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Interface modification stands out as a crucial method to enhance the performance of perovskite solar cells. This
study explores the utilization of the ionic liquid 1-Methyl-3-propylimidazolium phosphate (MPIMPH), containing
phosphate (PO3~) groups, as a modifier for SnO,/perovskite interfaces. Detailed investigations delve into the
specific impact of IL MPIMPH on defects in tin dioxide, perovskite defects, perovskite crystallization,
morphology, and overall device performance. Initially, Density Functional Theory (DFT) is employed to evaluate
the defect passivation potential of different anions on tin vacancies within the SnO, matrix, revealing the
exceptional defect passivation ability of the PO~ group. Chemical interactions between ILs MPIMPH and SnO,,
as well as perovskite, are confirmed, establishing a fundamental basis for interface defect passivation. ILs-based
interface modification enhances interface contact, influencing the lead iodide conversion into perovskite and
perovskite crystallization, ultimately leading to the formation of high-quality perovskite thin films. ILs also
effectively suppress interfacial charge recombination and optimize the energy alignment of the SnO2/perovskite
interface to enhance carrier extraction. Benefiting from the interface modification with ILs, the optimized device
achieved an impressive device efficiency of 24.24 % with remarkable durability. This work provides an novel
aspect for designing ionic liquids to enhance interface modification, contributing to upscaling and application of

perovskite photovoltaics.

1. Introduction

Perovskite solar cells (PSCs) have emerged as a prospective photo-
voltaic (PV) technology for the production of renewable energy [1-5].
Capitalizing on their remarkable attributes, including their robust light
absorption, extensive carrier diffusion length, and minimal exciton
binding energy, PSCs have witnessed an extraordinary surge in their
power conversion efficiency (PCE), soaring from 3.8 % to 26.1 % over
the span of a decade [6]. During the continuous breakthroughs in the
field of PSCs, the updating of electron transport layer materials and the
modification of the electron transport layer (ETL)/perovskite interface
assume pivotal roles. The selection of ETL materials and the precise
interaction between the ETL and the perovskite layer will have a direct
impact on the crystallization process, the overall film quality of the
perovskite and extraction of interface charges [7-9].
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Titanium dioxide (TiO3) has been extensively employed as conven-
tional ETL material in the creation of effective and enduring perovskite
devices [10-12]. Nonetheless, the demanding manufacturing conditions
and the deterioration of device stability, stemming from its elevated
processing temperatures and limited UV stability, act as obstacles to its
continued progress [13]. These challenges are particularly pronounced
in the context of flexible and large-area PSCs advancement. Emerging as
a highly viable substitute for TiO», tin dioxide (SnO) boasts enhanced
bulk electron mobility, more moderate processing temperatures, and
diminished photocatalytic reactivity, which further released the poten-
tial of PSCs [14-16]. Surprisingly, solar cells employing SnO, as the
electron transport layer, which is based on a straightforward and
convenient fabrication approach, have achieved an efficiency exceeding
25.5 % [17]. However, the tin oxide defects easily generated during the
processing of tin and oxygen vacancies adversely affect the electron
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transfer and the charge recombination, thereby impeding the further
enhancement of perovskite devices based on SnO, [18-20]. Moreover, it
is essential to optimize the direct surface contact between the tin dioxide
layer and the perovskite layer in order to guarantee a perovskite growth
environment with a high-quality morphology. To tackle the issues
mentioned above, an array of materials, including organic salts, inor-
ganic salts, polymers, ionic liquids (ILs), and metal frameworks, are
utilized as interface modifiers for the SnOy/perovskite [21-24]. Simul-
taneously, they regulate the defects in SnO, and perovskite, leading to
the attainment of high-quality thin films and the optimization of
photovoltaic performance in devices [25,26]. Among the array of ma-
terials, ILs shine for their eco-friendly attributes, thermal resilience,
chemical durability, varied molecular structures, and potent chemical
affinities toward both perovskite and tin dioxide [9,27-29]. These
valuable characteristics have spurred the extensive integration of ILs as
interface modifiers for the SnOy/perovskite interface. Chen and col-
leagues reported an IL, imidazolium tetrafluoroborate (IMBF,) as effi-
cient SnOy/perovskite interfacial modifier to achieve a champion
efficiency 23.05 % [30]. The BFj in IL IMBF, can fill oxygen vacancies
through formation of the strong coordination bond between BF; with
Sn%* and the cation IM" simultaneously passivating the uncoordinated
Pb%* for the effective suppression of vacancy defect in perovskite,
leading to the more efficient charge transfer. Mu and colleagues incor-
porate the IL formamidine acetate (FAAc) at the SnOs/perovskite
interface, achieving simultaneous passivation of defects on both the
SnO; electron transport layer (ETL) surface and the bottom of the
perovskite layer [31]. Through the proficient passivation of interface
defects by FAAc, the recombination of interfacial charges is efficiently
alleviated, leading to a remarkable amplification in the filling factor to
around 0.83 and elevates the PCE to 23.05 %. Nonetheless, present-day
research predominantly centers on singular and prevalent ILs encom-
passing BFy, AC™, I, Cl7, and Br™ as candidates for interface modifi-
cation. The examination of distinct anions featuring diverse chemical
structures, aiming to elucidate their precise contributions to the un-
derpinning principles governing IL structure design in the context of
interface modification, and the pursuit of innovative ILs with markedly
enhanced efficacy for interface modification, continues to be encum-
bered by inherent challenges.

In this work, we employed IL 1-Methyl-3-propylimidazolium phos-
phate (MPIMPH) with phosphate (PO3~) groups as agents to modify
SnOy/perovskite interfaces. We extensively investigated the specific
effects of IL MPIMPH on tin dioxide defects, perovskite defects, perov-
skite crystallization, morphology, and overall device performance have
been extensively investigated. Initial Density functional theory (DFT)
calculations comprehensively compared the defect passivation abilities
of various anions on tin vacancies in SnO,, revealing that among the
numerous common anions, the PO3~ group exhibited the highest defect
passivation capability. We validated strong chemical interactions be-
tween IL MPIMPH and both SnO; and perovskite through infrared
spectroscopy (FTIR), nuclear magnetic resonance (NMR), and X-ray
photoelectron spectroscopy (XPS), forming a foundational basis for
passivating interface defects. Furthermore, MPIMPH IL modification of
the interface enhances the interface contact, thereby influencing the
degree of lead iodide transformation to perovskite and the crystalliza-
tion of perovskite. This leads to the creation of high-quality perovskite
thin films characterized by substantial and consistent grain sizes, sup-
ported by data from grazing-incidence wide-angle scattering measure-
ments (GIWAXS), atomic force microscopy (AFM), and scanning
electron microscopy (SEM). Capitalizing on the interface modification
facilitated by MPIMPH ILs, perovskite materials treated with IL exhibi-
ted reduced charge recombination, extended photoluminescence life-
time, and enhanced carrier transport efficiency. Consequently, ILs-
treated PSCs achieved a remarkable PCE of 24.24 %, demonstrating a
substantial improvement over the reference device’s efficiency of 22.60
%.
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2. Results and discussion

The planar PSCs device was fabricated using a structure of ITO/
SnOy/perovskite/Spiro-OMeTAD/Au, following our previously reported
method [32]. Detailed fabrication steps can be found in the experi-
mental section. In this study, we employed an ILs, MPIMPH, composed
of cations containing imidazole groups and anions consisting of phos-
phate (Fig. S1), to modify the SnOy/perovskite interface in the planar
PSCs device. The IL’s cations were deliberately selected for their strong
chemical interactions between imidazole groups and perovskite con-
stituents, known for their remarkable capability in defect passivation
and ion migration inhibition in PSCs field [29,33]. The cations encom-
pass fragments with imidazole groups due to their effective interaction
with perovskite material. The anionic phosphate group, containing the
P—O0 moiety, has been verified to exhibit potent defect passivation ef-
fects on SnO,, effectively enhancing the charge transfer at the interface
[34-36]. Fig. 1a schematically depicts the distinct chemical interaction
between the ILs MPIMPH with both perovskite and SnO layers. The
interaction between the imidazole groups of the IL cations and the
perovskite is anticipated to lead to the passivation of Pb-I antisite defects
on the bottom surface of perovskite films. Concurrently, the anions are
expected to coordinate with Sn** within the SnO, film, contributing to
the mending of oxygen vacancy deficiencies within the electron trans-
port layer.

To substantiate specific chemical interactions, XPS analysis was
conducted on SnO; films, comparing instances with and without ILs
MPIMPH modification. Two distinct peaks at 495.45 and 487.04 eV in
the Sn 3d spectrum for control SnO, sample, correspond to Sn 3d3,» and
3ds,2, respectively. After ILs MPIMPH modification of, the binding en-
ergies of Sn 3ds,» and Sn 3ds,» were decreased to 495.12 and 486.77 eV,
indicating strong coordination interaction of PO~ in MPIMPH with
Sn** in SnO,. In Fig. 1c, the O 1s peaks of control and ILs-modified SnO,
films were deconvoluted into two peaks of 531.99 eV and 530.42 eV,
attributed to the lattice oxygen and vacancy oxygen in SnOy [37],
respectively. The additional signal peak after ILs modification is
attributed to the phosphate group, indicating the ILs attachment to the
surface of SnO». The proportion of vacancy oxygen decreases from 0.5 to
0.3 after ILs MPIMPH modification (Fig. 1d), as calculated through the
previously reported formula [38]. This promotes the reduction of defect-
assisted photo-generated carrier trapping and enhances the efficiency of
electron extraction [39]. Subsequently, relevant device structures were
supplemented to explore the specific effects of IL modification on the
conductivity and electron mobility of tin dioxide. J-V curves of devices
were obtained via the structure of ITO/Ag/SnO5 or MPIMPH-SnO,/Ag to
evaluate the conductivity of SnOy or MPIMPH-SnO films. The con-
ductivity can be determined from the formula I = cAL71V [40], where A
and L represent the active area and thickness, respectively. As displayed
in Fig. S2a, the electron conductivity of the MPIMPH-SnO; film (9 x
103 mS*cm™?) is slightly higher than that of the SnOj film (2.5 x 1073
mS*cm’l). To reveal the role of MPIMPH modification in the electronic
and interfacial characteristics, Fig. S2b demonstrates the Mott — Gurney
JY2.V curves of devices with a structure of ITO/Ag/SnO, or MPIMPH-
SnO,/Ag based on the space charge limited current (SCLC) method [41].
The mobility of electrons can be determined from the Mott-Gurney law
Jp = 9p€€0V2/8L3) [42]. The calculated electron mobility of MPIMPH-
Sn0, film (2.225 x 1072 em? V! s71) is significantly higher in com-
parison with that of the SnO; film (3.585 x 104 cm? v! s’l), which
will benefit to accelerate the electron transport. These results confirm
that the SnO, modification can facilitate charge transport. In order to
delve deeper into the chemical interactions between ILs and SnOg, FTIR
spectroscopy was conducted for the MPIMPH and MPMPH + SnO,
samples. The peak at 561 cm ™! is attributed to the Sn—O signal (Fig. 1e),
while the signals at 1089 and 1047 cm ™" are assigned to the P—0 and
P-O signals (Fig. 1f) in IL. MPIMPH, respectively. Upon the introduction
of the sample containing SnO, the P—0 and P-O signals shift to 1086
and 1044 cm ™}, respectively, providing further evidence of the strong
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Fig. 1. (a) Schematic representation of the chemical interactions between ILs with SnO, and perovskite. XPS spectrum of (b) Sn 3d and (c) O 1s core levels of the
control and IL-modified SnO; film. (d) The statistical ratio of oxygen vacancies (Ov) is derived from the calculation of the O 1s XPS spectrum. (e and f) FTIR spectrum
of MPIMPH and MPIMPH + SnO, samples. (g) "H NMR spectrum of MPIMPH and MPIMPH -+ Pbl, samples.

interaction between the phosphate groups in the IL MPIMPH and SnO,.
In addition to the previously mentioned interactions involving ILs and
tin dioxide, NMR measurements were utilized to confirm the in-
teractions between ILs and perovskite, as depicted in Fig. 1g and Fig. S3.
Chemical shifts from 9.11 to 8.55 ppm in the resonance peaks of the
imidazole group upon the adding Pbl, to the MPIMPH solution indicate
a strong interaction between imidazole groups and uncoordinated Pb2*.
Ultraviolet photoelectron spectroscopy (UPS) was employed to elucidate
alterations in the conduction band (Ecg) position of SnO,, showing po-
sitions for the pristine and IL MPIMPH-treated one as —4.32 eV and
—4.24 eV, respectively (S4). The determination of valence band
maximum (VBM) was carried out by the following formulas:

Er = Ecutooff — 21.22
VBM = Ef — Eonset

for both control and MPIMPH-modified SnO; films, evidently observed
values from UPS results for Ecytoff and Eqpser are 16.68 (16.88) eV and
3.78 (3.9) eV, respectively. Moreover, calculated VBM were —8.32 eV
and —8.24 eV corresponding to the control and MPIMPH-modified SnO,
films, respectively. Additionally, combining with the optical bandgap of
SnO,, perovskite and UPS spectrum of perovskite, we obtained energy
level diagrams before and after modification (Fig. S5). These indicates
that the conduction band of IL MPIMPH-modified SnO; closely ap-
proximates that of the perovskite, reducing interface energy barriers,

suppressing of interface recombination, and enhancing of electron
extraction efficiency. IL MPIMPH modification barely alters the trans-
mittance of SnOy (Fig. S6).

With the aim of achieving a more comprehensive comprehension of
the interactions between ILs and SnOs and elucidating the specific
impact of the IL’s chemical structure on its effectiveness in interacting
with tin dioxide, while simultaneously providing specific evidence for
the advantages of the chosen MPIMPH, a quantitative analysis was un-
dertaken. First-principles DFT calculations were employed for this pur-
pose (Fig. 2a). The detailed calculation method and constructed
structure models are provided in Experimental Section for computa-
tional details and Fig. S7. The binding energies of frequently encoun-
tered anions in ILs with SnO, were calculated (Fig. 2b). The values for
Br,Cl, I, Ac™, BF; and PO%’ were found to be —1.41, —1.98, —1.19,
—3.31, —3.71 and —3.18 eV, respectively. A relatively higher binding
energy indicates that, compared to traditional anions like Br~, CI~ and
I, the anions Ac~, BFz and PO3~ exhibit stronger chemical interactions
with SnOy. The Sn vacancy formation energy of the above anions-
modified SnO, film is also calculated (Fig. 2c). Phosphate ion treat-
ment results in the highest energy required for tin vacancy formation in
SnO,, films. This observation underscores the optimal capacity of phos-
phate ions to efficiently inhibit the emergence of tin vacancies within
the tin dioxide structure, leading to a substantial improvement in its
charge transport capability.
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Fig. 2. (a) Optimized structures from the DFT calculations of Br~, CI ", I", Ac™, BF4 and PO3 -modified SnO surface. (b) The statistics of binding energy of SnO, with
the above anions. (c) The statistics of Sn vacancy formation energy of the above anions-modified SnO, films.

To further investigate the impact of ILs interface modification on
SnO,, Atomic Force Microscopy (AFM) images of pristine and ILs-
modified SnOy samples are obtained (Fig. 3a and b, Fig. S8). After
modification with IL MPIMPH, the surface roughness of the film,
measured as root-mean-squared (RMS) value, decreased slightly from
0.982 to 0.927 nm. This relatively improved surface smoothness in-
dicates enhanced contact with the upper layer, thereby facilitating
charge transport. Perovskite thin films were fabricated on SnO5 and ILs-
modified SnO, substrates using the traditional two-step method, and the
corresponding SEM images of the perovskite films are shown in the
Fig. 3c and d. In the control perovskite, a noticeable white substance is
observed, while it is almost absent on the surface of the perovskite film
modified with IL interface. In order to verify the white substance on the
surface of the perovskite film in SEM, GIWAXS measurements have been
performed. To specifically focus on the top surface of the perovskite thin
film, we have varied the incident angle of X-ray to 0.1°. For the control
sample, discernible scattering peak at ¢ =9 nm ™" can be seen, originated
from large amount of PbI, residues on the top surface, while nearly no
PbI, diffraction signal can be observed for MPIMPH-modified sample. It
is reasonable to conclude that the while substance is Pbl. AFM analyses
were conducted for both control and ILs-modified perovskite films
(Fig. S10). The improvement of film quality with larger grain size and
less residual Pbl, can be observed in ILs-modified perovskite film, which
are entirely in line with those obtained from SEM images. Notably, a
smoother and more level surface corresponding to the reduced rough-
ness was demonstrated on the surface morphology of the ILs-modified

perovskite film.Detailed 2D GIWAXS images are available in Fig. S9.
In-situ UV-Vis absorption measurements were utilized during the ther-
mal annealing process to investigate the effect of MPIMPH on the
crystallization process of perovskite films (Fig. S11). For the control
sample, a faster crystallization kinetics is monitored, along with the
absorption intensity got stabilized after 55 s, while for MPIMPH-
modified sample, a slower crystallization process is observed. It takes
about 75 s to reach the stabilized absorption state. The introduction of
MPIMPH has slowed down the perovskite crystallization kinetics,
yielding relatively more time for the reaction between Pbl, and organic
salts, contributing to the conversion of Pbl; into perovskite materials,
which is consistent with the reduction of residual Pbl, in SEM images.
Excessive residual lead iodide can significantly compromise the device
stability, and the effective management of lead iodide is crucial for the
photovoltaic performance of the device [6,43]. Importantly, IL
MPIMPH-modified perovskite film exhibits a more uniform morphology
and larger average grain size (857 nm), significantly larger than the
counterpart of the reference sample’s 340 nm (Fig. 3e and f). In order to
thoroughly elucidate the specific reasons for the enlargement of
perovskite grains, contact angle tests were conducted for both control
and MPIMPH-modified SnO5 samples (Fig. S12). Compared to the 45°
contact angle obtained from the control SnO, sample, the MPIMPH-
modified SnO5 sample exhibited a smaller contact angle (21°), indica-
tive of lower surface energy. This lower surface energy facilitated the
generation of larger perovskite grains [44]. To elucidate the significant
role of PO3~ in shaping the morphology of perovskite films, SEM
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Fig. 3. AFM images of (a) control SnO, film and (b) MPIMPH-modified SnO, film. SEM images of (c) control perovskite film and (d) MPIMPH-modified perovskite
film. (e and f) Corresponding statistics of particle size accroding to the SEM results.

measurements were conducted for the ILs with different anions (BF4, 1,
Br~, Cl” and Ac™) paired with the same cation (Fig. S13). Compared to
the reference, SnO,/perovskite modified with MPIMBF,, MPIMI,
MPIMBr, MPIMCI] and MPIMAc exhibit higher film quality with larger
grain size and less Pbl; residues, as confirmed by grain size statistics. It is
evident that ionic liquids containing MPIM* can effectively regulate the
crystallization process of perovskite; however, the influence of different
anions varies significantly. Owing to the presence of PO3~, MPIMPH-
modified perovskite film displays the largest grain size. The high qual-
ity perovskite film effectively reduces the number of grain boundaries,
thereby mitigates non-radiative recombination. Therefore, the buried
interface modification with ILs also plays a positive role in regulating the
crystallization and morphology of perovskite.

X-ray diffraction (XRD) patterns were collected for both the un-
modified and MPIMPH-modified perovskite films, aiming to compre-
hensively understand the influence of ILs’ buried interface modification
on the perovskite films. A consistent diffraction peak at 14.02°, aligned
with the (110) crystal plane of perovskite, is evident in both the un-
modified and MPIMPH-modified perovskite films (Fig. 4a). This suggests
that the inclusion of ILs has minimal impact on perovskite structure in
terms of polymorphism or lattice variation. Importantly, the intensity of
the PbI, peak signal at 12.70° is significantly diminished in MPIMPH-
modified films compared to the control film, indicating the effective
decrease of Pbly residue following the buried interface modification
through ILs. To further explore the impact of ILs, specifically MPIMPH,
in promoting perovskite formation, systematic GIWAXS analysis was
conducted. Fig. 4b and c presents the 2D GIWAXS patterns of both un-
modified and MPIMPH-modified perovskite samples, the q, points in the
out-of-pane direction with respect to the sample surface and the qyy
represents the in-plane direction, respectively, the symmetry of the fiber
texture can be used here to examine the scattering distribution in a
single frame [44], displaying two scattering peaks located at ¢ = 9 and
10 nm’l, corresponding to the (110) planes of Pbl; and the (110)
planes of 3D perovskite crystals. Radial integration results (Fig. 3d)
show a weaker Pbl, signal in MPIMPH-modified perovskite samples,
indicating that buried interface modification via ILs facilitates the con-
version of Pbl; into perovskite. Subsequent UV-Vis (Fig. 4e) and PL tests

(Fig. 4f) were carried out on the perovskite films deposited onto both
pristine and IL MPIMPH-modified SnO; film substrates. These tests
exhibited nearly identical absorption thresholds and photoluminescence
peak positions, signifying the preservation of the lattice structure,
consistent with the XRD results. Simultaneously, the PL intensity and
carrier lifetime of perovskite films utilizing ILs MPIMPH-modified ETLs
demonstrated a notable decrease, which is due to the significant
passivation effect of MPIMPH on defects in SnOs, thereby promoting the
extraction of more electrons from perovskit layer to the ETL with less
recombination loss at ETL/perovskite interface (Fig. 4f and g) [45,46].
The corresponding decay parameters which are obtained by fitting the
data with a bi-exponential decay function listed in Table S1, and the
function is as follow:

f(x) =Ale(7 ﬁ) +Aze(7 é)

where A is the corresponding decay amplitude, 7, and 1, are the fast and
slow decay times, respectively, and C is a constant. Additionally, the PL
and time-resolved photoluminescence (TRPL) datas of perovskite films
deposited on control and IL MPIMPH-modified glass substrates are also
obtained in Fig. 4h and i. Similarly, we employed the above function to
fit the data, demonstrating that a slower decay was observed in
MPIMPH-modified perovskite films, associated with the improved
quality of films (Table S2). Following the interface modification with IL
MPIMPH on glass substrates, a notable enhancement is observed in both
the PL intensity and acculated charge-carrier lifetime, further accentu-
ating the role of ILs in mitigating defects at the bottom of the perovskite
layer, reflecting in the suppression of interfacial charge recombination
[47,48].

To gain a deeper understanding of the impact of ILs on device de-
fects, we conducted space-charge limited current (SCLC) measurements,
as depicted in Fig. 5a and b, and determined trap density using a pre-
viously reported formula. The flat-band voltage (Vrp) diminishes from
0.269 to 0.153 V following the modification with MPIMPH, indicating a
reduction in trap density (Ny) of the MPIMPH-modified film, reducing
from 4.52 x 10'° to 2.42 x 10" cm™3 (Fig. 5¢). The reduced defect
density indicates that ILs modification optimizes the formation of
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defects at perovskite grain boundaries and SnOy/perovskite interface.
To investigate the impact of buried interface modification with ILs on
device performance, we varied the concentrations of MPIMPH to find
the optimal level. The resulting champion PCE and associated photo-
voltaic parameters are presented in Fig. S14 and Table S3. Noticeable
improvements in both Voc and FF are evident, attributed to the
enhanced quality of perovskite films quality, with larger grain size, less
residual PbI; and efficient passivation of defects. The device subjected to
MPIMPH treatment achieved an elevated power conversion efficiency
(PCE) of 24.24 %, characterized by an open-circuit voltage (Voc) of
1.185V, a short-circuit current density (Jsc) of 25.18 mA cm’z, and afill
factor (FF) of 81.25 %. In contrast, the top-performing pristine device
exhibited a standard PCE of 22.60 %, accompanied by a Voc of 1.131 V,
Jsc of 25.12 mA cm’z, and FF of 79.55 % (Fig. 5d). Meanwhile, J-V
curves tests were also employed to evaluate the photovoltaic perfor-
mance of different ILs-modified PSCs, with specific J-V curves and
photovoltaic parameters shown in Fig. S15 and Table S4. The PSCs
treated with the five different ionic liquids (MPIMAc, MPIMBF,
MPIMCI, MPIMBr and MPIMI) achieved champion efficiencies of 23.78
%,23.58 %, 23.13 %, 23.12 % and 23.10 %, respectively.The EQE
spectra of the winning device using MPIMPH exhibit a closely matched
integrated Jsc when compared with the Jsc measured from the J-V curve
(Fig. 5e). To better illustrate the performance improvement of ILs for the
device, hysteresis characteristics were demonstrated for both control
and MPIMPH-modified PSCs in Fig. S16, and corresponding parameters
were summarized in Table S4. Remarkably, introducing MPIMPH

significantly reduced the hysteresis index (HI) from 0.108 to 0.066,
owing to the reduction of SnOy/perovskite interface defects and the
inhibition of perovskite ion migration. Simultaneously, the statistical
outcomes for performance parameters of MPIMPH-modified PSCs with
an average PCE of 23.45 % also indicate a significant enhancement in
reproducibility (Fig. 5f and Fig. S17). The steady-state PCE of control
and MPIMPH-modified PSCs via maximum power point tracking are
assessed in Fig. 5g, which demonstrated remarkable stability at 22.29 %
and 23.97 %, respectively. These results align notably with the obser-
vations from the J-V curves. In Fig. 5d, the results of maximum power
point (MPP) tracking are illustrated for both the control devices and
those modified with MPIMPH. Even after 1000 h of continuous MPP
tracking, the MPIMPH-modified device retains 91.2 % of its initial PCE,
in contrast to the control device which drops below 85.3 %. The hu-
midity stability of devices were subjected to testing, revealing that even
after 1000 h of storage under a relative humidity of 40 %, the efficiency
of the devices modified with IL. MPIMPH managed to retain 90.1 % of
their initial efficiency (Fig. S18). To comprehensively demonstrate the
enhanced stability of MPIMPH-modified PSCs, cross-sectional SEM was
utilized to monitor the evolution of perovskite layers (Fig. S19). After
exposure to an environment of 25 °C, 40 % RH for 15 days, poor stability
can be observed for the control device, characterized by incomplete
grains and the precipitation of a large amount of Pbl,. In contrast, the
perovskite layer of MPIMPH-modified PSCs remained stable. To inves-
tigate the effect of MPIMPH on the thermal stability of devices, we
captured cross-sectional SEM images of both control and MPIMPH-
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Fig. 5. (a and b) SCLC measurements of devices with the ITO/SnO5 or SnO,/MPIMPH/Perovskite/PCBM/Au. (c) Statistics of defect density calculated by SCLC
measurements. (d) J-V characteristics of control and MPIMPH-modified PSCs. (e) EQE spectra of MPIMPH-modified PSCs. (f) The histogram of PCE for control and
MPIMPH-modified devices. (g) Stability maximum power point for the control and MPIMPH-modified devices. (h) Stability of PSCs under MPP tracking with

continuous illumination of AM 1.5G light soaking in N, atmosphere.

modified before and after heating in a 60 °C, 50 % RH environment.
Upon substantial heating, the perovskite grains in the control sample
were significantly damaged, with more occurrences of Pbl,, while the
MPIMPH-modified exhibited only slight changes.

3. Conclusion

In this study, we employ IL. MPIMPH, with phosphate (PO3 ") groups,
as an interface modifier for SnOy/perovskite interfaces and conduct
comprehensive investigations to analyze the specific impact of IL
MPIMPH on tin dioxide defects, perovskite defects, perovskite crystal-
lization, morphology, and the overall device performance. Density
Functional Theory (DFT) calculations are initially utilized to compre-
hensively assess the defect passivation potential of various anions on tin
vacancies within the SnO, matrix. The results unequivocally highlight
the exceptional defect passivation capabilities of the PO3~ group, dis-
tinguishing it from the numerous common anions (Br, Cl, I, Ac™ and
BF;). Substantial chemical interactions are confirmed between IL
MPIMPH and both SnO» and perovskite, forming a fundamental basis for
interface defect passivation. Furthermore, IL-based interface modifica-
tion enhances interface contact, influencing the extent of lead iodide
conversion into perovskite and perovskite crystallization, ultimately
resulting in the production of high-quality perovskite thin films. The
contribution on efficiently inhibiting interfacial charge recombination

and fine-tuning the energy alignment at the SnOs/perovskite interface,
thereby improving carrier extraction has also been confirmed. Thanks to
the interface modification with ILs, the optimized device achieves an
impressive device efficiency of 24.24 % and demonstrates exceptional
durability.
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