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Summary

A new strategy to introduce a multi-functional interface layer (MFIL) that performs multiple

functions: 1) electron transport, 2) moisture barrier, 3) near-infrared photocurrent enhancement, 4)



trap passivation and 5) ion migration suppression, to simultaneously improve the device efficiency
and long-term stability of perovskite solar cells (PSCs) is demonstrated. After a series of material
screening, a new dithienothiophen[3,2-b]-pyrrolobenzothiadiazole derivative, Y6, was chosen to
replace the most commonly used electron transport layer, PCBM, in the inverted structured
heterojunction PSCs. A significantly improved power conversion efficiency of 21.0% under AM
1.5G 100 mW-cm solar irradiation was achieved along with the remarkable stability (up to 1700
hours) under various external stimuli (light/heat/moisture), which is among the top performances
for inverted PSCs. Notably, for the operational stability of non-encapsulated PSCs under maximum
power point (MPP) tracking with AM1.5G simulated light illumination and humidity of 60%-65%,
the Y6-based device maintained over 95% of its initial efficiency (Tos lifetime) after 1300 min,
which is 20 times longer than the PCBM-based device. In addition, the crystallization and
aggregation of Y6 were precisely optimized with different solvent environments, and a deep
understanding of the perovskite/MFIL interface at a molecular level was presented by the advanced
synchrotron-based X-ray characterizations. Charge carrier dynamics were further explored by
steady-state microwave conductivity and ultrafast transient absorption spectroscopy. Correlations
between molecular orientation, interface molecular bonding, trap state density, non-radiation
recombination, and device performance were established. These results offer new insights on
designing advanced interlayers, simplifying the device structure in PSCs, and enhancing device
efficiency and stability, all of which will accelerate the market readiness of perovskite-based

optoelectronics.



Introduction

Organic-inorganic hybrid perovskite thin film solar cells have emerged as an efficient solar-
energy technology with excellent power conversion efficiencies (PCEs), ease of fabrication, and
low production cost, proving to be a game changer in photovoltaics.! Significant effort has been
devoted to optimize device efficiencies* and to further understand inherent material properties.’
Some strategies, including crystallization and morphology optimization of perovskite thin films,°
composition-tunable alloying’ for increasing light absorption, and interface engineering® within
the device structure, have been adapted to enhance the PCEs. Despite these efforts to improve
device performance, the lifespan of perovskite solar cells (PSCs) is still too short for practical
use.”!% Thus, simultaneously improving device efficiency and stability has become the most
important issue at present. The inherent “soft” crystal lattice of perovskite solids is one of the key
reasons for poor stability, which makes PSCs vulnerable to aging stresses such as UV-light,
moisture, electric fields and thermal annealing. In addition, structural defects in the bulk and on
the surfaces of perovskite polycrystalline thin films, ion migration, hygroscopic additives and the
thermal instability of charge transporting layers, are also contributors to PSCs’ performance
deterioration.!! Various approaches have been applied to improve the perovskite quality and
critical interfaces, and PSCs can now survive under environment stresses from hours to months.
For instance, to selectively oxidize Pb° and reduce I° defects, Europium ion pairs Eu**-Eu?*, can
be added as the “redox shuttle”, increasing device efficiency and longevity.” Tonic liquid
additives'? have also been shown to improve the surface energetic alignment and suppress ion
migration, resulting in longer-lasting output. Moreover, a double layer perovskite structure with

in-situ reaction of hydrophobic chemicals (n-hexyl trimethyl ammonium bromide!® or lead



sulfate'#) can passivate the perovskite surface, yielding higher open-circuit voltages (Vo) and
enhanced moisture resistance.

In addition to the optimization of the perovskite active layer, significant contributions have
also been made to reduce surface disorder, improve charge extraction, and enhance the chemical
stability of the electron/hole transporting layer (ETL/HTL) towards the goal of maximizing device
stability. Compared to the regular n-i-p structure, the p-i-n (aka inverted) structure shows great
potential to realize long-term operational stability, due to the use of stable metal oxide
semiconductors or undoped conjugated polymers/small molecules as the interface layers.!>-!”
Having a robust ETL in p-i-n PSCs is also needed for implementing a perovskite as the front cell
in perovskite:silicon or all-perovskite tandem solar cells.!®! Furthermore, inverted PSCs are also
compatible with plastic substrates which require low-temperature fabrication for flexible devices.?°
Unfortunately, p-i-n PSCs have not kept pace with n-i-p PSCs in device efficiencies due to lower
short current densities (Ji)*' and/or larger open circuit voltage (Vo) losses induced by non-
radiative recombination.??> On top of poorer performance, inverted PSCs also usually exhibit
modest stability against water and light, mainly due to the use of fullerenes with low crystallinity
and large aggregation as the ETL.?® Therefore, new strategies to realize both high efficiencies and
high stabilities for inverted PSCs are urgently needed.

Here, we introduce a multi-functional interface layer (MFIL) approach to combine the roles
of 1) electron transport, 2) moisture barrier, 3) near-infrared photocurrent enhancement, 4) trap
passivation, and 5) ion migration suppression in inverted PSCs, and to simultaneously improve the
device efficiency and long-term stability of perovskite solar cells. Compared to the fullerenes, the
non-fullerenes can be easily chemically tuned to obtain superior physical properties, such as light

absorption, energy level and charge generation.?*2” Thus, non-fullerenes have the great potential



to realize these functions of MFILs. A new small-bandgap non-fullerene acceptor (NFA), Y6 (as
shown in Figure 1), a popular BT-core-based fused-unit dithienothiophen[3,2-b]-
pyrrolobenzothiadiazole (TPBT) derivative, was screened from a series of narrow-band gap
acceptor materials to replace the commonly used PCBM without any additive or donor materials
in the solid thin film. The molecular orientation, the electronic states of local structures, and the
surface morphology of the Y6 layer were systematically investigated for the full device stack. The
high mobility and suitable energy levels of Y6 matched the perovskite active layer quite well,?*
and the narrow optical-bandgap extended the photoresponse cutoff from ~765 nm to ~940 nm,
resulting in an improved integrated J.. Interfacial bonding interactions between the perovskite and
Y6 were further analyzed using advanced surface spectroscopies: X-ray photoelectron
spectroscopy (XPS) and synchrotron-based X-ray total fluorescence yield (TFY). We find that
chemical complexing of electron-rich C-S-C, C=0, C=N and C-F functional groups in Y6 with the
empty orbitals in Pb?" or other electron traps at the perovskite interface led to reductions in trap
state density and non-radiative recombination, enhanced electron extraction, and suppressed ion
migration in operation, resulting in the enhanced V.., fill factor (FF) and a champion PCE of
21.0%. We also used steady-state and time-resolved photoluminescence (TRPL) spectra, steady-
state microwave conductivity (SSMC) measurements and ultrafast transient absorption
spectroscopy (TAS) to elucidate the underlying charge carrier dynamics. Furthermore, in
combination with the hydrophobic properties of Y6, which impedes water penetration, the surface
chemical stability, intrinsic photo-stability at standard AM1.5G conditions, ambient stability with
humidity of 60%-65%, and thermal stability at 85 °C were all increased significantly for Y6-based
devices in contrast to PCBM-based devices. This MFIL strategy opens up new pathways for ETL

design and optimization for inverted PSCs, since it concomitantly enhances both device efficiency



and stability, thus more broadly accelerating the market readiness of perovskite-based

optoelectronics.
Results and Discussion

MFIL Screening and Molecular Orientation

Figure 1a shows the device architecture of the inverted planar heterojunction perovskite solar
cells studied in this work. A cross-sectional scanning transmission electron microscopy (STEM)
image is shown in Figure S1. Poly(triarylamine) (PTAA) is used as hole transport layer (HTL),
and the tri-cation CsFAMA perovskite with bandgap of ~1.6 eV was fabricated as photoactive
layer (see details in the Supporting Information). We observed a uniform, compact morphology of
the perovskite layer from the SEM image (Figure S1b). As a control, PCBM was used as the
electron transport layer (ETL) to contrast a series of narrow-band gap non-fullerene acceptors
(NFAs)**28 (Y6, IEICO-4F and IOIC-2Cl). The UV-vis absorption spectra of tri-cation CSFAMA
perovskite and the ETLs are shown in Figure 1b. All of the NFAs studied here extend the light-
absorption from the visible (~765 nm) to the near-infrared (NIR) region (~950 nm). However,
when we fabricated full devices to screen these ETLs, only the Y6-based device gave a higher
efficiency (20.5%, Figure 1d) than the PCBM control, a result of a V,c of 1.11 V, FF of 0.78 and
Jsc 0f 23.7 mA-cm 2 with contribution from the extended NIR photoresponse as shown in the EQE
spectrum (Figure 1e). In contrast, the IOIC-2Cl and IEICO-4F devices both decreased the relative
device performance with PCEs of 13.6% (Voc = 1.03 V, FF = 0.54, J;c = 24.5 mA-cm2) and 10.8%
(Voe=1.04 V, FF = 0.46, J;c = 22.5 mA-cm2), respectively. The very poor FF and V. results were
likely caused by mismatched energy level alignments and high interfacial charge recombination
as shown in Figure lc. Thus, we propose the first guidelines to screen effective narrow-bandgap

NFAs to as candidates for a multi-functional interfacial layer (MFIL): i) complementary light



harvesting, ii) a favorable surface energetic alignment (deeper LUMO/HOMO energy than
perovskite), iii) suitable charge mobility and iv) electron donating functional groups to passivate
the perovskite surface. Of the three NFAs here, Y6 is the only one that meets the criteria set for
MFILs, though we also expect that inorganic semiconductor materials, such as NIR-absorbing
quantum dots, could do so as well, as long as the energetic and functional group requirements are
also fulfilled.

In organic semiconductors, exciton dissociation and charge transport are sensitive to
molecular order. We found that the crystallization and aggregation of Y6 can be precisely
controlled in different solvent environments. The n-n stacking of Y6 films for efficient charge
extraction was investigated by grazing incident X-ray diffraction (GIXD), as shown in Figure 2a.
Three typical solvents with different boiling points, chloroform (CF), toluene (Tol) and
chlorobenzene (CB), were used to process the Y6 films. The CF-processed Y6 (Y6-CF) film has
a dominant nt-m stacking diffraction peak at q ~ 1.77 A"l in the out-of-plane (OOP) direction with
a d-spacing of 3.55 A and a crystalline coherence length (CCL) of 21.36 A (calculated by Scherrer
equation®” and the half of the maximum intensity was calculated from Gaussian fitting), forming
a typical face-on orientation. The (110) peak and (11-1) peaks, simulated from single crystal
structure with the unique 2D packing with polymer-like conjugated backbone (as shown in Figure
S2), in the in-plane (IP) direction are located at q ~ 0.29 A" and q ~ 0.42 A! with d-spacing of
21.65 A and 14.95 A, respectively. The GIXD scattering results and the related single crystal
simulation indicate that the banana-like Y6 molecules grow or stack normal to substrate interface
resulting in more efficient charge transfer by n-n stacking.>® The diffraction profiles from the
toluene-processed Y6 (Y6-Tol) and CB-processed Y6 (Y6-CB) films are quite similar, but the n-

7 stacking reflection is much weaker and less oriented in comparison to Y 6-CF, suggesting reduced



crystallinity and a more random orientation. The enhanced scattering at q ~ 1.20 A! indicates an
increased amorphous content in Y6-CB and Y6-Tol. The corresponding integrated profiles in the
IP and OOP directions are shown in Figure 2b. The detailed CCL and areas of the characteristic
peaks are summarized in Figure 2d (OOP) and Figure S3 (IP). The Y6-CF has a greater peak area
and CCL for the n-n stacking and (11-1) reflections, in comparison to Y6-CB and Y6-Tol, while
they have close d-spacings. In addition, the peak areas of n-m stacking reflections in OOP and IP
are summarized in Figure 2e. The peak area ratio of the n-r stacking reflection in OOP to that in
IP for Y6-CF is ~3.5, while the Y6-CB and Y6-Tol values are close to 1.0, indicating that the n-nt
stacking for the Y6-CF film is significantly more oriented normal to the substrate, reducing the
surface disorder at the perovskite/Y6 interface and enhancing efficient electron extraction and
transport from the perovskite active layers, as shown in Figure 2c.

The morphology and electronic properties of the surface of Y6 films were further investigated
by Kelvin probe force microscope (KPFM). Figure S4 shows the surface topography of the
perovskite/Y6 films. The root mean square (rms) roughness values are 5.49 nm (Y6-CF), 5.95 nm
(Y6-Tol) and 8.28 nm (Y6-CB), which could correspond to effects of different solvent vapor
pressures during the film drying process. The solvent-rich films (with high-boiling point solvent)
have insufficient time to heal surface roughness caused by Marangoni instabilities, reducing the
film roughness.’! The redshift of the longest-wavelength light absorption peak (~840 nm) in the
UV-vis spectra, as seen in Figure S5, suggest the enhanced molecular packing with larger
aggregations in Y6-Tol and Y6-CB films, this is consistent with the recent report in Y6 based
organic solar cells.’® The contact potential difference (CPD) images of perovskite/Y6 films are
shown in Figure 2f. In agreement with the surface topography, the variation of CPD value for Y6-

CF is 0.016 V, Y6-Tol is 0.022 V whereas Y6-CB is 0.024 V. The similarity of the CPD values



suggests that different molecular packing or surface morphology in Y6 films has little influence
on the surface potential. In summary, compared to Y6-CB and Y6-Tol, the Y6-CF film shows the
dominant face-on orientation with the highest degree of crystallinity (GIXD results), as well as the
smoothest surface topography and surface potential distribution (KPFM). Therefore, the best
device performance with Y6-CF was expected.
Device performance and Interface Characterizations

Inverted PSC devices incorporating Y6 layers with different molecular orientations (based on
casting solvent) were fabricated and characterized. The device parameters measured under a
standard AM 1.5G solar illumination (100 mW:cm?2) are summarized in Table S1. All the Y6-
based devices have very similar J,. and V,.. However, the Y6-CF device had the highest fill factor
(FF) of 0.78 and the highest PCE of 20.5%, while the Y6-Tol and Y6-CB had lower FF of 0.70
and 0.68, resulting in PCEs of 17.9% and 17.7%, respectively. A sharp decrease in the FFs of Y6-
Tol and Y6-CB based devices is ascribed to the increased series resistance (Rs) and decreased
shunt resistance (Rsh) (shown in Table S1), which could be caused by increased surface roughness
and less efficient interfacial charge transport. These results further argue that the face-on
orientation and m-m stacking in the Y6-CF film is responsible for more efficient extraction and
transport of electrons from the perovskite layer. Moreover, the device performance also confirms
that the photoexcited excitons from Y6-CF layer can be dissociated at the interface and contributes
to a higher J.. This is further evidenced by the enhanced external quantum efficiency (EQE) in
the NIR region of Y6-CF devices (Figure S6). The Y6-CF devices were also optimized by varying
the film thickness using different solution concentrations (Figure S7); a 9.5 mg/ml solution giving

a thickness of 46.3 nm (Table S2) yielded the best performance. When a very thin layer of Cso (20



nm) was added on the Y6-CF film to further enhance the charge extraction,*? both the FF and V.
increased, yielding a PCE approaching 21%. As a result, this approach was used for all devices.

The device performance with Y6 and traditional PCBM was further examined. Compared to
the PCBM-based device, the V. (from 1.10 V to 1.12 V) and FF (from 0.77 to 0.79) of the Y6-
based device are slightly enhanced while the J. increased significantly from 22.64 mA-cm™ to
23.68 mA-cm 2, leading to the enhancement in the PCE from 19.2% to 21.0%, as shown in Figure
3a. The EQE spectrum of the Y6 device (Figure 3b) showed an extended photoreponse in the NIR
region (~940 nm), demonstrating the synergistic functions of Y6, both as a photoactive layer and
a charge transport medium. The integrated current densities from the EQEs are 21.86 mA-cm ™2
(PCBM) and 22.85 mA-cm 2 (Y6), which are consistent with the enhanced J;. from the J-¥ curves.
It should be noted that the devices have negligible hysteresis under a range of different scanning
conditions. In addition, the stabilized power output (SPO) at maximum power point (MPP) were
also tracked to confirm the efficiency reliability. As shown in Figure S8, the Y6-based devices had
a stabilized efficiency of 20.9%, while the PCBM-based device had an output of 19.1%. In
addition, the Y6-based devices also showed excellent reproducibility with small standard
deviations, as shown in Table S3 based on 20 devices.

To explore the origins for the enhanced device performance of Y6-based devices, the carrier
transport properties were determined. Both steady-state and time-resolved photoluminescence
(TRPL) spectra were measured (Figure 3¢ and Figure 3d). The PL peaks of perovskite (PVSK)/Y6
and PVSK/PCBM films are both located at ~767 nm. Compared to the pure perovskite sample, the
PL intensities of both the PVSK/PCBM and PVSK/Y 6 sample decreased markedly, indicating a
comparable charge extraction for Y6 in comparison to PCBM. The charge recombination kinetics

were measured by TRPL spectra, which could be described with a double exponential decay
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function, suggesting two decay processes, a non-radiative recombination process and a radiative
recombination process. The charge carrier lifetimes are shown in Table S4. The average lifetime
for the pure perovskite is 602.0 ns, but dropped to 30.1 ns for PVSK/PCBM sample, due to charge-
carrier transfer from PVSK to PCBM, giving rise to the TRPL intensity quenching. The further
decrease in the TRPL intensity and shorter lifetime of 14.5 ns for PVSK/Y6 suggests a faster
charge transfer for the PVSK/Y6 than the PVSK/PCBM. This is also in agreement with the
reduction in trap density of states (t-DOS) in the complete devices, as shown in Figure 3e. The t-

DOS distribution can be obtained from the frequency dependent capacitance using DOS (E,)) =

- %Z—C;—T, where Vi, g , W, C, w, K, and T correspond to the following: the built-in potential,

elementary charge, depletion width, capacitance, angular frequency, Boltzmann constant and
temperature, respectively.®® V3 can be obtained from the 1/C?>-V Mott-Schottky plots shown in
Figure 3f, where V3 is given by the intersection on the bias axis.’* As shown in Figure 3e, the
device with Y6 had a lower t-DOS over the entire trap depth region. The t-DOS with the shallow
trap region of ~0.30-0.42 eV is assigned to traps at grain boundaries/interfaces, while the deeper
region of 0.50-0.60 eV refers to the bulk defects inside the perovskite films.>*3 It is well known
that solution-processed perovskites often have defects,®® such as impurities, vacancies and
interstitials both in the bulk and at the surface, and dangling bonds at boundaries and surfaces,
which, in addition to the energy disorder of ETLs, all of which can result in nonradiative
recombination of photo-carriers, preventing the devices from hitting their theoretical efficiency
limit.?? The t-DOS results in this study show that the non-radiative recombination in Y6 device is
significantly reduced, which is consistent with the enhanced V,. and FF.

We used x-ray photoelectron spectroscopy (XPS)37 and the total fluorescence yield (TFY)

spectra 3 near the N-edge to explore possible molecular bonding/chemical interactions between
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the perovskite and Y6, which are possible origins of decreased t-DOS and operational device
stability with external stress. Figure 4a-d and Figure S9 show the XPS spectra of characteristic C-
F, C=0, C-S-C, C=N groups and Pb 4f at the PVSK/Y6 interface. The control samples are pure
Y6 and pure perovskite films on ITO substrates. As seen in Figure 4a, the F 1s peak shifted by ~
0.2 eV to a higher energy and O 1s peak shifted by ~ 1.3 eV, originating from a higher oxidation
state arising from the additional Coulombic interaction between the photoemitted electrons and
the ion core. The additional interactions could result from new Pb-F and Pb-O binding.**-*> New
S 2p peaks of PbS appearing in Figure 4c confirmed the chemical interaction between Pb?* in
perovskite and C-S-C in Y6 directly. However, no obvious peak shifting of Pb 4f (Figure S9) was
observed, which could be due to the large amount of Pb-I (perovskite) bindings on the surface of
PVSK/Y6 film, and only small part of Pb defects or Pbl, residue were passivated by Y6. There are
three different C-N bindings in the perovskite (MA™ (C-NH>"), FA*(C=NH:", C-NH>)), while there
are 4 different C-N bindings in Y6 (C-N-C, C=N-S and two kinds of C=C=N). No features can be
distinguished from the XPS N 1s spectrum due to significant overlap of possible peaks. High-
resolution synchrotron-based TFY measurements were performed to track the evolution of the
n*c=nresonances in Y6. Figure 4d shows the TFY m*c=n transition peaks emerged at 398-400 eV.
The near disappearance of the peak located at 398-399 eV in the PVSK/Y6 sample indicates an
electron loss from C=N in Y6, probably transfer to perovskite (Pb*"). The molecular interactions
were further simulated by density functional theory (DFT) calculations (Figure 4e and Figure
S10).* The Y6 molecule initially lays down on the PVSK surface without specific connections.
The geometry was then optimized by VASP. After optimization, C=N was blended and connected
with surface Pb atoms, which suggests that C=N could be the most effective electron-donating

group to passivate the Pb traps on the perovskite surface. This is further confirmed by a very recent
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report on the passivation of a small molecular, 6TIC-4F, on the inorganic perovskite by comparing
the formation of F-Pb, N-Pb and S-Pb where the N-Pb bonding motif has the largest formation
energy.* Here, in our simulation, the binding energy (Ebinding=Ecombined-Esurface-Emolecute) Of Y6 with
perovskites is calculated to be -0.64 eV, which is much higher than that for PCs1BM (-0.11 eV),
indicating stronger interactions at PVSK/Y6 interfaces. We also performed simulations on the
PVSK/ETL interface to compare the charge injection efficiency. The density of states and
corresponding orbitals of a PCBM adsorbed on a perovskite surface are shown in Figure S10a.
The conduction band lays about 0.4 eV below the Fermi level. The HOMO of PCBM is located
near a defect level of adsorption. Due to the limited thickness layer, a lot of the surface states are
presented in the range of [-0.4 eV, -0.1 eV], which are mixed with the conduction band edge. The
LUMO and LUMO-1 of PCBM are ~0.2 eV lower than the conduction band. The electron injection
driving force is 0.2 eV, which suggests that the electron injection could be very efficient. One
should note that the existence of the large number of surface states is due to the thin slab model,
which cannot represent the real surface of a bulk perovskite. Figure S10b gives the density of states
of the model of a Y6 molecule adsorbed on a perovskite surface and the corresponding orbitals.
The valence band of perovskite is about 0.2 eV below the Fermi level, The HOMO of Y6 molecule
is slightly higher than the valence band. Since the layer is not thick enough, surface states are seen
between 0.3 to 0.9 eV. The LUMO of Y6 molecules aligns at 1.0 eV. Hence, the gap of Y6
molecule is 1.1 eV in our calculation. The conduction band of the perovskite is 0.2 eV above
LUMO, just as for PCBM, meaning they should show similar charge injection efficiencies. These
molecule-scale chemical interactions studied by XPS, TFY, and DFT unveil the underlying

reasons of the reduction in trap states (as shown in Figure 4f) at the PVSK/Y6 interface,

13



suppressing the non-radiative recombination and delivering the higher efficiencies and better
stabilities.
Charge Carrier Dynamics at the Perovskite/Y6 Interface

In order to understand whether excitons generated in Y6 dissociate at the PVSK/Y6 interface
akin to an organic photovoltaic (OPV) bulk-heterojunction (BHJ) system (like PM6:Y6 BHJ), we

conducted steady-state microwave conductivity (SSMC)*-46

and ultrafast transient absorption
spectroscopy (TAS) measurements on neat films of Y6, PVSK and the PVSK/Y6 bilayer. We
compared the results to those of a control OPV BHJ system (neat polymer donor PM6 and the BHJ
with Y6). The SSMC measurement is essentially an IQE of equilibrium-state photoinduced charge
generation, where the absolute signal is a product of the yield of carriers generated, weighted by
their respective motilities, and their charge-separated lifetime (¢p x Zu x 1), recorded here over a
monochromated excitation range. A compliment to the EQE measurement, SSMC contactlessly
probes the sample with GHz frequency microwaves, meaning that with both techniques we can
compare the QE response of the PVSK/Y6 interface either with or without contacts to help
understand the mechanism and origin of the observed NIR photocurrent (in Figure le). We
investigated whether the PVSK/Y6 interface mimics the charge generation interface found in an
OPV blend, where a donor-acceptor energy offset provides sufficient driving force to split the
exciton. As shown in Figure 5a, the PM6:Y6 BHJ sample shows that long-lived free carriers are
generated when Y6 is excited (PM6 does not absorb at wavelengths longer than 680 nm, Figure
5b) as evidenced by SSMC signal at wavelengths of 680 to 910 nm, perfectly tracking the

absorption contributions of Y6. In contrast, the SSMC signal for the PVSK/Y6 samples only

appears once the excitation wavelength meets the band edge of the perovskite. These results clearly
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indicate that the mechanism responsible for NIR photocurrent at the PVSK/Y6 interface is not the
same as in OPVs.

This notion is further supported on a different time-scale in the TAS data (Figure 5¢-5f and
Figure S11). There is a slightly faster decay of the PVSK bleach kinetics after its direct excitation
in the PVSK/Y6 film compared with the neat PVSK film (Figure S11a), supporting the PL result
of some charge-transfer across the interface with Y6 in Figure 3c. However, the TAS data show
no bleach of the PVSK band edge after excitation of the Y6 component (Figure 5d), and the
kinetics of the Y6 bleach in neat vs. PVSK/Y6 films is identical when it is directly excited at 890
nm (Figure S11b), meaning electron transfer into Y6 may be slightly more favorable than splitting
Y6 excitons at the PVSK interface. In contrast, the PM6:Y6 BHJ show signatures of polaron bands
at 780 nm (black arrow in Figure 5e and red arrow in Figure 5f) regardless of excitation of the
PM6 or Y6 component. The mirror-image kinetics of polaron rise vs. bleach decay after
photoexcitation of each component of the PM6:Y6 BHJ (Figure S11c-d) are a strong indicator of
direct and efficient interfacial charge transfer. The fact that electron injection from PVSK to Y6
occurs when the PVSK is excited, but exciton splitting and hole injection from Y6 to PVSK is not
observed when Y6 is excited is a thought-provoking result, especially considering that Y6 by itself
produces as much photocurrent as when traditional BHJ is used.*’*8 As such, we do not know the
exact mechanism responsible for photocurrent from the Y6 layer, but rather conclude from the
SSMC and TAS data that charge generation at the PVSK/Y6 interface is not the same as at the
PM6:Y6 BHIJ interface. One explanation could be that the built-in potential of the device, where
metal contacts are present, provides sufficient additional driving force to split the exciton, but

certainly more studies are warranted to further understand the origin of, and
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possibly improve, photocurrent due to absorption exclusively by the MFIL, which will also

provide guidance on the PVSK/BHJ research.

Device Stability and Ion Migration Suppression

Stability is currently the biggest challenge for PSCs in practical application. Among the severe
work environment (heating, light, mechanical stress, etc), humidity has been shown to be a major
stressor causing perovskite-based device degradation. Integrating a hydrophobic barrier layer has
been shown to decrease moisture corrosion. However, previous reports have mostly focused on a
post modification either on the perovskite surface!* or charger transfer layer*” to enhance the
hydrophobicity, while a MFIL that works as a complementary light absorber, a charge carrier
transport medium, as well as a hydrophobic moisture barrier has never been reported. The Y6-
based device not only shows improved device efficiency, but also exhibits superior device stability
after light and moisture exposure as well as thermal annealing. The water contact angle (shown in
Figure 6a) for the PVSK/PCBM film is 74.0°, while that for the PVSK/Y6 film was 86.7°. The
increased contact angle suggests an increased hydrophobicity. This was also confirmed by
depositing water droplets directly on the PVSK/ETL films for 5 min, simulating a rainfall
atmosphere, as shown in Figure 6a. The PVSK/PCBM film began to degrade immediately and
became totally yellow in 1 min, implying that the water quickly penetrates into the perovskite
through PCBM. In contrast, the PVSK/Y 6 showed a much higher water tolerance, and only minor
spots emerged at the film edges while most of the perovskite covered with Y6 still retained black.

To demonstrate the stability of devices with different ETLs under operational conditions, non-
encapsulated solar cells were aged under AM 1.5G 100 mW:-cm™ solar irradiation, ambient
stability with humidity of 60%-65% (Figure 6d). The Y6-based devices maintained over 95% of

their initial efficiencies (T95 lifetime) after 1300 min of accelerated aging in ambient environment,
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whereas the devices with the PCBM layer degraded to 95% in 60 mins, and to 90% within 150
min. The T95 lifetime of Y6 device is 20 times longer than the PCBM-based device. In addition,
the Y6 device showed substantial long-term stability upon moisture (humidity of 60%-65%), and
retained 72% of its initial PCE after 1700 hrs (~70 days) without encapsulation, while the PCBM
devices almost fully degraded (Figure 6¢). The long-term stability of characteristic photovoltaic
performance parameters is shown in Figure S12, and all the parameters retained ~90% of the initial
value, especially for the Jy., which only suffered 5% loss in two months. Furthermore, The Y6
device also showed superior thermal stability. Upon aging at 85 °C in N> atmosphere, 95% of the
initial efficiency was retained after 1000 hrs (Figure 6f and Figure S13), while the PCBM devices
decreased to 75% of output after 1000 hrs of continuous thermal annealing. These results
demonstrate superior moisture, light and thermal stability of Y6-based devices in comparison to
the PCBM device. These are among the best stability results reported for PSCs with inverted
structures.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) was used to probe the ion
distribution as a function of depth. ToF-SIMS profiles of selected different elements are shown in
Figure 6b and 6c¢. Strikingly, a I peak signal is seen in the PCBM/Ag interface (Figure 6b), whereas
no I accumulation is found in the Y6/Ag interface (Figure 6c¢), confirming the I migration into
the PCBM during operational aging (MPP tracking with light illumination and humidity of 60%-
65%). The I migration is a recognized phenomenon in lead halide perovskites due to the low
activation energies required for formation and/or transport of the ion migration.’® As there are high
density of ionic defects in polycrystalline perovskites, the migration and accumulation of I become
more severe under operational conditions. These results in Figure 6b is also consistent with

previous reports, and the ion diffusion from the perovskite to the silver electrode was directly
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observed by ToF-SIMS with different aging protocols, and the generation of an Agl barrier
accelerated the device degradation.’! In addition to the I migration, there is obvious O signal in
the Ag layer and an enhanced O intensity in PCBM layer (Figure S14), reflecting the oxidation of
Ag electrode and possible moisture invasion throughout the devices. These results unveil that the
Y6 layer can efficiently reduce the trap states in perovskite, and suppress I migration and moisture

infiltration, preventing the perovskite degradation and boosting the long-term device stability.
Conclusion

In summary, we have demonstrated a new strategy to utilize multifunctional interface layer to
simultaneously enhance the device efficiency and operational stability in p-i-n perovskite solar
cells. A series of narrow-band gap NFAs was studied to further explore the criterions for screening
the MFIL materials. A molecular narrow-bandgap organic semiconductor, Y6, was selected as a
MFIL here, to instead of the traditional PCBM ETL in inverted PSCs, provides extended light
absorption, moisture barrier, and enhanced electron collection, leading to an increased PCE of
21.0% and enhanced operational stability upon light, heating and moisture as long as ~1700 hrs.
We showed that the solvents for processing Y6 molecules have significant impact on the molecular
orientation and crystallization of Y6. Compare to Y6-CB and Y6-Tol, the Y6-CF with unique 2D
packing and n-m stacking predominating the charge carrier extraction and transport, achieved the
highest photocurrent enhancement and champion device efficiency. Meanwhile, the charge carrier
dynamics at NIR was preliminary explored by SSMC and TAS, and the built-in potential of the
device was proposed to provide sufficient additional driving force to split the excitons produced
in Y6. The reduced trap density states contributed to the decreased non-radiative recombination
and faster charge transfer in Y6-based devices in comparison to PCBM-based devices, leading to

the increased PCE from ~ 19% to ~ 21%. Detailed molecular bindings at the critical PVSK/Y6
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interface were further analyzed by XPS and TFY measurements, which could explain the reduced
trap states and suppressed ion migration and moisture infiltration, evidenced by Tof-SIMS
measurements. Correlations between molecular orientation, interface molecular bonding, trap state
density, non-radiation recombination, and device performance were established. These results
present new insights for the design of novel interface layers, open a new window to simplify the
device structure with MFIL in PSCs, and will also significantly impact the use of perovskite-based

optoelectronics for future applications.
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Figure 1. a) Schematic diagram of an inverted planar heterojunction perovskite solar cell based
on the multi-functional interface layer (MFIL), and the functions marked in the diagram are 1)
electron transporting, 2) moisture barrier, 3) near-infrared photocurrent enhancement, 4) trap
passivation and 5) ion migration suppression. b) Normalized UV-vis absorption spectra of
perovskite, and different electron transport layers. ¢) The energy level schema of the perovskite
and the charge transport layers in this work. d) The J-V curves of PSCs based on three different
narrow bandgap NFAs and e) the corresponding EQE spectra.
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Figure 2. a) The 2D GIXD files and b) corresponding intergeated line-files for PVSK/Y6 films

processed with different solvents. ¢) Molecular engineering and charge transfer in Y6 films

with/without orientation. d)The d-spacing, peak area and the crystalline coherence length (CCL)
of n-m stacking diffraction in out of plane direction. ¢) The peak ratio of n-n stacking diffraction

in out of plane to the diffraction at in plane. (f) The surface potential distribution of
perovskite/Y6 films measured by KPFM (the scale bars are 500 nm).
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corresponding EQE spectra. c¢) Steady-state and d) transient-time photoluminescence spectra.
e) The t-DOS characteristics and f) Mott—Schottky characteristic results.
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Figure 5. a) Steady-state microwave conductivity spectra and UV-vis absorption spectra of
PM6:Y6 BHJ film and PVSK/Y6 film deposited on quartz substrates. b) UV-vis absorption
spectra of the samples for TA measurements. ¢) Photoinduced absorption spectra collected at
delay times shown in the legend for the PVSK/Y 6 sample photoexcited at 550 nm (2.5 nJ pulse
energy) and d) 890 nm (10 nJ pulse energy). Red and black arrows indicate positions chosen to
monitor Y6 bleach and polaron absorption, respectively. ) Photoinduced absorption spectra
collected at delay times shown in the legend for the PM6:Y6 BHJ sample photoexcited at 550
nm (2.5 nJ pulse energy) and f) 890 nm (10 nJ pulse energy). Red and black arrows indicate
positions chosen to monitor PM6 bleach and polaron absorption, respectively.
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Figure 6. a) The water contact angle of perovskite/ETLs films (left) and the corresponding
photoimages of water testing results (right). b) ToF-SIMS results of the aged PCBM based and
¢) Y6 based whole devices. d) The maximum power point tracking (MPPT) of perovkite devices
under AM 1.5G 1sun illumination in ambient air with a relativity humidity of 60%~65% for
~1400 mins. e) The device ambient stability test upon a relativity humidity of 60%~65% at
room temperature under dark for ~1700 hrs. f) The device thermal stabity test upon 85 °C in
inert enviroment (glove box) under dark for 1000 hrs.



