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SUMMARY

In this work, we present a high-performance, stable formamidinium lead iodide (FAPI) perovskite solar cell 

(PSC) achieved through the use of 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) bulk passivation and rapid 

photonic annealing. Utilizing flash infrared annealing (FIRA), we fabricated TEMPO-FAPI PSCs with a power 

conversion efficiency (PCE) exceeding 20%, exceeding the prior state of the art for this process. The TEMPO 

additive promotes enhanced crystallization dynamics, yielding films with improved homogeneity and 

reduced defect densities, as confirmed by photoluminescence (PL), profilometry, and positron annihilation 

lifetime spectroscopy (PALS). Stability testing under ISOS protocols demonstrated that the TEMPO-FAPI de-

vices retained over 90% of their initial PCE after 4,296 h of operational and thermal stress, showing unprec-

edented longevity for a rapid processing technique. TEMPO’s primary effect on passivating grain boundaries 

and surface defects is evidenced by a significantly reduced non-radiative recombination rate and low defect 

density, establishing this molecule as a promising additive for scalable, durable FAPI PSC manufacturing.

INTRODUCTION

Metal halide perovskites have rapidly emerged as promising 

candidates for next-generation thin-film solar cells due to their 

remarkable power conversion efficiencies (PCEs), surpassing 

many traditional photovoltaic (PV) technologies.1–4 Recent ad-

vancements in the stability of perovskite devices have further fu-

eled their potential for large-scale and sustainable energy appli-

cations.5,6 Nevertheless, significant challenges remain to match 

the long-term stability of established PV technologies, such as 

silicon-based solar cells.7 Achieving commercial viability for 

perovskite cells requires innovative solutions in both processing 

methods and compositional engineering to stabilize the mate-

rial’s active phases.8

CONTEXT & SCALE Perovskite solar cells could slash solar costs, yet their fragile films limit real-world use. 

Our study adds a trace of the benign radical TEMPO and cures the film with a 0.6 s flash-infrared pulse, giving 

phase-pure FAPI devices that top 20% efficiency and >90% of it being retained after 4,200 h in continuous 

operando conditions. The result shows that grain-boundary defects—not the perovskite lattice—drive 

long-term decay and that they can be tamed in a high-speed, antisolvent-free process. 

Because the chemistry is simple and low energy, and the curing step aligns with roll-to-roll coating, this route 

could cut the carbon payback of solar modules to months and enable lightweight, flexible panels for buildings 

and mobility. Key challenges are replacing or safely encapsulating lead, scaling the method to meter-wide 

uniformity, and certifying outdoor durability, but the path to commercial pilot lines is now defined with this 

work. 
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Among perovskite compositions, the black phase of formami-

dinium lead iodide (referred as FAPI) has demonstrated notable 

potential due to its high PCE and improved thermal stability.9–11

However, FAPI’s desirable perovskite phase is prone to phase 

instability at room temperature, often converting to non-photo-

active forms that degrade performance.12–15 Previous studies 

have shown that compositional modifications, such as incorpo-

rating formate ions or blending with other halides, can effectively 

stabilize this black phase by reducing defects that promote 

phase transitions.16–18 Yet, achieving stability requires highly 

controlled processing techniques that not only improve film 

quality but also preserve phase stability under operating 

conditions.19,20

A recurring approach to stabilizing FAPI involves cation alloy-

ing, which optimizes its structural order and reinforces phase 

stability.21,22 This phenomenon is influenced by orbital ordering, 

wherein specific d orbitals on the cation site become preferen-

tially occupied, indirectly affecting phase stability through struc-

tural modifications such as Jahn-Teller distortions.23,24 These 

distortions—driven by factors like cation-anion interactions, 

local cation arrangement, and octahedral tilting—exert chemical 

pressure on the lattice, promoting stable phases.25 However, 

such structural adjustments during crystal growth can introduce 

vacancies and defects, which act as recombination centers that 

hinder device performance by promoting ion migration.26 Thus, 

minimizing defect density during crystallization is critical for 

achieving both structural and operational stability in perovskite 

solar cells.21,27–30

In this context, rapid annealing methods are particularly 

attractive for large-scale manufacturing due to their compatibility 

with high-throughput processes.<u>24,31–33</u> Flash infrared 

annealing (FIRA) has emerged as a powerful tool for perovskite 

film processing, allowing for controlled crystallization on sub- 

second timescales, which is advantageous for minimizing ther-

mal degradation and ensuring uniform film quality.34–39 In previ-

ous work, we demonstrated that FIRA could stabilize the black 

phase of FAPI within 640 ms of annealing, achieving impressive 

PCE values and enhanced operational stability. However, further 

advancements in passivation are necessary to address intrinsic 

defects that compromise long-term device stability.19

To address this, we explored the use of 2,2,6,6-tetramethylpi-

peridinyloxyl (TEMPO) as a bulk passivator in FAPI perovskites 

films processed using the FIRA method. Additionally, devices 

with an NIP architecture were fabricated and analyzed. 

TEMPO, unlike traditional ammonium-based passivators, inter-

acts with both Pb2+ and FA+ ions in solution, facilitating a more 

uniform nucleation process and enhancing crystallinity across 

the film.40 Bulk passivation with TEMPO has shown promise in 

optimizing crystallization dynamics, reducing interfacial defects, 

and increasing film compactness, which are essential for 

improving device stability and performance.33,41

Consequently, this study investigates TEMPO’s effect on crys-

tallization, defect mitigation, and operational stability, employing 

advanced characterization techniques, such as positron annihi-

lation lifetime spectroscopy (PALS), which is used for analyzing 

atomic-level defects and has demonstrated success in applica-

tions involving semiconductors and metals.42–45 In PALS 

studies, positrons are implanted into the material under investi-

gation and lose energy through inelastic interactions until reach-

ing thermal equilibrium, at which point they exhibit quantum 

behavior and can interact with the crystal. In defect-free crystals, 

the positron wave function forms a delocalized Bloch state, 

whereas in the presence of defects, such as vacancies, it 

becomes localized. PALS measures the time between positron 

implantation—synchronized with the buncher pulse—and anni-

hilation, detected by a scintillator when one of the two 511 keV 

gamma rays (m0c2) is emitted. Reduced electron density at va-

cancy sites increases positron lifetime compared to defect-free 

crystals.

The lattice defect studies are complemented by optical obser-

vations of the FIRA-processed microstructured films and the 

high-throughput data acquisition setup (see methods). In syn-

ergy with the ease of optical film characterization, this work intro-

duces Shannon entropy as a novel metric for analyzing morpho-

logical uniformity.19,46 Shannon entropy, originally rooted in 

information theory and signal processing, measures random-

ness or unpredictability within a dataset.47–49 Using this method, 

a total of 3,000 optical microscopy images were analyzed to 

calculate the entropy values, providing a robust dataset for 

quantifying the film morphology homogeneity, which directly im-

pacts device performance. Therefore, our findings offer insights 

into the relationships between processing conditions, crystalli-

zation mechanisms, and material properties, with TEMPO 

showing notable effectiveness in enhancing PCE, exceeding 

the prior state of the art for the FIRA process and stabilizing 

FAPI films processed by FIRA.50–52 By integrating additive- 

based passivation with rapid annealing, we provide a scalable 

approach to manufacturing durable, high-performance perov-

skite solar cells, marking a significant step forward in the com-

mercial viability of perovskite-based photovoltaics.

RESULTS AND DISCUSSION

Contrary to conventional ammonium-based passivation 

materials such as octylammonium iodide, which primarily target 

surface defects, TEMPO offers a broader functional scope. 

TEMPO and its derivatives create a mild oxidizing environment 

and interact with both Pb2+ and FA+ ions.53 This interaction 

facilitates defect passivation without significantly altering the 

chemical state while simultaneously promoting uniform nucle-

ation by forming transient complexes that act as nucleation 

centers.54,55 In this study, we added TEMPO at 1 wt % to the 

precursor solution to examine its influence on film morphology, 

defect mitigation, and device performance. We selected a 

FAPI perovskite composition without inorganic cations as a 

more sustainable choice.56

Here, we extended the Shannon entropy concept to quantify the 

degree of order in the crystallization patterns of perovskite films 

(Methods S1). As shown in Figure 1A, the addition of TEMPO to 

FAPbI3 (FAPI) perovskite films resulted in a measurable decrease 

in Shannon entropy values, indicative of enhanced morphological 

uniformity during the crystallization process. Figure 1B illustrates 

representative mean values of optical images (top row) alongside 

corresponding heatmaps (middle row) and local entropy deviation 

maps (bottom row) for both film conditions. The heatmaps high-

light the contrast in defect spots of the grain domains, revealing 
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disruptions in radial preferential growth. Along with the entropy de-

viation maps, they confirm a lower local entropy (0.85) in the 

TEMPO-treated FAPI film compared to the pristine FAPI film 

(0.92), emphasizing a more uniform grain arrangement upon 

TEMPO incorporation. Notably, the pristine film exhibits greater 

pixel-level deviations in Shannon entropy, suggesting a more 

defective microstructure as further supported by extended image 

processing and analyses for six selected images in Figure S1. 

Despite these differences, both samples maintain compact 

spherulite-like morphologies, a characteristic of photonic (FIRA) 

annealing.39 Their comparable grain domain shapes make im-

age-analysis techniques particularly effective for quantitative 

assessment.22,39

We then manufactured devices using standard NIP configura-

tion, using FIRA for the perovskite wet film crystallization, as 

mentioned in the introduction. In this device architecture, the 

incorporation of a mesoporous layer enhances charge extraction 

and provides beneficial interfacial properties.57 This is particu-

larly relevant under rapid annealing conditions, where poor sur-

face wettability can be a limiting factor.58 The results of the man-

ufactured devices are shown in Figure 2A, with a statistical 

distribution of the PV parameters collected from 30 PSCs of 

the reference (FAPI) and target (FAPI-TEMPO) group. We used 

phenethylammonium iodide (PEAI) passivation as our standard 

for the perovskite/HTM interface.59,60 PEAI was selected as the 

standard passivation agent for the perovskite/HTM interface 

based on an optimization study, which showed superior device 

performance compared to pristine FAPI and other commonly 

used passivators such as OAI (octyl ammonium iodide) and 

FAI (formamidine iodide) (see Figure S2). Overall, the devices 

fabricated with FAPI-TEMPO demonstrated superior perfor-

mance, achieving the highest efficiency reported so far using 

antisolvent (AS)-free methods with a film processing time under 

640 ms.34,61,62 As expected, the devices manufactured with pure 

FAPI perform poorly compared to FAPI-TEMPO.

Notably, the Voc values increase from an average of 1020– 

1070 V and the FF (%) from 69 to 73, resulting in an average 

PCE of 17% and 19% for FAPI and FAPI-TEMPO, respectively. 

A minor difference of 0.1 mA in Jsc occurs showing only a small 

improvement for the FAPI-TEMPO approach. The JV curve of the 

obtained champion cell revealed a PCE of 20.16% (Figure 2B), 

with further room for enhancement, particularly in terms of FF. 

The cross-sectional scanning electron microscopy (SEM) image 

of a device fabricated with a FAPI-TEMPO film (Figure 2C) shows 

a homogeneous and monolithic perovskite film with a thickness 

of ∼700 nm. The incident photon-to-current efficiency (IPCE) in 

Figure 2D exhibits a similar Jsc to that observed in the JV curve 

of the champion cell, with quite balanced photoconversion for all 

absorbed wavelengths and in agreement with the optical band 

gap reported for FAPI material.63

To validate the long-term operational stability of the devices, 

we employed adapted ISOS L-1, L-2, and L-3 protocols (see 

methods).64 First, steady-state power output (SPO) measure-

ments were recorded under maximum-power point tracking 

(MPPT) tracking at 1 sun, 35◦C, in an inert atmosphere. 

Figure 3A shows that the champion device experienced only 

6% degradation after 4,292 h. This is the best stability reported 

to date for pure FAPI MACl-free perovskite-based PSCs not us-

ing an AS process. Figure S3 shows JV curves after extended 

stress, illustrating minimal degradation. For further confirmation, 

Figure 3B displays normalized PCE values for six control and 

target devices, showing an average SPO loss of 17% after 

2,500 h for FAPI devices and only 10% for FAPI - TEMPO devices 

after 4,292 h. The absolute SPO values are shown in Figure S4.

A B

Figure 1. Shannon entropy-based analysis of film morphology for FAPI and FAPI–TEMPO 

(A) Shannon entropy analysis of film morphology, with an inset of the chemical structure of TEMPO. 

(B) Comparison of film morphology and entropy mapping for FAPI (left) and FAPI-TEMPO (right). The top row presents optical images of the films, followed by 

heatmaps (middle row) and local entropy deviation maps (bottom row). Scale bar: 200 μm.
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Using an adapted ISOS L-3 protocol, Figure 3C shows the de-

vices subjected to an 85◦C MPPT scan in an inert atmosphere, 

with average losses of 27% for FAPI and 8% for FAPI-TEMPO 

over 250 h. Specifically, for the modified ISOS-L3 protocol, 

continuous illumination at 85◦C with MPPT and an inert atmo-

sphere (RH < 0.1%) were used. An additional stress test under 

35% RH and 35◦C with unencapsulated devices resulted in 

higher degradation than at 85◦C and 0% RH, as shown in 

Figure S5. However, in situ optical images (Figure 3D) reveal 

only minor point defects in FAPI films under these conditions, 

as highlighted in the zoomed-in view at 35% RH exposure. For 

a more detailed observation, Figure S6 presents higher-resolu-

tion images of Figure 3D. While the morphological changes 

may not be visually striking at the resolution shown in 

Figure 3D, they are still significant enough to impact device per-

formance due to phase instability. This is evidenced by the pres-

ence of a low-intensity Bragg δ-phase reflection (2θ = 11.8◦) in the 

XRD patterns of the stressed FAPI films presented in Figure S7.

After conducting extensive tests to assess the long-term sta-

bility of our devices, we focused on analyzing the difference 

TEMPO makes to the perovskite films to rationalize the improved 

performance of the target devices. We used a large amount of 

data points to ensure the robustness of our analyses as we 

examined the photophysical and morphological film features. 

Figure 4A presents the time-resolved photoluminescence 

(TRPL) measurements of 16 FAPI and FAPI-TEMPO films, while 

Figure 4B illustrates the estimated lifetime distribution. Through 

biexponential fitting, we determined a charge lifetime before 

recombination of approximately 700 ns (±88.7) for FAPI- 

TEMPO and 237 ns (±47.1) for FAPI, highlighting a significant dif-

ference. Consistently, the photoluminescence quantum yield 

(PLQY) measurements, depicted in Figure 4C for 40 films of 

each condition, corroborate the TRPL results, indicating an 

average increase of 2.5% going from FAPI to FAPI-TEMPO. 

Further PLQY analyses and results can be found in the 

supplemental information and in Tables S1 and S2. In 

Figure 4D, we represent the average surface roughness (Ra) 

for 10 films of each condition, measured in an area of 2 mm2. 

The Ra of FAPI-TEMPO is around 56 nm and FAPI 78 nm, denot-

ing a significant topology contrast that can directly cause the 

lower FF and Voc for pure FAPI in the fabricated devices 

(Figure 1). More details of the profilometric 2D maps for all sam-

ples can be seen in Figure S8.

Film crystallization in FIRA is driven by infrared (IR) irradiation, 

inducing structural transformations through kinetic changes.35

During crystal growth, mass transport at the growing solid-liquid 

A B

C

D

Figure 2. Performance statistics and champion-device characterization of FAPI and FAPI-TEMPO PSCs 

(A) Statistical analysis of the JV parameters of FAPI and FAPI-TEMPO devices. 

(B) JV curves of the champion target device (FAPI-TEMPO). 

(C) Cross-sectional SEM image of a manufactured target PSC. 

(D) IPCE and integrated Jsc curves of the champion target device.
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interface shifts from front to secondary nucleation, producing 

dense branching structures.33 It promotes the formation of 

spherulite domains with radial growth, as shown in the SEM im-

ages in Figure 4E, where FAPI samples reveal internal grain inho-

mogeneities. The red circle in the left SEM image highlights de-

viations from the ideal radial growth pattern within the domains. 

Spherulite microstructure variations can be analyzed through en-

velope growth (2D spherical) and internal anisotropy while having 

a similar crystal structure as characterized by GIWAXS analysis 

(Figure S9). The GIWAXS 2d plot shows that TEMPO-treated 

samples exhibiting a slightly enhanced crystallinity and preferred 

orientation, as evidenced by the sharper diffraction peaks in the 

integrated profiles.

Theoretical models often assume isotropic grain boundaries, 

yet real boundaries exhibit anisotropy, significantly influencing 

crystallization growth dynamics and mass transport.35,65

Achieving a balanced composition for compact branching and 

linear growth is essential and can be effectively assessed 

through optical image processing techniques. Shannon entropy 

and computable information density (CID) analyses (methods; 

Methods S1: pixel detection algorithms method) show untreated 

FAPI films have higher CID values compared to TEMPO-treated 

ones, indicating greater internal inhomogeneity (Figure S10). 

Shape analyses (Figure S11; Methods S1) reveal no significant 

differences in domain shapes, confirming that the observed 

structural differences stem from internal grain-domain 

inhomogeneities.

TEMPO plays a crucial role in modulating the crystallization 

process by altering the growth envelope, directly impacting the 

homogeneity of the solution-phase crystallization dynamics. 

TEMPO interacts with Pb2+ and FA+ ions, influencing nucleation 

kinetics and crystal growth pathways.53 As a result, TEMPO 

modifies the preferential growth directions and stabilizes the 

crystallization front, mitigating abrupt variations in grain forma-

tion and reducing anisotropic growth tendencies. ToF-SIMS 

analysis (Figure S12) localizes a TEMPO derivative, TEMPOH 

(2,2,6,6-tetramethylpiperidine-1-oxyl hydroxide), at the bottom 

interface of the film, further supporting its involvement in nucle-

ation control. The presence of this species was confirmed by 

mass spectrometry (Figure S13) and electron paramagnetic 

resonance analysis (Figure S14). The interaction of TEMPO(H) 

with the growing perovskite grains reduces the formation of 

A

B

C D

Figure 3. Enhanced operational and environmental stability of FAPI-TEMPO devices and films compared with pristine FAPI 

(A) SPO over 4,296 h of a target device (1 sun) showing minimal degradation over time. 

(B) Normalized SPO comparison between FAPI and FAPI-TEMPO devices, indicating enhanced stability for TEMPO-treated cells, with T90 (90% of initial PCE) 

exceeding 4,296 h. 

(C) SPO accelerated aging conditions (85◦C, 0% RH), with FAPI-TEMPO showing substantially improved stability compared to untreated FAPI. 

(D) Optical images of FAPI and FAPI-TEMPO films under varying temperature and humidity conditions (0% RH at 85◦C, 35% RH at 35◦C, non-encapsulated), 

highlighting reduced degradation and fewer defects in the TEMPO-treated films after exposure for 250 h. All tests were conducted under 1 sun AM1.5 illumination 

using an LED array as the light source. The humidity test was performed by introducing moist air into the atmosphere (see methods).

Joule 9, 101972, July 16, 2025 5 

Article
ll

OPEN ACCESS



pinholes and leads to a more uniform, defect-minimized film, ul-

timately enhancing performance and stability. TEMPO mitigates 

phase instability by promoting the formation of more uniform and 

compact films. Since defects at grain domain interfaces are 

energetically more susceptible to phase degradation, the 

improved film morphology induced by TEMPO helps to reduce 

these degradation pathways.

To further integrate additive-based passivation strategies 

with advanced defect characterization to bridge the gap be-

tween molecular engineering FAPI-TEMPO films, we employed 

PALS. Positrons implanted in these samples first thermalize 

without annihilation, then diffuse distances on the order of 

50–100 nm inside the crystallites, which is the extension radius 

of the positron wave function, giving a refined characterization 

of the crystal defects such as vacancies (see methods and 

Methods S2). As for the studied films, which feature spherulite 

grain domains averaging 200 μm in diameter and are internally 

composed of smaller, oriented crystallites ranging from 1 to 

5 μm,40 the probability of a positron reaching the grain bound-

ary is extremely low.

Figures 5A and S15 display the measured positron lifetime 

spectra for the FAPI-TEMPO and FAPI samples, respectively. 

Both measurements were conducted at a positron implantation 

energy of 8 keV. The spectra exhibit remarkably similar shapes 

for both samples. Mathematically, these spectra are represented 

by the function S(t), given in Equation 1, and are affected by the 

convolution of the instrumental resolution function, R(t),66 with a 

sum of n exponential decay components, along with a low con-

stant background B.

S(t) =

[
∑n

i = 1

Ii

τi

e
− t=τi

]

∗ R(t)+ B (Equation 1) 

where Ii and τi represent the intensity and lifetime values of a 

given component, respectively. The resolution function, R(t), is 

A B

C D

E

Figure 4. Time-resolved photoluminescence (TRPL), lifetime distribution, PLQY, surface roughness, and SEM images of FAPI and FAPI- 

TEMPO films 

(A) TRPL measurements of 16 FAPI (black) and 16 FAPI-TEMPO films (red). 

(B) Lifetime distribution calculated from (A). 

(C) PLQY data of FAPI and FAPI-TEMPO films. 

(D and E) (D) Average surface roughness (Ra) and (E) SEM top-view images of FAPI and FAPI-TEMPO films. (Red ovals in the two SEM images on the left highlight 

grain inhomogeneities of the FAPI samples).
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modeled as the sum of two Gaussian functions, as explained in 

the methods section. To extract information from the measured 

data, the PALSfit software was used for deconvolution and 

fitting.67 The FAPI samples are best fitted using two lifetime com-

ponents (n = 2). The analysis of the positron lifetime spectra 

suggests vacancies as the primary defect type. The fitting 

parameters—intensities and lifetimes—are listed in Table 1. 

The results are robust, supported by an optimal statistical count 

of 107 events per spectrum.

Figure 5B presents the depth profile of the average positron 

lifetime at different implantation energies obtained from these 

samples, which is the weighted average defect size across 

sample thickness (see Methods S2). Figure S16 also shows 

that in the FAPI sample, the ideal region for analysis is between 

6.5 and 8 keV, where about 97% of the positrons are implanted 

and thermalized within the films studied.

The analysis of the results is compatible with the hypothesis of 

the one defect standard trapping model (STM),66,68 predicting a 

positron trapping rate, proportional to the vacancy concentra-

tion n:

n = KD=μV (Equation 2) 

where μV is the defect-specific trapping coefficient (typically 

assumed to be 2×1015 s− 1 in semiconductors, perovskites, 

and oxides69) and κD is the positron trapping rate. The defect 

density N presented in Table 1 was, therefore, calculated by 

multiplying the defect concentration n by the density of atoms 

in the MAPI perovskite structure (≈2×1022 atoms/cm3).

Assuming one defect type, the STM (see Methods S2) indi-

cates two annihilation channels: the bulk and the defect. The 

defect lifetime component τ2 at ∼444 ps is observed 

(Table 1)—attributed to vacancies—while the τ1 component 

turns out to be shorter than τbulk (annihilation in the bulk), due 

to the effect of trapping in defects, with respective intensities I2 

and I1. Using the STM, we calculated the bulk lifetime in both 

samples of ∼365 ps. This lifetime value may be too high to be 

ascribed to bulk annihilation. An alternative explanation is 

that the studied samples contain two distinct types of defects: 

FA vacancies or FA-I divacancies, which account for the large 

τ2 value, and other defect types such as iodine or lead vacancies 

responsible for the shorter τ1 component, which is close to the 

estimated bulk lifetime τbulk. This hypothesis will be further inves-

tigated through additional measurements and theoretical calcu-

lations. The rate of positron trapping to the defect κD (Table 1) 

and the vacancy density n are also determined by using the 

STM (Methods S2). Calculated vacancy number densities N 

are consistent for both samples, around ∼1×1015 cm− 3. This 

suggests that TEMPO predominantly passivates grain boundary 

and surface defects, which PALS may not detect in these sam-

ples, as mentioned earlier since the crystal grains are much 

larger than the positron diffusion length. FAPI-TEMPO samples 

exhibit high-quality crystals with defect concentrations one to 

two orders of magnitude lower than those reported for other 

halide perovskite materials, such as various MAPI samples, 

with defect densities between 6×1016 and 2×1017 cm− 3, that 

were attributed by Keeble et al. to Pb vacancies (VPb), calculated 

using the same defect-specific trapping coefficient (μV = 

2×1015 s− 1).69

In addition, the XPS depth profiles in Figure S17 reveal that the 

addition of TEMPO to FAPI does not lead to significant changes 

in the overall elemental distribution of iodine, nitrogen, or lead 

across the perovskite layer and TiO2 interface. This indicates 

that both FAPI and FAPI-TEMPO films maintain a consistent 

chemical structure through the depth of the films, suggesting 

that chemical states of the constituents remain similar, which 

align with the bulk defect analyses employing PALS. However, 

the slight variations observed, particularly for iodine and nitro-

gen, suggest that TEMPO might subtly influence interfacial prop-

erties, promoting uniformity while preserving the bulk composi-

tion. Furthermore, the presence of TEMPO during film 

formation may influence the adsorption and diffusion dynamics 

of precursor species. In agreement with the Shannon entropy 

A B

Figure 5. Positron lifetime spectrum and implantation-energy dependence of average lifetime for FAPI and FAPI-TEMPO samples 

(A) Positron lifetime spectrum of a FAPI-TEMPO sample measured with 8 keV positron implantation energy. 

(B) Average positron lifetime as a function of the positron implantation energy in FAPI and FAPI-TEMPO samples. Our analysis averages spectral data exceeding 

107 counts for both samples, ensuring robust results.
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analyses in Figure 1, the diffusion of ionic species at the liquid/ 

solid interface is modulated in the presence of TEMPO, leading 

to a more uniform and isotropic growth envelope. This controlled 

crystallization dynamic reduces anisotropic growth tendencies 

and spatial inhomogeneities, contributing to a more structurally 

and compositionally uniform film. These effects collectively 

reduce compositional fluctuations, enhance interfacial stability, 

and ultimately improve optoelectronic properties and long- 

term device performance as demonstrated above.

Concluding remarks

This study demonstrates the successful integration of TEMPO- 

based bulk passivation with FIRA to significantly enhance the sta-

bility and performance of FAPI PSCs. By introducing TEMPO into 

the FAPI precursor solution, we notably improved film crystalliza-

tion leading to an enhanced film quality and photovoltaic effi-

ciency, reaching a PCE of over 20%. Through detailed analysis, 

including steady-state and time-resolved PL, profilometry, and 

PALS, we provided insights into the role of TEMPO in reducing 

recombination centers and improving charge-carrier dynamics.

The results confirm that TEMPO primarily influences grain 

boundaries and surface defects, enhancing device stability under 

long-term operational and environmental stress. The devices 

demonstrated remarkable stability according to the used adapted 

ISOS protocols, with a low average degradation rate for TEMPO- 

treated samples and consistently better performance after 4,296 h 

under operational conditions than the studied control devices.

Notably, the aforementioned advantages were achieved 

without altering the bulk crystalline microstructure and its defect 

environment of the studied FAPI and FAPI-TEMPO films grown 

by FIRA possess. This work demonstrates depth-profiling posi-

tron lifetime spectroscopy as a powerful method for quantifying 

vacancy concentrations in metal halide perovskites films, 

enabling the detection and identification of neutral or negatively 

charged vacancy-related defects. These findings align and com-

plement atomic-resolution transmission electron microscopy re-

sults, which highlight vacancies as influential defects in the stud-

ied system,70 while PALS also provides a valuable quantitative 

perspective.

Quantitative analysis via PALS reveals that vacancy defects, 

characterized by a positron lifetime of 444(9) ps, serve as the 

primary positron traps attributed to FA vacancies or FA-I 

divacancies in both FAPI and FAPI+TEMPO perovskite films. 

The comparison between samples with and without the 

TEMPO additive (Table 1) confirms that vacancy concentrations 

remain unchanged at a relatively low level—about one vacancy 

per 10 million lattice sites. A higher concentration of lead va-

cancies is also a plausible scenario and will be the subject of 

further investigation. This is significantly lower than in MAPI 

samples, where vacancy density is one to two orders of magni-

tude higher due to the proposed cation lead vacancies (VPb).69

These results highlight the effectiveness of the rapid annealing 

approach in achieving low defect densities and confirm that 

the TEMPO additive does not compromise this benefit.

These promising results open pathways for future studies 

exploring the impact of molecular additives on perovskite stabil-

ity at different processing scales. This work establishes TEMPO 

as a valuable additive for advancing FAPI perovskite technology 

and supports the use of rapid photonic processing methods in 

the sustainable commercialization of high-efficiency, durable 

perovskite solar cells.

METHODS

Perovskite device preparation

Photovoltaic devices were fabricated on FTO-coated glass (Pil-

kington NSG TEC). The substrates were cleaned using a Hellma-

nex solution (2% in water), followed by 30 min sonication in a 

similar Hellmanex 2% water solution, 15 min sonication in IPA, 

and 5 min of oxygen plasma etching. Then, a 30 nm-thick 

compact TiO2 layer was deposited onto FTO by spray pyrolysis 

at 450◦C from a 0.1 M precursor solution of titanium diisopropox-

ide bis (acetylacetonate) in anhydrous ethanol and acetylace-

tone. After spraying, the FTO substrates were left at 450◦C for 

5 min before cooling to room temperature. A mesoporous TiO2 

layer was deposited by spin coating for 10 s at 4,000 rpm with 

a ramp of 2,000 rpm, using a 30 nm particle-size TiO2 paste (Dye-

sol 30 NR-D) diluted in ethanol to 75 mg mL− 1, to produce a 150 to 

200 nm-thick mesoporous layer. After spin coating, the FTO sub-

strates were dried at 100◦C for 10 min, and the films were an-

nealed using a programmable hotplate (2,000 W, Harry Gestigkeit 

GmbH) to crystallize TiO2 at 450◦C for 30 min under a flow of dry 

air. All the organic salts were acquired from Greatcell Solar, while 

TCI provided lead halides and Merck provided DMSO and DMF 

solvents. The hybrid perovskite precursor solutions were depos-

ited from a precursor solution containing FAI and PbI2 (1.5 M) in 

anhydrous DMF/DMSO 3:1 (v/v). 1 mol % TEMPO was added 

to the solution precursors for the FAPI-TEMPO condition.

The films made using the FIRA method include spin coating of 

the perovskite solution in a single step at 4,000 rpm for 10 s. The 

substrates were then IR irradiated with a 640 ms pulse in 

the FIRA oven, pulling them out immediately after the heating. 

The films were then placed on a hotplate at 100◦C for 15 min 

to complete solvent removal. FIRA processing was carried out 

in a glovebox filled with a N2 atmosphere. Details of the FIRA 

setup have been reported elsewhere.19

A solution containing 2 mg mL− 1 phenethylammonium iodide in 

isopropanol was dropped onto the perovskite film once the spin 

Table 1. Experimental positron lifetime results for the studied FAPI and FAPI-TEMPO samples

Sample τ1 [ps] I1 [%] τ2 [ps] I2 [%] τave [ps] τbulk [ps] κD [108 s− 1] n [10− 8] N [1015 cm− 3]

FAPI 353(4) 84(3) 452(9) 16(3) 368(5) 365(5) 1.0(8) 5.0(9) 1.0(3)

FAPI- TEMPO 346(4) 75(3) 436(9) 25(3) 368(5) 364(5) 1.5(9) 7.3(9) 1.5(3)

Positron lifetime values (τ1 and τ2) and intensity values (I1 and I2) values of the two components, average (τave) and bulk lifetimes (τbulk), positron trapping 

rate (κD), defect concentration (n), and defect number density (N) are presented. The values were calculated as an average between the values at two 

positron implantation energies, 6.5 and 8 keV (around the maximum implantation fraction into the studied films, see Figure S15).
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coating started at acceleration of 1,200 m/s2, speed of 4,000 rpm, 

and over the duration of 10 s. Then the films were placed onto a 

hotplate at 100◦C for 25 min for complete solvent removal, mostly 

for the part from edged FTO where the IR irradiation doesn’t heat 

up the sample. Immediately after cooling the perovskite films, a 

spiro-OMeTAD (Merck) solution (70 × 10− 3 M in chlorobenzene) 

was deposited by spin coating at 4,000 rpm for 20 s. Spiro- 

OMeTAD was doped with Li-TFSI (Sigma Aldrich) and 4-tert-butyl-

pyridine (TBP, Sigma-Aldrich). The molar ratios of the additives to 

spiro-OMeTAD were 0.5 and 3.3 for Li-TFSI and TBP, respectively. 

Finally, an 80 nm-thick gold layer was evaporated on the top of the 

film using a Leika system, in a vacuum of 10− 4 Pa

Device characterization

For photovoltaic measurements, a solar simulator from ABET 

Technologies (Model 11016 Sun 2000) using a xenon arc lamp 

was used, and the solar cell response was recorded using a Met-

rohm PGSTAT302N Autolab. The intensity of the solar simulator 

was calibrated to 100 mW cm− 2 using a silicon reference cell 

from ReRa Solutions (KG5 filtered). The reference cell was cali-

brated, and the J–V curves were measured using reverse and 

forward biases at a scan rate of 10 mV s− 1 and a dwell time of 

2 s; this slow scan rate was used in all JV measurements to mini-

mize hysteresis effects. A black, non-reflective metal mask with 

an aperture area of 0.1024 cm2 was used to cover the active area 

of the device. In this way, the active area of the devices was 

fixed, avoiding artifacts produced by scattered light. IPCE 

spectra was measured using a commercial apparatus (Arkeo- 

Ariadne, Cicci Research s.r.l.) based on a 300 W Xenon lamp 

and able to acquire the spectrum from 300 to 1,100 nm with 

2 nm of resolution. It was recorded as a function of the wave-

length at a constant white light bias of approximately 5 mW 

cm− 2 supplied by an array of white-light emitting diodes. All 

measurements were conducted using a non-reflective metal 

mask with an aperture area of 0.3364 cm2 to cover the active 

area of the device (0.3360 cm2) and avoid light scattering through 

the sides. The size of the mask aperture and the active contact 

area of the devices were measured using an optical microscope 

with a 5× objective lens. Solar cell current transient dynamics 

(potentiostatic) and the maximum power point tracking data 

were measured under 1 sun equivalent white LED illumination 

using an SP300 Biologic potentiostat. The maximum power point 

tracking was performed using a home-developed program, 

keeping the devices at a maximum power point by creeping 

oscillation in voltage and measuring a full JV curve every 

10 min. The devices were placed inside an in-house-developed 

airtight sample holder, which allowed them to be kept under an 

inert, nitrogen atmosphere. Additionally, the backside metal 

electrode of the devices was placed against a Peltier element, 

which, with the use of a PID (proportional-integral-derivative) 

controller, would keep the actual temperature of the device at 

35◦C regardless of the illumination or ambient temperature.

Materials characterization

SEM was carried out using a Tescan MIRA 3 LMH with a field 

emission source operated at an acceleration voltage of 10 kV. 

Film X-ray diffraction was performed in reflection spin mode us-

ing an Empyrean system (Theta–Theta, 240 mm) equipped with a 

PIXcel-1D detector, and Bragg–Brentano beam optics (including 

a hybrid monochromator). GIWAXS images were collected at an 

incident angle of 2◦ using a Bruker Discover Plus equipped with a 

rotating anode and a Dectris Eiger2 500 K detector operating in 

the 2D mode. Collimating optics of 300 microns were used to 

select the beam shape. Optical transmission measurements 

were performed using a Zeiss Axio-Scope A1 Pol with Zeiss 

EC Epiplan-Apochromat 10×, 50×, and 100× objectives and a 

Xenon light source (Ocean Optics HPX-2000). For spectroscopic 

measurements, an optical fiber (QP230-2-XSR, 230 μm core) 

collected the transmitted light from the sample. The spectra 

were recorded using a spectrometer (Ocean Optics Maya2000 

Pro). All spectra were obtained at room temperature in transmis-

sion. The TRPL spectra were recorded using a LifeSpec II 

TCSPC (Edinburgh Instruments) with 506 nm excitation wave-

length and stopping at 104 counts. The photon flux per pulse 

was 1.17 × 1010 photons per cm2. The temperature of the perov-

skite film in the annealing chamber was measured using a CT- 

SF22-C3 Miniature Infrared Pyrometer and a germanium window 

for IR transmission. The temperature range is − 50◦C to 975◦C 

with an optical resolution of 22:1, a spectral range of 8–14 μm, 

a focus of 0.6 mm at 10 mm distance, a response time of 

150 ms, a temperature resolution of 0.1◦C, a system accuracy 

of ±1% or ±1◦C, an emissivity/gain of 0.100–1.100, and a trans-

missivity/gain of 0.100–1.100. The distance from the front edge 

of the CT-SF22 device to the measurement object is 30 mm, 

and this distance from the spot size has a diameter of 5 mm. A 

PID regulation mode was set to control the power of the lamps, 

where the output signal taken using a pyrometer will oscillate 

around the set point with a decaying sinusoidal amplitude. A 

LabVIEW GUI adjusts the PID values for the larger sinusoidal 

amplitude ending in shorter ones to guarantee a stable system.

For the profilometry analysis, we used a DektakXT stylus sur-

face profiler. Being available with an automatic X–Y and theta 

stage, it provides a step-height repeatability of 5 Å. The stylus 

is linked to a linear variable differential transformer, and the 

Vision64 application calculates and displays the results of 

user-selected analytical functions for measuring the surface 

texture and other parameters to characterize the profile data. 

The measurement was set up with a high-resolution range of 

6 μm in the z axis, 0.07 μm s− 1 scan rate, 1,000 traces, and a sty-

lus radius of 7 μm

The positron lifetime experiments were performed at the 

mono-energetic positron spectroscopy beamline of the radiation 

source ELBE (electron linac for beams with high brilliance and 

low emittance) at Helmholtz-Zentrum Dresden-Rossendorf (Ger-

many).71 In this study, PALS is used with a bunched slow-posi-

tron beam. Positrons were monoenergetically implanted at 

various depths in the sample using a variable energy positron 

beam ranging between 1 and 16 keV. The measurements were 

carried out at room temperature in vacuum condition (10− 7 

mbar). A digital lifetime CeBr3 scintillator detector operated by 

a homemade software, utilizing a SPDevices ADQ14DC-2X digi-

tizer with 14-bit vertical resolution and 2 GS s− 1 horizontal reso-

lution, was used (the overall time resolution was about 230 ps). 

The resolution function required for spectrum analysis was 

composed of two Gaussian functions with distinct intensities de-

pending on the positron implantation energy and appropriate 
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relative shifts. All spectra contain at least 1×107 counts and a 

time calibration of 3 ps per channel. The lifetime spectra were 

analyzed as a sum of time-dependent exponential decays ac-

cording to Equation 2, convoluted with the spectrometer timing 

resolution using a nonlinear least square approach provided by 

the PALSfit software.67

High-throughput data acquisition

The data acquisition system provided micron-scale precision for 

optical observation and analysis. Measurements were per-

formed using a microscope (Olympus, BX3M) equipped with a 

5× objective (Olympus, MPLN5X-1-7). For illumination, a white 

LED (OMICRON, LEDMOD) was coupled to the microscope’s 

illuminator, and images were captured with a high-resolution 

2,048 × 2,048 pixel CMOS camera (Hamamatsu, ORCA- 

FLASH 4.0 LT). To enhance throughput, the system incorporated 

a custom-developed microdevice manager for stage control, im-

plemented via a Python script. The setup featured a high-speed 

XYZ scanning stage (MLS203-1, Thorlabs), capable of scanning 

an entire holder containing up to eight films within 45 min. Each 

film measured 25 × 17 mm, with an active area of approximately 

15 × 13 mm subjected to detailed scanning. With a 5× objective, 

the field of view typically spans 2.4 × 2.4 mm. A step size of 

2.3 mm in both X and Y directions was selected to ensure effi-

cient imaging of the entire area while minimizing redundancy. 

Focus adjustments for the z axis were performed manually at a 

single scanning spot on the sample and then automatically 

applied across the remaining scan areas. This protocol ensured 

comprehensive coverage of the sample area, maintaining high 

spatial resolution and efficiency.

Image processing

Shannon entropy and CID are applied to quantify structural ho-

mogeneity. See Methods S1 for further details. Shannon entropy 

measures the disorder within an image, as a metric of structural 

uniformity. At the same time, CID calculates the regularity by 

analyzing the ratio of compressed to original image length, indi-

cating image consistency.

Entropy maps were generated by computing the Shannon en-

tropy of grayscale intensity distributions using a histogram- 

based approach. For each image, pixel intensity values were 

converted to a probability distribution, and entropy was calcu-

lated as:

\begin{equation}

H(X) = − \sum { \{ x i \} } p(x i) \log 2 p(x i)

\end{equation}

where \(− \{ x_i \} \) represents the set of possible pixel inten-

sity values, and \(p(x_i) \) is their probability distribution. Local 

entropy deviation maps were generated by computing the en-

tropy within a sliding window across the image, capturing spatial 

variations in homogeneity.

To enhance the visualization of these variations, both heat 

maps and local entropy deviation maps were computed. The 

heat maps provide a colormap-enhanced representation of en-

tropy values, improving contrast between regions of differing 

structural uniformity.

Additionally, coefficient of variation (CV) is used on segmented 

sample images to assess crystal area and perimeter variability, 

with CV values reflecting relative homogeneity across the sam-

ples. Circularity distortion (CD) analysis is conducted to further 

characterize crystal shape consistency, measuring deviations 

from ideal circular structures. It is a parameter of the uniformity 

of radial growth in the crystals. These metrics assess film homo-

geneity, allowing for precise differentiation between the struc-

tural qualities of FAPI and FAPI-TEMPO samples.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Sandy Sánchez-Alonso 

(sandy.sanchezalonso@epfl.ch).

Materials availability

This study did not generate new unique chemical reagents. All precursor salts 

(FAI and PbI2), solvents (DMF and DMSO), and the TEMPO additive are 

commercially available, as detailed in the methods section. Custom thin-film 

samples (FAPI and FAPI-TEMPO) and complete N-i-P solar-cell devices pro-

duced in this work can be provided by the lead contact upon reasonable 

request and completion of a material-transfer agreement (MTA).

Data and code availability

• All data supporting the findings of this study are included in the main text 

or the supplemental information.

• The complete raw datasets including stability-test logs, TRPL/PLQY 

transients, surface-profilometry, positron-annihilation lifetime spectra, 

XPS depth profiles, and the pixel-defect detection algorithms are 

openly available in this repository: https://doi.org/10.5281/zenodo. 

15324373

• Any additional information required to reanalyze the data reported in this 

paper is available from the lead contact upon request.
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