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ABSTRACT: Organic, nonfullerene semiconductors capable of self-
assembly and composed of either anthraquinone (AQ) or naphthalene-
diimide (NDI) central fragments have been designed as electron-selective
materials for n-i-p perovskite solar cells (PSCs). Both types of self-
assembled monolayer (SAM) molecules contain phosphonic acid as an
anchoring group, allowing covalent binding with indium tin oxide (ITO)
surfaces. In particular, the NDI-based SAMs showed a more homoge-
neous anchoring on the ITO substrate and a stronger band bending at the
ITO-SAM/perovskite interface than AQ-based SAMs. As a result, low-
temperature-processed n-i-p PSCs with NDI SAMs as an electron-
selective bottom contact showed a maximum power conversion efficiency
(PCE) of 21.5%, representing the highest PCE among n-i-p PSCs with
organic electron transporting layers (ETLs). In addition, our NDI-SAM-
based devices demonstrate substantially improved long-term stability under operating temperature conditions when compared
to devices using SnO2 as the ETL.

Self-assembled monolayers (SAMs) have recently
emerged as a viable replacement for traditional charge
transport layers in perovskite solar cells (PSCs).1−6 In

particular, SAM molecules based on carbazole and phosphonic
acid groups, usually referred to as nPACz, where n is the
aliphatic chain length, have attracted great interest as hole-
selective contacts.1,2,7−10 The carbazole group has a strong
electron-donating moiety and thus hole-selective properties
when in contact with a semiconductor, while the phosphonic
acid group can covalently bond on transparent conducting
oxide (TCO) surfaces to form a monolayer.1,2,4,9,10 Thanks to
their fast hole extraction and the good electronic passivation of
the SAMs/perovskite interface, p-i-n single-junction perovskite
and monolithic perovskite/silicon tandem solar cells have
achieved impressive certified power conversion efficiencies
(PCEs) already above 26% and 33%, respectively.3,10−13 While
new SAMs are being intensely investigated toward efficient
hole collection for a range of perovskite photoabsorbers with
different bandgaps, reports toward the design of novel
electron-selective SAM molecules remain rare.2,14,15 Arguably,
this is due to the relative scarcity of suitable electron acceptors
that are available for the synthesis of electron-selecting
materials, and the required efforts toward identification and
application of nonfullerene derivatives as electron-selective

materials in PSCs.16,17 Generally, the class of organic electron
transport layers (ETLs) is dominated by fullerene derivatives,
including C60 and its functionalized analogues (e.g., PC61BM,
PC71BM, ICBA, etc.).16−20 Nonetheless, the application of
fullerene-based ETLs for solution processing is limited by the
poor solubility of unmodified fullerenes in organic solvents.
Moreover, synthesizing and purifying modified fullerenes,
particularly C70 derivatives, are challenging, necessitating
complex and costly multistage processes.16,18,21

As a nonfullerene alternative, naphthalenediimide (NDI)-
based small molecules offer favorable ETL properties, such as a
high electron affinity, electron mobility, and photochemical
stability, coupled with simple synthesis procedures, which
motivates the design of new electron-selective NDI
SAMs.22−24 Initially, NDI SAMs such as N,N′-bis(1-n-
hexylpyridinium-4-ylmethyl)-1,4,5,8-naphthalenetetracarboxy-
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diimide and ammonium-bearing NDI polymers were applied as
an interlayer between PC61BM and the metal electrode at the
top contact to improve the performance of p-i-n PSCs.22,25,26

Later, NDI SAMs, containing a carboxylic anchoring group,
were applied directly onto indium tin oxide (ITO) substrates
to lower their work function, enabling the collection of
electrons in n-i-p PSCs.15 These NDI-based devices demon-
strated a PCE of 16% with a fill factor (FF) of 70%. Whereas
these results show potential, they lag behind the best
performances of regular n-i-p PSCs, relying typically on metal
oxide ETLs (such as mesoporous TiO2 or planar SnO2).

27 To
narrow this discrepancy in device performance mandates
further improvements in electron-selective NDI SAMs.

In the search for other options for electron-selective SAMs,
anthraquinone (AQ) derivatives may also be considered. The
AQ structure contains two electron-accepting carbonyl func-
tional groups, which can increase the electron affinity and are
easily tunable via molecule engineering and has been reported
previously as an ETL in organic solar cells (OSCs).28,29 In
recent work, the AQ derivative 1-((3-(dimethylamino)propyl)-
amino)anthracene-9,10-dione was utilized in OSCs as an
interface-modification layer of SnO2, improving the con-
ductivity of the electron-selective contact stack and improving
the energy level alignment with the organic photoactive
layers.28 The resulting devices showed a PCE of 18.1%, which
is among the highest values reported for n-i-p OSCs.30 Inspired
by these results, we explore here how the AQ moiety can also
be a promising candidate toward electron-selective SAMs in n-
i-p PSCs.

We first introduce our modification of NDI and AQ SAMs,
functionalized with a phosphonic acid group to anchor directly
onto ITO, toward energetic matching with the perovskite. We
then investigate their use as an alternative to conventional
metal oxide (i.e., TiO2, SnO2, and ZnO) ETLs in n-i-p PSCs.
Contrasting with conventional processed metal oxide ETLs
that usually require a higher temperature processing (≥150

°C), these new electron-selective SAMs are solution
processable and only require moderate temperatures (typically
up to 100 °C), which can be of benefit for certain applications,
such as those relying on temperature-sensitive substrates.31−34

Moreover, conventional solution-processed metal oxide ETLs
usually require additional surface modifications with organic or
inorganic materials to minimize interfacial charge losses,
adding complexity toward the scalability of PSCs.35 Here, we
systematically investigated the SAMs’ chemical and physical
properties, including the energetic alignment and the electron
extraction properties, at the ITO-SAM/perovskite interface,
the materials’ thermal stability, the surface wettability of ITO/
SAM films, and their influences on perovskite crystallization.
Finally, we fabricated n-i-p devices obtaining a champion PCE
of 21.5%, representing the highest PCEs among n-i-p PSCs
with organic ETLs. We also tested the operational stability of
our SAM-based devices at 65 °C with above 90% retention of
their initial performance for 1000 h.

The synthesis routes of N-(2,5-di-tert-butylphenyl)-N′-
(methyl)-1,4,5,8-naphthalene tetracarboxylic diimide phos-
phonic acid (PANDI) and {3-[(9,10-dioxo-9,10-dihydroan-
thracen-2-yl)oxy]propyl} phosphonic acid (PAAQ) are shown
in Scheme S1. The reaction conditions and detailed synthetic
procedures are discussed in the Supporting Information (SI).
These results were confirmed by using nuclear magnetic
resonance (NMR) analysis, as shown in Figures S1−S8. Cyclic
voltammetry (CV) and thermogravimetric analysis (TGA)
were conducted to understand our SAMs’ electrochemical and
thermal stability properties. The redox potential from CV
determines the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) energy
levels of PANDI- and PAAQ-based SAMs. Note that these
values do not represent absolute solid-state electron affinities
or ionization energies but can be used to make relative
comparisons between the different compounds. The voltam-
mograms of PANDI and PAAQ in solution show reversible

Figure 1. (a) Electrical dipole moment of PAAQ and PANDI single molecules. (b) WF histogram of ITO/PAAQ and ITO/PANDI
structures. (c) Band matching of pristine ITO/perovskite, ITO/PAAQ/perovskite, and ITO/PANDI/perovskite junctions, respectively. (d)
Flattened KPFM mapping images of ITO/PAAQ and ITO/PANDI films. The scale of the image ranges was normalized from −10 to 10 mV.
(e) Illustration of SAM homogeneity on the ITO surface.
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reduction waves during the scans and are typical for NDI and
AQ derivatives (see Figure S9a). The reversible process
indicates that both materials exhibit good electrochemical
stability. The calculated energy level redox potential measure-
ments result in ELUMO = −3.81 and −3.52 eV while EHOMO =
−6.97 and −6.79 eV, respectively, for PANDI and PAAQ
(summarized in Table S1). Both materials demonstrate good
ELUMO alignment with the conduction band minima (CBM) of
the perovskite absorbers, while the EHOMO energy levels are
sufficiently high with reference to the valence band maxima
(VBM) to block holes from the perovskite layer. In addition,
both SAM molecules also provide good thermal and optical
properties. For instance, TGA measurements prove that
PANDI and PAAQ SAM molecules are sufficiently thermally
stable with only 5% weight loss at 356 and 268 °C, respectively
(Figure S9b). Furthermore, UV−vis transmittance results of
SAM functionalization on the ITO surface show negligible
optical losses compared to bare ITO and ITO/SnO2 films (see
Figure S10).

To gain a better understanding of how SAMs anchoring
affects the work function (WF) of the ITO substrate, we also
conducted calculations on the electric dipole moments of each
SAM molecule in the gas phase (Figure 1a). Accordingly, we
found that the net dipole moment of PAAQ at 3.94 D is
smaller than that of PANDI (4.58 D). However, it is crucial to
acknowledge that the net dipole moments of SAM molecules
may not linearly follow the WF values, as the orientation and
packing of the SAMs with respect to the ITO surface is still not
fully understood.36,37 Nevertheless, by assuming the perpen-
dicular orientation of the SAM molecules to the substrates, the
z-projection of the dipole moment becomes particularly
relevant, given its higher contribution compared to the x-
and y-projections. Upon calculation, we found that the z-
projection dipole moment values for PAAQ and PANDI are
−0.20 and −1.04 D, respectively (Figure S11 and Table S2). It
is worth noting that while assuming a perpendicular
orientation of PAAQ and PANDI to the surface, the presence
of long alkyl chains connecting phosphonic acid and

anthraquinone in PAAQ may cause slight tilting of the
SAMs. The negative sign indicates that the negative pole is
directed toward the phosphonic acid anchoring group. The
higher value of the dipole moment will enhance the WF of
ITO to align better with the CBM of perovskite.

We then obtained the WF of the ITO/SAM samples from
the contact potential difference (CPD; the detailed calculation
is given in the SI) that was obtained by scanning Kelvin probe
force microscopy (KPFM), as shown in Figure 1b and Figure
S12. The WF of ITO/PANDI (∼4.45 eV) is found to be lower
than that of ITO/PAAQ (∼4.66 eV), indicating a more
favorable energetic alignment for electron extraction. There-
fore, the larger WF difference of ITO/PANDI (∼0.27 eV)
than ITO/PAAQ (∼0.10 eV), in reference to bare-ITO,
enhances the band bending at the ITO/PANDI/perovskite
interface, thereby improving its electron selectivity (see also
the schematic illustration in Figure 1c).38,39 The larger shift of
the WF of PANDI can be associated with its larger interface
dipole compared to PAAQ, as discussed above.40−42 Apart
from WF modifications, the SAM coatings do not significantly
change the surface roughness of ITO, as shown by AFM results
in Figure S13.

We also analyzed the chemical composition on the surface to
understand the anchoring and coverage of SAM molecules on
ITO by performing X-ray photoelectron spectroscopy (XPS;
see Figure S14 and Table S3). Quantifying the surface
coverage was also possible by calculating the presence of
carbon (C 1s) and indium (In 3d5/2) in different positions
across the sample area. This approach can determine the
concentration of hydrogen bonding between SAMs and
phosphonic acid attached to the indium-based substrate. The
ratio P/In shows a high lateral variation in the surface region of
PAAQ compared to PANDI on the ITO substrate (Tables S4
and S5). This analysis, therefore, provides a comprehensive
picture of the electronic property dependence on the surface
homogeneity. In addition, Figure 1d shows a surface mapping
of CPD values of SAMs on ITO to further experimentally
verify the uniformity of the SAM coverage. The more

Figure 2. (a−c) Top view of SEM images of perovskite on the bare-ITO, ITO/PAAQ, and ITO/PANDI surfaces, respectively, with a scale
bar of 1 μm. (d−f) Normalized hyperspectral mapping of the perovskite surface on bare-ITO, ITO/PAAQ, and ITO/PANDI with a scale bar
of 2 μm.
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homogeneous pattern is proportional to the absence of WF
fluctuations in a specific area. This shows that the ITO/
PANDI interface has a narrower WF distribution than the
ITO/PAAQ case, indicating a better PANDI coverage on ITO
as illustrated in Figure 1e, in accordance with the XPS results.

The coated PANDI molecules onto ITO significantly
increase ITO’s surface hydrophobicity to a contact angle of
around 78.4° versus PAAQ-coated ITO and bare ITO, with
values of around 42.2 and 28.5°, respectively (Figure S15). It is
noted that all of the samples were washed with chlorobenzene
or methanol to remove unbound SAM molecules from the
ITO substrate. This reveals that only SAMs attached onto ITO
will affect the surface hydrophobicity that can be directly
associated with our SAMs’ coverage on ITO.43 The higher
surface hydrophobicity of the ITO/SAM substrate will affect
the crystallization and morphology of the perovskite film.39,44

The more hydrophobic (i.e., less wetting) surface of the ITO/
PANDI case can enhance the surface mobility of the
perovskite inks, resulting in larger-grain-size perovskite crystals,
as indicated from top-view scanning electron microscopy
(SEM) images in Figure 2a−c.39,44,45 In addition, the
functional head methyl group at PANDI can interact well
with the perovskite layer, resulting in fewer pinholes or voids
formed at the ITO/PANDI/perovskite interface (see the
cross-sectional SEM image in Figure S16).3,4 In contrast, the
poor contact can result in some voids at the ITO/perovskite
and ITO/PAAQ/perovskite bottom interface.

Next, we investigate the perovskite quality film via steady-
state photoluminescence (PL) and time-resolved PL decay
measurements. The steady-state PL intensity of the perovskite
film coated on ITO/PANDI surfaces achieves a higher PL
intensity than the ITO- and ITO/PAAQ-based samples
(Figure S17a). This improvement is consistent with the

increased carrier lifetime of the ITO/PANDI/perovskite
sample (τaverage of 3.1 μs) compared to the ITO/PAAQ/
perovskite sample (τaverage of 2.2 μs), extracted from time-
resolved PL measurements (Figure S17b). A larger perovskite
crystal grain size implies a decrease of the relative amount of
grain boundaries, directly reducing nonradiative recombina-
tion.39,44 To visualize how the SAMs influence the perovskite
film quality, confocal microscopy and local PL mapping of
perovskite films was performed. Figure 2d−f shows hyper-
spectral PL microscopy images of the corresponding
microscopy images above (Figure 2a−c) and corresponds to
wavelengths emitted at 798 nm. We investigated the local
distribution of PL on a microscale at the perovskite film
surface.46 This local PL distribution is correlated to the
perovskite film quality, which is depicted through a color
gradation from black to light yellow. For the ITO/perovskite
sample, a lower PL emission spectrum is observed, indicated
by a darker region, while the ITO/PAAQ/perovskite sample
exhibits a higher PL emission but with a large spatial variation.
Interestingly, the ITO/PANDI/perovskite sample has fewer
local spatial variations with a stronger emission, indicating a
higher perovskite film quality.46,47

To demonstrate the charge extraction capabilities at the
ETL/perovskite and perovskite/HTL interfaces, we utilized
the transient surface photovoltage (trSPV) with a 5 ns laser
pulse and 1 sun equivalent fluence, as shown in Figure 3a,b.
Generally, the trSPV signal is directly proportional to the
concentration of extracted carriers, thereby providing a
maximum signal amplitude and signal rise time, which offer
qualitative information on the effectiveness of charge transport.
Both SAMs exhibit positive signals, indicating efficient electron
extraction (Figure 3a). Among them, PANDI demonstrated a
larger amplitude and a faster rise time. The initial spike may be

Figure 3. (a, b) Charge extraction dynamics generated from trSPV measurements for ETL and HTL stack. (c) Bulk defect density. trSPV
spectra from (d) PANDI and (e) PAAQ. (f) Surface recombination time constant defining how fast free carriers recombine near the
perovskite surface.
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attributed to the transfer of a small fraction of hot carriers to
the SAM. Notably, the ITO/perovskite interface exhibited a
negative signal after 4 μs, likely associated with free hole
trapping or accumulation near the ITO interface. A similar
behavior was observed for PAAQ, most probably induced by
direct contact between ITO/perovskite due to the nonuniform
coverage of PAAQ SAMs onto ITO, causing the trSPV signal
to represent the superposition of electron extraction (6 ns to 4
μs) and hole trapping (4 μs to 10 ms). In contrast to electron
extraction, the hole extraction by spiro-OMeTAD displayed a
larger amplitude and a faster rise time (Figure 3b), indicating
that the ETL/perovskite interface is a charge extraction
bottleneck in the devices. It is noted that an additional
MoOx layer can slightly enhance the hole extraction
capabilities at the perovskite/spiro-OMeTAD/MoOx top
contact stack.

We then simulated charge transport, using a model based on
rate equations (eq 1), to provide a quantitative understanding
of the charge extraction and the defect activation energies. Our
model accounts for nonradiative recombination channels in the
bulk and at the surfaces, characterized by the defect
concentration in the bulk (Nt) and time constants responsible
for surface and interface recombination (τs and τi,
respectively). The trSPV signal is given by eq S7. The
dynamics of the electron concentration decay is given by the
equation

n
t

K n K n C np

n v N n n

d
d

( )

( )

e ETL eb ETL ETL b

et e t t
s

= +_ _

(1)

where Ke_ETL and Keb_ETL are electron rate constants for the
extraction/injection of electrons from/to the perovskite,
respectively. n and p are the photoinduced electron and hole
densities, respectively. Cb, σe, and ve are the radiative
recombination constant, electron capture cross-section of the
charge trap, and the thermal velocity of electrons, respectively,
taking values from previous work.8 We then determined the

charge transport constants by fitting our model to the
experimental data, using Ke_ETL, Nt, τs, and τi as fitting
parameters (dashed line in Figure 3a,b), shown in Table S6.
The charge extraction rate constant showed a comparable
value for both SAMs (Figure 3c).

To investigate the defect activation energies in the
perovskite, we measured trSPV with a tunable wavelength
laser with photon energies in the range of 0.7−3 eV, as shown
in Figure 3d,e. The perovskite deposited on PAAQ exhibited
clear signals below the bandgap, indicating charge accumu-
lation due to the presence of a deep defect. In addition, the
ITO/PAAQ/perovskite film also displayed a signature of hole
trapping, demonstrated by the blue region in the SPV
dynamics. In contrast, the ITO/PANDI/perovskite film
displayed negligible signals below the bandgap and for hole
trapping. As a result, perovskites deposited on PANDI showed
a marked lower defect density (3.4 × 1013 cm−3) compared to
the PAAQ (5.6 × 1013 cm−3), highlighting the beneficial role
of PANDI in improving the electronic quality of the perovskite
film (see Table S7).8 Additionally, PANDI significantly
suppressed surface and interface recombination by a factor of
4 (Figure 3f).48,49 Furthermore, the capabilities of SAM in
passivating surface and bulk defects, particularly through
crystallization modification, resulted in better performance of
the solar cell devices, as discussed below. The reported time
constants are in agreement with trPL data in Figure S17b and
previous reports for high-quality perovskite thin films.50−52

We then evaluated the performance of the PAAQ and
PANDI SAMs on ITO as electron-selective materials at the
bottom contact of n-i-p PSCs, with spiro-OMeTAD as HTL in
the top contact (see Figure 4a). Following our previous work,
we applied a 2D perovskite passivation treatment on top of
perovskite films to improve the overall device performance and
stability.9 As shown in Figure S18, the absence of an electron-
selective SAM layer on ITO leads to a high surface
recombination at the bottom contact, limiting the device
performance to a PCE of only 11.9%.8,53 In contrast, insertion
of the PAAQ and PANDI SAMs between the ITO/perovskite
interface�besides enhancing the electron selectivity of the

Figure 4. (a) Device scheme of employed n-i-p PSCs with electron-selective SAM. (b) Representative J−V characteristics of PAAQ and
PANDI under the forward and reverse scan directions. (c) PCE statistics for bare-ITO-, ITO/PAAQ-, ITO/PANDI-, and ITO/SnO2-based
PSCs, respectively. (d) Summary of device efficiency of electron-selective SAMs and ETL-free n-i-p devices from the literature. (e) EQE
spectra of ITO/SnO2- and ITO/PANDI-based devices. (f) QFLS values of perovskite film with different ETLs.
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bottom contact�could suppress this type of recombination by
repelling holes due to the strong internal electric field at the
interface.19,39,54 As a result, PAAQ-based devices show an
increase in performance with a maximum PCE of 17.8% (VOC
of 1.03 V, JSC of 24.1 mA cm−2, FF of 72%; Figure 4b). Despite
this improvement over the SAM-free reference device, PAAQ-
based devices feature limited VOC and FF values, which could
be due to the low surface coverage of PAAQ on ITO, resulting
in unfavorable electronic properties and a lesser perovskite
quality, as discussed above.

The PANDI SAM shows a more homogeneous coverage on
ITO, with a higher surface dipole, enhancing the band bending
and suppressing surface recombination effectively.14,41 As a
result, PANDI-based devices exhibit a higher device perform-
ance with a maximum PCE of 21.5% (VOC of 1.13 V, JSC of
24.7 mA cm−2, FF of 77%) under a reverse scan with a
negligible hysteresis. This result is among the highest reported
for electron-selective SAMs and ETL-free based n-i-p PSCs
(see Table S8 and Figure 4d). The statistical distribution of
our electron-selective SAMs from 25 devices is shown in
Figure 4c and Figure S18, which, with its narrower PCE
distribution, shows the reproducibility of our PANDI-based
devices. We also fabricated n-i-p PSCs with pristine SnO2 as
the ETL for comparison, resulting in a PCE of ∼21.2%
(comparable to that in the literature; Figure S19).32,33,55,56 In
addition, the application of PANDI SAMs was further explored
for flexible substrates, giving a PCE of 17.7% (Figure S20a,b).
This outcome underscores the use of SAMs in accommodating
substrates that require lower-temperature processing. The
successful implementation of PANDI SAMs on ITO-PET
highlights its potential for improving the performance of
emerging technologies reliant on a flexible and low-temper-
ature substrate (Table S9).57,58

Figure 5e shows the external quantum efficiency (EQE) of
the PANDI- and SnO2-based devices. Interestingly, the EQE of
the PANDI-based device exhibits a slightly higher overall JSC

than SnO2-based devices because of a higher absorption in the
blue part of the spectrum, likely due to the lower optical
reflectance losses of ITO/PANDI structures, as mentioned
above. We also calculated the quasi-Fermi-level splitting
(QFLS) from absolute PL measurements by using a calibrated
532 nm excitation laser at ∼1 sun condition to understand the
correlation to the VOC improvement of our devices (Figure 4f).
Notably, ITO/PANDI/perovskite samples show the highest
QFLS value of around 1.24 eV compared to the ITO/SnO2/
perovskite (1.23 eV)- and ITO/PAAQ/perovskite-based (1.21
eV) samples. The higher QFLS value on the PANDI indicates
effective suppression of nonradiative recombination at the
electron-selective buried interface.59 This highlights how our
PANDI-SAM yields lower optical reflectance and energetic
losses, simultaneously, compared to the conventionally used
SnO2 ETL.

To evaluate charge extraction (accumulation/trapping) at
the device level, we measured photoassisted capacitance−
voltage (C−V).60,61 Figure 5a,b shows the C−V characteristics
for PANDI and pristine SnO2 ETL based devices under
different light intensities. Interestingly, the change in peak
potential (Vpeak) under reverse bias as the function of different
light intensities is correlated with interfacial charge accumu-
lation.60,61 The SnO2-based device shows a significant Vpeak
shift due to interfacial charge trapping, as illustrated in Figure
5c. In contrast, due to a higher internal electric field from the
dipole moment of SAM, the PANDI-based device exhibits a
marginal Vpeak shifting, indicating negligible charge accumu-
lation (Figure 5d).14,37,39,41,60,62−64 The reduced charge
accumulation also resulted in a negligible photocurrent
hysteresis in PANDI-based devices. Further, the enhanced
built-in potential (Vbi) values of PANDI-based devices
extracted from Mott−Schottky plots correspond to the
shallower WF of ITO/PANDI and a higher electric dipole of
the SAM (Figure 5e). As a result, the higher Vbi can be

Figure 5. Photoassisted capacitance−voltage of different devices: (a) SnO2 and (b) PANDI. (c, d) Illustration of trap charge at interface of
pristine SnO2 and SAM based devices, respectively. (e) Mott−Schottky plot and (f) VOC with respect to light intensity of devices based on
SnO2 and PANDI ETLs.
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associated with more efficient charge extraction/transport at
the ITO/SAM/perovskite interface.31,65

On the other hand, Figure 5f shows the VOC with respect to
light intensity to determine the diode ideality factor of the
PSCs. The diode ideality factor was calculated following
n q

K T
V

id
d
d lnB

OC= × , where kT/q is the thermal voltage and can

be extracted from the slope of the VOC as a function of the light
intensity.66 The slope for SnO2 devices shows a higher value
(∼1.62 kBT/q) than that of PANDI-based (∼1.32 kBT/q)
devices. Thus, the larger slope value, the greater the probability
of trap-assisted recombination. The reduced ideality factor of
PSCs with SAM compared to those with SnO2 indicated
suppressed trap-assisted bimolecular recombination at the
electron-selective interface.67,68

Finally, we also evaluated the long-term stability of the n-i-p
devices. First, we stored the devices based on SnO2-ETL and
PANDI SAM inside a N2-filled glovebox at room temperature
for 1000 h and measured the devices regularly (Figure 6a).
The SnO2-based n-i-p devices could only retain around 58% of
their initial PCEs after 1000 h of storage (in accordance with
previous reports), while the PANDI SAM-based devices
showed at 84% a much superior retention.69,70 Next, we also
evaluated the thermal stability of our devices kept on a hot
plate at 65 °C in a N2-filled glovebox in the dark for more than
1000 h and compared PANDI SAM and SnO2-based devices
in Figure 6b. This clearly showed that PANDI SAM-based
devices demonstrated a better thermal stability, with around
72% retention of their initial PCEs, compared to SnO2-based
devices with only 38% retention under identical conditions.
The functional head group of PANDI consists of two methyl
groups exhibiting a strong interaction to the PbI6 framework in
the perovskite, increasing the energy barrier for halide
migration to the ETL bottom interface.71 It should be noted
that the degradation of n-i-p devices can also be initiated due to
use of doped spiro-OMeTAD as an HTL under elevated
temperature.2,17,72−76 For this reason, we also evaluated our
PANDI SAM-based devices employing poly[bis(4-phenyl)-
(2,4,6-trimethylphenyl)amine] (PTAA), a more thermally
stable HTL, with devices showing above 90% retention of
their performance under identical conditions. In addition, the
ITO-SnO2/perovskite interface also clearly further induced
degradation due to redox reactions and charge accumulation
during the stability tests, whereas these effects can be
minimized with the use of organic SAM/perovskite inter-
faces.8,45,61,77−79

In summary, PANDI and PAAQ SAMs were successfully
synthesized and investigated as electron-selective bottom
contacts for n-i-p PSC. Both SAM molecules show a sufficient
thermal stability and relatively suitable energetic alignment
with the perovskite absorber and ITO contact. In particular,
PANDI-based SAMs demonstrate a higher surface homoge-
neity on the ITO surface than PAAQ SAMs. We found that
the increasing surface homogeneity on the ITO/PANDI can
effectively suppress nonradiative interfacial recombination
through the field-effect passivation, as indicated by longer
charge carrier lifetimes and higher QFLS values. We also
performed trSPV measurements and charge transport model-
ing, showing sufficient electron extraction and a relatively
lower defect density at the ITO/PANDI/perovskite interface.
Notably, the ITO/PANDI interface offers multiple benefits of
lower optical reflectance and interfacial energetic losses,
simultaneously, compared to the conventionally used SnO2
ETL. As a result, ITO/PANDI-based n-i-p PSCs demonstrate a
champion PCE of around 21.5%, representing the highest PCE
among organic ETLs based on reported n-i-p PSCs, so far.
Additionally, our PANDI SAMs also show the capability to be
applied to flexible substrates. Finally, the PANDI-based device
also showed improved operational long-term thermal stability,
confirming that the PANDI SAM has a potential future to be
utilized as ETL materials.
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