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ABSTRACT: Highly luminescent methylammonium lead bromide
(CH3NH3PbBr3) perovskite fibrous microstructure thin films have
been fabricated using a perylene-3,4,9,10-tetracarboxylic dianhydride-
containing antisolvent-mediated single-step fabrication method.
Confocal microscopy of these thin films reveals homogeneous
emission over the entire area, in contrast to the localized emission
from the thin films fabricated by conventional methods. The
antisolvent treatment produces pinhole-free, mazelike morphology
with high photoluminescence yield. These films were incorporated as
the emissive layer in thin-film light emitting diodes (LEDs), made
using a low-temperature meltable and processable alloy as cathode.
These LEDs gave luminescence efficiency of up to 50 Cd/m2. The
proposed LED structure highlights the prospects of using low-
temperature roll-to-roll processing for manufacturing perovskite-
based solar cells and LEDs.

Organic−inorganic hybrid perovskites (OIP) have been
studied widely for their efficient light absorption and
emission properties in their use to realize low-cost

solar cells and light-emitting diodes (LEDs), respectively.1−5

The key advantages of hybrid perovskites lie in the superior
charge generation and fast separation,6−8 while being easy to
process at low temperatures.9−11 Hybrid perovskites show
novel properties including high PL quantum yield (PLQY),12

tunable band gap,13,14 and structure and dimensionality
tuning.15,16 Together with the capability to form various
nanostructures, they provide a versatile set of materials for
optoelectronic applications.3,12,17−20 Furthermore, perovskites
with band gap in the visible range of the electromagnetic
spectrum are also suitable for lighting and display applications.5

In this respect, CH3NH3PbBr3 perovskite has been studied in
preference to the iodide variant, both because its emission lies
in the visible spectrum (green)3 and also because it shows
better stability21,22 and narrow emission width.
Morphological modification of OIP layers has been one of

the key steps in improving the performance of OIP-based
photovoltaics and LEDs.3,23,24 In general, a decrease in average
grain size has been shown to enhance the resultant PL and
electroluminescence (EL) and hence to improve the efficiencies
of OIP-based LEDs.3 Tailored morphologies are specifically
useful for anisotropic charge transport along preferred
orientation, which are useful in field effect transistors.25,26

Aligned nanostructures have also been used for high photo-
conductive gain and array-based photodetectors.27−29 Crystal
growth from solution phase has been of particular interest for
obtaining hierarchical assemblies of single crystals and grains.30

According to the thermodynamic view, there are predominantly
two different control routes (thermodynamic and kinetic)
competing during the nucleation and crystal growth in faceted
or three-dimensional orders.31 The crystal growth is driven by
the second law of thermodynamics, and the resulting thin-film
morphology adopts a configuration that achieves the lowest
Gibbs free energy. Such processes may evolve over an extended
period of time, overcoming the local energy minima before
reaching the lowest-energy configuration. Alternatively, the
crystal growth can be directed by the kinetic control route
where rapid movement of solvents and grains controls the
morphology.15 The final morphology tends to be a reflection of
grains arrested in local energy minima which can be further
modified by thermal annealing.
In this work, we demonstrate the role of kinetic growth

control on morphological modifications of OIP thin films. We
observe the growth of dendritic and mazelike structures upon
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antisolvent treatment during the thin-film formation process.
Significant differences in morphology are observed with the
introduction of perylene-3,4,9,10-tetracarboxylic dianhydride
(PTCDA) as additive in the antisolvent. Reduction in the grain
size and morphological restructuring results in enhanced
PLQY. To demonstrate the utility of these room-temperature
processed, morphologically modified thin films in optoelec-
tronic devices, we fabricated and tested LED devices. We have
also used low-temperature (melting point, ∼58 °C) eutectic
alloy as a cathode to realize a vacuum-free, low-temperature,
and all-solution-processed LED.
The perovskite layer with submicrometer crystals (SMCs)

was fabricated using the additive-assisted microcrystal pinning
process and demonstrates a unique morphological modification
over conventional untreated perovskite thin films. One of the
primary objectives of the additive-assisted submicrometer
crystal pinning process is reduction of the grain size of
perovskite crystals by inducing multiple seeding points, to
achieve uniform, pinhole-free perovskite thin films.32 The grain
size reduction is achieved by rapidly removing the better
solvent (DMSO) from the film using an orthogonal solvent
such as chloroform (CHCl3), which results in rapid
crystallization and reduced grain size. The representative
atomic force microscopy (AFM) images of untreated, only
solvent-treated microcrystals (S-SMCs), and A-SMC perovskite
thin films (thickness, ∼300 nm) are shown in Figure 1. The
untreated film shows micrometer-sized (∼5−10 μm), sparsely
distributed grains with much less connectivity and large voids in
between (Figure 1a). The S-SMC and A-SMC films show
significant reduction in grain size (∼100−400 nm determined
using AFM line scan), with increased connectivity and
considerably reduced pinholes (Figure 1b,c). Large-scale,
mazelike structures are visible for S-SMC films (Figure 1c).
Grain sizes are further reduced in A-SMC thin films, which
results in increased PL yield. PTCDA additive-based SMC
demonstrates a large variation in grain size (∼100−300 nm).
The average size of OIP grains can be controlled by modifying
the solubility of additives in the orthogonal solvent, which can
be more effective in constricting the growth. From the classical
theory of crystallization in the presence of small molecule
additives, the additives attach to the surface of the crystalline
grains through dangling bonds. Additives bonding with
crystalline grains can restrict further crystallization, thereby
controlling the average grain size. While being attached to
crystalline grain on one side, the small molecules can interact
with each other, resulting in a morphology favored by the
stacking nature of the molecule. The fibrillar morphology
observed in Figure 1c originates from the nature of perylene-
based system to stack and form fibrillar networks.33 This
morphology is unique to PTCDA or any perylene-based
additive treatment. Changing PTCDA with 2,2′,2″-(1,3,5-
benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) (used
by Cho et al.3) results in a flat sheet type of morphology, as is
shown in Figure S1.
The crystalline structure of OIP remains unchanged in the

morphologically modified A-SMC thin films, as is evident from
the X-ray diffraction (XRD) spectra shown in Figure 2a. Peaks
visible at 2θ values of 14.9° (100), 21.14° (110), 30.11° (200),
33.77° (210), 37.12° (211), 43.11° (220), and 45.9° (300)
suggest a cubic symmetry prevalent in both the films. Lattice
constant (a) estimated from the XRD is ∼5.945 Å, which is in
close agreement with previous reports.21,34 Absence of any
additional peak signifies that the presence of PTCDA does not

modify the crystal structure of OIP. The XRD peaks in
untreated film are shifted to lower θ by 0.07° compared to that
of A-SMC thin films. A shift in the XRD peak can be correlated
to stoichiometrically imbalanced OIP, which has smaller a.
Such a shift can also be associated with the presence of
compressive strain in a larger crystal, which can be relaxed

Figure 1. Submicrometer AFM morphology of OIP films. (a) The
untreated film (control) shows micrometer-sized, sparsely dis-
tributed grains. (b) In the OIP film treated with solvent only,
formation of dendritic structures can be seen. (c) OIP thin films
treated with PTCDA/solvent show clear mazelike structures with
submicrometer grains; the inset shows the chemical structure of
PTCDA.
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when the crystal size is reduced. Both films were fabricated
from the same solution of lead bromide (PbBr2) and
methylammonium bromide (MABr) mixed in 1:1.05 molar
ratio to ensure identical stoichiometry. Excess amount of MABr
was used to ensure a complete conversion of PbBr2 to
perovskite and avoid any metallic lead in the films, as was
reported earlier.3 The boundary conditions for the formation of
the grains can introduce a strain on the crystallites, resulting in
a small shift in a.
To estimate the disorder in the semiconductor, we use

photothermal deflection spectroscopy (PDS) technique, which
can measure 4−5 orders of the dynamic range of absorption;
this technique has been used extensively to investigate the
quality of perovskite thin films.34,35 Absorption spectra
measured using PDS show a considerable decrease (more
than an order of magnitude) in sub-band gap absorption for
solvent-modified films, as compared to that of untreated films
(Figure 2b). A similar reduction was also observed for PTCDA
additive-based SMC films. However, the low-lying band gap of
PTCDA overlaps with the perovskite band-edge absorption, as
shown in Figure S1. We expect the overall reduction in the
defect density, based on the improved PL yields, and enhanced
PL lifetimes. Significant reduction in nonradiative recombina-
tion rate is observed upon PTCDA additive-based A-SMC film,
as is explained below. PTCDA signatures are present in the
PDS absorbance of A-SMC films (figure S2), even after they are
rinsed with chloroform. This suggests that the small molecules
are embedded at the grain boundaries; similar observations
have been reported with other OIP/small-molecule blend
systems.36 Nevertheless, the observed decrease in PDS
absorbance can be attributed to the decrease in the density of
nonradiative defect states. This is also evident from PL
measurements, where a large increase in the PL intensity (by
a factor up to 6) is observed, as can be seen in Figure 2b. We
attribute this increment to the decrease in nonradiative states
and confinement of charge-pairs in small grains, which results in

reduced delocalization and an increase in bulk and surface
radiative recombination.3 The PLQY improves from ∼2% for
untreated thin films to 25% for A-SMC thin films, which is
consistent with the previous report.3 To further understand the
photophysics of modified films, we have investigated the PL
lifetimes for PTCDA-modified and unmodified films. The PL
lifetime (τ) at low excitation fluence shows a considerable
increase from ∼2 ns for untreated films to ∼36 ns for A-SMC
films (Figure S3). From the PLQY and τ we calculate radiative
(kr) and nonradiative (knr) decay rates using PLQY = kr/(kr +
knr), and τ = 1/(kr + knr). While the radiative rate increases
slightly from ∼5 × 106 s−1 for untreated films to ∼7 × 106 s−1

for A-SMC films, the nonradiative component decreases by an
order of magnitude, from ∼2.5 × 108 s−1 for untreated films to
∼2.3 × 107 s−1 for A-SMC films. This suggests a significant
decrease in nonradiative states in A-SMC OIP films.
Localized PL was mapped, at submicrometer resolution, in

order to probe the point-to-point variation in emission
properties of morphologically modified thin films. The localized
emission map is collected using a confocal fluorescence
microscopy technique, which can provide a comprehensive
image of emission from the modified thin films. A detailed
spectral profile of emission has been created by sequentially
gating the emission to different channels. Emission in untreated
thin films is mostly localized on the cubelike grains, with a
sharp decrease in emission outside the cube, as seen in the
emission map in Figure 3a. The spectral profile across three

distinct regions of the cube (Figure 3b) shows a large shift in
the emission peak across the grain (highlighted as regions 1, 2,
and 3 in Figure 3a). In contrast, the emission is more
homogeneously distributed for modified thin films, as can be
seen in Figure 3c. The spectral distribution of the emission
peak across the fibrillar structure is small compared to the
variation in untreated films. The magnitude of emission closely

Figure 2. (a) Powder XRD spectra of untreated and A-SMC film.
The inset shows a shift in the (100) peak for untreated (red,
square) and A-SMC (blue, circle) films. (b) PDS absorbance for
untreated (red, hollow square) and S-SMC films (blue, hollow
circle) of OIP; PL emission from untreated (red, filled square) and
A-SMC thin films (blue, filled circles) of OIP.

Figure 3. (a) Confocal spectral map of untreated thin films of OIP.
(b) Emission spectra from three distinct regions (marked as 1, 2,
and 3) of untreated OIP films. (c) Confocal spectral maps of A-
SMC thin films. (d) Emission spectra from three distinct (marked
as 1, 2, and 3) regions across the fibrillar structure.
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follows the AFM topography, with fine details like the grain size
and the submicrometer morphology becoming visible. The
contrast in the bright and dark regions for the microstructures
can be associated with the concentration of OIP grains present
in the region. Higher variability in the emission peak for
untreated films can arise from the large optical path length in
the grains compared to the regions outside the grains where the
OIP layer is much thinner. The emission spectral profile map
suggests a red shift in emission in the regions between the
grains compared to the bulk PL. Observed shifts can be
associated with the internal reabsorption process or photon
recycling effect in the dense regions where multiple
reabsorptions can modify the emission profile on a macro
scale.37 The larger emission width for PL spectra measured
through confocal techniques is due to the larger instrument
response function. In contrast, the emission map of solvent-
treated thin films exhibit an inhomogeneous distribution of
emission, and the emission profile does not seem to correlate
with the observed microstructure (Figure S4). Microstructure
ordering and emission tends to homogenize upon thermal
annealing treatment (at 100 °C for 5 min) of A-SMC thin film
after spin coating (Figure S5). Observed improvements in
morphologically modified thin films can be put to use by
employing them in a working device like a photodetector or
LED.
Large improvements have been observed in the photo-

physical and morphological properties of OIPs over conven-
tional thin films made without any antisolvent processing.
These modified films have been used as an emissive layer in
low-temperature processed LEDs. One of the important
technical advancements is the exploitation of a diverse family
of low-temperature (melting temperature, ∼50−150 °C)
meltable alloy top contact which is well suited to the underlying
solution-processed layers. The work function and interface
charge transport properties are dependent on the composition
and processing conditions, which significantly influence the
device performance.
The vacuum-free cathode, fabricated using meltable alloy,

exhibits superior charge injection properties compared to the
conventional electrodes (which is reflected as higher injected
current density in the LED device). These electrodes also offer
better stability against moisture- and oxygen-related degrada-
tion by acting as an active encapsulant, as is evident from the
long-term operational stability under atmospheric conditions.38

The meltable alloy is a quaternary eutectic mixture of indium,
tin, lead, and bismuth. To probe the microstructure of this
electrode in contact with the electron selective buffer layer, the
top electrode of the LED was carefully peeled off and the
surface in contact was examined. We observe micrometer-sized
grains with low surface roughness, which matches the
underlying film roughness (a scanning electron microscopy
(SEM) image of the alloy electrode from the active area is
shown in Figure S6a). The intimate conformal nature of the
contact between the meltable alloy and the semiconductor film
ensures an efficient charge injection, which leads to improve-
ments in device performance over nontreated films. Elemental
analysis of the alloy surface suggests the presence of
components in their respective ratio, as shown in Figure S6b,
resulting in an overall work function of ∼4.2 eV (Figure S7).
LEDs fabricated using low-temperature-processed perovskite

layer and vacuum-free alloy cathodes show stable EL under
atmospheric conditions, as shown in Figure 4a. The A-SMC
thin-film-based LEDs demonstrate higher external quantum

efficiencies (EQEs) due to increased current efficiency and
PLQY compared to that observed in the untreated thin film
(where EL emission was not measurable). The charge-carrier
mobility, measured using space charge limited current (SCLC)
method for electron-only and hole-only devices, reveals a
balanced charge transport (μ ≈ 10−2 cm2/V·s for both electron
and hole), which is desirable for the recombination to occur in
the OIP layer (Figure S8). A maximum current efficiency of
∼0.08 Cd/A was measured, the magnitude of which decreases
to ∼35% of the maximum value (Figure 4b) at higher biases
because of thermal burn in.39 The luminescence plot shows a
steady increase in emission with voltage for A-SMC-based thin-
film LEDs, and an early saturation (∼6 V) is visible (Figure 4c).
A maximum luminescence of ∼50 Cd/m2 (Figure 4c) and a
peak EQE of ∼0.02% and IQE of ∼0.04% (Figure S9) has been
realized. Above results show possible application of morpho-
logically modified films in optoelectronic devices.
In conclusion, we demonstrate large-scale modification in

microscopic morphology of OIP thin films using n-type small
molecule-based additive mixed in orthogonal solvent, mediating
kinetic control of the crystal growth process. Unique fibrillar
and mazelike networks of OIP are observed in modified films,
resulting from the kinetically driven submicrometer grains.
Modified OIP films demonstrate a substantial decrease in
disorder accompanied by a large increase in PL yield. Pinhole-
free, uniformly distributed morphology is evident from AFM
while confocal studies show a homogeneous distribution of
emission. Effects of photon recycling are visible in the localized
PL map as the emission peak red-shifts with an increase in OIP
thickness. The improvements observed in the OIP film are well-
suited for depositing soft alloy cathode from the melt state at

Figure 4. (a) EL emission from A-SMC thin films. The inset shows
a working pixel of low-temperature processed LED. b) Current
density vs voltage plot. The inset shows a schematic device
structure. (c) Luminescence (blue, circle) and current efficiency
(red, square) plot for PTCDA A-SMC thin-film-based LED.
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low enough temperatures. Significant improvements in LED
emission properties have been observed with modified films
compared to that of untreated films. This process can also be
utilized in scaled up, large area applications. The technique
highlighted for the fabrication of fibrillar network will also be
useful in realizing improvements in other OIP-based optoelec-
tronic devices.

■ EXPERIMENTAL SECTION

Materials. MABr was procured from Dyesol, and PbBr2 was
obtained from Alfa Asear (99.999%). Small molecule 2,2′,2″-
(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi)
was purchased from Sigma-Aldrich. Low-conductivity poly-
(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)) (PE-
DOT:PSS) (clevios P VP AI 4083, resistivity 500−5000
Ω cm) was obtained from Heraeus. Low-temperature metal
alloy electrodes were purchased from Roto Metals, United
States.
Submicrometer Crystal Fabrication. ITO-coated glass sub-

strates were cleaned by ultrasonication in acetone and isopropyl
alcohol for 10 min each, followed by oxygen plasma for 10 min.
Low-conductivity PEDOT:PSS was spin-coated at 3000 rpm
under constant nitrogen flow, following which the thin films
were dried in a nitrogen-filled glovebox at 180 °C for 10 min.
Further processing was performed in a nitrogen-filled glovebox
for moisture and oxygen-free atmosphere. SMCs were formed
by the additive-assisted submicrometer crystal pinning process;
0.2 wt % solution of PTCDA in CHCl3 was used as an additive.
The perovskite layer was spin-coated at 3000 rpm, from a 40 wt
% solution of PbBr2 and MABr (1:1.05 molar ratio) in dimethyl
sulfoxide (DMSO); additive was spin-coated on top of
perovskite layer after 60 s of spinning, as reported previously.3

Pinning of crystals is governed by two competing processes,
while the crystallites are arrested at submicrometer scale by
removing the DMSO from the perovskite film; the orientation
of crystallites is controlled by the small molecule additives. A
thick layer of TPBi (50−60 nm) was spin-coated at 2000 rpm
from a 30 mg/mL solution in CHCl3 on top of SMC. No
additional annealing was required for SMC and TPBi layers.
Alloy Electrode Fabrication. The low-temperature (58 °C)

meltable alloy electrode used in this study has been tested for
its charge injection and collection properties. From the
previous studies, it is understood that the alloy performs on
par with commonly used aluminum (Al) as the cathode and
demonstrates superior stability against oxidation as compared
to Al electrodes. Liquid alloy is dispensed through a perforated
polyethylene terephthalate (PET) mask, which defines the
active area. Electrical measurements were performed after the
alloy has cooled to room temperature.
Structural and Optical Characterizations. Thin films of

untreated and PTCDA-modified OIP were spin-coated on
quartz substrates. PL and quantum yield measurements were
performed in an integrated PLQE setup. PL was collected using
a fiber coupled silicon (Si) CCD-based spectrometer. A 405 nm
laser light source was used as an excitation source. PL was
measured using a power density of 100 mW/cm2; PLQY was
measured at 2.5 W/cm2, and PL lifetimes were measured at
∼1016 photons/cm3. XRD was carried out on SMC, and
nontreated perovskite thin film was coated on ITO/
PEDOT:PSS substrates in a powder XRD setup. The 2θ values
were varied from 10 to 90°; ITO peaks were subtracted from
the SMC and bulk spectra.

Microscopy. AFM and confocal fluorescence imaging were
performed on an integrated confocal (LSM 700) − AFM (nano
wizard 3) from Carl Ziess and JPK instruments, Germany.
AFM was performed in a noncontact tapping mode using a 300
kHz cantilever (force constant, ∼40 N/m). Confocal scanning
were carried out using a 100× oil immersion objective; a 488
nm laser light source was used for excitation. Localized PL was
recorded using a photomultiplier tube (PMT); for lambda scan,
the emission was split into two channels using a variable
dichroic mirror. SEM and energy-dispersive X-ray spectroscopy
(EDAX) were performed in a Bruker instrument.
Electrical Characterization. LEDs fabricated using A-SMC as

active layer and meltable alloy as back contact were
characterized in a custom built LED characterization setup.
Devices were sourced using Keithley 2400 source meter, and
the LED emission was recorded using a reverse biased,
calibrated Si detector and a combination of Keithley source
meter and multimeter. EL spectrum was recorded using a fiber
coupled Si CCD-based spectrometer (Ocean Optics).
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