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Electron-Selective Naphthalimide-Based Monolayers for
Tuned Energy Level Alignment in Halide Perovskite Solar
Cells

Parnian Ferdowsi, Euimin Lee, Gyujin Jang, Jin Su Park, Donghyun Lee,
Sumit Kumar Sharma, Waygen Thor, Jong-Woon Ha,* Han-Hee Cho,* Jun-Ho Yum,*
and Kevin Sivula*

Charge-selective contacts critically influence carrier dynamics and overall
performance in halide perovskite solar cells (PSCs). Self-assembled
monolayers (SAMs) have emerged as a powerful strategy for precise
interfacial engineering, enabling tailored energy level alignment and interfacial
interactions to enhance charge extraction. Despite their promise, clear
structure–function relationships for SAMs—particularly as electron-selective
contacts (ESCs)—remain poorly developed. Here, a series of naphthalimide
(NI)-based SAMs functionalized with cyano, bromo, or methoxy groups and
varying alkyl linker lengths are systematically evaluated as ESCs in n-i-p PSCs.
Devices incorporating these SAMs exhibit power conversion efficiencies
(PCEs) ranging from 5.8% to 20.6%, depending on molecular structure. The
highest PCE is achieved using a SAM with a strongly electron-withdrawing
cyano group and a short ethyl linker, attributed to deep LUMO alignment and
efficient charge transport at the interface. In contrast, SAMs with longer
linkers or higher energy levels yield inferior performance. These results reveal
critical design principles for high-performance SAM-based ESCs and establish
a new PCE benchmark for PSCs employing standalone SAMs, without
auxiliary metal oxide layers. Overall, this work underscores the potential of
molecularly engineered SAMs to enable scalable, efficient, and commercially
viable perovskite photovoltaics through optimized interfacial control.
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1. Introduction

Halide perovskite solar cells (PSCs) have
gained significant attention due to their
rapid advancements, with certified power
conversion efficiencies (PCE) reaching
up to 26.7%, making them compara-
ble to silicon solar cells.[1,2] The remark-
able optoelectronic properties of halide
perovskites, including tunable bandgaps,
large absorption coefficients, long car-
rier lifetimes, low exciton binding ener-
gies, and ease of fabrication, have been
key factors behind this progress, and
have positioned PSCs as one of the
leading technologies in next-generation
thin-film photovoltaics.[3–9] However, be-
yond the inherent properties of the per-
ovskite materials, the multilayered de-
vice architecture must be carefully engi-
neered to ensure efficient charge extrac-
tion as the overall device performance
is strongly influenced by unfavorable
recombination of accumulated charges
at the interfaces. Thus, selective charge
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extraction layers for both photogenerated holes and electrons play
a crucial role by enabling directed charge transport while sup-
pressing recombination losses.[1,10–12]

For high-performance n–i–p devices, charge transporting
layers, such as tin oxide (SnO2) for the electron transport-
ing layer (ETL) and spiro-OMeTAD for the hole transport-
ing layer (HTL), are commonly employed.[13–15] Similarly,
for p–i–n architectures, poly(triaryl)amines and C60 fullerene-
based derivatives are frequently used as the HTL and ETL,
respectively. Despite the impressive performance of PSCs,
these charge-transporting layers face several limitations, in-
cluding high material costs, degradation under ambient con-
ditions, instability under UV light, and sensitivity to harsh
processing.[1,16–19] Additionally, the fabrication of inorganic ETLs
often requires high-temperature treatment, and their optoelec-
tronic properties are challenging to control.[20,21] These limita-
tions collectively hinder the scalability and commercial viability
of PSC technologies.
Recently, self-assembled monolayers (SAMs) of tailored

molecular species have emerged as cost-effective and versa-
tile alternatives to charge-transporting layers in PSCs. Dipolar
small molecules chemically bound to transparent conductive
substrates, e.g., indium tin oxide (ITO) or fluorine-doped tin
oxide (FTO), can form ultrathin SAMs only a few nanometers
thick. These SAMs act as charge-selective contacts by facilitating
selective charge extraction through the interfacial electric field
induced by their molecular structure and interactions with the
adjacent layers.[22] Structurally, SAM molecules typically consist
of an anchoring group that facilitates adsorption onto the sub-
strate and a functional group that tailors interfacial properties.
A spacer that acts as the backbone bridging the anchoring and
functional groups, is also often present and can affect the mono-
layer self-assembly. By optimizing these functional components
of a SAM molecule, the resulting charge-selective layer can be
designed to align energy levels, enhance charge extraction effi-
ciency, passivate trap states, and improve the wettability of the
perovskite precursor solution.[1,5,23–27] Furthermore, depending
on the intrinsic properties of theirmolecular structure, SAMs can
also be engineered to serve as either hole- or electron-selective
contacts.
While most research has concentrated on hole-selective

SAMs,[28–41] SAMs as electron-selective contacts (ESCs) for n–
i–p devices are more recently gaining attention for their abil-
ity to passivate defects and align energy levels.[20,42–45] Among
these, naphthalimide derivatives stand out as promising electron
transport materials due to their high thermal stability and elec-
tronmobility.[20,23] Despite the great promise of electron-selective
SAMs for n–i–p PSCs, studies on their design and functional-
ity remain limited. A deeper understanding of how functional
group modifications influence surface properties and device per-
formance is crucial.
In this report, a series of naphthalimide derivatives was de-

signed, synthesized, and investigated to construct ESCs through
a chemical adsorption-based self-assembly method. The molec-
ular design focused on systematically modifying the functional
groups to tune the interfacial electronic structure and surface
wettability, which are two critical parameters that influence
charge extraction and perovskite film formation in PSCs. Func-
tional groups with varied electronic characteristics (ranging from

electron-donating to electron-withdrawing) and steric hindrance
were incorporated to modulate the energy levels and molecu-
lar packing behavior. The structural modifications of the sub-
stituents on the naphthalimide unit significantly influenced both
the molecular energy levels and surface properties of the self-
assembled ESCs. As a result, the power conversion efficiency
(PCE) of n-i-p structured PSCswas significantly varied from 5.8%
to 20.6%, providing important insights into molecular design
rules for SAM molecules.

2. Results and Discussion

With the n–i–p PSC device structure used in this work
(Figure 1a), the core molecule of 1,8-naphthalimide for the SAM
ESC was carefully chosen due to its electron-withdrawing ability,
and a phosphonic acid anchoring group along with a solubilizing
alkyl chain was employed to link the core naphthalimide moi-
ety to the transparent conductive substrate (e.g., ITO). This base
molecular structure (denoted as NI, Figure 1b) served as a control
SAM molecule while three different functional groups, electron-
withdrawing cyano- (NI-CN), electronegative bromo- (NI-Br), and
electron-donating methoxy- (NI-OMe) groups, were introduced
as pendant groups onto NI to examine their influence on charge
extraction efficiency as ESCs. Moreover, since the energy levels
of the NI derivatives were varied depending on the functional
pendant groups, a direct comparison amongst these derivatives
allowed the identification of key factors governing electron ex-
traction efficiency between the influence of energy levels and the
chemical nature of the pendant groups. In addition, the effect of
different alkyl chain spacer lengths was probed with the NI-CN
structure, e.g., NI-CN-P with a propyl and NI-CN-B with a butyl
chain represented longer linkers than the default ethyl chain. The
chemical characterization of the prepared molecules (NI, NI-CN,
NI-CN-P, NI-CN-B, NI-Br, and NI-OMe) and detailed synthetic
routes are provided in the Experimental Section and Supporting
Information.
The formation of SAMs involves the self-organization of

molecules bonding through the phosphonic acid-anchoring
group onto the metal oxide surface. Since the performance of
PSCs incorporating charge-selective SAMs is significantly in-
fluenced by SAM coverage, the deposition process was opti-
mized individually for each SAM based on the corresponding
device performance, aiming to ensure consistent film quality
and functionality.[46] Following spin-coating of the SAM solu-
tion onto the ITO substrate, various annealing temperatures
and rinsing solvents were tested to optimize the anchoring
of SAM molecules and to remove any unbound molecules
while minimizing potential thermal degradation. To evaluate
the impact of the newly developed SAMs as ESCs on photo-
voltaic (PV) device performance and their potential as substi-
tutes for conventional ETLs in PSCs, we fabricated a series of
n-i-p PSCs with only SAMs as the ESC and triple cation per-
ovskites (Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3) in the configura-
tion ITO/SAM/Perovskite/Spiro/Au. The perovskite films were
synthesized using a conventional solution processing method
and deposited onto the SAM-based ESC layer through a one-step
procedure. Chlorobenzene (CB) was employed as an anti-solvent
during this process, following the detailed protocol provided in
the Experimental Section.
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Figure 1. a) Schematic illustration of the PSC configuration used in this work that details the component structure of the SAM molecules, and b) the
molecular structures with electrostatic potential values of the SAMs investigated.

For NI, NI-Br, and NI-OMe, pure ethanol (EtOH) was identi-
fied as the optimal solvent, and the annealing temperature was
optimized to 100 °C. As shown in Figure S1 (Supporting In-
formation), high-temperature annealing (>100 °C) appeared to
cause a noticeable reduction in the PV performance of PSCs pre-
pared with NI as a SAM, highlighting the importance of care-
fully controlled processing conditions. The reason for perfor-
mance dependence on the annealing temperature is likely as-
cribed to a change in the substrate surface energy level. As an
example, the surface potential of NI changes with the annealing
temperature (Figure S2, Supporting Information). The result im-
plies an upward shift of energy level when increasing the anneal-
ing temperature from 100 to 140 °C, leading to reduced charge
extraction from the perovskite layer to the ITO, which is con-
sistent with the trend in Jsc (Figure S1, Supporting Informa-
tion). The effect of thermal annealing on the molecular stack-
ing has been observed in organic semiconductors (e.g., naph-
thalene diimide-based materials).[47] Therefore, a change in the
dipole effect from an altered packing of the molecules is reason-
ably expected. In contrast, for NI-CN, a mixed solvent system
of EtOH and toluene (1:1, v/v) resulted in improved PV perfor-
mance, which is attributed to its limited solubility in pure EtOH.
The optimized annealing temperatures for NI-CN were 140 °C,
as shown by PV performance (Figure S3, Supporting Informa-
tion). For subsequent experiments, each SAM was processed us-
ing optimized protocols, ensuring reproducible and high-quality
SAM films. Contact angle measurements verified the successful
molecular functionalization of ITO substrates (Figure S4, Sup-
porting Information). A significant change in the angle has been

observed for all SAM materials, compared to ITO (Figure S5,
Supporting Information), which implies chemical bonding of the
molecules with the ITO surface. It is noted that the differences
in the angle observed between the SAM materials can be related
to the different functional groups in the pendant position. In or-
der to examine the thermal stability of SAM molecules, thermo-
gravimetric analysis (TGA) was employed (Figure S6, Support-
ing Information). From the TGA curves, a minor mass loss (1–
3%) was observed below 100 °C, which is primarily attributed to
the loss of adsorbed water. Notably, more than 99.5% of the sam-
ples’ mass was retained within the temperature range between
100 and 200 °C, indicating that the thermal annealing process
does not lead to significant chemical degradation of the SAM
molecules.
Under the optimized conditions for each molecule, Figure 2

depicts the statistical distributions of PV performance parame-
ters acquired under standard AM1.5G 1-sun testing conditions,
including PCE, open-circuit voltage (VOC), short-circuit current
density (JSC), and fill factor (FF), obtained from multiple dif-
ferent batches of devices. Remarkably, compared to the control
molecule, NI, employing NI-CN as the SAM significantly en-
hanced the PCE of the solar cells, increasing from an average
of 3.84 ± 1.58% for NI to 16.98 ± 1.75% for NI-CN. Among
the cyano-functionalized SAMs (NI-CN, NI-CN-P, and NI-CN-
B), the highest PCE was achieved with the SAM containing
an ethyl chain (NI-CN). This suggests that the length of the
alkyl chain influences the interaction between the substrate and
the perovskite, with shorter chains facilitating charge extraction
or electron selection and contributing to better overall device

Adv. Energy Mater. 2025, e02789 e02789 (3 of 9) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. Statistical distribution of photovoltaic performance parameters for the synthesized SAMs-based devices tested at 1-sun (100 mW cm−2),
including the short-circuit current density (JSC), open-circuit voltage (VOC), fill factor (FF), and power conversion efficiency (PCE).

performance. Kelvin probe force microscopy (KPFM) measure-
ments (Figure S7, Supporting Information) give more insight
into this observation by showing relatively inhomogeneous sur-
face potentials for SAMs with longer alkyl chains despite show-
ing similar topologies. Indeed, the NI-CN-B SAM exhibited a
particularly patchy surface potential with domains on the order
of 1 μm in dimension, suggesting less uniform and less favor-
able interfacial properties for efficient charge extraction. Addi-
tionally, analysis of the statistical distribution of surface poten-
tials of NI, NI-CN, and NI-CN-B shows similar peak widths for
NI and NI-CN; however, for NI-CN-B, the distribution was no-
ticeably broader (Figure S8, Supporting Information). The im-
proved homogeneity in the surface potential of NI and NI-CN is
attributed to amore homogeneousmolecular alignment and sup-
pressed formation of distinctmolecular crystalline domains.[48,49]

Moreover, among NI-CN, NI-CN-P, and NI-CN-B, the KPFM re-
sults show that NI-CN exhibited themost negative surface poten-
tial, which corresponds to a relatively high work function. This is
likely due to the strong electron-withdrawing properties of the
cyano terminal groups and the relatively shorter length of the
molecule. Since a higher work function indicates a deeper in-

terfacial energy level alignment, which facilitates more efficient
electron extraction from the perovskite conduction band, this is
likely a key factor resulting in the observed improvement in PV
performance.
The PV performance of PSCs prepared with the NI-Br

molecule as a SAM showed slightly better performance com-
pared to the control NI-based PSCs, but the PCE still remained
much lower than that of NI-CN-based PSCs. This suggests that
any possible benefit of the pendant halide, and its possible inter-
action with the perovskite layer, is marginal compared to other
factors of the ESC. Meanwhile, the PV performance of NI-OMe
was extremely low, with an average efficiency of 2.61 ± 0.89%,
suggesting that the electron-donating methoxy functional group
severely hinders charge extraction. This poor performance could
be attributed to unfavorable energy level alignment leading to
a blocked electron extraction at the SAM/perovskite interface,
which will be discussed later (vide infra).
Focusing on the difference between the best-performing

SAM (NI-CN) and the control structure (NI), representative
current density-voltage (J–V) curves for PSCs prepared with
these ESCs are shown in Figure 3a, with the corresponding PV

Adv. Energy Mater. 2025, e02789 e02789 (4 of 9) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. Characterization of synthesized SAM-based devices. a) Current–voltage scans for the best performing device, b) long-term stability of NI, and
NI-CN based devices under constant 1-sun illumination without encapsulation, maintaining temperatures between 50 to 60 °C, and c) steady-state PL
spectra of ITO/SAM/perovskite samples.

parameters summarized in Table 1. We note that the champion
cell, attributed to the optimized condition of NI-CN, exhibited an
impressive PCE of 20.64%, a high VOC of 1.07 V, a substantial
JSC of 25.01 mA cm−2, and a FF of 70.6%. It is worth noting that
the PCE with NI-CN is very comparable with the performance
achieved with SnO2-ETL (a PCE of 18.67%, VOC of 1.02 V, JSC of
22.48 mA cm−2, and FF of 74.8% in Figure S9, Supporting Infor-
mation). In contrast, the control champion cell with NI achieved
a PCE of 5.81%, VOC of 1.01 V, JSC of 17.15 mA cm−2, and FF of
32.2% as detailed in Table 1.
Long-term stability tests were performed on PSC devices based

on both NI, NI-CN, and SnO2 (Figure S9, Supporting Infor-
mation) under continuous 1 sun illumination with maximum
power point (MPP) tracking for up to 500 h. The measurements
were performed without encapsulation, in air, and using a light-
soaking chamber maintained at 50–60 °C. As shown in Figure 3b
and Figure S9 (Supporting Information), the NI- and SnO2-based
devices exhibited a significant initial drop in performance during
the early hours of MPP tracking. In contrast, the NI-CN-based
device demonstrated improved stability, showing only a gradual
decline with a smooth slope over the 500-h test period. Given our
MPP testing conditions (i.e., unencapsulation devices at 1-sun
in ambient atmosphere), the degradation is most likely associ-
ated with the degradation of perovskite. Indeed, 1H-NMR was
employed to verify the photostability of all SAMs (See Experi-
mental Section, “Synthesis of SAMmolecules” for more details).
Particularly, the photostability of NI-CN was further verified by
contact angle measurement. After 200 h of continuous illumina-
tion of a bare SAM film in an N2 atmosphere, the contact angle
increased compared to the initial value (Figure S5, Supporting

Information). The reason for the increased value is plausibly ow-
ing to the N2 environment, since the hydrophobicity of a bare
ITO also increased slightly under N2. Therefore, the maintained
difference between the bare ITO and NI-CN coated sample af-
ter continuous light illumination implies excellent photostability
of the NI-CN SAM. This enhanced operational stability may be
attributed to the electron-withdrawing nature of the cyano func-
tional group in NI-CN,[50] which can promote stronger interfacial
interactions. These features may help suppress interfacial degra-
dation and improve morphological stability under thermal and
illumination stress. These results highlight the crucial role of the
functional group in enhancing the long-term stability of the de-
vices under harsh environmental conditions.
To further evaluate the effect of electron-selective SAMs, per-

ovskite films prepared with underlying NI or NI-CN SAMs or
SnO2 (as a conventional ETL) were subjected to aggressive ther-
mal stress by heating at 130 °C for 4 h in an N2 glovebox. The
optical properties of the coated perovskite films were examined
before and after thermal stress. Analysis of the absorption spec-
tra (Figure S10, Supporting Information) revealed a significant
reduction in absorption at shorter wavelengths for the perovskite
coated on SnO2, suggesting degradation in the perovskite film in-
duced by thermal stress. Prior to thermal stress exposure, the sur-
face morphology of perovskite films coated with different SAM
layers was analyzed using scanning electron microscopy (SEM),
showing no notable differences in morphology (Figure S11, Sup-
porting Information). This underscores the critical role of the
SAM layer as an ESC in preserving the perovskite phase un-
der thermal stress. While NI and NI–CN performed similarly,
the NI–CN-coated perovskite maintained a smoother and more

Table 1. Photovoltaic parameter data of the NI- and NI-CN-based champion cells.

JSC [mA cm−2] VOC [V] FF [% PCE [%]

NI Forward 19.15 0.87 16.30 2.85

Reverse 17.15 1.01 32.20 5.81

NI-CN Forward 25.08 1.06 63.8 18.58

Reverse 25.01 1.07 70.6 20.64

Adv. Energy Mater. 2025, e02789 e02789 (5 of 9) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 4. Estimated energy level diagram of SAM-modified ITO electrodes, derived from UPS measurement and UV–vis spectroscopy. It is noted that
the energy levels of the perovskite and spiro-OMeTAD reported in the ref. [51,52] are used.

stable absorbance spectrum at shorter wavelengths, confirming
its relatively superior thermal stability.
Photoluminescence (PL) spectroscopy of thin films with the

ITO/SAM/Perovskite architecture gave further insight into the
performance difference between these SAMs by comparing the
control SAM (NI) to the best-performing SAM (NI-CN). As
shown in the PL spectra (Figure 3c), the sample containing NI
exhibits higher PL intensity compared to that of the NI-CN-based
device. The reduced PL intensity observed for the samples con-
taining NI-CN indicates more efficient PL quenching, likely due
to improved charge extraction at the interface, which competes
with non-radiative and/or radiative recombination, thereby re-
ducing the PL emission.
In order to further elucidate the PV performance difference

when employing the different SAMs, the alignment of energy lev-
els between SAM-functionalized ITO and the active layer was es-
timated using ultraviolet photoelectron spectroscopy (UPS) and
UV–vis. The schematic in Figure 4 illustrates the estimated en-
ergy levels. Detailed UPS spectra of the SAM-functionalized ITO,
including secondary electron cutoff and onset regions, are pro-
vided in Figure S12 (Supporting Information). The energy of the
highest occupied molecular orbital (EHOMO) of each SAM on the
ITO was calculated using the equation EHOMO = −[21.22 eV −
(Ecutoff − Eonset)], where Ecutoff is the higher binding energy cut-
off, and Eonset is the onset energy in the HOMO.[51] To determine
the energy of the lowest unoccupied molecular orbital (ELUMO) of
the SAM films, the HOMO-LUMO gap energy was determined

optically using the onset absorption edge from UV–vis spectra
(Figure S12, Supporting Information). In addition, to corroborate
the experimental results shown in Figure 4, density-functional
theory (DFT) simulation of the energy levels was performed us-
ing Gaussian 09 with the B3LYP/6-31G(d) hybrid density func-
tional/basis set combination. Variation in the functional groups
on the naphthalimide resulted in significant differences in the
calculated energy levels (as shown in Figure S13, Supporting In-
formation) with a similar trend to that shown in Figure 4, despite
a slight difference in the absolute value of the calculated energy
levels. In both the experimental case (−4.4 eV vs vacuum) and
the DFT simulations (−3.15 eV vs vacuum), the NI-CN showed
the deepest ELUMO.
Compared with the work function (WF) of bare ITO (−4.8

eV),[53] the deposition of the electron-selective SAMs on ITO led
to a raised (closer to vacuum) energy level for electron trans-
port (ELUMO). The most notable shift was observed for the experi-
mental results of NI-OMe, which reached −2.88 eV, attributed to
its electron-donating methoxy group. This extremely high ELUMO
suggests the SAM acts as a barrier for charge extraction from
the perovskite layer to the ITO, given the reported energy lev-
els for the perovskite.[51,52] This barrier hinders electron transfer
from the perovskite conduction band to the ITO, except in cases
where tunneling mechanisms[54] can overcome this barrier. This
explains the poor performance of the NI-OMe and NI-Br SAMs.
In stark contrast, the well aligned ELUMO of the SAMs con-

taining the CN group between the conduction band level of the

Adv. Energy Mater. 2025, e02789 e02789 (6 of 9) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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perovskite layer and the WF of the ITO, can facilitate efficient
electron injection from the perovskite conduction band to the
LUMO level of the SAM with less potential losses, which can
explain the enhanced photovoltaic performance observed with
these SAMs. Indeed, as a strong electron-withdrawing group,
the CN group delocalizes the electron density toward the C≡N
moiety, as suggested by the DFT results, resulting in a signifi-
cant reduction in the energy levels compared to the other SAMs.
Although NI-CN derivatives with longer alkyl chains (propyl
and butyl) were introduced, the stronger electron-donating
character of the alkyl groups compared to ethyl led to a less fa-
vorable shift of ELUMO, which, in addition to the electrically in-
sulating nature of the alkyl chain and the aforementioned in-
homogeneity of the surface, contributes to their poorer perfor-
mance compared to NI-CN. Overall, the alignment of the en-
ergy levels in addition to favorable surface homogeneity and a
short linker appear to be the most important design considera-
tions for SAM-based ESCs for n-i-p PSCs. It is noted that no ob-
vious difference was detected by XRD analysis (Figure S14, Sup-
porting Information). However, other factors, including possible
chemical interaction to improve SAM/perovskite interfacial prop-
erties (e.g., reduced defect density),[50] suggest that further study
on the interface will be required to fully elucidate the dominant
effect.

3. Conclusion

This study presents a systematic investigation into the molecular
engineering of self-assembled monolayer electron-selective con-
tacts using novel NI derivatives with various functional groups
for n–i–p perovskite solar cells. The results reveal that the nature
of the functional group significantly influences interfacial proper-
ties, film formation, and overall device performance. Among the
investigated SAMs, the control NImolecule, and its -Br and -OMe
functionalized analogues, all showed very poor performance,
which was attributed to a poor alignment of the SAM ELUMO
with the perovskite conduction band. The cyano-functionalized
derivative (NI-CN) demonstrated superior performance, achiev-
ing a champion PCE of 20.64%. This enhancement is attributed
to improved energy level alignment, efficient charge extraction,
and reduced interfacial recombination, as supported by UPS, PL
quenching, and J–V measurements. Although electron-selective
SAMs have been seldom reported as standalone interlayers with-
out relying on metal oxide ETLs, the performance achieved in
this work notably represents one of the highest PCE, exceed-
ing 20%, among PSCs employing standalone electron-selective
SAMs (See Table S2, Supporting Information for relevant ref-
erences). Moreover, for the cyano-functionalized derivative (NI-
CN), varying length of alkyl chain and the corresponding en-
ergetic inhomogeneity of the SAM functionalized ITO surface
were found to contribute to the poorer performance of NI-CN-P
and NI-CN-B compared to NI-CN and suggested important de-
sign considerations for SAM-based ESCs. Overall, these findings
highlight the potential of functionalized SAMs as low-cost, tun-
able, and efficient electron-selective materials, offering a scalable
and versatile alternative to conventional inorganic contacts for
the scalable production of high-performance, commercially prac-
tical PSCs.

4. Experimental Section
Materials: All materials used in this study were commercially available

(except the SAM molecules, which were synthesized for this study), and
all solvents and chemicals were used without further purification.

Methods—Synthesis of SAM Molecules: Detailed synthetic procedures
are given in the Supporting Information. Nuclear magnetic resonance
(NMR), high-resolution matrix-assisted laser desorption ionization time-
of-flight (MALDI-TOF), and elemental analysis confirmed their structures
and are shown in Figures S15–S26 and Table S1 (Supporting Information).
To assess the photostability of all SAM molecules, 1H-NMR analysis was
employed after exposing SAM molecule solutions to continuous illumi-
nation. No new peaks or changes in chemical shifts of the aromatic and
aliphatic protons (in DMSO-d6) were observed for all SAMmolecules after
light exposure (AM1.5G, 100mW cm−2 for 24 h), see Figure S27 (Support-
ing Information).

Methods—Perovskite Precursor Solutions: The perovskite active lay-
ers were deposited from a precursor solution containing CsI, FAI,
PbI2, MABr, and PbBr2 in anhydrous DMF:DMSO (4:1 v/v) in amounts
according to the following formula of a triple cation perovskite:
Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3.

Methods—Solar Cell Device Fabrication: Patterned indium-doped tin
oxide (ITO) coated glass substrates (20 mm × 25 mm) were cleaned se-
quentially with 2%Hellmanex aqueous solution, acetone, and isopropanol
under ultrasonication for 30 min, respectively. Substrates were dried with
N2 blowing and then treated with UV-ozone for 15 min.

Regular n–i–p architecture PSCs were fabricated (Figure 1). The SAM
functionalization was performed using solutions with concentrations of
1 mm in absolute ethanol or EtOH:Toluene (1:1 v/v). Solutions (100
μL) were spin-coated on the ITO substrates at a speed of 3000 rpm
for 30 s, followed by annealing at 100 and 140 °C for 10 min. Fol-
lowing annealing, the substrates were rinsed with the same solvent
used for coating, using the same spin-coating parameters as during
the initial deposition. Subsequently, 80 μL perovskite precursor solution
was spin-coated on the ITO/SAM layer at 6000 rpm for 30 s with a
ramp of 2000 rpm s−1. About 17 s prior to the end of the program,
200 μL chlorobenzene as an anti-solvent was dripped onto the pre-
perovskite film. Then the substrates were quickly transferred to a hot
plate for 60 min at 100 °C. It was noted that all perovskite and SAM
deposition procedures were performed in N2 atmospheric glove box
conditions.

Then, a 2,2,7,7′-tetrakis-(N,N-di-4-methoxyphenylamino)-9,9′-spirobi-
fluorene (Spiro-OMeTAD, Lumtec) solution (70 mm in chlorobenzene)
was spin-casted at 4000 rpm for 20 s. Spiro-OMeTAD was doped with Li-
TFSI and 4-tert-butylpyridine (TBP, Sigma–Aldrich). The molar ratio of the
spiro-OMeTAD additives to spiro was 0.5 and 3.3 for Li-TFSI and TBP,
respectively. Finally, 80 nm of gold was thermally evaporated under high
vacuum as the top electrode.

Characterization: Photovoltaic devices were measured using a source
meter (Keithley 2400) under simulated AM 1.5 illumination (100
mW cm−2) provided by a xenon arc lamp filtered by a KG-2 fil-
ter (Schott glass). The light source intensity was adjusted using the
spectral mismatch method and calibrated using a standard Si so-
lar cell. The active area defined by a metal mask aperture was 0.09
cm2. Operational stability was measured by the maximum power
point tracking (MPPT) method under 1 sun illumination at ambient
conditions.

UV–vis measurements were performed with a UV-3600 (Shimadzu) us-
ing a 60 mm integrating sphere. The samples were measured using ITO
as a baseline correction according to the substrates.

Photoluminescencemeasurements were performed on perovskite films
deposited on ITO/SAM substrates using a Fluorolog-3 modular spec-
trofluorometer (Horiba) with an excitation light of 600 nm and 8 nm
bandpass.

Scanning electronmicroscopy images were carried out with SEM (Zeiss
Merlin In-Lens detectors).

Ultraviolet photoelectron spectroscopy was conducted on ITO/SAM
substrates with an Axis Supra (Kratos Analytical) using 21.22 eV photons

Adv. Energy Mater. 2025, e02789 e02789 (7 of 9) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

 16146840, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202502789 by U
lsan N

ational Institute O
f, W

iley O
nline L

ibrary on [30/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advenergymat.de


www.advancedsciencenews.com www.advenergymat.de

emitted by a He I UV source. The pass energy was set to 10 eV with a step
size of 0.025 eV. The samples were electrically grounded to limit charging
effects.

Atomic force microscopy (AFM) and Kelvin probe force microscopy
(KPFM) weremeasured with a Cypher S (AsylumResearch), equipped with
a Pt-coated cantilever (Olympus AC240TM).

Contact angle measurements were performed at room temperature by
using a Kruss drop shape analyzer (DSA25S) and analyzed by the Kruss
Advance software through the sessile drop method. The water droplet vol-
ume was kept at 2 μL.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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