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ABSTRACT: Studies indicated that two-dimensional (2D) metal halide perov-
skites (MHPs) embodied with three-dimensional (3D) MHPs were a facile way to
realize efficient and stable perovskite solar cells (PSCs) and perovskite
photodetectors (PPDs). Here, high-performance PSCs and PPDs, which are
based on 2D/3D MHPs bilayer thin films, where the 2D MHPs are created by
binary conjugated organic cations, are reported. Systemically studies reveal that the
above novel 2D/3D MHPs bilayer thin films possess an enlarged crystal size,
balanced charge transport, reduced charge carrier recombination, smaller charge-
transfer resistance, and accelerated charge-extraction process compared to the 2D/
3D MHPs bilayer thin films, where the 2D MHPs are created by a single
conjugated organic cation. As a result, the PSCs based on the above novel 2D/3D
MHPs bilayer thin film exhibit a power conversion efficiency of 22.76%. Moreover,
unencapsulated PSCs possess dramatically enhanced stability compared with those
based on the 2D/3D MHPs bilayer thin films, where the 2D MHPs are created by a single conjugated organic cation. In addition,
the PPDs based on the above novel 2D/3D MHPs bilayer thin film exhibit a projected detectivity of 1016 cm Hz1/2/W and a linear
dynamic range of 108 dB at room temperature. Our studies indicate that the development of binary conjugated organic cation-based
2D MHPs incorporated with 3D MHPs is a simple method to realize high-performance PSCs and PPDs.
KEYWORDS: 2D perovskites, binary conjugated organic cations, perovskite solar cells, perovskite photodetectors, efficiency, stability,
detectivity

1. INTRODUCTION
Studies demonstrated that metal halide perovskites (MHPs)
were one kind of novel promising photovoltaic materials to
realize cost-effective perovskite solar cells (PSCs) and
perovskite photodetectors (PPDs).1−8 Over 26% power
convention efficiency (PCE) from PSCs and ∼1015 cm
Hz1/2/W (Jones) projected detectivity (D*) from PPDs have
been reported from meso-superstructured devices by three-
dimensional (3D) MHPs.8−11 However, 3D MHPs are
unstable in an ambient atmosphere; hence, the PSCs and
PPDs based on the 3D MHPs are unstable in the air with
moisture.12−16 To address these issues, 2D MHPs, where the
small-sized organic hydrophilic cations were substituted by
large-sized organic hydrophobic cations, have been devel-
oped.17−19 Compared to 3D MHPs, 2D MHPs are insensitive
to moisture and oxygen.14,17−20 Further studies demonstrated
that the 3D MHPs incorporated with 2D MHPs were an
uncomplicated way to realize high-performance PPVs.8,17−21

The 2D MHPs based on different insulating organic cations
have been reported.5,17−23 However, these 2D MHPs possess
poor charge transport, thereby suppressing the photocurrent

enhancement, which restricts the device’s performance.24−34

To address these problems, conjugated organic cations were
used to generate 2D MHPs.23,35−40 For example, we reported
high-performance PSCs and PPDs, which were fabricated by
3D MHPs incorporated with the 2D MHPs, where the 2D
MHPs were created by conjugated organic cations.8,20,35

The 2D MHPs based on binary insulating organic cations
were developed for approaching stable and efficient
PSCs.24,41,42 In 2020, Shao and co-workers reported enhanced
PCEs and stability from the PSCs incorporated with 2D
MHPs, which were based on the two bulky insulating organic
cations.41 An efficient PSCs incorporated with the 2D MHPs,
which were based on the mixed insulating organic cations was
also reported by Zhou et al.26 All of these studies indicated that
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boosted PCEs could be realized from the PSCs incorporated
with binary insulating organic cation-based 2D MHPs. So far,
however, the development of binary conjugated organic cation-
based 2D MHPs for approaching high-performance PSCs and
PPDs has been rarely reported.
In this study, we reported high-performance PSCs and

PPDs, which are fabricated by 2D/3D MHPs bilayer thin films,
where the 2D MHPs are created by binary conjugated organic
cations. Compared to the (4F-PEA)2PbI4/MAPbI3 and
(PPA)2PbI4/MAPbI3 bilayer thin film, enlarged crystal sizes,
a tendency of balanced charge transport, reduced charge carrier
recombination and charge-transfer resistance, and accelerated
charge-extraction time are observed from the (4F-PEA)(PPA)-
PbI4/MAPbI3 bilayer thin film, where 4F-PEA is 4-
fluorophenethylamine, and PPA is 3-phenyl-2-propen-1-
amine (Scheme 1). As a result, the PSCs fabricated by (4F-

PEA)(PPA)PbI4/MAPbI3 bilayer thin films exhibit a PCE of
22.76%. Moreover, unencapsulated PSCs based on the (4F-
PEA)(PPA)PbI4/MAPbI3 bilayer thin films degrade 50% after
2900 h of operation in the air with a 25% relative humidity at
room temperature (RT). In addition, the PPDs fabricated by
the (4F-PEA)(PPA)PbI4/MAPbI3 bilayer thin film possess a
D* of 1 × 1016 Jones and a linear dynamic range of 108 dB at
RT.

2. RESULTS AND DISCUSSION
Scheme 2 displays the top-view scanning electron microscope
(SEM) images and crystal size distributions of the (4F-
PEA)2PbI4/MAPbI3, (PPA)2PbI4/MAPbI3, and (4F-PEA)-
(PPA)PbI4/MAPbI3 bilayer thin films. Compared to 3D
MAPbI3,

5,43 both (4F-PEA)2PbI4/MAPbI3 and (PPA)2PbI4/
MAPbI3 bilayer thin film possess a rough surface and large
crystals, with bright grain spots, which indicate that both 2D
(4F-PEA)2PbI4 and (PPA)2PbI4 thin film are indeed formed
on the top of 3D MAPbI3 thin film, creating the (4F-
PEA)2PbI4/MAPbI3 and (PPA)2PbI4/MAPbI3 bilayer thin
films.5,35 Similarly, the (4F-PEA)(PPA)PbI4/MAPbI3 bilayer
thin film has large crystals, which demonstrates that the 2D
(4F-PEA)(PPA)PbI4 thin film is over the 3D MAPbI3 thin
film. However, these three 2D/3D MHPs bilayer thin films
possess different crystal sizes (Scheme 2d). The average crystal
sizes for the (4F-PEA)2PbI4/MAPbI3, (PPA)2PbI4/MAPbI3,
and (4F-PEA)(PPA)PbI4/MAPbI3 bilayer thin films are ∼380,
∼300, and 460 nm, respectively. Such large crystal sizes imply
that these bilayer thin films probably possess high charge
carrier mobilities and boosted charge transport.
According to the space-charge-limited current (SCLC)

method based on the Mott−Gurney model,44,45 charge carrier
mobilities of the 2D/3D MHPs bilayer thin films are
investigated. The current versus voltage (I−V) characteristics
of the hole-only diodes and the electron-only diodes (Scheme
S1 in SI 1), measured in the dark, are shown in Figure 1. The

charge carrier mobility (μ) is described as =J V
L

9
8

0
2

3 ,44,45

where J is the current density, V is the external bias, L is the
thickness of the active layer, ε0 is the vacuum permittivity (8.55
× 10−12 F m−1), and ε is the relative dielectric constant for the
active layer (Figure S1). The hole mobilities for the (4F-
PEA)2PbI4/MAPbI3, (PPA)2PbI4/MAPbI3, and (4F-PEA)-
(PPA)PbI4/MAPbI3 bilayer thin films are evaluated to be
∼1.50 × 10−3, ∼5.40 × 10−3 and ∼7.40 × 10−3 cm2 V−1 s−1,
respectively. The electron mobilities for the (4F-PEA)2PbI4/

Scheme 1. Molecular Structures of 4-
Fluorophenylammonium (4F-PEA) and 3-Phenyl-2-propen-
1-amine (PPA)

Scheme 2. Top-View SEM Images of (a) (4F-PEA)2PbI4/MAPbI3, (b) (PPA)2PbI4/MAPbI3, and (c) (4F-PEA)(PPA)PbI4/
MAPbI3 Bilayer Thin Films, and (d) Crystal Size Distribution of the (4F-PEA)2PbI4/MAPbI3, (PPA)2PbI4/MAPbI3, and (4F-
PEA)(PPA)PbI4/MAPbI3 Bilayer Thin Films
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MAPbI3, (PPA)2PbI4/MAPbI3, and (4F-PEA)(PPA)PbI4/
MAPbI3 bilayer thin films are evaluated to be ∼3.30 × 10−4,
∼2.90 × 10−3, and ∼5.10 × 10−3 cm2 V−1 s−1, respectively.
Thus, compared to the (4F-PEA)2PbI4/MAPbI3 and
(PPA)2PbI4/MAPbI3 bilayer thin films, both hole and electron
mobility of the (4F-PEA)(PPA)PbI4/MAPbI3 bilayer thin film
are enhanced, thereby resulting in an enhanced charge
transport.
The (4F-PEA)2PbI4/MAPbI3 bilayer thin film possesses the

lowest charge carrier mobility, and the (4F-PEA)(PPA)PbI4/

MAPbI3 bilayer thin film possesses the highest one, whereas
the (PPA)2PbI4/MAPbI3 bilayer thin film has higher charge
carrier mobility than that of the (4F-PEA)2PbI4/MAPbI3
bilayer thin film. Such a higher charge carrier mobility is
probably ascribed to the more delocalized electron density
within PPA than that within 4F-PEA. Such a high delocalized
electron density could boost the electronic conductivity of the
(PPA)2PbI4/MAPbI3 bilayer thin film, resulting in enhanced
charge carrier mobility. On the other hand, 4F-PEA is more
hydrophobic than PPA. Thus, the interface between (4F-

Figure 1. I−V characteristics of the (a) hole-only and (b) electron-only diodes based on the (4F-PEA)2PbI4/MAPbI3, (PPA)2PbI4/MAPbI3, and
(4F-PEA)(PPA)PbI4/MAPbI3 bilayer thin films.

Figure 2. (a) Tauc plot from absorption, (b) photoluminescence (PL) spectra under the light illumination from the front side, (c) time-resolved
PL (TR-PL) and (d) transient absorption (TA) kinetics of the (4F-PEA)2PbI4/MAPbI3, (PPA)2PbI4/MAPbI3, and (4F-PEA)(PPA)PbI4/MAPbI3
bilayer thin films.
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PEA)2PbI4 and MAPbI3 is different from that between
(PPA)2PbI4 and MAPbI3, which could also affect charge
carrier mobility of the resultant 2D/3D MHPs bilayer. An
enhanced electronic conductivity induced by PPA and a
superior interface originated by 4F-PEA could boost the charge
carrier mobility of the (4F-PEA)(PPA)PbI4/MAPbI3 bilayer
thin film.
Moreover, Scheme 2d indicates that the average crystal size

of the (4F-PEA)(PPA)PbI4/MAPbI3 bilayer thin film is larger
than that of the (PPA)2PbI4/MAPbI3 bilayer thin film, which is
larger than that of the (4F-PEA)2PbI4/MAPbI3 bilayer thin
film. Large crystal size could boost the charge transport,
resulting in enhanced charge carrier mobility. In addition, as
indicated in Figure 4a, among these three 2D/3D MHPs
bilayer thin films, the smallest trap density observed from the
(4F-PEA)(PPA)PbI4/MAPbI3 bilayer thin film illustrates that
the (4F-PEA)(PPA)PbI4/MAPbI3 bilayer thin film has the
highest charge carrier mobility.
It is found that the (4F-PEA)(PPA)PbI4/MAPbI3 bilayer

thin film possesses a tendance of balanced charge transport
(μe/μh = 0.69) compared to the (4F-PEA)2PbI4/MAPbI3 thin
film (μe/μh = 0.22) and the (PPA)2PbI4/MAPbI3 (μe/μh =
0.54) bilayer thin film as well. Such balanced charge transport
is attributed to the reduced crystal imperfections and binary
conjugated organic cations. Thus, the PSCs and PPDs based
on the 2D/3D MHPs bilayer thin films with a balanced charge
transport are expected to exhibit a boosted short-circuit
current (JSC).
Based on Nt = (2ε0εVTFL)/(eL2) (where Nt is the trap

density, L is the thickness of the active layer, ε0 is the vacuum
permittivity (8.85 × 10−12 C V−1 m−1), ε is the relative
dielectric constant of the active layer, e is the elementary
electric charge, and VTFL is the trap-filled limit voltage,
respectively), Nt for the (4F-PEA)2PbI4/MAPbI3, (PPA)2PbI4/
MAPbI3, and (4F-PEA)(PPA)PbI4/MAPbI3 bilayer thin films
could be estimated. VTFL for the hole-only diodes based on the
(4F-PEA)2PbI4/MAPbI3, (PPA)2PbI4/MAPbI3, and (4F-
PEA)(PPA)PbI4/MAPbI3 bilayer thin films are 0.98, 0.95,
and 0.90 V, respectively. As a result, the electron-trap densities
of 2.34 × 1016, 2.20 × 1016, and 2.04 × 1016 cm−3 are estimated
for the (4F-PEA)2PbI4/MAPbI3, (PPA)2PbI4/MAPbI3, and
(4F-PEA)(PPA)PbI4/MAPbI3 bilayer thin films, respectively.
VTFL for the electron-only diodes based on the (4F-
PEA)2PbI4/MAPbI3, (PPA)2PbI4/MAPbI3, and (4F-PEA)-
(PPA)PbI4/MAPbI3 bilayer thin films are 0.95, 0.62 and 0.57
V, respectively. Thus, the estimated electron-trap densities of
2.26 × 1016, 1.44 × 1016, and 1.29 × 1016 cm−3 are for the (4F-
PEA)2PbI4/MAPbI3, (PPA)2PbI4/MAPbI3, and (4F-PEA)-
(PPA)PbI4/MAPbI3 bilayer thin films, respectively. Therefore,
both hole- and electron-trap densities for the (4F-PEA)(PPA)-
PbI4/MAPbI3 bilayer thin film are suppressed with, respec-
tively, those for the (4F-PEA)2PbI4/MAPbI3 and (PPA)2PbI4/
MAPbI3 bilayer thin films. Such reduced traps for the (4F-
PEA)(PPA)PbI4/MAPbI3 bilayer thin film (Scheme 2) are
probably ascribed to the suppressed point defects at the atomic
scale and enlarged crystal grain size with fewer grain
boundaries.
Both absorption and photoluminescent (PL) spectroscopies

of the 2D/3D MHPs bilayer thin films are shown in Figure
2a,b. For better discussion of the bandgap of the 2D
perovskites, the Tauc plot is plotted. No significant difference
is observed from these three different 2D/3D MHPs bilayer
thin films, indicating that the bandgaps of these three different

2D MHPs are nearly identical. Moreover, these three different
2D/3D MHPs bilayer thin films exhibit the same PL spectra
under the light illuminated from the back side (through the
glass substrate) of the 2D/3D MHPs bilayer thin films (Figure
S2). These results demonstrate that PL is emitted from the 3D
MHPs thin film, which further confirms that the 2D MHPs are
formed on top of the 3D MHPs thin film. However, as the
illumination light is directly on the surface (from the front
side) of the 2D/3D MHPs bilayer thin films, three different
2D/3D MHPs bilayer thin films possess different PL intensities
(Figure 2b). Compared to the (4F-PEA)2PbI4/MAPbI3 bilayer
thin film, an intense PL from the (PPA)2PbI4/MAPbI3 bilayer
thin film indicates a weaker interfacial nonradiative charge
carrier recombination occurred, which is attributed to
conjugated organic cation PPA.35 Furthermore, compared to
the (PPA)2PbI4/MAPbI3 bilayer thin film, a more intense PL
observed from the (4F-PEA)(PPA)PbI4/MAPbI3 bilayer thin
film illustrates that a significantly suppressed interfacial
nonradiative charge carrier recombination occurs in the (4F-
PEA)(PPA)PbI4/MAPbI3 bilayer thin film. Thus, the PSCs
and PPDs based on the (4F-PEA)(PPA)PbI4/MAPbI3 bilayer
thin film are anticipated to exhibit an enhanced short-circuit
current (JSC).
To further understand the charge carrier recombination

behavior and charge carrier dynamics in the 2D/3D MHPs
bilayer thin films, both time-resolved PL (TR-PL) and
transient absorption (TA) kinetics are investigated, and the
results are shown in Figure 2c. The TR-PL results are fitted by

= + +A e A et t
0 1

/
2

/1 2, which is an exponential decay
function with the PL lifetime (τ1, τ2) and amplitudes (A1, A2).
In this model, γ0 is a constant, τ1 represents the nonradiative
charge carrier recombination induced by surface defects, and τ2
represents the component of radiative recombination.46,47 The
estimated τ1 for the (4F-PEA)(PPA)PbI4/MAPbI3,
(PPA)2PbI4/MAPbI3, and (4F-PEA)2PbI4/MAPbI3 bilayer
thin films are 6.9, 7.4, and 9.6 ns (Figure 2c), respectively.
The longer τ1 is ascribed to the suppressed defect density
within the 2D/3D MHPs bilayer thin films. Among these three
different 2D/3D MHPs bilayer thin films, the longest τ1
observed from the (4F-PEA)(PPA)PbI4/MAPbI3 bilayer thin
film indicates that the surface defect is more pronounced
suppressed than that of the (PPA)2PbI4/MAPbI3 bilayer thin
film. The surface defect within the (4F-PEA)2PbI4/MAPbI3
bilayer thin film is less suppressed than that of the
(PPA)2PbI4/MAPbI3 bilayer thin film. Moreover, the
estimated τ2 for the (4F-PEA)(PPA)PbI4/MAPbI3,
(PPA)2PbI4/MAPbI3, and (4F-PEA)2PbI4/MAPbI3 bilayer
thin films are 16.6, 50.7, and 56.4 ns (Figure 2c), respectively.
Compared to the (4F-PEA)2PbI4/MAPbI3, a shorter τ2
observed from the (PPA)2PbI4/MAPbI3 indicates a more
suppressed radiative recombination occurred compared with
the (4F-PEA)2PbI4/MAPbI3. A shorter τ2 observed from (4F-
PEA)(PPA)PbI4/MAPbI3 reveals that radiative recombination
is suppressed compared to the (PPA)2PbI4/MAPbI3. A shorter
τ2 and efficient charge extraction by the electrodes. Therefore,
the (4F-PEA)(PPA)PbI4/MAPbI3 bilayer thin film possesses a
remarkably suppressed nonradiative and radiative charge
carrier recombination, which could result in a boosted JSC
for PPVs.
The TA kinetics for the 2D/3D MHPs bilayer thin films are

shown in Figure 2d. All 2D/3D MHPs bilayer thin films
exhibit two decay components: the first fast decay (τ1) and the

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c00288
ACS Appl. Mater. Interfaces 2024, 16, 19318−19329

19321

https://pubs.acs.org/doi/suppl/10.1021/acsami.4c00288/suppl_file/am4c00288_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c00288/suppl_file/am4c00288_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c00288?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


second long decay (τ2). For the 2D/3D MHPs bilayer thin
films, surface passivation and large grain size could slow down
both decay processes.47−50 By fitting the TA kinetics, τ1 of 0.7
ns (35% by weight ratio), 0.8 ns (38% by weight ratio), and 1.1
ns (26% by weight ratio) are observed from the (4F-
PEA)2PbI4/MAPbI3, (PPA)2PbI4/MAPbI3 and (4F-PEA)-
(PPA)PbI4/MAPbI3 bilayer thin films, respectively. Moreover,
τ2 of 6.8 ns (65% by weight ratio), 7.0 ns (62% by weight
ratio), and 7.9 ns (74% by weight ratio) are observed from the
(4F-PEA)2PbI4/MAPbI3, (PPA)2PbI4/MAPbI3, and (4F-
PEA)(PPA)PbI4/MAPbI3 bilayer thin films, respectively.
Among these three different 2D/3D bilayer MHPs thin films,
the (4F-PEA)(PPA)PbI4/MAPbI3 bilayer thin film has the
longest τ1 and τ2 values, indicating that the (4F-PEA)(PPA)-
PbI4/MAPbI3 bilayer thin film possesses dramatically sup-
pressed nonradiative charge carrier recombination. As a result,

the PSCs and PPDs based on the (4F-PEA)(PPA)PbI4/
MAPbI3 bilayer thin film should have boosted JSC.
In addition, bleaching occurred in the ground state at ∼750

nm shown in the pseudocolor TA spectra (TAS) of the 2D/3D
MHPs bilayer thin films (Figure S3) suggests that the
photoexcited electrons located in the excited state, and the
holes located in the ground state could reduce the absorption
of probed photons because of photoinduced charge transfer
occurred in these MHPs bilayer thin films.51 The bandgap of
2D MHPs is slightly wider than that of 3D MHPs (Scheme
3b), and the 2D/3D MHPs bilayer thin films could form a
classical type-I heterojunction. In typical PPVs based on the
3D MHPs, the charge carrier recombination mainly occurs at
the interface between the 3D MHPs and the electrodes, where
the charge carriers are trapped by the surface defects.52,53 The
type-I heterojunction formed between 2D MHPs and 3D

Scheme 3. (a) Device Structure of PSCs and (b) LUMO and HOMO Energy Levels of Materials and the WFs of the Electrodes
Used for the Fabrication of PSCs

Figure 3. (a) J−V characteristics, (b) EQE spectra, (c) statistical distribution of reported PCEs, and (d) stabilized power output (SPO) JSC versus
the time of PSCs, where the PSCs are based on the (4F-PEA)2PbI4/MAPbI3, (PPA)2PbI4/MAPbI3, and (4F-PEA)(PPA)PbI4/MAPbI3 bilayer thin
films, respectively.
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MHPs has two functionalities. One is to allow photoinduced
charge carrier transfer from 3D MHPs to 2D MHPs, which
could result in a long lifetime decay for the 2D/3D MHPs
bilayer thin films. Such photoinduced charge transfer could
result in a boosted JSC for PSCs and PPDs. Another is to
restrict the charge transport from 2D MHPs to 3D MHPs,
resulting in an enlarged JSC for PSCs and PPDs as well.
Therefore, the PSCs and PPDs based on the (4F-PEA)(PPA)-
PbI4/MAPbI3 bilayer thin film exhibit the highest JSC
compared to those based on the (4F-PEA)2PbI4/MAPbI3
and (PPA)2PbI4/MAPbI3 bilayer thin films.
A device structure of ITO/PTAA/MHPs/C60/BCP/Ag

(Scheme 3a), where ITO (indium tin oxides) acts as the
anode, PTAA (poly[bis(4-phenyl)(2,4,6-trimethylphenyl)-
amine] acts as the hole extraction layer (HEL), MHPs are
the 2D/3D MHPs bilayer thin films, C60 is used as the EEL,
BCP (bathocuproine) acts as the hole blocking layer (HBL),
and Ag (silver) acts as the cathode, respectively, is used to
evaluate PSCs device performance. The work functions (WFs)
of the ITO and Ag electrodes and the lowest occupied
molecular orbital (LUMO) and the highest occupied
molecular orbital (HOMO) energy levels of the PTAA HEL,
2D MHPs, 3D MHPs, C60 EEL, and BCP HBL are displayed
in Scheme 3b. The 2D MHPs possess a winder bandgap
compared to their corresponding 3D MHPs, which is due to
the quantum confinement.53,54 Thus, the 2D MHPs are
anticipated to have a slightly lower LUMO energy level
compared with that of 3D MHPs. The HOMO energy level

(−5.1 eV) of the PTAA HEL is higher than that (−5.4 eV) of
3D MHPs, the latter is slightly higher than that of 2D MHPs
but is below the WF (−4.7 eV) of the ITO anode. The energy-
level alignment shown in Scheme 3b could ensure the
separated holes are transferred from the 2D/3D MHPs bilayer
thin film to the PTAA HEL and then collected by the ITO
anode.55,56 On the other hand, the LUMO energy level (−4.5
eV) of the C60 EEL is lower than that of 2D MHPs, which is
lower than that (−3.9 eV) of 3D MHPs but is higher than the
WF (−4.7 eV) of the Ag cathode.57,58 Such energy-level
alignment could also ensure that the separated electrons are
transferred from the 2D/3D MHPs bilayer into the C60 EEL
and then collected by the Ag cathode. Moreover, the BCP
HBL with a deep HOMO level could ensure the separated
holes are blocked from the photoactive layer, preventing back
transfer. The PSCs with a device architecture as shown in
Scheme 3a could ensure that efficient charge association and
disassociation take place in the 2D/3D MHPs bilayer thin film.
Therefore, a boosted JSC is anticipated from PSCs.
The current density versus voltage (J−V) characteristics of

PSCs are shown in Figure 3a. The (4F-PEA)2PbI4/MAPbI3-
based PSCs exhibit an open-circuit voltage (VOC) of 1.10 V, a
JSC of 21.52 mA/cm2, a fill factor (FF) of 0.82, and a
corresponding PCE of 19.40%. The (PPA)2PbI4/MAPbI3-
based PSCs exhibit a VOC of 1.09 V, a JSC of 22.54 mA/cm2, an
FF of 0.83, and a corresponding PCE of 20.39%. All these
device performance parameters are consistent with previous
reports.5,35 The (4F-PEA)(PPA)PbI4/MAPbI3-based PSCs

Figure 4. (a) C−V characteristics and (b) impedance spectra of the PSCs, (c) normalized transient photocurrent (TPC) curves of PSCs, and (d)
shelf-stability of unencapsulated PSCs tested in the air with a ∼25% relative humidity at RT, where the PSCs are based on the (4F-PEA)2PbI4/
MAPbI3, (PPA)2PbI4/MAPbI3, and (4F-PEA)(PPA)PbI4/MAPbI3 bilayer thin films.
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exhibit a VOC of 1.12 V, a JSC of 24.19 mA/cm2, an FF of 0.84,
with a corresponding PCE of 22.76%, which is a more than
10% enhancement compared to that based on the
(PPA)2PbI4/MAPbI3 bilayer thin film, and is an approxima-
tively 20% enhancement compared to that based on the (4F-
PEA)2PbI4/MAPbI3 bilayer thin film.
Moreover, the PSCs based on the (4F-PEA)(PPA)PbI4/

MAPbI3 bilayer thin films possess improved external quantum
efficiency (EQE) values from 400 to 780 nm compared to
those based on the (4F-PEA)2PbI4/MAPbI3 and (PPA)2PbI4/
MAPbI3 bilayer thin films, respectively (Figure 3b). The
enhanced EQE values are attributed to the suppressed trap
density. In addition, based on EQE = (JSC/q)/(P0λ/hc), where
q is the elementary charge, P0 is the light intensity (100 mW/
cm2), λ is the wavelength, h is the Planck constant, c is the light
speed in a vacuum, the photocurrent, termed as the integrated
JSC, could be obtained. The integrated JSC values are 20.76,
21.60, and 23.24 mA/cm2 for the PSCs based on the (4F-
PEA)2PbI4/MAPbI3, (PPA)2PbI4/MAPbI3, and (4F-PEA)-
(PPA)PbI4/MAPbI3 bilayer thin films, respectively. These
integrated JSC values are in good agreement with those
observed from the J−V characteristics (Figure 3a).
The derivations in PCEs for each type of PSCs are around

±10% (Figure 3c). The corresponding JSC distribution is
shown in Figure S4. The PCEs observed from the PSCs based
on the (4F-PEA)(PPA)PbI4/MAPbI3 bilayer thin film have a
narrowed distribution factor compared to those based on the
(4F-PEA)2PbI4/MAPbI3 and (PPA)2PbI4/MAPbI3 bilayer thin
films, respectively, which indicates that the reproducibility of
the PSCs based on the (4F-PEA)(PPA)PbI4/MAPbI3 bilayer
thin film is higher than those based on the (4F-PEA)2PbI4/
MAPbI3 and (PPA)2PbI4/MAPbI3 bilayer thin films, respec-
tively. Such high reproducibility is attributed to the superior
film morphology of the (4F-PEA)(PPA)PbI4/MAPbI3 thin
film.
To determine the consistency of PCEs, the stabilized power

output (SPO) testing is conducted at the bias of 0.90, 0.90,
and 0.92 V for the PSCs based on the (4F-PEA)(PPA)PbI4/
MAPbI3, (PPA)2PbI4/MAPbI3, and (4F-PEA)2PbI4/MAPbI3
bilayer thin films, respectively, and the results are shown in
Figure 3d. The PSCs based on the (4F-PEA)(PPA)PbI4/
MAPbI3 bilayer thin film shows a faster stabilized JSC than that
based on the (PPA)2PbI4/MAPbI3 bilayer thin film, which
exhibits a faster stabilized JSC than that based on the (4F-
PEA)2PbI4/MAPbI3 bilayer thin film. The faster stabilized JSC
indicates that the trap-assisted charge carrier recombination is
suppressed, which is attributed to the reduced trap density
with the 2D/3D MHPs bilayer thin film. Moreover, the
stabilized PCEs for the PSCs based on the (4F-PEA)(PPA)-
PbI4/MAPbI3, (PPA)2PbI4/MAPbI3, and (4F-PEA)2PbI4/
MAPbI3 bilayer thin films are 22.20, 19.81, and 18.68%,
respectively, which correspond to 97.9, 97.1, and 96.2% of
their PCEs under the reverse scan direction, respectively
(Figure S5). The higher SPO ratio indicates that PSCs based
on the (4F-PEA)(PPA)PbI4/MAPbI3 bilayer thin film have a
more pronounced suppressed nonradiative charge carrier
recombination.
Figure 4a shows the capacitance versus voltage (C−V)

characteristics of the PSCs. Based on C2 = qε0εNA/2(V0 −
V)53 (where q is the elementary charge (1.6 × 10−19 C), NA is
the trap density, V0 is the built-in potential, V is the applied
voltage, ε0 is the vacuum permittivity (which is 8.55 × 10−12 F
m−1), and ε is the dielectric constant (Figure S1),

respectively), the trap density of PSCs, which is directly
related to the slop of the C−V curves, could be estimated.
After the linear fitting, the trap densities are estimated to be 2.6
× 1016, 2.0 × 1016, and 1.7 × 1016 for the PSCs based on the
(4F-PEA)2PbI4/MAPbI3, (PPA)2PbI4/MAPbI3, and (4F-
PEA)(PPA)PbI4/MAPbI3 bilayer thin films, respectively. The
large absolute slope value indicates the small interfacial charge
carrier density within the PSCs. Thus, the charge carrier
recombination is more pronounced suppressed in the PSCs
based on the (4F-PEA)(PPA)PbI4/MAPbI3 bilayer thin film as
compared to those based on the (4F-PEA)2PbI4/MAPbI3 and
(PPA)2PbI4/MAPbI3 bilayer thin films. As a result, the PSCs
based on the (4F-PEA)(PPA)PbI4/MAPbI3 bilayer thin film
exhibit a larger JSC. On the other hand, the built-in potential
(Vbin) values could be observed from the intercept in the x-axis
(Figure 4a). The Vbin values are 1.12, 1.08, and 1.17 V for the
PSCs based on the (4F-PEA)2PbI4/MAPbI3, (PPA)2PbI4/
MAPbI3, and (4F-PEA)(PPA)PbI4/MAPbI3 bilayer thin films,
respectively. As a result, a larger VOC is observed from the
PSCs based on the (4F-PEA)(PPA)PbI4/MAPbI3 bilayer thin
film compared to those based on the (4F-PEA)2PbI4/MAPbI3
and (PPA)2PbI4/MAPbI3 bilayer thin films.
The impedance spectroscopy (IS) study is further carried

out to measure the specific electrical properties, such as inner
series resistance (RS), of the 2D/3D MHPs bilayer thin films,
which are difficult to directly measure. Based on the electric
circuit model (inset of Figure 4b), RS is the sum of sheet
resistance (RSheet) and charge-transfer resistance (RCT). RSheet is
the resistance of the electrodes, RCT is the resistance of the
interface including the resistance between the PTAA HEL and
the ITO anode, the resistance between the C60 EEL and the Ag
cathode, the resistance between the 2D/3D MHPs bilayer thin
film and charge transfer layer (HEL or EEL).43 RCT observed
from the PSCs based on the (4F-PEA)(PPA)PbI4/MAPbI3
bilayer thin film is 511 Ω, which is smaller than that (603 Ω)
from the PSCs based on the (PPA)2PbI4/MAPbI3 bilayer thin
film. The latter is smaller than that (808 Ω) observed from the
PSCs based on the (4F-PEA)2PbI4/MAPbI3 bilayer thin film.
The role of the conjugated organic spacer in boosting charge
carrier transport and minimizing transfer resistances, leading to
a higher FF for the PSCs, is demonstrated clearly by lower RCT
from the cells.59 As a result, a larger JSC is observed from the
PSCs based on the (4F-PEA)(PPA)PbI4/MAPbI3 bilayer thin
film compared to those based on the (PPA)2PbI4/MAPbI3 and
(4F-PEA)2PbI4/MAPbI3 bilayer thin films.
To figure out the charge generation and transport kinetics in

PSCs, the transient photocurrent (TPC) measurement is
conducted.42,60 It is found that the extracted charge carrier
densities of the PSCs based on the (4F-PEA)(PPA)PbI4/
MAPbI3 bilayer thin film are higher compared to those based
on either (PPA)2PbI4/MAPbI3 or (4F-PEA)2PbI4/MAPbI3
bilayer thin films (Figure S6), which confirm that the PSCs
based on the (4F-PEA)(PPA)PbI4/MAPbI3 bilayer thin film
exhibit the highest JSC among these three different PSCs.
Moreover, the TPC curves exhibit a linear region before 30 ns,
which is ascribed to the short time of charge carrier
extraction.42,61 After that, due to the trap and detrap processes
of the charge carriers, these three different PSCs exhibit
different time scales. As indicated in Figure 4c, the PSCs based
on the (4F-PEA)(PPA)PbI4/MAPbI3 bilayer thin film possess
a charge transfer lifetime of ∼90 ns, while the PSCs based on
the (PPA)2PbI4/MAPbI3 and (4F-PEA)2PbI4/MAPbI3 bilayer
thin films have the lifetime of ∼100 and ∼110 ns, respectively.
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The shorter lifetime observed from the PSCs based on the (4F-
PEA)(PPA)PbI4/MAPbI3 bilayer thin film indicates that the
charge carrier is quickly swept out within PSCs,61 resulting in a
large JSC. As a result, the PSCs based on the (4F-
PEA)(PPA)PbI4/MAPbI3 bilayer thin films exhibit both
enlarged JSC and PCE compared to those based on the
(PPA)2PbI4/MAPbI3 and (4F-PEA)2PbI4/MAPbI3 bilayer thin
films.
Figure 4d shows the shelf stability of unencapsulated PSCs

conducted at the maximum power point tested in the air with a
∼25% relative humidity at RT. The (4F-PEA)2PbI4/MAPbI3-
based PSCs show a significant degradation after it has been
operated for ∼1350 h and can maintain 50% of their initial
PCEs after 2100 h operation. Under the same condition, the
(PPA)2PbI4/MAPbI3-based PSCs show a significant degrada-
tion after they have been tested for ∼1200 h and can maintain
50% of their initial PCEs after 1800 h operation, whereas the
(4F-PEA)(PPA)PbI4/MAPbI3-based PSCs show a degradation
after it has been tested for ∼1600 h and can maintain 50% of
their initial PCEs after 2900 h operation. These results
demonstrate that the PSCs based on the (4F-PEA)(PPA)PbI4/
MAPbI3 bilayer thin film possess boosted stability compared to
those based on the (PPA)2PbI4/MAPbI3 and (4F-PEA)2PbI4/
MAPbI3 bilayer thin films. Such enhanced stability is ascribed
to the binary conjugated organic cations, which could better
anchor the grain boundary of MHPs and withstand moisture
and oxygen.

The PPDs based on the (4F-PEA)(PPA)PbI4/MAPbI3
bilayer thin film with the same device structure as that
shown in Scheme 3a are also investigated. Figure 5a shows the
J−V characteristics of PPDs measured in the dark and under
monochromatic light at a λ of 500 nm with a light intensity of
0.28 mW/cm2, operated at RT. According to J = J0[exp(q(V −
JRS)/nkbT) − 1] − Jph (where J is the total current density and
Jph is the photocurrent (from the J−V curves as shown in
Figure 5a), V is the applied voltage, q is the elementary charge,
RS is the series resistance, n is the idea factor, kb is the
Boltzmann constant, and T is the absolute temperature), the
saturated dark current density (J0) could be obtained.62 Figure
5b shows the ln(Jph + J) versus the (V − RSJ) curve and the
linear fittings. Thus, J0 is calculated to be 7.01 × 10−13 mA/
cm2. Thus, the PPDs based on the (4F-PEA)(PPA)PbI4/
MAPbI3 bilayer thin film exhibit a very low dark current
density, which implies that PPDs could possess large projected
detectivities (D*).61 Based on the EQE spectra (Figure 3b),
the responsivity (R), described as R = EQE × λ/1240, could be
calculated. The R values versus the wavelengths of PPDs are
shown in Figure 5c. The PPDs based on the (4F-PEA)(PPA)-
PbI4/MAPbI3 bilayer thin film possess high R. For example, at
λ = 500 nm, the R value is 370 A/mW.
According to D* = R/(2qJd)1/2,

63 the D* versus wavelength
is obtained, and the results are shown in Figure 5c. Ranging
from 400 to 800 nm, the PPDs based on the (4F-
PEA)(PPA)PbI4/MAPbI3 bilayer thin film exhibit over 1016

Figure 5. (a) J−V characteristics of the PPDs under monochromatic light at a wavelength of 500 nm with the light intensity of 0.28 mW/cm2 and
in the dark tested at RT, (b) ln(J + Jph) versus (V − RST) and the linear fitting, (c) responsivities and detectivities of the PPDs, and (d) linear
dynamic range of the PPDs, where the PPDs are based on the (4F-PEA)(PPA)PbI4/MAPbI3 bilayer thin film.
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Jones D*, which is higher than those observed from the PPDs
based on the 3D MHPs thin film64 and/or the PEA2PbI4/
MAPbI3 bilayer thin film as well.65

Figure 5d presents the linear dynamic range (LDR) of the
PPDs. The LDR or photosensitivity linearity (typically quoted
in dB), defined as LDR = 20log(J*ph/J*d), where J*0 is the
dark current at 0 V, J*ph is the photocurrent density measured
at the light intensity of 1 mW cm−2, is another key parameter
used to evaluate the device performance of PPDs.62,66 At RT,
the LDR is calculated to be 108 dB, which is higher than the
(91 dB) observed from the PPDs based on the 3D MAPbI3
thin film. Such large LDR is comparable to that of Si-based
PDs (120 dB, at 77 K) and is significantly higher than that (66
dB, at 4.2 K) of InGaAs-based PDs.67

3. CONCLUSIONS
In conclusion, we reported the development of binary
conjugated organic cation-based 2D MHPs and further
demonstrated stable and efficient PSCs and ultrasensitive
PPDs. Compared to the (4F-PEA)2PbI4/MAPbI3 and
(PPA)2PbI4/MAPbI3 bilayer thin films, the (4F-PEA)(PPA)-
PbI4/MAPbI3 bilayer thin film possessed enlarged crystals,
suppressed charge carrier recombination, balanced charge
transport, smaller charge-transfer resistance, and faster charge-
extraction transfer process. As a result, the PSCs based on the
(4F-PEA)(PPA)PbI4/MAPbI3 bilayer thin film exhibited a
PCE of 22.76%, which was an approximately 20% enhance-
ment compared to that based on the (4F-PEA)2PbI4/MAPbI3
bilayer thin film. Compared to the PSCs based on the
(PPA)2PbI4/MAPbI3 bilayer thin film, more than 10% boosted
PCEs were observed from the PSCs based on the (4F-
PEA)(PPA)PbI4/MAPbI3 bilayer thin film. Moreover, un-
encapsulated PSCs based on the (4F-PEA)(PPA)PbI4/
MAPbI3 bilayer thin film tested at the maximum power
point possessed 50% of their initial PCEs for 2900 h of
operation in the air with a ∼25% relative humidity. In addition,
the PPDs based on the (4F-PEA)(PPA)PbI4/MAPbI3 bilayer
thin film possessed a projected detectivity of 1016 Jones and a
linear dynamic range of 108 dB at room temperature. All of
these results indicated that we provided a facile way to
approach high-performance PSCs and PPDs.

4. EXPERIMENTAL SECTION
4.1. Materials. Gamma-butyrolactone (GBL, 99%), 4-fluorophe-

nethylammonium iodide (4F-PEAI, 99%), 1-butanol (99.7%),
anhydrous toluene (99.8%), methylamine (33 wt % in absolute
ethanol), anhydrous acetonitrile (ACN, 99.8%), poly[bis(4-phenyl)-
(2,4,6-trimethylphenyl)amine (PTAA), [2-(3,6-dimethoxy-9H-carba-
zol-9-yl)ethyl]phosphonic acid (MeO-2PACz), molybdenum oxide
(MoO3), silver (Ag), tin oxides (SnO2), [6,6] phenyl-C61-butyric acid
methyl ester (PC61BM), and bathocuproine (BCP) were purchased
from Sigma-Aldrich. Lead iodide (PbI2, 99.9985% metal basis) was
purchased from Alfa Aesar. Methylammonium iodide (CH3NH3I
(MAI)) was purchased from Greatcell Solar Materials. All materials
were used as received without further processing. 3-phenyl-2-propen-
1-amine (PPA) was synthesized as we previously reported.35

4.2. Preparation of MAPbI3 Single Crystals and MAPbI3 ACN
Solution. The inverse temperature crystallization method was used
to synthesize the MAPbI3 single crystals.

65 1 mmol PbI2 mixed with 1
mmol MAI was added into 1 mL GBL solvent and then heated and
stirred continually until they were completely dissolved, and their
color was changed to a clear yellow. Afterward, the solution was kept
at 110 °C allowing the MAPbI3 single crystals to grow naturally. After
12 h (h), the shape-regular black-color single crystals were formed.

These crystals were washed with isopropanol (IPA) and then dried in
the oven for 10 min (min).

The MAPbI3 ACN solution was prepared as we reported
previously.65 Briefly, the MAPbI3 single crystals were placed into a
small vial with an opened cap, which was seated inside a large vial with
a certain amount of methylamine ethanol solution. In this way, the
MAPbI3 single crystals could be exfoliated by methylamine vapor to
generate a viscous yellowish solution. Afterward, a 1 mol/L MAPbI3
ACN precursor solution was obtained by adding ACN into the above
viscous yellowish solution.

4.3. Preparation and Characterization of the 2D/3D MHPs
Bilayer Thin Films. The PPA mixed with 4F-PEA precursor solution
was prepared by dissolving their mixed powders into a butanol
solvent. MAPbI3, (4F-PEA)2PbI4/MAPbI3, (PPA)2PbI4/MAPbI3, and
(4F-PEA)(PPA)PbI4/MAPbI3 bilayer thin films were prepared by the
method as we previously reported.19,35,65

The top-view SEM images of the 2D/3D MHPs bilayer thin films
were conducted on a field-emission SEM (JEOL-7401). The HP 8453
spectrophotometer was used to acquire the absorption spectra of the
2D/3D MHPs bilayer thin films. The PL spectra were conducted on
the HORIBA Fluorolog-3 fluorescence spectrophotometer in the air.
The excitation wavelength was set at 530 nm. During the PL
measurement, the homogeneous 2D/3D MHPs bilayer thin films with
a similar thickness were placed in the exact position for comparison
studies. To detect the time-resolved PL trace, a pulsed source at 400
nm (Horiba Deltadiode) is used as excitation, and the signal is
recorded at 750 nm by the time-correlated single-photon counting
detection (Horiba PPD850). The transient absorption spectra were
measured using the method reported in our previous publication.50,51

Charge carrier mobilities of the 2D/3D MHPs bilayer thin films
were evaluated based on the SCLC method according to the Mott−
Gurney model.44,45

4.4. Preparation and Characterization of PSCs and PPDs.
The precleaned indium tin oxide (ITO) substrates were first
processed by UV/ozone for 20 min (min) in an ambient environment
and then transferred inside a glovebox with a nitrogen atmosphere.
The ∼8 nm PTAA thin layer was first cast on the top of the ITO
substrates. After that, the 3D MAPbI3 thin film was spin-coated on the
top of the PTAA thin layer. The (4F-PEA)2PbI4/MAPbI3,
(PPA)2PbI4/MAPbI3, and (4F-PEA)(PPA)PbI4/MAPbI3 thin films
were prepared as described in Section 4.3. Afterward, a ∼24 nm-thick
C60, a ∼6 nm BCP, and a ∼120 nm Ag were subsequently thermally
deposited. The device area was measured to be 0.043 cm2.

The details of PSCs and PPDs characterization are similar to and/
or the same as those reported in our previous publications.19,22,35,65,68
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