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Abstract

Optimizing the interface between the perovskite and transport layers is an efficient
approach to promote the photovoltaic performance of inverted perovskite solar cells
(IPSCs). Given decades of advances in bulk materials optimization, the performance of
IPSCs has been pushed to its limits by interface engineering with a power conversion
efficiency (PCE) over 25% and excellent stability most recently. Herein, a celebrity n-
type polymeric semiconducting material, PY-IT, that has shown remarkable
performance in organic photovoltaics, is introduced as interface regulator between
perovskite and ETL. Encouragingly, this polymerized small molecular acceptor (PSMA)
exhibits significant effectiveness in both passivation defects and electron transfer
facilitation properties on merits of strong planarity and rotatable linkers, which
significantly optimized perovskite grain growth orientation and added charge transport
channels. As a result, the PSMA-treated IPSC devices obtain an optimal efficiency of
23.57% with a FF of 84%, among the highest efficiency among PSMA-based IPSCs.
Meanwhile, the photo-stability of PSMA devices is eye-catching, maintaining ~80% of
its initial PCE after 1000 hour of simulated 1-sun illumination under maximal power
point (MPP) tracking. This work combines the achievements of polymer science and
IPSC device engineering to provide a new insight into interface regulation of efficient

and stable devices.

Keywords: Inverted perovskite solar cells, polymerized small molecular, surface

reconstruction
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1. Introduction

Over the last decade, organic-inorganic metal halide perovskite solar cells (PSCs)
have been extensively researched and demonstrated an unprecedented improvement in
power conversion efficiency (PCE).l') Though regular devices (n-i-p) have kept the
record PCE values for single-junction PSCs these years, it is widely acknowledged that
inverted PSCs (p-i-n) are more promising in the future, due to their negligible
hysteresis, and easily large-scale fabrication, and compatibility with flexible substrates
and tandem configurations.?’] Therefore, pushing the PCE and stability of IPSCs to a
higher level is still the priority in this research field."*!

The reasons for limited PCE in IPSCs are mainly recognized to be: (1) serious non-
radiative recombination caused by defects on film surfaces and grain boundaries; (ii)
poor energy level alignment between electron transport layers (ETL), such as PCBM
and Ceo, and perovskite active layers.*! To simultaneously address these issues,
materials that can passivate the defects and adjust the energy level distribution are
highly desired.’”) Compared with traditional passivators that cannot passivate two kinds
of defects at the same time, conjugated organic semiconducting small molecules have
gradually taken the dominant position as effective passivators.[® Specifically, small
molecular acceptors with ring fusion developed from the field of organic photovoltaics
(OPVs), including ITIC, IT-M, IT4F, Y6, etc.,l” have been proven to be good candidates.
However, these small molecules are found to be intrinsically fragile in film and unstable
under continuous operation, which would restrict the further development of IPSCs:
from rigid to flexible, from unstable to stable.!®!

Drawing on the development of OSCs material design and synthesis, a novel
concept of polymeric small molecule acceptor (PSMA) has been proposed in recent
years.”] These kinds of materials can be efficient in charge transport as small molecules
are, and stable as polymers.['% Therefore, PSMAs are not only efficient in constructing
all-polymer OSCs, but also promising in regulating the perovskite/ETL interface

properties as a multi-functional passivators, thereby enhancing the PCE and stability of
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IPSCs. Besides, the use of PSMA as a passivator has not been reported in the field,
which may open up a new direction of perovskite passivation engineering.!!!

In this work, we reported a surface reconstruction strategy by the incorporation of
a PSMA named PY-IT, which created record efficiency in all-polymer OSCs.!"?! The
PY-IT acts as the perovskite/ETL interface modulator to reduce defect states and
enhance electron extraction/transfer for highly efficient IPSCs. It is found that PY-IT is
mainly distributed at the top surface of perovskite, where it functions in three ways.
First, its functional groups can interact with undercoordinated Pb**, providing strong
passivation effect of the defects of the perovskite film and effectively suppressing the
non-radiative recombination.!'’] In addition, the n-type property of PSMA promotes
electron transport between perovskite and ETL.['* Furthermore, due to the molecular
interaction with perovskite, the localization of PY-IT on the surface is long-range
ordered and intrinsically face-on oriented, which is also beneficial for electron transport
between the perovskite and ETL.1'?* 151 Upon the powerful regulation, the PSMA-
treated IPSCs yielded a champion PCE of 23.57% with an outstanding fill factor (FF)
of 84% compared to the control (21.96%) for 1.53 eV perovskite system. In addition,
the PSMA-incorporated IPSCs retained 86% and 80% of their initial PCE storing in N>
atmosphere (unencapsulated) and light soaking in air (encapsulated and under maximal
power point tracking) for 1000 h, respectively. These are also far more excellent than
those of counterparts. Furthermore, this strategy is potentially generally applicable,
supported by the increase of PCE of narrow bandgap system
(Cs0.1FA0.6MA0.3Pbo sSno 513, 1.25 V), from 17.38% t019.62% after PSMA treatment.
All in all, the performance of IPSCs was significantly improved by rationally selecting
passivation materials, regardless of the composition of perovskites. This provides a new
direction for perovskite/ETL interface manipulation and demonstrates an encouraging
case of successfully combining results from two fields: OPV material science and PSC

devices engineering.
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rich phase, indicating well-prepared perovskites with high crystallinity.

2. Results and discussion

The chemical structure of PY-IT is shown in Figure 1a, in which the S, N and O
contained functional groups with high electron density are supposed to play as Lewis
base to passivate undercoordinated Pb>" in perovskite films.™® " To prepare the IPSCs
with PSMA, the Cso.05(FA0.98MA0.02)0.95Pb(l0.908Bro.02)3 perovskite layer was first
fabricated via one-step antisolvent method. Then, PY-IT was dropped on the
perovskite surface by spin coating, combined with thermal annealing to enable
effective interaction. Hereafter, the perovskite films with PY-IT are denoted as PSMA

for simplicity.
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Figure 1. (a) Chemical structure of PY-IT and schematic illustration of film deposition
procedure. (b) Top-view SEM images and AFM height images of the (b, d) control and
(c, ) PSMA-perovskite films.

2.1 PSMA-induced surface reaction

The morphology is first performed using scanning electron microscopy (SEM) to

explore the effect of PSMA surface treatment. As shown in Figures 1b and 1¢, both

samples displayed clear perovskite grains with obvious grain boundaries and white Pb-

[16] However,

the perovskite film tended to be blurred and to have strips on the surface after PSMA
treatment, which suggests that PY-IT has been successfully coated and attached on the

surface of perovskite film.l’*! The atomic force microscopy (AFM) images of the two
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perovskite films displayed grain sizes ~600 nm (Figures 1d and 1e), consistent with
the SEM results. In addition, the root-mean-square roughness of the control film (33.0
nm) was much higher than that of the PSMA-modified counterpart (22.5 nm),
indicating that the film became more uniform after the incorporation of PSMA [7]
These results imply that the PSMA modification has negligible effect on the perovskite
grain size but significantly reduces the surface roughness. Therefore, PY-IT is supposed
to be located at the grain boundaries and possibly enriched on the top of perovskite film.
To verify this hypothesis, the time-of-flight secondary-ion mass spectroscopy (ToF-
SIMS) of both samples were conducted with the structure of ITO/SAM/perovskite (with
or without PY-IT). As shown in Figures 2a and 2b, the intensity traces of S°, PbI", POs,
and InO are performed on both control and PSMA modified films, which refer to the
component of PY-IT, perovskite, 2PACz (self-assemble monolayer: SAM), and ITO
electrode, respectively. The 3D signal distribution of segments was also presented in
Figure S1. Based on the signal intensity along with sputtering time, we could have a
well understanding of the vertical distribution of PY-IT and perovskite. The signal of S°
in the PSMA-modified film appeared in the first 60s of sputtering, proving the
enrichment of PY-IT on the top part of perovskite film. Specifically, after a rapid drop
in the S~ signal at the beginning, the reduction rate became slower from 10 s to 60 s
sputtering time, which implies that this PSMA penetrated into the bulk (probably
located at grain boundaries).!®

One step further, X-ray photoelectron spectroscopy (XPS) was employed to
investigate the interaction between perovskite and PY-IT. XPS spectra showed that the
S 2p peak can be observed ~ 165 eV for PSMA-treated film, further confirming the
presence of PSMA (Figure 2¢).['® Interestingly, compared to the control, the slightly
downshifted binding energy of Pb 4f at 143 eV and 138 eV could be attributed to the
interaction between undercoordinated Pb?" and electron-rich groups (C-N, C=O and
thiophene) (Figure 2d).['”) Moreover, Fourier transform infrared spectroscopy (FTIR)
was conducted to confirm the interaction between the PSMA and perovskite (Figure

S2). As shown in Figure 2e, the stretching vibration peak of C=O shifted from 1690
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cm™! for PSMA to 1694 cm™ for PSMA-PbI, and the stretching vibration peak of C=N
shifted from 2214 cm™ for PSMA to 2218 cm™ for PSMA-Pbl,, representing a
significant interaction between perovskite and the PSMA.[?l These characterizations
well elucidate the distribution of the PSMA and its interaction with perovskite.

To figure out the opto-electronic property and morphology tuning effect of PSMA
passivation strategy, ultraviolet visible absorption (UV-Vis) and X-ray diffraction
(XRD) measurements were performed. As shown in Figure 2f and Figure S3, the UV-
Vis absorption spectra and XRD patterns showed similar characteristics of the control
and PSMA perovskite films. The optical bandgap of both perovskite films was 1.53 eV.
Besides, the characteristic XRD peaks of both perovskite films remained unchanged,
which is consistent with the fact from SEM and AFM results.?!] However, the grazing-
incidence wide-angle X-ray scattering (GIWAXS) results showed that the notable
diffraction peak at 0.85 A™! (Figures 2h and 2i), corresponding to the hexagonal non-
perovskite & phase of FAPbI; in the control film, could be fully eliminated by PSMA
treatment.?! Besides, the intensity of (100) peak of PSMA-treated film at 1.02 A™! is
significantly improved, demonstrating that the upper part of perovskite film has more
face-on orientation (Figure 2j).[** 23 A slightly decreased peak of Pbl> could also be
observed at 0.94 A-! after PSMA treatment(Figure S4), which might be related to the
formation of amorphous PSMA-Pbl, compounds, further supporting the interaction
between perovskite and PSMA.* The more face-on orientated upper active layer is
suggested to provide more electron transport channels, enhancing the charge transport
and extraction.*>! Moreover, the contact angle is shown in Figure S5, the results show
that more hydrophobic surface of PSMA treatment (27° for control and 70° for PSMA),

confirming the presence and improved moisture resistance.[®!
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Figure 2. ToF-SIMS profiles of (a) control and (b) PSMA perovskite films. XPS spectra
of (¢) S 2p and (d) Pb 4f of control and PSMA perovskite films. (e) FTIR spectra of
PSMA and PSMA-PbL. (f) UV-Vis of control and PSMA perovskite films. The insert
is the derived Tauc-Plots. 2D GIWAXS patterns of (h) control and (i) PSMA perovskite

films, and (j) corresponding in-plane and out-of-plane line-cuts.

2.2 Carrier dynamics with PSMA

Steady-state photoluminescence (PL) and time-resolved photoluminescence
(TRPL) spectroscopy were performed to investigate the defect passivation and electron
transport.!””! In the steady-state PL spectra (Figure 3a), the PL quenching of PSMA-
treated perovskite film was observed compared to the initial control film, demonstrating
efficient charge transfer at the perovskite/PSMA interface. In addition, the initial
perovskite film produced a PL emission peak ~802 nm, which was shifted to 799 nm
(28]

after PSMA modification, indicating reduced defects by effective passivation.

According to the TRPL spectra (Figure 3b and Figure S6) for control and PSMA;
7
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perovskite/PCBM and perovskite-PSMA/PCBM, the nonradiative recombination
caused by the interface (11, fast decay lifetime) and the radiative recombination in the
bulk perovskite (12, slow decay lifetime) could be evaluated. The fitted parameters were
listed in Table S1. The fast decay lifetime dominated in both control and PSMA-treated
perovskite films, suggesting that nonradiative recombination is the main factor of
performance loss. The carrier lifetime reduced from 323 ns for control to 89 ns for
PSMA-coated perovskite film, supporting the effectiveness of PY-IT passivation that
enabled faster charge transfer and suppressed non-radiative recombination.[*f 27 291
Next, ultraviolet photoelectron spectroscopy (UPS) was measured to evaluate the
energy band structure (Figure 3c¢). The PSMA-treated perovskite exhibited a sharp
upward shift of the Fermi level (Er) from -4.87 eV (control) to -4.53 eV, indicating
more n-type perovskite surface and thus favorable for electron extraction.*%! To
confirm that a more n-type surface was obtained, Kelvin probe force microscopy
(KPFM) measurements were conducted to observe the electrostatic potential
distribution. The average potential of the control film was -430 mV (Figure 3d), higher
than that of the PSMA -treated film (-400 mV) (Figure 3e), consistent with UPS results.
The KPFM image of the control film exhibited clear edges associated with the
inhomogeneous surface potential of perovskite film, where detrimental defects existed.
In contrast, for the PSMA-treated perovskite film, it showed a more uniform
distribution of potential (less fluctuation), suggesting a reduction in local surface
defects.®!] In addition, combined with the above AFM results, the perovskite/ETL
interface is smoother and has fewer defects, which could benefit the electrons extraction.
Furthermore, the high electron affinity of PY-IT with PCBM can promote fast electron
transport from perovskite with improved electron channels from GIWAXS results.[**!
Based on the space charge limited current (SCLC) methods, electron-only devices
were fabricated using the structure of ITO/SnOx/active layer/PCBM/BCP/Ag with or
without PSMA treatment to further investigate the effectiveness of surface passivation.
The transition voltage from the ohmic region to the trap-filling limit region is referred

to the trap-filling limit voltage (V7#.), and it is associated to the trap density (N;) by the



O©CO~NOOOTA~AWNPE

equation: N, = 2egoVrr1/eL?, where ¢, g9, e and L represent dielectric constant, vacuum
permittivity, element charge, and thickness of perovskite films, respectively. The
control device delivered a V7rr 0of 0.237 V and N; of 5.73 x 10" ¢cm 3, while the PSMA
enabled devices to show a much smaller Vzrz of 0.121 V and N; of 2.93 x 10" cm™
(Figure S7).1**) Lower trap density can reduce the nonradiative recombination of charge
carriers. These results further verify the effectiveness of our passivation strategy.

The ideality factor (n) is usually used to describe the recombination loss in the
perovskite. Typically, n = 1 denotes that radiative recombination completely dominates
the recombination dynamics, and n = 2 represents nonradiative recombination through

341 As shown in Figure S8, the light intensity-

imperfections and traps dominates.
dependent V,. variation was investigated. The PSMA-treated device showed an n of
1.29, which was quite smaller than that of the control device (1.50), indicating that the
trap/defect-induced recombination was effectively suppressed.*!  Besides,
electrochemical impedance spectroscopy (EIS) was measured, and the Nyquist plots
were displayed in Figure S9. Specifically, the semicircles contain the information on
the series resistance (R;) and the recombination resistance (R..) for devices that are
empirically associated with charge transfer and recombination, respectively.>l

Obviously, the PSMA-treated device showed smaller Ry and larger Ryec, implying that

the nonradiative recombination was significantly inhibited.
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Figure 3. (a) PL, (b) TRPL spectra, and (c) energy level of control and PSMA
perovskite films. KPFM images of (d) control and (¢) PSMA perovskite films. The
bottom curves represent the surface potentials.
2.3 Working mechanism of PSMA IPSCs

According to the above results, PSMA is mainly distributed on the perovskite
surface and is supposed to penetrate the perovskite grain boundary near the top surface
with a graded distribution. A reasonable working mechanism for the PSMA-regulated
IPSCs performance improvement could be proposed and illustrated in Figure 4. It
mainly contains several aspects. First, the interactions between perovskite and PSMA
(especially for the interaction between -C=N and -C=0O groups with Pbl,) are fully
conducted across the surface and extended to the grain boundary near the top surface.
The -C=N and -C=0 groups firmly bond with the undercoordinated Pb** of perovskite
by Lewis base sites, resulting in reduced trap states and suppressed nonradiative
recombination. In addition, the increased surface potential and up-shifted Er with
PSMA contribute to a more n-type perovskite surface, which is beneficial for fast
electron transport. Moreover, the smooth perovskite surface with low surface potential
variations by PY-IT significantly improved electron transfer with reduced
recombination. Notably, ring fusion endowed strong planarity and polymer nature for
PY-IT makes it capable of orderly self-arranging at the upper surface of perovskite; and
its rotatable linker demonstrates the applicability of PSMA's inserting into grain
boundaries as shown in Figure 4. Therefore, it is anticipated that electron can transport
along the highway of PSMA among the boundaries and electron transport can be
enhanced between PSMA and PCBM due to their strong n-n interaction. Furthermore,
the reduced 6-FAPbIz by PSMA is suggested to increase the inherent phase stability of
perovskite structure. As a result, this strategy helps to minimize the energy loss at the

interface between perovskite and ETL, thus improving the performance of IPSCs.

10



OCoO~NOUAWNE

OO0 UITNOUNNUIOITUOITARADBRADIMBIMBREADIMDIMBRADNOWWWWWWWWWNNNNNNNNNNRPRPREPRERERPRER
ORARWNRPFPOOONOOUIAWNPFPOOONOOOURARWNPFPOOONOOURWNRPOOONOURWNRPROOONOUNMWNEO

Electron Transport Layer
‘ ’.. ‘ ... ‘A ’.. ‘A ‘ '., ‘ oc

Fast Electron Transfer Channel

Figure 4. Mechanism of the defect passivation and improved electron transport

properties with PSMA.
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2.4 Device performances of PSMA IPSCs

To investigate the effect of defect passivation and regulated electron transport on
device performance, IPSCs with the structure of
ITO/2PACz/Cs0.05(FA0.98MA0.02)0.95Pb(l0.98Br0.02)3/PCBM/BCP/Ag were fabricated,
where PSMA was coated onto the perovskite surface as an interlayer (Figure Sa). As
the typical J-V curves of the devices shown in Figure Sb. The control device delivered
a PCE of 21.98% with Vo of 1.12 V, Jic of 24.14 mA/cm? and FF of 81%, whereas the
champion PSMA-based PSC achieved a high PCE of 23.57% with Ve of 1.15'V, Jsc of
24.37 mA/cm? and FF of 84%. The concentration of PSMA was optimized as 1 mg/ml
in chlorobenzene (Figure S10). In a lower concentration, the introduction of PSMA
can contribute to effective passivation and interfacial charge transfer, which increased
the 7, and FF. And the concentration is optimized at 1 mg/ml for a high efficiency of
23.57%. However, when the concentration is going higher, the lower electron mobility
of PY-IT (compared with PCBM) may cause undesirable energy loss which causes the
drop of FF and Js..*™) To our best knowledge, the PCE of this PSMA-based IPSCs is
competed with the highest PCEs of other non-fullerene acceptors (small molecule
counterparts) incorporated IPSCs (Figure S11). A slight improvement in Jy. was
observed, while V,. and FF were significantly enhanced with PSMA, which could be
ascribed to the reduced traps and facilitated electron transport. The external quantum
efficiency (EQE) was conducted to evaluate the accuracy of Jy, as shown in Figure Sc,
the control IPSC exhibited an integrated Js. of 23.50 mA/cm?, whereas the PSMA-based
IPSCs delivered a slightly higher integrated Jsc up to 23.72 mA/cm?, in accordance with
the results from J-V curves. Additionally, devices incorporating PSMA exhibited
negligible hysteresis (Figure S12). Under the bias voltage of 1.00 V, the stabilized
output efficiency of PSMA-based device was 22.86%, which was higher than that of
the control device (20.52% under a bias voltage of 0.98 V)(Figure 4d). Figure S10
displayed the histogram of PCE distribution, suggesting excellent reproducibility of
PSMA-based IPSCs.

12
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To further prove the applicability of this strategy, narrow-bandgap
(Cs0.1FA0.6MAo3Pbo sSno s, 1.25 eV) IPSCs were fabricated.®®) As shown in Figure
S13, the champion efficiency of Pb-Sn-based IPSC with PSMA was close to 20%, while
that of the control device was 17.38%. The improved efficiency is ascribed to the
enhanced Vo, Js, and FF, indicating that trap states in the device are reduced, which
further confirms the effective passivation by PSMA. Moreover, it is quite interesting
that the PY-IT itself can work effectively as ETL for IPSCs. As shown in Figure S14,
the PY-IT (ETL) shows an efficiency of 14.56% with a V,. of 0.88 V, a J,., of 23.94
mA/cm? and FF of 0.69.

In addition to the improved efficiency, the stability of devices was also assessed.
Upon storage in N, the device is storage with light illumination and open circuit. The
PSMA-based device can retain 86% of its initial efficiency without encapsulation after
1000 h, while the control device dropped to 78% after only 400 h (Figure 4e).
Furthermore, the operational stability was measured under continuous 1 sun
illumination (white LED lamp) under maximum power point (MPP) tracking. In this
situation, the ion migration in the device is accelerated by both light and applied bias.*”]
The encapsulated PSMA-based device retained 80% of its initial efficiency for 1000 h
under MPP tracking in the ambient atmosphere (250] and 65% RH). In contrast, the
control device showed noticeable degradation and retained 50% of its initial value after
MPP tracking for 750 h (Figure 4f). Accordingly, the surface reconstruction of

perovskite film by PSMA successfully achieves enhanced device stability.[*"]

13
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Figure 5. (a) Device structure of the IPSCs (b) J-V curves, (c) EQE curves, (d)
stabilized output curves, (e) long-term storage stability in N> atmosphere, and (f)

operational stability under MPP tracking of control and PSMA perovskite devices.
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3. Conclusion

In conclusion, to avoid the potential disadvantages of small molecules, a PSMA
named PY-IT was incorporated into the perovskite/ETL interface as the modulator.
Detailed characterizations revealed that PSMAs were located on the perovskite top
surface and grain boundaries, thus reducing trap states while constructing n-type
surface and charge-transport-friendly perovskite orientation. Due to the effective
interfacial modulation of PSMA, the champion devices delivered PCEs of 23.57% and
19.62% for 1.53 eV and 1.25 eV bandgap IPSCs, respectively. Moreover, the
incorporation of PSMA enhanced the storage and operational stability of IPSCs, which
retained 86% and 80% of their initial PCEs. Taken together, our work provides a novel
pathway to optimize the top surface of perovskites with high efficiency and operational

reliability.
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In this work, a novel strategy of applying polymerized small molecular acceptor to high-
efficiency inverted perovskite solar cell is proposed and proven effective by the celebrity

material PY-IT. Via the bi-passivation effect and additional electron transport channels,

23.57% PCE is obtained, as well as a decent operational stability.
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