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Zitierweise:

Colloidal Zeta Potential Modulation as a Handle to Control the
Crystallization Kinetics of Tin Halide Perovskites for Photovoltaic

Applications

Junfang Wang, Junjie Huang, Muhammad Abdel-Shakour, Tianhua Liu, Xu Wang,
Yongle Pan, Lixia Wang, Enhao Cui, Jin-Song Hu,* Shihe Yang,* and Xiangyue Meng*

s

Abstract: Tin halide perovskites (THPs) have demonstrated exceptional potential for various applications owing to their
low toxicity and excellent optoelectronic properties. However, the crystallization kinetics of THPs are less controllable
than its lead counterpart because of the higher Lewis acidity of Sn’", leading to THP films with poor morphology and
rampant defects. Here, a colloidal zeta potential modulation approach is developed to improve the crystallization
kinetics of THP films inspired by the classical Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. After adding 3-
aminopyrrolidine dihydro iodate (APDI,) in the precursor solution to change the zeta potential of the pristine colloids,
the total interaction potential energy between colloidal particles with APDI, could be controllably reduced, resulting in a
higher coagulation probability and a lower critical nuclei concentration. In situ laser light scattering measurements
confirmed the increased nucleation rate of the THP colloids with APDI,. The resulting film with APDI, shows a pinhole-

\free morphology with fewer defects, achieving an impressive efficiency of 15.13 %. )

~

Introduction

Hybrid organic-inorganic lead halide perovskites have
emerged as a prominent contender for photovoltaic applica-
tions that can guarantee low-levelized cost-of-electricity.!"
The power conversion efficiency (PCE) of the single-
junction perovskite solar cells (PSCs) has achieved a
certified value of 26.1%.%*! However, commercial expan-
sion of lead-based PSCs may cause human health and
environmental risks because of the hazardous lead."™ Tin
halide perovskites are the most prospective substitute for
lead-free perovskites due to their high charge carrier
mobility (1000 cm?*v~'s™),”) low exciton binding energies (~
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18 meV),"™ and long lifetime of hot carriers (more than
1 ns)."" Recently, tin halide perovskites have demonstrated
exceptional achievements in various optoelectronic applica-
tions such as solar cells,'>?? field-effect transistors,?2
light-emitting diodes,”” photodetectors,™ and lasers.[*’)
The PCE of tin halide PSCs has exceeded 14 %, demonstrat-
ing the immense promise of tin halide perovskites for
photovoltaic applications.® ™ However, the crystallization
kinetics of THPs are less controllable because of the higher
Lewis acidity of Sn>* than Pb’*, resulting in the unbalanced
crystal nucleation and growth rate of tin halide perovskite
films with poor morphology and abundant defects.*
Numerous attempts have been explored to control the
crystallization kinetics of tin halide perovskite films to
achieve fast nucleation and slow crystal growth.”’" How-
ever, progress has been hampered by poor understanding of
the relationship between the crucial colloidal chemistry of
the perovskite precursor solution and the crystallization
kinetics of perovskite films.

Perovskite precursor solution has been characterized as
a colloidal dispersion in a mother solution, rather than a
pure solution.”) The local chemical environment of the
colloids in perovskite precursor solution plays a prominent
role in the kinetics of perovskite film crystallization.
Changing the organic-inorganic combination of the colloids
in the precursor solution has been shown to affect the
morphology, grain size, and crystallinity of perovskite films,
as first reported by Yan et al.¥! Furthermore, McMeekin
et al. conducted an investigation into the effects of hydro-
halic acids on the dissolution of the colloidal framework and
the perovskite precursor solution. A superior perovskite
film, in terms of grain size, crystallinity, and charge-carrier
mobilities, was observed when the precursor solution‘s
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colloidal size distribution was optimized.*? Kim et al.
reported that a reduction in colloid size after adding iodide
ions into the precursor solution could produce perovskite
films with far better crystallinity and fewer defects.*!
Previous studies have investigated deeply the colloidal
composition and size distribution of perovskite colloids.!
However, the effects of zeta potential (¢,) of the colloids in
the perovskite precursor solution have not been investigated
in depth, and the relationship between the colloidal zeta
potential and the nucleation process of perovskite colloids
remains to be understood.

In this work, for the first time, the relationship between
the colloidal zeta potential and the nucleation rate of tin
halide perovskite films is established. It is shown that adding
a small amount of 3-aminopyrrolidine dihydroiodate
(APDI,) to the pristine perovskite precursor solution can
considerably change the zeta potential of pristine perovskite
colloids, due to the adsorption of APD*" in the stern layer
of the perovskite colloids. In situ laser light scattering
spectroscopy revealed that the perovskite colloids of added
APDI, with lower absolute zeta potential accelerated the
nucleation process of perovskites, which was ascribed to the
reduction of total interaction potential energy (E,) between
colloidal particles and reduced critical concentration for
nucleation (c;,). The fast nucleation rate during the film
formation produced the APDI, perovskite film with pin-
hole-free morphology, excellent crystallinity, and fewer
defects compared to the pristine tin halide perovskite film.
Consequently, the PCE of the PSCs with APDI, rocketed to
over 15 %, which is one of the highest PCE for tin halide
PSCs to date. This study shows how the colloidal zeta
potential property of perovskite precursor solutions influen-
ces the photovoltaic performance of tin halide PSCs,
providing guidelines for the precise control of the nucleation
dynamics in tin halide perovskite films for promoting the
photovoltaic performance.

Results and Discussion

The THP precursor solution has been noticed to exhibit
characteristics of a colloidal dispersion rather than a
homogeneous pure solution.””” THP film crystallization
kinetics are highly dependent on the precise chemical
condition of colloids in the THP precursor solution.
According to the classical Stern model, the interaction
between charged colloidal particles is mediated by their
electric double layers (the inner stern layer and the outer
diffuse layer).”' Zeta potential (p;) is the electrical
potential in the interfacial electric double layer at the
location of the slipping plane (Figure S1), which measures
the magnitude of electrostatic repulsion/attraction interac-
tion between particles.” As proposed by the classical Stern
model theory,” zeta potential is one of the fundamental
parameters that can be used to modulate the nucleation
kinetics of colloidal particles. If the colloidal particles have a
large negative or positive zeta potential, they will tend to
repel each other. However, if the colloidal particles have
low absolute zeta potential values, then there is reduced
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force to prevent the colloidal particles from coming together
and nucleating. We set out to investigate the effects of zeta
potential on the colloidal nucleation kinetics.

Firstly, we measured zeta potential of the THP precursor
solution (Figure S2). As shown in Figure 1a, after introduc-
ing 2mol% APDI, in the pristine perovskite precursor
solution (81 mol % FAI, 15 mol % SnF,, 15 mol % PEABTI,
100 mol % Snl,, 2mol% APDI,), the zeta potential of
perovskite colloidal particles was dramatically changed from
—4.22 mV to 0.69 mV (Table S1). Plausibly, the zeta poten-
tial change can be ascribed to the strong chemisorption of
the multivalent cations (APD?") into the Stern layer of the
colloids.” The electric double-layer structure of the THP
colloids with and without APDI, can thus be deduced as
schematically illustrated in Figure 1b. On the basis of the
negative zeta potential value and the photoluminescence
signal for the Snl¢*~ in the pristine perovskite precursor
solution (Figure S3), the colloidal nucleus is primarily
composed of the FASnl; perovskite structure and the large
Snls*" anions (Figure S4). In the Stern layer, FA" is strongly
bonded to the colloidal nucleus. The diffusion layer is
located at the outer edge of the total colloidal particle,
where FA™ is loosely attached (Figure S5). As such, the
initial colloidal particles should have a negative zeta
potential (—4.22 mV). As shown in Figures 1b and S1, due
to the strong interaction between APD?" and Snl¢*" at the
stern layer, the zeta potential of the colloid with APDI, is
expected to increase to the positive value (0.69 mV).
Nuclear magnetic resonance (‘H NMR ) spectroscopy and
Fourier transform infrared (FTIR) spectroscopy were also
conducted to confirm the strong interaction between APD*"
and Snlg*. From the 'H NMR spectra as shown in Figur-
es 1c and Figure S6, the two peaks of APDI, at 7.97 and
8.69 ppm were obviously shifted to the value of 8.24 ppm,
and a slightly down-field shift for the protons in -CH,- close
to the -NH,* and -NH;" cation was observed after adding
Snl, in the APDI, solution, indicating the strong chemical
interaction between APD?** and Snl*~. Furthermore, the
FTIR spectroscopy depicted in Figure S7 shows a shift to
lower wavenumbers for the N—H and —NH,— stretching
vibration peaks of the APDI, at 3088 cm™' and 3434 cm™".
This shift can be attributed to the deformation of the
electron cloud and reduced bond stiffness induced by the
interaction between APDI, and Snl¢*".

To investigate the relationship between the nucleation
process and zeta potential of THP colloids, we resort to the
classical Derjaguin-Landau-Verwey-Overbeek (DLVO)
theory."™ The total interaction potential energy (E,) of two
colloid particles to coagulate for nucleation is the sum of
their van der Waals interaction energy (E.4w) and the
electric repulsive interaction energy (E.,)."" The latter can
be calculated from equation 1 below:

E, = 2meaq’exp|—rKh] 1)

where « is the inverse Debye screening length of the diffuse
layer around the spherical particles in the solution, #/ is the
separation distance between particle surfaces, a is the radius
of particles, ¢4 is the zeta potential, ¢ is the permittivity of
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Figure 1. Zeta potentials of precursor solutions and their effects on the colloidal potential energy surfaces and nucleation kinetics. (a) Zeta
potentials of precursor solutions with and without APDI,. (b) Schematic of the electric double layer structure according to Stern’s theory and the
corresponding zeta potential (¢4) in perovskite precursor solutions with and without APDI,. (c) "H NMR spectra of APDI, and APDI,-Snl, in
DMSO-d, solutions. (d) The influence of zeta potential on the total interaction potential energy of the tin halide perovskite colloidal particles with
and without APDI,. (e) Plot of the nucleation rate versus the supersaturation. (f) The LaMer diagram of nucleation and growth kinetics for

perovskite films with and without APDI,.

the dispersion medium. As shown in Figure S8, the colloidal
size (a) of the THP precursor solution with APDI, showed a
negligible change after adding APDI,. According to equa-
tion 1, the lower the square of zeta potential (¢3) of APDI,
colloids, the lower E,, resulting in a lower E, (Figure 1d).
This leads to a higher coagulation probability, thus facilitat-
ing the nucleation of the interacting APDI, colloidal
particles.

According to DLVO theory, the critical concentration of
coagulation for nucleation (c,,;,) is expressed in equation (2)
in terms of zeta potential of the colloidal particles:

AN?1
Coiin = 1.86 x 106 (ﬁ) ?§0d4 (2)

where A is the Hamaker constant, 7 is the absolute
temperature, k is Debye-Huckel parameter, z is charges of
the counter-ion, ¢, is zeta potential, respectively. It stands to
reason that a decrease in four powers of zeta potential (¢})
during the nucleation process of the FASnl;-APDI, perov-
skite films will drastically reduce the critical concentration
of coagulation for nucleation (c,;,), and thus significantly
increase the supersaturation degree (S=/(c—Cpnin)/Cmin, € 18
perovskite precursor solution concentration). The increased
supersaturation in the precursor solution with APDIL,, in
turn, will decrease the total free energy of nuclei formation
(equation S5 and Figure S9 and increase the nucleation rate
(/,,) as given in Figure 1le and equation 3.
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J, = Dexp(—B(LnS)™?) (3)

where J, is nucleation rate, and B is dominated by the
interfacial energy between the colloidal crystals and the
solution. As shown in Figure le, at first, the nucleation rate
increases slowly as the supersaturation degree increasing
under the condition of low saturation. However, after
passing a certain threshold of supersaturation degree
(controlled by parameter B in equation 3), the nucleation
rate starts to rise exponentially with the supersaturation
degree, and finally tends to an extreme value of the
nucleation rate (controlled by parameter D).”” Therefore,
the APDI, additives in THP precursor solution can consid-
erably increase the supersaturation degree and enhance the
nucleation rate.

As shown in Figure 1f, the LaMer graph is used to depict
the overall nucleation and crystal growth processes of tin
halide perovskite films and establishes the relation between
the supersaturation degree of solution and the crystallization
process. The concentration of monomers versus time can be
divided into three portions: (i) colloids, (ii) nucleation, and
(iii) crystal growth. When the monomer concentration
reaches the critical nucleation concentration (c,), the
colloids will undergo a burst nucleation.™ Nucleation is
terminated when the monomers concentration is lower than
cmin- Given the above-presented results, the perovskite
colloidal particles with APDI, have a lower absolute zeta
potential and thus a lower value of c,;,, ultimately driving
up the nucleation rate and shortening the nucleation time.
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Since the formation of perovskite nucleus at the initial
stage of crystal nucleation can be probed by light scattering
measurements to understand the nucleation mechanism,® !
we tracked the light scattering intensity profiles of the
perovskite films with and without APDI, during spin-coating
by in situ laser light scattering (LLS) spectroscopy (Fig-
ure S10). From the two-dimensional maps of in situ LLS
spectra (Figures 2a and 2b), after the antisolvent was
dripped at 52 s, the perovskite film with APDI, exhibited
much higher light scattering intensities most of the time
during spin-coating. To get deep details about the nucleation
rate, we plotted the scattering intensity at 450 nm across the
spin coating time (Figure 2c). For the pristine tin halide
perovskite film, the scattering intensity reached to the
saturation intensity in a time span of 8.0 seconds (52.0-
60.0 s). In contrast, the scattering intensity of the perovskite
film with APDI, increased much faster, that is, within a
much shorter time (2.0 seconds, 52.0-54.0 s), indicating a
rapid nucleation rate for the perovskites after adding
APDI,. Besides, as APDI, is increased from 2 % to 3 %, the
nucleation rate slows down, which is consistent with our zeta
potential measurement (Figure S11). To directly see the
evolution of nucleation rate, the first derivative of LLS
spectroscopy intensity was also calculated (Figure 2d). The
highest nucleation rate for the FASnl;-APDI, perovskite
was 3954 s~! within a very short time interval (0.5 s), which
is to be compared with the much lower peak nucleation rate
for the pristine FASnI; perovskite (1090s™'). On the other
hand, in situ photoluminescence spectra showed that the
addition of APDI, did not change the film growth kinetics
(Figure S12). These results proved that the APDI, additives
can drastically increase the bursting nucleation rate of tin
halide perovskite films.
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Figure 2. In situ laser light scattering spectroscopic investigation of the
colloidal nucleation kinetics. In situ laser light scattering spectra as a
function of spin coating time of the perovskite films (a) without and
(b) with APDI,. (c) Laser light scattering intensity evolution and (d) the
nucleation rate calculated by the first derivative from the laser light
scattering intensity evolution at the incident wavelength of 450 nm
during spin coating.
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Next, scanning electron microscopy (SEM) was per-
formed to investigate the impact of nucleation rate on the
quasi-2D perovskite film morphology by monitoring the
transformation course from the colloid to perovskite films.
As presented in Figure 3a, the pristine tin halide perovskite
film was formed with many pin-holes and voids. In contrast,
the film with APDI, was dense and fully covered by
polycrystalline perovskites (Figure 3b). The improved qual-
ity of perovskite films with added APDI, suggested that
faster nucleation rate encouraged homogeneous nucleation
with more compact nucleation sites. Figure 3c showed the
X-ray diffraction (XRD) spectra of the perovskite films with
and without APDI,. The films containing APDI, exhibited
higher intensity with reduced full-width-at-half-maximum
(FWHM) from 0.100 to 0.075 compared to the pristine
FASnI; film (Figure S13), indicating the superior crystallin-
ity of the perovskite film after adding APDI,. The grazing-
incidence wide-angle X-ray scattering (GIWAXS) pattern
the perovskite films with and without APDI, also confirmed
the improved crystallinity for the perovskite film modified
by APDI, (Figure S14). We calculated the residual strain of
the perovskite films by using Williamson-Hall plots (Fig-
ure S15 and Equation $4). As indicated in Figure 3d, the
tensile strain of the tin halide films with APDI, was also
released.

To understand effects of nucleation rate on charge-
carrier dynamics of the perovskite films, steady photo-
luminescence (PL) and time-resolved photoluminescence
(TRPL) spectroscopies were conducted. As shown in Fig-
ure 3e, the perovskite film modified by APDI, showed
stronger PL intensity, indicating a suppressed recombina-
tion. Moreover, TRPL characterizations showed a prolonged
PL lifetime of 24.7 ns for the perovskite film with APDI,
(Figure 3f), which was much longer than that of the pristine
tin halide perovskite film (14.1 ns). The PL, TRPL, and
SEM results with the range addition of APDI, from 1 mol %
to 3 mol % revealed that the most pronounced composition
of APDI, was 2mol % (Figures S16, S17 and S18). The
enhanced PL intensity and extended PL lifetime of films
with APDI, can be ascribed to the reduced trap density,
confirming that the fast nucleation rate induced by the
precursor colloid containing APDI, with low absolute zeta
potential was beneficial to improving the quality of
perovskite film.

To investigate the trap densities in both perovskite films
with and without APDI,, space charge limiting current
(SCLC) of hole-only devices was measured with the
structure of ITO/PEDOT:PSS/perovskite/MoOs/Ag (Fig-
ure 3g). The trap density (&V,) was determined by equation
S6. As shown in Figure 3g, the hole trap density of pristine
tin halide perovskite films without APDI, was 2.1x10'° cm .
On the other hand, the hole trap density was decreased to
1.1x10' cm~ for the perovskite film with APDI,, which was
significantly lower than pristine perovskite film. According
to these outcomes, trap states in perovskite films with
APDI, can be successfully diminished thanks to their rapid
nucleation rate.

Finally, we fabricated PSCs using the optimized THP
precursor solution with low absolute zeta potential colloids.
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Figure 3. Effect of APDI, on the crystalline quality and optoelectronic properties of the perovskite films. Scanning electron microscope images of

the perovskite films (a) without and (b) with APDI,. (c) X-ray diffraction patterns of perovskite films with and without APDI,. (d) Williamson—Hall
plots fitting of the perovskite films with and without APDI,. (e) Steady-state photoluminescence spectra and (f) time-resolved photoluminescence
decay spectra for the perovskite films with and without APDI,. (g) Dark J-V curves of the hole-only devices based on the perovskite films with and

without APDI,.

The inverted planar p-i-n with the structure of ITO/
PEDOT:PSS/perovskite/  NCBA/BCP/Ag was fabricated
(Figure 4a). Since NCBA has a more favorable energy-level
alignment, it was selected as the electron transport
layer.% Figure 4b showed the current density-voltage (J—
V) curves of the champion PSC devices based on the control
and APDI,-containing films under simulated solar illumina-
tion (AM 1.5G and 100 mWcm™?). The fabricated PSCs
based on the pristine tin hailide perovskite film exhibited a
champion PCE of 13.10 % under the reverse scan. Signifi-
cantly, the PSCs based on films modified by APDI,, which
processed from faster nucleation rate, produced a PCE of
15.13 % under the reverse scan (Figure 4b) with an open-
circuit voltage (V) as high as 0.97 V, a short-circuit current
density (J) of 21.58 mAcm™ and a fill factor (FF) of
72.29 % (Figure S19, Table S2). Impressively, a certificated
PCE of 14.81 % was obtained for the PSCs with APDI,
added (Figure S20). The enhancement of PCE was origi-
nated from significantly increased V. from 0.86 V to 0.97 V
(Table S3), which resulted in a stable output power of
14.88 % (Figure S21). Transient photovoltage measurements
for the PSCs were performed to explain the reason for the
enhancement in PCE. As depicted in Figure 4c, the PSCs
based on the films with APDI, showed the charge recombi-
nation time constant of 79.98 us, which was approximately
ten times higher than that of the control device (8.06 ps).
These results indicated that the recombination of photo-
generated carriers in the perovskite film with APDI, was
relatively low, which was beneficial for the improvement of
V,. in the devices.
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Mott-Schottky curves were also measured to further
study the cause of the V. enhancement (Figure S22). The
built-in voltage (V,;) of device based the perovskite film
with APDI, (0.88 V) is considerably higher than of the
control device (0.79 V), resulting in a bettter electron-hole
separation collection for APDI,-containing device. Further-
more, ideality factor measurement shows that the lower
slope value of 1.71 kT/q in devices based on the perovskite
film with APDI, than that in control devices (1.82 kT/q),
suggesting the reduction of trap-assisted recombination in
APDI,-containing devices (Figure S23). Ultraviolet photo-
electron spectroscopy and UV/Vis absorbance spectroscopy
showed that valence band and conduction band for
perovskite films modified by APDI, exhibited no change
compared to the pristine tin halide perovskite films (Firgues
S24 and S25). To ensure the accuracy of the obtained J, the
incident photon-to-electron conversion efficiency (IPCE)
spectra of the fabricated tin halide PSCs was measured
(Figure S22). The integrated J, estimated from the IPCE
curves were 21.23 and 21.67mAcm? for control and
APDI,-containing PSCs, respectively, which are close to the
J. values obtained from the J-V curves (Figure S26).
Importantly, the devices based on tin halide film with APDI,
showed a high level of reproducibility (Figure S27) and
superior stability after being stored in either the nitrogen-
filled glovebox or in air (Figures S28 and S29).

To explore the charge transport process of the fabricated
devices, dark J-V measurement was conducted. As shown in
Figure 4d, the PSCs based on the film with APDI, exhibited
lower dark current density (6x10°*mAcm?) than that in
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Figure 4. Effect of APDI, on the device performance. (a) Cross-sectional view scanning electron microscope image of the device based on the film
with APDI,. (b) J-V curves of the champion devices and (c) transient photovoltage decay profiles based on the films with and without APDI,. (d)

Dark J-V curves and (e) admittance spectra for devices based on based on the films with and without APDI, at 300 K. (f) The defect activation
energy (E,) from temperature-dependent admittance spectra for devices based on the tin halide perovskite films with and without APDI,.

the control device (2x107" mA cm™?). This decrease in dark
current values indicated reduced charge recombination,
which could be ascribed to lower defects in the film modified
by APDL,. To further elucidate the trap-state distributions
affected by the faster nucleation rate induced by the APDI,-
containing precursor colloidal solution, the trap-state pro-
files have been investigated by using thermal admittance
spectroscopy. The capacitance versus frequency (C—f) curves
showed that the capacitance of device based on the
perovskite films with APDI, exhibited a significantly reduc-
tion compared to that of the control device (Figure 4e),
suggesting the decreased defect density in the film with
APDI,. We also acquired temperature-dependent C—f plots
from 280 K to 320 K to probe the energy depth and the trap
density of trap states (Figures S30 and S31). Evidently, the
PSCs based on the tin halide perovskite films with APDI,
exhibited a much lower density of trap state at energies
between 0.25 and 0.45 eV than that of the control PSCs. By
plotting In(wyT?) vs. 1/T, the slope gives the trap atate
energy level (Figure 4f). The devices based on the perov-
skite film with APDI, showed a trap state energy level (E,)
at 0.27 eV, which was shallower than that of the control
device (0.30 eV), meaning that some deep trap states were
eliminated in the APDI,-containing devices fabricated under
the faster nucleation rate condition. It can be concluded that
the THP colloidal solution with low absolute zeta potential
improved the photovoltaic performance of tin halide-based
PSCs.

Angew. Chem. 2024, €202317794 (6 of 8)

Conclusion

In this work, we established a direct link between the zeta
potential of the THP colloidal particles and the crystalliza-
tion kinetics of THP films. The addition of APDI, into the
pristine perovskite precursor solution led to zeta potential
change from —4.22mV to 0.69 mV. This change could be
attributed to the strong chemisorption of APD*" into the
Stern layer of the FASnI; colloids. The lower absolute value
of the zeta potential for colloids with APDI, (0.69 mV) than
that of the pristine colloids (4.22 mV) reduced the total
interaction potential energy (£,) between colloidal particles
and the critical nucleation concentration (cp;,), which
accelerated the nucleation rate. Laser light scattering
measurement during spin-coating confirmed that the colloids
modified by APDI, with lower absolute zeta potential had a
faster nucleation rate, providing the advantages of fabricat-
ing full-coverage, high crystalline, and dense THP films with
fewer defects. This innovation has allowed to achieve a PCE
as high as 15.13 % with decreased trap-assisted recombina-
tion and improved V. Our study handpicks and draws on
the fundamental colloidal property of zeta potential in the
THP precursor solution, and provides a new method for
accurately controlling the nucleation dynamics of THP films,
thus clearing the colloidal chemistry path to engineering
nontoxic lead-free perovskite solar cells.

© 2024 Wiley-VCH GmbH
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We provided a new method for accu-
rately controlling the nucleation kinetics
of tin halide perovskite films through
modulating zeta potential of tin halide
perovskite colloids. A fast nucleation
rate was achieved by adding 3-amino-
pyrrolidine dihydroiodate (APDI,) in the
precursor solution to change the zeta
potential of the FASnl; colloids. The
high-quality tin halide perovskite film
with APDI, yields a high photovoltaic
efficiency of 15.13 %.
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