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Controlled Nucleation and Oriented Crystallization of
Methylammonium-Free Perovskites via In Situ Generated
2D Perovskite Phases
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Enhancing stability while maintaining high efficiency is among the primary
challenges in the commercialization of perovskite solar cells (PSCs). Here, a
crystal growth technique assisted by in situ generated 2D perovskite phases
has been developed to construct high-quality 2D/3D perovskite films. The in
situ generated 2D perovskite serve as templates for regulating the nucleation
and oriented crystal growth in the 𝜶-FAPbI3-rich film. This led to a high film
quality with much reduced trap density and an ultralong carrier lifetime. The
obtained perovskite film shows excellent stability under extreme environment
conditions (T = 200 °C, RH = 75 ± 5%). The corresponding PSC achieved an
efficiency of 26.16% (certified 25.84%), along with excellent operational
stability (T93 > 1300 h, T ≅ 50 °C) as well as outstanding high and low
temperature cycle stability.
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1. Introduction

Formamidinium (FA)-based perovskites,
such as FAPbI3 or (CsxFA1-x)PbI3, ex-
hibit suitable bandgaps and promising ther-
mal stability, rendering them ideal can-
didates for efficient and stable perovskite
solar cells (PSCs).[1–3] However, their full
potential is yet to be realized due to
several challenges, particularly concerning
the nucleation and growth of perovskite
crystals,[4,5] as well as the stability of per-
ovskite films.[6–8] Although different meth-
ods have been reported to tune the crystal-
lization process and enhance the stability
of FA-based perovskites, achieving a pro-
found and comprehensive understanding
of the nucleation and growth of the per-
ovskite film remains elusive due to rapid
crystallization process.[4,9,10] Further inves-
tigation is highly necessary to delve into

the intricate mechanisms governing the oriented nucleation and
crystallization kinetics, allowing for more precise control over the
perovskite film formation process.

Layered two-dimensional (2D) perovskites can assist the
growth of 𝛼-FAPbI3-rich perovskite film, improving its stability,
and modulating the crystallization kinetics.[11–14] For example,
in 2018, Yang et al. found that incorporating the organic salts,
phenethlyammonium iodide (PEAI), into the perovskite precur-
sor solution can protect the FA-based perovskite from moisture
invasion, reduce the transition temperature from 𝛿-phase to 𝛼-
phase of the FAPbI3, and enhance operational stability of the
corresponding devices.[11] Subsequently, the template effect of
layered 2D perovskites on kinetic-controlled epitaxial growth of
FAPbI3 perovskite crystals was further identified.[12] This effect
was achieved by inducing strain at the hetero-interface between
the 2D perovskites and FAPbI3, which retarded the rate of the per-
ovskite crystals growth. Chao et al. found that a coherent 2D/3D
interface could promote epitaxial 𝛼-FAPbI3 nucleation, facilitat-
ing growth of 𝛼-FAPbI3.[13] However, most studies involve di-
rectly adding organic spacers to the perovskite precursor solu-
tion, which often leads to the nearly simultaneous formation of
2D and 3D perovskites, and the randomly distribution of the
2D phases during the film formation process, hampering the or-
dered and controlled growth of the perovskites.
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Herein, we have developed a novel film fabrication tech-
nique, namely in situ generated 2D Perovskite-Assisted Con-
trolled Growth (2D-ACG) technique, that involves in situ gen-
eration of 2D perovskites before the formation of FA-based per-
ovskites using a two-step deposition method. Significantly, the in
situ generated 2D perovskites were precisely localized and em-
bedded at the top interior surface of the film, instead of being
dispersed within the bulk. We monitored the crystallization pro-
cess of FAPbI3-rich perovskites and found that this 2D-ACG tech-
nique could effectively regulate the crystal orientation and crys-
tallization kinetics of the perovskite film during both the nucle-
ation and growth processes, resulting in the production of larger-
sized, higher quality perovskite crystals and the released residual
strain, thereby enhancing the overall photovoltaic performance
of the devices. Specifically, the obtained perovskite film shows
excellent stability under extreme environment conditions (T =
200 °C, RH = 75 ± 5%) in comparison control film, resulting in
outstanding operational stability (T93 > 1300 h, T = ∼50 °C) and
high- and low-temperature cycle stability for the corresponding
devices.

2. Results and Discussion

Typically, the nucleation and growth of 3D perovskite films
with assistance from conventional 2D perovskites involve adding
the organic spacers to the lead iodide (PbI2) precursor solu-
tion or to a mixed organic ammonium solution, using a two-
step film-deposition protocol (Figure S1, Supplementary In-
formation). This method often results in the random distri-
bution of the 2D perovskite phases within the 3D perovskite
film.[15–18] Here, we developed a 2D-ACG technology for the
fabrication of FAPbI3-rich 2D/3D perovskite film, as illustrated
in Figure 1A. A unique aromatic organic salts, namely 4,5,6,7-
tetrahydrothieno[3,2-c]pyridine hydroiodide (ThPyI), was devel-
oped as a representative example to construct the layered 2D
perovskite seeds (Figure 1B,C). Its lager in-plane Pb–I–Pb angle
(𝜃in = 174°) at the coherent interface with 𝛼-FAPbI3 were benefi-
cial for the growth and stabilization of 𝛼-FAPbI3 at the 2D/3D
coherent interface (Figure 1D and Figure S2a, Supplementary
Information).[13] In contrast, most 2D perovskites exhibit an in-
plane Pb–I–Pb angle (𝜃in) smaller than 155° as illustrated in
Figure S2b with PEA, PMA, and BA as spacers.[13] These 𝜃in val-
ues differ from that of 𝛼-FAPbI3 by over 25°. We initiated the pro-
cess by spin-coating the organic spacer (ThPyI) solution onto the
annealed PbI2 film. Upon contact with the PbI2 film, the bulky
organic spacer undergone an in situ reaction with the surface-
layer of PbI2, spontaneously forming a 2D perovskite layer as
confirmed by the X-ray diffraction (XRD) patterns in Figure 1E
and photoluminescence (PL) spectra in Figure S3 (Supplemen-
tary Information). As shown in Figure 1F,G, the top view field-
emission scanning electron microscopy (SEM) image revealed a
discontinuously island-like distribution of the 2D perovskite on
the surface of PbI2 film. The localized 2D perovskite could play a
crucial role as template, facilitating the oriented nucleation and
controlled growth of 𝛼-FAPbI3 perovskite. The XRD patterns in
Figure 1H show that the relative intensity of the (110) planes of
the perovskite film treated with 2D-ACG, referred to as the target-
1 film, was stronger than that of control films (perovskite films
without 2D-ACG treatment), suggesting improved crystallinity.

Furthermore, the target-1 film exhibited a compact, pinhole-free
morphology with increased average grain sizes over 1 μm com-
pared to the control film (≈ 500 nm) (Figure 1I,J). The improved
crystal quality of the film was further verified by cross-sectional
SEM images, which showed complete penetration between the
top and bottom electrodes with excellent connection and orienta-
tion (Figure S4, Supplementary Information).

To investigate the longitudinal distribution of 2D perovskite
within the PbI2 film, we conducted cross-sectional SEM and
depth-dependent grazing incidence wide-angle X-ray scattering
(GIWAXS) measurements. The cross-sectional SEM images of
the PbI2 film treated with ThPy spacer verified the presence of a
2D perovskite layer with a thickness of ≈70 nm (Figure 2A). Anal-
ysis of the integrated area under the (002) peak (representing 2D
perovskite, n = 1) and the (001) peak (representing PbI2) from
the GIWAXS spectra at various incident angles (Figure S5, Sup-
plementary Information) supported the localized and embedded
distribution of the 2D perovskite (Figure 2B). The GIWAXS data
revealed that within the top 20 nm, as estimated from the pene-
tration depth curve (Figure S5, Supplementary Information) (𝛼i
= 0.16°) of the film, the predominant phase was 2D perovskite,
indicating a high concentration of 2D phase near the surface.[19]

At a depth of 75 nm (𝛼i = 0.2°), the intensity of the 2D perovskite
peak reached its maximum and then started to decrease, marking
the critical depth or critical angle. This finding suggests that the
distribution of 2D perovskite was within ≈75 nm depth from the
surface, in line with the cross-sectional SEM analysis.[20] Addi-
tionally, at the critical depth of the 2D phase, the intensity of the
PbI2 peak started to increase significantly, almost reaching the
same level as the 2D perovskite peak. This observation suggests
that the 2D perovskite was localized and embedded within the in-
terior of PbI2 film near its upper surface. At a depth of ≈200 nm
(𝛼i = 0.4°), the intensity of the 2D perovskite peak started to de-
crease, while the PbI2 peak continued to strengthen, indicating a
reduction in the 2D perovskite, primarily due to the limited pene-
tration of the organic spacer solution. We extended the perovskite
fabrication by spin-coating organohalide salts (FAI/MACl, 90 mg:
9 mg in 1 ml IPA) onto the PbI2 film with localized 2D perovskites
and investigated the distribution of the 2D phase in the perovskite
film before annealing. Interestingly, the critical angle for the 2D
phase in the perovskite film shifted to 0.4° (Figure 2C), corre-
sponding to a critical depth of about 200 nm. This shift could
be attributed to the lattice expansion caused by the formation
of the 3D perovskite phase. Cross-sectional SEM showed a per-
ovskite film thickness of up to 900 nm (Figure S4, Supplemen-
tary Information), significantly greater than the 550 nm thick-
ness of the PbI2 film (Figure 2A). This result confirmed that the
2D perovskite was localized and embedded within the interior of
the 3D perovskite film near its upper surface before annealing,
serving as a template to regulate the crystallization kinetics of the
3D phase.

To gain deeper insight into the role of 2D perovskite in the
crystallization of FAPbI3 perovskite films from precursors, we
used synchrotron-based in situ probes to monitor the struc-
ture evolution of the films at room temperature. As shown in
Figure 2D and 2E, azimuthally integrated in situ 2D GIWAXS
measurements was taken during the perovskite film forming
process. Upon the dropwise addition of the organic ammonium
salt solution onto the ThPy-processed PbI2, we observed the
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Figure 1. Schematic diagram of the 2D-ACG technique and the in situ formation of 2D phase. A) Schematic fabrication process of the perovskite film
with the in situ generated and embedded 2D perovskite-assisted controlled growth (2D-ACG) technique. B) The molecule structure of ThPy and C) the
single crystal structure of the 2D perovskite of (ThPy)2PbI4. D) The in-plane (𝜃in) and out-plane Pb–I–Pb angle of (ThPy)2PbI4. E) XRD patterns of the
2D perovskite film [(ThPy)2PbI4, green line] and PbI2 film with (red line) and without (blue line) organic spacer deposition. Top-view SEM images of PbI2
films F) without and G) with organic spacer deposition. H) XRD patterns of perovskite films with (red line) and without (blue line) 2D-ACG treatment.
Top-view SEM images of perovskite films I) without and with J) 2D-ACG treatment.

disappearance of the PbI2 peak, accompanied by the emergence
of the perovskite (110) diffraction peak. However, the 𝛼-phase
peaks only persisted for a few seconds before gradually fading
away, indicating the instability of the 𝛼 phase under ambient con-
ditions. Generally, the formation of 𝛼-FAPbI3 requires a heating
temperature above 150 °C to achieve a corner-sharing [PbI6]4−

octahedral structure.[21–23] Presumably, the initial appearance of
the 𝛼-phase during the spin-coating process could be attributed
to the MACl-induced kinetic effect, as confirmed by the XRD
measurements.[4,24] As shown in Figure S6k (Supplementary In-
formation), the XRD data shows no obvious 𝛼-FAPbI3 peaks.
Conversely, a distinct 𝛼-FAPbI3 peaks was observed after the
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Figure 2. Nucleation and crystallization dynamics of perovskite films. A) Cross-sectional SEM images of PbI2 films without (upper) and with (down)
organic spacer deposition. B) Amount of 2D perovskite and PbI2 materials in the PbI2 film extracted from the angular integrated diffraction peaks of
the GIWAXS spectra. C) Amount of 2D perovskite and 𝛼-FAPbI3 materials in wet perovskite film extracted from the angular integrated diffraction peaks
of GIWAXS spectra. D) The structural evolution of the perovskite during the spin-coating stage when the organohalide salts solution was dropped onto
redeposited PbI2 film by azimuthally integrated in situ 2D GIWAXS. E) The integrated intensity of 𝛼-FAPbI3 and 𝛿-FAPbI3 during the spin-coating process
extracted from 2D GIWAXS over time. F) The structural evolution monitored by azimuthally integrated in situ GIWAXS during heating from RT to 150 °C
using the as-deposited thin films. G) The integrated intensity of 𝛼-FAPbI3 and 𝛿-FAPbI3 during the annealing process extracted from 2D GIWAXS over
time.

addition of sufficient MACl. As the 𝛼 phase gradually disap-
peared, the (100) diffraction peaks of the 𝛿-phase began to emerge
and progressively strengthen. Notably, while the 𝛿-phase in the
control group continued to increase, the corresponding peak in-
tensity of the 𝛿-phase in the target-1 group started to decrease af-
ter 10 s, accompanied by a gradual increase in the 𝛼-phase peak
(Figure 2E). This phenomenon is described as a renucleation pro-
cess (Re-N stage), during which the disappearance, formation
and growth of the nuclei occur almost simultaneously. A note-
worthy observation was that the entire process extended for al-
most 15 s, suggesting that the rate of the re-nucleation related to
2D perovskites was much slower compared to that at the initial
stage of the spin-coating, which was maintained for a brief 4.5 s

duration. The sluggish re-nucleation kinetics proved beneficial
in reducing defects and improving the quality of the film, as con-
firmed by the larger grain sizes in SEM images and increased
diffraction peak intensity in XRD patterns. This result indicates
that the growth of the 𝛼-phase perovskite film was kinetically af-
fected by the presence of the localized 2D perovskite. Simulta-
neously, the 2D phases reduced the 𝛿-phase to 𝛼-phase transi-
tion temperature and enhanced the stability of 𝛼-phase. In this
process, the 2D phase disconnected the face-sharing [PbI6]4− oc-
tahedra of 𝛿-phase at the coherent interface, transforming it into
the corner-sharing structure of the 𝛼-phase.[13] Subsequently, this
transformation propagated toward bulk regions, as confirmed by
depth-dependent GIWAXS measurement (Figure 2C).[6,13]
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The 𝜒 -pole figure of the perovskite (110) plane in Figure
S7 (Supplementary Information) was generated using GIWAXS
during the nucleation stage to study the orientational preference
of 𝛼-FAPbI3 perovskite.[19,25–27] The orientation distribution of
the control perovskite film shows two-peak patterns around −55°

and+55° (Figures S6 and S7, Supplementary Information). How-
ever, a sharp peak concentrated at a polar angle of 0° was observed
for the target-1 group throughout the spin-coating process, in-
dicating a nucleation stage (including first nucleation and re-
nucleation stage) with a preferred out-of-plane orientation along
the (110) facet, favoring vertical carrier transport (Figure S8, Sup-
plementary Information).[16,28] The preferentially oriented nu-
cleation mechanism controlled the subsequent crystal growth
aligned with the preferred orientation along the (110) facet. As
aforementioned, the 2D perovskite could influence the crystal-
lization kinetics of FAPbI3-rich perovskite films. We speculated
that the oriented nucleation is a direct consequence of the ori-
ented 2D perovskite. The out-of-plane orientated 2D perovskite
played a pivotal role in initiating and guiding the nucleation
stage, resulting in a meticulously controlled process of crystal nu-
cleation and growth (Figure S5, Supplementary Information).

In situ GIWAXS experiments were performed to monitor the
annealing process of the wet perovskite films during heating
from room temperature (RT) to 120 °C, aiming to elucidate the
structural changes throughout the entire crystallization process.
In the control group, 𝛿-phase of the FAPbI3-rich perovskite un-
derwent a phase transition to the 𝛼-phase, initiating at 80 °C and
completing at 105 °C (Figure 2F). Within this narrow tempera-
ture range, both nucleation and crystallization processes of the
𝛼-phase occurred. In contrast, the nucleation stage (Re-N stage)
of 𝛼-FAPbI3 was first formed prior to the annealing stage by the
template effect of the 2D perovskite during the spin-coating pro-
cess. Consequently, these nucleation sites, along with the 2D per-
ovskite, act as seeds, facilitating the crystalline growth of the 𝛼-
phase during the annealing process until completion at 105 °C.
Notably, in the target-1 group, crystal growth occurred consider-
ably slower compared to the control group, spanning from RT to
105 °C. Figure 2G illustrated the corresponding variation curve
of perovskite phases with temperature. In the control film, both
𝛼-phase and 𝛿-phase intensities exhibit a sharp transition from
80 to 105 °C. In contrast, the target-1 film experienced a grad-
ual increase in 𝛼-phase intensities and a decrease in 𝛿-phase in-
tensities until reaching equilibrium at 105 °C. This observation
underscores that, in contrast to the control film, the transition
from the 𝛿-phase to the 𝛼-phase for target film occurred at a
slower pace, with the 2D perovskite effectively modulating the
crystalline growth kinetics of the 𝛼-FAPbI3. The synergistic ef-
fect of the slower crystalline growth process and preferentially
oriented nucleation could facilitate the preparation of controlled
and oriented perovskite films. As shown in Figure 3A–C, it is ev-
ident that the target-1 film, after annealing, demonstrates a pre-
ferred out-of-plane direction along the (110) facet, consistent with
the crystal orientation observed during the nucleation stage. In
contrast, the control film, after annealing, maintains the prefer-
ential orientation at around ±55° observed during the nucleation
stage. In addition, the control perovskite film exhibits bright re-
flections at the scattering vector q = 9 nm−1, which was assigned
to the (001) plane of PbI2. However, the target-1 film shows no
obvious diffraction ring of PbI2. This is consistent with the ob-

served results from XRD and SEM results, providing evidence
that the presence of 2D perovskite alteres the crystalline growth
process and stablizies the 𝛼-FAPbI3.

Through depth-resolved GIWAXS measurements, we further
investigated the strain distribution within the film. As the inci-
dent angle changed from 0.2° to 1.05°, the diffraction patterns
of the control perovskite gradually shift toward a larger value
(Figure 3D), demonstrating the existence of compressive strain
in the perovskite film around the region closer to the substrate.
In contrast, the qz values in target-1 film almost invariant sug-
gesting that the lattice strain relaxed induced by 2D-ACG strategy
(Figure 3E). In detail, we calculated the slopes of the correspond-
ing fitted line of qz values and grazing incidence angle for both
perovskite films. As shown in Figure 3F, the slope of the film pre-
pared by the 2D-ACG strategy is 0.0032, much lower than that of
the control system (0.0118). The released residual strain could be
attributed to the controlled nucleation and oriented crystalliza-
tion of perovskite films, which is inextricably linked to the in situ
formation of localized 2D phases as illustrated in Figure 3G.

To reduce the surface defects and improve the stability of
the perovskite film, a structured 2D/(2D/3D) structure by spin-
coating isopropanol (IPA) solution of ThPyI onto the target-1 film
was created and named as target-2 film. The GIWAXS data in
Figure 3A,B and Figure S9 (Supplementary Information) show
that, in contrast to the control and target-1 films, the target-2 film
exhibits an obvious (002) Bragg spot of the 2D perovskite phase
(n = 1) in the small q-value region, suggesting the successfully
formation of 2D perovskite on top of target-2 film. Note that the
incorporation of the 2D perovskite layer on top of target-1 film
can effectively protect against external moisture erosion and fur-
ther enhance the inherent stability of the perovskite film.[20,29,30]

Additionally, we observed that the spontaneous formation of the
surface 2D phase did not require high-temperature annealing.
Simply spin-coating the ThPyI solution onto the film surface was
enough to induce the formation of the 2D perovskite layer. This
behavior contrasts with that of PEAI, where annealing is neces-
sary for the formation of the 2D phase.[31] Such a characteristic
provides convenience for the development of the 2D-ACG strat-
egy described in this study. We further studied the effect of the 2D
perovskite layer on the energy-level alignment at the interface us-
ing ultraviolet photoelectron spectroscopy (UPS). Work functions
of the control, target-1, and target-2 perovskites were estimated
as 4.09, 4.30, 4.37 eV, respectively (Figures S10 and S11, Sup-
plementary Information). In comparison with the control film,
the Fermi levels of the target-1 and target-2 films were found
to be closer to the valence band edge, indicating enhanced p-
type characteristics.[32] In addition, the target-1 and target-2 films
demonstrated a higher potential compared to the control film,
as assessed by Kelvin probe force microscopy (KPFM) (Figure
S12, Supplementary Information). This enhancement can be as-
cribed to the reduced surface electronic trap density and en-
hanced p-type characteristics. Furthermore, the potential distri-
bution of the target-1 and target-2 films was ≈75 and 62 mV, re-
spectively, representing a decrease compared to the control film
(≈90 mV) (Figure S12D, Supplementary Information). These re-
sults are expected to improve charge separation and transport ef-
ficiencies within the bulk perovskite film and at the interface be-
tween the perovskite and hole transport layer, thereby reducing
the nonradiative recombination losses.[33,34] The suppression of
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Figure 3. Structural and optical spectroscopic characterization of perovskite films. 2D GIWAXS images of the A) control and B) target-1 perovskite films
after annealing. C) The 𝜒 -pole figures of the perovskite (110) plane constructed from the 2D GIWAXS of the control and target-1 perovskite films after
annealing. Grazing-incident wide-angle X-ray scattering profiles of D) control and E) target-1 perovskite films with the angle of incident beam ranging
from 0.2° to 1.05°. F) The qz values obtained from (110) plane as a function of incidence angle. G) Schematic illustration of the oriented nucleation and
growth of perovskite films facilitated by the in situ 2D perovskite phases. H) Steady-state PL and I) time-resolved PL spectra of the perovskite films.

nonradiative recombination loss was further verified by the en-
hanced steady-state photoluminescence (PL) intensity of the
target-1 and target-2 films (Figure 3H).[3,35] Furthermore, time-
resolved photoluminescence (TRPL) analysis revealed a signif-
icant increase in perovskite lifetime, from 0.46 μs for the con-
trol film to 10.44 μs for the target-1 film (Figure 3I and Table S1,

Supplementary Information). Additionally, the lifetime was fur-
ther extended to ≈27.58 μs for target-2 film. These results sug-
gested that the localized 2D perovskite effectively reduced the de-
fect concentration within the perovskite film, and the surface de-
fect is further reduced by the introduction of the 2D passivation
layer.
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Figure 4. Photovoltaic performance and stability of devices. A) The typical J–V curves of the perovskite photovoltaic devices. B) PCE and VOC distribution
of perovskite solar cells. C) Best device performance of target-2. Inset) PCE distribution for the best device and 35 devices data are collected. D) Evolution
of XRD patterns of the control and target-2 perovskite films under rigorous conditions (200 °C, RH 75 ± 5%, Natural light). E) MPP tracking of the
unencapsulated devices under continuous light illumination at 50 °C in N2. F) Thermal cycling stability of perovskite solar cells. The rapid thermal cycle
was executed by placing the devices in an environment at −20 °C, followed by transferring them to a hot plate set at 45 °C. Each stage lasted for 3 min
to achieve thermal equilibrium.

Subsequently, we conducted an evaluation of the photovoltaic
performance of the fabricated perovskite solar cells. As shown
in the current density–voltage (J–V) characteristics of the devices
in Figure 4A, the target-1 devices (fabricated using the target-1
film) demonstrated significantly improved power conversion ef-
ficiency (PCE) of 24.72%, while the best control device achieved
a PCE of only 23.32%. After passivation using 2D perovskite, the
device (target-2) efficiency was further enhanced to 25.42%, with
an open-circuit voltage (VOC) of 1.212 V and a fill factor (FF) of
82.19% (Table S2, Supplementary Information). The VOC loss for
the champion device was calculated to be ≈0.33 V (Eg = 1.54 eV,
Figure S16, Supplementary Information), which was among the
lowest VOC loss reported for PSCs so far.[17,36] The enhancement
in VOC was further verified through capacitance–voltage (C−V)
measurements following the Mott−Schottky relationship (Figure
S18A, Supplementary Information). The target-1 and target-2 de-
vices displayed a higher built-in voltage (Vbi) compared to the
control devices, signifying a more robust driving force for charge

separation in target-1 and target-2 devices. The enhanced VOC
was further evaluated using the emission yield of the electro-
luminescence spectra (EQEEL). When the injection current den-
sity was set equal to short circuit current density (JSC) under so-
lar illumination, the control device exhibited an EQEEL value of
0.73%. In contrast, EQEEL of the target-1 and target-2 devices
were improved to 2.35% and 4.53%, respectively (Figures S18B
and S18C, Supplementary Information). Employing the equation
ΔVOC = (kBT/q)ln(EQEtarget-2/EQEcontrol),

[37] the estimated VOC
improvement for target-2 was 47 mV, aligning well with the ex-
perimentally observed VOC variation in the devices. The remark-
able enhancement in PCE mainly reflected in the improved VOC
and FF, which was ascribed to the suppressed nonradiative re-
combination and the reduced carrier extraction-transport barrier
at the interface. This was evidenced by the light dependence of
VOC (Figure S19, Supplementary Information), where the target-
1 and target-2 device exhibits significantly lower slopes of 1.70
and 1.62 kT/q, respectively, compared to the control device’s slope

Adv. Mater. 2024, 2405921 © 2024 Wiley-VCH GmbH2405921 (7 of 9)
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of 1.89 kT/q.[14] To gain deeper insights into charge-carrier life-
times in fully operating devices, we conducted transient photo-
voltage (TPV) measurements under open-circuit conditions. As
shown in Figure S20a (Supplementary Information), the charge
recombination time constants (𝜏) increased from 230 μs in the
control device to 349 μs and 459 μs for the target-1 and target-2 de-
vices, respectively. This significant increase in carrier lifetime for
the target-2 device indicates slower charge recombination, sug-
gesting that incorporating 2D perovskite reduces nonradiative
recombination.[14] Additionally, transient photocurrent (TPC) de-
cay under short circuit conditions revealed decay times of 5.05
μs for the control, 4.87 μs for target-1, and 4.03 μs for target-2
devices (Figure S20b, Supplementary Information). The shorter
decay time in the target-2 device suggests more efficient charge
extraction, likely due to reduced interfacial charge accumulation
and recombination.[14] The statistical distribution of PCEs for 36
devices are presented in Figure 4B, confirming the highly repro-
ducible performance improvements achieved by incorporating
2D perovskite.

To minimize light reflection and maximize photocurrent,
we opted for an antireflective coating of magnesium fluoride
(Table S3, Supplementary Information). Consequently, the PCE
of Target-2 was further boosted to 26.16% for the best device
(Figure 4C and Table S4, Supplementary Information), with a
certified PCE of 25.84% (Figure S21, Supplementary Informa-
tion). The integrated JSC from EQE curves was 25.32 mA/cm2 for
target-2 devices, matched well with the corresponding JSC values
(<3.0% deviation) in J–V curves (Figure S22). To assess the stabil-
ity of the perovskite film, unencapsulated perovskite films were
subjected to rigorous conditions (200 °C, RH 75 ± 5%, Natural
light), and their XRD patterns were monitored. As illustrated in
Figure 4D, the control perovskite film has almost completely de-
composed after 60 min. In contrast, the target-2 film maintained
its original structural composition, highlighting its excellerent
thermal and humidity stability. To assess long-term operational
stability, unencapsulated devices underwent maximum power
point (MPP) tracking under continuous light illumination (100 ±
10 mW cm–2, white LED) in an N2 atmosphere (Figure 4E). The
control device dropped to ≈50% of its original PCE after 1000 h,
while the target-2 device retained over 93% of its initial efficiency
after more than 1350 h at 50 °C. Subsequently, the encapsulated
devices were aged under rapid thermal cycling between −20° and
+45 °C. As illustrated in Figure 4F, following 100 thermal cycles,
the control device suffered a severe decline to 75% of its original
performance, whereas the target device retained 92% of its initial
value.

3. Conclusion

We have developed an efficient technique, namely 2D-ACG tech-
nique, to control the crystal orientation and crystallization ki-
netics of the 𝛼-FAPbI3-rich perovskite throughout both the nu-
cleation and growth processes. The localized and embedded 2D
perovskite at the top interior surface of the wet perovskite film
serves as a templet, inducing the growth of the 𝛼-FAPbI3-rich
perovskites with high film quality and large grain size. The cor-
responding perovskite film can also passivate bulk and surface
defects, suppress nonradiative recombination within the film, re-
sulting in an ultralong carrier lifetime exceeding 27 μs. As a re-

sult, the PSCs fabricated through this method exhibit a high PCE
of 26.16% (certified 25.84%) and an impressive VOC of 1.213 V,
along with outstanding operational stability as well as excellent
high and low temperature cycle stability.
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