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ABSTRACT: Two-dimensional (2D) perovskites with natural
multi-quantum-well structure have been reported to offer better
stability compared to 3D perovskites. However, the under-
standing of the exciton separation and transport mechanism in
2D perovskites and developing more efficient organic spacers
remain considerable challenges, as the 2D perovskites exhibit
large exciton binding energy due to quantum confinement.
Here, a class of multiple-ring aromatic ammoniums, 1-
naphthalenemethylammonium (NpMA) and 9-anthraceneme-
thylammonium (AnMA), was developed as spacers for 2D
Ruddlesden−Popper (RP) perovskite solar cells (PSCs). In
addition to significantly enhanced stability, the device based on
(NpMA)2(MA)n−1PbnI3n+1 (average n = 4) exhibits a champion efficiency of 17.25% and a high open-circuit voltage of 1.24 V.
The outstanding photovoltaic performance could be ascribed to the ultrafast exciton migration (within 7 ps) from 2D phases
to 3D-like phases, which were confirmed by charge carrier dynamics results, leading to efficient exciton separation, charge
transportation, and collection. This work facilitates understanding the working mechanism of 2D PSCs in-depth and offers an
efficient way to further boost their efficiency and stability by developing multiple-ring aromatic spacers.
KEYWORDS: perovskite solar cell, organic spacer, two-dimensional, phase distribution, charge transport

Metal halide perovskite solar cells (PSCs) have gained
enormous attention due to their low fabrication cost
and high photovoltaic performance, which bring a

true revolution in photovoltaic technology.1−3 The power
conversion efficiencies (PCEs) have been improved from 3.8%
in 2009 to a certified 25.2% recently due to the good properties
of perovskite materials, such as high absorption coefficient,
long charge-carrier diffusion length, and excellent defect
tolerance.4−8 As the efficiency of PSCs is close to the
monocrystalline silicon solar cells, attention is increasingly
focused on the stability issues of the perovskite materials and
devices.9,10 Although various efforts have been conducted to
improve the device stability, such as interface engineering,
precursor solution engineering, and device encapsulation, it is
still a great challenge to realize long-term stability.11−13

Two-dimensional (2D) Ruddlesden−Popper (RP) perov-
skites with large-size organic spacers have attracted increasing
attention owing to their superior ambient stability over their

3D counterparts.14 The improved stability is ascribed to the
hydrophobicity of organic spacers in the 2D perovskite lattice
as well as the suppressed ion migration.15,16 The general
chemical formula of 2D RP perovskites can be described as
A2Bn−1MnX3n+1.

17 Here, A represents a monovalent organic
spacer cation; B represents a monovalent cation; M represents
a divalent metal cation; X is a halide anion; and n refers to the
number of MX6

4− octahedral layers.17 To date, most organic
spacers used in 2D RP perovskites are insulating aliphatic or
single-ring aromatic cations, such as n-butylammonium (BA),
p h e n e t h y l a mm o n i um ( P E A ) , a n d 4 - fl u o r o -
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phenethylammonium, which exhibit weak light-absorbing
properties.18−27 The multiple-ring aromatic ammoniums with
extensive π-electron delocalization in the conjugated backbone
are expected to enhance charge transport and absorb more
solar light than that of an inorganic framework, thus increasing
the current and efficiency of the photovoltaic devices. In 1999,
Mitzi and co-workers reported a quaterthiophene-based 2D RP
perovskite, and the absorption spectra of thermally ablated
films exhibit an exciton peak arising from the corner-sharing
[PbI6]

4− sheets, along with absorption from the quaterthio-
phene moiety.28,29 Acene-based 2D RP perovskites were also
studied due to the tunable number of fused benzene rings in
the acene group (e.g., phenyl-, naphthyl-, and anthryl-), which
could impact the size and highest occupied molecular orbital−
lowest unoccupied molecular orbital (HOMO−LUMO)
separation of the aromatic spacer.30,31 Note that the
naphthyl-based 2D RP perovskites have been used in light-
emitting diodes and show a very high external quantum
efficiency.32,33 However, the multiple-ring aromatic spacer-
based 2D PSCs were rarely studied, possible because of the
poor solubility of multiple-ring aromatic ligands or lack of
suitable film-processing methods to obtain high-quality
films.29,34 In addition, compared to 3D perovskites, 2D

perovskites exhibit much larger exciton binding energy due
to quantum confinement, and it can be as high as 300 meV for
low n-value layered perovskites, which makes it difficult for
excitons to dissociate into free carriers via thermal energy
activation at room temperature.35 Although the efficiency of
2D RP perovskite solar cells increased quickly, the mechanism
of the exciton migration and separation in 2D perovskite is still
a matter of considerable debate.35−38 Therefore, the develop-
ment of more efficient organic spacers and understanding the
charge separation and transport mechanism in depth become
particularly important to further boosting the photovoltaic
performance of 2D PSCs for future commercialization.
In this work, we developed two multiple-ring spacer cations,

1-naphthalenemethylammonium (NpMA) and 9-anthracene-
methylammonium (AnMA), for 2D RP perovskites and
demonstrated highly efficient solar cells with a nominal n =
4 average composition. We found that the different layered
phases and 3D-like phases coexist in the perovskite film. By
performing 1H NMR spectroscopy, we confirmed the existence
of strong hydrogen-bonding interactions between organic
spacer cations (NpMA and AnMA) and inorganic layers.
The phase distribution and crystal orientation in these 2D RP
perovskites provide a deep understanding of the effect of

Figure 1. (a) Chemical structure and corresponding 1H NMR spectra showing changes in the resonance signals arising from the H protons of
MAI, AnMAI, and AnMA-Pb. (b) UV−vis absorption spectra of the NpMA-Pb and AnMA-Pb films. (c, d) PL and TRPL spectra of the
NpMA-Pb and AnMA-Pb films excited from back sides. (e) XRD patterns of the NpMA-Pb and AnMA-Pb films. (f, g) SEM images of the
NpMA-Pb and AnMA-Pb films.
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multiple-ring aromatic ammoniums (NpMA and AnMA) on
properties of 2D perovskites. By using high-resolution
transmission electron microscopy (HRTEM) and ultrafast
transient absorption (TA) spectroscopy to probe the phase
distribution and charge carrier dynamics, we found an ultrafast
exciton migration process (within 7 ps) between small-n value
2D phases and large-n value 3D-like phases, resulting in
efficient exciton separation, charge transport, and collection.
The optimized devices showed a high open-circuit voltage
(VOC) of 1.24 V and a champion PCE up to 17.25% for
NpMA-Pb-based devices. Moreover, owing to the superior
hydrophobicity of multiple-ring aromatic spacers and the
strong hydrogen-bonding interactions between organic spacer
cations (NpMA and AnMA) and inorganic layers, the 2D RP
PSCs show enhanced stability in comparison with that of 3D
PSCs.

RESULTS AND DISCUSSION
Structure and Photophysical Properties. The 2D RP

perovskite (NpMA)2MAn−1PbnI3n+1 (NpMA-Pb, n = 4) and
(AnMA)2MAn−1PbnI3n+1 (AnMA-Pb, n = 4) thin films were
prepared by a one-step spin-coating method. The detailed
synthetic procedures and characterization data for NpMAI and
AnMAI are given in the Supporting Information (Schemes S1
and S2). To probe the formation of 2D perovskites and the
existence of hydrogen-bonding interactions between organic
spacer cations (NpMA and AnMA) and inorganic layers, we
performed 1H NMR measurements. As shown in Figure 1a, the
proton signal of the −NH3

+ groups appears at 7.47 and 8.26
ppm for MAI and AnMAI, respectively. An obvious chemical
shift was observed for proton signals of the −NH3

+ after the
formation of 2D RP perovskites, suggesting the N−H···I−
hydrogen-bonding interaction between −NH3

+ and iodide
anions in the [PbI6]

4− framework.39 Similarly chemical shifts of
the proton signals in the −NH3

+ groups were also observed in
the 1H NMR spectra of MAI, NpMAI, and NpMA-Pb (Figures
S1 and S2). Due to the different chemical environment caused
by electronic cloud distribution, the chemical shifts of the
protons in −CH2− show an upfield shift for AnMA-Pb in
comparison with that of AnMAI. The strong hydrogen-
bonding interactions were further verified using X-ray
photoelectron spectroscopy (XPS) shown in Figures S3 and
S4. Two main peaks at 138.4 and 143.3 eV were observed for
the control 3D film, which were assigned to the Pb 4f7/2 and
Pb 4f5/2, respectively.

22 The I 3d5/2 and I 3d3/2 peaks were
located at 619.1 and 630.6 eV, respectively. There is an
obvious shift of the feature peaks toward lower values in the
XPS spectra for NpMA-Pb and AnMA-Pb films in comparison
with that of the control film, suggesting that the chemical
bonding length of Pb−I in PbI6

4− has been changed due to the
strong hydrogen-bonding interaction between NpMA (or
AnMA) cations and [PbI6]

4−. Due to NpMA exhibiting a
lower steric resistance compared to AnMA, −NH3 in NpMA
could be closer to [PbI6]

4−, leading to a stronger hydrogen-
bonding interaction, which results in a larger binding energy
shift of Pb (4f) and I (3d) for NpMA-Pb.
The absorption spectra of NpMA- and AnMA-based 2D

perovskites are shown in Figure 1b. There are several obvious
excitonic peaks for NpMA-Pb perovskite films, corresponding
to a distribution of perovskite phases with n = 3, 4, 5, and ∞.
This observation indicates that there are multiple perovskite
phases in the NpMA-Pb film. However, no obvious excitonic
peaks were observed for the AnMA-Pb film, most likely

ascribed to the weak crystallinity of the film, which is
consistent with the X-ray diffraction (XRD) and scanning
electron microscopy (SEM) results discussed below. For the
AnMA-Pb film, a broad absorption at long wavelengths could
be assigned to large n phases owing to the weak crystal
orientation caused by larger spacer cation size.40 The lack of
obvious exciton peaks in absorption spectra for the AnMA-Pb
film was further confirmed by its photoluminescence (PL)
spectra. These features indicate that quantum confinement is
not dominating in the AnMA-Pb film, and charges can
effectively transport across neighboring inorganic layers.
Accordingly, the absorption peak of AnMA-Pb films is red-
shifted compared to NpMA-Pb. Note that the absorption edge
of 2D perovskite films showed a similar bandgap compared to
3D perovskite films (Figure S5a), indicating that both NpMA-
Pb and AnMA-Pb films exist 3D-like phases.
To gain further insight into the phase distribution and

charge dynamics of NpMA-Pb and AnMA-Pb films, steady-
state PL and time-resolved PL (TRPL) spectroscopies were
performed. As shown in Figure 1c, the NpMA-Pb film exhibits
stronger PL intensity than that of the AnMA-Pb film,
indicating reduced charge carrier nonradiative recombination
resulting from high film quality and low defect density, which is
consistent with the XRD and SEM data discussed below.23 The
major PL peaks are located at 764 and 775 nm for NpMA-Pb
and AnMA-Pb, respectively, which are related to the 3D-like
phases. These peaks are blue-shifted in comparison with that of
a 3D perovskite film (Figure S6) due to the quantum
confinement effect of 2D RP perovskites.37 The obvious
exciton peaks and blue-shifted major PL peak in the NpMA-Pb
film compared to the AnMA-Pb film indicate the formation of
more layered perovskite phases in NpMA-based 2D perovskite.
The TRPL decay curves (Figure 1d) were fitted by a
biexponential decay function of time t: f(t) = A1 exp(−t/τ1)
+ A2 exp(−t/τ2) + B, where τ1 and τ2 are the lifetimes for the
fast and slow recombination, respectively, A1 and A2 are the
relative decay amplitude, and B is a constant.41 The detailed
parameters are summarized in Table S1. The carrier lifetimes
of the NpMA-Pb film were calculated to be 104 and 560 ns for
τ1 and τ2, respectively. The AnMA-Pb film shows carrier
lifetimes of 59 ns for τ1 and 162 ns for τ2, which are shorter
than that of the NpMA-Pb film. The significantly increased
lifetime for the NpMA-Pb film could be attributed to its
excellent crystallinity with nanorod morphology (Figure 1f),
leading to suppressed nonradiative recombination, which was
further confirmed by the calculated defect density in perovskite
films as discussed below.

Crystal Orientation and Surface Morphology. The
crystallographic orientation and crystallinity of 2D RP
perovskite films were investigated by XRD. As shown in
Figure 1e, the NpMA-Pb film exhibits stronger diffraction
peaks than that of the AnMA-Pb film, suggesting enhanced
crystallinity. Two distinct diffraction peaks were observed at
around 14.4° and 28.7°, which can be assigned to the (111)
and (202) lattice planes of 2D perovskites, respectively. The
lack of (0k0) peaks below 10 degrees for the NpMA-Pb film
indicates the 2D RP perovskite layers grow mainly along a
vertical direction to the substrate, which facilitates efficient
charge transport between the top and bottom electrodes.40

Note that one distinct diffraction peak was observed at around
6.3° for the AnMA-Pb film (Figure S7a), which could be
assigned to the diffraction peak of (0k0), suggesting the
corner-sharing [PbI6]

4− sheets grow along both parallel and
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vertical directions. The NpMA-Pb film exhibits a higher I(202)/
I(111) intensity ratio of 0.33 in comparison with that of 0.28 for
the AnMA-Pb film, suggesting that more 2D perovskite slabs
grow along vertical directions with respect to the substrate in
the NpMA-Pb film.42 Furthermore, the (111) diffraction peak
is slightly shifted to a higher angle for NpMA-Pb (14.47°) in
comparison with that of AnMA-Pb (14.41°), indicating the
lattice contraction of NpMA-Pb in the film due to the smaller
size of NpMA.22 The scraped powder from the oriented
NpMA-Pb and AnMA-Pb films exhibits obvious diffraction
peaks of (0k0) as well as (111) and (202) (Figure S7b),
suggesting the random orientation of 2D perovskite in the
powder state. The XRD of 2D perovskite films with n = 1 and
2 were also exploited for comparison (Figure S8), in which the
characteristic peaks of lattice planes such as (002) for n = 1
and (020) for n = 2 were observed, indicating the parallel
orientation of NpMA-Pb and AnMA-Pb perovskites with an n
value lower than 3. The top-view field-emission SEM image
(Figure 1f) shows that the NpMA-Pb film exhibits a dense web
of nanorod structure, suggesting its excellent crystallinity,
which is consistent with the XRD results. The AnMA-Pb film
(Figure 1g) shows a dense and compact morphology, where
small size grains and a long nanorod coexist in the film. The
smaller grain size for the AnMA-Pb film is in accordance with

its relatively weak diffraction peak in the XRD data. The
NpMA-Pb film with nanorod-like morphology is beneficial to
light absorption and charge transport compared to that of the
conventional planar film, resulting in a high photovoltaic
performance as discussed below.43,44

Photovoltaic Performances. The photovoltaic devices
were fabricated with a conventional structure of glass/ITO/
PEDOT:PSS/perovskite/PCBM/BCP/Ag (Figure 2a). With a
nominal n-value of 4, the 2D RP perovskites NpMA-Pb and
AnMA-Pb were used as photoactive layers. The statistical
photovoltaic data for devices based on these 2D RP perovskite
are shown in Figure S10. As shown in Figure 2b, the device
based on NpMA-Pb displays an ultrahigh VOC of 1.24 V, a
large short-circuit current density (JSC) of 20.89 mA cm−2, a fill
factor (FF) of 66.35%, and an overall PCE of 17.25%, which is
among the highest efficiencies so far for 2D RP PSCs (n < 5)
to the best of our knowledge.25,42,45−48 While the 2D
perovskite with a larger spacer, AnMA, shows a low PCE of
14.47%, coupled with a VOC of 1.08 V, a JSC of 17.54 mA cm−2,
and an FF of 76.4%. The enhanced crystallinity as evidenced
by the SEM images and XRD results above should play an
important role for the performance enhancement of the
NpMA-Pb-based device. The PCE and VOC of PSCs based on
NpMA-Pb were compared with those of the published

Figure 2. (a) Device structure of NpMA-Pb and AnMA-Pb PSCs. (b) J−V curves of the 2D PSCs. (c) PCE and VOC of PSCs based on NpMA-
Pb in comparison with published PEDOT:PSS-based 2D PSCs (average n < 6). (d) EQE spectra of the corresponding optimal devices. The
I−V curves of (e) the hole-only device and (f) the electron-only device. (g) Calculation and statistics of trap density and mobility for the
corresponding devices. (h) VOC versus light intensity for the NpMA-Pb and AnMA-Pb PSCs. (i) Transient photovoltage decay curves for the
NpMA-Pb and AnMA-Pb films.
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PEDOT:PSS-based 2D PSCs (average n < 6) with inverted
structure (Figure 2c), and the detailed data are presented in
Table S2. As shown in Figure 2c, both the PCE and VOC are
the highest among the published PEDOT:PSS-based devices.
Moreover, compared to AnMA-Pb, the devices based on
NpMA-Pb exhibit higher VOC and JSC, which could be
attributed to the enlarged charge carrier lifetime, reduced
trap density, and decreased charge carrier nonradiative
recombination loss in NpMA-Pb films as discussed below.
The valence bands (VB) of NpMA-Pb and AnMA-Pb were
measured and calculated from ultraviolet photoelectron
spectroscopy (UPS) (Figures S11 and S12). The upshifted
VB of NpMA-Pb compared to AnMA-Pb could prevent the
backflow of the electron from PCBM more efficiently, thus
suppressing the charge recombination.48 Considering that the
optical bandgap of the NpMA-Pb film is about 1.58 eV (Figure
1b), the energy loss of the NpMA-Pb-based device (VOC =
1.24 V) is only 0.34 eV due to the suppressed charge carrier
recombination loss and efficient charge transport. Note that
the NpMA-Pb film was dominated by layered perovskite
phases (n = 2, 3, 4, 5) with a large bandgap compared to the
AnMA-Pb film as discussed below, which could also contribute
to the enlarged VOC.

15

The external quantum efficiency (EQE) curves of the
corresponding 2D RP perovskite devices are shown in Figure
2d. Compared to the AnMA-based device, the NpMA-based
device shows a much higher EQE with an average value over
90% across the wavelength region from 350 to 600 nm,
suggesting the excellent photon-to-current response. The
dramatically reduced photoresponse for both NpMA- and
AnMA-based devices over 600 nm could be ascribed to the
insufficient light absorption nature of 2D RP perovskites at
long wavelength, consistent with their absorption spectra. The
integrated JSC are 19.94 and 16.43 mA cm−2 for NpMA-Pb-
and AnMA-Pb-based devices, respectively, which are less than
5% mismatch with respect to the JSC obtained from J−V
curves. Compared to the control 3D MAPbI3 perovskite with
the same device structure,23 both NpMA-Pb and AnMA-Pb
devices show reduced hysteresis (Figure S13 and Table S3),
which could be attributed to the hindered ion motion due to
the large-size organic spacer used in the films. After
illuminating under 1 sun for 150 s by holding the voltage at
the maximum power point (Figure S14), the stabilized PCEs of
16.8% and 13.2% were achieved for NpMA-Pb- and AnMA-Pb-
based devices, respectively, which are matched well with the J−
V measurements.
Charge Carrier Dynamics. The trap density of electrons

and holes was further evaluated to better understand the
charge carrier dynamics of NpMA- and AnMA-based 2D
perovskite films. Hole-only devices with the structure of ITO/
PEDOT:PSS/perovskite/Spiro-OMeTAD/MoO3/Ag and
electron-only devices with the structure of ITO/SnO2/
perovskite/PCBM/BCP/Ag were fabricated (Figure 2e,f).
The trap density (Nt) was calculated by the trap-filled limit

voltage (VTFL) using the equation Nt = 2ε0εrVTFL/qL
2, where εr

is the relative dielectric constant (εr = 25),49 ε0 is the vacuum
permittivity, q is the elemental charge, and L is the thickness of
the 2D RP perovskite films. The NpMA-Pb film exhibits a
lower trap density of 1.49 × 1015 cm−3 for the hole and 2.18 ×
1015 cm−3 for the electron in comparison with the AnMA-Pb
film (8.56 × 1015 cm−3 for a hole and 3.29 × 1015 cm−3 for an
electron), as shown in Figure 2e,f. The lower hole and electron
trap state density is expected to reduce the charge
recombination and benefit charge transport, which is
consistent with the enhanced and balanced mobility for the
NpMA-Pb film as shown in Figure 2g and Table 1.
To understand the charge carrier recombination losses in the

NpMA-Pb- and AnMA-Pb-based devices during device
operation, the light intensity dependent J−V characteristics
were investigated. The JSC versus light intensity (J ∝ Iα) in a
double logarithmic scale (Figure S15a) shows that the NpMA-
Pb-based device exhibits an α value of 0.999, suggesting its
lower nongeminate recombination than that of an AnMA-Pb
(α = 0.967)-based device.50 Figure 2h shows a linear fitting of
VOC versus the natural logarithm of light intensity. Both devices
exhibit a strong dependence of VOC on the light intensity, with
a slope of 1.59 kT/q for NpMA-Pb- and 1.76 kT/q for AnMA-
Pb-based devices, where k is Boltzmann’s constant, T is
temperature, and q is elementary charge. The lower slope for
the NpMA-Pb-based device indicates the reduced trap-assisted
recombination, which could be ascribed to the enhanced
crystallinity of the NpMA-Pb film with decreased trap density,
resulting in enlarged VOC and better device performance.
To investigate the charge recombination process in NpMA-

Pb- and AnMA-Pb based devices under operating conditions,
transient photovoltage (TPV) measurements were con-
ducted.51 As shown in Figure 2i, the lifetime of the NpMA-
Pb-based device is 45.2 μs, which is much larger than that of
the AnMA-Pb-based device (6 μs), indicating the reduced
nonradiative recombination and the enhanced carrier lifetime
in the NpMA-Pb-based device, in good agreement with the PL
and TRPL measurements discussed above. Meanwhile, the
photocurrent decay time of the NpMA-Pb-based device is
shorter than that of the AnMA-Pb-based device (Figure S15b),
suggesting more efficient charge collection in the NpMA-based
device.
The grazing incidence wide-angle X-ray scattering (GI-

WAXS) analysis was performed to probe more information
about crystal orientation and phase dispersity of 2D perovskite
films as shown in Figure 3a,b. The NpMA-Pb film exhibits
stronger, sharper, and more discrete Bragg spots than that of
the AnMA-Pb film, especially for the (111) and (202) planes,
which indicates that the layered perovskite phases prefer to be
orientated vertical to the substrate in the NpMA-Pb film, as
illustrated in Figure 3c.16 This vertical crystal orientation
would facilitate the efficient charge transport between the top
and bottom electrodes and enhance the photovoltaic perform-
ance of 2D PSCs. As shown in Figure 3b, the AnMA-Pb film

Table 1. Optimized Device Parameters for NpMA-Pb- and AnMA-Pb-Based Devices

perovskite
VOC
(V)

JSC
(mA cm−2) FF (%)

PCE
(%)

Nt
h (×1015)
(cm−3)

Nt
e (×1015)
(cm−3)

μh (×10
−3)

(cm2 V−1 s−1)
μe (×10

−3)
(cm2 V−1 s−1) μh/μe

decay timeb τ1/τ2
(ns)

NpMA-
Pba

1.24 20.89 66.35 17.25 1.49 2.18 1.88 1.97 1.05 104/560

AnMA-
Pba

1.08 17.53 76.34 14.47 8.56 3.29 0.70 1.88 2.69 59/162

aAverage n value is 4. bDecay time extracted from TRPL.
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also exhibits obvious Bragg diffraction spots of the (111) and
(202) plane, which coexist with the diffraction rings, suggesting
the disorder distribution of layered perovskite in the AnMA-Pb
film.52 Moreover, diffraction dots at q < 1.0 A−1 were observed
for both NpMA-Pb and AnMA-Pb films, which were 2D

perovskite phases with an n value lower than 4,37 further
suggesting that the films are composed of multiple perovskite
phases with different n values.
The HRTEM and the fast Fourier transforms (FFT) analysis

were conducted to study the phase distribution in 2D RP
perovskite films. As shown in Figure 3d, a lattice spacing of 7.2
Å can be found in region A, which corresponds to the
diffraction of the (0100) plane for the n = 4 phase in the
NpMA-Pb film (Table S4, Supporting Information). The
narrower lattice spacing of 3.1 Å in region B can be assigned to
the (110) diffraction of MAPbI3.

53 Meanwhile, the lattice
spacings of 3.6 and 7.9 Å corresponding to the (0100)
diffraction (n = 1) and the (060) diffraction (n = 2),
respectively, were also found in the NpMA-Pb film (Figure
S16a and Table S4). Accordingly, a lattice spacing of 7.3 Å in
Figure 3e can be discovered to match with the diffraction of
(0110) (n = 4) for AnMA-Pb perovskites, and the weak 2D
phase with n = 1 and n = 2 can also be found in the HRTEM of
the AnMA-Pb film (Figure S16b and Table S5). The simplified
schematic illustration of the crystal structures of NpMA-Pb and
AnMA-Pb perovskites is shown in Figure S17. These results
clearly verify that multiple phases, including different layered
perovskite phases and 3D or 3D-like phases, coexist and
distribute randomly in both NpMA-Pb and AnMA-Pb films,
which could be ascribed to the differences in the thermody-
namic stability of 2D perovskite phases with large n-values.54

To have a better understanding of the working principle of
2D RP PSCs, we performed ultrafast TA spectroscopy to probe
the phase compositions and the charge-transfer dynamics in
the NpMA- and AnMA-based 2D perovskites. The samples
were excited from the back side (glass side) (Figure 4a−f) with
a 400 nm pump beam (20 μJ cm−2) by a femtosecond laser
pulse, and then the white light probe pulse generated by the

Figure 3. (a) GIWAXS patterns of the NpMA-Pb film. (b)
GIWAXS patterns of the AnMA-Pb film. (c) Schematic illustration
of the proposed 2D perovskite structure. (d) HRTEM image of the
NpMA-Pb film. (e) HRTEM image of the AnMA-Pb film. Insets:
Fast Fourier transforms (FFT) of the selected area diffraction.

Figure 4. Time- and wavelength-dependent TA images of the NpMA-Pb film (a) and the AnMA-Pb film (b). TA spectra at selected probe
times of the NpMA-Pb film (c) and the AnMA-Pb film (d). TA spectra for different n phases as a function of delay time of the NpMA-Pb film
(e) and the AnMA-Pb film (f).
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time-lapse laser is used to detect changes in the light
absorption (ΔA) spectrum.55 The exciton accumulation at
different delay times can be monitored by the ground-state
bleach (GSB) due to the charge filling, and the exciton
absorption of various 2D perovskite phases display clear GSB
signals.38 As shown in Figure 4a, the NpMA-Pb film features
clear and strong GSB signals at ∼561, 606, and 640 nm, which
can be assigned to the phases with n = 2, 3, and 4. The weak
GSB signals at ∼667 and 740 nm can be assigned to the n = 5
phase and 3D-like phase, respectively. These results confirmed
that the NpMA-Pb film exhibited multiple layered perovskite
phases with different n-values and low n-value 2D phases
dominated in the NpMA-Pb film, which is consistent with the
absorption spectra and PL and HRTEM results discussed
above. Conversely, as shown in Figure 4b, the AnMA-Pb film
only exhibits strong GSB signals at ∼750 nm, suggesting the
3D-like phases dominated in the perovskite film.
The TA spectra at different delay times are shown in Figure

4c for the NpMA-Pb film and Figure 4d for the AnMA-Pb film.
The NpMA-Pb film exhibits diverse GSB peaks, which can be
assigned to identical phases appearing at the same wavelengths
shown in Figure 4a. It reflects a bleach decay at n = 2, 3, 4, and
5 phase, and this process was accompanied by the formation of
3D-like phases with increasing delay time. As shown in Figure
4d, GSB peaks at ∼645 and ∼682 nm can be assigned to n = 4
and n > 5 phases. Simultaneously, the broad GSB peak, which
is related to 3D-like phases, is red-shifted from 732 nm at 1.84
ps to 750 nm at 527 ps with the increasing delay time,
suggesting the formation of closely separated energy levels.56,57

The TA kinetics of different 2D perovskite phases probed at
the corresponding GSB peaks are shown in Figure 4e,f. For the
NpMA-Pb film, the excitons are primarily created in the 2D
phases with n = 2, 3, 4, and 5 within 1.3 ps. Following the fast
buildup, the bleaching of 2D phases with n = 2, 3, 4, and 5
shows ultrafast decay times of τ1 = 0.56, 1.01, 4.64, and 5.07 ps,
in accordance with the rapid bleaching rise of 3D-like phases
within a time constant of τet = 6.56 ps, suggesting ultrafast
energy transfer (or exciton transfer) accomplished in pico-
seconds.38 These results indicate that the photogenerated
excitons in low n value phases could be localized to 3D-like
phases within 7 ps.32 For the AnMA-Pb film, as shown in
Figure 4f, the excitons are primarily created in the n = 4 and >5
phases with weak GSB signal, and the bleaching decay time is
well matched with the fast bleaching formation time of the 3D-
like phase (τet = 10.17 ps). The longer bleaching formation
time of the 3D-like phase in the AnMA-Pb film compared to
that of the NpMA-Pb film indicates more efficient and faster
exciton transfer from layer phases to 3D-like phases in the
NpMA-Pb film. All above results indicate that the exciton
transfer from a wide-bandgap layered perovskite (small n
phases) to 3D-like phases occurs on the picosecond time
scale.58 In the AnMA-Pb film, low n-value phases (n < 4) were
scarcely formed, and it failed to accumulate photogenerated
excitons, leading to inefficient energy transfer.56 Notably, the
energy transfer could be facilitated by the shorter spacing
cation,59 and the closely separated energy levels of the NpMA-
Pb film may lead to a more efficient energy transfer route in
comparison with the AnMA-Pb film.56

The TA spectra (Figure 4a,c) show that the NpMA-Pb film
exhibits obviously layered perovskite phases from 2 to 5 but
weak 3D-like phases, indicating the low n-value 2D perovskite
phases dominate in the NpMA-Pb film. On the contrary, as
shown in Figure 4b,d, the 3D-like phase dominated in the

AnMA-Pb film. However, the device based on the NpMA-Pb
film with dominated layered perovskite phases, in which the
exciton binding energy is very high and difficult to separate at
room temperature,35 shows higher photovoltaic performance
compared to the AnMA-Pb-based device. The results suggest
that the exciton separation and transport channels are mainly
located in 3D-like phases, and the weak 3D-like perovskite
phase plays the major role for exciton separation and
transportation in the NpMA-Pb film. This exciton transport
and separation mechanism is further supported by the phase
distribution shown in HRTEM images, where multiple low n
value layered perovskite phases and 3D-like perovskites coexist
and distribute randomly. Meanwhile, the PL and TA measured
through back and front sides show similar characteristics
(Figure S6 and Figure S18), further verifying the random
dispersion of different-n-value phases.
On the basis of the above analysis, as shown in Figure 5, we

propose that the photogenerated excitons in the 2D perovskite

film would migrate from low-n phase to adjacent 3D-like phase
in picoseconds and then dissociate into free charge carrier
quickly due to the weak exciton binding energy in the 3D-like
perovskite. The ultrafast exciton migration between layered 2D
perovskite phases and 3D-like phases resulting from energy
transfer is responsible for the high photovoltaic performance of
2D perovskite devices. Note that more 3D-like phases could
not guarantee higher photovoltaic performance because other
factors, such as phase distribution, crystal orientation, and trap
density, also have effects on the photovoltaic performance of
the devices.

Film and Device Stability. The stability of devices against
light, humidity, and heat is a key factor for their development
and commercialization, so the stability tests under various
conditions of NpMA-Pb and AnMA-Pb PSCs were assessed
against the control device based on MAPbI3. The water
contact angles of NpMA-Pb, AnMA-Pb, and MAPbI3 films are
82.77°, 76.62°, and 43.32°, respectively. The enlarged water
contact angle for NpMA-Pb film could prevent water-induced
degradation and improve the moisture stability of the film
(Figure S19). The XRD measurements were further conducted
to investigate moisture stability under 45 ± 5% relative
humidity (RH) conditions with different storage times for
NpMA-Pb, AnMA-Pb, and MAPbI3 films (Figure 6a−c). The
control MAPbI3 film was completely degraded to PbI2 after
storage for 240 h, confirmed by a sharp peak at about 12.7° in
the XRD pattern. By contrast, there are no PbI2 peaks observed
even after 480 h for NpMA-Pb and AnMA-Pb films. The
results indicate that NpMA-Pb and AnMA-Pb films exhibit

Figure 5. Schematic diagram of exciton migration dynamics for 2D
perovskite film.
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excellent environment stability in comparison with that of the
control 3D perovskite film owing to their inherent hydro-
phobic property as discussed above.
We further investigated long-term stability of unencapsu-

lated devices stored in N2 at room temperature (RT). As
shown in Figure 6d and Figure S20, the 2D RP perovskite
devices show greatly enhanced stability compared to the
control device. The NpMA-Pb and AnMA-Pb PSCs retained
an average of 91% and 90% of their initial PCEs after 4100 h
(over 170 days), while the control device only retained 20% of
its original PCE. The results are consistent with moisture
stability data measured in ambient conditions with 30 ± 5%
RH (Figure S21), where NpMA-Pb and AnMA-Pb perovskite
devices without encapsulation maintained 89% and 80% of
their initial PCEs after 1000 h, while the control device only
retained 24% of its initial PCE. Furthermore, the thermal
stability of unencapsulated devices was measured in N2 at 80
°C as shown in Figure 6e and Figure S22. The NpMA-Pb and
AnMA-PbPSCs retained 80% and 77% of their original PCEs
after 600 h, whereas the control device degraded to ∼18% of
the initial PCE after 96 h. Light stability data of the devices
measured in N2 under continuous light illumination (white-
light-emitting diode (LED), 100 mW cm−2) are shown in
Figure 6f and Figure S23. The PCEs of NpMA-Pb- and AnMA-
Pb-based devices remained 79% and 76% of their initial PCEs
after 600 h, while MAPbI3 PSCs only retained 26% of their
initial PCEs after 144 h. These enhanced device stabilities
could be attributed to the intrinsic stability of 2D RP
perovskites by incorporated multiple-ring aromatic organic
spacers with superior hydrophobic and high thermal stability,
which stress the importance of the development of organic
spacers for 2D RP perovskites.

CONCLUSIONS

In conclusion, a class of multiple-ring aromatic spacers (NpMA
and AnMA) has been developed for 2D RP PSCs, and high

photovoltaic performance has been demonstrated. With a
nominal n = 4 average composition, NpMA-based devices
exhibit a high VOC of 1.24 V and a champion PCE of 17.25%,
which is among the highest efficiencies for 2D RP PSCs (n <
5) to the best of our knowledge. Dramatically improved
storage stability was realized with retaining an average 91% of
their initial efficiency after 4100 h (over 170 days) and
maintaining 79% under continuous light soaking after 600 h.
The HRTEM images show that the 2D layered phases and 3D-
like phases coexist and are randomly distributed in the 2D RP
perovskite film. An important finding is that the NpMA-Pb film
with dominant layered perovskite phases exhibits much higher
photovoltaic efficiency compared to the AnMA-Pb film due to
the ultrafast exciton migration (within 7 ps) from 2D layered
phases to 3D-like phases, resulting in efficient exciton
separation, charge transportation, and collection. We believe
that our findings would help to understand the working
mechanism of 2D PSCs in-depth and offer an efficient way to
further boost their efficiency and stability toward future
industry applications.

EXPERIMENTAL SECTION
Preparation of the 2D RP Perovskite Precursor Solution.

The 2D perovskite (NpMA)2(MA)3Pb4I13 and (AnMA)2(MA)3Pb4I13
(the concentration of Pb2+ is 1 M in DMF) precursor solutions were
prepared by mixing NpMAI (or AnMAI), MAI, and PbI2 in a
stoichiometric ratio of 2:3:4 in DMF. MACl was added to the
precursor solution with a MACl/MAI weight ratio of 0.5:1. The
solutions were stirred at 70 °C for 12 h and cooled to room
temperature before use.

Device Fabrication and Characterization. The ITO-coated
glasses were cleaned sequentially in distilled water, acetone, and
isopropyl alcohol two times. The ITO substrates were treated with
UV-ozone for 15 min before spin coating of a layer of PEDOT:PSS
(Baytron P VP AI 4083) at 4000 rpm for 20 s as hole-transport
material and then annealed at 150 °C for 15 min in air. Then the
substrates were transferred to a nitrogen glovebox. The 2D perovskite
precursors were then spin-coated on top of the ITO/PEDOT:PSS

Figure 6. XRD patterns of MAPbI3 (a), NpMA-Pb (b), and AnMA-Pb (c) films exposed in ambient air with an RH of 40−50% for 0 h, 240,
and 480 h. (d−f) Normalized photovoltaic parameters versus time for unencapsulated 2D and control 3D perovskite device storage in N2 at
room temperature (d), at 80 °C (e), and under continuous light soaking (100 mW cm−2) at room temperature (f).
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substrates at 8000 rpm for 90 s. Two-hundred microliters of anisole
antisolvent was dropped on the perovskite films twice at 60 and 20 s
before the end of the procedure. Then the as-fabricated films were
annealed at 100 °C for 40 min in air. The PC61BM solution (30 μL,
20 mg/mL in CB) as electron-transport material was formed by spin-
coating the precursor on top of the films at 1500 rpm for 40 s. After
that, the solution of BCP (0.6 mg/mL in isopropyl alcohol) was spin-
coated on top of PC61BM at 1000 rpm for 60 s. Finally, the thermal
evaporation of 80 nm of Ag as electrode was conducted under a
vacuum of 1 × 10−4 Pa. The effective area was 10 mm2 defined by a
mask.
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