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Since 2009, perovskite solar cells (PSCs) have advanced significantly, achieving over 26% efficiency for 
single-junction devices and exceeding 34% for silicon-perovskite tandem cells. Despite these successes, 
the weak adhesion of C60 to perovskite layers, due to van der Waals interactions, hinders long-term sta-
bility. In this study, we introduce electron-deficient intermolecular adhesives (EDIAs) as a novel inter-
layer material to enhance adhesion between perovskite and C60 layers. Comprehensive analyses, 
including density functional theory calculations, microscopy, and spectroscopy, demonstrate that 
EDIAs, particularly NDI-C9-Ace comprising of three key functionalities: a p-electron-deficient arene core, 
a hydrophobic passivation core, and a secondary-bond anchoring core, significantly improve bonding 
strength and recombination passivation. This leads to enhanced efficiency as well as enhanced mechan-
ical and photochemical stability in PSCs. Long-term stability tests further confirm the superior durability 
of EDIA-enhanced devices. This study highlights EDIA as a promising strategy for enhancing the robust-
ness and efficiency of PSCs. 
© 2025 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by 

Elsevier B.V. and Science Press. All rights are reserved, including those for text and data mining, AI 
training, and similar technologies. 
1. Introduction 

Since 2009, thanks to the efforts of many researchers, per-
ovskite solar cells (PSCs) have matured into a highly advanced 
technology, achieving efficiencies of over 26% for single-junction 
devices and over 34% for silicon tandem solar cells [1,2]. Due to 
these excellent performance metrics and economic viability, many 
solar cell companies around the world are preparing for commer-
cialization. In particular, existing silicon solar cell companies are 
investing heavily in the commercialization of silicon-perovskite 
tandem solar cells. Among the various structures being researched 
for the development of tandem cells with silicon solar cells, the 
p-i-n (inverted) structure is the most widely studied [3–5]. The 
most commonly used electron transport material (ETM) in p-i-n 
PSCs is C60, due to its superior electrical properties and ideal band 
alignment [6,7]. Additionally, when applied via vacuum deposition, 
C60 offers the advantage of uniform coating over large areas, mak-
ing it suitable for use in silicon-PSCs [7–9]. 

However, a notable drawback of C60 is its weak adhesion when 
deposited on the perovskite layer due to van der Waals 
interactions, which can lead to delamination under external stress 
conditions such as impact, bending, and/or thermal expansion, 
ultimately reducing long-term stability [7,10,11]. Although various
reserved, 
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electron transport layer (ETL) materials have been developed to 
overcome this issue, none have yet proven to surpass C60 in terms 
of both performance and cost-effectiveness. To overcome this lim-
itation, this study introduces a novel class of interlayer materials, 
termed electron-deficient intermolecular adhesives (EDIAs). EDIAs 
are specifically designed to concurrently enhance electronic and 
mechanical adhesion between the perovskite layer and C60 while 
maintaining the latter’s excellent and advantageous properties. 
To elucidate the electrical properties of the newly designed EDIAs, 
we performed density functional theory (DFT) calculations and 
applied the material to perovskite, followed by characterization 
using atomic force microscopy (AFM), electrostatic force micro-
scopy (EFM), Kelvin probe force microscopy (KPFM), X-ray photo-
electron spectroscopy (XPS), and ultraviolet photoelectron 
spectroscopy (UPS). Additionally, Fourier transform infrared (FTIR) 
spectroscopy, bending tests, scanning electron microscopy (SEM) 
observations, photoluminescence (PL), and impedance spec-
troscopy analyses, confirmed that EDIA materials significantly 
improve the bonding strength with both C60 and perovskite, as well 
as provide effective recombination passivation. Furthermore, 
through the fabrication of EDIA-incorporated solar cell devices, 
we achieved enhanced efficiency and long-term stability. 

2. Experimental 

2.1. Materials 

[4-(3,6-dimethoxy-9H-carbazol-9-yl)butyl]phosphonic acid 
(MeO-4PACz) was supplied from TCI, Japan. Cesium Iodide (CsI) 
was prepared from Sigma-Aldrich, USA. Formamidinium Iodide 
(FAI) and Formamidinium bromide (FABr) were purchased from 
GreatCell Solar, Australia. Lead Iodide (PbI2) and Lead bromide 
(PbBr2) were supplied from TCI, Japan. Fullerene (C60) was pre-
pared from nanoC, USA, and Bathocuproine (BCP) was purchased 
from TCI, Japan. Silver (Ag) pellets were supplied by iTASCO, Korea. 
All reagents and solvents were purchased from commercial suppli-
ers, including Aldrich Inc., Tokyo Chemical Industry Co., Ltd. (TCI), 
and Alfa Aesar. 9-amino-1-nonanol and 11-Amino-1-undecanol 
were synthesized using previously reported synthetic methods 
[12,13]. 

2.2. Sample preparation 

For films analyses, each film was fabricated as follows. Cs0.17-
FA0.83Pb(I0.88Br0.12)3 was prepared first. CsI, FAI, FABr, PbI2, and 
PbBr2 powders were dissolved in DD solution (DMF (Sigma-
Aldrich, USA):DMSO = 9:1) 1.47 M concentration following compo-
sition mentioned at first. All solutions were stirred for 2 h. Glass 
substrates were prepared by ultrasonic cleaning in Hellmanex Ⅲ 
(Sigma-Aldrich, USA), followed by sequential cleaning with deion-
ized water (DI water), isopropyl alcohol (IPA) (Daejung Chem, 
Korea), and ethanol (EtOH) (Daejung Chem, Korea). The cleaned 
glass substrates were then dried at 120 ℃ on a hotplate. After dry-
ing, the glass substrates were treated with oxygen plasma (100 W, 
80 sccm, and 60 s; COVANCE, Femto Science, Hwaseong-si, 18469, 
Korea) for 15 min before use. All the solutions and films were fab-
ricated in a nitrogen-filled glovebox. The perovskite precursor 
solution was spread and spin-coated onto the glass substrates with 
7 s acceleration until 2000 rpm and kept for 3 s. After spin coating, 
the substrates were immediately transferred to a vacuum chamber 
and exposed to a vacuum for 20 s. After vacuum flushing, the sub-
strates were transferred to a hotplate and annealed at 100 ℃ for 
20 min. NDI-C11 or NDI-C9-Ace was dissolved in chlorobenzene 
(Sigma-Aldrich, USA) at a concentration of 0.7 mg/mL and dropped 
onto the perovskite film. After 10 s of wetting, spin-coating was
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performed at 2000 rpm for 20 s. After spin-coating, the film was 
annealed at 100 ℃ for 10 min on a hotplate. To prepare the ETL, 
C60 was deposited using a thermal evaporator under a high vacuum 
(10−6 Torr (1 Torr = 133.322 Pa)) to a thickness of approximately 
25 nm.

For device fabrication, Indium-doped tin oxide (ITO, AMG, 
Korea) glass was cleaned using ultrasonic cleaning in Hellmanex 
Ⅲ, DI water, IPA, and EtOH, sequentially, and then dried at 
120 ℃ on a hotplate. The cleaned ITO glass was subsequently trea-
ted with oxygen plasma for 15 min before use. The hole transport-
ing layer (HTL) was prepared on ITO glass by spin-coating the 
MeO-4PACz solution at 2000 r/min for 30 s, followed by annealing 
at 100 ℃ for 10 min on a hotplate. The perovskite precursor solu-
tion was prepared and fabricated following the same procedure 
as for film fabrication. NDI-C9-Ace or NDI-C11, and the ETL were 
also deposited using the same method as in film fabrication. The 
BCP buffer layer was deposited onto the C60 film by a thermal evap-
orator under a high vacuum (10−6 Torr) to a thickness of approxi-
mately 3 nm. Finally, Ag as a top electrode was deposited using a 
thermal evaporator under a high vacuum (10−6 Torr) to a thickness 
of approximately 100 nm, to complete the device with an Ag pellet. 
For long-term stability characterization, a maximum power point 
tracking (MPPT) system was utilized. To fabricate MPPT samples 
of PSCs, an aluminum oxide (Al2O3) passivation layer was depos-
ited using atomic layer deposition (ALD). Trimethylaluminum 
(TMA, iChems Co., Korea) and H2O were used as the aluminum 
and oxygen precursors, respectively. The ALD process was per-
formed at a substrate temperature of 60 °C and a chamber pressure 
of 1 Torr. Each ALD cycle consisted of a 1-second TMA exposure, 
followed by a 10-second Ar purge, a 1-second H2O exposure, and 
a 15-second Ar purge. This sequence was repeated for 250 cycles 
to achieve a uniform and conformal Al2O3 thin film.

3. Results and discussion 

3.1. p-electron deficient intermolecular adhesives 

Fig. 1(a) illustrates three different functionalities in EDIA mate-
rials, acting as electronic and mechanical adhesives for both the 
ETL and perovskite layers. EDIA molecules consist of a p-electron 
deficient arene core and a secondary-bond anchoring core that 
are linked with a hydrophobic passivation core. The p-electron 
deficient arene cores exhibit intermolecular (and interionic) 
multiple-interaction capabilities. The electron-withdrawing 
groups (EWGs) on arene cores result in the formation of p-
electron deficient parts possessing partially positive charge (d+ ). 
The partially positive charge (d+ ) groups can form intermolecular 
interaction with electron-rich (d− ) groups (e.g., anion and p-rich 
group). In addition to partially positive charge (d+ ) groups, partially 
negative charge (d− )  of  p-electron rich parts coexist and can inter-
act with electron-deficient (d+ ) groups (e.g., cation and p-hole 
group).

In this work, the naphthalene diimide (NDI) group is chosen for 
p-electron deficient arene cores [15–21]. The four imide EWGs cre-
ate p-electron deficient (d+ ) characteristics of two diimide rings on 
NDI (Fig. 1b) [18–21]. The details of the computational study in 
Fig. 1 are described in Supporting Information (SI). The p-
electron deficient (d+ ) characteristics on NDI strongly interact with 
several (partially) negative charge (d− ) groups in electron transport 
C60 and perovskite materials. Fig. 1(c) shows the electrostatic 
potential of ETM C60 that exhibits two opposite partial charges: 
(d+ ) d-hole [5.6] bonds and (d− ) d-rich [6.6] bonds [22–25]. In the 
perovskite layer (FAPbI3 in Fig. 1d), iodide anions and lead (and 
FA) cations co-exist. Consequently, p-electron deficient (d+ ) groups 
on NDI may form intermolecular interactions with p-rich bonds
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Fig. 1. (a) Schematic of p-electron deficient intermolecular adhesives (EDIAs). Electrostatic potentials of (b) N-ethyl NDI, (c) C60, (d) perovskite (top view of PbI-terminated 
surface of FAPbI3 here), (e) ethyl acetate, and (f) NDI C60 and NDI I− complexes (scale bar unit: eV). (g) Example of NDI iodine complex, presenting with Hirshfeld surface of 
with atom contact C I  [14]. The red dotted lines present C I with a distance of <4.0 Å [14]. (h) Chemical structure and (i) electrostatic potential (scale bar unit: eV) of EDIAs in 
this work. 
(d− )  on  C  60 (Fig. 1c) and then lead to the formation of NDI C60 

complex with stabilization energy of −1.14 kcal/mol (Fig. 1f) 
[26,27]. In addition, p-electron deficient (d+ ) groups on NDI may 
form the NDI I- complex with a high stabilization energy 
of −14.51 kcal/mol (Fig. 1h) which is an analogue of strong p an-
ion interactions [16,28–30]. Note that strong interactions between 
NDI derivatives and halide (including iodine) ions in many crys-
talline solids have previously been observed [14,31–34]. One 
example of NDI iodine complex in a solid, with a Hirshfeld sur-
face, is presented in Fig. 1(f) [35]. The crystal structure is obtained 
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from Ref. [14]. In addition to p-electron deficient (d+ ) groups on 
NDI, hydrogen substituents on the aromatic ring (Ar-H) exhibit 
additional (d+ ) characteristics (Fig. 1b). This additionally interacts 
with (d− ) d-rich [6.6] bonds on C60 and anions on perovskite. 

In the EDIA molecule, a secondary-bond anchoring core is intro-
duced (Fig. 1a). In this study, a polar acetyl group is chosen as the 
secondary-bond anchoring core (Fig. 1h). Fig. 1(e) shows the 
electrostatic potential of the acetyl group (ethyl acetate). The elec-
tronegativity vG of the acetate group is very high, (vG = 3.04), 
while vG = 2.52 for the alkyl (ethyl) group [36]. The partially



G.-H. Jeong, G.S. Lee, R.K. Chitumalla et al. Journal of Energy Chemistry 108 (2025) 165–172
negative charge (d− ) ester group on the acetyl group within the 
acetyl moiety can interact with (d+ ) d-hole [5.6] bonds in C60 and 
Pb2+ (and FA) cations in perovskite layers. In addition, the methyl 
group on the acetyl moiety that possesses a partially positive 
charge (d+ )  (Fig. 1e), can interact with several partially negative 
charge (d− ) groups, as discussed above. Moreover, the C=O groups 
on 4 imide EWGs in NDI cores exhibit additional (d− ) characteris-
tics (Fig. 1b) similar to the secondary-bond anchoring core and 
therefore can interact with (d+ ) d-hole [5.6] bonds in C60 and Pb2+ 

(and FA) cations in perovskite layers. 
Fig. 1(h) shows the chemical structure of two EDIA molecules 

used in this work and experimental details on molecular synthesis 
and analysis are in SI (Figs. S1–S11). While NDI-C9-Ace consists of 
a p-electron deficient NDIs, hydrophobic passivation –(CH2)9– 
groups, and secondary-bond anchoring acetyl (Ace) groups, NDI-
C11 lacks the polar acetyl groups. In this study, two distinct EDIA 
molecules were used as interlayers between the perovskite and 
ETL. As discussed above, the NDI-C9-Ace (and NDI-C11) molecule 
possesses intermolecular (and interionic) multiple-interaction 
capabilities (Fig. 1i) and forms complexes of NDI C60 and NDI I− 

(Fig. 1f). Therefore, in terms of electronic properties, these com-
plexes may result in better electron injection and transport proper-
ties, leading to increased current density (Jsc), open-circuit voltage 
(Voc), and power conversion efficiency (PCE). In addition, these 
strong interactions may also result in increased mechanical (and 
photochemical) stability. On the other hand, the alkyl groups with 
weak interaction ability on EDIA molecules may act as hydropho-
bic passivation groups against humidity. Therefore, EDIA materials 
in this study might act as electronic and mechanical adhesives for 
both C60 ETL and perovskite layers. 

3.2. Modification of electrical and adhesive properties 

We analyzed the changes in the electrical and mechanical prop-
erties of perovskite films after coating their surfaces with EDIAs, 
utilizing AFM and SEM techniques. As depicted in Fig. 2(a–c), the 
application of EDIAs significantly reduced the surface roughness 
compared to the pristine perovskite surface. As expected, the EDIAs 
formed a uniform layer on the perovskite surface, resulting in a 
reduction in surface roughness. Notably, NDI-C9-Ace exhibited 
greater improvement in surface flatness compared to NDI-C11, 
likely due to its stronger binding affinity to the perovskite layer 
and more stable adhesion facilitated by anchoring acetyl (Ace) 
groups. 

In addition to the enhancement of surface morphology, we also 
observed changes in electrical properties through EFM measure-
ments (Fig. 2g–j). Electrostatic force (EF) is generally originated 
by accumulated surface charge. Moreover, this kind of EF decreases 
the electric device’s conductivity. As is well known, conductivity in 
pristine perovskite films tends to decrease at grain boundaries and 
similar regions [37,38]. However, surfaces coated with EDIAs 
exhibited remarkably uniform and low EF signal, with NDI-C9-
Ace showing particularly pronounced uniformity. This improved 
surface condition is expected to facilitate stable charge transport 
with the ETL C60. To further investigate whether the changes in 
surface electrical properties influence the work function, we per-
formed KPFM (Fig. S12) and UPS (Fig. S13) analyses on the same 
samples. To investigate how the surface modification effect of 
EDIAs influences the performance of solar cell devices, we fabri-
cated full PSCs as shown in Fig. 3(a). Since device performance is 
significantly affected by both the bandgap alignment and charge 
recombination at interfaces, we conducted analyses prior to device 
performance testing to examine the impact of surface modification 
on these factors. Using UPS and optical spectroscopy techniques 
(including ultraviolet–visible (UV–vis) absorption and photolumi-
nescence) (see details in Figs. S13 and S14, Table S1), we observed
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changes in band alignment and electron recombination, as illus-
trated in Fig. 3(b) and (c). The results revealed that in the samples 
with EDIAs applied, both the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital (LUMO) 
levels shifted to deeper positions, leading to a change in the work 
function. This confirmed that the work function was indeed mod-
ified, thereby enhancing the n-type properties of the ETL in the 
EDIA-treated samples. The NDI-C9-Ace film, with a thickness of 
less than 10 nm, allows electron tunneling due to its deep HOMO 
level, effectively preventing recombination. In Fig. 3(c), steady-
state PL measurements were performed to compare charge trans-
port characteristics in samples with and without EDIAs. When 
EDIAs were coated on the perovskite, a blue shift accompanied 
by a quenching effect was observed. However, the most notable 
effect occurred when EDIAs were inserted between the perovskite 
and C60 layers. In this configuration, EDIAs mitigated the quench-
ing effect more effectively than when only C60 was deposited on 
the perovskite. To further examine this behavior, the average 
radiative recombination lifetime (savg) was determined through 
TRPL fitting, as shown in Fig. S15. The results indicate that NDI-
C9-Ace extended the exciton lifetime in PSCs, suggesting reduced 
interfacial recombination when NDI-C9-Ace was applied. To verify 
the passivation effect of EDIAs, recombination resistance was ana-
lyzed using impedance spectroscopy (IS), with data fitted to an 
equivalent circuit model (Fig. S16). Across the entire voltage range, 
NDI-C9-Ace exhibited the highest recombination resistance, reaf-
firming its effectiveness in suppressing recombination. Non-
radiative recombination, where energy is dissipated as heat, con-
trasts with radiative recombination, which can be re-utilized 
through interactions such as refraction, reflection, or scattering 
within thin films [39]. As the number of interfaces increases, 
non-radiative recombination naturally becomes more prevalent. 
However, minimizing this quenching effect is crucial for achieving 
high-efficiency solar cells. In this regard, incorporating EDIAs 
between the perovskite and C60 layers further reduces quenching, 
enhancing the potential for improved device performance 
[39–41]. To investigate the charge extraction properties of 
NDI-C9-Ace in PSC devices, external quantum efficiency (EQE) 
was measured (Fig. S17). The EQE data reveal that NDI-C9-Ace 
demonstrated superior photon-to-electron conversion efficiency 
in the 350–450 nm range compared to both the pristine sample 
and NDI-C11. This improvement is likely attributed to the absorp-
tion and emission characteristics of NDI-C9-Ace in this specific 
spectral region (Fig. S10), allowing for more effective utilization 
of these wavelengths. To further examine molecular-level binding 
interactions, an XPS analysis was performed, focusing on surface 
chemical interactions. To get depth atomic information, XPS depth 
profiling was utilized with an Ar+ ion etching process at 100 s 
intervals. The interface was defined as the region where C, I, and 
Pb have inclinations as the etching progresses. The bulk was 
defined as the region where I and Pb keep the prior ratio although 
the etching progresses. The surface data were measured before 
etching. Interface data were measured near the cross point of C 
and Pb. Bulk data were measured near the cross point of Pb and 
Br (Fig. S18). The presence of C60 resulted in clearly detected C 1s 
peaks (Fig. S19a), while weak Pb 4f and I 3d signals were observed 
from the underlying perovskite film (Fig. 3d, g). After calibrating 
the spectra within a 0.1 eV error margin based on the C 1s peak, 
no significant changes were noted in the I 3d and Pb 4f peaks at 
the surface. However, when EDIAs were applied at the per-
ovskite/C60 interface, strong intermolecular binding was detected. 
This was evidenced by a 0.4 eV shift in the I 3d peaks (Fig. 3e) 
and a 0.3–0.4 eV shift of the Pb 4f peaks to higher binding energy 
(Fig. 3h). In the perovskite bulk region, there were no significant 
changes in the I 3d and Pb 4f peaks (Fig. 3f, i). It is clear to distin-
guish each depth region because a metallic Pb 4f peak is observed
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Fig. 2. (a–c) Surface morphology of bare perovskite, perovskite coated with NDI-C11, and perovskite coated with NDI-C9-Ace. (d–f) Cross-sectional profiles of each film 
condition corresponding to images (a–c). (g–i) EFM images, and (j–l) electrostatic force profiles of each film condition. 

Fig. 3. (a) Device structure of perovskite solar cells device. (b) Schematic band diagram of three conditions. Perovskite film (P) and C60 film (C) were deposited on the Si wafer 
in order. NDI-11 (N11) or NDI-C9-Ace (N9A) film was coated between the two films. (c) PL spectrum of each condition. XPS spectra of the I 3d orbital at the (d) surface, (e) 
interface, and (f) bulk region, and the Pb 4f orbital at the (g) surface, (h) interface, and (i) bulk region, obtained from the perovskite and C60 films through depth profiling.
in perovskite bulk. Furthermore, weak Br 3d peaks were shown at
the surface (Fig. S19b) and relatively clear Br 3d peaks were
detected at the bulk (Fig. S19j). Consequently, Br 3d peaks were
169
rarely detected at the interface (Fig. S19f), as they do not signifi-
cantly interact between the perovskite and C60 layers. Additionally,
N 1s and O 1 s peaks were observed also under all conditions. As a
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result, weak signals were detected at the surface likely due to sur-
face oxidation in ambient air, as shown in Fig. S19(c, d). FTIR anal-
ysis was also performed for each condition (Fig. S20). Although no 
prominent differences were observed in Fig. S20(b, c), the N–H 
stretching (3,200–3,500 cm−1 ), C–N stretching (800–1,000 cm−1 ), 
and C–H bending (700–800 cm−1 ) peaks were weakened when 
NDI-C11 was applied between the perovskite and C60 layers 
(Fig. S20d). In contrast, these signals were offset and reinforced 
when NDI-C9-Ace was applied at the same interface. This suggests 
that long carbon chains in NDI-C11 can hinder chemical bonding 
when C60 is deposited, particularly in the absence of secondary 
anchoring groups.

To prove this effect, additional DFT calculations were per-
formed. Considering the aggregation effect, we calculated the 
dimerization energy (DEd) of each EDIA. Since the p-p interaction 
is expected to be the strongest, most EDIAs would stack in the 
same direction and other conformations of EDIAs would not inter-
act significantly. As a result, NDI-C11 (DEd = −20.84 kcal/mol) pre-
fers a dimer state over NDI-C9-Ace (DEd = −20.11 kcal/mol) and 
this energy difference could affect formation energy (−1.14 kcal/-
mol) of NDI C60 complex, as shown in Fig. S21(a, b) and Fig. 1f. 
Furthermore, the alkyl chain in NDI-C11 can freely rotate because 
it is formed by carbon–carbon single bonds (Fig. S21c). In contrast, 
the free rotation of the alkyl chain in NDI-C9-Ace would be 
restricted, as acetyl groups could form four hydrogen bonds 
(Fig. S21d). AFM study was also conducted for each condition. 
C60 was effectively deposited on the perovskite film but spotty at 
pristine conditions (Fig. S22a). NDI-C11 could disturb C60 deposi-
tion on perovskite film, as shown in Fig. S22(b), even though it 
can still attract C60 due to the p-p interaction. NDI-C9-Ace, on 
the other hand, attracts C60 via the p-p interaction and forms a 
dense, smooth surface, even though C60 was not deposited locally 
(Fig. S22c). According to EFM measurement, even though stable 
EF of C60 film was measured at pristine and NDI-C9-Ace conditions 
(Fig. S22d, f), unstable EF of C60 film was measured at NDI-C11 con-
dition (Fig. S22e) without sample bias. In addition, when a 1 V 
sample bias was applied, the NDI-C9-Ace condition showed the 
Fig. 4. Surface morphology of each condition (a) C60 deposited on perovskite (b) NDI-C11
C60. (d–f) Surface morphology of each film condition after 15,000 times of bending test. 
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highest activated EF property, which could affect the higher volt-
age property (Fig. S22g–i). These results show the important role 
of the secondary anchoring group in EDIAs. 

To further assess the impact of molecular-level adhesion on 
mechanical stability, we conducted a bending test on flexible 
devices with C60 deposited on perovskite films containing EDIAs 
and analyzed the surface using SEM, as shown in Fig. 4. For com-
parison, the surfaces were also examined before the bending test 
(Fig. 4a–c). As the number of bending cycles increased, cracks 
became increasingly pronounced (Fig. 4d-i). Under pristine condi-
tions, both the perovskite and C60 layers exhibited significant 
cracking, as shown in Fig. 4(d, g) [42,43]. Similarly, samples with 
NDI-C11 displayed extensive cracking, similar to the pristine sam-
ples (Fig. 4e, h). In contrast, samples treated with NDI-C9-Ace, 
which exhibits strong intermolecular binding, showed significantly 
fewer and narrower cracks (Fig. 4f, i). Additional SEM images from 
different regions and magnifications (Figs. S23 and S24) confirmed 
this trend. Notably, in the NDI-C9-Ace-treated samples, cracks 
were discontinuous and localized, suggesting that the NDI back-
bone and secondary anchoring groups effectively shield the per-
ovskite layer. Moreover, the NDI’s arene core enhances adhesion 
to C60, further stabilizing the interface. These results demonstrate 
that strong molecular interactions significantly enhance bulk film 
bonding properties, contributing to improved mechanical stability 
under stress. 

3.3. Perovskite solar cell performance 

To assess the effect of NDI-C9-Ace on PSC performance, we fab-
ricated devices with and without EDIAs. The PCEs of PSC devices, 
measured under standard AM 1.5G 1-sun conditions, showed an 
enhancement when EDIAs were employed, as depicted in the sta-
tistical photovoltaic (PV) box chart in Fig. 5(a–d) (summarized in 
Table 1). The champion device with NDI-C9-Ace achieved an 
improved efficiency of 21.96%, compared to 21.10% for the pristine 
sample. This improvement was primarily attributed to increases in 
Voc and FF, with a more pronounced improvement in Voc, due to the
 coated between perovskite and C60 (c) NDI-C9-Ace coated between perovskite and 
(g–i) Surface morphology of each film condition after 20,000 times of bending test. 
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Fig. 5. (a–d) Statistical data of PV parameter under AM 1.5 illumination. 32 data were extracted from each device condition. (e) Normalized maximum power point tracking 
measurement results after fitting. Encapsulated devices were exposed under AM 1.5 illumination at 25 °C, RH 40%. Hysteresis J-V curve of champion PSCs: (f) pristine, (g) NDI-
C11, and (h) NDI-C9-Ace. 

Table 1 
Photovoltaic parameters of PSC devices derived from J-V curves measured under AM 1.5 1 sun illumination. 

Jsc (mA/cm2 ) Voc (V) FF (%) PCE (%) 

Pristine 23.94 (23.64) 1.10 (1.09) 80.05 (78.66) 21.10 (20.35) 
NDI-C11 23.92 (23.47) 1.09 (1.08) 79.59 (77.55) 20.73 (19.69) 
NDI-C9-Ace 23.68 (23.60) 1.13 (1.11) 82.28 (79.43) 21.96 (20.73) 
passivation effect confirmed by PL and IS analyses. In addition, DFT 
calculations and EFM analysis also support these results. Even 
though the NDI backbone could work as a multi-functional mole-
cule, a long alkyl chain can disturb the interaction between each 
molecule without a secondary anchoring group (Figs. S21 and 
S22). Because it would induce decreased electrical performance, 
EDIAs must be formed with 3 functional components as shown 
in Fig. 1(a). For the evaluation of long-term operational stability, 
encapsulated devices were subjected to measurements under con-
tinuous 1-sun illumination using an LED light soaking chamber. 
The device incorporating NDI-C9-Ace exhibited significantly 
enhanced stability, maintaining higher performance metrics com-
pared to the control device without EDIAs, as shown in Fig. 5e. This 
improvement is attributed to the presence of the acetyl group in 
NDI-C9-Ace, which facilitates stable anchoring interactions with 
the perovskite surface. In contrast, NDI-C11, which lacks an 
anchoring functional group, exhibited a less uniform morphology 
on the perovskite surface, as observed in the AFM images in 
Fig. 2. This weaker interfacial interaction likely contributed to its 
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inferior stability under continuous illumination and bias stress 
conditions. Hysteresis behavior was also evaluated (Fig. 5f–h), 
revealing that NDI-C9-Ace provided slightly more stable character-
istics in both the flat and slope regions of the J-V curve. Hysteresis 
can typically result from factors such as ion migration, poor charge 
carrier mobility, or inefficient charge injection. Ion vacancies 
caused by ion migration can also lead to charge traps, promoting 
recombination. As discussed in Fig. 1(f, g), EDIA materials help sup-
press ion migration by forming complexes with iodine and C60, 
thereby reducing recombination. These effects further explain the 
improved performance and recombination suppression observed 
in the PSCs, as shown in Fig. 3(b, c) and Figs. S15 and S16 [44,45]. 

4. Conclusions 

In conclusion, this study introduces a novel class of multifunc-
tional interlayer materials, EDIAs, designed to enhance both 
electronic and mechanical adhesion at the perovskite/C60 interface 
in PSCs. Through an extensive suite of characterizations, including
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DFT simulations, advanced microscopy, spectroscopy, and mechan-
ical stability assessments, we demonstrated that EDIA materials, 
particularly NDI-C9-Ace, significantly reinforce interfacial bonding 
while providing effective passivation. These enhancements result 
in improved device performance, including higher PCE and 
prolonged operational stability. Long-term stability tests under 
continuous illumination further confirmed that devices with NDI-
C9-Ace exhibit superior durability compared to those without 
EDIAs, validating its potential for real-world application. This work 
establishes a foundation for the development of more stable and 
efficient PSCs, advancing the commercialization prospects of this 
next-generation photovoltaic technology. 
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