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Perovskite solar cells have garnered significant interest, yet their limited operational stability remains a
major challenge. This is especially pronounced at the interface with charge transport layers. In inverted
p—i—n perovskite solar cells, fullerene-based electron transport layers pose critical stability issues. This
has stimulated the application of low-dimensional perovskite interlayers featuring alkylammonium-based
organic spacers that template perovskite slabs to enhance operational stabilities. However, these
materials are traditionally based on organic cations that are electronically insulating, limiting charge
extraction and device performance. We demonstrate the capacity to access low-dimensional perovskites

Received 5th April 2025, incorporating electron-accepting naphthalimide- and naphthalenediimide-based spacers and use the

Accepted st August 2025 corresponding organic moieties to modify or replace fullerene electron-transport layers, forming an
DOI: 10.1039/d5tc01418b electroactive interface that serves charge-transport. This resulted in superior performance with power
conversion efficiencies exceeding 20% and enhanced operational stability, highlighting the potential of
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Introduction

Lead halide perovskites have attracted increasing attention in
the past decade for their application in optoelectronic devices.
This progress stems from their unique optoelectronic and
optoionic properties, including a tuneable bandgap, high
absorption coefficients, a small exciton binding energy, as well
as high carrier mobilities, long carrier diffusion lengths and
lifetimes.” ® The combination of these characteristics with their
ease of processing from solution has resulted in an
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enhancement in power conversion efficiency (PCE) from 3.8%
to above 26% in perovskite solar cells (PSCs).”® However, the
inherent instability of lead halide perovskites during operation
due to interfacial reactivity and ion migration,”'® along with
their sensitivity to environmental factors, can induce further
degradation,'* especially at the interface between the perovs-
kite and charge transport layers in solar cells, hampering their
practical application.'” The emergence of low-dimensional (LD)
perovskites has provided an alternative to addressing this
challenge.”®* They are based on bulky organic cations tem-
plating inorganic perovskite slabs,">** which exhibit enhanced
stability compared to their three-dimensional analogues™ ™’
owing to the hydrophobic nature of the organic moieties, their
interactions, and reduced ion migration."®?° However, the
insulating nature of most organic moieties to date hinders
electronic conductivity, thus reducing PSC efficiency.>' Further-
more, a significant factor in achieving high power conversion
efficiency and stability in PSCs is the suitability of charge
transport layers, namely the electron transport layer (ETL)
and the hole transport layer (HTL). This is especially important
in the case of inverted (p-i-n) PSCs, wherein the most com-
monly used ETLs are organic fullerene-based materials,

This journal is © The Royal Society of Chemistry 2025
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primarily [6,6]-phenyl-Ce;-butyric acid methyl ester (PCBM) or
Ceo.2> PCBM suffers from severe stability limitations due to its
low relative permittivity, photo-oxidation, and formation of
electron-trapping moieties under illumination.>*>* Moreover,
using Ceg, is more costly due to the challenging separation of
fullerene homologues.”> Another limitation is the highly defec-
tive perovskite/fullerene interface in p-i-n PSCs featuring trap-
mediated non-radiative recombination, affecting both the effi-
ciency and stability of solar cells.>® To address these critical
limitations, improving the interface between the perovskite and
the fullerene-based electron transport layer is critical, and the
employment of functional molecules that serve both as passi-
vating agents and electron transport layers is relevant.”’ >’
Another strategy involves the development of organic moieties
that can act as LD or 2D perovskite layers with a simultaneously
passivating and stabilising effect. Their integration with func-
tional electroactive components between the perovskite and
charge-transport interface has the potential to overcome per-
formance limitations by facilitating charge transport,'* which
remains underexploited in inverted perovskite solar cells. To
this end, organic electron acceptors such as perylene- and
naphthalenediimide-based polymers and small molecules have
been explored due to the ease of processing from solution and
structural versatility.*®*" However, their potential to form LD
perovskite phases that enhance device stability and perfor-
mance in photovoltaics remains unexploited.

Here, we introduce electroactive naphthalimide (NI) and
naphthalenediimide (NDI) derivatives at the interface between
the hybrid lead halide perovskite absorber and the fullerene-
based ETL in inverted PSCs. These electron-accepting organic
materials®*>* have been shown to feature unique optoelectro-
nic properties, such as charge-transfer-induced photolumines-
cence quenching®**> and phosphorescence.***” Their modular
structure and the capacity to form low-dimensional perovskite
phases stimulated prior investigations,**”*® yet without the use
in photovoltaics. We further explore their functionality in
inverted perovskite solar cells at the interface with the
electron-transport layers and elucidate their function using
density functional theory (DFT) and ab initio molecular
dynamics (AIMD). While NI was shown to act as an interfacial
defect passivator, NDI operated as a charge transfer facilitator
to the ETL. This resulted in higher performances of fullerene-
based solar cell devices with enhanced operational stability.
Furthermore, we show the feasibility of engineering fullerene-
free devices with insights into material and device design.

Results and discussion
Electroactive low-dimensional perovskite materials

We studied two organic moieties based on extended aromatic
cores featuring electron-accepting properties,*’*® including 2-(1,3-
dioxo-1H-benzo[delisoquinolin-2(3H)-yl)ethan-1-ammonium iodide
(NL; Fig. 1(a)) and 2,2'-(1,3,6,8-tetraoxo-1,3,6,8-tetrahydroben-
zo[lmn][3,8]phenanthroline-2,7-diyl)bis(ethan-1-ammonium) iodide
(NDI; Fig. 1(b)). They were designed based on the electron-
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Fig. 1 Structural and optoelectronic properties of naphthal(enedilimide
LD perovskites. (a) and (b) Structural representations of NI and NDI. (c) and
(d) XRD patterns of films of (c) (NI);Pbly, (NI),FAPD,l;, (d) (NDI)Pbl,, and
(NDI)FAPb,l; nominal compositions. (e) and (f) UV-Vis (full line) and PL
(dashed line) spectra of films based on (e) (NI);Pbl,, (NI)>FAPD,l;, (f)
(NDI)Pbl4, and (NDI)FAPb,l; nominal compositions on glass.

withdrawing naphthalene core functionalised with the ethylammo-
nium groups to induce 2D perovskite formation. The organic
cations were synthesised via a two-step reaction adapting previously
reported procedures, as described in the SI (Fig. S1-58).**** Speci-
fically, carboxylic anhydrides are transformed into the Boc-protected
ethylammonium imides, yielding the resulting monofunctional (NI)
and bifunctional (NDI) ammonium iodide salts upon deprotection
and protonation. Thin films of the target molecules and the
respective LD perovskites were prepared based on S,Pbl, (n = 1)
and S,FAPDb,I, (n = 2) nominal compositions (S = NI, NDI with x = 1
for NDI and x = 2 for NI) by mixing the stoichiometric amounts of
precursor materials by solution-processing, followed by annealing
(as described in the Experimental Section of the SI). The monofunc-
tional NI is expected to form 2D Ruddlesden-Popper (RP) phases,
while the bifunctional NDI 2D Dion-Jacobson (DJ) halide
perovskites.*>** We analysed their n = 1-2 nominal compositions
to assess the capacity to form LD or layered (2D) perovskite phases.

X-ray diffraction (XRD) of the corresponding thin films
revealed peaks at low angles (below 10°) corresponding to the
LD perovskite phases.*>*' Moreover, a periodic pattern, typical
of 2D perovskite structures, was observed for n =1 (NI),Pbl, and
(NDI)PbI, compositions (Fig. 1(c) and (d)). For the n = 2
compositions, lower crystallinity was observed along with the

J. Mater. Chem. C, 2025, 13, 20040-20048 | 20041
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presence of peaks related to the co-existing n = 1 phase (~5.7°
in (NDI)FAPb,l,), excess Pbl, (~12.6°) and 3D perovskite
(~14.8°) phases (Fig. 1(c) and (d)), which were further analysed
by using grazing-incidence X-ray scattering (GIWAXS) measure-
ments (Fig. S9 and $10). For the (NI),Pbl, (n = 1) composition,
the first peak associated with the LD phase was oriented
parallel to the substrate. However, a polymorph was also
present, oriented in a different direction. The (NI),FAPb,I,
(n=2) composition, on the other hand, was randomly oriented.
Both NDI compositions were oriented parallel to the substrate.
Additionally, neither the NI nor the NDI n = 2 nominal
compositions showed any additional peaks to those of the n =
1 phase, suggesting n = 2 phase did not form.

The capacity to form LD perovskite phases was further
assessed by DFT calculations. DFT optimizations of n = 1
(NDI)PbI, model systems corroborate the formation of a 2D
DJ perovskite structure for the n = 1 (NDI)Pbl, composition
(Fig. S11a). The comparison of simulated and experimental
XRD patterns indicates that the peak around 8° is likely related
to the presence of LD §-FAPbIs-like structure where the FA
cations are replaced by NDI molecules (Fig. S12 and S13).
Moreover, for the n = 1 (NI),Pbl, composition, simulated XRD
spectra relate the peak at ~5.7° (Fig. 1(c)) to the formation of a
1D phase with the typical structure of 6-FAPbI; phase involving
NI molecules replacing the FA cations (Fig. S14). The calculated
2D RP n = 1 (NI),Pbl, phase (Fig. S11b) features a Pb-Pb
interlayer distance of 23 A corresponding to a low peak
at 3.8° that does not match the experimental XRD spectra
(Fig. S12b). This suggests that the NI-based system forms a
1D perovskite phase instead.

The optical properties of the thin films were further ana-
lysed using UV-vis and PL spectroscopy (Fig. 1(e) and (f)). UV-vis
spectra show excitonic peaks in the 350-450 nm range, char-
acteristic of LD perovskite.”>** For (NI),Pbl, composition, a
peak at 373 nm was observed, which was red-shifted to around
380-400 nm for (NI),FAPb,I, nominal composition. A compar-
able absorbance band around 400 nm was observed for
(NDI)Pbl, and (NDI)FAPb,I, compositions, with the latter exhi-
biting an additional signal at 450 nm. However, the formation
of n = 2 for either NI or NDI composition was not evident from
the XRD or GIWAXS under the applied experimental condi-
tions. Similarly, additional spectral features could not be
associated with pure organic spacers or their (i.e., dimer)
assemblies. PL spectra showed a maximum emission peak
at 440 nm for (NI),Pbl, that was shifted to 430 nm for the
(NI),FAPD,I,, with the emergence of a peak at around 520 nm.
For the NDI systems, several peaks were observed in the
range of 400-650 nm, with a maximum at 550 nm, suggesting
a mixture of LD phases in accordance with previous reports.**

In summary, structural and optoelectronic characteristics
combined with theoretical investigation suggest that NI
and NDI moieties form LD perovskite phases, which may
involve 2D phases for the NDI system yet predominantly
include 1D phases for the NI system. Their functionality was
thereafter further assessed at the interlayer with the 3D
perovskites.*

20042 | J Mater. Chem. C, 2025, 13, 20040-20048
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Effect of electroactive layers on 3D perovskites

To understand the effect of electroactive organic spacers in
perovskite heterostructures, films based on conventional triple-
cation halide perovskites, (Csg.05MAg.05FA¢.oPb(Io.05Bro.05)3)
compositions were deposited on glass substrates according to
the reported procedures described in the SI. NI and NDI were
thereafter deposited from a mixture of methanol, isopropanol
and toluene (0.2 mg mL™ '), and the resulting films were
compared to the neat (untreated) 3D perovskite samples.

XRD patterns show no change upon deposition of the NDI/
NI overlayer (Fig. S15), indicating the preservation of the 3D
perovskite structure. There were no apparent peaks below 10°,
which would indicate LD overlayer formation, which can likely
be attributed to the low concentration used. This was further
analysed by X-ray photoelectron spectroscopy (XPS; Fig. S16),
showing that Pb 4f,,, and 4f;,, peaks at 138.77 and 143.66 eV,
respectively, remained unchanged upon treatment (Fig. S16a).
The same applies to the N 1s spectra (Fig. S16b), which reveal a
peak at 400.90 eV across all samples, corresponding to FA and
possibly NDI in the films, whereby NI-treated samples show an
additional peak at 402.60 eV that could be attributed to the
ammonium groups in a new environment. GIWAXS measure-
ments were thus used to assess the perovskite heterostructures
(Fig. S17 and S18), which showed no significant change in the
composition or crystallographic orientation upon applying the
overlayer. In particular, they featured a mostly random orienta-
tion with a preference towards 35° and 65° tilt towards the
surface. Radial profiles show that the films consist almost
exclusively of a-phase perovskite, in addition to a very small
amount of 3-phase evidenced at approximately 0.85 A~*. The
local structure of the materials was further examined using
solid-state NMR spectroscopy of polycrystalline powders
(Fig. $19).***” To achieve high detection sensitivity, we used
powders of the 3D perovskite, both with and without NI and
NDI, synthesised by mechanosynthesis."® A comparison of the
3C NMR spectra of the 3D perovskites containing spacers with
those of the neat NI and NDI precursors revealed slight changes
in the -CH,- region (45-50 ppm), the aromatic (Ar) (120-150
ppm), and the FA region (155-160 ppm), corresponding to the
formation of new haloplumbate phases. These changes imply a
difference in the local structure or geometry of the spacers and
FA cations in the hybrid perovskite.

The local structure of the interlayer can play an important
role in the optoelectronic properties, and the theoretical inves-
tigations of NDI and NI moieties as overlayers onto 3D per-
ovskite were used to understand their interactions. The binding
energies of NDI*" and NI, relative to the binding energy of two
and one FA', respectively, were computed at the quantum
mechanical level and found to be —0.45 eV for NDI** in the
parallel configuration, —0.18 eV for NDI*" in the diagonal
configuration, and —0.17 eV for NI' (as detailed in the Experi-
mental section of the SI). Both NDI and NI show stronger
binding energies than FA, indicating their stable binding to
the perovskite surface and a tendency to replace FA, thereby
promoting surface coverage. Each NDI molecule binds to the
FAPDbI; surface by replacing two FA cations with its two

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Theoretical structure and optoelectronics of electroactive NDI/NI
layers. Calculated projected density of states (PDOS) for perovskite (green)
and molecular (blue) states for NDI (a) and NI (c) acting as overlayers on
top of a 3D FAPbI3 perovskite with corresponding top and side views of the
molecular structures in (b) and (d), respectively. In (a) and (c) the energy is
referenced to the calculated Fermi level (set to O eV), which corresponds
to the calculated HOMO level of the system. For the specific structures
in (b) and (d), a 40% higher surface coverage was calculated for
the Nl-passivated surface compared to its NDI-treated counterpart (Fig.
S20 and S21).

ammonium groups (Fig. 2(b)). Consequently, the organic part
of the molecule lays flat on the surface. On the contrary, each
NI molecule binds to the perovskite by replacing one FA
vacancy and, consequently, can orient almost vertically on top
of the perovskite surface (Fig. 2(d)). This differentiates the
surface properties of the two systems; while NI molecules can
form a dense monolayer, in the NDI-treated surface, steric
repulsion between different flat-laying molecules limit the
maximum allowed number of units per surface area and their
respective arrangement. This has an impact on the corres-
ponding surface coverage and the electronic properties of the
resulting material.

To assess the charge transport properties of the NDI and NI
moieties, we calculated the projected density of states (PDOS;
Fig. 2(a) and (c), corresponding to the structures in Fig. 2(b) and
(d)). Overall, NDI is expected to have faster charge extraction
than NI due to its proximity to the perovskite surface and flat
orientation, which implies a vertical orientation of the aromatic
prmolecular orbitals of the conjugated ring system. This is
further supported by the calculated higher gas-phase electron
affinity (EA) of NDI compared to NI (Table S1). However, the
NDI overlayer introduces a series of states within the perovskite
bandgap (Fig. 2(a)), corresponding to the LUMO states of the
organic moiety. These states are primarily localised on the
n-conjugated system of the NDI (Fig. S22b and S$23). The
localised mid-gap states are expected to enhance non-

This journal is © The Royal Society of Chemistry 2025
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radiative recombination at the interface by trapping electrons
and impeding further transport to the ETL. On the other hand,
the NI molecular overlayer introduces a set of states distributed
in a range of ~0.9 eV below the perovskite conduction band
(Fig. 2(c)), which stem from LUMO levels of the spacers and are
mainly localised on the molecular layer (Fig. S24b and S25).
Due to the almost vertical orientation of the NI, the p, orbitals
of these states have an almost parallel orientation with respect
to the perovskite surface. This further impacts interface ener-
getics, which can be assessed by comparing the work function
changes upon treatment with NI and NDI (Fig. $26). In both
cases, the overlayer lowers the work function of the 3D per-
ovskite due to interfacial dipoles, with the effect being more
pronounced for NI than for NDI. Ultraviolet photoelectron
spectroscopy (UPS) measurements (Fig. S27) corroborate this
trend, revealing work-function reductions of 0.47 eV (NI) and
0.04 eV (NDI) relative to pristine films, in qualitative agreement
with our PBE/PBEO estimates (—2.21/—2.42 eV for NI and
—0.54/—0.53 eV for NDI). The quantitative gap likely stems
from the use of spacer-modified perovskites rather than neat
spacer layers, the effects of the surface coverage, and model
simplification. Such lowering of the work function,**”° is
expected to affect photovoltaic characteristics.

Photovoltaic characteristics

The photovoltaic performance was assessed in the inverted p-i-n
device configuration of fluorine-doped tin oxide (FTO)/[2-(3,6-
dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid (MeO-2PACz)/
CS0.05MAg.05FAg.oPb(I9.05Brg.05)3 (~400 nm)/[6,6]-phenyl-Cg;-
butyric acid methyl ester (PBCM) - bathocuproine (BCP)
(~180 nm)/Ag (~120 nm) with and without overlayers at the
interface between the perovskite and the ETL (Fig. 3 and Table
S2). The neat and NDI/NI treated devices were compared to those
prepared using electronically inactive 1,3-propane-diammonium
(PDA) iodide, a standard interface defect passivator for high-
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Fig. 3 Photovoltaic characteristics of inverted perovskite solar cell
devices. Photovoltaic metrics of control (gray) and modified devices with
PDA (black), NI (blue) and NDI (red) interlayers based on Csg0sMAg.05-
FA0.9Pb(lo.9sBroos)s perovskite compositions and (FTO)/MeO-2PACz/
Cs0.05MAg.05FAg oPb(lo.95Bro.05)3/PBCM-BCP/Ag device architecture.
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performance inverted perovskite solar cells.*>*® The concen-
tration of PDA was kept constant (at 0.5 mg mL ') based on
previous reports,”* whereas the concentrations of NI and NDI
were optimised to be 0.2 mg mL ' and 0.1 mg mL ', respec-
tively, based on performance and solubility. The two conditions
showed performances above 20% PCE for champion devices
(21.1% for NI, 20.2% for NDI), slightly below the PDA-modulated
champion cell (22.5%), with the possibility to further optimise
being beyond the scope of this study.’® Overall, NI and NDI
treatment enhanced open-circuit voltages (V,.) with an average
of 73 mV and 44 mV, respectively, with a simultaneous increase
of the fill-factor (FF) by 14% and 10% average, respectively.
A stable output for the modulated devices during maximum
power point tracking (MPP) for one minute under one sun
illumination was confirmed (Fig. S28). Furthermore, no shift
in the onset of the incident photon-to-current conversion effi-
ciency (IPCE) was detected for the target devices, while the
integrated current densities agree with the J. values from the
current-voltage (/-V) characteristics (Fig. 4(a) and (b)).

=
8
©
3
2

Current density (mA/cm?)

~——Control
20 ——PDA 5
——NI

—e—NDI

Control

0.0 02 0.4 06 08 1.0 12 300 400 500 600 700 800 900
Voltage (V) Wavelength (nm)

5 Control ——Control
—FPDA

—Ni

———NDI 0.2 mgmL"!
——NDI 0.1 mg mL"|

> NDI0.2mgmL"
_NDI 0.1 mg L'

0 200 400 600 800 10b0

700 750 800 850 900 950
e) Time (ns)

Wavelength (nm)

> spectral photon flux (1*10'7/[s m? nm])

ControlPCBM
PDA/PCBM
NIPCBM

s NDI0.2 mg mL"/PCBM
NDI 0.1 mg mL™'/PCBM|

ControlPCBM

——PDAPCBM
——NI/PCBM

——NDI 0.2 mg mL-/PCBM
——NDI 0.1 mg mL"'/PCBM

~ w -
S =4 S

Spectral photon flux (1*10'7/[s n? nm})

o

0 20 40 60 80 100 700 750 800 850 900 950
Time (ns) Wavelength (nm)

Fig. 4 Optoelectronic characteristics of NI/NDI-based perovskite solar
cells. (a) J-V curves of the devices with different passivation layers in
comparison to the control device without any treatment, with a scan rate
of 10 mV s~ (b) IPCE spectra and calculated photocurrent integrated over
the standard AM 1.5G solar spectrum. In agreement to the J-V data no
change in the spectra is observed. (c) and (e) Time-resolved photolumi-
nescence spectroscopy (TRPL) of perovskite (gray) and modulated films
with PDA (black), NI (blue), NDI high concentration (pink) and NDI low
concentration (red) on microscope slides without (c) and with (e) the
electron-transport material (PCBM). (d) and (f) Steady-state absolute
intensity photoluminescence (AIPL) spectra of perovskite (gray) and trea-
ted films with PDA (black), NI (blue), NDI (high concentration, pink, and low
concentration, red) on FTO/MeO-2PACz without (d) and with (f) the
electron-transport layer (PCBM). Error band represents the standard
deviation of 5 samples per condition.
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Factors influencing the photovoltaic performance were
investigated by steady-state absolute intensity photoluminescence
(AIPL) spectroscopy and time-resolved photoluminescence (TRPL)
spectroscopy.’>>* TRPL measurements were performed on control
and overlayer-modified films on glass, with and without the
fullerene ETL. In the control, PDA-modified, and NI-modified
films without fullerene ETL, the commonly observed rapid PL
decay within the first 10 ns (Fig. 4(c)) corresponds to the initial
rapid localisation of charge carriers due to trap filling. This is
followed by non-radiative charge carrier recombination,>* indicat-
ing psrange carrier lifetimes.® In contrast, the NDI-modified
films exhibit a significantly more pronounced initial fast PL decay
within the first 100 ns, indicating electron injection from the
conduction band of the perovskite film to the LUMO level of NDI,
corroborating theoretical calculations and suggesting that NDI
does not act as a barrier for charge extraction. This is in
accordance with the UPS data (Fig. S27) as the conduction-band
minimum (CBM) is 0.13 eV below the pristine perovskite CBM
(—3.73 eV), providing a downbhill pathway for electron extraction.
In contrast, NI shifts the CBM upward to —3.54 eV, introducing a
~0.2 eV barrier for charge extraction.

This is further supported by the less pronounced initial PL
decay observed with decreasing overlayer thickness (Fig. 4(c)),
attributed to a reduced availability of empty states for electron
transfer. The AIPL data of the films on FTO/MeO-2PACz
revealed an emission peak at ~800 nm, with a photolumines-
cence quantum yield (PLQY) of 3.5% for the control, which is
three times greater than the NI-modified samples (1.6%) and
more than one order of magnitude greater than that of the NDI-
modified samples (0.2%) (Fig. 4(d) and Table S3). The reduced
PLQY indicates enhanced non-radiative recombination caused
by mid-gap states at the perovskite/NI and perovskite/NDI
interfaces, as evidenced by the DFT calculations (Fig. 2(a) and
(¢)). The significantly lower PLQY observed for NDI can be
attributed to its much stronger interaction with the perovskite,
which results in a higher surface recombination. In contrast, an
increase in the PLQY can be noticed for the PDA-modified films
(3.8%), indicating suppressed non-radiative recombination.*’
The introduction of PCBM leads to comparable observations in
the TRPL data, where the NDI-modified samples exhibit a more
pronounced initial decay compared to both the control and the
modified films without PCBM due to the additional electron
injection into the fullerene layer (Fig. 4(e)), which is likely
enabled by the localised mid-gap states of NDI and the close
proximity of PCBM in n-stacking contact with NDI (Fig. S29b).
The NI-modified films show less pronounced electron injection
into the PCBM, most likely due to their vertical orientation and
larger distance between the surface and PCBM (Fig. 2(d),
Fig. S29c, and Table S4). The addition of PCBM leads to a
decrease in the PLQY by almost one order of magnitude in all
films, except for NI-modified samples where the PLQY decrease
is not as significant (Fig. 4(f) and Table S3), with a more
pronounced decrease in the control film (0.5%) due to the
increased number of surface defects."” Interfacial treatment
with NI leads to an increase in the PLQY (1.1%) due to a Fermi-
level upshift and reduced non-radiative recombination, even

This journal is © The Royal Society of Chemistry 2025
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when compared with the PDA-based films (0.8%). Finally, the
decrease of PLQY in the presence of NDI (0.4%) further
corroborates its electroactive role, acting as a mediator for deep
surface trap states, differentiating it from other organic mole-
cules with passivating properties.

To further understand the interaction with the ETL, we
performed ab initio molecular dynamics simulations of a model
system comprising one PCBM molecule interacting with control
as well as NDI and NI-treated FAPbI; surfaces. NI forms a thicker
monolayer at the FAPDbI; surface (Fig. 2d top), which increases
the distance between the PCBM and the perovskite surface
compared to NDI (Fig. S29 and Table S4). The thin PCBM-FAPbI;
interlayer separation in the presence of the NDI and the close
contact of the Cgq( system with the m-orbitals of the NDI mole-
cules (ca. 3.6 A close to m-7 stacking distance) can explain a
better electron injection compared to NI. The calculations of the
interaction enable rationalising the observed percentage of PLQY
reduction for NI/FAPbI; and NDI/FAPDI; after the introduction
of the PCBM layer (ca. 85% and 10% for NDI and NI, respec-
tively). Specifically, PLQY reduction for the NDI-based treatment
is comparable to that of the control (90%) and that of PDA/
FAPDbI; (80%), which can be attributed to a thinner PCBM-
FAPDI; interlayer separation and NDI orientation.

This mode of interaction and the corresponding electronic
characteristics of NDI could enable it to act as selective
electron-extraction material. To assess this perspective, we
fabricated fullerene-free devices with atomic-layer deposition
of tin oxide (ALD-SnO,) on top of the target interlayer-
modulated perovskite layer. Interestingly, in contrast to NI
and PDA, the NDI interlayer leads to an operational device
(Fig. S30, S31 and Table S5), achieving over 12% PCE in the
champion cell, with photovoltaic parameters of 22.78 mA cm >
for Js, 0.99 V for V,. and 0.51 for FF. These findings showcase
that a fullerene-free p-i-n device was fabricated, offering the
potential to address the stability and cost concerns.

Simulation of the interface considering FAPbI;(FAI-
terminated)/SnO,, FAPbI;(Pbl-terminated)/SnO,, FAPbI;/NDI/
SnO, and NI/SnO, model systems show a difference based on
electron density redistribution (Fig. S32). The Bader charge
analysis suggests that electrons flow from FAPbI; to SnO,
(Fig. S33). In the case of FAPbIL;/SnO,, charge redistribution
mainly affects the polarisation of the halogen ions at the
interface. On the other hand, when NDI or NI mediate the
FAPbI;-SnO, interaction, the systems show two oppositely
charged layers at the interface. This generates an interface
dipole, which results in a built-in electric field pointing from
SnO, to FAPDI;, which favours electron extraction (Fig. S34) and
modifies the energy band alignment close to the Fermi level
(Fig. 5). The FAPbI;/SnO, and FAPbI;/NDI/SnO, interfaces show
a type-II energy level alignment, which should be advantageous
to the transfer of photogenerated carriers to SnO,. However,
while FAPbI;/NDI/SnO, yields an operational device, FAPbI,/
SnO, does not. This can be explained by the passivation and
protection of the FAPDbI; surface by NDI, despite the non-
optimal coverage of the surface (Fig. S21). The first unoccupied
levels of the NDI are located near the bottom of the conduction

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Theoretical characteristics of fullerene-free perovskite interfaces.
Projected density of states for FAPbls/SnO,, FAPbls/NDI/SnO, and FAPbIs/
NI/SnO, with contributions from perovskite (green), NI/NDI spacers (blue)
and SnO; (red). The energy is referenced to the calculated Fermi level (set
to 0 eV), which corresponds to the calculated HOMO level. The projected
density of states includes corrections to compensate for the absence of
spin—orbit coupling and finite-size effects, as described in the SI.

band of the perovskite, suggesting that the NDI layer can act as
a surface passivator while favouring electron injection into
SnO,. Additionally, NDI creates a very thin layer between
FAPDbI; and SnO, with an optimal p, molecular orbital orienta-
tion (Fig. S34b), which is expected to play a beneficial role for
electron extraction. In contrast, the FAPbI;/NI/SnO, interface
shows a type-I energy level alignment, impeding electron injec-
tion into the SnO, layer and explaining the poor performance.
In addition, the top of the valence band of SnO, is near the
Fermi level, which may lead to a p-type SnO, surface, further
hindering electron injection. Finally, the unoccupied levels of
the NI are located above the perovskite conduction band,
further impeding electron transport. As a result, a fullerene-
free device is realised with NDI, with the main limiting factor
being the low FF and series resistance, which can be optimised
to achieve higher performances beyond this work. This high-
lights the potential of using electroactive molecular or LD
perovskite materials for non-fullerene-based devices in photo-
voltaics in the future.

The use of electroactive NDI/NI interlayers led to high
performance over 20% of PCE, yet the champion performances
were lower compared to small molecules with passivating
effects, such as PDA,>**°%” which suggests the need for
further optimisation. This was nonetheless expected to affect
operational stability.”® The evolution of the solar cell perfor-
mance under continuous operating conditions showed that NI-
and NDI-based devices maintained over 80% of their initial
efficiency for more than 550 h, compared to both control and
PDA-treated devices with Ty, less than 500 h, showcasing
enhanced stability and performance compared to the control
(Fig. 6(a)). The increased operational stability can be partly
associated with the increased hydrophobicity of the NI- or NDI-
treated perovskite, confirmed by the static water contact angle
measurement (Fig. 6(b)), improving the contacts with the
charge-extraction layers and environmental stability, consistent
with reports that enhanced hydrophobicity contributes to over-
all phase and operational stability beyond just moisture
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Fig. 6 Operational stability of inverted perovskite solar cell devices. (a)
Maximum power point tracking evolution of the unencapsulated device
under full solar illumination (AM 1.5 G, 100 mW cm~2 under nitrogen). (b)
Contact angle measurements with a water droplet for the films.

protection.’® This stimulates further investigation to optimise
material design and device performance for inverted
photovoltaics® in the future.

Conclusions

In summary, we demonstrated the formation of low-
dimensional perovskite phases incorporating electroactive
naphthalimide (NI) and naphthalenediimide (NDI) based moi-
eties, through a combination of X-ray diffraction, GIWAXS,
optoelectronic characteristics, and theoretical calculations.
We applied the organic cations at the interface with 3D per-
ovskites in inverted (p-i-n) perovskite solar cell devices to
modify or replace fullerene-based ETLs. In the presence of
fullerene-based ETL, both NI- and NDI-based systems showed
higher PCE than the control, with NI having comparable
efficiency to optimized non-electroactive PDA-based devices.
The impact of the electroactive characteristics of NDI and the
passivation effects of both NDI and NI were assessed by TRPL
and PLQY measurements. Finally, fullerene-free devices based
on NDI/ALD-SnO, layer were achieved, exhibiting a promising
efficiency over 12%, showcasing NDI as an effective electron-
extracting interlayer that can be further optimized. The result-
ing materials also improved operational stabilities, highlight-
ing the potential of non-fullerene alternatives to advance
perovskite solar cells.
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