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1. Introduction

Inorganic CsPbI3 perovskite solar cells 
(PSCs) have attracted widespread atten-
tion due to their outstanding photovoltaic 
performance, and their power conver-
sion efficiency (PCE) had exceeded 20%.[1] 
However, the unpleasant phase transition 
problem caused by the inappropriate tol-
erance factor of CsPbI3 seriously impair 
the long-term stability of the device. Spe-
cifically, due to the small size of Cs+, it is 
difficult to maintain structural integrity at 
room temperature and resulted in sponta-
neously transforms into a yellow non-per-
ovskite phase.[2,3] In response, remarkable 
efforts have been invested into the design 
of a more stable CsPbI3 by implementing 
various methods, including component 
engineering, additive engineering, dimen-
sional engineering, etc.[4–6]

Typically, a wise choice for ideal dimen-
sional engineering is introducing suit-

able organic molecules into the CsPbI3 films to act as steric 
hindrance, sealing and barrier layers. Hence it can realize the 
stability as 2D (2D, inorganic layer number, n  ≤ 5) or quasi-
2D (n  >  5) CsPbI3 materials, and meanwhile, possess car-
rier mobility and exciton separation ability that equivalent to 
3D  bulk materials.[7–9] Currently, as a primary member of the 
2D perovskite family, Ruddlesden–Popper (RP) phase 2D (or 
quasi-2D) CsPbI3 characterized by large-sized organic cation 
spacer has shown promising future in solar cells.[10–12] Liao et al. 
first ingeniously introduced butyl ammonium cation (BA+) into 
the perovskite precursor as a raw material to induce the forma-
tion of BA2CsPb2I7. The BA2CsPb2I7 film, which intervenes the 
crystallization process by steric hindrance, maintains structural 
stability well under certain humidity and temperature, and the 
corresponding device obtains a PCE of 4.84%.[13] Later, the aro-
matic molecule phenethylamine cation (PEA2+) has become the 
minion in the research of RP phase low-dimensional perovskite 
attribute to its π–π interaction. With the meticulous deduction 
of research groups such as Wang and Li  et  al., the quasi-2D 
PEA2Csn−1PbnX3n+1 (n = 40) PSCs achieved an outstanding effi-
ciency of 16.07%.[14,15]

However, the photovoltaic performance of the 2D CsPbI3 
based on the RP prototype is obviously far behind compared 
with the 3D conformation. Furthermore, although these 
2D  PSCs outperform their 3D counterparts in terms of sta-
bility, it is clear that there is still significant room for further 
improvement in the stability of PSCs. Substantially, this can be 

Inorganic 2D layered CsPbI3 is awaiting to overcome the phase instability of 
traditional 3D components. However, the most reported Ruddlesden–Popper 
(RP) phase 2D CsPbI3 leads to larger interlayer distance and weaker interlayer 
coupling since the existence of the van der Waals gap, which deteriorates the 
performance of the device and makes the improvement of stability unsatisfac­
tory. Herein, this work resorts ethylenediamine cations (EDA2+) to construct 
a series of Dion–Jacobson (DJ) phase 2D CsPbI3 as (EDA)Csn−1PbnI3n+1 with 
van der Waals gap eliminated. Combining simulation calculations and experi­
ments, it is found that the (EDA)Csn−1PbnI3n+1 has enhanced intermolecular 
forces to overcome the problem of insufficient crystallization power caused 
by large steric hindrance in the film assembly process compared to phenethy­
lammonium-based RP phase analogues. In addition, profit from the reduced 
interlayer distance and stronger coupling, the rigidity of the structure is 
increased, and the annoying non-radiative recombination caused by structural 
fluctuations is alleviated. As a result, the 2D layered DJ phase CsPbI3-based 
solar cells deliver eminent performance than RP phase analogues, especially 
the 2D (EDA)(Cs)4Pb5I16 (n = 5) device exhibits a record PCE of 10.43% in this 
work, and significantly enhanced stability.
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interpret as: 1) In the lattice of RP system, where the spacer 
cation can only interact with the [PbI6]4− octahedron on one 
side of the inorganic perovskite layers and hence a van der 
Waals gap exist between adjacent organic cations, which inevi-
tably increases the barriers to charge transport in the organic 
layer.[16,17] 2) Superficially, the hydrophobic chain seems to 
defend the perovskite structure from the environmental ero-
sion, but in fact, the van der Waals interaction between the 
[PbI6]4− octahedron is too weak to maintain the 2D perovskite 
structural integrity.[18,19]

Theoretically, the Dion–Jacobson (DJ) phase 2D CsPbI3 with 
diamine cation as interlayer completely eliminates the van der 
Waals gap by virtue of the direct action of organic cations and 
inorganic layer.[20–22] Further, the strong hydrogen bonding 
between the spacer layer and the adjacent inorganic plate of 
DJ phase 2D perovskite makes it have a sturdier structure and 
shorter interlayer distance compared with RP phase analogues, 
which reduces the potential barrier of charge transport in the 
organic layer.[23–25] In 2017, Zhao  et  al. tactfully added a small 
amount 2D DJ phase component ((EDA)PbI4) into the precursor 
of CsPbI3, revealing that the α-CsPbI3 could be stabilized by 2D 
constituent to inhibit the formation of undesirable non-perovs-
kite δ-phase formation.[26] This research has offered a guidance of 
feasibility exploration for the pure component 2D CsPbI3 PSCs. 
Fang et al. discovered that (EDA)Csn−1PbnI3n+1 has excellent pho-
toelectric properties by density functional theory, but there are 
few experimental practicality studies.[27] Recently, Hou et al. tried 
to insert the larger organic cation 1,4-butanediammonium (BDA) 
into an inorganic cesium-lead mixed halide perovskite slabs (i.e., 
(BDA)Csn−1Pbn(I0.7Br0.3)3n+1) to clarify the phase evolution mech-
anism and delivered a PCE up to 9.5%, which further stimulated 
the extensive curiosity about 2D CsPbI3.[28] In a word, compared 
with vast number of research on monoammonium system, the 
layered structure of diammonium-intercalated 2D CsPbI3 perov-
skite is barely explored.

Here, we present ethylenediamine cation (EDA2+), a diamino 
organic compound as a divalent spacer cation to prepare 
2D  CsPbI3. First, theoretical simulations show that the DJ 
phase has stronger intermolecular forces and interlayer cou-
pling compared with RP analogues. Then, to compared with 
the RP analogue, DJ phase perovskite with different n values 
of (EDA)Csn−1PbnI3n+1 were prepared, revealing that the strong 
intermolecular force have positive impact in regulating the crys-
tallization process of the CsPbI3 films. As a result, the layered 
2D DJ phase (EDA)Cs4Pb5I16 (n  = 5) PSCs obtained a record 
stable PCE up to 10.43%.

2. Result and Discussion

Different conformations of organic cations (monoamine/
diamine) have a significant impact on the final target due to dif-
ferences in size and intermolecular forces during the process 
of inserting into the 3D matrix.[29] Considering this, in order to 
understand the differences of their constituent units and the 
overall interlayer spacing when different organic cations were 
inserted, further the discrepancy of its photoelectric performance, 
the structure of RP ((PEA)2Csn−1PbnI3n+1) and DJ ((EDA)Csn−1Pbn
I3n+1) phase perovskite (n = 2, 3, 5) were analyzed by simulation.

As shown in Figure 1a, structurally, for both EDA2+ and 
PEA+-intercalated 2D CsPbI3, each NH3+ group produces 
three IH bonds, two of which bond with terminal I− ions, 
and one of which bonds with bridging I− ion of second nearest 
neighbored atomic layer. Yet a significant difference is that 
EDA2+ eliminates the van der Waals gap through direct interac-
tion with the octahedron at both ends. Furthermore, the amino 
group of organic spacer cations intrudes into the octahedral 
cavity and imposes spatial constraints on the PbI equatorial 
plane of [PbI6]4- octahedron, resulting in steric hindrance effect 
(Figure  1b).[30,31] Meanwhile, EDA2+ with two amino groups at 
both ends can directly alternately form hydrogen bonds with 
the inorganic plate, which has the potential to stabilize the 
2D  CsPbI3 structure.[27,32] The distance between the H atom 
of the NH3 group in the spacer cation and the I atom of the 
Pb–I plane terminal was also calculated to convince this. In 
Figure  1c, Compared with the RP phase CsPbI3, the NH…I 
distance of the DJ phase CsPbI3 is significantly shorter, which 
indicates that EDA-based 2D perovskite has a stronger hydrogen 
bond interaction. The formation of this strong hydrogen bond 
and the existence of previously discussed steric hindrance have 
a crucial influence on the crystallization kinetics and stability of 
the film. (It was discussed in detail below).

Notably, the distance between inorganic plates is crucial in 
the electronic structure and, in turn, for out-of-plane exciton 
dissociation and energy transfer for 2D perovskites.[33,34] 
Figure  1d shows the distance of the axial terminal iodine 
atoms between two perovskite phase structures with different 
n values through simulation. Obviously, the DJ phase CsPbI3 
has a shorter interlayer distance regardless of the number of 
layers. These reduced I…I distances indicate a strong dynam-
ical interlayer coupling between the inorganic plates in (EDA)
Csn−1PbnI3n+1. As discussed below, the optoelectronics of 
DJ phase CsPbI3 was influenced noticeably by the presence of 
interlayer electronic coupling. In lead halogen perovskite semi-
conductor, the distortion of structure has obvious effect on the 
electrical properties and stability of devices. For example, the 
positions of conduction band (CBM) and valence band (VBM) 
correlated to band gap are closely related to Pb-I framework.[35] 
Moreover, phase transitions can be mitigated by the release of 
structure distortions when environmental stresses are applied 
to perovskite lattice. This is because the larger distortion 
reflects the stronger force between organic cations and inor-
ganic components between the layers, which can hinder the dif-
fusion of water molecules into the lattice and inhibit ion migra-
tion under thermal stress conditions.[36,37] Here, we use the 
PbIPb (IPbI) bond angle to quantify the degree of struc-
ture distortion of the DJ and RP phase 2D CsPbI3 (Figure 1f). 
The PbIPb (IPbI) bond angles can be divided into the 
equatorial along the inorganic layer and axial along the stacking 
axis. Equatorial PbIPb (IPbI) bonds should be more rel-
evant to the bandgap. What needs to be emphasized is that the 
PbIPb (IPbI) bond angle may not be the only determi-
nant for compounds of different structures. Kanatzidis  et  al. 
reported that as the interlayer spacing decreases in the 2D com-
position, the interaction between the inorganic layers becomes 
stronger, which may also have a significant impact on the band 
gap.[38] In addition, axial PbIPb (IPbI) bonds are likely to 
influence the excitonic behavior.

Adv. Mater. Interfaces 2022, 2201501
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As shown Figure S1a, Supporting Information, it is obvious 
that DJ phase CsPbI3 has smaller PbIPb equatorial bond 
angle, indicating that the system has larger adjacent octahedral 
twist than RP phase analogues, mainly due to the rather strong 
chemical bonding between the H and terminal I− anions. Inter-
estingly, the axial PbIPb bond angle of the former increases 
with the increase of n value, while the latter remains almost 
unchanged. When n  = 5, two kinds of angles are almost the 
same (Figure S1a, Supporting Information). It can be explained 
that there is a large interlayer distances in the 2D CsPbI3 of RP 
phase, and the axial I…I pairs remain spatially apart (>11 Å), so 
that the effect of electronic coupling along the superposition 
axis can be ignored, which further proves the strong interlayer 
coupling in DJ phase CsPbI3. Meanwhile, the IPbI bond 
angle shows that DJ phase CsPbI3 have smaller [PbX6]4− octa-
hedral distortion than RP isomorphism (Figure S1b, Supporting 

Information). This phenomenon could be mainly attributed to 
the torsion of adjacent octahedral in the strong coupling process 
that compensates the stress of octahedron preventing the exces-
sive deformation, which has a significant impact on the dissoci-
ation of excitons in device operation.[39] Accordingly, the exciton 
transfer of the two phases was further studied when n = 2 based 
on the Bethe–Salpeter methods (BSE) simulation technology, 
and the results implied that the DJ phase has a smaller exciton 
transfer energy (310 meV compared with 340 meV), which 
reconfirmed the results discussed above (Figure 1g).

Then, DJ phase CsPbI3 films with different number of inor-
ganic layers (n = 2, 3, 5, 20, 40, and ∞) were prepared to explore 
their crystallographic information, optical properties and sur-
face morphology. The change of the number of layers is real-
ized by adjusting the stoichiometric reaction according to the 
general formula (EDA)Csn−1PbnI3n+1. Figure 2a shows a simple 

Figure 1.  Structural simulation information: a) Schematic illustration of RP and DJ phase 2D layered perovskites; b,c) Hydrogen bond distance com-
parison of (EDA)Csn−1PbnX3n+1 and (PEA)2Csn−1PbnX3n+1, the dash lines indicate the closest NH···I distances; d,e) The structure and data statistics of 
the interlayer distance defined by the terminal iodide; f) IPbI and PbIPb angle definition diagrams; g) Two-phase (n = 2) exciton effect calculated 
based on Bethe–Salpeter theory.
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film preparation process and images of films fabricated with dif-
ferent n-values. Figure 2b shows that all the investigated (EDA)
Csn−1PbnI3n+1 films have lattice reflections (2θ) around at ≈14° 
and ≈29°, representing (110) and (100) crystal planes, respectively. 
Slight shifts of the two peaks toward smaller angles are observed 
with decreased n values, owing to the lattice expansion caused 
by organic cations (Figure S2a, Supporting Information). Diffrac-
tion peaks split could be observed when n  = 3 and 5, which is 
due to the impure and uneven distribution of the internal phases 
of the film at low n values, often accompanied by several phases 
at the same time.[33,40] Subsequently, optical absorption and 
photoluminescence (PL) spectra were used to study the optical 
properties of the film. Figure  2c shows that the film emerges 
continuous redshift and broadening with the increase of the n 
value; In addition, exciton peaks appear near short wavelengths 
at low n values (n = 2, 3, and 5). Then it becomes less obvious at 
high n values because the exciton binding energy decreases with 
increasing n values.[41,42] Their emission wavelength also appears 
an obvious red shift with the increase of n value, which is very 
consistent with the corresponding change of absorption band 
edge (Figure S2b, Supporting Information). X-ray photoelectron 
spectroscopy (XPS) was used to study the element information 
on the surface of the film. Figure 2d,e shows that the Pb 4f and I 
3d peaks shift to high binding energy as the value of n decreases, 
which is due to the strong interaction between EDA2+ and PbI 
framework. It is reported that more 3D-like phases with weaker 
intermolecular forces tend to accumulate on the surface of the 
quasi-2D perovskite film (n = 20, 40), and this situation is allevi-
ated when the value of n is small.[43,44]

The structural information was further confirmed by scan-
ning electron microscopy (SEM) and atomic force microscopy 

(AFM). Obvious differences for various n values were found. As 
expected (Figure 3a,b), there are isolated and disordered crystal 
grains on the surface of the film with n  = 2 with very poor 
surface coverage. A speculation was made and demonstrated 
below that this is due to the steric hindrance of a large number 
of organic cations inhibiting the growth of crystal grains. As 
the value of n increases, nucleation sites increase due to the 
weakening of steric hindrance and the increase of intermo-
lecular forces, resulting in the aggregation of fine grains and 
higher surface roughness; when the number of layers is further 
increased, the presence of trace organic molecules improves 
the quality of the film, and the film appears compact and flat. 
To further confirm our inference, the RP phase with n  = 5, 
20, 40 films were selected as a comparison found that it has 
poor crystallinity and coverage, which is quite different from 
the DJ phase CsPbI3 film (Figure S3, supporting Information). 
After all, the steric hindrance existing in both phases induces 
difficulty in crystallization. Yet as clarified in the previous cal-
culation, the strong hydrogen bond and interlayer coupling of 
DJ phase remedy the lack of power in the crystallization pro-
cess. Contact angle is an important means to characterize the 
moisture resistance of films. Figure 3c shows that the contact 
angle of the film from n = 2 to n = ∞ decreases sharply from 
85.1° to 37.8° because the hydrophobic organic cations form a 
hydrophobic barrier on the surface of the DJ phase CsPbI3 film, 
thereby inhibiting the erosion of water molecules.

DJ phase CsPbI3 with a nominal n  = 5 average composition 
was chose as the active layer for our solar cells with an architec-
ture FTO/TiO2/2D CsPbI3/Spiro-OMeTAD/Au which was meas-
ured under simulated 1-sun illumination. First, the photovoltaic 
performance of DJ phase (EDA)Cs4Pb5I16 solar cells (EDA-5) 

Figure 2.  Characterizations of (EDA)(Cs)n−1PbnI3n+1 films: a) Film preparation process diagram and pictures of different n values; b) XRD patterns for 
different n numbers; c) UV–vis absorption spectra; d) and e) represent the XPS spectra of Pb 4f and I 3d, respectively.

Adv. Mater. Interfaces 2022, 2201501
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based on diamine cations was characterized. Figure 4a shows the 
current density–voltage (J–V) curves of the device, and the cor-
responding parameters are summarized in Table 1. This is the 
highest reported efficiency (10.43%) of inorganic PSCs based 
on DJ phase CsPbI3 (n = 5). The steady-state power output was 

measured at a voltage of 0.80 V, and exhibiting a stabilized PCE 
of 9.2% nearly 1000 s as shown in Figure  4b. The integrated 
JSC of 12.71 mA cm−2 obtained from the external quantum effi-
ciency (EQE) is shown in Figure 4c, which closely matched with 
the measured JSC. Simultaneously, RP phase (PEA)2Cs4Pb5I16 

Figure 3.  Surface characterization of the (EDA)(Cs)n−1PbnI3n+1 thin films (n = 2, 5, 20, 40, and ∞): a) AFM, b) SEM, and c) contact angle images.

Figure 4.  Device performances of the (EDA)(Cs)n−1PbnI3n+1 and (PEA)2(Cs)n−1PbnI3n+1 (n = 5) PSCs: a) J–V curves of the champion PSC; b) Steady 
measurement at the maximum power output point of 0.80 V; c) EQE and the integrated product of the EQE curve; d) Statistics on the efficiency and 
other photovoltaic parameters of DJ and RP devices based on 20 samples; e) PCE comparison of the 2D (n = 2, 3, 5), quasi-2D (n = 10, 20, and 40) 
with RP and DJ phase perovskite.

Adv. Mater. Interfaces 2022, 2201501
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(PEA-5) PSCs were also fabricated under the same conditions, 
obtaining a PCE of 8.89% (Figure S4a, Supporting Information), 
lower than that of the EDA-5-based analog. The comparison 
of specific photovoltaic parameters is shown in Figure  4d, and 
the efficiency of different values of n is calculated in Figure 4e. 
It is worth noting that the JSC of the PSC based on PEA-5 is 
higher than that of the EDA-5. This phenomenon originated 
from the differences in light absorption ability caused by the 
different thickness of the active layer, and is mainly induced 
by the solubility of organic cations in the solvent (Figure S5a,b, 
Supporting Information).[45,46] In addition, the optical band gap 
of the DJ  phase perovskite is slightly increased compared to 
RP, which may be caused by the Pb 6p and I 5p orbital overlap 
changes that induced by the distortion of the PbIPb structure 
as mentioned in the previous calculation section (Figure S4d, 
Supporting Information). Therefore, in the subsequent prepa-
ration of high-performance 2D PSCs, attention should be paid 
to the special structure of organic cations, so as to have higher 
solvent solubility, facilitate complexation with precursor compo-
nents, and promote the preparation of thick absorbent layers. At 
the same time, organic cations with specific functional groups 
are also expected to regulate the interaction with inorganic layers 
and reduce the inter-layer charge transport barrier.

In order to explore the underlying reasons for the differ-
ence in performance, Mott–Schottky curve was performed 
to measure voltage loss. As shown in Figure 5a, the built-in 
potential of the PSC based on EDA-5 is 0.94 V, which is higher 
than that of the PEA-5-based PSC (0.82 V). The larger built-in 
potential not only enhances the driving force of photogenerated 
carrier separation, but also an extended depletion region for 
efficiently suppressing carrier non-radiative recombination at 
the interface.[47–49] Accordingly, the dark current generated by 
the carrier recombination at the interface is also identified. 
Figure 5b shows the dark current density of the two devices, in 
which EDA-5 is nearly two orders of magnitude smaller than 
PEA-5, implying fewer recombination, which can be further 
confirmed by trap state density.[50] As shown in Figure S5a,b, 
Supporting Information, the bulk defect state density of the 
film has been deeply insighted by the space charge current 
limiting (SCLC) method.[18] Deriving from the curve fitting, the 
corresponding trap density Nt is calculated as 1.23 × 1015 cm−3 
(2.38 × 1015 cm−3) and 1.30 × 1016 cm−3 (1.46 × 1016 cm−3) for 
EDA-5 and PEA-5 devices in electron-only (hole-only), respec-
tively. We further introduce the time-resolved photolumines-
cence (TRPL) techniques to exam the quality of the 2D CsPbI3 
films, as shown in Figure  5c. The double exponential fitting 
results show that the RP phase CsPbI3 films decayed with a 
short lifetime of 2.16 ns compared to DJ samples (13.5 ns), indi-
cating the EDA-5-based samples have less defect state density 
and extended charge carrier lifetime, which is consistent with 
the above results.[51,52]

This phenomenon was further demonstrated by studying the 
dependence of VOC on the change light intensity (Figure  5d). 

Table 1.  J–V parameters of the (EDA)(Cs)4Pb5I16 device under both for-
ward and reverse scan directions.

Scan mode VOC [V] FF [%] JSC [mA cm−2] PCE [%]

Forward 1.03 65.33 13.81 9.33

Reverse 1.08 72.37 13.27 10.43

Figure 5.  Optoelectronic performances of 2D (EDA)(Cs)n−1PbnI3n+1 and (PEA)2(Cs)n−1PbnI3n+1 (n = 5) devices: a) Mott–Schottky curves; b) dark J–V 
curves; c) TRPL spectra; d) VOC versus light intensity on a seminatural logarithmic scale; e) Open-circuit voltage decay curves; f) Nyquist plots 
(inset shows the equivalent circuit) of the devices.
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The VOC and the corresponding light intensity have a linear 
relationship on the log scale for both the PEA-5 and EDA-5. 
The trap-assisted recombination can be well reflected by the 
deviation between the slope and the value of (kT/q) (k is the 
Boltzmann constant, T is temperature, and q is the electric 
charge).[53,54] Decreases in different devices based on EDA-5 
and PEA-5 were observed, from 1.33 to 1.78 kT/q, respectively, 
which suggesting a lower rate of trap-assisted recombination 
in the former. Similarly, the carrier lifetime of the 2D CsPbI3 
PSCs are studied by the transient photovoltage (TPV) decay 
method, in Figure  5e. The results indicate that the VOC decay 
with EDA-5 is much slower than that with PEA-5. The lower 
VOC decay is associated with the longer charge carrier life-
time, which is also in accordance with the lower rate of charge 
recombination. To analyze the dynamics of charge transfer 
and recombination in PSCs, the electrical impedance spectros-
copy (EIS) was performed. Figure  5f shows the Nyquist plots 
of devices based on EDA-5 and PEA-5 devices. Specifically, an 
equivalent circuit consisting of a series charge recombination 
resistance (RS), a parallel charge extraction resistance (RCT) 
and a parallel capacitor (C) is depicted in the inset.[55,56] Clearly, 
PSCs based on EDA-5 shows large Rs (882 kΩ) than the PEA-5 
(471  kΩ), rather, the former has a slightly smaller Rs (108  Ω) 
than the latter (131 Ω). The high Rc and low Rtr for the devices 
indicated the suppressed carries recombination and enhanced 
charge transfer, thereby contributing to higher FF value.

Combined with simulation analysis, the differences of photo-
voltaic performance between RP and DJ phase CsPbI3 origins 
from the microstructure. In the RP phase CsPbI3, the weak 

coupling between the inorganic layer and the organic cation 
greatly enhances the electron-phonon interaction and domi-
nates the non-radiative recombination. In this process, the elec-
tron energy of photo-induced carriers is rapidly transferred to 
the vibrational motion of lattice, which is the main reason for 
the deterioration of its performance. Compared with RP phase 
CsPbI3, a single organic cation in DJ phase CsPbI3 eliminates 
the opportunity of organic barrier generated by intermolecular 
van der Waals interaction, and reduces the distance between 
the inorganic layers and enhances the coupling effect. In addi-
tion, the stronger interaction between the organic molecule 
and the inorganic layer enhances the overall lattice strength 
and thus improves the structural rigidity. Thereby, these special 
structural characteristics reduce the structural fluctuation of the 
lattice, weaken the thermally induced electron-phonon coupling 
and prolong the carrier lifetime.

The phase stability of the film is a prerequisite for the long-
term operation of the device. For thermal stability, as shown 
in Figure 6a, the 2D DJ phase CsPbI3 film (n = 5) maintained 
phase stability under the thermal stress of 65 °C for nearly 
600 h, which may be stem from the increase of structural stiff-
ness caused by the enhancement of intermolecular force and 
interlayer coupling, thus inhibiting the heat-induced ion migra-
tion. Correspondingly, the device efficiency maintained nearly 
85% after heating for more than 200 h. It is worth noting that 
the degradation of device performance may also be related 
to the slow failure of the buffer layer or the electrode. Simi-
larly, under the environmental erosion of ≈40% humidity, the 
DJ component film remains structurally intact within 72 h, and 

Figure 6.  Film and device stability characteristics: Images and the normalized PCEs of the device with n = ∞, RP and DJ a) stored at 65 °C in N2 condi-
tion; b) exposed to air with RH of ≈40%.
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the corresponding device efficiency also remains above 85%, 
while the efficiency of RP and 3D phase device decays to 80% 
and less than 40%, respectively (Figure 6b). This phenomenon is 
attributed to the hydrophobic organic cations and the improved 
film morphology, and more importantly, the enhancement of 
the interlayer interaction inhibits the diffusion of water, oxygen, 
and other molecules in the structure.[57,58] It is noteworthy that 
2D perovskites tend to show more obvious humidity stability in 
previous reports in the literature. In our study, the low solubility 
of organic cations limited the protection they could provide from 
the hydrophobic barrier. In contrast, the above calculations show 
that the DJ phase has stronger interlayer forces and interlayer 
coupling, which can largely avoid the destruction of the 2D suf-
ficient by ion migration due to thermal excitation.

3. Conclusion

In conclusion, the subtle interaction between organic compo-
nents and inorganic perovskite layers in DJ phase results in a 
smaller interlayer distance, which further leads to stronger cou-
pling and structural strength. This special structure suppresses 
the quantum confinement effect; bring about efficient charge 
separation and fast carrier mobilities. As a result, the 2D inor-
ganic (EDA)Cs4Pb5I16 PSCs achieved a recording efficiency of 
10.43%, and the stability of the device in terms of humidity and 
thermal conditions was greatly improved. In short, although the 
efficiency of 2D devices with low n value still needs to be men-
tioned, this study clarifies the check and balance relationship 
between structure and performance, which reminds us that the 
subtle interaction between organic cations and inorganic frame 
layers greatly affects the charge carrier dynamics, especially in 
the design of low-dimensional perovskite photovoltaic devices 
in the future.
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