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Solvent-additive cascade engineering enables
single-oriented perovskite films with facet-driven
performance and stability

Bo Zhou,®® Pei Zhao, (2 ¢ Junxue Guo,*® Shuaifeng Hu, (2 Xin Guo, (2°°
Jiewei Liu @ *@ and Can Li @) *>°

Facet engineering is an important strategy for enhancing the efficiency and stability of perovskite
devices. However, the formation of high-quality, tunable crystal facets remains a challenging endeavor.
Here, we employed a novel solvent-additive cascade regulation (SACR) strategy to create homogenous
orientations via a two-step method. Mechanistic analysis reveals that solvents drive orientation via
topochemical assembly, while additives regulate specific facet growth through differential bonding
intensities with crystal nuclei. With the SACR method, we successfully obtained perovskite films with
homogeneous (111) and (100)-oriented facets following the Wulff construction rule. The resulting n—i—p
structured devices achieved optimal efficiencies of 23.32% and 25.33%, respectively. Notably, the (100)-
oriented devices exhibited superior photoelectric performance, whereas the (111)-oriented devices
demonstrated better long-term stability. This work underscores the critical role of facet engineering in
tailoring the optoelectronic properties and structural stability of perovskite films, offering a viable
pathway toward efficient and durable perovskite solar cells.

Perovskite solar cells (PSCs) hold great promise for next-generation photovoltaics, yet commercialization is limited by the trade-off between efficiency and
stability. Facet engineering—controlling the crystallographic orientation of perovskite grains—offers a route to overcome this challenge, as different facets (e.g.,
(100) and (111)) exhibit distinct charge transport and degradation behaviors. However, fabricating homogeneous single-orientation films remains difficult due
to the intertwined roles of solvents and additives during crystallization. Here, we introduce a solvent-additive cascade regulation (SACR) strategy that

sequentially couples solvent-driven intermediate assembly with additive-directed facet refinement. Using tailored solvent systems (DMF/DMSO or DMF/NMP)
and specific additives (CHA or CHAI), we achieve near-perfect (111) or (100) single orientations, consistent with Wulff construction principles. Mechanistic

studies reveal that solvents template the initial orientation, while additives enforce homogeneity through facet-selective bonding, effectively resolving
orientation disorder in two-step films. This approach enables devices that simultaneously push performance boundaries: (100)-oriented PSCs reach a record
PCE of 25.33%, while (111)-oriented counterparts retain over 95% of their efficiency after 2000 h of operation. These findings establish facet control as a

unifying strategy to bridge efficiency and stability in PSCs.
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Introduction

Perovskite solar cells (PSCs) have garnered significant attention
due to their impressive power conversion efficiency (PCE)."”
The performance of these devices is closely linked to the quality
of crystal facets in the active layer.> Common crystal growth
methods often result in polycrystalline structures with random
orientations, leading to electronic heterogeneity that reduces
both PCE and stability.* However, a comprehensive understand-
ing of the mechanisms and effective strategies for facet engi-
neering, which is closely related to the complex growth dynamics
involving intricate interactions between additives, precursor
components and intermediate phases, remains elusive.
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To date, most strategies for controlling facet orientation
have focused on one-step methods, such as epitaxial growth,’
template-assisted growth,® and manipulation of solvents and
additives.” In contrast, there has been limited exploration of
two-step processes, mainly due to their sequential deposition
nature.® In our previous work, it was found that a ternary
solvent mixture (DMF/DMSO/NMP) inherently promotes the
formation of (111)-oriented perovskite films via a two-step
method, even without additional additives.” This solvent-
driven orientation regulation arises from the distinct coordina-
tion capabilities between solvent molecules and PbI, in the
precursor, which influence the formation of intermediate sol-
vent phases and subsequent growth kinetics of specific crystal
facets. However, solvent regulation alone is insufficient. The
solvent-induced disordering effect disrupts facet-selective
nucleation due to the subsequent uncontrollable crystal growth
triggered by solvent removal, leading to facet heterogeneity."

To address the disordering effect, additives are typically
required to enhance orientation. A common strategy employs
long-chain organic ammonium salts (LOASs), typically by redu-
cing the surface energy of the target facet to create a single
orientation. LOASs are often preferentially adsorbed by low-
index facets with low surface energy, which refers to the (100)
facet rather than the (111) facet. This mechanism likely
explains why previously reported (111)-dominated films con-
tain noticeable (100) facet distributions'* and thus cannot be
considered uniformly oriented. Furthermore, while LOAS
ligands are effective in the one-step method,"* they fail to
replicate the facet achievable in the two-step method,*® where
stepwise processing introduces unresolved mechanistic com-
plexities. To address the research gap of two-step methods, it is
necessary to explore new types of additives. As previously
reported by the Park group,™* high-quality perovskite films with
(111) preferred orientation can be achieved with the cyclohex-
ylamine (CHA) additive; similarly, (100)-oriented films can
be obtained by adding the cyclohexylamine iodide (CHAI)
additive.™

Nonetheless, simultaneously harness the
orientation-directing effect of solvent coordination and addi-
tive-facet interaction within a single strategy remains unex-
plored, leaving a critical gap in achieving well-defined single
orientation beyond the commonly observed preferred growth in
two-step processed films. Considering that both solvents and
additives have their own preferred orientation responses, it is
essential to integrate the two factors in a coordinated manner
to develop a new method for improving the reproducibility of
single-oriented film fabrication. The Tang group,'® through
studying the aggregative luminescence (AIE) in perovskite
precursors, identified two specific solvents—DMSO and
NMP—based on the unique coordination capability between
Pb”* and solvents. Combined with our previous understanding
of solvent effects, this work primarily focuses on comparing the
DMF/DMSO and DMF/NMP solvent systems. After selectively
introducing additives, we successfully prepared homogenous
perovskite films with (111) and (100) orientations using
the solvent-additive cascade regulation (SACR) strategy, by

how to
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employing CHA and CHAI as additives in the DMF/DMSO
and DMF/NMP systems, respectively. By manipulating the
coordination of solvents and additives during the two-step
deposition process, the results demonstrated that the choice
of solvent and additive profoundly impacts orientation, leading
to high-quality and tunable facets. Investigation of the two-step
process revealed that solvents and additives function in two
distinct stages: PbI, or NMP intermediate phases serve as
growth templates and provide the core driving force for differ-
ent dominant facets, while additives influence facet growth and
mass transfer through varying interactions and bonding with
the dominant facets. Following this, the facet-dependent prop-
erties of homogenous (111) and (100) facets can be analyzed
and found that n-i-p structured devices made from (100)-
oriented films achieved a higher PCE of 25.33%, while (111)-
oriented films demonstrated superior long-term stability, main-
taining > 95% performance after 2000 hours under ambient
conditions. This work not only uncovers the complex inter-
play among solvents, additives, and crystal growth, but also
provides insights into the relationship between facet orien-
tation and device performance, paving the way for the
development of single-oriented perovskite films for various
electronic applications.

Results and discussion
Impact of the SACR strategy on the perovskite orientation

(111)- and (100)-dominated perovskite films were obtained via
the SACR strategy. Fig. 1la illustrates the SACR fabrication
process, which involves dissolving the PbI, in different solvent
systems during the first step and then spin-coating the additive
solution onto the FACsPbI; films before annealing in the
second step (Fig. S1). This strategy provides a reproducible
approach for fabricating perovskite films with different pre-
ferred orientations via a two-step method.

The orientation of the resulting films was analyzed using
grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurement. As shown in Fig. 1b and d, the GIWAXS patterns
exhibit characteristic Debye-Scherrer rings corresponding to
the cubic FAPbI;-(100), (110), and (111) crystal planes at scatter-
ing vectors g of 10.0, 14.1, and 17.5 nm "', respectively."” (kl)
reflections along ¢, indicate that the (hkl) planes are parallel to
the substrate, confirming the (hkl) orientation. After identifying
the diffraction patterns, it was found that the DMF/DMSO
solvents favor the (111) orientation, while DMF/NMP solvents
favor the (100) orientation, as evidenced by the corresponding
highest XRD peaks (Fig. S4). Notably, the signals appear more
as discrete ring (or arch)-like patterns due to a certain degree of
structural disorder and misalignment with respect to the single
orientation. Fig. 1b shows that in the DMF/DMSO solvent
system, two main orientations of (100) and (200) diffraction
arcs are detected for the films; Fig. 1d shows that in the DMF/
NMP solvent system, although there are no significant (111)
reflections, (100) and (200) reflections appear almost as rings.
These pieces of evidence all indicate the existence of disorder-
ing effects induced by the solvents.

This journal is © The Royal Society of Chemistry 2025
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(a) Schematic representation of the fabrication method for the solvent-additive cascade regulation (SACR) strategy. (b), (d), (f) and (h) GIWAXS and

(c). (e), (g) and (i) ODF results of perovskite films prepared with different solvent systems without or with the SACR method.

When the additives CHA and CHAI are added, the GIWAXS
pattern (Fig. 1f and h) drastically changes to bright scattering
spots, revealing a switch from randomly disordered to highly
ordered crystalline stacking. After integrating the azimuth of
GIWAXS shown in Fig. S5 and S6, it was found that the bright
(111) scattering spot is concentrated in the region of the
azimuthal angle ~90° (Fig. 1f) in the DMF/DMSO solvents,
while the (100) facet is arranged at =~ 54° relative to the (111)
faces parallel to the substrate, indicating that almost all (111)
faces in the film are arranged parallel to the substrate. Further-
more, the GIWAXS pattern in the DMF/NMP solvents exhibits
the opposite alignment, with a (100) azimuthal angle of
90° and a (111) azimuthal angle of 54°. This angle matches
the ideal crystallographic angle for perovskites, confirming the
film’s well-ordered stacking facets. Therefore, we successfully
obtained perovskite films with (111) and (100) orientations,
enabling further exploration of facet-dependent properties.

To ultimately confirm the single orientation of different
samples, texture analysis was conducted using advanced
inverse pole figure (IPF) orientation distribution function
(ODF) investigation, with results presented in Fig. 1c, e, g and
i. ODF is commonly used in materials science to describe the
statistical distribution of crystal orientations. After obtaining
pole figure (PF) data from polycrystalline thin films through
X-ray diffraction, the three-dimensional spatial distribution can
be reconstructed using the spherical harmonic expansion
method or the maximum entropy method."® This enables the
evaluation of the orientation uniformity and reveals the overall

This journal is © The Royal Society of Chemistry 2025

anisotropy of the perovskite film.'® The ODF plots contain both
the three Euler angles (¢;, @, and ¢,) that describe the
orientation information and the intensity information, directly
reflecting the preferred orientations in the polycrystalline film
and their degree of preference. Typically, ODF plots are sliced at
¢, intervals of 5°, as shown in Fig. S8-S11. For ease of analysis,
a ¢, =45° slice is selected here, where the color scale in the slice
represents the ODF density, indicating the strength of the
texture.

By comparing the experimental ODFs with the Euler space
coordinates, specific Euler angle regions of the films were
investigated. The standard reference ODF patterns can be
found in Fig. S7. Samples prepared with DMF/DMSO solvents
exhibited two prominent regions (0 = 0°, 0 = 45°), indicating a
mixture of (111) and (100) orientations.”® In contrast, samples
prepared with DMF/NMP solvents displayed distribution across
the entire range, with the highest ODF density near (6 = 0°),
suggesting a higher proportion of (100) facets with randomly
oriented anisotropy. After SACR treatment, the reduction in the
width of the ODF region confirms the improvement in orienta-
tion purity. Fig. 1e and i show the only specific Euler angle
corresponding to the (111) and (100) orientations, respectively.
The significant changes in ODFs demonstrate that the SACR
strategy successfully optimized the texture uniformity of the
film, enabling the identification of the dominant orientation. It
is important to note that, as polycrystalline films, perovskite
thin films exhibit fibre-textured characteristics, meaning that
the sides facing each other are randomly distributed (¢, = any).

Energy Environ. Sci., 2025, 18, 9865-9876 | 9867
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Understanding the mechanism of solvent influence on
orientation

For the SACR strategy, the mechanism behind the preferred
facet orientation should be related to both solvents and addi-
tives. First, the effect of different solvents on orientation is
analyzed. With DMF/DMSO solvents, the parallel growth of the
(111) facet on (001)Pbl, based on the topochemical assembly
mechanism has been well-documented in ref. 21. Typically,
residual Pbl, can be observed in the perovskite film, as shown
in the XRD pattern in Fig. S4. As depicted in Fig. 2a, an almost
perfect lattice match is observed. The HRTEM image shows the
PbI,(001) plane, which is parallel to the (111) facet of FAPbI;,
(as confirmed in Fig. S12). The crystallographic reason for this
alignment is illustrated in the schematic diagram in Fig. 2a.
The interplanar distance of the (001) plane of PbI, theoretically
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matches that of (111) x 2 of FAPbI;, ie., (111)papp1,//(001)pp,,
which minimizes the misfit energy caused by the lattice differ-
ence between Pbl, and FAPbI;.

In DMF/NMP solvents, crystal growth follows an alternative
pathway along a different coherent interface. GIWAXS analysis
in the low 20 range of 5-10° (Fig. 2c) reveals that even after
annealing, perovskite films retain intermediate phase peaks
related to the (120) planes of MA,(DMF),Pb;ls, which aligns
topologically with the (100) facet. This observation is consistent
with the other study with DMF/DMSO solvents,** as demon-
strated by the coincident selected area electron diffraction
(SAED) patterns and the lattice match schematic of
MA,(DMF),Pb;l; along the [012] axis and FAPbI, along the
[111] axis shown in Fig. 2b. ODF analysis indicates that even
before SCAR treatment, the DMF/NMP solvent system already
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Fig. 2 (a) The HRTEM image and schematic illustration of the lattice matching between Pbl, (001) and FAPbI5 (111). (b) Selected area electron diffraction
(SAED) pattern and schematic illustration of the lattice matching between MA,(DMF),Pbslg along the [012] axis and FAPbIs along the [111] axis. (c) GIWAXS
intensity maps following azimuth integral of DMF/NMP solvents compared to DMF/DMSO solvents in ref. 29. (d) The schematic illustration of
topochemical matching and intermediate phases in DMF/NMP solvents. Schematic illustration of the interactions between solvents and perovskite
species: (€) DMSO + Pbl, + FAI, (i) NMP + Pbl, + FAI (f) XRD peaks of Pbl, at a series of gradient temperatures after the first step for DMF/DMSO solvents,
and (g) corresponding perovskite (111) peaks after the second step. (h) Analysis of peak intensity variations of (f) and (g) and the X-ray diffraction peak ratio
of (111) to (100) at various annealing temperatures. (j) XRD peaks of the Pbl,-0.5DMF-0.5NMP intermediate phase and Pbl, at a series of gradient
temperatures after the first step for DMF/NMP solvents, and (k) corresponding perovskite (100) and (111) peaks after the second step. () Analysis of peak
intensity variations of (j) and (k) at various annealing temperatures.
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exhibits strong preferential orientation, as evidenced by the
broad distribution across the entire range except for 54°,
suggesting that the solvent itself plays a certain topological
role. In the two-step method, the intermediate phase involving
NMP is identified as Pbl,-0.5DMF-0.5NMP,** differing from the
PbI,-NMP intermediate phase observed in the one-step
method. This difference can be attributed to the absence of
an antisolvent washing step in the two-step process, allowing a
significant amount of DMF to be retained and incorporated
into the intermediate phase formation. Upon introducing
organic ammonium salts in the second step, Pbl,-0.5DMF-
0.5NMP undergoes transformation into MA,(DMF),Pbslg, as
illustrated in Fig. S14-S16. The (020) plane of the PbI,-
0.5DMF-0.5NMP intermediate phase exhibits an XRD peak at
approximately 8.1°, which is close to that of the (020) planes of
MA,(DMF),Pb;l,, suggesting a topological relationship between
the two phases. This implies that Pbl,-0.5DMF-0.5NMP can act
as a crystal growth template for MA,(DMF),Pb;l;. The for-
mation of MA,(DMF),Pb;I; is likely driven by both the intro-
duction of organic ammonium salts (MA") and the assistance of
NMP. Firstly, with a boiling point of 203 °C (Table S1), NMP
does not evaporate completely during annealing, facilitating
the formation of the Pbl,-0.5DMF-0.5NMP intermediate phase.
Secondly, the (020) planes of MA,(DMF),Pb;I; align with those
of Pbl,-0.5DMF-0.5NMP, thereby stabilizing a coherent inter-
face and ultimately promoting the (100) orientation (Fig. 2d).

The topochemical assembly mechanism is considered only
one contributing factor of solvent regulation; another critical
factor lies in the differential coordination capabilities between
solvent molecules and perovskite species.”* Using the DMF/
DMSO solvent system, the XRD intensity variations of PbI, and
perovskite (111) peaks at gradient temperatures were analyzed.
The inconsistent trends between these peaks suggest that in
addition to PbI, acting as a topological growth template provid-
ing driving forces, an unknown interfering factor—specifically
the interaction between DMSO and Pbl,—is involved. For
instance, the weak and broad peaks of PbI,-DMSO, resulting
from the strong DMSO-PbI, affinity,>® are highly sensitive to
Pbl, film quality and subsequent organic ammonium salt
intercalation, thereby impeding facet growth. This explains
why conventional two-step methods using DMF/DMSO solvents
typically exhibit poor perovskite crystal growth (often labeled as
“control” in the literature) and fail to achieve well-defined
crystallographic orientations.>® The heavy reliance of perovskite
crystallization on PbI, templates and organic salt infiltration
leads to disordered grain formation and unintended defects.
Noteworthily, the (111) orientation is attributed to PbI, rather
than Pbl,-DMSO. At annealing temperatures above 90 °C, XRD
patterns lack peaks for Pbl,-DMSO, yet the (111) peak remains
dominant.

Similarly, in the DMF/NMP solvent system, the intensity
variations of the PblI,-0.5DMF-0.5NMP intermediate phase
and perovskite (100) peaks at gradient temperatures were
analyzed. While their trends broadly align, a contradiction
arises: even when the intermediate phase is nearly absent at
high temperatures, the (100) peak intensity remains the

This journal is © The Royal Society of Chemistry 2025
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highest. Compared to DMSO, NMP demonstrates stronger
affinity for FAI than Pbl, (Fig. 2i), enhancing organic salt
penetration, accelerating intramolecular exchange, and favor-
ing the thermodynamically stable low-surface-energy (100)
facet.>”*® This accounts for the persistence of the dominant
(100) facet. Additional analysis of Pbl, and perovskite (111)
peak variations in the DMF/NMP solvents confirms the main-
tained relationship (111)papb1,//(001)p1,, Which competes with
(100)gapb1,//(020)pb1, 0.5pMF0.58Mp,  Ultimately  deviating  from
expected orientations. (Prior studies on the DMF/DMSO/NMP
ternary solvent system revealed competing mechanisms
between Pbl,-DMSO and Pbl,-0.5DMF-0.5NMP that preclude
coexistence, consistent with different solvent regulation. Thus,
ternary solvents are excluded here).

Understanding the mechanism of additive influence on
orientation

There are various modes of interaction and reaction between
additives and perovskites. To determine which mechanism
contributes to the observed enhancement by SACR, SEM ana-
lysis is conducted to examine changes at the contact interface.
As shown in Fig. 3a, under non-annealed conditions, the DMF/
DMSO film treated with CHA exhibits tightly connected grains
across the entire surface. In contrast, the DMF/NMP film
treated with CHAI shows island-like grains without merging
into a uniform surface. This distinction highlights the differ-
ences between the two additives—CHA penetrates downward
and integrates with the perovskite framework, whereas CHAI
remains confined at the grain boundaries, acting as a static
adsorbate. SEM also confirms that surface treatment prior to
annealing can effectively participate in the crystallization pro-
cess and regulate the orientation.

Theoretical calculations indicate that for the selected addi-
tives, CHA and CHAI, the adsorption energies on the (100)
facets are both greater than those on the (111) facets, |E.qs
(100)| > |Eags(111)| (Fig. 3e and Fig. S21). The results confirm
that both CHA and CHAI selectively adsorb onto (100) facets,
reducing the surface energy of the (100) planes, thereby pro-
moting (100) orientation. However, CHA does not exhibit this
behavior on the (100) orientation, suggesting that the active
participant is not CHA itself but another species. This differ-
ence is attributed to their distinct chemical properties—one
being an amine and the other an ammonium salt. CHA, with its
-NH, tail group, reacts with formamidinium (FA") during the
SACR process, forming the new cation cyclohexyl formamidi-
nium (CHAFA"), as illustrated in Fig. 3b.

'H NMR spectroscopy was conducted on the precursor ink to
determine whether chemical reactions occur between FA" and
CHA in solution and to identify the resulting products. In
Fig. S25 and S26, the spectra of FAI, CHA, and CHAI are
compared. The analysis of Fig. S27 reveals a new species
displaying a singlet peak in the "H NMR spectrum at a chemical
shift (9) of 7.87 ppm, which is close to the methine resonance of
FA" (7.80 ppm). Additionally, the '*C NMR spectrum of the
same solution exhibits a new signal at 152.21 ppm, indicating
the presence of a new methine environment distinct from FA".
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"H-"3C heteronuclear correlation (HETCOR) NMR spectroscopy
confirms that these two new signals correspond to bonded
nuclei in Fig. 3¢.***" These results are consistent with the
formation of CHAFA" through the nucleophilic attack of CHA
on FA", followed by the elimination of NH;. Fig. 3d presents
time-of-flight secondary ion mass spectrometry (TOF-SIMS)
data obtained after introducing CHA into FAPbI; films, where
the detected CHAFA' (m/z = 127) peaks confirm that the
reaction occurs.

As shown in Fig. 3f, the formation of CHAFA" was modeled
on the FAI-terminated (100) surface, given that CHA can readily
access FA'. The adsorption energy of CHA on the studied
surface is —1.04 eV, which suggests that the reaction between
CHA and FA" is highly probable. The formation of CHAFA" with
the release of NH; is a slightly endothermic process, with a
reaction energy of 0.53 eV. The desorption of CHAFA" from the
surface is a highly unfavorable process, meaning that CHAFA"

9870 | Energy Environ. Sci., 2025, 18, 9865-9876

works as a surface capping agent. The CHAFA" modification
has the potential to impede the cation exchange between the
FAPbI; monomer and the existing crystal facets, thereby inhi-
biting the growth of the (100) facets and limiting the mass
transport to the (100) facets.® In contrast, the CHAI additive
functions solely as an interfacial passivant, exhibiting a selec-
tive tendency to cover the (100) facets, reduce the surface
energies of the adsorbed facets, and slow down their growth
rate.*? This ultimately increases the percentage of exposed (100)
facets on the overall crystal surface.®® The key difference
between CHA and CHAI lies in the varying chemical bond
strengths between different additives and the crystal nucleus
facets.

Similar evidence can be observed in the PFs. By comparing
the experimental PFs with the Wulff stereographic projec-
tions® for a single crystal perfectly aligned along the [111] (in
brown) and [100] (in orange) crystallographic directions, the

This journal is © The Royal Society of Chemistry 2025
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mechanism of (111) and (100) orientation with different addi-
tives was investigated (Fig. S32). The strong peak at the center
of PF (111) for the DMF/DMSO film confirms preferential
growth along the [111] direction, where crystals tend to grow
horizontally to the substrate, consistent with the GIWAXS
results. Similarly, the central peak of PF (100) for the DMF/
NMP film confirms the horizontal orientation of (100) planes.
However, the PF variations of the non-dominant crystal plane
for each solvent system differ. The central peak of PF (100) for
the DMF/DMSO film shifts towards the ® = 54.7° diffraction
ring. Conversely, the central diffraction ring of PF (111) for
the DMF/NMP film remains nearly unchanged. This indicates
that the additive influences the (100) plane rather than the
(111) plane.

Building on previous findings, two driving forces behind
the SACR of different facets were identified: solvents and
additives. Since a homogeneous orientation could not be
achieved by merely exchanging additives in two solvent sys-
tems, it is suggested that solvent regulation, through the
formation of topological templates (or intermediates), serves
as the initial driving force to induce the preferential growth of a
specific crystal facet. Subsequently, the corresponding additive

111

a Random
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lowers the activation energy of precursor ion transport,
acting as a secondary driving force to achieve orientation
homogeneity. The anisotropic adsorption behavior of additives
ultimately transforms facet heterogeneity into homogeneity.
Inspired by the Wulff construction rule*® used in the catalytic
synthesis of high-index faceted nanocrystals, the growth pro-
cesses of the respective crystal facets can be mapped out
(Fig. S33).

Analysis facet-dependent properties

The perovskite films with distinct crystallographic orientations
were systematically investigated using atomic force microscopy
(AFM), Kelvin probe force microscopy (KPFM), and confocal
photoluminescence (PL) mapping (Fig. 4). Here, due to the
more random orientation of films prepared in DMF/DMSO
compared to that in DMF/NMP, the former without SACR was
chosen as the control random-oriented sample. After SACR
treatment, morphological evolution was initially characterized
through AFM imaging (Fig. 4a and Fig. S35), revealing average
surface roughness values of 29.7 nm, 27.9 nm, and 23.0 nm for
random-, (111)-, and (100)-oriented films, respectively, across
5 x 5 um” scan areas. The AFM height difference distribution
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exhibits progressive concentration, aligning with the transition
from heterogeneity to homogeneity. The asymmetric height
distribution observed in (111)-oriented films originated from
the triangular geometry of the (111) facet, contrasting with the
lateral structure of the (100) facet.

KPFM images demonstrate analogous consistent trends.
Both (100)- and (111)-oriented films exhibited more uniform
contact potential difference (CPD) distributions with less
fluctuations, compared to random-oriented films (Fig. 4b),
facilitating effective carrier extraction and stable device opera-
tion. Notably, the (111)-oriented films demonstrated superior
surface potential homogeneity despite greater morphological
variations, suggesting enhanced operational stability against
external electrical bias conditions. Surface potential shifts were
systematically recorded, with (111)-oriented facets displaying
characteristic negative shifts (p-type behavior) and (100)-
oriented facets showing positive shifts (n-type behavior), con-
sistent with their intrinsic energy level offsets as referenced in
prior studies.*” This facet-dependent electronic behavior
directly correlates with carrier extraction efficiency. Since this
work employs a surface treatment approach before annealing,
the surface energetics are indeed influenced not only by orien-
tation control but also by additive-induced defect passivation.
For example, the reaction between CHA and FAI results in Pbl,
termination at the surface, which favors p-type character, while
CHAI plays a passivation role by reducing the influence of
exposed halogens on the n-type character.

Confocal PL-intensity mapping measurements were con-
ducted across an extended 100 x 100 pm?® scan area for the
same perovskite film series. Fig. 4c also reveals a progressive
enhancement in overall PL intensity with improved uniformity
across oriented films, whereas the most prevalent were
observed on the random film. This phenomenon is attributed
to localized defect degradation and interfacial heterogeneity,
correlating with morphological features identified in prior
analyses. (100)-oriented films demonstrated superior carrier
transport capabilities.

Localized surface analysis probed Pbl, and perovskite
emission bands simultaneously, with superimposed position
mappings (Fig. 4d). PL-position distributions demonstrated
consistency with intensity profiles. The PL-position mappings
are consistent with the PL-intensity mappings. On both the
pum?*- and hundreds of um?*-scale, the homogeneous oriented-
perovskite film shows more uniform PL intensity distributions.
In the PL-position mappings, the perovskite grains exhibited
exclusive red emission, whereas the Pbl, clusters showed green
emission, corresponding to PL signals collected in the 750-
850 nm and 450-600 nm windows, respectively. In the random
film, PbI, accumulates at grain boundaries, causing poor HTL
contact. After SACR treatment, Pbl, becomes finely dispersed,
leading to improved interface morphology in Fig. S41 and S42.
SACR treatment effectively modulated Pbl, distribution across
all films, while the (100)-oriented film exhibits minimal resi-
dual Pbl,—a critical factor enhancing charge transport effi-
ciency that potentially contributes to their superior PL
performance.
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It is undeniable that the additive provides a defect-
passivation effect, which enhances the facet-dependent proper-
ties. Although defect passivation and orientation regulation
cannot be fully decoupled, the results in Fig. S43 could indicate
that orientation regulation is the dominant factor.

Device performance and stability

PSCs with a device configuration of ITO/SnO,/Perovskite/Spiro-
OMeTAD/Au (Fig. S44) have been fabricated for different orien-
tations. Detailed methods are in the SI. PCE histograms (Fig. 5b
and c) show that random-oriented PSCs have an average PCE of
19.66%. The uniform single (111) orientation increases the
average PCE to 22.53%, while the (100) orientation boosts it
to 24.62%, with the best PCE exceeding 25%. The highest PCE
of 25.33% is achieved by the (100) single orientation solar cell,
compared to 23.32% for the (111) orientation one. Previous
results in Fig. 4c have shown that the (100) facet has a higher
photocurrent with higher carrier mobility along the [100]
direction, while the (111) facet has a slightly higher defect
density, making it suboptimal for PCE.'7*® The statistical
distributions of short-circuit current density (Js.), the open-
circuit voltage (V,), and the fill factor (FF) (Fig. S45) indicate
that the higher PCE is due to improvements of all parameters,
reflecting enhanced perovskite quality.

The energy level of the perovskite films was further char-
acterized using ultraviolet photoemission spectroscopy (UPS).
The work function and valence band maximum (VBM) of
perovskite films can be calculated by means of the secondary
electron cutoff and valence band spectrum. Based on these data
and bandgap, the energy level diagram of the different perovs-
kite films was depicted. As can be seen in Fig. 5d, the (111)-
oriented film provides a deeper VBM and conduction band
minimum (CBM). Generally, the CBM of perovskites should be
slightly higher than the conduction band of the electron trans-
port layer (ETL), and the VBM should be slightly lower than the
valence band of the hole transport layer (HTL). This energy level
difference forms the built-in electric field that drives charge
separation. If the energy level difference is too small, the
driving force for charge separation is insufficient, leading to
an increased probability of electron-hole recombination; if the
energy level difference is too large, although the driving force
for separation is enhanced, a potential barrier (such as a
Schottky barrier) may form at the interface, hindering carrier
transport. Consequently, the (100) structure has more suitable
energy level positions between the ETL and the HTL, resulting
in more efficient electron transport and extraction. These
findings are consistent with the KPFM results in Fig. 4b.

Moreover, the photoluminescence quantum yield (PLQY)
was employed to evaluate non-radiative recombination losses,
and the quasi-Fermi level splitting (QFLS) was determined.
Higher PLQY and QFLS confirm reduced interfacial losses. As
shown in Fig. 5e, the perovskite films optimized by the SACR
method exhibited increased PLQY and QFLS values compared
to those of the randomly oriented film, whether on glass or on
the transport layer. For (111)-oriented films, the HTL/perovskite
stack is more favorable, while (100)-oriented films benefit from

This journal is © The Royal Society of Chemistry 2025
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(a) Molecular structure of SACR designs. (b) PCE distribution histograms of the cells with different orientations. (c) J-V curves of the different solar

cells and detailed performance parameters statistics. (d) Energy level of each layer in PSCs. The energy level alignment references the vacuum level.
(e) Photoluminescence quantum yield (PLQY) measurements and internal quasi-Fermi level splitting (QFLS) diagram for neat perovskite films and at the
HTL/perovskite and perovskite/ETL interfaces. (f) Mott—Schottky plots. (g) Steady-state power output of the solar cells for 1000 s. (h) Long-term stability
test at an RH of 40% at room temperature. Operational stabilities of PSCs complying with ISOS-L-1 and schematic of atomic arrangements on (111) and
(100) crystal facets. (i) TOF-SIMS depth profiles of (100) and (111) perovskite devices in the positive ion mode with Li* and Pb*. (j) TOF-SIMS cross-
sectional image of (100) and (111) perovskite devices in the negative ion mode with Au™, F~, I, Pbl,™, CN,™ and SnO™.

the ETL/perovskite stack, reflecting the p-type nature of (111)
and the n-type nature of (100). Furthermore, QFLS provides
insight into the open-circuit voltage (V,) of the solar cell. The
variation of the QFLS was calculated based on previous litera-
ture (Table S2). The enlargement of QFLS is beneficial for
improving V,., consistent with the enhanced built-in voltages
extracted from the Mott-Schottky measurements (Fig. 3g).
Interestingly, the (111) facet presents advantages in terms of
stability. We evaluated the effect of facet orientation on
the long-term stability of unencapsulated perovskite devices
by exposing them to air atmospheres with 40% relative

This journal is © The Royal Society of Chemistry 2025

humidity (RH). As shown in Fig. 5h, all the SACR films sample
maintains >90% of the initial PCE after 2000 hours, whereas
the PCE of the random-oriented device decreases to 83% of the
initial value. The long-term stability demonstrates that the
(111) orientation is more stable. The stability of the (111) facet
originates from its intrinsic properties, including featuring
closely packed atoms with higher bond energies, making it
more resistant to moisture-induced corrosion.* The difference
in the atomic ratios is exposed on the two crystal facets, and
thus (111)-oriented films demonstrate excellent humidity sta-
bility. Although the (111) facet is densely packed, perovskite is
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an ionic crystal rather than a structure with closely packed
atoms. Instead, it features the arrangement of ions such as FA"
and Pbl;~. Under an external bias, this packing makes it
susceptible to layer stacking faults and ion migration, which
is one reason for the higher defect density on the (111) facet.
The introduced CHA effectively addresses the issues caused by
the ionic lattice through strong interactions and steric hin-
drance, thereby better reflecting the intrinsic stability of the
(111) facet. Simultaneously, the formation of large cations
CHAFA" isolates the facet from chemical interactions with
environmental O,/H,O molecules, effectively mitigating the
adverse effects of ambient moisture on the perovskite crystal
framework. This further enhances the stability of the perovs-
kite. It is acknowledged that defect passivation contributes to
performance enhancement, but this effect can only be qualita-
tively assessed rather than quantitatively distinguished at
present.

The (111)-oriented films also demonstrate exceptional sup-
pression of ion migration. The TOF-SIMS depth profiles
(Fig. 5i), cross-section images (Fig. 5j), and three-dimensional
and two-dimensional images (Fig. S62-S64) confirm the uni-
form distribution of elements within the bulk of the
homogeneous-oriented films. Specifically, the elemental distri-
bution in the (111)-oriented films is more uniform than in the
(100)-oriented films, where ion migration or accumulation is
evident at the interfaces. This occurs because the low-boiling-
point CHA evaporates from the film during the annealing
process, spontaneously migrating from the bottom to the top
and preventing compositional disorder. Moreover, due to the
unique chair-shaped conformation of CHA, there is significant
steric hindrance at the grain boundaries, which inhibits ion
migration. Halide migration occurs not only between adjacent
octahedral structures but also within individual octahedra.
Only CHA can effectively inhibit both types of migration by
interacting with FA" ions at the perovskite surface, while CHAI,
as a surface passivation agent, can only suppress the former.
Additionally, the zipper-type lattice distribution of (111)-
oriented films facilitates denser packing, which helps to inhibit
ion migration—an attribute not found in (100)-oriented films.
Consequently, SEM images reveal that (111)-oriented films
exhibit better stacking, with a clean buried interface and no
voids at the interface with ITO, in stark contrast to the other
oriented films (Fig. S65).

Conclusions

This work establishes a novel solvent-additive cascade regula-
tion (SACR) strategy to achieve homogeneous facet engineering
in perovskite solar cells (PSCs), resolving long-standing chal-
lenges in fabricating high-quality, orientation-tunable crystal
facets. By synergistically integrating solvent-mediated topo-
chemical assembly and additive-regulated facet-selective
growth, the SACR method enables the controlled synthesis
of homogeneous (111)- and (100)-oriented perovskite films
governed by Wulff construction principles. Mechanistic

9874 | Energy Environ. Sci., 2025, 18, 9865-9876

View Article Online

Energy & Environmental Science

investigations reveal two-stage crystallization dynamics: (i)
PbI, or Pbl,-0.5DMF-0.5NMP in solvent systems (DMF/DMSO
or DMF/NMP, respectively) that dictate primary facet orienta-
tion by topochemical assembly, while (ii) additives (CHA/CHAI)
modulate facet evolution through facet-dependent bonding
interactions and mass transfer kinetics. Specifically, CHA
penetrates the perovskite lattice, where its -NH, group under-
goes nucleophilic substitution with FA" to form cyclohexyl-
formamidinium (CHAFA"), which anchors onto the (100) facets.
Acting as a strong end-capping agent, CHAFA" suppresses the
growth of the (100) facets, thereby indirectly promoting (111)
orientation. In contrast, CHAI serves as a surface adsorbate on
the (100) facets, reducing their surface energy via electrostatic
interactions and directly facilitating the (100) orientation.

The resulting (100)-oriented n-i-p structured devices
achieved a notable efficiency of 25.33%, attributed to efficient
carrier extraction and suppressed carrier recombination,
whereas (111)-oriented counterparts exhibited exceptional
operational stability (>95% PCE retention after 2000 h) due
to enhanced environmental resistance. Crucially, this work
decouples the distinct roles of solvents (orientation initiation)
and additives (facet refinement), providing a universal frame-
work for crystal engineering. By correlating facet-dependent
electronic properties with device performance metrics, the
findings advance the fundamental understanding of perovskite
crystallization thermodynamics while establishing scalable pro-
tocols for tailoring optoelectronic materials via orientation
control.
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