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HIGHLIGHTS

e We design a dendrimer, fatty acid-polyamidoamine ~-COOH (FPC).

e FPC has sixteen long alkyl chains and eight carboxylic acid functional groups.

o FPC is a hyperbranched polymer capable of self-assembling in water.

o The functional groups of FPC increase the performance of perovskite solar cells.

ARTICLE INFO ABSTRACT

Keywords: Passivation engineering has become one of the most effective and convenient strategies to enhance the perfor-
Perovskite solar cells mance and the stability of perovskite solar cells (PSCs). We design a new material, fatty acid-polyamidoamine-
Passivation

COOH (FPC), with sixteen long alkyl chains and eight carboxylic acid functional groups. The carboxylic acid can

i?liyxln:}:ains passivate the Pb defects at the surface and grain boundaries (GBs). Self-arrangement of the FPC molecules on the
Stagility surface results in improved surface potential. FPC passivation leads to suppressed charge recombination,
enhanced charge carrier transport, and increased light-harvesting. The transient absorption measurements
confirm the key role of FPC passivation on the recombination at the interface between perovskite and PC¢;BM
layer in PSCs. The power conversion efficiency (PCE) of PSCs modified by FPC increases to 21.01% with Jsc
23.74 mA/cm?, Voc 1.09 V, and FF 81.16%. Furthermore, the hydrophobic long alkyl chains improve the device
stability. Under 60 + 5% relative humidity (RH), the PSCs with FPC passivation maintain ~90% of the initial
PCE for 3500 min, but the control PSCs only keep ~50% of the origin PCE. In addition, the devices modified by
FPC could maintain ~82% of the initial PCE value under 25 + 5% (RH) and 30 + 5 °C ambient environment for
30 days. This work provides a guideline for designing passivants to improve the efficiency and stability of

devices.
1. Introduction remarkable progress in the solar cell field, and the power conversion
efficiency (PCE) of regular structure PSCs has already reached 25.7%
Perovskite solar cell devices (PSCs) are considered to be the next- [4]. The inverted structure PSCs exhibit advantages over the regular
generation solar cells owing to their excellent optoelectronic proper- structure PSCs such as low-cost, non-hysteresis, low-temperature fabri-
ties, such as the strong light-harvesting, tunable bandgaps, low cost, and cation [5], roll-to-roll manufacture, and flexible device production

solution processability [1-3]. In the past decade, PSCs have shown [6-9]. However, the highest PCE of the inverted structure PSCs is still
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lower than the regular structure [10]. The high-density defect states
caused by the solution process to fabricate perovskite films significantly
influence the performance and stability of the devices [11-14]. Theo-
retical and experimental results have shown that surface trap states are
extremely detrimental to the performance of PSCs [15-17]. Besides, PSC
device stability, which is also related to the defects, is another issue for
practical applications due to the properties of perovskite films. There-
fore, defect passivation is considered to be a very promising way to
improve the device performance of inverted PSCs.

Many effective strategies have been developed to passivate the de-
fects and enhance the PSC performance, including device interface
passivation and perovskite precursor engineering [18-21]. Limited
progress has been made by perovskite precursor engineering since the
original perovskite film growth process cannot be disturbed. Therefore,
only several solvents and solutes are available for perovskite film
growth. Defect passivation has been proven to be an effective way to
improve the PSC performance due to the interaction between the
perovskite films and passivation additives [22]. Many kinds of passiv-
ation additives in perovskite film have been studied, such as ionic lig-
uids, small organic molecules, ammonium salts, Lewis acid, Lewis base,
and polymers [11,15,23-28].

Recently, small organic molecules with numerous functional groups
to suppress carrier recombination and decrease the trap density of
perovskite films have attracted much attention [29]. Wei Chen et al.
reported conjugated small molecules (bithiophene imide) to enhance
the device PCE from 18.89% to 20.67%, due to the defect passivation by
-SH functional groups [30]. Chih-Yu Chang et al. improved the PCE
from 19.19% to 20.30% by thiazole-bridged diketopyrrolopyrrole
-based semiconducting molecules [31]. However, small organic mole-
cules may introduce traps in the interconnection, which would limit the
passivation effect in perovskite films [32]. Compared to small organic
molecules, large molecule polymers have a preferential orientation
along grain boundary for perovskite film passivation, which can miti-
gate the introduction of the traps [33]. Furthermore, the moisture in-
vasion can induce a fast degradation in the grain boundaries of the
perovskite films [34,35]. Thus, the PSCs with hydrophobic polymer
passivation show enhanced moisture stability. Although PSCs with
polymer passivation exhibit a large number of advantages, few studies
are related to the multifunctional passivation of polymers including
defect passivation, enhanced charge extraction and transport, reduced
charge recombination, and enhanced stability under moisture
environment.

Han et al. applied an organic dye to improve the performance of PSCs
via the interaction between the under-coordinated Pb2" ions and the
—COOH functional groups of the organic dye [36]. Xiong et al. intro-
duced 3-(2-benzimidazolyl)-7-(diethylamino)-coumarin into perovskite
films to improve the stability of the devices via the interaction of the
functional groups of -COO and Pb2* ions in perovskite films [37]. Islam
et al. employed 5-ammonium valeric acid iodide as a passivation addi-
tive to enhance the stability of PSCs due to the —-COOH and NH3 function
group of 5-AVAI [38]. Li et al. utilized sodium dodecylbenzene sulfonate
with the hydrophobic long alkyl chain to enhance the stability of PSCs,
which could keep over 90% of its initial PCE values after 90 days [39].
Dong et al. passivated perovskite films by cetyltrimethylammonium
bromide to improve the stability of the devices due to the hydrophobic
long alkyl chains [40]. Therefore, -COOH can passivate the defects of
the perovskite films to improve the corresponding device efficiency, and
long alkyl chains can improve the stability of PSCs due to their hydro-
phobic properties. Thus, it is a promising strategy to boost both the ef-
ficiency and the stability of the devices via one passivation additive with
both ~COOH and long alkyl chains. The number of -COOH groups and
long alkyl chains in one molecule are critical to the passivation effect.
The more functional groups, the better passivation effect. However, it is
challenging to commercially obtain a material with large numbers of
—~COOH groups and long alkyl chains.

Herein, we design a dendrimer, fatty acid-polyamidoamine -COOH
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(FPC) with sixteen long alkyl chains and eight carboxylic acid functional
groups to improve the performance of the inverted PSCs. It is a hyper-
branched polymer capable of self-assembling in the presence of water
due to the functional groups [41]. We study the multifunctional
passivation of FPC in PSCs. The FPC passivation not only enhances the
PCE of PSCs from 18.71% to 21.01% but also protects devices from
moisture erosion and suppresses the ion migration at the interface be-
tween perovskite and electron transport layer, thus further improving
the stability in the high moisture environment. The Voc improvement of
PSCs is related to the reduced nonradiative recombination due to the
decreased traps at the surface and GBs of the perovskite layer after FPC
modification. The PSCs with FPC maintain ~90% of the initial PCE
under 60 + 5% relative humidity (RH) for 3500 min, and the control
devices only keep ~50% of the original values. The mechanism of the
improved device performance by FPC passivation is studied. FPC
passivation effectively reduces the surface defects and GB defects in
PSCs due to the eight carboxylic acid functional groups, and FPC im-
proves the device stability via sixteen long alkyl chains.

2. Materials and methods
2.1. Materials

The details about the dendrimer fatty acid (FA)-polyamidoamine
(PAMAM)-COOH (FPC) were reported in our previous work [41]. Poly
[bis(4-phenyl) (2,4,6-trimethylphenyl) amine] (PTAA, >99%) was
received from Solaris Chem (Canada) [6,6].-phenyl C61-butyric acid
methyl ester (PCg1BM, 99.5%) was purchased from Nano C Crop (USA).
Methylammonium iodide (MAI, 99.5%), N, N-Dimethylformamide
(DMF, Anhydrous 99.8%), isopropanol (IPA, Anhydrous 99.5%) and
chlorobenzene (CB, Anhydrous 99.8%) were obtained from
Sigma-Aldrich (USA). Dimethyl sulfoxide (DMSO, Anhydrous 99.8%),
bathocuproine (BCP) and lead iodide (Pbly, 99%) were purchased from
Alfa Aesar (USA). Patterned ITO glass substrates (7-9 Q/sq) were
received from Advanced Election Technology Co., Ltd (China).

2.2. Device fabrication

Firstly, ITO glass substrates were cleaned by soap, deionized water,
acetone, and IPA, sequentially. PTAA as hole transport layer with the
concentration of 3 mg/mL in CB was spin-coated on substrates at 4000
rpm for 30 s, then the substrates were annealed at 100 °C for 10 min. The
perovskite precursor solution was prepared by 1.2 M Pbl; and 0.3 M MAI
in mixed solvents (DMF: DMSO = 1:10). The wet perovskite films were
prepared by a two-step method. First, the perovskite precursor solution
was spin-coated with 6000 rpm for 20 s, then MAI solution (30 mg/mL in
IPA) was spin-coated with 4000 rpm for 40 s. The wet films were
annealed at 100 °C for 30 min to form the ITO/PTAA/MAPbI; films. FPC
in IPA was spin-coated on the top of ITO/PTAA/MAPDI; films at 4000
rpm for 30 s, and the ITO/PTAA/MAPDI3/FPC films were annealed for
70 °C for 10 min. For the electron transport layer, PCs;BM (20 mg/mL in
CB) was spin-coated on the ITO/PTAA/MAPbI3/FPC films with 3000
rpm for 30 s. Then the ITO/PTAA/MAPbI3/FPC/PCs;BM films were
annealed at 90 °C for 30 min. Afterwards, BCP (0.5 mg/mL in IPA) was
spin-coated onto PCg;BM with 4000 rpm for 30 s. Finally, Ag electrode
was evaporated under a vacuum of 6 x 10~* Pa to finish device fabri-
cation. Thus, the structure of the PSCs is ITO/PTAA/MAPbI3/FPC/
PC6lBM/BCP/Ag.

2.3. Characterization

The film surface morphology was characterized by scanning electron
microscopy (SEM) using a field emission scanning electron microscope
(LYR3 XMH, Tescan) and atomic force microscopy (AFM) in Peak-Force
Tapping mode (Bruker Dimension Icon Atomic Force Microscope) in
tapping mode. Surface potential mode was utilized to study the surface
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potential of the films using Kelvin porbe force microscopy (KPFM). The
X-ray diffractometry (XRD) diffraction patterns of perovskite films were
collected by MiniFlex600 (Rigaku) with a 26 range from 5 to 45° under
Cu Ko radiation source A = 1.54 A. Grazing-incidence wide-angle X-ray
scattering (GIWAXS) results were also obtained to study crystallinity of
perovskite films with an X-ray wavelength of 1.54 A and incidence angle
of 0.2° under vacuum conditions based on a laboratory beamline system
(Xenocs Inc. Xeuss 2.0) with an X-ray wavelength of 1.54 A and inci-
dence angle of 0.2° under vacuum condition. The images of GIWAXS
were recorded on a Pilatus 1 M detector (Dectris Inc.) and processed
using Irena and Nika package in Igor software. Cary 60 UV-vis spec-
trophotometer (Agilent Technologies) was used to obtain the absorption
spectra of perovskite film. The water contact angle measurement of the
films was carried out using a contact angle goniometer (Ossila). The
current-voltage (J-V) characteristic curves and sunlight stability of PSCs
were collected by digital source meter (Keithley, 2400, USA) under the
illumination AM1.5G (100 mW/cm?) using a G2V Pico solar simulator at
a scan rate of 10 mV/s between 1.2 and 0 V. The steady-state photo-
luminescence (PL) spectra and the time-resolved photoluminescence
(TRPL) spectra under 461 nm excitation wavelength of PSCs were ob-
tained by the fluorescence spectrometer (FluoroMax, Horiba) with
DeltaHub and NanoLED. The electrochemical workstation (CHI 604E)
was applied to evaluate the series and recombination resistance of PSCs
with a 0.9 V bias voltage in the dark condition. 5 mV AC voltage and
swept from 1 Hz to 1 M Hz frequency were used for the electrochemical
impedance spectroscopy (EIS) measurements. The external quantum
efficiency (EQE) measurements were conducted using a quantum effi-
ciency measurement system (IQE-200B, Newport). The J-V curves of
electron-only and hole-only devices were collected by the source meter
(Keithley, 2450, USA). XPS analysis was performed using a Thermo-
Fisher ESCALAB Xi't spectrometer equipped with a monochromatic Al
X-ray source (1486.6 eV, 300 mm? spot size). Measurements were per-
formed using the standard magnetic lens mode and charge compensa-
tion. The base pressure in the analysis chamber during spectral
acquisition was 3 x 10”7 mBar. Spectra were collected at a takeoff angle
of 90° from the plane of the surface. The pass energy of the analyzer was
set at 20 eV for high-resolution spectra and 150 eV for survey scans, with
energy resolutions of 0.1 eV and 1.0 eV, respectively. Binding energies
were calibrated with respect to C 1s at 285.3 eV. All spectra were
recorded using the Thermo Scientific Avantage software; data files were
translated to VGD format and processed using the Thermo Avantage
package v5.9904. Sub-picosecond-to-nanosecond transient absorption
(TA) data were collected by a home-built system powered by a Ti:sap-
phire pulse regenerated amplifier (Regen, Phidia-C, Uptek). Briefly, the
800 nm, 4 mJ, 150 fs pulses generated by the Regen with a repetition
rate of 1 kHz were split to produce the pump and probe beams. About 2
mW of the 800 nm beam was introduced to an optical parametric
amplifier (OPA-C, Light-Conversion), and the 2060 nm idler was picked
up after the OPA to generate the 515 nm TA pump through fourth-
Harmonic generation (FHG), by two beta barium borate (BBO) crys-
tals. The residual IR light after FHG was removed using a serial of long-
pass (LP) dichromatic beam splitters. Specifically, a pair of 1080 nm LP
beam splitters were employed after the first BBO crystal to remove the
2060 nm idler, and a pair of 505 nm LP beam splitters after the second
BBO, to remove the 1030 nm residual. The pump beam was chopped to
500 Hz, attenuated to 8 or 12 nJ per pulse, and softly focused on the
sample. The choice of the low pump fluence was controlled to keep the
photoinduced bleach signal of MAPDI3 in the linear regime (Fig. S1a).
The TA system employed a mixture of HoO/D20 with a 1:1 ratio (v/v) as
the medium to produce the broadband white-light continuum (WL)
probe. A small portion of the 800 nm (~50 mW) Regen output was
picked up before the OPA and bounced four times on a retroreflector
mounted on a linear translation stage. This optical delay setup provided
a time window up to 4200 ps. The 800 nm beam was then focused on the
WL medium contained in a quartz cuvette with a path length of 5 mm.
The liquid WL medium was agitatedly stirred to avoid overheating. The
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resulting WL was then separated to two by a 70:30 beam splitter: the
reflected beam was used to probe the sample, while the transmitted
beam served as the reference to compensate for the pulse-to-pulse
discrepancy. The sample and the reference beam were focused on the
sample plane by two spherical mirrors, respectively. A 720 nm short-
pass filter was used before the sample to remove most of the 800 nm
fundamental. The sample beam was overlapped with the pump beam on
the surface of the perovskite, and the reference beam was raised 2.3 cm
above the sample. The diverged sample and reference beams were
collimated and focused to the slit of the spectrometer (SpectralPro-300i,
Acton) and separately dispersed to two vertically aligned photodiode
arrays (1024 pixels, EB Stresing). TA signals were calculated pixel-by-

pixel using the formula AOD = — log((%) where Ig

Ir
pump—on/(g)pump—ojf)’
and Iz were the intensities of the sample and reference pulses, respec-
tively. The TA system was automated with a home-built LabView pro-
gram. Perovskite films were spin-coated to quartz substrates. During the
data collection, perovskite films were sealed in a quartz cuvette, which
was vacuumed and refilled with dry N, three times. The integration time
is 2 s for every time-delay point, and the collections were repeated three
times and averaged. We ensured the intact of films during experiments
by observing that the TA spectra and kinetics of the three collections
overlapped each other (Fig. S1b).

3. Results and discussion

The structure of the FPC in IPA is illustrated in Fig. 1a. The long alkyl
chains and ~COOH groups on the FPC are used to passivate the perov-
skite films. Fig. 1 b and ¢ show the photographs obtained from water
contact angle measurements of the bare perovskite film (control
perovskite film) and FPC perovskite film (perovskite film modified with
FPQ), respectively. The water contact angles of perovskite films without
and with FPC are 25.4° and 70.5°, respectively. The water contact angle
of the perovskite film with FPC is larger compared to the control
perovskite film, indicating the hydrophobic properties of the film sur-
face. It is well known that carboxyl groups are hydrophilic, while the
long alkyl chains are hydrophobic. Therefore, it is possible that the long
alkyl chains are exposed to the air, leading to the hydrophobic proper-
ties of the FPC perovskite films. The -COOH groups may be attached to
the perovskite film surface to passivate perovskite films. Fig. 1d shows
the mechanism diagram of the perovskite film passivation by FPC. We
perform several characterization measurements to further evaluate the
chemical interactions between perovskite films and FPC polymer. Fig. le
exhibits the FTIR spectra of control perovskite film and FPC perovskite
film. The bending vibration of C-H in the control perovskite film is
located at 780 cm ™2, and the peak shifts to 782 cm ™! after FPC modi-
fication, which is explained by the environment change around perov-
skite caused by FPC passivation [42]. The local environment of the
perovskite films is changed by the FPC passivation due to the interaction
between perovskite film and FPC, resulting in the shift of bending vi-
bration of C-H in the perovskite film. Besides, the bending vibrations of
C-N of the perovskite films without and with FPC are located at 1141
em ! and 1136 cm™}, respectively [43]. The shift of the FTIR peaks of
the perovskite films caused by the FPC modification indicates the in-
teractions between the FPC and the perovskite grains, leading to the
changed environment of perovskite, which may influence the charge
transport and performance of the devices.

XPS measurements are performed to further understand the chemical
states of the elements at the surface of the perovskite films without and
with FPC and to confirm the interaction between FPC and perovskite
films. Fig. 1f shows the C 1s XPS spectra of the control perovskite films,
FPC perovskite films, and FPC powder. The peaks at 285.3 eV are
attributed to C-C bonds. The FPC powerds exhibits three components
located at 285.3 eV, 287 eV and 289 eV, which are attributed to C-C,
C-0/C-N, and COOH bonds, respectively [44]. The C-N/C-O and
COOH peaks of perovskite with FPC are very similar to corresponding
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Fig. 1. a The structure of FPC; b-c The photographs of water contact angels of perovskite films without and with FPC; d The schematic of perovskite film passivated
by FPC through —COOH groups; e the FTIR spectra of perovskite films with and without FPC; f C 1s XPS spectra of perovskite film, perovskite film with FPC, and FPC

powders; g Pb 4f XPS spectra of perovskite films with and without FPC.

pOositions of FPC powders, thus the C-N/C-O and COOH peaks of
perovskite with FPC originate from FPC. The C 1s XPS results confirm
that FPC is successfully introduced to the perovskite films. In addition,
Fig. 1g exhibits the XPS spectra of Pb 4f for control and FPC perovskite
films. Two main peaks are observed at 142.2 eV (Pb 4f5,5) and 137.4 eV
(Pb 4f7,5) in the control perovskite film. For the FPC perovskite film, the
two main peaks shift to 141.9 eV (Pb 4fs,2) and 137.1 eV (Pb 4f;,5),
respectively. Compared to the control perovskite film, the two peaks of
Pb 4f shift to the low binding energy side by FPC. This result confirms

a |ITO/Perovskite

the interactions between FPC and perovskite films, which is consistent
with the FTIR results.

The morphology of the MAPbDI; films plays an important role in terms
of charge transport and device performance. SEM and AFM are used to
investigate the morphology of the perovskite films influenced by FPC.
Fig. 2a and b shows the top-view SEM images of control and FPC
perovskite films (FPC concentration: 0.05 mg/mL), respectively. Two
SEM images show similar morphology and MAPDbI3 grains with 100-300
nm are observed for both films. However, FPC perovskite film exhibits

PPl f TO/PErovskite with PG | N IR

500 nm
N

ITO/Perovskite

—~ Control = With FPC

Potential (mV) —

0.0 05 1.0 15 2.0
Position (um)

Fig. 2. a-b top-view SEM images of perovskite films without and with FPC passivation; c-d The cross-section SEM images of perovskite films without and with FPC
passivation; e-f AFM height images of perovskite films without and with FPC passivation; g-h AFM phase images of perovskite films without and with FPC passivation;

i The potential map of ITO/PTAA/Perovskite and ITO/PTAA/Perovskite/FPC films.
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some smaller particles at the grain boundaries compared to the control
film, which is consistent with the sizes of FPC (~100 nm) [41]. The FPC
molecules may be located at the grain boundaries of the film. Fig. 2c and
d shows the cross-sectional SEM images of devices without and with FPC
(0.05 mg/mL). It is clear to see the layer-by-layer structure of the de-
vices, and the MAPDI; light-absorbing layer has good contact with the
hole transport layer (HTL) and electron transport layer (ETL), benefiting
charge transport in devices. The cross-sectional SEM images of the film
with FPC exhibits more uniform structure, and the grain boundaries are
not obvious compared to the control perovskite films, which is explained
by the FPC passivation on the grains. Fig. 2e and f shows AFM height
images of control and FPC perovskite films (0.05 mg/mL) on ITO sub-
strates. We also check the phase images of perovskite without and with
FPC passivation, as shown in Fig. 2g and h. Smaller particles are
observed on the FPC perovskite film compared to the control perovskite
film, which is attributed to the FPC particles. The root mean square
(RMS) roughness of ITO/MAPDI3 film decreases from 17.8 nm to 10.5
nm after modification by FPC (Fig. 2e and f). Therefore, FPC modifica-
tion improves the film flatness and the smoothness. The control film
shows unmodified GBs in Fig. 2a, while the FPC may be distributed in
GBs of perovskite films to modify the GBs of the perovskite films to
improve the film flatness (Fig. 2b). The enhanced RMS indicates the
improved interface connection of perovskite/PCg;BM, which may
reduce the interface resistance and enhance charge transport. Hence,
FPC passivation enhances the charge transport, which is consistent to
other literature reported [45,46]. Fig. 2i shows the contact potential
differences (CPD) of the ITO/MAPbI3 and ITO/MAPbI3/FPC films ob-
tained by KPFM. The average CPD values for the perovskite films with
and without FPC are about +120 mV and —60 mV, respectively. The
improvement of 180 mV is obtained by FPC, which is attributed to the
arrangement of the FPC molecules on the perovskite film surface. This is
very similar to the results of tetraoctylammonium bromide in OLED and
OPV [47,48]. The charge transport in the devices can be facilitated by
the increased CPD according to the literature, which also benefits the
Voc of the devices [49,50].
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To evaluate the effect of FPC passivation on the crystallinity and the
light-harvesting ability of the perovskite films, the UV-vis absorption,
XRD, and GIWAXS measurements are carried out. The UV-vis absorp-
tion spectra of the perovskite films with and without FPC passivation are
shown in Fig. 3a. The peaks at ~750 nm are attributed to the perovskite
film absorption. The peak of FPC perovskite film is slightly higher than
the control perovskite film, indicating that the FPC passivation enhances
the light-harvesting of perovskite films. Fig. 3b shows the XRD diffrac-
tion patterns of perovskite films with and without FPC passivation. The
diffraction peak at 12.68° is attributed to PbI and the peaks of 14.08°
and 28.42° are indexed to the (110) and (220) crystal planes of perov-
skite films, indicating the FPC polymer passivation does not affect the
crystal structure of perovskite. Fig. 3c and d shows the GIWAXS rings of
perovskite films without and with FPC (0.25 mg/mL), and Fig. S2 ex-
hibits the GIWAXS diffraction rings of perovskite films with different
FPC concentrations. There are two main rings at ¢ = 1.0 and 2.0 A~}
which are assigned to the perovskite crystal planes of (110) and (220).
This further confirms that the introduction of FPC doesn’t influence the
crystal structures of the perovskite films.

In addition, to study the influence of FPC passivation on the per-
formance of PSCs, the current density-voltage curves (J-V) of devices
with different FPC concentrations are measured (Fig. S3). The average
PCE of 17.5% is obtained for the control PSCs (No FPC). The average
PCE increases from 17.9% to 18.7% as the FPC concentration increases
from 0.15 mg/mL to 0.25 mg/mL. When the concentration of FPC
achieves 0.5 mg/mL, the average PCE of PSCs decreases to 17%. Thus,
0.25 mg/mL is the optimal concentration of FPC to passivate PSCs.
Fig. 4a and b shows the Voc and PCE values of PSCs with and without
FPC based on 25 devices prepared with the same experimental condi-
tions. It is clear to see that the PSCs with FPC exhibit higher Voc and PCE
compared to the control PSCs. The average Voc value of PSCs increases
from 1.06 V to 1.08 V, and the average PCE increases from 18.0% to
18.8% as FPC is utilized to passivate PSCs. Fig. 4c shows the champion
PSCs with and without the FPC. The control PSC exhibits the PCE of
18.71%, Jsc of 23.23 mA/cmz, Voc of 1.06 V, and FF of 75.42%. PSC
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Fig. 3. a The UV-vis absorption spectra of perovskite films without and with FPC; b The XRD diffraction patterns of perovskite films without and with FPC
passivation; ¢ The GIWAXS patterns of control film; d The GIWAXS patterns of perovskite with FPC passivation (0.25 mg/mL).



Y. Qi et al.

Journal of Power Sources 536 (2022) 231518

1.12 b 22 C 25
1.10 2ir 20
2N 20 B
~20r LY IN ——
—1.08} [o%, o Y X - ¢ 151
> [0e® o oo/ - 19k e
Q o hd 8 * s
(<] a PO - | Control With FPC
=>1.06p 18F . ,L R 108 Js= 2323 mAom?  Jsc= 23.74 mAlc?
Voc=1.06 V Voc=1.09 V
b~ 17t FF=76.72 % FF=81.16 %
1.04} 51 PCE=18.71% PCE=21.01%
1.02 16r 0 . i . i .
i ' With FPC Control With FPC Control o 02 ey e
25 —=—FPC PSC
—e— Control PSC
20+
—o— Reverse Scan
= —e— Forward Scan
5151 15 1153 69
E R S Forward S g
everse Scan orwart can o
‘51 OF Jsc=23.74 mAfem? Jsc= 23.68 mA/om? 10 —=FPCPSC Vmpp=0.91V 10 840'
7] Voc=1.09 V Voc=1.09 V —e—Control PSC Vmpp=0.90 V
- FF=81.16 % FF=80.52 %
5} PCE=21.01% PCE=20.78 % 5 15 201
0 L . L | | , | \ | | 0 ) L . .
00 02 04 06 08 10 12 00 100 200 300 400 500 300 400 500 600 700 80
Voltage (V) Time (s) Wavelength (nm)

Fig. 4. a The Voc of PSCs with and without FPC passivation (0.25 mg/mL); b The PCE of PSCs with and without FPC passivation (0.25 mg/mL); ¢ The J-V curves of
champion devices with and without FPC passivation; d The J-V curves of PSCs with FPC passivation under different scan directions; e The light stability of PSCs with
and without FPC passivation under Vmpp; f The EQE spectra of PSCs with and without FPC passivation.

with FPC shows the PCE of 21.01%, Jsc of 23.74 mA/cm?, Voc of 1.09 V,
and FF of 81.16%. The Jsc does not change that much. The enhancement
of PCE and Vo is attributed to the passivation effect of FPC. The trap
states and nonradiative recombination of the PSCs may be decreased by
FPC passivation due to the interaction between FPC and perovskite,
leading to improved Voc and PCE of the devices [51,52]. In addition, the
performance of PSCs with FPC under forward and reverse scans are
shown in Fig. 4d. The hysteresis index can be calculated by the following
formula:

PCEy — PCEy
HI =—% "~ ~"F
PCEy

where PCEg is the PCE under reverse scan and PCFEp is the PCE under
forward scan. Therefore, the HI value of PSCs modified by FPC is 0.011,
which can be ignored compared to the control PSC (0.017). It is reported
that the HI is related to the defects of the perovskite films [53]. There-
fore, The small HI of the modified PSC indicates the decreased defects
caused by FPC modification. Fig. 4e shows the PSCs with and without
FPC under one sunlight soaking for 550 s. The current density of the
control PSC decreases from 22.26 mA/cm? to 21.26 mA/cm?, keeping
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Fig. 5. a The PL spectra of perovskite films with and without FPC passivation; b The TRPL spectra of perovskite films with and without FPC passivation; ¢ The
Nyquist plot of the PSCs with and without FPC passivation; d The hole-only devices with and without FPC passivation; e The electron-only devices with and without
FPC passivation; f The EL spectra of PSCs with and without FPC passivation under 1.8 V.
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95.5% of its initial current density, and the PCE maintains 95.77% of the
initial PCE value under the maximum power point (0.90 V). However,
the PSC with FPC still keeps 99.0% of its initial current density and the
PCE keeps 98.4% of its initial PCE after soaking for 550 s with the
maximum power point (0.91 V). Thus, the control PSC shows a quicker
decay than the PSC with FPC. We think the FPC passivation suppresses
ion migration and reduces interfacial defects caused by light soaking
according to the literature [54,55], which will be confirmed by the PL,
TRPL, EIS, electron and hole only devices. Fig. 4f displays the EQE
spectra of control and modified PSCs, and both of them have a photo-
response at 300-800 nm. The EQE of the control and the modified PSCs
show very similar intensities. EQE intensity is correlated with the Jsc of
the devices [56]. The Jsc of the modified and control devices show
similar values (Fig. 4c). Therefore, it is reasonable to observe similar
EQE intensities for the control and modified devices.

Furthermore, the influence of FPC passivation on charge recombi-
nation and extraction of PSCs are investigated by PL, TRPL, and elec-
trical impedance spectroscopy (EIS) measurements. As shown in Fig. 5a,
the PL spectrum of FPC modified perovskite film exhibits higher in-
tensity than the control perovskite film, which suggests that the FPC
passivation effectively reduces the nonradiative recombination. The
TRPL spectra (Fig. 5b) show the lifetime of perovskite film with and
without FPC, and it is clear that the perovskite film modified by FPC
exhibits a longer lifetime than the control film. The lifetime curves of
these two films are fitted by bi-exponential function, as illustrated in the
following formula:

—t —t
Y =A, exp(—) + Az exp(—)
7 7

where A; and A; are the relative amplitudes; t; and 75 are the values of
the lifetime for the fast and slow decay, respectively. For the control
perovskite film, the 77 is 43.8 ns and 15 175.5 ns. However, the lifetime
values of perovskite film with FPC increase to 55.9 ns 223.9 ns for 7; and
Ty, respectively. The fast decay is related to the surface defects of the
films (surface component), and the slow decay is associated with the
bulk defects, which reveals the decay process of excitons inside perov-
skite films [57,58]. Furthermore, the charge recombination is caused by
defects including GBs and surface defects [17]. The lifetime of carriers in
perovskite film for these two processes (fast and slow decay) is pro-
longed after FPC passivation, indicating decreased defect densities at the
GBs and the interface, which suppresses the trap-assisted recombination
in the devices. The EIS measurements are carried out with a bias of 0.9 V
under dark conditions, and the results are illustrated in Fig. 5c. The
Nyquist plot of the PSCs with and without FPC passivation are fitted by
the equivalent circuit shown in the inset of Fig. 5c and the fitting pa-
rameters of series resistance (Rs) and recombination resistance (Rrec)
are displayed in Table S1 [49]. Rs decreases from 18.55 to 9.63 Q and
the Rrec increases from 1.42 x 10° to 3.52 x 10° Q as PSCs are modified
by FPC, which is attributed to the reduced charge recombination by FPC
passivation [61,62]. To investigate the trap density for the positive and
negative defects in the PSCs, the hole-only and electron-only devices are
fabricated. The J-V curves of the hole-only and electron-only devices are
exhibited in Fig. 5d and e, respectively. The structure of the hole-only
devices is ITO/PTAA/MAPbDI3/PTAA/Ag, and the structure of
electron-only devices is ITO/SnO2/MAPbDI3/PCs1M/Ag, which are
shown in the insert Fig. 5d and e. The J-V curves of the hole-only and
electron-only devices exhibit three behaviors, which are composed of an
ohmic region (n = 1), a trap-filled limit (TFL) region (n > 3), and a
space-charge limited current (SCLC) region (n = 2) [63,64]. The trap
density (n,) can be calculated by the following equation,

en,L?

T 2egy

VTF L

where Vrg is the onset voltage of hole or electron only devices in the TFL
region; e is the elementary charge of an electron; L is the perovskite film
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thickness; ¢ and ¢ are the relative dielectric constant of MAPbI3 and
vacuum dielectric constant, respectively. The calculated hole-trap den-
sity values of PSCs with and without FPC are 3.85 x 10'® cm ™ and 4.53
x 10'® em ™3, respectively. The electron-trap density values of PSCs with
and without FPC are 2.04 x 10'® cm™ and 2.66 x 10® cm™3, respec-
tively. It is clear to see that both hole and electron trap densities of
perovskite film decrease after FPC modification, which benefits charge
transport and the device performance. The electroluminescence (EL)
spectra are used to analyze the nonradiative recombination of PSCs. The
EL intensity of PSCs with FPC passivation increases with the bias
increasing as shown in Fig. S4. Besides, the peak of EL spectra is located
at ~750 nm, which is consistent with the PL spectra (Fig. 5a). Fig. 5f
shows the EL spectra of PSCs with and without FPC under 1.8 V bias. The
EL intensity of PSC with FPC is almost twice as high as the control PSC.
In addition, the photographs of electroluminescence of PSCs without
and with FPC are shown in the inset of Fig. 5e. The EL intensity of PSC
with FPC is brighter compared to the control PSC under a bias of 1.8 V,
which indicates the reduction of charge recombination of PSCs by FPC
passivation [65].

To further investigate the influence of FPC passivation on the
interface charge transfer and recombination kinetics between the
perovskite layer and PCg;BM layer, we carry out transient absorption
(TA) spectrum measurements. Fig. 6a and b shows the plots of TA
spectra of the FPC modified perovskite films without and with PCg;BM,
and Fig. 6 c shows the kinetic traces for the bleach signal at 760 nm.
With the presence of PCg1BM, the perovskite bleach at 760 nm un-
dergoes a small growth at the early time with a time constant of ~25 ps,
likely due to the contribution of the PCs1BM absorption to the carrier
formation. The bleach then decays much faster contact to PCg1BM,
indicating that electrons generated in the perovskite layer are extracted
by PCe1BM [45]. Fitting the kinetic trace, we yield a rate constant of
0.43 ns! for the decay of bleach in perovskite/FPC/PCgBM, and in the
unmodified sample (perovskite/PCe¢1BM), the bleach decays slightly
faster (0.55 ns 1) than the modified sample. This result is expected given
the insulate dendrimer layer likely increases the barrier for charge
carriers to migrate across the interface. Compared to the long intrinsic
lifetimes of charge carriers in perovskite measured by TR-PL (43.8 ns
and T3 175.5 ns for the original sample, and 55.9 ns 223.9 ns for the
FPC-modified sample), the charge transfer process, as measured by TA,
in both modified and unmodified films are fast enough to guarantee
efficient carrier extraction. The relatively small difference in charge
transfer rates may not significantly affect the yield of charge separation
at the interface between perovskite and PCg;BM. Therefore, we specu-
late that the FPC layer enhances the device efficiency by retarding the
detrimental trap-assisted charge recombination process at the interface
after charge separation, and FPC effectively eliminates the surface traps
[45,46].

To study the FPC passivation effects on the moisture and air stability
of PSCs, the PSCs are exposed under 60 + 5% relative humidity (RH)
and 25 + 5% RH conditions in the air. Fig. 7a shows devices with and
without FPC exposed under 60 + 5% RH for 3500 min. The PSC with
FPC keeps ~90% of the initial PCE. However, the control device main-
tains only ~50% of the original value. This result indicates FPC
passivation protects device degradation from moisture and improves the
moisture stability of PSCs. The long alkyl chains on FPC are hydrophobic
(Fig. 1b and c) [66,67], leading to improved moisture stability of PSCs.
Furthermore, the stability of PSCs under humidity 25 + 5% RH condi-
tion (30 + 5 °C) is illustrated in Fig. 7b. The device with FPC maintain
~82% of the initial PCE value for 30 days and the PCE of control PSC
decreased to ~47% of the initial values. The device degradation is un-
derstood by the ion migration at the interface between the electron
transport layer and the perovskite layer [68,69]. The improved stability
is attributed to the stable interface caused by FPC passivation due to the
strong interaction between the FPC and perovskite film, leading to
improved air stability of the PSCs.
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= 25%).
4. Conclusions

In summary, we design a polymer with hydrophobic long alkyl
chains and hydrophilic -COOH. The feasibility of applying —-COOH
functional group to passivate perovskite films to considerably increase
device efficiency and using hydrophobic long alkyl chains to protect the
devices from moisture by one material is demonstrated. The XPS and
FTIR results show that the FPC has strong interaction with perovskite
films. Thus, this is an effective strategy to modify defects in the perov-
skite films using our designed material. The hole-only devices and
electron-only devices show that the trap-state densities greatly decrease.
Furthermore, the FPC passivation decreases carrier recombination and
improves charge transport. The PSCs with FPC passivation exhibit the
PCE of 21.01% with Jsc of 23.74 mA/cm?, Voc of 1.09 V, and FF of
81.16%, which is higher than the control devices. In addition, the de-
vices with FPC show much better stability in the moisture environment.
The PSC with FPC passivation keeps ~90% of the initial PCE for 3500
min under 60 + 5% (RH). Also, the device with FPC could keep ~82% of
the initial PCE value under 25 + 5% and 30 + 5 °C for 30 days.
Therefore, we believe this work could open a new paradigm for
designing new organic materials with desired functional groups toward
high-performance PSCs.
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