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ABSTRACT: Layered lead halide perovskites have recently
been heavily investigated due to their versatile structures,
tunable electronic properties, and better stability compared
with 3D perovskites and have also been effectively incorporated
into photovoltaic and light-emitting devices. They are often
prepared into thin film form by solution methods and typically
contain a mixture of phases with different inorganic layer
thicknesses (denoted by “n”). In addition, melt-processing has
recently been introduced as an option for film deposition of n =
1 lead iodide-based perovskites. Here, we study the thermal
properties of higher n (n > 1) layered perovskites in the family (β-Me-PEA)2MAn−1PbnI3n+1, with n = 1, 2, and 3 and where β-
Me-PEA = β-methylphenethylammonium and MA = methylammonium, and reveal that they do not melt congruently.
However, they can still be melt-processed in air by using a two-step process that includes a lower temperature postannealing
step after the initial brief melting step. While typically higher n films contain a mixture of the different n phases, the resulting
two-step melt-processed films are highly crystalline and phase pure. Optical and electrical properties of these films were further
characterized by time-resolved photoluminescence and dark/illuminated transport measurements, showing the same order of
magnitude single-exciton recombination rates compared to previous single crystal results and >2 orders of magnitude higher
conductivity compared to conventional spin-coated films. These results offer new pathways to study the layered perovskites and
to integrate them into electronic and optoelectronic devices.

■ INTRODUCTION

Hybrid organic−inorganic perovskite materials, especially lead
halide-based hybrid perovskites, have attracted considerable
research interest over the past few years due to their unique
optoelectronic properties, and the performance of the
photovoltaic and light-emitting devices based on these
materials has rapidly improved.1−12 Among these materials,
two-dimensional layered perovskite phases (with a general
formula of (RNH3)2MAn−1PbnI3n+1, known as Ruddlesden−
Popper phases) show greater structural diversity and environ-
mental stability and have been widely studied since the
1990s.13−15 Optoelectronic properties (e.g., band gap energy)
of these layered systems can be tuned by altering the inorganic
layer thickness (i.e., “n”), and they have been proven as
promising active layers in solar cells and light-emitting diodes
with high efficiencies.10,16−20

For device integration, thin films of these materials are
typically prepared by solution-based processes due to the low
cost associated with these methods, most commonly spin-
coating, which allows for the formation of crystalline films of

tunable thickness at low annealing temperatures.21−25 Post-
processing methods such as solvent annealing are often used to
improve film morphology and optoelectronic properties.26 One
disadvantage of these processes is that, when preparing
perovskite films with n ≥ 2, a mixture of layered perovskite
phases with various n (including the 3D perovskite MAPbI3) is
generally observed within the film.13,17,27,28 This can greatly
obscure the characterization of the films and bring ambiguity
to the analysis of the properties of layered phases with a
particular n number.
As an alternative to solution processing, melt-processing has

proven successful for polymers and inorganic materials, as well
as hybrid materials. It allows for the possibility of high
throughput roll-to-roll, lamination, capillary filling, and
extrusion methods.29−36 Previously, we demonstrated that
with careful structural modification the thermal properties of
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hybrid layered n = 1 tin and lead halide perovskites can be
tuned, and high quality films can be fabricated by using a melt-
processing approach.29,30,37,38 Design rules have also been
established for targeting layered perovskites with low melting
temperature; e.g., modifying the organic cation to introduce
steric hindrance near the ammonium tethering group generally
leads to lower melting temperature.29,30,37,38 However, those n
= 1 lead iodide perovskites that do melt have a relatively large
band gap energy (∼2.5 eV), rendering them less attractive for
many optoelectronic applications. In this respect, making
phase-pure, smaller-band gap n > 1 films is of particular interest
for device applications and also for characterization of intrinsic
properties.
Here we show that using β-methylphenethylammonium (β-

Me-PEA) and methylammonium (MA) as the organic cations,
layered lead iodide perovskites with n = 1, 2, and 3 (i.e., (β-
Me-PEA)2PbI4, (β-Me-PEA)2MAPb2I7, and (β-Me-
PEA)2MA2Pb3I10, respectively) can be made. Compared to
the n = 1 compound, the perovskites with n = 2 and 3 melt
incongruently at higher temperatures. Nevertheless, highly
crystalline and phase pure films can still be prepared by using a
modified melt-processing approach involving the addition of
controlled amounts of extra organic iodide salts and a
moderate postannealing treatment.

■ EXPERIMENTAL SECTION
Chemicals. β-Methylphenethylamine (β-Me-PEA, 99%, Sigma-

Aldrich), methylammonium iodide (MAI, 99%, Greatcell), lead iodide
(PbI2, 99.99%, TCI Chemicals), and hydriodic acid (HI) solution (57
wt %, stabilized, 99.95%, Sigma-Aldrich) were used without further
purification.
Synthesis Details. (β-Me-PEA)2PbI4 (n = 1). Stoichiometric

amounts of PbI2 (0.25 mmol) and β-Me-PEA (0.5 mmol) were added
into a 3 mL HI solution. The solution was then heated to 100 °C to
dissolve all solids and then slowly cooled at 2 °C/h to room
temperature. The orange crystals were collected by filtration and then
washed with diethyl ether repeatedly. Yield: 40.2%.
(β-Me-PEA)2MAPb2I7 (n = 2). PbI2 (1 mmol), MAI (0.5 mmol),

and β-Me-PEA (0.25 mmol) were added into a 1.5 mL HI solution.
The solution was then heated to 100 °C to dissolve all solids and then
slowly cooled at 2 °C/h rate to room temperature. The red crystals
were collected by filtration and then washed with diethyl ether
repeatedly. Yield: 9.2% (based on Pb).
(β-Me-PEA)2MA2Pb3I10 (n = 3). PbI2 (1 mmol), MAI (0.667

mmol), and β-Me-PEA (0.065 mmol) were added into a 1.5 mL HI
solution. The solution was then heated to 100 °C to dissolve all solids
and then slowly cooled at 2 °C/h rate to room temperature. The deep
brown crystals were collected by filtration and then washed with
diethyl ether repeatedly. Yield: 5.5% (based on Pb).
Melt-Processed Film Preparation. For the n = 1 layered

perovskite films, β-Me-PEA2PbI4 powder was mixed with 5 wt %
corresponding organic ammonium iodide salt (β-Me-PEAI). 0.5 mg
of the powder was placed onto a 1.2 mm thick glass substrate and
then covered with a piece of 8 μm thick Kapton sheet. The substrate
was placed onto a preheated hot plate (temperature set to 215 °C)
and pressed on top with another preheated glass substrate. After the
solid melted and formed a yellow liquid, the substrate was then
removed from the hot plate and cooled naturally. Processing was done
under ambient conditions (i.e., in air).
For the n = 2 layered perovskite film, a film was first deposited on a

glass substrate by drop-casting or doctor-blading from a 0.02 M (with
respect to Pb2+) THF solution or spin-coating (3000 rpm, 30 s in the
glovebox) from a 0.2 M (with respect to Pb2+) DMF solution of the n
= 2 compound mixed with an additional 3 wt % of MAI and 6 wt % of
β-Me-PEAI. The film was then melt-processed at 255 °C for 30 s
under a Kapton or glass cover, followed by 30 min postanneal at 150
°C. For achieving single-phase n = 2 films, the postanneal time must

increase with increasing film thickness, which may be controlled by
the concentration of the initial precursor solution or the RPM during
spin-coating. Typically, the above-described process will lead to an
∼250 nm thick film, and doubling the precursor concentration will
lead to doubling the film thickness. Processing was done under
ambient conditions (i.e., in air).

For the n = 3 layered perovskite film, a film was first deposited on a
glass substrate by drop-casting or doctor-blading from a 0.02 M (with
respect to Pb2+) THF solution or spin-coating (3000 rpm, 30 s in the
glovebox) from a 0.2 M (with respect to Pb2+) DMF solution of the n
= 3 compound mixed with an additional 6 wt % of MAI and 3 wt % of
β-Me-PEAI. The film was then melt-processed at 255 °C for 30 s
under a Kapton or glass cover, followed by 30 min of postanneal at
150 °C. For achieving single-phase n = 3 films, the postanneal time
must increase with increasing film thickness, which may be controlled
by the concentration of the initial precursor solution or the RPM
during spin-coating. Typically, the above-mentioned process will lead
to an ∼250 nm thick film, and doubling the precursor concentration
will double the film thickness. Processing was done under ambient
conditions (i.e., in air).

Characterization Methods. Thermogravimetric analysis (TGA)
measurements were performed on a TA Q50 instrument using a 5
°C/min ramping rate from 25 to 400 °C under nitrogen gas flow and
with a 2 mg sample size. Differential scanning calorimetry (DSC)
measurements were performed using a TA Discovery DSC instrument
at a ramping rate of 5 °C/min from 25 to 300 °C using a hermetically
sealed aluminum pan and lid with a 1 mg sample loading.

X-ray diffraction (XRD) measurements were performed on a
PANalytical Empyrean Powder X-ray diffractometer using Cu Kα
radiation, with the X-ray tube operating level at 45 kV and 40 mA.
Temperature-dependent in situ XRD measurements were performed
on a PANalytical Empyrean Powder X-ray diffractometer equipped
with an XRK 900 reactor chamber using Cu Kα radiation. The sample
powder was loaded onto a ceramic holder and scanned from 3° to 30°
2θ repeatedly (each scan takes 2 min) and ramped from room
temperature to 255 °C continuously at 10 °C/min under a nitrogen
atmosphere and then cooled to room temperature at 20 °C/min.

Morphologies of the spin-coated and melt-processed films were
imaged with a scanning electron microscope (SEM, FEI XL30 SEM-
FEG or Hitachi S-4700 field-emission SEM). The thickness of the
films was estimated based on cross-sectional SEM images.

Optical absorption measurements were performed on a Shimadzu
UV-3600 spectrophotometer. Photoluminescence (PL) measure-
ments were performed on a Horiba Jobin Yvon LabRam ARAMIS
system using a 442 nm Kimmon Koha He−Cd laser as excitation.

Time-resolved PL experiments were accomplished utilizing a
commercial time-correlated single photon counting (TCSPC)
spectrometer by Edinburgh Instruments (LifeSpec II). A Hamamatsu
R3809U-50 photomultiplier tube housed in a Peltier cooler is used to
detect PL. 100 fs pulses at 800 nm from a Ti:sapphire oscillator
(Chameleon Ultra II from Coherent) are used as the optical source.
The pulses are picked at 4 MHz repetition rate (Coherent 9200 Pulse
Picker) and then converted to 400 nm using an APE-GmbH SHG
unit. PL dynamics are modeled by the differential rate equation

N t
t

k N t k N t
d ( )

d
( ) ( )1 2

2[ ] = − −
(1)

where N is the photogenerated charge density and t is the delay time.
k1 and k2 denote the monomolecular and bimolecular recombination
rate constants, respectively. Because the excited-state populations of
our samples are primarily composed of excitons, we can assign the
first term in our model equation to single exciton recombination and
the second to exciton−exciton annihilation.

The solution of eq 1 is

N t
N k

k k N k t k N
( )

( ) exp( )
0 1

1 2 0 1 2 0
=

+ − (2)

where N0 is the carrier density at t = 0. Because N(t) is proportional
to the PL counts, the normalized intensity is proportional to N(t)/N0:
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By fitting our normalized data to the above equation, we extracted the
exciton recombination decay constant k1 for our samples. The
bimolecular recombination rate constants k2 cannot be obtained
directly. The constant fitting yields the (k2 × N0) combination of the
decay constant k2 and the initial density of excited carriers N0, and we
report this value instead.
Two-point transport measurements were conducted in a nitrogen

atmosphere using an Agilent 4155C semiconductor parameter
analyzer, considering various channel widths from 200 to 1000 μm
(with 200 μm increment) and lengths from 30 to 100 μm (with 10
μm increment). Electrodes were deposited thermally using an
Angstrom EvoVac evaporator operating at a base pressure of 2 ×
10−6 Torr, with 80 nm of Au first, followed by 500 nm of Ag. The
initial deposition rate of Au was set to 0.1 Å/s for the first 5 Å and
then 0.2 Å/s for the next 5 Å, followed by 1 Å/s for the rest of the
deposition. A 0.8 mW broadband fiber-coupled LED was used as the
light source (Thorlabs, MBB1F1). For transient photo-I−V measure-
ments, the intensity of the LED was held at 233 mW/m2. The LED
was cycled on and off with a period of 2.5 s, and photo-I−V
measurements were taken while holding the voltage at 1, 2, 5, and 10
V.
The responsivity of the film is calculated via the equation

R
J

L

J J

L
ph

light

illuminated dark

light
= =

−

(4)

where Jph (mA/cm2) is the photocurrent density and Llight (μW/cm2)
is the incident light intensity.

■ RESULTS AND DISCUSSION
As reported previously, the melting transition temperatures of
phenethylammonium (PEA)-based n = 1 layered lead iodide
perovskites can be effectively tuned by introducing substituents
at different positions on the PEA molecule. With a methyl
group at the β position, the resulting compound has the lowest
melting temperature (among the variants considered) at ∼207
°C, below the decomposition point and enabling high quality
melt-processed films to be prepared in air.37 A similar strategy
was adopted here to target melt-processing in higher n
compounds. First, compounds with n = 2 and 3 were
synthesized and studied by using powder X-ray diffraction
(XRD), thermogravimetric analysis (TGA), and differential
scanning calorimetry (DSC). XRD patterns of as-made n = 1,
2, and 3 ground crystals (Figure 1a) show a series of peaks
from (00l) reflections due to the 2D nature of these
compounds. These powder diffraction patterns resemble
those of previously reported Ruddlesden−Popper perovskites
with butylammonium as the large organic cation.13 Because the
exact crystal structures of these compounds are not yet
determined, profile fittings were attempted using triclinic unit
cells similar to those of the closely related phenethylamine-
based layered compounds (Figures S1−S3). The interlayer
distances extracted from the fitting results are 16.53, 22.85, and
29.20 Å for n = 1, 2, and 3 compounds, respectively, with the
difference between successive n matching the thickness of one
lead iodide corner-sharing layer (∼6.3 Å). The TGA and DSC
curves (Figure 1b,c) suggest that these higher n phases are
stable up to 200 °C, like for the n = 1 compound, with at least
one structural transition below this point. Multiple transitions
are observed from the DSC scans, and compared to the n = 1
compound, the melting transition temperatures (in this case,
signifying incongruent melting into liquid melt and MAPbI3)
move up considerably to 248.6 and 248.2 °C, respectively, for

n = 2 and 3 compounds. The melting behavior is also visually
confirmed by heating the powder samples under a glass cover
above the melting point on a hot plate.
An ex situ experiment involving annealing the powder

samples on the hot plate indicates that the n = 2 and 3 layered
compounds do not melt congruently; i.e., they will not
completely transform into the liquid form but become a
liquid/solid mixture. As an example, the n = 2 perovskite
powder was annealed (under a Kapton sheet cover) at different
temperatures (Figure 1d) and then cooled naturally. The
crystallinity of the sample improves upon annealing below 200
°C, as evidenced by the narrowing of the peak width. Above
210 °C, where the first phase transition occurs based on the
DSC data, phase segregation results in a mixture of n = 1, 2
and the 3D MAPbI3. When (partially) melted above 250 °C
and resolidified upon cooling, it is obvious that the n = 1 phase
is one of the major components of the resulting mixture. From
these results, we hypothesize that above 210 °C the n = 2
compound undergoes a first step of incongruent melting
wherein the n = 1 phase partially comes out of the structure
and melts. However, this step cannot be clearly visualized
(unlike the transition at 248.6 °C) due to the small amount of
n = 1 melt liquid. A second stage of incongruent melting occurs
at 248.6 °C, resulting in a definitive melt liquid and MAPbI3.
We further performed an in situ temperature-dependent

XRD experiment to carefully study the transition details during
heating and cooling and to confirm the incongruent melting
behavior. A structural phase transition (marked by the orange
box) was detected for the n = 2 compound at ∼140 °C, as
evidenced by the sudden peak shift (Figure 2a), agreeing with
the results from the DSC study. This higher temperature
structure is yet to be determined. Another transition (marked
by the red box) was observed above 200 °C (again agreeing
with DSC results), with the slow decrease of the first peak at
2Θ = ∼4° and emergence of a new peak at 2Θ = ∼6°. Like the
ex situ experiment, we attribute this transition to the phase
segregation of the n = 1 phase, leading to the destruction of the
original n = 2 structure. The n = 1 compound melts at this
elevated temperature; therefore, it is not directly seen in the

Figure 1. (a) Powder XRD patterns of n = 1, 2, and 3 layered
perovskite compounds. (b, c) TGA and DSC scans of n = 2 (β-Me-
PEA)2MAPb2I7 and n = 3 (β-Me-PEA)2MA2Pb3I10 perovskites. (d)
Ex situ XRD experiment of n = 2 (β-Me-PEA)2MAPb2I7 layered
perovskite powder annealed at the specified temperatures for 30 s.
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XRD pattern, and the remaining peaks belong to an unknown
intermediate phase that may also be organic deficient
(compared to the original n = 2 phase). Before 250 °C there
is another melting transition (marked by the red box). No
peaks from the layered perovskites can be observed above 250
°C and these structures must therefore have gone into the melt
phase; however, the 3D phase MAPbI3 still remains as a solid39

and is detected by the XRD scan at this temperature (i.e., note
the (110) and (220) reflections of MAPbI3 at 2Θ = ∼14° and
28°). This result supports the hypothesis of incongruent
melting behavior of the high n layered perovskites. We
subsequently performed a cooling scan (Figure 2b), mimicking
the procedures of melt-processing on the hot plate. Upon
cooling, similar transitions (marked by the red and orange
lines) happen in reverse order and can be clearly identified.
The n = 1 and 2 phases solidify below 200 °C, showing
predominately (00l) reflections of these phases. This leads to a
mixture of n = 1, 2 and MAPbI3 at room temperature, similar
to what is observed in the ex situ experiment. The assignment
of peaks of these phases in the pattern can be found in Figure
S4.
Because of the incongruent melting behavior, it is

increasingly difficult to make continuous homogeneous n > 1
films via a traditional, single-step melt-processing approach
using solid powder (as we did for n = 1 compounds36).
Therefore, the procedure was modified to involve depositing

the initial perovskite film by either drop-casting, doctor-
blading, or spin-coating and then subjecting the resulting
deposit to a thermal treatment at higher temperature (i.e., the
melt-processing step) to get highly crystalline and phase-pure
films. To mitigate the loss of organics during the annealing,
appropriate amounts of extra organic iodide salts methyl-
ammonium iodide (MAI) and β-methylphenethylammonium
iodide (β-Me-PEAI) were added into the precursor solution
(see Experimental Section for details). The phase purity of the
product film after melt-processing heavily depends upon the
percentage of both extra salts added. The amount added is
optimized through a trial-and-error process based on the
specific annealing temperature and time sequence. Typically,
decreasing the amount of MAI or increasing the amount of β-
Me-PEAI from the optimal percentage range will lead to
inclusion of lower n phase impurities in the final film, while
increasing MAI or decreasing β-Me-PEAI will lead to higher n
phase impurities. By use of a thin Kapton sheet (8 μm thick) or
a glass slide as cover, n = 1 layered perovskite films were made
under ambient conditions (i.e., in air) following the previously
reported method.36 For n = 2 and 3, a high-temperature
melting step was first applied for 30 s, followed by a low-
temperature (150 °C) postanneal step. Both steps were
performed under a Kapton or glass cover. The optimal
postanneal time varied from 30 to 120 min, depending on the
film thickness. The introduction of the postannealing step
facilitates ion movement and induces the reaction between the
phase mixture. As a result, the initial phase segregation from
incongruent melting can be healed, and phase pure films are
obtained.
Figure 3 shows the XRD patterns and the optical

characterization results of the melt-processed films of n = 1,
2, and 3 layered perovskites. For each of the three films, the
XRD pattern is dominated by only one set of narrow (00l)
reflection peaks, suggesting good crystallinity and strong
preferred orientation parallel to the substrate. The peak
positions also closely match those from the powder XRD
pattern of the corresponding layered perovskites (see Figure
1a); i.e., no obvious phase segregation can be detected by
typical diffraction-based characterization methods. (Only a
trace amount of impurity can be seen from a more sensitive
square-root intensity scale plot in Figure S5; however, these
trace impurities cannot be detected by other characterization
methods like absorption or photoluminescence.) The n = 1
film appears to be yellow, n = 2 bright red, and n = 3 brown
(Figure 3, inset), similar to the colors of their single crystal
counterparts. The film colors also agree with the absorption
spectra (Figure 3b,d,f). In the spectra, no peak or absorption
onset is observed before the corresponding excitonic
absorption peak of the appropriate n = 1, 2, and 3 perovskites;
in contrast, spin-coated films often exhibit an onset at ∼700
nm, indicative of 3D perovskite inclusion. The band gap
energies of n = 1, 2, and 3 layered perovskite films are
estimated to be approximately 2.4, 2.2, and 2.0 eV (calculated
from the peak maxima of the excitonic absorption peaks), also
very close to reported values determined for phase pure single
crystals of similar (different large organic cation) n = 1, 2, and
3 samples.13,40

It is well-known that “energy funneling”10 occurs in spin-
coated layered perovskite films, which contain mixtures of
phases with different n number. As a result, the PL peak red-
shifts compared to a phase-pure crystal of a targeted n number,
often occurring at ∼700 nm for n > 2 compositions. The

Figure 2. In situ temperature-dependent XRD measurement of n = 2
(β-Me-PEA)2MAPb2I7 layered perovskite during (a) heating (10 °C/
min) and (b) cooling (−20 °C/min).
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position of the PL peak therefore serves as a direct test of the
film phase purity.41 In each of the single-step n = 1 and two-
step n = 2 and 3 melt-processed films, only one PL peak is
observed, positioned at 517, 568, and 622 nm, respectively,
coinciding with peak positions from n = 1, 2, and 3 crystals of
analogous layered lead iodide perovskites.40 Overall, XRD,
absorption, and PL results all serve as strong evidence that
these melt-processed films are composed of the intended
phase-pure layered perovskites, in contrast to the typical
situation of a phase mixture of different n. The SEM images of
the melt-processed films also show that the grain sizes range
from ∼50 μm for n = 1 to ∼10 μm for n = 2 and 3 (Figures
S6−S8). Interestingly, for the n = 3 film, some of the platelet-
shaped grains orient vertically instead of horizontally, in
agreement with the small (110) and (220) peaks observed in
the XRD pattern (Figure 3e).
As a control experiment, we also annealed spin-coated films

with n = 2 and 3 overall composition under the same
conditions as the postanneal for melt-processed films.
However, this treatment alone did not lead to phase-pure
films of n = 2 and 3, as confirmed by the XRD patterns (Figure
S9), especially for the n = 3 film, which clearly contains the n =
2 phase as majority. We hypothesize that the first melting step
is advantageous because it yields the correct stoichiometry
after some organic species loss during melting; also, it might
lead to better mixing of different phases by fast solidification
from rapid cooldown from the melt state. The second step
postannealing at 150 °C can mobilize the ions to form a single
phase.42−44 Postannealing at lower temperature (e.g., 100 °C)
is less effective as it does not convert the films to a pure phase

within a reasonable amount of time, possibly due to slower ion
migration at that temperature.
Good phase purity of the melt-processed films offers the

opportunity to characterize the intrinsic properties of the
corresponding layered perovskites in thin film form. In this
regard, we performed time-resolved photoluminescence
(TRPL) measurements on n = 1, 2, and 3 melt-processed
films (Figure 4a−c). The PL decay is modeled by a differential

rate equation (eq 1) including monomolecular and bimolecular
recombination processes, as shown in the Experimental
Section, similar to the models in previous reports.45−47 By
solving the differential equation (eqs 2 and 3), the PL decay
traces can be fitted and the rate constant k1 and the
combination rate constant k2 × N0 can be extracted (Table
S1). Because the excited-state populations in these layered
perovskites (n < 4) are primarily exciton-like, we attribute
these two transitions to single exciton recombination and
exciton−exciton annihilation. The k1 value is the smallest for
the n = 1 sample (0.18 ns−1) and larger for the n = 2 and 3
samples (0.38 and 0.33 ns−1, respectively). Compared with the
values obtained from transient reflection measurements on
single crystals,47 the k1 values are of the same order of
magnitude. The combined rate constant k2 × N0 does not
show an obvious difference for different samples, but the exact
value of the rate constant k2 cannot be extracted accurately
within the current experiment. A more detailed study of the
photophysical properties of these two-step melt-processed
films is currently underway.
Because the n = 3 film has the smallest band gap among the

systems examined, it is perhaps the most relevant for
optoelectronic applications such as photodetectors or photo-
voltaics. We therefore performed transport measurements
using the two-step melt-processed films. Two-point current−
voltage (I−V) scans were taken on films of different channel
widths and lengths. The I−V curves of devices with various
lengths/widths all show linear behavior, and the resistivity
values extracted show relatively small variation with channel
geometry (Figure S10), yielding 370 ± 50 Ω·m. The resistivity

Figure 3. XRD patterns, UV−vis absorption, and photoluminescence
spectra of (a, b) n = 1 (β-Me-PEA)2PbI4, (c, d) n = 2 (β-Me-
PEA)2MAPb2I7, and (e, f) n = 3 (β-Me-PEA)2MA2Pb3I10 layered
perovskite melt-processed films. Inset: pictures of n = 1, 2, and 3 melt-
processed films under a Kapton cover.

Figure 4. Time-resolved photoluminescence spectra of (a) n = 1 (β-
Me-PEA)2PbI4, (b) n = 2 (β-Me-PEA)2MAPb2I7, and (c) n = 3 (β-
Me-PEA)2MA2Pb3I10 melt-processed films. (d) Current−voltage (I−
V) scans and (e) current−time profile of the n = 3 melt-processed film
under dark and illuminated conditions.
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values measured on single crystals of layered perovskites and
MAPbI3 range from ∼105 to 106 Ω·m (i.e., several orders of
magnitude higher values).39,40 One of the reasons for this
discrepancy is possibly “self-doping”48−50 due to slight iodine
or organic loss/deficiency from the thermal treatment. It is also
worth noting that the current from the melt-processed films is
∼10−6 A at 5 V, which is 2−3 orders of magnitude higher than
for the spin-coated films (which contain a phase mixture of
different n) (Figure S11). Such an increase presumably is due
to improved crystallinity, grain size, orientation, and the “self-
doping“ effect. Interestingly, the conventional spin-coated films
of n = 3 composition, although not phase pure, also show
drastically increased conductivity after the same postannealing
step (Figure S12). Similarly, for a n = 1 spin-coated film, a
quick postanneal treatment also leads to ∼2 orders of
magnitude increase in conductivity (Figure S13). This
observation suggests that such increase may be general for
perovskites that undergo this thermal treatment. A more
detailed study focused on the origin of the annealing-induced
conductivity enhancement is currently underway and beyond
the scope of this study.
The n = 3 film photoresponse was also evaluated by taking

I−V scans under dark and illumination conditions (using a
white LED light source). The photocurrent increases with
increasing light intensity as expected (Figure 4d) and exhibits
good response to light on/off switching (Figure 4e). Because
of the weak illumination intensity (1/5000 of 1 sun) the
photocurrent density observed is in the range 10−2−10−3 mA/
cm2, with an estimated responsivity of 0.4 A/W, which is
within the range of the previously reported values for
perovskite films and crystals.40,51

■ CONCLUSION

In conclusion, to move beyond our understanding of the n = 1
layered perovskites, we have synthesized and studied the
thermal properties of n = 2 and 3 systems. Unlike the n = 1
compounds, higher n layered perovskites do not melt
congruently, but rather undergo phase segregation into lower
n and the 3D (MAPbI3) compounds at the peritectic point.
Nevertheless, melt-processing of these higher n perovskites can
still be achieved, and with the addition of a postannealing step,
highly crystalline and phase pure films have been demon-
strated. The phase pure films have been further characterized
by time-resolved photoluminescence measurements and
electrical transport measurements. The melt-processed films
show similar order of magnitude single-exciton recombination
rate compared to previous reports and far higher conductivity
compared to traditional spin-coated films. These results
provide an ideal pathway to study these higher n materials
and to develop an understanding of their intrinsic properties,
which in turn can aid their implementation into high-
performance optoelectronic devices.
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