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construction toward ultra-low
Voc loss in inverted two-dimensional Dion–
Jacobson perovskite solar cells with efficiency over
18%†

Haotian Wu,abc Xiaomei Lian,abc Jun Li,abc Yingzhu Zhang,abc Guanqing Zhou,abc

Xinbo Wen,abc Zengqi Xie, abc Haiming Zhu,*abc Gang Wu *abc

and Hongzheng Chen *abc
An optimized interface between a perovskite and a charge transport

layer with full contact and low defect density favors an improvement

in performance of perovskite solar cells (PVSCs). However, few works

have been reported on constructing an interface for efficient charge

transport and low energy loss in 2D Dion–Jacobson (DJ) PVSCs with

an inverted structure. Herein, a deposition process combining pre-

annealing and merged annealing (PMA) was demonstrated to be

effective in constructing a merged interface between the layers of an

electron transport material, PC61BM, and DJ perovskite

(3AMP)(MA0.75FA0.25)3Pb4I13, which promotes perovskite/PC61BM

contact and thus improves defect passivation and charge transport. A

high Voc (1.24 V) with ultra-low energy loss (0.35 eV) is achieved

because of the decreased defect density. A PMA-based device with

a structure of ITO/(NiOx/PTAA)/perovskite/PC61BM/BCP/Ag exhibits

a highest PCE of 18.67%, which is the highest value among the 2D DJ

PVSCs with an inverted structure. The device retains 90% of its initial

PCE after storage in air with a humidity of 45� 5% for 60 days or in an

85 �C N2 atmosphere for 480 h, and remains unchanged in 50 cycles

of thermal cycling measurements. This work provides an effective

approach towards 2D DJ PVSCs with both high efficiency and high

moisture and thermal stability.
Introduction

An organic–inorganic hybrid perovskite has been successfully
applied in solar cells due to its high absorption coefficient, high
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carrier migration rate and high fault tolerance, and is consid-
ered to be one of the most promising materials for next-
generation photovoltaic technology.1–4 With the rapid
improvement in the power conversion efficiency (PCE) of
perovskite solar cells (PVSCs), more attention has been paid to
the stability of the devices.

Two-dimensional (2D) perovskites exhibit excellent envi-
ronmental stability because of the high formation energy and
strong hydrophobicity introduced by organic spacer cations.5–13

However, the insulating spacer cation layer blocks the transport
of photogenerated carriers and hinders any improvement in the
PCEs of 2D PVSCs.14–16 2D Dion–Jacobson (DJ) perovskites with
the chemical formula ABn�1MnX3n+1, applying diammonium as
an A-site spacer cation, have a relatively shorter distance
between the adjacent [Bn�1MnX3n+1]

2� slabs compared to their
counterparts with a Ruddlesden–Popper structure. The
decreased interlayer distance, together with the resulting
weakened quantum connement effect and the narrowed
bandgap, will benet charge separation/transport and light
harvesting as well, which shows potential in PCE elevation.17,18

The efforts for elevating the PCE of 2D DJ PVSCs are now mostly
focused on improving the charge-transportation inside the
perovskite lm to increase the short-circuit current density (Jsc)
by fabricating high-quality lm with a vertical growth orienta-
tion.19–22 The developed methods include hot-casting,5,19,23

additives and anti-solvent assistance,24–26 solvent vapor anneal-
ing,27 and selecting suitable spacer cations.28,29 In addition, Li
et al. reported the rst example of formamidinium (FA) based
2D DJ PVSC with excellent moisture stability, the photovoltaic
performance of which depends on the unique phase structure
of the light-harvesting material.30,31

A high open-circuit voltage (Voc) is indispensable for the
efficiency improvement of 2D PVSCs, considering the relatively
wide bandgap of 2D perovskites. However, the Voc of most 2D DJ
PVSCs are around 1.0 V to 1.1 V (see Table S1†), even lower than
for some MAPbI3-based devices.32,33 This indicates that 2D
PVSCs suffer severe Voc losses, at least, compared to 3D PVSCs
with high performance. Even for the best 2D DJ PVSCs, the value
of Voc loss is up to 0.4–0.5 eV,26–29 as listed in Table S1.† A
This journal is © The Royal Society of Chemistry 2021
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relatively low Voc value is currently the bottleneck for further
improvement in the PCE. The Voc losses can be ascribed to non-
radiative recombination via defect states at the grain bound-
aries of the perovskite lm and at their interfaces with the
charge transport layer. Most recently, He et al. achieved
a homogeneous energy landscape and decreased defect density
by regulating the crystallization kinetics of a meta-
(aminomethyl)piperidinium-based 2D DJ perovskite. A high Voc
of 1.21 V induced by reduced nonradiative recombination was
reported.29

From the viewpoint of interface engineering, insertion of an
ultrathin passivation layer between the perovskite and charge
transport material was proved to be effective in elevating Voc,34–36

but hindered charge extraction.33 [6,6]-Phenyl-C61-butyric acid
methyl ester (PC61BM), as an effective electron transport mate-
rial, was demonstrated to be a Lewis acid passivator that can
reduce halide-induced traps.37,38 But, for a PC61BM layer spin-
coated on a perovskite lm with a smooth surface the passiv-
ation effect is restricted by the limited contact area of the
interface. Enlarging the perovskite/PC61BM interface will favor
both charge transport and defect passivation, but faces diffi-
culties in 2D DJ perovskites. Due to the lack of van der Waals
forces, it is more difficult for 2D DJ perovskites to form an
ordered structure with high crystallinity and good orientation,
compared to their counterparts with an RP structure. The
Fig. 1 (a) Schematic illustration of three fabrication processes for a PC61B
images for the corresponding films. Top-view SEM images of (3AMP)
processes. (e) X-ray diffraction (XRD) patterns of perovskite films fabrica

This journal is © The Royal Society of Chemistry 2021
variation in the interface layer might introduce more uncon-
trollable factors into the crystallization process, harmful to the
formation of a high-quality lm. Up to now, there has still been
no report about interface engineering for 2D DJ PVSCs,
although the interface layer is regarded as one of the key factors
that inuences the charge extraction and determines the
surface trap density and the resulting energy loss.39–41

In this work, a merged interface between PC61BM and
a (3AMP)(MA0.75FA0.25)3Pb4I13 perovskite was constructed via
a new two-step merged annealing method on the basis of
ensuring the high quality of the 2D DJ perovskite lm. Because
of the optimized interface with decreased defect density, a high
Voc (1.24 V) and low energy loss (0.35 eV) were achieved, both of
which are the best results for 2D DJ PVSCs. A device with
a structure of ITO/(NiOx/PTAA)/perovskite/PC61BM/BCP/Ag
exhibited a PCE of 18.67%, which is the highest value among
2D DJ PVSCs with an inverted structure.
Results and discussion

Fig. 1 presents three different fabrication processes for
(3AMP)(MA0.75FA0.25)3Pb4I13 lm coated with an electron
transport layer (ETL), i.e. PC61BM in this study. Route I is the
conventional annealing method (abbreviated as CA), in which
PC61BM is deposited onto the fully annealed perovskite lm.
M coated (3AMP)(MA0.75FA0.25)3Pb4I13 film and the cross-sectional SEM
(MA0.75FA0.25)3Pb4I13 films fabricated by CA (b), MA (c) and PMA (d)
ted by various methods.

J. Mater. Chem. A, 2021, 9, 12566–12573 | 12567
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Fig. 2 Planar structured PVSC device configuration (a), J–V curves (b),
EQE spectra and the integrated photocurrent curves (c) of the CA and
PMA based devices, and PCE histogram of 30 devices fabricated by the
CA or PMA process (d).
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Route II is the merged annealing method (abbreviated as MA),
in which solutions of precursor and PC61BM are spin-coated in
sequence and then annealed together.42,43 Route III is a combi-
nation of pre-annealing and merged annealing, in which the
spin-coated precursor solution is pre-annealed for a very short
time, followed by spin-coating of PC61BM, and then PC61BM
and the pre-annealed precursor experience the merged
annealing process together. Route III is abbreviated as PMA for
convenience. A high-quality perovskite lm with a merged
interface between ETL and perovskite is expected to be con-
structed through an MA or PMA process.

The cross-sectional SEM images of (3AMP)(MA0.75FA0.25)3-
Pb4I13 lms prepared by various methods are shown in Fig. 1a.
It is found that both CA and PMA processes help to form
perovskite lm with a compact structure (Fig. 1a(I) and (III)).
But the MA-based lm presents an extremely poor morphology.
The lm cannot completely cover the substrate, as shown in
Fig. 1a(II). Large amounts of gaps and holes can be observed in
the lm surface (Fig. 1c). As a result, the substrate can be seen in
the enlarged image shown in Fig. S1a† The corresponding X-ray
diffraction (XRD) patterns are presented in Fig. 1e For the MA-
based lm: besides the 14.08� and 28.32� peaks for the (011)
and (022) lattice planes of (3AMP)(MA0.75FA0.25)3Pb4I13 perov-
skite,18 the diffraction peaks at 2q of 6.64�, 7.3� and 9.26� can be
attributed to the residue of the intermediates of MAI–PbI2–
DMSO,44,45 which can be observed in the enlarged SEM image
(Fig. S1b†). It is suggested that the MA process hindered the
transition of the intermediate to nal perovskite. For the lms
prepared by CA and PMA methods, no intermediate residue can
be detected. The diffraction peaks of the (011) and (022) lattice
plane in the PMA-based lm are obviously strengthened,
compared to the MA-based lm, indicating the preferred
orientation of the crystal structure for the (3AMP)(MA0.75-
FA0.25)3Pb4I13 lm via the PMA process.24,46 In addition, the
steady-state photoluminescence spectra (PL) of the PMA-based
lm shows no peaks for the quantum wells of low n values no
matter whether back (glass side) or front (perovskite side)
excitation was used (Fig. S2†). This implies that the lm struc-
ture should be relatively uniform from the top to the bottom of
the entire perovskite lm, as reported in previous studies.24,26

The top-view images of the CA- and PMA-based perovskite lms,
where the top PC61BM was rinsed away, are shown in Fig. 1b
and d. The variation in grain size is not obvious. The surface of
the PMA-based lm is rougher than that of the CA-based lm.
The root mean square surface roughness values of the PMA- and
CA-based lms are 14.2 nm and 11.1 nm, according to the
corresponding AFM images shown in Fig. S3,† which could be
attributed to the penetration of PC61BM inside the surface layer
of (3AMP)(MA0.75FA0.25)3Pb4I13 and the formation of the merged
interface between perovskite and PC61BM.

Then, we fabricated a device with the inverted structure of
ITO/(NiOx/PTAA)/perovskite/PC61BM/BCP/Ag, as shown in
Fig. 2a, using (3AMP)(MA0.75FA0.25)3Pb4I13 as the absorber layer,
the UV-vis absorption spectra of which are shown in Fig. S4.†
The perovskite/PC61BM layer was deposited separately by CA
and PMA processes. The current density–voltage (J–V) curves of
the corresponding devices are shown in Fig. 2b. The detailed
12568 | J. Mater. Chem. A, 2021, 9, 12566–12573
photovoltaic parameters are summarized in Table 1. The best
power conversion efficiency (PCE) of the CA-based devices is
16.92%, with an open-circuit voltage (Voc) of 1.20 V, short-circuit
current density (Jsc) of 18.6 mA cm�2 and ll factor (FF) of
75.86%. The PMA-based device exhibits an increased Jsc of 19.51
mA cm�2 and Voc of 1.24 V. The distribution diagrams of Voc, Jsc
and FF are shown in Fig. S5a–c.† A champion PCE of 18.67%
with an average value of 18.25% were achieved. Both PCE and
Voc are the best values for 2D DJ PVSCs. The device's PCE was
certied to be 17.86% (Fig. S6†). The stable photocurrent and
steady efficiency at the maximum power point of 0.99 V were
obtained during 300 s, resulting in a stabilized PCE of 17.62%,
as shown in Fig. S5d.† Furthermore, the PMA-based device
exhibits a larger shunt resistance (Rsh) and a smaller series
resistance (Rs), as listed in Table 1, indicating better lm
morphology and more efficient charge extraction/transport
than the CA-based one. Fig. S7† shows the forward and
reverse scanning J–V curves of the devices fabricated using CA
and PMA methods. The PMA-based device presents a hysteresis
index of 4.2%, lower than that of the CA-based device (9.1%).
Fig. 2c shows the external quantum efficiency (EQE) spectra and
the corresponding integrated photocurrent curves. The EQE
curves exhibit the same cut-off edge as the absorption spectra
(Fig. S4†). The integrated photocurrents for PMA- and CA-based
devices are 19.38 mA cm�2 and 18.43 mA cm�2, respectively,
both of which closely match the Jsc values from J–V curves. The
PCE histogram of the 30 devices prepared from different
processes in Fig. 2d indicates that PMA-based devices exhibit
a narrower distribution, indicating better reproducibility.

Ultrafast transient absorption spectroscopy (TAS) has been
carried out to study the effect of the deposition process on the
internal charge transfer dynamics in perovskite lms. TA
spectra and kinetics of devices fabricated by CA and PMA
approaches are shown in the upper and lower panels of Fig. 3,
respectively. From TAS results (Fig. 3a, b, d and e), aer
This journal is © The Royal Society of Chemistry 2021
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Table 1 Photovoltaic parameters of CA and PMA based devices under AM1.5G (100 mW cm�2) illumination

Voc (V) Jsc (mA cm�2) FF (%) PCE (%) Rs (U) Rsh (U)

CA Max 1.20 18.61 75.86 16.92 146.63 38 756.42
Average 1.18 19.20 73.06 16.47 — —

PMA Max 1.24 19.51 77.27 18.67 106.65 68 349.61
Average 1.23 19.91 74.27 18.25 — —
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photoexcitation with 365 nm light, the TA spectra of these lms
show ground-state bleaching (GSB) peaks at 605 nm, 625 nm,
655 nm and 740 nm, which could be assigned to different 2D
perovskites with n¼ 2, n¼ 3, n¼ 4, and n¼N, respectively. The
rising and decay kinetics of perovskite components of different
n are shown in Fig. 3c–f. From the TA kinetics, the fast decay of
the TA signal from smaller n species is accompanied by a fast
rise in larger n species, indicating the charge transfer process
from smaller n to larger n species. The transfer time between
different n species can be obtained by exponential tting on TA
kinetics and the results are listed in Table S2.† Interestingly,
charge transfer between different n species is much faster in
PMA-perovskites than in a CA-device, regardless of n value. The
same trend can be seen for different n values. For example, the
transfer time to n ¼N is shortened from 21 ps in PMA- to 13 ps
in CA-based devices. The improved internal charge transfer in
PMA lm indicates improved physical contact and electronic
interaction between different n species in PMA-perovskites.46–48

To further inspect the inuence of the fabrication process on
the interfacial carrier extraction by the PC61BM layer, steady-
state and time-resolved PL were measured. Signicant PL
quenching (Fig. S8a†) and much faster PL decay (Fig. S8b and
Table S3†) can be observed for PMA-lm, indicating improved
charge transfer from perovskite to PC61BM. The results of TAS
Fig. 3 2D color plot of TA spectra (left), representative TA spectra at
perovskite bands (right) obtained by irradiating the perovskite films using a
c) Device fabricated by CA, (d–f) device fabricated by PMA.

This journal is © The Royal Society of Chemistry 2021
and PL are consistent with the promotion of Jsc for the PMA-
based device.

The PL spectra of the CA- and PMA-based lms are shown in
Fig. S9.† The samples were rinsed with chlorobenzene to
remove unbounded PC61BM. The PL intensity of the PMA-based
lm is much lower than that of the CA-based lm, due to the
charge transfer from perovskite to PC61BM. The residue of
PC61BM penetrating into the perovskite lm could suggest the
formation of a merged interface. TOF-SIMS measurement of the
CA- and PMA-based lms coated with PC61BMwas carried out to
track the depth distributions of C8

� and PbI� from the top of
the PC61BM layer down to the perovskite (Fig. S10†). The PbI�

and C8
� signals were applied as tracers for perovskite and

PC61BM, respectively. From the time point indicated by the
black arrow, the intensity of the C8

� signal decreases with
increasing PbI� intensity. When the PbI� intensity reaches its
maximum (shown by the red arrow), the reduction amplitude of
the intensity of C8

� signal (labeled as DC8
�) for the PMA-based

lm is much smaller than that of the CA-based lm, indicating
the deeper penetration of PC61BM inside the perovskite layer
induced by the PMA process.49 The corresponding X-ray
photoelectron spectroscopy (XPS) is displayed in Fig. 4a and
b. The peaks of I 3d and Pb 4f for PMA-based lm are both
shied to higher binding energies compared to the CA
indicated delay times (middle), and TA kinetics probed at different-n
365 nm laser with a fluence below 1 mJ cm�2 from the back (glass). (a–

J. Mater. Chem. A, 2021, 9, 12566–12573 | 12569
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Fig. 4 I 3d core level (a), Pb 4f core level (b) XPS spectra of the CA- and PMA-based perovskite films with the PC61BM layer rinsed away. (c) TPV
decay curves of the devices fabricated by CA and PMA processes. Measured Jsc (d), Voc (e) of CA- and PMA-based devices plotted against light
intensity (dots), together with linear fits (solid lines) to the data. (f) J–V curves of the electron-only devices fabricated by CA and PMA processes.
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counterpart, indicating enhanced interaction between the
perovskite and PC61BM,50,51 which can be attributed to the
formation of the merged interface, which improves the inter-
face contact and enlarges the contact area between perovskite
and PC61BM. It is reported that PC61BM plays a passivating role
at iodide-rich trap sites on the surface of perovskite.38 The
formation of a merged interface could promote the passivation
effect of PC61BM on the defects at the interface and grain
boundaries. Besides this, according to the PL emission peak,
the bandgap of the lm can be calculated to be 1.59 eV.52 It is
worth noting that the Voc loss of the PMA-based device, 0.35 eV,
is much lower than that of reported 2D DJ PVSCs, as listed in
Table S1,† and is even the lowest value among 2D PVSCs. This
result could be attributed to the formation of the merged
interface and the resulting suppressed recombination as sup-
ported by the following discussion.

Transient photovoltage (TPV) measurement was used to
investigate the charge recombination kinetics inside the
devices. As displayed in Fig. 4c, the PMA-based device displays
a longer decay life of 1.99 ns, compared to 0.63 ns for the CA-
based device, which reveals slower recombination kinetics
and less energy loss,46,53 resulting from the passivation of the
defects at the interface. This indicates that the PMA process and
the resulting merged interface can suppress the charge recom-
bination and reduce energy loss, which favors the elevation of
Voc. The light intensity dependence of Jsc and Voc was measured
to study the recombination kinetics in photovoltaic devices. The
relationship between Jsc and light intensity (Fig. 4d) indicates
that the slope values for the PMA- and CA-based devices were
0.990 and 0.977, respectively, demonstrating negligible bimo-
lecular recombination during charge transport. As shown in
12570 | J. Mater. Chem. A, 2021, 9, 12566–12573
Fig. 4e, the slope of Voc versus the logarithm of the light intensity
for the PMA-based device is 1.35kT/q (k is Boltzmann constant, T
is temperature, and q is an elementary charge), which is smaller
than that of the CA-based device (1.51kT/q), indicating that the
recombination caused by defects is suppressed, which
contributes to the elevation of Voc.

Space charge limited current (SCLC) measurements were
carried out on electron-only devices with a structure of ITO/
SnO2/perovskite/PC61BM/BCP/Ag, based on the PMA and CA
processes, and the results are shown in Fig. 4f. The trap state
density (Nt) was determined according to the following equa-
tion, Nt¼ 2303rVTFL/qL

2, where 30 is the vacuum permittivity, 3r is
the relative dielectric constant, VTFL is the onset voltage of the
TFL region, q is the elemental charge and L is the thickness of
the lm. The CA- and PMA-based devices exhibit VTFL of 0.499 V
and 0.298 V, with corresponding Nt of 9.18 � 1015 cm�3 and
5.49 � 1015 cm�3, respectively. The dark current level of the
PMA-based device is lower than that of the CA-based device, as
shown in Fig. S11,† indicating the suppressed charge recom-
bination consistent with the low trap density of the PMA-based
lm. The PMA process induced decrease in trap state density
can be ascribed to the defect passivation at the interface
between perovskite and PC61BM resulting from the formation of
a merged interface and the interaction between PC61BM and the
perovskites.

Transient photocurrent (TPC) measurements were used to
investigate the charge extraction process inside the devices. The
TPC results (Fig. S12a†) show that the carrier transport time is
0.29 ns for the PMA-based device, shorter than for the CA-based
device (0.53 ns), indicating more efficient charge extraction,
agreeing well with the results of TAS. The relationship between
This journal is © The Royal Society of Chemistry 2021
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charge collection probability (Pc) and internal voltage (Vint)
under the condition of 100 mW cm�2 is presented in
Fig. S12b.†54 Pc can be calculated from Pc ¼ Jph/Jphsat. JPh
(photocurrent density) is dened as Jl � Jd, where Jd and Jl are
the current of the device in dark and light states, respectively.
Jphsat is the saturation current density under a negative bias
voltage (�0.5 V). Vint is dened as Vint ¼ Vbi � Vapp, in which Vbi
is the built-in electric eld potential (that is, the voltage when
Jph is equal to 0), and Vapp is the applied voltage. As shown in
Fig. S12b,† in the range from open circuit to short circuit, the Pc
of the PMA-based device is higher than that of the CA-based
device. When Vint is 0.09 and 0.21 V, the PMA-based device
exhibits higher Pc value (45% and 82%), compared to the Pc
value (35% and 68%) of the CA-based device, indicating that the
PMA process successfully improves the efficiency of carrier
collection,55,56 agreeing well with the TPC results and the
increase in Jsc.

Finally, the effect of the PMA process on the stability of the
perovskite lm and the device under various conditions was
explored. To evaluate the moisture resistance, the color of the
CA- and PMA-based lms (coated with PC61BM) was recorded
when exposed to an air atmosphere with humidity of about
70%. As shown in Fig. S13,† a color change can be observed for
the CA-based lm aer 15 min. But for the PMA-based lm, the
color remains almost unchanged within 50 min. The 2D PVSCs
based on (3AMP)(MA0.75FA0.25)3Pb4I13 also exhibits superior
stability, compared to the device based on 3D MA0.75FA0.25PbI3
perovskite (Fig. 5a and b). When exposed to air atmosphere with
a humidity of 45 � 5%, the CA-based device dropped to about
60% of the initial PCE aer 60 days of storage. Under the same
conditions, the unencapsulated PMA-based device exhibits
better moisture stability so that 90% of the original efficiency
was retained. The improved moisture resistance could be
attributed to the formation of the merged interface which can
act as a sealing layer to better prevent the perovskite layer
Fig. 5 Stability measurements: (a) at room temperature with humidity
25� 5%, (b) at room temperature with humidity of 45� 5%, (c) at 85 �C
in an N2-filled glovebox for the 3D and 2D PVSCs. (d) Thermal-cycling
test for the PMA-based device.

This journal is © The Royal Society of Chemistry 2021
coming into direct contact with the moist atmosphere. This
improved sealing effect favors the elevation of thermal stability
of the PMA-based perovskite lm and the device as well. The
color change of the PMA-based lm at 200 �C is slower than that
of the CA-based lm (Fig. S14†). The unencapsulated PMA-
based devices in the N2 box retains 90% of initial PCE aer
480 h of treatment at 85 �C, while the CA-based device lost 20%
of the original efficiency. Considering the temperature differ-
ence between day and night that the device will experience in
practical application, the variation of the PCE under thermal
cycles of different temperature ranges (�10–10 �C and 10–50 �C)
was tested. The results in Fig. 5d show that the PMA-based
device can withstand 50 times of thermal-cycling without PCE
loss, indicating good stability in working day and night, sug-
gesting its potential for use in future practical applications.
Conclusions

In conclusion, a merged interface between electron transport
layer and high-quality (3AMP)(MA0.75FA0.25)3Pb4I13 perovskite
lm was constructed via the deposition process combining pre-
annealing and merged annealing. The penetration of PC61BM
inside the perovskite layer enlarged the contact area between
the light harvesting layer and the ETL, which increases the
channels for efficient charge transport and elevates the passiv-
ation effect of PC61BM on the defects at the grain boundary and
interface. The PMA-based device with a structure of ITO/(NiOx/
PTAA)/perovskite/PC61BM/BCP/Ag presents a high Voc (1.24 V)
and an ultra-low energy loss (0.35 eV), both of which are the best
results for 2D DJ PVSCs. A high PCE of 18.67% with a certied
value of 17.86% reached the highest level for 2D DJ PVSCs with
an inverted structure. The device exhibits an impressive
stability so that 90% of initial PCE was retained aer storage in
air with a humidity of 45 � 5% for 60 days or in 85 �C N2

atmosphere for 480 h. The efficiency of the device remains
almost unchanged aer 50 thermal cycle measurements.
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