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Low-Cost, Scalable Fabrication of Multi-Dimensional
Perovskite Solar Cells and Modules Assisted by Mechanical
Scribing

Hock Beng Lee, Asmaa Mohamed, Neetesh Kumar, Nurfatin Hafizah Zain Karimy,
Vinayak Vitthal Satale, Barkha Tyagi, Do-Hyung Kim, and Jae-Wook Kang*

The performance and scalability of perovskite solar cells (PSCs) based on 3D
formamidinium lead triiodide (FAPbI3) absorber are often hindered by defects
at the surface and grain boundaries of the perovskite. To address this, the
study demonstrates the use of pyrrolidinium iodide for the in situ formation
of an energetically aligned 1D pyrrolidinium lead triiodide (PyPbI3) capping
layer over the 3D FAbI3 perovskite. The thermodynamically stable PyPbI3

perovskitoids, formed through cation exchange reactions, effectively reduce
surface and grain boundary defects in the FAPbI3 perovskite. In addition
to improved phase stability, the resulting 1D/3D perovskite film forms
a cascade energy band alignment with the other functional layers in PSCs,
enabling a barrier-free interfacial charge transport. With a maximum power
conversion efficiency (PCE) of ≈23.1% and ≈20.7% at active areas of 0.09 and
1.05 cm2, respectively, the 1D/3D PSCs demonstrate excellent performance
and scalability. Leveraging this improved scalability, the study has
successfully developed a mechanically-scribed 1D/3D perovskite mini-module
with an unprecedentedly high PCE of ≈20.6% and a total power output
of ≈270 mW at an active area of ≈13.0 cm2. The 1D/3D multi-dimensional
perovskite film developed herein holds great promise for producing low-cost,
high-performance perovskite photovoltaics at both the cell and module levels.

1. Introduction

Solution-processed, lab-scale perovskite solar cells (PSCs) based
on archetypal three-dimensional (3D) perovskite films have
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an astounding power conversion ef-
ficiency (PCE) of >25% which sur-
passes the performance benchmark of
the photovoltaic industry.[1] Despite its
excellent single-cell efficiency, the full
commercialization of PSCs remains a
steep challenge because the defect-prone
3D perovskite absorber film lacks the
environmental stability and scalability
to produce large-area power modules
as efficiently as conventional silicon
wafer-based solar cells. Currently, for-
mamidinium lead triiodide (FAPbI3) is
the most scrutinized 3D perovskite ab-
sorber for lab-scale PSCs because it ex-
hibits many interesting features, such
as a narrow optical bandgap (Eg), long
carrier-diffusion lengths, high absorp-
tion coefficient, and a near-optimal Gold-
schmidt tolerance factor.[2] However, 3D
FAPbI3 perovskite has a polymorphic
nature, in which the metastable black
𝛼-FAPbI3 tends to transform into yel-
low 𝛿-FAPbI3 with a wide-bandgap upon
prolonged exposure to high temperature
and moisture.[3] The crystal polymorphic

behavior of FAPbI3 perovskite can be linked to involun-
tary migrations of formamidinium/methylammonium/cesium/-
constituents embedded in the center of corner-sharing metal-
halide [PbI6]4− octahedra in the 3D framework.[4] In the pristine
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state, the surface of the FAPbI3 perovskite accommodates a sub-
stantial number of native point defects, particularly iodide vacan-
cies, pinholes, and grain boundaries that cause carrier recombi-
nation and allow oxygen and moisture permeation.[5] These im-
perfections are the culprits behind the poor stability and scalabil-
ity of the perovskite film.

Conceptually, 3D perovskites are preferred for photovoltaic
applications because they exhibit a high dielectric constant
and an interconnected 3D lattice framework that allows spon-
taneous charge separation and multi-directional charge trans-
port. However, the abundant point defects and inadequate elec-
trostatic interactions between the organic and inorganic ele-
ments in the 3D lattice network can trigger involuntary halide
ion migrations, rendering the 3D perovskite highly suscepti-
ble to environmental degradation.[6] Strategies such as addi-
tive engineering,[7,8] antisolvent engineering,[9] surface passiva-
tion and functionalization,[10] interfacial modification,[11] vapor
treatment,[12] and low-dimensional perovskite modification[13]

have been adopted to control the defects and enhance the sta-
bility as well as scalability of the 3D perovskite. Among these
strategies, tailoring the dimensionality and crystal phase of 3D
perovskite through the use of bulky organic spacer cation is con-
sidered the most effective approach to quench the native defects
and inhibit phase degradation. There has been a growing focus
on using 2D or quasi-2D perovskites, composed of atomically
thin perovskite slabs as moisture barriers, to enhance the sta-
bility of PSCs. Although 2D or quasi-2D perovskites are more
thermodynamically stable than the 3D perovskites, the van der
Waals gap arising from the use of insulating organic spacers can
form multiple-quantum-well electronic band structures that in-
duce internal quantum confinement effect and the enlargement
of Eg.[14] Moreover, the disparity in the dielectric constant be-
tween the alternating perovskite slabs and the organic spacer lay-
ers in the quasi-2D structures can also lead to the energy bar-
rier and dielectric confinement effect that affect charge transport
dynamics.[15,16]

Researchers have recently been exploring the modification
of 3D perovskites using low-dimensional perovskitoids (LDP),
known for their flexible [PbI6]4− octahedra connection styles,
self-healing characteristics, and high thermodynamic and mois-
ture stability.[17] Unlike the proper corner-sharing [PbI6]4− oc-
tahedra architecture in 3D perovskite, the [PbI6]4− octahedra
in LDP structures can be linked by edge-sharing, face-sharing,
corner-sharing, or combinations of all of these to form a 1D
lattice configuration.[18] LDP can be formed with the use of
appropriate organic spacers, either by incorporating them as
an additive in the precursor stage or by depositing them over
the perovskite layer post-preparation. For instance, Gao et al.
and Chen et al. utilized thiazole ammonium (TA) and 1,10-
phenanthroline (Phen) cations to form (TAPbI3) and PbI2(Phen)
1D-structured perovskite capping layer over 3D perovskite,
respectively.[19,20] Pham’s and Xe’s groups employed pyrroli-
dinium cation (Py+) to form molecular 1D pyrrolidinium lead
iodide (PyPbI3), producing a thermodynamically stable 1D/3D
perovskite heterostructure.[21,22] In these studies, the efficiency
and stability of the PSCs improved tremendously in the pres-
ence of a 1D perovskite capping layer that functioned as an effec-
tive moisture barrier. Despite the technological advancement of
1D/3D PSCs, the formation mechanism of LDP nanostructures

is scarcely discussed and correlated to the device performance
and scalability of PSCs.

The optoelectronic properties, band structure, and stability of
LDP are highly dependent on the size and molecular structure of
the spacer cations used. Most of the spacer cations exhibit long
alkyl chains that can create hindrance to charge transport when
not properly controlled. In this study, we showcase the use of rela-
tively smaller pyrrolidinium iodide (PyI) molecules for the in situ
formation of a lattice-matched 1D PyPbI3 capping layer on top of
the 3D FAPbI3 perovskite film. The molecular structure of PyI
contains an amino group (–NH2) that can spontaneously inter-
act with the undercoordinated Pb2+ ions on the surface of 3D per-
ovskite, forming either a coordinate or dative-covalent bond.[23,24]

Additionally, the free Py+ provided by the PyI molecules can un-
dergo cation exchange reactions with the native formamidinium
cation (FA+) in the 3D perovskite lattice to form PyPbI3 perovski-
toids, resulting in a unique 1D/3D perovskite heterostructure
with a favorable energy landscape for PSC application. Our ex-
perimental findings indicate that the 1D/3D perovskite film pro-
duced through PyI passivation exhibited significantly fewer mor-
phological defects and was able to form a cascade energy band
structure with the other functional layers in PSCs. The molec-
ular 1D PyPbI3 perovskitoids primarily settle at surface grain
boundaries, thereby kinetically suppressing the 𝛼→𝛿 phase tran-
sition in the 3D perovskite. Due to barrier-free interfacial charge
transfer, reduced trap-assisted carrier recombination, and lower
Voc deficit, the top-performing 1D/3D PSC achieved a maximum
PCE of 23.1%, marking one of the best performances to date for
1D/3D PSCs. Moreover, the 1D/3D PSC displayed improved en-
vironmental stability, attributed to the presence of a thermody-
namically stable PyPbI3 capping layer that impedes O2 and mois-
ture permeation. The scalability of 1D/3D PSCs is outstanding,
demonstrating ≈90% PCE retention as the device active area is
increased from 0.09 cm2 to 1.05 cm2. Leveraging this scalability,
we were able to scale up the PSC device fabrication from a single
cell to a module. To create an effective module circuit design, a
laser scriber is typically required to selectively etch the functional
layers and top/bottom contact of the PSCs with precise control.
However, many research groups encounter challenges in produc-
ing high-performance perovskite modules because laser scriber
instruments are not widely accessible. To overcome this limita-
tion, this study aims to propose the use of mechanical scribing
methods as a low-cost alternative for fabricating perovskite mod-
ules with competitive performance in instances where a laser
scriber is not available. By employing the mechanical scribing ap-
proach and 1D/3D perovskite absorber film, the best mechanical-
scribed 1D/3D PSC module achieved an impressive module effi-
ciency of ≈20.6%, with a total power output of ≈270 mW over an
active area of ≈13.0 cm2. This result highlights the benefits of the
mechanical scribing method from a cost perspective. The signif-
icantly enhanced performance of the 1D/3D perovskite solar de-
vice at both the cell and module levels confirms that dimension-
ality engineering is pivotal for the future development and com-
mercialization of low-cost, large-area perovskite photovoltaics.

2. Results and Discussion

The 3D FAPbI3-based triple-cation perovskite films were pre-
pared using pre-synthesized high-purity 𝛿-FAPbI3 perovskite
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Figure 1. a) Schematic fabrication process of 1D/3D perovskite film through extrinsic PyI passivation strategy. b) Structural transition of the perovskite
lattice from pristine 3D structure into 1D/3D heterostructure via cation-exchange reactions. High-resolution FESEM images of c) pristine 3D, d) 1D/3D
(1.5 mg mL−1 PyI), e) 1D/3D (3.0 mg mL−1 PyI), and f) 1D/3D (5.0 mg mL−1 PyI) perovskite films.

powder through a one-step mixed antisolvent technique, as
demonstrated in our previous work.[9] In its pristine state, 3D
polycrystalline perovskite film contains a high number of defects
on its surface, such as grain boundaries, uncoordinated atoms,
interstitial defects, dangling bonds, and chemical impurities. The
density of surface defects in a 3D perovskite film is estimated to
be several magnitudes higher than that in the bulk,[5] and the
defects can create deep-level traps that significantly hinder the
charge transport of PSCs. To address this issue, we used pyrro-
lidinium iodide (PyI) as a bifunctional organic spacer and defect
passivator to create a low-dimensional perovskite capping layer
that alleviates the surface imperfections of 3D perovskite film.
Pyrrolidinium cations (Py+) are relatively small in size compared
to the other bulky organic spacer cations and they can penetrate
into the lattice of 3D FAPbI3 during the surface passivation pro-
cess. During the incorporation process, the Py+ are arranged in
a hexagonal manner between the two 1D face-sharing [PbI3]− oc-
tahedra chains, enabling the in situ formation of 1D PyPbI3 per-
ovskitoids on the surface of 3D FAPbI3 lattice (Figure 1a).

1D PyPbI3 perovskitoids are thermodynamically stable and ex-
hibit a lattice-matching crystal configuration with the underly-
ing 3D FAPbI3 perovskite, therefore can lead to the formation of
1D/3D multi-dimensional perovskite film without creating addi-
tional electrical transport barrier. This unique 1D/3D perovskite
heterophases can be formed in two ways: i) by adding PyI as an
additive during the precursor stage or ii) by applying PyI on the
perovskite film after deposition to act as a surface passivator. Al-
though both methods can produce multi-dimensional perovskite
films with a 1D/3D heterostructure, it is easier to control the dis-
tribution of the PyPbI3 LDPs in the 3D perovskite film using
the post-deposition method. In the post-deposition method, the
bulky PyI molecules are expected to stay on the 3D perovskite sur-
face and interact with the undercoordinated surface Pb atoms.

The modification process starts with Py+ ions being adsorbed on
the perovskite surface, which then undergoes cation exchange re-
actions with the native FA+ ions and negatively charged defects
in the lattice vacancies through electrostatic interactions.[25] This
triggers the formation of PyPbI3 perovskitoids through a 3D →
1D molecular reorganization process, as expressed in the Equa-
tion (1) below:

FAPbI3 (s) + PyI (sol) = PyPbI3 (s) + FA
(
g
)

(1)

During the dynamic spin-coating process, the voluntary ex-
change of FA ↔ Py cations can lead to the (i) dissolution of
FAPbI3 lattice due to the escape of FA+ ions in the form of for-
mamidine (FA) gas and (ii) recrystallization into a 1D PyPbI3
lattice in the presence of absorbed Py+ ions (Figure 1b). Simul-
taneously, the free I− ions from the PyI molecules can occupy
the halide vacancies in the lattice network of FAPbI3 and per-
form defect passivation.[25] With an increase in PyI passivation
concentration, the FAPbI3 perovskite will be exposed to more ad-
sorbed Py+ ions, allowing more cation exchange between Py+ and
FA+ ions. This phenomenon further accelerates the dissolution
of FAPbI3 perovskite and the recrystallization of the PyPbI3 per-
ovskite. Thus, the 1D phase in the PyI-modified perovskite film
becomes increasingly dominant with increasing PyI concentra-
tion. It should be noted that the generation of 1D PyPbI3 lat-
tice occurs predominantly on the surface of the bulk perovskite
film because Py+ are larger in size compared to the native A-
site cations of FAPbI3 such as FA+, methylammonium (FA+)
and cesium (Cs+) cations. Nonetheless, the presence of the 1D
PyPbI3 capping layer can reduce the formation energy difference
between the 𝛿 and 𝛼 phase of the underlying 3D perovskite, thus
inhibiting the phase transition in 1D/3D multi-dimensional per-
ovskite to achieve better stability.
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Figure 2. a) XRD patterns showing the crystallography of pristine 3D (triple-cation) perovskite, 1D (PyPbI3) perovskite, and 1D/3D heterostructure
perovskite samples. b). High-resolution TEM images of PyI-modified perovskite sample captured on (b) the uppermost surface region and c) grain
boundary region. Optical properties: d) absorption spectra and Tauc plots (inset), and e) PL spectra of pristine 3D and 1D/3D perovskite films.

The molecular interactions between the Py+ cations and
the inorganic [PbI3]− chains in FAPbI3 were examined using
attenuated total-reflectance Fourier transform infrared (ATR-
FTIR) spectroscopy. Figure S1 (Supporting Information) displays
the ATR-FTIR spectra of the pure FAI, pure PyI, and FAPbI3
films passivated with varying concentrations of PyI. The neat FAI
displays broadened transmissions from 𝜈(N-H) at ≈3380 cm−1

and 𝜈(C═N) at ≈1720 cm−1. Meanwhile, the neat PyI exhibits
two broadened transmissions from 𝜈(N-H) at ≈3450 cm−1 and
𝜈(C-H) at ≈2989 cm−1. Upon closer examination, it was observed
that there is a strong molecular interaction between FA+ and
[PbI3]− moieties present in all perovskite films, leading to the
narrowing and splitting of the 𝜈(N-H) into quadruple bands at
3400, 3355, 3331, and 3269 cm−1. The vibrational bands of PyI
ultimately merged with the 𝜈(N-H) quadruple band of the PyI-
passivated FAPbI3 films, suggesting strong coordination of Py+

with the [PbI3]− moieties of FAPbI3. No traces of unreacted Py+

were observed in the passivated perovskite films, as evidenced by
the disappearance of the signature 𝜈(N-H) of PyI, confirming that
all Py+ completely transformed into PyPbI3.

The field-emission scanning electron microscope (FESEM)
top-view images in Figure 1c–f depict the surface morpholo-
gies of the perovskite film treated with various concentrations of
PyI (1.5, 3.0, and 5.0 mg mL−1). Before PyI passivation, distinct
hexagonal perovskite grains were visible on the surface of the
pristine 3D perovskite film. (Figure 1c). Interestingly, PyI passiva-
tion has led to the scattered growth of LDP nanostructures, par-
ticularly along the grain boundaries. These loosely-packed LDP
nanostructures are more thermodynamically stable and less sus-

ceptible to environmental degradation, which can prevent the
𝛼→𝛿 phase transformation in 3D perovskite. An increase in the
concentration of PyI passivation further accelerated the growth
of LDP nanostructures near the grain surface and boundary re-
gions, giving rise to 1D/3D heterostructure perovskite film. In
addition to growing 1D PyPbI3, the PyI molecule acted as a de-
fect mediator, passivating the surface grain boundaries that ac-
commodate abundant native defects (charge trap sites) in the per-
ovskite film. Grain size analysis results (histogram plots) showed
that the pristine 3D and 1D/3D perovskite films had average grain
sizes of ≈702 and ≈733 nm, respectively (Figure S2, Supporting
Information).

X-ray diffractometer (XRD) analysis was performed to study
the structural properties and crystallography of the 3D FAPbI3
perovskite, 1D PyPbI3 perovskite, and 1D/3D multi-dimensional
perovskite samples. As observed in Figure 2a, the pristine 3D
perovskite film exhibited dominant (100) and (200) diffrac-
tion peaks corresponding to a cubic 𝛼-FAPbI3 structure (space
group Pm3̅m, a = 6.3621 Å),[3] featuring a 3D network with
corner-sharing [PbI6]4− octahedra.[9] After PyI passivation, the
1D/3D (PyI-modified) perovskite films also displayed a cubic
3D-perovskite structure with a preferred orientation along the
(100) and (200) crystal facets. With an increase in PyI concen-
tration up to 5.0 mg mL−1, the crystallinity of the perovskite
film was gradually enhanced (Figure S3a, Supporting Informa-
tion). Interestingly, the high-resolution XRD pattern (inset of
Figure 2a) revealed the presence of a subtle (*-denoted) diffrac-
tion peak at a 2𝜃 of ≈10.9° in the 1D/3D perovskite film (Figure
S3b, Supporting Information). This peak suggests the possible
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formation of 1D PyPbI3 on the 3D perovskite, as it does not match
with the crystallography of pure PyI salt. To confirm the origin
of this subtle peak, we synthesized phase-pure 1D PyPbI3 per-
ovskite using an antisolvent-assisted crystallization method and
investigated its crystallography. The XRD pattern of PyPbI3 per-
ovskite exhibits a dominant diffraction peak (2𝜃 of ≈10.9°) corre-
sponding to (100) plane reflections of the hexagonal crystal struc-
ture (space group P63/mmc, a = 9.3117 Å) of PyPbI3 with a 1D
[PbI3]– chain network.[26] In the analysis of crystallography, the
asterisk (*) marked peak in the PyI-modified sample can be at-
tributed to the presence of PyPbI3, confirming the role of PyI
as an organic passivator in forming a 1D/3D multi-dimensional
perovskite film. Since no diffraction peak corresponding to PyI
crystal was detected, it can be assumed that all PyI salts were
involved in cation exchange reactions and fully converted into
PyPbI3. The formation of the 1D PyPbI3 phase on the 3D per-
ovskite surface was enhanced with the increase in PyI passiva-
tion concentration due to the intensified Py+ ↔ FA+ cation ex-
change reactions, as reflected by the higher intensity of the (100)
peak for 1D PyPbI3 (Figure 2a). Literature suggests that the lat-
tice mismatch arising from the coexistence of different dimen-
sionality and crystal phases, such as the 1D PyPbI3 (orthorhom-
bic) 3D FAPbI3 (cubic) herein, can result in a strained polycrys-
talline crystal structure with poor structural stability and interfa-
cial discontinuity.[5] To investigate this, the lattice strains of the
pristine 3D and 1D/3D perovskite films were characterized by
XRD, and the strain was computed using the Williamson-Hall
method. Interestingly, the results (Figure S3c, Supporting Infor-
mation) show that the strain due to lattice mismatch decreased
by ≈35% for 1D/3D perovskite film (1.5 mg mL−1 PyI) compared
to the 3D perovskite film. This phenomenon is attributed to the
Vander Waals and hydrogen bonds between PyPbI3 and FAPbI3
perovskites, which allows epitaxial growth of incoherent in-plane
lattice at the 1D/3D heterojunction interfaces, facilitating the
bond-free integration of 1D and 3D perovskite structures while
minimizing the strain from lattice mismatch.[5,27] This finding
is consistent with density-functional theory (DFT) simulation re-
sults reported in the work of Cha et al., demonstrating the ther-
modynamically favorable formation of 1D PyPbI3 system (based
on pyridine bromide) on the surface of 3D FAPbI3 system with
lattice-matched 1D/3D heterojunctions.[18] The mitigated lattice-
mismatch at 1D/3D heterojunctions following PyI passivation
is highly beneficial to the structural stability and optoelectronic
properties of the 1D/3D perovskite film. Additionally, there are no
discernible differences in the crystallography of the 1D/3D per-
ovskite film after high-temperature (150 °C) annealing (Figure
S3d, Supporting Information).

The 1D/3D (PyI-modified) perovskite film was analyzed us-
ing focused-ion-beam transmission electron microscopy (FIB-
TEM) to confirm the coexistence of 1D and 3D perovskite
phases. The resulting FIB-TEM images in Figure S4 (Support-
ing Information) show the layer-by-layer stacked configuration
(ITO/SnO2/perovskite/carbon) of the scanned sample. Different
areas on the perovskite film surface were imaged using FIB-TEM,
and the distinct lattice fringes in the images allowed the identi-
fication of the 1D and 3D perovskite phases. In the uppermost
region of the perovskite surface (sample/carbon interface) where
PyPbI3 LDPs were predominantly present, visible lattice fringes
(marked in red) with an interplane distance (d-spacing) value of

8.0 Å can be observed (Figure 2b). These lattice fringes can be
indexed to the (110) diffraction plane of the 1D orthorhombic
PyPbI3 crystal, confirming the growth of 1D crystal phase in the
perovskite film after PyI passivation. Deeper into the film sur-
face, lattice fringes marked in white with interplane distances or
d-spacing of 3.10 Å corresponding to (200) planes of the 3D cubic
FAPbI3 crystal were also detected. In addition, both 1D and 3D
perovskite phases were detected near the surface grain bound-
ary region, as shown in Figure 2c. Similarly, the visibly larger
lattice fringes marked in red with a d-spacing of 8.0 Å are as-
sociated with the (100) planes of 1D PyPbI3 crystal, while the
smaller lattice fringes marked in yellow with an interplane dis-
tance of 6.3 Å are related to the (100) diffraction plane of the
3D cubic FAPbI3 crystal. The 1D and 3D phases were intricately
linked within the perovskite lattice, suggesting that the overlay-
ing 1D PyPbI3 capping layer has a lattice-matching crystal con-
figuration with the underlying 3D FAPbI3 perovskite. The ability
of 1D PyPbI3 to integrate with the 3D FAPbI3 lattice along vari-
ous crystal planes has resulted in a 1D/3D multi-dimensionality
in the PyI-modified perovskite film without creating signifi-
cant lattice strain or charge transport barrier. The selected-area
electron diffraction pattern in Figure S5 (Supporting Informa-
tion) reveals the polycrystalline nature of the perovskite layer in
the film.

Figure 2d shows that the optical properties of the pristine 3D
and 1D/3D perovskite films are somewhat similar, indicating that
the presence of 1D PyPbI3 capping layer did not impact the ab-
sorption edge position of the 3D perovskite. The Tauc plot (inset)
reveals that the 1D/3D perovskite film has a comparable optical
bandgap (Eg) of 1.53 eV to that of the 3D perovskite film. The op-
tical absorption spectra of perovskite films treated with different
concentrations of PyI are provided in Figure S6 (Supporting In-
formation). Concurrently, the steady-state PL spectra (Figure 2e)
demonstrate that the 1D/3D perovskite film exhibited a higher
radiative PL emission compared to the pristine 3D counterpart,
which can be attributed to the passivation of defect-induced trap
states by the PyPbI3 capping layer.[28]

The surface chemical compositions of the pristine 3D and
1D/3D (PyI-modified) perovskite films were investigated via XPS
measurements. The XPS survey scan spectra (Figure S7, Sup-
porting Information) and core-level spectra (Figures S8 and S9,
Supporting Information) revealed that both 3D and 1D/3D per-
ovskite samples mainly consisted of cesium (Cs), lead (Pb), io-
dide (I), bromide (Br), and nitrogen (N), and carbon (C) elements,
which are the primary constituents of the 3D triple-cation per-
ovskite. While oxygen (O) is not the primary constituent element
of perovskite film, it was detected in both samples, and its pres-
ence offers valuable insight into the surface composition of the
perovskite film. To provide a more concise analysis, the spec-
tra of the mentioned elements were deconvoluted. In Figure 3a,
the broad O 1s spectra of both perovskite samples can be de-
convoluted into three subpeaks with different binding energies
(B.E.), namely O1 (B.E ≈531.6 eV), O2 (B.E ≈532.4 eV), and O3
(B.E ≈533.6 eV). These O components mainly originated from
the degradation of perovskite film due to exposure to surround-
ing air (O2) and humidity (H2O), as explained by Correa-Baena’s
group.[6] The O1 peak could be attributed to the formation of
carbonates (CO3

2−) in the perovskite film resulting from expo-
sure to H2O/air, such as PbCO3. Meanwhile, the O2 peak and
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Figure 3. XPS surface composition analysis: a) O1s, b) C 1s, and c) N 1s core-level spectra of pristine 3D and 1D/3D perovskite samples. ToF-SIMS
depth profiles of the d) pristine 3D and e) 1D/3D perovskite films deposited on ITO substrate. f) Corresponding ToF-SIMS 3D tomography of the 1D/3D
perovskite samples. UPS spectra displaying the g) secondary electron cutoff region and h) valence band onset region of 3D and 1D/3D perovskite
samples. i) Schematic figure illustrating the band offsets between 3D and 1D/3D perovskite films with the other functional layers in a PSC device.

O3 peak suggest the presence of adsorbed O2 molecules (Oads)
and dangling hydroxyl groups (–OH) on the perovskite surface,
respectively. Literature also associates the O3 peak with Pb(OH)2
formation due to moisture permeation.[29] Table S1 (Support-
ing Information) summarizes the precise atomic percentages of
these O components. The 1D/3D perovskite sample exhibited a
significantly lower O atomic ratio than the 1D/3D perovskite sam-
ple, indicating the reduction of non-perovskite phases such as
PbCO3 and Pb(OH)2, and O-related defects such as Oads and -

OH on its surface. The lower O 1s atomic ratio in the 1D/3D per-
ovskite film compared to the pristine counterpart evidenced that
the PyPbI3 capping layer effectively shielded the perovskite from
H2O/air permeation.

The Pb 4f core-level spectra of both the 3D perovskite and
1D/3D perovskite samples displayed two Pb 4f7/2 and Pb 4f5/2
peaks at B.E. of ≈138.6 eV and ≈143.4 eV, respectively (Figures
S8 and S9, Supporting Information). These peaks originated
from the primary Pb constituents in the perovskite lattice. There
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were minimal traces of metallic Pb atoms (Pbo) in both 3D and
1D/3D films, indicating a very low amount of unreacted Pb in
the perovskite film.[30] Meanwhile, both I 3d spectra of the 3D
and 1D/3D perovskite samples displayed two primary peaks cor-
responding to I 3d3/2 and I 3d5/2 spin orbits. According to the
area under the curve calculation (Table S2, Supporting Informa-
tion), the I/Pb ratio in 1D/3D perovskite film is higher, which is
attributable to the additional iodine content supplied by the PyI
passivator molecules during surface passivation treatment. A 3D
perovskite film typically contains a high density of halide (iodine)
vacancies due to the migration of halide (iodine)-neutral atoms
within the adjacent lattice in its 3D network.[2,31] Thus, the addi-
tional I− ions from the PyI passivators can occupy the pre-existing
iodine vacancies in the 3D lattice network, thereby improving the
stoichiometry of the perovskite film.

Figure 3b reveals significant differences between the C 1s core-
level spectra of 3D and 1D/3D perovskite samples. The broad
asymmetric C 1s core-level spectra of both samples were de-
convoluted into a C-C peak (B.E. ≈285.0 eV), a C-N peak (B.E.
≈285.6 eV), a C = N peak (B.E. ≈288.4 eV) and O-C═O (B.E.
≈289.3 eV). In the 1D/3D perovskite sample, the C-C adventitious
peak and C-N subpeak are relatively higher due to the molecular
structure of PyI, which contains C-C and C-N molecular bonds.
Conversely, there are reductions in the intensities of C═NH2 and
O-C═O peaks after PyI passivation. The C═N bond is associated
with the native FA+ ion in the perovskite lattice, whereas the O-
C═O peak could originate from the PbCO3 formed on the per-
ovskite surface. The detection of the carbonate peak in the C 1s
spectrum aligns well with the finding of PbCO3 in the O 1s spec-
trum. The increased detection of the C-N bonds, coupled with the
reduced intensity of the C = N bonds, implies that the perovskite
film surface is dominated by Py+ (from 1D PyPbI3) instead of
FA+ (from 3D FAPbI3) following PyI passivation. The N spectra
were deconvoluted into two subpeaks corresponding to C═NH2

+

(BE ≈400.7 eV) and C-NH2 (BE ≈402.2 eV) bonds (Figure 3c).
Similarly, the detection of the C-NH2 peak, originating from Py+,
was higher in the 1D/3D perovskite sample, while the intensity
of C═NH2 peak originating from FA+ was reduced. This finding
correlates well with the C 1s spectra analysis, reflecting that PyI
passivation has successfully induced the formation of PyPbI3 via
cation exchange reactions that result in the release of volatile FA
from the perovskite network.

The vertical composition of the perovskite films was further
analyzed using time-of-flight secondary ion mass spectrometry
(ToF-SIMS) measurements. The resulting ToF-SIMS depth pro-
files in Figure 3d,e illustrate the vertical distribution of ions in
the pristine 3D and 1D/3D perovskite films as a function of sput-
ter time, respectively. Based on the ToF-SIMS profiles, the PbI3

−,
CsI2

−, CH5N2
+ (corresponding to FA+), and CH3NH3

+ (corre-
sponding to MA+) ions in the perovskite region, and InO− and
SnO2

− ions in the ITO region are homogeneously distributed.
There is a signal of C4H10N+ (corresponding to Py+) in the 3D
perovskite, which comes from background detection. As previ-
ously explained in the literature,[32] it is expected to observe char-
acteristic ions such as C4H10N+ even when their corresponding
compound (in this case, Py+) is absent due to the fragmentation
of other molecular compounds (in this case, FA+ and MA+) dur-
ing sputtering. However, the signal intensity of the C4H10N+ in-
creased by a few orders of magnitude in the 1D/3D perovskite

sample when the corresponding compound (Py+) was present.
In the case of the 1D/3D perovskite sample, the signal of Py+ is
the strongest on the surface and reduced substantially with the
increase of sputtered depth. This finding confirms that the Py+

accumulates primarily at the surface or surface grain boundaries
of the perovskite film to form PyPbI3 capping layer that inhibits
oxygen and moisture permeation. The interface transition region
from the 1D perovskite to the 3D perovskite can be estimated
by fitting the change in intensity of the Py+ to the background
(no Py+). Correspondingly, the C4H10N+ ions in the 1D/3D per-
ovskite film had a stratified distribution compared to the CH5N2

+

and PbI3
− ions, as visualized in the ToF-SIMS 3D tomography

(Figure 3f).
Simultaneously, UPS measurements were carried out to in-

vestigate the effect of PyI passivation on the work function and
electronic band structure of the perovskite film. The Ecutoff and
Eonset values of the pristine 3D and 1D/3D perovskite films were
determined from the photoemission spectra in the secondary
electron cutoff region (Figure 3g) and valence band onset region
(Figure 3h), respectively. There was an upshift in the highest oc-
cupied molecular orbitals (HOMO) levels of perovskite film from
−5.65 eV (3D perovskite) to−5.39 eV (1D/3D perovskite) after PyI
modification, as calculated using Equation S1–S3. The lowest un-
occupied molecular orbitals (LUMO) levels of the perovskite film
also upshifted from −4.12 eV (3D perovskite) to −3.86 eV (1D/3D
perovskite), while the Eg values for both perovskite films were the
same (Table S3). Based on the obtained values, the energy band
structures of 3D and 1D/3D perovskite films were illustrated in
conjunction with the other functional layers (ITO, SnO2 ETL,
spiro-MeOTAD, and Ag) in a complete PSC device (Figure 3i).
With PyI passivation, the HOMO level of 1D/3D perovskite sam-
ple exhibited a smaller energy band offset with the valence band
of spiro-MeOTAD HTL, which could further facilitate the charge
transport efficiency of PSCs.[23] The XPS and UPS results collec-
tively prove that the 1D/3D perovskite film is more favorable for
PSC application compared to the pristine 3D analog.

After investigated how PyI passivation affected the structural
and optoelectronic properties of perovskite film, we proceeded to
study the photovoltaic performance of PSCs based on pristine 3D
and 1D/3D (PyI-modified) perovskite films. Prior to this, we as-
sessed the device performance of 1D/3D PSCs treated with vary-
ing concentrations of PyI (0.5, 1, 1.5, 3.0, and 5.0 mg mL−1). The
results in Figures S10 and Table S4 (Supporting Information) in-
dicate that the optimal PyI concentration for achieving the best
performance in 1D/3D PSCs was 1.5 mg mL−1. This concentra-
tion effectively passivated the surface imperfections of the per-
ovskite film through the formation of PyPbI3 LDPs. When the
concentration of PyI was high (5.0 mg mL−1), the performance
of the 1D/3D PSCs deteriorated as the PyPbI3 capping layer be-
came excessively thick, hindering the perovskite-HTL interfacial
charge transfer. Therefore, the concentration of PyI was fixed at
1.5 mg/mL for the fabrication of 1D/3D PSCs. For clarity, the PSC
device based on pristine 3D and 1D/3D perovskite film will be de-
noted as 3D PSC and 1D/3D PSC, respectively, in the discussion
henceforth.

As illustrated in the inset of Figure 4a, the planar
PSCs had a conventional device architecture of ITO/SnO2
bilayer/perovskite/spiro-MeOTAD/Ag. Our previous study
demonstrated that the dopant-free SnO2 bilayer (Bi-SnO2) has
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Figure 4. Device performance of PSCs: a) J–V characteristic curves and device architecture (inset), b) EQE and integrated Jsc plots of the champion
3D PSCs and 1D/3D PSCs. c) TRPL spectra of 3D and 1D/3D perovskite films. d) Steady-state current density and efficiency spectra and e) Voc versus
illumination intensity plots for 3D PSCs and 1D/3D PSCs. f) Dark I–V curves and device structure (inset) of 3D and 1D/3D single-carrier devices.
g) Figure-of-Merits (FoM) plots of multi-dimensional (1D, 1D/3D and 2D/3D) PSC devices based on different PyI-modified perovskite
films.[18,25,26,33,37–41] h) J–V curves of 1D/3D PSCs fabricated with different active areas. i) PCE distributions (whisker plots) of 3D PSCs and 1D/3D
PSCs with the increase of active areas.

a compact-porous morphology and distinctive amorphous-
crystalline charge transfer properties.[35] These properties are
crucial for improving the ohmic contact and interfacial morphol-
ogy between the ETL and the perovskite film, which is necessary
for the scalable fabrication of PSCs. The current density-voltage
(J-V) curves in Figure 4a show that the 3D PSC (pristine) device
achieved a Voc of 1.098 V, a Jsc of 23.31 mA cm−2, and a fill factor
(FF) of 79.52%, resulting in a PCE of 20.35%. A remarkable
improvement was observed in all photovoltaic parameters of
the PSC after PyI passivation, especially the Voc. The PCE of
the 1D/3D PSC device (target) device was improved to 23.12%,
which was substantiated by an elevated Voc of ≈1.149 V, a Jsc
of 24.13 mA cm−2, and an increased FF of ≈83.46%. Both 3D
PSC and 1D/3D PSC exhibited a negligible hysteresis (Figure
S11, Supporting Information). The 1D/3D PSC also exhibited a
higher EQE than the 3D PSC in the UV–vis region (Figure 4b).

From the EQE spectra, the integrated Jsc values for the 3D
and 1D/3D PSCs were found to be 22.78 and 23.46 mA cm−2,
respectively, which correlates well with the measured Jsc values.
In addition, the PCE histogram plots in Figure S12 (Supporting
Information) show that the photovoltaic performance of the
1D/3D PSCs was consistently higher than the 3D PSCs.

To determine if the newly-formed 1D PyPbI3 contributes to
the photovoltaic performance of the 1D/3D PSCs, we fabricated
1D PSCs by replacing the 3D triple-cation perovskite absorber
with 1D PyPbI3. As shown in Figure S13 (Supporting Informa-
tion), the PCE of the 1D PSC is rather low (<1%) because the 1D
PyPbI3 perovskitoids are known to exhibit a wide Eg and unidi-
rectional charge transport, similar to the previous result reported
by Xu’s group.[33] Therefore, the PCE improvement of the 1D/3D
PSCs observed herein can be primarily ascribed to the suppres-
sion of non-radiative recombination loss associated with defect
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trap states in the 3D perovskite film following PyI modification.
To validate our claim, we performed TRPL measurements to
analyze the recombination dynamic of photoexcited charge car-
riers of both 3D and 1D/3D perovskite films. In the absence of
ETL/HTL, the charge carriers generated in a perovskite film can
either undergo band-to-band recombination to produce radia-
tive emission or recombine non-radiatively in the shallow trap
states.[34] The spectra data presented in Figure 4c reveals that
the 1D/3D perovskite film exhibited a significantly slower fluo-
rescence decay compared to its 3D counterpart. By employing
a quadruple-exponential decay function (Equation S4), the flu-
orescence lifetime (𝜏PL) of the perovskite film was determined
to have increased from 170 ns (3D perovskite) to 330 ns (1D/3D
perovskite) following PyI modification. Detailed fitting parame-
ters for the calculations of 𝜏PL can be found in Table S5 (Support-
ing Information). The observed slower photoluminescence decay
and extended 𝜏PL value imply a reduced non-radiative recombina-
tion rate in the 1D/3D perovskite film due to a lower presence of
defect-induced trap states.

The operational stability test involved continuously record-
ing the stabilized steady-state current density (Jstable) and PCE
(PCEstable) of the 3D PSCs and 1D/3D PSCs (tracked at the maxi-
mum power point, MPP) under one-sun illumination for 1000 s.
Remarkably, neither device exhibited any noticeable decline in
performance after the measurements (Figure 4d). However, the
PCEstable of the 1D/3D PSC (≈21.9%) was ≈10% higher than
that of the 3D PSCs (∼19.9%). Furthermore, the Voc variations
of the PSCs was investigated under different intensities. It was
observed that the Voc for both 3D and 1D/3D PSCs increased lin-
early with light intensity (Figure 4e), indicating that the presence
of the 1D PyPbI3 capping layer did not create an additional charge
transport barrier in the PSCs. To gain insight into the recombi-
nation dynamics., the diode ideality factor (IF) of both 3D and
1D/3D PSCs was determined from their respective fitted kBT/q
slopes, where kB represents the Boltzmann constant, T repre-
sents the temperature, and q represents the electric charge. Typ-
ically, a minor deviation in kBT/q slope with IF = 1 reflects a
dominant second-order bimolecular recombination, while a ma-
jor deviation in kBT/q slope with IF = 2 implies a dominant
monomolecular Shockley–Read–Hall (SRH) recombination.[36]

In view that the kBT/q slope of 1D/3D PSC exhibited a smaller
IF (1.47 kBT/q) than the 3D PScs (1.73 kBT/q), clearly demonstrat-
ing that the 1D PyPbI3 capping layer helped to suppress trap-
assisted SRH recombination in the PSCs through surface defects
and grain boundary passivation.

For in-depth defect density analysis, space-charge-limited cur-
rent measurements were performed on electron-only devices
with a configuration of ITO/Bi-SnO2/perovskite/PCBM/Ag, en-
compassing either 3D perovskite or 1D/3D perovskite films as
photoabsorber. The trap-filled limited voltage (VTFL) values of
the single-carrier devices were fitted from the dark I–V curves
(Figure 4f), and the trap density (Ntrap) values were determined
via Mott-Gurney relation (Equation S5, Supporting Information).
The 1D/3D single-carrier device had a lower VTFL of ≈0.79 V
compared to the 3D counterpart with a VTFL of ∼1.04 V. Cor-
respondingly, the trap densities of 1D/3D single-carrier device
(7.23× 1015 cm−3) was lower than that of the 3D counterpart
(9.82× 1015 cm−3). The reduced defects of 1D/3D perovskite film
can help to suppress bimolecular carrier recombination, allow-

ing 1D/3D PSC device to achieve tremendously higher PCE. As
a comparison, Figure 4g and Table S6 (Supporting Information)
summarize the photovoltaic performances of representative PSC
devices based on PyI-modified perovskites with different compo-
sitions and dimensionalities (1D, 2D, 3D) that are available in
the recent literature.[18,25,26,33,37–41] Among all studies, the 1D/3D
(PyI-modified) PSC developed herein exhibited the highest PCE,
manifesting the efficacy of PyI treatment strategy in the develop-
ment of low-cost, high-performance perovskite absorber.

Furthermore, the long-term stability of 3D PSCs and 1D/3D
PSCs under ambient air and in an inert environment (N2-filled
glovebox) was investigated. For stability tests, the Ag top contact
in the PSCs was replaced with the extremely air-stable Au top
contact (≈90 nm thick), and the devices were not encapsulated.
After ≈2400 h of aging in an ambient environment (temperature:
18–23 °C; relative humidity: 15–20%), the PCE retention of the
3D PSCs deteriorated to well below 70%, whereas the PCE re-
tention of 1D/3D PSCs remained above 85% under similar test
conditions (refer to Figure S14a, Supporting Information). When
stored in an N2-filled glovebox (O2 ppm <0.1; H2O ppm < 0.1),
the PCE deterioration of both 3D PSCs and 1D/3D PSCs was
mitigated, with both devices exhibiting >80% PCE retention due
to the lack of moisture and oxygen-induced degradations (Figure
S14b, Supporting Information). The results demonstrated the su-
perior stability of 1D/3D PSCs compared to the pristine PSCs,
which is credited to the 1D PyPbI3 capping layer that hindered
the oxygen and moisture permeation into the perovskite film.

The scalability of the PSCs also benefited from the defect
passivation effect of PyI, in addition to enhanced device perfor-
mance and stability. For the scalability study, 3D PSCs and 1D/3D
PSCs were fabricated with various active areas (0.09, 1.05, and
2.10 cm2). Figure S15 (Supporting Information) shows that the
PCE of 3D PSCs deteriorated rapidly from 20.35% (0.09 cm2) to
17.44% (1.05 cm2) and ≈15.51% (2.10 cm2) as the active area in-
creased. Large-area (>1 cm2) PSCs typically exhibit lower PCE
than their small-area (0.09 cm2) counterparts due to increased
series resistance and surface pinholes/defects that hinder lateral
charge transport. However, in the case of 1D/3D PSCs, the PCE
loss due to defects and inhomogeneities was mitigated through
PyI passivation during scaling up. The top-performing large-area
1D/3D PSCs achieved a PCE of 20.72% and 18.99% for active
areas of 1.05 and 2.10 cm2, respectively (Figure 4h). The per-
formance loss associated with the scale-up process for 3D PSCs
and 1D/3D PSCs is compared in Table S7 (Supporting Informa-
tion), in which the latter exhibited a higher PCE retention (≈82%)
than the former (≈76%) with the increase of active area from
0.09 cm2 to 2.10 cm2. The performances of large-area 3D PSCs
and 1D/3D PSCs were also highly consistent and reproducible,
as shown by the PCE distribution analysis in Figure 4i. Taking
average from 15 devices fabricated in four different batches, the
large-area (2.10 cm2) 3D PSCs and 1D/3D PSCs recorded an av-
erage PCE of ≈14.8% and ≈18.1% respectively, showing the in-
creasingly higher PCE disparity between the two types of PSCs
with the increase of active area.

For practical applications, perovskite modules are preferred
over individual cells because they can generate significantly
higher power output. Drawing inspiration from the more bal-
anced performance-scalability tradeoff of the 1D/3D PSCs,
we applied the PyI modification to fabricate perovskite solar

Small Methods 2024, 2400850 © 2024 The Author(s). Small Methods published by Wiley-VCH GmbH2400850 (9 of 13)

http://www.advancedsciencenews.com
http://www.small-methods.com


www.advancedsciencenews.com www.small-methods.com

Figure 5. a) Schematic illustration of the low-cost mechanical scribing process of PSM performed using a 3D-DIW instrument. b) Digital image of a
large-area perovskite film deposited on P1-scribed ITO substrate (left), large-area perovskite film after P2 scribing (center), and the complete PSM after
P3 scribing (right). Schematic images showing the c) six series-connected cells and d) P1-P2-P3 electrical interconnections between the adjacent cells in
the mechanically-scribed PSM. e) Optical microscopic image showing the P1, P2, P3 grooves and dead areas on the PSC. f) J–V curves and g) steady-state
current density and PCE spectra of the top-performing 1D/3D PSC module tracked at MPP. h) Whisker plots showing the PCE distributions of 3D and
1D/3D PSMs.

minimodules (PSMs). The PSM is based on a device architec-
ture similar to that of the 1D/3D PSCs except for the top contact
and uses a P1-P2-P3 electrical interconnection scheme. However,
the perovskite absorber film in the PSM was prepared using a
vacuum-assisted drying technique instead of the antisolvent tech-
nique, as the latter is not effective in producing a uniform per-
ovskite film over a large area. In order to lower the fabrication
costs, the electrical interconnections in the PSMs were created
using a mechanical scribing method with a 3D direct-ink writing
(3D-DIW) instrument instead of laser scribing. The step-by-step
fabrication process of the PSM, including the mechanical scrib-
ing part, is depicted in Figure S16 (Supporting Information). To
summarize, the module fabrication process involved preparing a

large-area 1D/3D perovskite absorber film and other functional
layers (Bi-SnO2 ETL and Spiro-MeOTAD HTL) on the P1-scribed
(5 cm × 5 cm) ITO substrates (Figure S17, Supporting Informa-
tion). Before gold (Au) contact deposition, the stacked functional
layers (Bi-SnO2/perovskite/Spiro-MeOTAD) were mechanically
scribed off the ITO substrate with a metal needle at a moving
speed of 2 mm s−1 to create P2 grooves (Figure 5a). After Au
deposition, the module was mechanically scribed again to cre-
ate P3 grooves that isolate the top Au contact to complete PSM
fabrication (Figure 5b). The resulting PSM consisted of six sub-
cells connected in series that collectively yielded a total active area
of 12.0−14.0 cm2 (Figure 5c). The schematic P1-P2-P3 intercon-
nection architecture of these subcells is illustrated in Figure 5d.
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Specifically, the P1 scribing process creates grooves in the bot-
tom ITO electrode of neighboring cells for electrical isolation.
The P2 scribing process selectively removes a slice of stacked
functional layers on top of the glass/ITO substrate to create a
series connection between the adjacent cells following the de-
position of Au electrode. The P3 scribing process separates the
top Au electrode for electrical isolation among the neighboring
cells.[42] The spaces between the P1 and P3 grooves of the ad-
jacent subcells are considered dead (photo-inactive) areas that
do not contribute to photocurrent generation. The optical micro-
scope image in Figure 5e visualizes the P1, P2, and P3 grooves
on the champion 1D/3D PSM. By measuring the inter-distances
and line widths of P1, P2, and P3 grooves, the champion 1D/3D
PSM was found to have a geometrical fill factor (photoactive
area/total area) as high as ≈87% with an active area of ≈13.0
cm2. On the back of a high VOC of 6.69 V, JSC of 4.05 mA cm−2,
and FF of 76%, the best 1D/3D PSC module (≈13.0 cm2) yielded
an unprecedentedly high module efficiency (PCEmodule) of 20.6%
and a power output of ≈270 mW (Figure 5f). To the best of our
knowledge, this is currently the highest performance achieved by
mechanically-scribed PSMs. In a standard operational reliability
test, the 1D/3D PSM recorded less than a 2% drop in PCE after
500 s of continuous maximum power point tracking under one-
sun illumination, yielding a Jstable of 3.49 mA cm−2 and a PCEstable
of 19.1% (Figure 5g). The 1D/3D PSMs also exhibited consis-
tently higher PCEmodule than the pristine 3D PSMs throughout
different batches of fabrication (Figure 5h), which we attribute to
improved homogeneity and reduced morphological defects of the
1D/3D perovskite film. The excellent photovoltaic performance
of the 1D/3D PSMs achieved herein demonstrated the scalabil-
ity of 1D/3D perovskite absorber film, on top of highlighting the
compatibility of mechanical scribing technique with the low-cost
production of perovskite photovoltaics.

3. Conclusion

In summary, we have demonstrated the use of a bulky organic
passivator, namely PyI, to fine-tune the dimensionality and struc-
tural stability of FAPbI3 perovskite film, which notably enhanced
the efficiency and stability in PSCs. Our innovative passivation
strategy has led to the formation of a 1D PyPbI3 capping layer
atop the 3D FAPbI3 perovskite absorber film, effectively reducing
the surface defects and grain boundaries that cause non-radiative
recombination of charge carriers. Structural characterizations re-
veal that the PyPbI3 perovskitoids can create a lattice-matched
1D–3D interface through bonding interactions with the uncoor-
dinated Pb ions/atoms on the surface of FAPbI3 perovskite. Af-
ter PyI passivation, the newly formed 1D/3D perovskite film ex-
hibited an extended fluorescence lifetime due to the reduction of
deep trap states associated with defects. As a result, the 1D/3D
PSC device achieved a remarkable PCE of ≈23.1%, outperform-
ing the pristine 3D PSC device (PCE of ≈20.3%). Furthermore,
the 1D/3D PSCs displayed superior scalability and stability due
to the bifunctional role of the 1D capping layer as a defect passi-
vator and degradation barrier. The improved scalability of 1D/3D
PSCs enabled the mechanically scribed PSC module (active area
≈13.0 cm2) to produce a PCEmodule of ≈20.6% with a total power
output of ≈270 mW. The use of PyI for dimensionality engineer-
ing is cost-effective and easily reproducible. Notably, this work

highlights the benefits of utilizing multi-dimensional (1D/3D)
perovskite structures and mechanical scribing for the fabrication
of low-cost PSC devices with competitive performance at both the
cell and module levels.

4. Experimental Section
Fabrication of PSC Devices and Modules: Conventional n-i-p structured

PSC devices were fabricated using a solution-based method, employing
a amorphous–crystalline Bi-SnO2 as electron transport layer (ETL) and
spiro-MeOTAD as hole transport layer (HTL).[35] To fabricate 3D per-
ovskite film, a 1.8 m of FAPbI3-based triple-cation perovskite precursor
solution was prepared using pre-synthesized 𝛿-FAPbI3 crystallite powder
and methylammonium chloride (MACl), and doped with 7.5 vol.% of CsI-
PbI2 complex additive (1.15 m in DMSO).[3] The perovskite films were pre-
pared on ITO substrates using a one-step antisolvent technique, employ-
ing ethyl acetate-hexane (7:3 vol/vol) as mixed antisolvent. To fabricate
1D/3D multi-dimensional perovskite film, 100 μL of PyI solution (0.5–
5.0 mg mL−1 in IPA) was spin-casted onto the as-prepared perovskite
film at 5000 rpm for 40 s in an N2 glovebox and left for overnight dry-
ing. Then, spiro-MeOTAD HTL and Ag top contacts were spin-coated and
thermally evaporated, respectively, onto the perovskite films to complete
the device fabrication process. For the fabrication of PSM, large-area per-
ovskite film was prepared on readily P1-scribed ITO substrates (5 cm ×
5 cm) using a vacuum-assisted drying technique. Mechanical scribing pro-
cesses of PSMs were performed using a 3D-DIW instrument (SHOTMAS-
TER 350Ωx, Musashi Engineering, Japan). The top Ag contacts were re-
placed with Au contacts for the fabrication of PSM. The detailed fabrication
recipes of the PSCs and PSMs are provided in Section S1.2 (Supporting
Information) and Section S1.3 (Supporting Information), respectively. Ad-
ditionally, the step-by-step fabrication process of the PSM, including the
mechanical scribing part, can be found in Figure S16 (Supporting Infor-
mation).

Materials and Device Characterizations: The surface morphologies and
crystallographic changes of the perovskite films were examined using a
field-emission scanning electron microscope (FESEM, SUPRA40VP, Carl
Zeiss, Germany) and an X-ray diffractometer (XRD, X’PERT-PRO, PANa-
lytical), respectively. The lattice fringes of the perovskite films were visual-
ized using a Cs-corrected high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM, JEM-ARM 200F, JEOL, Korea).
All of the characterization facilities mentioned are installed at the Center
for University-wide Research Facilities (CURF) at Jeonbuk National Uni-
versity. The optical absorption and photoluminescence of the perovskite
films were measured by a UV–vis spectrometer (PerkinElmer Lambda 750,
USA) and a fluorescence spectrophotometer (FluroMax-4, Horiba, Japan),
respectively. The surface composition and work function of the perovskite
films were analyzed using an X-ray photoelectron spectroscopy (XPS, Multi
Lab 2000, Thermo Scientific, USA). The ATR-FTIR spectra of the perovskite
films were collected from a Fourier transform infrared spectrometer (FTIR,
Spectrum 3, Perkin Elmer, USA) using an attenuated total reflectance
method. The vertical composition and depth-dependent positive/negative
ion distributions (depth profiles) of the perovskite films were acquired
from a time-of-flight secondary-ion mass spectrometry (ToF-SIMS 5, ION-
TOF, Germany). Time-resolved PL (TRPL) profiles of the perovskite films
were acquired from a time-correlated single-photon counting system (TC-
SPC, TimeHarp 260, PicoQuant, Germany). The current density–voltage
(J–V) curves of the PSCs and PSMs were measured by a source-measure-
unit instrument (Keithley 2400, Tektronix, USA) under 1-sun illumination
by a solar simulator (Oriel 3A, Newport, USA) equipped with an AM 1.5G
filter. The EQE of the PSCs was measured using a quantum efficiency mea-
surement system (Oriel IQE-200, Newport, USA). The performances of the
PSC devices were measured in ambient air without any preconditioning.
The detailed characterization information of the perovskite films and PSC
devices is available in Supporting Information.

Statistical Analysis: The PCE values of PSCs (n = 15) and PSMs
(n = 18) were statistically analyzed in the form of Whisker plots us-
ing Origin 9.0 software, as shown in Figures 4i and 5h, respectively.
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Additionally, Origin 9.0 software was used to generate Whisker plots (n
= 25) for the photovoltaic parameters (Voc, Jsc, FF, and PCE) of PSCs in
Figure S12 (Supporting Information). The grain size distributions of per-
ovskite films were represented through histogram plots (n = 50) in Figure
S2 (Supporting Information), which were based on the measurement val-
ues obtained from ImageJ software.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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