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Abstract

Metal halide perovskites have affirmed their pedigree as extraordinary semiconducting
materials, exhibiting properties rivalling those observed in single crystal compound
semiconductors. Perovskites show tremendous versatilities in both structure and composition
tuning, and therefore applications ranging from optoelectronics to X-ray imaging and
spintronics, neuromorphic electronics are emerging. Moreover, when their dimensions become
comparable to the exciton Bohr radius, perovskite nanostructures and layered systems display
remarkable properties because of quantum confinement. Nanostructured and lower
dimensional layered perovskites exhibit properties that are yet to be fully exploited such as
extraordinarily high luminescence, narrow emissions, high exciton binding energies, strong
non-linear phenomena, and carrier cascade characteristics. This review, while highlighting the
frontier phenomena that continue to be unravelled, outlines how confined structures of these
materials have demonstrated properties that promise to unlock exceptional quantum

phenomena to challenge the optoelectronic limits.
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1. Introduction

Metal halide perovskites have revolutionized the practice of using solution processed materials
for solar cell and light-emitting device applications. They possess exceptional intrinsic
properties such as defect tolerant, large optical absorption coefficient, long carrier diffusion
lengths, crystalline nature, and tunable binding energies (Ep) [1, 2]. Within ten years,
perovskite-based solar cells have grown rapidly with efficiencies reaching 25.2%, representing
the highest efficiency of any solution-processed device[3]. Halide perovskites have also proven
their existence in other optoelectronic applications such as light emitting devices, where
external quantum efficiencies (EQE) of perovskite-based light emitting diodes (PeLED) have
evolved from below 1% to more than 20% in 5 years; making them highly potential for large
area lighting and display applications [4, 5]. Moreover, low amplified spontaneous emission
(ASE) thresholds in cavity-free formations have revealed the relevance of these materials as
gain medium for lasing applications [6]. In general, the key to the successful deployment of
halide perovskites for numerous optoelectronic applications lies in the ability to modify the
materials’ optoelectronic properties via tailoring the perovskite compositions and structures to

reduce non-radiative recombination.

Earlier studies in solar cells and LEDs have been focused on AMX3z perovskite with a three-
dimensional (3D) inorganic octahedral [MXe] structural framework, wherein A, M, X represent
monovalent cation [e.g. Cs", methylammonium (CH3NHs"* = MA®), formamidinium
(HC(NH2)2" = FAY], metal ion (e.g. Pb?*, Sn**, Ge?*), and an anion (e.g. I, Br, CI)
respectively (Figure 1a) [7, 8]. Apart from the 3D structure, additional alternatives are also
represented by lower—dimensional layered structures which are formed by the incorporation of
larger cations (A") in the 3D structure. This leads to the reconstruction of the AMX3 framework
into 2D-3D, mixed dimensional perovskite structures, also known as ‘quasi-2D’ structures. The
quasi 2D variants are defined in terms of (n), which represent the number of connecting
inorganic octahedral structures present between two bulky cations layers. Depending on the
choice of the A™, two types of quasi 2D structures can be formed, i.e. the Ruddlesden-Popper
(RP) and the Dion—Jacobson (DJ). In typical RP perovskites (A'2An-1MnXan+1, A" = +1), the
unit cell (n =1, A’2MXy) is formed by inserting a pair of monovalent organic cation ‘A"’ (e.g.
benzyl ammonium (BZA), phenylethyl ammonium (PEA), octylammonium (OA)) in between
the inorganic octahedral layers. Whereas, in the DJ phase (A”An-1MnXan+1, A’ = 2+), the unit
cell (n =1, A”"MXa) is formed by incorporating a single layer of either divalent organic cation

‘A” (e.g. 3-(aminomethyl) piperidinium (3AMP) or 4-(aminomethyl) piperidinium
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(4AMP))[9] or the diammonium cation (e.g.1,4-Benzenedimethanamonium)[10] (Figure 1b).
As the optoelectronic properties are tied closely with the perovskite crystal structure, fine
tuning the choice of the cations and the amounts of A and A’ cations will lead to a range of
quasi 2D perovskites with vastly diversified optical and electronic properties which can be
harnessed to tailor the properties to meet specific needs. For example, significantly differing
dielectric constants between organic and inorganic layers can be harnessed to aggravate
dielectric confinement which engenders significant enhancement in PeLED as well as lasing
attributes [11-13]. In response, solution processed RP microplates have demonstrated highly
stable and low lasing threshold down to 7.8 uJ cm ™ attributed to enhanced exciton and photon

confinement in RP structures [14].

Another strategy to regulate the optoelectronic properties is by utilizing perovskite
nanostructures. Nanostructures of different morphologies and spatial dimensionalities (e.g.
nanoparticles, quantum dots (QDs), nanorods (NRs), nanowires (NWSs), and nanoplatelets
(NPLs)) can be synthesized (Figure 1c) [4, 15-19] by judiciously controlling the reaction
parameters. They exhibit fascinating physical properties due to either quantum confinement or
strong anisotropy, and display high PLQY (~ 100 %), narrow emission, size and shape
dependent colour tunability and other striking attributes which are comparable or exceed the
metrics of inorganic semiconductor QDs (e.g. CdSe) [17, 20-22] Perovskite nanocrystals (NCs)
have recently been shown to yield high performance solar cells [15], exhibit slow hot-carrier
cooling [23], as well as efficient multi-exciton generation (MEG) [24, 25]. Charge carrier
cascade in nanoparticle assemblies has also yielded high performance LEDs [26], whereas
core-shell NCs have displayed large multiphoton absorption cross-sections [27, 28]. Perovskite
NWs and NPLs with strong optical and dielectric confinement have shown promise for
photonics (e.g. lasers) applications due to their composition and structure driven tuning of

photophysical properties [29-31].

Both nanostructured and layered perovskites leverage confinement effects to yield high
performance LEDs, slow-hot carrier cooling, multi exciton generation, low-threshold polarized
lasing, and impressive non-linear properties. These phenomena made available by quantum
effects promise to enable new materials and device structures that will enable us to challenge
the Shockley Queisser (SQ) limit, yield high performance light emitting devices and lasers.
This review, while highlighting the materials attributes driving these advances, will also
discuss related frontier phenomena that are being uncovered in these versatile perovskite

nanostructures.
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Figure 1: Schematic illustration of (2) AMXs type unit cell of 3D perovskite together with (b) lower—

dimensional layered perovskites phases, e.g. RP perovskites and DJ with n=2 phases. (c) Perovskite
nanostructures such as NPs, NRs, NWs, and NPLs along with their unique properties and potential

application in various fields of optoelectronic, reprinted with permission from [15, 16, 30, 32, 33].

2. Influence of confinement on the photophysical properties of perovskites

The relationship between the perovskite composition and structure to the photo physical
properties of the halide perovskites will be reviewed herein from the electronic band structure,
carrier dynamics, and recombination dynamics point of view. Synthesis route and crystal
structure stability of chemically modified perovskites, as governed by the Goldschmidt and

octahedral factors, have been well reported elsewhere in the literature [34, 35].



2.1 Electronic band structure modulation

Density Functional Theory (DFT) analyses have indicated that the electronic band structure
near the band edges is primarily influenced by the [MXe] octahedra [36, 37]. In MAPDI3, the
valence band maximum (VBM) comprises antibonding states from the hybridization of Pb 6s
and | 5p orbitals, whereas the conduction band minimum (CBM) is formed by empty Pb 6p
orbitals with secondary contribution from | 5s orbitals [36]. This band structure induces the
defect tolerant nature of the perovskites as the defect energy levels lie either within the
conduction or valence band (Figure 2a) [17]. A high absorption coefficient is observed as the
p orbitals (which have less dispersion than s orbitals) govern the band edge and consequently
yield high joint density of states (JDOS) at the band edge [38]. Whereas, the small stoke shift
in photoluminescence (PL) spectra is indicative of electron — hole recombination from CBM
to VBM [39]. Halide substitution results in a shift in the VBM, leading to a reduction in Eq for
larger atomic sizes (Cl — Br — I), which can be predicted by Vegard’s law [40].

On the other hand, substitution of Pb with smaller Sn cation results in the reduction of the Eq
to ~1.3 eV for MASnIs [41]; attributed to the spin-orbit coupling (SOC) effect that splits the
states near CBM [39]. Anomalous bandgap changes observed for Pb — Sn perovskites (where
the lowest bandgap was found in the mixed MASnosPbosls system rather than MASnNIz) are
speculated to be caused by similar orbital composition between CBM and VBM of MASnhIs3
and MAPDI3, analogous to the Pb1xSnxTe system [41]. Although the ‘A’ cation seems to play
a minor role in the perovskite band structure, the choice of the A cation modulates the M — X
bond angle or the [MXs] octahedral dimensionality that subsequently alters Eg. Decreasing the
[MXe] octahedral tilt by employing FA cations that promote hydrogen bond formation with
inorganic matrix enhances the metal p contribution in the CBM, resulting in an increased spin-
orbit splitting and a reduction in Eq [37]. Employing smaller cations (such as Cs*) reduces the
M — X — M bond angle causing a linear increase in Eq[42]. In practice, multi-cation approaches
by mixing FA, MA, and Cs for example, that have been used to stabilize the perovskite
structure [43] can also modulate the M — X — M bond angle and E4. Addition of bulky organic
molecules at the A site (as in RP perovskites) leads to a reduction of the [MXg] octahedral
dimensionality to form a layered octahedral framework that shrinks the bandwidth of both
CBM and VBM and increases the Eg of the material [39]. Steric effects influenced by cation
shape and size[42, 44], electrostatic attraction related to charge state of the cation [9], and the
position of the functional group play a role in influencing the [MXg] inorganic octahedral slabs.

An Eq value of ~ 2.43 eV was obtained when long alkyl chain amine derivative such as n-



butylamine (C4sH9sNHS3) was used to form the (CsHsNH3)2Pbl4 layered perovskite structure with
a sharp optical absorption onset indicating direct bandgap properties [38]. Longer alkyl chain
molecules, such as CeH13NH3 and C12H2sNH3 can also be incorporated resulting in Eg values

of 2.7 eV and 2.88 eV respectively[45].
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Figure 2: (a) Schematic diagram of electronic structures comparing defect tolerance and defect

intolerant system, reprinted with permission from [17]. (b) Experimental and theoretical bandgap

modulation of MAPbBr3 nanocrystals with size reduction. Reprinted with permission from [46].

Further fine-tuning of the E4 can be done by varying the numbers of inorganic octahedral layers
in between the bulky molecules (n). Modification of Eq in the range of 2.43 eV to 1.5 eV with
increasing octahedral layers (n) value has been reported in the (CsHoNH3)2(MA)nPbnlan+1
system [38]. The use of bulky organic cations results in the formation of multi quantum well
like structures with low dielectric constant (&) organic molecules and high € inorganic layers,
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creating a dielectric confinement effect inside the lower dimensional perovskites (i.e. 2D and
1D) [34]. Consequently, these layered structures effectively confine excitons and enhance

radiative recombination probability (refer to sections 2.2 and 2.3).

In nanostructures, as the dimension of the material approaches the Bohr radius (ry), discrete
electronic structures are formed leading to an increase in Eg (called quantum confinement).
Size-induced quantum effects were demonstrated in CsPbBrz nanocrystals, with a blue shift
(2.42 eV nm to 2.67 nm) was observed with the reduction in size from 11.8 nm to 3.8 nm [47].
Blue shifts in the range of (~0.4 — 0.5 eV were observed in MAPbBr3 NPLs and NCs with
thickness reduction from 3 nm to 0.6 nm and a reduction in diameter from 3.9 to 1.6 nm
respectively (Figure 2b) [46]. Although high surface area nanocrystals will lead to an increase
in surface defects, due to their defect tolerance nature, surface traps in the perovskites NCs are
relatively benign and do not perturb the optical and electrical properties significantly even
without a complex surface passivation technique. Nanocrystals with PL efficiency close to
100% have been realized even without surface passivation. Nanocrystals with PL efficiency
close to 100% have been realized [48], thus highlighting the impact of nanostructuring on

perovskites.

2.2 Charge Carrier Dynamics

Techniques such as magneto absorption spectroscopy, temperature dependent
photoluminescence (PL), and optical absorption studies have been employed to measure the
strength of Coulombic attraction between electrons — hole pairs (i.e. Ep) and to investigate the
excitonic versus free carrier nature of charges generated in perovskites. Magnetoabsorption
spectroscopy revealed that E, of MAPDIs ranges from 37 meV to 50 meV dependent on the
choice of dielectric function (¢) [49, 50]. With PL intensity decreasing with rising temperatures,
temperature dependent PL spectroscopy indicated exciton dissociation, with E, values ranging
from 19 meV to 62 meV [51, 52]. Elliot’s theory [53] of band onset absorption was also utilised

to estimate Ep, with values ranging from 5 to 25 meV[54, 55].

At room temperature, thermal energy (knT29sk), will dissociate excitons, which will create free
carriers as the primary carrier population for MAPDIs. Photoinduced terahertz conductivity, PL
and transient absorption (TA) spectroscopy measurements have confirmed the presence of free
carriers as the primary photogenerated species [56, 57]. The generation of free carriers in 3D

perovskites facilitates charge extraction for photovoltaic applications. As Ep values are



inversely proportional to the dielectric constant (E, o 1/52) and exciton Bohr radius (rp) is

proportional to dielectric constant (r;, « &) of the materials, the Ey and r, values can be varied

by introducing low dielectric constant organic molecules in the system.

While Mott-Wannier model describes systems with low Ey (E» ~ 10 meV) with Bohr radii much
larger than that of the host lattice (r, >> a) (Figure 3a), Frenkel excitons represent a system
with tightly bound excitons (E» > ~ 100 meV) with small Bohr radii (r, < a). Therefore,
depending on the choice of organic molecules and the inorganic octahedral layer thickness in
between the layers of bulky organic molecules present in the system, excitons generated in
halide perovskites can be classified as Mott-Wannier excitons or Frenkel excitons. E, values
above 100 meV have been observed in layered perovskites depending on the choice of the
bulky organic molecules, its dielectric constant and its interaction with the [BXg] inorganic
octahedral slab. Long alkyl chain molecules such as C10H21NH3* can be employed to boost the
Eb to 320 meV [58], whereas fluorinated aromatic molecules (e.g. 4-FCsH4C2H4NH3z") can
increase the Ep to 540 meV[45]. The enhancement on the Ey has been attributed to both the use
of low dielectric constant organic molecules and dielectric confinement effect found naturally
in the layered perovskite structure (Figure 3b) [59-62], with E, shown to vary with the ratio of
dielectric constants of both inorganic and organic layers [59, 62]. Partial substitution with bulky
organic molecules would lead to quasi-2D materials, with decreasing octahedral inorganic
layers resulting in Ep enhancement. E, value of 170 meV were reported for
(CeHaC2HaNH3)2(MA)Pb2l7 with n = 2 layers as opposed to 220 meV for n = 1 compounds
[51]. Similar effects were also observed with long alkyl chain molecules, where
(C4H9NH?3)2Pbl4 compounds with variations in n from 1 to 3 resulted in E, values of 290 meV

and 150 meV respectively [62].

The nature of excitons for 2D perovskites is still an open question, with reports of Wannier
excitons in the inorganic matrix and the presence of small radii Frenkel excitons in the organic
framework [63]. Variations in the organic cations and inorganic layers modulated both Ey and
r', which add to the complexity in the assignment of the excitons’ nature [34]. Interestingly,
the possibility of the formation of Frenkel-Wannier hybrid excitons had been reported [34].
Properties of these hybrid excitons result from contributions of optical nonlinearity and large
oscillator strength of Wannier and Frenkel excitons respectively [64]. These hybridized
properties can be gainfully exploited in light emitting diodes, lasers, and nonlinear optics (i.e.
second and third harmonic generation). In perovskite nanocrystals, both size and organic

(surface) ligands confinement confine electron-hole pairs within the particles (Figure 3b).
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These confinement strategies would increase the Ey of the materials, which subsequently shift
the nature of carriers to be dominated by tightly bound Frenkel excitons[65-67]. Strong carrier
confinement in 3.4 nm CsPbBrs NPLs have been reported, which lead to E, 120 meV, as
opposed to value of ~ 33 meV in CsPbBr3 thin film[68]. Quantum confinement effects were
also observed in MAPbBrs NCs and NPLs with E, ranging from 320 meV to 600 meV,
influenced by nanoplatelet thickness [67, 69]. Layered perovskites in nanostructured form, e.g.
NSs of (C4H9oNHz3)2Pbl4 result in Ep of 490 meV [70] as opposed to 290 meV for its bulk
counterpart [62].
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2.3 Carrier Recombination Dynamics

A good understanding of charge carrier recombination dynamic is of critical importance
towards exploiting the exceptional properties of perovskites. Depending on the excitonic
binding energy (Es) of the specific perovskites, photoexcitation can predominantly result in
free carriers (Ep < KnT208k) Or excitons (Ep > knT298k). Depending on the number of carriers
involved during recombination, photoexcited charge carriers recombine in semiconductors
through monomolecular, bimolecular, or Auger recombination processes :[71]

am(t)
dt

=G— kym— k,m?— kym3 [1]

where m stands for the carrier density and G is the generation rate. In free carriers system, ki is
associated with monomolecular recombination constant while k> refers to radiative bimolecular
recombination coefficient and ks points to the Auger recombination coefficient.
Monomolecular recombination is associated with trap assisted, whereas bimolecular
recombination refers to free carriers recombination processes. Auger recombination involves
three carriers where excited electrons non-radiatively recombine with holes to promote another
electron to higher energy states (Figure 4a). On the other hand, in excitonic system, — kym3
component is eliminated from the equation with ki refers to radiative germinate / excitonic

recombination while ks is associated with bi-excitons annihilation (Auger).

Recombination dynamics depend on the carrier density. For example, in the case of 3D
perovskites with photogenerated free carriers, at low carrier density, monomolecular trap
assisted recombination dominates followed by bimolecular recombination, whereas at very
high carrier densities Auger recombination dominates [72]. The radiative efficiency or PL
quantum yield (PLQY) gauges the qualities of the materials’ optical and electronic properties,
with high PLQY indicative of minimal non-radiative recombination losses, which is preferred
for optoelectronic applications. High PLQY also supports an efficient photon recycling
mechanism that will be beneficial in photovoltaics and photodetectors. PLQY is calculated
as:[71].

radiative recombination

PLQY (m) =

[2]

total recombination
Therefore, it is important to minimize the monomolecular trap-assisted and auger
recombination rates while maximizing the radiative monomolecular excitonic and bimolecular
recombination to attain high PLQY. Hence, the radiative efficiency is also a function of carrier
generation (Figure 4b). As monomolecular recombination dominates at low carrier generation

rates, for 3D perovskites (where free carriers are generated at room temperature) the PLQY is
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enhanced with increasing carrier generation due to trap filling effects and reaches a plateau
when bimolecular recombination dominates. At higher carrier generation rates, Auger

recombination kicks in which reduces the PLQY.

As free charges are generally generated at room temperature due to low E», monomolecular
recombination is dominated by the trap assisted recombination in 3D MAPbIs perovskite,
which is usually non-radiative [71]. Various techniques such as time-resolved
Photoluminescence (TRPL), Transient Absorption Spectroscopy (TA), time-resolved
microwave conductivity (TRMC), and time-resolved THz spectroscopy (TRTS), have been
utilized to analyze the recombination dynamics. The reported monomolecular recombination
rates for MAPbI; vary between 107 and 10 s dependent on the film deposition process [73].
On the other hand, the bimolecular recombination ranges between 10 and 10! cm3s™ for both
polycrystalline and single crystals[73]. For photovoltaic and light emitting diode applications,
the typical carrier concentrations are relatively low (~10°cm=)[71, 74] which aggravate the
contribution from monomolecular recombination due to weak bimolecular recombination rates.
Therefore, strategies that enhance the excitonic emission, increase local carrier densities or
reduce the monomolecular trap assisted recombination to improve radiative efficiency are
necessary. Both nanostructures and lower dimensional layered perovskites structures open up

new approaches in this regard.

The use of pure layered perovskite itself can increase the Ep that subsequently enhances the
excitonic radiative recombination and PLQY [34, 75, 76]. In addition, the carrier cascade
effects noted in the mixed dimensional systems that have been of particular interest [13, 74].
Thin films of layered RP perovskites consist of domains with a variety of bandgaps that exist
within them. Such a multi-domain structure results in funneling of carriers to the lowest Egq
region and subsequent confinement significantly enhances the carrier densities in the emitting
perovskite domain. Due to the concentration of the carriers within this emitting domain,
bimolecular recombination contribution in the system is enhanced as discussed in detail in

section 3.2.

Nanocrystals, on the other hand, confine carriers inside the particles, and concurrently increase
both the local carrier density and monomolecular excitonic recombination, boosting radiative
efficiency [65, 66]. Thus, PLQY values of up to 95-100% have been reported [47, 48].
Although increasing local carrier density will bypass the slow bimolecular recombination rate,
the risk of reducing the Auger recombination onset in the system needs to be taken into account

[77, 78]. Although 3D perovskites lag in terms of radiative emission, strategies such as the use
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of layered perovskite formations and nanocrystals help to raise the local carrier densities.
Additionally, they are effective in confining carriers in the crystal, and passivation of surface
defects has been successfully implemented to enhance the radiative efficiency of these
materials. In particular, this attribute of maximal radiative efficiency holds significance for

applications such as lasers, light emitting diodes, and photovoltaics.
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3. Nanostructure and lower dimensional perovskite applications

As described in the previous sections, confined systems such as nanostructures and the mixed
layered perovskites have a profound effect on the electronic band structure, carrier dynamics
and recombination. These effects brought about by size and structural confinement unlock

exciting new properties that may be exploited in optoelectronics and adjacent fields. In this
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section we will highlight the main advantages offered by these quantum confined perovskite

structures in applications such as solar cells, light emitting diodes, and lasing applications.
3.1 Solar cells

The power conversion efficiency (PCE) of solar cells is defined by the ratio of the electrical
energy output from the device to the incident optical power. Although perovskite-based solar
cells have shown the remarkable device efficiency improvement within a short time span,
susceptibility towards ambient conditions and phase stability are challenges. Films comprised
of large grains, high surface coverage with minimum pinholes and fewer grain boundaries offer
better charge transport and improved performance [1, 2].These limitations can be overcome by
utilizing the perovskite nanostructures and lower dimensional MQW structures [15, 79, 80] .
Importantly, we have also highlighted the exotic quantum phenomenon in NCs and in lower
dimensional perovskites that can enable approaches that overcome the Shockley—Queisser

(SQ) limit such as hot carrier solar cells and multi-exciton generation.

3.1.1. Nanostructured perovskites for slow-hot carrier cooling and multiple exciton
generation (MEG)

Theoretical efficiency of a single junction solar cell is estimated to be 33.5%; with
transmission, extraction, and thermalization losses making up the rest of the solar energy that
cannot be extracted (Figure 5a) [81]. Excess kinetic energy of hot carriers (KT > Ey) is usually
transferred to the lattice via carrier-phonon interactions, commonly known as ‘thermalization’
or ‘carrier cooling’ and it is a major limiting factor in photovoltaics. Circumventing the
thermalization loss via harvesting hot carriers and MEG would boost the efficiencies beyond
the SQ limit, up to 66% and 44% respectively [82-84]. Carrier cooling processes occur rapidly
(<100 fs) [85] in bulk materials due to presence of continuous energy levels (Figure 5b) [86],
while semiconductor nanostructures with discrete energy levels will reduce carrier-phonon

coupling and slow down the carrier cooling (i.e. phonon bottleneck effect - See figure 5¢) [87].

Slow hot carrier cooling time (~32ps) was noted for the MAPbBr3 NCs (~5 nm — 11 nm
diameter) over the bulk film (Figure 5d) [23]. While other inorganic semiconductor CdSe QDs
exhibited rapid hot-carrier cooling with decreasing size, perovskite NCs operating in a weak
confinement demonstrated increased cooling times from 10 ps to 32 ps for NCs of size 5 nm
and 12 nm respectively [23]. Perovskite NCs have slower hot carrier cooling as compared to
CdSe QDs (~0.8ps) or GaAs thin films (~2ps) which is attributed to intrinsic phonon-bottle
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neck brought about by a symmetric energy dispersion, small effective charge carrier masses
(electrons and holes), and low defect density in perovskite NCs.
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Figure 5: (a) Theoretical SQ limit of silicon solar cell with its losses, redrawn from [81].(b) The

schematic diagram of hot carrier cooling dynamics in semiconductors bulk films redrawn from [85]

and (c) and in Nanostructure, exhibit phonon bottleneck in perovskites NCs redrawn from [87]. (d)
Hot-carrier temperature versus delay time for bulk film and MAPbBr3; NCs at various carrier densities
reprinted with permission from [23]. (e) Ultrafast TAM images recorded at 1.58 eV using 3.14 eV and

1.97 eV pump photon energies at different pump probe delay time indicating transport of hot carrier in

MAPDI; film. Scale bars, 1 um, reprinted with permission from [88].

14



Furthermore, hot carriers extraction by organic layers was also demonstrated with films formed
from MAPDBr3 NCs; suggesting that extremely thin absorbers or concentrated solar cells can

be the key beneficiaries of the slower hot-carrier cooling from these perovskite NCs [23].

Direct evidence of hot-carrier migration in CHsNH3sPbls thin films was provided using ultrafast
transient-absorption microscopy (TAM, Figure 5e) [88]. Transport phenomena observed
included quasiballistic transport which; was initiated at a pump photon energy of 3.14 eV (1.49
eV above Eg), but was absent at pump photon energy of 1.97 eV (0.32 eV above Ey).
Quasiballistic transport (~230 nm) that can overcome grain boundaries and non-equilibrium
transport (~600 nm, > 10 ps) before reaching the diffusive transport limit are strong indications
of hot-carrier transport. These results suggest potential applications of hot-carrier devices based
on perovskites. A substantial population of hot carriers can be retained by slowing down the
thermalization processes that occur due to interactions with phonons or the presence of defects.
In particular, nanostructures have been shown to be more effective (than bulk materials and

thin films) in slower carrier cooling via phonon confinement effects [86, 89].

MEG (conversion of single absorbed photon into two or more excitons) or carrier
multiplication (CM) which leads to enrichment in photocurrent. This is yet another means of
circumventing the SQ limit in single-junction solar cells. Typically, the MEG process takes
place by exciting the semiconductors with incident photon energy greater than Eq (i.e. hv >
2Eg) (Figure 6a). Strongly confined PbSe and PbS QDs were predicted to show enhanced MEG
due to relaxed momentum conservation, enhanced Coulomb coupling, and slow hot carrier
cooling. However, the phonon bottleneck in these QDs did not materialize due to electron
interactions with dense hole states that resulted in faster hot-carrier cooling in smaller QDs.
This resulted in the need for higher MEG threshold energies (~3Eg), similar to those observed

in bulk semiconductors [90, 91].

The potential of MEG in perovskites was highlighted based on the simulated mechanisms of
carrier relaxation in MAPDbI3z QDs due to quantum confinement effects [92]. Timescales for
processes competing with MEG were estimated as: MEG (~fs) < carrier cooling (~ ps) <
radiative recombination (ns) < non-radiative recombination (ns) [93]. The main challenge to
MEG is linked to both ultra-fast intraband relaxation and Auger recombination, which compete
with CM processes[93]. The ideal condition for MEG is to achieve an onset energy twice that
of the band gap (Eon > 2Eg), with negligible non-radiative effects.[92] Highly efficient CM
were reported in colloidal CsPblz NCs with transient photo-induced bleaching (PIB) dynamics
measured below (2.48 eV, Figure 6b) and above (4.2 eV, Figure 6¢) the CM threshold [25].
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Figure 6: (a) Schematic representation of MEG process; TA dynamics (b) at pump wavelength of
500nm (2.48eV) i.e below and (c) at pump wavelength of 295 nm (4.2 eV) i.e. above carrier
multiplication (CM) threshold for CsPbls NCs. Dashed lines denote the exponential data fit. The
presence of supplementary fast component at pumping energy 4.2 eV represents CM signature. Inset
exhibit single photon absorption (linear) regime, reprinted with permission from [25]. (d) The MEG
QY vs hv/Eg of FAPDbI; NCs as compared with PbSe NCs and PbS NCs, reprinted with permission from
[94]. The error bars signify the uncertainties in the MEG QY fitting process. (€) Maximum PCEs
calculated based on Detailed balance calculations under AM1.5 solar illumination as a function of
material Eq for different MEG thresholds. The Shockley-Queisser limit is represented as SQ, reprinted

with permission from [24] .
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The presence of the additional decay component, with fast decay time constant for transient
PIB above the CM threshold (4.2 eV), is conclusive evidence for CM. Recent studies of
colloidal FAPbIs NCs (7.5 nm), have demonstrated enhanced MEG with threshold photo
energy of 2.25E4 and slope efficiency up to 75%, which was superior than that reported for
strongly confined nanocrystals of PbS or PbSe (3Eg) (Figure 6d) [24].

Although, PbSe and PbS also benefit from similar small carrier effective masses, the higher
MEG thresholds are a result of reduced density of states and increased carrier cooling rates (for
smaller QDs), that reverse the advantages of enhanced Coulomb coupling and relaxation of
momentum conservation in strongly confined QDs. Low threshold and efficient MEG in
FAPDI3 NCs is ascribed to small and similar carrier effective masses and appropriate quantum
confinement effect that leads to an inverse Auger process (~90 fs) rendered by the slow cooling
of energetic hot carriers. Maximum PCEs based on the detailed balance equation (Figure 6e,
assuming 100% MEG efficiency under AM1.5) indicates that MEG can help to overcome the
SQ limit (~33.5%) and solar conversion efficiencies can reach up to ~44% (Figure 6e), with
MEG thresholds of 2Eg[24, 85]. Thus, the intrinsic phonon-bottle neck observed in perovskite
NCs contributes strongly to both slow hot carriers and low threshold MEG observations

supporting the potential of beyond SQ limit PVs.

3.1.2. Nanostructured and lower dimensional perovskites for solar cells for improved

phase and ambient stability

Efficiency of perovskite-based solar cells has reached up to 25.2%, however susceptibility
towards moisture degrade their performance within a short period of time. This is a key
challenge in the further development of perovskite-based PV technology and requires highly
reproducible and long-term stable high efficiency devices. This limitation is being addressed
by implementing layered lower dimensional 2D perovskites in solar cells, which have shown
improved stability of the solar cells due to hydrophobicity imparted by the organic molecules
[95, 96]. Low formation energy of 3D perovskites leads to their facile decomposition in the
presence of moisture. In contrast, intercalation of longer chain organics (e.g. AVA, PEA)
between perovskite layers enhances van der Waals interactions, which increases the formation
energy of the perovskites and thus minimizes the degradation and improves material stability
[97-99]. However, film orientation is an important consideration for charge extraction. This is

demonstrated by nanostructures orientated to improve charge transport in mixed-dimensional
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((IEA)2(MA)n-1Pbnlsn+1) perovskite, which yielded efficiency over 9% [100]. Also, device
performance of 2D (BA)2(MA)sPbaliz perovskite was further boosted up to 12.17% by
fabricating perpendicularly-oriented films through controlled crystallization processes in a hot
casting process (Figure 7a) [80, 101].

In 2D perovskites, strategies for overcoming their high exciton binding energies and facilitation
of long-lived free carriers are also emerging. Phase-pure homogenous 2D perovskites thin films
(for n > 2) revealed exciton dissociation into free carriers, where a fraction of the
photogenerated excitons diffuse to the crystal edges and subsequently undergo a conversion to
layer-edge states (LESs) [102]. The LES formation minimizes the nonradiative recombination
losses and thus excitons can be collected separately as free carriers at their selective contacts
[102]. Furthermore, photoinduced electron and hole separation were shown in layered
(BA)2(MA).-1Pbnlzn+1 perovskite films [103].

This carrier separation is influenced by RP perovskite phases with varying band gaps, which
consecutively transfer the photoinduced electron from high band gap phases to small band gap
phases, while corresponding hole transport in hundreds of picoseconds [103]. It also highlights
the pathways for high efficiency solar cells based on layered perovskites. Even though studies
have demonstrated approaches for improved charge transport as well as LES formation to
overcome their high Ep limitations, performance of layered perovskites is still challenged by
their high Eg which can vary from 1.83 eV for n =510 2.24 eV for n =1 [104]. Consequently,
multidimensional-layered perovskites of 2D/3D bilayer structures have emerged as a promising
alternative to overcome the efficiency limit of lower dimensional perovskites, while
maintaining the attributes of improved stability [105-107]. In bilayered 2D/3D perovskites,
majority of the optical absorption and carrier transport occurs in the 3D perovskite, with the
2D perovskite functioning merely as a hydrophobic capping layer providing moisture barrier,
thus enhancing stability. In addition, organic molecules (e.g. PEAI, BAI or OAI etc) integrated
on to the top of 3D perovskite layers act as surface passivator, minimizing trap density,
reducing non-radiative recombination pathways, and enhancing device performance [108,
109].
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(a) Strong vertical orientation Partial random orientation

(b)

Figure 7: (a) Schematic representation of vertically orientated lower dimensional perovskites films
for better charge collection (left), in comparison with randomly orientation films that hinders effective
charge extraction (right) reprinted with permission from[101]. b) The schematic and cross sectional

images of high-efficiency FAI-coated CsPbl; QDSCs device reprinted with permission from [15].

Thus, the crystallization of 2D perovskite above the 3D perovskite plays a dual role as a
hydrophobic barrier as well as surface passivator to improve the device efficiency as well as
promote stability. An additional challenge for halide perovskites is their thermal stability,
which leads to decomposition at elevated temperature (e.g. MAPDbI3 degrades ~ above 85 °C)
[110]. This issue can be addressed by fabricating an all-inorganic perovskite-based solar cells
using Cs cation. However, in thin films, the low bandgap CsPbls cubic perovskite phase can
be achieved only at high temperature (above 300 °C)[111] and degrades rapidly to an
orthorhombic B-phase in ambient conditions [112]. However, the high surface energy of CsPblz
nanocrystals enable stable a-CsPbls phase formation at room temperature. Solar cells based on
the a-CsPbls QDs (~8-15 nm range) have recently been demonstrated with efficiencies of 13.4
% (Voc = 1.2 V) [15] and stability of over 64 days in ambient air. The influence of the insulating
ligands on the QD surface was managed by selective ligand exchange and surface passivation.
The reported efficiency is also the highest for all-inorganic perovskite solar cells (Figure 7b)
[15, 79]. Solar cells fabricated with MAPDbIz NWs exhibited device performance of 14.7%,
which is attributed to excellent photo carrier extraction due to lateral conductivity of 5.86 x 10
10S/m; which is 1.6 times better than those in 3D cubic crystal structures [113]. Although NW
and QD approaches are likely to offer better stoichiometric control and offer effective phase
stabilization, challenges with these nanostructures include exciton formation, reduced diffusion

lengths, anisotropy in charge transport, and increased surface recombination, amongst others.
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Thus, countering the effects of increased recombination due to smaller grains and reduced
charge carrier diffusion lengths are essential if high efficiency solar cells are to be realized with

these nanostructures.

In addition, although the bandgap of the perovskites can easily be altered by employing mixed
anions, photo or current induced halide segregation limit their performance and stability during
device applications [114]. Lower dimensional or nanocrystal perovskite formation proved to
be advantageous in tackling the phase segregation problem in mixed halide perovskites [22,
114, 115]. For instance, CsPb(lo.5Bro:5)3 perovskite nanocrystals demonstrates spectrally stable
PL under photo excitation as opposed to the bulk counterpart due to the smaller carrier diffusion

length and injected carrier densities [116].

3.2 Perovskites for efficient LEDs

Quantum confinement and related properties of the perovskite nanostructures also open up
further opportunities especially in the fields of light-emitting diodes (LEDs) and lasing.
Perovskite LEDs (PeLEDs) with EQE evolution from below 1% to exceeding 20% have been
reported within 5 years [117-119]. This marvellous progress is due in part to their tunable
intrinsic properties (e.g. Eg, Eb), defect tolerant nature, and technology transfer from the mature

perovskite-based photovoltaics fields [20, 21].

The external quantum efficiency (EQE) of LED measures the number of photons emitted with
respect to the number of electrons flowing through the devices. Carrier confinement with high
Eb materials are preferred to construct efficient electroluminescence (EL) devices. High EL
efficiency can only be accomplished by circumventing non-radiative recombination, which
typically occurs through defect or trap states (trap-mediated recombination). In typical PeLED
operating conditions, charge-carrier densities of ~10*> cm™ are observed, comparable to trap
densities reported in 3D perovskites [120, 121]. Thus, the EQE in perovskite films is
determined by competing processes of trapping at defect-states (first order decay process)
versus slow electron-hole bimolecular radiative recombination (second order decay process)
and their lower E, (~9-50 meV) [122]. Under thermodynamic equilibrium conditions,
depending on Ep and the excitation energy, coexistence (and interactions) of free charges and
excitons is likely to affect radiative recombination. Therefore, one method to achieve high-
efficiency PeLEDs has been through controlling the NCs size and by employing lower-
dimensionality perovskite emitters that would spatially confine carriers leading to enhanced
radiative recombination [123]. Efforts to enhance PLQY and EQE of PeLEDs by utilizing
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layered lower dimensional system and physically confined carriers in nanograins or NCs will

be reviewed in depth below and summarized in table 1.

3.2.1 PeLEDs based on small grain size thin films and lower dimensional systems

In 1994, initial efforts on LED based on 2D lead based perovskite compounds can achieved EL
at liquid nitrogen temperatures [124] and at very high applied voltage[125]. Recently, room
temperature EL was demonstrated by employing 3D perovskites films, however PeLED
performance (EQE) was restricted below 1 % due to large grain size and poor surface coverage
film formation, which resulted in high nonradiative recombination, and lower PLQY [4, 20,
120, 123, 126]. Strategies to enhance the PLQY are crucial to boost the EQE and as a follow
up the formation of small grain size are preferred to spatially limit carrier diffusion thus
enhancing the radiative recombination [65, 127-130]. PeLEDs fabricated by utilizing a small
grain MAPDbBr3 emissive layer have managed to achieve a current efficiency (CE) of 42.9 cd
A1 with an EQE of 8.53% (Figure 8a and 8b). The improved performance is attributed to
carrier confinement within the small grain size as well as reduced nonradiative recombination
centres induced by Pb metallic phase [127]. Further, the approach of controlling perovskite
grain size by means of the addition of long chain organic cations or polymers led to the
perovskite films with nanocrystal like morphology with enhanced PLQY as well as device
performance [131-133].

Furthermore, all inorganic perovskite CsPbBrs films fabricated using cesium trifluoroacetate
(TFA) demonstrated efficient (CE of 32.0 cd At and EQE of 10.5%) and stable green LEDs
with a half-lifetime over 250 h at 100 cdm™2. The improvement in efficiency and stability is
attributed to improved crystallization and overall molecular structure of CsPbBr3 films. The
addition of TFA in the perovskite precursor enhances the interaction of TFA anions
(CFsCOO-) with Pb?* cations improving the crystallization, while the strong electronegativity
of F enhances the structural stability of CsPbBrz perovskites [134].

Utilizing quasi 2D perovskites which can also boost the PLQY due to energy landscape
formation that promotes carrier cascade to lower bandgap (3D domain) enhances the radiative
recombination and hence device performance (EQE) [11, 13]. In response, device EQE can be
boosted up to 12.2% by harvesting carrier funnelling effect on the quasi 2D perovskites [135].
Furthermore, surface traps and grain boundary defects have hindered the performance of LEDs,

successively surface passivation with trioctylphosphine oxide (TOPO) has provided another
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avenue to boost the PLQY, resulting in devices with CE of 62.4 cd A and EQE of 14.36%
[135].

A mixed halide approach (Br/Cl) to obtain blue PeLEDs (450 — 490 nm) has been impeded due
to halide ion migration which triggers phase segregation issue under applied bias [136-139].
However, this limitation can be overcome by fabricating mono halide quasi-2D perovskites
film with combination of long chain PEA and shorter chain cation (e.g. iso-propylammonium,
IPA), which resulted in controlled crystallization of perovskites to higher ‘n” quasi 2D domain,
with maximum luminance of 2480 cd m~2 (A = 490 nm) [140]. Overall, perovskite grain size,
balanced charge injection, and surface and grain boundary passivation are the critical
parameters we need to pay further attention to in order to boost the performance as well as
stability of PeLEDs.

(a) MAPbBr3 Nanograin film (b)

Large nanograin size Smaller Nanograin film

Current Efficiency (cd A'l)
.

l". 1
3 6 9 12 s

Enchanced Luminesence

Luminance (cd m‘z)

Figure 8: (a) SEM image and corresponding optical image of MAPbBr3; perovskite films with larger
nanograin size and smaller grain size and (b) and corresponding PeLED characteristic: current
efficiency vs luminance. The films were prepared with MABr:PbBr (1.05:1) precursor composition with
solvent-based nanoscrystal pinning (S-NCP) technique for larger nanograin size and additive-based
NCP (A-NCP) technique for smaller nanograin size, insert shows photograph of PeLED device

reprinted with permission from[127].

3.2.2 PeLEDs based on perovskite colloidal NCs

The high PLQY of NPs is mainly attributed to their high En because of effective exciton
confinement in small size particles (< 20 nm) as compared to polycrystalline (grain sizes > 100
nm) perovskite films. Initial reports of NC, NPL, QD PeLEDs [141] even with high PLQY (
> 85 %) were demonstrated relatively low EQEs (< 1 % ) [29]. This was attributed to the

insulating nature of the emitter layer due to surface capping ligands. Controlled synthesis,

22



purification and post synthesis treatments were effective in controlling the amount of surface
ligands [29, 142-144] to achieve better performance [29, 145-147]. Interestingly, energy or
charge cascade mechanism was observed in formamidinium lead bromide (FAPbBr3) NCs
which in return exhibited PLQY over 80% and CE of 57.6 cd A with an EQE above 13% at
530 nm (Figure 9a and 9b). Additionally, power efficiencies of more than 58 lumens per watt

without light-out coupling structures were also reported [26].

Furthermore, the challenge to obtain red emissive PeLEDs (625 — 740 nm) can also be
overcome by employing CsPbls derivatives. The instability of the PL-active o phase (cubic)
CsPblz [79] can be resolved by utilizing the high surface energy of nanocrystals which
stabilized the a phase at room temperature [47]. Due to the weak acid —base interactions
between the I- (weak base) and the oleylammonium ligand (a hard acid) as compared to Br-
(strong base), isolation of CsPbls QDs is more challenging while the loss of ligand during QDs
purification causes agglomeration and hence conversion to the PL — inactive orthorhombic
phase [79]. Antisolvent that selectively removes excess ligand only, such as methyl acetate,
can be employed to prolong the a phase stability for months [79]. QDs synthesized with the
mixed cation or anion approach is also one of the best approaches reported for phase
stabilization [79, 136, 148]. For example, synthesizing FA-doped CsPblz NCs (10—15 nm),
isostructural to the orthorhombic CsPbBr3, exhibited PLQY > 70% and EQE 2.3%. Employing
anion exchange method to convert stable cubic CsPbBrs to cubic CsPbls at room temperature
demonstrated an EQE of 21.3% at 649 nm [119]. Controlled chemical composition and
optimum amount of surface ligands are critical parameters for high EQE and stability of

PeLEDs based on anion-exchanged perovskite QDs (Figure 9c).
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Figure 9: (a) Schematic representation of charge carrier transfer process from 2D microplates to NCs

of graded size, and from smallest size (larger band gap) to largest size (smallest bandgap) NCs of mixed
FA and octylammonium lead bromide system. Deconvolution of steady-state PL illustrates the PL
contribution from different size domains; (b) Current efficiency and EQE at different luminance for 3
mm? flexible and 95.2 mm? large area FAPbBrs; NCs based PeLED devices, reprinted with permission
from [26]. (c) Current density—voltage—luminance curves of perovskite QD LEDs of pristine CsPbBrs3,
OAM-I treated and An-HI treated QDs with insert showing TEM images of An-HlI treated QDs (scale
bar 20nm), reprinted with permission from [149].
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Table 1: Summary of the recent advances in blue, green, and red PeLEDs fabricated using lower
dimensional and perovskite nanostructures as an emitter layer. The organic capping ligands used in the
preparation of nanostructures are also indicated. EL — electroluminescence, Vi —turn on voltage, Lmax-
maximum luminance, EQE —external quantum efficiency.

Abbreviations: Ethylamonium bromide :

EABr, Butylammoniumiodide / bromide :

BAI / BABr,

Phenethylammonium iodide / bromide : PEAI / PEABTr, naphthylmethylamine iodide : 1-NMAI, 4-
phenylbutylamonium iodide / bromide : 4-PBAI / 4-PBABr, Octylammonium bromide : OABr, 2-
phenoxyethylamonnium bromide : 2-POEABT, isopropylammonium bromide — IPABr.

(Oleic acid : octylamine)

Perovskite Emitter EL Vin [ EQE Ref
(nm) (V) | (Cd.m?) (%)
Lower dimensional perovskites
BAI : MAPbDI; 750 10.4 [150]
BABr : MAPDBr; 520 9.3
PEAI : MAPDI3 3.8 8.8 [13]
1-NMAI :FAPbBIryl3« 763 1.3 11.7 [151]
1-NMAI : CsPbls 694 1.9 732 7.3 [152]
4-PBAI : CsPbls 683 7.3
4-PBABT : CsPbBr; 514 28 | 14000 | 104 | 1153
Cs2Pbls 693 4 120 0.14
[154]
Cs,PbBrs 520 3.8 7317 1.1
PEABr : MAPbBTr3 526 8400 74 [155]
PEA : CsPbBr; 514 3 11536 3 [132]
OABr: FAPbBr3 540, 505 2.2 5 [11]
PEABTr : FAPbBr3 532 3 9120 14.36 | [135]
POEABr : MAPbBr; 506, 520 ~3.3 64.2 2.82 | [156]
480, 494, ~3.5 19.25 1.1
508 ~6.2 1.26 0.06
462
EABr: MAPDBIr3 473 2.4 200 3 [99]
PEA:PbBr, 410 2.5 0.04 [157]
PEABT : IPABr: CsBryMA1.x PbBr3 490 ~5.4 2480 1.5 [140]
BABTr : CsPbBr«Cli.x 487 4.5 3340 6.2 [158]
BABr : CH3NH;PbBr; ~440, 460, ~5 1 5.4 X [138]
475 103
PEABTr : CsPbBrCls« 480 3.2 3780 5.7 [159]
Perovskite Nanocrystals
CsPbls NCs 698 NA 206 5.7 [160]
(Oleyamine : oleic acid )
CsPbBrz NCs 645 2.7 14.1
(Oleyamine : oleic acid, aniline NA [119]
hydoroiodide / oleylammonium iodide) 653 2.8 21.3
CsPbBrxlzx NCs 648 1.9 2216 6.3 [161]
(Oleyamine : oleic acid)
CsPbBr3 NCs 527 4.6 3853 2.21 [162]
(Oleyamine : oleic acid : Cesium
stearate)
FAPDBr; 530 2.2 34480 13.4 [26]
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FAPDBTr3 530 ~3 ~700 2.05 [16]
(Oleic acid : octylamine )

CsxFA1.xPbBr3 525 35 55005 2.8 [139]
(Octylamine : oleic acid)

CH3NH3PbBr3 513 2.8 11830 3.8 [163]
(Octylamine)

CsxMA1.«PbBrs 523 3 24510 1.3 [164]
(Oleylamine : oleic acid)

CsPbBrs3 512 2.6 1660 8.73 [165]
(Oleyamine : oleic acid )

CsPbBrs; 512 34 15185 6.27 [147]
(Oleyamine : oleic acid)

CsPbBr«Clzx 516 4.2 946 0.12 [141]
(Oleyamine : oleic acid) 452 5.1 742 0.07
MAPbBTr3 456 ~5.6 2 2.4 X [166]
(Oleic acid : octylamine) 10°°
CsPbyMn1.yBryCls.x 466 ~4.2 245 2.12 [167]
(Oleyamine : oleic acid :MnCl5)

CH3NH3PbBr«Cls« 445 ~7.8 2673 1.38 [168]
(Octylamine : oleic acid)

CsPbBr,Clzx NCs 490 3 35 1.9 [169]
(Oleyamine : oleic)

3.3 Perovskite-based nano lasers

Semiconductor lasers are miniaturized amplified coherent light sources that have potential
applications in various fields such as optical communication, computing, and imaging, etc
[170-173]. Light amplification per unit length is defined as optical gain while the input energy
at which transition from spontaneous emission (SE) to amplified SE (ASE) occurs is referred
to as the ASE threshold. Semiconductor materials like CdSe QDs, CdSe/CdS QDs, GaAs NWs,
and InGaN/GaN MQW have been demonstrated for lasing (ASE), however, their high
threshold carrier densities and non-facile fabrication (material lattice mismatch and
incompatible growth temperature) obstruct their application and integration into optoelectronic
devices. The high absorption coefficient and defect tolerant nature of perovskites promise
excellent optical gain materials for lasing application. In 2014, the transition from SE to
amplified ASE with increasing pump fluence has been demonstrated in solution processed
MAPDI; film with ASE thresholds as low as 10 + 2 pJem (Figure 10a) [6]. In another work,
MAPDI3 perovskite film (~ 70nm, grain size ~140nm) prepared using atomic layer deposition
(ALD) method, reported gain of 3200 cm™. The possible reasons for high gain value could be
a small grain size, controlled thickness (in nm), uniform and defect free film formation [174].

Critical criteria for achieving improvements in ASE includes suppression of bulk defect density

(e.g. vacancies, interstitials, antisites) and reduction of the multi-particle non-radiative
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recombination in the gain media. In addition, longer carrier lifetimes (~ns), high PLQY,
wavelength tunability over visible range as well as capability to attain population inversion are
all essential parameters for ideal lasing materials [57, 175, 176]. Perovskite NCs as well as low
dimensional systems have been explored as a gain medium to achieve better performance at a
low cost fabrication method [136, 148, 177]. Due to differences in refractive index between
perovskite and the environment, natural formation of Fabry-Perrot cavities and whispering
gallery mode cavities can be found in NWs [173, 178] and NCs [179] which potentially could
eliminate the need to deposit additional passive optical cavities to produce laser devices.

For example, 10 nm sized CsPbX3 NCs (X =CI", Br~, or I") demonstrated low ASE - thresholds
(5+1 pd cm) with a net gain of 450 + 30 cm™ over the entire visible spectral range with natural
whispering gallery mode cavity (Figure 10b and 10c) [179]. The obtained optical gain values
were superior to other chalcogenide nanostructures (e.g. CdSe, CdSe/CdS) [180, 181], and
were attributed to the absorption cross-section (c) of CsPbBrs perovskite NCs (8 x 104 cm?)
that was two orders of magnitude larger than CdSe QDs[182]. Low ASE thresholds had also
been reported FAPbX3 (X=Br and I") NCs [183, 184], MAPbBr3 NCs[185-187], and CsPbX3
(X =ClI, Br, I) NWs, NPLs [188] as well as lead free CsSnl3[189] and FASnIz[190] thin films.
Moreover, an ultralow lasing threshold (0.39 pJ/cm?) with notably superior device stability (5
h/ 1.8 x 107 optical pulse excitations) under ambient conditions had been demonstrated when
CsPbBrs QD were incorporated between two highly reflective distributed Bragg reflectors
(DBRs) as passive optical cavities [191].
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Figure 10: (a) The pump fluence-dependent PL spectra of CHsNH3:MAPbI3(65 nm)/PCBM films. The
PL intensity vs pump fluence in the inset with black and red lines denote the linear fits to experimental
data in SE and ASE linear region respectively, reprinted with permission from [6]. (b) PL evolution
with respect to pump intensity in a microsphere resonator (15 mm) covered by CsPbBr; NCs film and
(c) Spectral tunability of ASE with compositional variation of CsPbXs NCs thin films, reprinted with
permission from [179].
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Perovskite-based NW lasers are promising building blocks for fully integrated nanoscale
photonic and optoelectronic devices. Each NW can act as a waveguide along the axial direction
and its two end facets form a Fabry-Perot cavity for optical amplification [173, 178].
Wavelength-tunable lasing, at room temperature, from single-crystal MAPbX3 perovskite NWs
with very low lasing thresholds (220 nJ cm) at low charge carrier density (1.5 x 10 cm®)
and high quality factor (Q~3,600) have been demonstrated [30]. This quality factor (Q ~3,600)
is more than an order of magnitude higher than that from the state-of-the-art GaAs-AlGaAs
core-shell NW laser operating at a temperature of 4 K [192]. Interestingly, the emission image
of the NW exhibits uniform intensity from the whole NW below ASE threshold and shows
strong emission with spatial interference from the two coherent light sources at the two end
facets above the ASE threshold and shows strong emission with spatial interference from the
two coherent light sources at the two end facets above the ASE threshold. This is mainly due
to the difference in the refractive index between the nanowire and its environment (atmosphere,
substrate, etc.), which generates significant end facet reflectivity as well as efficient wave
guiding along the length of the wire and axial Fabry-Perot cavity modes. These are favorable
conditions to create a NW as a single-mode waveguide and laser resonator, which is capable
of lasing with relatively low excitation thresholds. Nevertheless, the mechanism for optical
gain by stimulated emission in perovskite nanostructures is still under investigation. The lasing
threshold depends on dimensions, end facets and crystalline quality of the NWs [193, 194]. For
the NWs of smaller length (7.5 um) mainly one lasing peak has been observed, and for longer
NWs (13.6 um and 23.6um), multiple and equally spaced lasing peaks are observed which
corresponds to the waveguide mode origin. The ‘top-down’ approach for large-scale MAPbX3
perovskite nanowire arrays fabrication using the polydimethylsiloxane rectangular groove
template (RGT) enhances the photostability with an operation duration exceeding 4 x 107 laser
pulses. The method is highly compatible with lithographic techniques and are important for

integrating NW in optoelectronic devices [193].

CsPbX3 NWs reported an onset of 5 pJ cm 2 with a quality factor of 1,009 + 5 (Figure 11a
and 11b). In addition, high device stability under near-ambient conditions as well as under
constant lasing, pulsed excitation for over 1 h (equivalent of 10° excitation cycles) have been
demonstrated [194]. CsPbX3 NWs prepared using the chemical vapor transport method exhibit
a uniform growth direction, smooth surfaces, straight end facets, homogeneous composition
distributions, low lasing threshold (3 pJ/cm?) and high Q factors (1200-1400) under ambient
atmospheric environments [195]. Recently approaches to scalable ambient NWs preparation
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were reported, opening possibilities for fully integrated nanophotonic and optoelectronic
applications. For example, CsPbBrs NWs (4.3 um) inks prepared by water mediated ligand
assisted reprecipitation have been reported which can be deposited via scalable spray casting
method at ambient conditions for lasing application (lasing thresholds 13 uJ cm™2 with Q =
1017) [196]. In another approach, scalable CsPbBrs nanowires were deposited via a short
distance gas phase deposition technique (triggered by temperature differences between growth
substrates and solution processed CsPbBrs thin films source) by using a simple hot plate. The
lasing characteristics were reported at thresholds of 27.3 uJ cm 2 and Q factor of 1330 [197].

In recent studies, energy cascading effect on RP perovskites (BA2FAn-1PbnBran+1) have also
been shown to boost the optical gain as well as dramatically reduce the ASE threshold as
compared to 3D counterparts. Nanolasers based on RP perovskites NWs were made using a
PDMS template to confine the growth and room temperature ASE was reported with quality
(Q) factor (ca. 1800) and low lasing thresholds (27 - 31 wJ cm™2) [198]. The refractive index
differences between lower dimensional and higher dimensional perovskites in mixed RP
system (OA2MA\.1PbnBrsn+1) microplatelets also served to confine both exciton and photon
resulting in higher optical gain and reduced ASE threshold [14]. Thus nanostructured hybrid
perovskites (e.g. NCs, NWs and NPLs) can themselves act as optical modulators and are
favorable to achieve low lasing thresholds and high-quality factors. Furthermore, high-
performance lasers can also be fabricated by integrating the dielectric nanostructured gain

medium in a photonic crystal cavity [199, 200].

Other confinements and resonant phenomena have been also noted in perovskite
nanostructures. When the dimension of a spherical nanoparticle is comparable to the photon
wavelength (200 — 1000 nm), each nanosphere would generate geometric Mie resonant. At low
order mode, PL at the Mie resonances will be enhanced [201], while a higher order Mie
resonant mode can support ASE. This has been shown in single mode laser detected from 0.2
— 10 um CsPbXs (X = ClI, Br, 1) microsphere at thresholds as low as 0.42 puJ cm [202]. Fano
resonances, which originate from interaction between exciton and Mie resonances, have been
observed in isolated perovskite nanoparticles which would be beneficial for on chip integrated

light emitting nano antenna [201, 203].

Furthermore, periodic resonant perovskite nanostructures can create either photonic crystals
(i.e. when the period of the array is large enough to diffract photon) or metasurfaces (i.e. when
the period is smaller than the size required to diffract photon). In either case, the light

localization can be enhanced specifically at certain wavelength depending on the structure
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which potentially can be used to tailor the optical properties of the material [199, 200, 204,
205] For example, perovskites with metasurface structure with nanoslit embedded in perovskite
thin films can be used to tune the colour of the perovskites as well as enhance the PL intensity
of the materials due to Purcell effect [206].

Strong coupling between excitons and cavity confined photons is called exciton polaritons.
Various cavities and resonances can be used to enhance the interaction rate between exciton
and cavity confined photons, such as Bragg reflector cavities [207], surface plasmonic cavities
[208] etc. Polariton lasing is promising for ultralow threshold lasing as population inversion is
no longer needed. It has been observed for CdTe and GaAs, InP at cryogenic temperatures
[209-211]. Materials such as ZnO and GaN have displayed room temperature polariton lasing.
However, epitaxial techniques were deemed essential to ensure high quality microcavity and
gain medium fabrication [212, 213]. Although the Frenkel exciton nature of organic media
possesses attributes of large exciton binding energy and ease of fabrication, the weak coulomb
interactions lead to inefficient polariton relaxation which results in higher threshold density
and weaker nonlinearity as compared with inorganic gain media [214]. Nanostructured
perovskites offer large exciton binding energy, ease of fabrication, and excellent optical
properties; and room temperature, polariton lasing in CsPbClz nanoplatelets planar microcavity
has been demonstrated with ASE threshold as low as 12 pJ cm 2 despite the use of low Q cavity
(~300) [215]. Halide perovskites have also been investigated for two-photon-pumped laser
development with encouraging reports of strong two-photon absorption (TPA) and ease of
achieving population inversion [216, 217]. TPA enables longer excitation penetration depths,
which can effectively be utilized for three-dimensional material microfabrication,[218]
bioimaging [219] and data transmission [220, 221]. Two-photon pumped microlasers from
perovskite microwires [222] and band-to-band photoluminescence have also been
demonstrated for MAPDbBTr3 single crystals [223]. Perovskites have also been demonstrated to
possess large multiphoton absorption (MPA) ‘action cross-sections’ (¢ X n; o: MPA cross-
section, n: PLQY) for core-shell MAPbBrs/(OA)2PbBrs) NCs (Figure 12a to 12c) [27].
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spontaneous emission (<5 uJ cm?), amplified spontaneous emission (5-10 uJ cm?), and lasing (>10
uJ cm~2). The mode spacing vs reciprocal nanowire length graph confirms the Fabry Perot lasing

(inset). All figures are reprinted with permission from [194].
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and 2D (OA)2PDbBr; as shell with their type-I energy level alignment followed by the (b) illustration of
five photon absorption process in NCs. (c) The photoluminescence spectra from core-only MAPbBr3;
NCs, core—shell MAPbBr3/(OA).PbBr. NCs and CsPbBr; NCs at 2100 nm excitation are presented with
signature of five photon absorption phenomena. Figure c inset reveals the quintic dependence of

integrated PL intensity on the excitation fluence. Figures a-c are reprinted with permission from [27].

The MPA cross-sections of core-shell NC were 3 to 10 times superior compared with similar
NCs made from MAPbBr3; and CsPbBrz. This enhancement in the MPA action cross section is
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attributed to strong confinement regime, with (OA)2PbBr, shell formation over the MAPbBr3
core [27]. The MPA effects in perovskite core-shell NCs were also 1-2 orders larger than that
of CdSe/CdS nanostructures, ZnSe/ZnS core-shell NCs. Furthermore, the five-photon action
cross-sections for core shell NCs [27] were almost nine orders larger than the best reported

organic molecules.

4. Summary and Outlook

Perovskites have delivered astounding results in photovoltaics, light emitting devices, and
lasers. However, the quantum confinement effects and the promise that they offer to challenge

the optoelectronic limits are just beginning to be considered.

Confinement, that can be readily achieved in the MQW structures in layered perovskites or
through nanostructuring, has a profound impact on electronic band structure, carrier dynamics,
and recombination dynamics. Layered perovskites shrink bandwidth of CBM and VBM, form
Frenkel excitons, increasing both Eg and Ep, thus enhancing radiative recombination.
Nanostructuring with NWs, NPLs, and NCs form discrete electronic structures, concentrating
carriers inside the nanostructures increasing both the local carrier density and monomolecular
excitonic recombination. The possibility of modulating the photoexcited state by modulating
the choice of organic spacers; and symmetric energy dispersion, relaxed momentum
conservation, and enhanced Coulomb coupling brought about by size modulation provides
further credence to the exceptional properties and versatility offered by metal halide perovskite
semiconductors. Surface ligands play a very important role by providing passivation of surface

defects as well as effectively confining the charge carriers.

The exotic quantum phenomena in NCs can enable approaches that overcome the SQ limit such
as hot carrier solar cells and MEG. Conclusive evidence demonstrating an intrinsic phonon
bottleneck in perovskites that is significantly stronger than GaAs has been demonstrated in
perovskite nanoparticles. Extraction of hot carriers with selective contacts has been reported
and its applicability to extremely thin absorber and concentrator solar cells proposed. Similarly,
MEG with thresholds as low as 2.25 Eg, significantly better than conventional inorganic QDs,
indicates that conversion efficiencies up to 44% are possible. Although slow-hot carrier cooling
and CM have been convincingly outlined solar cells leveraging these exotic phenomena are not
on the horizon yet; and approaches for operational hot-carrier and / or MEG photovoltaic
devices still needs to be demonstrated. Nonadiabatic molecular dynamics simulations [224]

and ultrafast measurements [225] have indicated that slower hot carrier relaxation can be
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significantly modulated by the A site cation dynamics which affect the atomic displacements
in the Pb—1 framework and hence the electron—phonon couplings. Thus, cation mixing and
engineering both in a nanostructured morphology as well as in the layered perovskite form can
be avenues to control the hot-carrier cooling process. From a device point of view, an
intermediate step towards the development of a hot-carrier solar cell would be the
demonstration of a hot-carrier photodetector. Halide perovskite nanoparticles can also be
employed in architectures where photodetectors beyond the bandgap limit operate due to the
injection of hot carriers into a semiconductor structure to interact with cold carriers and excite

them into higher energy states [226].

The utility of nanostructuring the halide perovskites for improved LEDs is very clear.
Formation of nanograins and the confinement effect of MQW?’s in RP perovskites is reported
to increase radiative recombination. Perovskite NCs have also been reported to yield the
highest PLQY and the carrier cascade phenomena enabled by energy distribution, in NCs and
RP phases, has been shown to be an important avenue for improving performance. Perovskite
nanostructures as gain media also show very strong promise through quantum confinement and
also through acting as natural optical microcavities yielding low threshold lasing and high

quality factors.

Harnessing these advantages in electrically driven device configurations also require the
management of charge transport and injection into the active perovskite layers. Approaches to
reduce the insulating effects of the ligands to improve interparticle coupling by molecular metal
chalcogenide complexes have been employed in colloidal quantum dots [227]. Adopting a
similar approach for perovskite nanoparticles would require addressing the twin challenges of
ligand charge and solvent polarity. Approaches that involve the growth of secondary perovskite
layer around the active halide perovskite layer are also promising in addition to unlocking novel
properties [27, 228]. Approaches that result in the in-situ formation of the nanograin

morphology may also be promising, and requires more examination.

In addition to ambient and chemical stability, stability of the ionic halide perovskite
semiconductors under applied electric field also needs to be addressed. Multiple studies have
demonstrated that both ‘A’ site cation and halide ions have a tendency to move under the
applied electric field. Such effects have been ascribed as some of the reasons behind hysteresis
in photovoltaics, and have been beneficially utilized in neuromorphic devices. lonic diffusion

effects need to be controlled for long term operation of halide perovskite optoelectronic
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devices. Recent findings which indicate that nanoparticles seem to have reduced ionic diffusion

effects are promising in this regard [66].

As indicated earlier, the halide perovskite nanoparticles show excellent multiphoton
absorption, with five-photon action cross-sections that are nine orders larger than the best
reported organic molecules. The high multiphoton absorption properties of the nanoparticles
can be utilized to form ultrafast photodetectors, which can exploit the nonlinear dependence of
the photocurrent on the incident light intensity. This non-linear optical absorption property can
also be utilized in a wide variety of bio-imaging applications due to the high penetration depth
of low energy photons in biological systems. However, such applications are hampered by the
incompatibility of the halide perovskite nanoparticle systems with aqueous conditions. Silica
(SiOy) is considered chemically stable and transparent, and would act to protect the perovskite
NPs while not obstructing their optical properties. Such shelled NPs can also be utilized as
downconverters in combination with conventional light sources. Similar approaches can be
developed with conductive / semiconductive inorganic shells to extend their applications into
electronic devices where the halide perovskites constitute the active layer. Such inorganic
shells also allow for localization of the Pb content in perovskites, thus addressing toxicity

concerns.

Continuous-wave or electrically excited lasing need further attention to improve its thermal
stability, achieve large carrier mobility and density to reduce resistive heat losses. Lasing as
well as high quality light emission in the blue region is additionally of great interest, especially
with an eye towards full spectrum emission. The utilization of chloride as the halogen results
in perovskites with large bandgaps, however the defect densities in these systems seem to
preclude their utility in blue emitting devices. Additional challenges include phase segregation

induced by ion movement under illumination and under biasing in the mixed halide system.

Bandgap tuning by utilizing quantization from nanocrystals or multi-layered perovskite on the
other hand can offer alternatives pathways towards colour stable LEDs. Further modulation of
colour and performance attributes of the perovskite nanostructures can be done by combining
both the confinement effects described herein, viz. layered perovskites in nanostructured form.
An interesting approach in this regard is the creation of exfoliates which are akin to the
molecular analogues of graphene in RP perovskites [229, 230]. Initial results have already
indicated that they can form a rich avenue of research, which will require scalable
methodologies for exfoliation and synthesis [231, 232]. Light emitting transistors (LETS) have

great relevance for displays as well as LEDs and electrically driven lasing. Although initial
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results have been promising, ionic conduction is considered to be one of the limiting factors in

its progress and nanostructuring will be one of the avenues to be considered here as well.

The achievements of metal halide perovskites in yielding record solar cell efficiencies,
quantum yields, and optoelectronic tunability, all in solution processed form, is rapidly moving
these semiconductors from academic research to being considered for industrialisation.
Incorporation of organic cations and surface ligands enable formation of quasi-2D perovskites
as well as nanocrystals that stretch six orders of magnitude from 0D quantum dots to 3D single
crystals. These formulations permit access to phenomena of quantum confinement, tuning of
band gaps, stability, and modulation of exciton dynamics. Chemical moieties and structural
variants further accentuate the manifold synergy between localized quantum confinement, and
long-range carrier dynamics. These phenomena that manifest themselves from atomic scale to
device applications are well placed to challenge the performance limits and augur exciting
attributes for nanostructured perovskite optoelectronics devices.
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