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ARTICLE INFO ABSTRACT
Keywords: The performance and stability of perovskite solar cells (PSCs) can be limited by film quality and interfacial
FABr passivation defects. In this study, we developed a moderate-temperature liquid medium annealing (LMA) process that in-

Halide perovskite
Liquid medium annealing (LMA)
Pre-heat treatment

volves a 20-s preheating step, followed by formamidinium bromide (FABr) passivation. The preheating step
effectively removes residual antisolvent and initiates uniform nucleation, enabling the formation of continuous
and uniform perovskite films with large grains and high crystallinity. The optimal time and temperature for LMA
were determined to be 3 min and 50 °C, respectively. Devices fabricated through LMA involving the preheating
step exhibited a champion power conversion efficiency (PCE) of 21.49% and suppressed hysteresis. Incorporation
of FABr passivation into this process improved the PCE to 22.01%, reduced the trap density between perovskite
and the hole transport material, and extended carrier lifetime. Notably, an unencapsulated PSC with perovskite
films produced through LMA, preheating, and FABr passivation retained 94.5% of its initial PCE after 650 h
under ISOS-D1 testing. Overall, the proposed synergistic strategy offers a scalable route for fabricating efficient
and durable PSCs.

annealing (HPA) of a substrate following spin-coating of a precursor

solution on it. This method is widely adopted because of its convenience

1. Introduction and simplicity [9]. Researchers have indicated that annealing time and
temperature strongly influence the crystallinity and quality of perov-

Halide perovskite solar cells (PSCs) have attracted considerable skite films produced through HPA [10]. The primary disadvantages of

attention in photovoltaic research because of their excellent optoelec- HPA include high energy consumption due to its elevated temperature
tronic properties, strong light absorption, high power conversion effi- requirements, inadequate control over material defects, and poor pro-
ciencies (PCEs), and tunable bandgaps [1-4]. When first introduced in cess reproducibility, all of which contribute to its unsuitability for rapid,
2009, PSCs exhibited a modest PCE of only 3.8% [5]. However, they  high-throughput manufacturing. These limitations can be overcome by
have since been confirmed to have PCEs surpassing 26%, highlighting employing electromagnetic wave techniques, such as flash lamp
their extraordinary potential for next-generation solar technologies annealing. This method enables millisecond-scale crystallization, which
[6-8]. The efficiency of PSCs is strongly influenced by film quality. The is suitable for high-throughput, large-area manufacturing. It also ex-
perovskite films of these cells are deposited by spin-coating a precursor hibits high energy efficiency and compatibility with flexible substrates
solution onto a substrate and then inducing crystallization through because of its minimal heating requirements [11]. However, flash lamp
optimized annealing methods. annealing can result in nonuniform crystal growth and requires

One method for crystallizing perovskite involves direct hot plate
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Nomenclature

Symbols

Al pre-exponential factor (amplitude) corresponding to the
fast decay component in the biexponential fitting of TRPL

A2 pre-exponential factor (amplitude) corresponding to the
slow decay component in the biexponential fitting of TRPL

I(t) photoluminescence intensity at time t obtained from TRPL
measurement

Jsc short-circuit current density

PCEgg power conversion efficiency of forward scan

PCEgs  power conversion efficiency of reversed scan

Voc open-circuit voltage

VL trap-filled limit voltage

T fast decay lifetime associated with trap-assisted
nonradiative recombination in TRPL

Ty slow decay lifetime associated with radiative
recombination in TRPL

Tavg average carrier lifetime of TRPL measurement

Abbreviations

2D two-dimensional

CBD chemical bath deposition

DI deionized

EL electroluminescence

ETL electron transport layer

EQE external quantum efficiency

FF fill factor

FS forward scan

FTO fluorine-doped tin oxide

FWHM full width at half maximum

HI hysteresis index

HPA hot plate annealing

HTL hole transport layer

ISOS International Summit on Organic Photovoltaic Stability
LED light-emitting diode

LMA liquid medium annealing

NA numerical aperture

PCBM  phenyl-C61-butyric acid methyl ester
PCE power conversion efficiency

PL photoluminescence

PVSK perovskite

PSC perovskite solar cell

RH relative humidity

RS reversed scan

SCLC space-charge limited current
SEM scanning electron microscopy
TRPL time-resolved photoluminescence
XRD X-ray diffraction

specialized, costly equipment [9].

Vacuum-assisted annealing can improve the uniformity of perovskite
films by reducing ambient pressure, which enables the efficient and
homogeneous removal of volatile by-products during crystallization
[12,13]. This process results in films with large surface coverage and
substantially enhances the long-term stability of perovskite devices in
air. However, it requires additional vacuum equipment, which increases
the complexity and cost of manufacturing. High-pressure annealing
modifies crystal growth kinetics to produce films with larger grains,
higher crystallinity, and stronger light absorption compared with those
produced through vacuum-assisted annealing [14]. This low-pressure
technique allows for the fabrication of devices with excellent stability
that are capable of retaining high efficiency even after prolonged
exposure to heat and humidity.

In addition to vacuum-assisted methods, liquid medium annealing
(LMA) are innovative approaches that can be used for the commercial
fabrication of PSCs. In LMA, a hot liquid medium, such as anisole, is used
to anneal perovskite films [15]. The core advantage of LMA lies in its
ability to offer a considerably stable and uniform thermal field, which
ensures rapid and even heat transfer across the entire substrate. This
optimized thermal environment accelerates the extraction of residual
solvents such as dimethyl sulfoxide (DMSO) and promotes faster, more
complete conversion into the final perovskite crystal structure [15].
Furthermore, the liquid medium effectively suppresses the volatilization
of crucial organic components, such as methylammonium (MA™),
thereby preventing a decline in film quality and ensuring stoichiometric
accuracy. Another advantage of LMA is its excellent process reproduc-
ibility. Specifically, the method exhibits negligible sensitivity to varia-
tions in device size or ambient humidity across different environmental
conditions, providing a robust and scalable pathway for the commercial
fabrication of PSCs.

After a well-crystalline perovskite film deposition, serval molecules
have been developed as passivation materials being utilized interlayers
at the interfaces. [16,17]. Ammonium halides with long alkyl or phenyl
chain, such as phenethylammonium iodide (PEAI) [18,19], phenyl-
propylammonium iodide (PPAI) [20], n-octylammonium halides (OAI
or OABr) [21], and etc., have become popular candidates as passivation

materials due to its ability to passivate defects on the surface and inhibit
ion migration. However, the primary focus of this grant effort must be
directed toward the demanding tasks of novel molecule design and
advanced material synthesis. Mixed-salt passivation strategy, such as
FABr, proposed by several researchers [22]. This approach offers an
alternative strategy which leverages the individual advantages of each
component while achieving an enhanced synergistic effect through their
combination [23].

In this study, we combined a short-duration (3 min), moderate-
temperature (50 °C) LMA process with a critical 20-s preheating step
to enhance perovskite film quality, enlarge the grain size, and reduce
defects at grain boundaries. Specifically, the crucial pre-heating step
eliminates solvent residue and moderate-temperature and short-
duration LMA achieve uniform nucleation and energy saving process.
We then introduced formamidinium bromide (FABr) into the afore-
mentioned process to passivate the interface between the perovskite
layer and the hole transport material. This synergistic strategy system-
atically improves the structural and optoelectronic properties of the
perovskite active layer. By optimizing annealing conditions and
passivating residual defects, we developed PSCs with high efficiency and
stability.

2. Results and discussion

LMA offers a more controlled crystallization environment than does
conventional HPA. This enhanced control is primarily attributable to the
omnidirectional heating characteristics of LMA, which enhance the
homogeneity of the thermal distribution across the substrate and the
developing perovskite film, thereby enhancing overall film uniformity.
Such uniform thermal distribution is crucial because it effectively min-
imizes adverse temperature gradients across the entire perovskite film,
which substantially reduces localized thermal stress and hinders the
formation of crystalline defects. Consequently, the overall morpholog-
ical and crystallographic quality of the perovskite active layer consid-
erably improve. However, the nuanced interplay among LMA
temperature and preheating parameters determines the performance of
fabricated PSCs. Therefore, precise tuning of these conditions is essential



W.-H. Chiu et al.

for achieving an optimal balance among efficiency, stability, and man-
ufacturability. Consequently, this study conducted a systematic inves-
tigation into the aforementioned parameters. After these parameters
were optimized, we used FABr to passivate residual surface defects and
maximize the efficiency and stability of PSCs. Anisole was used as the
heating medium for LMA in this study.

To gain an in-depth understanding of the mechanisms responsible for
the variations in the performance of the fabricated PSCs, we performed
morphological and structural characterizations of the perovskite films
prepared under various conditions. Fig. 1(a)-(c) presents top-view
scanning electron microscopy (SEM) images of the surface
morphology of perovskite films produced through HPA, LMA without
preheating, and LMA with preheating, respectively. The perovskite film
fabricated through HPA [Fig. 1(a)] exhibited a relatively uniform
granular structure. By contrast, the perovskite film prepared through
LMA without preheating [Fig. 1(b)] exhibited a nonuniform and
discontinuous morphology. The surface of this film was characterized by
poorly connected, island-like domains, leading to an overall disordered
structure with poor surface coverage. This distinctive morphology
strongly suggests incomplete antisolvent removal, consistent with the
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obtained photoluminescence (PL) mapping data (Fig. 2), which reveal
patterns resembling antisolvent droplets. Such an irregular film struc-
ture resulted in high grain boundary density, which adversely affected
charge transport and recombination dynamics [24,25]. Consequently,
the PSC fabricated through LMA without preheating exhibited the
lowest PCE and most variable performance among all fabricated PSCs
(Fig. 4). The perovskite film prepared through LMA at 50 °C, followed by
preheating for 20 s at 135 °C [Fig. 1(c)], revealed a remarkably uniform
and densely packed morphology with large and well-defined grains. This
morphology is indicative of a high-quality film with low defect density
[26,27], which enabled the fabrication of a PSC with strong photovoltaic
performance [28,29].

Further structural insights were obtained through X-ray diffraction
(XRD) analysis, [Fig. 1(d) and 1(f)]; detailed XRD data are presented in
Tables S1 and S2. Fig. 1(d) depicts the XRD patterns of perovskite films
processed through HPA and through LMA at various temperatures (5,
25, 50, 90, and 150 °C) with 20-s preheating at 135 °C. Additionally,
Fig. 1(f) illustrates the XRD patterns of perovskite films prepared
through HPA and through LMA at 50 °C with preheating for different
durations (0 s, 5 s, 20 s, 2 min, and 10 min). All perovskite films
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Fig. 1. Morphological and structural characterization of perovskite films produced under various annealing conditions. (a—c) Top-view scanning electron microscopy
images of perovskite films prepared through (a) HPA, (b) LMA at 50 °C without preheating, and (c) LMA at 50 °C with 20 s of preheating at 135 °C. The scale bar in
each image represents 1 um. (d, f) Comparison of the X-ray diffraction (XRD) pattern of a perovskite film produced through HPA with those of perovskite films
produced (d) through LMA at 5, 25, 50, 90, and 150 °C with 20-s preheating at 135 °C and (f) through LMA at 50 °C with preheating at 135°C for 0 s, 5 s, 20 s, 2 min,
and 10 min. (e, g) Variations in the average grain size of perovskite films with the (e) LMA temperature and (g) preheating time. The plots in (e) and (g) were derived

from the XRD data in (d) and (f), respectively.
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Fig. 2. (a) Schematic of PL mapping; (b) PL intensity maps of perovskite films prepared through HPA and through LMA at 50 °C with and without preheating for 20 s
at 135 °C; and plots of (c) PL intensity, (d) PL peak position, and (e) full width at half-maximum values for these films.

produced through LMA exhibited characteristic diffraction peaks cor-
responding to the desired perovskite phase. The perovskite film pro-
duced through HPA exhibited a distinct Pbl, peak at approximately
12.7°, which corresponds to the (001) plane of hexagonal Pbl, [30,31],
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however, this peak was not exhibited by the films produced through
LMA. The presence of a detectable PbI, peak often indicates incomplete
conversion of precursors or the presence of excess Pbl,. Although a small
quantity of excess Pbl, can potentially enhance initial device
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Fig. 3. Performance results of 30 PSCs produced through HPA and through LMA at different temperatures (5, 25, 50, 90, and 150 °C) with preheating at 20 s

for 135 °C.
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performance by improving film formation and passivating defects, its
photolysis over time can lead to the formation of voids and trap states,
which degrade device efficiency and long-term device stability [24].
Therefore, the effective minimization or elimination of residual Pbl; in
all perovskite films produced through LMA indicates that they had
higher purity and potentially offered higher device stability than did
that produced through HPA. As indicated in Fig. 1(e), the average grain
size of the perovskite film increased with the LMA temperature up to
50 °C, which indicates that moderate-temperature annealing enhanced
grain growth and improved crystallinity. The trend aligns with the
general understanding that elevated annealing temperatures facilitate
grain coalescence by increasing atomic mobility [32]. The largest grain
size was achieved through LMA at 50 °C, and the corresponding film
exhibited the highest photovoltaic performance among all fabricated
films (Fig. 3). This annealing temperature was also employed in the
study of Biicheler et al. [30]. In another study, increasing the LMA
temperature to 90 and 150 °C slightly reduced the grain size, suggesting
that excessive temperature may favor nucleation over growth, leading to
more grain boundaries and defects [33]. Moreover, structural and
interfacial degradation may occur at elevated temperatures, further
compromising film quality [34]. The film prepared through LMA
without preheating exhibited a markedly smaller grain size than did
those prepared through LMA with preheating [Fig. 1(g)]. Notably, even
a 5-s preheating process resulted in a substantial increase in grain size,
indicating that preheating is essential for promoting effective crystal
growth. This trend corresponds well with the PSC performance results
displayed in Fig. 4. Overall, the SEM and XRD results highlight the
critical roles of an appropriate LMA temperature and preheating in
achieving uniform grain growth and high film quality.

To gain deeper insights into the causes underlying the divergent
performance of the fabricated devices, the optoelectronic homogeneity
and crystalline quality of the prepared perovskite films were compre-
hensively investigated through spatially resolved PL mapping. As
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illustrated in Fig. 2(a), a 532-nm laser was used toscana 5 x 5 cm? area
of each prepared film. The PL intensity maps in Fig. 2(b) reveal notable
differences in the uniformity of the films produced through different
approaches. The perovskite film prepared through HPA exhibited rela-
tively uniform PL emission, whereas that produced through LMA
without preheating exhibited considerably inhomogeneous PL emission,
which was attributable to dried antisolvent droplets. Thus, incomplete
antisolvent removal was the primary cause of the poor quality of the film
produced through LMA without preheating. By contrast, the perovskite
film produced through LMA with preheating for 20 s at 135 °C exhibited
highly uniform PL emission and considerably suppressed PL intensity.
These results are in agreement with the histograms depicted in Fig. 2(c),
which suggest that the aforementioned film exhibited the lowest average
PL intensity (1360 a.u.) and narrowest PL distribution among the pre-
pared films. The film prepared through HPA had the highest average PL
intensity (2700 a.u.). The excellent PL quenching in the film produced
through LMA with preheating was a strong indicator of highly efficient
charge carrier extraction at the interface between the perovskite layer
and the electron transport layer (ETL) interface as well as a suppression
of nonradiative recombination pathways. The histogram of PL peak
position indicated that the electronic band structures of the films
fabricated through HPA and through LMA with preheating were
centered at 799 nm [Fig. S1(a)]. This result confirmed the formation of
the desired perovskite phase with the expected optical properties in the
aforementioned films and aligned with those of a previous study [31].
Conversely, the film that was prepared through LMA without preheating
exhibited a broad and redshifted peak distribution centered at 808 nm,
which was indicative of substantial variations in film composition,
crystallinity, and internal strain [35]. In addition, among all films, that
prepared through LMA with preheating exhibited the narrowest full
width at half-maximum (FWHM) of the PL peak [Fig. 2(e)], indicating its
high crystallinity, uniform grain size distribution, and low defect density
[36]. The FWHM value of the aforementioned film (38 nm) was notably
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Fig. 4. Performance results of 30 PSCs fabricated through HPA and through LMA with preheating at 135 °C for various durations.
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smaller than those of the films prepared through HPA (41.2 nm) and
through LMA without preheating (45.4 nm). In summary, the PL map-
ping results suggest that incorporating a preheating step into LMA is
crucial for eliminating residual antisolvent, thereby enabling the for-
mation of perovskite films with excellent optoelectronic and crystalline
quality.

The properties of PSCs containing a perovskite film prepared through
LMA exhibited strong temperature dependence (Fig. 3). At a moderate
temperature of 50 °C, the PCE and fill factor (FF) reached their highest
values, likely because of the high crystallinity, low charge transport
resistance, and minimal nonradiative recombination at this tempera-
ture. The temperature enabled the formation of high-quality perovskite
films with limited defects and optimized carrier mobility. However, at
150 °C, the PCE and FF declined sharply, indicating that excessive
thermal exposure introduces defects and structural degradation, which
hinder charge extraction and increase resistance. A similar trend was
observed for the short-circuit current density (Jsc), which had a high
value at lower temperatures and then peaked at a moderate temperature
of 50 °C, corresponding to intense carrier generation and efficient
charge extraction. Previous studies have suggested that annealing tem-
peratures exceeding 130 °C for 30 min can generate nonradiative de-
fects, contributing to a reduction in FF and photovoltage [37]. In
contrast, our results demonstrate that a lower, moderate temperature of
50 °C not only achieves superior PCE in PSCs but also significantly re-
duces the overall energy consumption during the fabrication process.

The effect of preheating duration on device performance was
examined for PSCs with a perovskite film prepared under the optimal
LMA and preheating temperatures of 50 and 135 °C, respectively
(Fig. 4). When preheating was not conducted, the fabricated PSCs
exhibited wide variations in the PCE, Jsc value, FF, and open-circuit
voltage (V,c), suggesting nonuniform film formation and inefficient
charge extraction. Preheating for 20 s produced a uniform perovskite
morphology comparable to that achieved through HPA, thus substan-
tially improving the PSC performance. The alignment of the trends in
Figs. 3 and 4 highlights the necessity of preheating to eliminate residual
antisolvent and promote homogenous film crystallization. The afore-
mentioned results also agree with the PL mapping results, which suggest
that LMA with 20-s preheating produced a highly uniform film with low
PL intensity (1360 a.u.) and high quenching efficiency, indicating effi-
cient carrier extraction and reduced recombination. By contrast, the
perovskite film produced through LMA without preheating exhibited
broad PL intensity variations, highlighting the detrimental effect of
incomplete solvent removal on film quality. Extensive research has
highlighted that the annealing strategy reduces bond formation and
crystallization rates. This strategy enables precise control of the
annealing temperature and time, thus enabling the fabrication of uni-
form and dense thin films with limited defects [37,38].

On the basis of the aforementioned results, the optimal LMA time of
3mins, LMA temperature, preheating temperature, and preheating time
were determined to be 3 min, 50 °C, 135 °C, and 20 s, respectively. A
perovskite film was prepared through LMA with preheating under the
aforementioned optimal conditions to fabricate a champion PSC, the
photovoltaic performance of which was evaluated. Under reverse-scan
(RS) conditions, this champion device exhibited a maximum PCE of
21.49%, a V, value of 1.104 V, a Js¢ value of 24.96 mA/cmz, and an FF
of 77.81%. Moreover, under forward-scan (FS) conditions, it exhibited a
PCE of 19.92%, a V. value of 1.09 V, a Jsc value of 24.71 rnA/cmz, and
an FF of 73.81% in Table 1. Thus, the aforementioned device exhibited a
hysteresis index (HI) of 0.073 [HI = (PCEgs — PCEgs)/PCEgg], indicating
its high stability and efficiency. FABr passivation is an effective strategy
for addressing the persistent challenge of hysteresis in PSCs. This strat-
egy leverages intermediate engineering and promotes the formation of
active layers with large grain sizes and minimal defects, which are
pivotal for enhancing device integrity and performance [39]. Therefore,
the present study fabricated a perovskite film through LMA with pre-
heating under the optimized conditions and then treated it with FABr to
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Table 1
Photovoltaic parameters of the champion perovskite solar cells fabricated by
LMA with pre-heat and the synergistic LMA + FABr passivation strategy.

Sample Scan Voc Jsc FF PCE
direction (V) (mA/em?) (%) (%)
LMA with pre-heat 20 s Forward 1.090 24.71 73.81 19.92
Reverse 1.104 24.96 77.81 21.49
LMA with pre-heat 20 s Forward 1.111 25.31 76.53 21.63
-+FABr passivation Reverse 1.122 25.30 77.13 22.01

passivate its defects. This film was subsequently used to develop a PSC
for comparison with the aforementioned champion PSC. Under FS and
RS conditions, the PSC treated with FABr exhibited higher PCE (21.63%
and 22.01%, respectively) and V. values (1.111 and 1.122 V, respec-
tively) than did the PSC not treated with FABr. Moreover, the PSC
treated with FABr exhibited a lower HI value (0.017). These substantial
improvements [Fig. 5(b)] underscore the critical role of FABr passiv-
ation in mitigating hysteresis effects and enhancing the V,. and FF
values of PSCs. The deviations between the photocurrents of the two
aforementioned PSCs were examined by analyzing their external quan-
tum efficiency (EQE) spectra [Fig. 5(c)]. The device treated with FABr
exhibited a strong and wide-range response within the spectral window
of 300-850 nm, outperforming the device that was not treated with
FABr in terms of photon-to-electron conversion efficiency across the
majority of this spectral range. This result aligns with the trends
observed in the current density—voltage (J-V) curves, which indicate
that the integrated Jsc values of the PSCs treated and not treated with
FABr were 24.28 and 23.46 mA/cm?, respectively; thus, FABr passiv-
ation enhanced device performance. In addition, the EQE edge in Fig. 52
suggests that the bandgap of the PSC treated with FABr exhibited a
blueshift, which is consistent with the absorption spectra obtained under
different FABr concentrations [40,41].

To quantitatively characterize the defect properties of the afore-
mentioned devices, we conducted measurements of space-charge-
limited current (SCLC) for an electron-only device [FTO/SnOy/PVSK/
PCBM/Ag]. The SCLC results are presented in Fig. 6(b) and Table S3.
The SCLC increased linearly with the voltage (corresponding to ohmic
response) up to a transition point, following which it rose dramatically
because of trap-state filling by injected carriers. After the trap state was
completely filled, the SCLC exhibited a quadratic voltage dependence.
The voltage at the transition point is defined as the trap-filled-limit
voltage (VrgL), which can be used to estimate the defect density [42].
The electron trap densities of the devices produced through HAP, LMA,
and LMA + FABr passivation were estimated to be 5.21 x 10'5, 4.83 x
10%°, and 3.20 x 10'® em ™3, respectively, demonstrating that defect
formation was efficiently suppressed in the device produced through
LMA and FABr passivation. A lower electron trap density is associated
with higher perovskite film quality, leading to enhanced performance
parameters for PSCs, including higher V. and FF values [23,43].

The steady-state PL and time-resolved PL (TRPL) spectra of the de-
vices were obtained to assess the recombination reactions and carrier
lifetime within their perovskite films [Figs. S4 and (c)]. The devices
fabricated through LMA exhibited considerably higher steady-state PL
intensities than did that fabricated through HPA, indicating that LMA
substantially suppressed the nonradiative recombination caused by de-
fects [44]. The devices produced through LMA had PL emission peaks at
801 and 791 nm, respectively, indicating that FABr passivation caused
the blueshift of the emission peak. This blueshift was attributable to the
reduced trap density and defect states on the interface between the
perovskite film and HTL in the device fabricated through LMA and FABr
passivation [45,46]. Removing traps near the band edge promotes
higher-energy radiative recombination of excitons, resulting in a blue-
shifted emission peak [47]. To elucidate the carrier recombination
mechanisms of the three devices, their TRPL decay curves were
analyzed. These curves were well-described by the biexponential decay
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function I(t) = A; e /", + Ay €%, [48], where 77 and 72 represent the
fast (trap-assisted nonradiative recombination) and slow (intrinsic
radiative recombination in the bulk film) components, respectively. The
average lifetime of carriers (74yg) was estimated using the formula 7y =
(A111 + Az72)/100, where A; and Ay are the amplitudes. Parameters
related to the carrier lifetimes of the three devices are presented in
Table S4. The PSC through LMA caused a dramatic increase in 72 (from
69.35 to 145.63 ns), confirming its primary role in improving bulk film
quality. The short average carrier lifetime (zayg = 55.08 ns) of perovskite
film through HPA is only half of that through LMA (z,yz = 115.60 ns). On
the other hand, the subsequent FABr passivation caused only a negli-
gible improvement (145.63 to 145.99 ns). This means it did not further
enhance the bulk structure. At the same time, FABr passivation reduces
the amplitude (A1) of the fast decay component from 22% (LMA) to 17%
(LMA and FABr passivation) This distinct reduction in Al confirms that
FABr passivation effectively shifts the dominant recombination pathway

away from the fast channels to another slow channel, thus leading to the
final improvement in 7,y By comparison, the 7y of the film fabricated
using LMA and FABr passivation was 122.78 ns, by improving from
115.60 ns of perovskite film through LMA. This finding was verified by
the SCLC measurements, which indicated that the devices produced
using LMA and FABr passivation had considerably lower trap density
than did those produced using HPA [49].

The V. losses of the three devices were analyzed in detail to assess
performance [Fig. 6(e) and S5]. The total V. loss was deconvoluted into
three components: AV, AV,, and AV3. The component AV; represents
the fundamental radiative recombination loss related to the Shock-
ley—Queisser limit. This component did not vary across the three de-
vices, exhibiting a constant value of 0.270 V because the devices were
constructed using the same perovskite material. The component AV,
arises from sub-bandgap absorption that leads to black-body radiation. It
was quantified through highly sensitive EQE measurements and
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demonstrated negligible variation across the three devices
(0.064-0.069 V). The aforementioned results suggest that AV3 was the
main component responsible for the differences among the V. values of
the three devices. This component, which arises from nonradiative
recombination, was calculated to be 0.249 V for the device produced
through HPA. The device fabricated using LMA had a lower AV3 value of
0.208 V. This decrease was caused by the enlarged perovskite grain size
induced by LMA (as indicated by the XRD results), which decreased the
number of defects at perovskite-perovskite interfaces. Furthermore, the
device produced through LMA and FABr passivation had an even lower
AV3 value of 0.155 V, which was attributable to the mitigation of
interfacial defects between the perovskite layer and the HTL [50]. These
results indicate that method (LMA + 20-s preheating + FABr passiv-
ation) effectively mitigates nonradiative recombination, thereby mini-
mizing voltage losses and maximizing the device’s V. value.

Long-term operational stability is essential for the practical viability
of PSCs. Therefore, in accordance with the ISOS-D1 protocol (tempera-
ture: 25 + 5 °C, relative humidity: 50% + 5%), this study rigorously
evaluated the ambient stability of unencapsulated devices [51]. After
650 h of continuous exposure, the PSC produced through LMA and FABr
passivation exhibited excellent durability, retaining 94.5% of its initial
PCE. By contrast, the device fabricated using HPA exhibited severe
performance degradation, with its PCE decreasing to 46.7% of the initial
value. Notably, during the initial 500 h, both aforementioned PSCs
exhibited substantially greater stability than the device fabricated
through HPA did. This initial resilience was attributable to the LMA
treatment enhancing the perovskite film’s intrinsic quality and sup-
pressing defect formation on the perovskite-perovskite interface,
thereby enhancing the film’s resistance to moisture ingress. However,
the divergence in performance beyond 500 h underscores the critical
role of interfacial engineering through FABr passivation. The afore-
mentioned findings suggest that PSCs with robust long-term stability can
be fabricated using a synergistic strategy that involves enhancing the
quality of bulk perovskite films through LMA and then using FABr for
interfacial passivation. On the other hand, the devices were also tested
under white light soaking at room temperature in Ny glovebox. In
Fig. S6, we find that PCE degradation mainly stems from V¢ degrada-
tion. Defects in the perovskite film can evolve into non-radiative
recombination centers under light illumination, leading to further
degradation [52]. So the lower trap density of PSC through LMA (from
SCLC and TRPL analysis) shows better light soaking performance.
Finally, the PSC through LMA and FABr passivation keeps 86.2% of its
initial PCE.

3. Conclusions

This study developed a synergistic strategy for enhancing the effi-
ciency and stability of PSCs. This strategy involves LMA for 3 min at a
moderate temperature of 50 °C, preheating at 135 °C for 20 s, and FABr
passivation. The pre-heating treatment is indispensable for eliminating
residual antisolvent and promoting homogeneous crystallization, facil-
itating the formation of continuous perovskite films with large grains,
high crystallinity, and low defect density. A PSC prepared using the
aforementioned strategy but without FABr passivation exhibited a
champion PCE of 21.49% and suppressed hysteresis. Moreover, a PSC
produced using the aforementioned strategy with FABr passivation had
a higher PCE of 22.01%. This increase was related to FABr passivation
effectively reducing interfacial trap density and extending carrier life-
time. An unencapsulated device fabricated using the proposed approach
with FABr passivation retained 94.5% of its initial PCE after 650 h under
ISOS-D1 testing, underscoring the importance of combining film quality
improvement and interfacial passivation for long-term operational sta-
bility. In summary, the proposed approach offers a scalable and energy-
efficient route for fabricating high-performance and durable PSCs. The
results of this study can provide valuable guidance for the future
commercialization of PSCs.
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4. Experimental section
4.1. Materials

N,N-Dimethylaniline (99%) and Tin(II) chloride dihydrate
(SnCly-2H50, 99%) were purchased from Alfa Aesar. 4-tert-butylpyr-
idine (4-tBP, 99.99%), cesium iodide (CsI, >99.99%), lithium bis(tri-
fluoromethylsulphonyl)imide (LiTFSI, 99.9%), thioglycolic acid (TGA,
98%) were purchased from Sigma-Aldrich. Potassium carbonate
(K2CO3, 99%) were purchased from ACROS. Formamidinium bromide
(FABr, >99.99%), formamidinium iodide (FAI, >99.99%), methyl-
ammonium iodide (MAI, 98%) were purchased from FMPV. Urea was
purchased from J.T.Baker. Spiro-OMeTAD was purchased from Ruilong.
Dimethyl sulfoxide (DMSO, 99.9%) and dimethylformamide (DMF,
99.5%) were sourced from Echo Chemical Co., Ltd. Anisole (99%), ethyl
benzoate (EB, >99%) were purchased from Thermo Scientific
Chemicals.

4.2. Device fabrication

The detailed PSC fabrication procedure of the perovskite solar cells is
illustrated in Fig. 7. Fluorine-doped tin oxide (FTO) glass substrates
were sequentially cleaned using deionized (DI) water, acetone, ethanol,
and isopropanol. To enhance the surface hydrophilicity, the cleaned
substrates were subjected to UV ozone treatment for 40 min. Following
surface cleaning, a SnO3 electron transport layer (ETL) was deposited via
a chemical bath deposition (CBD) method, as described in our previous
work [53]. The precursor solution comprised 781.3 mg of urea, 781.3 pL
of concentrated hydrochloric acid, 15.8 pL of thioglycolic acid, and
171.9 mg of tin(II) chloride dihydrate, all dissolved in 500 mL of DI
water. The FTO substrates were placed horizontally in the CBD solution
and maintained at 70 °C for 3 hr. Following ETL deposition, the sub-
strates were rinsed 3-4 times with DI water, dried under a nitrogen
stream, and subsequently annealed at 180 °C for 60 min on a hot plate. A
ETL post-treatment step was then performed by spin-coating a sodium
carbonate solution (27.6 mg NayCO3 in 20 ml DI water) at 3000 rpm for
30 s, followed by drying at 105 °C for 10 mins. After weighing 13.0 mg of
Csl, 31.8 mg of MAI, 129.0 mg of FAI, and 464.0 mg of Pbl, powders in a
glovebox, 800 pL of DMSO and 200 pL of DMF were added. The mixture
was stirred at 45 °C for over 40 min to obtain the perovskite precursor
solution with a composition of FA( 75MA 2Csg. osPbls. The triple-cation
perovskite layer was deposited via a two-step spin-coating process:
initially at 1000 rpm for 10 s and then at 5000 rpm for 20 s. At the final 3
s, 100 pL of toluene as an anti-solvent was dynamically dispensed onto
the center of the substrate. The films were then subjected to one of three
annealing protocols: (i) hot plate annealing (HPA), (ii) liquid medium
annealing (LMA) using anisole as the medium with 135 °C pre-heat, and
(iii) LMA using anisole as the medium with pre-heating followed by
FABr passivation. In this study, different pre-heat times and LMA tem-
peratures were adjusted to investigate the physical mechanisms in PSCs.
For devices with FABr passivation, 75 pL of a 0.25 mg/mL FABr solution
in isopropanol (IPA) was spin-coated at 3000 rpm for 30 s on LMA
perovskite film with 135 °C 20 s pre-heat. The films were then dried on a
hot plate at 100 °C for 10 min to remove residual solvent. Subsequently,
the hole transport layer (HTL) was deposited by spin-coating 75 pL of
Spiro-OMeTAD solution at 2000 rpm for 30 s. The Spiro-OMeTAD so-
lution was prepared in chlorobenzene at a concentration of 40 mg/mlL,
with  additives including 17.5 pL of lithium  bis(tri-
fluoromethanesulfonyl)imide (Li-TFSI; 520 mg/mL in acetonitrile) and
28.5 pL of 4-tert-butylpyridine. Finally, a 100 nm thick silver (Ag)
electrode with an active area of 0.09 cm? was thermally evaporated at a
deposition rate of 1 A/s, thereby completing the fabrication of the n-i-p
structured perovskite solar cell.
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Fig. 7. Flowchart of the PSC fabrication process.

4.3. Characterization

The photovoltaic performance of the fabricated devices was char-
acterized by current density-voltage (J-V) measurements using a digital
source meter (Keithley 2400) under simulated AM 1.5G solar illumina-
tion (100 mW cm’z), calibrated with a Si-reference cell (BS-520BK,
Bunkokeiki) equipped with a KG-5 filter. The J-V scans were performed
in both forward (—0.1 to 1.2 V) and reverse (1.2 to —0.1 V) directions
with a voltage step of 10 mV and a delay time of 50 ms. External
quantum efficiency (EQE) spectra were recorded using an EQE spec-
trometer (EQE-R-3011, Enli Technology Co. Ltd). The surface
morphology of each film was examined through field-emission SEM (SU-
8010, HITACHI), whereas the crystal structures of the films were
analyzed through XRD analysis (D8 Focus, Bruker). Moreover, steady-
state PL and TRPL spectra were collected using a 532-nm diode laser
(LDH-D-TA-530, PicoQuant), with TRPL signals acquired using a time-
correlated single-photon counting system (TimeHarp 260, PicoQuant).
The open-circuit voltage loss (V. loss) was evaluated using a V. loss
analysis system (REPS, Enli Technology Co. Ltd.). Finally, optical
bandgaps were estimated from Tauc plots obtained through UV-vis
spectroscopy (V-730, Jasco).
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