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Two-dimensional (2D) Dion-Jacobson (D-J)-type cesium lead iodide CsPbI3 perform remarkably in terms
of stability. However, the complex interactions between spacer and inorganic layers limit its excellent
progress in perovskite solar cells (PSCs). Herein, starting from the considerable structural diversity of
organic spacers, we engineer 2D CsPbI3 with fine-tuning functionalities. Specifically, for the first time
we embedded fluorinated aromatic cations in 2D D-J CsPbI3, and successfully applied it into construction
of high-performance PSCs. Compared with constitutive 1,4-diaminobenzene (PDA), the fluorinated 2-
fluorobenzene-1,4-diamine (F-PDA) component greatly expands the dipole moment from 0.59D to
3.47D, which reduces the exciton binding energy of the system. A theoretical study shows that the spacer
layer and inorganic plane are more enriched with charge accumulation in (F-PDA)Csn–1PbnI3n+1. The
results show that (F-PDA)Csn–1PbnI3n+1 demonstrates more significant charge transfer between organic
and inorganic layers than (PDA)Csn–1PbnI3n+1, and it is confirmed in the femtosecond transient absorption
experiment. Moreover, the interactions of the fluorinated spacer with the [PbI6]

4– plane effectively
manipulate the crystallization quality, and thus the ion migration and defect formation of target 2D
CsPbI3 are inhibited. As a result, we obtained a record power conversion efficiency (PCE) beyond 15%
for 2D D-J (F-PDA)Cs3Pb4I13 (n = 4) PSCs with significantly improved environmental stability compared
with the three-dimensional (3D) counterparts.

� 2022 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

The power conversion efficiency (PCE) of CsPbI3 perovskite solar
cells (PSCs) has exceeded 20% [1]. However, the device stability is
still in urgent need of progress for the fragility of CsPbI3 phase
change in terms of meeting commercialization. Until now, the
introduction of ammonium salts to stabilize the resulting struc-
ture, or the resulting low-dimensional system, is considered a
more successful attempt to solve the problem of device instability
[2–4]. Ruddlesden-Popper (R-P) and Dion-Jacobson (D-J) structures
are currently the two most common two-dimensional (2D) per-
ovskite structures. Typically, there are undesirable van der Waals
gaps in R-P perovskites, where the staggered arrangement of
monoamine organic cations can spatially expand the interlayer
spacing between adjacent inorganic panels. This leads to deterio-
rated carrier transport inside the 2D bulk and limited structural
durability [5,6]. Comparatively, no van der Waals gap exists in
the 2D D-J analogues, and the adjacent octahedron is functioned
by strong hydrogen bond, which resulting in shorter distance
between the inorganic plates and more rigid structure [7,8].

Inspired by the intrinsic structural superiority of the 2D D-J
phase, a series of D-J CsPbI3 devices were proposed. In 2017, Zhao’s
group [9] added EDAPbI4 to the CsPbI3 structure and found that the
introduction of the D-J phase can inhibit the formation of
unwanted d phases. In 2020, Hou’s group [10] used
diammonium-intercalated CsPb(I0.7Br0.3)3 to form a cross-linked
heterojunction structure comprising separated 2D (n = 1, 2) and
three-dimensional (3D) perovskites. Benefiting from the band

https://doi.org/10.1016/j.scib.2022.05.019
mailto:jinzw@lzu.edu.cn
https://doi.org/10.1016/j.scib.2022.05.019
http://www.sciencedirect.com/science/journal/20959273
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alignment among 2D/3D structures, the device delivered outstand-
ing PCE as well as ideal light and thermal stability. Most recently,
Fang et al. [11] used simulation methods to periodically insert dia-
mine cations between inorganic layers of a-CsPbI3 components.
The resultant quasi-2D a-CsPbI3 obtained smaller effective mass
than conventional 3D counterparts due to accurate anchor of
organic components and inorganic plane.

Nevertheless, it has to be admitted that the PCE of 2D D-J CsPbI3
still lags behind their 3D counterpart. Substantially, in terms of 2D
intrinsically structure, this is mainly caused by two aspects: (1)
organic cations tail the 3D structure into a multi-quantum well
structure with the inorganic layer as the ‘‘well” and the organic
spacer layer as the ‘‘barrier” [12]. In detail, the excitons generated
at the inorganic ‘‘well” can obtain a greater exciton binding energy
than 3D counterparts due to the low-dielectric screening of the
surrounding organic spacer cations [13,14]. (2) The free electrons
and holes are localized in the conduction band (CB) and valence
band (VB) of the [PbI6]4– plane, respectively, and due to the exis-
tence of spacer energy barrier between the two adjacent inorganic
planes, the out-of-plane charge transport must overcome the bar-
rier induced by organic layer [15–18]. Therefore, it is an intuitive
and reasonable design to alleviate the dielectric mismatch and
optimize the thickness of quantum barrier through organic ligand
engineering. Furthermore, the appropriate structure of organic
cations may cause changes in the electronic coupling between
adjacent organic cations and octahedral structure of matrix, which
will have a profound impact on the out-of-plane charge transport
of the device.

Fortunately, the considerable structural diversity of organic
spacers offers unprecedented opportunities to design materials
with fine-tuning functionalities. Recently, aromatic diamines have
attracted widespread interest as spacers for 2D perovskites. The
aromatic spacer cations have delocalized p-electrons on the molec-
ular backbone, which can reduce the dielectric mismatch between
the corner-sharing inorganic plate and the adjacent organic spacer
layer, thereby weakening the dielectric confinement effect [19–
21]. In addition, the more rigid skeleton of the benzene-based aro-
matic diamine cation results in a better ordered structure relative
to aliphatic species, and the free p-electrons of the aromatic core
can also enhance the charge transport properties [22,23]. However,
the contribution of spacers based on a simple benzene ring struc-
ture to the optoelectronic properties of 2D devices is still limited
due to the lack of specific functionality [24,25].

Fluorine-containing ammonium salts are widely used in the
interface modification of PSCs due to their electronegativity with
outstanding stability and electron donor properties [26,27]. Nota-
bly, fluorine is the most electronegative element, and its van der
Waals radius is similar to that of hydrogen atoms. Therefore, fluo-
rine substitution usually has a high tolerance for structural distor-
tion but greatly improves physical properties [28–30]. Encouraged
by this, we hypothesized that introducing fluorine atoms at appro-
priate positions on the benzene ring to tailor the benzene ring
structure will introduce new features, such as increasing the
dielectric constant and stiffness of the spacer, and more delocal-
ized positive charges on the aromatic ring. Further, these charac-
teristics allow fine-tuning of the electronic properties of the
inorganic layer, including the ability to modulate the strength of
the internal electrostatic interaction of the inorganic layer and
the hydrogen bond with the surrounding environment, as well as
the electronic coupling of the spacer and the octahedron.

Herein, we excavated two aromatic spacer cations, 1,4-
diaminobenzene (PDA) and 2-fluorobenzene-1,4-diamine (F-
PDA), for 2D D-J CsPbI3 and demonstrated highly efficient PSCs
with a nominal n = 4 average composition. To be clear, n = 4 here
is not a pure phase, but a mixture of multiple n-values. Theoretical
calculations show that 2D D-J CsPbI3 using fluorinated spacers
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exhibits higher charge density and strong electronic coupling
around iodine atoms in the layer. Experimentally, (F-PDA)
Cs3Pb4I13 film exhibits improved film quality, preferred vertical
orientation, and the corresponding energy transfer between differ-
ent layers is more favorable. As a result, the optimized (F-PDA)
Cs3Pb4I13 (n = 4) PSCs achieved a record PCE of 15.12% with signif-
icantly improved stability.
2. Experimental

2.1. Materials

Cesium iodide (CsI,�99.99%), lead(II) iodide (PbI2, >99.99%), 1,4-
diaminobenzene (PDA), F-PDA, 2,20,7,70-tetrakis (N,N-di-p-methoxy
phenylamine)-9,90-spirobifluorene (Spiro-OMeTAD), poly(3,4-ethy
lenedioxythiophene)/poly(styrenesulfonate) (PEDOT/PSS), and
[6,6]-phenyl C61 butyric acid methyl ester (PCBM) were acquired
from Xi’an Polymer Light Company. Bis(trifluoromethylsulfonyl)
imidelithium salt (Li-TFSI), 4-tert-butylpyridine (TBP), chloroben-
zene, hydriodic acid (HI 57 wt%), N,N-dimethylformamide (DMF,
99%), TiCl4 and tris (2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)
cobalt(III) tri[bis(trifluoromethane)sulfonimide] (FK209) were
gained from Alfa Aesar. Some other synthesis methods of iodized
salt is detailed in the Supplementary materials (online).

2.2. Device fabrication

The purchased FTO glass was ultrasonically cleaned with etha-
nol and isopropanol for 30 min, then dried with dry air, and treated
with O2 plasma for 10 min. Afterwards, the FTO glasses were
immersed in 4.5 mL TiCl4 aqueous solution at 70 �C for 60 min
and washed with distilled water and ethanol. The compact TiO2

film was formed after annealing at 200 �C for 30 min. Then,
100 lL 2D CsPbI3 precursor solution was coated on TiO2 substrate
by one-step spin-coating method at 1000 r/min for 10 s and 3000 r/
min for 30 s, respectively. The final films were formed after anneal-
ing at 210 �C for 10 min. The annealing time for other layers of film
is slightly different. Finally, the hole transport layer (Spiro-
OMeTAD) was coated on perovskite film by spin coating at
5000 r/min for 35 s. Finally, thermally evaporated Au (80 nm)
was used as top electrodes.

Details on the characterization of the perovskite films and PSCs
and the computational method for calculations are provided in the
Supplementary materials (online).
3. Result and discussion

The structure of organic cations, especially adjusting the electric
dipole moment to change the dielectric constant of the spacer, is an
effective strategy for modulating the distribution of 2D perovskite
quantum wells. Here, we introduce two aromatic organic spacers,
namely PDA and F-PDA obtained by replacing the fluorine atom
at the ortho-position. Among them, fluorine atom on F-PDA is
obtained by replacing the hydrogen atom on the carbon atom in
the PDA by means of single-molecule nucleophilic substitution.
After the reaction, the C–F bond length is 1.34 Å with very small
change compared to the C–H bond length of 1.09 Å in PDA. First,
we applied density functional theory (DFT) to calculate the dipole
moments as presented in Fig. 1a. Compared with constitutive PDA,
the fluorinated F-PDA component greatly expands the dipole
moment from 0.59D to 3.47D (D: a unit used to measure the dipole
moment of a chemical bond). It should be pointed out that we
compared the rotation angles of different structures through Gaus-
sian simulation and obtained the conformation with the lowest
energy in the realistic case as the object of DFT calculation [19].



Fig. 1. (Color online) Organic cations and structure simulation of different 2D D-J CsPbI3. (a) Calculated molecular dipole moment of F-PDA2+ cation and its electron-density
distribution in the lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) in comparison to PDA2+ cation. (b) The optimized polyhedron
model and its partial enlarged drawing. (c) The interaction between organic cations as well as organic cations and inorganic plane in the F-PDA-Pb structure. (d) Definition of
equatorial and apical bond lengths and angles of the geometrical structures for 2D D-J CsPbI3. (e) A schematic diagram of the interaction between the organic layer and the
inorganic octahedron mediating carrier transport. (f) Charge densities of the VBM in PDA-Pb and F-PDA-Pb. (g) The band structures and density of states for F-PDA-Pb (n = 2–
5), respectively. The Fermi level is set to zero. The CB, VB, CBM, and VBM are conduction band, valence band, conduction band minimum, and valence band minimum orbital.
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In theory, the enhanced molecular polarity can increase the
dielectric constant of organic spacer, thereby expanding the dielec-
tric screening ability, rationalising effective carrier separation.
However, in the process of actually forming 2D perovskites, the sit-
uation may be more complicated, because the dipole moment is
directly related to the orientation of organic molecules. The influ-
ence on the properties of 2D perovskites also depends on further
characterization with subsequent development [31,32]. In order
to confirm it experimentally, we extract the exciton transition peak
position and the onset of band-to-band absorption edge from the
Tauc plot as shown in Fig. S1 (online). We find that the exciton
transition peak appears at 2.33 eV for (F-PDA)PbI4, and a linear fit-
ting curve provides the onset of continuum at 2.47 eV, yielding an
exciton binding energy of 140 meV. For the (PDA)PbI4, exciton
transition peak locates at 2.82 eV and the onset of continuum
appears at 3.09 eV, yielding a much larger exciton binding energy
of 270 meV. This shows that the fluorinated spaced cation does
reduce the exciton binding energy, which is consistent with the
simulation results.

Then, the organic spacer and its subtle interaction with adjacent
inorganic layer have obvious influence on 2D perovskite structure
when the organic spacer is inserted into the octahedron [33].
Fig. S2 (online) shows the 2D D-J structure with n = 4 optimized
by DFT, representing (F-PDA)Cs3Pb4I13 (shorthand for F-PDA-Pb)
and (PDA)Cs3Pb4I13 (shorthand for PDA-Pb), respectively. We
noticed that the 2D D-J CsPbI3 structure was not disrupted by the
fluorinated spacer in terms of macroscopic structure. Structurally,
as shown in Fig. 1b, the two H atoms on the amine group head
of the organic cation are hydrogen-bonded with terminal I atoms
of the octahedron, and the other H atom is connected with I atoms
of second nearest neighbored octahedron layer, thereby stabilizing
the 2D system [34]. In detail, the ordered structure is stabilized by
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the strong electrostatic attraction between the organic and inor-
ganic components, and this effect is measured by the distance
between N and I. The average N� � �I distance of the corresponding
2D perovskite structure is given in Fig. S3a (online), where the
stronger hydrogen bonding in the F-PDA-Pb component means
that the organic cations are more significantly coupled to the
[PbI6]4– planes. As reported, this is because the highly electroneg-
ative fluorine atoms inductively withdraw electron density out of
the aromatic ring and leaving a rich positive charge at the –NH3

+

group, resulting in a stronger electrostatic interaction between –
NH3

+ in F-PDA and I in corner-sharing [PbI6]4– layers [35]. Concur-
rently, this strong NH� � �I interaction partially suppresses the ther-
mal fluctuation of the equatorial iodide, which is essential for the
energy transfer between the organic cation and the [PbI6]4– planes
[36].

Molecular interactions in 2D structures are critical to determin-
ing and tuning desired physical properties. In the F-PDA spacer, the
intermolecular and intramolecular CH� � �F distances are 2.3 and
2.62 Å (shorter than their van der Waals radii), respectively, indi-
cating the existence of CH� � �F interactions [37]. The similar effects
also exist between NH� � �F (Fig. 1c). These strong interactions
induce an orderly distribution of spacers and increase the barrier
of molecular motion in the final bulk [38]. Simultaneously, axial
and equatorial Pb–I–Pb angles and Pb–I bond length qualitative
reflect the distortion degree of inorganic octahedron, as shown in
Fig. 1d and Fig. S3b–d (online), manifesting that H/F substitution
is accompanied by enhanced coupling between spacer and inor-
ganic layer [39]. In addition, the disturbance to the 2D perovskite
structure caused by this is negligible.

Carrier transfer in 2D perovskites intrinsically depends on tun-
neling in organic interlayers, and thus there are several possible
carrier transfer pathways: (1) interlayer coupling determined by
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adjacent inorganic planes; (2) hydrogen bond and other non-
covalent bond dominated by the interaction between spacer and
inorganic octahedron; (3) carrier tunneling appeared within the
organic spacer (Fig. 1e). Therefore, we can reasonably speculate
that the (F-PDA)Csn–1PbnI3n+1 structure could reduce the charge
transfer barrier between [PbI6]4– plane and bulk organic cations.
Because in the above structural analysis, we have shown that the
(F-PDA)Csn–1PbnI3n+1 component has stronger hydrogen bonds
and more other non-covalent interactions (such as CH� � �F and
NH� � �F interactions) than (F-PDA)Csn–1PbnI3n+1. To further confirm
this hypothesis, we compared charge densities based on F-PDA-Pb
and PDA-Pb components (n = 4) (Fig. 1f and Fig. S3 online). It was
found that the [PbI6]4– octahedron near the organic cation layer
emerged enrich charge accumulation in valence band maximum
(VBM) for F-PDA-Pb compared with PDA-Pb components. This
result indicates that the F-PDA-Pb component has superior charge
transfer properties between the spacer layer and the inorganic
layer, which is consistent with the results discussed above [23].

As shown in Fig. 1g and Fig. S4 (online), the DFT electronic
structure calculations are correspondingly deployed, which reveals
the hybridization of Pb s and I p orbitals in VB and dominated Pb p
orbitals in CB [22]. The band gap variation with the number of lay-
ers is expected, which is the effect of organic cations on the tuning
of the octahedral structure. Further, we compared the partial den-
sity of states (pDOS) of the organic components, and observed the
F-PDA-Pb pDOS of the structures with fluorine functional group
which are closer to the band edges in the CB than PDA-Pb compo-
nents (Fig. S6 online). This simply reflects that C–C p(p*) orbitals in
the F-PDA ligands are less stabilized (destabilized) than the PDA
ligands, and thus also contribute to a better carrier mobility
between the organic and inorganic layers induced by the F-PDA
ligands [40]. The above results indicate that the tailoring of the
organic cation structure improves the coupling between the spacer
and the inorganic layer and dramatically affects the charge trans-
port there, which motivates us to further explore the crystalliza-
tion, charge transfer kinetics and photovoltaic performance of 2D
D-J CsPbI3 perovskites with different spacer structures.

To experimentally determine the formed 2D D-J structure, we
tested X-ray diffraction (XRD) of (F-PDA)PbI4 and (PDA)PbI4 films,
respectively, and compared them with typical R-P type structures
(BA)2PbI4. As shown in Fig. S7 (online), the diffraction pattern exhi-
bits peak at low diffraction angle (2h = 10.85�, 8.83� and 6.40�,
respectively), corresponding to interplanar d-spacing of 8.138,
9.942, and 12.396 Å, respectively, which provides a fingerprint of
the layered structure. It can be seen that the d-spacing in the R-P
structure is significantly increased, which is the result of the alter-
nating arrangement of the two layers of spaced cations between
the inorganic octahedrons. Further, we note that PDA-derived
spacers do form a 1D structure in previous reports [41]. In fact,
Wu and co-workers [23] and Yip and co-workers [42] believe that
the PDA can also form 2D structures in recent reports. In order to
clarify this point more clearly, we analyzed the (PDA)PbI4 structure
through theoretical calculations and found that it is a 2D structure
with [PbI6]4– octahedral and organic components alternately
arranged (Fig. S8a online). On this basis, the morphology character-
istics were further analyzed, which is mainly characterized by a
typical 2D layered structure (Fig. S8b online). Meanwhile, we pre-
pared (PDA)PbI4 single crystals, which can be clearly seen in the
form of flake growth, which is a typical feature of 2D perovskites
(Fig. S8c online). Therefore, we consider the (PDA)PbI4 structure
as a whole to behave as a 2D structure. Of course, we acknowledge
that a one-dimensional (1D) competing phase may be formed dur-
ing the preparation of (PDA)PbI4, which may be related to the
preparation conditions, that is, the difference of crystallization pro-
cess between the two, which is difficult to be clearly characterized
in the experiment.
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Finally, the 2D D-J CsPbI3 (n = 4) crystal structure and orienta-
tion were examined. All the films showed two main diffraction
peaks around 14.1� and 28.3�, corresponding to the (111) and
(202) diffraction planes, respectively. The slight shifted diffraction
peak to higher angle indicates that fluorine-substituted F-PDA
organic spacer cations cause lattice contraction. Based on the pre-
vious discussion, we speculate that this is due to the stronger
interaction between organic spacer and inorganic plane, which
leads to a slight contraction of the lattice and a decrease in the
spacing between the crystal planes [43]. Notably, the diffraction
intensity ratio of (202)/(111) of F-PDA-Pb increased from 0.67
to 0.97 compared with PDA-Pb, indicating that the layered 2D
phase tends to grow perpendicular to substrate, which is more
conducive to carrier transport along the out-of-plane direction
(Fig. 2b).

In order to experimentally reveal the H/F substitution of spacers
and the deduction of 2D D-J CsPbI3 behavior, we selected F-PDA-Pb
and PDA-Pb component for in-depth exploration. We performed
Fourier transform infrared (FTIR) spectroscopy characterization to
explore the interlayer electrostatic interaction in F-PDAI2, PDAI2
powder, F-PDA-Pb, and PDA-Pb samples. The F-PDAI2 powder pre-
sents a peak at 1235 cm�1 which corresponding to the C–F bond
stretching vibration. As expected, this peak was absent in the PDAI2
sample (Fig. S9a online). However, the fingerprint peak of C–F
bonds was shifted to lower wavenumber (1218 cm�1) in F-PDA-
Pb films sample, which illustrates that the electron-deficient F
atoms engender interaction with electron-rich benzene rings
(Fig. 2a) [44]. This is in line with our simulation results.

To evaluate the optical properties of 2D D-J CsPbI3 films pre-
pared with different spacers, steady-state absorption and photolu-
minescence (PL) spectra were further tested. As shown in Fig. 2c, F-
PDA-Pb and PDA-Pb film exhibits multiple excitonic absorption
peaks, corresponding to low-n phases (n = 1, 2, 3), and a low
absorption band related to 3D-like phases. Combined with the
absorption characteristics of the pure phase n = 1, the exciton peak
of F-PDA-Pb (n = 1) sample appears red-shift compared to PDA-Pb
(n = 1), which can be attributed to the increase of the dielectric
constant of the spacer cation, thus weakening the quantum con-
straint effect [45]. For all 2D D-J CsPbI3, the PL is dominated by
the emission from the 3D-like phases. Consistent with the absorp-
tion spectra, this PL emission peak shows red-shift upon for F-PDA-
Pb (Fig. S9b online). It is worth noting that the corresponding small
n-phase exciton peak does not appear in the PL spectrum. This is
due to the fact that in the 2D perovskite phase with n = 4 as the
main bulk, there are fewer other low-dimensional phases. There-
fore, when using 365 nm laser excitation, the faint light emitted
by the small n phase is absorbed by the 2D phase adjacent to the
larger n value, that is, the self-absorption effect occurs. Thus the
whole spectrum shows the appearance of a 3D-like emission peak.
Similar phenomena have been reported in previous literatures
[19,46].

Next, the scanning electron microscope (SEM) and top-view
atomic force microscopy (AFM) investigated the surface morphol-
ogy of the 2D D-J CsPbI3 film. During the insertion of abundant
organic components into 3D CsPbI3, 2D counterpart presents inher-
ent crystallization difficulties due to steric hindrance effects of
bulk organic cations that restrict grain growth in specific direc-
tions. Therefore, the PDA-Pb film shows obvious cracks and pin-
holes, as well as worse disordered grain orientation and larger
surface roughness. Unexpectedly, F-PDA-Pb film exhibits denser,
smoother morphology, and desired grain orientation (Fig. 2d, e).
It is worth noting that the mechanism behind the more optimized
morphology of F-PDA-Pb films is not very clear. We speculate that
F-PDA molecules with high polarity have higher electron-donor
capabilities than PDA, making it easier to coordinate with
electron-acceptor Pb2+. That is, they can compensate for the crys-



Fig. 2. (Color online) Characterizations of PDA-Pb and F-PDA-Pb film. (a) FTIR spectrometer spectra; (b) XRD patterns; (c) UV–vis absorption spectra of 2D CsPbI3 (n = 1 and
n = 4). SEM images for F-PDA-Pb film (d1) and PDA-Pb film (e1), top-view AFM for F-PDA-Pb film (d2) and PDA-Pb film (e2), and surface potential under dark and light
condition for F-PDA-Pb film (d3) and PDA-Pb film (e3), respectively. RMS is short for root-mean-square. Scale bar, 2 lm. (f) Corresponding mean potential values (CPS, count
per second) and (g) X-ray photoelectron spectroscopy spectra of Pb 4f.
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tallization difficulties caused by the steric hindrance of organic
cations, resulting in higher quality 2D perovskite film [47].

Further, the scanning Kelvin probe microscopy (SKPM) with and
without illumination is adopted to analyze the surface potential
difference (DV) for F-PDA-Pb and PDA-Pb films. The potential of
PDA-Pb film increases from �60 meV to a higher value of
�120 meV (DV = 60 meV), instead, the F-PDA-Pb film shows a dra-
matic fluctuation (�50 to �440 meV,DV = 390 meV) (Fig. 2f). It can
be clearly seen that they have similar surface potential in the dark,
while there is a larger surface potential in F-PDA-Pb film in the
light soaking. We know that the surface potential reflects carrier
concentration in the surface region, which means that more carri-
ers can move to the surface region when lighting in F-PDA-Pb film.
This is a more obvious manifestation of light response. In addition,
Cao and co-workers [48] reported that although DV cannot be
directly converted into VOC, it is closely related to the intensity of
photovoltaic effect. Because a larger surface potential can provide
appropriate band bending, which is conducive to hole extraction.
This is also consistent with our experimental results.

We estimated the effect of organic cationic structure on octahe-
dral interactions with X-ray photoelectron spectroscopy (XPS) test-
ing. In compared with PDA-Pb, the Pb 4f and I 3d peaks shift to
higher binding energy in F-PDA-Pb films (Fig. 2g and Fig. S9c
online). For Pb 4f, this is caused by electrostatic interaction
between fluorine atoms in F-PDA spacer and [PbI6]4– octahedron.
For I 3d, this is the formation of the stronger NH–I hydrogen bonds
and more other non-covalent interactions, such as CH� � �F and
NH� � �F [49]. In conclusion, we have experimentally demonstrated
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series of conclusions of the above structural simulation part. In
addition, these bondings also have a significant regulatory effect
on the crystallization quality of the 2D perovskite film, as we dis-
cussed in the SEM section. Subsequently, the energy levels of the
two 2D D-J CsPbI3 films were measured by ultraviolet photoelec-
tron spectroscopy (UPS) (Fig. S10a, b online). Compared with the
PDA-Pb, the CB of the F-PDA-Pb film was changed from –3.49 to
–3.64 eV. The schematic diagram for the energy levels of the 2D
D-J CsPbI3 is constructed and shown in Fig. S10c (online). It is evi-
dent that the F-PDA-Pb film has the most compatible energy level
alignments to those of the selected electron/hole transport layers.

In order to ascertain the spatial phase distribution and charge
transfer kinetics in the 2D D-J CsPbI3 film, we performed ultrafast
transient absorption (TA) spectroscopy measurements. Fig. 3a, b
represent the 2D TA contour map of the 2D D-J CsPbI3 excited from
the back side. The F-PDA-Pb and PDA-Pb films all show the ground
state bleaching (GSB) signal of 2D (or mixed low-n phase) and 3D-
like phase. Fig. 3c, d show the time-dependent TA spectra of each
film. Upon excitation, at early stage (�0.3 ps), we observed a
bleach signal of small n phases (n = 2) and bleach signal from large
n components in the case of F-PDA-Pb and PDA-Pb films. As time
evolves, the relative GSB peak intensity of the low-n phase relative
to the 3D-like phase gradually decreases, indicating an efficient
cascade energy transfer from the low-n phase to the 3D-like phase
[50].

Moreover, the dynamic process of charge transfer was further
presented. The kinetics of each PB can be fitted by a multiexponen-
tial function: DA(t) = a1exp(�t/s1) + a2exp(�t/s2) + a3exp(�t/s3)



Fig. 3. (Color online) TA spectra. Time- and wavelength-dependent TA images, TA spectra at selected probe times and TA spectra of different n phases as a function of delay
time for (a, c, e) F-PDA-Pb film and (b, d, f) PDA-Pb film, respectively. OD stands for optical density.
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� c1exp(�t/set), where a1, a2, a3, and c1 are amplitudes; s1 is the
fast decay time constant due to the carrier transfer process in the
perovskite; s2 and s3 represent the slow decay time constant;
and set is the formation time constant. The low-n phases of n = 2,
3, and 4 in F-PDA-Pb film exhibit ultrafast decay time of
s1 = 0.26, 0.46, and 13.2 ps, respectively. Whereas, PDA-Pb ana-
logue shows longer times of s1 = 0.32 and 18.57 ps for the phases
of n = 2 and 4, respectively. In unison, the rising time of F-PDA-Pb
and PDA-Pb from the low-n phase to the 3D-like phase are also
extracted, which are 23.1 and 131 ps, respectively (Fig. 3e, f). We
attribute this more efficient energy transfer in F-PDA-Pb to three
aspects: First, the F-PDA2+ with high dipole moment impels the
2D D-J CsPbI3 system dielectric constant to increase, which makes
the excitons more easily dissociated. Second, fluorine substitution
in the organic layer also affects intermolecular stacking and elec-
tron interaction, which makes the coupling between excitons and
lattice more obvious and thus energy transmission more favorable.
Finally, the 2D perovskite phases tend to grow vertically, and thus
the spatially uniform and orderly distributed energy landscape
minimize the out-of-plane charge transport resistance caused by
insulating organic cations in the F-PDA-Pb samples (Fig. S11
online) [43,51].

To reveal the effects of two organic spacers on the photovoltaic
performance of 2D D-J CsPbI3 devices, we prepared typical n-i-p
solar cells with FTO/TiO2/perovskite/Spiro-OMeTAD/Au conforma-
tion (Fig. 4a). Fig. 4a, Fig. S12a (online) and Table 1 show the cur-
rent density-voltage (J-V) curves of the champion F-PDA-Pb and
PDA-Pb devices under AM 1.5 G illumination in reverse and for-
ward scan direction. The reference PDA-Pb based device obtained
a PCE of 12.4%, in contrast, the overall parameters of the F-PDA-
Pb based sample have been improved, resulting in a remarkable
high PCE of 15.12%. To the best of our knowledge, this PCE value
is among the highest efficiency for the reported 2D D-J CsPbI3 PSCs
with n � 5. The integrated JSC of F-PDA-Pb PSCs obtained from the
external quantum efficiency (EQE) is shown in Fig. 4b, which clo-
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sely matched with the measured JSC. Notably, the distinguished
efficiency of the F-PDA-Pb PSCs was further proved by the steady
state PCE of 14.9% measured at the maximum power point
(0.91 V) nearly 300 s (Fig. 4c).

Additionally, 20 independent samples were prepared to evalu-
ate the repeatability of device performance. As shown in Fig. 4d
and Fig. S12b–d (online), the F-PDA-Pb PSCs show better photo-
voltaics performance and repeatability. Mott-Schottky analysis
was further used to investigate the built-in potentials (Vbi) differ-
ence for reference and optimized film as Fig. 4e. The larger Vbi in
the F-PDA-Pb samples can enhance the driving force for carrier
injection at the interface [52]. We then evaluated the stability of
unencapsulated devices under conditions of �40% relative humid-
ity. As shown in Fig. 4f, the 3D CsPbI3 maintains 70% of the initial
PCE after 300 h, while the PCEs of the 2D PDA-Pb and F-PDA-Pb
devices drop to about 80% and 90% under the same circumstances,
respectively. Meanwhile, we performed the contact angles of three
kinds of perovskite films (3D, PDA-Pb and F-PDA-Pb), which were
30�, 52�, and 72� respectively. On the whole, 2D films are more
hydrophobic, while F-PDA-Pb is the most hydrophobic (Fig. S13
online). The improvement of the overall humidity stability is
mainly attributed to the hydrophobic effect of the organic spacer
cations in the bulk and the surface of the 2D D-J CsPbI3 films
[53]. Especially for F-PDA-Pb samples, the diffusion channels of
water molecules are further compressed structurally due to the
stronger hydrophobicity of fluorine atoms and the stronger signif-
icant interaction between organic cations and inorganic octahe-
drons in this component [54]. It should be mentioned that the
degradation of device performance is also related to the failure of
the buffer layer and the electrode. In particular, the material used
in the hole transport layer, that is, the doped Spiro-OMeTAD, is
sensitive to humidity conditions.

Finally, we havemade statistics on the performance of the 2D D-
J CsPbI3 (n � 5) devices recently reported, mainly based on the R-P
andD-J type structures caused by commonmonoamines and diami-



Fig. 4. (Color online) Photovoltaic performance and stability characterization. (a) Reverse scan J-V curve. (b) EQE spectra of the F-PDA-Pb PSCs. (c) Stabilized power output
and current density of the F-PDA-Pb PSCs. (d) PCE distribution (20 individual devices were collected). (e) Mott-Schottky curves. (f) Stability test of unencapsulated 3D CsPbI3
and 2D D-J CsPbI3 PSCs in an atmospheric environment with a humidity of 40%. (g) Record PCE of 2D D-J/R-P CsPbI3 (nominal n � 5) PSCs relative to reported work.

Table 1
J-V parameters of the (PDA)Cs3Pb4I10 and (F-PDA)Cs3Pb4I10 PSCs under forward and reverse scan directions extracted from Fig. 4a and Fig. S9a (online). FF, fill factor.

Films Scan mode VOC (V) JSC (mA/cm2) FF (%) PCE (%)

(PDA)Pb3Cs4I13 Reverse 1.03 16.42 72.95 12.41
Forward 0.92 16.74 74.55 11.47

(F-PDA)Pb3Cs4I13 Reverse 1.10 17.99 76.17 15.12
Forward 1.08 17.87 75.46 14.59
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nes (all devices have an effective area of 0.09 cm2) (Fig. 4g). Com-
pared with the previously reported 2D D-J CsPbI3 devices, our opti-
mized devices achieved the best performance due to rational design
of organic components and efficient regulation of 2D intrinsic struc-
tures. To purely explore the effect of organic spacers on the 2D
structure, our experiments avoid further modification of the corre-
sponding devices. From this point of view, our 2D D-J CsPbI3 device
performance is also a breakthrough compared to the control device
of R-P counterparts reported by Yao et al. [5] (the PCE of the refer-
ence (PEA)2Cs3Pb4I13 device is 12%). Essentially, it is due to the
unique structural contribution of the D-J phase.
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From the above series of analysis, we can find that the perfor-
mance of F-PDA-Pb superior to that of PDA-Pb devices. Therefore,
we elaborated exploration and comparison to the interior nature
of the two kind devices to further unravelling the structure-
performance relationship of 2D D-J CsPbI3. The dissociation of exci-
tons and charges transport within the device directly reflect the
photophysical properties. Here we measured the photocurrent
density versus effective voltage (Jph-Veff) to determine this feature.
As shown in Fig. 5a, Jph increases with the increase of Veff and
reaches saturation state to a certain extent, which means there is
enough built-in electric field to separate all of charges to the corre-



Fig. 5. (Color online) Electrical characteristics of F-PDA-Pb and F-PDA-Pb based devices. (a) Photocurrent density versus effective voltage (Jph-Veff) on a double-logarithmic
scale. Jph is defined as the difference between photocurrent density and dark current density (the photocurrent test is consistent with the above); Veff represents the difference
between the voltage when Jph is equal to zero and the applied bias voltage. (b) The trap state density at room temperature. (c) Trap density; (d) dark J-V curves; (e)
temperature-dependent conductivity; (f) seminatural logarithmic plots of VOC versus light intensity.
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sponding electrode. Under short-circuit conditions and maximum
power output conditions, the Jph/Jsat ratio calculated by F-PDA-Pb
and PDA-Pb are 0.964 (0.946) and 0.911 (0.862), respectively. A lar-
ger Jph/Jsat ratio indicates a higher efficiency of exciton dissociation
and charge collection in F-PDA-Pb PSCs [20].

We further quantified the defect state density in the 2D D-J
CsPbI3 film, and explored the related charge recombination behav-
ior. As shown in Fig. 5b, we used the thermal admittance spec-
troscopy to depict the defects energy distribution in the film. The
F-PDA-Pb sample exhibits the shallower defect density of states
(tDOS) across the entire trap depth, the corresponding defect den-
sity is 1.3 � 1015 m�3 and the tDOS with an energy level above
0.18 eV. Yet, the defects in the PDA-Pb film are abundant
(4 � 1015 m�3) and even more deeply distributed (the tDOS with
an energy level above 0.2 eV). This is consistent with the defect
density trend extracted from the space charge limited current
(SCLC) technology (Fig. 5c and Fig. S14 online) [55]. The carrier life-
time in the dynamics process are also extracted from time-
resolved PL (TRPL) measurement, which can be fitted by a biexpo-
nential function of I(t) = I0 + a1exp(�t/s1) + a2exp(�t/s2), where a1,
a2 are the amplitudes; s1, s2 represent time constants for fast and
slow decay lifetimes (Fig. S15 online). The longer carrier lifetime in
F-PDA-Pb confirms the availability of high-quality devices. The
higher carrier diffusion length in F-PDA-Pb confirms the availabil-
ity of high-quality devices. Fig. 5e shows the dark J-V curves. The F-
PDA-Pb PSC shows smaller leakage current than the PDA-Pb based
device, which is due to the improvement of film quality and reduc-
tion of defect quantity [56].
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Ion migration in metal halide perovskites is considered to be the
origin of structural instability as well as the inducement of some
unwanted optoelectronic phenomena, such as hysteresis effect. It
is usually dominated by the weak bonding of the perovskite struc-
ture and its intrinsic defects [57]. Here, we measured the activation
energy (Ea) for ion migration in perovskite films with temperature-
dependent electrical conductivity in dark. Briefly, we used a later-
ally structured device consisting of two Au electrodes deposited on
perovskite film, as shown in Fig. 5f. It should be noted that the lat-
eral device structure is adopted here to suppress the electronic
conduction, thereby highlighting the contribution of ionic conduc-
tion to the total current. The Ea can be extracted from the Nernst-
Einstein relation: r(T) = (r0/T) exp(–Ea/kBT), where kB is the Boltz-
mann constant, r0 is a constant, and T is temperature [58]. For all
three perovskite films, we observed a transition from electronic to
ionic conductivity with decreasing temperature. Among them, the
Ea of the extracted 3D CsPbI3 film is 0.524 eV, while the Ea of the
PDA-Pb and F-PDA-Pb films are 0.64 and 0.863 eV, respectively.
We thus conclude that: (1) the insertion of insulating organic
cations in 2D D-J CsPbI3 blocks the path of ion migration, making
it difficult to move within the perovskite bulk, as shown in
Fig. S16 (online). (2) For 2D F-PDA-Pb film, the ionic binding energy
is enhanced by the stronger hydrogen bond and more other non-
covalent bond (such as CH� � �F and NH� � �F interactions) between
inorganic layer and organic spacer, thus increasing the ion migra-
tion energy. Moreover, the efficient manipulation of film quality
results in less defect films, which is the fundamental reason for
ion migration control.
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With that, we carry out a series of electrical characterization to
analyze the carrier recombination in the device. The transient volt-
age decay (TPV) results in Fig. S17a (online) show that the F-PDA-
Pb device has a slower photovoltage decay, indicating suppressed
non-radiative recombination. The variation of VOC dependent light
intensity reflects the defect recombination mechanism dominated
by SRH, and studies have shown that the ideality factor of a perfect
device is closer to 1 [59]. As shown in Fig. 5f and Fig. S17b (online),
the ideality factor of F-PDA-Pb PSCs reduced from 1.57kBT/q to
1.41kBT/q compared to that of the PDA-Pb PSCs (T: temperature,
and q: elementary charge), which indicates drastically reduced
defect-assisted recombination under device operating conditions.
To further verify the charge transfer and recombination behavior
at the 2D D-J CsPbI3 interface with different spacers, the test of
electrochemical impedance spectroscopy (EIS) in the dark state is
adopted in the Fig. S18 (online). The recombination resistance
(Rrec) and capacitance (Crec) are obtained by fitting the Equivalent
circuit. The F-PDA-Pb PSCs possesses a larger Rrec than PDA-Pb
PSCs, which indicates that the charge transfer was promoted and
the charge recombination was restrained in the F-PDA-Pb samples
[60].

In connection with theoretical analysis, the superior photo-
voltaic performance of F-PDA-Pb devices is mainly dominated by
the intrinsic microstructure. Significantly, the stronger intermolec-
ular interaction between the fluorinated organic spacer and the
octahedron mediates the self-assembly process of the crystal and
obtains high-quality light-absorbing film, which is the crux to
reducing defect states. Moreover, from the structural level, the
strong bonding interaction (hydrogen bonds and other non-
covalent bonds) of spacers promotes preferred molecule stacking
in the organic and inorganic phase. Therefore, the energy barriers
of [PbI6]4� plane and bulk organic cations are weakened, and the
unhindered passage of charge carriers is ensured.
4. Conclusion

To conclude, we have proved exceedingly efficient 2D D-J CsPbI3
photovoltaic devices with outstanding stability by fine-tuning the
organic spacer. By designing the spacer structure, the increase of
the organic cation dipole moment weakens the screening of the
space charge, which is conducive to the exciton dissociation. With
the DFT simulation guidance, we informed that H/F substitution
can maintain the symmetry of the crystal while reducing structural
distortion and unexpected structural disorder. Concurrently, fluori-
nated spacers play an important role in the intermolecular interac-
tions and constructions. The coupling between inorganic plane and
organic chain is improved, and the carrier transport path is opti-
mized, thus the potential barrier hindering the energy transport
between them is alleviated. Consequently, F-PDA-Pb PSCs exhibit
a champion PCE of 15.12%, which is among the highest efficiencies
for 2D D-J CsPbI3 (n � 5) PSCs to the best of our knowledge. The
dramatically improved storage stability was realized with retain-
ing an average 90% of their initial efficiency after 300 h. This study
shows that the structural tailoring of fluorinated spacers has posi-
tive practical significance for the development of efficient and
stable 2D D-J CsPbI3 PSCs.
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