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solution processing, and so on.[1–6] Notably, 
incredible success of the perovskite solar 
cells in the past few years has triggered 
many research activities on the perovskite 
material synthesis, optoelectronic proper­
ties, crystallization methods, and device 
architectures.[7–12] Beyond applications in 
solar cells and more recently, hybrid perov­
skite materials are also showing great 
potential for light-emitting diodes (LEDs) 
and lasers.[13–18] Perovskite materials have 
a history longer than 170 years since their 
discovery. Although the first perovskite 
LED (PeLED) and solar cell were reported 
in the years of 1992 and 2009, both devices 
were out of practical consideration mainly 
due to the poor material stability under 
atmospheric conditions and the use of a 
liquid electrolyte.[19,20] Meanwhile, the first 
report of solid-state perovskite solar cells 
by Kim et al. in 2012, which dramatically 
improved the device stability and perfor­

mance with the use of solid state transport materials, triggered 
enormous research effort worldwide.[21] Since then, hybrid per­
ovskite materials have been gaining huge interest as promising 
optoelectronic materials.

Optoelectronic devices operate in different ways depending 
on whether they serve as a light harvester or a light emitter. The 
light harvesting devices such as solar cells and photodetectors 
convert incident photons into free charge carriers, whereas the 
light-emitting devices such as LEDs and lasers turn injected 
charge carriers into photons in heterojunction structures.[22,23] 
For perovskite solar cells, power conversion efficiency (PCE) over 
22% has already been attained by the development of materials, 
crystallization processes, and device architectures based on 3D 
perovskites. Now, it is well-recognized that a perovskite light har­
vester should have: i) a high absorption coefficient over a wide 
spectrum range, ii) a low exciton binding energy (Eb) for efficient 
exciton dissociation, iii) a long charge carrier diffusion length 
and high mobility for efficient charge transport/collection, and 
iv) a low trap state to prevent charge carrier recombination.[24,25] 
In contrast to the striking device efficiency of perovskite solar 
cells, perovskite LEDs (PeLEDs) have suffered from device per­
formance that is much poorer than conventional organic LEDs 
and quantum dot LEDs despite their excellent color purity, 
bright luminescence, and wide chromatic tunability.[23] Initial 
PeLED research adopting materials and processes used in solar 
cells showed poor external quantum efficiency (EQE) of <0.1%, 
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1. Introduction

Organic–inorganic hybrid halide perovskites are now inno­
vating in conventional optoelectronics research with the unprec­
edented collective advantages of wide tunability of the band 
gap from the near infrared to violet regime, low trap density, 
excellent charge carrier diffusion/transport, low temperature 
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while recent EQE of visible PeLEDs exceeds 10% by employing 
a new film formation process, new device architecture, and 
materials that avoid exciton quenching at the interface as well 
as in the bulk film.[26–28] This verifies that LEDs require mate­
rial properties entirely different from solar cells. It is desirable 
for the perovskite materials for LEDs to have i) balanced charge 
transport property, ii) high Eb and short exciton diffusion length 
(Ld) for efficient radiative recombination, and iii) low trap state 
to prevent charge trapping and non-radiative recombination. 
Taken together, solar cells and LEDs require different optoelec­
tronic properties, which can be achieved by the manipulation of 
perovskite film structures, including crystal grain size, crystal 
dimension, film surface coverage, and morphology. From this 
perspective, comprehension of the correlation between crystal­
lization, material properties, and relevant device performance 
is essential. Common and different requirements of perovskite 
materials for the applications as well as strategies for a light har­
vester and emitter are compared in Table 1.

To date, a number of crystallization strategies have been 
introduced for high-performance perovskite solar cells and 
PeLEDs.[29–31] Thermal treatment is the most widely used 
method to convert solution-processed precursor films into a 
perovskite crystalline phase while different processing param­
eters lead to the modification of surface coverages, crystal grain 
sizes, and relevant material properties. Here, fine control of 
the crystalline nucleation and growth via additives, vapor treat­
ment, solvent annealing, and intermediate phase mediator is 
required to obtain high crystalline perovskite films. In general, 
full surface coverage and low defect states are desired for both 
solar cells and LEDs to minimize leakage current and non-
radiative recombination. By contrast, grain size and nanostruc­
tured crystals involving variation of material properties, such as 
Eb and Ld, have to be judiciously controlled for each application. 
More specifically, light-harvesting devices prefer a low Eb and 
long Ld, whereas a high Eb and short Ld are possibly favored for 
LEDs.[4,14,23,24] Furthermore, the dimensionality of perovskite 
crystals becomes more and more significant due to its direct 
impact on Eb.[32–34] Overall, all these approaches are able to pro­
duce a wide variety of hybrid perovskite films and extend the 
potential of perovskite optoelectronic devices (Scheme 1).

Here we highlight recent progress in hybrid perovskite optoe­
lectronics, particularly solar cells and LEDs. We focus on effective 
perovskite crystallization methods to secure the requisite opto­
electronic properties, while considering the different working 
mechanisms between solar cells and LEDs. Optimal performance 
of perovskite optoelectronic devices requires an appropriate 
choice of materials and careful management of their crystalliza­
tion behavior. The correlation among the material composition, 
crystallization method, morphology, and photophysical proper­
ties is reviewed. In the first part of this article, we offer the fun­
damental background for perovskite optoelectronic properties, 
including perovskite crystalline structures, electron–hole pair 
behavior, and energy band alignment for device configuration. 
Thereafter, a variety of crystallization methods, relevant material 
properties, and device performances are correlated for solar cells 
and LEDs, respectively. Extensive lists comparing Eb and device 
performance of solar cells/PeLEDs are summarized in –the 
tables. In the conclusion and outlook section, remaining tech­
nological bottlenecks are summarized with our suggestions for 

future research directions emphasizing the significance of nano­
structure formation and reliable large-area device processing.

2. Fundamental Background

2.1. Perovskite Structures

Perovskite is a general term to designate a family of materials 
with the common crystal structure of the mineral CaTiO3. The 
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structure of recently emerging hybrid perovskites can also be 
described by a similar chemical formula ABX3, where A is a 
small organic molecule occupying a corner of a unit cell with 

12-fold coordination, B is a divalent transition metal in general 
sitting in a body-centered position with 6-fold coordination, and 
X is a halogen with face-centered positioning (Figure 1). The 
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Table 1.  Summary of common and different requirements for perovskite light harvesters and light emitters, and strategies for each application.

Light harvester Light Emitter

Common Requirements •• Low density of trap-states

•• Balanced charge carriers transport

•• Formation of homogeneous and dense thin-film

•• Energy level alignment with transport materials

Different Requirements •• Small exciton binding energy

•• Long charge carrier diffusion length

•• High absorption coefficient

•• Large exciton binding energy

•• Short exciton diffusion length

•• Efficient radiative decay

Strategies •• Heat management

•• Delayed crystallization (additive, solvent, etc.)

•• Vapor annealing

•• Laser crystallization

•• Thin-film engineering (ultrathin emission layer, polymer matrix)

•• Rapid crystallization

•• Nanostructuring

•• Low dimensional perovskites

Scheme 1.  Schematic description of representative optoelectronic applications of hybrid perovskiteS WITH guide arrows for grain size and dimension 
control for target applications. Inset images for light emitter are reproduced with permission.[47,211] Copyright 2016, Nature Publishing Group. Crystal 
structures of perovskite are reproduced with permission.[212] Copyright 2015, American Chemical Society.
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perovskite crystal structure is very flexible in terms of composi­
tion, provided that the Goldschmidt’s values of tolerance factor 
(t) and the octahedral factor (µ) are within the known range. 
The t indicates the state of distortion and stability of perovskite 
crystal structures based on ionic radii (r) of atoms at A, B, and 
X positions by t = (rA + rX)/√2(rB + rX). The µ is defined as the 
ratio rB/rX, which is directly correlated to formation of the BX6 
octahedron.[25] Both parameters are used to predict the form­
ability of the perovskite structure.[35] Typically, hybrid halide 
perovskites present 0.81 < t < 1.11 and 0.44 < µ < 0.90. Specifi­
cally, t ranging from 0.9 to 1.0 corresponds to a cubic structure 
of the perovskite and t in the range of 0.71–0.90 corresponds to 
a tetragonal or orthorhombic structure.[2] Given this range of 
t, the ionic radius of organic cation should be limited to 2.9 Å, 
considering the ionic radii of commonly used Pb (1.2 Å) and I 
(2.2 Å) in hybrid perovskite. This means that organic molecules 
with fewer than two or three C–C and C–N bonds can sustain 
3D perovskite structures.[23] Otherwise, low-dimensional per­
ovskites, indicating specific cuts or slices of the 3D perovskite, 
are obtained.[36]

Various material characteristics, includingferroelectricity, 
piezoelectricity, superconductivity, and magnetoresistance, are 
manifested depending on the types of elements in the perovs­
kites. In principle, coupling of B-X is strongly covalent and it 
mainly contributes to the determination of dielectric, electrical, 
and electronic properties such as band structure. The valance 
band maximum of a hybrid perovskite is composed of antibo­
nding state between B-s and X-p orbitals, while the conduction 
band minimum is determined by a non-bonding state between 
B-p and X-p orbitals, which defines the fundamental electronic 
structure of hybrid perovskites.[25,37] Furthermore, A-X bonding 
has a minimal effect on B-X coupling due to its strong ionic 
bonding character. The size of the A ion does not directly affect 
the overall electronic structure of the perovskite but it influ­
ences crystal symmetry by the distortion of BX6 octahedra.

It is well-known that a temperature-dependent phase tran­
sition of a well-known hybrid perovskite, MAPbI3, involves 
cubic, tetragonal, and orthorhombic phases.[37,38] As tempera­
ture increases, the transition from the orthorhombic to tetrag­
onal phase, and to the cubic phase is observed with symmetry 
improvement. For instance, MAPbBr3 (MA = CH3NH3

+
, 

methylammonium) perovskite, which is used light-emitting 
applications, has a cubic phase at temperatures over 237 K,  
whereas it has a tetragonal phase at 150–237 K, and an 

orthorhombic phase under 144.5 K.[14] MAPbI3 perovskites 
used in light-absorbing applications[39,40] have tetragonal phase 
at room temperature and pseudo-cubic phase with octahedral 
tilting and cation rotation at in the temperature range from 300 K  
to 400 K.[38,41] In contrast, formamidinium (FA = CH(NH2)2

+) 
halide based perovskites demonstrate promising thermal sta­
bility compared to conventional MAPbI3 perovskites.[42] There­
fore, careful selection of the perovskite material is crucial for 
the stable operation of practical devices at desired temperature 
conditions.

2.2. Optoelectronic Properties of Perovskites

Management of light, such as emission, absorption, modulation, 
and transmission, is the core of optoelectronic applications and 
is principally governed by the quantum mechanical properties 
of optoelectronic materials. In other words, the electronic struc­
tures of materials, including the optical band-gap and density 
of states, the characteristics of the exciton and carrier lifetimes, 
and mobility, are significant elements for optoelectronic mate­
rials. Along these lines, organic–inorganic hybrid perovskites 
generally show excellent material properties, including high 
absorption coefficients, tunable band-gaps, and long carrier dif­
fusion lengths. As mentioned, a wide tunability of the electronic 
structures of perovskites enables various optoelectronic devices 
such as solar cells, light-emitting diodes, photodetectors, and 
lasers. In the following subsections, the basic optoelectronic 
properties of hybrid perovskite are discussed.

2.2.1. Energy Band-Gap

The band-gap of an organic–inorganic hybrid perovskite is in 
the visible regime of the light spectrum (1.2–3.0 eV), in con­
trast to the typical oxide-based perovskites (3.0–5.0 eV).[24,43] 
The strongest point of a hybrid perovskite is the simple to tune 
electronic structure, which enables facile modification of the 
energy band-gap depending on the target applications. Energy 
band-gaps of the mostly widely used perovskite light har­
vesters such as MAPbI3 (1.55 eV) and CH(NH2)2PbI3 (FAPbI3) 
(1.43–1.48 eV) are close to the desirable optimal value of 1.4 eV, 
as suggested by the Shockley–Queisser efficiency limit. Perovs­
kite absorbers with band-gaps around 1.45 eV are employed in 
the 22% perovskite solar cells, i.e., the record efficiency devices 
reported thus far.[44–46] In contrast, light-emitting perovskites 
show a wide range of color spectrum with high color purity 
over the visible regime along with various atomic compositions 
and the modification of BX6 octahedral bonding and crystal 
phases.[47,48]

In 2014, Eperon et al. explored the effects of methylammo­
nium cation replacement (A site) with cesium or formami­
dinium cations (Figure 2a).[7] An organic cation at A site shows 
negligible electron orbital overlap with the BX6 octahedral 
phase and thus has minor effects on the major electronic prop­
erties of the hybrid perovskite. However, the energy band-gap 
of 3D perovskite is varied by the size effect of organic or inor­
ganic cations due to the different degree of distortion within 
the limit of tolerance factor (t). As rA increases, t also increases 
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Figure 1.  Unit cell structure of organic–inorganic hybrid perovskite ABX3 
crystal.



www.advenergymat.de

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1602596  (5 of 29)

www.advancedsciencenews.com

to have a high packing symmetry, resulting in a reduction of 
the band-gap and red-shift of the absorption edge. When the 
A cation is too large, a low-dimensional perovskite is formed, 
while if it is too small, lattice formation is disturbed due to a 
high lattice strain.[36]

A metal cation at the B site, typically a divalent oxidation 
state such as Pb2+, Sn2+, and Ge2+, is one of the fundamental 
elements that govern the principle electronic structures of per­
ovskites. Currently Pb2+ is dominant due to its superior opto­
electronic properties and device performance but other metal 
elements are attracting increasing attention with the necessity 
of nontoxic lead-free and panchromatic perovskites.[49,50] Hao 
et al. investigated the band-gap of alloyed Pb- and Sn-based 
perovskites using compositional engineering (Figure 2b).[51] 
MASn1-xPbxI3 perovskite is easily synthesized by the stoichio­
metric mixing of two metals and shows an energy band-gap 
range of 1.17–1.55 eV; its absorption spectrum can be expanded 
up to 1060 nm in the near-infrared regime.[52–55] Interest­
ingly, the energy band-gap does not lie between the two com­
positional extremes (1.35–1.55 eV), suggesting a substantial 
bowing parameter. It is well-recognized that the atomic orbital 
compositions of conduction and valence bands are associated 
with the anomalous band-gap variation trend. In terms of struc­
ture, both MAPbI3 and MASnI3 have tetragonal structure, but 
MAPbI3 shows β-phase, whereas the highly symmetric α-phase 
is observed for MASnI3 at room temperature.[38]

The energy band-gap of a perovskite is also dramatically 
varied by the alteration of halide anions (I−, Br−, Cl−) at the X 

site. According to the MAPbX3 composition,the band gap is 
widely controllable from 1.55 to 3.11 eV along with the halogen 
substitution direction from I to Cl, implying that absorption 
and emission spectra can be modulated over the entire vis­
ible range. The atomic size and electronegativity of halogen 
atom are responsible for the modification of the electronic 
structure. A high degree of crystal packing reduces the band-
gap, as mentioned above. Additinoally, a low electronegativity 
(Cl > Br > I) enhances covalent character of B–X bonding 
over the ionic character and induces a reduction in the energy 
band-gap. Chemical management of a mixed halide perovskite 
composed of I and Br was investigated by Noh et al. in 2013 
(Figure 2c–e).[3] MAPbI3 and MAPbBr3 are known to have a 
great miscibility.[56,57] For MAPbI3-xBrx perovskites, the absorb­
ance spectra tend to blue-shifted along with the bromide con­
tent. The film color changes from dark brown to yellow at two 
extremes of x = 0 and 1, respectively. Nonlinear variation of the 
band-gap is observed due to the anisotropic nature of binding 
and structural change of the crystal.[3,56] In contrast to the case 
of bromide, chloride inclusion in MAPbI3 perovskite appears 
to be limited to a maximum of 3–4 at% Cl. This is attributed to 
the low miscibility of chloride with iodide, presumably arising 
from the large difference in their ionic radii.[58–60] Nevertheless, 
chloride implication results in longer diffusion length and car­
rier life time than pure iodide perovskite based devices.[4] Band-
gap control by halide substitution has demonstrated red, green, 
and blue emission for I-, Br-, and Cl-based perovskites, respec­
tively.[47,61] A wide band-gap also enables high voltage output 
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Figure 2.  Absorbance of perovskite materials (ABX3) by changing ions positioning at A, B, and X site. Absorption spectra: a) with inorganic (Cs+) 
and organic cations (MA+ and FA+) (A site). Reproduced with permission.[7] Copyright 2014, Royal Society of Chemistry, b) with Pb and Sn composi-
tions (B site). Reproduced with permission.[51] Copyright 2014, American Chemical Society, c) with I and Br compositions (X site). d) Photograph of 
perovskite thin film and e) band-gap variation along with bromide contents. Panels (c–e) reproduced with permission.[3] Copyright 2013, American 
Chemical Society.
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(≈1.5 eV) from single-layer solar cells devices, which is poten­
tially useful for tandem devices, water-electrolysis, or photocata­
lytic water splitting systems.[62,63]

2.2.2. Photogenerated Carrier Behavior

An exciton is neutral quasi-particle composed of a bound 
electron–hole pair by electrostatic Columbic attraction.[64,65] 
Representative types of excitons are schematically described, 
indicating Wannier–Mott type excitons (Eb < 0.1 eV) and 
Frenkel type excitons (Eb > 0.1 eV) (Figure 3).[66] Optoelec­
tronic devices are based on the behavior of excitons generated 
by external stimulation of semiconducting materials such as 
light absorption and external bias, thus, the understanding 
of exciton behavior of a perovskite is crucial for the explora­
tion hybrid perovskites as promising optoelectronic mate­
rials. When the hybrid perovskite was in the limelight, it was 
unclear whether absorption of photons existed as excitons or 
free electrons and holes for 3D perovskites such as MAPbI3 and 
MAPbI3-xClx, although they showed excellent material proper­
ties such as long carrier diffusion length over the micrometer 
scale and high absorption coefficients. This was due to the low 
Eb at room temperature ranging from 2 to 50 meV compared 
with thermal energy of kBT ≈ 25 meV.[67,68] It is now commonly 
accepted that perovskite solar energy harvesters spontaneously 
generate free electrons and holes, which greatly contribute to 
the impressive performance in photovoltaics.[69,70]

In addition to interest in perovskite solar cells based on light 
absorption, research interest in light emission from the hybrid 
perovskites is dramatically increasing. The reason why the hybrid 
perovskite is accepted for various optoelectronic applications is 
due to the widespread optoelectronic properties and minimal 
non-radiative recombination.[71] Depending on the target applica­
tions, suitable optoelectronic properties including Eb, diffusion 
length and lifetime, are required. For example, solar cells require 
low Eb for the efficient separation of excitons into free electron 
and holes, whereas LEDs need tightly bound excitons for efficient 
radiative decay. The management of hybrid perovskite materials, 
crystalline structure, and dimensionality enable a broad scope of 
exciton binding energies ranging from 2 to a few hundred meV. 
Table 2 summarizes Eb of various hybrid perovskite materials 
along with crystal structures and dimensions, which are meas­
ured by magneto-optical absorption, optical absorption, tempera­
ture-dependent photoluminescence, and ellipsometry.

Polycrystalline perovskites usually used as light harvesters, 
such as MAPbI3, MAPbI3-xClx, and FAPbI3, have Eb values less 
than 20 meV, which is lower than the thermal energy (25 meV). 
Their excitons are close to Wannier–Mott type and such low Eb 
is one of fundamental reasons for the outstanding photovoltaic 
device performance of the hybrid perovskites. In 2014, Qian­
qian et al. reported that Eb of MAPbI3 is on the order of 2 meV 
due to highly static dielectric constant of 70. This clarifies that 
principal working mechanism of photovoltaic is non-excitonic 
at room temperature.[67] One year later, Atsuhiko et al. dem­
onstrated the direct measurement of Eb of MAPbI3 perovskite 
using very high magnetic field for accurate investigation.[70] 
Tetragonal phase of MAPbI3 at room temperature shows Eb 
only a few meV and it has 16 meV with orthorhombic phase 
at low temperature, indicating that free electrons and holes are 
generated immediately following light absorption.

It has been recognized that perovskite light emitter, such 
as MAPbBr3, has more population of bounded excitons due to 
higher Eb (few tens of meV to few hundred meV) compared 
with other light harvesters. In 2015, Ye et al. carried out compar­
ative study of Eb between polycrystalline MAPbI3 and MAPbBr3 
using optical spectroscopy.[73] Eb values of lead-bromide and 
lead-iodide based perovskites were found to be 40 and 13 meV, 
respectively. Therefore, MAPbBr3 shows 3–4 times slower 
charge carrier recombination rates than MAPbI3. In addition, 
Eb can be considerably increased depending on the crystal 
size and film morphology.[73] In 2015, Kaibo et al. revealed 
that excitons in 8 nm colloidal nanoparticles of MAPbBr3 are 
much more tightly bound than micro-crystallite of MAPbBr3, 
with corresponding Eb of 320 and 84 meV, respectively.[75] This 
suggests that the probability for radiative recombination is sig­
nificantly increased in MAPbBr3 nanoparticles and explains the 
high fluorescence quantum efficiency of these nanoparticles.

Low-dimensional perovskite, composed of much large and 
complex organic cations ill-fitting to form a 3D perovskite struc­
ture, shows large Eb over 100 meV, which is closer to Frenkel 
excitons. The theoretical study by Koutselas et al. revealed that 
Eb and the energy band gap of hybrid perovskites increases 
along with the decreasing dimensionality of perovskite.[76] For 
2D perovskites, the metal-halide frameworks and the large 
organic cations are alternated to induce well and barrier elec­
tronic structures with different dielectric constants (e.g., small 
dielectric constant for the organic cations). This smaller dielec­
tric constant and dielectric confinement effect of low-dimen­
sional perovskites by forming quantum wells sandwiched 
between organic barrier layers enhance the excitonic effect 
and, thereby, increase Eb.[77] Further decreases in dimension­
ality toward 1D and 0D perovskite demonstrate markedly high 
Eb due to the large on-site Coulomb energy in octahedrons.[79] 
Therefore, nanoscale 3D perovskite and low dimensional  
perovskite are considered as promising luminophores for LEDs 
and lasers.

2.2.3. Energy-Level Alignment

Perovskite optoelectronic devices, especially solar cells and 
LEDs, usually stand on the basis of the heterojunction between 
the perovskite and the electron/hole charge transport materials 
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Figure 3.  Schematic illustration of representative exciton (bound elec-
tron–hole pair) models.
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that perform the diode function. Most of device architectures 
for perovskite solar cells and LEDs adopt n-i-p or p-i-n type 
heterojunction between substrate and top-electrode, where n, 
i, p mean electron transport materials (ETM), hybrid perovs­
kites, and hole transport materials (HTM), respectively. Apart 
from the manipulation of perovskite electro-optical properties, 
the energy band alignment with ETM and HTM layers is also 
essential for an optimal device operation involving charge car­
rier injection, extraction, exciton confinement, and quenching. 
In general, interfacial layers require charge carrier selectivity 
(ability to block carriers of the opposite charge), optimized 
energy band offset to the active material, as well as sufficient 
electric conductivity, etc. Furthermore, easy solution processing 
at low temperature is desirable for the demands for flexible and 
wearable electronics.

To date, most of perovskite optoelectronic devices adopt the 
common interfacial layers already used in the related technolo­
gies such as dye-sensitized solar cells, organic solar cells, and 
organic light-emitting diodes. Various materials, including 
organic polymers, small molecules, metal oxide, and inor­
ganic crystals, have been used as interfacial materials. The 
energy band diagrams of representative electron and hole 
transport materials and hybrid perovskites are summarized in 
Figure 4. Energy levels of perovskites show that the conduction 
band minimum (CBM) and valence band maximum (VBM) are 
distributed from 3.1–4.2 eV and 5.4–6.1 eV, respectively. For 
ETM, CBM ranges from 3.5–4.3 eV with deep VBM for effi­
cient hole blocking. Currently, mesoporous titanium dioxide 
(mp-TiO2) is most widely used but high sintering temperature 
around 500 °C prohibits its use for flexible substrates. In this 

respect, ZnO, SnO2, and organic small molecules are consid­
ered as alternatives.[5,80–82] For low-temperature processing and 
high-performance flexible solar cells, Zn2SnO4 ETM performed 
well with the perovskite light harvester, demonstrating 15% 
efficiency with a low temperature process below 100 °C.[83] As 
particular cases, the CBM of the ETM and perovskite shows 
an energy level mismatch due to a wide range of CBM of the 
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Table 2.  Exciton binding energies of various organic-inorganic hybrid perovskites.

Perovskite materials Morphology Dimension Eb
a) [meV] Measurement method Ref.

CH3NH3PbI3 Polycrystalline 3D 16 Magneto-optical absorption spectroscopy [70]

Polycrystalline 3D 22 Magneto-optical absorption spectroscopy [72]

Polycrystalline 3D 2 Spectroscopic ellipsometry [67]

Polycrystalline 3D 13 Optical absorption [73]

Polycrystalline 3D 7 Electroabsorption spectroscopy [8]

Polycrystalline 3D 12 Magneto-optical absorption spectroscopy [74]

CH3NH3PbBr3 Microcrystalline 3D 84 X-ray spectroscopy/Temperature dependent PLb) [75]

Nanoparticle 3D 320 X-ray spectroscopy [75]

Polycrystalline 3D 76 Magnetoabsorption [72]

Polycrystalline 3D 40 Optical absorption [73]

CH3NH3PbI3-xClx Polycrystalline 3D 55 Optical absorption [68]

Polycrystalline 3D 10 Magneto-optical absorption spectroscopy [74]

CH(NH2)2PbI3 Polycrystalline 3D 10 Magneto-optical absorption spectroscopy [74]

CH(NH2)2PbBr3 Polycrystalline 3D 24 Magneto-optical absorption spectroscopy [74]

(C9H19NH3)2PbI4 n/a 2D >330 Temperature dependent PL [76]

(C10H21NH3)2PbI4 Single crystal 2D 370 Optical absorption [77]

(C6H5C2H4NH3)2PbI4 Polycrystalline 2D 350 Optical absorption [78]

(NH2C(I) = NH2)3PbI5 n/a 1D >410 Optical absorption [76]

(CH3NH3)4PbI6•2H2O n/a 0D 545 Optical absorption [76]

a)Eb: exciton binding energy, b) PL: photoluminescence.

Figure 4.  Schematic energy band diagram of various hybrid perovskites 
with electron- and hole-transport materials (ETM and HTM, respectively).
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perovskite, resulting in a large barrier to electron injection and 
deteriorated open-circuit voltage for solar cells.[84] Appropriate 
energy level matching has been pursued by the modification 
of ETMs via doping, self-assembled monolayer treatment, and 
mixed ETMs.[85–88] In contrast, the VBM of the HTM, located 
around 5.1–5.4 eV, is relatively well-matched to the VBM of 
the perovskite. Spiro-MeOTAD and PTAA are widely used in 
n-i-p structures, while poly(3,4-ethylenedioxythiophene):poly­
styrene sulfonate (PEDOT:PSS) or modified compositions 
(e.g., PEDOT:PSS/perfluorinated ionomer) are mostly adopted 
in p-i-n structures.[61,89,90] Similar to the ETM, the modifica­
tion of HTMs by polymer mixture, lithium salt doping, and 
chemical modification enhances energy level matching and 
conductivity of materials.[91–94] Nonetheless, recent research is 
moving toward dopant-free HTMs, such as NiO, as the deli­
quescent nature of the dopant may readily aggravate device 
performance.[95–97]

2.3. Perovskite Film Deposition Methods

Hybrid crystalline structure composed of organic and inorganic 
components facilitates low-temperature solution processing 
of hybrid perovskite materials. Various deposition methods 
including conventional spin-coating with and without anti-sol­
vent dripping, vacuum evaporation, sequential deposition (two-
step process), slot-die coating, spray coating, doctor blading, 
etc. have been reported.[98–104] It is well-known that the opto­
electronic characteristics of perovskite materials are directly 
connected to the film morphology and quality. Homogeneous 
and uniform film deposition is essential to obtain high-perfor­
mance perovskite-based optoelectronic devices.

In the initial stage of hybrid perovskite research for optoelec­
tronics, a single-step spin-coating method was used for crystal­
line perovskite particles[20,105] and thin films[21,106] on mp-TiO2 
commonly using a precursor solution of mixed MAI and PbI2 
based on polar solvents, such as dimethylformamide (DMF), 
dimethyl sulfoxide (DMSO), gamma-butyrolactone (GBL), etc. 
Although spin-coating is an apparently simple and low-cost 
deposition method, strong ionic interaction between metal 
cations and halogen anions commonly leads to the formation 
of inhomogeneous film morphology involved with poor sur­
face coverage,[107] pillared structure,[106] and non-uniform film 
thickness.[100]

In 2014, anti-solvent dripping method was developed for 
highly uniform and homogeneous perovskite film formation 
(Figure 5a). Anti-solvents to perovskite such as toluene and 
chlorobenzene are dripped during the spinning of precursor 
solutions.[98,107] This simple approach results in homogeneous 
perovskite layers over large area. Anti-solvent dripping is 
known to induce rapid supersaturation of perovskite precursors 
film, thus promotes a fast nucleation and growth of perovskite 
films. In the case of precursor solutions containing DMSO, 
kinetically frozen uniform layer of MAI-PbI2-DMSO is formed 
as an intermediate phase. Solid-state conversion from the inter­
mediate phase film to perovskite film by thermal annealing 
yields remarkably uniform and dense perovskite films via the 
delayed reaction between the organic and inorganic precursors. 
The type of anti-solvent, dripping timing, and spinning rate are 

key factors influencing the final perovskite film morphology. 
Benzene derivatives, diethyl ether, and chloroform are reported 
to be effective anti-solvents for selective washing of DMF with 
high reproducibility.[14,39,108] Depending on the solvent used 
in the precursor solution, anti-solvent and dripping timing 
should be carefully controlled for highly efficient optoelectronic 
devices.

In contrast to the single-step spin-coating from premixed 
organic–inorganic precursor solution, perovskite can be syn­
thesized by a sequential deposition of inorganic and organic 
components, called two-step process (Figure 5b).[109,110] The 
inorganic component is spin-coated prior to organic compo­
nent deposition. Contact between the two components initi­
ates the phase transition to the perovskite structure. Thermal 
annealing that follows completes perovskite crystal formation 
by the interdiffusion of two components. Solution and vapor 
deposition are available for organic components onto inorganic 
components.[109,111] It is reported that cuboidal structure of per­
ovskite crystal[99] or conventional polycrystalline perovskite[112] 
is observed depending on the concentration of organic compo­
nents.[110,112] Perovskite morphology can be controlled by the 
concentration of the organic component, inorganic component 
preparation, thermal annealing, and so on. Because the phase 
conversion propagates from the surface of inorganic halide to 
inner volume, this method is insufficient for creating high-
quality perovskite layer over a thick layer and planar architec­
ture due to an incomplete phase conversion. To improve the 
crystallization process, Yang et al. reported intramolecular 
exchange of the organic component and DMSO using PbI2-
DMSO composites as the inorganic component.[44] Complete 
and fast conversion to perovskite was observed with preferred 
crystal orientation and excellent device performances.

Flat and uniform hybrid halide perovskite film is also obtain­
able by a vapor deposition method for planar architecture 
(Figure 5c).[100] Dual source evaporation of organic and inor­
ganic components, a mature technique, enables formation 
of perovskite over large area with superior interface proper­
ties of multi-stacked layers. In the report by Liu et al., vapor 
evaporation of mixed halide perovskite showed more uniform 
film thickness and coverage than a conventional solution pro­
cess.[100] The hybrid tandem structure and/or all-perovskite 
multi-junction can be easily realized because of the inherent 
advantages, including easy deposition of multi-layers, interface 
property between layers, and compatibility with conventional 
processing methods of thin-film solar cells.

As solution-processed perovskite solar cells showed a high 
performance over 20%, which is comparable to top quality 
single junction silicon solar cells that currently dominate the 
photovoltaic market, demand for scalable fast processing of 
perovskite materials is ncreasing. Slot-die coating, spray depo­
sition and doctor blading of perovskite have been reported 
(Figure 5d–f) as alternatives to non-scalable conventional 
spin-coating.[101–104]

Hwang et al. demonstrated the fabrication of fully slot-die 
coated perovskite solar cells.[101] Major advantages of the slot-
die coating method are the formation of uniform stripe with 
well-defined edges and minimized material loss. A pin-hole-
free perovskite layer is well-coated by sequential slot-die coating 
method with nitrogen gas quenching. A cuboid perovskite 

Adv. Energy Mater. 2017, 7, 1602596
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crystal with a promising device performance is obtained. 
Unfortunately, this process is limited in terms of using heated 
substrate and jet nozzle for efficient crystallization of sequen­
tially deposited inorganic and organic precursors.

Spray-coating has also been explored for scalable deposi­
tion of mixed halide perovskite (Figure 5e).[102,103] This method 
has been successfully exploited for organic optoelectronics 
including solar cells, light-emitting diodes, and photodetec­
tors. Precursor solution is ultrasonically spray-coated onto a 
pre-heated substrate under ambient condition using a 120 kHz 
nozzle and then thermally annealed. Film coverage and den­
sity showed a strong correlation with device performance. It 
is usually controllable by substrate temperature and volatility 

of solvent. A low temperature process enables the efficient 
demonstration of mixed halide perovskite solar cells with an 
efficiency over 13 and 8% on glass and PET substrates, respec­
tively. The necessity of thermal annealing slows down the 
overall processing speed despite the efficient deposition of 
perovskite layers.

Doctor-blade coating also offers many attractive features 
for large area deposition of hybrid perovskites, including scal­
ability, low-temperature, simplicity, and compatibility with 
roll-to-roll fabrication (Figure 5f). In 2015, Dent et al. demon­
strated a doctor-bladed MAPbI3 perovskite active layer for solar 
cells.[104] Perovskite precursor solution is swiped linearly by a 
glass blade with a speed of 27 m h−1 with substrate heating. 

Adv. Energy Mater. 2017, 7, 1602596

Figure 5.  Various perovskite film deposition methods. a) Spin-coating with anti-solvent dripping during the spinning of precursor solution. Reproduced 
with permission.[98] Copyright 2014, Nature Publishing Group. b) Two-step sequential deposition by spin-coating. Reproduced with permission.[99] 
Copyright 2014, Nature Publishing Group. c) Vapor deposition (co-evaporation) method. Reproduced with permission.[100] Copyright 2013, Nature 
Publishing Group. d) Slot-die coating. Reproduced with permission.[101] Copyright 2015, Wiley. e) Spray-coating. Reproduced with permission.[103] 
Copyright 2015, American Chemical Society. f) Doctor blading. Reproduced with permission.[104] Copyright 2015, Royal Society of Chemistry. g) Vacuum 
flash-assisted solution process. Reproduced with permission.[113] Copyright 2016, The American Association for the Advancement of Science.
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Film thickness is controllable by the depth of blading channel 
and solution concentration. Perovskite solar cells with doctor-
bladed perovskite show higher power conversion efficiency 
than that of spin-coated perovskite due to larger grain size by 
slower crystallization than conventional spin-coating. Neverthe­
less, the necessity for thermal annealing and further purifica­
tion of materials is pointed out as a critical problem to address.

Recently, Li et al. reported a new perovskite deposition 
method called vacuum flash-assisted solation process for highly 
crystalline smooth perovskite films.[113] Previous deposition 
methods using anti-solvents have spatial inhomogeneity and 
are toxic for the environment when used in large-area solution 
processes.[39,98] These limitations are addressed by vacuum-
flash treatment during the solution processing of perovskites, 
which promotes rapid crystallization of the perovskite interme­
diate phases. A few second storage of as-coated films in vacuum 
with 20 Pa allows excellent infiltration of perovskite into the 
mesoporous scaffold and continuous polycrystalline grains. 
Therefore, 20.5% of the maximum efficiency is observed with 
an active area exceeding 1 cm2.

3. Crystallization Methods for Perovskite Light 
Harvesters

3.1. Heat Treatment

Thermal annealing has been the mostly widely used method 
for the crystallization of solution-deposited perovskite precursor 
films accompanied by the evaporation of residual solvents and 
low molecular additives.[29,114] The perovskite film quality, mor­
phology, and material properties are greatly influenced by this 
step provided that the precursor film is completely wet on a sub­
strate. Although interesting attempts to form perovskite crystal 
without thermal annealing were carried out in recent years, 
film quality and device performance of state-of-the-art devices 
still largely rely on this approach.[115,116] The manipulation of 
process variables, including annealing temperature, duration 
time, temperature rise profile, and substrate pre-heating offers 
an opportunity to optimize perovskite thin-film by controlling 
crystalline nucleation and growth kinetics. A summary of the 
performance of perovskite solar cells based on various crystal­
lization methods is presented in Table 3.

Thermal annealing temperature and duration time are the 
two most important parameters for perovskite morphology 
evolution. In 2013, Eperon et al. investigated the correlation 
between thermal annealing time and morphology, especially 
film coverage, of mixed halide perovskite MAPbI3-xClx formed 
by single step spin-coating (Figure 6a).[118] As-deposited films 
show a high coverage with small pores. Thermal annealing at 
100 °C induced small pores until 10 min, then large grains of 
the perovskite are developed with further annealing along with 
the formation of large pores. Annealing temperature also sig­
nificantly influences on the film morphology and surface cov­
erage. Generally, at a high temperature, the uniformity of layer 
is degraded with the formation of large pores (Figure 6b), which 
crucially affects area dependent solar cell parameters such 
as short circuit current (Jsc) and power conversion efficiency 
(PCE). Optical properties and crystallinity of perovskite films 

are also investigated as a function of annealing temperature by 
Dualeh et al.[117] They reported that sufficiently high tempera­
ture is required for the complete evaporation of solvents and 
crystallization of perovskite. However, PbI2 formation, which 
is detrimental for device performance, is observed due to the 
thermal decomposition of perovskite phase. Optical absorption 
spectra of the perovskite layers formed by different annealing 
temperatures ranging from 60 to 200 °C (Figure 6c) shows 
phase development toward perovskite and the decomposition of 
phase. As-deposited film comprised of PbCl2 and MAI has poor 
optical absorption without onset at 770 nm. Annealing tem­
perature from 60 to 150 °C increases optical absorption in the 
measured wavelength range, indicating that the extent of phase 
transformation into perovskite increases with temperature. Fur­
ther increase of temperature induces a decreases in absorption 
with the emergence of PbI2 absorption peak at 550 nm, con­
firming the thermal decomposition of perovskites.[147,148]

A two-step process based on the sequential deposition of 
inorganic and organic precursors also uses thermal annealing 
for perovskite crystal formation.[109,110,149,150] Bi et al. investi­
gated the effect of thermal annealing on structural, electrical, 
and optical properties of MAPbI3 perovskite.

[112] It is note­
worthy that thermal annealing works differently for perovs­
kite films prepared from premixed solution and sequential 
deposition of inorganic/organic precursors.[151,152] In the case 
of two-step process, thermal energy drives interdiffusion of 
both precursor species and leads to the formation of perovs­
kite. Interestingly, thermal annealing influences not only the 
optical property but also influences the electrical character­
istics. Because MAPbI3 formed by interdiffusion methods 
shows p-type conductivity,[149] the hole concentration and Hall 
mobility are investigated. The hole concentration and Hall 
mobility tend to decrease and increase, respectively, along with 
annealing time. This indicates that thermal annealing reduces 
acceptor-like defect states and enhances the crystallinity and 
grain size of perovskite. UPS (ultraviolet photoelectron spec­
troscopy) studies confirm the Fermi level shift from the valence 
band side toward the middle of the band-gap with annealing 
time, which coincides with decreases in hole concentration 
(Figure 6d). Energetic variation of the perovskite layer results 
in a shift of open-circuit voltage (Voc). Optimum device per­
formance is achievable without severe thermal degradation of 
perovskite layers.

The interrelated effects of annealing temperature and dura­
tion time raises an interesting question: how does the variation 
in annealing conditions influence the perovskite film quality 
and solar cell performance while maintaining the total thermal 
budget (i.e., high temperature/short time vs. low temperature/
long time). In 2014, Saliba et al. attempted to address this ques­
tion using a mixed halide perovskite on mesoporous and planar 
device architectures. Short rapid annealing at 130 °C for 5 min 
produces micrometer-sized perovskite grains and improved 
solar cell performance, especially Jsc, compared to the sample 
annealed at 100 °C for 45 min, which results in the grain size 
of a few hundred nanometers.[122] According to this attempt, 
a rapid annealing effect is observed depending on various 
device architectures. In a planar structure, enlarged grains and 
enhanced crystallinity with surface coverage over 95% results in 
a high efficiency, whereas device performance is degraded due 
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to the large pore generation in the perovskite capping layers of 
mesoporous structure.

In addition to the annealing temperature and time, ramp-
up profile of the temperature toward a target temperature is 
another significant parameter for perovskite crystal growth and 
coverage, as it particularly influences the solvent evaporation 
rate. Kang et al. investigated the effect of the solvent evaporation 

rate on the morphology and solar cell performance by means of 
spinning speed, air drying, and stepwise temperature increase 
for planar device structures.[123] Stepwise temperature increase 
from room temperature shows continuous perovskite thin-
films with minimized number of pin-holes, while immediate 
thermal annealing of as-deposited film leads to the formation 
of large pores caused by rapid crystallization. Later, Xu et al. 
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Table 3.  Summary of solar cell performance with various crystallization methods.

Method Device structure with materials Voc  
[V]

Jsc  
[mA cm-2]

FF  
[%]

PCE Best  
[%]

PCE Ref.  
[%]

Enhancement  
[%]

Ref.

Heat treatment FTO/c-TiO2/mp-TiO2/MAPbI3-xClx/Spiro-MeOTAD/Au 0.93 18.4 68 11.7 – – [116]

FTO/c-TiO2/MAPbI3-xClx/Spiro-MeOTAD/Au 0.87 17.5 61 9.3 6.7 38 [117]

ITO/TiO2/MAPbI3-xClx/P3HT/Ag 0.93 21.0 69 13.6 – – [118]

FTO/PEDOT:PSS/MAPbI3-xClx/PC61BM/Al 0.94 22.4 83 17.5 – – [119]

ITO/PEDOT:PSS/MAPbI3/PC61BM/C60/BCP/Al 0.96 21.0 76 15.6 7.3 114 [120]

FTO/c-TiO2/MAPbI3-xClx/Spiro-MeOTAD/Ag 0.92 21.5 69 13.5 12.5 8 [121]

ITO/PEDOT:PSS/MAPbI3-xClx/PC61BM/Al 0.90 16.7 74 11.1 8.3 34 [122]

ITO/PEDOT:PSS/MAPbI3-xClx/PC61BM/PFN/Ag 1.00 20.7 72 14.9 11.1 35 [123]

Additive FTO/PEDOT:PSS/MAPbI3-xClx/PC61BM/Bis-C60/Ag 0.92 17.5 73 11.8 9.0 31 [124]

FTO/c-TiO2/mp-TiO2/MAPbI3/Spiro-MeOTAD/Au 1.00 22.1 75 16.7 8.8 90 [125]

ITO/PEDOT:PSS/MAPbI3-PC61BM/PC61BM/Ca/Al 0.97 20.2 82 16.0 11.4 40 [126]

FTO/c-TiO2/MAPbI3-xClx/Spiro-MeOTAD/Au 0.94 19.5 70 13.2 10.6 25 [127]

FTO/PEDOT:PSS/MAPbI3-xClx/PC61BM/Bis-C60/Ag 0.94 18.5 75 13.1 9.8 34 [128]

FTO/c-TiO2/MAPbI3-xClx/Spiro-MeOTAD/Au 0.98 22.9 69 14.8 8.5 74 [129]

ITO/PEDOT:PSS/MAPbI3-x(SCN)x/PC61BM/Ca/Al 0.85 17.9 76 11.6 6.8 71 [130]

ITO/PEDOT:PSS/MAPbI3/PC61BM/Ca/Al 0.88 14.1 80 9.9 8.2 22 [131]

FTO/c-TiO2/MAPbI3/PTAA/Au 1.10 20.5 78 17.2 13.0 32 [132]

FTO/c-TiO2/mp-TiO2/FAPbI3/Spiro-MeOTAD/Ag 1.04 18.9 68 13.4 – – [133]

FTO/c-TiO2/mp-TiO2/FAPbI3/Spiro-MeOTAD/Au 0.94 23.3 65 14.2 – – [7]

FTO/c-TiO2/MAPbBr3/PIF8-TAA/Au 1.51 8.4 82 10.4 – – [62]

Vapor-assisted ITO/PEDOT:PSS/MAPbI3/PC61BM/C60/BCP/Al 0.96 21.0 76 15.6 11.5 36 [134]

ITO/SnO2/MAPbI3/Spiro-MeOTAD/Ag 1.08 19.5 61 13.0 – – [135]

ITO/PEDOT:PSS/MAPbI3/PC61BM/C60/BCP/Al 0.90 20.0 75 13.6 11.4 20 [136]

FTO/PEDOT:PSS/MAPbI3-xClx/PC61BM/PFN/Al 1.05 20.3 80 17.1 12.3 39 [137]

ITO/PEDOT:PSS/MAPbI3-xClx/PC61BM/LiF/Al 1.01 21.3 76 16.4 12.7 29 [138]

FTO/c-TiO2/MAPbI3/Spiro-MeOTAD/Au 1.08 20.8 78 17.7 16.1 10 [139]

ITO/PEDOT:PSS/MAPbI3/PC61BM/Ag 0.93 20.9 69 13.6 – – [140]

FTO/c-TiO2/mp-TiO2/MAPbI3-xClx/Spiro-MeOTAD/Au 0.97 21.4 68 14.1 – – [141]

FTO/c-TiO2/mp-TiO2/MAPbI3/Spiro-MeOTAD/Ag 1.08 19.6 71 15.1 5.7 165 [142]

ITO/PEDOT:PSS/MAPbI3/PC61BM/PFN-Br/Ag 1.03 18.4 78 14.8 10.2 44 [143]

Solvent mediator FTO/c-TiO2/mp-TiO2/MAPbI3/Spiro-MeOTAD/Ag 1.09 23.8 76 19.7 – – [39]

FTO/c-TiO2/mp-TiO2/FAPbI3/PTAA/Au 1.06 24.7 78 20.2 – – [44]

FTO/c-TiO2/mp-TiO2/MAPbI3-xBrx/PTAA/Au 1.11 19.6 74 16.2 – – [144]

FTO/c-TiO2/MAPbI3-xClx/Spiro-MeOTAD/Au 0.89 18.4 78 12.9 – – [145]

Laser ITO/PEDOT:PSS/MAPbI3/PC61BM/Ca/Al 0.89 16.8 80 12.6 11.2 13 [146]

Abbreviations: Voc: open-circuit voltage, Jsc: short-circuit current, FF: fill factor, PCE: power conversion efficiency, FTO: fluorine-doped tin oxide, ITO: indium tin oxide, 
c-TiO2: compact (blocking) TiO2, mp-TiO2: mesoporous TiO2, PEDOT:PSS: poly(3,4-ethylenedioxythiophene):polystyrene sulfonate, MA: methylammonium, FA: forma-
midinium iodide, PC61BM: phenyl-C61-butyric acid methyl ester, BCP: bathocuproine, PTAA: poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine], PFN: poly [(9,9-bis(3′-(N,N-
dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9–dioctylfluorene)], PIF8-TAA: poly[[(2,4-dimethylphenyl)imino]-1,4-phenylene(6,12-dihydro-6,6,12,12-tetraoctylindeno[1,2-b]
fluorene-2,8-diyl)-1,4-phenylene], P3HT: poly(3-hexylthiophene-2,5-diyl).
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carried out gradual thermal annealing (6 °C per 10 min) from 
50 to 80 °C for MAPbI3-xClx perovskite.[124] A similar trend was 
observed by Kang et al., who reported better surface coverage 
and solar cell efficiency compared to direct thermal annealing 
at 80 °C. Interestingly, the composition of halide ions, i.e., Cl/I 
percentage, is varied with the annealing procedure. The amount 
of Cl incorporated in the perovskite structure is measured to be 
1.2–4.0% at different gradual annealing conditions, where 4% 
of Cl shows a higher PCE compared to conditions.[4,130,153]

Until now, we have focused on the thermal treatment 
methods following spin-coating. Several new heat manage­
ment methods have also been introduced to obtain milli­
meter-sized grains, in contrast to the conventional post-
annealing that typically results in grain sizes ranging from 
100 to 1000 nm.[154] In 2015, Nie et al. presented a hot-casting 
method based on a solution process, where perovskite pre­
cursor solution heated at 70 °C is spin-coated onto pre-heated 
substrates at 180 °C.[120] In terms of perovskite film mor­
phology, they succeed in the effective enhancement of perovs­
kite grain size up to the millimeter scale, which is attributed 
to the prolonged grain growth in the presence of excess sol­
vent at high temperature. Reduced grain boundaries and bulk 
defects result in fast charge carrier mobility and bimolecular 

dominant recombination with a high PCE of 18% in a planar 
device architecture.

3.2. Additive Mediated Crystallization

Appropriate additives in perovskite precursor solution can facil­
itate the production of highly crystalline perovskite thin films 
without rigorous management of thermal annealing condition. 
Chemical additives can be beneficial for film homogeneity, car­
rier lifetime, surface coverage, and even device stability. Direct 
participation into the phase transformation process, including 
nucleation and growth, modulates reaction rate, and bonding 
characteristics. Currently, various types of additives, including 
organic halide (MACl, FACl, NH4Cl), organic di-halide (1,8-dii­
odooctane, 1,4-diiodobutane), pseudohalide (Pb(SCN)2), acid 
(HI, HCl), and organic small molecules (PC61BM, CN), have 
been investigated to improve the solar cell performance (see 
Table 3).

Organic halides, such as MACl, NH4Cl, and FACl, have 
commonly been used to improve perovskite film morphology, 
optoelectronic properties, and even device stability. Similar 
structures between organic precursor and organic halide 
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Figure 6.  a) SEM images of perovskite films on compact TiO2-coated FTO glass with 100 °C anneal times from 0 min to 60 min,carried out in nitrogen 
atmosphere. b) SEM images showing dependence of perovskite coverage on annealing temperature from 90 °C to 170 °C holding initial film thickness 
fixed at 650 ± 50 nm. Panels (a,b) reproduced with permission.[118] Copyright 2013, Wiley. c) UV-vis absorption spectra from mTiO2 films with perovskite 
annealed at different temperature. Reproduced with permission.[117] Copyright 2014, Wiley. d) Energy band diagram of Fermi level shift during thermal 
annealing. Reproduced with permission.[112] Copyright 2014, Royal Society of Chemistry.
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additives may offer good compatibility during crystalliza­
tion process. Burschka et al. reported the sequential deposi­
tion method of PbI2 and MAI to form MAPbI3 in 2013.[109] 
Docampo et al. tried to enhance solar cell performance in 
a similar manner, which is the immersion of PbI2 thin-films 
into the mixture of MAI and MACl additive mixture.[130] In this 
attempt, device efficiency turned out to vary with the Cl con­
centration in dipping solutions. Time-resolved photolumines­
cence measurements revealed that the immersion in mixture of 
MAI and MACl improves the lifetime of photogenerated charge 
carriers. Zuo et al. reported the improved perovskite film crys­
tallinity and morphology by using NH4Cl additive in MAPbI3 
perovskite.[132] Comparative study of MACl and NH4Cl addi­
tives revealed that NH4Cl additive shows a higher absorbance, 
smoother surface, and higher photogenerated charge carrier 
collection efficiency than MACl.

Li et al. recently reported one-step solution processing of per­
ovskite solar cells using cross-linkable bifunctional alkylphos­
phonic acid ω-ammonium chlorides.[126] Interestingly, this 
additive crosslinks adjacent perovskite grains through the 
strong hydrogen boding between –PO(OH)2 and –NH3

+ at the 
surface of perovskite (Figure 7a), thus smooth perovskite cap­
ping layer is achieved (Figure 7b). Furthermore, this additive 
induces a high loading of perovskite materials into mesoporous 
structure with enhanced surface area and percolated pathway 
(Figure 7c). Interestingly, device stability is also enhanced with 
the additives. MAPbI3 perovskite is very sensitive to moisture 
and is easily decomposed into volatile MAI and PbI2 due to 

energetically unstable grain boundaries.[155] Air stability test 
with 55% of relative humidity showed that solar cells with the 
additives maintain its original PCE of 14% during a week and 
slowly degraded over an extended period of 1000 hours. A con­
trol device without the additives shows abrupt decreases of PCE 
from 7% to 1% over a week.

The role of organic halide additives for α-FAPbI3 forma­
tion was investigated by Wang et al. in 2015.[134] Increasing 
interest in FAPbI3 perovskite as an alternative to conventional 
MAPbI3 perovskite is attribute to the lower optical band-gap 
(1.43–1.48 eV) and better thermal stability.[7,156,157] However, 
control of the phase remains a key issue due to the polymor­
phic nature of FAPbI3 at ambient; α-FAPbI3 is trigonal perovs­
kite with the band-gap of 1.5 eV and δ-FAPbI3 is non-perovskite 
phase with the band-gap of 2.48 eV.[38,156,158–160] The report 
by Wang et al. used NH4Cl, MACl and FACl, which have dif­
ferent volatility for additive-modulated evolution of α-FAPbI3 
on the mesoporous structure. While thermal annealing alone 
without additive is unable to form α-FAPbI3, low volatility addi­
tives such as MACl and FACl enable the formation of desirable 
α-FAPbI3 by phase evolution through an additive-embedded 
intermediate phase.

Liang et al. reported the effect of an organic di-halide additive 
on the film formation process and solar cells performance.[125] 
As an additive, 1,8-diiodooctane (DIO), which is widely adopted 
in organic bulk-heterojunction solar cells, is used.[161–164] DIO 
is known to directly participate in the crystallization process of 
mixed halide perovskite via temporal bidentate chelating with 
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Figure 7.  a) Schematic illustration of two neighboring grain structures in which the methyl ammonium groups are shown as one sphere for clarity, and 
the PbI6

4− octahedra are shown in red, crosslinked by butylphosphonic acid 4-ammonium chloride (4-ABPACl) hydrogen-bonding interactions (O–H…I 
and N–H…I) of the iodide from the iodoplumbate complex with the phosphoric acid (–PO(OH)2) and the ammonium (–NH3+) end groups of the 
4-ABPACl species. SEM images of b) surface and c) cross-section of pristine (control) and 4-ABPA-anchored (MAPbI3–ABPA) perovskite films deposited 
on mp-TiO2/FTO substrates by one-step spin-coating. Panels (a–c) reproduced with permission.[126] Copyright 2015, Nature Publishing Group. SEM 
images of MAPbI3 films d) without and e) with 0.15 mol of Pb(SCN)2 additive, showing that large crystal grain growth with pseudohalide additive.  
f) Average grain size of polycrystalline MAPbI3 perovskite along with the concentration of Pb(SCN)2 additive. g) Time-resolved photoluminescence of 
controlled MAPbI3 and MAPb(SCN)xI3-x. Panels (d-g) Reproduced with permission.[131] Copyright 2016, Royal Society of Chemistry.
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Pb2+ residing in axial octahedral position on Pb2+. Because 
bidentate chelation is thermodynamically more favorable than 
a monodentate one, chelation between DIO and Pb2+ leads to 
the retardation of phase transformation kinetics. More homo­
geneous perovskite films with fewer defects are attained and 
photogenerated charge carrier lifetime is also improved. Con­
sequently, PCE is improved from 9% to 12%. Following this 
work, Chueh et al. reported the effects of various alkyl halide 
additives, including different chain length and halide ions, on 
solar cell performance.[129] Systematic study of the different 
chain lengths of diiodo alkanes, such as 1,4-diiodobutane (1,4-
DIB), 1,10-diiododecane (1,10-DID), and 1,8-DIO, revealed that 
the short length of the alkyl chain is desirable for enhanced 
photovoltaic performance. Perovskite solar cells with 1,8-DIO 
and 1,4-DIB present 11.6% and 13.1% efficiency, respectively, 
because the short chains tend to easily form the chelation with 
Pb2+ and vice versa. In contrast, different halogen ions (X = Cl−, 
Br− and I−) at the end of alkyl chain influence the solvent–solute 
interaction due to the difference in C–X bonding strength. Easy 
dissociation of C–X bond is preferred to coordinate into perovs­
kite structures during the phase transformation. However, it 
is known that residual alkyl halide additives significantly dete­
riorate solar cells performance, thus, proper thermal annealing 
condition should be guaranteed.

Heo et al. demonstrated the control of crystallization process 
during simple single-step spin-coating process by the intro­
duction of hydrobromic acid (HBr) into precursor solution of 
MAPbBr3 in DMF.[62] A pin-hole-free, dense MAPbBr3 film 
rather than an island morphology results in superior solar cell 
performances with over 10% efficiency and a very high Voc of 
1.51 V. HBr additives increase the solubility of MAPbBr3 in the 
solvent, thus nucleation is initiated at a higher concentration of 
MAPbBr3 wet film. Edge-initiated crystallization is propagated 
toward the center of film due to the higher solvent evaporation 
rate of edge-side than center by centrifugal force. Hydroiodic 
acid (HI) additives into MAPbI3 precursor in DMF also showed 
a similar effect for film nucleation and crystallizations and sub­
sequently dense film formation.[121] Interestingly, planar het­
erojunction solar cells demonstrates 17% of PCE regardless of 
voltage scan rate with minimized hysteresis, which is attributed 
to the improved film homogeneity, fast charge transfer, long 
diffusion length, and 10-fold low trap density of MAPbI3 film.

In 2016, Kim et al. reported the effects of pseudohalide 
additive, Pb(SCN)2, on the crystal growth kinetics and device 
performance.[131] Pseudohalide is a halide material con­
sisting of multi-atom, including nitrogen instead of halogen 
ions. Recently, pseudohalide has received particular attention 
because of its moisture resistance and radiative recombina­
tion efficiency.[153–155] In this attempt, Pb(SCN)2 was added 
to the pre-mixed MAPbI3 precursor, which resulted in a wide 
range control of perovskite grain size from the nanoscale to 
microscale (up to 5 µm) along with the additive concentration 
(Figure 7d–f). Considering the nucleation and growth process, 
Pb(SCN)2 raises the Gibbs free energy for nucleus formation 
at room temperature and, therefore, a lower density of stable 
nuclei is generated within Pb(SCN)2 compared to pristine 
MAPbI3. Final perovskite films show MAPbI1-x(SCN)x, which 
isverified using Fourier transform infrared spectroscopy. The 
films also showed enlarged grain structure and improved 

carrier lifetime (Figure 7g). MAPbI3 and MAPbI1-x(SCN)x solar 
cells present 6.1% and 11.6%, respectively, under an identical 
device fabrication process. The role of Pb(SCN)2 additive during 
perovskite crystallization is investigated by W. Ke et al.[165] 
Interestingly, the reaction between CH3NH3

+ and SCN− pro­
duces gaseous HSCN and CH3NH2 during the crystallization. 
Gaseous CH3NH2 is well-known to enlarge the grain size of 
perovskites.[143] Therefore, overall film quality is improved by 
the reduction of grain boundaries, improvement of crystallinity, 
and passivation of grain boundaries by excess PbI2.

An interesting attempt to utilize organic small molecules 
without any halogen was recently reported. Chiang et al. demon­
strated perovskite bulk-heterojunction solar cells by using 
PC61BM additive in perovskite active layers.[127] Bulk-hetero­
junction is a widely adopted concept in the field of organic solar 
cells, which are composed of the random mixture of organic 
donor and acceptor molecules.[166–168] A two-step process was 
used to address the different solubility of perovskite precursors 
and organic small molecules. In this report, 0.1 mg mL−1 of 
PC61BM was introduced for PbI2 solution in DMF and MAI 
resolved in 2-propanol. As a result, large grain MAPbI3 was  
formed with PC61BM filled at grain boundaries. The bulk-hetero­
junction thin film presents superior film properties compared  
to MAPbI3 without PC61BM. PC61BM enhances bulk conduc­
tivity and charge mobility as well as mobility balance. Notably, 
current density–voltage curves show an identical shape regard­
less scan delay time from 0 to 500 ms without hysteresis. These 
results suggest advanced two-step fabrication method with 
various types of organic molecules may greatly enhance the 
overall film quality and light conversion efficiency.

3.3. Vapor-Induced Crystallization

Presently, the majority of hybrid perovskites are deposited 
using a solution process followed by thermal annealing. 
Because perovskite crystal is produced from precursor solu­
tions in this approach, deposition conditions greatly influence 
the film quality. In the early stage of research, the effects from 
film coating methods and annealing conditions were unclear 
even while researchers were able to produce high-performance 
solar cells. Now, it is well-recognized that the crystallization pro­
cess of hybrid perovskites is highly sensitive to the surrounding 
atmosphere during the deposition and annealing steps. Much 
research effort has been devoted to improve the quality of per­
ovskite films by the manipulation of surrounding environment 
under solvent vapors including organic solvents, methylamine 
vapor, moisture, and even vacuum (see Table 3). In this subsec­
tion, we discuss how surrounding vapors modify the evolution 
of perovskite crystal and solar cell performance.

The most popular method for vapor treatment is solvent 
annealing, in which solvent vapor is introduced during thermal 
annealing under a closed system. Previously, solvent annealing 
methods have been widely used for polymer thin-film fabri­
cation for optoelectronics.[169,170] Xiao et al. first reported the 
solvent annealing of hybrid perovskite for solar cells based 
on a two-step interdiffusion process.[135] Introduction of DMF 
vapor with high solubility for both PbI2 and MAI improves the 
mobility of precursor ions and results in a large grain growth 
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over the entire film thickness (Figure 8a,b). Transient photo­
luminescence of solvent annealed perovskite shows 7.2 µs of 
carrier lifetime, which is four times higher than 1.7 µs in a 
thermally annealed film (Figure 8c). Therefore, even 1 µm thick 
MAPbI3 can yield a PCE of 14%, which was previously lim­
ited due to the low carrier diffusion.[4,6] In addition, total trap 
density of solvent annealed MAPbI3 is dramatically decreased 
down to the one-third of the thermal annealed counterpart 
(Figure 8d). The effect of solvent annealing was verified with 
a mixed halide perovskite, MAPbI3-xClx by Liu et al.[142] Com­
bination of thermal annealing under nitrogen atmosphere fol­
lowed by solvent annealing at 90 °C resulted in large crystal 
grains and reduced the overall resistance of the solar cell device, 
resulting in a considerable device efficiency improvement.

The effect from polar solvents, including, DMF, DMSO, GBL, 
H2O, and N2, on the solar cell performance fabricated by single-
step spin-coating with anti-solvent dripping was investigated by 
Liu et al.[141] Polar solvents make perovskite grains large while 
it recrystallizes through the liquid–solid interface at the surface 
of the perovskite film. Defect density also strongly depends on 
the type of solvents. DMSO shows a high device performance 

with low defect levels according to this report. Although the 
usual solvent annealing is accompanied by thermal treatment, 
a report by Yu et al. demonstrated a room-temperature sol­
vent annealing method for highly efficient MAPbI3-xClx solar 
cells.[171] Ultrasmooth highly crystalline perovskite was attained 
by mixture solvent annealing in DMF and CB (1:20 v/v) atmos­
phere. While crystallization of MAPbI3-xClx requires thermal 
annealing for an order of few tens of minutes, mixed solvent 
annealing induces a fast crystallization within a few minutes 
even at room-temperature. Nevertheless, solvent annealing in 
general leads to higher device performances than the conven­
tional thermal annealing with improved photogenerated charge 
carrier collection efficiencies. Exposure to organic solvent 
vapor during spin-coating also influences on the perovskite 
film formation. Lian et al. reported a solvent vapor modulated 
spin-coating process for a two-step interdifussion process.[137] 
Interestingly, solvent vapor treatment during MAI spin-coating 
modifies the crystal orientation, which is not observed from 
conventional thermal and solvent annealing, suggesting a novel 
method for deposition parameter control.[112,172] This contrib­
utes to the reduction of the trap site and an increase in carrier 
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Figure 8.  SEM images of MAPbI3 perovskite films prepared by a) thermal annealing and b) solvent annealing. c) Trap density of states calculated from 
the thermal admittance spectroscopy measurement. d) Photovoltage decay under 0.3 Sun illumination measured by transient photovoltage. Panels 
(a–d) reproduced with permission.[135] Copyright 2014, Wiley. e) Trap-density of states measured from the thermal admittance spectroscopy measure-
ments. f) Recombination lifetime of perovskite solar cells with the film treated by N2, DCB and DMSO vapors. Panels (e,f) reproduced with permis-
sion.[137] Copyright 2015, Royal Society of Chemistry. g) In situ optical microscopy of the morphology evolution of two touching MAPbI3 perovskite 
crystals (same magnification) upon exposure to CH3NH2 gas and CH3NH2 degassing. h) In situ photoluminescence mapping of MAPbI3 perovskite 
film during the CH3NH2 induced defect healing; raw film, MAPbI3·xCH3NH2 intermediate film, partially degassed film (1 s after removal of gas), and 
healed film (4 s after removal of gas). i) XRD patterns of MAPbI3 (110) peaks from raw and defect-healed MAPbI3 films. Panels (g–i) reproduced with 
permission.[143] Copyright 2016, Wiley.
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lifetime; finally, PCE is improved compared with that prepared 
under pure nitrogen condition (Figure 8e,f).

Apart from solvent vapor treatment, Zhuo et al. demon­
strated an interesting use of methylamine gas for the defect 
healing of MAPbI3 perovskite.[143] When solution-processed 
MAPbI3 with defects such as grain boundaries, pin-holes, 
and void, was exposed to methylamine gas, smoothening of 
the crystal surface, melting, and collapse of grains into liquid 
occurred. Subsequent removal of methylamine gas induces 
the recrystallization of perovskite with high film uniformity 
(Figure 8g). The temporal chemical reaction between MAPbI3 
and methylamine is responsible for the liquid phase formation 
of MAPbI3•xCH3NH2. Although other organic vapors such as 
ammonium, ethylamine, or n-butylamine were tested, neither 
significant morphology change nor complete recrystalliza­
tion was observed. Photoluminescence mapping revealed how 
methylamine vapor influences the light-absorbing perovskite. 
While photoluminescence emission of as-coated films is 
completely quenched under methylamine vapor, emission is 
gradually recovered with the degassing of methylamine. Final 
perovskite films after defect healing were much denser with a 
complete photoluminescence emission over the entire meas­
urement range (Figure 8h). XRD intensity also becomes much 
stronger (Figure 8i). Room-temperature-processed solar cells 
with and without methylammonium vapor healing exhibited 
a dramatic difference in efficiency of 15.1% and 5.7% respec­
tively. A comparative study by Jiang et al. confirmed the effect 
of methylamine vapor.[140] In this report, methylammonium 
vapor was exposed during thermal annealing, demonstrating 
outstanding film quality and device performance compared 
to the conventional thermal and solvent annealing process. 
Furthermore, this method is useful for both mesoporous and 
planar architectures of perovskite solar cells.

Beyond organic solvent or molecule vapor systems, moisture 
in the atmosphere can be involved in the film formation of per­
ovskites. Hybrid perovskites are generally known to be highly 
sensitive to moisture. They readily undergo the decomposi­
tion of crystal structure and the reduction in crystallinity, while 
losing hygroscopic organic components.[155,173] You et al. inves­
tigated the film quality enhancement by thermal annealing in 
a humid environment.[138] Different crystal growth behaviors 
are observed under different atmospheres, including nitrogen, 
oxygen, and ambient air with a relative humidity of 35%. Unex­
pectedly, thermal annealing in the ambient air showed a large 
grain size, high carrier mobility, and long carrier lifetime. This 
was explained by the hygroscopic nature of MAI that assists a 
moisture accumulation at grain boundaries inducing the merge 
of neighboring grains and recrystallization. Solar cells devices 
under 40% humidity showed the maximum PCE of 17.1% com­
pared to 11.9% of the reference fabricated under 0% humidity. 
Significantly, relative humidity should be controlled near 40% 
for the best device performance as a higher humid condition 
may deteriorate the device performance.

Xie et al. reported vacuum-assisted thermal annealing 
methods using MAPbI3-xClx to avoid any vapor effect.[144] It 
is well-known that byproduct MACl gas is released during the 
formation of perovskite from MAI and PbCl2 precursors.[174–176] 
In this report, it was clearly demonstrated that the control of 
relative rates of MACl release and MACl generation is a key 

parameter for the production of high quality perovskite films 
without porosity. In the case of regular thermal annealing, 
a less dense film with larger pores was obtained due to the 
accumulation of MACl byproduct, as verified by XPS measure­
ments. In contrast, vacuum-assisted thermal annealing enabled 
both the removal of MACl byproduct and the control of MACl 
generation by temperature control. When the release rate was 
higher than the generation rate, the best PCE of 14.5% was 
achieved based on the MACl residue-free homogeneous perovs­
kite films. Concurrently, device stability was greatly improved 
without MACl residue.

3.4. Solvent-Mediated Crystallization

Organic–inorganic hybrid perovskites inherently bear strong 
ionic interactions between metal cations and halogen anions, 
which may lead to a hard controllability of film morphology 
due to the rapid reaction between precursor components. Crys­
tallization of perovskite via intermediate phase is an attrac­
tive method to control the crystal growth and produce a dense 
and homogeneous perovskite layer (Table 3). The first attempt 
to exploit the intermediate phase was reported by Jeon et al. 
in 2014.[145] An intermediate phase, MAI-PbI2-DMSO, was 
attained with a specific film preparation method (Figure 5a). In 
this work, two critical points were 1) use of co-solvent of DMSO 
with GBL and 2) dripping of anti-solvent toluene during spin-
coating process. The dripping process induces uniform frozen 
layer with the intermediated phase by washing out residual 
DMSO, which corresponds to an intercalated form of MAI and 
DMSO between the PbI2 layers. Although most of the interme­
diate phase has DMSO, DMF molecule is also known to form 
an intermediate phase based on a similar mechanism with 
DMSO (Figure 9a).[146] A solid-state phase transformation from 
the intermediate phase by thermal annealing induces highly 
dense uniform MAPbI3-xBrx as well as MAPbI3. A certified 
PCE of 16.2% was achieved with a minimal hysteresis. After­
wards, Ahn et al. investigated the formation mechanism of the 
solvent-meditated intermediate phase.[39] DMSO was found to 
form adducts with PbI2 and MAI, where DMSO and I− ions 
take the roles of the Lewis base while PbI2 works as a Lewis 
acid, resulting in a PbI2•DMSO and MAI•PbI2•DMSO adducts. 
Charge carrier dynamics studied by photoinduced charge 
extraction with linearly increasing voltage (photo-CELIV) 
presents a notable increase in the charge carrier mobility via 
intermediate phase (3.9 × 10−3 cm2 V−1 s−1) and slow recombi­
nation compared to that without DMSO (2.7 × 10−3 cm2 V−1 s−1) 
(Figure 9b,c).[110,177] The solar cell devices demonstrate highly 
reproducible performance with the best PCE of 19.7%.

Solvent-mediated crystallization was also applied to the two-
step fabrication of perovskite films. Yang et al. reported high 
performance FAPbI3-based perovskite solar cells by using an 
intramolecular exchange process (IEP) between the solvent = 
modulated PbI2 layer and the FAI layer.[44] PbI2(DMSO) was 
synthesized as a framework for molecular exchange. Conven­
tional two-step process using PbI2 is based on the crystallization 
of PbI2 from its surface toward the inside, where incomplete 
conversion of PbI2 with a film thickness over 500 nm and 
uncontrolled surface roughness prohibit the formation of 
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highly crystalline perovskite films.[109,178] In contrast, sequential 
deposition of PbI2(DMSO) and FAI raises an immediate phase 
transformation to perovskite (Figure 9d). XRD patterns show 
(111) direction oriented perovskite compared to conventional 
methods (Figure 9e). The average PCE of solar cells without 
and with solvent-modified PbI2 were 15% and 19.5%, respec­
tively, with the certified best PCE of 20.1%

3.5. Laser Crystallization

As summarized above, many different innovative approaches 
have been introduced for the high performance organic–inor­
ganic perovskite solar cells. While research demand for the com­
mercialization of perovskite solar cell is growing, large-area film 
deposition methods with high speed and process continuity 
are becoming more and more significant, as mentioned in the 
Section 2.3. Unfortunately, the majority of crystallization pro­
cesses rely on batch-type annealing conditions, which isan 
inherent bottleneck for the realization large-area, high-throughput 
device fabrication. A robust crystallization method that is available 
for large area/flexible devices at low-temperature with process 
continuity is highly desired for eventual commercial success.

Laser crystallization is a promising candidate for material 
processing and is highly attractive particularly for industry 
because of its intrinsic competitiveness such as low tempera­
ture continuous processing, compatibility with flexible device 
process, scalability, and area selectivity. Effective phase transi­
tions of inorganic materials (amorphous silicon, metal oxide, 
and other inorganic materials) are well established for localized 
areas as well as large areas with high-energy laser beams from 
excimer laser sources, with typical wavelengths in UV regime. 
Nevertheless, laser crystallization of emerging optoelectronic 
materials has not been explored much. Synergetic effects are 
expected from laser crystallization of organic–inorganic hybrid 
materials in terms of process and device performance: 1) effec­
tive crystal growth by rapid heating/cooling, 2) continuous and 
fast crystallization, and 3) compatibility with large area and/or 
flexible substrates. These benefits coincide with the demands 
for next-generation solar cells.

Realization of laser crystallization is, however, challenging 
because organic–inorganic halide perovskites are multi-com­
ponent systems containing both organic and inorganic salts. 
Organic materials are not particularly sustainable among the 
two disparate components under a high-energy laser beam 
irradiation. The key point is to grow and control the crystallites 
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Figure 9.  a) Schematic illustration of layered PbI2 parent lattice with an inter-planar distance of 6.98 Å (left), the formation process of the DMF-induced 
intermediate phase and DMF molecules intercalate into the layered structure (center) and solvent-induced controllable crystallization of perovskite 
along with the release of DMF molecules (right). Reproduced with permission.[146] Copyright 2014, Royal Society of Chemistry. b) Transient photo-
CELIV current of perovskite solar cell comprised of FTO/bl-Al2O3/mp-TiO2/MAPbI3/spiro-MeOTAD/Ag with DMF or DMSO/DMF used as solvents 
for MAPbI3. c) Current peaks (Δj) of photo-CELIV current transients normalized by their displacement current of capacitance (j0), respectively. Curves 
were fitted by polynomial fitting to compare charge extraction behavior of sample with or without DMSO. Panels (b,c) reproduced with permission.[39] 
Copyright 2015, American Chemical Society. d) Schematic illustration of FAPbI3 perovskite crystallization involving the direct intramolecular exchange 
(IEP) of DMSO molecules intercalated in PbI2 with formamidinium iodide (FAI). The DMSO molecules are intercalated between edge-sharing [PbI6] 
octahedral layers. e) XRD patterns of as formed and annealed film for FAPbI3-based layers formed by IEP (red line) and conventional (blue line) pro-
cess. Symbols a, #, and * denote the identified diffraction peaks corresponding to the FAPbI3 perovskite phase, PbI2, and FAI, respectively. Panels 
(d,e) Reproduced with permission.[44] Copyright 2015, The American Association for the Advancement of Science.
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of halide perovskites while maintaining stable undamaged 
crystal structures. Loss of organic cations degrades the stability 
of crystal structure and optoelectronic properties. Further­
more, transparent conductive oxide (TCO) and a charge trans­
port layer underlying the perovskite active layer in the device 
structure can also be degraded by a high-energy laser beam. 
Overall, soft laser crystallization of organic–inorganic multi-
component system is desirable for the upcoming hybrid-type 
optoelectronics.

In 2016, our research group demonstrated laser-crystalliza­
tion of MAPbI3 perovskite solar cells.[147] Interestingly, near 
infrared laser irradiation induces an instantaneous transfor­
mation of the as-deposited film with intermediate phase to 
perovskite crystallites (Figure 10a). Perovskite morphology 
and crystallinity are widely controllable along with the laser 
irradiation conditions, such as power density and scan rate 
(Figure 10b,c). Photogenerated charge carrier lifetime varies 
with laser power intensity, which determines total energy 
applied to the perovskite precursor thin-film for crystalliza­
tion (Figure 10d). Photothermal heating, photon-to-phonon 
conversion assisted by a conductive interfacial layer, is known 
to be critical for the phase transition in a multilayered device 
architecture. Average solar cell efficiencies of laser and con­
trolled thermally annealed perovskites are 12% and 10.4%, 
respectively. Interestingly, a low energy NIR laser source 
enables the effective laser crystallization of perovskite on a 
flexible polymer substrate with a high scan speed (61 m h−1) 

and attains 8% efficiency. Synergetic integration of laser crys­
tallization with large area solution deposition methods such 
as spray-coating,[102] slot-die coating,[101] etc. is highly antici­
pated for the further progress of flexible roll-to-roll device 
fabrication.

4. Crystallization Methods for Perovskite Light 
Emitters

4.1. Thin-Film Engineering

Confining excitons electrically or physically is an essential 
requirement for highly efficient LEDs because efficient radia­
tive recombination of excitons is crucial for light emission. An 
interesting attempt to confine excitons in 3D perovskites was 
suggested by Tan et al. in 2014.[26] In order to overcome the 
low Eb, spatial confinement via ultimate thin perovskite film 
sandwiched between large band-gap transport layers was used 
for green, red, and near infrared LEDs with 15 to 20 nm thick 
MAPbBr3 or MAPbI3-xClx perovskite (Figure 11a). The spatial 
exciton confinement leads a bright green electroluminescence 
at 517 nm with the luminance of 364 cd m−2 at a current den­
sity of 123 mA cm−2, with external quantum efficiencies of 
0.1% (Figure 11b). Near infrared emitting MAPbI3-xClx had 
a photoluminescence quantum yield of 26% and electrolumi­
nescence with radiance of 13.2 W sr−1 m−2 at a current density 

of 363 mA cm−2. In addition, the external 
and internal quantum yields were esti­
mated to be 0.76% and 3.4%, respectively. 
These results imply that spatial confinement 
induces a high rate of electron/hole capture 
and radiative recombination, and reabsorp­
tion loss is minimized because of the very 
thin emission layer thickness. Interestingly, 
EQE increases with voltage and current den­
sity (Figure 11c,d), indicating that a high 
charge density is required in the emission 
for efficient radiative recombination. How­
ever, these methods would not be the fun­
damental solutions to overcome small Eb 
of 3D perovskites. The thin perovskite layer 
possibly introduces a shunting path during 
device fabrication. Yaffe et al. reported the 
mechanical exfoliation of a 2D perovskite 
layer as a single unit cell with the thickness 
of 2.4 nm.[179] The 2D perovskite nanosheet 
exhibited a strong light–matter interaction 
with an optical absorption as high as 25% 
at the main excitonic resonance, as well as 
bright photoluminescence with an Eb of 
490 meV due to the change in the dielectric 
environment of the ultrathin film compared 
to bulk. Moreover, thermal induced phase 
transition was suppressed in this form. 
Although practical application has not been 
demonstrated, nevertheless, this would be 
promising candidate for future light emis­
sion of perovskites (Table 4).
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Figure 10.  Laser crystallization of organic-inorganic perovskite solar cells. a) Schematic illus-
tration of laser crystallization by near-infrared laser beam. Near-infrared laser beam with a 
wavelength of 1064 nm is irradiated onto MAPbI3 precursor coated surface with stage trans-
lation. SEM images of b) as-deposited andc) laser-crystallized MAPbI3 perovskite films. 
d) Time resolved photoluminescence along with laser beam power density. e) Power conver-
sion efficiency distribution of perovskite solar cells based on conventional thermal annealing 
(100 °C for 5 min) and laser crystallization (80 W cm−2 and 0.1 mm s−1). Reproduced with 
permission.[147] Copyright 2016, American Chemical Society.
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4.2. Solvent Treatments for Nanoscale Crystal Pinning

Conventional spin coating of light-emitting MAPbBr3 perovs­
kite usually results in a poor surface coverage andrough, non-
uniform surfaces due to the formation of large size cuboids 
(Figure 12a).[62] As mentioned previously, perovskite films for 
light harvesting should be homogeneous and dense with a 
large grain size (few hundred nanometer to millimeter scale) to 
achieve efficient exciton dissociation at room temperature and 
long charge carrier diffusion.[120] In contrast, the eventual goal 
of perovskite LEDs is the homogeneous and dense film forma­
tion that can spatially confine excitons for radiative recombina­
tion. In 2015, Cho et al. reported a nanocrystal pinning process 
(NCP) that uses volatile anti-solvent without (S-NCP) and with 
dissolved electron transport material (A-NCP) during the spin­
ning of MAPbBr3.[14] The fabricated PeLED demonstrated excel­
lent current efficiencies from 21.4 to 42.9 cd A−1 with a glass/
self-organized conducting polymer (SOCP)/MAPbBr3/TPBi/
LiF/Al device configuration. The high efficiency was princi­
pally attributed to the well-controlled film morphology. NCP 
leads to homogeneous perovskite films with full surface cov­
erage and scattered cuboidal microcrystalline growth changes 
into well-interconnected nanocrystals growth with relatively 

small grain size. A-NCP shows much smaller 
grains compared with S-NCP (Figure 12b,c). 
The entire film thickness of perovskite emit­
ting layer was around 400 nm (Figure 12d). 
Consequently, the average grain size and 
exciton diffusion length reached 99 and 
67 nm, respectively. This signifies that spa­
tial confinement of electrons and holes in 
each grain leads to the shorter diffusion 
length than grain size. Current efficiency and 
luminance along with voltage clearly show 
high efficiency and luminance with A-NCP, 
which represent maximum EQE of 8.53% 
(Figure 12e,f). Nevertheless, it is necessary to 
gain an accurate understanding of the pheno­
menon and unrevealed mechanism of the 
A-NCP process for highly efficiency PeLEDs. 
A modified NCP process using an anti-sol­
vent and solvent mixture for efficient PeLED 
was demonstrated by Jiao et al. in 2016.[187] A 
mixture of chlorobenzene and DMF was used 
to obtain efficiency improvement and device 
stability. Using this approach, a luminance of  
3868 cd m−2 and current efficiency of  
0.54 cd A−1 was achieved, which is 20-fold 
improvement compared to the control devices.

While the generation of uncoordinated 
metallic Pb increases non-radiative recom­
bination rate of MAPbBr3 films regardless 
of solvent engineering, it is essential to sup­
press the formation of metallic Pb to maxi­
mize the effects of nanocrystal pinning.[14,196] 
The high efficiency PeLEDs were demon­
strated on the basis of effectively eliminating 
of exciton quenching sites, metallic Pb spe­
cies, using a modified emitting layer with sto­

ichiometry unbalance.[47,187] Delicate control of the MABr:PbBr2 
molar ratio from 1:1 to 1.05:1 constrains to form metallic Pb 
atom and, as a result, current efficiency of PeLED varied from 
0.183 to 21.4 cd A−1.[14] Excess MABr prevents the formation of 
metallic Pb atoms and suppresses exciton quenching and also 
reduces the charge injection barrier because of the absence of 
the PbBr2 passivation layer with a large band gap.[197] In addi­
tion, the metal species released from the indium tin oxide (ITO) 
electrode can be a strong exciton quencher in PeLEDs, which 
have long exciton diffusion lengths. Therefore, use of graphene 
as an ITO-free electrode resulted in a significant increase in 
device efficiencies from 10.8 to 18 cd A−1.[198]

4.3. Additive-Modulated Crystallization

Uniform surface emission is an essential aspect of planar 
lighting sources. The cuboidal growth nature of MAPbBr3 
perovskite prepared by simple spin-coating, however, com­
monly leads to an island-like morphology with poor surface 
coverage, resulting in a starlight-like emission rather than the 
reliable uniform emission (Figure 13a). A report from Li et al. 
investigated the blends of MAPbBr3 perovskite and polyimide 
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Figure 11.  a) Energy-level diagram of infrared PeLED, showing conduction and valence band 
levels with respect to vacuum. b) Absorbance (black), normalized electroluminescence (green, 
solid) and normalized photoluminescence (green, dashed) spectra of MAPbBr3 perovskite. 
Normalized electroluminescence spectrum of MAPbBr2I mixed halide perovskite is shown in 
red. Inset image: uniform green and red electroluminescence from ITO/PEDOT:PSS/MAPbBr3/
F8/Ca/Ag and ITO/PEDOT:PSS/MAPbBr2I/F8/Ca/Ag PeLEDs, respectively. c) EQE versus 
voltage characteristics of the green PeLED. d) EQE versus current density of the green PeLED. 
Inset: Green PeLED device structure. Reproduced with permission.[47] Copyright 2014, Nature 
Publishing Group.



www.advenergymat.de

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1602596  (20 of 29)

www.advancedsciencenews.com

Adv. Energy Mater. 2017, 7, 1602596

Table 4.  Summary of PeLED performance with various crystallization methods.

Method Morphology Device structure CE  
[cd A−1]

EQE  
[%]

Lmax [cd cm−2, 
Wsr m−2*]

Vth  
[V]

EL  
[nm]

FWHM  
[nm]

Ref.

Thin-film 

engineering

thin film ITO/PEDOT:PSS/MAPbBr3/F8/Ca/Ag 0.3 0.1 364 3.3 517 – [26]

Interfacial 

engineering

thin film ITO/MAPbI3-nCln/Spiro-OMETAD/Au – 0.48 7.1* 1.45 405 42 [180]

thin film ITO/PEDOT:PSS/MAPbBr3/ZnO/Ca/Ag 21 – 550 2 – – [181]

thin film ITO/Buf-HIL/MAPbBr3/TPBi/LiF/Al 0.577 0.125 417 4 543 20 [61]

thin film ITO/c-TiO2/EA/MAPbBr3/SPB-02T/MoO3/Au 0.22 0.051 544 ≈2.3 – – [27]

thin film ITO/ZnO-PEI/MAPbBr3/TFB/MoO3/Au – 0.8 20000 2.8 532 22 [182]

thin film ITO/ZnO-PEI/MAPbI3-nCln/TFB/MoOx/Au – 3.5 28* 2.2 768 37 [182]

Additives thin film ITO/MAPbBr3-PEO/In/Ga 0.38 0.083 4064 2.9 532 23 [183]

thin film ITO/MAPbBr3-PEO/AgNWs 4.91 1.1 21014 2.6 – – [184]

thin film ITO/PEDOT:PSS/MAPbBr3-PIP/F8/Ca/Ag – 1.2 200 ≈3.1 534 19 [185]

thin film ITO/Poly-TPD/BAI:MAPbI3/TPBi/LiF/Al 0.09 10.4 – – 748 – [28]

thin film ITO/PVK/BAI:MAPbBr3/TPBi/LiF/Al 17.1 9.3 2900 – 513 – [28]

Solvent 

treatment

thin film ITO/PEDOT:PSS/MAPbBr3/SPB-02T/LiF/Ag 0.43 0.1 3490 ≈2.1 540 – [186]

thin film ITO/PEDOT:PSS/MAPbBr3/Bphene/LiF/Ag 0.54 0.13 3846 3.2 528 21 [187]

thin film Glass/SOCP/MAPbBr3/TPBi/LiF/Al 42.9 8.53 15000 4 – – [14]

Inorganic 

substitution

thin film ITO/PEDOT:PSS/CsPbBr3/F8/Ca/Ag 0.035 0.008 407 3 527 18 [188]

Nanostructuring nano plate ITO/PEDOT:PSS/MAPbBr3/PVK:PBD/BCP/LiF/Al – 0.48 10590 3.8 20 [189]

nano plate ITO/PEDOT:PSS/FAPbBr3:LiCF3SO3:TMPE/Al – – 1.3 11–12 – – [190]

QD ITO/PEDOT:PSS/PVK/FAPbBr3/TPBI/LiF-Al 0.43 0.12 946 4.2 514 23 [191]

QD ITO/PEDOT:PSS/PVK/CsPb(Cl/Br)3/TPBI/LiF-Al 0.14 0.07 742 5.1 452 20 [191]

QD ITO/PEDOT:PSS/PVK/CsPb(Br/I)3/TPBI/LiF-Al 0.08 0.09 528 4.6 586 23 [191]

thin film ITO/PEDOT:PSS/CsPbBr3/B3PYMPM/CsCO3/Al 0.57 0.15 7276 2.8 524 18 [192]

nano particle ITO/PEDOT:PSS/Poly-TPD:PFI/CsPbBr3/TPBi/LiF/Al 0.19 0.06 1377 3.5 516 18 [13]

nano particle ITO/ZnO/CsPbBr3/TFB/MoO3/Ag 0.28 0.19 2335 2.8 523 19 [48]

nano particle ITO/ZnO/CsPbI3/TFB/MoO3/Ag – 5.7 206 – 698 31 [48]

nano particle ITO/ZnO/CsPbI3-nBrn/TFB/MoO3/Ag – 1.4 1559 – 619 29 [48]

nano particle ITO/ZnO/CsPbBrnCln/TFB/MoO3/Ag – 0.0074 8.7 – 480 17 [48]

Low dimension thin film ITO/TIO2/PEA2MAn-1PbnI3n+1/F8/MoO3/Au – 8.8 80* 3.8 [16]

thin film ITO/PEDOT:PSS/poly-TPD/BA2MA2Pb3I10/TPBi/LiF/Al 0.1 2.29 214 2.7 700 52 [193]

thin film ITO/PEDOT:PSS/poly-TPD/BA2MA4Pb5Br16/ 

TPBi/LiF/Al

3.48 1.01 2246 3.3 523 24 [193]

thin film ITO/PEDOT:PSS/poly-TPD/BA2MA2Pb3Br7Cl3/ 

TPBi/LiF/Al

0.006 0.01 21 5.2 468 28 [193]

thin film ITO/Buf-HIL/PEA2MAn-1PbnBr3n+1/TPBi/LiF/Al 4.9 – 2935 3 520 20 [32]

thin film ITO/PEA2MA2PbI4/OXD7/MgAg 2 – >10 000 – 520 10 [194]

Lower 

dimension/

nanostructuring

nano particle ITO/PEDOT:PSS/poly-TPD/(OA)2(MA)2Pb3Br10/ 

TmPyPB/LiF/Al

1.43 0.53 704 3.5 508 27 [15]

nano plate ITO/PEDOT:PSS/(PEA)2PbBr4/TPBi/Ca/Al – 0.038 – 2.5 410 – [195]

MA: methylamine, FA: formamidinium, PEA: phenylethylamine, BA: butylamine, OA: octylamine; F8: poly(9,9-dioctylfluorene), Spiro-OMETAD: 2,2′,7,7′-tetrakis(N,N-
di-p-methoxyphenylamine)-9,9-spirobi-bi-fluoren, Buf-HIL: buffered hole-injection layer, SPB-02T: spirobifluorene-triphenylamine conjugated copolymer, TFB: 
poly(9,9-dioctyl-fluorene-co-N-(4-butylphenyl)diphenylamine), PEO : poly(ethylene oxide), PIP: polyimide polymer, Bphene : batho-henanthroline, PBD : 2-(4-biphenylyl)-
5-phenyl-1,3,4-oxadiazole, TMPE: trimethylolpropane ethoxylate, B3PYMPM: 4,6-Bis(3,5-di(pyridin-3-yl)phenyl)-2-methylpyrimidine, TmPyP : 1,3,5-Tri(m-pyridin-3-ylphenyl)
benzene, BCP: bathocuproine; TBPi: 2,2′,2″-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole), OXD7: oxadiazole derivative, TPD: N,N′-bis(3-methylphenyl)-N,N′-
diphenylbenzidine), PVK: poly(9-vinlycarbazole).
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precursor dielectric (PIP) to form uniform thin films.[185] 
Notably, the blend films show a morphology like the embed­
ment of nanocrystal perovskites in a uniform PIP matrix 
without pinholes (Figure 13b). Because of the reduction of 
non-radiative recombination and efficient charge blocking of 
the polymer matrix, PeLED based on 1:2 ratio of PIP:MAPbBr3 
blend films yield 200 cd m−2 at current density of 3.1 mA cm−2 
and maximum 1.2% of EQE, which varies along with the ration 
of PIP (Figure 13c).

Depending on the electrical property of blending polymers, 
the perovskite and polymers blends contribute to the develop­
ment of single layer PeLED without any transport layers sand­
wiching the perovskite layer. Li et al. reported a light-emitting 
single layer using MAPbBr3 and poly(ethyleneoxide) (PEO) 
with device architecture ITO/MAPbBr3-PEO composite/In/
Ga or Au.[183] Inclusion of the PEO results in a homogeneous 
film formation with full surface coverage, as the case of 
MAPbBr3-PIP blends (Figure 13c–e). More significantly, PEO 
is known to be a good ionic conductor, induces ionic migra­
tion in the blended films, and consequently forms a p-i-n 
homojunction (Figure 13g). In contrast, poor ionic conductors 
and insulators such as PVDF (polyvinylidene fluoride) and 
PS (polystylene) have an insulating nature with 50 000 times 
lower conductivity than PEO. The PeLED with PEO exhibits 
maximum current efficiency of 0.74 cd A−1 with a low turn 
on voltage and maximum luminance of 4064 cd m−2, which 
is comparable to the previously reported multilayer-based 
PeLED, where the pure perovskite emitter shows a maximum 
current efficiency of 0.09 cd A−1 (Figure 13h). Process flexi­
bility of the blend films offers an opportunity to fabricate fully 
pintable PeLEDs. Bade et al. demonstrated printed PeLED 
using MAPbBr3 and PEO blends on both rigid ITO/glass and 
flexible carbon nanotubes (CNTs)/polymer substrates.[184] 

The blend films were deposited using doctor-blade coating 
with silver nanowire cathodes. Typical printing process under 
ambient air produced PeLEDs with a high luminance of 
20 000 cd m−2 and current efficiency of 4.91 cd A−1 with an  
EQE of 1.1%.

Yu et al. achieved uniform MAPbBr3 perovskite films by 
introducing HBr into precursor solution.[186] Films from 
MAPbBr3 dissolved in DMF only show cube-shaped crystals 
with poor emission characteristics (Figure 13i). As film coverage 
is increased with HBr composition, 6 vol% shows full coverage 
and smooth surface without cube-shaped crystals resulting in a 
uniform surface green emission (Figure 13j). The PeLED with 
6 vol% HBr in the DMF exhibited the maximum luminance of 
3490 cd m−2 and maximum current efficiency levels as high as 
0.43 cd A−1 at 4.3 V (Table 4). Recently, Xiao et al. revealed that 
large-group ammonimum halide additive, n-butylammonium 
halide (BAI and BABr), suppresses the growth of 3D perovs­
kite grains and produces small-sized perovskite crystallites as 
small as 10 nm. Thereby, the EQE of conventional MAPbI3 and 
MAPbBr3 PeLEDs exceeded 10% and 9%, respectively.[28]

In 2016, Wei et al. reported very bright and durable cesium 
lead bromide (CsPbBr3) PeLEDs using single-step spin-coating 
of CsPbBr3 and CsBr additives in DMSO.[192] CsBr additive 
promotes (110) the directional growth of crystals into smooth 
microplates with an enhanced photoluminescence inten­
sity and carrier lifetime. PeLEDs show a high luminance of 
7276 cd m−2 and high color purity with a full width at half 
maximum of only 18 nm. Furthermore, the as-fabricated LEDs 
reveal an outstanding ambient stability with a decent lumi­
nance output (>100 cd m−2, steady increase without any degra­
dation trend) for at least 15 h under a constant driving current 
density. This was attributed to thermal stability and resistance 
to joule heating during the device operation.

Adv. Energy Mater. 2017, 7, 1602596

Figure 12.  SEM images MAPbBr3 layers and PeLED characteristics with solvent treatment (A-NCP, S-NCP). SEM images of MAPbBr3 layers of  
a) MABr:PbBr2 without NCP, b) with S-NCP, and c) with A-NCP. d) Cross-sectional structure of PeLEDs. e) Current efficiency and f) luminance of 
PeLEDs based on A-NCP and MAPbBr3 nanograin emission layers. Reproduced with permission.[14] Copyright 2015, The American Association for the 
Advancement of Science.
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4.4. Nanostructured Perovskite Crystals

A considerable merit of nanostructuring is the substantial vari­
ation in optoelectronic properties. For instance, the low Eb of 
MAPbBr3 microcrystalline (84 meV) can be greatly enhanced 
with nanoparticle formation (320 meV) (Table 2). Nanostruc­
tured 3D perovskite crystals can be formed regardless of com­
ponents and composition of perovskites by managing synthetic 
methodology.[13,179,189,191,192,199–202] Nanostructured perovskites 
show further improved photoluminescence and long recom­
bination lifetime by surface passivation effects from ligand 
stabilization (Table 4). The key benefits of nanostructured per­
ovskites are Eb increase and fast interfacial charge transport, 
which enables highly efficient lead halide perovskite quantum 
dot LEDs.[203]

The first synthesis of MAPbBr3 perovskite nanoparticles 
using nanotemplates was reported by Schmidt et al.[204] These 
nanoparticles can be maintained as stable in the solid state 
as well as in the concentrated solutions for more than three 

months. Colloidal solution and the spin-cast thin film emit 
light with narrow bandwidth in the visible spectrum with a 
high photoluminescence quantum yield (20%). The nanoparti­
cles capped with by n-octylamine ligand exhibited high photo­
luminescence quantum yields (50–70%).[205] Furthermore, the 
nanoparticles exhibited a high luminescence and photostability 
in toluene dispersion.[199] Conventional semiconductor type 
quantum dots exhibit a broadening of the luminescence spec­
trum due to the non-negligible distribution of the particle size. 
In contrast, inorganic cation substituted in the place of organic 
cation, CsPbBr3 nanoparticles show high stability, and no color 
broadening effect compared with MAPbBr3. CsPbBr3 has a 
high quantum yield of 90% with a negligible self-absorption 
and Förster resonance energy transfer, but also no photolumi­
nescence peak position changes even under temperature varia­
tion.[202] Nonetheless, the PeLED performance based on nano­
particles is still lower than conventional thin-film-based PeLED. 
This is primarily attributed to the lack of proper perovskite film 
preparation methods for complete surface coverage.

Adv. Energy Mater. 2017, 7, 1602596

Figure 13.  SEM images of a) perovskite only and b) ½ PIP/perovskite on PEDOT:PSS coated silicon. c) External quantum efficiency peak value versus 
MAPbBr3/PIP weight ratio. Panels (a–c) reproduced with permission.[185] Copyright 2015, American Chemical Society. SEM images of d) bromide 
perovskite only, and bromide perovskite/PEO composition with PEO/perovskite ratio e) 0.75:1 and f) 1:1. g) Schematic illustration of ion migration 
under an applied electric field in the MAPbBr3/polymer composite with ionic conductive polymer (top) or ionic insulating polymer (bottom). Cations 
and anions will be transported by the ionic conductive polymer and accumulate close to the electrodes, resulting in formation of p-i-n junction. No 
junction formation will occur when an ionic insulating polymer is used. h) Current efficiency versus voltage characteristics of the single-layer MAPbBr3/
PEO LEDs with 0.5:1 (black solid line), 0.75:1 (red dashed line), and 1:1 (blue dots) PEO/MAPbBr3 ratios. Panels (d–h) Reproduced with permission.[183] 
Copyright 2015, Wiley. SEM images of i) pristine MAPbBr3 perovskite j) with HBr 6 vol% (insets shows EL from perovskite LED with 1 cm−2 active area.) 
Panels (i,j) reproduced with permission.[186] Copyright 2016, Royal Society of Chemistry.
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In 2016, Liang et al. reported layered lead bromide 
perovskite nanoplates using 2-phenylethylammonium 
(C6H5CH2CH2NH3

+, PEA) lead bromide, (PEA)2PbBr4.[195] The 
nanoplate-based thin film was prepared using DMF solvent 
vapor annealing from a simply spin-coated (PEA)2PbBr4 film. 
as the as-deposited film had a homogeneous polycrystalline 
morphology (Figure 14a), while microsized nanoplates were 
observed after the annealing of an as-deposited thin film under 
DMF atmosphere (Figure 14b). PeLEDs with (PEA)2PbBr4 emit 
violet of 410 nm with a narrow bandwidth of 14 nm due to the 
high band-gap compared with conventional 3D MAPbBr3. The 
EQE of the PeLEDs based on the thin film and nanoplates show 
0.002 and 0.04%, respectively (Figure 14c). Despite the 20 times 
increase in EQE by synergetic effects of 2D and nanoplates, 
full film coverage should be addressed to minimize the current 
loss.

Nearly complete nanocrystal film coverage was demon­
strated by Li et al. in 2016[48] using trimethylaluminium (TMA) 
crosslinking agent to cesium lead halide (CsPbX3) perovskites 
nanocrystals. High-resolution TEM images of cesium lead 
iodide (CsPbI3) perovskites before and after TMA crosslinking 
indicate that TMA vapor treatment creates alumina networks 
(Figure 14d,e). Traditional crosslinking methods using ligand 
exchange often generate cracks, which can play the role of 
an electrical shunting pathway and, moreover, closely packed 
nanocrystals could lead to the self-quenching of excitons. The 
TMA vapor-based crosslinking method links nanocrystals by 
hydroxide-terminated aluminum oxide while preserving the 
original structure and electro-optical properties because it does 

not involve ligand exchange (Figure 14f). As crosslinking with 
TMA make films insoluble to toluene, deposition of a transport 
layer has no critical effect on the properties of perovskite nano­
particles. Synergetic effects of exciton confinement in the 
perovskite nanoparticles and nearly complete film coverage 
result in a remarkable EQE of 5.7%.

4.5. Low-Dimensional Perovskites

Beyond the nanostructured 3D perovskites introduced in the 
previous subsections, low-dimensional perovskites, i.e., 2D, 1D 
and 0D perovskites with finite numbers of layers, can offer con­
siderable merits as light emitters. Large size organic cations in 
perovskite structures with a tolerance factor over 1 may induce 
layered A2BX4 structures as the large organic cation is diffi­
cult to fit into the cuboctahedral cavity. The electric structure 
of the layered hybrid perovskites shows a multiple nanoscale 
quantum-well structure, where alternating 2D inorganic semi­
conducting layers of PbX4 and organic ammonium layers of 
RNH3 (R = alphatic compound) constitute quantum wells and 
barriers, respectively.[36] The strong confinement of electrons 
and holes in the layered structure renders large Eb inducing 
an efficient luminescence yield (Table 2). Consequently, the 
layered perovskites are promising structures to simultaneously 
strengthen the Eb and reduce the exciton diffusion length for 
light-emitting applications (see Table 2 and 3).

The first pioneering report on the LED application of low-
dimensional perovskite was published about 20 years ago by 
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Figure 14.  a) SEM image of the (PEA)2PbBr4 thin film without DMF treatment and b) SEM image of the (PEA)2PbBr4 nanoplates obtained by annealing. 
c) Current-voltage J–V dependence (red symbols) and EQEs (blue symbols) for PeLEDs fabricated with (PEA)2PbBr4 thin film. Panels (a–c) repro-
duced with permission.[195] Copyright 2016, American Chemical Society. High-angle annular dark-field scanning TEM (HAADF-STEM) images of 
untreated (d) and TMA-treated (e) CsPbI3 nanoparticle, used for size-distribution analysis. f) Reaction schematic of the TMA crosslinking process.  
Panels (d–f) Reproduced with permission.[48] Copyright 2016, Wiley.
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Era et al.[194] A PeLED using solution-processed (C6H5C2H4

NH3)2PbI4 (PAPI, PA = phenylammonium ion) layered per­
ovskite exhibited a strong photoluminescence and electrolu­
minescence over 10 000 cd m−2 at 2 A cm−2 with the device 
architecture of ITO/(C6H5C2H4NH3)2PbI4 (PAPI)/oxadiazole 
derivative/Mg/Ag. Notably, emission bandwidth was estimated 
to be only 10 nm, indicating very high color purity. This result 
was attributed to the stable exciton formation with a large Eb 
originated from the quantum well band structure from the low-
dimensional perovskite nature. Since this first report, layered 
perovskites have been considered a promising candidates for 
the enhanced structural stability for LEDs. Despite the great 
potential of low-dimensional perovskite, it has unfortunately 
stayed out of the limelight during the past 20 years. Recently, 
research interest in low-dimensional hybrid perovskites with 
bulky organic cations has again increased, principally due to 
the fundamental limits of 3D hybrid perovskites such as low 
Eb and long diffusion length. In this context, low dimensional 
perovskite is a simple structure to enhance the electrolumines­
cence efficiency and stability of LEDs.[15,16,32,193,206]

Generally, aliphatic amines can be used as organic cations 
to form layered perovskites. In 2011, Kitazawa et al. reported 
the fabrication of the thin films of microcrystalline (CnH2n+1N
H3)2PbX4 and studied the influence of the number of carbon 
atoms in aliphatic amines on the excitonic properties.[207] With 
the number of carbons from 1 to 12, the interlayer spacing 
is controlled while maintaining the thickness of quantum 
well unchanged. Along with the alkyl chain length, structural 
phase formation and excitonic structure could be varied, while 
influencing photoluminescence properties. From the temper­
ature-dependent photoluminescence spectra, exciton binding 
energies were estimated to be 350–420 ± 50 meV. Hu et al. 
explored a series of 2D perovskites with a general formula of 
(C4H9NH3)2(CH3NH3)n−1PbnI3n+1 and which have multiple 
quantum well structures.[193] The quantum well band gap of 
perovskite compounds could be modified by mixing stoichio­
metric quantities of alkyl amine components, resulting in the 
gradually tunable band gap and emission spectra with sustained 
high Eb. A series of PeLEDs emitting red, green, and blue light 
were easily fabricated by tuning the molecular composition 
and halide substitution. Among them, the red-emitting PeLED 
exhibited the best luminance of 214 cd m−2 with the maximum 
EQE of 2.3%.

As discussed above, low-dimensionality leads to more effi­
cient exciton confinement but it comes with the expense of 
poorer electric conductivity, which originates from the poor 
charge-transporting properties of enlarged insulating organic 
amine groups. In order to secure the efficient exciton confine­
ment effect without a significant loss of charge transport capa­
bility, large organic amine cations and fine control of the molar 
ratio of organic amine are essential.[32,34] Notably, aromatic 
organic amines offer charge carrier mobility based on their 
conformation of intra-aromatic π–π interaction and orienta­
tion to inorganic layers. In 2016, Yuan et al. reported PeLEDs 
based on the multilayered quasi-2D perovskites by incorpo­
rating the aromatic bulky cation phenylethylammonium (PEA 
= C8H9NH3). In this attempt, the dimensionality of perovs­
kite is modulated by the ratio of PEA iodide (PEAI) and MAI, 
resulting in PEA2(CH3NH3)n−1PbnI3n+1 perovskite. Electronic 

structures, particularly the conduction band minimum, tend to 
gradually increase with the number of layers <n>, while the val­
ance band maximum stays around the same position. In addi­
tion, Eb is also increased with the decrease of dimensionality 
from 21 ± 3 (n = ∞) to 83 ± 3 meV (n = 3) due to the strong 
dielectric confinement. The photoluminescence emission 
peaks undergo blue shifts as the n value decreases (Figure 15a). 
Quantum yields reach higher values of 10.1% and 10.6% with 
<n> = 3 and <n> = 5, respectively, while 3D perovskite shows 
a negligible quantum yield. Interestingly, a practical quasi-2D 
perovskite film based on solution process consisted of various 
<n> rather than single <n>, which indicates the distribution 
of various energy band gaps. This report revealed that photo­
excitation is transferred toward the smallest band gap compo­
nents that excitons radiatively recombine (Figure 15b,c), which 
is properly named a funneling mechanism. PeLEDs with the 
structure of ITO/c-TiO2/perovskite/F8/MoO3/Au shows sim­
ilar electroluminescence peak shifts to the photoluminescence 
cases along with the number of <n> (Figure 15e). The best per­
formance is observed from <n> = 5 with 8.8% with a high EQE 
with radiance of 80 W sr−1 m−2.

5. Conclusion and Outlook

We have reviewed the current progress and status of organic–
inorganic hybrid perovskites for efficient solar cells and LEDs, 
focusing on how the crystallization methods influence the prop­
erties of the resulting perovskite and the device performance. 
As most of the hybrid perovskites undergo crystallization from 
their precursor solutions, effective crystal growth is critical to 
attain the desired material properties. In particular, optoelec­
tronic properties of the hybrid perovskites, the key parameter 
for efficient device demonstration, are widely tunable by crys­
tallization methods such as thermal and solvent annealing, 
solvent-based intermediates, additives mediation, blending 
organic molecules, laser crystallization, and low-dimensional 
perovskite crystals. Significantly, Eb of hybrid perovskite is wide­
spread (few tens to few hundreds of meV) depending on the 
crystalline dimension and the size of the crystallites, namely, 
3D perovskite with thin-film morphology has a quite lower Eb 
than 2D counterparts with nanostructures. Obviously, judicious 
choice of materials and crystallization strategies are essential 
to maximize device performance for both light-harvesting and 
emitting devices.

To date, hybrid perovskite light harvesters have accom­
plished great success in terms of device efficiency as well as 
a low-cost solution process surpassing other thin-film solar 
cell technologies. Inherent superior light harvesting capability 
has led hybrid perovskite materials to the center of atten­
tion. Notably, the crystallization of hybrid perovskite proceeds 
rapidly because of the strong ionic interaction between the 
metal cation and the halide anions. Thus, delicate control of 
the crystallization behavior is critical for high-efficiency solar 
cells. Aforementioned crystallization methods have aimed at 
uniform, dense and homogeneous 3D polycrystalline perovs­
kite films, indicating i) high surface coverage, ii) large grain 
size with minimal grain boundaries, iii) low trap density by 
managing defect states, and iv) reduced recombination rate. 
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Currently, solvent-mediated crystallization of perovskites via an 
intermediate phase generally demonstrates high device perfor­
mance with dense film morphology and the large grain growth. 
Along this line, single-crystalline hybrid perovskite could boost 
the solar cells efficiency, even to over 25%. In fact, there have 
been interesting reports on single-crystal perovskite-based opto­
electronics. Integrated photodetectors on perovskite wafer as 
thin as ≈150 µm demonstrates superior performance compared 
to microcrystalline thin films particularly because ofthe high 
quality crystals with low trap density.[208–210]

From the perspective of a perovskite light emitter, consider­
able progress in the perovskite light-emitting materials have 
recently been realized. In the initial stage, the fundamental 
limitation of PeLED was the low Eb of conventional 3D hybrid 
perovskites, which readily induces the quenching of excitons. 
Thus, similar approaches to the perovskite light harvesters 
resulted in a negligible light emission from PeLEDs. Research 
efforts to improve the efficiency of PeLEDs have been devoted 
to the exciton confinement in grains and thereby improving 
exciton binding energies. Although a 3D perovskite has a rela­
tively lower Eb than low-dimensional counterparts, nanoscale 
grain formation (size < 100 nm) and nanostructuring of the 
3D bulk perovskite crystals may enhance exciton confinement 
and current efficiency of PeLED. It is worth noting that the 
exact mechanism of high current efficiency with nanoscale 

perovskite grains is unclear, as it has been generally considered 
that a large number of grain boundaries may reduce the radia­
tive decay of excitons in the previous inorganic LED researches. 
Nonetheless, recent research tends to prefer low-dimensional 
or nanostructured perovskites. Practically, low-dimensional per­
ovskites and nanostructures such as nanoparticles, nanoplates, 
and quantum dots show high Eb on the order of a few hundred 
meV. However, the device efficiency is still limited due to the 
lack of methods forming uniform thin film with complete sur­
face coverage. Effective thin-film formation based on the low-
dimensional nanostructured perovskite should be one of the 
principal challenges for future PeLEDs.

Putting the dramatic evolution of perovskite optoelectronics 
on hold, enormous effort is still necessary for the realization 
of practical perovskite optoelectronic devices for real-world 
applications. Currently, the best performing perovskite opto­
electronic devices are still based on toxic Pb metal cations. 
Toxic-element-free perovskites are crucial for the environmen­
tally benign clean energy supply. In this regard, non-toxic metal 
cations such as Sn, Bi, and Ge have been proposed as alterna­
tives but the device performances based on those elements 
need to be greatly improved. The stability issue of perovskite 
crystals also must be addressed for the reliable long-term out­
door device operation. As is well-known, rapid decomposition 
of typical organic–inorganic hybrid perovskites upon humidity, 

Figure 15.  a) Steady-state photoluminescence spectra for perovskites with different 〈n〉 values. b) The carrier transfer process in <n> = 3 perovskite 
(left) and 〈n〉 = 5 perovskite (right). c) Multi-phase perovskite materials PEA2(CH3NH3)n−1PbnI3n+1 channel energy across an inhomogeneous energy 
landscape, concentrating carriers to smallest bandgap emitters. The arrows represent the carrier transfer process. d) Electroluminescence spectra of 
perovskites with different 〈n〉 values. e) Summary of the device EQE for perovskites with different 〈n〉 values compared with the best reported device 
EQE for an iodide-based 3D perovskite LED. The average EQE for 〈n〉 = 3 perovskite LEDs is 8.42%, based on more than 30 devices. Error bars represent 
the standard deviation of several devices. Reproduced with permission.[16] Copyright 2016, Nature Publishing Group.
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light-soaking, and even bias stress is a major bottleneck for 
the device reliability. Furthermore, development of rapid con­
tinuous crystallization process is an urgent demand for both 
solar cells and displays together with the current industrial 
trend toward flexible and wearable devices. Presently, batch 
type crystallization with time-consuming temperature control 
is dominant, which inherently limits the development of flex­
ible perovskite devices despite genuine material flexibility of 
organic–inorganic hybrid perovskites. From this perspective, 
laser crystallization, which is already widely used in the inor­
ganic material crystallization for display industry, should be a 
promising candidate because of its unprecedented advantages, 
including genuine continuous processibility, large-area scal­
ability and instantaneous processing under ambient conditions, 
minimal influence in the surrounding device structures, and so 
on. Our research group recently demonstrated that low energy 
laser crystallization of perovskite using near infrared laser is a 
promising crystallization method for perovskite device struc­
tures, which is also compatible to the roll-to-roll process for 
beam-damage-free perovskite optoelectronics. Despite all these 
remaining challenges, continued research effort in this field is 
anticipated to open a bright outlook for perovskite-based opto­
electronics in the near future.
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