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Ligand engineering is an effective method to reduce defects in perovskite solar cells (PSCs) and to enhance
efficiency. Likewise, enhancing device stability through ligand engineering is currently emerging as a key focus
to suppress the bidirectional migration of halides and silver ions, which otherwise can cause irreversible
chemical corrosion to the electrode and perovskite layer. Here, triphenylphosphine oxide (TPPO) is
demonstrated to improve the long-term operational stability of PSCs when introduced at the interface
between the perovskite and the electron transport layer (ETL). TPPO effectively eliminates uncoordinated Pb**
and thus reduces surface defects. Accordingly, the target solar cell yields a hero power conversion efficiency
(PCE) of 26.01% and a maximum open-circuit voltage (Voc) of 1.23 V, representing the minimum voltage

Received 6th June 2025, deficit (0.32 V) reported for methylammonium-free (MA-free) PSCs. Moreover, long-term operational analysis
Accepted 25th June 2025 reveals that the bidirectional migration of halides and silver ions is significantly suppressed, resulting in
DOI: 10.1039/d5ee03162a enhanced device stability. TPPO-modified PSCs retain 90% of the initial PCE after 1200 hours of operation in

maximum power point tracking. Ligand engineering with TPPO marks a significant advancement in enhancing
rsc.li/ees the stability of PSCs and is fully compatible to upscaling scenarios.

Broader context

Perovskite solar cells (PSCs) exhibit outstanding power conversion efficiency and low fabrication cost, yet their practical deployment is hindered by ion
migration and interfacial degradation. Here, we introduce an anchoring ligand strategy employing triphenylphosphine oxide (TPPO) to passivate the buried
interface and suppress ion transport. The resulting methylammonium-free PSCs achieve a champion efficiency of 26.01% with maximun open-circuit voltage of
1.23 V and retain 90% of their initial performance after 1200 hours of continuous operation. This approach effectively addresses both voltage loss and long-
term operational stability, offering a scalable route toward durable, commercially viable perovskite photovoltaics.
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Introduction

Self-assembled monolayers (SAMs) have recently emerged as a
prominent class of hole-selective layers for inverted perovskite
solar cells (PSCs), achieving photoelectric conversion efficiencies
(PCE) over 27%."™* However, despite the remarkable progress in
performance, the stability of PSCs remains the major challenge
and represents a risk scenario for product development. The
instability of halide PSCs is mainly attributed to a rather low
enthalpy for halide void formation when stimulated by the
combination of heat and light or through decomposition under
humidity or a corrosive chemical environment, followed by a
strong tendency for ions to migrate and cause decomposition
processes.””’ That primary decomposition process cannot be
mitigated with advanced encapsulation strategies but instead
needs to be resolved by material design. The most promising
concepts are the design of perovskites with a larger enthalpy for
void formation, the suppression of ion migration by additives or
binders or the mitigation of ion diffusion by the insertion of ion
blocking layers to protect the electrode.>™'® Despite significant pro-
gress in mitigating the negative effects of ion migration, only a limited
number of studies have reported stable perovskite cells operating at
elevated temperatures (85 °C),""** particularly those employing the p-
i-n architecture with PCBM as the electron transport layer."*

A smart strategy to mutually improve both, efficiency and
stability of PSCs, is the interface engineering between the
perovskite layer and the charge transport layers.®'>'¢ Effective
passivation of interface defects is crucial to reduce non-radiative
recombination and does improve device performance."” Increas-
ing endeavor has been devoted to also enhancing device stability
through interface engineering. Commonly, molecular agents
with tailored structures and properties have been employed to
reduce defect densities in perovskite materials, proving to be an
effective approach for improving the photovoltaic performance
of PSCs.'®?° However, conventional interface passivation
methods, such as depositing two-dimensional phases, can effec-
tively suppress non-radiative recombination but often suffer
from lattice mismatch and interface stress at high temperatures,
limiting their long-term operability.>’* In addition, intrinsic
ion migration is also an important issue for perovskite instabil-
ity. Among all possible mobile ions, halide ions are the most
difficult to stabilize due to their weak bonding to the metal
cation Pb>".>*%*” Under light or thermal activation, halogen
species (I") will diffuse from the perovskite absorber layer
towards the charge transport layers and further on to the metal
electrode. In the case of Ag as the top electrode, the reaction
between iodine or iodide with Ag” will form insulating Agl, leading
to device degradation.*®* Therefore, the development of strategies
that inhibit halide migration is one smart strategy to minimize the
trade-off between device performance and stability.

Although triphenylphosphine oxide (TPPO) has been extensively
utilized in perovskite light-emitting diodes (PeLEDs) to enhance
electron transport and minimize non-radiative recombination, its
application in MA-free perovskite solar cells (PSCs), particularly for
stability enhancement, remains largely unexplored (Table S1,
ESIF).>**" In this work, we employ the strong polarity of P—=0 in
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TPPO to effectively passivate uncoordinated Pb>" and reduce
interfacial nonradiative recombination, resulting in devices with
a champion PCE of 26.01%. We further show that the TPPO
successfully delays the interdiffusion of Ag" and I" even under
long-term thermal and light stress operation conditions. After
1200 hours of continuous maximum power point tracking and
1 sun illumination of continuous heating at 65 °C in N, atmo-
sphere, the PCE of the target device can still maintain 90% of the
initial value. Therefore, TPPO surface anchoring engineering
represents a promising strategy for enhancing both the efficiency
and long-term stability of PSCs.

Results and discussion

We fabricated glass/ITO/NiOx/SAM/perovskite/TPPO (with and
without)/PCBM/Ag layered solar cells, as illustrated in Fig. 1a.
The schematic representation of the interaction between TPPO
and the perovskite layer is also shown in Fig. 1a. Initially, to
analyze the interaction between TPPO molecules and perovs-
kite, X-ray photoelectron spectroscopy (XPS) was carried out.
XPS analysis confirmed the formation of a strong interaction
between TPPO and under-coordinated Pb*" ions, as indicated by
the shift in Pb 4f binding energy, providing direct evidence of
enhanced passivation at the perovskite/electron transport layer
interface (Fig. 1b). For control sample, Pb 4f peaks at 143.30 and
138.41 eV were observed, and with the introduction of TPPO, the
Pb 4f peak shifted to lower binding energies at 142.84 and 137.75
eV, providing evidence for the formation of a complex between
-PO and the under-coordinated [Pbl]*~ cage.’*>** Similarly, the I
3d core levels in Fig. S1 (ESIt) move from 630.89 and 619.40 eV to
lower binding energies of 630.17 eV and 618.71 eV. These
changes indicate the strong passivation interaction between
TPPO and perovskite. The X-ray Diffraction (XRD) results further
show that new characteristic peaks different from those of the
control and TPPO powder appear at positions 26 = 4 and 8°,
which confirms that a new complex has been formed (Fig. 1c). In
summary, we report the surface interaction of TPPO with the
uncoordinated [Pblg]*~ octahedral.

Influence of the TPPO molecule

The surface morphology of both perovskite films (control and
target) was investigated using scanning electron microscopy
(SEM) measurements. Fig. 2a and b present the SEM micrographs
of the two films. To exclude the effect of solvent and annealing,
the morphology of the perovskite film without molecular mod-
ification remained unchanged after post-annealing (Fig. S2, ESI),
indicating that TPPO molecules play a crucial role in promoting
grain growth during annealing. Meanwhile, from the across
section SEM image (Fig. S3, ESIT), the TPPO-modified perovskite
film exhibits larger crystals that are vertically aligned, whereas the
control sample contains smaller, fragmented crystals that are
randomly distributed. This random distribution leads to poor
interlayer contact and introduces defects. In addition, the effect of
TPPO molecular passivation on the crystallinity of perovskite was
directly studied by further X-ray diffraction (XRD) measurements.
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Fig. 1 (a) The schematic diagram of interface modification in inverted perovskite solar cells via TPPO (left) and the chemical structure of TPPO molecule
(right). (b) XPS spectra of Pb 4f (c) XRD patterns for control (PVK), target(w/TPPO), TPPO powder, a.u., arbitrary units.

As shown in the XRD pattern of Fig. S4 (ESIt), the peak of the film. Additionally, we performed roughness measurements on
(100) plane is 24% stronger than that of control sample, confirm- samples with and without TPPO treatment before and after PCBM
ing that TPPO induces enhanced crystallization of the perovskite deposition. To eliminate the influence of IPA solvent on film
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Fig. 2 Top-view SEM images of the (a) control and (b) TPPO-treated perovskite films, Sample structure: ITO/NiOx/SAM/PVK (w, w/o TPPO). KPFM
images of (c) the control and (d) TPPO-treated perovskite films. The corresponding line profiles (e) for the control film and TPPO-treated perovskite films
(f). Sample structure: silicon wafer (Si)/NiOx/SAM/PVK (w, w/o TPPO).
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morphology, we performed IPA spin coating only on the film
without TPPO modification. By comparing the roughness of
Control and Control@IPA, the root mean square (RMS) roughness
values were 21.12 and 24.21 nm, respectively. However, after TPPO
deposition, the roughness was significantly reduced from 21.12 to
15.25 nm (Fig. S5, ESIT). This demonstrates that TPPO effectively
reduces surface roughness by reacting with Pb**, which enhances
the interaction between the transport layer and reduces charge
recombination at the interface. A similar trend in roughness
changes was observed after PCBM deposition (Fig. S6, ESIT).
Lower RMS roughness leads to smoother surfaces, which is more
conducive to better interaction of the transport layer and helps to
reduce charge recombination at the interface.**

We further analyzed the surface potential distribution of the
samples using Kelvin probe force microscopy (KPFM) (Fig. 2c-f).
Fig. 2c and d shows the corresponding surface potential images,
it is worth noting that various surface defects will change the
potential distribution on the perovskite surface. Fig. 2e com-
pares the line scans of the surface potential changes in a typical
perovskite area, and these potential fluctuations can reach up to
about 200-250 mV in the length range of about 0-2 um,
indicating that the uneven plane causes strong potential
fluctuations.® The bright PbI, clusters on the perovskite surface
are the centers of non-radiative recombination (Fig. 2a and b),
which can lead to changes in the local surface charge.*® In
contrast, TPPO treatment significantly reduces and suppresses
unpaired Pb>*, smoothing the surface potential changes (Fig. 2f).
This reactive surface engineering approach enhanced the X-ray
diffraction (Fig. S4, ESIt) and UV-vis absorption intensity (400-
800 nm) (Fig. S7, ESIf), which is consistent with the TPPO
treatment being primarily a surface modification. A smoother,

b
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less defective surface is expected to be beneficial for improving
carrier transport across perovskite/ETL junction.*®

Carrier dynamics of perovskite films and devices

To further evaluate the impact of TPPO on the charge recombi-
nation mechanism in perovskite devices, the carrier dynamics
were first investigated by steady-state photoluminescence (PL)
and time-resolved photoluminescence (TRPL) spectroscopy. As
shown in Fig. 3a, the higher emission intensity of the TPPO-
treated film, indicating a significant reduction in non-radiative
recombination to directly contribute to the observed improve-
ments in PCE and Voc.>”*® Synchronously, the introduction
effect of TPPO passivation on the non-radiative recombination
of the device was further quantified by photoluminescence
quantum yield (PLQY) (Fig. 3b). The quasi-Fermi level splitting
(QFLS) of the bare PSCs film was 1.21 V. After the deposition of
PCBM, it dropped significantly. However, it was gratifying that
after the modification with TPPO, the QFLS could be restored to
1.214 V. This shows that TPPO can indeed effectively reduce the
non-radiative recombination between active layer and the elec-
tron transport layer. Subsequently, we used a 405 nm laser to
study the recombination dynamics of the samples under three
different excitation densities and recorded time-resolved photo-
luminescence (TRPL). Here, we used the perovskite carrier
recombination simulator (PEARS) tool to fit the bimolecular
capture-detrapping model.>* The TRPL spectra are shown in
Fig. 3c.

The data were fitted at three different laser intensities
(Tables S2 and S3, ESIT). Usually, the relationship between trap
density and trapping rate can be simplified as:
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(a) The steady-state PL. (b) PLQY of ITO/PVK, ITO/PVK/PCBM, ITO/PVK/TPPO/PCBM, respectively. (c) TRPL spectra of control and TPPO-treated

perovskite films on glass substrate at different laser intensities. (d) Dark J-V cure of control and target devices (e) Mott—Schottky plots of PSCs based on

control, target. (f) Voc versus light intensity of control and target samples.
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where d is the thickness of perovskite. From cross-sectional
SEM analysis, the thickness of both films is about 650 nm
(Fig. S3, ESIT). Ny is corresponding trap state density. D, is the
first-order surface trap density. The TPPO surface treatment
significantly reduces the first-order surface trap density in per-
ovskite thin films. Considering the film thickness of approxi-
mately 650 nm, the D, is reduced from 7.62 x 10° ecm™? (control
sample) to 2.72 x 10® em ™2 This corresponds to a reduction by a
factor of 28, highlighting the excellent passivation capability of
TPPO in suppressing surface and interface traps. This reduction
directly decreases surface recombination losses and improves the
potential performance of the perovskite device. The results under-
line that reducing the first-order surface trap density is a critical
strategy for enhancing the efficiency and stability of PSCs, provid-
ing valuable insights for future device optimization.*®*' Further-
more, we observed that the significant decrease in trap state
concentration was consistent with the increase in PL intensity.
To elucidate the charge transfer and recombination
mechanisms behind the enhanced photovoltaic performance
of TPPO-treated PSCs, we explored the charge recombination
dynamics of the device with dark J-V (Fig. 3d). Compared to the
Control sample, the leakage current of the Target sample is
significantly reduced under negative bias, demonstrating that
TPPO modification effectively reduces the defect density at the
interface, thereby minimizing current leakage. This result
aligns with the 28-fold reduction in trap state density observed
in PL analysis. Furthermore, the forward current of the Target
sample increases sharply at lower bias levels, indicating
enhanced charge injection and transport efficiency due to
TPPO modification, resulting in a more ideal diode behavior.
Overall, TPPO modification significantly enhances the device’s
electrical performance by reducing surface trap density and
passivating interface defects, confirming its effectiveness as an
interface modifier.*> Meanwhile, the charge recombination
kinetics were evaluated at the device level, and the performance
under varying light intensities (Jsc mode) was analyzed using
electrochemical impedance spectroscopy (EIS). The TPPO-
modified samples exhibited lower charge transport resistance
(Ret) values under 0.1-1 sun illumination (Fig. S8 and Table S4,
ESIT), indicating significantly enhanced interfacial charge
transport after TPPO surface modification. Notably, this
improvement was particularly pronounced under low light
intensity conditions. Furthermore, the Target sample demon-
strated higher charge recombination resistance (R..) values,
reflecting the effective passivation of trap states by TPPO, which
reduced carrier recombination. This aligns with the previously
observed 28-fold reduction in trap state density, further validat-
ing the effectiveness of TPPO modification. In summary, the
Target sample exhibited more stable R.; and R,.. values across
different light intensities, reinforcing the superiority of TPPO
as an effective modifier in PSCs. In addition, according to the
Mott-Schottky analysis, we further understand the reason for
the enhanced Vo of the target device. As shown in Fig. 3e,The
built-in potential (V},;) of the target device (1.12 V) is greater
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than that of the control device (1.03 V), which is due to the
reduced defect density in the perovskite film after TPPO
treatment.** Subsequently, to deepen the understanding of
the mechanism of photovoltaic performance improvement,
the dependence of Vo and Js¢ stability on light intensity (P)
was studied to better understand the mechanism of TPPO’s
effect on charge recombination performance. According to:

Voc o n(kgT/q)ln P

Ky is the Boltzmann constant, g is the elementary charge, and T
is the absolute temperature, where n values close to 1 indicate
weak trap-assisted charge recombination. As shown in Fig. 3f,
the n value of the TPPO-modified device (1.29) is significantly
lower than that of the control (1.44). Similarly, further calcula-
tions of the dependence of Jsc on light intensity P show that the
TPPO-modified device is 0.992 (Fig. S9, ESIt). This further
indicates that TPPO effectively suppresses trap-assisted charge
recombination.**

In summary, the results indicate that the trap density in
TPPO-modified perovskite films is significantly reduced, which
may be due to the effective passivation of the dangling Pb**
defects by TPPO, forming new ligand complexes that are bene-
ficial for suppressing non-radiative recombination in solar cells.

Photovoltaic performance of PSCs

The perovskite samples with a bandgap of 1.55 eV (Fig. S10,
ESIt) were processed in a p-i-n device with the following
architecture: ITO/NiOx/SAM/Perovskite (w, w/o TPPO)/PCBM/
BCP/Ag. The optimal TPPO concentration was obtained by
comparing the photovoltaic parameters of the devices
(Fig. S11, ESIT). All target samples, whether thin films or
devices, were modified with 0.25 mg ml~' TPPO. The TPPO-
treated perovskite device with an active area of 0.04 cm” in the
reverse scan obtained the best PCE of 26.01%, Vo value of
1.214 V, Jsc value of 25.57 mA cm ™2, and FF value of 83.8%
(Fig. 4a). It is worth noting that this is one of the lowest Vo¢
deficits (0.336 V) obtained so far (Fig. 4b). In comparison, the
control perovskite solar cell obtained 23.79%. Individual target
devices achieved the highest Vo of 1.230 V, corresponding to a
Voc defect of only 0.32 V (Fig. S12 and Table S5, ESI{), which is
the lowest voltage defect (0.32 V) reported for MA-free PSCs.

PCE(reverse) — PCE(forward)
PCE(reverse)

Hysteresis index =

The external quantum efficiency (EQE) spectra, integrated
Jsc of the corresponding champion device is confirmed in
Fig. 4c. The integrated Jsc of the TPPO-treated devices calcu-
lated from the EQE spectra is 25.14 mA cm ™2, in good agree-
ment with the Jsc values from j~V measurements. Additionally,
the TPPO-modified device exhibited a lower hysteresis index
(0.019) compared to the control device (0.027) (Table S6,
ESIt).*> The potential for upscaling of the device is supported
by fabricating a large-area (1.028 cm?) device (Fig. $13, ESIY),
which yields high Vo of 1.201 (reverse scan). However, as
expected from previous investigations, it was pleasing to see
that after modification with TPPO, the high QFLS of the

This journal is © The Royal Society of Chemistry 2025
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unmodified film was fully restored to 1.214 V after PCBM
deposition. This shows that TPPO effectively reduces non-
radiative recombination between the PVK and the electron
transport layer (Fig. 3b).***” To further verify the versatility of
TPPO across different perovskite compositions, we applied it to
two wide-bandgap perovskites: Csg 2,FA, 7sPbl; gBr; , (bandgap
~1.797 eV) and FAjgMA,13Cs¢.05Pb(Iys7Bro13)s (bandgap
~1.59 eV) (Fig. S14, ESIt). The TPPO-modified devices achieved
PCEs of 19.01% with a V¢ of 1.335 V, and 24.15% with a V¢ of
1.204 V, respectively. In contrast, the corresponding control
devices without TPPO exhibited lower PCEs of 17.43% with a
Voc of 1.271 V, and 22.77% with a V¢ of 1.175 V. These results
demonstrate the broad applicability and effectiveness of TPPO
as a surface passivation agent for perovskites with varying
bandgaps in photovoltaic applications.

Evaluating stability is crucial for the commercialization of PSCs.
Fig. 4d and e depict the maximum power point (MPP) tracking
performance of unencapsulated control and TPPO-treated devices,
tested at 65 °C, 85 °C, under 1 sun white LED illumination and in N,
atmosphere. After 1200 hours of aging at 65 °C, the control device
retained only 68% of its initial PCE, whereas the TPPO-treated
device retained over 85% of its original performance (Fig. 4d and
Fig. S15, ESIT). To further accelerate the evaluation of operational
stability, we performed tests at 85 °C and 1 sun. After 800 hours of
continuous MPP tracking at 85 °C, the TPPO-treated device retained
80% of its initial efficiency, while the control device’s efficiency
dropped to 62% (Fig. 4e and Fig. S15, ESIt). For a preliminary
assessment of stability, we calculate the acceleration factor (AF)
between two temperatures based on the Arrhenius equation*®

@:ekﬁ Tes Tss

65

AF =

This journal is © The Royal Society of Chemistry 2025

where E, is the activation energy, chosen to be in the range of
0.48-0.55 eV, and kg is the Boltzmann constant (8.617 x 10> eV
K™"). The AF at 85 °C (Tgs) is approximately 2.51-2.87 times
faster than at 65 °C (Tgs). The calculated acceleration factor from
the experimental data for 85 °C relative to 65 °C is approximately
2.07. This is, given the notable burn in degradation in the FF and
the specifically expressed Voc trends, well within the expecta-
tions that were recently demonstrated by our previous works for
halide migration induced degradation.” These findings empha-
size the importance of TPPO-optimized interfaces in mitigating
thermal instability and ensuring long-term operational stability
under elevated temperature conditions.

Analyzing long-term stability of PSCs and films

To further explore the reasons for the enhanced device stability,
we first evaluated the stability of the perovskite film under the
combined action of thermal stress and light stress. By compar-
ing the PL and XRD spectra of the fresh film and the film after
aging for 300 h (Fig. S16, ESIt), the effect of TPPO on the
reduction of ion migration and defect formation under
thermal-and photo-stress conditions plays a key role in main-
taining the structural integrity of the perovskite film, thereby
extending operational lifetimes under realistic conditions. The
control sample exhibits significant degradation after aging, as
evidenced by the pronounced redshift and broadening of the
PL peak (Fig. S16a, ESIt). During the aging process, the control
perovskite has a relatively low tolerance to heat or light, so
more defects are generated. These defect states can form new
energy levels and increase non-radiative recombination path-
ways, resulting in a red shift and broadening of the PL
peak.*** In contrast, the PL position of the target sample
modified by TPPO has almost no change and the peak width
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is relatively narrow, which indicates that TPPO effectively
enhances the stability of the film. This indicates that TPPO
modification effectively passivates surface defects, stabilizes
the perovskite structure, and mitigates ion migration, thereby
preserving the film’s optoelectronic performance over time
(Fig. S16b, ESIf). Subsequently, the XRD diffraction test was
used to observe the changes in the film crystal structure in an
ambient atmosphere with a relative humidity of 45% (Fig. S17,
ESIYT). In the film without encapsulation after 240 h, the peak
representing Pbl, showed obvious differences over time. The
results showed that obvious peaks for lead iodide appeared in
the control film. However, no Pbl, was found in the TPPO-
modified film, confirming the hydrophobicity of the TPPO-
modified perovskite film (Fig. S18, ESIT)>"*> To gain insight
into the differences in device operational stability after the
introduction of TPPO, we performed time-of-flight secondary
ion mass spectrometry (TOF-SIMS) tests on the device before
and after stability testing (Fig. 5a and b). For the aged control
device, a large amount of I ions was found throughout the
PCBM/BCP layer and at the Ag electrode. In parallel, Ag" ions
were found to penetrate the perovskite layer. However, for the
target device, under the protection of TPPO, the diffusion of I"
and Ag" ions in the aged device was effectively suppressed. This
result shows that the photothermal stability of the TPPO-based
device comes from the surface passively built by complexes
protecting the perovskite layer, effectively preventing the prob-
ability of bidirectional diffusion between I~ and Ag" under
accelerated aging conditions of 85 °C and 1 sun. TPPO
enhances the stability of perovskite solar cells through a multi-
faceted mechanism targeting key degradation pathways.
Briefly, the TPPO protective layer delays the service life of the
target device under aging conditions by minimizing the chance
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of encounter between I~ and Ag', effectively improving the
stability of the device.

Conclusions

In summary, we have demonstrated that incorporating an oxide
TPPO interlayer effectively prevents interlayer ion diffusion
within PSCs, significantly enhancing the stability of p-i-n
structured PSCs. This approach yielded a champion power
conversion efficiency (PCE) exceeding 26%. Specifically, the
TPPO interlayer inhibits ion migration from the perovskite
layer to the ETL under thermal and light stress, thereby
mitigating the degradation of the Ag electrode caused by ion-
induced corrosion. Furthermore, unpaired Pb>" ions are effi-
ciently passivated, reducing interface recombination losses and
resulting in a higher V. These findings highlight the potential
of polymer charge-selective interlayers as a promising strategy
to enhance the operational stability and efficiency of perovskite
solar cells, paving the way for their commercial application.
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