values were similar − 22.7 mA/cm2, although the
champion value reached 24.6 mA/cm2. We observed a statistically
proved increase in Jsc for the n-side configurations at 23.6 mA/cm2

(23.1 mA/cm2), as well as for the d-side, which had the highest Jsc values
at 24.2 mA/cm2 (23.6 mA/cm2). The observed results demonstrate that
double-sided interface engineering with SAM has a complex impact,
with specific effects on both hole and electron-transport interfaces.

Interface modification with FTPATC had a notable effect on device
Jsc confirmed by external quantum efficiency spectra presented on Fig. 4
(b). Jsc extraction via EQE spectrum integration (AM 1.5 G conditions)
demonstrated an increase in photocurrent from 20.8 mA/cm2 for the
control device to approximately 22 mA/cm2 for PSCs with a SAM
interlayer. We observed enhanced photoelectric conversion across the
entire absorption spectrum of the CsFAPbI₃ absorber. Configurations
with FTPATC at the HTL interface (p-side, d-side) exhibited a charac-
teristic gain in the short wavelength region of 380–420 nm. Photons
with higher energy are more efficiently absorbed in the near-surface
region of solar cells, indicating improved hole collection efficiency
and the absence of parasitic absorption by the FTPATC interlayer.

The stabilization of the output performance was estimated with
maximum power point (Pmax) tracking (MPPT) of PSCs (Fig. 4(с)) under
standard conditions of illumination. Control devices showed absence of
the light-soaking effects on Pmax for 500 s. We found that p- and n-side
configurations have the opposite trends for the stabilization. P-side de-
vices showed slight increase in Pmax before saturation (+~1.2 %), while
n-side PCS have a reduction in ~2 %. This displays different nature of
the traps-filling process under photo-injection, which is typically asso-
ciated with light-soaking/accumulation effects. Finally, the d-side PSC
also had the negligible fluctuation of Pmax, which could be originated
from complex impact of energy level alignment.

The transport properties of PSCs were evaluated through an analysis
of the dark JV curves (Fig. 4(d)). The devices demonstrated relevant
diode behavior with strong electrical rectification. The use of SAM
effectively reduced the leakage current (JL), correlating with the type of
interface modification. For the control device, the JL value (− 0.2 V bias)
was 10− 4 A/cm2. Incorporating FTPATC in single-side configurations
reduced this value by an order of magnitude, while for d-side PSCs, JL
reached 10− 6 A/cm2. The shunt resistance (Rsh) calculation showed a
significant increase, from 3.6 kOhm⋅cm2 for the control to 446
kOhm⋅cm2 for the d-side. The dark volt-ampere characteristic of the
solar cell can be divided into four main sections: shunt current (I),
recombination current (II), diffusion current (III), and contact resistance
(IV). For comprehensive analysis of the charge transport in control and
target PSCs, we performed a fitting of dark JVs using 2-diode model
(Fig. S21, equations S1-S8, see ESI for the details) and extracted the

Fig. 3. The Wf values measured for the HTL surface (a) and buried interfaces of the HTL/absorber (b).
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specific parameters: non-ideality factor (n); dark saturation currents
(J0). The physical meaning of the non-ideality factor is closely related to
the dominant recombination processes occurring within the photodiode.
For the well-established diode architectures (like Si or AIIIBV devices),
the n values typically are in the range between 1 and 2. When n is close
to 1, it indicates that the dominant recombination process occurs in the
bulk (neutral) regions of the photodiode (recombination goes primarily
due to band-to-band transitions). The increase of n value up to 2 suggests
the shift of the dominant recombination process to interfaces involving
trap states (so-called Shockley-Read-Hall (SRH) recombination). Due to
the presence of two hetero junctions, applying standard models to HP-
based p-i-n diode structures is complex. Therefore, the recombination
processes in PCSs are not accurately described by an n range of 1–2, and
corresponding equivalent electrical circuits require modifications. In
this work, we used a 2-diode model with series-connected diodes, where
the total n for the device was the sum of the individual values. The
extracted n (Table 1) showed the highest value for the control PSC
(2.31), while device with single-side modifications (p- and n-configu-
rations) had reduced and almost equal non-ideality factors ~2.14. D-
side PSC demonstrated the synergetic effect of SAM integration, reach-
ing the n = 1.58. This trend reveals the beneficial role of FTPATC in the
suppression of unfavorable trapping processes at the interfaces. The

decrease in J0 for the devices with interface modification (see Table 1)
support the observed findings. Calculated series resistance values (Rs)
showed negligible changes with fluctuations of the values in the range of
2–3 Ohm*cm2.

To further analyze charge carrier extraction properties of PSCs, we
conducted transient photocurrent (TPC) measurements, presented in
Fig. 5(a)(b). When the solar cell is irradiated with a short light pulse,
photo-generated charge carriers (photocurrent) are collected at the
electrodes. Using a square waveform of the light signal, the device
operates in ON and OFFmodes, with the corresponding output at signal
saturation. Analyzing the dynamics of the signal rise and decay, as well
as the shape of the photo-response, allows to evaluate the contribution
of recombination processes and charge accumulation impact. The rising
and falling times (tr and tf) were calculated from the change in photo-
current amplitude from 10 % to 90 % respectively. For the control
sample, the tr was 10.5 μs, while all configurations with the FTPATC
interlayer demonstrated more rapid signal dynamics. Notably, single-
side modifications of the interfaces showed variations in the TPC time
profile. P-side devices exhibited a tr of 8.7 μs, and the n-side showed the
lowest tr of 5.5 μs. The d-side configuration showed an averaged value of
tr of 7.4 μs. Analyzing the tf values showed a similar trend in TPC im-
provements. It is also notable that the control device clearly exhibited an

Fig. 4. The JV curves for the PSCs with champion performance (a); external quantum efficiency spectra for the representative PCSs (b); initial stabilization of
maximum power under standard illumination conditions (c); dark JV curves with fitting using 2-diode model (d).

Table 1
The extracted parameters for the fitting of dark JV curves using 2-diode model.

Device configuration n1 n2 n (n1+n2) J01, A*cm− 2 J02, A*cm− 2 Rs, ohm*cm2 Rsh, ohm*cm2

Control 1.175 1.131 2.306 2.51E-13 1.46E-6 2.46 3.61E+03
p-side 1.121 1.022 2.143 1.95E-14 4.99E-7 3.19 4.07E+04
n-side 1.082 1.066 2.148 2.26E-14 5.83E-7 2.57 1.95E+05
d-side 0.874 0.704 1.578 1.15E-14 7.95E-9 3.21 4.37E+05
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additional slow component in the decay signal. This feature in the
transient response of HP-based optoelectronic devices is typically caused
by ion migration at the interfaces (uncompensated organic cations, etc.
[37]), strain in the crystal structure and trapping processes [38]. The
increase in tr/tf of the transient response can be described by capacitive
effects using various models [39]. The reduction in transient time for the
devices with FTPATC clearly indicates enhanced charge carrier extrac-
tion efficiency, with tr/tf reductions ranging from 20 % to over 100 %
compared to the control PCSs. Integrating SAM into the
electron-transport junction resulted in the maximum improvement of
photo-response dynamics and leveling of the signal’s capacitive
components.

We performed intensity-dependent performance measurements to
analyze the difference photo-response (Fig. 5(c)(d)). PSCs were illumi-
nated with white LED sources at intensity levels (I0) from 200 to 10,000
Lux, corresponding to indoor low-light conditions. Under conditions of
low concentrations of photo-injected photo-carriers and reduced
photocurrent, the contribution of recombination processes and transport
efficiency allow for a more precise identification of the specific effects
induced by interface modifications in PSCs. The Voc values showed a
logarithmic dependence (Voc ∝ ln (photocurrent/dark saturation cur-
rent) [40], whereas the Jsc trends were linear (photocurrent ∝ carrier
generation rate) [40]. Generally, Voc vs. I0 exhibited changes similar to
the mean values measured under standard conditions (AM 1.5 G). At 10⁴
Lux, d-side devices had a Voc of 0.02 V higher compared to control and
p-side device. However, the relative difference between control and
d-side devices increased to 0.05 V at light intensities of 102 -10³ Lx. This
points to an increased losses of charge carrier splitting in mentioned
low-light intensity range, due to the complex contribution of shunts and
trapping processes. In the analysis of Jsc vs. I0, we observed a different
behavior for PSCs’ performance. Calculation of the slope coefficient (k)
of the linear dependence indicated that the n-side and d-side

configurations were characterized by an increased steepness, whereas
the p-side and control configurations had equal values. The fill factor
also revealed differences in intensity-dependent photo-response
(Fig. S22, ESI). The n-side and d-side configurations exhibited reduced
FF losses, the control and p-side in contrast, revealed more sensitive
behavior at I0 ~102–103 Lx. The observed IV pattern under low-light
illumination indicates improved electron collection efficiency with
FTPATC integration at the absorber/C60 contact, and clearly highlights
the critical impact of diode properties.

To reveal the numerical parameters of the mobile ion-species in the
fabricated PSCs, we used Admittance Spectroscopy (AS) measurements.
For the control device (Fig. 23(a) in ESI), AS spectroscopy results indi-
cate the presence of two mobile ions, one at high temperature (EA =

0.58 eV, D0 = 163.4 cm2/s) and another at low temperature (EA = 0.72
eV, D0 = 1.66 × 1011 cm2/s). In contrast, samples with SAM modifica-
tions exhibited only the high-temperature ion (Fig. S23 (b - d)). While
the concentration remains within one order of magnitude for p-, n-, and
d-side samples (~1014 cm− 3), the p- and d-side samples show a lower
concentration of the 0.58 eV ions (Fig. S24, ESI).

In parallel, we investigated the stability of the output performance
under continuous photo – and thermal stress. Stability tests were con-
ducted on encapsulated devices in ambient conditions with humidity
levels not exceeding 60 % RH. The conditions of the long-term light-
soaking (LS, Fig. 6) followed to the ISOS-L-2 protocol [41] (open-circuit
mode of operation, 3400K LED illumination, 63.5 ± 1.5 ◦C). The
normalized data of LS performance for PSCs presented in Fig. S25 (ESI).
All device configuration demonstrated relevant photo-stability over
1600h before T80 conditions. Notably, that after soft-heating conditions,
PSCs showed an initial drop of the performance that followed by an
increase with saturation. Such effects results from the complex processes
of the temperature-related changes in charge-splitting and its collection,
as well as rearrangement of the traps. Accord to the notes of the ISOS

Fig. 5. The transient photo-current measurements in RISE mode (a); transient photo-current measurements in FALL mode (b); Voc vs. light intensity dependence for
low-light illumination (с); Jsc vs. light intensity dependence for low-light illumination.
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protocol, for the devices with a positive trend in PCE, T80 period should
be estimated for time at which the efficiency has dropped to 80 % of the
maxim value, with the complete time from 0 h to this point quoted as the
T80. After 1680h of LS, the champion control device reached the level of
81.8 %, which was the lowest compared to other configurations.
Moreover, statistical distribution of the LS stability data showed that

other devices of the batch (control configuration) have fluctuations in
the performance with T80 even lower 1000h. P-, n- and d-side devices
exhibited slight enhancement of the stability with 90.6, 85.6 and 88.7 %
of the performance after 1680h supported by narrow data distribution.

We also conducted studies under harsh heating conditions up to
90 ◦C (ISOS-D-2). The performance loss rate for PSCs was more rapid

Fig. 6. Stability performance of PSCs under continuous Light-Soaking Stress and soft heating (63.5 ± 1.5 ◦C) for various configurations.

Fig. 7. Stability performance of PSCs under continuous harsh-heating conditions (90 ◦C) for various device configurations.
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under enhanced heating stress compared to LS, revealing a thermal
stability threshold between 60 and 90 ◦C (Fig. 7). Control PSCs achieved
T80 after 320 h, after which their power fluctuated between 80 % and 90
%. The P-side configuration did not significantly differ from the control
sample, with T80 at 390 h. PSCs with FTPATC on the ETL side (n- and d-
configurations) showed improved thermal stability up to 600–740 h,
which significantly differed for the trends observed for LS conditions.
The normalized data of thermal stability performance for PSCs pre-
sented in Fig. S26 (ESI). We found that modification of p-side interface
almost doesn’t impact the thermal stability at the elevated temperatures
(90 ◦C), while n-side modification offers a notable gain in suppression of
the power losses. This indicates that corrosion processes are strongly
accelerated on the back (electron-collection) side of the p-i-n solar cells
harsh heating conditions. Clearly, elevated temperatures accelerate
multiple degradation factors in PSCs. In context of the interface stability
topic, the initial corrosion processes related the defect-ion migration, as
well as release of the gaseous decomposition products from the perov-
skite absorber [42]. At the elevated temperatures (90–95 ◦C), the
FA-based HPs could undergo the irreversible decomposition [43] with
formation of NH3, C3H3N3, HI, I2 and PbI2. The presence of A-site defects
in HP structure (uncompensated ions, vacancies) promotes distortions in
lattice environment, and changes in stoichiometry conditions (iodi-
ne-rich, etc.), which, in turn, could induce unfavorable phase transition.
Moreover, the migration of the organic A-site ions and iodine-containing
products towards the back electrodes under electric field impacts to the
degradation of metal cathodes [44]. The observed results of PSC stabi-
lization with FTPATC indicate a beneficial impact when integrating SAM
on the electron collection side. FTPATC interacts with the FA-cation on
the surface of the absorber, preventing it from transitioning to a free
gaseous state under heating conditions. Furthermore, since FTPATC
contains an electron-deficient carboxyl group (-COOH), there are several
possibilities for passivation of defects in perovskite by FTPATC, as re-
ported in the literature [45]. These mechanisms include Coulomb in-
teractions between undercoordinated metal ions and the carboxyl
group, as well as the formation of hydrogen bonds between FA and
COOH fragments. These strong interactions prevent thermal degrada-
tion of the device, thus increasing its stability under thermal stress.
Moreover, it is well-established that organic fluorine-containing addi-
tives, due to their hydrophobic nature, are more effective at protecting
perovskite materials from moisture [16]. Additionally, dipole formation
at the interface with FTPATC can screen ionic defects during migration
in the electric field. Employing double-sided passivation for PSCs com-
bines the advantages of p-side energy level alignment, reduction of
lattice stress, and suppression of corrosion processes on the back surface.
The developed approach is particularly important for up-scaling issues.
Typical exploitation temperature of solar panels in ambient conditions
reaches the range of 85–100 ◦C. Therefore, the accelerated corrosion
processes at the interfaces should be mitigated not only at standard
(25 ◦C) or soft regimes (65 ◦C), but also for harsh heating. Despite
non-optimal energy level alignment with FTPATC at ETL interface, the
reduction in charge transport efficiency is not critical. The ultrathin SAM
layer could potentially allow for charge transport via a tunneling
mechanism. The key advantage of FTPATC is its enhanced thermal
stability at temperatures up to 90 ◦C, as demonstrated in both n-side and
d-side configurations.

Comparing the FTPATC molecule with standard SAM materials may
offer deeper insights into the stabilization specifics of our single and
double-side passivation approach. To facilitate a direct comparison with
FTPATC, we employed the widely-used 2PACz molecule ([2-(9H-car-
bazol-9-yl)ethyl]phosphonic acid). Optimizing the deposition process
for each SAM requires adjustments to fabrication methods, solution
concentrations, and post-treatment. In this study, we conducted an
initial experiment where both p-side and n-side modifications with
2PACz were fabricated using an isopropanol (IPA) solution (see ESI for
details). For the n-side configuration, solvent compatibility with
perovskite films is crucial, as IPA solutions can affect the organic cation

in the perovskite molecule. The JV curves and box-сharts displaying the
statistical distribution of output performance for the batch are presented
in Fig. S27,28 in ESI. The incorporation of 2PACz led to an increase in
Voc to values exceeding ~1.1 V, validating the improved in energy level
alignment at the HTL/perovskite interface.

Stability measurements under heat stress are shown in Fig. S29 (ESI).
The control devices exhibited similar performance to control devices
used for the FTPATC batch, with a T80 ~300 h. In contrast, devices with
2PACz applied on the p-side exhibited a reduced T80 of 150 h, which
may be attributable to the need for optimization of the interlayer
thickness. The increased contact resistance observed in the 2PACz p-side
devices suggests an accumulation effect at the interface. In devices with
2PACz on the ETL side (n-side, d-side), corrosion processes occurred
rapidly, within 24 h.

The decomposition temperature of 2PACz is 214 ◦C [46], which is
lower than that of FTPATC (254 ◦C), but it ensures intrinsic stability
under thermal-stress at 90 ◦C. For these samples, we visually identified a
characteristic perovskite color change, indicating complex degradation
and possibly a phase transition (Fig. S30 in ESI). This observation led to
the conclusion that 2PACz is not an effective agent for passivating de-
fects from the ETL side, as it accelerates corrosion processes. First, using
a 2PACz solution in IPA is not fully compatible with ETL interface
modification. IPA is known to interact with organic cations within the
perovskite structure and uncompensated Pb ions [47]. As a result,
2PACz deposition in IPA may disrupt the surface stoichiometry of
CsFAPbI3, potentially inducing phase segregation or decomposition.

Furthermore, the n-side modification difference may be due to the
electronic nature the SAMs being compared. The FTPATC SAM featured
by an obvious push-pull molecule structure, which can stabilize the
electron-rich triphenylamine fragment through electron/charge delo-
calization, whereas 2PACz is represented by an electron-rich carbazole
fragment not conjugated with a phosphorus group [48]. Taking into
account the above, we can assume that not only the absence of stabili-
zation, but also more accelerated degradation in the case of n-side
modification for devices using the 2PACz-SAM can be caused either by
the space charge effects or by possible chemical/electrochemical re-
actions, or interlayer diffusion processes. The first assumption follows
from the higher LUMO energy values for 2PACz compared to FTPATC.
To address the second assumption, we performed CV measurements for
the commercial 2PACz we used, comparing the data obtained with
previously reported for FTPATC (Fig. S31, ESI). 2PACz has by a
deeper-lying HOMO energy level compared to FTPATC, which follows
from the lower oxidation potential for it (+1.18 V vs +1.02 V, respec-
tively), whereas the experimentally HOMO energy value for it was
estimated as − 5.58 eV, which in an agreement with previously pub-
lished data [49]. Noted the irreversible nature of the electrochemical
oxidation process for 2PACz, whereas FTPATC was oxidized
quasi-reversibly, which makes potentially more stable interface from the
p-side. By analyzing the electrochemical reduction for 2PACz, we
observed the irreversible process occurring at reduction potential values
of about − 0.84 V. Taking into account both the band gap and optical
properties for 2PACz [50], this reduction process cannot be associated
with the electron affinity and, as a consequence, cannot characterize the
LUMO level energy for it. However, the fact of the presence and regis-
tration of this reduction process, caused by either the possible presence
of impurities in commercial 2PACz sample, or the possible process of its
electrochemical dissociation, we can indirectly interpret as a lower
electrochemical stability of 2PACz, compared to FTPATC.

It can be stated that the application of SAM for double-side passiv-
ation is not a universal approach for such materials. Our results
demonstrate that the use of FTPATC has synergetic stabilization effects
when integrating SAMs on the ETL side in p-i-n structured PSCs. To
further improve the output performance of double-side passivated de-
vices, it will be essential to enhance the energy level alignment at the
ETL interface.

We compared our data with state-of-the-art SAM applications for
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PSCs (Table S3 in ESI). Achieved PCE of 21–22 % is relevantly com-
parable to the best PCE values for p-i-n devices [51]. Most reports
evaluate device stability without considering harsh thermal conditions.
Our research underscores the importance of n-side interface modifica-
tions with SAM, which enhance stability at elevated temperatures [48].
Future performance optimization should focus on energy level align-
ment with ETL. The stability data are superior to alternative
double-sided passivation approaches [52] or comparable to methods
employing more advanced interface engineering [53].

2. Conclusions

In conclusion, our complex investigation introduces an effective
approach for double side interface modification in high-performing p-i-n
PSCs. The incorporation of FTPATC to charge-collection junctions
reduced the potential barriers and improved energy level alignment
with perovskite absorber. This promoted suppression of the recombi-
nation dynamics at the hole/electron collection interfaces in the devices
and enhanced diode properties. We found that modification of p- and n-
type collection junctions has different specifics which impacts to pho-
toelectric output and long-term stability. While p-side integration of
FTPATC reduced the strain in the lattice of the perovskite layer, the n-
side configuration was characterized by chemical interaction via
bonding with A-site cations, which stabilized the interfaces. With this,
the double-side passivation strategy with FTPATC has a synergetic ef-
fect: p-side modification gains the PCE up to 22.2%, the incorporation of
FTPATC to electron-transport boosts the stability of the devices under
harsh conditions at the elevated temperatures (90 ◦C). Comparing our
results with the benchmark material 2PACz highlighted a critical spec-
ificity in ETL interface modification. The standard SAM containing
carbazole fragments and a phosphorus group used for n-side modifica-
tion led to accelerated degradation under thermal stress. By contrast,
FTPATC is more universal and provides enhanced interface stabilization
due to its electron-rich triphenylamine fragment and peripheral fluorine
atoms. This result offers an important basis for further optimizing SAM
properties for n-side passivation, particularly for achieving better energy
level alignment. This research offers an important insight into co-
modification strategy of the front and back interfaces of the perovskite
absorber for balanced optimization of efficiency and stability. Solution-
processing with FTPATC could be easily up-scaled for large-area
perovskite solar modules in further development.
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