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Unraveling the colloidal composition of perovskite precursor solutions

and its impact on film formation

Tiantian Lou'", Letian Chen'’, Guichun Yang', Peng Chen', Wenyan Zhao”, Hongshi Li'" and Guoran Li'

ABSTRACT Colloids are a vital component of perovskite
precursor solutions (PPSs), significantly influencing the
quality of perovskite film formation. Despite their im-
portance, a comprehensive understanding of these colloids
remains elusive. In this work, we explored the colloidal com-
positions of two distinct PPS types: the monomer-mixing
dissolution (MMD) and the pre-synthesized perovskite single
crystal redissolution (SCR). We have uncovered a new dis-
solution chemical equilibrium mechanism where the transi-
tion from mixed monomers to the 3C cubic phase (a-phase)
involves a reversible transformation. Our findings indicate
that although colloidal size significantly affects the nucleation
during perovskite crystallization, the composition of the col-
loids plays a more crucial role. The MMD method yields poly
Pb-I-solvent clusters while the colloids derived from the SCR
approach produce hexagonal lead-halide-based perovskite
phase clusters. These divergent colloidal compositions lead to
markedly different impacts on the perovskite film formation
process. Notably, hexagonal-phase colloids act as favorable
nucleation sites, promoting the generation of the a-phase
perovskite films with larger grains, more homogeneous pha-
ses, and fewer defects. This work demonstrates the importance
of tailoring colloidal compositions and provides theoretical
insights into the beneficial effects of redissolving perovskite in
forms such as powder, microcrystals, and single crystals.

Keywords: perovskite precursor solutions, colloids, hexagonal-
phase colloids, poly Pb-I-solvent clusters, perovskite solar cells

INTRODUCTION

Perovskite solar cells (PSCs) have attracted widespread attention
as promising candidates for next-generation photovoltaic
applications due to their low cost, straightforward fabrication
process, and remarkable power conversion efficiency (PCE)
exceeding 26% [1-5]. Solution processing is a predominant
method for fabricating perovskite light-absorbing films,
encompassing a range of methods including one-step spin
coating, sequential deposition, spray-coating, inkjet printing,
blade-coating, and slot-die coating [6-8]. Therefore, a thorough
understanding of the chemical properties of perovskite pre-
cursor solutions (PPSs) is essential for optimizing the quality of
perovskite films and enhancing the performance of the resultant

PSCs.

PPSs are characterized by a variety of chemical reactions and
complex coordination dynamics, encompassing the cationic side
reactions, the solvation of Pb-I, and the colloidal chemistry
[9,10]. Reactions involving A-site cations include deprotonation
(MA" to MA®) and condensation processes that yield byproducts
such as MFA®, DMFA" and triazine, among others [11-13].
Additionally, solvent interactions can accelerate the aging of A-
site cations, especially in the presence of trace amounts of
hydrous DMF solvent [14,15]. In addition, Radicchi et al.
revealed that the coordination number and composition of
solvated iodoplumbate [PbI,X,]*”™ complexes, while the Pb-I
in the precursor interacts with the double-bonded oxygen in the
solvent [16]. It is important to note that their study was con-
ducted in dilute solutions. As the concentration of PPS increases,
colloidal formation becomes significant and critical affecting the
coverage, orientation, and purity of the resulting perovskite films
[17]. However, researchers hold differing views regarding the
colloids in PPSs. Kim et al. discovered that the colloidal prop-
erties of PPSs are directly correlated with the defect concentra-
tion and crystallinity of perovskite films, noting that the addition
of I~ reduces colloid size, facilitating the formation of higher-
quality films through the generation of high-valent iodo-
plumbates [18]. Boonmongkolras et al. found colloid inter-
mediates produced by aging PPSs degraded the phase purity of
the resultant films and led to poor device performance [19]. Wu
et al. employed 2-methoxyethanol to produce highly uniform,
small-sized colloids, thereby facilitating the homogeneous
nucleation and rapid crystallization of perovskite films [20].
Filtering PPSs before use is also a common practice used to
remove insoluble impurities and colloids. Conversely, according
to classical LaMer nucleation theory, large-sized colloids acting
as nucleation sites can significantly reduce the energy barrier for
nucleation, facilitating the formation of high-quality a-phase
perovskite films [21]. Thus, deepening our understanding and
precise tailoring of colloids in PPSs is crucial for further
enhancing the resultant film quality.

The employment of large-sized colloids to enhance perovskite
film formation is typically linked to strategies involving the
redissolution of pre-synthesized perovskite crystals [22]. Pre-
synthesized §-phase yellow and a-phase black FAPbI; powders,
microcrystals, and single crystals, produced via mechan-
ochemistry and wet chemistry methods, not only enhance the
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purity and achieve precise stoichiometric ratios but also form
larger colloids within the PPSs [21,23-25]. This strategy facil-
itates preferable crystallization through spontaneous nucleation,
preferred crystal orientations, and reduced carrier trap states in
the resulting perovskite films. Besides, Fei et al. discovered that
perovskite microcrystals for preparing PPS can improve the
long-term stability of the PPS and the perovskite film [26].
Redissolving pre-synthesized perovskites offers a promising
avenue for boosting the performance of PSCs, dependent on a
deeper understanding of the colloidal chemistry within the PPSs.

Herein, we investigate for the first time the colloidal compo-
sitions of two distinct PPS types: the conventional monomer-
mixing dissolution (MMD) and the pre-synthesized perovskite
single crystal redissolution (SCR). The MMD method yields soft
xFAI-yPbl,-solvent clusters (where x < y), characterized as poly
Pb-I-solvent clusters. In contrast, the colloids derived from the
SCR approach produce hexagonal lead-halide-based perovskite
phase clusters. We have uncovered a new dissolution chemical
equilibrium mechanism where the transition from mixed
monomers to the 3C cubic phase (a-phase) involves a reversible
transformation from poly Pb-I-solvent clusters to hexagonal
phases (2H (8 phase), 4H, and 6H FAPbI;). These divergent
colloidal compositions lead to markedly different impacts on the
perovskite film formation process. Our findings indicate that the
colloids in the MMD are unfavorable for obtaining high-quality
perovskite films due to their composition, whereas the presence
of hexagonal-phase colloids in the SCR acts as favorable
nucleation sites and promotes the generation of the a-phase,
resulting in perovskite films with larger grain sizes, more
homogeneous phases and lower densities of trap states. More-
over, hexagonal-phase colloids can inhibit the cationic side
reactions in aging precursor, enhancing the long-term stability
of the PPS. Ultimately, a PCE of 23.5% was achieved for PSC
based on SCR, featuring an improved open-circuit voltage (Voc)
and better stability compared to that of MMD.

EXPERIMENTAL SECTION

Synthesis of a-FAggsMAg¢sPb(Iy94Brg6); single crystals

73.32, 73.32, 4.68 and 4.68 mM of Pbl,, FAI, MABr and PbBr,
were dissolved in GBL (78 mM) overnight and filtered using
PTEE filters with a 0.22 pm pore size. Then the glass petri dish
containing the perovskite solution was placed in the oven. The
specific synthesis of perovskite single crystal was adjusted
according to the reported literature [27]. Finally, the single
crystals were removed from the solution, and the remaining
solvent was repeatedly blotted out with filter paper, then the
single crystals were vacuum dried in a vacuum oven for 3 h and
placed in a glove box.

Device fabrication

Fluorine-doped tin oxide (FTO) conductive glasses were cleaned
using a detergent aqueous solution, acetone, and anhydrous
ethanol by sonicating for 40 min for each step. The SnO, elec-
tron transport layer was prepared by chemical water bath
deposition (CBD) method. Before depositing the SnO, layer,
FTO/glass substrates were treated with ultraviolet (UV)-ozone
for 15min. The FTO glass was then placed into a solution
prepared by dissolving 275 mg SnCl,-2H,0, 1250 mg urea
(NH,),CO, 0.025 mL of mercaptoacetic acid and 1.25 mL of
hydrochloric acid into 100 mL of deionised water, then placed in
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a 94°C water bath for 5.5 h for deposition. Afterward, the SnO,-
coated substrates were treated with UV-ozone for 20 min and
transferred into an N, glove box. The perovskite films were
fabricated via the one-step antisolvent method. The control
perovskite precursor solution was prepared by mixing 1.4 M
Pbl,, 1.4 M FAI and 0.09 M PbBr, and 0.09 M MABr powder in
DMEF and DMSO (8:1, v/v). For the SC perovskite solution
preparation, the synthesized a-FAq¢sMAgosPb(Ig94Brog6); single
crystals were used to replace the powder mixture in 1.4 M
precursor. All perovskite precursor solutions contained 35 mol%
MACI and 4 mol% excess Pbl,. The perovskite film was depos-
ited by spin coating at 1000 and 5000 r min~" for 10 and 30s
respectively. 120 pL of CB was dripped on the spinning substrate
at the 25th second. Then the fresh film was annealed at 150°C
for 15 min in the air. After cooling down to room temperature,
1 mgmL™" of Octylammonium bromide (OABr) dissolved in
IPA was spin-coated on top of the perovskite film at
3500 r min~" for 30 s. The hole transfer materials were deposited
on the perovskite film at 3500 r min~' for 30s, prepared by
dissolving 85.78 mg Spiro-OMeTAD, 35 uL Li-TFSI solution
(520 mg mL™" in ACN), 12 pL Co-TFSI solution (300 mg mL™
in ACN), 39 uL TBP into 1 mL CB. Finally, 60 nm of the gold
electrode was thermally evaporated in an ultra-high-vacuum
chamber integrated inside the glovebox.

Characterizations

Field-emission scanning electron microscopy (SEM, JSM-7800F)
was used to investigate the surficial and cross-sectional mor-
phology, with an accelerating voltage of 15 kV. Dynamic light
scattering (DLS) spectra are performed on wide-angle laser
scattering detectors (ZETAPALS/BI-200SM). Analysis of ele-
mental concentrations in precursor fluids were measured at
inductively coupled plasma optical emission spectrometer (ICP-
OES) (ThermoFisher iCAP7400). Proton nuclear magnetic
resonance spectroscopy (‘H NMR) spectra are recorded using
Bruker 400 M. The UV-visible (UV-vis) absorption spectroscopy
of the perovskite films and precursor solution were measured
using the spectrophotometer (Agilent Cary 100). The steady-
state photoluminescence (PL) and time-resolved PL (TRPL)
were performed on an Edinburgh Instruments FLS5 spectro-
fluorometer (Edinburg, UK) additionally equipped with an
integrating sphere. All PL-related tests were measured under the
excitation wavelength of 475 nm. Atomic force microscopy
(AFM) and Kelvin probe atomic force microscope (KPFM) of
perovskite films were performed with atomic force microscope
(Dimension Icon). The X-ray diffraction (XRD) samples were
characterized by theta-theta type X-ray diffractometer (Rigaku,
Japan). The photocurrent-voltage (J-V) characteristics of the
solar cells with an active area of 0.09 cm” were measured using a
Keithley 2450 Source Meter under illumination of a simulated
sunlight (AM1.5, 100 mW cm™?) using a 150 W Class AAA solar
simulator (Oriel Sol3A 94023A). The sweeping conditions are:
reverse scan (120 V — —0.05V, scan rate 0.1 Vs}, and no
delay time) and forward scan (-0.05V — 1.20V, scan rate
0.1 Vs™', and no delay time). The light intensity was calibrated
by a standard monocrystalline silicon diode with a 91150-KG5
filter before test. The standard monocrystalline silicon reference
cell was calibrated in March 2021 at PV Metrology Laboratory of
NIM (National Institute of Metrology, China). The J-V mea-
surements of solar cells were performed in ambient air and
without any encapsulation. All the tested perovskite films were
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prepared onto FTO/SnO, substrates according to the device
fabrication method mentioned above.

RESULTS AND DISCUSSION

We directly synthesized high-quality di-cationic mixed halide
FA(9sMA¢0sPb(I994Brogs)s perovskite single crystals following
the inverse temperature crystallization method previously
reported (see Experimental Section for details) [27]. The XRD
results show that centimeter-scale black single crystals, pre-
dominantly in the 3C phase perovskite with tiny 2H phase,
maintain stability after aging for 3600 h, as demonstrated in
Fig. la. The typical Tyndall scattering is observed when pro-
jecting a 532 nm wavelength laser beam on the PPSs based on
MMD and SCR approach, suggesting the presence of colloidal
dispersions instead of true solutions (Fig. S1). DLS test was
carried out to assess the diameter distribution of both precursor
solutions. As shown in Fig. 1b, ¢, both precursors feature col-
loidal particles ranging from ~2nm to several hundred or
thousand nanometers. Notably, colloidal sizes within the SCR
strategy are significantly larger, potentially facilitating the
nucleation process for perovskite film formation. We also
assessed the impact of filtration on the colloids in the PPSs
(Fig. S2); after filtration, the larger colloids are removed, leaving
primarily small colloidal particles around 2 nm. Hereafter, “C-
Filtered” will denote the filtered control precursor, “C-Unfil-
tered” the unfiltered control, “S-Filtered” the filtered precursor
from SCR, and “S-Unfiltered” the unfiltered SCR precursor.

To investigate the colloidal composition of the precursors
obtained from the MMD and SCR, inductively coupled plasma
emission spectroscopy (ICP-OES) was carried out and the
obtained emission intensities of Pb and I in different precursor
solutions were shown in Fig. 1d and Table S1. The test results
show that the Pb intensity in the S-Filtered precursor decreased

by 8.27% compared to the S-Unfiltered precursor, while in the
C-Filtered, it decreased by only 3.69% compared to the C-
Unfiltered. This suggests that the colloids obtained through the
SCR contain a higher concentration of lead content relative to
those from the MMD. On the other hand, for the MMD pre-
cursor, the iodine concentration unexpectedly increased after
filtration, indicating that the colloids in MMD precursor contain
solvent-coordinated complex where a portion of iodine is
replaced by double-bonded oxygen [10,16]. The thickness of the
resultant perovskite films, correlating with the concentration of
different PPSs, is also illustrated in Fig. S3.

Furthermore, we calculated the intensity ratio of I and Pb
(I/Pb) in the four different solutions (Fig. le). For MMD, C-
Filtered exhibits a higher I/Pb ratio than C-Unfiltered, indicating
stoichiometric differences between colloids and true solutions.
We hypothesize that the colloids in the MMD precursor consist
of a series of iodoplumbate complexes, acting as building blocks
for the self-assembly of poly (lead iodide) frameworks. In the
presence of solvation, Pb-I interacts with double-built oxygen to
form Pb-O coordination. Consequently, the colloids in the
MMD precursor likely take the form of xFAI.yPbl,-solvent
(x < ), which deviates from the stoichiometric ratio of per-
ovskite. However, for SCR, S-Filtered exhibits a similar I/Pb
ratio to S-Unfiltered, suggesting that the stoichiometric ratio
remains nearly unchanged after removing colloids. This implies
that the composition of colloids in the SCR precursor is likely
perovskite. It was hypothesized that by dissolving the perovskite
single crystals (3C) directly in the solvent, the 3C-phase per-
ovskite did not dissolve to form poly Pb-I-solvent clusters, but
rather existed in the form of hexagonal lead-halide-based per-
ovskites, especially, the 2H, 4H, and 6H phases of FAPbI; [28].

"H-NMR was conducted to investigate cationic side reactions
in C-Unfiltered and S-Unfiltered precursors aged for 5 days, as
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Figure 1 (a) XRD pattern of fresh and aged perovskite single crystals. The inset is a photograph of synthesized perovskite single crystals. (b, ¢) DLS results of

the perovskite precursors using MMD (denoted as C-Unfiltered) and synthesized perovskite single crystal (denoted as S-Unfiltered), respectively. The insets
represent the distribution of small-sized colloids in the range of a few nanometers in the C-Unfiltered and S-Unfiltered precursors, respectively. (d, ¢) ICP-OES
results of C-Filtered, C-Unfiltered, S-Filtered and S-Unfiltered. (f) "H NMR spectra of C-Unfiltered and S-Unfiltered perovskite precursors aged for 5 days.
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shown in Fig. 1f. The aging C-Unfiltered precursor exhibited
peaks indicative of NH," byproducts and the broadening of the
FA" peaks [14,29,30]. The 'H NMR spectra of MACI and FAI in
DMSO-ds are presented in Figs S4 and S5, respectively. NMR
integration, using the solvent peaks as a reference, suggested a
relative decrease in the FA" and MA" peak areas for C-Unfil-
tered, implying the occurrence of more side reactions (Fig. S6).
On one hand, monomer reagent impurities in the MMD
approach can catalyze PPS degradation more than the high-
purity perovskite single crystals used in the SCR precursor [31].
More importantly, the hexagonal-phase colloids of the SCR
precursor reduce molecular collision probability by isolating the
cations, whereas the MMD approach promotes cation collisions.
These cation collisions in the C-Unfiltered precursor led to
stronger intermolecular interactions, such as hydrogen bonding
between FA cations, resulting in the broadening of the FA'
signal.

To investigate the colloidal composition and the interfacial
stability of perovskite phases in solvent, we carried out ab-initio
molecular dynamics (AIMD) simulations to assess the formation
energy of five surfaces (2H;49, 2H;91, 4H109, 4Hig1, and 3Cygp) in
DMSO/DMEF solvent mixture (details of computational methods
and analysis are presented in the Supplementary Information
and Videos S1-S5). These interface models and DMSO/DMF
solvent mixture underwent sufficiently long AIMD simulations
to ensure equilibrium, as indicated by stable atomic energies
over the final 5ps (Figs S7-S10). Interface energies were
determined by conducting statistical analysis on this stable
energy data, yielding the respective mean energies and standard
deviations, as shown in Fig. 2a and Table S2. According to
simulation results, the negative formation energies, ranging from
—0.79 to —0.94 eV/atom, indicate that hexagonal perovskite can
maintain its structure when exposed to solvents. Among them,
2H,¢, 4H1¢;, and 3Cgq with solvent exhibited relatively negative
formation energies, which correlate with the XRD results dis-
cussed later. On the other hand, experimentally, we did not
observe the presence of 3C phase perovskite colloids in the
solution (as indicated by the solution color and UV-vis results
(Figs S11 and S12)) [32]. We infer that this is due to the tran-
sition from the 3C phase to the hexagonal phase being an
entropy-increasing process, whereby the 3C phase sponta-
neously transitions to the hexagonal phase under the influence
of solvent.

As shown in Fig. 2b, ¢, we have proposed a new dissolution
chemical equilibrium mechanism where the transition from
mixed monomers to the 3C phase involves a reversible trans-
formation from poly Pb-I-solvent clusters to hexagonal phases.
Lead iodide octahedra also undergo reversible transitions among
edge-sharing, face-sharing, and corner-sharing configurations.
Further, we have inferred the colloidal compositions of both the
MMD and SCR precursors. Upon addition of monomer raw
materials FAI and Pbl, etc. into the solvent (DMF/DMSO), poly
Pb-I-solvent clusters are formed through a series of solvation and
coordination interactions. The I/Pb ratio suggests that poly Pb-
I'solvent clusters are predominant in colloids, indicating a sig-
nificant energy barrier from poly Pb-I-solvent clusters to hex-
agonal phase perovskite colloids. When 3C perovskite single
crystals are used as precursors, a phase transition occurs from
the 3C phase transforming into the hexagonal phases, pre-
dominantly forming 2H/4H phase colloids [32].

To further explore the colloidal composition within PPSs and
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its impact on the resultant perovskite films, we conducted a
series of experiments to track the transformation of intermediate
phases from PPSs to wet films/films, as illustrated in Fig. 3. The
simulated XRD results for the 2H, 4H, and 6H phase perovskites
are displayed in Fig. S13 [28]. Firstly, we spread the MMD and
SCR precursors on the glass substrates and evaporated the sol-
vents through annealing; the XRD results are displayed in
Fig. 3a. Compared to the C-Unfiltered film, the S-Unfiltered film
exhibits stronger 3C,o peaks and weaker 2H;, peaks, while also
displaying significant 4H phase peaks around 12.7° (4H,(;) and
29°. This indicates that the colloids in SCR may contain the 4H
phase, which further promotes the formation of the 3C-phase
perovskite films. Within a few minutes of exposure to ambient
air, the black films turned yellow, with the 4H peak disappearing
and the 3C peak decreasing for S-Unfiltered, thereby eliminating
the misleading signals from Pbl,o;y (Fig. 3b). Meanwhile, the
color transition in C-Unfiltered films was more rapid, marked
by a swift shift to the 2H phase.

Then, we investigated the film-forming intermediates using
spin-coating, under conditions with and without anti-solvent
and annealing. Wet films, obtained by spin-coating PPSs with-
out anti-solvent or annealing, are analyzed in the XRD results
shown in Fig. 3c. The intensity of solvate phase peaks is higher
in the C-Unfiltered film than in the S-Unfiltered film, indicating
a greater presence of solvated clusters in the MMD precursor
[33,34]. In addition, the 2H phase peaks of S-Unfiltered film are
almost negligible, whereas 6H intermediate and 3C perovskite
phase peaks are more distinct than those in C-Unfiltered film.
This suggests the presence of colloids composed of perovskite
intermediate phase in the S-Unfiltered precursor and they
facilitate the rapid transition from 2H to 4H to 6H and 3C
phases during the spontaneous nucleation and crystallization of
perovskite. The XRD patterns of C-Filtered and S-Filtered
exhibit similar solvation peaks, indicating the presence of sol-
vation by small-sized colloids, along with a higher proportion of
the 2H phase relative to the 6H and 3C phases (Fig. S14). Wet
films of C-Unfiltered, C-Filtered, S-Unfiltered, and S-Filtered,
obtained by spin-coating PPSs with anti-solvent and without
annealing, are analyzed in the XRD results depicted in Fig. 3d, e.
On one hand, the films from all four precursors exhibit a strong
6H(101) peak and a weak 3C;) peak. The intensity ratios of
3C001y/6H101), which indicate the degree of phase transition
completion, are 40.3%, 44.1%, 63.1%, and 51.3% for C-Unfil-
tered, C-Filtered, S-Unfiltered, and S-Filtered, respectively.
Notably, S-Unfiltered films demonstrate a much faster phase
transition to the 3C phase than others, suggesting that the pre-
sence of larger hexagonal colloids accelerates spontaneous
crystallization. On the other hand, the analysis of peak inten-
sities for 2H, 6H, and 3C in the MMD-derived C-Unfiltered and
C-Filtered films suggests that poly Pb-I-solvent cluster colloids
may induce heterogeneous phases, adversely affecting the quality
of perovskite films and the performance of photovoltaic devices.

The XRD results of perovskite films formed under normal
conditions are displayed in Fig. 3f, showing similar XRD pat-
terns for both C-Unfiltered and S-Unfiltered films, with the
exception of some heterogeneities in the C-Unfiltered films. We
applied the Williamson-Hall method to extract lattice aberra-
tions from the XRD patterns [35]. As depicted in Fig. S16, lattice
distortion is indicated by the slope of the fitted line, which is
higher for the C-Unfiltered film (e = 0.114%) compared to the S-
Unfiltered film (e = 0.073%), suggesting that perovskite films
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Figure 2 (a) Formation energies of the five surfaces (2H;op, 2Hig1, 4Higp, 4Hjg1, and 3Cqp) in DMSO/DMF solvent mixtures determined by AIMD.
(b) Schematic diagram of the chemical equilibrium relationships for dissolution processes and the colloidal composition of precursors of MMD and SCR.

(c) The energy schematic diagram of perovskite different phases.

from the SCR approach exhibit less lattice distortion. The results
from the aforementioned XRD analysis demonstrate that hex-
agonal-phase colloids, as opposed to poly Pb-I-solvent clusters in
PPSs, more effectively promote the transformation into the
perovskite 3C phase during film formation.

The properties of perovskite films corresponding to the MMD
and SCR methods have been further explored. As depicted in
Fig. 4a-d, top-view SEM tests were conducted to characterize the
surface morphology of the perovskite films. Additionally, Fig.
S15 illustrates the grain size distribution statistics obtained via
SEM. The average grain sizes of S-Unfiltered and C-Unfiltered,
at 0.80 and 0.58 um respectively, are larger compared to those of
S-Filtered and C-Filtered, which are 0.48 and 0.47 um respec-
tively. This increase in grain size can be attributed to the effect of
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colloids in the PPSs. However, C-Unfiltered films exhibit many
small grains interspersed with pinholes. In contrast, S-Unfiltered
perovskite films not only have the largest average grain size but
also show significantly improved film quality with no pin-holes
and a smoother surface, also confirmed by atomic force
microscopy results (Fig. S17). The surface potential result
derived from KPFM (Figs S18 and S19) indicates that the S-
Unfiltered and C-Unfiltered perovskite films have similar sur-
face potentials.

To comprehensively assess the impact of colloids on the
optoelectronic properties of perovskite films, we conducted
detailed studies on carrier transport, recombination kinetics, and
defect density in the resulting films and devices. Steady-state PL
and TRPL measurements were performed on perovskite films

January 2025 | Vol.68 No.1
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Figure 3 XRD patterns of resultant perovskite films: (a) prepared by evaporating the solvent directly at 150° for 15 min and (b) after turned yellow in
ambient air, and (c) without anti-solvent or annealing. (d, ¢) XRD pattern of intermediate films with anti-solvent and without annealing. (f) XRD pattern of C-
Unfiltered and S-Unfiltered perovskite films under normal treatment.
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Figure 4 (a-d) Top-view SEM images of C-Filtered, C-Unfiltered, S-Filtered and S-Unfiltered films. (e) Steady-state PL spectra and (f) TRPL decays of the C-
Unfiltered and S-Unfiltered perovskite films deposited on glass substrate. (h) Steady-state PL spectra and (i) TRPL decays of the C-Unfiltered and S-Unfiltered
perovskite films deposited on the FTO/SnO, substrates. (g) SCLC characteristics of electron-only devices. (j) M-S analysis of the devices. (k) EIS of the C-
Filtered, C-Unfiltered, S-Filtered, and S-Unfiltered devices measured with a bias of 1.0 V under dark conditions. The inset presents the equivalent circuit
model.
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Figure 5 (a) Statistical distributions of PCEs collected from a batch of 100 devices for the C-Filtered, C-Unfiltered, S-Filtered, and S-Unfiltered devices.
(b) Voc distribution of perovskite solar cells. (c) J-V curves of the C-Unfiltered and S-Unfiltered devices under both forward and reverse scans. (d) The
stabilized power outputs over 150 s of the C-Unfiltered and S-Unfiltered devices were measured at voltages of 0.84 and 0.92 V in the ambient environment,
respectively. (e) Dark stability of the unencapsulated devices in the nitrogen environment.

deposited on different substrates (Fig. 4e, f, h, i and Tables S3
and S4). Comparisons of PL intensities and TRPL fitted lifetimes
demonstrate that S-Unfiltered films obtained through the SCR
approach effectively reduce defect state density, suppress non-
radiative carrier recombination, and enhance carrier transport
properties. UV-vis and PL spectra (Figs S20 and S21) of the
control and single-crystal groups show that single-crystal re-
dissolution and filtration operations do not change the bandgap
of the perovskite films. Space-charge-limited current (SCLC)
tests were carried out to evaluate the trap state density (INV,) in
perovskite devices (Fig. 4g) [36,37]. The N, is calculated by using
the trap-filled limited voltage (Vryg), yielding values of 3.50 x
10, 3.78 x10%, 2.94 x 10", and 2.83 x 10" cm™ for the C-
Filtered, C-Unfiltered, S-Filtered, and S-Unfiltered devices,
respectively. Mott-Schottky (M-S) analysis revealed built-in
potentials (Vy;) of 0.959, 0.877, 0.949, and 1.094 V for the C-
Filtered, C-Unfiltered, S-Filtered, and S-Unfiltered devices,
respectively (Fig. 4j). The significantly larger V}; indicates that
the S-Unfiltered device has a strong internal drift force for
carrier separation and transport. Electrochemical impedance
spectroscopy (EIS) results (Fig. 4k) show that S-Unfiltered
devices exhibit the highest recombination resistance (R,..). The
results from the aforementioned optoelectronic characteriza-
tions reveal that the presence of poly Pb-I-solvent cluster colloids
increases the trap state density in the films, adversely affecting
device performance. In contrast, hexagonal-phase colloids in
PPSs serve as favorable nucleation sites, facilitating the forma-
tion of perovskite films with larger grains, more homogeneous
phases, and fewer defects.

We employed a device structure of FTO/SnO,/Perovskite/2D/
HTL/Au to assess the performance of perovskite devices. Fig. 5a
displays a comparison of the PCE for devices fabricated from
different PPSs. The average PCE of the S-Unfiltered device is
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significantly higher than those of the others and demonstrates
the best reproducibility. In contrast, the C-Unfiltered devices
show the poorest performance and reproducibility. Besides, the
C-Filtered and S-Filtered devices show similar PCE distribu-
tions. These findings indicate that both colloidal size and com-
position need to synergistically interact to enhance the
performance of PSCs. Hexagonal colloids are beneficial for
forming higher-quality perovskite films, while poly Pb-I-solvent
clusters negatively impact their quality. The significantly con-
trasting Voc further confirms the differences in defects within
the films, as depicted in Fig. 5b, consistent with the Vi; results.

The current J-V curves of typical S-Unfiltered and C-Unfil-
tered devices are shown in Fig. 5c. The C-Unfiltered device has a
PCE of 21.3% while the S-Unfiltered device had a significantly
enhanced PCE of 23.5%, with Jgc of 24.8 mA cm™, Voc of
1.16 V, and fill factor (FF) of 81.9%. Additionally, the stabilized
power output efficiency of the devices at the maximum power
point is shown in Fig. 5d and Fig. $22. ISOS-Dark-Inert stability
tests, depicted in Fig. 5e, present that the efficiency of the C-
Unfiltered device decreased to 45% of its initial value after 1000
h, whereas the S-Unfiltered device maintained more than 90% of
its initial efficiency under the same conditions, indicating its
superior long-term storage stability. Furthermore, a comparison
of S-Unfiltered devices using both fresh and 5-month-aged
perovskite single crystals revealed similar PCE distributions, as
depicted in Fig. S23.

CONCLUSIONS

In summary, we investigate for the first time the colloidal
compositions of MMD and SCR precursors, uncovering a new
dissolution chemical equilibrium mechanism that transitions
from mixed monomers to the different perovskite phases. We
reveal that poly Pb-I-solvent clusters in the MMD precursors are
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unfavorable for producing high-quality perovskite films, as they
increase the trap state density, adversely affecting device per-
formance. In contrast, the presence of hexagonal-phase colloids
in the SCR approach acts as favorable nucleation sites, pro-
moting the generation of the a-phase perovskite films with lar-
ger grains, more homogeneous phases, and fewer defects.
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