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Abstract: The rapid expansion of Big Data and Internet
of Things (IoT) has driven significant advancements in
indoor photovoltaics (IPVs), which provide power to
wireless [oT devices. Tin halide perovskites (THPs)
have garnered significant attention for IPVs due to their
excellent optoelectronic properties without the environ-
mental risks of lead exposure. However, THPs face
challenges in controlling their fast crystallization proc-
ess. Here, we introduce a novel approach to precisely
control the crystallization kinetics of FASnI,Br perov-
skite via the formation of the 6H-intermediate phase,
supported by the mesomeric (+M) interaction effect of
4-aminopyridine hydrochloride (4APCl) in the perov-
skite precursor. The grazing-incidence wide-angle X-ray
scattering measurements indicated the formation of 6H-
intermediate phase for the FASnI,Br-4APCI perovskite
during the crystallization process. The in situ ultraviolet-
visible absorption spectroscopy during the spin coating
and annealing process confirmed the reduction of crystal
growth rate after the 6H-intermediate phase formation.
Thus, high-quality perovskite films were obtained with
reduced defects. The resulting IPVs achieved an effi-
ciency of 21.55 % under indoor illumination at 1000 lux,
exceeding all types of lead-free perovskite IPVs. )

Introduction

Indoor photovoltaics (IPVs) are gaining prominence as a
viable energy source in urban and indoor settings, where
traditional solar applications are less feasible. Recent
advances highlight their role in powering low-energy devices
for the Internet of Things (IoT), improving energy efficiency
and reducing costs.' The IPV market is anticipated to
experience a significant expansion, driven by increasing
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demand for smart building solutions that enhance both
energy generation and indoor design.’” Indoor lighting
sources, such as fluorescent lamps and light emitting diodes,
emit in the 400 to 700 nm range. Materials with a band gap
between 1.7 and 1.9eV are ideal for absorbing indoor
light.®'% However, the lower band gap of 1.12 eV makes
silicon solar cells less efficient at harvesting indoor light,
which is not suitable for IPV applications.”!!:1%

Various wide band gap materials, such as dye molecules,
organic semiconductors, and halide perovskites, are being
explored for IPVs.['™% M Particularly, perovskites have
shown significant promise due to their high light absorption
and energy conversion efficiency."'”! The wide band gap
perovskite solar cells (PSCs) have achieved a power
conversion efficiency (PCE) up to 43 % for indoor photo-
voltaic applications.®?4 Nevertheless, their reliance on toxic
lead presents a health risk, because indoor IoT devices
operate in close proximity to people, unlike traditional solar
panels, which are wusually placed far from human
contact.’>?! Fortunately, tin halide perovskites (THPs) offer
outstanding characteristics for IPV applications, such as
lower toxicity compared to Pb analogous, a tunable band
gap, high charge carrier mobility, and a long lifetime of hot
carriers.”**" However, the crystallization process of wide
band gap THPs is primarily influenced by the high Lewis
acidity of divalent Sn halides, in addition to the increased Br
content.” Consequently, the crystallization process is
accelerated with the formation of numerous defects in the
wide band gap THPs.P™! These defects facilitate the
formation of non-radiative recombination centers, thereby
reducing open-circuit voltage (V,.) under indoor light
illumination.'”***! To boost the PCE of indoor Sn-PSCs,
Liao et al. introduced catechin Lewis base additive in the
FA,7;sMA,sSnL,Br perovskite precursor. Via the hydroxyl
group, catechin interacted with the perovskite precursor and
successfully controlled the crystal growth. Consequently, a
PCE of 12.81 % under 1000 lux was achieved.”! To optimize
the energy level at the hole transport layer (HTL)/
perovskite interface, the PEDOT:PSS HTL was treated with
nicotinamide. The nicotinamide-modified PEDOT:PSS ex-
hibited lower interfacial defects and minimized V. loss,
yielding a PCE of 1440% under 1000 Iux LED
illumination.*”! Further improvements were achieved by
including a KSCN interlayer between the PEDOT:PSS layer
and FA,;sMA,,sSnl,Br, which promoted the crystallization
process and the interfacial carrier transport. As result, a
high PCE of 17.57% under 2956 K @1062 lux was
obtained.™ Recently, our group incorporated CsF into the
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PEDOT:PSS layer to tune the adhesive bonding strength of
the buried interfaces.* The perovskite film based on CsF-
modified PEDOT:PSS achieved an enhanced nucleation
rate, which reduced defects and improved surface morphol-
ogy. Notably, a PCE of 20.12 % under 1000 lux indoor light
was reported.[*!

Despite numerous efforts have been devoted for enhanc-
ing the PCE of wide band gap THPs for IPVs, the
crystallization process of wide band gap THPs is still
challenging to control due to the rapid interaction of
divalent tin halides in the perovskite precursor.”**! The
uncontrolled crystallization process produces perovskite
films with pinholes and a high defect density, which
subsequently increases the V. loss of the target IPVs. [183% 4]
Unlike previous strategies, we demonstrate a novel ap-
proach for controlling the crystal growth of wide band gap
THPs by establishing the 6H-intermediate phase during the
formation of perovskite films. The inclusion of 4-amino-
pyridine hydrochloride (4APCl) in the perovskite precursor
promoted the formation of 6H-intermediate phase, aided by
the positive mesomeric (+M) interaction between 4APCI
and perovskites."™!! The grazing-incidence wide-angle X-
ray scattering (GIWAXS) measurements revealed the
formation of the 6H-intermediate perovskite phase after the
inclusion of 4APCI, thereby facilitating the slowed crystal
growth of THPs.”? The in situ ultraviolet-visible (UV/Vis)
absorption spectroscopy during the spin coating and anneal-
ing process proved the reduction in crystal growth rate after
the 6H-intermediate phase formation. We propose that the
reduction in crystallization rate is primarily attributable to
the stabilization of the 6H-intermediate phase through the
robust interaction between 4APCl and the perovskite
precursor during the crystallization process-a synergistic
effect. Thus, high-quality perovskite films with enhanced
crystallinity, reduced lattice strain, suppressed defects and
recombination centers were obtained. The fabricated IPVs
based on FASnI,Br-4APCI exhibited a PCE of 21.55%
compared to 15.18% for the pristine FASnL,Br devices
under indoor light illumination (3000 K, 1000 lux). To the
best of our knowledge, this is the highest reported PCE for
indoor photovoltaics based on lead-free perovskites.

Results and Discussion

The structural characteristics of the wide band gap THP
films are significantly influenced by the crystal growth
kinetics.’*** Usually, the crystal growth of THPs occurs
rapidly due to the high Lewis acidity of divalent tin
halides.”>** The rapid crystal growth of the perovskite
precursors results in THP films characterized by inferior
morphology with the presence of pinholes and defects,
thereby leading to poor photovoltaic performance of Sn-
PSCs. Importantly, the formation of a meta-stable inter-
mediate phase can reduce the rapid crystal growth rate of
THPs."*% Herein, we introduced aminopyridine isomers as
additives into the perovskite precursor in order to slow
down the crystal growth rate via the formation of an
intermediate phase.
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The basicity of aminopyridine isomers is primarily
influenced by the nitrogen atom located on the pyridine ring
and the external amine group. The pKa value of aromatic
pyridine is 5.5, which is significantly higher than aniline
(4.6).) The delocalization of the lone electron pair from the
external amine group into the n-system of the aromatic ring
enhances the ability of aminopyridines for electron
donation."™ From a chemical perspective, the bonding
interaction between the amino group and the pyridine ring
alters the electronic properties of aminopyridine isomers: 4-
aminopyridine hydrochloride (4APCl), 2-aminopyridine
hydrochloride (2APCI), and 3-aminopyridine hydrochloride
(3APCI), leading to variations in their basicity. The lone
pair on the nitrogen of the amino group is capable of either
donating electrons to the nitrogen of the pyridine ring
through a positive mesomeric (+M) effect, or pulling
electrons away from the ring nitrogen through a negative
inductive effect. Nevertheless, the mesomeric effect is
stronger, rendering aminopyridines more basic than pyri-
dines. The positive mesomeric effect of the exo-amine on 4-
aminopyridine (4APy) increases the electron density on the
ring nitrogen, thereby stabilizing the negative charge on the
pyridine ring‘s nitrogen, as explained in Figure 1a.[*%)
Alternatively, the presence of steric hindrance and intra-
molecular hydrogen bonding, whereby hydrogen atoms from
adjacent amine groups interact with the lone pair on the ring
nitrogen, results in a decrease in the basicity of 2-amion
pyridine (2APy) and 3-aminopyridine (3APy) in comparison
to 4APy.*" Consequently, the basicity of aminopyridine
derivatives can be arranged as follows: 4APy (pK,=9.17) >
2APy (pK,=6.86) >3APy (pK,=6.00), as shown in Fig-
ure 1b. More importantly, density functional theory (DFT)
calculations indicated that the electrostatic potential (ESP)
for 4APCl, 2APCl and 3APCl is —32.52, —26.41 and
—28.86 kcal/mol, respectively. Thus, the 4APCl molecule
exhibited the highest negative ESP value compared to
pyridine and aminopyridine isomers, as explained in Figur-
es lc, S1. Consequently, the high electron density of 4APCI
is expected to exhibit a strong interaction with the
perovskite precursor, which is crucial for achieving slow
crystal growth.

To clearly investigate the strong interaction between
4APCI and Snl, in the perovskite precursor, nuclear
magnetic resonance ("H NMR ) spectroscopy of Snl,-4APCI
compared to 4APCI was measured. As shown in Figures 1d,
S2a, the "H NMR peaks of Snl,-4APCI exhibited an obvious
chemical shift compared to the pristine 4APCI, indicating a
strong interaction between Snl, and 4APCI. In order to gain
further insight into the interaction mechanism between
4APCI and the perovskite precursor, we prepared the Snl,-
4APCl adduct (Figure S3). The interaction was further
confirmed using Fourier-transform infrared (FTIR) spectro-
scopy. As indicated in Figures 1le, S2b, the N—H asymmetric
and symmetric stretching vibrations of the amino group in
the SnL-4APCl adduct were shifted from 3433 cm™ to
3338cm™! and from 3298 cm™! to 3288 and 3263 cm7,
respectively, compared to the pristine 4APCL Furthermore,
the N—H in-plane deformation vibration was decreased from
1645 cm™ to 1643 cm™'. Additionally, the stretching vibra-
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Figure 1. Basicity of aminopyridine isomers and their interaction with perovskites. (a) The influence of resonance structure on the basicity of
aminopyridine isomers. (b) The pKa values of pyridine and aminopyridine isomers. (c) The electrostatic potential of 4APCl molecule. (d) '"H NMR

and (e) FTIR spectra of 4APCl with and without Snl,.

tion of C=N in the pyridine ring shifted from 1595 cm™' to
1580 cm ™" and the stretching vibration of C-NH, was shifted
from 1267 cm™! to 1207 cm ™' after introducing 4APCL*>%!
The above analysis demonstrated the strong interaction
between 4APCI and Snl,, which is beneficial for regulating
the crystal growth kinetics of wide band gap THPs. It is
worth noting that the 'HNMR spectrum of Snl,+4APCI
exhibited a pronounced chemical shift (A5 =0.68) compared
to Snl, mixed with 2APCI, 3APCI, and PyCl (Figure S4 and
Table S1). This significant chemical shift can be attributed to
the strong mesomeric interaction at the para position
between the amino group and the nitrogen in the pyridine
ring, which leads to the significant shift observed in the case
of 4APCI. Therefore, the interaction of 4APCIl with the
perovskite precursor was stronger than that of 2APCI,
3APC], and PyCl

To better understand the effect of 4APCl on the
crystallization of FASnL,Br perovskite films, GIWAXS
measurements were performed on the perovskite films
during the spin coating process. As depicted in Figure 2a,
the intensity of the perovskite (001) peak at approximately
q,=1.015 A" was detected in the pristine FASnL,Br per-
ovskite films, indicating the rapid formation of perovskite
structure during the spin coating process. Notably, after the
inclusion of 2mol% 4APCl in the pristine FASnL,Br
perovskite films, a new peak at ¢,=0.98 A~! was observed in
the FASnI,Br-4APCI perovskite film during the spin coating
process (Figures 2b, d). This peak completely disappeared
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after annealing, as shown in Figures 2c, S5. In contrast, this
new peak at g,=0.98 A~! couldn’t be detected in the pristine
FASnLBr film during the spin coating or after the annealing
process (Figures 2d, S5). The newly observed peak at g,=
0.98 A~! could be attributed to the formation of the 6H-
intermediate phase.”% It was anticipated that the incorpo-
ration of 4APCI would enhance the formation of the 6H-
intermediate phase due to the strong interaction between
4APCI and perovskite.”? To confirm the formation of the
6H-intermediate phase, we prepared Snl,-4APCI films with
a molar ratio of 1:1 and measured the XRD patterns. As
depicted in Figure 2e, the fingerprint peaks of the 6H-
intermediate phase were observed at 14° and 12.12°, which is
consistent with previous XRD results for the 6H-intermedi-
ate phase of lead halide perovskites. These findings agree
with the GIWAXS results and further validate the formation
of the 6H-intermediate phase during the crystallization of
the FASnI,Br-4APCI perovskite film. This is the first time
that the 6H-intermediate phase has been observed in tin
halide perovskite films, which is preferable for slowing down
crystal growth. Figure 2f shows the possible arrangements
and the connectivity of the Snlg octahedra of the 6H-
intermediate phase.’*®! The structure of the 6H-intermedi-
ate phase exhibits a large number of corner-sharing octahe-
dra that can act as inter-grain growth channels by the
intervening halides." It was reported that the 6H-inter-
mediate phase could help to reduce the crystal growth rate,
while maintaining the homogeneity and integrity of the
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Figure 2. The formation of the 6H-intermediate phase during perovskite film crystallization. GIWAXS patterns at the incident angle of 1° for (a)
FASnI,Br, (b) FASnI,Br-4APCl perovskite films during the spin coating process and (c) FASnl,Br-4APCl perovskite film after annealing, respectively.
(d) GIWAXS intensity during the spin coating process for the FASnI,Br and FASnI,Br-4APCI perovskite films. (e) X-ray diffraction patterns of Snl,-
4APCI (1:1) compared to Snl, and 4APCI films. (f) Possible arrangements and the connectivity of the Snlg octahedra of the 6H-intermediate phase.

perovskites based on high lattice coherency.’™ It is note-
worthy that the 6H-intermediate phase was observed only
for the FASnI,Br-4APCI perovskite film during the spin
coating process. For FASnL,Br-2APCl, FASnI,Br-3APCI,
and FASnL,Br-PyCl perovskite films, the 6H-intermediate
phase peak was not detected, as explained in Figure S6. This
observation is consistent with the electrostatic potential
(ESP) analysis in Figures 1C and S1, which demonstrates
that the 4APCIl molecule exhibits a higher electron density
around the nitrogen atom in the pyridine ring compared to
the 3APCl, 2APCl, and PyCl molecules. Consequently,
4APCI promotes stronger interactions with the perovskite
precursor, which are crucial for facilitating the formation of
the 6H-intermediate phase. This, in turn, enables a slower
crystallization process for the FASnI,Br-4APCI perovskite
films, which was confirmed as follows.

The formation of the 6H-intermediate phase is expected
to significantly impact crystallization kinetics. In situ UV/Vis
absorption spectroscopy was conducted during the spin
coating process in order to investigate the change in crystal
growth rate. For the pristine FASn,Br and FASnl,Br-
4APCI perovskite films, the absorption intensity started to
rise and the spectral peak broadened after 50 seconds of
spin coating of the perovskite precursor solution, indicating
the formation of perovskite crystals (Figures3a, S7). The
absorption intensity at 600 nm was analysed in relation to
the spin coating duration, as illustrated in Figure 3b. For the
pristine FASnI,Br perovskite, the absorption intensity
quickly reached its maximum level within 1.5 seconds
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(51.25-52.75 s). In contrast, for the FASnl,Br-4APCI per-
ovskite film, the absorption intensity increased significantly
slower within a span of 4.25 seconds (52-56.25 s), indicating
a slower crystal growth rate for the FASnI,Br-4APCl
perovskites (Figure 3b). Furthermore, the first derivative of
the UV/Vis absorption intensity was calculated as shown in
Figure 3c. The crystal growth rate of the FASnI,Br-4APCI
perovskites was observed to be 0.27 s™', which is significantly
lower than that of FASnL,Br perovskites (0.76s7"). These
results indicate that the 6H-intermediate phase has the
potential to reduce the crystal growth rate of FASnl,Br-
4APCI perovskites during the spin coating process, thereby
enabling the production of high-quality perovskite films. It
is noteworthy to mention that the absorption intensity over
time was also measured for 2APCl, 3APCI, and PyCl, as
depicted in Figure S7. The extracted intensity at 600 nm
indicated the decreased crystal growth of after using 4APCI,
2APCl, 3APCL and PyCl, compared to the pristine per-
ovskite film shown in Figure S8a. Furthermore, the calcu-
lated crystal growth rate depicted in Figure S8b revealed a
decrease in crystal growth rate of perovskite film in the
following sequence: FASnLLBr > FASnLBr-PyCl >
FASnLBr-3APCl > FASnL,Br-2APCl > FASnl,Br-4APCl.
These findings are consistent with the results that 4APCI
exhibits higher basicity and stronger interactions with the
perovskite precursor compared to other aminopyridine
isomers.

Furthermore, in situ UV/Vis absorption spectroscopy of
the perovskite films during the annealing process was
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Figure 3. Effect of the 6H-intermediate phase on the crystallization kinetics of the FASnI,Br-4APCI perovskite film. (a) In situ UV/Vis absorption
spectra during spin coating process for the FASn|,Br-4APC| perovskite film. (b) Extracted absorption intensity against time of the FASnl,Br and
FASnI,Br-4APCI perovskite films and (c) their corresponding first derivative at 600 nm. (d) In situ UV/Vis absorption spectra during annealing
process for the FASnlI,Br-4APCI perovskite film. (e) Extracted absorption intensity against time of the FASnl,Br and FASnI,Br-4APCI perovskite

films and (f) their corresponding crystal growth rates at 600 nm.

conducted to provide a deeper understanding of crystal
growth kinetics (Figures 3d, S9). The extracted absorption
intensity against time indicated the reduction in crystal
growth rate in the following order: FASnl,Br > FASnI,Br-
PyCl > FASnLBr-3APCl>FASnl,Br-2APCl> FASnl,Br-
4APCI, as depicted in Figures 3e, S10a. Importantly, the
FASnI,Br-4APCI perovskite film with the 6H-intermediate
phase exhibited the lowest crystal growth rate (0.035s7'),
compared to the pristine FASnL,Br perovskite film
(0.062 s™") and other aminopyridine derivatives (Figures 3f,
S10b). The results obtained from in situ UV/Vis measure-
ments during the spin coating and annealing processes are
consistent, indicating the significant role of the 6H-inter-
mediate phase in retarding the crystal growth of the
FASnLBr-4APCI perovskite films. Notably, a slower crystal
growth during spin coating of FASnI,Br-4APCI, compared
to pristine FASnL,Br, was clearly visible to the naked eye
(Figure S11a). After completing the spin coating process, we
observed that the FASnI,Br-4APCI perovskite film exhib-
ited a lighter brown color (Movie S1) compared to the
pristine FASnLBr film (Movie S2), confirming the slower
crystal growth of the FASnI,Br-4APCI film. Furthermore,
after 5-minutes of spin coating the perovskite films, pristine
FASnI,Br turned to dark brown color which indicated fast
crystallization. In contrast, the FASnI,Br-4APCI perovskite
film exhibit lighter brown color (Figure S11b), which prove
the slower crystallization process.

Angew. Chem. Int. Ed. 2025, 202421547 (5 of 11)

The influence of 4APCl, 2APCl, 3APCl and PyCl
amounts on the crystal growth rate of the FASnI,Br
perovskite film has been explored. As shown in Figures S12—
S15, increasing the amount of 4APCI, 2APCl, 3APCI, or
PyCl from 1mol% to 5mol% slows down the crystal
growth rate gradually. Furthermore, it is evident that 4APCI
demonstrates superior ability in reducing the crystal growth
rate across various concentrations when compared to
2APCI, 3APCl, and PyCl (Table S2). Compared to the
1 mol % and 2 mol % concentrations, the 5 mol % concen-
tration of 4APCl, 2APCl, 3APCI, or PyCl exhibited the
lowest crystal growth rate. However, this significantly lowest
growth rate at 5 mol % may be inferior to the film quality
due to the unbalanced process between crystal nucleation
and growth steps. These observations confirm that although
higher additive concentrations can significantly reduce the
crystal growth rate, excessive reduction may negatively
impact the overall crystallization process and device per-
formance.

Furthermore, the crystallization process was analyzed by
the in situ UV/Vis absorption spectra during annealing at
various temperatures (60°C, 70°C, 80°C, and 90°C). As
depicted in Figures S16 (a-d) and Figures S16 (e-h), the
absorption intensity at 600 nm increases as a function of the
annealing time, which is characteristic of the thermally
driven crystallization process. We extracted the absorption
intensity at 600 nm against the annealing time in order to
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quantify the differences in crystallization (Figures S16i and
j), and then we fitted the time-dependent curves at 600 nm
with a monoexponential function. As shown in Table S3, the
crystal growth rate of the tin halide perovskite films with
4APCI exhibits a significant decrease due to the formation
of 6H-intermediate phase. Furthermore, as expected, the
crystallization process is accelerated at a higher temper-
ature. The crystal growth rate constants under different
temperature align well with the Arrhenius equation k=A
exp(—E/RT) (equation S7). As fitted in Figure S16k, the
activation energy for crystallization (E,) of the pristine film
was 31.51 kJ/mol. Interestingly, the formation of 6H-inter-
mediate phase induced by 4APCIl additive enhanced the
activation energy to 39.18 kJ/mol for tin halide perovskite
crystallization. The higher activation energy can reduce
crystal growth rate, result in the improved crystallization
kinetics and superior perovskite films.

In order to investigate the effects of the 6H-intermediate
phase on the morphology of FASnI,Br perovskite film, the
scanning electron microscopy (SEM) was measured. As
depicted in Figure 4a, the FASnI,Br perovskite film dis-
played numerous pinholes, resulting from the rapid crystal
growth of FASnL,Br perovskites. In contrast, the addition of
2 mol % 4APCI to the FASnL,Br perovskite film resulted in
a denser structure, devoid of pinholes and characterized by
larger grain sizes. Moreover, increasing the amount of
4APCI to 3 mol % led to a deterioration in morphology and
plentiful defects, as illustrated in Figure S17. This indicates
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that 2mol% of 4APCl is optimal to form the 6H-
intermediate phase for controlling the crystal growth. As a
result, the FASnL,Br-4APCl (2mol%) perovskite film
quality was improved. Notably, the X-ray diffraction (XRD)
analysis revealed that the XRD intensity of the (100) and
(200) peaks was enhanced after inclusion of 2 mol % 4APCI
compared to the pristine FASnL,Br (Figure 4b). Particularly,
the utilizing of 4APCI (2 mol %) affords the most intense
peak, as shown in Figure S18. Furthermore, the XRD
analysis reveals a significant reduction in the full width at
half maximum (FWHM) of the diffraction peaks, as shown
in Figure S19. It is noteworthy that the reduction in FWHM
could be observed across all diffraction peaks of the
FASnIL,Br-4APCI perovskite film, as presented in Table S4.
This observation confirms the superior crystallinity of the
FASnI,Br perovskite film after the inclusion of 4APCIL
Additionally, the crystalline size of the FASnI,Br-4APCI
perovskite films showed a clear increase to 115.9 nm
compared to 96.5 nm for the pristine FASnI,Br perovskite
film (Table S5), which is in line with the SEM results. We
calculated the change in lattice strain after inclusion of
4APCI using Williamson-Hall plots (Supplementary Note
S1). As indicated in Figure 4c, the strain of the FASnI,Br-
4APCI perovskite film was decreased to 0.0013 compared to
0.0016 for the pristine FASnI,Br perovskite film. The
decreased lattice distortion is attributed to the formation of
the 6H-intermediate phase, which promotes uniform crystal-
lization in the mixed-halide perovskite phase.[*!
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Figure 4. Effect of the 6H-intermediate phase on the morphology, crystalline and optoelectronic properties of the perovskite films. (a) Scanning
electron microscope images, (b) X-ray diffraction patterns, (c) Williamson-Hall plots fitting of the FASnI,Br perovskite film without and with 4APCI
(2 mol %), respectively. (d) Steady-state photoluminescence spectra and (e) Time-resolved photoluminescence decay spectra for the FASnl,Br
perovskite film without and with 4APCI (2 mol %). (f) Dark J-V curves of the hole only devices based on the FASnI,Br perovskite film without and

with 4APCl (2 mol %).
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To investigate the influence of the 6H-intermediate
phase on the charge carrier dynamics of the FASnI,Br-
4APCl perovskite film, we conducted the steady-state
photoluminescence (PL) spectra. As illustrated in Figure 4d,
the FASnI,Br-4APCI perovskite film exhibited a stronger
PL intensity than the pristine FASnI,Br film, which
indicated suppression of the non-radiative recombination
centers. Hence, the V. loss of the fabricated wide band gap
FASnLLBr based IPVs was expected to decrease. Impor-
tantly, the emission peak of FASnL,Br pristine perovskite
film at ~745 nm was blue-shifted to 738 nm for FASnI,Br-
4APCI perovskite film, as depicted in Figure 4d. The blue
shift ensured the reduction of crystal growth through the
formation of the 6H-intermediate phase, thereby enhancing
the formation of perovskite films with fewer defects and
enhanced quality. We further investigated the charge trans-
fer kinetics using time-resolved photoluminescence (TRPL)
measurements for FASnL,Br-4APCl perovskite films. The
TRPL analysis shown in Figure 4e revealed that the
FASnLBr-4APCl perovskite film exhibited a significant
increase in PL lifetime to 27.8 ns, compared to 4.1 ns for the
pristine FASnI,Br perovskite film. The PL and TRPL results
with different concentrations of 4APCl from 1 to 3 mol %
indicated that the most pronounced composition of 4APCl
was 2 mol % (Figures S20). The enhanced PL intensity with
blue shift and prolonged lifetime indicate suppression of the
nonradiative recombination channels and reduced trap
density. Thus, confirming that the formation of the 6H-
intermediate phase during crystallization assisted in control-
ling the crystal growth of FASnI,Br-4APCl perovskite,
which is expected to achieve efficient IPVs.

The preceding analysis suggests that the inclusion of
4APCI facilitated the formation of the 6H-intermediate
phase during the crystallization of FASnI,Br-4APCI perov-
skite films. This could successfully produce high-quality
perovskite films with improved crystallinity, less pinholes,
fewer defects, a larger grain size, and suppression of the
nonradiative recombination channels. Furthermore, the trap
states of the FASnI,Br-4APCI perovskite films are expected
to be minimized compared to those of the pristine
FASnI,Br. To ensure that, the space charge limiting current
(SCLC) of hole-only devices was measured with the
structure of ITO/PEDOT:PSS/perovskite/PTAA/Ag (Fig-
ure 4f). The trap density (/V,) was determined using the
equation S6. The trap density of pristine FASnI,Br per-
ovskite films was 1.49x10'°cm™, while that for the
FASnLBr-4APCl  perovskite  film  decreased to
1.13x10' cm ™. As a result of slower crystal growth, the trap
states in the FASnLLBr-4APCl perovskite films can be
effectively diminished, leading to superior perovskite films
with fewer defects and better quality.

To investigate the oxidation process of Sn*" to Sn*" in
the perovskite precursor, X-ray photoelectron spectroscopy
(XPS) was performed on FASnI,Br and FASnl,Br-4APCI
perovskite films. As shown in Figure S21, the addition of
4APCI decreased the Sn**/Sn*" ratio from 54.7 % to 31.8 %.
This decrease in Sn’' oxidation can be explained by the
strong basicity of 4APCl, which could prevent Sn’*
oxidation. Furthermore, the percentage of Nls increased
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from 15.02% to 15.54 % (Table S6). This increase in the
percentage of Nls proves the interaction between 4APCl
and perovskites. The Cl2p;, and Cl2p,,, peaks were detected
in FASnL,Br-4APCI film at 199.3 and 200.9 eV, respectively,
which indicate the interaction of 4APCI with the perovskite
(Figure S22 and Table S6). Additionally, the observed shifts
in Sn3d and 13d for the FASnI,Br-4APCI compared to the
pristine FASnI,Br perovskite film indicates the strong
interaction between 4APCI and perovskites (Figure S23).
Importantly, the inclusion of 4APCI increased the Sn/I and
Sn/Br ratios compared to the pristine perovskite film, as
explained in Table S7. This suggests that the formation of
the 6H-intermediate phase suppressed the I/Br vacancies in
the FASnI,Br-4APCI perovskite film, resulting in lower
recombination centers and reduced segregation. Further-
more, energy dispersive X-ray (EDX) and time-of-flight
secondary-ion mass spectrometry (TOF-SIMS) spectra were
employed to investigate the spatial positions of 4APCl
molecules in the perovskite films. As shown in Figure S24,
S25 and S26, 4APCI was homogeneously distributed in the
perovskite films, thereby facilitating the formation of the
6H-intermediate phase throughout the FASnI,Br perovskite
film.

The noteworthy enhancement in the quality of the
FASnLBr-4APCI perovskite film resulting from the forma-
tion of the 6H-intermediate phase suggests enhancing the
photovoltaic performance of PSCs. Consequently, we fab-
ricated solar cell devices with the aim of evaluating their
indoor photovoltaic performance. Figure 5a presented the
cross-sectional SEM images of the fabricated PSCs (ITO/
PEDOT:PSS/perovskite/ ICBA/BCP/Ag). The spectrum of
the indoor light source used in this work is provided in
Figure S27. The highest indoor PCE of the devices based on
pristine FASnI,Br was only 15.18 % (Figure 5b). In contrast,
the champion indoor PCE for the devices based on
FASnLLBr-4APCl was jumped to 21.55%, with a V. of
0.721 V, a short-circuit current density (J,.) of 119 pAcm 2,
and a fill factor (FF) of 0.724. The J-V curves and detailed
photovoltaic performance using different amounts of 4APCI
are given in Figure S28 and Table S8. The improvement in
PCE of the FASnL,Br-4APCIl based PSCs stemmed from a
significant increase in V. rising from 0.646 to 0.721V,
alongside an improved FF from 0.656 to 0.724. The
substantial increase in V. and FF can be attributed to the
formation of the 6H-intermediate phase, which exhibits a
large number of corner-sharing octahedra that can act as
inter-grain growth, thereby facilitating a controlled crystal-
lization process.”™ Thus, the FASnI,Br-4APCl perovskite
film was formed with high quality, released strain, reduced
defects, resulting in a lower recombination process and
enhanced photovoltaic efficiency. Furthermore, the fabri-
cated devices showed a high reproducibility of up to 26
devices, as depicted in Figure S29 and S30. The distribution
clearly demonstrates the superiority of the 4APCl-modified
devices compared to the pristine ones. Furthermore, the
average indoor photovoltaic efficiency for the devices based
on FASnI,Br-4APCI (18.89+1.39 %) was also higher than
that for the devices based on pristine FASnL,Br (13.67+
1.02%), as shown in Table S9. The recent advances in
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Figure 5. Effect of the 6H-intermediate phase on the indoor photovoltaic performance. (a) Cross-sectional view scanning electron microscope
image of the FASn1,Br-4APC| based device. (b) J-V curves of the champion devices based on FASnI,Br and FASnI,Br-4APC| under indoor
illumination of 1000 lux. (c) Indoor photovoltaic efficiencies for lead-free perovskite solar cells based on Sn, Bi, and Sb reported in literatures and
this work. (d) Admittance spectra, (e) V.. versus light intensity and (f) Transient photovoltage decay profiles of FASnI,Br and FASnI,Br-4APCI

based device.

indoor photovoltaic efficiency of lead-free perovskite solar
cells based on Sn, Bi, and Sb are explained in Figure 5c. In
this work, we achieved the highest indoor photovoltaic
efficiency of 21.55% for lead-free perovskite solar cells to
date (Table S10). The external quantum efficiency (EQE) of
the fabricated PSCs is presented in Figure S31. Notably, the
EQE response in the wavelength range 300-700 nm was
enhanced for the FASnI,Br-4APCI devices compared to the
pristine FASnL,Br devices, indicating improved quality of
the FASnL,Br-4APCl perovskite. Furthermore, the inte-
grated current densities calculated from the EQE of the
PSCs were consistent with the experimentally obtained J
values (Figure S31). The forward and reverse scan directions
are given in Figure S32. Moreover, the photovoltaic per-
formance under one sun illumination was evaluated, as
depicted in Figure S33 and Table S11. The stability of the
devices was evaluated under ambient air and continuous
indoor light illumination (Figure S34). Despite the rapid
degradation of the FASnI,Br devices upon exposure to air,
the FASnI,Br-4APCI devices exhibited enhanced stability,
maintaining approximately 85 % of their initial efficiency
after a duration of 100 hours of air exposure (Figure S34a).
Furthermore, the encapsulated FASnI,Br-4APCl devices
exhibited superior stability under continuous indoor light
illumination (~1000 lux), maintaining 93 % of their initial
efficiency, in contrast to 84 % for the pristine FASnI,Br
devices as depicted in Figure S34b. This enhanced stability
can be attributed to the high-quality FASnl,Br-4APCl
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perovskite film and the substantial reduction in lattice strain
and defects.

In order to gain a deeper understanding of the effects of
the 6H-intermediate phase on the charge transport and
recombination dynamics of the fabricated FASnl,Br-4APCl
PSCs, we conducted measurements of the capacitance versus
frequency (C-f) curves. As depicted in Figure 5d, the
capacitance of the FASnI,Br-4APCI device was significantly
lower than that of the FASnL,Br device, indicating a reduced
defect density in the FASnL,Br-4APCl perovskite film.
Moreover, the built-in potential (V};) in both pristine and
target devices was obtained from Mott-Schottky curves
(Figure S35). The V,, increased from 0.846 V in the pristine
device to 0914V in the target device, signifying an
enhanced driving force for charge separation and reduced
trap-induced nonradiative recombination in the target
device. This directly contributed to the prominently en-
hanced V. of the FASnL,Br-4APCl based PSCs. We also
measured the dependence of V. on various light intensities
(Figure Se), following the relationship of V. (nkT/q) In
(Zyigne), wWhere n is the slope, k is the Boltzmann constant, T is
the temperature and q is the elementary charge, respec-
tively. The FASnI,Br-4APCI device showed a lower n value
(1.42) compared to that (1.81) of the pristine device,
suggesting the reduction of trap-assisted recombination in
the devices containing 6H-intermediate phase. Furthermore,
the FASnI,Br-4APCI PSCs exhibited a lower dark current
density 3.45x10° mA cm 2 compared to 9.69x10°° mA cm?
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for the pristine FASnL,Br PSCs (Figure S36). This substan-
tial reduction in leakage current suggests fewer defect states
and diminished carrier recombination in the FASnI,Br-
4APCI device.' Additionally, we performed a transient
photovoltage decay analysis, which provides insights into the
carrier recombination mechanisms. A more rapid photo-
voltage decay indicates accelerated recombination. As
depicted in Figure 5f, the recombination lifetime (t,) of the
FASnIL,Br-4APCI1 PSCs was significantly delayed to 64.42 ps,
as compared to 20.6 pus of pristine FASnI,Br PSCs, which
indicates a significant decrease in the recombination rate
after introducing the 6H-intermediate phase.

The electrochemical impedance spectroscopy (EIS) was
also analyzed under dark conditions. From the EIS curve,
FASnI,Br-4APCl PSCs exhibited larger recombination
resistance than FASnI,Br PSCs, demonstrating that non-
radiative recombination was obviously suppressed in the
FASnI,Br-4APCI devices (Figure S37). The aforementioned
findings regarding the device physics are completely con-
sistent with the characterization results of the perovskite
films. Thereby, this demonstrates the successful retarding of
the crystallization process via the 6H-intermediate phase
formation. Furthermore, the impact of the 6H-intermediate
phase on the recombination dynamics within the devices was
also examined by analyzing the dependence of J. on various
light intensities. The relationship between J, and light
intensity is described as J,«P", where the exponent a
deviating from 1 implies the extent of bimolecular recombi-
nation. As shown in Figure S38, the extracted o values were
0.99 and 0.96 for the devices with FASnIl,Br-4APCl and
FASnLBr, respectively, indicating that the bimolecular
recombination was reduced after formation of the 6H-
intermediate phase.

Conclusion

To summarize, we developed a straightforward and robust
strategy to regulate the crystallization kinetics of tin halide
perovskites via the formation of the 6H-intermediate phase.
Firstly, the positive mesomeric interaction (+M) stabilized
the negative charge on the nitrogen of the pyridine ring of
4APCI, which afforded strong interaction with the perov-
skite precursor, thereby establishing the 6H-intermediate
phase during the formation of perovskite films. Subse-
quently, the GIWAXS measurements revealed that the 6H-
intermediate perovskite phase was formed after the inclu-
sion of 4APCI. This is the first time that the 6H-intermediate
phase was observed during the crystallization process of tin
halide perovskites. Thus, in situ UV/Vis absorption meas-
urements during the spin coating and annealing processes
confirmed that the FASnL,Br-4APCl perovskite film en-
abled a slower crystallization rate after introducing the 6H-
intermediate phase. As a result, high-quality FASnI,Br-
4APCI perovskite films were produced, featuring a notable
reduction in defects, larger grain sizes, and enhanced surface
morphology. The fabricated FASnI,Br-4APCI indoor photo-
voltaics achieved an impressive PCE of 21.55 % under 1000
lux illumination, which is the highest reported value for
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lead-free perovskite IPVs to date. Our emphasis on the
formation of the 6H-intermediate phase will open up new
avenues for designing tin halide perovskites for efficient
IPVs.
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We controlled the crystallization kinetics
of FASnl,Br perovskite via the formation
of the 6H-intermediate phase, supported
by the mesomeric (+ M) interaction
effect of 4-aminopyridine hydrochloride
(4APCI) in the perovskite precursor.

Mesomeric
Effect
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“6H-intermediate phase”

High-quality FASnl,Br perovskite films
were obtained with reduced defects,
which resulted in an efficiency of
21.55% under indoor illumination at
1000 lux.
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