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Abstract: Perovskite solar cells (PSCs) incorporating 2D/3D heterostructures have exhibited remarkable improvements in both power
conversion efficiency and operational stability. Nevertheless, the prevalent spin-coating fabrication technique presents formidable
challenges for scalable manufacturing processes. Herein, we present a blade-coating compatible methodology for fabricating high-
performance 2D/3D PSCs utilizing a low-volatility t-amyl alcohol (t-AmOH) -dimethylformamide (DMF) mixed solvent system.
Through systematic materials characterization and comprehensive device performance analysis, we demonstrate that this approach
facilitates uniform spatial distribution of butylammonium iodide (BAI) organic spacers, thereby promoting the formation of a high-quality
2D/3D perovskite architecture characterized by enhanced crystallinity and substantially reduced defect density. The optimized device
achieves a champion power conversion efficiency of 22.25% while demonstrating exceptional operational stability, retaining 83% of its
initial performance after prolonged exposure under ambient conditions (45% relative humidity) for 1 000 h.
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achieving certified power conversion efficiencies (PCEs)

0 Introduction exceeding 24 %", Nevertheless, substantial challenges

Perovskite solar cells (PSCs) have emerged as a highly persist in realizing scalable manufacturing, particularly

competitive next-generation photovoltaic technology due concerning device stability under operational conditions.

to their exceptional optoelectronic properties, low The primary extrinsic factors contributing to performance

fabrication costs, and rapidly improving power conversion degradation in PSCs encompass environmental humidity ,

thermal exposure, atmospheric oxygen, and light

efficiencies. Notably, the blade-coating fabrication

technique enables scalable production of large-area PSCs,
positioning this technology with substantial market
potential across diverse application domains including
mobile power systems, information electronics, high-
altitude platforms, portable electronic devices, wearable
technologies, intelligent transportation infrastructure, and
building-integrated photovoltaic solutions™ %\
blade-coated PSCs have

significant research attention within the scientific

Consequently, garnered

community. Over the past decade,
PSCs have
advancement, with state-of-the-art blade-coated PSCs

blade-coating

methodologies  for undergone  rapid

irradiation, among which moisture ingress represents the
most critical degradation pathway'®.

To address the critical challenge of moisture-induced
instability in PSCs, researchers have extensively explored
multifaceted strategies, particularly focusing on blade-
coating hydrophobic interfacial modification materials at
functional layer interfaces. Furthermore, Lin et al.
developed an advanced dual interfacial modification strategy
employing ethanolamine (EA) in synergistic combination
with  [2-(9H-carbazol-9-yl) ethyl]
(2PACz) for PSCs, wherein the complementary chemical

phosphonic acid

structures of EA and 2PACz enabled synergistic passivation
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effects that enhanced the photostability of perovskite thin
films, consequently leading to significantly improved device
stability. Although these pioneering approaches have
demonstrably enhanced PSC stability, the intrinsic
hydrophilic nature and inherent chemical instability of
perovskite materials remain fundamental challenges that
continue to impede the realization of long-term operational
stability  required for commercial applications.
Fundamentally addressing this critical issue necessitates
enhancing the intrinsic hydrophobicity of perovskite
materials, which would provide a robust and
comprehensive solution to the pervasive moisture instability
problem plaguing PSCs"". Constructing a 2D/3D
perovskite heterostructure at the interface between the
perovskite active layer and charge transport layers
represents an optimized architectural design, as the long
organic chains inherent in 2D perovskites substantially
enhance material hydrophobicity while maintaining 3D
perovskite as the primary electronic framework ensures
optimal carrier transport characteristics. Sidhik et al."™
reported an innovative solution engineering methodology
for fabricating 2D/3D perovskite heterojunctions, enabling
the controlled deposition of 2D perovskites with thicknesses
exceeding 50 nm while preserving exceptional phase purity
and uniformity, and utilizing a 2D/3D perovskite
heterojunction as the photoactive layer, their device
architecture achieved outstanding performance metrics
including a certified PCE of 24.5% and remarkable Ty,
operational stability exceeding 2 000 h. Niu et al."* further
advanced this field through the development of a series of
diammonium  spacers specifically engineered for
constructing ionic 2D/3D perovskite heterostructures,
among which the 2D/3D device based on 2, 2-
(ethylenedioxy) bis (ethylammonium)  achieved  an
impressive PCE of 22.6% coupled with exceptional
thereby highlighting the

transformative potential of spacer chemistry design for high-

environmental — stability,
performance 2D/3D PSCs. However, it is important to
note that all previously reported 2D/3D perovskite
architectures were fabricated exclusively using the spin-
coating process, whereas large-area blade-coating has
emerged as an essential manufacturing pathway for the

perovskite  solar  cells"™'".

industrialization  of
Consequently, the adaptation of 2D/3D perovskite
fabrication to blade-coating processes remains insufficiently
developed, with one of the primary technical challenges
stemming from the rapid evaporation kinetics of highly
volatile, low-boiling-point solvents such as isopropanol
(IPA) typically employed to dissolve 2D perovskite organic

ammonium salts, which leads to non-uniform distribution

of the 2D perovskite organic ammonium salts at the active
layer interface and significant difficulties in forming high-
quality 2D/3D perovskite structures during the blade-
coating process'” . Therefore, the development of blade-
coating methodologies for constructing high-quality 2D/3D
perovskite structures holds substantial scientific significance
and represents a critical frontier in advancing scalable PSC
manufacturing technologies.

Herein, we present an innovative blade-coating
methodology for fabricating high-performance 2D/3D
PSCs through a strategically engineered low-volatility
mixed solvent system, specifically utilizing tertiary amyl
alcohol (t-AmOH) with inherently low volatility and
dimethylformamide (DMF) as co-solvents, in conjunction
with butylammonium iodide as the organic spacer solute,
to enable controlled in-situ growth of 2D/3D perovskite
heterostructures during the blade-coating process. This
approach leverages the distinct physicochemical properties
of the solvent system, wherein the reduced volatility of t-
AmOH facilitates uniform spatial distribution and gradual
deposition of butylammonium iodide atop the perovskite
active layer, thereby promoting homogeneous interfacial
integration, while DMF simultaneously accelerates
Ostwald ripening kinetics to enhance the crystallization
quality of the 2D/3D perovskite architecture and optimize
charge carrier transport characteristics at the
heterointerface. The resultant blade-coated 2D/3D PSCs
demonstrate exceptional photovoltaic performance,
achieving a PCE of up to 22.25% , which represents a
substantial improvement over conventional device
architectures. Furthermore, the intrinsic hydrophobic
nature of the engineered 2D/3D perovskite structure
confers enhanced environmental stability, enabling the
fabricated devices to retain over 80% of their initial
efficiency after prolonged storage under ambient
atmospheric conditions (~45% relative humidity) for
1 000 h. We posit that this work establishes a robust
technical paradigm for blade-coating fabrication of high-
performance 2D/3D perovskite solar cells, offering
significant potential for scalable manufacturing of stable

photovoltaic devices.

1 Experiment

1.1 Materials

Lead iodide (Pbl,), formamidinium iodide (FAI),
methylammonium iodide (MAID), methylammonium
chloride (MACI) , (BAD ,
bathocuproine (BCP) , and fullerene (Cg,) were purchased
from Xi’ an Yuri Solar Co., Ltd. Poly-4PACZ was

butylammonium iodide
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obtained from Wuhu Weiran New Energy Materials
Technology Co., Ltd. All solvents, including t-AmOH,
isopropanol, chlorobenzene and DMF were sourced from
Sigma-Aldrich.

1.2 Device fabrication

The perovskite precursor was formulated by dissolving
Pbl, (1.2 mmol), FAI (0.84 mmol), and MAI
(0.3 mmol) in anhydrous DMF (1 mL). Prior to device
fabrication, the ITO-coated glass substrates were
thoroughly cleaned through sequential ultrasonication in
acetone and isopropanol (10 min for each solvent) followed
by nitrogen blow-drying. The hole transport layer (HTL)
solution was prepared by dissolving 5 mg of Poly-4PACZ
in a mixed solvent system consisting of 600 pl. chloroform
and 400 pl. methanol. A 20 pL aliquot of this solution was
then blade-coated onto the pre-cleaned ITO substrates,
which were subsequently annealed immediately on a
hotplate at 100 °C for 10 min to ensure proper film formation
and solvent removal. Immediately following the HTL
deposition, 20 pl. of the perovskite precursor solution was
blade-coated onto the Poly-4PACZ-coated ITO substrate,
followed by thermal annealing at 150 “C for 30 min to
facilitate complete crystallization of the perovskite active
layer. The BAI passivation layer was subsequently
deposited using two distinct blade-coating methods to
construct the 2D/3D perovskite heterostructure: a solution
of BAT (4 mg-mL " in IPA) was prepared, and 20 pl. was
blade-coated onto the perovskite film; BAT (4 mg-mL ")
was dissolved in t~-AmOH with varying DMF volume
ratios, and 20 pLL of the solution was blade-coated under
identical conditions. The device fabrication was completed
by thermally evaporating a multilayer electrode structure
under high vacuum (<{5X107* Pa), beginning with a
precisely controlled 2 nm BCP (bathocuproine) buffer layer
at 0.2 A s
recombination. This was followed by sequential deposition

deposited to minimize interfacial
of a 25 nm C,, electron transport layer at 0.5 As ! for
optimal charge extraction and a 100 nm Ag top electrode at

1.0A-s L.
1.3 Characterizations

The current density-voltage (J-V) characteristics and
maximum power point (MPP) tracking were performed
under standard AM 1.5 G illumination (100 mW +cm™?)
using an ABET SUN 3000 solar simulator coupled with
a Keithley 2400 source measurement unit, with light
intensity calibrated using a reference silicon photodiode
(ABET Technology). External quantum efficiency
(EQE) measurements were conducted with a Newport

QE-PV-SI system incorporating a monochromator and
source meter. Crystallographic analysis was performed
using a Rigaku Smartl.ab 3000 X-ray diffractometer.
Microstructural characterization was carried out using a
JEOL JSM-6340 scanning electron microscope.

2 Results and discussion

To systematically investigate the effects of the low-
volatility mixed solvent system on the growth morphology
and crystalline quality of 2D/3D perovskite films, we
fabricated ITO/ Self-assembled monolayer/perovskite
stacked structures via blade coating for comprehensive
characterization, with the resulting perovskite films
different

comprehensively analyzed through scanning electron

prepared  using processing  methods
microscopy (SEM) as presented in Fig.1(a) — (c). The
standard perovskite film (without any post-treatment)
exhibits numerous Pbl, crystallites and relatively small
grain sizes, whereas the perovskite film modified with a
BAI layer (dissolved in isopropyl alcohol, denoted as BAI-
IPA) fabricated by blade-coating atop the standard
perovskite film demonstrates complete disappearance of
Pbl, crystallites due to Lewis acid-base coordination
between BAIT and Pbl,, leading to the formation of 2D
perovskite phases; however, the BAI-IPA film shows
considerable surface roughness resulting from the high
volatility of IPA which causes rapid solvent evaporation
during the coating process, leading to non-uniform BAI
distribution and consequently uneven 2D perovskite
coverage after annealing. In contrast, the 2D/3D perovskite
film prepared using the low-volatility mixed solvent system
(denoted as BAI-t-AmOH-DMF with 0.8% DMF by
volume) exhibits exceptionally smooth and uniform
morphology, as the low volatility of t~-AmOH enables more
homogeneous BAT distribution during the coating process,
thereby facilitating optimal interfacial contact with the upper
charge transport layer and significantly reducing interfacial
defect density. Furthermore, we observe significantly
enlarged perovskite grains in the BAI-t-AmOH-DMF
film, which can be attributed to trace DMF promoting grain
coalescence between 3D and 2D perovskite phases through
Ostwald ripening, a process where smaller grains merge
and grow into larger crystalline structures. Consequently,
the BAI-t-AmOH-DMF film exhibits superior crystallinity
and flatter surface morphology, as corroborated by atomic
force microscopy (AFM) measurements presented in Fig.1
(d) — (), with RMS roughness values quantified at 29 nm
for the control film, 25 nm for the BAI-IPA film, and 22
nm for the BAI-t-AmOH-DMF film, while XRD analysis
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reveals significantly stronger perovskite diffraction peaks
for the BAI-t-AmOH-DMF film compared to the other
two samples. These comprehensive morphological and
crystallographic characterization results demonstrate that
the t-AmOH-DMF mixed solvent system simultaneously
enables uniform BAI distribution across the underlying
perovskite layer through minimized solvent evaporation
during blade-coating facilitated by the low volatility of
t-AmOH and maintains the perovskite surface in an

BAI(IPA)

TR
Control

200 nm

Control BAIIPA)

100 nm

optimally reactive state through the controlled partial
dissolution effect from trace DMF, thereby promoting
complete conversion of Pbl, and facilitating Ostwald
ripening to form large-grained 2D/3D perovskite structures
with enhanced crystallinity as illustrated in Fig. 1(g) ,
ultimately indicating that the BAI-t-AmOH-DMF film
possesses superior charge transport properties and lower
defect density based on the observed morphological and

crystallographic improvements.

BAI(1-AmOH+DMF)

200 nm

BAI(1-AmOH+DMF)

!IIIIIIIIIIIIIIIII! ( I I I I I I ]

(8

Fig. 1 SEM images of (a) standard perovskite film, (b) BAI-IPA perovskite film, and (c¢) BAI-t-AmOH-DMF perovskite film,
respectively; (d) Atomic force microscopy (AFM) topographic images of standard perovskite film, (e) BAI-IPA perovskite film,
and (f) BAI-t-AmOH-DMTF perovskite film, respectively; and (g) Schematic illustration of perovskite film growth under different

processing conditions.

X-Ray diffraction (XRD)
corroborates these findings, revealing that the BAI-t-
AmOH-DMF film exhibits the weakest Pbl, diffraction
peaks alongside the most intense perovskite signals
(Fig. 2), a
demonstrating that the t~-AmOH-DMF solvent system

simultaneously facilitates complete conversion of residual

characterization further

distinct  crystallographic  evolution

Pbl, through enhanced reaction kinetics with BAT and
promotes Ostwald ripening-mediated growth of larger
2D/3D perovskite grains. The suppressed Pbl, signatures
confirm efficient consumption of lead iodide on the film
surface during the phase transformation process, while the
sharpened perovskite peaks reflect improved crystallinity
with preferred orientation.
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Fig. 2

XRD results for each kind of perovskite films.
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To validate our hypothesis, we conducted steady-
(PL)
perovskite films fabricated using different methods
(Fig.3) , with the BAI-t-AmOH-DMF films grown on
(without hole
exhibiting the strongest PL intensity followed by BAI-

state  photoluminescence measurements on

glass substrates transport  layers)

IPA and control films (Fig.3(a)), a result indicating
that the BAI-t-AmOH-DMF films possess the highest

coated electron transport layers), the BAI-t-AmOH-
DMF films efficient PL
quenching while BAI-IPA and control films showed

demonstrated the most
relatively weaker quenching effects (Fig. 3(b)), a
attributable to

interfacial defects that facilitate faster charge transfer and

phenomenon significantly  reduced
improved interfacial contact quality resulting from the

ultra-smooth surface morphology as evidenced by AFM

crystalline quality characterized by fewer defects and characterization®*', with the superior interfacial
lower non-radiative recombination rates, which leads to properties of BAI-t-AmOH-DMF films enabling more
enhanced PL emission”*. When measured in complete efficient charge extraction at the transport layer
device stacks (with hole transport layers and blade- interfaces.

12 T R LR e RS S .

15 ——Control —— Control E . E

~15}—BAIIPA) __10F —BAIPA) : BA 5

2 7 [——BAI-AmOH-DME) 2 | —BAIG-AmOH+DMT) : H

< H H

gl e 7 : a

X % 6k : i

E’ = : s

£ Z 4t : :

g6 Z : ~4.66 eV

E 3 g 5 : FAMPbL,-BA* ;

= RE H ) H

& = | eoec—oec—woe :

(1] ’ : . : 0 : : i ; i ! !

720 740 760 780 800 820 840 720 740 760 780 800 820 840 i :

Wavelength/nm Wavelength/nm : H

(@) (b) : H

L0 Control LOF Control : i

: ——BAI(IPA ; —— BAI(IPA) : , i

508 R Z08F —BAIG-AmOH+DMP) | s o |

| ' P H

=06 £ 06 i W P N

3 e : g

S| N H H

g ! T UORCO § LORL § LR :

202 202 or i

Of , — e O i i R oS S S— :

0 1 2 3 4 5 6 7 8 9 0 2 4 6 8 10 12

Time/ps
()

Time/ms

@

Fig. 3 Results of steady-state PL measurements on perovskite films fabricated using different methods. (a) PL spectra of glass/

perovskite films; (b) PL spectra of ITO/HTL/perovskite/ETL films; (c¢) Transient photocurrent measurements of different perovskite

films; (d) Transient photovoltage measurements of different perovskite films; (e) Formation energy calculations of perovskite-BAI.

These PL results compelling evidence

supporting our previous conclusions regarding the enhanced

provide

film quality and superior interfacial characteristics achieved
through the t-AmOH-DMEF solvent engineering approach,
as the combination of improved bulk film properties and
optimized interfacial contact contributes to the observed
performance enhancement in photovoltaic devices, and
moreover, we observed a distinct blue shift in the PL
emission peak of the BAI-t-AmOH-DMF film compared
to both the BAI-IPA and control films (Fig.3(a), (b)),
a spectral shift providing further evidence for the significant
reduction of defect states in the BAI-t-AmOH-DMF
fﬂm%‘m.

(TPC)

(TPV) decay measurements provided further verification

Transient photocurrent and photovoltage

of our conclusions, with the fitted transient photocurrent
decay time of the BAI-t-AmOH-DMF device (0.479 ps)
significantly shorter than those of the BAI-IPA (0.651 ps)
(Fig. 3(c)), while
conversely the transient photovoltage decay times exhibited
an opposite trend as the BAI-t-AmOH-DMF device
demonstrated the longest decay time (1.117 ms) followed
by BAI-IPA (0.717 ms) and control devices (0.025 ms)
(Fig.3(d)) . The shorter photocurrent decay time indicates

and control devices (0.788 ps)

faster charge carrier transport, consistent with the improved
crystallinity and reduced trap states observed in previous

29 whereas the prolonged photovoltage

characterizations
decay time suggests significantly suppressed non-radiative
recombination during charge transport, which aligns

perfectly with the PL quenching behavior and blue shift
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#0311 The excellent agreement between

observations
transient optoelectronic measurements and steady-state PL
characterization provides compelling evidence for the
superior charge dynamics in our optimized 2D/3D
perovskite films, as the synergistic improvement in both
charge transport and recombination properties explains the
remarkable device performance enhancement achieved
through the t-AmOH-DMEF solvent engineering approach.
We propose that under the effect of the t-AmOH-DMF
mixed solvent system, BAI can not only form a 2D
perovskite layer on the surface of control films but also
interact with 3D perovskite to passivate defects, thereby
reducing the defect density at film interfaces, a conclusion

Control

15 s later
. 41.3°
a) Control

BAI(IPA)

- 44.6° I 66.7° . 70.4°

15 s later

B/\I IPA

strongly supported by first-principles calculations revealing
a negative formation energy of -4.66 eV for the BAI-
FAMAPDI; system, with the thermodynamically favorable
negative value indicating a stable interaction between these
components and confirming their effective defect-
passivation capability (Fig.3(e)).

As is well known, in addition to passivating interface
defects, a crucial role of 2D/3D perovskite structures is
to enhance the hydrophobicity of perovskite films and
improve their stability under high-humidity conditions,
which we systematically investigated through water
contact angle measurements on different perovskite films

as shown in Fig.4.

BAI(1-AmOH+DMF)

15 s later

64 8° . 70. 2°

¢) BAI-t-AmoH-DMF

Fig. 4 Water contact angle measurements of perovskite films

The control film exhibited an initial water contact angle
0f44.6° that decreased to 41.3° after 15 s, while the BAT-
IPA film demonstrated a higher initial contact angle of 66.7°
declining to 64.8° after the same duration, and notably the
BAI-t-AmOH-DMF film showed the highest initial
contact angle of 70.4° with only a minimal reduction to 70.2°
after 15 s, resulting in percentage decreases in contact angle
calculated as 7.4 % for the control film, 2.8% for the BAI-
IPA film, and merely 0.3% for the BAI-t-AmOH-DMF
film. Compared to the control film, both BAI-IPA and
BAI-t-AmOH-DMF films demonstrate significantly larger
initial water contact angles, an improvement attributable to
the formation of 2D/3D perovskite structures where the
BA * organic long chains effectively enhance surface
hydrophobicity™, and the smaller reduction in water
contact angle observed in these films further confirms their
superior and more stable hydrophobic properties, with the
BATI-t-AmOH-DMF film exhibiting the smallest water
contact angle reduction because the uniformly distributed
BAI forms an equally homogeneous 2D/3D structure
resulting in enhanced structural stability and consequently
optimal moisture resistance, a finding that is fully consistent
with our previous conclusions.

The above characterization results demonstrate that
the BAI-t-AmOH-DMF interface modification process
can significantly improve both the crystalline quality and

stability of 2D/3D perovskite films, and to further
investigate the impact of different film fabrication
methods on device performance we fabricated ITO/
Poly-4PACZ/Perovskite/C60/ BCP solar cells with the
device structure shown in Fig.5(a),
Table 1,

statistically analyzed using 30 devices for each group

as summarized in
where the photovoltaic parameters were

with the performance distribution shown in Fig. 6. The
BAI-t-AmOH-DMF modified devices achieved an
average PCE of 21.19% with a champion efficiency of
22.25% , substantially outperforming both the control
devices (average PCE: 18.88% , champion: 19.59%)
and BAI-IPA treated devices (average PCE: 19.91%,
champion: 20.73%) ,
photovoltaic parameters reveals that the performance
enhancement of BAI-t-AmOH-DMF devices compared

to control and BAI-IPA devices primarily originates

and a detailed analysis of the

from significant improvements in both open-circuit
voltage (Vi) and fill factor (FF), an improvement
mechanism that can be attributed to the optimized charge
transport layer interfaces and superior crystalline quality
achieved in BAI-t-AmOH-DMF devices,

structural advantages effectively suppress non-radiative

as these

carrier recombination, a critical factor directly governing

Voe and FF characteristics in perovskite solar cells™ ™

consequently  the  BAI-t-AmOH-DMF dev1ces



LIU Meihong, ez al. / High-performance 2D/3D perovskite solar cells fabricated by in-situ blade-coating with . . . 431

Control

—e— BAI(IPA)

5| === Control
—e— BAI(IPA) 20

demonstrate  substantially  enhanced  photovoltaic performance.
25 100

o {24

& &

<20 80 20 g

=
-

S 15 £ 60} 165

é 10 a0} K

£

g

—

3

Integrated J_/(

—a— BAI(-AmOH+DMF)

L
(=S

—a— BAI(1-AmOH+DMF)
.

N L L L 0 = . 1 ) H
0 02 04 06 08 10 12 300 400 500 600 700 800
Voltage/V Wavelength/nm
(a) (b) (c)
90 25 100
80F I 90
L 20 N
0 S 80
s ¥r =70
Z sof 5 15F =
N 40f g 560
& 10 <
30F £ 50 o
. Control —a— Control 19.33%@0.90 V ) —a— Conltrol
20 :BAI(IPA) SF —— BOAri(;(l)’A) 20.44%@0.94 V Z40f —e—BAI(IPA)
10 —&—BAI(-AmOH+DMF) —a— BAI(1-AmOH+DMF) 21.73%@0.96 V 30 —*—BAI(I-AmOH+DMF)
1 1 'l 1 1 G 1 1 L L L 1 1 AL
% 5 10 15 20 25 30 0 100 200 300 400 500 0 200 400 600 800 1000
Z'1kQ Time/s Time/s
(d) (e) ®

Fig. 5 Impact of different film fabrication methods on device performance. (a) Device architecture diagram; (b) /- V characteristics
of champion device; (¢) EQE measurements and short—circuit current densities of different devices; (d) Impedance spectra of different
devices; (e) MPP tracking of different devices; and (f) Environmental stability tests of different devices.

Table 1 Photovoltaic performance of different PSCs. The data were obtained based on 30 cells for each condition

Sample J./(mAscm™?) V../V Fe/% Average PCE/% Best PCE/%
Control 22.72+0.43 1.15040.008 72.25+0.77 18.88+0.45 19.59
BAI-IPA 22.63+0.42 1.16440.006 75.6040.47 19.91+0.46 20.73
BAI-t-AmOH-DMF 22.82+0.42 1.17540.008 79.0340.54 21.194-0.53 22.25
1.20 24.0
119 f Y saesl
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117 ) o =
E i .L <‘: 2 &
=6k T £ 2sp I
N
LIS F L 20F -l- l
1.14 *
215
1-13 1 1 L 1 1 1
Control BAI-IPA BAI-i-AmOH-DMF Control BAI-IPA BAI-t-AmOH-DMF
(a) Open-circuit voltage (b) Short-circuit current density
82 23

80 % ml
78F

- 21F
= 76 ==

=

fes e

PCE/%

701 18

1 1 1 1
Control BAI-IPA BAI-i-AmOH-DMF Control BAI-IPA BAI-i-AmOH-DMF
(e) Fill factor (d) PCE

Fig. 6 Performance statistical distributions of different devices
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Fig.5(b) presents the current density-voltage (J-V)
characteristics of champion devices across different
categories, with the BAI-t-AmOH-DMF device
achieving a peak PCE of 22.25% (V,c=1.188 V, Jso=
2345 mA-cm %, and F;=79.85%),
comparison the control and BAI-IPA devices exhibited

while 1in

inferior performance parameters, with the control device
showing a PCE of 19.59% (Vo:=1.161 V, Js=
23.16 mA-cm 2, and F:=72.84%) and the BAI-IPA

device demonstrating a PCE of 20.73% (Vo=
1.172 V, J$c=23.18 mA-cm ?, Fx=76.43%). EQE
measurements were conducted for current calibration,
yielding integrated Js. values of 22.89 mA-cm™* for
BAI-t-AmOH-DMF, 22.87 mA-cm ? for BAI-IPA
and 22.60 mA -cm’ for control, all within 5% deviation
from the J-V test results as shown in Fig.5(c) , and the
optimization of device performance with different DMF

volume ratios is shown in Table 2 and Fig.7.

Table 2 Photovoltaic performance of BAI-t-AmOH-DMF photovoltaic devices with varying DMF volume ratios. The data were

obtained based on 30 cells for each condition.

Sample J./(mAscm™?) Vo/V Fu/% Average PCE/ % Best PCE/%
0.4% DMF 22.68+0.46 1.16440.007 78.2040.81 20.64+0.45 21.47
0.8% DMF 22.8240.42 1.175+0.008 79.0340.54 21.1940.53 22.25
1.2% DMF 22.684+0.42 1.146+0.007 70.8040.29 18.41+0.37 19.17
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Fig.7 Performance statistical distributions of BAI-t-AmOH-DMF photovoltaic devices with varying DMF volume ratios

Fig. 5(d) presents the Nyquist plots derived from
electrochemical impedance spectroscopy measurements for
control, BAI-IPA, and BAI-t-AmOH-DMF devices,
with the BAI-t-AmOH-DMF device demonstrating
markedly enhanced recombination resistance that directly
evidences reduced defect-assisted  recombination
processes, a finding which aligns perfectly with our
previous thin-film characterization results, and furthermore
comprehensive stability evaluations through both maximum
power point (MPP, 45% relative humidity) tracking and
ambient aging tests (45% relative humidity) reveal the
superior environmental stability of BAI-t-AmOH-DMF
devices (Fig.5(e)— (f)) , as after 1 000 h of storage under
ambient conditions these devices maintained 83 % of their
initial efficiency, significantly outperforming the BAI-IPA

devices (73.8% retention) and control devices (31%

retention) , a pronounced stability enhancement that
unambiguously confirms the critical role of the t-AmOH-
DMF solvent system in optimizing both the interfacial
properties and bulk stability of 2D/3D perovskite
photovoltaic devices.

2 Conclusions

In this work, we developed an innovative BAI-t-
AmOH-DMF
fabricating high-performance 2D/3D PSCs through
blade-coating, with
confirming that the low-volatility t-AmOH-DMF mixed

interface  modification strategy for

systematic  characterization

solvent facilitates uniform BAI distribution, thereby
enabling the formation of a high-quality 2D/3D
architecture enhanced

perovskite characterized by
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crystallinity and reduced defect density. Comparative
analysis with control and BAI-IPA processed devices
demonstrated that the BAI-t-AmOH-DMF modified
devices exhibited significant photovoltaic performance
improvements, attaining a champion PCE of 22.25%
alongside remarkable operational stability, retaining
83% of their initial efficiency after 1 000 h of continuous
exposure in ambient air (45% relative humidity) . This
work presents a novel and technically viable approach for
blade-coating high-efficiency, stable 2D/3D perovskite
solar cells, offering substantial potential for scalable
manufacturing implementation.
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