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Structure and Physical Properties of Metal Halide
Perovskites

1.1 Crystal Structure of Perovskite Materials

Since their discovery by Gustav Rose in 1839, perovskite materials have enjoyed a
lengthy and fascinating history. Over the decades, a wide variety of perovskite mate-
rials have found uses in numerous applications, spanning from piezoelectric and
optoelectronic devices to ferroelectric materials, superconductors, magnetoresistive
sensors, catalysts, and ionic conductors, among others [1–7]. Halide perovskites, a
specific category, have been the subject of extensive research for more than half a
century [8]. As depicted in Figure 1.1, the general formula for perovskites is typ-
ically ABX3, where A represents a monovalent cation (such as CH3NH3

+ (MA+),
NH2CHNH2

+ (FA+), or Cs+), B denotes a metal cation (generally Pb2+ or Sn2+), and
X represents a halogen anion (generally Cl−, Br−, or I−).

Metal halide perovskite garnered significant attention from the scientific commu-
nity following its application as a photosensitive layer in a dye-sensitized solar cell
(DSSC) in 2009. Since then, comprehensive research has delved into its remarkable
optical and electronic properties, marking it as an extremely promising material for
diverse applications [10, 11].

Perovskite materials possess excellent physical properties, such as low defect den-
sity, high carrier mobility, long charge carrier lifetime, and long electron–hole diffu-
sion length [12–15]. Therefore, perovskite-based solar cells have shown high defect
tolerance, enabling them to achieve good photovoltaic performance even at rela-
tively low purity levels of up to 90% [11, 16]. In addition, metal halide perovskites
are not only used as a light-absorbing layer in solar cells but also widely utilized
in the light-emitting layer of light-emitting diodes (LEDs) [11, 17–19]. Compared to
conventional light-emitting materials, metal halide perovskites have unique optical
properties such as tunable bandgap, high color purity, wide color gamut, and high
fluorescence quantum efficiency [20–22]. Additionally, perovskite materials can be
prepared as bulk single crystals, microcrystals, or nanocrystals (NCs) using a simple
and cost-effective solution-based method [23].
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Figure 1.1 Crystal structure of
perovskite. Source: Quan et al. [9]/
John Wiley & Sons.

1.2 Exciton Effects in Perovskite Materials

1.2.1 Definition of an Exciton

When a semiconductor absorbs a photon with energy greater than or equal to its
bandgap energy, the electron is excited from the valence band to the conduction
band, leaving behind a hole in the valence band. The electron and hole are attracted
to each other due to the Coulomb force, forming an electron–hole pair, which is
also known as an exciton. The distance between the electron and the hole is called
the exciton Bohr radius, and its value depends on the material, typically ranging
from 2 to 50 nm [24]. Excitons have different radii based on their size, which are
divided into two types: free excitons (Wannier excitons) and bound excitons (Frenkel
excitons) [25], as shown in Figure 1.2.

The prevalence of free excitons in most perovskite materials can be explained by
the conventional hydrogen atom model, which is mainly dependent on the effective
masses of electrons and holes in the semiconductor. The energy levels of excitons
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Figure 1.2 (a) Free exciton; (b) bound exciton. Source: Adapted from Dresselhaus [25].
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can be expressed by Eq. (1.1).

En = Eg −
R∗

n2 (1.1)

where Eg is the forbidden band width and R* is the effective Rydberg constant of the
exciton.

In semiconductors, the effective mass of carriers is typically smaller than that of
excitons, resulting in the screening of carriers by the lattice. This leads to the effective
Rydberg constant being expressed as the normalized Rydberg constant (Eq. 1.2).

R∗ = R0𝜇∕m0𝜀
2
r (1.2)

When the mass of the exciton is reduced to 1/𝜇 = 1/mh + 1/me (mh, me are the
effective masses of holes and electrons, respectively, and 𝜀r is the relative permittivity
of the crystal), it mainly originates from carriers that are screened by the lattice. As
a result, the exciton binding energy R* depends on the effective mass of the carriers
and the dielectric constant of the crystal. Numerous studies have shown that the
dielectric constants of perovskites can be very different in the static case and when
photoinduced, in the case of halogenated perovskites, the dielectric constant is about
𝜀s ≈ 30 at rest, whereas under high-frequency light irradiation, its dielectric constant
𝜀∞ ≈ 30. Consequently, the calculation of the exciton binding energy of perovskites
varies considerably between reports.

1.2.2 Self-Trapping Excitons in Perovskite Materials

Self-trapping excitons in perovskite materials are essential for the study of lumines-
cent materials, particularly for white perovskite materials. In soft lattices, the lattice
couples to carriers, causing electroelastic distortions and reducing the lattice’s sym-
metry. These distortions create chiral carriers, also known as polaritons, which can
be categorized into large and small polaritons based on their potential well depth and
size [26]. Large polaritons exhibit a strong long-range Coulomb interaction and can
be delocalized over several cells. Small polaritons, on the other hand, emerge from
the short-range distortion of the lattice caused by localized carriers. Self-trapped
excitons resemble small polaritons as their Bohr radius is small and closely linked
to the lattice distortion (Figure 1.3).

The intrinsic self-trapped exciton is different from a permanent defect in the
material [28], which can be imagined as a hard ball (electron/hole/exciton) falling
onto a soft rubber sheet (distorted lattice); the ball falls into a potential well of its
own formation, and the sheet distorts mainly from the appearance of the ball. After
the ball leaves, the sheet returns to its original shape (Figure 1.4a). When there is
already an indentation (permanent defect) in the sheet, it is also possible for the ball
to fall into this indentation (Figure 1.4b). However, when the ball interacts with an
indentation in its vicinity, a new defect is formed, and the ball will fall into a new
depth, which is called an exotic excitation (Figure 1.4c).
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Figure 1.3 (a) and (b) Schematic diagram of the formation of a large polariton resulting
from the addition of an electron to the ionic lattice, causing a long-range distortion of the
lattice; (c) PbBr2 crystal structure unit, with green and brown representing Pb and Br atoms,
respectively; (d) self-trapped holes and self-trapped electrons formed by the orange Br2

−

and blue–green Pb2
3+ dimer, followed by the formation of photoexcitation. Source: Smith

and Karunadasa [27]/American Chemical Society.
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Figure 1.4 (a) Intrinsic exciton; (b) self-trapped exciton caught in a permanent trap;
(c) exotic exciton (self-trapped exciton and permanent defect) interactions (in the figure, the
ball represents the exciton and the rubber sheet represents the lattice). Source: Smith and
Karunadasa [27]/American Chemical Society.
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1.3 Size Effect of Perovskite Materials

For semiconductor nanocrystals that are extremely small or of zero size, the behavior
of the exciton wave function – essentially, the behavior of electrons and holes – will
be influenced by the limited space of the domain. As the size decreases, alterations
occur in the density of the electronic states. Most notably, the forbidden band width
increases, and the highest point of the valence band and the lowest point of the con-
duction band display discrete splitting energy levels. This is known as the quantum
confinement effect [29]. As shown in Figure 1.5, as the size decreases, the bandgap
of the semiconductor increases, resulting in a blueshift of the luminescence peak.
Moreover, more discrete energy levels are generated, and the width of these discrete
levels also increases.

The quantum confinement effect allows for tuning of the absorption and emission
spectra by altering the size of particles while keeping the material components
constant. Additionally, the scale of the quantum confinement domain varies in
different directions due to variations in size and morphology, as shown in Figure 1.6
[31–33]. The size and shape of semiconductor nanocrystals greatly influence
their optical and electrical properties, as changes in dimensionality can affect the
bandgap and electrical conductivity of the material system. The confinement of

Energy

Conduction band

Boundary width

Band gap Eg

Valence band

6 nm 2 nm
The diameter of the nanocrystal(a)

(b)

Figure 1.5 (a) Model of the quantum confinement effect: from this, it can be seen that as
the bandgap of the semiconductor decreases in size, more discrete energy levels appear at
the band edges, and the discrete width of the band edge energy levels increases further;
(b) In the luminescence of five different sizes of CdSe quantum dot colloids under UV lamp
irradiation, it can be seen that the luminescence changes from red to blue as the size
changes from 6 nm to 2 nm. Source: Efros et al. [30], ©1996/Reproduced from American
Physical Society.
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Figure 1.6 (a) Schematic diagram of the energy level structure of a semiconductor bulk;
(b)–(d) semiconductor nanostructures of decreasing dimensionality (2D–1D–0D) and their
electronic density of states. Source: Adapted from Efros et al. [30].

excitons in different directions results in the formation of zero-dimensional quan-
tum dots, one-dimensional quantum lines, and two-dimensional quantum wells.
As the quantum effect decreases, the growth of the material tends toward forming a
three-dimensional bulk structure. In the quantum-constrained region, the exciton’s
fine structure becomes significant. This term refers to the division of exciton energy
states due to the crystal’s symmetry, anisotropy, and the exchange between electrons
and holes. While the energy level splitting of excitons in nanocrystals is typically
minor – usually on the scale of a few milli-electronvolts (meV), it can still influence
the exciton’s lifetime under different conditions. These conditions could include
varying temperature fields and magnetic fields [31–39].

Phonons in semiconductors play a crucial role in determining their optoelectronic
properties, as they are coupled to charge carriers and excitons. In semiconductor
nanocrystals, the coupling between phonons and excitons differs from that in bulk
materials due to the effects of dimensionality and quantum confinement (e.g. the
phonon wavelength may be larger than the size of the nanocrystal). This coupling
can lead to new energy pathways, affecting processes such as exciton dynamics,
carrier cooling, and thermal transfer. The interaction with acoustic phonons results
in the broadening of the optical transition linewidth, while coupling with optical
phonons can induce chiral selection at low temperatures, thereby influencing
phonon-assisted transitions.

In terms of device applications, metal halide perovskites meet the charge-transport
and charge-injection requirements, with high diffusion lengths and optimum inter-
face formation with most employed contacts. In the case of perovskite light-emitting
diodes (PeLEDs), the emitter layer can consist of 3D, layered, or nanostructured
perovskites, which are sandwiched between electron- and hole-transport layers and
injection contacts [40] (Figure 1.7).
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Figure 1.7 (a) Schematic representation of a PeLED device concept; (b) a perovskite laser
device concept. Source: Veldhuis et al. [40]/Reproduced from John Wiley & Sons, Inc.

1.4 Luminescence Properties of Perovskite Materials

PeLEDs are experiencing rapid development and hold immense potential for various
applications. As depicted in Figure 1.8, they are particularly notable in the visible
region for applications such as display devices, high-brightness applications (e.g.
projection displays and solid-state lighting), and augmented/virtual reality (AR/VR).
With the shift in display technology from liquid crystal displays (LCDs) to active
matrix organic light-emitting diodes (AMOLEDs), PeLEDs offer significant advan-
tages due to their mild processing conditions and the possibility of direct integra-
tion onto thin-film transistor (TFT) backplanes. Furthermore, PeLEDs contribute to
enhancing resolution, brightness, and color gamut in display technology [11].

In addition, PeLEDs are also promising for near-infrared applications [41], includ-
ing night vision, telecommunications, and optical switching. In these applications,
the emission wavelength within the NIR range (700–2500 nm) plays a crucial role,
enabling specific uses such as in vivo bio-imaging, biomedical sensing, and optical
wireless communications.
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Figure 1.8 Various potential applications of UV-, violet-, visible-, and NIR-emitting PeLEDs.
Source: Fakharuddin et al. [11]/Springer Nature.

1.4.1 Photon Generation in Perovskite Materials

The luminescence process in perovskites begins with the formation of an
excited-state energy level following photo-excitation or electrical excitation. To
achieve efficient photoemission, strong interactions between the injected or
photoexcited charges are required, regardless of whether the radiative complex
arises from free carriers or excitons [42]. In bulk materials, the large dielectric
constants result in relatively low exciton binding energies, and radiative complexes
are usually formed by free charge–carrier complexes [43, 44]. The luminescence
process in bulk materials is characterized by the radiative recombination of free
charge–carrier complexes, which is proportional to the quadratic carrier density.
As a result of the large dielectric constants in bulk materials, the exciton binding
energies are relatively low, making charge trapping during bimolecular radiative
recombination more difficult. The internal bimolecular complexation constants
depend on the cross-section and group velocity of the electron–hole exchange
interaction. Radiation-free Shockley–Read–Hall (SRH) recombination arises from
the trap density of the material, which is not an intrinsic property of the material.
The efficiency of this recombination pathway is strongly dependent on the carrier
density [42].

The abovementioned recombination pathways can be studied by analyzing the
transient spectra of the material. This provides an insight into the rate constants of
recombination linked with each pathway [42]. Transient spectra are typically mea-
sured at low excitation optical densities, where single-molecule processes are dom-
inant in charge settling and decay, whereas bimolecular processes become more
relevant at high excitation optical densities. These spectra can provide valuable infor-
mation on the recombination constants associated with these different recombina-
tion pathways [45].

The interaction among various recombination mechanisms predicts that the
highest internal quantum efficiency occurs at carrier densities of 1015–1017 cm−3,
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with a lower non-radiative recombination rate at higher carrier densities. To achieve
high luminescence efficiency at carrier densities below 1013 cm−3, an extremely
low non-radiative recombination rate with a value equivalent to the carrier lifetime
at low densities, in the order of microseconds, is required. Alternatively, doping
can enhance the emissivity of the perovskite luminescence layer [46]. Obtaining
high luminous efficiency at low carrier densities is a challenge for perovskite
diodes due to the thinness of the layer and the potential for carriers to cluster and
form complexes at localized trapping centers [47]. However, the luminescence of
perovskites with strong spatially confined excitons is not significantly affected by
carrier density [48, 49].

The charge transport capability of bulk perovskite materials may be affected by
perturbations in their crystal structure. To enhance the interaction between charges,
the dielectric shielding within the lattice of bulk perovskites can be controlled by
utilizing groups with different polarities. This approach enables the enhancement
of luminescence efficiency without disrupting charge transport in the bulk crystal
structure. However, the interactions between carrier trapping, exciton processes, and
their mechanisms are not yet fully understood. The ionic behavior induced by light
may alter the bounding potential of the local field and consequently influence the
strength of carrier interactions. Further investigations are required to gain a more
in-depth understanding of the radiative combination of carriers.

The strong spin–orbit coupling in perovskite materials may lead to Rashba-type
energy band splitting, which could impede charge carrier complexation and hinder
light transmission in circular photovoltaic effect measurements. Nevertheless, the
complexation rates of bimolecules in perovskites remain consistent with those
of absorption coefficients and comparable to those of second-order phases with
complexation constants in groups III–V, without Rashba effects (a spin–orbit cou-
pling phenomenon observed in solid-state systems, particularly in semiconductor
and metal surfaces or interfaces, arising from the interaction between the spin of
electrons and their motion in a crystal lattice under the influence of an electric field,
leads to the splitting of electronic energy bands and the lifting of spin degeneracy.)
Both are approximately on the order of 10−10 cm3 s−1 [50]. To address these
seemingly contradictory findings, it is crucial to take into account lattice dynamics
or carrier localization effects. Additionally, more research is necessary to investigate
the dependence of the bimolecular complex constant on carrier temperature and
directly analyze the Rashba effect. Furthermore, it is important to examine the
dynamical processes that occur after photoexcitation of halide perovskites. Over the
past few years, several studies have explored the Rashba effect and its influence on
carrier lifetimes in perovskites [51, 52].

As shown in Figure 1.9, the singlet energy level is lower than the triplet energy
level due to the combined effect of spin and short-range electron–hole exchange.
However, theoretical calculations indicate that significant Rashba coefficients can
alter the fine structure of CsPbX3 perovskite nanocrystals, leading to the generation
of bright triplet excitons with energies lower than those of the dark monochromatic
excitons. The ratio of bright triplet excitons to total excitons can reach as high as 3 : 4,
indicating an 𝜂r (radiative efficiency) of the CsPbX3 nanocrystals as high as 0.75.
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Figure 1.9 The fine structure of excitons in CsPbX3 perovskite nanocrystals considering
short-range electron–hole exchange and large Rashba effects [18]. Source: Copyright 2020,
Chinese Chemical Society.

These nanocrystals exhibit rapid light emission with decay times on the order of
picoseconds (ps) [18].

In recent years, the Rashba effect and its impact on carrier lifetimes in perovskites
have been extensively studied. Current research is focused on understanding the
underlying causes of the Rashba effect in perovskites, experimental verification of
this effect, and its influence on carrier complexes under various environmental con-
ditions [53, 54]. The researcher has also directed their attention toward investigat-
ing the Rashba effect in perovskites. However, there have been various viewpoints
among researchers regarding the existence of the Rashba effect in perovskites [55].
Some researchers hold the view that the Rashba effect is not a significant issue in
perovskites, which is based on arguments that suggest the Rashba effect either does
not exist in perovskites or that the luminescence is not thermally activated. However,
these seemingly contradictory findings can be reconciled by taking into account the
lattice dynamics or carrier localization effects. To arrive at a conclusive understand-
ing, it is essential to measure the dependence of the bimolecular complex constant
on carrier temperature and conduct a more direct analysis of the Rashba effect.
Additionally, it is necessary to investigate the dynamical processes that occur after
photoexcitation of halide perovskites.

1.4.2 Photophysical Processes and Efficiency Calculations
of Perovskite Luminescence

Perovskite luminescence involves a series of steps. Initially, under optical and elec-
trical excitation, electrons and holes are generated in the conduction and valence
bands. This is followed by a competition between radiative and non-radiative pro-
cesses, which is influenced by the dimensionality and structure of the perovskite
material (Figure 1.10). For instance, in the three-dimensional methylammonium
lead iodide (CH3NH3PbI3, MAPbI3) perovskite, there is a dephasing time of approx-
imately 220 fs after the initial excitation, during which the ground and excited states
are in a superposition state. This dephasing time is three times longer than that
observed in GaAs [56]. The dephasing time in MAPbI3 perovskites is not influenced
by the number of carriers, indicating that carrier scattering within the measurable
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Figure 1.10 Physical processes in perovskite following photoexcitation, with intermittent
combinations and non-radiative processes competing with the luminescence process.
Source: Quan et al. [9]/John Wiley & Sons.

range is insignificant. However, for quasi-2D I-based perovskites, bulk scattering
plays a more substantial role, and the dephasing time decreases with decreasing
quantum confinement space [57].

Following dephasing, the excited state undergoes thermal exchange with other
particles, such as carriers. In MAPbI3, this process is primarily driven by carrier
scattering, leading to thermal exchange times in the order of 10–85 fs [58]. After
a duration of over 100 fs, carriers undergo a cooling process. However, under
high-density light excitation, this time may be significantly prolonged due to the
bottleneck effect of phonons [59–61]. For instance, cooling times of approximately
300 ps have been observed in amidine-based lead iodide (NH2CHNH2PbI3, FAPbI3)
[55]. In MAPbI3−xClx, a decay time of approximately 45 ps was detected, and it
stemmed from the thermal exchange process between the organic and inorganic
sublattices [62].

At the conclusion of the ultrafast process described earlier, the competition
between radiative and non-radiative decay pathways commences. In perovskite
materials, non-radiative pathways result from charge trapping. In three-dimensional
perovskites, the prevalence of charge trap recombination at low power can sig-
nificantly limit quantum efficiency. At higher power, radiative recombination
becomes more dominant, and close to 100% quantum efficiency can be achieved.
This approach can be applied to LEDs. However, their external quantum efficiency
(EQE) remains low due to the lack of charge-limited domains.
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Through all the above processes, the EQE of the device can be expressed as
Eq. (1.3) [11].

EQE =
Photons emitted into free space

Charges injected into the emitter film
= 𝜂inj × 𝜂rad × 𝜂out (1.3)

Here, 𝜂out refers to the outcoupling efficiency, which depends on the optical losses
resulting from the mismatched refractive indices between the various device layers,
substrate, and air, leading to waveguide and substrate mode effects. The radiative
recombination efficiency (𝜂rad) denotes the ratio of the radiatively recombined exci-
tons, whose states allow for optical transitions, to the total excitons generated within
the device. The injection efficiency (𝜂inj) describes the number of charge carriers
passing the device electrodes that are injected into the perovskite EML.

Researchers have investigated two-dimensional perovskites to achieve high
quantum efficiencies at low excitation densities, primarily because of their superior
exciton stability at room temperature. However, while nearly 100% quantum
efficiency of fluorescence has been achieved at low temperatures [63], the quantum
efficiency at room temperature is still very low, which is due to the thermal quench-
ing of the exciton [64]. Furthermore, trapping becomes more significant when the
perovskite’s dimensionality is reduced from three to two dimensions, as shown
in research [65]. Mixed-phase quasi-two-dimensional perovskites demonstrate
higher internal and external quantum efficiencies in the near-infrared and visible
emission regions [66–68]. The improvement in luminescence efficiency is mainly
due to the existence of an energy potential well, which localizes the charge to the
lowest energy region, enabling the radiative recombination process to compete
with charge trapping. However, for perovskite nanocrystals, surface traps can
significantly reduce the quantum efficiency. Therefore, surface passivation has been
identified as an effective approach to enhance the luminescence performance [69].

At high excitation power, the elevated carrier concentration and limited rate of
radiative recombination can result in exciton annihilation, where excess carriers col-
lide with each other during the diffusion process, leading to a non-radiative recom-
bination process known as intermittent recombination. As the carrier concentration
increases, radiative recombination competes with interstitial recombination until a
threshold is reached, at which point the excess energy is rapidly lost due to cooling,
resulting in a reduction in fluorescence quantum efficiency. The oscillatory complex
increases as the exciton binding energy increases, and this effect is particularly pro-
nounced when the dimensionality of the perovskite is reduced from three to two
dimensions [70]. Similarly, an increase in the quantum-limited domain leads to a
larger blueshift in the luminescence spectrum due to double exciton absorption [71].

As shown in Figure 1.11, metal halide perovskite films typically exhibit a
distinct absorption edge in their absorption spectra [73–76], attributed to the
phonon-coupling effects within the crystal. The Urbach energy (a parameter used
to describe the absorption tail in the optical absorption spectrum of a material. It
provides information about the disorder and imperfections in the material’s crystal
lattice or band structure) of perovskites is typically very low, at around 13 meV,
which is comparable to other high-quality semiconductor materials such as GaAs
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Figure 1.11 Photoluminescence
spectrum (left axis) and
absorption spectrum (right axis)
of the Cs0.06MA0.15FA0.79Pb
(I0.85Br0.15)3 photothermal
reaction deflection spectroscopy
test. Source: Stranks et al. [72]/
John Wiley & Sons/CC BY 4.0.
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(7.5 meV) and c-Si (9.6 meV) [77, 78]. These properties suggest that metal halide
perovskites can maintain low-energy disordered states even at relatively high defect
densities and are thus considered to be relatively clean semiconductor materials.

1.4.3 Non-radiative Combination Mechanisms at Surfaces
and Interfaces

The EQE of typical perovskite bulk films, such as MAPbI3 or mixed-cation per-
ovskites (Cs,FA,MA)Pb(I0.85Br0.15)3, is typically in the range of 1–10% at 1 solar
intensity, resulting in a quantum efficiency of less than 50% [45, 77, 78]. This value
may increase with increasing carrier density, but it reaches a maximum plateau
of less than 100%. This observation is consistent with the non-negligible sub-gap
density of states, which in polycrystalline materials has a value of approximately
1013–1015 cm−3 [63, 79], which dominates non-radiative and single-molecule
complexes and determines the SRH complex constants. The sub-gap energy states
become saturated when the carrier density is lower than the trap density, leading
to dominance of radiative and bimolecular recombination processes. However, due
to spatial inhomogeneity of trap density, the luminescence can exhibit significant
variation between particles when observed on a microscopic scale [80, 81].

Although perovskites exhibit a large number of defects, resulting in many shallow
defect states and explaining their defect tolerance, the presence of a large number
of deep energy level traps also suggests potential non-radiative losses in such struc-
tures [82–85]. One possible origin of such trap states is halide vacancies, which are
often found at grain boundaries and surfaces. However, the exact mechanism behind
the formation of these trap states is not yet fully understood [77]. These hypotheses
have been supported by subsequent studies, which have shown that surface passiva-
tion and defect modulation are effective in enhancing luminescence efficiency. For
instance, adding KI to the precursors can increase the internal quantum efficiency
of thin films up to 95% [77]. KI can serve as a source of iodine to fill vacancies in the
halide and also immobilize excess halide with I.

Recent studies have shown that doping can be an effective way to achieve very
high efficiencies in perovskite photovoltaic devices [86]. Passivation methods
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such as Lewis-based (e.g. pyridine) and trioctylphosphine oxide (TOPO) chemical
passivation have been effective in improving the quantum efficiency and lumines-
cence lifetime of perovskites. Post-treatment methods can also extend the carrier
lifetime of MAPbI3 films up to 8 μs and increase the internal quantum efficiency up
to 90% [87, 88]. Here, it is proposed to combine an electron-donating group with an
unoccupied lead site resulting from a halide vacancy [89, 90]. Several studies have
demonstrated that exposing thin films and crystals to ambient conditions results in
an increase in their internal quantum efficiency and luminescence lifetime, with
values exceeding 90%. It is proposed that the presence of photogenerated electrons
facilitates the coupling of oxygen in the air to surface vacancies in the halide,
leading to the formation of superoxide, which effectively passivates these vacant
sites [91].

Nanostructured CsPbX3 exhibits high quantum efficiencies due to the combina-
tion of the charge-limited domain and surface passivation. The resulting EQE can
exceed 90%. It is worth noting that in nanostructures with dimensions below the
emission wavelength, the optical output coupling rate can approach 100%. Layered
2D and quasi-2D structures such as nanoplates can also achieve external quantum
efficiencies comparable to those of quantum dots using this approach [92].

While the quantum efficiency and luminescence lifetime of thin films on glass and
quartz substrates are important, the performance of the device is greatly impacted by
the interfacial contact between the film and the electrode [78, 93]. Interfacial defects
resulting from the contact between the layers can lead to non-radiative recombina-
tion and affect photon output coupling. In an ideal scenario, the interfacial contact
should not reduce the quantum efficiency or carrier lifetime decay, and all combina-
tions should result in radiative recombination, confined to the perovskite lumines-
cent layer. While pure (Cs,FA,MA)Pb(I0.85Br0.15)3 films on ITO glass can achieve an
EQE of over 20%, the efficiency decreases to 1% in a typical solar cell structure due to
interfacial contact between n-type TiO2 and p-type Spiro-OMeTAD. Therefore, opti-
mizing interfacial contact is crucial for enhancing device performance [77]. Adding
a passivation layer to the structure can effectively suppress efficiency losses in the
n-type TiO2 and p-type Spiro-OMeTAD contacts. This results in a photoelectric con-
version efficiency of up to 15%. Furthermore, the loss of open circuit voltage due to
radiation limitation is significantly reduced from 0.26 V to 0.11 V compared to struc-
tures without a passivation layer [77]. Passivation has been found to be a highly effec-
tive means of achieving a photoelectric conversion efficiency of 15% and extending
the luminescent lifetime in full cells. However, in PeLEDs, TiO2 and Spiro-OMeTAD
have shown very low quantum efficiencies, despite no quenching of the substrate in
clean films. This further highlights the presence of interfacial losses [47, 94].

Non-radiative losses at the interface can be reduced by insulating polymer films,
such as polystyrene [95] and polyvinylpyrrolidone (PVP) [96]. The incorporation of
PVP into the ZnO injection layer and Cs0.87MA0.13PbBr3 film has been shown to
enhance fluorescence intensity by a factor of 5 and increase fluorescence quantum
efficiency to 55%, resulting in an EQE of 10.4% in device fabrication [96]. Further-
more, interfacial layers consisting of amines such as polyethyleneimine [97] and
ethylenediamine [98] have been shown to reduce non-radiative losses and improve
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the performance of perovskite-based devices. This enhancement is mainly due to
the combination of the N atoms in the amine with the bare lead–halogen frame-
work, which effectively reduces the interfacial defect density. In addition, the use of
TOPO can also improve the EQE of the device [89]. Other Lewis-based passivation
layers, such as pyridine, have also been shown to have the same effect [99]. However,
in these methods, a balance must be found between the increase in the passivation
layer and the charge injection potential [19].

The intrinsic bimolecular recombination constant is determined by the
cross-section and group velocity of the electron–hole interaction. Together with the
non-radiative SRH composite (which depends on the trap density in the material
and is an extrinsic property), these composite pathways contribute to the internal
quantum efficiency, which is highly reliant on the carrier density in the emission
layer (Figure 1.12a). The specific composite constant of a material can generally be
determined through transient spectroscopy. Transient luminescence measurements
are typically conducted at low excitation densities, where monomolecular processes
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dominate the charge population decay dynamics. Bimolecular processes are more
readily observed at higher excitation densities achievable with amplified laser sys-
tems. Moreover, the EQE is strongly influenced by the external coupling efficiency,
as a significant portion of the light in the emissive layer can only be internally
dissipated due to the distinct refractive indices of the device’s various layers. The
relationship between internal quantum efficiency, EQE, and external coupling
efficiency is illustrated in Figure 1.12b. In general, for planar structures, the EQE
limit of the device is approximately 20% (Figure 1.12c). The efficiency can be further
improved through the use of mesoporous structures and periodic treatments of
the substrate to enhance the external coupling efficiency, consequently enhancing
the EQE.

1.5 Factors Influencing the Efficiency of Perovskite Light
Emitting Diodes

1.5.1 Device Structure of the Perovskite Light Emitting Diode

The device structures of PeLEDs and organic LEDs are quite similar, both following
the traditional “sandwich” structure. As seen in Figure 1.13a,b, there are two types of
PeLED device structures based on different preparation processes: the n-i-p inverse
structure and the p-i-n formal structure.

In the n-i-p inverse structure, the electron transport layer, perovskite layer, hole
transport layer, and electrodes are sequentially prepared on a conductive indium tin
oxide glass (ITO glass) substrate. Zinc oxide (ZnO) and tin oxide (SnO2) are com-
monly used as electron transport materials, while poly[(9, 9-di-n-octylfluorenyl-2,
7-diyl) -alt- (4, 4′-(N-[4-n-butyl]phenyl)-diphenylamine)] (TFB) is commonly used
as the hole transport material. The electrodes are typically made of gold, silver, or
aluminum.

In the p-i-n formal structure, the hole transport layer, perovskite layer, electron
transport layer, and electrodes are sequentially prepared on an ITO glass substrate.
Poly(3,4-ethylenedioxythiophene) (PeDot) and nickel oxide (NiOx) are commonly
used as hole transport materials, while 1, 3, 5-tris(1-phenyl-1H-benzimidazol-
2-yl)benzene (TPBi) and 1, 3, 5-tris[(3-pyridyl)-3-phenyl]benzene (TmPyPB) are
commonly used as electron transport materials. The electrodes are typically made
of gold, silver, or aluminum.

Figure 1.13c,d illustrates the transport of electrons and holes in the two device
structures. Under external voltage, electrons are generated at the cathode and holes
are generated at the anode. They are transported to the perovskite layer via the elec-
tron transport layer and hole transport layer, respectively, for radiation compound
luminescence.

Figure 1.13e shows a typical architecture of a perovskite LED. The possible active
layers constituting a PeLED are labeled on the left, and their contributions to various
processes are listed on the right.
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1.5.2 Physical Parameters of Perovskite Light-Emitting Diodes

Similar to conventional LEDs, the performance of a PeLED can be evaluated based
on several physical parameters such as turn-on voltage, brightness or irradiance,
peak luminous half-wave width (FWHM), EQE, current efficiency, lumen efficiency,
energy conversion efficiency, and stability.

The turn-on voltage is the voltage at which the device starts to operate at a certain
level of brightness, typically 1 cd m−2 for visible LEDs or when it starts to exhibit an
EQE for UV or IR LEDs. The brightness, or irradiance, is the intensity of radiation
emitted by the device, measured in cd m−2 or W sr−1 m−2. The required brightness
levels will depend on the intended application of the LED.

The peak-half-peak width of the luminous spectrum represents the purity of the
emitted light. A narrower FWHM indicates a purer luminous color, which is desir-
able for display applications.

EQE is an important measure of light-emitting devices and is defined as the ratio
of the number of photons emitted per unit time to the number of electrons injected.
It can also be described by the following Eq. (1.4).

EQE = fbalance × fe−h × 𝜂radiative × foutcoupling (1.4)

where f balance is the equilibrium charge injection probability (which has a value of 1
when the number of electrons and holes injected is the same), f e-h is the probability
of each carrier pair forming an electron–hole pair or exciton, 𝜂radiative is the proba-
bility of each electron–hole pair radiating a composite, and f outcoupling is the optical
output coupling rate.

In order to enhance the luminescence efficiency, certain conditions need to be
met, including maintaining a balance of electron and hole injection, increasing the
chance of electron–hole pair formation, maximizing the ratio of the radiation com-
posite to non-radiation composite, and effectively coupling the generated photons
within the luminescent layer to the output. The balance of charge injection in the
LED depends on the injection potential of electrons and holes into the perovskite
conduction and valence bands, as well as the mobility of electrons and holes, which
are limited by the type and properties of the transport layer material. The rate of
electron–hole pair formation and combination efficiency can be regarded as the
internal quantum efficiency of the material, which is related to material properties
such as exciton binding energy and defect density of states. The efficiency of light
coupling output mainly depends on the device structure and is subject to the
refractive index and shape of the device layers. Typically, the planar structure of
an LED limits the light-coupling efficiency to 25%, with most of the photon energy
being dissipated in the form of a light waveguide within the device.

Current efficiency is the luminance of the light-emitting device and the ratio of
current in cd A−1; lumen efficiency is the ratio of the luminous flux emitted by the
device to the electrical power input in lm W−1; and energy conversion efficiency is
the ratio of the photon energy emitted by the device to the total energy input.

Stability refers to the operating lifespan of an LED, which is typically measured by
the time it takes for the device’s brightness or EQE to decay to half of its initial value
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Figure 1.14 Structure diagram of a
perovskite light-emitting diode device
with ZnO/PEIE as the electron injection
layer and TFB as the hole injection layer.
Source: Stranks et al. [72]/John Wiley &
Sons/CC BY 4.0.

Perovskite light emitting layer

ITO

Au

ZnO/PEIE

TFB
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at a constant voltage or current, also known as T50. There are also other measures,
such as T90 and T80, which indicate the time taken for the brightness or EQE to
decay to 90% and 80% of its initial value, respectively. Devices with better stability
are more desirable for commercialization purposes.

Figure 1.14 illustrates the structure of a typical PeLED device. The perovskite
light-emitting layer is sandwiched between the electron injection layer ZnO/PEIE
and the hole injection layer TFB. When an external electric field is applied, electrons
and holes are injected from the electron injection layer and hole injection layer,
respectively, and they recombine in the perovskite layer, emitting light. To enhance
the efficiency of electron injection, the electron affinity of the electron injection
layer can be reduced. For example, doping Mg can form a ZnMgO structure in
ZnO, leading to enhanced electron injection efficiency [100, 101]. Alternatively, an
additional interface layer, such as polyethyleneimine, can be added between the
injection layer and the light-emitting layer to improve electron injection. Similarly,
the hole injection barrier can be reduced by doping the hole injection layer with
perfluorinated lithium ion salt or by incorporating hole-transporting materials
with high HOMO (highest occupied molecular orbital) energy levels, such as
4,4′-bis(9-carbazole) biphenyl, to lower the hole injection barrier [40, 102, 103].

The injection potentials of different layers can be determined by UV photoelec-
tron spectroscopy. However, the energy level structure of perovskites is affected by
the substrate work function, which means that UV photoelectron spectroscopy of
perovskites requires the film to be deposited on a substrate that closely mimics the
device structure. Alternatively, electron absorption spectroscopy can be used to mea-
sure the injection barrier in the device [104]. In electron absorption spectroscopy, the
effect of the internal electric field on the transmitted light is mainly measured [105].
According to the single-electron Franz–Keldysh–Aspnes low electric field theory,
the transmitted light varies with the square of the electric field, which can also be
applied to MAPbI3 and other bulk materials [106, 107]. The magnitude of the inter-
nal electric field can be measured by modulating the internal electric field with a
DC bias. However, the effect of ion shielding has to be taken into account in this
process [108].
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1.5.3 Device Performance Development of Perovskite Light-Emitting
Diodes

In summary, the luminescence and physical properties of perovskite are influenced
by several factors. These include the crystal structure of the perovskite, size effects,
radiative and non-radiative processes of photons, interface states, and charge injec-
tion balance.

In most PeLEDs, the EQE and light output tend to decrease as the current den-
sity (J) increases, primarily due to augmented Auger recombination, Joule heating,
or imbalanced charge injection. This EQE roll-off phenomenon is also observed in
other LED technologies (Figure 1.15b) and typically leads to a 50% decrease in EQE
when J ranges from 100 to 1000 mA cm−2. Only a limited number of devices have
reported EQE values above 1 A cm−2, and these devices are typically fabricated using
pure-phase 2D or mixed-phase 2D/3D perovskite materials (Figure 1.15c). Signifi-
cantly, PeLEDs with reduced EQE roll-off exhibit low turn-on voltages (V ON), indi-
cating barrier-free charge transport/injection. A low driving voltage can also help
alleviate the quantum-confined Stark effect, which is another potential cause for
EQE roll-off [11].

Changes in the dimensionality and crystal defects of the perovskite affect the state
of the exciton and carrier transport, resulting in a significant change in device perfor-
mance. In two-dimensional and one-dimensional perovskites, the exciton binding
energy is stronger, resulting in a wider color gamut. In contrast, three-dimensional
perovskites have a weaker exciton binding energy, leading to a narrower color spec-
trum. Crystal defects impact the carrier transport capacity, and higher defect densi-
ties lead to more exciton capture, resulting in more non-radiative output and reduced
device efficiency.

Radiative and non-radiative processes of photons are closely linked to the crystal
structure, size effects, exciton binding energy, and trap density, influencing the com-
bination path of excitons. Excitation light density also affects radiation and decay
processes. Surface and interface trap states significantly influence non-radiative pro-
cesses, and surface state modulation can improve device luminous efficiency. Charge
injection balance mainly depends on the energy level structure of the material lay-
ers and the ideal balance of injection potential at the interface, ensuring both stable
device operation and improved EQE.

Although PeLED research started later than that of perovskite solar cells, it has
experienced significant development in a short period. In just a few years, the EQE
of PeLEDs has increased from less than 0.1% to over 20% [110–114]. To date, the max-
imum EQEs for near-infrared, red, green, blue, and white light-emitting perovskite
diodes have reached 25.5%, 25.8%, 30.84%, 18.65%, and 12.2%, respectively [115–119]
(Figure 1.16).

Figure 1.17a presents a comparison of the color gamut of LFMHP-based LEDs,
demonstrating that the blue and red components have already fulfilled the
requirements of the Rec. 2020 standard, while the green component still requires
further improvement. Another critical factor limiting the commercialization of
PeLEDs is device lifetime. Figure 1.17b illustrates the promising device stability
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Figure 1.17 Current status of perovskite light-emitting diodes (PeLEDs) based on
lead-free metal halide perovskite (LFMHP) emitters. (a) Color gamut coverage of Rec. 2020
and LFMHP-based PeLEDs. (b) Device lifetime of state-of-the-art NIR, red, green, and
blue-emitting LFMHP-based PeLEDs. Source: Wang et al. [120]/Innovation Press Co.,
Limited.

of LFMHP-based LEDs, indicating their potential in overcoming the inherent
chemical instability issue found in LHP-based LEDs [120].

1.6 Summary

Perovskite materials are highly sought after for their luminescent properties,
including their ability to emit light when excited by an external energy source. This
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luminescence is due to the presence of a bandgap in the electronic structure of the
material, which allows for the absorption and re-emission of light. This chapter
discusses the structure and luminescent properties of perovskite materials, as well
as some important physical parameters of PeLEDs and their current development
status.

Metal halide perovskites, composed of a lead or tin cation, a halide anion (such as
iodide or bromide), and an organic or inorganic A-site cation (such as methylammo-
nium or cesium), are an important class of perovskite materials for optoelectronic
applications. These materials exhibit high defect tolerance, which means they can
accommodate a high density of defects and impurities without significantly degrad-
ing their electronic and optical properties. Metal halide perovskites exhibit a range
of luminescent properties, including strong photoluminescence (PL) and electrolu-
minescence (EL) across the visible spectrum. The crystal structure and composition
of the material, as well as the presence of defects and impurities, strongly influence
their PL and EL properties.

Perovskite LEDs have the potential to operate under ultra-high brightness
conditions, allowing for the passage of high currents (100 cm2 V−1S−1 or higher)
through the diode without causing detrimental processes. This provides an advan-
tage over organic and colloidal quantum dot semiconductors in high-brightness
operations. Peak brightness exceeding 105 cd m−2 has been achieved [96], and
a recent encouraging aging report using two-dimensional perovskites in LEDs
demonstrated no significant degradation in device operation at a current density of
A cm−2 [121].

However, the high-brightness operation of perovskite LEDs is currently hindered
by other factors, including the instability of ionic materials under an electric field
(ionic migration) [122], imbalanced carrier injection, and non-radiative and Auger
recombination losses that occur mainly under low/high injection conditions [123].
These factors may further contribute to the degradation associated with heating.

Perovskite materials also show promise for other applications, such as solar cells,
LEDs, lasers, and sensors. Their unique combination of properties, including high
defect tolerance, tunable bandgap, and excellent charge transport properties, makes
them an attractive candidate for a wide range of optoelectronic applications. Per-
ovskite materials have also been explored for use in sensors, particularly for detect-
ing gases and ions, due to their unique electronic properties, high surface area, and
ability to selectively bind to certain molecules.

However, perovskite materials have some challenges that need to be addressed
before they can be widely deployed in commercial applications. Their instability in
the presence of moisture and oxygen can lead to degradation over time, which is a
major obstacle for the development of perovskite-based solar cells. Researchers have
made progress in addressing this issue through the development of encapsulation
strategies and the use of stable electrode materials, but further work is needed to
improve long-term stability. The toxicity of some of the elements used in perovskite
materials, particularly lead, is another challenge. While there has been progress in
developing lead-free perovskites, many of these materials have lower performance
than their lead-based counterparts.
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Furthermore, PeLEDs still face challenges in terms of the poor efficiency of
blue devices, a decline in EQE under high-brightness conditions, and insufficient
device lifespans. The low efficiency of blue PeLEDs is often attributed to halide
segregation in mixed Cl–Br perovskite emitters. Some progress has been made
through compositional adjustments and the incorporation of bulky organic cations
in low-dimensional perovskites. Large organic cations can stiffen the perovskite
crystal structure, reducing detrimental electron–phonon interactions and ion
migration. However, these cations are typically insulating, resulting in inferior
charge transport and reduced device performance. One potential solution is
to replace these insulating ligands, commonly alkyl-chained, with conjugated
semiconducting ligands, which could potentially alleviate this issue [11].

EQE roll-off and operational stability are significant challenges for PeLEDs,
influenced by both intrinsic factors of the perovskite active layer and extrinsic
parameters of the device. Ongoing strategies to address these challenges include
compositional and dimensional engineering of the perovskite emitter, formation
of defect-free emissive layers (EMLs) through passivation techniques, optimization
of heterointerfaces to enable barrier-free charge transport and injection, achieving
balanced charge injection, operating the devices at low voltages, and reducing
the transport resistance in the emissive layer. Given the ionic nature of halide
perovskites, the development of specific biasing schemes (e.g. pulsed biasing) may
assist in minimizing ion migration and enhancing stability [11].

There is also a need for more research on the potential environmental impact
of large-scale perovskite production and deployment, as well as the scalability and
reproducibility of perovskite synthesis and device fabrication.

Despite these challenges, perovskite materials hold tremendous potential for a
range of applications, and the field is likely to see continued rapid development and
progress in the coming years. Advances in perovskite synthesis and device engineer-
ing have led to significant improvements in performance, and it is likely that per-
ovskites will continue to be a focus of research and development. Further improve-
ments in performance and stability, as well as the development of new applications
and markets for perovskite materials, are expected as continued research and devel-
opment in this area progresses.
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