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ABSTRACT: Multidimensional hybrid perovskites are becoming
increasingly important for photovoltaic and light-emitting applications
because of their improved moisture stability, unique luminescence, and
transport properties. Little is known, however, about the phase
distribution and self-organization properties of multidimensional
perovskite thin films. In this work, we combine steady-state and time-
resolved cathodoluminescence microscopy with photoluminescence
techniques and reveal with unprecedented resolution the characteristic
self-assembly of heterogeneous phases of perovskites with different
dimensionality, driven by uneven redistribution of methylammonium
cations during film formation. Our findings provide fundamental insights
for the rational design of complex multidimensional perovskite systems

with improved stability and emissive properties.

hree-dimensional (3D) hybrid perovskites have achieved

breakthrough performances in both photovoltaic devices
(with power conversion efficiencies now beyond 20%)' and
light-emitting applications such as optically pumped lasers, >
light-emitting diodes,” and field effect transistors.® Never-
theless, the fast degradation due to moisture uptake and
temperature exposure is a serious issue that hinders the
fabrication of devices with long-term stability.”® Moreover, the
small exciton binding energy characteristic of 3D hybrid
perovskites makes trap-mediated, nonradiative recombination
prevail under weak excitation densities and in the operational
regime of standard electroluminescent devices. This leads to
inefficient radiative recombination and a low photolumines-
cence quantum yield (PLQY), ultimately limiting the perform-
ance of light-emitting devices.”

In the last couple of years, hybrid perovskites of the
Ruddlesden—Popper series have been successfully employed to
overcome these issues and are currently emerging as the new
frontier of functional materials."' ™" With the general formula
(RNH;),(A),—1[M,Xs,,1] (where n is an integer), such hybrid
perovskites combine a bulky aliphatic or aromatic ammonium
cation (RNH;) with a small cation A (e.g, methylammonium
or formamidinium) and the metal halide network [MX(]*",
where M is a divalent metallic cation (e.g,, Sn** or Pb**) and X
is a halide (F~, CI~, Br", or I7). This combination typically
results in a stack of alternating organic and inorganic layers,
with the thickness of the inorganic sheets controlled by the
reaction stoichiometry.'* As a result, hybrid two-dimensional
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(2D)/3D systems are formed, which combine the high exciton
binding energy of layered perovskites (~200—300 meV),"
useful for reducing the level of thermal quenching and
nonradiative recombination, with the unique high charge
carrier mobility and long diffusion length of 3D systems.
Moreover, the use of bulky and hydrophobic organic cations
hampers water diffusion, enhancing the material’s stability.
Thus, this strategy is ideal for fabricating high-efficiency and
stable devices based on both lead-based and lead-free
multidimensional perovskites."”>' On the other hand, the
combination of perovskites with increasing dimensionality in
such hybrid 2D /3D systems results in electronic properties that
cannot be achieved in single-phase 2D or 3D perovskites.”* In
particular, energy funneling from perovskite domains with a
wider bandgap to those with a narrower bandgap can overcome
the slow bimolecular recombination of 3D perovskites”** and
has allowed the fabrication of highly emissive LEDs with an
external quantum efficiency between 8.8 and 11.7%.”%*°

To date, a thorough understanding of the way in which these
multidimensional perovskite systems self-organize into perov-
skite domains with heterogeneous phases is still lacking.
Nonetheless, such knowledge is essential for synthetically
engineering these multidimensional systems and further
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improving device performance. In this work, we studied the
self-assembly and phase segregation of multidimensional
perovskite systems via cathodoluminescence (CL) spectrosco-
py, exploiting its unrivaled spatial resolution. In CL spectros-
copy, a focused electron beam creates localized optical
excitations in materials down to the nanometer scale, which
results 1n light emission over a broad electromagnetic
spectrum.”® CL spectroscopy has been widely used to study
various forms of optical excitations in nanophotonlc systems,
such as plasmomc gratings,”’ nanoantennas, ** photonic
crystals,” metamatenals,30 quantum emitters,”** and nano-
scale light sources.””** Recently, the addition of time resolution
capabilities to CL spectroscopy by adopting pulsed electron
beams has also enabled the study of charge carrier dynamics at
the nanoscale.”® In perovskite systems, CL spectroscopy has
revealed the local emission characterlstlcs in 3D perov-
skites,”™*” 2D perovskite crystals,”® and the distribution of
perovskites into hybrid matrices.*”

As a representative multidimensional perovskite system, we
have chosen the compounds of the series
(PEA),(MA),_,[Pb,L;,.,,], grown in the form of single crystals
and thin films, where PEA is phenethylammonium and MA is
methylammonium. Perovskite single crystals were synthesized
by adapting the procedure previously reported for the synthesis
of n-butylammonium-based multidimensional perovskite. Phe-
nethylamine, methylammonium chloride (MACI), and lead
oxide (PbO) were mixed in hot concentrated hydroiodic acid
(HI) water solutions at the desired stoichiometric ratio. Slow
cooling of the mixture resulted in the crystallization of pure
(PEA),Pbl,, (PEA),(MA)[Pb,l,], and MAPbI; crystals, corre-
sponding to the n = 1, n = 2, and n = oo compounds,
respectively, of the series (PEA),(MA),_,[Pb,1,,,,] (Figure la
and Figure S1). (PEA),Pbl, corresponds to the pure two-
dimensional (2D) system in which single layers of Pblg
octahedra alternate with double layers of phenethylammonium
cations, while MAPDI; is the extreme case of the 3D perovskite
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Figure 1. (a) Crystal structures of (PEA),[PbL],* (PEA),(MA)-
[Pb,1,],* and MAPbL;*" and corresponding normalized (b) photo-
luminescence and (c) cathodoluminescence spectra.

made of the continuous network of corner-sharing Pbl
octahedra.

Photoluminescence (PL) measurements of the single crystals
yielded peak emission wavelengths of 524, 574, and 778 nm for
n=1,n=2,and n = oo compounds, respectively (Figure 1b).
The red-shift of band-edge photoluminescence reflects bandgap
narrowing in the (PEA)Z(MA)n il [Pb,L3,,;] compounds with
the increase in dimensionality.'>*> The additional weak and
broadband emission around 670 nm in the n = 1 compound
might be attributed to the luminescence from self-trapped
excitons or structure-induced emissive defects, as observed in
other 2D perovskites.'>*>** The excitation of the single crystals
by an electron beam (6 keV, 50 ms) produced cathodolumi-
nescence at similar peak positions: 518, 576, and 780 nm
(Figure 1c). The small shift between the PL and CL signal
might be due to local inhomogeneity in different regions of the
crystal.** In addition, the CL spectra are typically broader than
the corresponding PL spectra, especially in the n =1 and n =2
perovskites, where a shoulder appears around 600 nm. CL band
broadening is a consequence of the high-energy electron
excitation leading to population of higher vibrational modes
due to the thermal effect, as well as electron beam-induced
defect formation in the perovskite.*** Interestingly, the red-
shifted photoluminescence band centered at 670 nm in the n =
1 perovskite (Figure 1b) is not visible in cathodoluminescence,
indicating that excitation with an electron beam is followed by
preferential radiative recombination through direct band-to-
band transitions.

Single-phase perovskite films were fabricated by spin-coating,
starting from solutions of the perovskite precursors in dimethyl
sulfoxide (DMSO), which is a standard technique for the
fabrication of highly efficient llght emitting devices based on
multidimensional perovskites.””*> Single-phase films with n = 1
show the characteristic strong excitonic absorption typical of
2D perovskites peaked at 516 nm, and the corresponding
excitonic luminescence at 524 nm (Figure 2a). Thin film X-ray
diffraction confirmed the formation of single-phase (PEA),Pbl,
(monoclinic, space group C2/m), with a strong preferential
orientation toward the (200) direction (Figure 2c). On the
other hand, the addition of methylammonium to the spin-
coated solution allows us to engineer the self-assembly of the
multidimensional system. Films of multidimensional perov-
skites were obtained by mixing precursors (PEA)I, MAI and
Pbl, in a 2:1:2 stoichiometric ratio; even though this ratio is the
one required for the formation of the n = 2 phase
(PEA),(MA)[Pb,I,], a heterogeneous system is obtained.
The formation of heterogeneous phases is facilitated by the
presence of DMSO, a strong coordinating solvent that is known
to slow crystallization by intercalating within the perovskite
structure.”’

The resulting film shows multiple excitonic peaks: two main
bands at 516 and 568 nm related to the n = 1 and n = 2 phases,
respectively, and two minor peaks at 607 and 644 nm related to
the n = 3 and n = 4 compounds of the series, respectively.
Accordingly, steady-state luminescence reveals the presence of
two emission bands at 519 and 570 nm corresponding to the n
= 1 and n = 2 band-edge emission, respectively, with the
(PEA),Pbl, luminescence being the dominating component.
Perovskites with progressively higher dimensionality contribute
to a minor extent to the emission beyond 600 nm, with an
intensity that is ~2 orders of magnitude weaker than that of the
n = 1 emission (Figure 2b and Figure S2). The complex
diffractogram was analyzed with a Pawley fit (Figure S3), which
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Figure 2. (a and b) Steady-state absorption (black) and photo-
luminescence (green) of (PEA),Pbl, and multiphase thin films and (c
and d) corresponding thin film X-ray diffraction patterns.

confirmed the presence of the two main, highly oriented n = 1
and n = 2 phases (triclinic, space group PT), with the strongest

diffraction peaks at 5.4° and 3.9°, respectively. Higher-order
phases of the series (e.g., n = 3; triclinic, space group P1) could
also be identified, with a much weaker diffraction peak at 6.5°.

To gain further insights into the compositional distribution
of the multiphase films, we performed hyperspectral CL
mapping by scanning the electron beam over a region of
interest and synchronously recording the cathodoluminescence
spectrum.”” In the case of a polycrystalline film with a single n =
1 phase, the CL spectrum uniformly peaks around 520 nm,
consistent with the emission of the corresponding single crystal,
and is characterized by domains with brighter emission (Figure
S4). On the other hand, multidimensional films show the
formation of an ensemble of flat, platelike grains with an edge
length of >10 um (Figure 3a). These plates exhibit uniform
morphology when imaged by atomic force microscopy (Figure
SS). In the multicolor CL map (Figure 3b), the crystalline
plates show emission that is stronger than that of intergrain
regions, with blue-shifted luminescence compared to that from
grain boundaries. This is more clearly seen in single-color CL
maps for emission bands around 510, 580, and 720 nm (Figure
3c—e). For quantitative comparison, CL spectra from the
representative locations indicated in Figure 3e are plotted in
Figure 3f. The presence of the n = 1 phase in the intergrain
regions near the plate edges (point A) is clearly identified by
the emission around 510 nm. The characteristic emission of the
n = 2 phase is observed from all over the plates (point B), with
some local intensity variation (Figure 3d). In the intragrain
regions (point C), a weak combined contribution of n =1 and n
2 phases is observed near the grain boundaries. The
additional broadband emission in the range of 650—780 nm is
attributed to the formation of n > 3 phases. In fewer different
areas of the sample, the n = 1 phase does not form at the grain
edges. Instead, the system is characterized by a more evident
phase segregation in two different interconnected domains
(Figure S6), consisting of perovskite clusters with lower and
higher dimensionality, with CL peaked around 525 and 700
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Figure 3. (a) Scanning electron microscope image of the multiphase (PEA),(MA),_[Pb,L;,,,] perovskite film and (b) corresponding
cathodoluminescence (CL) map. (c—e) Single-color CL maps with components centered at 510, 580, and 720 nm, respectively. (f) Spatially resolved

CL spectra at specific points of the CL map in panel b.
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nm, respectively. These observations imply the formation of
MA? cation depletion regions near the grain edges during the
crystallization of the n = 2 perovskite, leading to the preferential
formation of the n = 1 phase at the grain edges. The remaining
excess of MA* segregates at the intragrain regions, where it
drives the formation of perovskites with higher dimensionality.

The recombination dynamics of multidimensional hybrid
perovskite crystals and films were also studied by time-resolved
photoluminescence and cathodoluminescence measurements
(Figure 4). Time-resolved photoluminescence (TRPL) traces
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Figure 4. Time-resolved measurement of perovskite single crystals. (a)
TRPL traces of emission bands centered at 525, 575, and 780 nm for n
=1,n =2, and n = o0, respectively (1, = 400 nm). (b) TRCL traces
of emission bands at 525, 575, and 780 nm for n = 1, n =2, and n = oo,
respectively.

of n =1, n =2, and n = oo single crystals show a double-
exponential decay with a fast and a slow decay component,
whose overall lifetime increases with perovskite dimensionality
(Table 1). The fast decay component (z,) increases from 298
ps for n =1 to 2660 ps for n = oo, while its amplitude decreases
significantly with dimensionality. The slow decay component
becomes dominant at a higher dimensionality, exceeding 40 ns

Table 1. Time-Resolved Photoluminescence (TRPL) and
Cathodoluminescence (TRCL) Fitting Parameters for
Perovskite Single Crystals”

crystal A (nm) A, 7, (ps) A, 7, (ps)
Time-Resolved PL

n= 00 780 0.36 2657 0.64 44298

n=2 575 0.83 450 0.17 14184

n=1 525 0.97 298 0.03 1417
Time-Resolved CL

n= 00 780 0.96 50 0.04 2059

n=2 575 0.89 49 0.11 380

n=1 525 0.92 34 0.08 319

“TRPL decays are collected with a 400 nm excitation wavelength. 7 is
the characteristic lifetime, and A is the amplitude.

for the n = 0o phase (see Table 1). In the time-resolved mode,
transient CL was produced by a pulsed electron beam (~10 ps,
80 MHz) and a streak camera was used for the time-domain
analysis of the collected CL. During the measurement, the
electron beam was raster scanned continuously over a 30 ym X
30 ym area. In comparison with TRPL, time-resolved
cathodoluminescence (TRCL) could reveal a much faster
decay component (7,), which is 34 ps for n = 1 and ~50 ps for
n=2and n = co (Table 1). This could not be resolved in
TRPL measurements because of the time-resolution limitation
of our setup. We attribute the ultrafast decay to hot exciton
thermalization and Auger recombination."™*’ The slow
components extracted from TRCL traces (7,) match well the
fast components (7;) of TRPL traces, suggesting that they
originate from the same process. Because of the limitation in
the streaking unit, decays beyond 2 ns could not be probed in
TRCL measurements.

The luminescence dynamics of multiphase films could be
clearly visualized in the TRCL streak maps (Figure $).

CL Intensity
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Figure 5. TRCL maps of perovskite films: (a) (PEA),Pbl, and (b)
(PEA),(MA),_,[Pb,L;,,,] multiphase thin film.

Consistent with steady-state CL results, the single-phase film
(n = 1) shows a single CL peak at 520 nm (Figure Sa), while
the multiphase film (described in Figure 3) shows two
pronounced CL peaks around 520 nm (short-lived) and 565
nm (long-lived), corresponding to the #n = 1 and n = 2 phases,
respectively (Figure Sb). In the multiphase film, the CL from
higher-order phases was not intense enough to be detected in
TRCL mode. For quantitative analysis, TRCL decay traces
were produced by integrating the streak map in Figure 5
around the maximum of the relevant emission bands (Figure
S7) and fitted to double-exponential curves. The obtained
fitting parameters are summarized in Table 2. The emission
from the n = 1 phase in the multiphase film (520 nm) decays
faster than that in the single crystal or single-phase film by
~40% (see Tables 1 and 2). This partial quenching of the n = 1
luminescence can be attributed to the transfer of energy from

DOI: 10.1021/acs.chemmater.7b03851
Chem. Mater. 2017, 29, 10088—10094


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b03851/suppl_file/cm7b03851_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b03851/suppl_file/cm7b03851_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.7b03851

Chemistry of Materials

Table 2. Time-Resolved Cathodoluminescence (TRCL)
Fitting Parameters for Perovskite Films of (PEA),Pbl, (n =
1; Arobe = 520 nm) and Multiphase

‘probe
(PEA),(MA),_,[Pb,,,,,] Films (/lpmbe = 520 and 565 nm)“
Thin Film Aprobe (nm) A, 7, (ps) A, 7, (ps)
n=1 520 0.96 31 0.04 308
multiphase 520 0.92 18 0.08 135
565 091 48 0.09 486
“7 is the characteristic lifetime, and A is the amplitude.
the n = 1 phase to higher-order phases with narrower
bandgaps,”** where the transfer of energy to the n = 2 phase

is expected to dominate because of its proximity to the n = 1
phase (see Figure 3).

In conclusion, we have shown that multidimensional
perovskites of the Ruddlesden—Popper series can form a
highly complex system upon deposition of thin films. Unlike
the synthesis of single crystals, the composition of thin films is
not solely dictated by the reaction stoichiometry; it is rather the
result of self-organization of heterogeneous phases with well-
defined patterns. The unrivaled spatial resolution of CL
spectroscopy revealed that the n = 1 perovskite self-assembles
preferentially near the edges of crystalline grains of the n = 2
phase, while promoting the formation of perovskites with
higher dimensionality in the intergrain regions. The self-
assembled heterogeneous structures in such films strongly affect
light-emitting properties and recombination dynamics, leading
to partial quenching of the n = 1 perovskite luminescence. This
is likely due to the transfer of energy to perovskite domains
with higher dimensionality, predominantly the n = 2 phase that
is in direct contact with the n = 1 phase. Understanding the self-
organization properties of multidimensional perovskites will be
of primary importance for fostering the design of materials with
improved moisture stability as well as luminescence effi-
ciency.””” For example, thin 2D perovskite layers enclosing
perovskite grains with higher dimensionality could be designed
to act as a barrier to moisture diffusion, with minimal effect on
the material’s transport properties. Similarly, the domain size,
type, and connectivity of the heterogeneous phase could be
adjusted by controlling the reaction’s parameters and
processing conditions to optimize the energy transfer process
toward specific perovskite domains.
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