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ABSTRACT: Quasi two-dimensional (2D) layered organic−inorganic perovskite materials (e.g., (BA)2(MA)n−1PbnI3n+1; BA =
butylamine; MA = methylamine) have recently attracted wide attention because of their superior moisture stability as compared
with three-dimensional counterparts. Inevitably, hydrophobic yet insulating long-chained organic cations improve the stability at
the cost of hindering charge transport, leading to the unsatisfied performance of subsequently fabricated devices. Here, we
reported the synthesis of quasi-2D (iBA)2(MA)n−1PbnI3n+1 perovskites, where the relatively pure-phase (iBA)2PbI4 and
(iBA)2MA3Pb4I13 films can be obtained. Because of the shorter-branched chain of iBA as compared with that of its linear
equivalent (n-butylamine, BA), the resulting (iBA)2(MA)n−1PbnI3n+1 perovskites exhibit much enhanced photodetection
properties without sacrificing their excellent stability. Through hot-casting, the optimized (iBA)2(MA)n−1PbnI3n+1 perovskite films
with n = 4 give the significantly improved crystallinity, demonstrating the high responsivity of 117.09 mA/W, large on−off ratio
of 4.0 × 102, and fast response speed (rise and decay time of 16 and 15 ms, respectively). These figure-of-merits are comparable
or even better than those of state-of-the-art quasi-2D perovskite-based photodetectors reported to date. Our work not only paves
a practical way for future perovskite photodetector fabrication via modulation of their intrinsic material properties but also
provides a direction for further performance enhancement of other perovskite optoelectronics.
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■ INTRODUCTION

In recent years, three-dimensional (3D) organic−inorganic
halide perovskite materials, such as MAPbI3 (MA = CH3NH3

+),
have attracted wide attention because of the fast development
of solar cells based on them.1−4 Particularly, the power
conversion efficiency of these 3D hybrid halide perovskites
has been increased from 3.81 to 22.1% in just a few years.5−8

Owing to the excellent light absorption coefficients, long charge
diffusion lengths, high carrier mobility, direct band gap, and low
rates of nonradiative charge recombination,9,10 organic−
inorganic halide perovskites also find extensive applications in
light-emitting diodes (LEDs),11−13 photodetectors (PDs),14,15

nanolasers,16 transistors,17 etc. However, these perovskite
materials still inevitably suffer from the inherent instability

over moisture, heat, and light, which seriously hampers their
practical utilizations.18,19

At the same time, quasi two-dimensional (quasi-2D) layered
perovskite materials (also known as Ruddlesden−Popper, RP,
phases) have the crystal structure consisting of quasi-2D
perovskite slabs interleaved with cations,20 in which they
generally adopt a chemical formula of L2An−1BnX3n+1, where L is
a large size or long-chain organic cation, A is a regular cation, B
is a divalent metal cation, and X is a halide.21−23 The variable n
is an integer, indicating the number of metal halide octahedral

Received: March 1, 2018
Accepted: May 9, 2018
Published: May 9, 2018

Research Article

www.acsami.orgCite This: ACS Appl. Mater. Interfaces 2018, 10, 19019−19026

© 2018 American Chemical Society 19019 DOI: 10.1021/acsami.8b03517
ACS Appl. Mater. Interfaces 2018, 10, 19019−19026

www.acsami.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.8b03517
http://dx.doi.org/10.1021/acsami.8b03517


layers between the two L cation layers.24−26 For example, for
(BA)2(MA)n−1PbnI3n+1 (BA = CH3(CH2)3NH3

+, MA =
CH3NH3

+) materials, the (MA)n−1PbnI3n+1 layer is sandwiched
by two BA layers. These basic layers would then stack along the
c axis via van der Waals interaction, forming the bulk quasi-2D
layered perovskite material. If n becomes infinite, the material
would become MAPbI3, the conventional 3D perovskite
material. Lately, it has been reported that these quasi-2D
layered perovskite materials are more stable as compared with
their 3D counterparts.27,28 Smith et al. demonstrated that
(PEA)2(MA)2Pb3I10 (PEA = C6H5(CH2)2NH3

+) can be simply
deposited by spin-coating and subsequent high-temperature
annealing processes as high-quality quasi-2D layered perovskite
films with the good moisture stability, where the fabricated
perovskite solar cells exhibit a power conversion efficiency of
4.73%.29 In addition, Cao et al. also prepared a series of
(BA)2(MA)n−1PbnI3n+1 with n = 1, 2, 3, 4 and found that these
quasi-2D perovskites are surprisingly stable, in which the
correspondingly fabricated solar cells can retain their photo-
voltaic performance even after long-duration exposure in
humidity environments.30 Thereafter, the widespread inves-
tigation on exploring the fundamental properties of quasi-2D
perovskites and their exploitations in high-performance
optoelectronic devices have been stimulated. Guo and his
group thoroughly studied the electron-phonon scattering of
atomically thin (BA)2(MA)n−1PbnI3n+1 layers,

31 while Kammin-
ga et al. systematically investigated the quantum confinement
phenomena in these low-dimensional lead iodide perovskite
hybrids.32 Dou and his team also prepared (BA)2PbBr4 flakes
with the atomic thickness and revealed their thickness-
dependent photoluminescence (PL), being similar to the
graphene-like 2D materials.33 Notably, Liang et al. fabricated
LEDs based on (PEA)2PbBr4 (PEA = C6H5CH2CH2NH3

+),
which yield the efficient room-temperature violet electro-
luminescence at 410 nm with a narrow bandwidth.47 All these
findings evidently indicate their great potentials as the active
materials in state-of-the-art optoelectronics.
Among many quasi-2D layered perovskite materials,

(BA)2(MA)n−1PbnI3n+1 is one of the most intensively studied
materials because of the ease of its synthesis and unique
propert ies . Interes t ing ly , the fabr ica ted fi lm of
(BA)2(MA)n−1PbnI3n+1 is shown with the n-dependent
orientation. When n is below 4, the film maintains a preferential
orientation of the basal plane (i.e., the sandwiched plane). For n
= 4, the film does not display any more the basal plane
orientation. In this case, because the BA layer is insulating,
being detrimental for the carrier transport, the resulting film
would yield the poor photoelectric properties.34 Taking it into
consideration, Tsai et al. have made use of this character and
optimized to obtain (BA)2(MA)3Pb4I13-based solar cells, which
exhibit the much enhanced photovoltaic efficiency of 12.5%.27

Inevitably, as the large BA spacer cation possesses the long
linear chain hindering the collection of charge carriers, the
corresponding carrier mobility would get degraded, particularly
in the deep layer of the perovskites, and hence significantly
undermine their optoelectronic performances. It is noted that
when the linear chain BA cation is substituted by the branched
chain iBA counterpart, the obtained film crystallinity as well as
the air stability would get improved, which can be attributed to
the more effective packing of branched alkane chains.35 The
solar cells based on hot-casted (iBA)2(MA)3Pb4I13 films can
then yield a respectable power conversion efficiency of
10.63%.35 In any case, there is still very limited investigation

on the systematic synthesis and the effect of crystal orientation
on the optoelectronic properties of (iBA)2(MA)n−1PbnI3n+1
layered perovskites with varied values of n.
In this work, iso-butylamine (iBA), an isomer to linear n-

butylamine (BA), has short-branched chain and is deliberately
chosen as the spacer cation to synthesize a set of novel quasi-
2D RP perovskites. In specific, we have systematically
investigated the synthesis of (iBA)2(MA)n−1PbnI3n+1 (n = 1, 2,
3, and 4) layered perovskite films and found that relatively pure
phases can be obtained for n = 1 and 4. Mixed phases are
obtained for n = 2 and 3 with the main phase of (iBA)2PbI4 and
(iBA)2MAPb2I7, respectively. All these films exhibit the
excellent stability in air, without any noticeable degradation
even after the exposure in controlled humidity environments
for 60 days. Importantly, PDs made from these layered
perovskite films are demonstrated with the impressive photo-
sensing performance. Through a hot-casting method, the 2D
perovskite with n = 4, namely, (iBA)2(MA)3Pb4I13, reveals the
improved crystallinity and the PD performance, which are
comparable with or even better than those of state-of-the-art
quasi-2D perovskite PDs reported to date. All these results not
only provide important guidelines for the future quasi-2D RP
perovskite-based device construction from the viewpoint of
tailoring intrinsic material properties via their synthesis but also
offer a direction for the further performance enhancement of
other quasi-2D perovskite optoelectronic devices.

■ EXPERIMENTAL SECTION
Perovskite Precursor Synthesis. Precursor solutions were

prepared by dissolving PbI2, C4H9NH2, HI, and CH3NH3I at a
molar ratio of n:2:2:n − 1 in dimethyl formamide (DMF). The total
Pb2+ molar concentration is 2 M in the solutions. The solutions were
then stirred at room temperature overnight.

Device Fabrication. The fabrication of PDs started with the one-
step spin-coating method of perovskite precursor solution in a
nitrogen-filled glovebox, where the oxygen and moisture concentration
are well-controlled at the ppm level. Specifically, the glass substrates
were first ultrasonically washed by acetone and ethanol and deionized
water for 15 min in succession, followed by a mild oxygen plasma
treatment for 5 min (0.26 Torr, 30 W). After that, 50 μL of precursor
solution was spin-coated on the glass substrate at 3000 rpm for 30 s,
subsequently with a thermal annealing at 100 °C for 15 min for the full
crystallization of samples. The samples for n = 1, 2, 3, and 4 are labeled
as #1, #2, #3, and #4, respectively. The thickness of the samples was
determined by atomic force microscopy (AFM) and is found to be
665, 405, 540, and 419 nm for #1, #2, #3, and #4, respectively. In the
case of employing hot-casting during the fabrication, prior to spin-
coating, the precursor solution and substrate were preheated at 120
°C. Then, the hot-casted sample #4 has a thickness of 529 nm. Finally,
with the assistance of a shadow mask, gold (100 nm) was thermally
evaporated on the films as electrodes. The channel length of the
devices is 10 μm.

Film and Device Characterization. Surface morphologies of all
the samples were characterized with scanning electron microscopy
(SEM, Quanta FEG450) and AFM (diMultimode V, Veeco). X-ray
diffraction (XRD, D2 PHASER with Cu Kα radiation, Bruker) was
used to evaluate the crystallinity and crystal structure of the products.
UV−vis absorption spectra were recorded using a PerkinElmer model
Lambda 2S UV−vis spectrometer. The PL spectra were acquired by
iHR320 photoluminescence spectroscopy with an excitation wave-
length of 425 nm. Time-resolved photoluminescence (TRPL)
measurement was performed on a time-correlated single-photon
counting spectrometer from Edinburgh Instruments (LifeSpec II). The
electrical performance of the fabricated device was characterized with a
standard electrical probe station and an Agilent 4155C semiconductor
analyzer (Agilent Technologies, California, USA). A 532 nm laser
diode was used as the light source for the photodetection
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measurement, while the power of the incident irradiation was
measured using a power meter (PM400, Thorlabs). An attenuator
was also employed to tune the irradiation power that was illuminated
on the device. For determining the response time of the PD, a low-
noise current amplifier (SR570, Stanford Research Systems, USA)
combined with a digital oscillator (TBS 1102B EDU, Tektronix, USA)
was used to obtain high-resolution current−time curves.

■ RESULTS AND DISCUSSION

In general, the crystal structure of (iBA)2(MA)n−1PbnI3n+1 is
similar to that of (BA)2(MA)n−1PbnI3n+1, which also has the
layered structure. As shown in Figure 1, the (MA)n−1PbnI3n+1
layer is sandwiched by iBA organic layers with the branched
chain. The branched chain of iBA has been shown to improve
the corresponding stability of fabricated perovskite films as
compared with those of straight chain BA-sandwiched layers
with the exact enhancement mechanism remained uncertain.
Anyhow, in the chemical formula, n represents the layer
number of the PbI6 octahedral stacked along c axis. In order to

obtain the layered perovskite with predefined n, the precursor
solutions can be prepared to consist of PbI2, C4H9NH2, HI, and
CH3NH3I at a specific stoichiometric ratio of n:2:2:n − 1 (n =
1, 2, 3, and 4) in DMF. The samples with different ratio are
then labeled as #1, #2, #3, and #4 for n = 1, 2, 3, and 4,
respectively. As depicted in the optical images of all the samples
(Figure 2a−d), changes in the stoichiometric ratio are indeed
observed to have a profound effect on the resulting films. When
n is increased from 1 to 4, the color of the perovskite films
gradually varies from yellow to brownish black. To obtain
further insights into the difference in their morphologies, SEM
and AFM are carried out, accordingly (Figure 2e−i). Obviously,
when n is 1, the film shows a rough surface with the presence of
pinholes with the size of hundred nanometers, which is known
to be detrimental to the interfacial interaction and leads to the
significant current leakage for subsequent device fabrication. In
contrast, when n is increased to 2, the film starts to become
more uniform, although the pinholes can still be clearly
observed. Further increasing n to 3 and 4, the films are featured

Figure 1. Schematic illustration of the crystal structure of layered perovskite materials with chemical formula (iBA)2(MA)n−1PbnI3n+1 (n = 1, 2, 3, and
4). Inset shows the chemical structures of iBA and nBA. All hydrogen atoms are omitted.

Figure 2. Characterization of the surface morphology of fabricated samples. (a−d) Optical images. (e−h) SEM images. (i−l) AFM images.
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with the full film coverage without any observable pinholes,
simultaneously with the satisfied film uniformity. The
morphology change may be due to preferential out-of-plane
crystal orientation with the increasing value of n,46 which will
be discussed in detail below. Also, as well-reported in the
literature, perovskites with the full film coverage are beneficial
as the active sensing materials for high-performance PDs;
therefore, it is highly predicted that the perovskite films with n
= 3 and 4 are of great potential in fabricating the high-
performance optoelectronic devices.
To shed light evaluating the crystal structure of fabricated

quasi-2D perovskite films, XRD patterns are acquired as shown
in Figure 3a. It is observed that for sample #1, there is merely a
pronounced peak located at 6.7°, corresponding to the (002)
facet of (iBA)2PbI4. This indicates that without the MA+

inclusion, the perovskite film is a pure phase of (iBA)2PbI4,
which has a preferential orientation along c-axis. When the
nominal stoichiometric formula changes to n = 2 (sample #2),
in addition to the peak of (002) from (iBA)2PbI4, two tiny
diffraction peaks at 3.5° and 4.6° appear, which are attributed to
the (002) facets of (iBA)2MAPb2I7 and (iBA)2(MA)2Pb3I10,
respectively.36,37 This suggests that the main phase of sample
#2 is (iBA)2PbI4 with a small amount of (iBA)2MAPb2I7 and

(iBA)2(MA)2Pb3I10. When the nominal stoichiometric formula
varies to n = 3 (sample #3), the main phase becomes
(iBA)2MAPb2I7 there as validated by the dominant (002) peak
of (iBA)2MAPb2I7. Regardless, a small amount of (iBA)2PbI4,
(iBA)2MA2Pb3I10, and (iBA)2MA3Pb4I13 still exists in sample
#3. Interestingly, further changing the nominal stoichiometric
formula to n = 4, only the (111) and (220) peaks
corresponding to (iBA)2MA3Pb4I13 are observed, designating
sample #4 is a relatively pure phase of (iBA)2MA3Pb4I13 with
chemical composition equal to the stoichiometry of the
precursors. All these observations indicate the complex
chemical reactions performed in the solution and nucleations
during the film formation.
Apart from the crystal structure, the absorption spectra of all

the films are also obtained and shown in Figure 3b. For sample
#1, only one absorption edge near 532 nm is observed,
suggesting the pure phase of the sample with a band gap of 2.33
eV. For sample #4, three absorption peaks are observed, which
are consistent with the previous report35 with the peaks
originated from excitonic absorptions. As samples #2 and #3
are mixed phases, the absorption spectra include multiple
absorption peaks, which are in perfect agreements with the
XRD results. Notably, all the samples display the absorption

Figure 3. XRD and optical spectra characterization of the samples. (a) XRD patterns. (b) Absorption spectra. (c) PL spectra with an excitation
wavelength of 425 nm.

Figure 4. Photoresponse properties of the configured devices. (a) Photocurrent vs light intensity. Inset: schematic illustration of the PD device
structure. (b) Responsivity vs light intensity. (c) Current vs time under modulated incident light. (d) High-resolution current vs time curve for
sample #4. For (b−d), the bias voltage is 1.5 V. The incident light wavelength is 532 nm. The light intensity for (c,d) is 0.6 W/cm2.
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tails, which are probably contributed from the small impurities
of intergrown higher-order homologous members. PL spectra
of the samples are also shown in Figure 3c. Sample #1 shows a
single emission peak centered at 536 nm, similar to the one of
(BA)2PbI4,

25 demonstrating again sample #1 being the pure-
phase (iBA)2PbI4. For sample #4, there is a prominent emission
peak centered at 641 nm, which might be ascribed to the
excitonic emission from (iBA)2(MA)3Pb4I13, similar to the
observation of PL spectrum of (BA)2(MA)3Pb4I13.

25 It is shown
that only trace amounts of n = ∞ phase can be observed from
the PL spectrum, and they are even not visible in the XRD
pattern of the #4 film. In this case, we anticipate that the as-
synthesized n = 4 perovskite film is relatively pure with only
small inclusions of impurity phases. Also, multiple emission
peaks are observed for samples #2 and #3. The prominent
emission peak centered at 524 nm for sample #2 can be
assigned to (iBA)2PbI4, although it shows a slight blue shift,
whereas the dominant peak centered at 627 nm for sample #3
might be ascribed to (iBA)2MAPb2I7 because the main phase of
sample #3 is (iBA)2MAPb2I7. The second peak centered at 620
nm for sample #2 may be attributed to (iBA)2MAPb2I7 because
it is close to the dominant peak of sample #3. Further
investigations are needed for assessing the origin of other
observed peaks.
At the same time, because the ambient stability of quasi-2D

perovskites is essential for their practical utilizations, the
stability of fabricated (iBA)2(MA)n−1PbnI3n+1 films is thor-
oughly evaluated by storing them under the relative humidity of
50% for 60 days. From the optical image of all the samples,
there is not any obvious change observed in the film color
(Figure S1 insets). For further demonstration, XRD patterns of
the fresh and aged (iBA)2(MA)n−1PbnI3n+1 films are measured
and shown in Figure S1. Because there is not any noticeable
change witnessed from the XRD patterns, the good stability of
the quasi-2D layered perovskite films is inferred in humidity
environments. To compare the ambient stability of MAPbI3
and quasi-2D (iBA)2(MA)n−1PbnI3n+1, MAPbI3 thin films were
also prepared and stored under the same humidity. It is
observed that the MAPbI3 film gets degraded in a few days as
the degradation can be obviously seen from the XRD patterns
and optical photographs as shown in Figure S2. Explicitly, the
inner side, especially the MA+, is protected by the encapsulating
iBA layer, which leads to the good stability as compared with
MAPbI3. The impressive air stability of all the quasi-2D layered
perovskite films would make them suitable for various
technological applications.
In order to assess the photosensing performance of

synthesized quasi-2D layered perovskite films, PDs based on
the simple two-electrode configuration are fabricated with the
device shown in Figure 4a inset. As shown in Figure S3, the
current−voltage (I−V) curves of the representative perovskite
PDs are measured in the dark and under 532 nm light
illumination with different power densities. The devices exhibit
the output current as low as approximately 1.3 × 10−11 to 3.1 ×
10−9 A at the voltage bias of 1.5 V in the dark, whereas under
light illumination, the current displays a remarkable enhance-
ment with the further increase with the increasing incident light
intensities, which indicates the typical light-sensitive properties
of the layered perovskite films. Moreover, the I−V curves
present the linear dependence on the applied bias for all
devices, suggesting the nearly Ohmic contact between thin
films and gold electrodes, which is beneficial for the collection
of photogenerated carriers. In principle, the photocurrent is

always defined as the current difference between dark state and
light illumination. To better understand the photosensing
characteristics of these 2D perovskites, the dependence of their
photocurrent on light intensities is measured and shown in
Figure 4a. The measured data can be well-fitted by the
following formula

= ΦβI Ap (1)

where Ip is the photocurrent, A and β are the fitting parameters,
and Φ is the light intensity. The parameter of β is determined
as 0.76, 0.60, 0.76, and 0.81 for samples #1, #2, #3, and #4,
respectively. The sublinear relationship between the photo-
current and light intensity is often observed in layered material-
based PDs38 because of the complex processes of electron−
hole generation, trapping, and recombination in the semi-
conductors.39 Photoresponsivity (R) is another important
parameter to determine the sensitivity of PDs, which is defined
as

=
Φ

R
I

S
p

(2)

where S is the active area of the PD. Next, the photo-
responsivity as a function of light intensity is shown in Figure
4b. Because of the sublinear relation of Ip−Φ, the photo-
responsivity is kept increasing until the lowest-achievable light
intensity reaches 4.78, 25.81, 75.20, and 71.11 mA/W for
samples #1, #2, #3, and #4, respectively. These optoelectronic
p a r am e t e r s a r e mu c h h i g h e r t h a n t h o s e o f
(BA)2(MA)n−1PbnI3n+1-based thin film PDs (3.00, 7.31, and
12.78 mA/W for n = 1−3, correspondingly),34 demonstrating
that the substitution of linear BA with branched iBA is
beneficial for the enhancement of their photosensing perform-
ances. Furthermore, the responsivity spectrum of sample #4
(Figure S4) agrees very well with the absorption spectrum
(Figure 3b), indicating the good quality of the film. We also
notice that the responsivities are much lower than the
previously reported in-plane photoconductors based on 3D
perovskite films.15 This relatively low photoresponsivity of the
quasi-2D perovskites, as compared with bulk MAPbI3, may be
caused by the large exciton binding energy, poor carrier
transport along the stacking direction, and poor contact
between the 2D perovskites and the electrodes. The electrons
and holes are therefore difficult to be separated and collected,
which should be the major factor in restricting the photo-
responsivity.37

Furthermore, current−time (I−t) curves under modulated
light are also carefully measured to examine the repeatability of
fabricated PDs (Figure 4c). It is found that all the PDs possess
effective optical switching behaviors with the good repeatability
and respectable on/off ratios of 0.5 × 102, 4.5 × 102, 6.2 × 102,
and 4.1 × 102 (532 nm laser, 0.6 W/cm2) for samples #1, #2,
#3, and #4, respectively. Similarly, the response time of the PDs
can be extracted from the high-resolution I−t curves as
recorded in Figures 4d and S5. The rise and decay time of the
device are usually defined as the time taken for the current
increase from 10 to 90% of steady-state photocurrent and vice
versa, accordingly. It is observed that the rise/decay time is
determined to be 49/61, 62/52, 22/18, and 20/17 ms for
samples #1, #2, #3, and #4, correspondingly. All these results
illustrate clearly that the obtained (iBA)2(MA)n−1PbnI3n+1
layered perovskite-based PDs achieve the impressive perform-
ance with decent responsivities and superior response speeds.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b03517
ACS Appl. Mater. Interfaces 2018, 10, 19019−19026

19023

http://pubs.acs.org/doi/suppl/10.1021/acsami.8b03517/suppl_file/am8b03517_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b03517/suppl_file/am8b03517_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b03517/suppl_file/am8b03517_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b03517/suppl_file/am8b03517_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b03517/suppl_file/am8b03517_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b03517/suppl_file/am8b03517_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b03517


As widely reported in the literature, the hot-casting technique
can induce the more rapid solvent removal and the higher
perovskite crystallization rate during the synthesis of quasi-2D
perovskites, which would then lead to the near-single-crystalline
orientation and hence the improved charge transport of the
fabricated films.27,30,40,41 Here, because the relatively pure
phase a s we l l a s the sa t i sfied morphology o f
(iBA)2(MA)n−1PbnI3n+1 with n = 4 can be easily obtained, the
hot-casting method is applied to synthesize the enhanced
(iBA)2(MA)3Pb4I13 films. As anticipated, the sample obtained
by hot-casting is demonstrated with the improved diffraction
peaks with the same film thickness as compared with the ones
without hot-casting, suggesting the better crystallinity (Figure
S6). SEM and AFM images indicate that both the room-
temperature and hot-cast-fabricated (iBA)2(MA)3Pb4I13 perov-
skites are highly smooth and uniform (Figure S7). In particular,
well-defined nanoparticles with the high packing density can be
observed from the AFM image of the hot-casted
(iBA)2(MA)3Pb4I13 film. Also, TRPL is conducted to
investigate the recombination dynamics of the perovskites
prepared with and without hot-casting (Figure S8). The total
lifetime is found to increase from 4.05 to 6.38 ns after applying
hot-casting, further confirming the higher crystal quality of
perovskites prepared by the hot-casting method. In view of all
these results, we speculate that the hot-cast-fabricated
(iBA)2(MA)3Pb4I13 perovskite is ideal for facilitating the
improved performance of optoelectronic devices.
To validate the above hypothesis, the photoresponse

measurements of the PDs based on (iBA)2(MA)3Pb4I13
prepared with and without hot-casting are performed as
shown in Figure 5. As shown in the I−V curves of a
representative device (Figure 5a), the current is observed to
increase with the incident power accordingly, which shows a
typical linear relationship with the bias voltage, indicating an
Ohmic contact there and thus benefiting the collection of
photogenerated carriers. Also, Figure 5b shows the photo-
current and responsivity against the incident light power

density. Importantly, the β value is determined to be 0.61 for
hot-casted (iBA)2(MA)3Pb4I13, exhibiting the sublinear rela-
tionship between the photocurrent and the incident power
density. The photoresponsivity (R), corresponding to the
photocurrent spectra, is observed to be a decreasing function of
the light intensity, whereas the values of hot-casted perovskite
are higher across the entire measured range with the maximum
R of 117.09 mA/W. In the photoswitching measurement
(Figure 5c), the hot-casted PD displays the current on/off ratio
of 4.0 × 102 under a relatively small bias of 1.5 V, and the
photocurrent remains almost unchanged after the long duration
of switching cycles, indicating its excellent stability and
reproducible characteristics. In addition, the rise and decay
time constants of hot-casted (iBA)2(MA)3Pb4I13 device can also
be determined from Figure 5d, which is 16 and 15 ms,
respectively, showing the faster photoresponse characteristics
attributable to its enhanced crystallinity that contributes to the
more efficient charge carrier transport and extraction.
Specifically, under light illumination, electron−hole pairs are
generated and then separated by external electrical field. These
electrons and holes would next be collected by the electrodes,
separately. During the transport of photogenerated carriers, the
carriers would also be trapped by different types of electronic
states (e.g., surface traps) or recombined with each other. Here,
the high quality of quasi-2D perovskites can ensure the low
density of traps and recombination centers, which leads to a
longer carrier lifetime. Thus, the quasi-2D perovskite PDs
demonstrate the impressive photodetection performance,
especially for the hot-casted film with the high crystal quality.
It is also noted that all these obtained performance indicators
are superior, being comparable with or even better than those
of state-of-the-art quasi-2D layered perovskite materials as
reported in the recent literatures (Table S1).21,34,37,42−45 It
ind ica te s tha t our quas i -2D hot -ca s t - f abr i ca ted
(iBA)2(MA)3Pb4I13 perovskite device has the excellent photo-
responsivity and fast response time for light detection as well as
the promising prospect for high-performance PD applications.

Figure 5. Photoresponse properties of the room-temperature and hot-cast-fabricated samples with the chemical formula (iBA)2(MA)3Pb4I13. (a) I−V
curves with and without light illumination. (b) Photocurrent and responsivity vs light intensity. (c) Current vs time under modulated incident light.
(d) High-resolution current vs time curve. For (b−d), the bias voltage is 1.5 V. The incident light wavelength is 532 nm. For (c,d), the light intensity
is 0.6 W/cm2.
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In addition, the further optimization of (iBA)2(MA)3Pb4I13
films shows that the hot-casting method is beneficial for the
improvement of PDs judging on the overall performance, which
will provide effective modulations over quasi-2D perovskites for
utilizations in various optoelectronic switches and PDs.

■ CONCLUSION
In summary, high-quality (iBA)2(MA)n−1PbnI3n+1 layered per-
ovskite films were prepared by the simple spin-coating method,
where the re lat ively pure-phase ( iBA)2PbI4 and
(iBA)2(MA)3Pb4I13 films can be readily obtained. Importantly,
these quasi-2D perovskite films exhibit the impressive photo-
detection performance, such as the fast response times, low
dark current, and decent responsivity. Through the hot-casting
method, significant enhancement in the crystallinity can also be
achieved for (iBA)2(MA)3Pb4I13 perovskite films, which
demonstrates the higher responsivity of 117.09 mA/W, larger
on−off ratio of 4.0 × 102, and faster response speeds (rise and
decay time of 16 and 15 ms, respectively). All these
performance parameters are comparable with or even superior
to the ones fabricated with the state-of-the-art quasi-2D layered
perovskites, highlighting their technological potency of various
practical utilizations in optoelectronics. Our work does not only
pave a practical way for future quasi-2D perovskite-based PD
fabrication via the modulation of its intrinsic material properties
but also provides a new road map for future studies in designing
and optimizing layered perovskite-based PDs.
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