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Abstract

Halide perovskites emerge into a class of most promising and cost-effective semiconductor
materials for next generation photoluminescent, electroluminescent and photovoltaic devices.
These perovskites own high optical absorption coefficient and narrow-band bright
photoluminescence, which are in addition to halide-dependent tuneable bandgap, low exciton

binding energy, and long-range carrier diffusion. These properties make perovskites superior



to classical semiconductors such as silicon. Most importantly, the simple synthesis of
perovskites into high quality films, single crystals, nanocrystals and quantum dots attracts
newcomers to develop novel perovskites with unique optoelectronic properties for optical and
photovoltaic applications. Here, we comprehensively review recent advances in the synthesis
and optoelectronic properties of films, microcrystals, nanocrystals and quantum dots of lead
halide and lead-free halide perovskites. Followed by the classification of synthesis, we address
the ensemble and single particle properties of perovskites from the viewpoints of the
confinement and transport of charge carriers or excitons. Further, we correlate charge carrier
properties of perovskite films, microcrystals, nanocrystals and quantum dots with the crystal
structure and size, halide composition, temperature, and pressure. Finally, we illustrate the
emerging applications of perovskites to solar cell, LED, and laser, and discuss the ongoing

challenges in the field.

Key learning points
1) Synthesis of lead and lead-free halide perovskites: into films, microcrystals,
nanocrystals, and quantum dots.
2) Halide-dependent tunable bandgap and luminescence properties.
3) Optoelectronic properties governed by excitons and charge carriers.
4) Photoluminescence blinking in films, microcrystals, nanoparticles and quantum dots.

5) Perovskites for high efficiency solar cells, bright LEDs and low threshold lasers.

1. Introduction

Since the discovery of the parental perovskite calcium titanate (CaTiOs) by Gustav Rose in
Ural Mountains, it took more than 150 years to optimize the properties of analogous halide
perovskites and realize their practical applications. Halide perovskites become popular due to
their cost-effective and simple synthesis, multicolor emission, high photoluminescence
quantum yield (PLQY) and excellent excitonic and charge carrier properties. These properties
attract perovskites to engineer devices such as LEDs,! lasers,> photodetectors,3 and solar cells.*
The general formula of halide perovskite is ABX3 (Fig. 1a), where the A-site cation such as
Cs*, methylammonium (CH3NH3*, MA) or formamidinium [CH(NH)»)2*, FA] occupies the
voids formed by the corner-sharing BXs octahedra. Isomorphs of halide perovskites are
obtained by varying the A- or B-site cation (Pb**, Sn**, Ge?*, Bi**, In** or Sb**) as well as

halide ion (X=CI’, Br’, I'). Also, perovskites with mixed A-site and or B-site cations, such as



MAFAPbX;, KCsMAFAPbX;, Cs2AgBiXs, Cs2AgInCls, and Cs2AgInBiXs have been
developed.

While the chemical composition dictates the crystal structure and stability of perovskites,
the most attractive properties of these materials are halide- and size-dependent bandgap tuning
and carrier confinement. PL color of perovskites is tuned (Fig. 1b and c) in the visible to near-
infrared (NIR) region, which is through the preparation of mixed halide perovskites from mixed
halide precursors or post-synthesis halide exchange reactions.>® In general, chloride
perovskites show violet to blue emission, which is green for bromide and deep-red to NIR for
iodide samples. PL color can be tuned between the violet and green by increasing the
composition of bromide in pure chloride perovskite or chloride in pure bromide perovskite.
Similarly, PL color can be tuned between the green and NIR by mixing bromide and iodide
ions. This halide-dependent tuning of emission color or bandgap originates from the
modification of band-edge states formed by the hybridized s and p orbitals of halide and B-site
cation. As the bandgap decreases from chloride to bromide and from bromide to iodide, the
effective mass of exciton decreases. Thus, the exciton binding energy decreases from chloride
to iodide, which modifies the excitonic and charge carrier lifetimes in perovskites. Other factors
affecting the exciton binding energy are A-site cation and the size. Images of perovskites with

different morphology, size, and chemical composition are shown in Fig. 1d-g.
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Fig. 1 Morphology and PL properties of halide perovskites. (a) The general structure of ABX3
perovskite. (b) PL images and (c) PL spectra of colloidal solutions of FAPbX3 perovskite
nanocrystals. (d) A SEM image of a MAPbI3.<Clx perovskite film. (e) A photograph of a
FAPbBr3 single crystal. (f, g TEM images of (f) CsPbBrs and (g) CsSnl3 nanocrystals.
Reproduced with permission from (b and c) ref. 6 (copyright 2017, American Chemical
Society), (d) ref. 5 (copyright 2013, American Association for the Advancement of Science),
(e) ref. 7 (copyright 2015, The Royal Society of Chemistry), (f) ref. 8 (copyright 2019,
American Chemical Society), and (g) ref. 9 (copyright 2016, American Chemical Society).



In this review, we introduce newcomers to the synthesis, structure, and optical properties of
perovskites with different size, structure, and composition. Further, we correlate the bandgap,
and excitonic and charge carrier properties of these materials with perovskite solar cell, LED

and laser.

2. Synthesis

The factors to be considered during the synthesis of halide perovskites are the size, structure,
stability, anticipated optical and charge carrier properties, potential device applications,

and toxicity. The stability of ABX3 perovskite structure is determined by the Goldschmidt

tolerance factor:

Ta+Tx

) &
and the octahedral factor pu = ru/rx, where r,, r» and r, respectively are the radii of A-site cation,
B-site cation and halide ion.!° For the stable perovskite structure, the tolerance factor should
be in between 0.81 and 1.00, and the octahedral factor should be in between 0.44 and 0.9, which
are determined by the sizes of cation and anion. Based on the above stability factors, MA-, FA-
, and Cs-based halide perovskites are the most stable structures synthesized in laboratories.
While lead perovskites show excellent optical and electronic properties, the environmental cost
of it, particularly toxicity to aquatic and terrestrial life, attracted researchers to replace lead by
other metal ions such as Sn**, Ge?*, Cu*, Ag*, Bi**, Sb*, or In**. Among these ions, Sn**
renders perovskites with properties like Pb**. However, Sn** gets oxidized into Sn** and as the
result, the geometry of the perovskite distorts and the optical and electronic properties change.
Thus, perovskites based on other B-site cations such as Sb>* are prepared and studied.!' These
cations form A3B2Xo configuration due to the distortion of BXe network caused by their small
size. Yet another type of lead-free halide perovskite is A2B B~ X double perovskites.!'? To fulfil
the valency, double perovskites require trivalent and monovalent cations chosen from among
Cu', Ag*, Bi**, Sb®" and In**. While A- and B-site cations play significant roles on the stability
of perovskites, optical and charge carrier properties are controlled by halide ions and the size.
Fig. 2 summarizes the methods for the synthesis of halide perovskites into thin films,
microcrystals, nanocrystals and quantum dots (QDs) with different A- and B-site cations and

halide ions.
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Fig. 2 Preparation of perovskite thin films, microcrystals, nanocrystals and QDs.

2.1. Films

High quality perovskite films are light absorbing layers in perovskite solar cells (PSCs). Such

41315 step or two steps'® from the solution of their precursor salts

(MAX, FAX or CsX and PbX>) dissolved in solvents such as dimethyl formamide (DMF),

films are fabricated in single

dimethyl sulfoxide (DMSO) or y-butyrolactone (GBL). These solvents enable slow crystal
nucleation and growth of perovskites, which is owing to the low vapor pressures and high
boiling temperatures. For instance, a MAPbX3 perovskite film is prepared by simply depositing
a precursor solution of MAX and PbX> in DMF or GBL on a substrate (Fig. 3a). Antisolvent-
assisted deposition, vacuum- and gas-pumping, and hot-casting are other methods for the
preparation of uniform perovskite layers in PSCs. Spiccia and co-workers'> used antisolvent-
induced fast crystallization of MAPbI; to form a micro-crystalline film free from grain-
boundaries. Here, a precursor solution of MAPbI3 in DMF is spin-coated on TiO», which is
followed by exposing the film to the antisolvent dichlorobenzene. Similarly, polycrystalline
thin films of MASnX3 perovskites are prepared by spin-coating of stoichiometric amounts of
MAI and Snl; dissolved in degassed DMF on TiO> or Al,03."

In two-step or sequential deposition of perovskite layers (Fig. 3a), heterogenous reaction
takes place between the solutions of PbX> and the organic or inorganic halide salt. For example,
a film of mesoporous TiO: is deposited on the compact thin layer of TiO2, which is followed
by the spin-coating of Pbl dissolved in DMF. After the drying of the Pbl> solution, MAI is
spin-coated and annealed at 100 °C for 20 s to provide a thin film of MAPbI; cuboids.'®



Compositional engineering of perovskite crystals using mixed cations and halide ions in
one-step coating provides uniform pinhole-free perovskite films of high efficiency PSCs.
Uniform perovskite layers are prepared by spray-coating, soft-cover deposition, brush painting,
screen-printing, inkjet printing, blade-coating, or slot-die coating.!” Among these methods,
blade-coating is widely used in the fabrication of TiO2 mesoporous thin film in dye-sensitized
and QD-sensitized solar cells and it gains popularity in the deposition of large area perovskite
PSCs. In this method, a perovskite precursor solution is swiped on a pre-heated substrate and
kept for solvent evaporation. However, the preparation of uniform films over a large coverage
area are often challenged by uneven edges of the blade. The speed of blade swiping is another
important factor to be considered in the preparation of uniform films, as the speed directs the
fluid dynamics and the rate of solvent evaporation. Typical example of blade-coating is the
preparation of a MAPDbI3 perovskite film on a layer of poly(bis(4-phenyl) (2,4,6-
trimethylphenyl)amine) (PTAA).'® First, PTAA is blade-coated on an indium tin oxide
(ITO)/glass substrate, which is followed by annealing this layer and blade-coating (50 mms™)
of a MAPbI; perovskite solution supplemented with the surfactant 1-a -phosphatidylcholine.

The use of perovskite films in solar cells is reviewed in section 6.1.
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Fig. 3 General methods for the synthesis of (a) films and (b,c) crystals of perovskites. (a)
Sequential deposition of precursor solution. (b) inverse temperature crystallization, and (c)
antisolvent vapor-assisted crystallization.



2.2. Large Single Crystals and Microcrystals

Various processes in the synthesis of single crystals of halide perovskites include inverse
temperature crystallization (ITC, Fig. 3b), antisolvent vapor-assisted crystallization (AVC, Fig.
3c), and vapour phase melt approach. In ITC, the retrograde solubility of halide perovskites
helps in the synthesis of millimetre size crystals. For example, single crystals of FAPbI3 are
prepared by controlling the temperature of its precursor (Pbl> and FAI) solution in GBL, which
is in the range of 80 to 120 °C. Similarly, large single crystals of FAPbBr3; can be grown by
increasing the temperature of a precursor solution composed of PbBr, and FABr in a mixture
(1:1 v/v) of DMF and GBL.” Here, GBL helps in the crystal growth by lowering the solubility
of precursors. Common antisolvents used in the preparation of perovskite microcrystals are
chlorobenzene, ethyl acetate and dichloromethane. MAPbX3 microcrystals are prepared by the
slow diffusion of dichloromethane into a precursor solution containing stoichiometric amounts
of MAX and PbX; in DMF." In vapor-phase melt approach, powders of CsX and PbX, are
kept inside a quartz tube in a furnace where the temperature is slowly raised to 600 °C and kept
at the this temperature for 15 min to grow the crystals.? Recently, lead-free double perovskite
crystals are prepared by different methods such as hydrothermal crystallization and
precipitation. For example, polycrystalline Cs2AgBi1Xes double perovskites are prepared by the
addition of AgX and BiX3 into a solution of HX and H3PO> at 120 °C.!?

2.3. Nanocrystals and Quantum Dots

The growth of perovskite crystals can be confined to the nanometer scale by surface capping
using long-chain organic ligands which are aliphatic carboxylic acids and amines. Perovskite
nanoparticles (or nanocrystals) are routinely prepared by the hot injection or ligand-assisted
reprecipitation (LARP) method shown in Fig. 4. The size and morphology of nanocrystals,
such as nanocube, nanowires, nanoplateles and QDs, is determined by the chain length of the
ligands and the reaction temperature. In typical synthesis of CsPbBrs perovskite nanocrystal by
the hot-injection method, caesium acetate and oleic acid are dissolved in hexadecene at 120 °C,
and in parallel, a mixture of PbBr; and capping ligands such as oleic acid and hexadecyl amine
are dissolved in hexadecene at 120 °C. Then, the hot solution of caesium acetate is injected into
the PbBr» solution at 170 °C. Immediately after the injection, the reaction solution is cooled in
an ice bath, and nanocrystals are collected by centrifugation.® Similarly, FAPbBr3 nanocrystals
are synthesized at 130 °C by injecting a solution of octadecylammonium bromide in toluene to
a solution of lead acetate, formamidinium acetate and oleic acid in octadecene. The reaction is

quenched after 10 s, and FAPbBr3; nanocrystals are collected by purification of the reaction
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mixture using toluene and acetonitrile.?! LARP method is convenient for the preparation of
perovskite nanocrystals at room temperature. MAPbBr3; nanocrystals are prepared by the
dropwise addition of a solution of MABr and PbBr; in DMF into a mixture of octylamine and

oleic acid dissolved in toluene and under vigorous stirring.??
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Fig. 4 (a,b) Synthesis of perovskite nanocrystals by (a) hot-injection method and (b) LARP
method. (c¢) Ligand-capped nanocrystals of perovskites with different morphologies.

Nanocrystals of lead-free perovskite are synthesized by the hot injection or LARP method
like their lead-based counterparts. For example, CsSnX3 nanocrystals are prepared by
suspending Cs>COs in a mixture of oleic acid and oleylamine in octadecene, which is followed
by injecting SnX> dissolved in tri-n-octylphosphine and increasing the temperature of the
solution to 100~170 °C.” Here, CsSnX3 nanocrystals precipitate out upon cooling of the
reaction mixture in an ice-bath. LARP method is useful for the synthesis of lead-free AzM2Xo
perovskite nanocrystals at room temperature. For example, Cs3Sb2Bro QDs are prepared by
mixing CsBr and SbBr3 together in DMF (or DMSO) supplemented with octadecyl amine or
n-octylamine, and quickly adding a mixture of octane and oleic acid. Cs3Sb2Bro QDs are
collected from the reaction solution by the addition of acetone or octane and centrifugation.
Cs3SbxClo and Cs3Sbalo QDs are prepared by halide exchange in Cs3Sb2Bry using CsX (X= Cl,
I) dissolved in DMSO.!' More recently, 2-6 nm size Cs2AgInxBiixCls double perovskites are

8



synthesized by antisolvent-assisted recrystallization in a mixture of oleic acid and
isopropanol.?* Here, precursor solutions of cations are prepared by dissolving CsCl, AgCl,
BiCl3 and InCl3 in DMSO, and the composition of B-site cations is varied by using different

molar ratios of BiCls and InCls;.

3. Crystal Structure

The composition, crystal phase and unit cell parameters of perovskites are characterized by
single crystal and powder X-ray diffraction (XRD) analysis. Halide perovskites show different
crystal structures and phases such as cubic, orthorhombic, trigonal, monoclinic, pseudocubic,

hexagonal and tetragonal (Table 1). XRD patterns of MAPbBr3;, CsPbX3 and Sn-based

Table 1: Phases and groups of halide perovskites (RT: room temperature).5-11:12:19:23-26

Perovskite Halide Phase Group Temperature Reference

19
Cubic Pm3m R0° CR;l;r Br 25
Br, I 26
MAPbDX; I4/mcem o 19
Tetragonal or I4/m 110°C for I 55
I Pseudocubic P4mm RT 25
FAPbX; Cl, Br, I Cubic - RT 6
Cl, Br, I Cubic Pm3m 120-200°C 24

CSPbX3
I Orthorhombic Pnma 315°C 24
Br, I Orthorhombic Pnam 170°C 9

CsSnX3
Cl Cubic Pm3m 170°C 9
Cs3SbaXo Br Trigonal P3ml 90°C 11
Cs,AgBiXe Cl, Br Cubic Fm3m 150-210°C 12
Cs2AgInBiixXs Cl Cubic Fm3m RT 23

perovskites are shown in Fig. 5. Different crystal phases are assigned according to the Miller
indices. The prominent Miller indices of cubic phase are (001), (011), (002) and (021) which
are seen at 26 ca 15°, 22°, 30° and 34°, respectively. The difference between cubic and
orthorhombic phases is assigned based on two additional peaks ca 30°. Organic-inorganic
hybrid perovskites form stable cubic phase at high temperatures, which is due to the reduced
degree of rotational movement of A-site organic cation. When the temperature is decreased,
the phase transforms into tetragonal and orthorhombic phases. The Miller indices can be

calculated from Bragg’s law, nd =2duusin@, where dp is the interplanar spacing and A is the



XRD wavelength. The interplanar spacing depends on the lattice constants which are different
for different unit cells. Different structural forms of perovskites, such as large single crystals,
thin films, nanocrystals, nanocubes, nanoplatelets, nanowires, QDs, quantum cubes, and
nanosheets can be characterized using XRD.

XRD data help one to analyse the crystal phase and chemical composition of perovskites.
When compared with single crystal (Fig. 5a), the diffraction peaks of nanocrystals are slightly
shifted to the small 26 angle (Fig. 5b). Further, in single and mixed halide compositions, the
diffraction peak shifts from the large to small 26 angle while going from chloride to bromide
and bromide to iodide.?* The lattice contraction becomes larger down the halide group, and the
corresponding changes can be assigned to the shifting, appearance (ca 35°, 27°, and 48°) and
disappearance (ca 52°) of some of the diffraction peaks (Fig. 5b and c).>** Mixed halide
perovskites show slight shift in the diffraction peaks, when compared to single halide
perovskites. For example, the diffraction angle increases while increasing the ratio of chloride

in a chloride-bromide mixed perovskite.
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Fig. 5 XRD of (a) MAPDbBr3 single crystal, and (b) CsPbX3 and (c¢) CsSnX3 nanoparticles.
Reproduced with permission from (a) ref. 26 (copyright 2015, Nature Publishing Group), (b)
ref. 24 (copyright 2015, American Chemical Society), and (c) ref. 9 (copyright 2016, American
Chemical Society).

4. Energy States

The appealing optical and charge carrier properties of perovskites emerge from the unique
distribution of energy states at the band-edge. Being direct bandgap semiconductors, with the
exception of noncentrosymmetric distribution of conduction band minimum (CBM) and
valence band maximum (VBM) induced by Rashba effect and Dresselhaus splitting, the band-
edge of halide perovskites is composed by antibonding atomic orbitals of [BXs]* octahedra.!*?’
Here, CBM is constituted by the sigma (6*) and pie (7*) antibonding orbital, which are formed

by the hybridization of 6p-orbitals of lead and s- and p-orbitals of halides, respectively (Fig.
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6a). On the other hand, 6s- and 6p-orbitals of lead and s- and p-orbitals of halide contribute to
VBM.

(@) (b) ~ < , " Total —
> | S\ % o
I<_ — \\_, 27
BTN =\ Csd
51 \ %; Sn-s
/ ? Sn-p
T ’e Br-s
/ : Pb 6p Br-p
[ p— 0 | — Bid 1
= / /o’ PbBp-Xs < E,
:: / ° 1 ~;.
5, ‘ | = — VR D
> § . f 3 / 9_5 .__‘\-_\—-—'____\/ — ] _——
o7 . : / e — - —
=4 G'PbBSXp / k- W p ” —hn
i ] - N/ :
/ ! : >
X (3p, 4p, 5p)/ /" 10
& 1 .~ Pb 6s e ——
X (83s, 4s, .)S)',_'_),\\ \
\\.‘ : o 4 -15
T R T r X M R r 5 10

Fig. 6 (a) Band-edge states of halide perovskites without considering spin-orbit coupling
(SOC). (b) Band structure and partial density of states of CsSnBr3 perovskite. Fig. b is
reproduced with permission from ref. 27 (copyright 2013, American Physical Society).

Lead-free perovskites show similar band-edge structure like lead perovskites (Fig. 6b). For
instance, in cubic CsSnBr3 perovskite, VBM antibonding state is a mixture of 4p-orbitals of Br
and Ss-orbital of Sn, whereas CBM is mainly constituted by 5p-orbitals of Sn.?” Here, VBM is
nondegenerate while CBM is three-fold degenerate without any contribution from SOC. When
SOC becomes significant, the degeneracy of CBM is broken, and it splits into spin—orbit split-
off doublet states and quadruplet states. Optically allowed transitions from the VBM to the
spin—orbit split-off states and quadruplet states render fine optical absorption features to halide
perovskites. Also, an increase in the dispersion of conduction band through SOC-assisted
splitting lowers the optical bandgap and affects charge carrier and PL properties. In fact, SOC
which tunes the optical properties of perovskites is associated with other factors such as the

composition, octahedral tilt, and temperature.

4. Optoelectronic Properties

4.1. Charge Carrier Dynamics

The generation, dynamics and recombination of charge carriers and excitons in perovskites
largely depend on the composition, crystal structure, and size. Photogenerated charge carriers

in perovskites are either freely diffusing or excitonically bound, depending on the exciton
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binding energy. The dynamics of free carriers is characterized by the diffusion coefficient (Dy,p)
and carrier mobility (), which are related through the Einstein equation,

Lnp = eDnpl/kgT (2)
where e is electronic charge, kg is Boltzmann constant and 7 is temperature. These parameters
are related to the electronic structure through the effective mass (m°f) of carriers. The

comparable m°'f

of electron and hole in halide perovskites provides this class of materials with
balanced electron and hole diffusion lengths. Although different theoretical and experimental
methods provide slightly different m° values to electrons and holes, the main factors that affect
the masses are SOC, chemical composition, and the size. The diffusion length (Lp) of charge
carriers is related to their mobility or diffusion coefficient by the equation,*

Lp=(kgTunp t/2)"?= (Dnp )2 (3)
where, 7 is PL lifetime. High mobility and long lifetime of charge carriers result in long Lp,
which is an important requirement for perovskites to be an efficient charge transport layer in
photovoltaics. The long PL lifetimes of single crystal and thin film perovskites show the
presence of free carriers formed by the dissociation of photogenerated excitons, when the

thermal energy (kgT) overcomes the exciton binding energy.

Charge carrier recombination dynamics in perovskites is explained using the following rate

equation
dan 2 3
_E = kln + kzn + k3n (4)

where, ki, k2, and k3 are the rate constants of monomolecular, bimolecular and Auger
recombinations, and 7 is the total carrier concentration. The monomolecular recombination is
a geminate type excitonic recombination or a trap-assisted recombination. On the other hand,
bimolecular recombination is non-geminate recombination of free charge carriers. In Auger
recombination, the charge carriers transfer the energy or momentum to a third charge carrier.
These recombination mechanisms in perovskites contribute to the total recombination rate and
influence the carrier lifetime and diffusion length. The monomolecular recombination in
perovskite is mainly governed by the trap-assisted processes, and it depends on the energy,
density, and distribution of trap states. Furthermore, the monomolecular recombination rate is
influenced by material purity and crystallinity. The trap-assisted recombination rate is in the
order of 10° s”! for single and mixed halide lead perovskites.’>*! On the other hand, for lead-
free MASnI; perovskites, the monomolecular recombination rate (~10° s™) is three orders of
magnitude greater than MAPbI3 which is attributed to the self-doping by Sn**ions.!* The

activation energy and depth of traps depend on the crystalline phase of perovskites, and thus
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affect the monomolecular recombination rate. For example, the trap-assisted recombination
rate is higher in cubic and tetragonal phases than orthorhombic phase, which is due to the
difference in activation energies of trap formation in these phases.*’

Bimolecular recombination in perovskites depends on the composition of halide and metal
ions. The ratio of bimolecular recombination rate constant to the charge carrier mobility is
lower than predicted by the Langevin theory, according to which the bimolecular
recombination occurs when electrons and holes move within their coulombically-bound radius.
Hence, the deviation from Langevin theory in perovskites refers to a low bimolecular
recombination rate with high carrier mobility. The non-Langevin bimolecular recombination
behaviour in perovskite is attributed to the occupation of different molecular orbitals in
perovskite unit cell by an electron and a hole, which are formed by the overlapping of
energetically different s- and p-orbitals of halide and metal ions (Pb, Sn). The bimolecular
recombination rate largely varies in perovskite single crystals and films. For example,
perovskites composed of lighter halides (Br instead of I) and metals (Sn instead of Pb) show
larger bimolecular recombination rates. Such variations of rate with chemical composition are
associated with the modification of band structure and exciton binding energy.

While trap-assisted and bimolecular recombination in perovskites are important phenomena
under intermediate charge carrier density and one sun illumination, Auger-assisted nonradiated
recombination processes become important under high carrier concentrations. The rate of
Auger-assisted recombination is high in orthorhombic phase at low temperature, whereas it
remains low in high temperature tetragonal and cubic phases.*® This phase-specific variation
of the rate is due to varying degrees of SOC and hydrogen bonding. Auger recombination rate
is also influenced by the presence of impurities and phonons. The above carrier recombination
dynamics affect the PL lifetime of perovskites. PL lifetime of nanocrystals varies from sub-
nanosecond to several ten nanoseconds, which largely depends on quantum confinement,
whereas it scales up from sub-microsecond to sub-millisecond in bulk single crystals. For
example, MAPbI; single crystals show carrier lifetime as long as 234 ps (Fig. 7a).?° Perovskite

thin films also show long carrier lifetimes and diffusion lengths (Fig. 7b and c).>%3!
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Fig. 7 Charge carrier properties of perovskites. (a) Transient photovoltaic data of MAPbI3
perovskite showing long carrier lifetimes. (b) Diffusion length with respect to charge carrier
density. (c) PL decay profiles of MAPbBr3 perovskite with increasing intensity of excitation
light. Reproduced with permission from (a) ref. 29 (copyright 2015, American Association for
the Advancement of Science), (b) ref. 31 (copyright 2014, Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim), and (c) ref. 8 (copyright 2019, American Chemical Society).

4.2. Absorption and Photoluminescence

Absorption and photoluminescence of perovskites are tuned in the UV, visible and NIR regions
by varying the composition of halides from Cl to I. Since VBM of perovskites is formed by the
mixing of halide p-orbitals and metal s- orbital, the halogen p-character in VBM can be
increased by changing halide ion from CI" to Br” and from Br to I', and as a result SOC
increases.!®?’” Therefore, by changing halide ion from CI" to I', the bandgap decreases and PL
spectrum shifts to the red as shown in Fig. 8a.* The octahedral tilt*? is another factor that
modifies the PL properties of perovskites, which occurs due to decrease of Pb-X-Pb dihedral
angle upon replacement of a large A-site cation (FA') with a smaller one (Cs*). Bandgap
variation with octahedral tilt is shown in Fig. 8b.3> Similarly, the change of crystal structure
from cubic to tetragonal or other phases causes an octahedral tilt. Such a tilt in PbXs octahedra
weakens SOC by lowering orbital overlap between Pb and X, which in turn increases the
bandgap and shifts the PL band to the blue. Also, the cation size and hydrogen bonding of MA*
or FA* ion with [PbXe]* octahedra influence the electronic and optical properties of
perovskites by altering the covalent or ionic character of Pb-X bond.>? Tetragonal-to-
pseudocubic structural change, which is by changing A-site cation from MA™ to FA*, increases
the hydrogen bond between FA* and [PbXe]*. This in turn increases the ionic character of
Pb—X bond and the contribution of Pb character to CBM. SOC becomes stronger in stable
pseudocubic structure than octahedrally tilted tetragonal structure, resulting in a decrease of
bandgap. The bandgap energies of different crystalline phases of Cs, MA and FA perovskites

are given in Fig. 8c.*?
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Fig. 8 The effect of anion and cation on optical properties of perovskites. (a) Absorption and
PL spectra of CsPbX3; nanoparticles with different halide compositions. (b) Calculated
variations of bandgap in CsPbls through octahedral tilt. (c) Calculated bandgap energies of
cubic (c), tetragonal (¢) and triclinic (z.) phases of APbls (A=Cs/MA/FA) perovskites.
Reproduced with permission from (a) ref. 24 (copyright 2015, American Chemical Society),
and (b) ref. 32 (copyright 2014, American Chemical Society).

The size is another factor that controls optoelectronic properties of perovskites. Decrease in
size below the exciton Bohr radius renders quantum confinement effect to perovskites,
evidenced by the appearance of sharp excitonic peaks, narrow PL bands, and blue-shifted
absorption and PL spectra.5?3-3> As shown in Fig. 9a, the gradual blue-shift of the absorption
onset with decrease in crystal size (from 6.2 to 3.7 nm), which is correlated with the blue-shift
of emission peaks, are characteristics of quantum confinement effect in CsPbBr;3 perovskites.>
The size and bandgap of MAPbX; are correlated in Fig. 9b.>* Similarly, as shown in Fig. 9c
and d, quantum confinement effect is observed in perovskite nanoplatelets and nanowires.
Apart from the size, the composition of halogen plays important roles on quantum confinement.
For example, exciton Bohr radius of CsPbX3 perovskites varies as 2.5 nm for CsPbCls, 3.5 nm

for CsPbBr3 and 6 nm for CsPblz.2*
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Fig. 9. The effect of size and shape on optical properties of perovskites. (a) Size-dependent
absorption and PL spectra of CsPbBr3 perovskites. (b) Experimental and theoretical bandgap
values as a function of nanocrystal size. (c,d) Absorption and PL spectra of CsPbBr3 perovskite
nanocrystals with different shapes. Reproduced with permission from (a) ref. 33 (copyright
2018, American Chemical Society), (b) ref. 34, (copyright 2016, American Chemical Society),
(c) ref. 28 (copyright 2016, American Chemical Society), and (d) ref. 35 (copyright 2016,
American Chemical Society).

Temperature and pressure also affect the absorption and PL properties of perovskites. The
role of temperature is to induce phase transition and vary exciton-phonon interactions by
thermal expansion.’® As the temperature of a perovskite crystal is increased, a series of
structural changes or phase transitions occur. In lead iodide perovskites (Fig. 10a), variation of
PL properties occurs in three distinct regimes, orthorhombic (low temperature), tetragonal
(room temperature), and cubic (high temperature) phases.*® Such a phase transformation affects
the PL properties by altering the SOC through octahedral tilt. With increase in temperature, a
perovskite crystal tends to stabilize in the cubic phase which renders minimal octahedral tilt
and strong SOC. Consequently, the bandgap decreases and the absorption and PL spectra red-
shift. Further, the broadening of absorption and PL spectra observed at higher temperatures is
attributed to enhanced exciton-phonon interactions. Like temperature, pressure modifies the
structure as well as electronic and optical properties of perovskites.*® Here, the role of pressure

is to alter the SOC through pressure-induced compression of Pb-X bond, shrinkage of Pb-X-
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Pb angle or increase in octahedral tilt, and amorphization of crystal lattice. As shown in Fig.

10b, pressure-induced changes in optical properties of FAPbBr3 perovskites are associated with

structural changes [cubic (Pm3m) — cubic (Im3) — orthorhombic (Pnma)].¢
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Fig. 10 The effect of temperature and pressure on optical properties of halide perovskites. (a)
Temperature-dependent PL of different phases of MAPbI3 perovskites. (b) Pressure-dependent
PL of FAPDbBr; perovskites. Reproduced with permission from (a) ref. 30 (copyright 2015,
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim), and (b) ref. 36 (copyright 2016,
American Chemical Society).

5. Photoluminescence Blinking

Single-molecule micro-spectroscopy, which is widely used in the field of cadmium and lead
chalcogenide QDs is helpful for obtaining insight into the properties of perovskites at the single
particle level. Single particle studies reveal PL characteristics of perovskites thin films,>’
microcrystals,*® nanocrystals*®“#° and QDs.*!*? Blinking is characterized by a sequence of

stochastic bright (ON) and dark (OFF) events (Fig. 11),® which are due to the repeated

radiative and nonradiative recombination of photogenerated excitons or charge carriers.
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Fig. 11 PL blinking in halide perovskites. (left) PL intensity trajectories in the unit of brightness
and (right) PL images of (a) a MAPbI; nanocrystal and (b) localized emitting site located on
the top of a large MAPDI; crystal. Reproduced with permission from ref. 38 (copyright 2015,
American Chemical Society).

Halide perovskites show different PL blinking behaviours (Figs. 11 and 12). For instance, an
early report on PL blinking in elongated rod-like nanocrystals and microcrystals of MAPbI;3
perovskite shows multi-state PL fluctuations with large amplitudes (Fig. 11), which become
pronounced at lower excitation intensities.®® Super-resolution localization microscopy
technique reveals different intensity levels (or steps) in the multi-state blinking of a rod-like
nanocrystal and correlates blinking to different emission localization positions in the crystal.
On the other hand, single quantum emitter such as chalcogenide QD shows ON and OFF states.
Such blinking in halide perovskite is attributed to photoinduced activation and deactivation of
emitting or quenching sites formed by geometrical distortions or the presence of different
chemical structures. The quenching sites are analogous to charge traps or crystal defects. As
shown in Fig. 12a, during ON state, either the whole nanocrystal is emissive with the emission
localization position at the centre of the crystal (quenching site model) or PL comes from
different positions acting as emitting sites in the crystal (emitting site model). In quenching site
model [Fig. 12a (i)], a photogenerated quencher acts as the charge trap, which is formed at the
ends of a rod-like perovskite nanocrystal. This quencher deactivates all the photogenerated
electrons and holes. As a result, a decrease in PL intensity and a shift of emission localization
position, marking a ‘step’ with intermediate PL intensity or OFF state, is observed. On the
other hand, in emitting site model [Fig. 12a (ii)], all the charge carriers in the crystal diffuse
efficiently to the emitting sites and recombine radiatively (ON state). If one of the emitting
sites is deactivated or quenched, the PL intensity drops and the localization position shifts
(‘steps’ with intermediate PL intensity or OFF state). Alternatively, PL blinking can be
assigned to the formation of quenchers near to the emitting sites or by changing the emitting

site to a quencher.*® The enhancement of PL intensity and decrease of amplitude associated
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Fig. 12 The origin of PL blinking in perovskites. (a) Quenching and emitting sites models of
blinking in nano- and micro- crystals. (b) The formation and active-passive state switching of
quenching complex during PL blinking in nanocrystals. (c) A PL intensity trajectory showing
two-state blinking in a CsPblz perovskite QD. (d) Photoinduced charging-discharging model
of two-state blinking in perovskite QD. Reproduced with permission from (a) ref. 38 (copyright
2015, American Chemical Society), (b) ref. 39 (copyright 2019, Nature Publishing Group), and
(c) ref. 41 (copyright 2015, American Chemical Society).

with an increase in excitation power density can be attributed to defect- or trap-filling. The
high concentration of charge carriers generated at high excitation intensity leads to PL intensity
averaging over many emitting sites.

Blinking by photoinduced activation-deactivation of charge traps is supported by
temperature-dependent PL. measurements of MAPbI3 nanocrystals, correlating blinking with
random switching model of quenchers or switching of charge traps between the active and
passive states (Fig. 12b).*° The switching of quenchers is thermally activated, which is
supported by suppressed blinking at low temperatures. This blinking suppression is due to the
poor diffusion of quenching sites. Although the thermal barrier for the activation of quenching
sites is in the order of activation energy for halide migration,*® quenching by the migration of

halide or proton alone cannot model PL blinking. Thus, blinking is discussed in terms of a
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“quenching complex” which is a combination of shallow mobile (or localized) electron trap
present near to the conduction band and a localized (or mobile) hole trap near to the valence
band (Fig. 12b). However, such individual shallow defects are unlikely to cause blinking.

PL blinking is observed in perovskite microcrystals and nanocrystals even at low excitation
intensities, where the nonradiative Auger process is negligible. This behaviour contradicts with
the origin of PL blinking of chalcogenide QDs at higher excitation intensities/energies, which
involves photoinduced charging and neutralization. This difference between the blinking
behaviour of perovskite nanocrystals and chalcogenide QDs is due to the weakly-confined
charge carriers in large perovskite crystals. In contrast, like chalcogenide QDs, single
perovskite QDs show two-state PL blinking (Fig. 12c¢) due to random charging by
photoionization and subsequent neutralization.*! This type of blinking is called type-A
blinking. At higher excitation intensities, blinking becomes more pronounced with prolonged
OFF, which is attributed to an increase in rates of photoionization and nonradiative Auger
recombination process. As shown in Fig. 12d, charged excitonic state, called a trion (X*),
represents OFF state and the neutral (X) state represents ON state. The significant decrease in
PL lifetime during OFF state (ca 0.78 ns) of CsPbls perovskite QDs when compared to ON
state (ca 13.2 ns) confirms type-A blinking.*! Perovskite QDs also show type-B blinking which
is characterized by the repeated activation and deactivation of trap.*

Apart from charge- and defect-induced blinking, PL properties of perovskites single
particles are affected by oxygen and moisture. Both photobleaching*? and photobrightening?’8
are observed under ambient conditions. For example, a decrease in PL intensity of MAPbI;
nanocrystals is observed in air than in argon or polymer environment (Fig. 13a).*’ Such a
decrease is attributed to self-sensitized generation of superoxide and the subsequent oxidative
disintegration of MAPbI3 nanocrystals (Fig. 13b). Interestingly, PL intensity recovers after
long OFF intervals [Fig. 13a (iv)], showing that ultrafast nonradiative Auger recombination
processes during the OFF state prevent electron transfer to oxygen, the generation of
superoxide, and oxidation of MAPbI3 nanocrystals. On the other hand, oxidation persists
throughout the neutral or ON state, showing that the rate of superoxide generation exceeds
radiative relaxation. Single particle studies help one to address photooxidation and

photostability of perovskites.
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Fig. 13 The effect of local environment on PL blinking of MAPDbI; single nanocrystals. (a) PL
intensity trajectories (i) at air/glass interface, (ii) in argon atmosphere, (iii) in a poly(methyl
methacrylate) (PMMA) film, and (iv) at air/glass interface showing recovery of PL intensity
after a long OFF state. (b) A scheme of (upper part) superoxide generation by a MAPbI;3
nanocrystal, (middle part) radiative and nonradiative processes associated with various states,
and (lower part) superoxide-mediated disintegration of a MAPbI3 nanocrystal. Reproduced
with permission from ref. 40 (copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA,

Weinheim).

6. Applications

6.1. Solar Cell

Perovskites are promising materials for solar cells, which is owing to their high absorption
coefficient, long diffusion length of charge carriers, defect tolerance and low exciton binding
energy. PSC was first reported by Miyasaka and coworkers,* where the power conversion
efficiency (PCE) was 3.8%. They replaced organic dyes in dye-sensitized solar cells with
MAPDI; perovskite on mesoporous TiO2 electrodes. After PCE exceeding 10% was achieved
using solid-state MAPbI3 PSC, this research attracted much attention of physicists and chemists
to engineer cost-effective solar cells. For an efficient PSC, the quality of perovskite layer and
defect-free interfacial structure are very important. Various techniques of device fabrication
and optimization of hole and electron transfer processes helped the rapid advancement of PSCs.
For example, Spiccia and co-workers'> achieved PCE as high as 13.9% by using micro-
crystalline MAPDI3 perovskite film free from grain-boundaries. Subsequently, PCE was

increased to >15% with the use of mixed MAPbI; and MAPbI;.Cly perovskites,'¢ >20% with
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the use of MAPbI;3 perovskite and blade-coating method,'® and >23%!'* with the use of mixed
cation (MA/FA) and mixed halide (Br/I). More recently, the efficiency of PSC is increased up
to 25.2% (NREL efficiency chart) which, along with the cost-effective device fabrication,
prompts several researchers to commercialize these devices. A comprehensive review on the
background of PSC and the recent progress in PSC fabrication is available elsewhere.!”

Typical PSC architecture as shown in Fig. 14a, has a perovskite layer as the intrinsic light
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Fig. 14 Characteristics of perovskite solar cells. (a) Device architecture of a PSC. (b) Energy
levels of various electron transport, hole transport, perovskite and electrode materials. (c)
Current-voltage curves of lead- and tin-based PSCs. Fig. c is reproduced with permission from
ref. 13 (copyright 2014, The Royal Society of Chemistry).

absorbing semiconductor sandwiched in between the electron transport materials (ETM) and
hole transport materials (HTM) on a fluorine-doped tin oxide (FTO) or ITO glass substrate.
TiO2 or [6,6]-phenyl-Cei-butyric acid methyl ester (PCBM) is common n-type ETM and
2,2'7,7"-tetrakis(N, N-dimethoxyphenylamine)-9,9'-spirobifluorene (spiro-OMTAD) or
poly(3.4-ethylenedioxythiophene)—polystyrene sulfonate (PEDOT:PSS) is common p-type
HTM. Following the absorption of light by the perovskite layer, photogenerated electrons are
transferred to the conduction band of ETM and subsequently to FTO/ITO. Hole is transferred
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to the valence band of HTM and then to the Au/Ag layer. One can design efficient solar cells
by selecting perovskites, HTMs and ETMs by referring to the energy states and bandgaps in
Fig. 14b. ETM and HTM in Fig. 14b are selected to facilitate efficient electron and hole
transport from photoexcited perovskites.

The low exciton binding energy and the ambipolar charge carrier mobility render PSCs with
p-i-n or n-i-p junction. Thus, charge carriers can be extracted even without any HTM or ETM.
However, HTM and ETM are needed for high efficiency PSCs because the open circuit voltage
(Voc), current density (Jsc) and fill factor in a solar cell are determined by these materials. As
a result, recently spiro-OMTAD has been replaced by a fluorine-terminated HTM, where the
durability and PCE of a (FAPbI3)0.95(MAPbBr3)0.05 PSC are 500 h and >23%, 1respectively.14
Highly stable PSCs with high PCEs can be fabricated using perovskites with triple/quadruple
cations. Also, lead-free PSCs are promising in terms of their performance and efficiency.
Although Sn?* is the most promising substitute of Pb>*, the instability of Sn>* against oxidation
is the challenging issue. Snaith and co-workers reported >6% PCE and >0.88 Voc in a MASnI3-
based solar cell (Fig. 14c).!® Recently, Hayase and co-workers stabilized Sn-based PSC by
doping with Ge, and sustained PCE at 6.9%.* To ensure the stability of PSCs against heat,
humidity, and light, studies focus on improvement of interfacial structures at grain boundaries
and junction.!*!":1843 The device stability is also highly affected by the quality of HTMs which
generally contain diffusible dopants. An important direction of PSC is to use all inorganic
compositions of perovskites as absorbers having high thermal stability.

In photovoltaic community, perovskites have evolved as promising materials for high
efficiency solar cells despite the challenges in their stability. The highly ionic nature of
perovskite lattice results in degradation of the lattice and leakage of Pb** cation in the presence
of moisture. Further, photo-ionic conductivity of halides and metal ions limits the performance
of PSCs. Nevertheless, there is enough room to address all these challenges and improve the

performance of PSCs to their optimal level.

6.2. LED

Tuneable PL and high PLQY of perovskites attract people to fabricate multicolor
perovskite LEDs (PeLEDs).!**46 The low defect density and ambipolar carrier migration in
these materials enable efficient injection and transport of charges across the interfaces,
ameliorating the device performance. Although the attempts to use halide perovskites in LEDs
date back to early 90’s, room temperature multicolor PeLED was realized only very recently.

Recently, the (peak) external quantum efficiencies (EQEs) of green (20.3%)* and red (21.6%)"
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PeLED are considerably improved. Pure chloride and mixed chloride-bromide perovskites are
employed in blue PeLEDs. For example, by using CsPb(Br/Cl); NCs, Kovalenko and
coworkers developed a blue PeLED with 1.2% EQE at 4.4 mA/cm2.* The structure and
electroluminescence (EL) spectra of the blue LED are shown in Fig. 15 a and b, respectively.
Although the EL wavelength of this LED remains constant at 463 nm (Fig. 15c), the EL
intensity monotonously decreased with time. Thus, blue PeLEDs research is open to improve

EQE and the stability.

Typical device structure of a PeLED consists of a light-emitting layer of halide
perovskites placed in between the charge (electron and hole) injection (transfer) layers and
electrodes. Halide perovskites in their polycrystalline thin film or nanostructure (nanocrystals,
platelets or QDs) forms form double heterojunctions with the charge injection layers. As shown
in Fig. 14b and discussed in ‘Solar cells’ section, the charge injection layers are large bandgap
semiconductors which enable efficient and balanced injection and confinement of charge
carriers. PeLED devices are fabricated with the configuration of ITO/PEDOT:PSS/halide
perovskite/B3PYMPM/LiF/Al as shown in Fig. 15.** Here, PEDOT:PSS acts as the hole-
transport layer, B3APYMPM is the electron-transport layer, LiF is the electron-injection layer,
and ITO and Al are anode and cathode, respectively. Record-breaking EQE (20.3%)* can be
achieved with such a configuration by incorporating a thin layer of insulating PMMA in

between the perovskite layer and electron-transport layer.

24



LiF/Al (b)

7 1 Voltage (V)
B3PYMp 5 ] : 00
M : J‘ ‘,’. 9.0

CsPbi{Br,Cl). NCs s ] K‘ <
E 'j ?v’ i\ 7.0
2 N e
5 ] /N — 5.0
c | \
3 ] | '
w |

400 450 500 550
Wavelength (nm)

—_
(2]
~

EL intensity (arb. units)
1

440 460 480 500
Wavelength (nm)

Fig. 15 EL characteristics of a blue PeLED. (a) Device structure of the PeLED, (b) EL spectra
of the PeLED at various applied voltages, and (c) EL spectra recorded at 5 V and different
time. Reproduced with permission from ref. 44 (copyright 2019, American Chemical Society).

The intrinsic stability of halide perovskites and the efficiency of PeLEDs are influenced
by the crystal structure, temperature, atmosphere, and light. Other factors detrimental to the
performance of PeLED are unbalanced charge injection and transport across the
perovskite/electron-transport layer or perovskite/hole-transport layer interfaces, the current
leakage due to pinholes in the perovskite layer, and nonradiative losses in the perovskite layer.
While the balanced charge injection and transport are achieved by the proper selection of
electron- and hole-transport layers and modification of perovskite/charge-injection interfaces,
the current leakage can be lifted-up by increasing the surface coverage and decreasing the
surface roughness of perovskite layer. The suppression of nonradiative recombination under
an electrical bias is another important factor to achieve high-performance PeLLEDs. For
example, a PeLED device with record-breaking 20.3% EQE and 80% PLQY is fabricated using
compositionally graded quasi-core/shell CsPbBrs/MABr perovskite layer.* Here, MABr
passivates the nonradiative defect sites, increases the PL lifetime and the surface coverage, and
balances charge injection. In organic-inorganic hybrid perovskites, an interesting strategy of

defect passivation is the use of molecules with high affinity to defect sites. For example, EQE
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as high as 21.6% is achieved for a FAPbIs-based NIR PeLED, which is by passivating defects
using 2,2'-[oxybis(ethylenoxy)]diethylamine.!

Besides the passivation of defects, one of the successful approaches to enhance EQE is
to use low-dimensional perovskite structures such as nanocrystals, platelets, quasi-2D/3D
nanostructures, and QDs. EQE of PeLEDs constructed using bulk perovskite layers or films is
limited by the thermal dissociation of excitons, which suppresses monomolecular or geminate-
type excitonic recombination. Further, the bimolecular recombination kinetics in halide
perovskites follow a quadratic relation with the charge carrier density, i.e. n%. Therefore, the
radiative recombination in such perovskite layers becomes important only at higher charge
densities. Nanostructure perovskites lift these problems by enhancing the monomolecular
radiative recombination through carrier confinement. For example, a red-emitting PeLED with
high EQE (21.3%) is constructed by using anion-exchanged perovskite QDs.*® Despite these
approaches to improve the performance of PeLEDs, the devices are still behind commercial

LEDs due to the poor stability of perovskites in diverse environments.

6.3. Laser

The high PLQY, large absorption cross-section and low defect density of perovskites make
these materials promising for lasing. After the successful demonstration of low threshold
amplified spontaneous emission (ASE) in solution-processed CsPbX3 (X = CI, Br, and 1)
nanocrystals,” investigations of lasing and ASE have been extended to various geometrical
shapes of MA-, FA- and Cs-based perovskites.>?*** With the increase in intensity of
excitation light, the emission spectrum changes from broad, spontaneous emission (SE) to a
narrow, red-shifted peak with higher intensity, which is the signature of ASE (Fig. 16a).*®
Furthermore, single and multimode lasing with ultranarrow emission band and high quality (Q)
factor are realized in perovskites (Fig. 16b).2>*° The lasing wavelength in these materials can
be tuned in the entire visible to NIR region by controlling the halide composition (Fig. 16¢).*
Lasing in all-inorganic, organic-inorganic, and mixed halide perovskites is demonstrated by
the arrangement of these materials to form different cavities (Fig. 17), such as random

2,47

cavity,>*' vertical microcavity,’® Whispering Gallery Mode cavity (WGM),>** and Fabry-Perot

cavity.?
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Fig. 16 ASE and lasing in perovskites. (a) ASE in a FAPbI; film excited with 150 fs laser.
Inset: Integrated emission intensity and full width at half maximum (FWHM) as the function
of pump energy, showing ASE threshold at 3 pJ cm™. (b) Triangular rod emission spectra
around the lasing threshold. (c¢) Multicolor, single-mode lasing and the corresponding emission
images of CsPbX3 microspheres. Reproduced with permission from (a) ref. 48 (copyright 2017,
American Chemical Society), (b) ref. 20 (copyright 2016, American Chemical Society), and
(c) ref. 49 (copyright 2017, American Chemical Society).

Perovskite thin films exhibit random lasing. ASE threshold can be lowered, and the optical
gain can be improved by improving the quality of the film. For example, ASE threshold is
lowered from 3 uJ cm™ to 1.6 pJ cm™ by improving the quality of a FAPbI; film by treating it
with appropriate stoichiometric amounts of MABr and FAL*® The propagating SE in the film
is amplified by stimulated emission when the intensity of excitation light exceeds certain
threshold, resulting in population inversion. During the propagation of emission in the film, the
micro/nanodomains present in it produce coherent backscattering and generate closed-loop
cavities (Fig. 17a). When the optical gain exceeds the loss, random lasing occurs at the resonant
frequency of the corresponding feedback loop. In a MAPbI; film, random lasing is observed at

the threshold of 102 pJ cm™ with high optical gain and strong multiple backscattering provided

by the randomly arranged polycrystalline grain boundaries.*’

27



Amplified emission

(a) Perow{skite (b)
grains
forming

Perovskite
thin film

k‘
B /
Dielectric mirror

S ; . . Pump laser .
Random lasing in perovskite Vertical cavity lasing in perovskite

Dielectric mirror

Perovskite
microplate

WGM cavity lasing in (i) Spherical and

2 2 Fabry-Perot cavity
(ii) 2D perovskite structures

lasing in perovskite

Fig. 17 Lasing cavities in perovskites. (a) Random cavity, (b) vertical cavity, (¢) WGM cavity,
and (d) Fabry-Perot cavity.

Cavity lasing is achieved by constructing vertical (Fig. 17b), WGM (Fig. 17c) or Fabry-
Perot (Fig. 17d) cavities. Vertical cavity is prepared by sandwiching a perovskite film in
between two gallium nitride distributed Bragg’s reflector mirrors. The resonators suppress
most of the optical states and allow emission from a few states, resulting in mode-controlled
lasing. Recently, ultralow lasing threshold of 0.39 pJ cm™is reported for CsPbBr3 QD vertical
cavity.”® Similarly, WGM lasing is attained either in perovskite microspheres* or by coating
perovskite nanocrystals on substrates such as silica microspheres.” Here, the substrates form
circular cavities in which the total internal reflection occurs around the circumference [Fig.
17¢(i)]. Ultralow threshold (~0.42 uJ cm2) single-mode WGM lasing occurs in a CsPbX3
microsphere cavity with narrow line width (~0.09 nm) and high Q factor (~6100).* WGM
lasing is observed in various 2D structures as well when the emission is confined within their
boundaries [Fig. 17c(i1)]. Fabry-Perot lasing is observed in perovskite nanocuboids, micro-
nano rods, and wires. Such structures act as optical waveguides along the axial or planar
direction and create a Fabry—Perot cavity by confining the light via total internal reflection at
the two end facets. Multi-mode Fabry—Perot lasing at room temperature, with low lasing

thresholds (~14.1 puJ cm2) and high Q-factor (~3500) is achieved in CsPbX3 rods.?’ The lasing
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threshold in Fabry-Perot cavities vary largely, depending on the shape, size, end facets,
crystalline quality and halide composition.

Despite the tunable lasing color and low lasing threshold of perovskite lasers, the exact
mechanism of optical gain is yet to be rationalized. In organic-inorganic perovskites, the
majority of photogenerated charge carriers are free, and the population of bound excitons is
negligibly small due to the small exciton binding energy. The concentration of free charge
carriers that fill certain states increases as the intensity of excitation light increases, providing
a necessary condition for optical gain by population inversion. On the other hand, in all-
inorganic perovskites, the optical gain and ASE are assigned to the radiative recombination of

biexcitons.

7. Summary and Outlook

With the straightforward synthesis, halide perovskites emerge into one of the most promising
classes of semiconductor materials for solar cells, lasers, LEDs, and photodetectors. The
fascinating optical and electronic properties of perovskites originate from weekly-bound
excitons activated in the band-edge states which are formed by the hybridization of halide
orbitals with B-site metal ion orbitals. Thus, optical and electronic properties of perovskites
strongly depend on halide composition, and their optical absorption and emission color are
tuned throughout the visible to near-infrared region by synthesizing pure or mixed halide
perovskites. Further, these properties can be modified by varying the temperature and pressure,
changing the composition of A-site and B-site cations, and controlling the size and shape of
crystals. For example, emission wavelength and spectral width, charge carrier lifetime, and
exciton binding energy can be modified by downsizing perovskites from macroscopic films
and microscale crystals to nanocrystals and quantum dots. The excellent abilities of perovskites
to absorb light, which is followed by the generation and long-range diffusion of free charge
carriers, make them attractive to solar cells. Further, perovskites, owing to the tunable excitonic
emission wavelength and high photoluminescence quantum yields, find applications to high
efficiency, multicolor LEDs and low threshold, multicolor lasers. Although lead perovskites
show excellent optoelectronic properties and device performances, the environmental and
health costs of lead encourage researchers to develop lead-free perovskites by selecting B-site
cations from among Cu*, Ag*, Sn**, Ge**, Bi**, In** and Sb**. Another important challenge in
this field is the poor stability of perovskites against moisture and oxygen. Thus, much effort
has been dedicated to stabilizing perovskites with shells from materials such as polymers and

silica. Commercial devices and biological applications of halide perovskites can be realized
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with the development of non-toxic perovskites with optimized structure, stability, and optical

and charge carrier properties, which cannot be too far.
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