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ABSTRACT: Surface passivation and interface modification are effective strategies to acquire outstanding performances for
perovskite solar cells (PeSCs). To suppress charge recombination and enhance the stability of the perovskite device, a hydrophobic
two-dimensional (2D) perovskite is presented to construct a 3D−2D composite perovskite, passivating the perovskite surface/
interfacial imperfection. Herein, a 3D−2D heterojunction perovskite is in situ synthesized on a 3D surface to maximize the charge
transport and environmental stability. Through optimizing the annealing procedure systematically, the champion 3D−2D carbon-
based PeSC achieves a power conversion efficiency of 17.95% and has wonderful long-term stability. Especially, an improved 3D−2D
(3D−2D+) PeSC from restrict annealing even maintains 96.2% of the initial efficiency in air over 800 h and 90% efficiency under
continuous 70 °C heating for 10 h owing to the passivation of the surface and thorough crystal boundary for the 3D−2D+
perovskite. The strong environmental stability of 3D−2D PeSCs has provided a wider avenue for fully low-temperature carbon-based
PeSCs.

1. INTRODUCTION
The perovskite solar cells (PeSCs) have evolved miraculously
into one star of state-of-the-art PeSCs for n−i−p configurated
architectures. So far, the PeSCs have achieved exceptional
power conversion efficiency (PCE) up to 26.08% (certified
25.73%), approaching single silicon and compound film
photovoltaic cells.1−3 The amazing progress propels the
PeSCs toward the large-scalability and commercialization
considering simple manufacture engineering and cheap
ingredient costs.3−6 Nevertheless, the device stability in the
environment and structure matching needs to be further
optimized for fulfilling the market request.7,8 The classical
high-efficiency PeSCs were fabricated with a spin-coated
organic hole-transporting material (HTM) and evaporated
metal electrode.8−10 Metal electrodes from thermal evapo-
ration or magnetic sputtering deteriorate PeSC performance
owing to metal diffusion to HTM or perovskite.2,10,11

Commercial carbon paste is a challenging candidate as a
PeSC electrode due to its stable structure, inexpensive cost,
simple preparation, and low process temperatures. Low-
temperature printable carbon electrodes have been employed
to replace the metal electrode, which are extremely promising
for commercialization and future wearables.12−15 However,
expensive organic HTM is susceptible and challenging, whose
solvents are incompatible with low-temperature curable carbon
pastes.16 Carbon-based HTM-free PeSC (C-PeSC) was
questioned considering interfacial recombination at the
perovskite (PVK)/carbon interface. Chen et al. prepared
improved C-PeSC by using an antisolvent dripping with the
oxidized multiwalled carbon nanotubes (O-MWCNTs)
attached. The cell efficiency reaches 8.99%. Unencapsulated
devices maintain 80% of initial efficiency after 500 h at room

temperature.14 The device performance was visibly maximized
due to prominent perovskite/carbon contact and quick charge
transport between the perovskite and carbon electrode. Yu et
al. reported that the BMIMBF4 conditioner was employed to
reduce PVK surface defects and mitigation the perovskite-
carbon energy band mismatch. The corresponding CsPbI2Br
C-PeSC obtained a high PCE of 14.03% and improved
stability.15

Surface passivation of three-dimensional (3D) PVK
absorbers is a feasible strategy to mitigate the nonradiate
recombination at PVK/carbon interface and improve PVK
quality. Hydrophobic two-dimensional (2D) perovskites were
adopted to passivate the 3D perovskite surface because of their
wider band gap and superior environmental stability.17,18 2D
perovskites inhibit undesirable carrier recombination by
reducing the surface/interface defect density, promoting hole
extraction and electron blocking at the PVK/carbon inter-
face.19,20 For instance, Zhou et al. have reported that 2D-3D C-
PeSCs with 2D (EA)2(MA)n−1PbnI3n+1 (n = 6, 10, and 20) had
a high efficiency above 11.88% and excellent environmental
stability.20 Zouhair et al. demonstrated that a 2D n-
octylammonium iodide (OAI) layer was used as an electronic
barrier layer to reduce the interface recombination loss. C-
PeSC achieved the efficiency of 18.5% and a dramatically
improved stability.21 Chen et al. introduced a two-dimensional
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(F5PEAI) layer to facilitate hole collection and prevent the
electron from diffusing to the carbon end. Finally, the C-PeSCs
reached a 16.24% efficiency.22 Cao et al. developed a defect
engineering to diminish 3D MAPbI3 surface and crystal
boundary deficiency and raise the quality and hydrophobicity
of the PVK film, improving PCE and stability of the prepared
C-PeSC.23 2D layered perovskite possesses greater freedom of
chemical composition, stronger moisture resistance, and larger
formation energy, which would effectively suppress perovskite
surface contact with moisture and oxygen, interior ion
migration generating the defects (vacancy defects, antisite
defects, and so on), and nonradiate recombination.24 Thus, the
2D perovskite materials deserve further development and
research in C-PeSCs. The 3D−2D composite perovskite is an
appropriate choice as an absorption layer to manufacture C-
PeSCs, which would own an excellent carbon/perovskite
interface and suppressed carrier recombination.25

Herein, the 2D perovskite was synthesized on-site on the
surface of the 3D perovskite to transport holes and passivate
3D perovskite traps in low-temperature C-PeSCs. 2D perov-
skite was acquired by spin-coating 2-phenylethylamine hydro-
iodide (PEAI) above 3D formamidinium methylammonium
lead iodide (FAMAPbI3). Through altering annealing process
systematically, different 3D−2D composite structures have
been prepared. Ulteriorly, fully low-temperature C-PeSCs with
3D−2D perovskites and nanorods (NRs) electron transport
layer (ETL) were fabricated. The mechanism of improved
3D−2D passivation and the photovoltaic properties of low-
temperature C-PeSC were measured and explored.

2. EXPERIMENTAL SECTION
2.1. Materials. Titanium(IV) chloride (TiCl4, CR),

Tetrabutyl titanate (C16H36O4Ti, 98%), and hydrochloric
acid (HCl 36−38%) were obtained from Sinopharm Chemical
Regent Co. Tin chloride (SnCl4, 98%) was purchased from
McLean. Methylammonium iodide (MAI, 99.8%), formamidi-
nium iodide (FAI, 99.5%), methylammonium chloride (MACl,
99.9%), and lead iodide (PbI2, 99.99%) were purchased from
Xi’an Polymer Light Technology Corp. N,N-dimethylforma-

mide (DMF, 99.9%), dimethyl sulfoxide (DMSO, 99.9%), and
isopropanol (IPA, ≥99.7%) were purchased from Sigma-
Aldrich. Phenylethylammonium iodide (PEAI, 98%) were
obtained from Greatcell solar. Low temperature carbon paste
was purchased from Shanghai MaterWin New Materials Co.

2.2. Device Fabrication. TiO2 NAs were prepared on the
basis of our previous report.26 After the TiO2 barrier layer (c-
TiO2) and NAs were grown, the SnCl4 layer was deposited by
the water bath method. 1 mL of SnCl4 was dropped into 200
mL of deionized water and stirred until fully mixed. Then,
TiO2 NAs wafer was immersed in a sealed SnCl4 solution and
heated in a 70 °C water bath for 2 h. The eventual TiO2/SnO2
ETL had been obtained after annealing at 150 °C for 2 h.

The substrate was treated in ultraviolet ozone for 15 min
prior to the deposition of PVK films. 3D PVK was synthesized
by sequence spin-coating in air. Dissolve 692 mg of PbI2
powder to 1 mL of solvent (VDMF/VDMSO = 9:1), stir evenly,
and filter. 90 mg of FAI, 9 mg of MACl, and 6.39 mg of MAI
were mixed in 1 mL of IPA to make organic salt solution. PbI2
solution was spin-cast on the wafer at 1500 rpm for 35 s and
heated at 72 °C for 12 s. The organic salt solution was then
rotated on the PbI2 product and heated at 152 °C for 30 min.
Then, 10 mg/mL PEAI dissolved in IPA was cast at 4600 rpm
for 30 s. Uniform and dense 2D/3D perovskite layers were
formed by heating at 100 °C for 10 min. A carbon paste was
printed on the PVK layer and heat-treated at 105 °C for 12
min. All experimental procedures were finished under the
ambient air and 25−30% humidity. The active area of the
devices is 0.06 cm2.

2.3. Characterization. The plane-view and cross-sectional
pictures were investigated by scanning electron microscopy
(SEM) (JSM-7100F). The X-ray diffraction (XRD) patterns of
PVK products were characterized by a D8 FOCUS X-ray
diffractometer with Cu Kα radiation. Light absorption was
determined by a UV−vis spectrophotometer (UV-3600,
Shimadzu). The steady-state photoluminescence (PL) and
time-resolved photoluminescence (TRPL) spectra of the PVK
films were drawn using a steady state transient fluorescence
spectrometer (Edinburgh FLS1000). The XPS spectra of the

Figure 1. Schematic diagram of perovskite preparation.
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samples were recorded using a XPS spectrometer (Thermo
Fisher Scientific ESCALAB 250Xi). The photovoltaic proper-
ties and EQE were measured via a Keithley 2400 source meter
and solar simulator (Newport 67005) under standard AM 1.5
G illumination. The PeSCs were scanned under reverse (1.4 V
→ −0.1 V, 50 mV/s) and forward direction (0.1 V → 1.4 V).
The EIS plots and Schottky test of PeSCs were measured via
an electrochemical workstation (CHI7601) in the dark. The
water contact angle of PVK samples was measured by an
OCA20 system.

3. RESULTS AND DISCUSSION
The surface imperfections of FAMAPbI3 PVK films were
passivated by an organic polymer molecule, such as phenyl-
ethylammonium iodide (PEAI). PEAI would react with
residual PbI2 to in situ form a 2D perovskite (PEA2PbI4)
layer with/without heat annealing.27 The corresponding
products were obtained under different experimental con-
ditions, shown in Figure 1 and Table S1.

To explore the effect of PEAI and heat temperature on the
surficial topography of perovskite film, SEM tests were

conducted on with and without post-treated perovskite
samples. The surface topographies of PVK films with and
without PEAI post-treatment are displayed in Figure 2. Uneven
grain size and the existence of pores were detected in the
surface of 3D PVK, as shown in Figure 2a. The grain size was
300−700 nm for the FAMAPbI3 perovskite. Then, the surface
topography of the 3D perovskite was almost completely
covered with a macromolecule net structure for the 3D-PEAI
sample. Through the annealing treatment, the compact and
smooth film surface with the vivid grain boundary was
obtained for the 3D−2D sample. The grain distribution of
the 3D−2D perovskite was more uniform than that of the
intrinsic FAMAPbI3 film. The grain size of the 3D−2D product
was 350−750 nm, slightly greater than FAMAPbI3. Ulteriorly,
the dense film was prepared for the 3D−2D+ sample by
capping the upper surface with the glass sheet, accompanied by
a whole lot of small particles. A considerable portion of grain
boundaries in the 3D−2D+ film were blocked by small
particles. To probe the effects of PEAI and heat-treatment on
microstructure of PVK, cross-sectional images of perovskites

Figure 2. Top view SEM images of (a) 3D perovskite, (b) 3D-PEAI, (c) 3D−2D, and (d) 3D−2D+ perovskite films. Cross-sectional SEM images
of (e) 3D perovskite, (f) 3D-PEAI, (g) 3D−2D, and (h) 3D−2D+ perovskite films.

Figure 3. Optical characteristics of perovskite films: (a) XRD, (b) UV−vis, and Tauc plot, and (c) PL and (d) PL decay with the device structure
of FTO/ETL/perovskite. XPS spectra of (e) C 1s and (f) N 1s.
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are displayed in Figure 2e−h. The thickness of the four
perovskite samples was ∼800 nm.

XRD patterns of four PVK specimens are shown in Figure 3a
to explore the roles of PEAI post-treatment and heat-treatment
on the PVK crystallization. The typical peaks of FAMAPbI3
were inspected in the 3D perovskite film and identified by red
α.28 The accompanying peak at 12.7° indicated the PbI2
residue in the PVK film. With PEAI addition, the intensity
of α-FAPbI3 peaks was raised, which was observed in 3D-PEAI,
3D−2D, and 3D−2D+ products. The intensity of the impurity
PbI2 peak decreased significantly in post-treated perovskite.
The representative PEA2PbI4 (2D) peak at 5.53° existed in 3D-
PEAI, 3D−2D, and 3D−2D+,29 which proves that the 2D
perovskite layer was formed on the 3D perovskite surface. The
PbI2 peak strength of the 3D−2D+ perovskite film was the
weakest, indicating that the PbI2 residual was the least.
Subsequently, ultraviolet−visible (UV−vis) absorption curves
for PVK samples are plotted in Figure 3b to measure the light
capture ability. At 400−600 nm, the order of absorption
intensity was 3D−2D > 3D−2D+ > 3D-PEAI > 3D. At 600−
800 nm, the absorption intensity was 3D−2D+ > 3D−2D >
3D-PEAI > 3D. According to the curve of (αhν)2−hν
calculated based on the inset of Figure 3b, the corresponding
energy bands of 3D, 3D-PEAI, 3D−2D, and 3D−2D+ were
1.534, 1.531, 1.536, and 1.542 eV, which was consistent with
that of α-FAMAPbI3 at 1.53 eV.29 The typical 2D absorption

peak at 513 nm (n = 1) and 566 nm (n = 2) were observed for
the samples with the PEAI treatment.31

To fully analyze the charge transport and extraction of PVK
films, PL and TRPL were performed on the samples. As shown
in Figure 3c, post-treated perovskites had high 3D intrinsic
emission peak, which meant that PEAI treatment could
enhance the crystallinity of α-FAPbI3. That was unanimous
with the XRD consequences in Figure 3a. 3D-PEAI had the
highest 3D intrinsic emission peak among the four films. The
emission from the top 2D perovskite was clearly shown in
PEAI-treated samples since PL spectra were recorded from the
side of the perovskite. A remarkable emission peak at 520 nm,
a weak one at 566 nm and a small shoulder at 627 nm were
displayed, which corresponded to the emission for n = 1, 2, and
3 phases of quasi 2D perovskite, respectively.30 3D−2D+ had
the strongest 2D (n = 1) emission among four films. TRPL was
also fitted using a biexponential decay function in Figure 3d.32

The fitting data are shown in Table S2. The corresponding
computational lifetimes of 3D, 3D-PEAI, 3D−2D, and 3D−2D
+ were 955.96, 900.11, 810.91, and 938.49 ns, respectively.
3D−2D devices had the fastest decline rate, indicating that the
photogenerated carrier transport was the quickest.

X-ray photoelectron spectroscopy (XPS) was further
implemented on 3D and 3D−2D samples to prove the
existence of 2D perovskite. The XPS results of the measured
samples are shown in Figures S1 and 3. C−C (284.7 eV) and

Figure 4. (a) Scheme and SEM images of the device structure. (b) J−V curves of the devices. (c) RS and FS J−V curves of the devices. (d) Box
chart of Voc, Jsc, FF, and PCE. (e) Steady-state power outputs at the maximum power point of 3D and 3D−2D.
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C−N (286.3 eV) bonds were detected in the C 1s spectrum
for the 3D PVK film in Figure 3e, confirming the existence of
FA+/MA+. As for C�O bond (288.4 eV) was regarded as the
existence of the carbon oxide substances, which originated
from 3D perovskite decomposition caused by the absorption of
environmental moisture or oxygen.33 The C−N (400.6 eV)
and C�N (402.2 eV) characteristic bonds of FA+ cations were
found in the N 1s spectra of 3D PVK films (Figure 3f). In the
N 1s spectrum of the 3D−2D film, the peak value of C�N
increased significantly, which was consistent with the func-
tional groups in PEA+, confirming the formation of 3D−2D
mixed PVK (Figure 3f). Notably, the C�O bond related to
water-oxygen and decomposition in the original 3D perovskite
was significantly reduced in the C 1s XPS of the 3D−2D PVK
film, indicating a synergism of spatial impediment and sectional
passivated the defects for 3D−2D PVK layers.34

HTM-free C-PeSCs were manufactured with an FTO/ETL/
3D−2D/carbon sandwiched structure. The device structure
diagram and SEM cross-sectional images of PeSC are
presented in Figure 4a. The champion PeSC J−V curves and

related photovoltaic parameters were displayed in Figure 4b,c
and Table 1. The champion PCEs of 3D, 3D-PEAI, 3D−2D,
and 3D−2D+ were 15.33, 16.61, 17.95, and 17.45%,
respectively, and the PEAI post-treatment enhanced the
PeSC efficiency. 3D−2D and 3D−2D+ PeSCs had obviously
improved PCE, which was attributed to defect reduction and
recombination inhabitation by postannealing. For quantifying
the hysteresis influence of PeSCs, the hysteresis factor (H) was
estimated on the basis of reverse scanning (RS) and forward
scanning (FS) data in Figure 4c.35

H
PCE PCE

PCE
RS FS

RS
=

(1)

where PCERS and PCEFS are the efficiencies at RS and FS. The
PCERS and PCEFS of four PeSCs are listed in Figure 4b and
Table 1. The hysteresis coefficients of PeSCs with 3D, 3D-
PEAI, 3D−2D, and 3D−2D+ perovskite were 0.096, 0.104,
0.02, and 0.064, respectively. The short-circuit current density
(Jsc), open-circuit voltage (Voc), fill factor (FF), and PCE for
3D−2D PeSC were 24.86 mA/cm2, 1.06 V, 66.82, and 17.59%

Table 1. Photovoltaic Parameters of PeSCs

samples Voc (V) Jsc (mA/cm2) FF (%) PCE (%) H

FS Best 1.03 24.06 55.86 13.85
3D RS Best 1.033 24.71 56.64 15.33 0.096

Ave. 1.035 ± 0.016 23.26 ± 1.45 57.86 ± 3.54 14.55 ± 0.90
FS Best 1.02 24.17 61.21 14.88

3D-PEAI RS Best 1.052 24.72 63.81 16.61 0.104
Ave. 1.059 ± 0.02 24.05 ± 1.14 62.47 ± 3.27 15.88 ± 0.86
FS Best 1.06 24.86 66.82 17.59

3D−2D RS Best 1.06 24.95 67.86 17.95 0.020
Ave. 1.072 ± 0.019 24.67 ± 0.7 66.74 ± 3.26 16.91 ± 1.23
FS Best 1.05 24.76 63.24 16.32

3D−2D+ RS Best 1.05 24.89 66.15 17.45 0.064
Ave. 1.059 ± 0.023 23.96 ± 0.93 63.48 ± 3.23 16.34 ± 1.33

Figure 5. (a) EQE and integrated current density curves of the PeSCs. (b) Nyquist EIS spectra (the inset was the equivalent circuit), (c) dark I−V,
and (d) SCLC curves of devices.
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under FS scanning. 3D−2D cell harvested a Voc of 1.06 V, a Jsc
of 24.95 mA/cm2, an FF of 67.86%, and a PCE of 17.95% at
RS scanning. The 3D−2D device has the highest reverse PCE
and lowest current hysteresis. The statistical photovoltaic
coefficients are plotted in Figure 4d through synthesizing 15
equivalence PeSCs. PEAI-treated PeSCs had higher Voc, Jsc,
and FF values than untreated PeSCs. The PeSC with the 3D−
2D perovskite had the highest FF, leading to the highest PCE.
In addition, the stable photocurrent and power-output were
implemented at a maximum power point voltage (Vmp) and
100 s illumination to test the light tolerance of the PeSCs. As
shown in Figure 4e, the steady-state photocurrent and
efficiency skyrocketed to the maximum. The stationary current
densities were 21.06 and 22.45 mA/cm2 for 3D and 3D−2D
PeSCs. The eventual efficiencies for 3D and 3D−2D devices
were 15.07 and 17.56%, which was in good agreement with the
J−V results.

External quantum efficiency (EQE) and the integral Jsc for
the PeSCs are depicted in Figure 5a. Integrated Jsc values of
3D, 3D-PEAI, 3D−2D, and 3D−2D+ based device were 23.71,
22.96, 24.39, and 24.23 mA/cm2, similar to the actual
measured Jsc. Electrochemical impedance spectra (EIS) for
PeSCs are plotted in Figure 5b to investigate the charge
transport of the samples with and without PEAI post-
treatment. The recombination resistance (Rre) and transfer
resistance (Rs) were estimated to investigate the internal and
superficial carrier transportation. The fitting information is

listed in Table S3. 3D−2D and 3D−2D+ based PeSCs had a
smaller Rs and a larger Rre than the 3D cell, indicating that
charge transport was modified both at the PVK interior and at
the PVK/electrode interface for 3D−2D and 3D−2D+ based
device.28 That was the origin of strong FF, high efficiency, and
slight hysteresis for 3D−2D and 3D−2D+ based PeSC. To
investigate the operating mechanism of the PeSCs, the dark J−
V plots are drawn in Figure 5c. The 3D−2D and 3D−2D+
PeSCs had relatively large saturation current (J0) and shunt
resistance (Rsh), which suggested that 3D−2D and 3D−2D+
PeSCs had high charge extraction and low current recombi-
nation as evidenced in Table S4. That was consistent with the
results in absorption, PL, EIS, and J−V. The SCLC curve of
the device was reflected in Figure 5d. Moreover, the trap
density (Ntrap) was counted by the space-charge limited
current (SCLC)

N
V

eL
2

trap
r 0 TFL

2=
(2)

where εr is PVK relative permittivity,19 ε0 is the vacuum
permittivity, and L is the thickness for the PVK film (L = ∼800
nm). The trap-filled limit voltages (VTFL) were 0.66, 0.58, 0.55,
and 0.49 V, producing Ntrap values of 3.65 × 1015, 3.21 × 1015,
3.04 × 1015, and 2.71 × 1015 cm−3 for the reference 3D, 3D-
PEAI, 3D−2D, and 3D−2D+ devices, respectively. 3D-based
PeSC had the most the defect states, which were gradually
eliminated during PEAI post-treatment. 3D−2D and 3D−2D+

Figure 6. Stability tests of the devices: (a) stored at room temperature, (b) kept at 70 °C in air, the stability of the perovskite: (c) XRD spectra and
(d) photos; (e) contact angle of perovskite films.
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PeSCs had ratter less defect states, leading improved FF and
suppressed hysteresis. In Mott−Schottky’s curve of Figure S2,
the larger horizontal coordinate corresponding to the
intersection point of the tangent line and the horizontal line,
the more difficult it is for the photogenerated carrier of the
corresponding device to flow back from the electron transport
layer to the PVK layer under sunlight irradiation, thus
effectively improving Voc.

36 In the light of Figure S2, The
magnitude of the built-in potential was 3D−2D > 3D−2D+ >
3D-PEAI > 3D.

Based on the above results, the passivation function of PEAI
and/or 2D was described presumptively in Figure S3. Shown
in Figure S3 was healthy for PVK crystallization and carrier
transportation, verified by improved XRD intensity ratio of α-
phase/PbI2 and 3D emission intensity for the 3D-PEAI sample.
That was also the source of improved efficiency and stability
for 3D-PEAI PeSC. For the 3D−2D sample, 2D passivation at
the surface and partial boundaries remarkedly raise the PVK
microstructure and charge transportation, proved by SEM,
XRD, absorption, and PL tests. As a consequence, a high PCE
of 17.95% and weak hysteresis were harvested. As for the 3D−
2D+ sample, the surface and boundaries were completely
passivated by 2D perovskite, resulting in high recombination
resistance and low defect state density. Surface and boundary
passivation was a powerful strategy to enhance the environ-
mental stability of the PVK and PeSCs. Hydrophobic 2D
perovskite passivation greatly improved moisture, oxygen, and
thermal stability. Complete boundary passivation made the
stability 3D−2D+ device superior to 3D−2D and the 3D-PEAI
cell.

Thereafter, the long-term stability of perovskite devices was
detected by storage in dark air conditions (RH = 20−30%), as
shown in Figure 6a and Table 2. During monitoring, the
efficiency of the 3D perovskite unit was rapidly lost, dropping
to 80.3% of the initial efficiency after 800 h. PEAI treatment
dramatically enhanced the PCE retention. 3D−2D PeSC
displayed excellent stability and maintained ∼90.2% of the
original value. 3D−2D+ device illustrated a quite outstanding
stability, maintaining 96.2% initial efficiency after 800 h
storage. The devices were also placed on a 70 °C hot table for
10 h to test their thermal stability in Figure 6b. 3D−2D+ PeSC
surprisingly maintained 90% of initial efficiency, and the 3D−
2D also retained 85% of initial PCE. However, the 3D device
had only 65% PCE left. XRD test of environmental PVK
tolerance was conducted, exhibited in Figure 6c. After storage
for 7 days, an enhanced PbI2 peak and reduced α-perovskite
intensity were detected in the 3D perovskite, which suggested
the degradation of the 3D perovskite film. The XRD patterns

of 3D−2D and 3D−2D+ samples had no significant change
during preservation for a period of time. Figure 6d displays the
digital photos of the perovskite films placed at different times.
After 15 days of placement, the black surface of the 3D
perovskite gradually became light and began to degrade. After
30 days, the surrounding black phase degraded to reddish-
brown, and the color of the central black phase became lighter.
There were no significant changes in 3D−2D and 3D−2D+
perovskite films after 30 days of placement. The device
performance after a certain number of days of storage is shown
in Table S5. In addition, the hydrophobicity of the untreated
and PEAI-treated samples was demonstrated by measuring the
contact angle of water droplets on the film surface (Figure 6e).
The contact angle for 3D PVK was 63.35°, while it increased to
71.75° for the 3D−2D+ film. The results showed that the
hydrophobicity of the PEAI-treated samples was improved
effectively. Ultimately, 3D−2D and 3D−2D+ films exhibited a
rather positive moisture-stability than 3D films due to the
hydrophobicity of 2D materials, which resulted in high
environmental stability.17

Various PEAI concentrations were employed to prepare
3D−2D PVK and PeSCs to determine the optimal
concentration. The PVK related to 5, 10, and 20 mg/mL
PEAI were marked as 3D−2D (5), 3D−2D (10), and 3D−2D
(20). The SEM images of 3D−2D PVK films with different
PEAI contents are shown in Figure S4. The surface pinholes
reduced, and the grain size distribution was uniform in 3D−2D
(10). The cracks and poor film quality were displayed on the
3D−2D (20) surface due to PEAI agglomeration. In UV−vis
spectra, 3D−2D (10) film had the strongest absorption ability
in Figure S5a. 2D characteristic peak started to generate in
3D−2D (10), reflected by XRD patterns of Figure S5b. The
PeSCs with various 3D−2D were manufactured, and then, the
efficiency was measured in Figure S6 and Table S6. The
maximum PCE were obtained for 3D−2D (10) PeSC. The
PCE of 3D−2D (20) PeSC was the lowest among four
samples, which was owing to thicker 2D perovskite or PEAI
agglomeration hindering the carrier transport.

4. CONCLUSIONS
The 2D perovskite passivation layer was in situ synthesized on
the 3D perovskite top surface to form a 3D/2D hetero-
structure. 3D-PEAI, 3D−2D, and 3D−2D+ heterostructures
were obtained through adding PEAI without annealing,
annealing, and restricted annealing, respectively. The 2D
perovskite layer reduced the surface defect state density,
improved carrier migration rate, accelerated internal charge
transport, and inhibited nonradiative composite loss, thus

Table 2. Recent Progress of 3D/2D Perovskite PeSCs with a Carbon Electrode

device structure PCE temperature (ETL, 3D/2D) 2D material long-term stability ref

FTO/mp-TiO2/FAMA/2D/C 18.5% high, low OAI 82%, 500 h of sun illumination 21
FTO/TiO2/FAMA/2D/C 15.6% PEAI 80%, 40 ± 5% RH %, 700 h in ambient air 23
ITO/C60/(EA)2(MA)PbI3/C 11.88% EA 93%, 2160 h in ambient air 20

80% after heating at 80°C over 100 h
92%, 300 h of sun illuminatio

FTO/mp-TiO2/FAPbI3/3D/C 17.47% high, low F5PEAI 95%, 50−70 RH %, 100 h in ambient air 22
82%, in N2 85%

FTO/TiO2NRs/FAPbI3/2D/C 17.95 Low, low PEAI 90%, 30 ± 10% RH %, 800 h in air this work
85% after heating at 70°C over 10 h

FTO/TiO2NRs/FAPbI3/2D+/C 17.45 Low, low PEAI 96%, 30 ± 10% RH %, 800 h in air this work
90% after heating at 70°C over 10 h
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enhancing photovoltaic performances and stability. The
champion 3D−2D device achieved a high PCE of 17.95%
and weak lag. The equipment maintained an initial efficiency of
about 90% at room temperature, darkness, and 20−30%
relative humidity in the air environment for 800 h, showing
good stability. In addition, improved 3D−2D+ cell with PCE
of 17.45% maintained an initial efficiency of about 96.2% at
room temperature, darkness, and 20−30% relative humidity in
the air environment for 800 h. The efficiency of 90% was
maintained after continuous heating at 70 °C for 10 h in air.
The prominent stability of the 3D−2D+ device is due to
complete boundary passivation of 3D−2D+ perovskite.
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