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Abstract

Solar cells based on halide perovskite and polymer donor:non-fullerene acceptor blend absorbers have
recently witnessed a significant performance rise. However, they still suffer from some instability
issues originating from the inferior interface quality and poor morphology of the absorber layer. In this
work, we introduce a series of functionalized boron-dipyrromethene BODIPY molecules as ultra-thin
interlayers at the absorber/electron transport layer interface. Our study indicates that appropriately
functionalized BODIPY compounds can enhance the device performance mainly due to either a
reduction in the work function of the electron transport material upon BODIPY coverage or
improvement in the morphology of the absorber layer coated on top of them or both. The best
performing devices based on amino-functionalized BODIPY which enabled both of the above effects
simultaneously were also proven resistant to degradation when tested upon storage for a long time
period or under continuous illumination in nitrogen environment. These results pave the way for the
implementation of molecules with tailor-made functionalities in high efficiency and stability solution-

based photovoltaics of the future.

1. Introduction
Metal halide perovskite solar cells (PSCs) and organic solar cells (OSCs) are among the best
performing solution-processable photovoltaic devices with certified power conversion efficiencies
(PCEs) over 25.5% and 19.0%, respectively.'? They offer added functionalities, e.g. transparency,
flexibility , aesthetics and solution processability at low temperature making them attractive for
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portable and integrated applications and also, in principle, compatible with roll-to-roll production. In
both PSCs and OSCs, an absorber layer is employed between a hole transporting layer and an electron
transport layer (ETL). In the case of PSCs, the absorber layer consists of halide perovskite, whereas in
OSCs it is a mixture of a p-type donor and an n-type acceptor that form a so-called bulk heterojunction
(BHJ). For efficient and stable device operation, the quality of the absorber layer and charge transport
layers as well as the interfaces between them are of paramount importance.**

One such interface is formed between the absorber and the ETL, where the ETL is commonly
made of a metal oxide such as titanium, zinc or tin oxide (TiO2, ZnO, Sn02).>”’ The surface work
function (Wr) of these ETLs needs to be adjusted to the energy levels of the absorber layer for
maximum charge extraction and minimum voltage loss.®” This is why high efficiency PSCs often
employ an organic interlayer inserted between the absorber and the ETL. Common interlayer materials
include fullerene or non-fullerene acceptors, porphyrin and phthalocyanine derivatives, self-assembled
monolayers (SAMs), ionic liquids (ILs) and other organic molecules that modify the Wr while also
suppressing interface trap states.>!®!%These interlayers also modify the ETL’s surface energy
rendering them less hydrophilic, which has a positive influence on the nano-morphology of the
absorber overlayer.!> The surface passivation and better absorber film morphology have a positive
influence besides efficiency on the device stability in ambient air, upon heating or under continuous
illumination.'®!” Interlayers to passivate surface defects are also common in OSCs with an inverted
architecture using ZnO as the bottom ETL. ZnO forms a reactive interface and, under the presence of
UV-light, severely degrades non-fullerene acceptors (NFAs) in the absorber layer through interrupting
intramolecular charge transfer (ICT) from the donor to the acceptor segment of these molecules.?>>*As
such, range of materials have been employed as interlayers including fullerene derivatives,>*2¢
polymers,?’?® SAMs,?® 1Ls,***! and many others.’>3* However, there is an inherent limitation
regarding the universal application of these interlayers originating from the wide range of

ETL/absorber interface properties when changing either the absorber or the ETL or both. A universal



interlayer with a readily synthesized basic molecular structure and easily incorporated tailor-made
functionalities is desirable.

The structural diversity of the BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) family
provides ample opportunities to easily accomplish and direct structural modification,® which makes
this class of fluorophores especially attractive for application as tailor-made interlayers in PSCs and
OSCs. However, to the best of the authors’ knowledge, there are no previous reports about their
application in both these classes of solar cells. In this work, we perform an extensive study of a series
of BODIPY compounds functionalized with various groups such as amino (-NH3), tertbutyl groups (-
C4Hpo), carboxyl (-COOH), hydroxyl (-OH), nitro (-NO2), ethynyl (-C2H), methyl acetate (-COOCH?3)
etc., as ultra-thin interlayers between the ETL and the absorber (perovskite or organic BHJ). We
verified that these BODIPYs may impact on the device performance and stability (either positively or
negatively dependent on on the functional group present in each molecule) via a series of theoretical
calculations, thin-film measurements and device characterization methods. Among the various
compounds tested, BDP-NH2 demonstrated the highest PCE both in OSCs containing a(poly[(2,6-(4,8-
bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo [1,2-b:4,5-b"]dithiophene))-alt-(5,5-(1",3"-di-2-
thienyl-5',7"-bis(2-ethylhexyl)benzo[1',2"-c:4",5'-c'] ~ dithiophene-4,8-dione)]):(3,9-bis(2-methylene-
((3-(1,1-dicyanomethylene)-6,7-difluoro)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-
d:2°,3’-d’]-s-indaceno[1,2-b:5,6-b’] dithiophene) (PM6:IT-4F) absorber and PSCs containing
methylammonium lead iodide (MAPbI3). This high PCE was attributed to enhanced electron extraction
and improved nano-morphology of the absorber coated on top of it. The universal impact of BDP-NH>
was further investigated using a highly conjugated NFA acceptor namely 2,2'-((2Z,2'Z)-((12,13-bis(2-
ethylhexyl)-3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-¢]thieno[2",3"":4",5"]thieno[2',3":4,5]
pyrrolo[3,2-g]thieno[2',3":4,5]thieno[3,2-b]indole-2,10-diyl)bis(methanylylidene))bis(5,6-difluoro-3-
0x0-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile (Y6) blended with PM6 (PM6:Y6) in

OSCs and a tripple cation Cso.0sFA0.8MAo.15Pbl2.55Bro.4s perovskite in PSCs, respectively. All these



non-encapsulated devices also demonstrated improved stability under various stress conditions which
are typical for device operation, including exposure to ambient environment and continuous

illumination with AM 1.5 simulated light in nitrogen without and with simultaneous heating.

2. Results and discussion

2.1 Properties of the interlayers. Functionalized BODIPYs were synthesized and characterized for
structural integrity (see Experimental Methods and Fig. S1-S5). Prior to theirapplication device,
theoretical studies were performed in order to reveal the optimized geometrical structures (Fig. 1a),
energy levels (Table S1), frontier orbitals (Fig. S6), and molecular dipole moments (Table S2). The
results clearly show that these materials exhibit quite similar energy levels and energy gap values of
nearly 3.0 eV (with the exception of the methyl acetate compound (BDP-COOCH3), which has an
energy gap of 2.2 eV). The electron density in the highest occupied and lowest unoccupied molecular
orbitals (HOMO/LUMO) are mostly localized within the BDP unit, except for the nitro compound
(BDP-NO:2), the LUMO of which is within the nitro group. However, the calculated molecular dipole
moments showed significant variation, ranging from nearly 0.9 D for BDP-NO:2 to 6.67 D for BDP-
NH2, with the vector of this dipole lying mainly on the long molecular axis along the z direction. A
high molecular dipole moment as predicted for most of these molecules could be beneficial for device
performance, as it might affect interfacial charge transport. This, however, necessitates appropriate
molecular orientation so as the dipole moment vector aligns perpedicular to and points towards the
ETL substrate. %38

The functionalized BODIPY's were then deposited (via spin-coating from methanol solutions
with an optimized concentration of 0.35 mg mL™! that enabled best device performance) on ZnO which
served as the ETL in our OSCs. The BODIPY absorption peaks centered at 475 and 515 nm are hardly
distinct in the UV-Vis absorption spectra of BODIPY/ZnO bilayers indicating an ultra-thin nature for

the interlayers (Fig. 1b). Exceptions are BDP-OH, BDP-COOH and DTB-pH-BDP where the



formation of thicker BODIPY films on top of ZnO can be concluded from their intense absorption
peaks. X-ray photoelectron spectroscopy (XPS) measurements taken in similar BODIPY/ZnO bilayers
also indicated the formation of ultra-thin layers in most of the cases (Fig. 1c,d and Fig. S7). XPS
spectra exhibit very weak nitrogen (N) and fluorine (F) core level peaks attributed to the expected
elements,* indicating that BODIPYs are present on the ZnO’s surface in the form of very thin
interlayers. Atomic force microscopy (AFM) images showing the surface topographies of pristine and
BODIPY coated ZnO (Fig. S8 a-j) indicated that most of these BODIPY's do not significantly alter the
surface topography of ZnO except for BDP-OH, BDP-COOH and DTB-pH-BDP that seem to form
aggregated films thus increasing surface roughness. The rest of the BODIPY's mainly filled the “holes”
and smoothed the nanostructured surface of ZnO (Fig. S8k,l). It was not possible to estimate the
thickness and, especially, the molecular orientation of BODIPY s in the ultra-thin interlayers atop ZnO.
Interestingly, the BODIPY covered ZnO layers presented significant differences in water contact angle
measurements. Some of them, like BDP-COOH, rendered ZnO’s surface more hydrophylic and others,
such as BDP-NH>, rendered it more hydrophobic (Fig. S9). These differences in hydrophobicity will

subsequently influence the nano-morphology of the absorber layer deposited on top.

Ultra-violet photoelectron spectroscopy (UPS) measurements (Fig. S10) of pristine and
BODIPY coated ZnO films revealed a surface Wr reduction for BODIPY's bearing large molecular
dipole moments, such as the tertbutyl- and the amino-functionalized ones where a reduction of 0.3 eV
was obtained. On the contrary, the ZnO coated with BDP-NO2, which exhibits nearly zero dipole
moment, presented a Wr similar tothe pristine ETL. This is an indication, but not direct experimental
evidence of some degree of favorable orientation of these molecules in the interlayers.*’ It is possible
that the functional groups of these BODIPY's are physisorbed onto the ZnO surface resulting in some
degree of alignment of their molecular dipole moment vectors along the direction perpendicular to
metal oxide and pointing towards the surface. As a result, an interfacial dipole with its negative pole

pointing towards ZnO is formed, leading to an electrostatic potential energy change, i.e. reduction of



the ZnO’s surface Wr.*'*> This can improve electron extraction, thus improving short-circuit current
(Jsc). However, the formation of a BDP-COOH interlayer resulted in increase of the surface Wr of
ZnO despite the fact that this molecule exhibits a significant dipole moment. This could indicate that
the molecular dipole moment vector points away from the substrate resulting in the formation of a
positive interfacial dipole. Moreover, if the BODIPY is physisorbed onto ZnO with the side of BDP
unit and the -COOH group (which is quite hydrophilic) located at the outer surface of modified ZnO

substrate this would explain the high hydrophilicity of BDP-COOH/ZnO sample (Fig. S9)

2.2 Performance enhancements in OSCs. To test the hypothesis that ultra-thin BODIPY interlayers
of high molecular dipole moment and appropriate molecular alignment might beneficially influence a
solar cell performance, we employed these various BODIPYs in OSCs with an inverted device
configuration. Prior to device fabrication we confirmed that the BODIPY interlayers were resistant to
the organic solvents (chlorobenze and chloroform) used for the deposition of the organic absorber (Fig.
S11). Fig. 2a illustrates the (FTO/ZnO/BDP/PM6:1T-4F/MoOx/Al ) OSC structure and the chemical
structures of the PM6 (donor) and the IT-4F (NFA) used in the active layer. In addition, an OSC with
pristine ZnO was used as the reference device. The corresponding energy diagram of the fabricated
OSCs with either pristine or BODIPY coated ZnO is shown in Fig. 2b. The Wr values of both contacts
and the hole transport layer (HTL) (i.e., MoOx), the valence band maximum of ZnO (pristine and
coated with BDPs) and the HOMO and LUMO levels of the polymer donor and NFA were taken from
the literature.*> The Wr values for pristine ZnO is 3.9 eV, whereas those for ZnO coated with BDPs
range between 3.6 and 3.9 eV, except for the ZnO coated with BDP-COOH, which exhibits a Wr of
~4.2 eV. A decrease in the surface WF of ZnO is generally considered beneficial as it might enhance
electron extraction towards the respective electrode. Fig. 2¢ presents the current density-voltage (J-V)
characteristic curves of the best performing PM6:1T-4F-based devices with pristine and different
BODIPY-coated ZnO ETLs under simulated AM 1.5 illumination. Table 1 also summarizes the

performance characteristics of OSCs based on a PM6:IT-4F absorber using ZnO ETLs with and



without different BODIPY interlayers. We note that the best device performance was obtained when
BODIPYs were processed from 0.35 mg mL™! methanol solutions with only small variations at lower
concentrations and when increasing the concentration up to 1 mg mL™!. The device performance
significantly declined for higher solution concentrations an indication that the formation of compact
BODIPY films might disrrupt electron extraction.

Variations in the PCE are observed between the OSCs using the ZnO coated with BODIPYS,
with many showing similar or improved device performance compared to the reference device
employing pristine ZnO ETL. Exceptions are the devices using DTB-pH-BDP, BDP-COOH and BDP-
NO: which were always inferior to the reference device. The BDP-NHz-based OSC exhibited
champion device performance, which is due to an increase in Jsc (from 20.10 mA cm™ to 21.54 mA
cm), Voc (from 0.81 V to 0.87 V), and fill factor (FF) (from 0.68 to 0.74). On overall, a PCE of 13.87
% is attained for BDP-NH2-based OSC, which is 20 % higher than that of the reference device (11.08
%). Moreover, the BDP-NH:2 devices exhibited high reproducibility, yielding an average PCE of 13.5%
(Fig. S12). The series resistance (Rs) for the BDP-NHa-based device (1.1 Q ¢m?) dropped to less than
half that of a reference device (2.3 Q cm?, see Table 1). The reduction in Rs reflects the enhanced
contact quality of the ETL/absorber interface when ZnO is coated with BDP-NHa. Fig. 2d shows the
external quantum efficiency (EQE) measurements of the fabricated OSCs with and without the
BODIPY interlayers. The variation of the EQE values and the calculated Jsc are consistent with the
Jsc of the OSCs based on pristine ZnO and ZnO coated with BODIPYs (Table 1). The charge
recombination mechanism in the OSCs with and without BODIPY interlayers was also investigated.
Fig. 2e presents logarithmic-linear plots of the variation in measured Voc values for the different
devices based on the illumination intensity (ranging between 2 and 100 mW cm) . In the case of
DiTetrButyl-BDP, DoH-BDP, BDP-NH2, and BDP-OH, based OSCs the slopes of Voc decrease from
1.034 kT/q (where k is the Boltzmann constant, q is the elementary charge, and T is the absolute

temperature) estimated for the reference cell to nearly unity indicating the suppression of the trap-



assisted recombination losses.*** On the other hand, higher trap-assisted recombination processes
compared with the reference cell occur in the devices with the DTB-pH-BDP, BDP-NO2, and BDP-
COOH indicating poor selectivity of the electron-transporting interface and higher carrier trapping
within the organic absorber.

Differences in the nanomorphology of the absorber layer deposited on the different BODIPY
modified ZnO samples might be responsible for the variation in recombination losses and overall
performance, as it dictates charge transport through the absorber layer. Therefore, the molecular
packing and crystallinity properties of absorber films were investigated by grazing incidence wide-
angle X-ray scattering (GIWAXS). Fig. 3a and b represent the 1D GIWAXS patterns for the out-of-
plane and in-plane directions, respectively, of PM6:IT-4F films coated on ZnO with or without
BODIPY interlayers. The PM6:1T-4F layer presents some crystallization in all cases as shown in the
in-plane profiles (Fig. 3a), where a diffraction peak at ~0.30 A", corresponding to a laminar packing
spacing (d) of ~20.9 A, appears for all samples. Stronger ring-like lamellar diffraction (100) peaks at
~0.32 A (d:~19.63 A) are observed in the out-of-plane direction also suggesting significant
crystallinity of the blend films (Fig. 3b). Moreover, a clear n-7 stacking diffraction peak can be
observed at g~1.8-1.85 A with a d-spacing distance of 3.49-3.39 A for all blend films, suggesting
preferential face-on orientations with respect to the different ZnO substrates (Table S3). However,
there are distinct differences among these samples. For example, a reduced d-spacing of ~19 Ais
indicated by the shifted laminar packing diffraction peak at q~0.33 A! for the ZnO/BDP-
COOH/PM6:IT-4F sample. This implies that BDP-COOH interlayer alters the nanomorphology of
PM6:IT-4F on top of it probably due to the high hydrophylicity of the substrate. Further differences
between samples were observed in the estimated coherent crystalline length (CCL) for the (100)
diffraction peak and m-mstacking direction (010) (Table S3). PM6:IT-4F sample coated on the highly
hydrophobic BDP-NH/ZnO substrate showed the largest CCL value of ~156 A and 21.65 A for the

(100) and (010), respectively, an indication of higher crystallinity.* Notably, extremely poor stacking



in the m-n direction was obtained for the DTB-pH-BDP and BDP-NO: including samples which
explains the inferior device performance and increased trap-assisted recombination in the
corresponding devices. The enhancement in crystallinity of the absorber film when deposited on
certain BODIPYs-coated ZnO is also related to the slightly improved absorption (Fig. 3c) and reduced
overall reflectance (Fig. S13) measured in absorber films (of the same thickness) and complete solar
cells, respectively. These along with faster electron extraction indicated by transient
photoluminescence (TRPL) measurements (Fig. 3d) can explain both the improved performance of
certain devices including BODIPY (i.e., BDP-NH2) and the inferior efficiencies of the OSCs based on
BDP-NO2, BDP-COOH and DTB-pH-BDP. Potential chemical interactions (i.e., hydrogen bonding
coordination) between the BODIPY compounds and the photoactive layer were excluded as a possible
explanation for the obesrved behaviour by conducting proton nuclear magnetic resonance (‘H NMR)

titrations in IT-4F:BDP-NH:2 blends (Fig. S14).

We next investigated the long-term stability of the fabricated OSCs using ZnO ETLs with and
without the BDP coatings. Fig. 4a shows the variation of PCE versus storage time (in nitrogen) of
OSCs using pristine and BDP-coated ETLs (the devices were stored in the dark at room temperature
between measurements). The devices employing pristine ZnO ETL and those with DTB-pH-BDP and
BDP-NO: interlayers showed the highest drop in the PCE values during 100 days of storage with the
latter two devices exhibiting significant efficiency losses up to 40% and 60% of the initial PCE,
respectively. At the same time, the BDP-NH2 modified OSC retained nearly 90% of its initial PCE for
the same storage time. Furthermore, the photostability of the best performing OSCs based on BDP-
NHo: interlayers was also investigated and compared with that of the reference device. Fig. 4b presents
the variation of PCE under continuous AM 1.5 illumination of the OSCs without and with
simultaneous heating at 65 °C (the study was performed in nitrogen). Without heating, the BDP-NH>
device retained nearly 80% of its initial PCE within the 500 h of constant illumination, while the

reference device shows a ~40% efficiency drop. Notably, upon heating at 65 °C during illumination,
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the BDP-NH2 based OSC exhibited a nearly 30% efficiency loss whereas the reference device
presented severe degradation retaining only 30% of the initial PCE value. The improved stability of
the BDP-NHz-based devices can be related to improvements in the nanomorphology of the photoactive
blend and better interface quality.*® It can be also attributed to reduced photocatalytic degradation of
IT-4F NFA from ZnO upon UV irradiation.?® This is supported by UV-Vis absorbance and FTIR
transmittance measurements of IT-4F coated on ZnO and ZnO/BDP-NH: substrates taken when fresh
and after continious illumination with UV light for 10 h (Fig. 4c and d, respectively). No obvious
difference in the normalized absorption spectra of fresh IT-4F film coated on ZnO and ZnO/BDP-NH2
substrates is observed (Fig. 4c). These spectra present strong absorption in the 550-800 nm region with
the largest peak at around 720 nm, which is assigned to an ICT from the donor to the acceptor moiety
of IT-4F.2 However, a pronounced photodegradation of the IT-4F film coated on ZnO is indicated by
the increased intensity of the shoulder peak at 640 nm compared to the ICT peak at 720 nm.*’
Prologned photostability was also evidenced from the fourier-transform infrared (FTIR) spectrum of
the illuminated IT-4F deposited on pristine ZnO, compared with the IT-4F deposited on BDP-NH>
coated ZnO (Fig. 4d). The most obvious difference in the illuminated FTIR transmittance spectra is
observed at the range of 1720 cm™ to 1000 cm!, where the significant reduction of the main peaks of
the NFA upon illumination is evidenced for the ZnO/IT-4F sample. In contrast, a slower
photodegradation of IT-4F coated on BDP-NH2 is observed. The hydrophilic moieties present on the
surface of pristine ZnO react during illumination with the carbonyl (C=0) group of IT-4F acceptor,
thus destroying its electronic structure and suppressing its ICT ability as evidenced by the above
measuremnts.*’” A thin BDP-NH: interlayer inserted at the NFA/ZnO interface acted as a protective
buffer prohibiting the NFA photodegradation. Notably, the UV-Vis absorption spectrum of most of the
studied BDPs remained quite stable upon UV light illumination (Fig. S15). This indicates that these
compounds are resitant to photodecomposition. Therefore, the small changes of the absorber layer and

overall device performance are not related to BODIPYs.
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Performance enhancements in PSCs. To test the generality of our approach we next fabricated PSCs
with a regular structure (FTO/SnOa2/perovskite/Spiro-MeOTAD/Ag) using a MAPDbI3 absorber and
BDP-NH: coated SnO2 ETL. Enhancements in performance metrics (Jsc, Voc and FF) were obtained
(under reverse scan measurements, Fig. 5a) for the BODIPY device compared to the reference cell. A
maximum PCE of 18.78% (average of 18.26%) was obtained for the BDP-NH: cell which represents
an 11% improvement compared to the reference (where the maximum PCE is 17.0 %, average
15.56%). Notably, a pronounced reduction in the device hysteresis is also observed for the BDP-NH2
cell (Fig. S16). This performance enhancement was also reflected in the EQE spectra measured in both
devices (Fig. 5b). An increase in EQE for the BODIPY cell can be related to the enhanced
nanomorphology of the perovskite absorber when spin-coated on the modified ETL (Fig. S17). For the
MAPDI3 film deposited on SnO2 coated with BDP-NH2 more compact perovskite films with tightly
connected grains of larger size than the reference film are observed. Moreover, enhancement in
crystallinity of the perovskite layer coated on the modified ETL is indicated by XRD measurements
(Fig. 5¢). In particular, more intense and sharper peaks are observed in the XRD diffractogram of
MAPDI3 spin-coated on BDP-NH2/SnO2 substrate compared to the reference film. The latter also
exhibits a small but distinct peak at around 12.4° an indication of residual Pbl> from the precursor
solution and incomplete transformation to the desired perovskite crystal structure. Additionally, the
reduction in steady-state photoluminescence (PL) intensity (Fig. 5c¢) and faster decay in TRPL
measurements (Fig. S18) taken in a perovskite film coated on BDP-NH2/SnO2 compared to the
reference one suggests improved electron extraction from the perovskite’s conduction band into the
ETL through the BODIPY coating at the ETL/absorber interface. Furthermore, BDP-NH:2 passivates
interface defects of the perovskite layer as evidenced by the increased PL intensity measured in a
perovskite film coated on BDP-NH2/glass compared to the same film coated on bare glass (inset of

Fig. 5d).
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To explain the passivation effect, we recorded the 'H NMR spectra of perovskite/BDP-NH>
mixtures in DMSO-g4 solution. Upon titration with excess MAPbI3 perovskite solution, all 'H NMR
signals of BDP-NH2 were almost linearly shielded (Fig. S19) suggesting considerable but non-specific
interactions between the molecules in the concentration range studied. Specifically, the chemical shift
changes observed for BDP-NH: protons are separated into two groups with shielding values of ~40=
32-35 Hz and ~40= 16 Hz (Fig. S19a and S20). Reverse titration experiments (Fig. 19b) of MAPbI3
with BDP-NH: solution also showed a nearly linear increase of chemical shift changes (Fig. 19a) but
in this case the signals were deshielded (Fig. 5e), reaching a maximum Ad=24 Hz for NH3". No changes
in chemical shifts were detected upon dilution (Fig. S21), suggesting that the BDP-NH2 molecules do
not self-associate by z-7 or hydrogen bond interactions. The above observations indicate the presence
of molecular interactions between BDP-NH2 and MAPbI3 molecules in solution, which are expected
to also be present (and potentially strengthened) in thin films, especially if we consider that some of
the BDP-NH2 molecules in the interlayer could be preferentially aligned having their amino- group on

the outer surface.

As well as the improvement in efficiency, the PSC stability upon constant illumination without
and with heating was also studied. PSCs deposited on top of BDP-NH:2 kept under continuous,
simulated 1 sun illumination at 25 °C for 500 h showed a 25% drop from their initial PCE , whereas a
50% efficiency loss is noted for reference cells under the same conditions (Fig. 5f). Moreover, the cell
with the BODIPY interlayer maintained nearly 60% of the initial PCE under the combined stresses of
thermal heating at 65 °C and 1 sun illumination for 500 h. Under the same measurement conditions,
the reference cell exhibited nearly 70% efficiency loss. The better stability of the BDP-NH2 modified
PSCs is also reflected in the absorption spectra and XRD diffractograms (Fig. S22 and S23). On the
contrary, the reference films coated on pristine SnO: presented significant degradation under
continuous illumination. Significant deterioration of the perovskite crystals and formation of Pblo,

which is the result of MAPbI3 hydrolysis,*® is seen for the perovskite films deposited on pristine SnOx.
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The enhanced stability of the perovskite films and complete devices incorporating BDP-NH:2 can be
attributed to the passivated interface of the perovskite film when coated on BODIPY.>! Notably, such
films were quite resistant to degradation when exposed to an ambient environment for one year (Fig.

S23 and S24).

To further demonstrate the universality of BDP-NH: as an example of appropriately
functionalized BODIPY for OSCs and PSCs, we fabricated higher efficiency devices by incorporating
alternative absorber layers. We employed a highly conjugated NFA within an OSC, namely Y6, that
employs a ladder-type electron-deficient-core-based central fused ring (dithienothiophen[3.2-b]-
pyrrolobenzothiadiazole) with a benzothiadiazole (BT) core to fine-tune its absorption and electron
affinity.>?> The BDP-NH2 modified cell showed a champion PCE of 15.69%, significantly higher than
the reference cell without the BODIPY interlayer (PCE of 14.01%) (Fig. 6a). This enhancement was
also reflected in the increased EQE measured in the BODIPY OSCs (Fig. 6b). Notably, the modified
cell was more stable than the reference when subjected to continuous 1 sun AM 1.5 illumination (in
nitrogen) without and with simultaneous thermal stress (at 65 °C) (Fig. 6¢).

A similar trend in both the device performance (Fig. 6d,e) and stability (Fig. 6f) was also
observed in PSCs based on a mixed cation mixed halide Cso.0sFA0sMAo.15Pbl2.ssBro4s perovskite
absorber layer.”® With the mixed cation perovskite the BDP-NH> device exhibited a champion PCE of
20.12%, significantly higher than the reference cell (PCE of 17.78%). It was also proven to be
significantly more resistant to both continuous illumination and heating compared to the reference
device. These results demonstrate the beneficial impact of certain BODIPYs when inserted as
interlayers between the electron transport material and the absorber in both OSCs and PSCs. In
particular, appropriately functionalized molecules such as BDP-NH2 may be physisorbed with the
functional group side facing the ETL substrate thus forcing their molecular dipole moment to be
aligned nearly perpendicular and pointing away from the substrate. As a result, a net negative

interfacial dipole is formed which reduces the electron extraction barrier. Meanwhile, the BODIPY
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segment which is present at the outer surface renders the metal oxide substrate more hydrophobic
hence beneficially altering the nano-morphology and crystallinity of the absorber overlayer. However,
BODIPYs with other functional groups, such as -NO2 and -COOH, may disrupt electron extraction
or have a negative effect on the nano-morphology of absorber overlayer or both. Therefore, careful
design and selection of the BODIPY molecules such that they bear moieties which deliver one or

multiple desired functions can further advance the performance of OSC sand PSCs.

3. Conclusions
In conclusion, we demonstrated an interfacial engineering approach to fabricate high efficiency and
stable PSCs and OSCs through applying functionalized BODIPYs as universal interlayers when
deployed at the absorber/ETL interface. The improved performance of devices with appropriate
embedded BODIPYs was attributed to a reduction in the electron extraction barrier due to a decrease
of the ETL’s work function combined with improved nano-morphology/crystallinity of the absorber
layer when coated on the BODIPY modified substrate. The optimized devices also demonstrated
improved photo- and thermal stability thus confirming the benefits of applying of appropriately
functionalized BODIPYs and similar molecules as tailor-made interlayers in solution-based

photovoltaics to deliver better power sources in the near future.

4. Experimenta section
Details on the synthetic procedure of BDPs. All reagents and solvents were purchased from usual
commercial sources and used without further purification, unless otherwise stated. The 'H NMR
spectra of the BDP compounds were recorded on Bruker AMX-500 MHz and Bruker DPX-300 MHz
spectrometers, respectively. The solution of the sample was in deuterated solvent by using the solvent

peak as the internal standard. High-resolution mass spectra were recorded on a Bruker ultrafleXtreme
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MALDI-TOF  spectrometer, using trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]
malononitrile as matrix.

Synthesis of 3,5-di-tert-butyl-4-(hexyloxy)benzaldehyde. Potassium carbonate (2.36 g, 17.07
mmol) was added to a solution of 3,5-di-tert-butyl-4-hydroxybenzaldehyde (1 g, 4.27 mmol) in DMF
(6 mL) at room temperature. After the mixture had been stirred at 60 °C for 1 h, 1-bromohexane (1.5
mL, 10.67 mmol) was added slowly. The reaction mixture was stirred overnight at 80 °C under No.
The solvent and the excess of 1-bromohexane were removed under reduced pressure. Water was added
to the residue and the product was extracted with ethyl acetate (EtOAc) (2x50 mL). The organic layer
was dried over Na2SO4 and concentrated in vacuo to give the desired aldehyde as an oily liquid (1.2 g,
90%). 'H NMR (300 MHz, CDCI3): 6 = 9.90 (s, 1H), 7,78 (s, 1H), 3.65 (t, J = 7.7 Hz, 2H), 1.89 (m,
2H), 1.44 (s, 18H), 1.31 (m, 6H), 0.88 (m, 3H) ppm (Fig. S2).

General procedure for the synthesis of BDPs (1-9, Fig. S1). To a 250 mL round-bottomed flask
containing 50 mL of dry and degassed CH2Clz, 2,4-dimethylpyrrole (2.3 eq.) and any of the
corresponding 4-substituted benzaldehyde (1 eq.). Namely, 3,5-di-tert-butylbenzaldehyde for 1, 3,5-
di-tert-butyl-4-(hexyloxy)benzaldehyde for 2, 2,6-bishexyloxybenzaldehyde for 3 (1), 4-(prop-2-yn-
I-yloxy)benzaldehyde for 4 (2), 4-nitrobenzaldehyde for S, 4-formylbenzoic acid for 7, 4-
hydroxybenzaldehyde for 8 and methyl 4-formylbenzoate for 9. One drop of trifluoroacetic acid (TFA)
was added and the solution was stirred under N2 at room temperature overnight. Then, 1 gq. of
tetrachloro-p-benzoquinone (p-Chloranil) was added to the reaction mixture and stirred for an
additional 30 minutes. Consequently, 2.26 mL of BF3.OEt2 and 2.34 mL of EtsN were successively
added and the reaction mixture was stirred for another 6 hours. Upon the reaction completion, the
mixture was washed three times with water (3 x 50 mL) and dried over anhydrous Na>SOa4. The solvent

was evaporated and the residue was purified by silica gel column chromatography leading to 1 (30%),

2 (21%), 3 (29%), 4 (25%), S (28%), T (24%), 8 (26%) and 9 (25%).
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For 2: 'H NMR (300 MHz, CDCl3): § = 7.09 (S, 2H), 5.98 (s, 2H), 3.65 (t, J = 7.7 Hz, 2H), 2.55 (s,
6H), 1.86 (m, 2H), 1.58 (m, 2H), 1.40 (m, 24H), 1.35 (m, 4H), 0.91 (m, 3H) ppm (Fig. S3). MS
(MALDI-TOF): calculated for C33H4sBF2N20 [M+H]* 537.3828; found 537.3828.

For 3: 'TH NMR (300 MHz, CDCls): § = 7.31 (t, J = 8.4 Hz, 1H), 6.58 (d, J = 8.3 Hz, 2H), 5.90 (s, 2H),
3.90 (t, J = 6.2 Hz, 4H), 2.53 (s, 6H), 1.57 (m, 4H), 1.51 (s, 6H), 1.14 (m, 12H), 0.79 (m, 6H) ppm
(Fig. S4). MS (MALDI-TOF): calculated for C31H43BF2N202 [M]* 524.3386; found 524.3378.

For (6): A mixture of 5 (0.05 g, 0.135 mmol) in dry THF (30 mL) and dry EtsN (70 pL) containing
10% Pd/C (0.022 g, 0.22 mmol) was stirred for 3 hours under hydrogen atmosphere at room
temperature. Upon completion of the reaction, the resulting mixture was filtered through a Celite pad.
The filtrate was collected and evaporated to dryness under reduced pressure. The crude product was
then purified by column chromatography (silica gel, CH2Cl») to afford BDP 6 in 80% yield. 'H NMR
(500 MHz, CDCI3): 0 =7.03 (d, J = 8.1 Hz, 2 H), 6.82 (d, J = 8.1 Hz, 2 H), 5.97 (s, 2 H), 4.22 (sb, 2
H), 2.54 (s, 6 H), 1.49 (s, 6 H) ppm (Fig. S5). HRMS-(MALDI-TOF): m/z calc. for [M]+ Ci19H20BF2N3
339.1718, found 339.1722.

Materials and thin film characterization methods. UV-Vis absorption measurements of the
different ESLs with and without absorber films coated on them as well as reflectance measurements
of the fabricated OSCs were performed using a Perkin Elmer Lambda 40 spectrometer. For the XPS
measurements, the AlKa Ka line at 1486.6eV (12kV with 20mA anode current, not monochromized)
was used with an analyser (Leybold EA-11) pass energy of 100eV, giving a full width at half maximum
(FWHM) of 1.5eV for the Au 4f72 peak. In all XPS spectra, the binding energy (BE) of the
predominant aliphatic contribution of the C 1s peak at 284.8eV was used as a measured BE reference.
For the UPS measurements, the He I excitation line (21.2eV) was used, and a negative bias of 12.22V
was applied to the specimen in order to separate the high binding energy cut-off from the analyser. A
Bruker Tensor 27 FTIR spectrometer with a DTGS detector was used to take FTIR transmittance

spectra of the NFA deposited on ZnO with and without BDP coatings. GIWAXS measurements of the
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same samples were performed using beamline BL16B1 (Shanghai Synchrotron Radiation Facility).
The surface topographies/morphologies of ZnO pristine and coated with BDPs were acquired by a NT-
MDT AFM. The crystalline composition of perovskite films were investigated using an X-ray Siemens
D-500 606 diffractometer. SEM images of the perovskite films were recorded with a JEOL 7401f
FESEM. PL spectra of absorber films used in both organic and perovskite solar cells were taken using
a 450 nm laser diode module and a Si photodiode and analyzed with an Oriel 77200 monochromator.
NMR Experiments. '"H NMR spectra were recorded on a Bruker Avance 500 MHz spectrometer as
solutions in deuterated DMSO-ds using the residual solvent signal as the internal standard and were
processed with Topspin 4.0.8. Solutions of BDPNH2 in DMSO-ds (5.55 mM) diluted at 2.95 mM and
a concentrated solution of CH3NH3Pblz (2.8 M) were prepared. The solution of CH3NH3Pbl2 was then
added in a small aliquots (10 pL, corresponds to 0.055 M), to reach the final ratio BDP-
NH2/CH3NH3Pbl2 from 5% to ~0 mol/mol, as used for the preparation of photovoltaic cells. The
reverse experiment was also carried out. Solutions of CH3NH3Pbl: (2.8 M) and BDP-NH: (stock
solution, 69.28 mM) were prepared. The solution with BDPNH2 was then added in small aliquots (10
uL) to the CH3NH3Pbl2 solution until almost the same final ratio as in the forward experiment was
reached.

Theoretical calculations. Molecular geometry optimizations were carried out without symmetry
constraints at the density functional level of theory, by using Gaussian 09 code employing the B3LYP
functional. The standard 6-31+G(d,p) basis set was used.

Fabrication and characterization of OSCs and PSCs. In the case of OSCs, a ZnO ETL was
deposited on fluorine-doped tin oxide (FTO)/glass substrates purchased from Solaronix. The
FTO/glass substrates were first washed by sonication sequentially in deionized water, acetone, and
isopropyl alcohol for 10 minutes each. A thin film (~50 nm) of ZnO was applied on the FTO cathode
electrode using solution-processing followed by thermal annealing at 250 °C for 20 minutes. The ZnO

film was deposited from a 0.5 Mmol L' ZnO sol-gel that was prepared using zinc acetate dihydrate in
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a mixture of ethanolamine and 2-methoxyethanol through spin-coating at 6000 rpm for 40 sec. The
BODIPYs were spin-coated onto the ZnO ETL to act as interlayer between the absorber and the ETL
from a 0.35 mg mL ™! methanol solution at 2000 rpm for 40 sec. The PM6:IT-4F absorber film was
spin-coated on top in an argon-filled glovebox at 1000 rpm for 90 s from a 20 mg mL™! (1:1.2 weight
ratio) solution in chloroform (CF) with 0.5 v/v% 1,8-diiodooctane (DIO) as an additive to form
uniform films. These were then placed on a hotplate at 100 °C for 10 min (also in the glovebox).
PM6:Y6 absorber was processed from a 16 mg mL™! solution (1:1.2 weight ratio) in CF with 0.5% 1-
chloronaphthalene (CN) as an additive. The solution was spin coated (2500-3000 rpm) onto the ZnO
layer to obtain a photoactive layer of thickness 100 nm. Next, a hole transport layer (HTL) consisting
of MoOx was deposited on the PM6:IT-4F film with a hot-wire chemical vapor deposition method. To
complete the device, an Al top electrode was deposited using a thermal evaporation system, where a
shadow mask was used to form an active cell area of 12.56 mm? Organic solar cell electrical
characterization was performed using a Keithley 2400 source-measure unit, where the J-V
characteristic curves of the fabricated devices were recorded under illumination and in dark conditions.
A Xe lamp with an AM 1.5G filter was used as the illumination source. All chemicals were purchased

from Ossila except for solvents which were purchased from Sigma-Aldrich.

Fabrication of PSCs. Tin oxide (SnO2) was purchased from Alfa Aesar. 2,2',7,7'-Tetrakis [N,N-di
(4-methoxyphenyl) amino]-9,9'-spirobifluorene (Spiro-MeOTAD), lithium
bis(trifluoromethanesulfonyl)imide (Li-TFSI > 99 %), 4-tert-butylpyridine (TBP 96.6 %) were
purchased from Sigma Aldrich, while FK209 (FK 209 Co(II) PF6) from GreatCell. The materials for
the perovskite layer: Pbl2 and PbBr2 (99.99% purity) were bought from TCI, and the FAI and MABr
were purchased from GreatCell Solar. CsI (99.999%) was purchased from Alfa Aesar and finally Rbl
(99.8%) was obtained from Sigma-Aldrich. Dimethylformamide (DMF) anhydrous 99.8%, dimethyl
sulfoxide (DMSO) anhydrous > 99.9% and chlorobenzene (CB) 99.8% were obtained from Sigma-

Aldrich. Toluene 99.7% and isopropanol (IPA) >99.8% were purchased from Honeywell Research
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Chemicals.

Regular n-i-p PSCs were fabricated starting from the deposition of SnO2 on FTO substrates, which
were first cleaned with Triton-X, acetone, and 2-propanol followed by oxygen-plasma treatment for
15 min. SnO2 purchased from Alfa Aesar was diluted in water (1:4) and spin-coated at 3000 rpm for
40 sec. The prepared films were then heated at 150 °C for 30 min. Subsequently, BDPs were spin-
coated on SnO2 from a 0.35 mg mL™" methanol solution at 2000 rpm for 40 sec. MAPbI3 was formed
using a two-step spin-coating procedure. A 1 M Pblz solution was prepared by dissolving 462 mg
Pblz in 1 mL N,N-dimethylformamide (DMF) under stirring at 70°C. 20 pL of Pblz solution was spin-
coated on the ETL at 3000 rpm for 5 s and 6000 rpm for 5 s (no loading time). After spinning, the
film was dried at 100 °C for 10 min. After cooling to room temperature, 200 pL of 0.044 M MAI
solution in 2-propanol was loaded on the Pbl2-coated substrate and allowed to stand for 20 s (loading
time) before spinning at 4000 rpm for 20 s and then drying at 100 °C for 5 min. For the
Cs0.0sFA08MAo.15Pbl2.5sBroas precursor solution (1.2 M) was prepared with FAI (0.96 M), MABr
(0.18 M), Pbl> (1.014 M), PbBr2 (0.186 M), and CsI (0.06 M) dissolved in a mixture of DMSO and
DMF (4:1 v/v) for one step spin-coating. 20 pL of (2,2°,7,7 -tetrakis(N,N-di-p-
methoxyphenylamine)-9,9-spirobifluorene) (Spiro-MeOTAD) solution was spin-coated on the
perovskite layer at 4000 rpm for 30 s. The spiro-MeOTAD solution was prepared by dissolving 72.3
mg of Spiro-MeOTAD in 1 mL of chlorobenzene, to which 28.8 pL of 4-tert-butyl pyridine and 17.5
pL of lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) solution (520 mg LI-TSFI in 1 mL
acetonitrile) were added. Finally, 80 nm of silver was thermally evaporated on the Spiro-MeOTAD
coated film. J-V characteristics curves of the fabricated PSCs were taken using an Autolab PG-STAT-
30 potentiostat (1 sun, 100 mW c¢m) including an AM 1.5G filter. The EQE spectra of both OSC
and PSC were obtained using an Autolab PG-STAT-30 measurement system using an Oriel 1/8
monochromator and a 300 W Xe lamp, and the light intensity at each wavelength was calibrated with

a standard single-crystal Si photovoltaic cell.
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Supporting information including Fig. S1-S35, Table S1-S3 and references is available.
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Table 1 Summary of the performance characteristics of OSCs based on MP6:1T-4F absorber
with different BDPs as efficiency stabilizers. The Js. values calculated from EQE curves are

also included.

J sc J sc-calc Voc FF PCE Rs
(mA cm?) (mA cm?) (V) (%) (Q cm?)

w/o BDP 20.10 19.60 0.81 0.68 11.08 2.3
DiTertButyl- 20.97 19.23 0.86 0.72 12.98 1.3
BDP
DTB-pH- 19.15 19.03 0.82 0.68 10.68 2.6
BDP
BDP-NO: 18.15 18.17 0.82 0.64 9.53 54
BDP-COOH 19.34 19.26 0.82 0.69 10.94 1.7
BDP-O- 20.48 20.40 0.84 0.69 11.87 2.4
triple
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BDP-NH:2 21.54 21.20 0.87 0.74 13.87 1.1

BDP- 19.51 20.07 0.84 0.70 11.82 1.9
COOCHs3

BDP-OH 20.96 20.00 0.86 0.72 12.97 1.4
DoH-BDP 20.02 20.26 0.84 0.68 11.44 2.6
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Figure 1. Structural and optical properties of BDPs. (a) Optimized structures for the BDP molecules
at the BALYP/6-31+G(d,p) level of theory in gas phase. C/N/B/F/H atoms in grey / blue / pink / light
blue / white colours. The reference Cartesian axis is also shown (red / blue / green corresponds to x /
y / z axis), together with the total dipole moment vector (red arrow, see Table S2 for the computed
values). (b) UV-Vis absorption spectra of ZnO layers either pristine or coated with BODIPYs from
their respective methanol solutions with a concentration of 1 mg mL™. (¢) N 1s and (d) F 1s core level
XPS peaks of ZnO layers coated with different BODIPYs.
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Figure 2. Organic solar cells performance. (a) The device architecture and the chemical structures of
PM6 donor and IT-4F acceptor used in the organic absorber. (b) Energy levels of the different device
layers considering vacuum level alignment before contact. For FTO and Al electrodes as well as for
ZnO (pristine and coated with BDPs) and MoOx electron and hole transporting layer, respectively, the
Wk values are denoted (for ZnO the valence band edge is also shown). For polymer donor and non-
fullerene acceptor the HOMO, LUMO levels are shown. (c) Current density-voltage (J-V)
characteristics and (d) EQE spectra of PM6:IT-4F based OSCs with pristine and coated with different
BDPs ZnO electron transporting layer. () Variation of open-circuit voltage (Voc) versus light intensity
(ranging between 2 and 100 mW cm™) of the OSCs with different BODIPY interlayers.
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Figure 3. Morphology of the organic absorber. The GIWAXS intensity profiles along the (a) out-of
plane and (b) in-plane directions of PM6:1T-4F blend film deposited on different ZnO substrates. (c)
UV-Vis absorption of PM6:IT-4F films (of the same thickness) deposited on pristine and coated with
different BDPs ZnO. (d) Transient PL decay rates of PMY:IT-4F blend film deposited on pristine ZnO
and ZnO coated with three different representative BODIPYs.
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(b) Variation of PCE versus time of constant 1 sun illumination of OSCs using either pristine or BDP-
NH: coated ZnO ETLs. The devices were tested in nitrogen at two different temperatures, in particular,
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Figure 5. Perovskite solar cells. (a) Reverse scan J-V characteristics under AM 1.5G illumination of
the best performing PSCs using SnO2 ETLs either pristine (w/o BDP) or coated with BDP-NH2 and
(b) IPCE spectra and integrated Jsc of the same cells. (c) XRD patterns of fresh MAPbI3 perovskite
films grown on SnO2/FTO substrates w/o and with BDP-NH2 coating. (d) Steady-state PL spectra of
MAPDI; films grown on SnO2/FTO substrates w/o and with BDP-NH:z coating. The inset shows the
PL spectra of the perovskite films grown on glass substrates w/o and with BDP-NH: coating. (e) Partial
"H NMR spectra (500 MHz, DMSO-ds, 298.0 K) of CH3NH3 in MAPbI3 (2.8 M) before and after
addition of BDP-NH: (stock solution 69.28 mM). (f) Variation of PCE versus time of constant 1 sun
illumination of PSCs using either pristine or BDP-NH2 coated SnO2 ETLs. The devices were tested in
nitrogen at two different temperatures, in particular, 25 °C and 65 °C.
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Figure 6. The universality of BDP-NH2 interlayer. (a) J-V characteristic curves taken under 1.5 AM
illumination and (b) EQE spectrum of OSCs based on PM6:Y6 absorber and BDP-NH2 interlayer. (c¢)
Reverse scan J-V characteristic curves taken under 1.5 AM illumination and (d) EQE spectrum of
PSCs based on Cso.0sFA0sMAo.15Pbl2.ssBroas absorber and BDP-NH:> interlayer. (e) Stability studies
of both OSCs and PSCs under continuous illumination (in nitrogen) without and with heating (at 65
°C) for 1000 h.
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