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Intermediate phase modulation and defect
passivation to stabilize the photoactive phase of
formamidinium-based perovskites for air-ambient
device fabrication
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Achieving stable and efficient formamidinium (FA)-rich perovskite solar cells (PSCs) in air-ambient conditions
remains a critical challenge. In this work, we demonstrate an antisolvent engineering approach for the triple co-
solvent system of perovskite formation using n-heptylamine (n-HA) to stabilize the photoactive a-FAPb(l,Bry_,)3
phase. By incorporating n-HA into the antisolvent process, we mitigate moisture-induced degradation and
achieve superior film morphology. n-HA helps to repel moisture and DMSO-based intermolecular adducts and
convert the perovskite into a photoactive black phase even prior to annealing. The Lewis base functional group
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of n-HA significantly passivated the grain boundaries, resulting in the mitigation of halide vacancy and
uncoordinated lead in the perovskite film. The resulting perovskite films exhibit enhanced phase stability,
reduced defect density, and improved grain growth and film morphology. The devices fabricated using these
films achieve a significant power conversion efficiency (PCE) of 22.56% with minimal hysteresis and excellent
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1. Introduction

The remarkable rise of organometal halide perovskites as a
groundbreaking class of light absorbers for photovoltaic (PV)
applications has revolutionized the next-generation thin-film
solar-cell landscape. With power conversion efficiencies (PCEs)
reaching 27% for single-junction cells and 34.85% for two-terminal
perovskite-silicon tandem cells, perovskite solar cells (PSCs) now
outperform traditional technologies.> This exceptional perfor-
mance, coupled with the low-cost, solution-based fabrication
process, has sparked global efforts to harness the potential of
perovskite materials in innovative PV technologies.*® Despite
these advances, the commercialization of PSCs faces critical
challenges, particularly due to their sensitivity to environmental
factors such as humidity, oxygen, and solvent residuals.” These
environmental interactions significantly constrain their fabrication
conditions, often necessitating inert environments with precise
humidity and oxygen control, which impose high costs.® The
fabrication of efficient PSCs under humid ambient conditions
presents a significant challenge due to the intrinsic instability of
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stability, highlighting the potential of this strategy for scalable air-ambient PSC fabrication.

perovskite materials in such environments.” Notably, most high-
performance PSCs reported to date originate from lab-scale, small-
area devices typically fabricated via spin-coating under controlled
inert atmospheres, such as nitrogen or argon.'® While spin-coating
within a glovebox ensures operational simplicity and reliable
reproducibility, it falls short in terms of scalability for mass
production. In contrast, ambient air processing has emerged as
a pivotal advancement, bridging the gap between laboratory-scale
fabrication and industrial-scale manufacturing of PSCs.""

Efforts to overcome these challenges have focused on ambient
fabrication strategies to achieve high-efficiency PSCs under prac-
tical environmental conditions. In ambient air, moisture interacts
with perovskite precursors, causing uncontrollable crystallization
and leading to films with rough surfaces, pinholes, and defects."?
Halide vacancies and uncoordinated metallic groups also diminish
the device performance parameters.”>'* These challenges are
especially severe for formamidinium (FA)-based perovskites.
Although the FA-based perovskites offer superior stability and a
narrower bandgap compared with methylammonium lead iodide
(MAPDI;), they struggle to maintain the photoactive black a-FAPbI;
phase under humid conditions.'® Instead, these films often trans-
form into the photoinactive yellow 6-FAPbI; phase, severely redu-
cing their performance and stability.

To address these limitations, researchers have explored
multiple approaches, including optimized precursor chemis-
tries, solvent engineering, grain boundary passivation, and
controlled crystallization techniques.®™® For example, the
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incorporation of hydrophobic additives or ionic liquid solvents
has been shown to mitigate the moisture effects and stabilize
the perovskite phase.'?* Substrate heating and antisolvent
engineering further aid in tuning crystallization kinetics and
improving film quality under ambient conditions. Further,
antisolvent engineering has emerged as a crucial strategy for
controlling the crystallization dynamics of perovskite films,
enabling the formation of uniform, high-quality layers with
enhanced optoelectronic properties.”” By carefully selecting and
applying an appropriate antisolvent during the spin-coating
process, rapid supersaturation is induced, promoting dense
grain formation and suppressing defect states.”® This technique
has been widely adopted to improve film morphology, enhance
device performance, and boost the reproducibility of PSCs
fabricated under controlled conditions. However, these methods
often lack reproducibility and require further refinement to
stabilize the o-FAPDbI; phase while achieving smooth, pinhole-
free films in humid environments.>*

Here, we present the application of the liquid long-chain mole-
cule n-heptylamine (n-HA) in FA-rich perovskite films using anti-
solvent engineering. As a novel feature of the work, we incorporated
a triple-co-solvent system for device fabrication with #-HA in different
antisolvents. Hydrophobic n-HA has the ability to lessen the impact
of moisture on the perovskite during its formation. This results in
intermolecular substitution with the detrimental moisture-induced
DMSO-based adduct, which helps in the formation of o-
FAPb(LBr; ,); at room temperature while retaining the black phase.
XRD of the un-annealed film confirms the presence of a photoactive
phase even at room temperature. Additionally, the perovskite grain
size is substantially enhanced with more uniform grain size dis-
tribution, and the n-HA at the grain borders lowers the defect
density. Improved morphology is confirmed by SEM and AFM
analysis. To check the efficacy of the idea, we tried three different
antisolvents, namely chlorobenzene (CB), isopropanol (IPA), and
ethyl acetate (ET). The technology employing the optimized FA-
based perovskite film, fabricated under controlled relative humid-
ity (RH) conditions of 20% to 30%, results in devices achieving a
champion PCE of 22.56%, with minimal hysteresis and excellent
reproducibility for nHA + CB-based devices. However, additional
anti-solvent combinations also resulted in improved performance.
This work provides valuable insights into the interplay between
anti-solvent engineering and environmental factors, offering a
pathway toward the scalable production of efficient and stable
PSCs in ambient air.

2. Raw materials, device fabrication
process, and characterizations
2.1 Reagents and materials

The indium-doped tin oxide (ITO) substrates were procured
from Greatcell Solar. A 15% SnO, colloidal solution dispersed
in deionized water was supplied by Alfa Aesar. Sigma-Aldrich
provided various chemicals, including Hellmanex soap, spiro-
OMEeTAD, lithium fluoride (LiF), and methylammonium chlor-
ide (MACI). Key precursors for the perovskite layer were sourced
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from Tokyo Chemical Industry (TCI), including form-
amidinium iodide (FAI), lead bromide (PbBr,), and methyl-
ammonium iodide (MAI), all with 99.95% purity, as well as lead
iodide (PblI,) with 99.98% purity. TCI also supplied lithium
bis(trifluoromethanesulfonyl)imide (Li-TFSI), n-heptylamine
(n-HA), and 4-tert-butylpyridine (¢-BP), all with a purity of over
98%. Solvents such as N,N-dimethylformamide (DMF), aceto-
nitrile (ACN), dimethyl sulfoxide (DMSO), and chlorobenzene
(CB) were sourced from Merck, each with a purity of over 99%.
Additionally, acetone, N-methyl-2-pyrrolidone (NMP), and iso-
propanol (IPA), each with a purity of more than 99%, were
purchased from Thermo Scientific. Gold (Au) wire with a purity
of over 99.8% was obtained from SK-Novel Materials.

All chemicals were used as received from the respective
suppliers and used without any additional purification.

2.2 Device fabrication process

The fabrication of PSCs and thin films was carried out under
ambient air conditions with controlled humidity. The ITO
substrates underwent a rigorous cleaning procedure before
further processing. These were ultrasonicated for 20 minutes
in each soap solution, DI, acetone, and IPA, respectively.
Following the cleaning steps, the substrates were treated with
UV-ozone for 15 minutes to enhance the surface properties
prior to the deposition of the electron transport layer (ETL). A
15% SnO, colloidal solution in deionized water was diluted to a
concentration of 2.20%. The diluted solution was spin-coated
onto the cleaned ITO substrates at 2500 rpm for 40 seconds.
After the spin-coating process, the substrates were annealed at
160 °C for 30 minutes to ensure proper film formation and
adhesion. A perovskite solution was formed by dissolving PbI,
(572.14 mg), FAI (216.64 mg), MACI (20.3 mg), MAI (4.25 mg),
and PbBr, (6.95 mg) in DMF: NMP: DMSO (4:0.05:0.95). The
above solution was deposited on the SnO, coated substrate in
two steps. The solution was spin-coated at a speed of 1200 rpm
for a duration of 5 seconds, followed by an increase to 3500 rpm
for 30 seconds. This was succeeded by the application of anti-
solvent, which commenced at the 15-second mark of the later
step. In the process of anti-solvent engineering, 3 pL of nHA
configurable liquid was mixed in 1 mL of various anti-solvents,
followed by sonication for several minutes. 100 pL of the above
mixture was used as an anti-solvent. The coated substrates were
then annealed at 155 °C for 20 minutes. A previously described
procedure was employed to prepare a solution for the deposition
of the hole transport layer (HTL).>®> The chemical solution was
deposited on the perovskite film by spin-coating at a rotational
speed of 2500 rpm for 20 seconds. A gold layer measuring 60—
65 nm was deposited on the HTL utilising a thermal evaporator,
while maintaining a device area of 0.0256 cm” through the use of
a shadow mask. Electron-only devices were prepared by deposit-
ing LiF and Au layers using a thermal evaporation system, while
the remaining layers were fabricated according to the procedure
described earlier. Commercial LiF powder was used without
further treatment, and a film with a thickness of approximately
30 nm was deposited under a chamber pressure below
10~° mbar.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.3 Characterization techniques

The X-ray diffraction (XRD) patterns were recorded using a Rigaku
Miniflex 600 diffractometer. Field-emission scanning electron micro-
scopy (FE-SEM, Hitachi SU-8600) was employed for surface and
cross-sectional imaging of the perovskite films. Topographical ana-
lysis was performed using an Oxford Instruments (MFP-3D Origin+)
atomic force microscope (AFM). Steady-state and time-resolved
photoluminescence (SS-PL and TR-PL) spectra were obtained using
an Edinburgh Instruments FLS-1000 spectrometer. PL mapping was
performed over a 50 x 50 um? scan area using a Witech Alpha 300R
imaging microscope with a 532 nm excitation laser. UV-Visible
absorption spectra were recorded using a Shimadzu UV-Vis 3600i
Plus spectrometer. Fourier-transform infrared (FTIR) spectra were
captured using a JASCO FI/IR-6X instrument. X-ray photo-
electron spectroscopy (XPS) analysis was performed using an AXIS
Supra system from Kratos Analytical Ltd.

Current-voltage ( J-V) measurements were carried out using an
Ossila solar cell testing kit (T2003B3-G2009A1) with a PECELL L01
solar simulator (AM 1.5G simulated sunlight spectrum). The incident
photon-to-electron conversion efficiency (IPCE) was measured with a
McScience K3100 system. Dark /-V measurements were performed
over a voltage range of —1.2 V to 1.2 V at a scan rate of 100 mV s~ ..
For stability studies, unencapsulated devices were stored in the dark
under controlled humidity conditions (20% =+ 10% RH).

3. Results and discussion

Planar PSCs were fabricated with the device architecture ITO/
SnO,/FAPH(L,Br; _,)s/spiro-OMeTAD/Au (Fig. 1a). A small quantity of
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n-HA was introduced into the anti-solvent to regulate the intermedi-
ate phase formation and enhance grain growth, thereby improving
the PCE and stability of the PSCs processed under air-ambient
conditions, as illustrated in Fig. 1b. n-HA is a linear aliphatic primary
amine with a seven-carbon alkyl chain (CH;-(CH,)s—NH,), where
the terminal amine group can coordinate with Pb>" ions, while
the hydrophobic alkyl chain provides steric hindrance and
moisture resistance (Fig. S1). Furthermore, the feasibility and
versatility of this approach were assessed by introducing n-HA
into various anti-solvents, ie., CB, IPA, and EA. Systematic
optimization revealed that a concentration of 3 pL mL™' n-HA
in CB yielded the most favorable performance in this study. The
selection of the anti-solvent and the optimization of its concen-
tration were conducted based on top-view SEM analysis and
corresponding device performance data (Fig. S2-S4). This sys-
tematic approach ensured the formation of high-quality perovs-
kite films with improved morphology, leading to enhanced
photovoltaic performance. Subsequent characterizations and
analyses were conducted by comparing the pristine devices with
those incorporating the optimized n-HA concentration.

3.1 Evolution of phase stabilization

Controlling crystallization and phase stabilization during
ambient-air processing of perovskite films remains highly
challenging due to the detrimental effects of oxygen and
moisture. To address these issues, we incorporated a hydrophobic
Lewis base compound, n-HA, into the anti-solvent during the film
formation process.?® The presence of n-HA played a critical role in
regulating the moisture-induced DMSO-based adducts. The XRD
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(a) Device architecture. (b) Schematic of the synthetic process. (c) XRD patterns of the unannealed perovskite film. (d) FTIR spectra of the
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pattern for the chlorobenzene-based perovskite film reveals a distinct
peak corresponding to the DMSO-based adduct at a 20 angle of 8.3°,
a 5-phase peak at 11.8°, and the lead iodide (Pbl,) phase at 12.8°.>”*%
In contrast, for the n-HA with chlorobenzene-based perovskite film,
the adduct peak intensity is reduced and shifts to a higher 260 angle.
This shift suggests that n-HA suppresses the formation of the DMSO-
based adduct and promotes the formation of the a-phase. Notably,
no d-phase is observed in this case, although a small Pbl, peak
remains. Although direct NMR measurements were not performed
in this study, amine-Pb®* coordination leading to intermediate
adduct formation has been unambiguously confirmed by "H NMR
spectroscopy analysis of closely related perovskite systems, showing
characteristic N-H signal shifts upon coordination, consistent with
the interaction proposed here.® To further understand the mecha-
nism and observations from the XRD analysis, the following set of
equations can be written:

(1) Solvent complex formation

Solvent molecules coordinate with PbI, as follows:

Pbl, + DMSO = PbI,-DMSO,
Pbl, + DMF = Pbl,-DMF.

These complexes ensure proper solubility and precursor
stability.

(2) Precursor solution formation

In the co-solvent system (DMF, DMSO, and NMP), the
perovskite precursors form a solution as follows:

FAI(s1) + PbI, + DMSO = FA"PbI; DMSO.

This complex represents a liquid-phase intermediate (also
observed during slow evaporation), aiding uniform film formation.

(3) Upon addition of antisolvent (CB)

Antisolvent quickly extracts coordinating solvents (DMSO),
initiating crystallization as follows:

CB + annealing

FA"Pbl;"DMSO

Also, the residual Pbl, reacts directly with FAI upon DMSO
removal as follows:

FAPbI; + DMSO oy

CB + annealing
_—

FAI + Pbl, FAPbDI;.

(4) Intermolecular exchange with nHA
When CB + nHA is used during the antisolvent process:
Pbl, — DMSO + nHA - Pbl, — nHA + DMSO oy,

FAI + nHA = FA" + nHA" + 1"

Then, the crystallization occurs via direct reaction as fol-
lows:

FA™ 4+ Pbl, + I~ <24 EAPDI,.

(5) Surface passivation via nHA coordination
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Excess nHA can coordinate with surface Pb*" ions, possibly due
to chelation via the NH, lone pair, reducing defects as follows:

Pb** + nHA — Pb-NH,(C,H,;).

These findings indicate that nHA, when used with an anti-
solvent, interacts with Pbl, and formamidinium iodide (FAI), inhi-
biting the formation of the FAI-DMSO-PbI, adduct and facilitating
the formation of the photoactive a-phase without the need for
annealing. This stabilization of the black phase is attributed to
intermolecular substitution between 7-HA and the moisture-
induced DMSO-based adducts, which facilitates the crystallization
of the desired perovskite phase under ambient conditions.*® The
absence of characteristic peaks related to DMSO-adducts and the
emergence of new peaks associated with 7n-HA in the XRD pattern
further confirmed this intermolecular exchange. To corroborate this,
FTIR spectroscopy was performed on the unannealed perovskite
films. In the pristine film, a distinct vibrational stretching peak at
1020 cm™ ' was observed, corresponding to DMSO-adducts involving
FAI and Pbl. In contrast, this peak disappeared in the n-HA-
modified film, supporting the hypothesis that n-HA disrupts
DMSO-based adduct formation (Fig. 1d). Collectively, these findings
validate the role of #n-HA in mitigating moisture-related degradation
pathways and stabilizing the photoactive black phase in air-ambient
conditions.

3.2 Morphology and crystallinity improvement

Fig. 2(a)-(d) presents the cross-sectional and top-view SEM
images of perovskite films fabricated with and without n-HA
modification. In the pristine perovskite film, distorted grains
are clearly observed, whereas the n-HA-modified film exhibits a
more uniform morphology (Fig. 2a and b). The incorporation of
n-HA results in a smoother and more homogeneous perovskite
film compared with the control sample. Distorted grains (red
circles) were observed in the pristine sample. Additionally, cross-
sectional analysis reveals that the modified film is more compact
and uniform than its pristine counterpart (Fig. 2c and d). The

S|

: .
Pefovskii'e

SnO,
ITO

Han 8 0.0k UD 10pA

Fig. 2 (a) Top-view SEM image of the control perovskite film. (b) Top-view
SEM image of the modified perovskite film. (c) Cross-sectional SEM image of
the control device. (d) Cross-sectional SEM image of the modified device.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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average grain size of the n-HA-modified perovskite film is signifi-
cantly larger than that of the control film, indicating improved
crystallization and film quality. This enhancement suggests that
n-HA facilitates the growth of perovskite structures during the
anti-solvent dripping and annealing processes, thereby optimizing
the crystallization process. Such behavior is consistent with prior
observations that medium-chain alkyl amines effectively regulate
perovskite nucleation and growth without compromising carrier
transport.>>*® The AFM images in Fig. S5 further support these
findings, demonstrating a reduction in root mean square (RMS)
roughness from 26.35 nm to 20.95 nm after n-HA modification. The
decrease in surface roughness enhances the uniformity and com-
pactness of the perovskite film, which, in turn, improves charge
transport at the interface.*" This reduction in interfacial defects and
irregularities contributes to enhanced device performance and
stability. SEM and AFM analyses revealed that the incorporation of
n-HA into the antisolvent process led to smoother and more uniform
perovskite films with larger grain sizes and reduced grain bound-
aries. The improved grain quality minimized the number of defects,
contributing to enhanced device performance.

Furthermore, microscopic pinholes and film non-uniformity can
significantly degrade the shunt resistance (Rsy) of PSCs, which is a
critical parameter indicating the ability of the device to suppress
current leakage under open-circuit conditions.®* The presence of
non-uniformities introduces unintended pathways for charge car-
riers, leading to a reduction in Rgy and increased energy losses.>®
Additionally, pinholes and grain distortions negatively impact the FF,
a key parameter influencing the PCE, by disrupting film continuity
and hindering charge transport. Moreover, these factors contribute
to reducing the V¢ by generating non-radiative recombination sites,
thereby limiting the ability of the cell to sustain voltage when isolated
from an external circuit. The interdependence of FF and Vo with
Rgy is quantitatively represented by the following correlations:** >

_@Voc _ [T Voc
nkT J() JPhRSH ’

Voc — In(Voc + 0.72)

Voc

FF =

View Article Online
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Here, n stands for the ideality factor, Jpy, for the photocurrent
density, J, for the reverse saturation current, and Vo for the
normalised voltage under open-circuit conditions. Therefore,
the Rgy of the devices ultimately improves when n-HA is used to
improve the morphology (Fig. S6). As shown in the following
section, this rise in Rgy immediately results in improved FF and
Voc, which, in turn, raises the PCE for n-HA modified devices.

Further, the impact of n-HA alteration on the crystallinity, phase
purity, and crystal structure of the perovskite films was investigated
using XRD analysis, as shown in Fig. 3a. Different diffraction peaks
were seen in both control and #n-HA-modified films, each of which
corresponds to a different cubic perovskite crystal plane. In con-
trast, the intensities of other diffraction peaks were negligible
compared with those corresponding to the (0 0 1) and (0 0 2)
planes in the nHA-modified sample, indicating a preferred crystal-
lographic orientation in the perovskite film. The enhanced strength
of the distinctive characteristic diffraction peak indicates that
adding n-HA improved the purity of the photoactive phase rather
than altering the crystal structure of the perovskite films. In the
XRD pattern of the control perovskite film, small diffraction peaks
corresponding to the photo-inactive phase and residual Pbl, were
observed, indicating incomplete crystallization and suboptimal
formation of the photoactive phase. In contrast, the modified film
exhibited no such peaks, suggesting the suppression of undesired
phases and the formation of a highly pure photoactive perovskite
phase. This indicates that #n-HA modification effectively enhances
phase purity and promotes improved crystallization of the perovs-
kite film. Furthermore, the reduced full width at half maximum
(FWHM) of the characteristic diffraction peak compared with the
control film demonstrated the improved crystallinity of the n-HA-
modified film (Fig. 3b).*” These findings suggest that n-HA plays a
crucial role in refining the structural properties (i.e., crystallinity
and morphology) of the perovskite layer.

3.3 Effect of n-HA modification on bonding and interactions
within the perovskite film

XPS was employed to investigate the elemental states and

Voc + 1 interaction of nHA in the perovskite film. In the control sample,
(a) nHA + CB| nHA + CB (b)l
——cCB | ——CB
= «
~ o = —
= e S 0 = d-Phase = FWHM = 0.105
3 #=Pbl $
£ b )
£ £
[72] w»
5 L A A s
= = = =
ol 55 p— FWHM = 0.112
SR
5 # A A j | B S Pblz
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Fig. 3
characteristic peak of the target and control perovskite films.
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(a) Comparison of the XRD patterns of the annealed-modified and control perovskite films. (b) Calculation of the FWHM for the (0 0 1)
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Fig. 4 (a) XPS analysis of the Pb 4f peak of pristine and modified perovskite films. (b) FTIR spectroscopic investigation of the effect of nHA in the

perovskite film.

characteristic Pb 4f peaks were observed at 137.61 eV and
142.46 eV (Fig. 4a). Upon nHA modification, these peaks shifted
towards lower binding energy of 137.11 eV and 141.88 €V, respec-
tively, indicating the formation of strong interactions between Pb
and nHA. Furthermore, the control film exhibited additional peaks
at 135.83 eV and 140.74 eV, attributed to metallic Pb® arising from
uncoordinated lead. In contrast, these Pb’related peaks were
absent in the nHA-modified film, confirming the effective passiva-
tion of uncoordinated Pb metal by nHA. This is an effect of the
interaction between the uncoordinated lead and the Lewis base
group in nHA.*® Furthermore, a shift in the N 1s peak towards
lower binding energy was observed, indicating a strong interaction
between nHA and the perovskite film (Fig. S7).

The FTIR analysis reveals distinct structural and chemical
changes upon incorporating #HA (Fig. 4b). The suppression of the
-NH, vibrational peak at 1448 cm™ " in the FTIR spectra indicates a
reduction in the uncoordinated or free amine groups within the
FAPDI; perovskite structure. This is a desirable effect observed when
employing CB alone. The presence of uncoordinated -NH, groups
typically suggests incomplete interaction between the formamidi-
nium (FA") cations and the Pbls*~ octahedra, which can lead to
defect formation and instability in the perovskite film. The CB + nHA
based sample showed suppression of this peak, which implies
enhanced coordination and improved crystallinity and phase purity
of the FAPbI; structure. In contrast, perovskite films fabricated
without the nHA exhibit a pronounced NH,, peak, reflecting a higher
concentration of residual or loosely bound FA" cations, which can
act as trap states and adversely affect device performance. Simulta-
neously, the red shift in the C-H stretching peak of the nHA + CB
based sample from 2717 em™ " to 2658 cm ™' signifies enhanced
molecular interactions, likely due to hydrogen bonding or changes
in the local environment, which improve film crystallinity or
chemical bonding with nHA. These spectral signatures support the
chemical integration of #nHA and confirm the modifications induced
by thermal annealing in the perovskite film.

3.4 Defects and recombination loss analysis

Additionally, analysis of the dark J-V curves for both electron-
only and entire devices was conducted to assess defect

724 | Energy Adv., 2026, 5, 719-730

passivation and the reduction of recombination losses. Fig. 5a
shows the SCLC analysis conducted on electron-only devices utilis-
ing the configuration ITO/SnO,/perovskite/LiF/Au. LiF was chosen
because it can be deposited by thermal evaporation, enabling
solvent-free processing that is compatible with air-ambient fabrica-
tion and prevents possible solvent-induced degradation of the
perovskite layer. This study analyses the significant increase in
current within the trap-filled region under elevated bias conditions.
The relationship between current and voltage is linear in the ohmic
region, specifically at low-bias conditions. As the bias increases into
the trap-filled zone, the trap states progressively fill, ultimately
achieving a saturation threshold known as the trap-filled limiting
voltage (Vr). The equation presented below is utilised for calculat-
ing the trap density:*°

N, (eoeVtEL)

2 (el?)

In this equation, ¢ signifies the dielectric constant, ¢,
represents the vacuum permittivity, e denotes the fundamental
charge, and L corresponds to the perovskite thickness. The
dielectric constant is found using the following equation:

LC,
AS(} ’

where C, represents the geometric capacitance of the perovskite
layer and A signifies the active area of the device. The geometric
capacitance is associated with the electric field induced by ions,
which plays a role in the hysteresis behaviour observed in PSCs,
and can be evaluated using impedance analysis. This study
utilised the dielectric constant value for perovskite as docu-
mented in the available literature for both control and altered
devices.?® The Vi values for the electron-only pristine and
altered devices were measured at 0.68 V and 0.57 V, respec-
tively. Considering the dielectric constant, the perovskite thick-
ness as observed in the cross-sectional SEM image, and the
measured Vygp, the bulk defect density was determined to be
1.45 x 10" em ™ for the pristine devices and 9.85 x 10'* cm ™
for the modified devices, as illustrated in Fig. 5a. Hence, the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Dark JV analysis plots of the (a) electron-only device and (b) complete device. Variation of V¢ with light intensity for the (c) CB-based device and

(d) nHA + CB-based device.

implementation of anti-solvent engineering resulted in a
reduction of bulk defect density within the active layer, con-
tributing to an enhancement in the V¢ of the aimed device.
Dark J-V analysis was conducted to further investigate the
reduction in defects within the modified device. The modified
device exhibited a reduction in dark current compared with the
pristine device, indicating that the defect sites were successfully
passivated with n-HA, resulting in decreased recombination
losses (Fig. 5b).** The passivation resulted in improvements in
Jsc and Vo values, as demonstrated by the overall effectiveness
of the device (see Section 3.6 for discussions on device
performance).

A light intensity dependency study was conducted to further
examine the reduced recombination losses in the device. Fig. 5c
and d illustrate the relationship between the V¢ and varying
light intensities for both the control and modified devices. This
analysis demonstrates that as the ideality factor ‘n’ approaches
1, it implies that there is minimal defect-generated non-
radiative Shockley-Read-Hall (SRH) recombination occurring
within the device. The factor n was calculated by analysis of the
Voc curve with respect to light intensity, employing the follow-
ing equation:*?

g d(Voc)

" KT T d(Ind)

this equation, g signifies the fundamental charge, K is the
Boltzmann constant, T refers to the temperature of the cell, and

© 2026 The Author(s). Published by the Royal Society of Chemistry

I represents the impinging light intensity. The intensity was
adjusted utilising ND (neutral density) filters, with values
ranging from 10 mW cm™ > to 90 mW cm™ >, in order to assess
the trap states present within the bulk material. The value of n
for the modified device was determined to be 1.24, which is
notably lower than that recorded for the pristine devices (1.68).
The results demonstrate that modifications of the film can
substantially decrease nonradiative recombination, which is
consistent with the findings from the SCLC analysis and the
dark current measurements."'®

The series resistance (Rg) plays a crucial role in determining
the overall efficiency of PSCs. High Rg results in energy losses
during charge transport, limiting the fill factor (FF) and, con-
sequently, the PCE.*> A higher Rg can also reduce the Jsc by
impeding charge extraction, leading to recombination losses.**
Therefore, minimizing Rg is essential for improving the elec-
trical performance of PSCs.*” Fig. S8 presents the statistical
distribution of the Rg for PSCs fabricated with two different
processing conditions of anti-solvents. The results indicate that
devices fabricated with nHA + CB exhibit significantly lower Rg
compared with those with CB alone. The median Rg value for
the CB-based devices is notably higher, with a broader spread,
signifying increased charge transport resistance and variability
among devices. In contrast, the nHA + CB based devices
demonstrate a more uniform and lower Rs, suggesting
improved charge transport and reduced interfacial resistance.
These results suggest that incorporating nHA in the processing

Energy Adv,, 2026, 5, 719-730 | 725
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step leads to enhanced charge extraction and reduced energy
losses, which can contribute to overall device performance
improvements. The observed reduction in Rg for the nHA +
CB based devices aligns well with the improvements in crystal-
linity, grain size, and morphology, as well as the reduction in
defect densities. Higher crystallinity and larger grain sizes
facilitate better charge transport by minimizing resistance
generated by grain boundary defects and suppressing charge
carrier recombination.’® Additionally, reduced defect density
lowers non-radiative recombination centers, thereby improving
charge extraction and decreasing resistive losses.

3.5 Effect on absorbance and charge dynamics

UV-Vis absorption assessments were performed to assess the
impact of n-HA on the light-absorbing capabilities of the
perovskite films. Under UV-visible irradiation, the perovskite
film formed using n-HA modified antisolvent exhibits slightly
increased light absorption compared with those deposited from
unmodified antisolvent (Fig. S9 (inset)). The increased absor-
bance is mainly attributed to the improved crystallinity, grain
size, and compactness of the perovskite films treated with
n-HA.*® The modifications affect the energy bandgap, which
is a critical parameter for the efficiency of solar cells. The
variation in absorption spectra resulted in a slight reduction
in the bandgap of the perovskite, shifting from 1.522 eV to
1.519 eV, as demonstrated by Tauc plot analysis (Fig. S9). The
improvement in the absorption and the slight modification in
the bandgap can be attributed to the optimised morphology
and better crystallization, as demonstrated by the SEM
images."”*® The results demonstrate the improvement in Jsc
of devices modified with n-HA, which is subsequently verified
through J-V measurements under illumination. Furthermore,
steady-state photoluminescence (SS-PL) and time-resolved
photoluminescence (TR-PL) analyses were conducted to evalu-
ate the impact of n-HA modification on charge recombination
dynamics and carrier lifetimes in perovskite films deposited on
glass substrates. As shown in Fig. 6a, the SS-PL intensity of the
modified perovskite film was significantly higher than that of
the pristine film, indicating a reduction in non-radiative

View Article Online
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recombination of photo-generated carriers.*® This suggests that
the anti-solvent-engineering strategy effectively passivated trap
states, facilitating efficient charge extraction to the transport
layers and subsequently enhancing Js¢, as observed in the device
performance section. Additionally, the TR-PL spectra were ana-
lyzed using the following double-exponential equation:

t t
1(t) = Iy + D) exp <—> + Dy exp (—),
T1 T2

where D; and D, represent the associated decay time constants,
and 7, and 1, are the decay amplitudes corresponding to the fast
and slow decay processes, respectively. The average carrier life-
time (t,,) was calculated using the following equation:***°

_ D1T12 + Dszz
v Dty + Doty

The above equation provides a weighted average lifetime,
accounting for both fast and slow recombination dynamics in
the perovskite film. A significant enhancement in carrier life-
time was observed following the anti-solvent modification, as
illustrated in Fig. 6b. This indicates suppressed charge recom-
bination dynamics within the perovskite film. Specifically, the
weighted average carrier lifetime increased from 259.13 ns f the
pristine device to 814.40 ns for the modified device (Table S1).
This notable increase further confirms the improved optoelectronic
quality and reduced defect density of the perovskite films processed
with antisolvent engineering. These findings suggest a reduction in
both non-radiative and radiative recombination events within the
bulk and at the surface of the nHA-modified, highly oriented
perovskite film. This improvement can be attributed to enhanced
film quality and effective trap-state passivation facilitated by the
nHA treatment.”*

Furthermore, Fig. S10(a) and (b) demonstrates an elemen-
tary power-law connection involving the Jsc and light intensity
(J oc I") for two separate cells constructed with and without the
n-HA process. The graph illustrates the logarithmic relation-
ship between Jsc and intensity. The intensity dependence in a
solar cell, especially one featuring an interfacial barrier or
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Fig. 6 (a) SS-PL plot of the control and modified perovskite films. (b) TR-PL plot of the control and modified perovskite films.
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carrier imbalance, demonstrates SCL behaviour, which is charac-
terised by a power law with o = 3/4.>> Devices lacking SCL effects
typically exhibit o values close to 1, signifying that all the generated
charge-carriers are effectively gathered by the electrodes prior to
recombination. In the perovskite devices examined in this study,
the measured values of « are 0.985 for the control device and 0.998
for the modified device. The values demonstrate a significant
proportional relationship between the Jsc and incident photon,
highlighting the effective response of the device to variations in
light intensity. The « metrics for n-HA based device exhibit a slight
improvement when compared with those of the pristine device,
thereby confirming enhanced charge transport and elevated Jsc
values. Additionally, the reduction in grain boundaries and defects
associated with these boundaries, accomplished by the formation
of evenly distributed perovskite grains that extend from the ETL to
the HTL (as illustrated in Fig. 2c and d), is expected to mitigate
recombination losses significantly.

3.6 Device performance

The photovoltaic performance of the fabricated devices was
evaluated under room temperature standard test conditions
using simulated sunlight. For solar cells made with and with-
out n-HA, the performance parameters, including Vo, Jsc, PCE,
and FF, were identified and compared (Fig. 7a and b). The
device employing n-HA in the antisolvent achieved a champion
PCE of 22.56% in the reverse scan, with negligible hysteresis
and excellent reproducibility. This PCE is the result of other
parameters: a Voc of 1.10 V, a Jsc of 25.17 mA cm ™2, and an FF
of 81.47%. The highest performing PSC in the reverse scan for
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devices not having n-HA exhibited a Voc of 1.02 V, a Jsc of
24.58 mA cm ™2, and an FF of 78.79%, resulting in a PCE of
19.75%. A boost in IPCE intensity was observed within the
wavelength range of 400-800 nm in the modified device com-
pared with that of the pristine device. This improvement is due
to enhanced transfer of charges and charge collection effec-
tiveness. The integrated Jsc for the control and target devices
measured 23.20 mA cm ? and 24.33 mA cm , respectively,
which is in close agreement with the results derived from the
J-V measurements (Fig. 7c and d). The proposed development
strategy has notably improved the consistency and performance
metrics of the ambient air-fabricated devices.

The long-term stability assessments of both targeted and
pristine best-performing devices have been performed, as
shown in Fig. 8a. The optimized modified device exhibited
remarkable stability, maintaining an efficiency close to 90%
even after 2000 hours of preservation in the dark, as measured
at regular intervals. The optimized pristine devices exhibit
48.01% retention of the initial PCE. The improved stability
observed in devices utilizing n-HA is due to the reduced defect
levels and superior morphology of the perovskite film.>* The
stability tests showed minimal deterioration after 2000 hours
under ambient conditions, demonstrating the effectiveness of
n-HA in mitigating moisture-induced degradation. Although
direct MPPT measurements were not conducted due to instru-
mental limitations, the negligible hysteresis and prolonged
operational stability strongly suggest reliable maximum power
operation, as commonly reported for well-passivated perovskite
devices.>*>
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Fig. 7 JV curves of the best performing devices (a) with nHA and (b) without nHA. EQE and integrated Jsc analysis plots for the best performing devices

(c) with nHA and (d) without nHA.
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Fig. 8 (a) Long-term device stability comparison for unencapsulated devices. (b) Stability analysis of unencapsulated perovskite films stored under high

humidity for three months.

Moreover, the stability of the perovskite films exposed to
high-humidity conditions was evaluated using XRD analysis
(Fig. 8b). Both the modified and control films were stored
under ambient conditions at an RH level of 50%-70% for a
prolonged duration of three months. The modified films
exhibited minimal changes in physical appearance, with only
a few pinholes observed. In contrast, the control films under-
went a phase transition, as evidenced by the fading of the black
perovskite phase and the emergence of a yellowish appearance.
XRD analysis further corroborated these observations, revealing the
absence of significant lead-related peaks in the modified films.
Additionally, the modified films retained a strong characteristic
peak corresponding to the black perovskite phase, indicating
enhanced structural stability.

Further, the environmental stability of the fabricated solar
cells was assessed by exposing the unencapsulated devices to
an ambient environment with 60% relative humidity in the
dark at room temperature. Device performance was periodically
recorded, with Fig. S11 illustrating the normalized PCE over
time. As anticipated, the passivated devices demonstrated
significantly enhanced environmental stability compared with
the control devices, highlighting the effectiveness of the mod-
ification strategy for long-term stability. The control device had
a Tgo lifespan of 87 hours, whereas the modified device had a
substantially longer Ty, lifetime of 316 hours, with better PCE
retention over 500 hours. The superior stability of the passivated
devices, compared with the control device, can be attributed to the
formation of secondary bonds and a more hydrophobic surface.”
These factors collectively enhance resistance to environmental
degradation, ensuring sustained device performance over an
extended period. Moreover, as anticipated, the modified devices
also demonstrated significantly enhanced thermal stability, further
reinforcing the effectiveness of the modification strategy toward
stressed thermal conditions. To evaluate thermal stability, the
devices were heated at 65 °C, and their performance was perio-
dically recorded. The pristine device exhibited a T, lifetime of
107 hours, whereas the modified device demonstrated a signifi-
cantly extended Tg, lifetime of 259 hours, with greater retention of
PCE over a period of 500 hours (Fig. S12). This enhanced thermal

728 | Energy Adv., 2026, 5, 719-730

stability can be attributed to the passivated surface and improved
perovskite morphology, which effectively mitigates phase segrega-
tion under thermal stress.>”

To evaluate the repeatability and reproducibility of the
devices, we have produced more than 100 devices for each
pristine and n-HA modified batch (Fig. S13). Every performance
metric was compared using a distribution plot. The data
indicate that the n-HA guided fabrication method resulted in
improved average device functionality metrics. The target
device, designed according to the optimal concentration of
n-HA, exhibited an average Jsc of 25.07 + 0.80 mA cm >, an
average Voc of 1.07 £ 0.04 V, an average FF of 79.54% =+ 2.99%,
and an average PCE of 20.94% =+ 1.56%. The pristine device
exhibited an average Jsc of 22.78 & 2.18 mA cm ™2, an average
Voc of 0.98 £ 0.06 V, an average FF of 73.15% + 5.76%, and an
average PCE of 17.11% =+ 2.64%. The altered device exhibited a
reduced hysteresis effect along with an improved Voc. This is
an artifact of impeded halide migration and halide vacancy
passivation by the Lewis functional group of n-HA.”® Post anti-
solvent engineering, a clear improvement in all photovoltaic
parameters was observed. The enhancement in perovskite film
quality results from an increase in grain size, and improved
crystallinity is the prime factor for heightened performance.
The identified factors contributed to enhanced photoabsor-
bance, passivated grain boundaries, and decreased series resis-
tance, which subsequently led to a reduction in nonradiative
recombination losses.

4. Conclusion

We have demonstrated an effective antisolvent engineering
strategy to stabilize the photoactive o-FAPb(I,Br; ,); phase
using n-HA. n-HA helped in the intermediate phase modulation
by replacing the moisture-induced detrimental compounds.
The incorporation of n-HA during the film formation process
not only stabilizes the perovskite phase under ambient condi-
tions but also enhances film morphology and device perfor-
mance. The Lewis base group in n-HA passivates the metallic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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lead appropriately, and its hydrophobic nature mitigates the
early degradation due to moisture. This approach achieves a
remarkable PCE of 22.56%, with minimal hysteresis and excel-
lent long-term stability. Further, the passivated perovskite film-
based devices showed better performance retention under
stressed conditions. Our findings highlight the potential of
antisolvent engineering for the intermediate phase modulation
and fabrication of high-performance PSCs in air-ambient
environments.
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