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Abstract
Phosphonic  acid-based  self-assembled  monolayers  (SAMs)  are  widely  used  as  hole-
selective  contacts  in  inverted  perovskite  solar  cells.  However,  conventional  deposition
methods of SAMs inevitably leave physisorbed multilayers that contain under-protonated
P-OH groups, which degrade the buried interface and hinder carrier extraction. Here, we
report  a  dip-flush  strategy  using  pyridine  derivatives  (3-fluoropyridine  and  3-
methoxypyridine)  as  mild  coordinating  solvents  to  selectively  remove  weakly  bound
species from dip-coated 4-(7H-dibenzo[c,g]carbazol-7-yl)butyl  phosphonic acid SAMs.
These pyridine derivatives exploit strong hydrogen-bond-accepting ability to preferentially
interact  with  physisorbed  molecules,  thereby  desorbing  aggregates  while  leaving  the
chemisorbed  monolayer  intact.  Density  functional  theory  calculations  confirm  that  3-
methoxypyridine exhibits superior cleaning efficacy owing to its stronger binding affinity
and lower removal energy. The flush post-treatment significantly reduces residual P-OH
groups and yields a cleaner, more hydrophobic, and smoother SAM surface. Consequently,
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perovskite films grown on the cleaned SAM show enhanced crystallinity and a void-free buried interface. As a result,
the optimized dip-flush SAM delivers a champion power conversion efficiency of 26.49%, and this advantage scales
up to a 12.87 cm2 (aperture area) mini-module, for which a PCE of 22.56% is obtained. This dip-flush chemically
selective strategy offers a scalable pathway toward highperformance, largearea perovskite photovoltaics.

INTRODUCTION
Self-assembled monolayers (SAMs) have become indispensable interfacial materials in optoelectronics,

particularly in the rapidly advancing field of perovskite solar cells (PSCs)
[1-3]

. In inverted (p-i-n) PSCs, SAMs

serve as an ultra-thin selective contact layer that not only improves holes extract efficiency but also passivates

defects at the buried interface between the transparent conductive oxide (TCO) and the perovskite

absorber
[4-6]

. A wide variety of SAMs have been explored, including carboxylic acids (-COOH)-, phosphonic

acids (-PO
3
H

2
)- and boronic acids [-B(OH)

2
]-based SAMs

[7,8]
. Among these, phosphonic acids-based SAMs

have emerged as the most successful and widely adopted class for perovskite photovoltaics. Their advantages

stem from the strong bidentate or tridentate binding to hydroxylated TCO surfaces, such as indium tin oxide

(ITO) and fluorine-doped tin oxide (FTO), which provides exceptional thermal and hydrolytic stability.

A typical SAM molecule consists of three functional parts: an anchoring group that chemisorbs to the oxide

substrate, a spacer (often an alkyl or conjugated chain), and a terminal group that interfaces with the active

layer. Their modular molecular design allows fine-tuning of the terminal group to achieve optimal energy

level alignment with the perovskite
[9,10]

. The self-assembly process occurs spontaneously upon exposure of a

clean TCO substrate to a dilute solution of the SAM-forming molecule, driven by the strong affinity between

the anchoring group and the hydroxyl groups on the TCO surface. Generally, the amphiphilic nature of SAM

molecules leads to significant molecular agglomeration in most organic solvents, forming micelles or

disordered clusters
[11-13]

. Meanwhile, the anchoring groups initially interact with oxide substrates only

through weak, reversible adsorption, requiring sufficient time to evolve into stable, densely packed

configurations
[7,14,15]

.

Spin-coating is the most commonly used method for SAM deposition on small-area substrates due to its

simplicity and good reproducibility
[16,17]

. However, the rapid solvent evaporation leads to insufficient

dissociation of agglomerated SAM molecules, accompanied by the failure of multilayer adsorbed molecules

to reorganize into a well-ordered, densely packed monolayer
[18-20]

. Furthermore, when scaling up to large-area

or flexible plastic substrates, the centrifugal force-induced radial non-uniformity and severe edge effects

exacerbate these issues, making it extremely difficult to achieve homogeneous and high-quality SAM

coatings across the entire device area. To overcome these limitations, static immersion (dip-coating) has

been proposed as a promising alternative. In this technique, the substrate is fully immersed in a SAM

molecule solution and kept stationary for an extended period. This allows the molecules to dissociate from

agglomerates, displace adsorbed species, and gradually reorganize into a densely packed, well-ordered

monolayer under near-equilibrium conditions
[21-24]

. Consequently, static immersion achieves superior surface

coverage, molecular ordering, and uniformity - advantages that are particularly critical for large-area and

flexible substrates where spin-coating consistently fails to deliver homogeneous SAM coatings.

However, both spin-coating and dip-coating inevitably introduce physisorbed multilayers that carry under-

protonated P-OH groups not involved in substrate anchoring. These residual P-OH species at the buried

interface catalyze distinct degradation pathways of the perovskite
[2,25,26]

. Meanwhile, due to the poor hole

mobility of SAM molecules, the multilayers themselves hinder carrier extraction. Therefore, a judicious
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post-treatment step is essential to remove physisorbed aggregates and weakly bound species without

detaching or disrupting the chemisorbed monolayer.

In this work, we propose a rational dip-flush strategy to address the intrinsic limitations of physisorbed

multilayers in conventional SAM deposition methods. Specifically, we introduce pyridine derivatives,

including 3-fluoropyridine (3-FPy) and 3-methoxypyridine (3-MeOPy), as mild coordinating solvents to

selectively remove weakly bound species from dip-coated 4-(7H-dibenzo[c,g]carbazol-7-yl)butyl phosphonic

acid (4PADCB) SAMs on ITO substrates. These pyridine derivatives possess strong hydrogen-bond-

accepting ability, which allows them to preferentially interact with the phosphonic acid groups of

physisorbed 4PADCB molecules. Density functional theory (DFT) calculations reveal that 3-MeOPy exhibits

the lowest binding energy to 4PADCB and the lowest removal energy, confirming its superior efficacy in

eliminating residual multilayers. Consequently, they desorb aggregates anchored by weak van der Waals

forces and hydrogen bonds, while leaving the chemically anchored monolayer intact. This selective removal

process yields a clean, well-ordered, and fully anchored SAM surface with markedly reduced P-OH residues.

Consequently, the optimized dip-flush SAM enables a champion power conversion efficiency of 26.49% for

small-area devices. It also exhibits a power conversion efficiency (PCE) of 22.56% for a 12.87 cm
2
 mini-

module, demonstrating that this facile yet chemically intelligent strategy offers a scalable pathway toward

high-performance, large-area perovskite photovoltaics.

EXPERIMENTAL
Materials

We obtained formamidinium iodide (FAI), cesium iodide (CsI), methylammonium chloride (MACl), lead

iodide (PbI
2
), 4PADCB, 1,3-propanediammonium iodide (PDADI), piperazinium iodide (PI), lead chloride

(PbCl
2
), benzylamine hydroiodide (PMAI) and 3-Methylthio-1-propylammonium iodide (3MTPAI) from

Youxuan Co., Ltd., with purities ≥ 99.9% unless otherwise stated. 3-FPy and 3-MeOPy (both 98%) were

supplied by Bide Co., Ltd. C
60

 and bathocuproine (BCP) were purchased from Xi'an Polymer Light

Technology Co., Ltd. Anhydrous solvents including N,N-Dimethylformamide (DMF), Dimethyl sulfoxide

(DMSO), N-methyl-2-pyrrolidone (NMP), chlorobenzene, and isopropanol (IPA) were acquired from

Sigma-Aldrich, while copper was purchased from China National Medicines Chemical Reagents Co., Ltd.

Perovskite solar cell device fabrication:

Small-area devices fabrication: A 1.6 M FA
0.95

Cs
0.05

PbI
3
 precursor solution was prepared by dissolving FAI,

CsI, PbI
2
, and MACl in a co-solvent mixture of DMSO and DMF (1 mL, volume ratio 1:4) with a molar ratio

of 0.95:0.05:1.15:0.2. In addition, PMAI (1.0 mg/mL) was added to the perovskite precursor solution as an

additive to further improve film quality. The perovskite precursor was prepared by stirring overnight and

then filtered through a 0.22 µm polytetrafluoroethylene membrane immediately before use. As for the ITO

substrates, they underwent successive ultrasonic cleaning in detergent, deionized water, and isopropanol (30

min per step), followed by N
2
 blowing and a 30-min UV-ozone treatment. Subsequently, the substrate was

immersed in a pre-prepared solution of 4PADCB dissolved in isopropanol (0.5 mg/mL) and soaked at 80 °C

for 3-4 h to facilitate the chemical adsorption and bonding of the self-assembled monolayer.

The substrate was then dried with a nitrogen stream and was moved into a nitrogen-filled glovebox, where

we rinsed the SAM and proceeded to deposit the perovskite layer or perform post-treatment. 3-FPy or 3-

MeOPy was directly applied to the 4PADCB-modified ITO/glass substrate in its undiluted form, without

dilution or the addition of any carrier solvent. The neat pyridine derivative was spin-coated at 5,000 rpm for

30 s, followed by annealing at 100 °C for 5 min. The post-annealing step following the spin-coating of

pyridine derivatives was applied solely to accelerate the removal of residual pyridine species and does not

significantly affect the pre-existing SAM layer. Then perovskite films were deposited onto the SAM layer at 5,
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000 rpm for 45 s. During the second spin-coating step, chlorobenzene (150 µL) was swiftly dropped onto the

spinning substrate as an anti-solvent at an interval of 1 s, 10 s prior to the end of the program. This was

followed by thermal annealing at 120 °C for 20 min. After annealing, a mixed solution of PDADI (2 mg·mL
-1
)

and 3MTPAI (2.5 mg·mL
-1

), pre-dissolved in isopropanol, was dynamically spin-coated onto the perovskite

film at 5,000 rpm for 30 s and then thermally annealed at 100 °C for 5 min. Subsequently, the prepared

substrates were transferred to deposit a 30 nm C
60

 layer (deposition rate: 0.03 nm/s), an 8 nm BCP layer

(deposition rate: 0.02 nm/s), and a 100 nm Cu electrode, which were sequentially deposited via thermal

evaporation to complete the perovskite solar cell devices.

Modules fabrication: For the 5 ×5 cm
2
 module, the substrate was immersed in a 4PADCB solution in

isopropanol (0.5 mg/mL) and kept at 80 °C for 3-4 h. Afterward, the substrate was transferred into a

nitrogen-filled glovebox, where its surface was rinsed with 200 μL of 3-MeOPy at 5,000 rpm for 30 s. The

substrate was then annealed at 100 °C for 5 min. 300 μL perovskite solution (570.94 mg FAI, 176.68 mg CsI,

1,844.04 mg PbI
2
, and 111.24 mg PbCl

2
 were dissolved in a mixture solution of 2 mL DMF and 384 μL NMP)

was spin-coated onto the SAM layer at 4,000 rpm for 50 s (1,000 rpm·s
-1

 of acceleration), followed by

annealing at 150 °C for 10 min. 180 μL PI (0.4mg/mL) solution was spin-coated on the perovskite film at

4,000 rpm for 30 s (2,000 rpm·s
-1

 of acceleration), followed by annealing at 100 °C for 10 min. The device

fabrication was accomplished by sequentially thermal evaporating C
60

 (25 nm, deposition rate: 0.03 nm/s),

BCP (5 nm, 0.02 nm/s), and Cu (100 nm, 0.1 nm/s) in a vacuum chamber. Laser-patterned lines (P1, P2, and

P3) were accomplished by the 355nm laser beam with a scribing speed of 200 mm·s
-1
. The scribing powers of

P1, P2, and P3 are 0.4, 0.3, and 0.3 W, respectively. The scribing frequencies of P1, P2, and P3 are 500, 62.5,

and 83.3 kHz, respectively. The line widths of P1, P2 and P3 are about 25, 50 and 37.5 μm, respectively. The

line spacing between P1 and P2, and P2 and P3 is about 60 μm. The aperture area of the module is about

12.87 cm
2
.

Characterization methods

The current density-voltage (J-V) curves were recorded with a Keithley 2400 Source Measure Unit, while the

devices were exposed to simulated AM1.5G solar radiation (100 mW cm
-1

) from an LST-S-55 simulator

(LightSky Technology, xenon lamp). Measurements were performed inside a nitrogen glove box, using non-

encapsulated cells and a shadow mask that confined the illuminated area to 0.0736 cm
2
. Both reverse-scan

(1.2 to -0.1 V, step 0.02 V) and forward-scan (-0.1 to 1.2 V, step 0.02 V) measurements were carried out with

a 1-ms delay time. The J–V curves of the mini-modules were measured under AM 1.5G illumination (100

mW cm
-2

). Both reverse-scan (9.6 V to −0.1 V, step 0.05 V) and forward-scan (−0.1 V to 9.6 V, step 0.05 V)

measurements were carried out with a 1-ms delay time. Calibration of the solar irradiance was performed

using a certified silicon diode (LRC-KG5-013, LightSky Technology), while EQE data were collected via the

LST-QE system supplied by the same manufacturer. We acquired steady-state and time-resolved

photoluminescence (PL and TRPL) using an FLS1000 spectrometer (Edinburgh Instruments) at 470 nm

excitation, and obtained scanning electron microscopy (SEM) micrographs with a SU8010 field-emission

instrument. X-ray diffraction (XRD) patterns were collected on a Rigaku Smart Lab SE diffractometer (Cu

Kα, 40 kV/40 mA) at a scanning rate of 10° min
-1
. For surface chemical and electronic analysis, we employed

a Thermo Scientific ESCALab250 system, where X-ray photoelectron spectroscopy (XPS) spectra were

charge-corrected to the C 1s signal at 284.80 eV, and ultraviolet photoelectron spectroscopy (UPS) data were

also recorded. Atomic force microscopy (AFM) measurements were finally performed on a Bruker device.

Computation details

All DFT calculations, carried out with VASP and the PBE functional plus Grimme’s D3 correction, used a

550 eV plane-wave cutoff for valence electrons and PAW potentials for cores
[27-31]

. Owing to the large

supercell, Γ-point sampling was applied throughout.
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The ITO surface, modeled by the (111) facet of In
2
O

3
 given the low Sn doping concentration, was adopted

from the work of Fei et al. and subsequently re-optimized within VASP
[25]

. To avoid artificial interactions

between periodically repeated slabs, a 30 Å vacuum layer was introduced perpendicular to the surface (along

z). An on-site Hubbard correction (DFT + U, U = 3.0 eV) was applied to the In 4d semicore states to

properly localize these electrons and improve the description of the electronic structure, following previously

established parameters for In
2
O

3

[32]
. For adsorption studies, all SAM adsorbates and the top two atomic layers

of the ITO slab were fully relaxed during geometry optimization, with convergence thresholds set to residual

forces below 0.05 eV Å-1
. The binding energy (ΔE

b
) of 3-FPy-4PADCB and 3-MeOPy-4PADCB dimers was

calculated using:

where E
SAM-M

, E
SAM

, and E
M

 represent the total energies of the 4PADCB-solvents (pyridine derivatives) dimer,

the isolated 4PADCB molecule, and the free solvent molecule, respectively
[33]

. To evaluate the removal

energetics, two distinct adsorption configurations of the SAM molecule on the In
2
O

3
 (111) surface were

considered. In the first, the molecule was placed perpendicular to the surface to enable hydrogen bonding

between the phosphonic acid group and the surface hydroxyls; in the second, it was oriented parallel to the

surface to facilitate direct interactions between the carbazole moiety and the oxide substrate. Both

configurations were fully relaxed using DFT to obtain their respective ground-state energies. The

corresponding removal energies for displacing the adsorbed 4PADCB species with 3-FPy and 3-MeOPy were

then computed according to:

where E
SAM-M

 and E
M

 are the total energies of the SAM-pyridine derivatives dimer and the free solvent

surface, respectively
[25,33]

. The different schematics of the adsorption modes can be found in Supplementary

Figures 1 and 2.

RESULTS AND DISCUSSION
As illustrated in Figure 1A, the dip-flush method involves two sequential steps. First, the TCO substrate is

immersed in a 4PADCB solution (with isopropanol as the solvent) for a predetermined period to facilitate

SAM deposition via dip-coating. Subsequently, the substrate is rinsed with a pyridine-based solvent, which

selectively removes weakly bound physisorbed species while preserving the integrity of the chemisorbed

monolayer. For comparison, control samples were prepared using only the dip-coating step without the

subsequent flush. The surface wettability of ITO substrates modified under these two conditions was

evaluated by sessile drop contact angle measurements. The control SAM surface (dip-coating only) exhibited

a contact angle of 68.9° [Figure 1B]. In contrast, after the pyridine derivatives flush, the contact angle

increased to approximately 80.9° for 3-FPy and 86.7° for 3-MeOPy (Figure 1C and D, respectively). It is well

established that the terminal group of 4PADCB is hydrophobic, whereas the phosphonic acid anchoring

group is hydrophilic. The marked increase in hydrophobicity following the flush indicates that the pyridine

treatment effectively removes residual physisorbed multilayers and irregularly oriented SAM molecules,

thereby exposing a cleaner, better-ordered monolayer with the hydrophobic terminal groups facing outward.

XPS analysis was conducted to probe the surface chemistry of ITO substrates modified with dip-coated

SAMs before and after post-treatment. Supplementary Figure 3 presents the survey spectra in the F 1s region

for samples subjected to 3-FPy treatment, both before and after the post-treatment step. The absence of any

detectable F 1s peaks in either spectrum confirms that the pyridine derivatives post-treatment does not

                                                                                           

ΔEb = ESAM−M − ESAM − EM (1)

ΔEremoval =
(
ESAM−M + EIn2O3

)
− (EM + ESAM∗ ) (2)

molecule, and  and 1234 denote the energies of the pristine In
2
O

3
 slab and the SAM-adsorbed In

2
O

3
E SAM∗EIn2O3
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Figure 1. (A) Schematic illustration of the deposition process via the dip-flush method; (B-D) Water contact angles on SAM-modified ITO
substrates: (B) control (dip-coated only), (C) 3-FPy post-treatment, and (D) 3-MeOPy post-treatment; (E-G) O 1s XPS core-level spectra
of the corresponding SAM surfaces: (E) control, (F) 3-FPy post-treatment, and (G) 3-MeOPy post-treatment. ITO: Indium tin oxide;
4PADCB: 4-(7H-dibenzo[c,g]carbazol-7-yl)butyl phosphonic acid; SAM: self-assembled monolayer; XPS: X-ray photoelectron
spectroscopy; 3-FPy: 3-fluoropyridine; 3-MeOPy: 3-methoxypyridine.

introduce residual solvent contamination on the substrate surface. We further analyzed the ratio of adsorbed

P-OH groups on the ITO surface by evaluating the peak areas in the O 1s core level XPS spectra [Figure 1E-

G]. The O 1s spectrum was deconvoluted into three peaks at 532.99, 531.82, and 530.59 eV, corresponding to

P-OH, P-O-In, and In/Sn-O, respectively
[6,34]

. The P-OH ratio was 26.55% for the control sample, decreasing

to 7.13% after 3-FPy treatment and to 6.13% after 3-MeOPy treatment. To further confirm that the observed

changes arise from the displacement of weakly adsorbed species by pyridine derivatives rather than from

thermal effects during the post-annealing step, we performed control experiments with and without

annealing. As shown in Supplementary Figure 4, neither the annealing of pyridine-treated SAM substrates

nor the annealing of dip-coated SAM substrates without flush significantly altered the O 1s spectral features

or the relative P-OH intensity. In addition, we performed control experiments using IPA and DMSO as

alternative post-treatment solvents under identical conditions [Supplementary Figure 5]. The results revealed

that the P-OH ratio decreased to 12.60% for IPA and 16.11% for DMSO, confirming the superior ability of

the pyridine derivative to displace physisorbed multilayers. These results confirm that the pyridine flush

removes a substantial portion of residual physisorbed multilayers and irregularly oriented SAM molecules

from the surface. Importantly, the persistence of the P-O-In peak demonstrates that the post-treatment does

not damage the chemisorbed monolayer.

As illustrated in Figure 2A, dip-coated 4PADCB alone tends to form disordered multilayers on ITO due to

steric hindrance and molecular aggregation. This leads to poor molecular packing, hindered carrier transport
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, and compromised buried interface stability. In contrast, post-treatment with pyridine derivatives removes

these physisorbed multilayers, leaving behind a well-ordered, chemisorbed monolayer with near-complete

substrate coverage. To directly evaluate the quality and homogeneity of the SAM layer formed via the dip-

flush approach, we employed AFM to characterize the surface topography of both the reference and post-

treated substrates. As depicted in Figure 2B-D, the sample prepared solely by dip coating yielded a root-

mean-square (RMS) roughness of 3.64 nm. In contrast, post-treatment with 3-FPy reduced the surface

roughness to 2.96 nm, while the use of 3-MeOPy led to an even lower value of 2.81 nm, indicating a more

effective removal of physisorbed multilayers by the methoxy-substituted pyridine derivative. Besides, as

shown in the AFM section analyses [Supplementary Figures 6-8], the control SAM surface exhibits

numerous nanoscale protrusions with lateral dimensions of 10-20 nm, which are attributed to molecular

aggregation and the presence of physisorbed multilayers. In contrast, following the pyridinebased flush

treatment, these aggregates are entirely eliminated, leaving behind a smooth and wellordered SAM surface

that is free of residual clusters. This progressive reduction in surface roughness and nanoscale protrusions

confirms the effective removal of physisorbed multilayers, which is consistent with the well-established

correlation that higher molecular packing density leads to smoother surface topographies
[35,36]

.

To further understand the selective removal ability of different pyridine derivatives, DFT calculations were

performed. Both 3-FPy and 3-MeOPy are polar aprotic solvents with strong hydrogen-bond-accepting ability

but no hydrogen-bond-donating capacity. Compared with 3-FPy, the electron-donating methoxy group in 3-

MeOPy increases the electron density on the pyridine ring, as reflected in their electrostatic surface potential

(ESP) maps (top, Figure 2E and F). It is well established that chemisorbed 4PADCB molecules are tightly

bound to the ITO surface via phosphonic acid anchoring and are difficult to remove
[33,37]

. In contrast,

physisorbed species, which are attached through weaker interactions such as hydrogen bonding or van der

Waals forces, can be more readily displaced. To quantify the interaction strength between the pyridine

derivatives and 4PADCB, we construct pyridine 4PADCB dimers configurations (bottom, Figure 2E and F)

and calculated the binding energies of the corresponding dimers. The computed binding energies are -0.46

eV for 3-FPy-4PADCB and -0.57 eV for 3-MeOPy-4PADCB, indicating that 3-MeOPy exhibits a stronger

affinity toward 4PADCB, which rationalizes its superior efficacy in removing physisorbed multilayers.

On ITO surfaces, physisorbed 4PADCB molecules adopt two distinct binding modes: hydrogen bonding via

the phosphonic acid -OH group, and weaker interactions through the terminal carbazole moiety. The

perpendicular geometry maximizes the directional O-H···O hydrogen bond, while the parallel geometry

maximizes the contact area between the molecular backbone and the surface, thereby capturing the

dominant dispersive component. To differentiate these modes by their susceptibility to solvent rinsing, we

performed DFT calculations to evaluate the removal energy, defined as the energy required to desorb a

molecule from the surface [Figure 2G]. For hydrogen-bonded species, the removal energy decreases from

0.82 eV with 3-FPy to 0.71 eV with 3-MeOPy, with the lower value indicating easier detachment. This

reduction reflects the stronger hydrogen-bond-accepting ability of 3-MeOPy, conferred by its electron-

donating methoxy group. In contrast, carbazole-bound molecules exhibit systematically higher removal

energies (0.99 eV for 3-FPy and 0.88 eV for 3-MeOPy), indicating that they are more tenaciously attached,

regardless of the solvent. Nevertheless, 3-MeOPy still outperforms 3-FPy in dislodging both types of

physisorbed species, underscoring its superior capacity to clean the SAM-covered ITO surface.

To better understand the connection between SAM-treated ITO surface texture and the crystal growth of

perovskite films, we carried out SEM analyses on perovskite film samples prepared with different substrates.

Figure 3A-C displays the top-view SEM micrographs of perovskite films grown on ITO/SAM. Evidently, the

perovskite layers prepared on dip-flushed substrates exhibit notably larger grain sizes than those on the

untreated control, with the corresponding grain-size distributions summarized in Supplementary Figure 9.
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Figure 2. (A) Schematic illustration of the pyridine-based flush process for removing physisorbed multilayers from the SAM-coated ITO
surface. From top to bottom, the first arrow corresponds to the “7H-dibenzo[c,g]carbazole unit”, the second arrow corresponds to the
“Alkyl spacer chain”, and the third arrow corresponds to the “Phosphonic acid anchoring group”; (B-D) AFM topography images of SAM
surfaces: (B) control (dip-coated only), (C) after 3-FPy post-treatment, and (D) after 3-MeOPy post-treatment; (E and F) ESP maps (top)
and corresponding molecular structures (bottom) of (E) 3-FPy-4PADCB and (F) 3-MeOPy-4PADCB dimers; (G) DFT-calculated removal
energies for displacing adsorbed 4PADCB using 3-FPy and 3-MeOPy. ITO: Indium tin oxide; SAM: self-assembled monolayer; 4PADCB: 4-
(7H-dibenzo[c,g]carbazol-7-yl)butyl phosphonic acid; ESP: electrostatic surface potential; DFT: density functional theory; 3-FPy: 3-
fluoropyridine; 3-MeOPy: 3-methoxypyridine.

As for buried interface images [Figure 3D-F], in addition to larger crystalline domains, the dip-flushed

sample exhibits a marked reduction in interfacial voids defects that commonly arise from poor SAM

coverage and residual physisorbed layers. Figure 3G compares cross-sectional SEM images of perovskite

films on control versus dip-flushed SAM substrates, revealing that the latter exhibit continuous large-sized

columnar grains and a void-less buried interface - features that demonstrate superior deposition quality and

more favorable grain growth. The enhanced performance is ascribed to the removal of the nanoscale

aggregates observed in AFM, which otherwise would serve as heterogeneous nucleation sites that disrupt

uniform perovskite crystallization. Figure 3H displays the XRD patterns acquired from the perovskite films.

In every sample, a small peak appears at 12.7°, which arises from excess PbI
2
. After applying the dip-flush

treatment, the perovskite-specific reflections at 14.1° and 28.6° exhibit a pronounced intensity rise, pointing

to improved crystallinity. This enhancement correlates well with the coarser grain morphology observed in

the SEM images.
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Figure 3. (A-C) Top-view SEM images of perovskite films deposited on (A) the control SAM, (B) the 3-FPy-treated SAM, and (C) the 3-
MeOPy-treated SAM; (D-F) Corresponding bottom-view SEM images of the buried perovskite/SAM interfaces; (G) Cross-sectional SEM
images of the complete perovskite films on the three substrates; (H) The XRD patterns for perovskite films prepared on different
substrates. 3-FPy: 3-fluoropyridine; 3-MeOPy: 3-methoxypyridine; SEM: scanning electron microscopy; SAM: self-assembled monolayer;
XRD: X-ray diffraction.

To further characterize how SAM morphology influences the physical and chemical state of the ITO surface

and to determine energy band matching with perovskite, we performed XPS focused on the In 3d
5
/

2
 core

level and UPS. Shifts in In band energy peak reflect changes in the electronic environment of indium atoms

within the ITO substrate, allowing assessment of both the extent of SAM removal and the structural

evolution of the SAM after solvent rinsing
[37]

. As shown in Figure 4A, deposition of 4PADCB induces a

blueshift of 0.87 eV relative to bare ITO, indicating electron withdrawal from indium atoms due to SAM

adsorption and interfacial dipole formation, originating from either anchoring or hydrogen bonding. In

contrast, subsequent washing with 3-FPy produces a modest redshift of 0.12 eV compared to the sample

without flush, consistent with partial removal of noncovalently adsorbed species. Meanwhile, 3-MeOPy

causes a larger redshift of 0.16 eV, suggesting stronger removal ability.

The UPS data are presented in Figure 4B, and the energy level matching scheme is summarized in Figure 4C.

The work function of the control sample (dip-coated only) is measured as 4.47 eV. In comparison, dip-

flushed substrates exhibit lower work functions: 4.34 eV for 3-FPy and 4.25 eV for 3-MeOPy. This decrease

in work function (i.e., a downward shift of the vacuum level) is attributed to the removal of the dipole layer

formed by physisorbed multilayers. Importantly, the ionization energy (IE) of the dip-flushed substrates

remains nearly identical to that of the control, indicating that the intrinsic electronic structure of the
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Figure 4. (A) In 3d XPS spectra of SAM-modified ITO substrates. (B) UPS spectra of the SAM substrates and the corresponding perovskite
films. (C) Energy level alignment diagram of the SAM/perovskite interface. (D) Steady-state PL spectra of perovskite films deposited on
different SAM substrates. (E) TRPL spectra of perovskite films on different SAM substrates. (F) Dark I-V characteristics of hole-only
devices. 3-FPy: 3-fluoropyridine; 3-MeOPy: 3-methoxypyridine; HOMO: highest occupied molecular orbital; WF: work function; XPS: X-ray
photoelectron spectroscopy; SAM: self-assembled monolayer; ITO: indium tin oxide; UPS: ultraviolet photoelectron spectroscopy; PL:
photoluminescence; TRPL: time-resolved photoluminescence; I-V: current–voltage.

4PADCB molecule is preserved. Consequently, the energy level offset between the dip-flushed SAM and the

perovskite is preserved, ensuring that the thermodynamic driving force for hole extraction remains

unchanged. Nevertheless, the removal of disordered physisorbed multilayers enhances the morphological

quality of the SAM, and this enhancement directly promotes more efficient carrier extraction at the buried

interface independently of the energy level alignment.

We employed PL and TRPL measurements on the ITO/SAM/perovskite architecture [Figure 4D and E] to

further examine charge extraction and recombination processes. Under top-side excitation, the dip-flushed

films show a PL emission that is markedly stronger than that of the control, which directly reflects the

enhanced crystallinity achieved with the dip-flush SAM treatment. Turning to bottom-side excitation in

TRPL mode, the decay transients were fitted with a biexponential function, where the fast component (τ
1
)

reflects the interplay of charge extraction recombination, and the slow component (τ
2
) is governed by trap-

assisted recombination in the bulk and at interfaces, the fitted parameters are summarized in Supplementary

Table 1
[38-40]

. Remarkably, τ
1
 progressively shortens from 203.26 ns (control) to 163.15 ns (3-FPy) and further

to 153.27 ns (3-MeOPy). This accelerated decay directly evidences enhanced hole extraction at the

ITO/SAM/perovskite buried interface, enabled by the removal of physisorbed multilayers. Concomitantly, τ
2

exhibits a marked prolongation: from 1,690.97 ns in the control to 1,855.28 ns (3-FPy) and 1,887.81 ns (3-

MeOPy). Such an extended slow lifetime indicates effective suppression of nonradiative recombination,

which we attribute to two synergistic effects - the superior crystallinity of the perovskite (as already reflected

by the steady-state PL) and, more critically, the elimination of under-protonated P-OH residues that would

otherwise serve as defect nucleation sites at the buried interface
[2,25]

. Collectively, these results underscore that

a clean, well-ordered SAM not only boosts interfacial charge extraction but also heals the chemical defect
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landscape at the perovskite bottom surface.

To test the impact of the clean SAM on the trap-state density within the perovskite layer, we conducted

space-charge limited current (SCLC) measurements on hole-only devices. The current-voltage curves of the

hole-only device are illustrated in Figure 4F. The trap-filled limit voltage (V
TFL

) values extracted from the

transition between the Ohmic and trap-filling regions are 1.110 V for the control device, and 0.795 V and

0.766 V for the dip-flushed devices (3-FPy and 3-MeOPy, respectively). Conventionally, the proportionality

between the V
TFL

 and trap state density (n
t
) is a standard relationship in trap-filled limit analysis, and the

lower V
TFL

 in dip-flushed devices therefore confirms a lower trap density, consistent with the removal of

under-protonated P-OH groups that otherwise induce defects at the buried perovskite interface
[41,42]

. These

SCLC results align well with the TRPL findings, collectively demonstrating that the dip-flush treatment

effectively reduces trap states in the perovskite films.

To evaluate the photovoltaic performance of the dip-flush SAM treatment, we fabricated p-i-n perovskite

solar cells with the configuration ITO/SAM/perovskite/PDADI&3MTPAI/C
60

/BCP/Cu (depicted in Figure

5A). Figure 5B compares the J-V characteristics of devices incorporating different substrate modifications.

The reference cell, with a dip-coated 4PADCB SAM, delivered a champion reverse-scan efficiency of 25.21%,

alongside a short-circuit current (J
sc

) of 25.65 mA/cm
2
, an open-circuit voltage (V

oc
) of 1.160 V, and a fill

factor (FF) of 84.73%. In contrast, the device subjected to 3-MeOPy post-treatment achieved markedly

improved metrics: a PCE of 26.49%, V
oc

 = 1.177 V, J
sc
 = 25.81 mA/cm

2
, and FF = 87.23%. The hysteresis index

(HI) is further calculated to quantitatively assess the J-V hysteresis behavior using the commonly adopted

equation:

The HI values of the control and 3-MeOPy-treated devices are 3.57% and 2.00%, respectively, indicating

reduced hysteresis after the dip-flush treatment
[43,44]

. In contrast, devices subjected to IPA and DMSO post-

treatment delivered PCEs of 25.80% and 25.59%, respectively, which are considerably lower than those of the

3-MeOPy-treated devices [Supplementary Figure 10], further confirming the specificity of the pyridine-based

post-treatment. Steady-state power output (SPO) measurements, shown in Figure 5C, yielded stabilized

efficiencies of 26.39% for the dip-flush cell and 25.05% for the control, closely matching their respective J-V

results. Both cells retained stable performance over 400 s of continuous illumination, indicating good

operational robustness. External quantum efficiency (EQE) spectra and their integrated photocurrents are

plotted in Figure 5D; the integrated current rose from 25.20 mA/cm
2
 (control) to 25.49 mA/cm

2
 (dip-flush),

in good agreement with the measured J
sc
 values. The statistical distribution of PCEs for the three groups is

presented as box plots in Figure 5E (additional parameters are compiled in Supplementary Figure 11). On

average, the dip-flush modification raised the PCE to 25.80% for 3-FPy and 26.17% for 3-MeOPy, compared

with 24.83% for the untreated control. To test the practical viability of this approach, we fabricated a mini-

module with a 12.87 cm
2
 aperture area on a 5 cm × 5 cm substrate. As illustrated in Figure 5F, the 3-MeOPy

dip-flush module achieved a champion efficiency of 22.56%. The mini-module (active area: 12.205 cm
2
;

aperture area: 12.87 cm
2
) exhibited a geometric fill factor of 94.83%, with only 5.17% area loss from scribing.

Collectively, these findings confirm that the dip-flush method is effective not only at the laboratory cell scale

but also for larger-area perovskite modules.

To further investigate the non-radiative recombination behavior within the devices, we carried out

electrochemical impedance spectroscopy (EIS) and light-intensity-dependent V
oc

 measurements. The EIS

results, presented in Figure 5G, reveal that the dip-flush-treated cells exhibit a higher recombination

HI = PCEreverse − PCEforward
PCEreverse

× 100% (3)

https://file.oaecenter.com/published/pdf/af269515743ff182135e10384826f9b6/1792553339/em60213-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/af269515743ff182135e10384826f9b6/1792553339/em60213-SupplementaryMaterials.pdf
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Figure 5. (A) Schematic of the inverted device architecture. (B) J-V curves of the champion devices for control and 3-MeOPy-treated
SAMs; (C) SPO tracking at the maximum power point for the champion devices over 400 s; (D) EQE spectra and corresponding integrated
Jsc; (E) Box plots showing the PCE distributions of different conditions based on reverse-scan measurements from 20 independent devices
for each condition. The center line, box, and whiskers represent the median, interquartile range (25th-75th percentiles), and data within
1.5× the interquartile range, respectively. (F) J-V curve of the champion mini-module with an aperture area of 12.87 cm2; (G) EIS Nyquist
plots, with the equivalent circuit shown in the inset; (H) Voc as a function of light intensity, with the fitted values, 12345678; (I) Stability of
unencapsulated devices in the dark under nitrogen atmosphere. BCP: Bathocuproine; PDADI: 1,3-propanediammonium iodide; 3MTPAI: 3-
Methylthio-1-propylammonium iodide; ITO: Indium tin oxide; 4PADCB: 4-(7H-dibenzo[c,g]carbazol-7-yl)butyl phosphonic acid; 3-FPy: 3-
fluoropyridine; 3-MeOPy: 3-methoxypyridine; EQE: external quantum efficiency; PCE: Jsc: short-circuit current; Voc: open-circuit voltage; EIS:
electrochemical impedance spectroscopy; SPO: steady-state power output; J-V: current density-voltage.

resistance compared with their dip-coating-only counterparts. This observation implies that the dip-flush

treatment effectively mitigates non-radiative recombination pathways
[45]

. Subsequently, we examined the

ideality factor, K is the Boltzmann constant, T is the temperature, L is the light intensity, and q is the

elementary charge
[46]

. As displayed in Figure 5H, the ideality factor drops from 1.36 (control) to 1.25 for 3-

FPy and 1.22 for 3-MeOPy upon dip-flush modification. A reduced ideality factor signifies weakened trap-

assisted monomolecular Shockley-Read-Hall (SRH) recombination, confirming that the surface passivation

provided by the dip-flush approach is effective in suppressing interfacial SRH losses. Furthermore, the

                                                                                           

12345678;𝑁𝑖𝑑 = 𝑛𝐾𝑇
𝑞

correlation between V
oc

 and illumination intensity, which follows: 12345678901234567890, where n is the𝑉𝑜𝑐 =
𝑛𝐾𝑇 ln(𝐿)

𝑞 + const
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stability of unencapsulated devices was further evaluated in an N
2
 glovebox at 25 °C in Figure 5I. After 1,000

h of aging, roughly 94.88% of the original efficiency was preserved in the 3-MeOPy group, far exceeding the

performance of the reference cells. In addition, maximum power point tracking measurements were

performed under one-sun white-light light-emitting diode illumination in an N
2
 atmosphere at 40 ± 5 °C, as

shown in Supplementary Figure 12. After 600 h of continuous operation, the control and optimized devices

maintained 41.2% and 83.2% of their initial PCEs, respectively. These results collectively indicate that the

flush post-treatment can effectively enhance the device stability.

CONCLUSIONS
In summary, we have developed a dip-flush strategy using pyridine derivatives (3-FPy and 3-MeOPy) to

selectively remove physisorbed multilayers from dip-coated 4PADCB SAMs while preserving the

chemisorbed monolayer. This post-treatment eliminates under-protonated P-OH residues and yields a clean,

well-ordered SAM surface, as confirmed by XPS, AFM, and contact angle measurements. DFT calculations

reveal that 3-MeOPy exhibits superior cleaning efficacy due to its stronger hydrogen-bond-accepting ability.

The cleaned SAM promotes uniform perovskite crystallization with larger grains and a void-free buried

interface, while the unchanged ionization energy maintains the thermodynamic driving force for hole

extraction. Consequently, the dip-flush SAM achieves a champion efficiency of 26.49% for small-area devices

and 22.56% for a 12.87 cm
2
 (aperture area) mini module, demonstrating the applicability of this approach to

larger-area device fabrication. This chemically selective strategy provides a scalable route toward high-

performance, large-area perovskite photovoltaics.
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