
 
 

Delft University of Technology

An Interface Co-modification Strategy for Improving the Efficiency and Stability of
CsPbI3Perovskite Solar Cells

Guan, Hui; Lei, Yutian; Wu, Qiyuan; Zhou, Xufeng; Wang, Haoxu; Wang, Gang; Li, Wenquan; Jin, Zhiwen;
Lan, Wei
DOI
10.1021/acsaem.2c02096
Publication date
2022
Document Version
Final published version
Published in
ACS Applied Energy Materials

Citation (APA)
Guan, H., Lei, Y., Wu, Q., Zhou, X., Wang, H., Wang, G., Li, W., Jin, Z., & Lan, W. (2022). An Interface Co-
modification Strategy for Improving the Efficiency and Stability of CsPbI

3
Perovskite Solar Cells. ACS

Applied Energy Materials, 5(11), 13419-13428. https://doi.org/10.1021/acsaem.2c02096

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1021/acsaem.2c02096
https://doi.org/10.1021/acsaem.2c02096


Green Open Access added to TU Delft Institutional Repository 

'You share, we take care!' - Taverne project  
 

https://www.openaccess.nl/en/you-share-we-take-care 

Otherwise as indicated in the copyright section: the publisher 
is the copyright holder of this work and the author uses the 
Dutch legislation to make this work public. 

 
 



An Interface Co-modification Strategy for Improving the Efficiency
and Stability of CsPbI3 Perovskite Solar Cells
Hui Guan, Yutian Lei, Qiyuan Wu, Xufeng Zhou, Haoxu Wang, Gang Wang, Wenquan Li, Zhiwen Jin,*
and Wei Lan*

Cite This: ACS Appl. Energy Mater. 2022, 5, 13419−13428 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Interface engineering is a simple and effective strategy for improving
the photovoltaic performance and stability of perovskite solar cells (PSCs). Herein,
an interface co-modification strategy is proposed, using [6,6]-phenyl-C61-butyric
acid methyl ester (PCBM) and 2-fluoro-1,4-phenylenediammonium iodide
(2FPPD) to modify the electron transport layer (ETL)/perovskite (PVK) and
the PVK/hole transport layer (HTL) interfaces, respectively. A series of
characterizations demonstrate that the PCBM&2FPPD interface co-modification
strategy effectively enhances the extraction and transport efficiency of carriers at the
interface, passivates surface defects, inhibits the nonradiative recombination of
carriers, and simultaneously inhibits ion migration. Moreover, this strategy
improves the crystallinity and surface hydrophobicity of PVK and optimizes the
energy level alignment of PSCs. As a result, all photovoltaic parameters are
improved after optimization, where the power conversion efficiency (PCE) of PSCs has increased from 17.01% to 18.36%.
Meanwhile, the optimized PSCs show excellent environmental stability, which can be stably stored in air (RH = 10−20%) for about
800 h.
KEYWORDS: perovskite solar cell, CsPbI3, interface engineering, defect passivation, photovoltaic performance, stability

1. INTRODUCTION
Halide perovskites are considered to be one of the most
popular candidate materials for third-generation solar cells due
to low defect density, high carrier mobility, long exciton
lifetime and diffusion length, and low cost.1,2 Since the first
report in 2009, the power conversion efficiency (PCE) of
laboratory-scale perovskite solar cells (PSCs) has significantly
increased from 3.8% to 25.7%.3,4 Interestingly, the all-inorganic
perovskites, which have no volatile components, exhibit better
chemical stability than the organic−inorganic hybrid perov-
skites (OIHPs) that are currently being studied.5−7 Among
them, CsPbI3 perovskite has a universal bandgap of ∼1.7 eV,
which is a kind of excellent light-absorbing material for single-
junction solar cells and top light-absorbing material for tandem
solar cells.8,9

Unfortunately, the photovoltaic performance of CsPbI3
PSCs is inferior to that of OIHP solar cells due to limitations
such as high defect density, low charge extraction and transport
efficiency, and ion migration.10,11 In particular, the perovskite
phase CsPbI3 (black phase) is easily converted to non-
perovskite phase CsPbI3 (yellow phase) by low effective
coordination of Cs+ and [PbI6]4− octahedra and destruction of
water and oxygen.12,13 Meanwhile, it has been confirmed that
there are unavoidable defects in CsPbI3 films, such as Cs+
vacancies, Pb2+ coordination defects, etc., which will cause
serious carrier non-radiative recombination.14 For the above

problems, extensive research has shown that interface
engineering is one of the most simple and effective
strategies.1,11,15−17 In 2019, Liu et al. developed nitrogen-
doped graphene quantum dots (N-GQDs) and deposited them
on top of CsPbI3, which increased the PCE from 15.53% to
16.02%.18 In 2020, Jin et al. used guanidine hydrobromide
(GABr) to treat the surface of CsPbI3, and the PCE of
optimized PSCs reached 18.02%.19 Recently, Zhao et al.
achieved crystal secondary growth through the solid-state
reaction between N,N,N-trimethyl-1-dodecanaminium bro-
mide (DTABr) and CsPbI3, resulting in a PCE of 20.04%
and excellent operational stability.20

Generally, planar heterojunction PSCs are a sandwich
structure of an electron transport layer (ETL)/perovskite
(PVK)/hole transport layer (HTL). The contact and matching
between interfaces are some of the non-negligible factors
affecting the photovoltaic performance and stability of
PSCs.21,22 On the one hand, interface engineering can modify
the ETL/PVK interface (buried interface of PVK).23−26
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Currently, the commonly used ETL material TiO2 has
disadvantages such as lower conductivity and higher defect
density, which limit the extraction and transport efficiency of
carriers at the ETL/PVK interface.27−29 Bao et al. modified
TiO2 with n-type doped [6,6]-phenyl-C61-butyric acid methyl
ester (N-doped PCBM), which significantly improved the
extraction and transport efficiency of carriers and reduced the
energy shift.30 On the other hand, suitable organic molecules
(containing −NH2, −OH, etc.) can be used to modify the
PVK/HTL interface (upper interface of PVK).31−33 These
molecules can interact with those uncoordinated Pb2+ defects
on the surface of PVK through Lewis acid−base interactions,
which can passivate the defects at the interface and optimize
the quality of PVK films.34 Moreover, organic molecules can
act as moisture barriers due to their strong hydrophobicity to
prevent PVK from being damp and undergoing phase
transition.35 For example, Yang et al. formed a 2D/3D hybrid
structure at the PVK/HTL interface by introducing 4-
trifluoromethylphenetylammonium iodide (CF3PEAI), where
the 2D structure played an important role in optimizing energy
band alignment, passivating defects, and protecting 3D
structure.36 Furthermore, the dual passivation strategy has
also been widely used to optimize the performance and
stability of PSCs.37−41 For example, Zhu et al. reported a deep-
dependent manipulation strategy through a binary modulation
system to passivate PVK grain boundaries and surfaces, which
achieved the overall defect management.42

In this work, we adopted an interface co-modification
strategy, using [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) and 2-fluoro-1,4-phenylenediammonium iodide
(2FPPD) to simultaneously modify the buried interface and
upper interface of CsPbI3, which improved the photovoltaic
performance and stability of PSCs. Compared with the pristine
(control), the PCBM single-layer interface modification

(PCBM/PVK), and the 2FPPD single-layer interface mod-
ification (PVK/2FPPD) PSCs, the PSCs of the
PCBM&2FPPD interface co-modification strategy (PCBM/
PVK/2FPPD) showed lower defect density, less carrier
interface recombination and ion migration, and higher carrier
mobility. Particularly, the PCBM thin layer improved the
conductivity of ETL, which enhanced the extraction and
transport efficiency of carriers at the ETL/PVK interface. The
2FPPD thin layer passivated those uncoordinated Pb2+ defects
and promoted the crystal secondary growth through Lewis
acid−base interactions, which improved the crystallinity of
CsPbI3. Meanwhile, the 2FPPD thin layer played an important
role in blocking moisture due to its strong hydrophobicity.
Furthermore, this strategy optimized the energy level align-
ment of PSCs, which reduced the energy barrier of carrier
transport. Finally, the PSCs with a PCE of 18.36% were
obtained and showed much enhanced stability.

2. RESULTS AND DISCUSSION
As shown in Figure 1a, the structure of PSCs based on the
PCBM&2FPPD interface co-modification strategy is FTO/
TiO2/PCBM/CsPbI3/2FPPD/2,2′,7,7′-tetrakis[N,N-di-p-me-
thoxyphenylamine]-9,9′-spirobifluorene (Spiro-OMeTAD)/
Au, in which 2FPPD (Figure 1b) and PCBM (Figure 1c) are
used to modify the bilateral interfaces of CsPbI3. The
schematic diagram of the preparation process for the
PCBM&2FPPD interface co-modification strategy is shown
in Figure S1. It is worth mentioning that the surface of the
PCBM thin layer has poor wettability. Therefore, the methods
to improve the wettability of the PCBM thin layer were
explored (Figures S2−S4). The affinity between perovskite
precursor solution and ETL is one of the important factors
affecting the quality of perovskite films.30 As shown in Figure
S4, the perovskite precursor solution contact angle of TiO2/

Figure 1. (a) Schematic of the device structure; (b, c) molecular structures of 2FPPD and PCBM; (d) I−V characteristics of FTO/TiO2/Au,
FTO/PCBM/Au, and FTO/TiO2/PCBM/Au, where the inset is the device structure; (e) C 1s, N 1s, and F 1s XPS core-level spectra of PVK and
PVK/2FPPD; (f) schematic energy level diagram of PSCs based on PCBM/PVK/2FPPD.
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PCBM is 34.4°, which is not conducive to the formation of
high-quality perovskite films. However, after modification of
the PCBM thin layer surface with DMF, the perovskite
precursor solution contact angle changes to 8.3°, indicating
that the affinity between the precursor solution and PCBM
thin layer is greatly increased, which will be beneficial to the
formation of high-quality thin films.
Figure S5 and Figure 1d demonstrate the positive effects on

PSCs with the PCBM thin layer inserted. The optical
transmission spectra in Figure S5 show that the average
transmittance values at 550−700 nm of FTO, FTO/TiO2, and
FTO/TiO2/PCBM films are 81.57%, 82.22%, and 82.08%,
respectively. Obviously, the PCBM thin layer does not
significantly reduce the transmittance of ETL, which provides
convenient conditions for preparation of PSCs. Moreover, the
current−voltage (I−V) characterization curves of different
ETLs were measured (Figure 1d), and the film conductivity
(σ) was calculated according to following formula:43

= Id
VA (1)

where d is the thickness of films and A is the area of devices.
Table S1 shows the calculated parameters and results. The
conductivity of the TiO2/PCBM film is 2.64 × 10−3 mS cm−1,
which is higher than those of the pure TiO2 film (1.60 × 10−3

mS cm−1) and PCBM film (2.18 × 10−3 mS cm−1). The
enhancement of ETL conductivity improves the carrier
transport efficiency at the ETL/PVK interface, which facilitates
the increase in JSC.

44

Alternatively, X-ray photoelectron spectroscopy (XPS) was
used to explore the existence of 2FPPD and its interaction
mechanism with PVK (Figure 1e and Figure S6). Figure 1e
demonstrates the existence of 2FPPD, where the increased
peak areas of PVK/2FPPD at 284.8 and 287.8 eV in the C 1s

XPS core-level spectra are attributed to the C−C bond and C−
F bond of 2FPPD; the peaks at 398.4 eV in the N 1s XPS core-
level spectra and 285.6 eV in the C 1s XPS core-level spectra
are attributed to the C−N bond of 2FPPD; the peak at 685.7
eV in the F 1s XPS core-level spectra is attributed to the C−F
bond of 2FPPD.36,45 Moreover, the XPS core-level spectra of
the main elements (Cs, Pb, I) in PVK were measured to
explore the interaction mechanism (Figure S6b−d). As shown
in Figure S6c, two main peaks (Pb 4f5/2 and Pb 4f7/2)
corresponding to the Pb element of PVK/2FPPD shift by 0.13
eV to a higher binding energy, indicating that the coordination
environment of the Pb element has changed.46 It is attributed
to the Lewis interaction of 2FPPD with uncoordinated Pb2+,
which passivates the defects on the PVK surface.
Furthermore, the energy level alignment of PSCs must have

been changed after PCBM&2FPPD co-modification, so
valence band X-ray photoelectron spectroscopy (VB XPS)
and ultraviolet photoelectron spectroscopy (UPS) were
deployed for characterization (Figure S7), which can reveal
the energy level shift of the film surface.47 The VB XPS spectra
(Figure S7a) show that the VB energy of PVK/2FPPD is
reduced, indicating that the semiconductor type of PVK/
2FPPD shifts to p-type and there exists deeper band bending,
which can help to reduce the energy barrier between PVK and
HTL.48,49 Meanwhile, UPS was used to characterize the energy
level alignment of PSCs (Figure S7b−d). The work function
(WF) can be calculated by the cut-off energy (Ecutoff) region
(Figure S7c) according to following formula: WF = 21.22 −
Ecutoff (eV), where 21.22 eV is the energy of ultraviolet
photoelectrons. The calculated WFs of PCBM, PCBM/PVK,
and PCBM/PVK/2FPPD are 4.26, 4.05, and 4.04 eV,
respectively. Apparently, the VB energy can be calculated by
the Fermi energy (EFermi) region (Figure S7d), so that the VB
energies of PCBM, PCBM/PVK, and PCBM/PVK/2FPPD are

Figure 2. (a) XRD patterns, (b) UV−vis absorption spectra, (c) steady-state PL spectra, and (d) TRPL spectra of control, PCBM/PVK, PVK/
2FPPD, and PCBM/PVK/2FPPD films, respectively.
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1.67, 1.48, and 1.35 eV, respectively. Therefore, the VB
maximum energy of PCBM, PCBM/PVK, and PCBM/PVK/
2FPPD can be obtained, which are −5.93, −5.53, and −5.39
eV, respectively. Finally, according to the energy gap of PCBM
(∼2.0 eV), PCBM/PVK (∼1.7 eV), and PCBM/PVK/2FPPD
(∼1.7 eV) (Figure 2b,c), the conduction band (CB) minimum
energy of PCBM, PCBM/PVK, and PCBM/PVK/2FPPD can
be calculated, which are −3.93, −3.83, and −3.69 eV,
respectively. Therefore, the schematic diagram of the PSC
energy level alignment based on PCBM/PVK/2FPPD was
obtained as shown in Figure 1f.30,47,50 The PCBM&2FPPD
interface co-modification strategy reduces the energy level
shift, provides stairs for interfacial carrier transport, and
inhibits interfacial recombination simultaneously.
To reveal the influence of the PCBM&2FPPD interface co-

modification strategy on PVK crystallization, XRD patterns of
control, PCBM/PVK, PVK/2FPPD, and PCBM/PVK/2FPPD
were measured (Figure 2a and Figure S8). It is worth
mentioning that the diffraction peaks of 14.38° and 28.85°
corresponding to the (110) and (220) crystal planes are not
shifted, indicating that the insertion of PCBM and 2FPPD thin
layers does not cause in-lattice stress or size change of the
lattice in PVK. Meanwhile, the full width at half-maximum
(FWHM) of the diffraction peak corresponding to the (110)
crystal plane is reduced (Table S2), from 0.140 (control) to
0.121 (PCBM/PVK), 0.118 (PVK/2FPPD), and 0.112
(PCBM/PVK/2FPPD), indicating that the crystal orientation

toward the (110) crystal plane increases the PVK crystal-
linity.32,51 Particularly, the increase of diffraction peak intensity
is observed with insertion of the 2FPPD thin layer. The
2FPPD promotes crystal secondary growth leading to
improvement in the crystallinity of PVK.20

The ultraviolet−visible (UV−vis) absorption spectra in
Figure 2b and Figure S9 show that the influence of PCBM and
2FPPD thin layers on the PVK optical band gap is negligible
while the absorption intensity has been strengthened, which
contributes to the improvement of JSC. Moreover, the steady-
state photoluminescence (PL) spectra show that the PL
intensity is significantly reduced with PCBM and 2FPPD thin
layers inserted (Figure 2c and Figure S10). There are two
possibilities for this phenomenon: (1) The PCBM thin layer
enhances the extraction and transport efficiency of carriers at
interface. (2) The 2FPPD thin layer passivates the defects on
the PVK surface and reduces non-radiative recombination.
Figure 2d shows the time-resolved PL (TRPL) spectra, and the
parameters obtained by bi-exponential decay function fitting
are shown in Table S3. Generally, slow decay (τ1) is
considered to be related to the defect density in PVK. Since
defects are one of the causes of carrier non-radiative
recombination, the longer the τ1, the lower the defect density
in PVK. Fast decay (τ2) is believed to be related to the
extraction and transport of carriers at the interface, so the
shorter the τ2 is, the higher the extraction and transport
efficiency of carriers at the interface gained.44,52 In comparison,

Figure 3. (a−d) AFM images, (e−h) top-view morphological SEM images, where the insets show the water contact angle, and (i−l) grain size
distribution of control, PCBM/PVK, PVK/2FPPD, and PCBM/PVK/2FPPD films, respectively.
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τ1 increases from 29.86 ns (control) to 34.39 ns (PCBM/
PVK), 33.39 ns (PVK/2FPPD), and 41.64 ns (PCBM/PVK/
2FPPD), indicating that defect density is reduced and the
quality of PVK is improved. Meanwhile, τ2 is reduced from
3.45 ns (control) to 2.44 ns (PCBM/PVK), 2.84 ns (PVK/
2FPPD), and 1.82 ns (PCBM/PVK/2FPPD), indicating that
the extraction and transport efficiency of carriers at the ETL/
PVK interface is improved. The above results of TRPL spectra
are consistent with the steady-state PL spectra.
Figure 3a−d shows the atomic force microscope (AFM)

height mode images of PVK (3D AFM images shown in Figure
S11). The insertion of PCBM and 2FPPD thin layers reduces
the root mean square (RMS) roughness of the PVK surface,
from 42.8 nm (control) to 40.4 nm (PCBM/PVK), 32.0 nm
(PVK/2FPPD), and 30.9 nm (PCBM/PVK/2FPPD). In
particular, the RMS is significantly reduced due to the
insertion of the 2FPPD thin layer, leading us to speculate
that 2FPPD is intended to be located at grain boundaries on
the surface of PVK, which reduces the height difference of the
PVK surface. In order to further verify the state of 2FPPD on
the surface of PVK, the phase imaging mode of AFM was
applied (Figure S12). By comparison, it is found that 2FPPD
presents a regional distribution on the surface of PVK and is
distributed more at the grain boundaries, which does not
completely cover the PVK surface. It is worth mentioning that
Kyaw et al. also formed a localized 2D/3D heterostructure on
the surface of PVK.53 Compared with full coverage, regional
coverage of 2FPPD on the PVK surface does not hinder the
transport of carriers between PVK and HTL but passivates
uncoordinated Pb2+ defects on the PVK surface and improves
the humidity stability of PVK.
The morphology of PVK was demonstrated from scanning

electron microscope (SEM) images (Figure 3e−h and Figures
S13 and S14). The statistical distribution of grain size shows

that the average grain size becomes larger with PCBM and
2FPPD thin layers inserted (Figure 3i−l). Clearly, the average
grain sizes of PCBM/PVK, PVK/2FPPD, and PCBM/PVK/
2FPPD are 608, 649, and 682 nm, respectively, while the
average grain size of the control is 562 nm. In particular, the
insertion of PCBM & 2FPPD bilayers increases the grain size
by 120 nm. There are two main reasons for the above
phenomenon: (1) the thin layer of DMF-treated PCBM
improves the quality of PVK formation; (2) 2FPPD as a Lewis
base reacts with uncoordinated Pb2+ as a Lewis acid to
passivate the defects, and this solid-state reaction promotes the
secondary growth of the grain size.20,30,34 The larger grain size
means that there are fewer grain boundaries and fewer defects
in PVK, which helps to improve the performance of PSCs.
Analogously, the SEM images show that the surface of PVK is
flatter with a 2FPPD thin layer inserted, which is consistent
with the results of AFM. Meanwhile, the water contact angle of
PVK was also characterized (the insets of Figure 3e−h). It is
found that the water contact angle increased from 45.0°
(control) to 51.5° (PCBM/PVK), 68.0° (PVK/2FPPD), and
70.6° (PCBM/PVK/2FPPD). The increase in contact angle
after PCBM thin layer insertion is attributed to the improved
film formation quality of PVK by DMF treatment, indicating
that fewer defects are formed in PVK. Especially, the water
contact angle increases significantly (from 45.0° to 68.0°) with
2FPPD thin layer inserted, which is due to the strong
hydrophobicity of 2FPPD. Correspondingly, the hydro-
phobicity of 2FPPD can significantly improve the humidity
stability of PVK and further provide PSCs with outstanding
environment stability.
Subsequently, in order to further investigate trap density and

carrier mobility, the space-charge-limited current (SCLC) was
measured. On the one hand, the electron-only devices were
prepared for the control, PCBM/PVK, PVK/2FPPD, and

Figure 4. (a) Trap density and mobility statistical histogram calculated by dark J−V curves for electron-only devices; (b) Mott−Schottky plots, (c)
Nyquist plots, (d) VOC as a function of light intensity, (e) TPC, and (f) TPV based on control, PCBM/PVK, PVK/2FPPD, and PCBM/PVK/
2FPPD PSCs, respectively.
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PCBM/PVK/2FPPD. The corresponding structure and SCLC
curves are shown in Figure S15. On the other hand, the hole-
only devices were prepared for the control and PVK/2FPPD.
The corresponding structure and SCLC curves are shown in
Figure S16. Therefore, the trap density (Ntraps) and carrier
mobility (μ) can be calculated by the following formulas:54

=N
V

eL
2

traps
0 r TFL

2 (2)

=J
V
L

9
8D 0 r

2

3 (3)

where ε0 is the vacuum permittivity, εr is the relative
permittivity of PVK, e is the electronic charge, VTFL is the
onset voltage of trap-filled limit region (the intersection of
trap-filled limit region and ohmic region), L is the thickness of
film, which can be obtained from the cross-sectional SEM
image (Figure S17), JD is the dark current density, and V is the
applied voltage. The relevant calculated parameters and results
are shown in Figure 4a and Table S4. The insertion of PCBM
and 2FPPD thin layers significantly reduces the electron trap
density, from 2.94 × 1015 cm−3 (control) to 1.42 × 1015 cm−3

(PCBM/PVK), 1.61 × 1015 cm−3 (PVK/2FPPD), and 0.65 ×
1015 cm−3 (PCBM/PVK/2FPPD). Correspondingly, the
insertion of 2FPPD thin layer reduces the hole trap density
from 1.82 × 1015 cm−3 (control) to 1.10 × 1015 cm−3 (PVK/
2FPPD). In addition, the carrier mobility also increases
significantly, in which the electron mobility increases from
1.14 × 10−3 cm2 V−1 s−1 (control) to 6.08 × 10−3 cm2 V−1 s−1

(PCBM/PVK), 2.80 × 10−3 cm2 V−1 s−1 (PVK/2FPPD), and
10.09 × 10−3 cm2 V−1 s−1 (PCBM/PVK/2FPPD). The hole
mobility increases from 2.43 × 10−4 cm2 V−1 s−1 (control) to
3.17 × 10−4 cm2 V−1 s−1 (PVK/2FPPD). Obviously, the
PCBM&2FPPD interface co-modification strategy can effec-
tively reduce trap density and increase carrier mobility, which

facilitates the reduction of nonradiative recombination and the
improvement of carrier transport efficiency between interfaces.
Figure 4b and Figure S18 show the Mott−Schottky plots,

which can obtain the built-in potential (Vbi) according to the
Mott−Schottky formula:55

=
C

V V
A e N

1 2( )
2

bi
2

0 r A (4)

where A is the device area and NA is the carrier concentration.
Moreover, the width of the depletion layer (Wp) can be
calculated by the formula of Wp = (2ε0εrVbi/eN)1/2, where N is
the trap density.51 The built-in potential of the device is
increased from 0.82 V (control) to 0.94 V (PCBM/PVK), 0.92
V (PVK/2FPPD), and 0.99 V (PCBM/PVK/2FPPD). The
increase of Vbi and Wp can improve the extraction ability of
carriers at the interface and suppress the non-radiative
recombination of carriers. Furthermore, the Nyquist plots in
Figure 4c and Figure S19 show that series resistance (Rs)
decreases and recombination resistance (Rrec) increases due to
the insertion of PCBM and 2FPPD thin layers, indicating that
the extraction and transport efficiency of carriers are enhanced
and recombination is inhibited.
In order to further evaluate the influence of carrier

recombination behavior on the performance of PSCs, we
measured the function of VOC on light intensity (I) according
to following formula and obtained the ideality factor (n)
through fitting:56

= +V
nk T

e
Iln( ) constantOC

B
(5)

where kB is Boltzmann’s constant and T is the absolute
temperature. Generally, it is believed that the closer to 2 the
value of n is, the more dominant the trap-assisted Shockley−
Read−Hall (SRH) recombination is. However, the closer to 1

Figure 5. (a) J−V curves; (b) J−V curves of hysteresis behavior, (c) EQE spectra and integrated J curves, (d) steady-state measurement of the
photocurrent and PCE, (e) dark J−V curves, and (f) PCE stability stored in air (RH = 10−20%) based on control and PCBM/PVK/2FPPD PSCs.
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the value of n is, the fewer carriers recombine at the interface,
which means the more favorable it is to prepare high-
performance PSCs.38,57 As shown in Figure 4d, the insertion of
PCBM and 2FPPD thin layers significantly reduces the value of
n, from 1.95 (control) to 1.51 (PCBM/PVK), 1.71 (PVK/
2FPPD), and 1.29 (PCBM/PVK/2FPPD), respectively,
indicating that the SRH recombination is significantly
suppressed, which contributes to improving VOC and FF of
PSCs. Additionally, JSC shows good linearity as a function of
light intensity (JSC ∝ I), indicating that the bimolecular
radiative in PSCs is negligible (Figure S20).42,58

Furthermore, the transient photocurrent (TPC) and
transient photovoltage (TPV) were measured to further
explore the carrier dynamics of PSCs.34,52 TPC shows that
the carrier transport lifetime is reduced from 1846 ms
(control) to 345 ms (PCBM/PVK), 902 ms (PVK/2FPPD),
and 166 ms (PCBM/PVK/2FPPD) (Figure 4e and Figure
S21), which means that the extraction and transport efficiency
of carriers have been significantly improved. Particularly, the
insertion of the PCBM thin layer increases the conductivity of
ETL, which leads to greatly improved carrier extraction and
transport efficiency (the carrier transport lifetime reduced from
1846 to 345 ms). Similarly, TPV shows that the carrier
recombination lifetime is increased from 127 (control) to 825
ms (PCBM/PVK), 1276 ms (PVK/2FPPD), and 1782 ms
(PCBM/PVK/2FPPD) (Figure 4f and Figure S22). It
demonstrates that the carrier nonradiative recombination is
significantly suppressed and the defect density is reduced,
especially the 2FPPD thin layer leading to significant reduction
of the carrier recombination lifetime (from 127 to 1276 ms).
According to the above results, the PCBM&2FPPD interface
co-modification strategy not only improves the extraction and
transport efficiency of carriers at the interface but also
passivates the defects on the surface of PVK, which is
consistent with the conclusions obtained from the steady-state
PL spectra and the TRPL spectra.
Therefore, planar heterojunction PSCs were prepared based

on the PCBM&2FPPD interface co-modification strategy.
Figure 5a and Table S5 show the current density−voltage (J−
V) curves measured under AM 1.5G illumination (100 mW/
cm2) and photovoltaic performance parameters of PSCs. For
PCBM/PVK/2FPPD PSCs, the photovoltaic performance
parameters in reverse scan mode are 1.098 V (VOC), 20.72
mA/cm2 (JSC), 80.69% (FF), and 18.36% (PCE), while the
photovoltaic performance parameters of control PSCs are
1.070 V (VOC), 20.49 mA/cm2 (JSC), 77.52% (FF), and 17.01%
(PCE). For comparison, the photovoltaic performances of
PCBM/PVK and PVK/2FPPD PSCs are 1.092 V (VOC), 20.66
mA/cm2 (JSC), 78.71% (FF), and 17.77% (PCE) and 1.089 V
(VOC), 20.68 mA/cm2 (JSC), 77.84% (FF), and 17.54% (PCE),
respectively. Moreover, the influence of PCBM and 2FPPD
solution concentration on the photovoltaic performance of
PSCs was also explored. When the concentrations of PCBM
and 2FPPD solutions are 10 and 1 mg/mL, respectively, PSCs
show better performance (Figure S23 and Tables S6 and S7),
which is consistent with the results of relevant film character-
ization (Figures S8−S10). The statistical distribution of
photovoltaic performance parameters of PSCs shows excellent
repeatability (Figure S24).
Based on the above results, we compared the PCBM/PVK/

2FPPD PSCs with the control PSCs carefully. In contrast, the
PCE exhibits a notable improvement, from 17.01% to 18.36%.
Furthermore, the hysteresis behavior of PSCs was also

measured (Figure 5b and Figure S25). The hysteresis index
(HI) can evaluate the hysteresis behavior and is calculated
according to the following formula:59

=HI
PCE PCE

PCE
Reverse Forward

Reverse (6)

where the relevant parameters and results are shown in Table
S5. The HI is reduced from 0.13 of the control PSCs to 0.04 of
the PCBM/PVK/2FPPD PSCs, among which the PSCs of
PCBM/PVK and PVK/2FPPD are 0.08 and 0.09, respectively.
The reduction of HI confirms that the PCBM&2FPPD
interface co-modification strategy can reduce carrier accumu-
lation and inhibit ion migration at the interface.60,61 The
external quantum efficiency (EQE) spectra of PCBM/PVK/
2FPPD PSCs and control PSCs in Figure 5c show a small
increase in photoelectric conversion efficiency, and the
integrated JSC has increased from 19.73 to 20.27 mA/cm2,
which are consistent with the J−V curves.
The steady-state measurement of photocurrent and PCE

shows that the photocurrent and PCE of PCBM/PVK/2FPPD
PSCs remained at a relatively stable level after 150 s of
continuous light soaking while the control PSCs only
maintained 94% (Figure 5d). Approximatively, the dark J−V
curves shown in Figure 5e indicate that PCBM/PVK/2FPPD
PSCs have a smaller dark current compared to the control
PSCs. It is also proven that the PCBM&2FPPD interface co-
modification strategy can effectively reduce the defects of PVK,
resulting in a smaller leakage current. Moreover, the environ-
mental stability of PSCs was measured. As shown in Figure 5f,
the PSCs were stored in air (RH = 10−20%), and the PCE was
measured as a function of storage time. The PCBM/PVK/
2FPPD PSCs are stored about 800 h, and the PCE remains
stable. On the contrary, the control PSCs are stored for about
600 h, and the PCE only maintains 21% of the initial PCE. The
improvement in environmental stability is due to the
PCBM&2FPPD interface co-modification strategy that inhibits
ion migration at the interface and increases the hydrophobicity
of the PVK surface (water contact angle increased from 45.0°
to 70.6°, the insets of Figure 3e−h).

3. CONCLUSIONS
In summary, the PCBM&2FPPD interface co-modification
strategy was used to optimize the photovoltaic performance
and environmental stability of PSCs. The PCBM thin layer
increases the conductivity of ETL, which enhances the
extraction and transport efficiency of carriers at the ETL/
PVK interface. The 2FPPD thin layer passivates defects and
promotes crystal secondary growth through the interaction of
2FPPD with uncoordinated Pb2+, which enhances the
crystallinity of PVK and suppresses the nonradiative
recombination of carriers. In addition to the above advantages,
the energy level alignment of PSCs is optimized, which reduces
the energy barrier and carrier accumulation at the interface.
Furthermore, the PCBM&2FPPD interface co-modification
strategy also suppresses ion migration and moisture intrusion,
which contributes to improving the stability of PSCs. As a
result, the PCE increases from 17.01% to 18.36%, in which
various photovoltaic parameters (VOC, JSC, FF, and HI) are
optimized simultaneously. Moreover, the environmental
stability of PSCs is greatly improved due to the protection of
PVK by the 2FPPD thin layer, which can be stored stably in air
(RH = 10−20%) for about 800 h. This work provides a simple
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and effective way to prepare efficient and stable PSCs, which
illustrates the importance of interface engineering for
optimizing the performance and stability of PSCs.
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