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Abstract

Interface-mediated recombination losses between perovskite and charge transport layers are one
of the main reasons that limit the device performance, in particular for the open-circuit voltage (Voc)
of perovskite solar cells (PSCs). Here, functional molecular interface engineering (FMIE) is
employed to retard the interfacial recombination losses. The FMIE is a facile solution-processed
means that introducing functional molecules, the fluorene-based conjugated polyelectrolyte
(CPE) and organic halide salt (OHS) on both contacts of the perovskite absorber layer. Through
the FMIE, the champion PSCs with an inverted planar heterojunction structure show a
remarkable high Voc of 1.18 V whilst maintaining a fill factor (FF) of 0.83, both of which result
in improved power conversion efficiencies (PCEs) of 21.33% (with stabilized PCEs of 21.01%).
In addition to achieving one of the highest PCEs in the inverted PSCs, the results also highlight
the synergistic effect of these two molecules in improving device performance. Therefore, the

study provides a straightforward avenue to fabricate highly efficient inverted PSCs.

Keywords Inverted perovskite solar cells, Non-radiative recombination, Functional
molecules, Interface engineering



1 Introduction

Inverted perovskite solar cells (PSCs), by sandwiching a perovskite absorber between a p-type
and n-type charge transport layer, have been at the forefront of perovskite photovoltaics because
of the simplified device configuration, easy fabrication and improved operational stability [1-
8]. The inverted PSCs are compatible with scalable solution deposition methods, such as doctor-
blade coating [9] and slot-die coating with the roll-to-roll process [10], which enable industrial
manufacture of large-area devices. Besides, this type of device offers the promise approaching
the thermodynamic limit when incorporated into tandem cells [11-15]. All these advantages of
inverted PSCs have attracted growing research interests and significant efforts have been
dedicated to further improving the device efficiency and operational stability, including
compositional tuning [14,16], interface engineering [4-6,17,18], and materials design of charge

transport layers [19,20].

In the inverted PSCs, the p-type layers close to the transparent electrodes are regarded
as the hole transporting layers (HTLs), which play an important role in governing the hole
transport and perovskite crystallization. Generally, HTLs are divided into two categories:
inorganic (e.g. metal oxides or compounds) and organic (e.g. small molecules or polymers)
materials. The inorganic HTLs are commonly presenting surface traps [21] or inferior
mechanical flexibility [20,22], leading to fewer applications on plastic substrates. Therefore,
organic HTLs are superior alternatives thanks to readily tunable properties, low-temperature
processing and commercial availability [4-7], maintaining the highest efficiency (certified
22.3%) in inverted PSCs [23]. Amongst organic HTLs, poly(N,N’-bis(4-butylphenyl)-N,N’-
bis(phenyl)benzidine) (poly-TPD) has proven to be a representative material, with favorable
energy levels, high intrinsic hole mobility and thermal stability [24-29]. Inverted PSCs using
poly-TPD HTLs also exhibit excellent indoor performance [30]. Encouragingly, poly-TPD

based two-terminal (2T) perovskite-on-silicon tandem solar cells surpass the record efficiency
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of monocrystalline solar cells [14], showing the bright future for practical applications.
However, despite these substantial improvements, it is still challenging to further improve
device performance of single-junction inverted PSCs with poly-TPD HTLs owing to serious
interfacial recombination losses [14,31,32]. These losses not only exist at the poly-
TPD/perovskite interface but also are prone to generate at perovskite/electron transport layer
(ETL) interface when using fullerene derivatives as the ETLs [6,31,33]. Hence, more attention

should be paid to the interfaces adjacent to the perovskite absorbers.

In this study, we reported a functional molecular interface engineering (FMIE) approach
to simultaneously improve both interfaces (namely, the HTL/perovskite interface and
perovskite/ETL interface). Specifically, we spin-coated the fluorene-based conjugated
polyelectrolyte (CPE) on top of poly-TPD and organic halide salt (OHS) on top of perovskite
layer, respectively. It is found that the introduction of the CPE has a positive impact on reducing
interfacial recombination thanks to the efficient charge transfer, as evidenced by the steady-
state photoluminescence (PL), time-resolved photoluminescence (TRPL) decay, space-charge
limited current (SCLC) and electrical impedance spectroscopy (EIS) measurements. In-depth
light-intensity-dependent photo-response analysis and theoretical calculations further confirm
that the OHS could mitigate the interfacial recombination at the perovskite/ETL interface as a
result of passivating surface defects. The tailored PSCs with an inverted planar architecture
show a champion PCE of 21.33%, with a significant enhancement in both the open-circuit

voltage (Voc) and fill factor (FF) compared to the control devices without FMIE.

2 Experimental Section

2.1 Materials
Poly-TPD (Mw is ~85 k) and PFN-Br were purchased from 1-Material. FATCNQ was purchased

from Xi’an Polymer Light Technology Corp. (China). Lead diiodide (Pbl2, 99.99%) and lead



dibromide (PbBr2, 99%) were purchased from Tokyo Chemical Industry Co., Ltd. (TCI, Japan).
Formamidinium iodide (FAI), methylammonium iodide (MAI), phenylammonium iodide (PALI),
phenylmethylamine iodide (PMAI, also called benzylammonium iodide) and
phenethylammonium iodide (PEAI) were purchased from Greatcell Solar Materials Pty Ltd.
Cesium iodide (Csl, 99.999%) was purchased from Sigma-Aldrich. PCs1:BM (99.5%) was
purchased from Solenne. Bathocuproin (BCP, 98%) was purchased from Alfa Aesar. N,N-
dimethylformamide (DMF, 99.8%), dimethyl sulfoxide (DMSO, 99.7%), chlorobenzene (CB,
99.8%) and toluene (99.85%) were purchased from Acros and the other solvents were
purchased from Sigma-Aldrich. All chemicals were purchased from commercial suppliers and
used as received.

2.2 Device fabrication

The detailed fabrication process can be found in our previous report [32]. Briefly, pre-patterned
ITO glass (20 x 20 mm?) was cleaned by ultrasonication with detergent, deionized water,
acetone and isopropanol (IPA). The poly-TPD solution (1 mg mLt in toluene with 0.2 mg mL~
! FATCNQ) was spin-coated on cleaned ITO (10 min O plasma Asher) at a speed of 2000 rpm
(2000 rpm s™t) for 30 s and then annealed at 130 °C for 10 min. Before depositing perovskite
film, the poly-TPD film was modified by spin coating 0.4 mg mL* PFN-Br at 5000 rpm (2500
rpm s1) for 30 s or treated by 20s UV-ozone. For perovskite film deposition, the stoichiometric
precursor Cso.osFA0.79MA0.16Pbl2.4Bro.s made by dissolving Pblz, PbBr2, FAI, MAI, Cslin 1 mL
DMF:DMSO (4:1 V/V) was spin-coated on the modified poly-TPD by a two-consecutive step
program at 1000 rpm for 10 s and 6000 rpm for 35 s. During the second step, the films were
quickly washed by 100 pL of CB at 5 s before the end of the program. Subsequently, the samples
were annealed on a hotplate at 90 °C for 80 min. For the passivation layer, PAI, PMAI, PEAI
solution (0.5 to 4 mg dissolved in 1 mL IPA) was spin-coated on perovskite surface at 5000
rpm (2500 rpm s71) for 30 s when the samples were fully cooled down. Then, PCs1BM solution

(30 mg mL~tin CB) and BCP solution (0.5 mg mL* in IPA) were spin-coated with the program
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of 2500 rpm (30 s) and 5000 rpm (25 s) in order. The devices were finished by thermally
evaporated silver (100 nm).

2.3 Characterization

The surface morphologies were studied by SEM (Jeol 7100F) and AFM (Bruker ICON2 SYS).
100 grains in each SEM image were analyzed by Image J software to obtain the grain size
distribution. XRD patterns were performed by PANalytical X’Pert Pro. ToF-SIMS analyses
were carried out on an ION-TOF GmbH (Minster, Germany) TOF.SIMS 5 system. PL and
TRPL were performed in an FLS1000 Photoluminescence Spectrometer. The absorption
spectra were performed by Varian Cary 5000 UV-vis-NIR spectrophotometer. The film
thickness was measured by a surface profilometer (Dektak XT). The J-V characteristics were
performed outside the glovebox using a Keysight 2400 Source Meter under simulated one-sun
AM 1.5G illumination (100 mW cm2) with a solar simulator (Enlitech, SS-F5-3A) calibrated
by using a standard monocrystalline silicon solar cell with a KG-5 filter [5]. All devices were
measured both in the reverse scan (1.2 — — 0.2 V, step 0.02 V) and forward scan (—0.2 — 1.2V,
step 0.02 V). To ensure accuracy, a mask with an aperture area of 0.09 cm? was employed
during the measuring process. The stabilized power output was measured under the largest
power output bias voltage. EQE was measured in air on a commercial system (Bentham PV300).
For EL measurements, a Keithley 2420 Source Meter was used to apply a DC bias. Light out
was measured using an Ocean Optics STS-NIR fiber-coupled spectrometer. For the LED
external quantum efficiency measurements (LED-EQE), the electroluminescence was
measured directly using a calibrated silicon photodetector (Newport 918D-SL-OD3R). For
TPV measurements, a continuous wave white light bias was generated under illumination close
to 0.1 Sun. A green LED was used as the perturbation source with a pulse width of 3 us and a
repetition frequency of 30 Hz. The LED rise and decay time constant were measured to be
~100 ns, therefore light pulses of the were nearly repeating electrical pulses from an Agilent

8114A pulse generator used in the experiments and had a square shape with ~100 ns rise and
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decay time constant. The voltage under open circuit condition was measured using 1 MQ input
impedance and was recorded using a Tektronix MDO3014 1 GHz digital oscilloscope. EIS was
conducted by using the Keysight B1500A system in a frequency range of 1 KHz~1 MHz applied
at Voc bias under the dark condition. The DFT calculations were performed by the referred

computational methods [23,34,35].

3 Results and discussion

We first attempted two approaches to improve the surface wettability of the poly-TPD, by UV-
ozone [27] or poly[(9,9-bis(3'-(N,N-dimethyl)-N-ethylammonium)-propyl)-2,7-flu-orene)-alt-
2,7-(9,9-di-octylfluor-ene)] dibromide  (PFN-Br) treatment [29], which is commonly
encountered when organic HTLs are employed due to their hydrophobic nature. After
treatments, the PFN-Br treated poly-TPD film shows a slightly smoother surface than that of
UV-ozone treated (Figure S1), which may be beneficial for the following contact with the
perovskite film. To further illustrate this impact, we performed topographic studies on
perovskite films. As shown in Figure 1a, the scanning electron microscopy (SEM) and atomic
force microscopy (AFM) demonstrate that there is no obvious difference in morphologies
between the perovskite films. X-ray diffraction (XRD) also shows negligible new phases in
perovskite films, except a promoted grain orientation along the [100] direction for PFN-Br
treated sample (Figure S2), which indicates that the underlying PFN-Br layer could improve
the crystallinity of the upper perovskite film [23,36]. Interestingly, by comparing Figure 1b
and Figure 1c, the ion distributions in the cross-sectional perovskite films determined by time-
of-flight secondary ion mass spectrometry (ToF-SIMS) clearly show that the PFN-Br has
diffused into the perovskite film and accumulated near the surface, consistent with literature

reported previously [32,37].
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Figure 1. Properties of perovskite films deposited on the ITO glass/poly-TPD with UV-o0zone
or PFN-Br treatment. a) Morphologies of perovskite absorbers, including top-view SEM images,
grain size distributions and the root-mean-square (RMS) roughnesses obtained from AFM
images. b) ToF-SIMS depth profile of UV-ozone treated sample. ¢) ToF-SIMS depth profile of
PFN-Br treated sample. Note that the C3HgN™ is attributed to PFN-Br and the inset is the
magnification of PFN-Br intensity near the perovskite surface. d) TRPL spectra excited from
the ITO glass side. e) TRPL spectra excited from the perovskite film side.

Since the diffused PFN-Br might influence the carrier dynamics of perovskite films, we
conducted the steady-state PL and TRPL measurements. When excited from the ITO glass side,
the PFN-Br treated sample shows a significant steady-state PL quench (Figure S3a) and a
reduced lifetime compared to UV-ozone treated sample (Figure 1d, Table S1), indicating a
more efficient hole-extraction at the poly-TPD/perovskite interface. When excited from the
perovskite film side, the steady-state PL (Figure S3b) and TRPL spectra (Figure 1e) display a
similar trend, which could be attributed the charge extraction property of the PFN-Br thin layer
[38] as the PFN-Br is predominately accumulated near the perovskite surface (see inset of
Figure 1c). Therefore, introducing a functional polymer PFN-Br leads to faster charge-carrier
transport compared to the physical UV-ozone treatment. This efficient extraction means the
possibility of charge-carrier recombination could be reduced [22] and potentially will benefit

the performance of the derived solar cells. To confirm our hypothesis, we fabricated the inverted
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PSCs with the structure of ITO glass/poly-TPD/perovskite/[6,6]-phenyl-C61-butyric acid
methyl ester (PCBM)/bathocuproine (BCP)/Ag, where the poly-TPD was treated by UV-ozone
or PFN-Br, respectively. The current density-voltage (J-V) characteristics of the champion
devices are shown in Figure S4a. Compared to the UV-ozone treatment, the PFN-Br treated
devices show an increase in the PCEs from 18.75 to 20.07%, mainly driven by the improved
short-circuit current density (Jsc) from 21.34 to 22.21 mA cm. These Jsc values were further
confirmed by the external quantum efficiency (EQE) measurements. Figure S4b shows
improved photocurrents of PFN-Br treated devices in the visible light region (from 380 to 740
nm), consistent with the enhanced quality of perovskite films and charge-carrier extraction at

the contact interface as shown in Figure 1.

For an in-depth understanding of charge dynamics, we first conducted SCLC
measurement. The dark J-V curves of hole-only devices were measured with a structure of ITO
glass/poly-TPD/UV-o0zone or PEN-Br/perovskite/Spiro-OMeTAD/Ag. The traps density (Ny) is

calculated by the following equation with trap-filled limit voltage (VrrL, in Figure S5a):

N, = 280€VTFL ) (1)

el?

Where ¢,, €, e, L are the vacuum permittivity, the relative dielectric constant (46.9 for triple-
cation perovskite) [39], elementary charge, perovskite thickness, respectively. The PFN-Br
sample shows a lower N; (3.35 x10% cm) than that of UV-ozone treated sample (14. 69 x10%°
cm™®), which indicates an interfacial recombination suppression induced by PFN-Br.
Furthermore, the EIS of devices processed by the UV-ozone and PFN-Br treatment is measured
at Voc bias under dark conditions [40]. As shown in Figure S5b, the PFN-Br treated device
presents a smaller semicircle than that of UV-ozone in the Nyquist plots. Since the high-
frequency component is related to the charge transfer, the plots were then fitted by using an
equivalent circuit model (see inset of Figure S5b), including a total series resistance (Rs), a

charge transfer resistance (Rt) and a capacitance (Cy). In contrast to the slight difference in Rs
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and Cy, the Ry of PEN-Br treated device (Ry = 17.95 Q) is three times smaller than that of the
U-ozone treated device (Ry = 65.25 Q) (Table S2). This indicates a more efficient charge

extraction caused by the PFN-Br interfacial modification [41,42].

As a comparison, we also tried to add PFN-Br in the perovskite precursor solution
directly, but the perovskite film still cannot fully cover the substrate without PFN-Br pre-
treatment (Figure S6). This indicates that adding PFN-Br in the perovskite precursor solution
cannot replace the function of the interfacial modification by PFN-Br, even though it seems to
be a more straightforward approach by reducing an extra spin-coating step. Furthermore, the
microscopic details in SEM images (Figure S7a) show that the amount of PFN-Br could
influence the surface morphologies of the perovskite films. With the increase of PFN-Br
concentration, the topography of the perovskite film becomes coarser, leading to device
efficiency degradation (Figure S7b). We suspect that the additional PFN-Br might disturb the
perovskite crystallization and act as recombination centers in perovskite [4]. Besides, it is more
challenging to control the distribution of PFN-Br in the perovskite film through this method.
Therefore, these results further confirm the necessity of the PFN-Br modification at the poly-

TPD/perovskite interface.
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Figure 2. Optimization of OHS treated inverted PSCs. a) Schematic configuration of devices.
b-e) Photovoltaic parameters (Voc, Jsc, FF and PCE) with the variation of PEAI concentrations.

Note that the control is devices without PEAI treatment.

Despite remarkable improvement in the Jsc, the devices based on PFN-Br treatment still

suffer from a high Voc deficit (defined as E¢/q — Voc) of 0.52 V for a 1.64 eV perovskite

absorber (see in Figure S8). This voltage loss is mainly due to the interfacial recombination at

perovskite back contact where fullerene is used as the ETL [31]. As the OHSs on perovskite

top interface have shown the potential to further enhance the Voc [39], we first implemented
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the FMIE design by directly spin-coating additional phenethylammonium iodide (PEAI) layer
on the perovskite surface. After PEAI treatment, the TRPL spectra of perovskite films show a
longer PL lifetime (Figure S9), implying that PEAI could retard the charge-carrier
recombination. We then fabricated devices with the structure shown in Figure 2a and further
developed the process by optimizing the concentrations of PEAI. As observed in the statistical
data from Figure 2b-e, PEAI-treated devices exhibit better performance compared to that of
control devices within a concentration range from 0.5 to 2 mg mL™ and compromised
performance when the PEAI concentration is over 3 mg mLt. The monotonical decrease of Jsc
means that PEAI could retard the charge transport due to its insulating nature. The variation of
device performance as a function of PEAI concentration indicates that the PEAI layer requires
to be cautiously controlled to fulfil its potential. The optimum concentration is found to be 1
mg mL%, which shows the highest average PCEs. However, when we used the 1 mg mL X PEAI
to treat UV-ozone devices, their performance did not improve as we expected (Figure S10).
These results demonstrate the synergistic effect of PFN-Br and PEAI treatments in improving
the device performance.

By optimizing the process of FMIE, we finally obtained the PSCs with negligible
hysteresis in the dark (Figure 3a) and under illumination with simulated AM 1.5G solar
irradiation at 100 mW cm (Figure 3b). Remarkably, the champion device shows an increase
in Voc to 1.18 V and FF to 0.83, resulting in a PCE of 21.33% (the aperture area is 0.09 cm?).
The integrated current density obtained from EQE spectra is 21.19 mA cm (Figure 3c), which
matches well with the Jsc obtained from J-V scans (within 5% error). We tracked the stabilized
output of the champion device at the voltage corresponding to the maximum power point (Vmpp).
As illustrated in Figure 3d, the PEAI-treated device (measured outside the glovebox under 1
Sun illumination) shows a stabilized PCE of 21.01 % with an average current density of 21.44
mA cm. The long-term stability test was also carried out by tracking the device performance

under the lab conditions (without any encapsulation). After 550 h, the device still retained over
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70% of its initial PCE (Figure 3e).

We also applied other OHSs on the perovskite surface, such as phenylammonium iodide
(PAI) and phenylmethylamine iodide (PMAI). All these materials have a similar structure and
the main difference comes from the alkyl length in the side chain (Figure S11). We fabricated
devices based on PAI or PMAI treatments and their corresponding photovoltaic parameters are
listed in Table S3. Compared to PAI, the PMAI is more favorable for device efficiency by
obviously improving the Voc. Different from the previous report in mesoporous structure [40],
the PMAI employed in the inverted PSCs did not exhibit any hysteresis in the J-V curves. This
once again shows the advantage of the inverted structure. However, although the champion
PCE of PMAI reached over 21.5%, the device is unstable at MPP tracking (See in Figure S12),
indicating the longer alkyl chain of PEAI is beneficial for device stability. Therefore, from the
perspective of efficiency and stability, the PEAI is the best choice amongst these OHSs. To
demonstrate the impact of PEAI treatment, we further compare the variation of the statistics for
the devices without and with PEAI. Figure 3f shows the average Voc increasing from 1.10 +
0.01 to 1.16 + 0.01 V after PEAI treatment. At the same time, the average FF enhances from
0.79 £ 0.01t0 0.82 £ 0.01 (Figure 3g). Notably, the highest FF value is 0.84 (Voc=1.16 V, Jsc
=21.74 mA cm, PCE = 21.17%), which is approaching the fill factor defined by the Shockley—
Queisser limit [41,42]. While the average Jsc shows a subtle decrease (Figure 3h), the average

PCE significantly improves from 18.71 £ 0.54 to 20.42 + 0.57% (Figure 3i).
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Figure 3. Performances of PEAI treated champion devices. a) Dark J-V curves. b) J-V curves
measured under simulated AM 1.5G solar irradiation at 100 mW cm. The inset table shows
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0.2 V). c) EQE spectra. d) The stabilized output determined near the maximum power point. e)
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f-i) Statistical distributions of photovoltaic parameters (Voc, FF, Jsc and PCE) for devices with
or without PEAI treatment. The data are collected based on 27 devices. For each device, the
parameters shown here are the average values obtained from the forward and the reverse scans.

Note that the devices with the structure of ITO glass/poly-TPD/PFN-Br/perovskite/(with or
without PEAI)/PCBM/BCP/Ag.

To understand the origin of device performance enhancement, we performed a range of
characterizations of the fabricated devices with or without PEAI treatment. As illustrated in
Figure 4a,b, both devices show excellent photo-responses under light intensities from 0.1 to 1
Sun, but the PEAI-treated device displays a small fluctuation in the FF under weak light
illumination (Figure S13). From Figure 4c, we note that the PEAI-treated device shows a slope

of ~1 for the plot of Jsc as a function of light intensity, suggesting reduced non-radiative
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recombination within the device [43]. Similarly, the light intensity dependence of the Voc is
shown in Figure 4d. The PEAI-treated device delivers a slope of 1.29 kgT/q (kg is the
Boltzmann constant, T is temperature, and q is the electric charge), while the control device
shows a slope of 1.56 ksT/qg. The lower deviation between the slope and ksT/q confirms that the
defect-assisted (also called Shockley-Read-Hall, SRH) recombination has been further
suppressed [39]. Additionally, we conducted the transient photovoltage (TPV) under a white
light bias. After PEAI treatment, the TPV decay time shown in Figure 4e increases by ~ 3 times
than that of the control device, rising from 1.6 to 4.5 us. The longer TPV decay suggests the

slower interfacial charge recombination.
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Figure 4. Characterization of devices with or without PEAI treatment. a), b) J-V curves
measured under light intensities ranging from 0.1 to 1 Sun, consisting of the forward scan (FS,
—0.2to 1.2 V) and reverse scan (RS, 1.2 to — 0.2 V). ¢) Jsc as a function of light intensities. d)
Voc as a function of light intensities. €) Transient photovoltage decay curves. f) EL spectra of
a PEAI-treated device. The inset image is the device operating as a LED and showing a bright

emission at a bias of 2 V. Note that the devices with the structure of ITO glass/poly-TPD/PFN-
Br/perovskite/(with or without PEAI)/PCBM/BCP/Ag.

It is well known that a good solar cell is also a good light-emitting diode (LED). Under
the open-circuit condition, the carriers in the absorber could show luminescence while the non-
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radiative recombination would impair this process [44]. We measured the electroluminescence
(EL) spectra of fabricated PSCs operating as the LEDs to qualitatively assess the non-radiative
recombination losses. The PEAI-treated devices show a significantly improved EL intensity
compared to those without PEAI treatment (Figure S14). And the quantum yield of EL is 1.2%
for PEAI-treated device in contrast to the 0.2% for the device without PEAI, suggesting a higher
ratio of carriers for the radiative emission. In the meantime, we observe that the EL peak does
not shift with the increasing bias as shown in Figure 4f. The inset is a photograph of the PEAI-
treated device as the LED working at 2 V bias. Hence, these consistent results collectively
demonstrate that non-radiative recombination losses present at the contact interface have been
considerably mitigated.

To uncover the origin of the reduced recombination losses, we further performed first-
principle calculations based on the density functional theory (DFT). In the calculation, the
triple-cation perovskite was simplified by the cubic formamidinium lead halide (FAPbIs3) to
largely reduce the time consumption [23]. To determine the predominant source for defects
within the FAPDbI3, we estimated the formation energy of all sorts of defects close to surface
regions. The formation energy (Es) is defined by the following equation:

Ef = (Esystem — Ep — Ec)/n )

where Esystem IS the total energy of the system, Ep is the total energy of charged state perovskite,
Ec is the total energy of charged state counterions, and n is the total number of atoms in the slab
model. As listed in Table S4, the formation energies of I and FA* vacancies on the surface of
the slab model are only — 0.0386 and — 0.058 eV/atom, respectively. In comparison to other
perovskites, such low formation energies indicate these vacancies are capable of co-existing on

the surface.
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Figure 5. The mechanism of PEAI studied by DFT calculation. a-d) Slab models and
corresponding PDOS for different conditions. a) Pristine perovskite. b) Perovskite with 1~
vacancies on the surface. c) Perovskite with FA™ vacancies on the surface. d) Exposed surface
passivated by PEAI. Note that the horizontal dotted line indicates the Fermi level.

Figure 5a shows the pristine FAPDbIs (without the PEAI surface treatment) slab model
and corresponding projected density of states (PDOS), representing a typical semiconductor
with the Fermi level staying in the region of the forbidden band. However, the Fermi level shifts
upwards when I~ vacancies emerge on the surface due to the donor doping of I~ (Figure 5b).
The Fermi level shows a down-shift trend when FA™ vacancies are created on the surface
because of the acceptor state of FA* (Figure 5c). These impurities might result in the
accumulation of charges as trap states being harmful to the transport and collection of electrons
or holes. In this work, we spin-coated PEAI solution on the perovskite film directly without

additional annealing process, and the PEAI mainly resided at the film surface, as evidenced by
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the ToF-SIMS in Figure S15. This leads to a question whether or not the PEAI could form a
2D perovskite, like PEA2Pbl4, or act as a functional molecule on the surface. Here, we cannot
observe the 2D characteristics (e.g. platelets) in the SEM image (Figure S16) and 2D peaks in
the XRD pattern (Figure S17) based on PEAI-treated film. These results demonstrate that the
spin-coated PEAI cannot form 2D perovskite, consistent with the recent studies [45,39].
Therefore, the functional groups of PEAI are expected to act as the role of surface passivation
when coated on top of the perovskite film. The PEAI has the negatively charged iodide ions (I")
and positively charged phenethylammonium ions (PEAY). The extra I~ from PEAI tends to
occupy the sites of I~ vacancies existing on the exposed surface of FAPbIs and the PEA" species
are highly likely to reconcile the FA* vacancies. As a result, the perovskite turns to the charge-
neutral semiconductor after PEAI treatment as demonstrated in Figure 5d. Therefore, DFT
calculations confirm that PEAI could passivate the surface defects of perovskite, leading to the
mitigated non-radiative recombination at the perovskite/ETL interface that contributes to the

enhanced device performance.

4 Conclusion

In summary, we have demonstrated that FMIE is an efficient and facile method that
synergistically reduces the interfacial recombination in PSCs in an inverted configuration. Our
strategy based on PFN-Br and PEAI treatments in pairs on both contact interfaces of the
perovskite film enables us to obtain an inverted PSC with a PCE of 21.33% and a stabilized
PCE of 21.01%. Our findings suggest that the simultaneous introduction of functional
molecules between perovskite and charge transport layers can further develop high-

performance inverted PSCs.
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