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Perovskite solar cells (PSCs) have attracted increasing attention with their high efficiency and low cost.
However, their journey towards commercialization is currently hindered by the issues associated
with degradations in the ambient environment and under other harsh conditions. These stability-related
issues can be associated with several reasons such as halide vacancies, structural defects, ion
migrations and others within the perovskite structures. Herein, we studied the effect of an oxygen-
inducing strategy on metal halide perovskites to reduce their halide vacancies for stable solar cells. It
was found that perovskite films with the precisely controlled oxygen amount show improved
photovoltaic performances, including fill factor and open-circuit voltage, when utilized in solar cells.
We showed that the presence of oxygen plays a crucial role in increasing the efficiency and stability of
solar cells due to the improvements in the structural uniformity and grain size, and thus suppresses
charge and nonradiative recombination. More importantly, the oxygen-induced o-FAPbls-based PSCs
retained nearly 50% of their initial efficiencies while the devices without oxygen maintained less than 10%
of their initial values after harsh testing conditions, demonstrating excellent structural stability and water
tolerance.

The rapid development of perovskite solar cells has sparked global interest in next-generation photovoltaics due to their remarkable power conversion effi-
ciencies and low manufacturing costs. Despite their promise, these photovoltaic systems face significant challenges in long-term operational stability under
ambient conditions such as humidity. These degradation pathways, largely arising from intrinsic structural instabilities — such as halide vacancies, ion
migration and lattice defects, have hindered the transition of perovskite solar cells from laboratory prototypes to commercial modules. Among the various
strategies explored to enhance stability, additive engineering and interfacial modifications have shown great promise, but scalable and efficient methods to
reduce intrinsic defects within the perovskite lattice remain challenging. In this work, we present an oxygen-inducing strategy to fabricate metal halide
perovskite thin films with increased performance. This approach not only improves the optoelectronic properties of the perovskite layer but also significantly
enhances device stability under harsh testing conditions. Our findings offer insight into the role of oxygen in defect passivation and structural stabilization,
providing a viable pathway toward more durable and commercially viable perovskite solar technologies.

Introduction

Metal halide perovskite-based solar cells are highly efficient
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making them a next-generation PV technology.'” Perovskite
semiconductors show outstanding optoelectronic properties
such as tunable bandgap, high absorption coefficients, long
carrier diffusion length, low exciton binding energy, and high
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cells (PSCs) has now exceeded 26%.>'° The perovskite materials
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ABX;, where A is a cation e.g.,, MA": methylammonium, FA":
formamidinium, or Cs*; B is an inorganic metal cation (Pb>" or
Sn**); and X is a halide anion (I, Br~, or CI"). In the early stage
of development, methylammonium lead iodide (MAPbI;) has
been intensively explored in solar cell applications.®*"*"** Despite
the remarkable achievements, the volatile nature of MA" causes
intrinsic poor thermal stability while the relatively large
bandgap of MAPDI; limits its broad light absorption, both of
which hinder its PV performances.'*"’

Consequently, there has been growing interest in investi-
gating alternative perovskite compositions with enhanced prop-
erties, with particular emphasis on the emerging alpha phase-
pure formamidinium lead iodide (o-FAPbI;).*** With its low
structural symmetry, the phase-pure o-FAPbI; has narrow
bandgaps, allowing broad light absorption and approaching the
ideal threshold for achieving high-performance solar cells.*
Moreover, o-FAPbI; demonstrates excellent thermal stability
compared to MAPbI; because of its extensive delocalized 7 bond
and positive charges.'® Therefore, phase-pure a-FAPbI; has been
considered as a promising light-harvesting perovskite material
for the record efficiency of PSCs.*"***” Despite the great promise,
photoactive black a-FAPbI; readily transforms into the undesired
wide-bandgap yellow d-phase with hexagonal symmetry under
ambient conditions at room temperature.’**® This phase transi-
tion-related issue can be associated with several reasons such as
halide vacancies, structural defects, ion migrations and
others.>* Over the past few years, extensive efforts have been
made to enhance the efficiency and stability of PSCs using
various strategies, including additive engineering,*** surface
passivation® and interfacial engineering.* For example, ClI™~ anion
additive engineering has been recognized as a simple and facile
method to enhance stability, surface morphology, and crystalli-
zation growth while reducing structural defects.*>**%>%¢ Xie et al.*®
explored the role of MACI as an additive and showed that the C1~
anion can promote the interaction between FA and I by passiv-
ating iodine vacancies in the crystal structure, achieving a verti-
cally oriented crystal structure of perovskites with homogeneous
grain morphology. Seok and colleagues have introduced
a strategy to enhance stability by doping with methyl-
enediammonium dichloride (MDACL,), resulting in significant
stability improvements.*® Another promising additive engi-
neering strategy is to use pseudo-halide anions with strong
electronegativities, such as formate (HCOO™) and acetate
(CH3COO ™), as they not only suppress halide vacancies but also
improve crystal formation and growth.”** Recently, Li's group
fabricated highly efficient and stable PSCs in ambient air with the
addition of guanabenz acetate salt, which is not limited to a glo-
vebox and provides a feasible approach toward commercializa-
tion.”” In an alternative approach, Du et al* successfully
converted yellow 3-FAPDbI; into black o-FAPbI; using aerosol-
assisted crystallization at 100 °C using precursor solutions con-
taining only lead iodide and formamidinium iodide with no
chemical additives.’®

Meanwhile, recent studies have demonstrated that oxygen
can effectively inhibit nonradiative recombination by bonding
to halide vacancies in perovskite films.***® For example, the
photoluminescence (PL) intensity of MAPbI; increased by more
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than three orders of magnitude, and the corresponding PL
lifetime was extended from just a few nanoseconds to hundreds
of nanoseconds via oxygen passivation.*® Subsequently, Liu
et al** systematically investigated the passivation effect of
oxygen on CsPbI,Br using a combination of computational and
experimental approaches. As a result, oxygen atom-passivated
CsPbI,Br-based (film annealed in air) PSCs exhibited higher
power conversion efficiency (PCE) and enhanced stability as
compared to the devices fabricated by annealing perovskite
films in a Nj-filled glovebox. Despite this pioneering work, the
role of oxygen in FA-based perovskites such as a-FAPbI; and
FAMA-based PSCs still needs careful exploration to gain a better
understanding.**” More importantly, the primary method for
achieving oxygen-passivated FA-based perovskite films involves
annealing in ambient air, yet precise control of oxygen dosage
remains to be explored. Excess oxygen can have detrimental
effects by deprotonating organic cations, leading to degradation
and reduced device performance.***® Therefore, it is necessary
to develop an effective and precise strategy to control the effect
of oxygen in perovskite films for high efficiency and stable PSCs.

In this work, we carefully investigated the oxygen effect in FA-
based metal halide perovskites by injecting oxygen into the
precursor solution prior to the deposition and crystallization. A
broad range of experimental measurements and theoretical
calculations were carried out to elucidate the effect of oxygen on
the structural, optical, electronic, and PV properties of metal
halide perovskite thin films and solar cells. We anticipate that
this work will not only demonstrate the feasibility of additive
engineering using simple oxygen treatment in the perovskite
precursor solution but also provide new knowledge in perov-
skite research.

Results and discussion

Fig. 1 illustrates the fabrication procedure of both reference
(without oxygen) and target (with oxygen-induced) perovskite-
based solar cells. A full description of the experimental proce-
dure is provided in the SI. Briefly, a 1.4 M perovskite precursor
solution was prepared by mixing «-FAPbI; powder (Fig. S1),
MDACI, (3.8 mol%), and MACI (35 mol%) in a mixed solvent of
DMF : DMSO and was filtered into sealable glass vials. Then,
ultra-high purity (UHP) oxygen gas (1 mL for the target) was
injected into the sealed glass vials containing perovskite
precursor solutions (Fig. S2). It should be noted that the amount
of injected oxygen was carefully controlled using a setup
depicted in Fig. S3, where a syringe and a needle were placed as
an outlet, and an oxygen gas-connected needle was inserted into
the solution as an inlet. Then, the reference and oxygen-induced
perovskite solutions were spin-coated onto the SnO, layer, fol-
lowed by crystallization and deposition of hole-transporting
layers (spiro-OMeTAD) and gold (Au) electrodes according to an
established protocol.** Fig. S4 displays the cross-sectional
scanning electron microscope (SEM) image of the full device
with a layered structure of FTO/SnO,/a-FAPbI;/spiro-OMeTAD/
Au. The thickness of the perovskite layer was measured to be
~450 nm, while having a flat and smooth contact with the spiro-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of the fabrication steps for the reference and target PSCs.

OMEeTAD layer (180 nm thickness). Lastly, the thickness of SnO,
and Au layers was ~20 nm and ~70 nm, respectively.

To study the structural and morphological characteristics of
the reference and target films, a range of spectroscopic and
microscopic techniques were used. Fig. 2a shows the X-ray
diffraction (XRD) patterns of the reference and target perovskite
thin films. The characteristic crystallographic planes of a-
FAPDI; (001) and (002) were observed while a negligible Pbl,
peak was detected at 12.8° in both films. As shown in Fig. 2b,
a sharp characteristic peak of o-FAPbI; (001) was observed at
14.15° with a calculated lattice parameter of 6.30 A for the

reference perovskite, which was consistent with previous liter-
ature.>?>* In contrast, the (001) peak was shifted slightly to
a lower angle (14.11°) for the target film with a lattice parameter
of 6.32 A. The same shift was also observed in the (002) plane
(Fig. S5). These results suggest that the unit cell of the target
perovskite expanded due to the presence of the oxygen atoms in
the perovskite crystals, which will be discussed in detail later in
accordance with our density-functional theory (DFT) calcula-
tions. Notably, this phenomenon was also observed in previous
studies when other additives were introduced into the «-FAPbI;
perovskite precursor solution.?*3%*°
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Fig. 2

(a) XRD patterns, (b) XRD patterns from 13.5 to 14.5°, (c) HR XPS O 1s spectra (inset shows the atomic ratio of oxygen normalized to lead

(Pb 4f) peak intensity) and (d) XPS Pb 4f spectra of the reference and target perovskite films. (e) HRTEM image, (f) SAED pattern, (g) HAADF-STEM
(scale bar: 200 nm), and the corresponding elemental mapping images of the target perovskite film.
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Furthermore, we explored the chemical structure and spatial
distribution of oxygen-induced perovskite samples using X-ray
photoelectron spectroscopy (XPS). The survey scans of both
samples were identical (Fig. S6). High resolution (HR) XPS O 1s
spectra of both films exhibited peaks at a binding energy of
around 532 eV (depicted in Fig. 2¢), corresponding to adsorbed
oxygen in the molecular state of both samples as they were
crystallized in ambient air with a relative humidity (RH) of 30-
40%.** Interestingly, it can be observed from the inset of Fig. 2¢
that the calculated O/Pb peak intensity ratio increased from
0.024 to 0.058 atomic content after oxygen induction into the
perovskite precursor. More importantly, an additional peak
observed at 528.6 eV only appeared in the target film, corre-
sponding to the presence of atomically bonded oxygen with the
neighbouring atom (Pb), as it was observed in the literature.***°
Furthermore, Fig. 2d displays the HR XPS Pb 4f spectra of both
reference and target perovskite films, which can be deconvo-
luted into one main doublet with a splitting of 4.86 eV.*” These
peaks correspond to the Pb 4f,,, and Pb 4f5,, doublet associated
with Pb-halide bonding, indicating the absence of any metallic
Pb° peak. As shown in Fig. 2d, the Pb 4f;, and Pb 4f;,, peaks of
the target (1 mL oxygen injected) sample were located at slightly
higher binding energies as compared to the reference perov-
skite without any oxygen-inducing effect. According to the XPS
handbook,* this shift (0.2 eV) to the higher binding energy
indicates that oxygen introduced in the target perovskite
bonded with Pb as a halide, confirming the passivation of
halide vacancies. When the amount of oxygen increased (from 1
mL to 4 mL), there were noticeable shifts to the lower binding
energies in the Pb 4f peaks (Fig. S7). This suggests that the high
amount of oxygen introduction into the perovskite leads to the
formation of Pb-O bonds instead of passivating halide vacan-
cies. Both XRD and XPS results confirm that we have success-
fully passivated the halide vacancies in a-FAPbI; films through
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a precisely controlled oxygen-inducing effect into the perovskite
precursor solution.

The crystal structure of the as-prepared thin films was
investigated using high resolution transmission electron
microscopy (HRTEM) and selected-area electron diffraction
(SAED) patterns. Fig. 2e and S8 display the HRTEM image of the
target and reference perovskite films, where the lattice spacing
can be measured to be =3.26 A and =3.20 A, respectively,
which agrees with the (002) lattice planes of the a-FAPbI; cubic
phase.*® The corresponding SAED pattern in Fig. 2f displays
a series of sharp diffraction spots which can be correlated to the
cubic perovskite crystal structure with a space group Pm-3m, a =
b=c=6.41A,and a = § = y = 90°.* This suggests that the
oxygen-induced perovskite film has a preferred (001) crystallo-
graphic orientation along the crystal growth direction, con-
firming that this simple strategy did not deteriorate the crystal
structure of a-FAPbI;. Moreover, the Time-of-Flight Secondary
Ion Mass Spectrometry (ToF-SIMS) profile of the perovskite
films studied, as shown in Fig. S9, highlights that no notable
differences in PbO™~ or Pbl,  ion concentrations are observed
between the reference and target samples. Furthermore, the
accompanying 3D ion distribution renders (Fig. S10) confirm
comparable spatial distributions of PbO™ and Pbl,” for both
sets of films. This indicates the absence of excess lead oxide or
iodide in the target films, thus corroborating the phase purity of
the synthesized perovskite films consistent with the SAED
patterns.*®** The chemical compositions of the perovskite films
were studied using high-angle annular dark-field-scanning
transmission electron microscopy (HAADF-STEM) measure-
ments with selected elemental mapping images (Fig. 2g and
S11). As shown in Fig. 2g, elemental mapping images suggest
that the target film consists of Pb and I with a small amount
of O.
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(a) and (b) Top-view SEM images, (c) and (d) grain size distribution measurements, (e) and (f) UPS spectra, (g) UV-vis spectra (inset shows

the Tauc plot) of the reference and target perovskite films, and (h) the calculated energy level diagram and Fermi level of the perovskite films and

spiro-OMeTAD.
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The surface morphology of the perovskite films was evalu-
ated using top-view scanning electron microscopy (SEM), which
showed similar well-organized pinhole-free grains for the
reference (Fig. 3a) and target (Fig. 3b) films. Notably, it can be
seen from Fig. 3c and d that the average grain size of the
reference and target films was measured to be 0.83 &+ 0.01 um
and 0.98 + 0.01 pm, respectively. This suggests that the oxygen
injection promoted homogeneous crystallization while
reducing the amount of Pbl, on the surface of the perovskite
grains (Fig. S12).

To gain an in-depth understanding of the electronic prop-
erties of the perovskites, ultraviolet photoelectron spectroscopy
(UPS) and ultraviolet-visible (UV-vis) absorption were carried
out. The energy level alignments of perovskite films were
acquired from both UPS data analysis (Fig. 3e and f) and
bandgap calculations (Fig. 3g). In particular, the valence band
maximum (VBM) and conduction band minimum (CBM) were
slightly up-shifted for a-FAPbI; with oxygen injection, suggest-
ing better suitability with the energy level of the hole trans-
porting layer (spiro-OMeTAD). As shown in Fig. 3g, no change
was observed in the UV-vis spectra of both films. The calculated
bandgaps of both a-FAPbI; films were 1.54 eV (Fig. 3g inset),
which is in excellent agreement with the literature.*” Thus, this
suitable energy alignment is expected to lead to improved
charge extraction and reduced charge recombination in the
fabricated solar cells (Fig. 3h).

To further investigate the effect of oxygen on the PV perfor-
mance of o-FAPbI; perovskite solar cells, the devices with
a configuration of fluorine-doped tin oxide (FTO)/SnO,/o-
FAPDbI;/spiro-OMeTAD/Au were fabricated and their PV param-
eters were measured under 1 sun (AM 1.5G) solar illumination.
Fig. 4a-d presents the detailed PV parameters, including V., fill
factor (FF), short-circuit current (J;.), and PCE. The photocur-
rent-voltage (/-V) curves of the best-performing PSCs are shown
in Fig. 4e. The oxygen-induced o-FAPbI;-based PSCs achieved
a PCE of 21.33% with a V. of 1.073 V, J. of 26.03 mA cm 2, and
FF of 78.5, which were higher than the reference device with
a PCE of 20.33%, V,. of 1.057 V, Js. of 25.84 mA cm ™2 and FF of
74.4. In particular, the improved V,. and FF values are attrib-
uted to the suitable energy level alignment of the target perov-
skite film with spiro-OMeTAD (Fig. 3h), allowing efficient
photogenerated hole transport. We also observed the same
trends of enhanced V.. and FF for the PSCs fabricated with o-
FAPbI; and different metal halide perovskite (FAMA) crystal-
lized in a N,-filled glovebox (Fig. S13 and S14).

As shown in Fig. 4f, the external quantum efficiency (EQE)
spectra of both reference and target devices were similar, di-
splaying excellent light absorption and conversion efficiencies
at wavelengths ranging from 350 nm to 850 nm. The integrated
Jse values from the EQE spectra were 24.2 mA cm™ > and 24.5 mA
cm ™ for the reference and target devices, respectively, both of
which are in the range of the corresponding statistical distri-
bution of the measured /i values. As illustrated in Fig. 4g, the
statistical PCE distribution of 30 devices for each reference and
target PSC demonstrated the high reproducibility and repeat-
ability of oxygen-induced o-FAPbI;-based devices versus refer-
ence devices. The device efficiencies vary between 16.75% and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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20.25% for the reference and 18.75% to 21.33% for the target
cells. This can be considered as a noticeable improvement for a-
FAPDbI;-based devices, as this strategy reduces the influence of
environmental factors, particularly RH in ambient air. It should
be noted that we have carried out detailed investigations to
understand the effect of different amounts of oxygen in the o-
FAPDI; perovskite (Fig. S15). It can be seen from Fig. S16 that
the PV parameters of PSCs are dependent on the volume of
oxygen injected into the precursor solution. The devices with 0.5
mL showed improved PCE values as compared to the reference
cells (0 mL). However, the reductions in the PV performances of
the PSCs with more than 1 mL are due to the formation of Pb-O
as demonstrated previously by our XPS measurements (Fig. S7).

To have a better understanding of the role of oxygen-
inducing effect, we have carried out electrochemical impedance
spectroscopy (EIS) measurements of the fabricated devices
under ambient conditions and light illumination. The EIS
technique was applied to study the electrical and ionic charge
dynamics in the fabricated devices. As depicted in Fig. 4h, the
obtained data were fitted with ZView using an equivalent circuit
model shown in the inset. The Nyquist plots show one semi-
circle, which is a typical EIS response for planar n-i-p devices.
The circuit consists of a series resistance (R;) and a charge
recombination resistance (R..) with a double-layer capacitance
(Ca1).>>*® The Rs mainly occurred at the FTO/SnO, interface,
while R... was associated with the perovskite/spiro-OMeTAD
interface due to charge recombination. Both reference and
target devices had similar Ry values as shown in Table S1, but
the Ry, value of the target devices (446.5 Q cm™>) was consid-
erably higher than that of the reference devices (262.7 Q cm™>).
The increased R,.. indicates that the oxygen-inducing effect on
a-FAPDI; reduced the charge recombination at the perovskite/
spiro-OMeTAD interface due to the favourable energy align-
ment. Furthermore, steady-state PL and time-resolved PL
(TRPL) measurements were carried out to study the non-
radiative recombination of the perovskite films. An excitation
wavelength of 355 nm was applied to the glass side of the films.
The PL intensity of the target film was considerably higher than
that of the reference film, implying reduced nonradiative
recombination in the oxygen-induced «-FAPDbI; film (Fig. 4i).
Time-correlated single-photon counting was used to acquire
a more quantitative understanding of charge kinetics. The
corresponding average bi-exponential lifetimes in Table S2 were
calculated from the PL decay curves, as illustrated in Fig. 4j. The
film with oxygen-induced o-FAPbI; showed a longer lifetime
(102.5 ns) than the «-FAPbI; film without oxygen (73.7 ns).
Hence, the higher PL intensity and longer lifetime in the target
film suggest reduced defects and suppressed nonradiative
charge recombination, which are critical for achieving excellent
PV performance and stability of solar cells.

Considering the better performance of oxygen-induced PSCs,
we then tested their stability under three different conditions
based on the International Summit on Organic Photovoltaic
Stability (ISOS) protocols.*” First, PSCs with and without oxygen-
inducing effect were stored in a nitrogen atmosphere and
annealed at a temperature of 85 °C. Both devices were stable in
an inert atmosphere. The target device showed slightly better

EES Sol., 2025, 1, 857-867 | 861
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Fig. 4 Statistical distribution of the PV parameters (a) Vo, (b) FF, (c) Jsc and (d) PCE of reference and target (oxygen-induced) perovskite-based
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stability, retaining 92% of its initial value, while the reference
device retained 86% of the initial PCE (Fig. 5a). This slight
improvement could be attributed to the mitigation of iodine
migration from o-FAPbI; to spiro-OMeTAD by passivating
halide vacancies with oxygen atoms. It has been reported that
iodine migration from perovskite into the HTM shows an
adverse effect on PV performance and stability, particularly at
higher temperatures.®®* To compare the iodine migration of
both reference and target perovskite films, the films were
immersed in glass vials containing anhydrous toluene and
heated at 85 °C for 1 h (Fig. S17). The color of the toluene
solution turned pink after heating at 85 °C for 1 h, while the
solution color remained unchanged at 25 °C after 1 h. This color
change is due to the iodine migration from the perovskite. The
UV-vis spectra reveal that the iodine release from both films was
similar at 25 °C, but the iodine migration increased after
heating at 85 ©°C. It is noteworthy that oxygen-induced

862 | £ES Sol, 2025, 1, 857-867

perovskite film showed slightly lower UV-vis spectrum intensity
than the reference sample, confirming a slight improvement in
stability, as shown in Fig. 5a.

Then, we tested device stability by annealing the devices at
85 °C under humid conditions (85% RH), as illustrated in
Fig. 5b. The target device retained 74% of the PCE relative to its
initial value, whereas the reference device showed 47% decay of
the PCE after being heated at 85 °C in 85% RH for 360 min. The
improved stability under these harsh conditions suggests that
oxygen atom passivation prevents perovskite films from mois-
ture by increasing the hydrophobicity of the perovskite surface.
Next, a long-term stability test was conducted on both devices
(unencapsulated) under ambient conditions (~50-75% RH) for
30 days (Fig. 5¢). The efficiency of the reference device retained
only 7.7% of its initial value, while the target device retained
46.6% of the initial PCE, suggesting that oxygen-induced
perovskite has higher suppression of the defects at the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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films.

perovskite/HTM interface with improved moisture resistance.
Moreover, we investigated the chemical composition of the
perovskite films using XPS measurements after aging them at
85% RH for 360 min. Unlike freshly prepared perovskite films,
metallic Pb° peaks were observed in the HR Pb 4f spectra of the
aged films. The calculated Pb° and Pb** ratio was 15% and 9%
for the aged reference and target films, respectively, as shown in
Fig. 5d. Furthermore, the characteristic XRD peak assigned to
the 001 plane of the aged target perovskite film remained
unchanged, whereas the reference o-FAPbI; thin film shifted to
the lower angle with broader and reduced intensity after storing
under ambient conditions for more than 30 days (Fig. 5¢). These
results reveal that the oxygen-induced a-FAPDI; film is struc-
turally more stable and water tolerant than the reference a-
FAPDI; film.

To confirm the stability improvements, the water droplet
contact angles of reference and target perovskite films were
measured over 300 seconds, as shown in Fig. 5f. It can be seen
from Fig. 5g and h that the initial contact angles of the reference
and target films were 83.7° and 94.5°. However, after 300
seconds, the contact angle values of the reference and target
films decreased to 66.3° and 74.5°, respectively. These results
confirm that oxygen passivation enhances the film hydropho-
bicity and thus improves the moisture resistance of the perov-
skite films. Therefore, these stability tests and contact angle
measurements confirm that oxygen atoms can effectively
passivate halide vacancies and enhance water tolerance,
resulting in stable PSCs. The strategy developed in this work
may hold great promise for the fabrication of large-area perov-
skite solar cells via a roll-to-roll fabrication method. However,
a precise process control at industrial throughputs and effective

© 2025 The Author(s). Published by the Royal Society of Chemistry

mitigation of oxidative side effects should be carefully
considered.

DFT calculations were performed to provide a better under-
standing of the structural and electronic properties of o-FAPbI;
passivated with oxygen using the VASP package.®*> The details
of the computational procedure are described in the SI. First, we
examined the changes in unit cell lattice parameters for a-
FAPbI; with a halide vacancy (called v_FAPI;) and the oxygen-
passivated o-FAPDI; (called O_FAPI;). The optimized structures
and lattice parameters of v_FAPI; and O_FAPI; are shown in the
SI, Fig. S18. DFT optimizations show that the volume of unit
cells has been increased from 214 A® for v-FAPI, to 227 A® for
O_FAPI; upon passivating with oxygen. This observation
supports the XRD analysis in Fig. 2b, wherein the shift of the
(001) peak to a lower value suggested the expansion of the unit
cell upon incorporating oxygen atoms at halide vacancies in the
lattice.

Next, we studied the surface structure of O_FAPI; at different
dosages of oxygen. Two scenarios are evaluated, including the
incorporation of oxygen atoms at one halide vacancy site to
reflect the low dosage of oxygen, and the incorporation of
oxygen atoms at two adjacent halide vacancy sites to represent
the high dosage of oxygen. A similar approach was also
successfully applied to study the low and high coverages of
polyols on transition metals by Trinh et al.®® In the first case, at
one vacancy site, there are two possible configurations for
incorporating oxygen atoms. Oxygen could be adsorbed in the
molecular structure (Fig. 6a) or in the dissociated atomic
configuration (Fig. 6b), with the latter being 68 k] mol ™" more
stable. The activation barrier for O, dissociation from molecular
adsorption is 54 kJ mol ' (Fig. S19), indicating that the
formation of atomic oxygen incorporation into the halide
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(a) Side view (left) and top view (right) of molecular adsorption of O, at one halide vacancy site. (b) Side view (left) and top view (right) of

atomic adsorption of O atoms at one halide vacancy site. The inserted images in Fig. 6a and b are the charge density difference (CDD) plots,
wherein excessive and deficit electron densities are presented by green and blue regions, respectively. Charges of Pb atoms coordinating with
oxygen atoms are shown in red color. Relative energy to the total molecular adsorption (Fig. 6a) is indicated by E™* values. Top view of (c)
molecular adsorption of O, and (d) atomic adsorption of O atoms at two adjacent halide vacancy sites. Relative energy to the total molecular
adsorption (Fig. 6¢) is indicated by £°'2 values. The shifting distance of Pb atoms from the original positions (dashed line) is presented in Fig. 6b

and d.

vacancy site is both thermodynamically and kinetically favor-
able via the annealing treatment in this study. A similar
configuration was also reported for oxygen passivation in
CsPbI,Br.** Further examination of electronic properties via
charge density difference (CDD) plots shows that there is only
weak charge transfer between the adsorbed O, molecule and the
coordinating Pb site in Fig. 6a, while much stronger charge
transfer between oxygen atoms and Pb sites occurs in Fig. 6b,
which is reflected from the presence of deficit electron densities
along the Pb-Pb atoms (blue colour region in Fig. 6b). This
strong charge transfer induces a positive charge on Pb atoms of
+1.2 for the dissociative atomic oxygen incorporated configu-
ration, as compared with a charge of +0.9 for the Pb atom in the
molecular adsorption of O, (Fig. 6a). It should be mentioned
that the molecular adsorption of oxygen at the halide vacancy
site (Fig. 6a) resembles the resilient surface oxygen when o-

864 | £ES Sol, 2025, 1, 857-867

FAPDI; is exposed to the air atmosphere and could be used to
represent the reference sample, while the dissociated atomic
oxygen adsorption could be used to represent the target sample
in Fig. 2d. The more positive charge induced on surface Pb
atoms upon passivating with oxygen is therefore greatly
consistent with the shift of HR XPS Pb 4f peaks**** at a low
dosage of oxygen as is shown in Fig. 2d. It is also important to
note that in the dissociated atomic configuration (Fig. 6b),
slight surface reconstruction occurs and Pb atoms are shifted by
~1.4 A from their original positions in the reference sample.
In the second case, when oxygen atoms are incorporated at
two adjacent halide vacancy sites that represent the higher
dosage of oxygen, the relative stability between the molecular
adsorption and the dissociative atomic oxygen configuration is
reversed. The molecular adsorption of O, at two adjacent
vacancy sites (Fig. 6¢) is 103 k] mol " and is more stable than

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the dissociative atomic oxygen configuration (Fig. 6d). The
instability of the dissociative atomic oxygen configuration is
due to the severe reconstruction of surface Pb atoms. Indeed, to
incorporate the dissociative oxygen atoms at two adjacent
vacancy sites, Pb atoms must be shifted by ~2.9 A from their
original positions, which requires a large extra energy penalty to
drive this reconstruction.®**® Therefore, at a high dosage of
oxygen passivation, the molecular adsorption configuration is
likely to be dominated and does not result in modification of
the electronic properties of passivated a-FAPbI;. This explains
the shift of the HR XPS Pb 4f peaks back to lower binding
energies at higher oxygen dosages in Fig. S7. Finally, water
adsorption on v-FAPI; and O_FAPI; is also investigated, and the
optimized structures are shown in the SI, Fig. S20. The
adsorption energies of H,O on v-FAPI; and O_FAPI; are —57 and
—41 kJ mol ™, respectively. Due to the weaker adsorption of
H,0, O_FAPI; is more hydrophobic and has more resistance to
moisture attack, explaining its higher stability and better
performance under the humidity test, as shown in Fig. 5.

Conclusions

In summary, we have investigated the oxygen-inducing effect in
phase-pure a-FAPDbI; and its solar cells by controllably injecting
oxygen into the perovskite precursor solution. We found that
oxygen-induced PSCs performed better than devices without
oxygen, achieving improved V,., FF, and PCE values. Notably,
these improvements are due to the suitable energy alignment
with the hole transporting layer and reduced nonradiative
charge recombination, as evidenced by various spectroscopic
and microscopic techniques. Along with their excellent PV
performance, the unencapsulated devices fabricated with
oxygen-induced perovskites showed remarkable stabilities
under various harsh testing conditions, including high
temperature and humidity, suggesting that an accurate amount
of oxygen passivation could stabilize the perovskite structure
while increasing the water tolerance of the o-FAPbI; structure.
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