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Abstract:

Carbon—based hole—transport—layer (HTL)—free perovskite solar cells (C—PSCs) have emerged as
promising candidates for commercialization, owing to their low cost, high stability, and simple device
architecture. Nevertheless, the performance of C—PSCs is still limited by inconsistent perovskite film quality
and high defect density. While cesium iodide (Csl) doping has been explored in perovskite systems, its
application in HTL—free C—PSCs remains relatively underinvestigated and often yields only limited
performance improvements, particularly in single—cation systems or with the aid of additional interlayers or
additives. In this work, we report a facile yet effective strategy of incorporating Csl into MA/FA dual—cation
perovskite films via a one—step spin—coating process—without any other interlayer or organic passivation
additives. The incorporation of Cs* significantly enhances crystallization quality and induces lattice
contraction which synergistically suppresses the formation of intrinsic defects and non—perovskite
phasesmitigates ion migration, and improves phase stability. As a result, the champion Csl-doped C—PSC
achieves a remarkable power conversion efficiency (PCE) of 17.31%, substantially outperforming the
control device (13.25%) fabricated under identical conditions. Furthermore, the Csl-incorporated devices
demonstrate exceptional long—term operational stability, retaining 73% of their initial PCE after 30 days of
storage in ambient air. This work highlights the potential of inorganic cation engineering in realizing high—
performance, low—cost, and durable C—PSCs through a simple and scalable process.

Keywords: Carbon—based Perovskite Solar Cells, HTL—free, Additive engineering, Energy level alignment,

Reduction in grain boundaries
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1. Introduction

Organic—inorganic hybrid perovskite solar cells (PSCs) have witnessed unprecedented progress in
photovoltaic performance, with the certified power conversion efficiency (PCE) soaring from the 3.9% to
over 27% within a decade [1-5]. Such remarkable advancement is largely attributable to their excellent
optoelectronic properties and facile solution processability [6-9]. Nevertheless, the majority of high—
efficiency PSCs still rely on expensive organic hole—transport—layer (HTL) coupled and noble-metal
electrodes (e.g., gold), which not only increase material costs but also introduce concerns over operational
instability, thereby hindering large—scale commercialization [10,11]. In this context, carbon—based hole—
transport—layer (HTL)—free perovskite solar cells (C—PSCs) have emerged as a promising alternative. By
utilizing carbon materials as both the electrode and the hole—extraction layer, C—PSCs eliminate the need for
specialized HTMs and vacuum—processed metal electrodes, significantly reducing fabrication cost and
simplifying device architecture [12]. In addition, carbon electrodes exhibit intrinsic advantages such as high
hydrophobicity, good electrical conductivity, remarkable environmental stability, and strong resistance to
ion migration, collectively enhancing device durability under ambient conditions [13,14].

Despite these merits, the performance of C—PSCs still lags behind that of conventional n—i—p or p—i—n
structured devices. One key challenge lies in the quality of the perovskite absorber layer. Although
methylammonium lead iodide (MAPbI;) has been widely adopted in C—PSCs its low—temperature
processability, its relatively narrow bandgap and moderate stability restrict further efficiency improvements
[15]. Formamidinium lead iodide (FAPbI;), with a broader absorption range and enhanced thermal stability,
presents a more ideal candidate for high—performance photovoltaics [16]. However, a significant challenge
lies in its phase instability, as the photocurrent—generating black perovskite phase (a—phase) readily converts

into a non—photoactive yellow 6—phase (hexagonal phase) at ambient conditions [17]. Mixing FA* with MA*
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helps stabilize the black perovskite phase, yet the mismatch in crystallization kinetics between FAPbI; and
MAPDI; often results in films with high defect density and compromised reproducibility [16].

To address these issues, inorganic cation doping—particularly with cesium (Cs™) has been widely
employed. It has been shown that Cs* incorporation can optimize the Goldschmidt tolerance factor, improve
phase stability, and passivate intrinsic defects [18-20] For example, Zhen et al. demonstrated that a small
amount of Cs™ promotes the formation of the desired black perovskite phase in FAPbI; by modulating
crystallization kinetics [18]. Despite these successes, most reported Cs—doped high—efficiency PSCs still
rely on complex multi—layer structures or additional organic passivators. More importantly, the potential of
Csl doping in simplifying the device stack—specifically in HTL—free, carbon—electrode—based architectures—
has been underexplored. For instance, Wang et al. incorporated Csl into a MAPbI;—based C—PSC and
achieved a PCE of 10.57% [21], indicating limited gain in single—cation systems. In other cases, Cs* doping
was coupled with extra interlayers or additional additives to boost performance. For example, Xu et al.
introduced a CuSCN layer following Cs doping in the perovskite layer for passivation [22], which
complicates fabrication and undermines the cost advantage of C—PSCs. Wang et al. reported a PCE of
14.15% in Cs*—doped C-PSCs, which required the intricate APH additive for passivation, thereby
complicating manufacture and raising costs [23]. It is important to note that the highest reported efficiency
for C—PSCs (>22%) was realized on a printable mesoscopic TiO,/ZrO,/carbon triple—layer scaffold, where
the insulating ZrO, spacer and multiple infiltration steps enable superior charge collection and mechanical
robustness [3]. In contrast, a much simpler planar architecture—consisting only of
ITO/SnO2/perovskite/carbon without any hole—transporting layer or additional interlayer—offers significant
advantages in fabrication simplicity and cost, yet typically yields lower efficiencies in the 13—15% range

due to the absence of dedicated charge—selective contacts and interfacial engineering. These two device
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configurations are fundamentally different and cannot be directly compared in terms of absolute efficiency,
as the mesoscopic scaffold inherently provides more favorable charge extraction pathways and structural
stability. Therefore, achieving high efficiency in the planar HTL—free C—PSC through minimalistic
approaches remains a distinct and worthwhile challenge.

Herein, we demonstrate that strategic incorporation of CsI into MA/FA mixed—cation perovskite films
using a straightforward one—step spin—coating process, without any additional interlayers or organic
passivation agents, can synergistically enhance film quality, optoelectronic properties, and device
performance. The small ionic radius of Cs*™ promotes lattice contraction, facilitating the growth of highly
crystalline, phase—pure perovskite films while suppressing the formation of non—perovskite phases and
iodide vacancies. This multifunctional doping strategy not only improves crystallization but also
significantly reduces defect-mediated non-radiative recombination and ion migration. As a result, we
achieved a champion PCE of 17.31% with excellent operational stability—far surpassing the control device
(PCE = 13.25%), while retaining 73% of the initial PCE after 30 days of storage under ambient conditions.
This work highlights the viability of all-inorganic cation engineering as a simple yet effective route toward
high—performance, low—cost, and durable carbon—based perovskite photovoltaics.

2. Results and Discussion

Cs(MA(oFAg);.Pbl; thin films were fabricated via a one—step spin coating process. Fig. 1a
displays the X—ray diffraction (XRD) patterns of perovskite films prepared with varying concentrations of
Csl dopant. It is observed that the diffraction peaks corresponding to the (110) and (220) crystallographic
planes of the black a—phase perovskite intensify progressively with increasing Cs* content indicating that an
optimal amount of Csl promotes preferential crystal orientation and enhances the phase purity of the

perovskite. As shown in the magnified view of the (110) diffraction peak (Fig. S1), a slight shift toward
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higher angles is observed upon 5 mol% CsI incorporation (denoted as Cs—0.05). This shift can be attributable
to lattice contraction resulting from the incorporation of Cs*, which has a smaller ionic radius—into the
perovskite lattice, partially substituting the larger MA* and FA™ cations [40, 41].

Concurrently, all XRD patterns exhibit a characteristic peak at 12.7°, corresponding to the (001)
plane of Pbl,. This signal likely originates from incomplete perovskite conversion and moisture—induced
decomposition during annealing in ambient air. Following Csl doping, the intensity of the Pbl, (001) peak
gradually decreases, reaching a minimum at the optimal doping level of 5 mol% Cs, where perovskite
crystallinity is maximized. In contrast, excessive Cs* doping leads to an increase in Pbl, signal and
attenuation of the perovskite diffraction peaks, consistent with previously reported detrimental lattice
distortion at high doping levels [24]. These results demonstrate that moderate Cs™ incorporation facilitates a
more stable perovskite structure [25], whereas supra—optimal doping disrupts the structural equilibrium and
degrades the film quality.

To elucidate the role of Cs* doping in microstructure evolution, scanning electron microscopy (SEM)
was performed on perovskite films with varying Cs concentrations (Fig. 1b—e). The control film exhibits
fine grains with abundant grain boundaries that hinder carrier transport via scattering, thereby degrading
mobility. Widespread crystalline debris and pinholes further introduce trapping states that accelerate non—
radiative recombination and limit carrier lifetimes [26]. Incorporation of 5 mol% Csl, however, triggers
pronounced grain coarsening and a concurrent decline in boundary density and pinhole formation,
substantially improving morphological homogeneity. This originates from Cs*-mediated nucleation
modulation, whereby retarded nucleation kinetics depress nucleus density and favor grain growth through

preferential Ostwald ripening [27, 28]. Grain size statistics (Fig. 1f, g) confirm an increase from 193.91 nm
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(undoped) to 268.81 nm (Cs—doped). This microstructural coarsening not only enhances photon capture but
also curtails defect—assisted recombination, leading to superior charge transport characteristics [29, 30].
Energy—dispersive X-ray spectroscopy (EDS) mapping of Cs(MAoFAg); Pbl; film confirms
homogeneous Cs dispersion in the film with no localized aggregation (Fig. S2), confirming effective lattice
incorporation. Atomic force microscopy (AFM, Fig. 1h, i) further reveals significant surface smoothing
upon Csl modification: the RMS roughness decreases from 18.6 nm in the control to 9.55 nm in the doped
film, indicating improved surface uniformity. The resulting planarization fosters better perovskite/carbon

electrode contact, which suppresses interfacial recombination and raises charge extraction efficiency.
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Figure 1 a XRD of perovskite films with different concentrations of Csl. b—e SEM images of perovskite films with different
concentrations of Csl additives: (d) Control, (e) Cs—0.02, (f) Cs—0.05, (g) Cs—0.08. f—g Average grain size of perovskite
films with different concentrations of Csl additives: (h) Control, (i) Cs—0.05. h AFM image of the control group perovskite

film. i AFM image of perovskite film doped with Csl.

Fig. 2a compares the ultraviolet—visible (UV—Vis) absorption spectra of control and Csl—-doped perovskite
films, revealing a universal enhancement in absorbance upon doping, especially within the 400-550 nm
range. The optimal light-harvesting performance of the Cs—0.05 film arises from the combined benefits of
improved morphology and composition. Specifically, larger grain sizes allow photons to travel longer
distances within the film, providing more opportunities for absorption, while the suppression of defects
minimizes non—productive absorption and scattering [31], in agreement with prior structural characterization.
A subtle blueshift of the absorption edge further indicates a doping—induced modification of the band
structure. Tauc plot analysis based on Equation (1):

(ahv)=B(hv—E,) (1),
where a, h, v, and E, represent the absorption coefficient, Planck's constant, frequency and bandgap,
respectively, confirms a slight bandgap expansion from 1.586 eV to 1.592 eV with 5 mol% CsI doping
(Fig. 2b and c¢). To elucidate the electronic origin of this shift, the highest occupied molecular orbital
(HOMO) energy levels was determined by photoelectron spectroscopy in air (PESA). Results indicate that
the HOMO level shifts upward from —5.68 eV for the control to —5.66 eV for the Cs—0.05 film (Fig. 2d and
e). As summarized in the energy level diagram (Fig. 2f), this 0.02 eV valence uplift of band maximum
(VBM) reduces the the offset for hole extraction at the perovskite layer/carbon electrode interface, thereby

favoring efficient charge extraction and lowering energy losses.
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Figure 2 a UV—vis absorption spectra. b—¢ Tauc plot: (b) Control; (c) Cs—0.05. d—e HOMO energy levels of (d) the control
perovskite films and (e) the perovskite films treated with 5 mol% Csl. f Energy level diagram of carbon—based PSCs with
various perovskite films.

To probe atomic—scale interactions in Cs—doped perovskites, X—ray photoelectron spectroscopy (XPS)
was performed on both control and Cs—0.05 samples (Fig. 3a and b). The Pb 4f and I 3d core—level spectra
of the Cs—0.05 film exhibit positive binding energy shifts of 0.15 eV and 0.10 eV, respectively. These shifts
are direct fingerprints of the enhanced ionicity and strengthened chemical bonding within the Pb-I
framework. The incorporation of smaller Cs* ions, which partially substitutes the larger MA*/FA™ cations,
induces a lattice contraction [32]. This contraction reduces the Pb—I bond length, thereby intensifying the
electrostatic interaction. Consequently, the strengthened Pb—I bonding significantly increases the formation
energy of iodide vacancies, which are primary defects and channels for ion migration. This mechanistic

insight, corroborated by the reduced trap density from SCLC measurements, elucidates how Cs™ doping
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fundamentally suppresses defect generation and ion migration, thereby enhancing both the electronic quality
and structural stability of the perovskite lattice.

To further evaluate defect-mediated recombination, steady—state photoluminescence (PL) and time—
resolved photoluminescence (TRPL) spectra were acquired from films deposited on glass substrates. The
Cs—doped film (Fig. 3¢) exhibits a substantially stronger PL intensity along with a hypsochromic (blue) shift
relative to the control, indicating a reduction in non—-radiative recombination centers and prolonged carrier
lifetimes. The TRPL decay curves were fitted using a biexponential function (Equation 2) :

f(t):Alexp(—é)+Azexp(—é) (2),
where A, and A4, are the amplitudes, and 7; and 7, represent the fast and slow decay time constants, associated
with radiative and non-radiative recombination processes, respectively [33]. The average carrier lifetime 7,y

was calculated according to Equation (3):

_(A,0+4,3)
Fave (Ay71+4575) ),

Detailed fitting parameters are provided in Fig. 3d and Table S1. The 7,,. increases markedly from 253.28
ns to 531.87 ns upon Cs* incorporation. This improvement is attributed to the lattice contraction and
microstructural densification induced by Csl doping, which reduce grain boundary density and void
formation, thereby effectively passivating defect states and suppressing non-radiative recombination
channels [34].

To quantitatively analyze the trap density (&V,), space charge—limited current (SCLC) measurements
were performed. As shown in Fig. 3e and f, the current—voltage (/-V)) characteristics exhibit three distinct
regions: an Ohmic region (linear /-V), a trap—filling region (sharp current rise as traps are filled), and a trap—
free Child’s region. The trap—filling limit voltage (¥1r.) is defined by the intersection of the Ohmic and trap—

filling regions. The trap density &, can be calculated by Equation (4):
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:280 &VrrL

N— 7 4,
where g, €,, e, and L are the vacuum permittivity, the relative permittivity of the perovskite, the elementary
charge, and the thickness of the perovskite film, respectively. Based on the values summarized in Table S2,
the VrgL values are 0.90 V for the control device and 0.78 V for the Cs—doped device, corresponding to N,
values of 1.56 x 10'© cm3and 1.35 x 106c¢m 3, respectively. These results confirm that the Cs* incorporation
effectively passivates defects in the perovskite film, thereby suppressing non—radiative recombinations [35].

Electrochemical impedance spectroscopy (EIS) was further employed to investigate the charge
transport and recombination behavior. As summarized in Fig. 3g and Table S3, the series resistance (R;)
decreases from 28.18 Q for the control device to 27.9 Q after Cs* doping. This reduction is attributed to the
Cs* induced growth of larger grains and the consequent decrease in grain boundary density, which provide
more continuous pathways for charge transport. At the same time, the significantly smoother film surface
ensures more intimate contact with the carbon electrode, lowering the interfacial contact resistance.
Furthermore, the strengthened Pb—I bonding suppresses ion migration and vacancy-related trapping, thereby
improving carrier mobility, while the suppression of non-perovskite phases minimizes insulating impurities
that would obstruct charge flow. These combined structural and electronic improvements collectively
facilitate more efficient charge extraction. Moreover, recombination resistance (R,..) rises significantly from
3087 Q to 4709 Q after doping, indicates suppressed interfacial recombination, which is a primary factor
responsible for the enhanced V. Concurrently, the optimized energy alignment, as revealed by the PESA
results (Fig. 2f), facilitates charge extraction and and contributes to the improvement in Jg¢ [36]. These
synergistic effects collectively boost the overall device performance. As illustrated in Fig. 3h, Cs* ions
partially substitute methylammonium sites within the corner—sharing [Pblg]*~ octahedral framework while

maintaining the perovskite structure. Concurrently, Cs* doping increases the lattice formation energy, which
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suppresses the formation of non—perovskite phases, while strengthens Pb—I bonding via increased orbital
hybridization. These synergistic effects collectively improve film morphological integrity and operational

stability of the perovskite film [28§].
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Figure 3 a—b XPS of the control and Cs—0.05 films: (a) Pb 4f; (b) I 3d. ¢ PL spectra of the control and CsI-doped perovskite

films; d TRPL decay spectra of the control and Csl-doped perovskite films. e—f SCLC test of (e) the control group and (f)

the Csl doped device. g Nyquist plot at a bias voltage of 1 V. h Schematic illustration of the perovskite lattice with Cs*

partially substituting A—site cations. The organic cations are drawn to reflect the MA—dominated composition (MA*: FA*=9:
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1). The Cs* ion occupies an A—site position without preference for MA™ or FA™. This is a simplified 2D representation for
illustrative purposes and is not drawn to scale.

To elucidate the impact of Csl doping on photovoltaic performance, devices with the structure
ITO/SnO,/perovskite/carbon electrode were fabricated using perovskite absorbers with varying Csl
concentrations. Following systematic optimization of doping levels, the current density—voltage (J-V)
characteristics of the champion PSC are presented in Fig. 4a, with corresponding photovoltaic parameters
listed in Table S4. As shown in Fig. 4d—g, benefiting from Csl-induced synergistic enhancements in film
morphology, optimized band alignment, and effective defect passivation, the optimized device achieves a
PCE of 17.31% (Voc = 1.042 V, Jsc= 22.31 mA cm™, FF = 74.45%). This represents a substantial
improvement over the control device (PCE = 13.25%, Voc = 1.002 V, Jsc =21.99 mA cm™, FF = 60.13%).
Notably, supra—optimal Csl doping degrades device performance induced by lattice distortion—induced
phase segregation. This triggers the nucleation of metastable non—perovskite phases, generating fine—grained
microstructures with increased defect densities that impede carrier transport and extraction efficiency.
Consequently, precise control of doping concentration is critical for maximizing PSC performance. To
contextualize our results, the progress of representative carbon—based HTL—free PSCs was summarized in
Table S5. Notably, the highest efficiencies in such devices have almost exclusively relied on additional
organic passivators or interlayers. In contrast, our CsI-doped device achieves 17.31% PCE without any such
additives, highlighting the effectiveness of this simple inorganic doping strategy. As shown in Fig. 4h, Our
device achieved a remarkable PCE of 17.31%, which substantially outperforms not only single—cation
MAPbI;—based C—PSCs, but also surpasses the efficiency of many systems that rely on complex organic
passivators. The superior performance of our device underscores a key advantage of our approach: the Cs*

dopant itself acts as a multifunctional agent that simultaneously stabilizes the perovskite phase, induces
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beneficial lattice contraction to suppress ion migration, and passivates defects, all without necessitating
additional intricate organic additives. This streamlined, inorganic doping strategy provides a more direct and
effective pathway to high—efficiency C—PSCs.

The external quantum efficiency (EQE) spectra of the devices are presented in Fig. 4b. The integrated
Jsc values for the control and Cs—0.05 devices are 19.89 and 20.81 mA cm2, respectively, consistent the
J-V measurements. The dark J-V curves (Fig. 4¢) reveal a significant reduction in leakage current for the
Csl—doped devices, further confirming suppression of charge recombination in these systems [37]. To further

probe recombination mechanisms, we analyzed the dependence of V¢ on light intensity using Equation 5:

_nkTIn
—nkT In(D) ),

%
oc q

where £ is the Boltzmann constant, T is the absolute temperature, ¢ is the elementary charge, / is the light
Intensity, and the defect—induced non—radiative recombination factor (n) can be extracted, as shown in Fig.
S3a. The target device exhibits a significantly smaller slope (1.92 KT/q) than the control device (2.21 KT/q),
demonstrating suppressed non—radiative recombination [38]. The exponent factor (o) can be obtained based
on the relation between Jgc and light intensity (Equation 6):

JscxI” (6).
As shown in Fig. S3b, the a value increased from 0.9567 for the pristine device to 0.9846 for the Csl-treated
device, indicating that Csl incorporation significantly inhibits the electron—hole recombination [39].
Operational stability was evaluated by tracking steady—state current density and power conversion efficiency
(PCE) at the maximum power point (MPP). Under maximum power point (MPP) voltage tracking at AM
1.5G illumination for 150 seconds, the Cs—0.05 device achieved enhanced performance with a bias voltage
of 0.84 V and a stabilized PCE of 16.89%, outperforming the control (0.73 V, 12.57%), showing faster

response and better operational stability (Fig. 4i).
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Figure 4 a J-V Characteristic Curves. b EQE curves of the respective devices. ¢ Dark J-V curve of the control and CsI—
doped devices. d—g Boxplot of Photovoltaic Parameters (15 devices): (d) PCE; (e) FF; (f) Voc; (g) Jsc. h The PCE statistics
of the representative previous studies and our champion device for typical HTL—free C—PSCs structure. i Steady—State
Output Current and PCE at Maximum Power Point.

To assess the environmental stability, both control and Csl-doped films were aged under controlled
conditions (25+5 °C, 55+5% RH). As shown in Fig. 5a, both films initially exhibited a similar black color,
confirming the presence of a pure perovskite phase. After 5 days, the control film began to yellow at the
edges, indicating the onset of hydration—induced degradation. By day 10, severe yellowing across the entire

control film signaled extensive perovskite decomposition and probable crystal structure collapse. A complete
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conversion to a pale yellow non—perovskite phase occurred by day 15. In stark contrast, the Cs—0.05 film

maintained its original black color without visible degradation until day 10, showing only slight edge

yellowing by day 15. These observations demonstrate that Csl doping significantly markedly enhances the

intrinsic stability of the perovskite film by improving its crystallinity and resistance to moisture. The long—

term operational stability of unencapsulated devices was further evaluated under ambient atmospheric

conditions (20-25 °C, 50-60% RH). As shown in Fig. Sb, the Csl-modified C—PSCs retained 73% of their

initial PCE after 30 days, significantly outperforming the control devices, which degraded to 60% of their

initial efficiency. This result underscores the critical role of Csl incorporation in ensuring the superior air

stability of C—PSCs.
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Figure 5 a Stability of the control and Csl-doped perovskite films in ambient air. b Stability of the control and CsI-doped

perovskite solar cells in ambient air.

3. Conclusion
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In summary, we have demonstrated that the incorporation of Csl into a binary MA—FA perovskite
system serves as a simple yet highly effective strategy for synchronously enhancing the efficiency and
stability of carbon—based, HTL—free PSCs. The Cs* ions play a multifunctional role: they induce lattice
contraction, promote the growth of high—quality black phase crystals, suppress the formation of impurity
phases and iodide vacancies, and reduce defect-mediated non—radiative recombination. These synergistic
effects collectively contribute to a remarkable power conversion efficiency of 17.31%, enhanced by over 30%
and significantly improved operational and environmental stability. This work underscores the great
potential of inorganic cation engineering in developing high—performance, low—cost, and durable perovskite
photovoltaics with simplified architectures.

4. Experimental Section
Materials

Colloidal tin oxide nanoparticles (SnO,, 15%) were procured from Alfa Aesar. High—purity chemical
reagents, including N, N—dimethylformamide (DMF, 99.9%), dimethyl sulfoxide (DMSO, 99.9%),
Chlorobenzene (CB, 99.9%), and isopropanol (IPA, 99.5%), were sourced from Sigma Aldrich. High—grade
lead iodide (Pbl,, 99.99%) was obtained from TCI, while methylammonium iodide (MAI, 99.5%) and
formamidinium iodide (FAI, 99.5%) were procured from Xi'an Yuri Solar Co., Ltd. Rubidium Chloride (CslI,
99.8%) was acquired from Sigma, and reliable carbon paste was sourced from Shanghai Materwin New
Materials Co., Ltd.
Device Fabrication

All devices were fabricated on etched ITO conductive glass substrates. The ITO glass substrates
underwent a thorough cleaning regimen, commencing with ultrasonication in a sequential process involving

anhydrous ethanol, detergent, ultrapure water, isopropanol, and anhydrous ethanol, each for 15 minutes.
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Subsequently, they underwent an additional cleaning step, lasting 15 minutes, utilizing an ultraviolet ozone
cleaner (UVO) before deployment. The SnO, colloidal solution was carefully diluted to a concentration of
5 wt% and applied via spin coating onto the ITO glass substrates. This process was carried out at 4000 rpm
for 20 seconds, and the coated substrates were subsequently subjected to annealing at 150 °C for a duration
of 30 minutes. The perovskite precursor solution was prepared by dissolving 691.5 mg of Pbl,, 214.6 mg of
MALI, and 25.8 mg of FAI in a 1 mL mixed solution of DMSO and DMF, wherein the volume ratio of Vpyso
to Vpur was maintained at 1:9. This solution was stirred continuously for 6 hours. Then, add the
corresponding concentration of Csl to the solution and continue stirring for 2 hours. Subsequently, the
precursor solution was spin—coated atop the SnO, layer at 4000 rpm for 30 seconds, with the timely addition
of 150 pL of chlorobenzene (CB) as an anti—solvent within 67 seconds. This was followed by a meticulous
annealing process at 120 °C for 10 minutes. Finally, a layer of carbon paste was expertly blade—coated
directly onto the surface of the perovskite film and subsequently annealed at 100 °C for 10 minutes.

For each perovskite composition (control, Cs—0.02, Cs—0.05, and Cs—0.08), a batch of 20 devices was
fabricated under identical conditions. After excluding short—circuited or visibly defective devices, the first
15 functional devices from each batch were used for statistical analysis of photovoltaic parameters. The
sample size (n = 15) applies to all box plots presented in Fig. 4d—g.

Characterization

The samples underwent X-ray diffraction (XRD) analysis utilizing a Cu Ko radiation X-ray
diffractometer (Rigaku, Ultima IV). Surface morphology analysis was carried out using a Focused Ion Beam
Scanning Electron Microscope (TESCAN, S9000X Xe Plasma FIB-SEM). Infrared (IR) spectroscopy was
performed with a Fourier—transform infrared spectrometer (Bruker, INVENIO-S). Surface X-ray

photoelectron spectroscopy spectra of the thin film samples were acquired utilizing an X—ray photoelectron
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spectrometer (Thermo Science, K—Alpha). The UV—Visible absorption spectra of the thin film were
measured using a UV—Visible spectrophotometer (Shimadzu, UV-1800). Use ultraviolet photoelectron
spectroscopy (Thermo Science, Escalab Xi*) to analyze the maximum value of the valence band in the film.
Photoluminescence spectra and carrier lifetimes of the samples were obtained employing a time—resolved
photoluminescence spectrometer (Edinburgh Instruments, FLS1000). Under dark conditions, the
electrochemical impedance spectrum was measured using an electrochemical workstation(CH Instruments,
CHI660E) at a bias voltage of 0.7 V applied to the device. Current—voltage (J—V) measurements were carried
out with a Keithley 2461 source meter and a solar simulator (Enlitech, SS—X160R) under simulated AM

1.5G solar illumination (100 mW c¢m™2).
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The data supporting this article have been included as part of the supplementary
information (SI). Supplementary information: local magnification of XRD (Fig. S1), a
SEM image of the Cs-0.05 PVK film. b-d Distribution plots of (b) I, (c) Pb, (d) Cs (Fig.
S2), a Light Intensity Dependence of VOC. b Light Intensity Dependence of JSC (Fig.
S3), the statistical parameters of time-resolved photoluminescence (TRPL) spectra
fitted by a bi-exponential function (Table S1), calculated parameters and trap density
(Nt) of control and Cs-0.05 devices (Table S2), fitting parameters of C-PSCs from
Nyquist plots (Table S3), photovoltaic parameters of the best-performing control and
Cs-0.05 devices measured under both reverse and forward voltage scans (Table S3).
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