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Abstract

A potential field of study for improving the efficiency of next-generation photovoltaic de-
vices hot carriers in perovskite solar cells is investigated in this review paper. Considering
their relevance to hot carrier dynamics, the paper thoroughly studies metal halide per-
ovskites’ essential characteristics and topologies. We review important aspects like carrier
excitation, exciton binding energy, phonon coupling, carrier excitation, thermalization,
and hot hole and hot electron dynamics. We investigate, in particular, the significance of
relaxation mechanisms, including thermalization and the Auger heating effect. Moreover,
the bottleneck effect and defect management are discussed with an eye on their impact on
device performance and carrier behaviour. A review of experimental methods for their use
in investigating hot carrier dynamics, primarily transient photovoltage measurements, is
included. Utilizing this thorough investigation, we hope to provide an insightful analysis
of the difficulties and techniques for reducing the effect of hot carriers in perovskite solar
cells and optimizing their performance.
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1. Introduction

Metal halide perovskites have remarkable optoelectronic characteristics, such as ex-
tended charge-carrier diffusion lengths, adjustable bandgaps, and elevated absorption
coefficients, significantly advancing the field of optoelectronics [1-6]. Perovskite material is
shown in Figure 1a. These materials have intrigued academia and industry due to their
significant potential for enhancing photovoltaics. After the preliminary production of
perovskite solar cells (PSCs) and attaining a power conversion efficiency (PCE) of 3.8%,
research on PSCs has experienced significant acceleration [7]. In a typical ABXj structure,
metal halide perovskites have an A atom for a monovalent cation, like methylammonium
(MA™), a formamidium (FA), B cation, like Pb>* or Sn?*, and X ions for halide anions, like
I~, Br~, or, less commonly, C1~ [8-10]. An estimate of a compound’s perovskite formation
tendency can be obtained from the Goldschmidt tolerance factor (t); nevertheless, a more
thorough investigation is always necessary to determine the chemical and thermal stability
of the resultant structure [11]. In the case of oxide perovskites that contain transition
metal cations, a perfect cubic perovskite is anticipated when ¢ = 1, whereas octahedral
deformation is anticipated when t < 1. Electronic properties may be impacted as symmetry
degrades for t < 1 [12]. For alkali metal halide perovskites, formability is anticipated for
0.813 < t < 1.107 [13]. The crystallographic structure of perovskite is shown in Figure 1b. A
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cation with a radius ranging from around 1.60 to 2.50 A could form a perovskite structure.
Since the ionic radius of the methylammonium cation is 1.8 A, it is an appropriate cation for
lead halide perovskites [5]. Solid-state charge-transporting layers have been determined
to be compatible with producing high-performance PSCs. Due to committed endeav-
ours over the last ten years, a standard PSC today consists of an inherent light-absorbing
perovskite layer, a solid-state n-type electron transport layer (ETL), a solid-state p-type
hole transport layer (HTL), a front electrode, and a back electrode. Mainstream device
architectures can be categorized into n-i-p (normal) and p-i-n (inverted) topologies [14].
The commercialization of PSCs is hindered by their uncertain stability under long-term
operation conditions [15-17]. This is a huge obstacle for PSCs competing with the current
inorganic photovoltaic (PV) technology. Light [18,19], moisture [20-22], and heat [16,18,23]
are the three main elements that impact a PSC’s long-term longevity while operating.

Figure 1. (a) Perovskite materials, Reproduced with permission from Ref. [6], copyright 2015 Materials
Today. (b) Crystallographic structure with a unit cell of cubic CH3NH3Pblz perovskite. Reproduced
with permission from Ref. [5], copyright 2015 Materials Today.

Originating in sensitized solar cell material discovery, PSCs have progressed from
liquid to solid states [24-26]. Along with the ever-increasing efficiency, discussions over the
material composition, mechanism of operation, and unusual photoelectric characteristics
have persisted. Recent reports have also shown unexpected results regarding the dynamics
of second-order recombination and hot carrier (HC) cooling. This cell’s charge-carrier
dynamics are the subject of spatial and temporal study in response to these scientific
disputes. These dynamics greatly affect device stability, which also decides the device’s
efficiency [27-30]. The energy of sunlight photons is in the 0.5 to 3.5 eV range [31]. When
photons have energies lower than the bandgap of a material, they cannot be absorbed
and cannot be used [32]. On the other hand, when photons have energies higher than the
bandgap, they produce electron and hole pairs with kinetic energy that is greater than that
of the lattice one. These pairs of electrons and holes we call the HC [33,34].

One of the most crucial components in deciding the performance of PSCs is the per-
ovskite layer, which is primarily responsible for light harvesting. In addition to its excellent
light-absorbing properties, perovskite has demonstrated its ability to carry charge car-
riers efficiently, providing a firm basis for developing high-performance optoelectronic
devices [35-37]. The carriers move to the interface between the perovskite and charge
transport layers by diffusion across the perovskite layer. This causes recombination and
interfacial charge injection to compete, with the charge transport layer being able to retrieve
only the victorious. To overcome the Shockley—Queisser (S-Q) limit, the next generation of
hot-carrier solar cells must include perovskite characteristics, one of which is the gradual
cooling of the charge carriers [38,39]. Initially, free carriers and excitons can be excited
and generated at 10:1 within a time frame of less than 2 ps. The exciton in MAPbI; has
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been identified as a Wannier—-Mott type, exhibiting a weak binding energy in the range of
20-30 meV. This value is comparable to the thermal energy, ki, T which is approximately
26 meV, indicating that the exciton can easily dissociate into free carriers at low tempera-
tures [40,41]. The duration of an extremely rapid transition from localized excitons to free
carriers has been measured to be 20 fs. To facilitate exciton dissociation at the interface, this
discovery implies that an electron transport layer (ETL) or hole transport layer (HTL) is not
required to create a heterojunction with the perovskite layer [42].

The free-carrier generation rate is often sufficient for a semiconductor when the
exciton binding energy is equal to or less than the thermal energy (26 meV) [43]. The
drift-diffusion model describes the carrier transfer, transport, and recombination processes,
which primarily govern the charge-carrier dynamics and device performance [44,45]. The
photocurrent output under high bias voltage, where the built-in electric field is weak
enough, is largely used to determine the cell’s performance now that the Jsc is near
the transmittance limit [46,47]. Several tests revealed that the exciton binding energy of
lead halide perovskites, notably MAPDbI3, was lower than the thermal activation energy
kT = 14-25 meV. As a result, the excitons produced by the light separated on their own
after being heated [48,49]. The rate of photo-generated carrier production is defined by a
three-body Auger recombination equation, a combination of first-order trap state-mediated
charge recombination and second-order non-geminate free carrier recombination.

—%’Z = An+ Bn?+Cn 1)
where A represents the first-order trap state-mediated charge recombination, B is the second-
order non-geminate free carrier recombination, C is the three-body Auger recombination,
where 7 is the charge density, and ¢ is the time. Excitation fluency-dependent time-resolved
photoluminescence (TRPL) investigations confirm this expression by showing that, in
various excitation regimes, the initial photoluminescence intensity (PLj) depends on the
excitation density (ng) in a linear or quadratic fashion [50,51].

This review article will concisely summarise recent findings and developments in
carrier dynamics, emphasising the importance of HC in defining device performance. The
underlying physical principles that control HC behaviour and their production, relaxation,
and recombination processes will be thoroughly studied. This review will devote a sig-
nificant portion to discussing the special features of metal halide perovskites, which are
important for studying HC and can be used in high-performance devices. To provide a
complete picture, this paper will also review the methods, benefits, and drawbacks of the
most popular experimental approaches used to study HC. Technical obstacles, problems
with material stability, and the necessity for enhanced theoretical and experimental meth-
ods are among the limitations and challenges that this paper will conclude by discussing.
HC research and its use in next-generation devices can benefit greatly from this review’s
synthesis of existing information and identifying gaps.

2. Unique Properties of Metal Halide Perovskite

Perovskites are a catchall term for a group of crystals with a comparable structure to
that of the original mineral found in the Ural Mountains (CaTiO3). Victor Goldschmidt
authored a study on the principles governing the chemistry of crystals [52-54]. He includes
the following examples of crystals: NaNbOj3, SrTiO3, BaTiO3, CaZrO3, CaSnOs3, FeMnO;,
KMgF3;, LaAlO3, and LaGaOj3, and he describes them as partially cubic and partially
pseudocubic. One of their intriguing properties is that perovskites can accommodate
several cations of varying valencies at sites A and B. For commercial uses in electronics and
other smart devices, this aids in customizing perovskite materials.
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2.1. Perovskite Crystal Structure

Perovski, a Russian mineralogist, found the perovskite in 1839. A generalized crys-
talline formula of perovskite is ABX3 [55]. Octahedral coordination in a BXg configuration
is applied to the B-site element. In an AXj, polyhedron, the A component is inside the
cuboctahedral cavity produced by nearest-neighbor X atoms. Perovskites made of metal
halides usually have a monovalent A-site cation and a divalent B-site metal (such as Pb?*,
Sn%*, Ge?*, Cu?*, Eu®*, or Ni?*) [56-58]. Perovskites formed by trivalent metal halides
are rare, yet they can form low-dimensional perovskites [59]. The characteristic feature of
0D perovskites is the presence of organic or inorganic cations surrounding isolated metal
halide octahedral anions, with excitons tightly bound to each octahedron. Octahedrons
with negative charges form the core, while organic and inorganic cations form the shell;
this arrangement can be thought of as a core—shell structure. The first observation of a
0D perovskite structure is CsyPbClg, where the surrounding Cs™ cations spatially isolate
[PbCl6]*~ octahedral [60]. The crystal structure of 0D CsyPbClg is comparable to a 3D struc-
ture because of the strong interactions between [PbClg]*~ octahedra. The organic A cation
particle size in 3D perovskites is constrained by the dimensions of the 3D hole it needs to fill.
The stability of 3D perovskite structures can be predicted using a semiempirical geometric
parameter called the Goldschmidt tolerance factor, ¢ [61]. Megaw originally proposed the
tolerance factor for perovskite compounds’ stability after investigating various anion and
cation combinations [62]. Theoretical framework development was recommended by this
study, which covered a variety of perovskite double oxides (cubic, tetragonal, orthorhom-
bic, and rhombohedral, among others). The geometrically enforced requirement for the
constituent ions of A r4, B rg, and X r, to be in close proximity for a perovskite structure

that is perfectly packed is
ra+7Tx

' s (2)

From an empirical standpoint, the range of around 0.81 < t < 1.0 is where most 3D
metal halide perovskites arise. Conventionally, NH;CdCl;-type nonperovskite structures
are produced when t < 0.8. In contrast, hexagonal structures are usually created when
t>1[52,63]. Together with the tolerance factor, a second constraint called the octahedral
factor (1) determines the parameter space for perovskite formability. u is a measure of
octahedral stability and is given by

p==2 ©)

Tx

and usually falls in the range of 0.44 < u < 0.9 [64].

2.2. Perovskite Electronic Structure

Understanding a material’s band structure and density of states (DOS) can help to
explain its inherent carrier concentration, mobility, recombination mechanisms, excited
state lifespan, and other properties important for optoelectronic applications [65-67]. The
calculation of the conduction band minimum (CBM) and valence band maximum (VBM)
for a typical CsPbX3 3D perovskite is performed using the Pb 6p and halogen np orbitals,
respectively. Consequently, large band dispersion and low exciton binding energy in the 3D
structure of corner-sharing [PbX4]*~ octahedra results in simple exciton dissociation [68,69].
The charge carrier effective mass of perovskites determines their carrier mobility, which
in turn is influenced by the curvature of their bands in their electronic band structures.
The wide band dispersion in 3D perovskites results in a modest charge carrier effective
mass, in contrast to the large charge carrier effective mass in 0D perovskites with flat
CBM and VBM, which indicates low carrier mobility [70,71]. The band curvature, and by
extension, the effective carrier masses and mobility, are affected by the B-X-B bond angles in
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[BX4]*~ octahedra. In their study, Lehner et al. found that, compared with 0D perovskites
A3Bijly with Bi-I-Bi angles of approximately 150°, 3D perovskites with nearly 180° B-X-B
angles linking the octahedra allowed for better orbital overlap, leading to improved carrier
transport through the metal halide lattice [71].

A more recent application of density functional theory (DFT) to the metal halide per-
ovskite system has shown that perovskite band gaps are drastically underestimated, which
is common with such approaches. The Pb and Sn perovskite family still lacks accuracy,
even after incorporating relativistic corrections such as first-order scalar relativistic density
functional theory (SR-DFT) and higher-order spin-orbit coupling density functional theory
(SOC-DFT) effects [72]. The electron self-energy /many-body effects raise Eg, while relativis-
tic interactions tend to diminish Eg. As demonstrated in Figure 2a, SR-DFT produces highly
exact Eg values for CH3NH3Pbl3. Due to the milder relativistic effects with the smaller
metal centre, it cannot precisely represent the dispersion of the VB in Pb perovskites, nor
does it capture the Eg of Sn perovskites (Figure 2b). As a function of strain and lattice
constant, Pb chalcogenides display atypical bandgap variations [73].
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Figure 2. Calculated bandgaps at various levels of theory for (a) MAPbIz and (b) MASnI; perovskites.
Reproduced with permission from Ref. [72], copyright 2016 ACS. (c¢) Schematic diagram of broadened
phonon dispersion spectrum, (d) fluctuations of the orbital overlap induced by dynamic structural
fluctuations. Reproduced with permission from Ref. [67], copyright 2024 Wiley.

The bandgap grows from CsPbl; to CH3NH;3Pbl; to FAPbI3, as shown by Lang et al. [74].
Because of its strong antibonding property, the VBM is projected to decrease as the lattice
constant increases. The band structures of Cs;SnBrg and CssSnlg, as determined by DFT
calculations, both exhibit a flat band edge, suggesting that the Sn-based 0D perovskites are
strongly confining excitons. It was determined that the bandgap of Cs4SnBrg was 3.33 eV,
and that of Cs4Snly was 3.00 eV [75]. Not related to halogen np orbitals are the band
structures of CsyEuXg (X = Br, I) that Wu et al. published. These structures reveal the Cs-
6s-derived CBM and the Eu-4f-derived VBM [76]. Strong localization of the Eu-4f orbitals
causes the CsyEuX¢ (X = Br, I) to display flat valence band (VB). The predicted bandgaps
of Cs4EuBrg are 3.9 eV, while Cs4Eulg has a bandgap of 4.2 eV. Although 3D Ge halide
perovskites also have direct gap transitions, their 1D counterparts are purportedly materials
with indirect gaps that exhibit weak and wide absorption close to the band edge. The
composition of the partial density of states (PDOS) around the lowest electronic transition
is similar in hybrid and inorganic halide perovskites since neither Cs* nor molecular A-site
cations contribute significantly directly to frontier orbitals [77-79].

2.3. Carrier Excitation

A pair of free electrons and a hole, also known as an exciton, are produced when light
is absorbed. When one or more photons are absorbed, carrier creation can take place. A
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single atomic electron in a crystal can absorb n photons at once; using Fermi’s Golden rule,
we can compute the transition probability Wy,.
4)

W, = %” ‘Mﬁ zé(Ef(k) ~ Ei(k) - nhaw)

@n)?

where the reduced Planck’s constant (%), the element of the transition matrix (M i), the pho-
ton energy (fiw), and the energy of the initial (E;) and final states (Ef) are respective [80,81].
To excite an electron in a photo absorber material to a higher energy level, known as the
conduction band, a photon with an energy that is greater than or equal to the bandgap
energy (Eg) of the material being excited must enter the material through incident light.
When the excitation energy exceeds Eg, the charge carriers go to higher energy states called
energy subbands. These subbands are located above the CBM for excited electrons and
below the VBM for excited holes. Figure 3 shows that the HCs, which stands for “hot
electrons” and “hot holes,” are the charge carriers that are most excited [1,28]. Figure 3a—d
shows the step-by-step process of HC production, including the thermalization that follows.
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Figure 3. (a) A photo absorber absorbs powerful photons. (b) Electrons originating from an absorber
material’s VBM rapidly jump to energy levels beyond CBM (c) The particular phenomena of HC
in detail (i) hot electron interaction (ii) thermalization (iii) cooling (iv) lattice temperature (d) either
recombining or the charge carrier transferring to the electron-transport layer. Reproduced with
permission from Ref. [1], copyright 2021 Nature.

The dominance of second-order non-geminate and third-order Auger recombination
in perovskite materials is achieved at an excitation intensity of >10'> cm 3. Investigating
the degradation (decay) of time-resolved spectroscopic signals like transient absorbance
(TA) and time-resolved microwave conductivity (TRMC) dependent on excitation inten-
sity provides a good window into these higher-order charge recombination dynamics.
Surprisingly, the second-order perovskite recombination rates were 2-5 orders of mag-
nitude lower than the Langevin rate [82-84]. It is highly probable that recombination
is a process triggered by temperature changes. The estimated activation energy for this
process is approximately 90 meV [85]. Discussing the kinetics of charge transfer and
recombination with organic molecules, such as [6]-phenyl-Cg;-butyric acid methyl ester
(PCBM) and 2,2',7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene (Spiro-
OMeTAD), which are utilized as charge-accepting and transporting electrodes in solar
cell systems, is crucial. Previous research has demonstrated that recombination can occur
on timescales ranging from nanoseconds to microseconds, depending on the density of
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carriers [85,86]. Given that Spiro-OMeTAD is extensively utilized as a hole acceptor and
transport medium in solar cells, we deduce that hole injection in these devices occurs
efficiently on the sub-picosecond timeframe, notwithstanding the absence of the additives
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) or a comparable compound incorpo-
rated into this sample. Reports indicate that the preparation method of the perovskite
sample can yield either n-type or p-type perovskite [87,88]. Upon light absorption by the
bilayer structure, photogenerated holes are transferred into Spiro-OMeTAD, while the
electrons remain in the perovskite. The electrons then recombine with the ‘dark holes” in
the perovskite, and the photogenerated holes are introduced into the Spiro-OMeTAD layer.

2.4. Exciton Binding Energy of Perovskite

An exciton, a quasiparticle, can be created in a semiconductor by absorbing a photon
with an energy greater than or equal to the bandgap. A strong Coulomb interaction binds
the electron-hole pair produced by the light. That is why the exciton-related emission or
absorption is observed at energies lower than the fundamental bandgap. It is common
practice to use the hydrogen model, which is based on the effective mass approximation
in semiconductors, to describe Wannier-Mott excitons, which is the type that is typically
seen in perovskites [89,90]. Exciton descriptions in halide perovskites often use both the
conventional Frenkel and Wannier models, which is a major consequence [65].

In this scenario, the nth excitonic level’s energy is represented by

R*

E, = Eg - ﬁ (5)
In the present scenario, Eg is the bandgap energy and R* is an effective Rydberg for the
excitons. Additionally, the lattice screens the carrier interactions. So, the effective Rydberg

is just the renormalization of the Rydberg constant, which is R, = 13.6 eV,

Re = Rolt (6)
moe2
where ¢, is the relative dielectric constant of the crystal, which accounts for the screening of
the carriers by the crystal lattice, and 1/ = 1/my, + 1/me, is the exciton reduced mass (my,
and me is the effective mass of the hole and electron, respectively) [72,91].

Depending on whether the low- or high-frequency dielectric constant is used, the
conventional Wannier-Mott hydrogenic model can yield excitonic binding energies
(R* = pe*/2he2) ranging from 2 to 50 meV, as noted by multiple authors when working
with lower mass values (0.1 me) [72,92-96]. Usually utilized in the hydrogenic model
for Wannier-Mott excitons in most semiconductors, the high-frequency dielectric con-
stant considers the screening from electronic polarization without including slower ionic
contributions. However, because of their strong ionic conductivity and huge dielectric
responses, especially under illumination or electric fields, as Yuan and Huang illustrate,
halide perovskites offer a more complicated case [29]. Their work shows that ion migration
effects, which are not indicative of the screening environment experienced by excitons on
ultrafast timescales, allow the static dielectric constant in MAPbI; to be as high as ~10° at
low frequencies (~0.1 Hz). We propose employing the high-frequency dielectric constant
(e00), which reflects the response of the electronic subsystem only, since excitons in halide
perovskites develop and decay on timescales faster than usual ionic migration (which
occurs over milliseconds to seconds). This is compatible with the characteristics of Wannier—
Mott excitons and with earlier studies separating ionic from electronic contributions to
dielectric screening in perovskites. According to the latest findings by Even et al., who
fit the line shape of the low-temperature absorption, the exciton binding energy should
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be around 15 meV. However, when the system transitions to the high-temperature phase,
where the photovoltaic cells work, the exciton binding energy drops abruptly to 5 meV
due to the additional contribution to the dielectric screening caused by the new rotational
motion of the CH3NH;* cations [93]. Although dielectric screening may change due to
dynamic disorder (involving cation rotations), the major effects on exciton binding energy
at high temperatures originate from shifts in structural order, widening of the lattice, and
different phase changes. Altering the structure changes the number of charge carriers and
the static dielectric constant, which is important for calculating exciton binding energy.
The findings of Gong et al. indicate that the impact of MA* rotational motion on exci-
ton binding energy is quite insignificant, and in some instances, it is even negligible [97].
Solid-state hybrid perovskite lead triiodide, whose structure is organized as asymmet-
ric cationic MA* rotors electrostatically pinned in cages produced by the anionic Pbl3~
framework, underwent a new sort of electron-lattice interaction, which they referred to as
an electron—rotor interaction. From the difference between the 1s and 2s excitonic states,
magneto absorption studies revealed the exciton binding energy of various MA and FA
lead-halide perovskites to be in the order of 14-25 meV at ambient temperature and approx-
imately 16 meV at low temperatures [98,99]. Furthermore, the binding energy of excitons
has also been calculated from optical absorption measurements utilizing Elliott’s model,
which permits the disentanglement of absorption contributions from bound excitons and
band-to-band fluctuations [100]. Following previous magnetoabsorption investigations,
Davies et al. utilized this technique to determine an exciton binding energy of 16 meV for
the low-temperature MAPbI;5 phase [101]. The Elliott model, like the Wannier-Mott model,
postulates electronic transitions between parabolic and isotropic valence and conduction
bands; a succession of hydrogenic energy levels characterizes the contributions of bound
excitons to the absorption spectrum.

Due to the isolated octahedral structure, the exciton binding energy of 0D perovskites
is higher than that of 3D perovskites. Achieving high-performance optoelectronic devices
based on photon emission is aided by the strong exciton binding energy, which effectively
prevents excitons from dissociating at ambient temperature and the creation of free charge
carriers [69,76,102,103]. In their study, Jun et al. measured the PL intensity change of
Cs3Cupls with temperatures ranging from 30 to 350 K and found that the high exciton
binding energy of 0D Cs3Cuyls perovskites was 490 meV [104]. Perovskite nano-crystals
(NCs) made of 0D Cs3Bislg were described by Pal et al., and they had a high exciton
binding energy of 300 meV [105]. Both the electronic bandgap and the excitonic gap exhibit
absorption characteristics because the excitonic state energy (ES) is less than the CBM [105].
Additionally, they discovered that the rate of phonon-mediated relaxation from CBM to the
ES is suppressed because the effective phonon energy of 36 meV is significantly lower than
the exciton binding energy.

2.5. Phonon Coupling in Perovskite

Understanding and improving the optoelectronic properties of perovskites neces-
sitates a thorough investigation of the phonon modes and their interactions with elec-
trons/excitons. As an example, the light-emitting capabilities of perovskites can be af-
fected by the strong phonon coupling in the materials, which can greatly expand their
photoluminescence (PL) [106,107]. Anharmonic vibration typically governs the thermal
conductivity, carrier transport, and recombination of perovskite materials via two pro-
cesses: phonon-phonon coupling and phonon-electron coupling. Figure 2c shows that the
phonon dispersion spectral line becomes broader due to anharmonic lattice vibration and
the anharmonicity of the atomic force constant, suggesting the coexistence of numerous
frequency phonons under a specified wave vector [67,108]. There is a rebalancing of the
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phonon energy distribution on ultrafast timeframes made possible by energy transfer
between phonons when multiphonon states coexist. Figure 2d shows that, due to non-
linear electron—phonon coupling, limited carrier mobility, complicated orbital overlaps
between the Pb s-state and halide p-state, and anharmonic structure fluctuation, the VB
may be spatially and temporally modulated considerably [109]. 2D perovskites undergo
an ordered—disordered phase shift, and Yaffe et al. show that anharmonic thermal vi-
bration significantly affects this process [110]. On the other hand, in 2D perovskites, the
iodides would form an anisotropic bonding network with the spacers with the desired
configuration, which would create bias in the double well. An additional vibration pattern
of the inorganic octahedra at high temperatures is caused indirectly by the interaction
between spacers. The several Ag modes in the high-temperature phase result from the same
movement of the low-temperature phase, where the bias between the well potential of the
octahedra tilts causes an energy difference in the nearby Ag modes. While using theoretical
simulations of the vibrational spectra, Quarti et al. were the first to attempt to assign the
low-frequency Raman vibrational modes of MAPbI3 [111]. The bending mode of the Pb-I
bonds was assumed to be at 62 cm ! and the stretching mode at 94 cm !, specifically.
Using low-temperature infrared spectroscopy in conjunction with calculations based on
first-principles density-functional perturbation theory, Pérez-Osorio et al. examined the
vibrational modes of a MAPDbI; thin film in the range of 6-3500 cm ! [112]. Based on their
findings, the Pb-I stretching and Pb-I-Pb rocking modes account for the bulk of the static
dielectric constant, whereas the MA cation vibrational modes and Pbl; network’s Pb-I
stretching modes predominate in the low-frequency zone. Since the organic cation does not
vibrate in the high-frequency range, vibrational analysis of all inorganic perovskites has
also been conducted, with a primary emphasis on the low-frequency region [113]. Using
Raman spectroscopy and theoretical considerations, Calistru et al. assigned vibrational
modes for bulk single crystals of CsPbCl3 in enormous detail [114].

Atoms perturbed from their equilibrium locations experience thermal vibrations that
are almost harmonic in conventional semiconductors. Hirotsu and Suzuki conducted the
initial studies on the thermal expansion and elastic constants of CsPbCl3 in 1978 [115]. Us-
ing temperature-dependent photocurrent (PC) and PL spectroscopy, Phuong et al. explored
the exciton—-phonon interaction in MAPbI3 single crystals at low temperatures (15-80 K)
in another study [116]. Additionally, Diab et al. found that MAPbIj; single crystals had
an even lower LO phonon energy of approximately 4.2 meV, accompanied by a strong
excitonic emission with a full width at half-maximum of just 5 meV [117]. While research
on exciton—phonon coupling has focused on three-dimensional perovskites, a more ap-
propriate platform for studying this phenomenon and addressing the intrinsic relaxation
pathways of excitons is two-dimensional perovskites, which have stable excitons as a
result of low dielectric screening and quantum confinement and strong Coulomb electron—
hole interactions. The layered (C4HoNH3),(CH3NH3),—1Pbnlsn,1 perovskites studied by
Guo et al. demonstrated that acoustic and homopolar optical phonon scatterings domi-
nated the exciton—phonon coupling dynamics, with the scattering rate following a power
law TY (y = 1.3-1.9) as a function of temperature [118]. What makes these 2D systems
unique is that they did not exhibit polar optical phonon scattering, which is typically the
dominant mechanism in highly polar semiconductors. Asymmetric 2D perovskites with
large PL line morphologies were also demonstrated in certain investigations [118-121].
Thirumal et al. discovered that the strong exciton—phonon coupling, leading to the rapid
formation of self-trapped excitons (=100 fs) mainly in the organic lattice, was responsible
for the broad emission observed in layered (CgH9NHj3),PbCly single crystals, thin films,
powders, and solution nanoparticles. The findings show that the organic cation does more
than act as a spacer; it also influences the 2D perovskites” optical characteristics, including
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their white emission. In conclusion, this section explains how studying 2D perovskites by
Ni et al. [119] can shed light on how to modify organic ligands to mitigate the negative
effects of strong exciton—phonon coupling in perovskites, which can be a drawback for
LED devices owing to PL linewidth broadening and undesirable asymmetric line shape.
However, in the second scenario, achieving white-light emission at normal temperature
was made easier by broadening the emission resulting from the strong exciton—phonon
coupling in 2D perovskites [120]. Strong exciton—phonon coupling could also help with
broadband short-pulsed laser development.

3. Fundamental of HC Dynamics in Semiconductor

The photogeneration of an electron-hole pair occurs immediately after a photon with
an energy of iw > Eg is absorbed by a semiconductor with an energy band gap of Eg. A
photoexcited electron (hole) with an energy of iw > Eg is deemed “hot” because its energy
exceeds the band gap before any scattering with lattice phonons [122-125]. Following
numerous phonon scattering events, the excited electron (hole) relaxes to the edge of the
fundamental conduction (valence) band, releasing its surplus energy as heat. Within the
framework of a solar cell, this procedure stands as waste. Consider a Si solar cell with a
single p-n junction (Eg = 1.12 eV). When evaluated at 298 K with the standard American
Society for Testing and Materials (ASTM) G173-03 global air mass 1.5 (AM1.5G) solar
spectra, it exhibited a PCE of 33.4%. Furthermore, there are notable relaxation losses
of 47.4%, and the non-absorption of sub-bandgap photons accounted for the remaining
19.2% [124]. Under certain conditions, a new paradigm known as a hot carrier solar
cell (HCSC) could be used to collect this surplus energy, as pointed out by Ross and
Nozik [126]. By removing the carriers before thermalization, this method could significantly
improve efficiency by lowering heat losses. Preventing relaxation requires preventing
carrier scattering by phonons [125,127]. The classical hot carrier cell concept is illustrated
in Figure 4. It consists of a light absorber containing hot electron gas, two semiconductors
with energy-selective connections (ESC) at their interfaces, and the cell itself.

I, = 300 K T, = 5800 K

Figure 4. The hot carrier solar cell structure is at equilibrium with the heater (Sun) and the cooler
(ambient) in open-circuit conditions. Te, is the temperature of the electron and hole gas. Blue dots
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represent electrons are excited by sunlight from lower energy states into higher energy states, Red dots
represent holes, or the positively charged vacancies created in the valence band when electrons are
excited to the conduction band. Reproduced with permission from Ref. [125], copyright 2017 Wiley.

The ESC filters out carriers with specific energies. The suppression of carrier cooling
is done while considering Auger and radiative recombination Table 1 summarize the
comparison of HC cooling times [1,125,128-133]. It is possible to control the carrier density
in the bands at the energies of the energy-selective contacts to keep the flux in both
directions constant through these contacts by adjusting the doping concentration in the
outer semiconductors. When the energy is in a state of thermodynamic equilibrium with
the Sun, when radiation from radiative recombination returns to the Sun in each given
spectral region according to the detailed balancing principle, the heating will cease. Since
the Carnot efficiency can never be surpassed, Figure 4 depicts an ideal solar cell with an
inexhaustible thermodynamic efficiency. A solar efficiency limit of 85% or more is attained
by optimally driving a reversible heat engine off equilibrium [134,135].

Table 1. A comparison of HC cooling times in representative perovskites and conventional semiconductors.

Cooling Time (to Near-Band-Edge

Material Temperature) Finding Ref
Nearly two orders of magnitude slower
MAPDI3 ~60 ps (high fluence, up to 600 K) than GaAs; lifetime reaches =~ 60 ps at [135]
elevated carrier density

0.8 ps (moderate density) to 17 ps  Bottleneck yields 0.8 ps at ~2 x 10! cm~3,

CsPbBrs (high density) stretching to ~17 ps above 10'® cm 3 [131]
Inferred from perovskite-GaAs comparison:

GaAs ~0.6 ps perovskite is ~100x slower (MAPbI3 ~60 [1]
ps vs. GaAs ~0.6 ps)
si ~0.15 ps (150 fs) Thermalization via electron-phonon [133]

scattering in Si occurs in ~150 fs

In the solar cell with a single junction, photovoltage consists of two components [136]:
U=U;+ Uph (7)

where U is the thermoelectromotive force of the hot carrier and Uy, is classical photo-
voltage caused by electron-hole pair generation. A schematic view of the formation of
thermoelectromotive force of HC and classical photovoltage caused by electron-hole pair
generation is depicted in Figure 5a. It is seen that the polarity of the HC photocurrent is
opposite to that of the generation photocurrent. HC photocurrent and generation photocur-
rent can be observed experimentally by illuminating the p-n junction with the short laser
pulse [137].
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Figure 5. (a) Schematic view of the formation of the thermoelectromotive force of HC and classical
photovoltage caused by electron-hole pair generation across the p-n junction: 1—electron-hole pair
generation by an equal-to-bandgap photon; 2—free electron heating; 3—generation of hot electron
and hole pair. The stepped arrows indicate the cooling and diffusion of hot electrons. Analogous hot
hole-related processes are omitted to avoid visual overloading. Reproduced with permission from
Ref. [138], copyright 2024 MDPIL. (b) Oscilloscope traces of laser pulse (bottom) and photovoltage (top)
consisting of two components. Reproduced with permission from Ref. [139], copyright 2018 Sciendo.

The temporal profile of the photovoltage across the Si p-n junction induced by
1.489 um laser radiation is presented in Figure 5b [139]. The fast component has a po-
larity corresponding to the polarity of thermoelectromotive force of the hot carrier [140].
Since the HC energy relaxation time is much shorter than the laser pulse duration, the
leading front of the HC photovoltage Us pulse follows that of the laser pulse. The calcu-
lation of the current—voltage characteristic of a p-n junction under electron temperature
approximation leads to the expression of total current flowing across the junction as [136]

eU  eVi(i TN] |, Dupn, [el  eVif, T\]_
{exP[m+w(1 Tﬂ 1}+ L, {"”‘"[kTﬁkr<l T)] 1 ®)

where e is the elementary electron charge, Dy, , and L, are the diffusion coefficient and
diffusion length for electrons and holes, respectively, 1, and p, are the electron and hole
densities in p- and n-regions, respectively, U is the bias voltage, k is the Boltzmann constant,
Te and T), are the temperatures of the electron and hole, respectively, eV} is the potential
barrier height of the p-n junction, and T is the lattice temperature. Open-circuit cases when
j = 0 and with the equality T, = T, thermoelectromotive force of HC are equal to

Us = Vi(Te/T — 1) )

The thermoelectromotive force of a HC is directly proportional to carrier heating and
the potential barrier height of p-n junction.

3.1. Carrier Dynamics in Perovskite

Diodes, transistors, semiconductor lasers, etc., could not have been made possible
without precise doping control [141,142]. Naturally, halide perovskite materials and de-
vices must have faults of the same critical relevance. Indeed, halide perovskite can exist in
various deep and shallow defect states. Halide perovskites are appealing for inexpensive
photovoltaics due to their solution chemistry, and the components, such as iodide, are very
reactive, which opens up some other possibilities for doping and the deliberate and acciden-
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tal formation of defects [143-145]. Luminescence quenching and charge trapping are two
effects of flaws; luminescence at longer wavelengths reported at low temperatures is an-
other. Shallow flaws slow down the charge transport mechanism because of charge trapping
and de-trapping [146-148]. This points to the prevalence of phonon-assisted absorption
and recombination. The significant carrier-phonon coupling and poor photoluminescence
quantum efficiency (PLQE), which are not optimal for optoelectronic applications, could
be caused by the indirect character of the transitions. Indirect band gaps were seen in all
lead-free perovskite NCs that were investigated, specifically Cs3Biy X9, Csy;AgBiXg, and
Cs2AgSbyyBiyXe (0 <y <1) [149-152]. The indirect band gap semiconductor Cs; AgBiClg
has a low PLQE (<0.1% for NCs containing no ligands).

The direct band gap was discovered to be Csp AgInClg [153-155]. On the other hand,
weak optical absorption coefficients at the band gap result from the parity-forbidden direct
transition [156,157]. Due to the slowing down of the cooling process, HC in perovskites
have recently attracted significant attention, in addition to the charge carrier dynamics
at lower excited states near the band edge. With this, it may be possible to harvest hot
charges efficiently, allowing solar cells to surpass the 33% conventional thermodynamic
Shockley-Queisser limit [158,159]. At large carrier densities, the cooling rate of hot charges
in MAPDbI3 perovskites slows down, as previously discovered in early transient absorption
(TA) research, which is known as the hot-phonon bottleneck. The considerable carrier
re-absorption of optical phonons causes this [160]. While TA investigations provide a
wealth of information and may be accessed with great temporal resolution, it's worth
mentioning that these materials have particularly complicated spectra. It is necessary to
consider effects such as ground state bleaching, band gap renormalization, state filling,
and changing refractive index to conduct an accurate study. Carrier thermalization was
reported to occur within 100 fs for short time scales <0.5 ps; values for 10'® and 10! cm 3
ranged from 10 to 85 fs, depending on the excitation density [41,161]. New research in
single-crystal MAPbBr; and FAPbBr3 microplates demonstrated that the slow hot charge
cooling was still true even in the low carrier density regime (<107 cm~2), which is much
below the hot-phonon bottleneck domain. Even perovskites, which are transparent to
ultrafast TA microscopy, may transport such high-energy charges across a considerable
distance (~230 nm) [107,162].

According to the growing body of literature on the topic, hot carriers in Pb-based
halide perovskites appear to undergo at least two distinct cooling processes. First, the
one ranges from subpicoseconds to 2 ps, depending on the sample and analysis method.
Given the presence of several cooling stages, and it appears probable that many effects
are at play, as the existing explanations for the lengthy heat carrier lifetimes in perovskites
are diverse. To dissipate the surplus energy, the following processes must take place:
optical phonon decay and acoustic phonon conduction of heat out of the system [38]. In
their ab initio calculations, Kawai et al. demonstrated, beginning with the short-term
effects and progressing to the long-term implications, that a tiny electronic density of state
hinders hole cooling 0.6 eV below the VB maximum in CsPbl;. It was proposed that this
effect was independent of the A-site cation, and the equivalent cooling time was found
to be 0.5 ps [163]. Using ab initio calculations and ultrafast spectroscopy, Yang et al. also
explored the role of the A-site cation. Both hybrid organic-inorganic materials and the
Cs-based all-inorganic variation of APbl; had greater relaxation periods than the other pure
APbI3 compositions (MA, FA, and Cs, respectively) [164]. For instance, FAPbl; showed a
relaxation period that was 10 times longer than the Cs version, which agrees with previous
findings on CsPbls [165].
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3.2. The Concept of Relaxation

In a photovoltaic application, perovskite sensitizers absorb sunlight and produce
electron-hole pairs with energies well above the band edge. Several factors cause the excited
charge-carrier distribution to relax as it approaches the band edge from an initially out-of-
equilibrium state. The processes underlying this first charge-carrier relaxation are well-
documented for common inorganic semiconductors like GaAs [166]. The characteristics
of conventional direct organic-inorganic semiconductors, including high charge-carrier
mobilities and low exciton binding energies, have been exhibited by hybrid lead halide
perovskites [167-170]. Increasing the HC relaxation time will theoretically enable the
Shockley—Queisser (SQ) limit to be exceeded, and the solar cell efficiency for a single-
junction HC-based solar cell under one sun irradiation can be raised to 66% according to
a theoretical calculation [126,171,172]. Device performance is strongly influenced by the
behaviour and dynamics of HCs inside polar semiconductors. In ordinary semiconductor
(like CdSe, GaAs, InN, PbSe, etc.), HC cooling occurs remarkably quickly within hundreds
of femtoseconds [27,173,174]. HC can only make a significant impact if ¢, is on the scale of
radiative recombination. According to the extensive research, if a relaxation time of 1 ns
can be reached, a PCE of roughly 50% should be achievable. The thermalization rate Qth,
an alternative to t,., was determined to be 1000 W K~1 em~2 for bulk GaAs and about
50 W K~! em~2 for GaSb-based quantum wells. To achieve a considerable hot-carrier
contribution, levels below 1 W K~ cm~2 are required [38,175-178].

There are two steps to the HC relaxation procedure. When the HC is not yet in
equilibrium, the first step begins with collisions between them, either through electron—
hole collisions or, if their concentration is large (>10'8 cm3), through impact ionization
and Auger recombination [179]. “Carrier thermalization” is the process leading to the
redistribution of excess energy and reaching electronic thermal equilibrium. HC reached the
electronic equilibrium in less than 100 fs [135,180-182]. When the HC reaches the thermal
equilibrium, the second phase of HC relaxation begins. The equilibrium (between the
lattice and HC) is achieved through carrier-phonon inelastic scattering. At the picosecond
scale, a phenomenon known as “carrier-cooling” takes place [1,182]. Now that the electrons
and holes are in their respective energy bands, they can be used for recombination through
radiative or nonradiative processes or transferred to the charge transport layers (in PV
devices). According to theoretical studies that consider the thermodynamic balance of HC
relaxation, equilibration, and extraction rates, the most significant limiting parameters are
temperature and the lifetime of the hot carrier [175,183]. Using a simulation, Madjet et al.
demonstrated that the relaxation duration of HC in lead halide perovskites is dependent on
the composition of the halogens. Using a combination of nonadiabatic molecular dynamics
and density functional theory, the impact of cation alteration on HC dynamics in perovskites
was investigated [184]. One reason for the low recombination rates in perovskite systems is
that hot electrons relax slower than hot holes. This is because the nonadiabatic coupling in
the VB states is stronger than that in the conduction band states. The possibility of halide
perovskite in hot carrier solar cells (HCSCs) is supported by the long-range HC transport
that has been demonstrated in perovskites (up to 600 nm) [38,162,185,186]. A lot of work
has gone into studying organic—inorganic lead halide perovskite materials to control the
HC dynamics through doping and different chemical modifications, like cation (A*) and
halogen (X™) alterations [27,187]. The impact of HC cooling dynamics and extractions
on Zn-doped CsPbI,Br at a low photoexcitation level (101 cm~3) was investigated by
Xing et al. [188]. Because of its better film structure and lower defect density, the Zn-doped
perovskite exhibited a reduced HC cooling rate that was three times lower than that of the
undoped perovskite. Furthermore, the delayed carrier cooling and quick extraction at the
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interface is mostly caused by the nonadiabatic coupling between conduction bands and the
introduction of relaxation channels caused by Zn.

A straightforward way to increase the HC lifespan of lead halide perovskite materi-
als is to modify their cations. Nonadiabatic electronic coupling results from charge-state
localization around the Cl atom, and a comparable investigation found that slower HC
relaxation dynamics are observed when the chlorine (Cl) concentration increases [189,190].
Yang et al. used ab initio calculations and ultrafast spectroscopy to study the A-site cation’s
function. The two-hybrid organic—inorganic materials had a longer relaxation time than
the Cs-based all-inorganic variant among the three pure APblz compositions (A being
MA, FA, or Cs) [164]. Madjet et al. computed the HC relaxation in APbls in various
investigations [191]. The reduced interaction between the Cs cations and the Pb-I frame-
works explains why the all-inorganic CsPblj exhibited a slower relaxation of both hot holes
and electrons and a high dependence on the A-site cation. Single crystals of the bromine
variants MAPbBr; and FAPbBr; have a HC lifetime surpassing 100 ps (150 and 190 ps,
respectively) according to Zhu et al.’s analysis of transient PL spectra, although CsPbBrs
showed no such impact [107]. According to their findings, MAPbBr; and FAPbBr; each
had a unique carrier cooling phase. By the time 10 ns had passed, the temperature decrease
had slowed to 680 K, having begun at 0.5 ns. Furthermore, Talbert et al. investigated how
the bromide content in MAPbI;_,Bry affected the excited states and HC dynamics [192].
While an increase in Br concentration has no impact on auger recombination, it does lead
to greater electron—phonon coupling and the rapid thermalization of HC. Pure MAPbI3
exhibits a robust hot-phonon bottleneck effect, suggesting an extended HC lifespan, but the
phonon bottleneck effect is mitigated by increasing the Br substitution in the crystal lattice.

3.3. The Hot Hole and Hot Electron Thermalization

When electrons in a photovoltaic cell are excited from their VB to their conduction
band by light, hot electrons and holes are typically created. One must think about the
hot-hole relaxation process. The energy diagram depicting hot-hole and hot-electron
dynamics is shown in Figure 6 [193]. The sub-picosecond relaxation duration makes it
more difficult to collect the hot holes in perovskite thin films using a hot-hole selective
layer. This is because, for instance, the hot-hole relaxation time of a MAPbI; thin film is
100-500 fs, and the hot-electron relaxation time is 1-5 ps [194]. Experimental evidence from
transient absorbance spectra demonstrates that the hot holes in a CsPblj; thin film may be
effectively removed by a P3HT thin film capping layer in a matter of 100 fs, which is an
excellent development [195]. The HC can only be extracted from photoexcited perovskite
NCs using appropriate acceptor molecules. Dursun et al. demonstrated the utilization of
spiro-OMeTAD and TiO, for HC extraction from MAPbI3 NCs [196]. Researchers have
used pump—push-probe spectroscopy to study the HC transfer from the higher excited
state of CH3NH3Pbl; to bathophenanthroline [197].

Hot electrons cool more slowly than hot holes, according to another study by
Zhou et al. [198]. Hot electrons hence have more energy storage capacity than hot holes
during cooling. The extraction of hot electrons can thus be expected to maximize the use of
solar energy and enhance the PCE of the perovskite. Li et al. first proved the successful
extraction of hot electrons. Using ultrafast TA spectroscopy, they investigated the HC
dynamics of MAPbBr3 NCs [199]. Ghosh et al. recently showed electron transfer from
perovskites to fullerene molecules in a hybrid structure of a dodecahedron CsPbBr3 and
fullerene (Cgp) [200]. For the charge transfer dynamics, bifunctional short-chain aromatic
ligands such as 4-nitro thiophenol (NTP) and 4-amino thiophenol (ATP) produce the hybrid
structure of 2D Ruddlesden Popper perovskites. According to the findings, hole transfer
takes roughly 1.9 ps from perovskite to the ATP molecule, while electron transfer takes
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900 fs from perovskite [201]. Alternatively, another study found a hybrid structure in-
volving CsPbBr; and thiol-functionalized reduced graphene oxide (rGo-Ph-SH) to be an
effective extraction method. The HC relaxation time drops from 530 fs in pure CsPbBr; NCs
to 250 fs in a hybrid structure, as seen in the ultrafast transient absorption spectroscopic
research [202]. The potential of metal halide perovskites for optoelectronic applications is
validated by the significant evidence of effective hot electron extraction provided by all
mentioned results.

P M

Figure 6. Energy diagram of hot-hole and hot-electron relaxations. Reproduced with permission
from Ref. [193], copyright 2019 MDPL

The MAPDI; system facilitates the extraction of the hot holes. This is primarily due to
the substantial overlap between the localized VB charge of the spiro-OMeTAD molecules
and the deep energy levels of MAPbI3 [196]. Therefore, spiro-OMeTAD effortlessly extracts
hot holes from the deep energy levels of MAPbI;. It has been reported that CsPbBrs NCs
utilizing 5,10,15,20-tetra(4pyridyl) porphyrin (TpyP) molecules exhibit hot hole cooling and
transfer dynamics [203]. According to DFT calculations, the hot hole states are concentrated
around the top surface of CsPbBr3, whereas the hot electron states are dispersed away
from the top surface. This suggests that TpyP molecules have an easier time extracting hot
holes from CsPbBrj than hot electrons. Reduced interaction between the Cs cations and
the Pb-I frameworks indicates that Madjet et al. observed a sluggish relaxation of both hot
holes and electrons in the all-inorganic CsPbl;, which is strongly dependent on the A-site
cation [191].

3.4. Auger Heating Effect

In 1925, Pierre Auger made a groundbreaking discovery about gases: the Auger effect.
Within an inner shell, an atom becomes ionized. The process begins with an electron falling
into the vacancy from an orbit higher up in the atom, and then a second electron absorbs
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the energy needed to expel it [204,205]. This happens in the very same fashion as solids.
Among its traits is the fact that it does not emit radiation. When there is less radiation
than anticipated, the Auger effect is suspected, as radiation is what many experiments see.
Compared with radiation transitions, it is more challenging to study. At extremely high
carrier densities (>10'? cm~3), the Auger heating effect, which is induced by intense carrier—
carrier interactions, is a crucial method for monitoring the HC relaxation rate [161,189,206].
Recombination is when an electron-hole pair transfers its extra energy to another carrier,
either another electron or a hole, instead of producing light. The receiving carrier’s energy
state is raised during this transfer, which may cause more non-radiative recombination
processes. The name for this phenomenon is the Auger heating effect [207,208]. Figure 7a
shows that hybrid perovskite films can experience a multiparticle Auger-heating effect,
further delaying the HC’s cooling to a few hundred picoseconds [130,135]. The energy
from electron-hole recombination is transferred to another carrier, which is excited to an
even more energetic state, as shown in Figure 7a, as part of the nonradiative Auger-heating
process [135,207]. The schematic of the hot electron relaxing process, which leads to the
further slowing of hot electron cooling, is illustrated in Figure 7b. This process involves low-
energy phonon emission and non-radiative Auger recombination. According to Fu et al.,
the Auger heating effect was initially described in MAPbI; films. HC lifetimes can be
further extended to tens of picoseconds through the Auger heating effect, according to their
findings (Figure 7a) [130].
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Figure 7. (a) HC cooling dynamics following photoexcitation. (b) Scheme of hot electron relaxation
via LO phonon emission and non-radiative Auger recombination helping to slow down hot electron
cooling further. Reproduced with permission from Ref. [130], copyright 2017 Nature.

The carrier relaxation rate is delayed because both carriers use the surplus energy for
reexcitation. While the overall energy of the electron-hole (e-h) pair remains unchanged
after e-h recombination, the electronic system’s heating can nevertheless make it harder for
HC to cool. E; is the bandgap, and the amount of energy supplied to the electronic system
by recombination is directly proportional to E¢ + E [209]. The dynamics of carrier cooling,
which include the Auger heating effect, can be expressed as follows:

dE,  dE )
E>tot N E>e_ph + ks (Eg + E) (10)
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In this context, n represents the initial carrier density, k; stands for the monomolecular
recombination coefficient, k, for the free carrier bimolecular recombination coefficient,
and k3 for the Auger recombination coefficient; the latter two values are larger for smaller
bandgaps and higher carrier temperatures [210]. Equation (8) shows that the first term
and the Auger heating contribution by the second term represent the energy loss rate due
to electron-LO-phonon interaction. Lead iodide perovskites’ small bandgap and notable
hot-phonon impact help to explain their strong Auger-heating effect on HC cooling [135].
The delayed HC cooling time as a result of the Auger heating effect in MAPbBr3 and
MAPDbI3 NCs was initially observed by Sum et al. [135]. Because there are more Auger
recombination processes in CsPbBrs NCs with an anisotropic hexapod shape, the HC
relaxation time is slower [211]. Similarly, in highly excited FAPbBr; and CsPbBrs NCs and
FAPbI3 NCs, TA spectroscopy revealed delayed HC cooling hindered by the Auger heating
effect correlated with a drop in carrier population [189,212]. Although HC cooling lifetimes
can be further delayed, the carrier depopulation due to the Auger effect must be carefully
considered in order to produce effective HC optoelectronics.

3.5. Bottleneck Effect

In polar semiconductors, a phenomenon known as the “phonon bottleneck” controls
the relaxation of HCs. The ‘phonon bottleneck,” in simpler terms, is when there is an
excessively high phonon generation rate but insufficient dissipation or decay pathways
for those phonons [213-216]. The disparity in decay durations between carrier-phonon
and phonon-phonon interactions leads to the hot phonon bottleneck phenomenon [217].
A representation of the effect is shown by way of illustration in Figure 8. Reabsorption
by charge carriers is more likely due to the nonequilibrium longitudinal optical phonon
population that arises from the discrepancy. The hot phonon bottleneck effect basically
works in this way to increase hot carrier cooling times. Carriers retain their heat due to
the rapid absorption of longitudinal optical phonons, which prevents them from further
decaying and turning their energy into heat.

Hot Phonon Bottleneck Effect
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Figure 8. The hot-phonon bottleneck effect occurs because the rate of electron—phonon coupling
is rapid, but the rate of phonon decay is comparatively slow. Reproduced with permission from
Ref. [216], copyright 2024 ACS.

The result is an accumulation of phonons to the point that they are called “hot
phonons”, even though any number of phonons, being bosons, can occupy the same
energy level. Once optical phonons in this hot phonon population cannot decay due to
phonon-phonon scattering, they can re-heat the carriers by going through the opposite
emission process called phonon absorption [218,219]. The hot phonon bottleneck effect
is predominantly acknowledged for its contribution to prolonged cooling times [81]. Al-
though the term “phonon bottleneck effect” is used interchangeably in perovskite literature,
it is crucial to differentiate between the hot and intrinsic phonon bottleneck effects. These
words denote separate processes. The quantum dot community is said to be responsible
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for the intrinsic phonon bottleneck effect. In contrast, the Group III-V and II-VI semi-
conductor communities frequently exploit the hot-phonon effect [220-222]. The physical
mechanism underlying the hot phonon bottleneck effect is comprehensively understood
for polar semiconductors [217,223,224]. The phonon bottleneck effect is predicted to be
stronger in semiconductors having a large phononic bandgap, particularly in bulk materi-
als [173,222,225,226]. The “hot phonon bottleneck effect” was noted in the CH3NH3Pbl;
perovskite material when subjected to greater carrier injection conditions, according to
Beard et al.’s article in Nature Photonics [27]. They noted that the CH3NH;3Pbls perovskite
might be employed in hot carrier solar cells due to the hot-phonon bottleneck effect, which
can prolong the relaxation process of the HC. An efficient hot-phonon bottleneck in the
lead-iodide perovskite films caused three- to four-orders-of-magnitude reduction in the HC
cooling rate at carrier densities larger than 5 x 10! cm~3. The formula below was used
to compute the carrier temperature of the carrier population using a Maxwell-Boltzmann
distribution on the high-energy section of TA bleach.

AA(hw) = Ao(hw)exp<— (hw)) (12)
KpT.

The bleach from the high energy component is denoted by AA(fiw), whereas Te rep-
resents the carrier temperature. Another group, Deschler et al., noticed the hot-phonon
bottleneck effect in the ultrafast transient absorption spectra of organic-inorganic hybrid
perovskite materials simultaneously [160]. At very high carrier densities, around 10! cm 3,
the same group discovered that hybrid perovskites exhibited a hot phonon bottleneck effect,
which considerably reduced the relaxation time of HC [161]. Herz et al. used temperature-
dependent photoluminescence spectroscopy to investigate phonon—carrier interactions
in organic—inorganic hybrid perovskite materials; they discovered that, at room tempera-
ture, the primary mechanism for phonon-carrier scattering is the Frohlich interaction of
longitudinal optical phonons [227].

This effect, important in the study of hot carriers, comes from how the number of ex-
isting carriers changes the amount of time phonons live in a semiconductor. If longitudinal
optical phonons are the means by which photoexcited carriers lose energy and phonon
decay is slow, a large carrier density leads to a buildup of non-equilibrium hot phonons.
The presence of many LO phonons keeps hot carriers continuously excited, preventing
their cooling until these LO phonons are gone, a phenomenon known as the phonon bottle-
neck [27,160]. Because of this, the lifetime of the phonons is essential and materials with
longer-lasting phonons are likely to be more limited by the bottleneck. Among materials,
the hybrid lead halide perovskites FAPbBr; and MAPDI; are typical where the phonon
bottleneck may develop. It is this sort of dynamically flexible and soft lattice in perovskites
that gives optical phonons a tendency to last much longer, especially when photons are
introduced in higher numbers. To illustrate, transient absorption and time-resolved photo-
luminescence studies have demonstrated that a larger number of photoexcited carriers in
FAPbBr; and MAPbI; causes the carriers to cool much slower, because of the high number
of ‘hot’ phonons building up at that time [160]. In perovskites without organic components,
like CsPbBrj, the lattice is stiffer and phonons have shorter lives, which helps phonon decay
to happen more rapidly and reduces the bottleneck at high carrier densities [189]. However,
II-V semiconductors such as GaAs and InP, although able to sustain high numbers of
carriers, have shorter lifetimes for phonons because of their stronger and more common
phonon—-phonon scattering and the less involved nature of their lattice. As a consequence,
the problems caused by the phonon bottleneck are greatly reduced and hot carriers relax
back to the band edge very quickly, no matter how many there are [27]. The difference
makes it clear that lead halide perovskites have unique features, so the lattice properties
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and cation movements can together make the phonon bottleneck more significant and
useful in devices. To sum up, the differences underline that how the phonon bottleneck
shows up in different materials depends on the combined effects of the phonon lifetime set
by the lattice structure and anharmonicity, as well as the imposed carrier density resulting
from excitation of carriers.

3.6. Defect Management

The ability to process perovskites in solutions at low temperatures is a significant
benefit, made possible by their low formation energy. Although low-quality polycrystalline
films can be formed at low temperatures, this low formation energy impeded the creation
of highly crystalline perovskite films. The defect density of these films is much larger
than that of a single perovskite crystal, and there are many flaws at the grain boundaries
between the crystals [228-231]. Crystals made of one or two elements are simpler and
less prone to deficiencies than perovskites, which are somewhat more complex due to
their three-element composition. Different types of defects are defined by the factors that
contribute to their production and the structures they exhibit. A few examples of defects in
crystal structures include vacancy defects, interstitial defects, and substitutional defects.
The former two defects happen when an ion is absent from a lattice site, whereas the
latter occurs when an ion occupies an interstitial site [232-234]. A significant open-circuit
voltage (Voc) deficit and subpar performance are caused by defects, which play the roles of
non-radiative recombination centres and ion migration channels. Inorganic metallic salts,
organic small molecules or polymers, low-dimensional wide-bandgap perovskites, and
ionic liquids are the agents that passivate defect-surplus areas, such as grain boundaries
and surfaces [235-237]. Also, when one layer is being deposited on top of another, it is easy
for flaws to occur on either the top or bottom of that layer. For example, the commonly
used electron transportation material Cg can potentially reduce quasi-Fermi level splitting
when coated on perovskites by inducing more trap states [237]. Modifying the interface has
the potential to prevent defects from forming, reorganize energy alignment, alter carrier
selectivity, and improve carrier extraction.

The conversations in previous sections show that the carrier processes in the cell
essentially take microseconds. However, the cell has also extensively shown delayed charge
processes on the timescale above milliseconds, including the current—voltage hysteresis and
time-dependent performance evolution. The general consensus is that certain properties
can be adjusted in hot-carrier production and relaxation to accomplish desired goals, like
filling trap states, neutralizing charged defects, promoting carrier transport in PSCs, and
improving electron-hole separation in the catalysis field. Perovskites can have either
shallow traps or deep traps as defects. To classify them, we look at the energy-level
disparity (AE) between the energetic location of the trap and the band edge. If the energy
change (AE) is smaller than the thermal energy (kT), where k is Boltzmann’s constant and
T is temperature, a shallow trap will be created. By absorbing thermal energy, carriers
trapped in a shallow trap can readily escape. On the other hand, a deep trap is created if
AE is more than kT (i.e., AE > kT). Carriers cannot escape a deep trap by absorbing thermal
energy. Nonradiative recombination is what they go through [238-240]. Also, Yan et al.’s
first-principle calculations have projected the defects” energy levels within the perovskite’s
forbidden band [241].

3.7. Critical Analysis of Hot Carrier Dynamics

The hot-phonon bottleneck, in which fast electron-LO phonon coupling outpaces

phonon decay, resulting in a non-equilibrium phonon population that reheats carriers and

017

prolongs thermalization times, particularly at higher excitation densities (>10'7 cm™3),
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presents a major obstacle in HC extraction [164]. Furthermore, delaying cooling and
complicating extraction, Auger recombination at carrier densities >10!° cm~! transfers
energy from recombining electron-hole pairs back into the carrier population [130]. In-
terfacial extraction barriers further limit HC extraction by mismatched energy levels at
the perovskite-transport-layer interfaces, limiting the collection of high-energy carriers
unless state-coupled interlayers are designed [242]. Finally, defects, especially at grain
boundaries, act as trap states that capture and disperse heat carriers, lowering the extraction
efficiency [243].

A-site cation substitution substantially changes cooling dynamics: perovskites contain-
ing organic cations (e.g., FA*) display cooling durations of roughly 0.4-0.5 ps, compared
with approximately 0.2 ps in inorganic CsPbX3 counterparts due to improved dielectric
screening by dynamic organic cations [244]. Mixed-halide compositions can shorten cooling
periods by roughly 30% relative to pure iodide perovskites; halide mixing stiffens the lattice
and increases LO—phonon energies, accelerating cooling [245]. Rigid lattices and high
electron—phonon coupling in fully inorganic CsPbBr; produce sub-0.2 ps thermalization,
rendering HC signals undetectable [244]. In contrast, the larger FA cations of FAPbBr3
improve phonon screening, extending cooling to roughly 0.5 ps and allowing for strong
HC effects. When photons excite carriers in CsPbBrs and FAPbBrs perovskites, these “hot”
carriers mainly cool by interacting with the lattice vibrations (phonons). However, the
detailed steps and duration of cooling are quite different between the two, mainly due
to variations in the material’s lattice stiffness, anharmonicity, and how the A-site atoms
move. First, we go into detail about why the cooling in CsPbBrj is rapid and very effective.
Carrier-phonon interactions, mostly with shifted optical phonons, bring about the cooling,
and this cooling typically happens in the picosecond range. It is possible that, in nanocrys-
tals or quantum dots, the ‘phonon bottleneck’ effect halts cooling, as quantum effects reduce
the contact between electrons and phonons. Even though the cooling is faster in hybrid
organic—inorganic perovskites MAPbBr3, it is slower than that in regular semiconductors,
like GaAs or silicon [27,246]. This is different from FAPbBr3, as dynamic effects and the
phonon bottleneck in FAPBrj allow for prolonged cooling over many picoseconds due to
the formamidinium cation. Pure FAPbBrj3 films are found to create hot carriers that become
free carriers within about 150 fs [247]. Efficient carrier—phonon relationships within the
material’s structure cause it to cool very quickly. When FAPbBrj is linked to IEICO-4F, hot
carriers move across about 35 times faster, in just 150 fs, than the relaxed carriers, which
need 205 fs. This demonstrates that hot carriers are able to extract more power from the
interface [248]. High carrier densities in devices might trigger the hot-phonon bottleneck
effect, which can cause the cooling rate to decrease. Even so, the effects are weaker in
FAPDbBr3 and its ability to cool down rapidly is still present. Hot electrons in FAPbBr; move
out quickly, which may make this material suited for optoelectronic applications.

The difference in HC effect between CsPbBrs and FAPbBr3 is mainly related to how
the A-site cation behaves in each material. The inorganic cesium ion in CsPbBr; stays
put, so it does not participate in dielectric screening. This results in hot carriers strongly
coupling with longitudinal optical (LO) phonons. As a consequence, the hot carriers give
up their energy very quickly to the surrounding atoms, causing very fast cooling and no
obvious effect of hot carriers or bottleneck in phonons [160,189]. The FA™ cation in FAPbBrs
is also larger and able to move easily in the crystal, which causes the local electric fields to
change quickly. Thanks to this “dynamic shielding effect,” fewer carriers are transferred to
phonons, carrier cooling is slowed down, and the LO phonons stick around longer which
creates a clear phonon bottleneck and multi-picosecond hot-carrier lifetimes. The FAPbBrs
lattice has a softer, anharmonic structure, which makes Auger heating a possibility as
carriers stay at high levels of energy. Because of this interaction, HCs act differently in
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the two materials [27,249]. Table 2 illustrates comparative HC dynamics: perovskites vs.
GaAs and Si.

Table 2. Comparative analysis of HC dynamics.

Material Teool (ps) Conditions Ref
Perovskites 0.2-1ps FA/CS/MAclgfplgzilii?) (varies with [250]

GaAs (bulk) ~1.4 ps Overall cooling to CBM via I'-valley [251]

GaAs (QWs, n > 108 cm—3) tens—hundreds ps Hot-phonon bottleneck at high density [252]
Si (bulk) ~0.35 £ 0.08 ps Probe-wavelength TAS [253]

Si (2D phononic) 10-16 ps Phononic crystal suppression [254]

4. Experimental Techniques for Studying HC

Engineering the ABX3 perovskite structure with an A-site cation, such as FA, MA, or an
inorganic cation (e.g., Cs), has recently become a popular subject in HC dynamics research,
leading to the discovery of numerous intriguing principles that can be used to understand
the ultrafast exciton and carrier dynamics in greater detail [187,255-260]. Most of these
investigations found that excitons, when created at room temperature, quickly dissolve
into free carriers on a sub-ps time scale, meaning that the free carriers will dominate the
following activities. Most of them are related to ultrafast spectroscopy, specifically pump
and probe measurements, in which nonequilibrium (electron-hole pairs) are excited by
an ultrashort optical pulse and time-resolved spectroscopic measurements are taken at
different delays relative to the initial pulse using a second, considerably weaker probe
beam [261,262]. Some spectroscopic methods are of special interest to us because of our
fascination with the dynamics of electrons, holes, and phonons and how they relate to
cutting-edge photovoltaic ideas like hot-carrier solar cells and multi-exciton generation.

4.1. Transient Absorption Spectroscopy (TAS)

The study of halide perovskite semiconductors, specifically to determine carrier tem-
peratures and analyze the dynamics of HC cooling, has extensively used TAS, a tech-
nique commonly employed to examine nonequilibrium processes on an extremely short
timescale [27,189,194,263,264]. One well-established method for studying the ultrafast
dynamics of photoinduced processes in semiconductor or molecular systems is TAS, which
is also called pump—probe spectroscopy. Charge migration, chemical bond formation and
dissociation, molecular structure relaxation, and other fast kinetic phenomena in materials
and chemical reactions are commonly studied using this technology. Figure 9 shows that
TAS utilized laser pumping and probing [265-270].

In 2013, Xing et al. used TAS to investigate the higher-energy photobleaching (PB)
band (PB1 at ~480 nm) in MAPbI; polycrystalline films, which led to the first report
of slow HC cooling in halide perovskites in the literature [263]. Due to gradual hole
cooling, the band edge bleach signal slowly increases while a deeper-level bleach signal
decays simultaneously, with lifetimes of approximately 0.4 ps under pump energy of
3.1 eV. Despite this, Yang et al. still discovered that the TAS of MAPDbI5 films, which have
a very low exciton binding energy of approximately 9 meV, still need to account for the
excitonic impact and exciton contribution [27]. Using excitation densities (1) ranging from
3.8 x 10'% to 5.5 x 10'8 cm~3, the transient absorption (TA) spectra were obtained in this
study using the ultrafast pump—probe technique. The findings indicate that the exciton
bleach dominates the TA spectrum for an excitation intensity of less than 1 x 10'® cm~3.
However, as the excitation densities increase, the Moss—Burstein shift takes over, and the
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continuous contribution from free carriers becomes more prominent. The conduction band
states CB1 and CB2 also showed comparable concurrent rise and decay bleach signals in a
subsequent study by Sum et al. This suggests that the hot electron cooling process, which
is sluggish, also happens at approximately 0.4 ps [271]. As confirmed by Chen et al., who
found that HC cooling rates in MAPbI;_,Cly films are dependent on pump fluence and
that the ground-state bleaching signals take longer to build up as the fluence increases
up to 340 pJ cm 2, the HC cooling rates in MAPbI;_,Cly films are even slower, reaching
up to ~10 ps [272] Using TA spectroscopy, G. Motti et al. showed that the MAPbBr3 and
MAPDbI3 perovskite thin films exhibited defect activity [273]. The photobleach signal should
be visible in both films. One possible explanation for the photobleaching signal is that the
electron and hole densities in the conduction and valence bands are linked. The result is that
this signal allows the study of trap-assisted recombination and radiative and nonradiative
recombination routes. Trapped carriers do not cause photobleaching, but they can cause an
imbalance in the opposite band, which adds to the photobleaching signal. Many theoretical
and practical investigations into the causes and mechanisms of these intriguing delayed
HC cooling phenomena were initiated because they fascinated researchers.
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Figure 9. (a) Transient absorption spectroscopy principle: a schematic representation. (b) Groundstate
bleach (dashed line), stimulated emission (dotted line), excited-state absorption (solid line), a total of
these contributions shown on a AA spectrum (grey line). Reproduced with permission from Ref. [270],
copyright 2009 Wiley.

4.2. Time-Resolved Photoluminescence (TRPL)

The TRPL is subsequently used extensively to study the carrier recombination process
and its lifetime. To measure TRPL, a pulsed light source is employed to excite a sample,
and the PL intensity is captured as a function of time from stimulation. British scientist
George Porter developed flash photolysis in the middle of the 20th century to study the
photolysis of a chlorine and oxygen mixture. This experiment served as the precursor
of time-resolved spectroscopy [274]. A mature optical characterisation technique, time-
resolved spectroscopy, has developed over fifty years. It is now extensively employed
to study a wide range of transient dynamic processes, including electron excitation and
relaxation [275-278]. The accumulated emission-time profiles are significantly affected
by factors about the excitation source (current, wavelength, and frequency) and the ex-
perimental setup (excitation direction, exposure duration, detection time window, and
sample atmosphere) when conducting TRPL studies. Nanosecond laser pulse excitation is
a common method for TRPL measurements. Regarding contributions from subnanosecond
operations, the pulse width constraint is completely inadequate. Due to differences in
excitation laser pulse width, detection timeframe, and nonexponential decay, excited state
durations estimated from PL and ultrafast TA measurements may not always match [279].
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The material’s characteristics, notably the carrier dynamics, are determined by the dynamics
process in perovskites. As a result, the mechanism of photoelectric and luminous behaviour
of perovskites can be better understood using time-resolved spectroscopy. MAPbI;3 films’
PL lifetimes of ~10 ns and MAPbICl;_, films’ PL lifetimes of >100 ns were associated
with the charge carrier population degradation [50,280]. According to one-dimensional
carrier diffusion modeling of the PL dynamics, the resulting diffusion length for MAPbI3
polycrystalline films was calculated to be ~100 nm, with D = 0.017 cm? s~ ! for electrons
and 0.011 cm? s~! for holes. D = 0.04-0.05 cm? s~! allows for the diffusion length to
reach 1 mm in mixed-halide MAPbICls_y films [51,281]. Films with greater grain sizes
(D = 0.1-2.5 cm? s~!) demonstrated more efficient charge transport. Trap density, specif-
ically surface/interface defect states, exerts substantial control over carrier transport in
perovskites [282]. Further analysis of the D values reveals that the mobilities of the mi-
nority carriers are 1071-1072 cm? V~! s~1. Conversely, while preparing a CsPbBr3 thin
film, Jiang et al. studied how surface treatment affected the carrier lifetime [283]. Before
applying the CsPbBrs film to the glass substrate, a thin layer of polyvinylpyrrolidone was
spin-coated [284]. There was a clear enhancement in the PL intensity and carrier lifespan in
the steady-state PL (SSPL) and TRPL spectra. The carrier lifespan was increased from 3.1 to
13 ns, and the PL intensity was six times better. Studies show that TRPL is among the most
often used technologies for investigating charge dynamics in perovskite materials due to
the extensive number of detection techniques [285].

4.3. Transient Photovoltage Measurements

Transient photovoltage measurements were used to study carrier heating in InSb using
infrared radiation for the first time [286]. The p—n junction was illuminated by the pulses
of a CO, laser with a wavelength of 10.6 pm and a length of 200 ns. The photoresponse
of an InSb-based p—n junction during illumination by CO, laser was composed of two
components: the thermoelectromotive force of HC U; and the classical photovoltage caused
by electron-hole pair generation U, It was observed that Uy, is a quadratic function of
laser power density, as the generation of electron-hole pairs in InSb takes place through
two-photon absorption of light from the CO; laser. The thermoelectromotive force of HC
was found to increase linearly with increasing laser power density. Later, the transient
photovoltage measurements were used to study the HC impact on photovoltage formation
in GaAs and Si solar cells [136-139,287].

The circuit of transient photovoltage measurements is shown in Figure 10a. Oscillo-
scope traces of laser pulse (green) and photovoltage (red) consisting of two components are
presented in Figure 10b. A diode-pumped frequency-doubled Nd:YAG-LBO-Laser-NL202
(Ekspla Ltd.,Vilnius, Lithuania) was used for measurements. The laser pulses were 9 ns
long and had a wavelength of 532 nm, generated at a repetition rate of 50 Hz.
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Figure 10. (a) Scheme of the transient photovoltage measurements. Adapted with permission from
Ref. [140], copyright 2024 MDPI. (b) Temporal shapes of the laser pulse (green) and photovoltage
(red) of the PSC. Adapted with permission from Ref. [287], copyright 2025 MDPI.
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With negative polarity follows the laser pulse (green). The shape of Uy closely agrees
with that of the laser pulse and can be expressed as [287].

4

Uy = Kelp(—-) expl—4(- —1)] (13)
Ty T

where [, denotes the peak intensity of laser radiation, while ), represents the rise time of
the laser pulse, the coefficient of kf is derived from measurements. The slow component is
classical photovoltage caused by electron-hole pair generation and can be described by
equation [288] t

—_t —t

et — eTrec

Upn=u, (——1) (14)

Trec Tt
where Uy represents the initial photovoltage, T; denotes the time constant associated with

electron transport within the perovskite layer, and 7, refers to the time required for
carrier recombination.

4.4. Device Integration Challenges

Even as HC research progresses with perovskite solar cells, there are still major
difficulties in creating real-world devices out of HC materials. Although research has
focused on the physics of hot carrier cooling and phonon bottleneck effects, getting the most
out of carriers in devices relies heavily on improving interfaces. A strategy that shows great
potential for hot carrier devices is interface design, especially when it selects energy levels
with different contacts. It is especially challenging to use hot carrier extraction, since there
is a large energy difference between perovskite absorbers and transport layers. Solar cell
contacts made traditionally are created for equilibrium and extracting the band edge, which
hinders hot electrons from moving above the conduction band minimum or hot holes from
moving below the valence band maximum. As a result of this, the hot carriers quickly reach
an equalized temperature and do not offer any advantage before they are extracted [126,289].
One practical solution is to form energy-selective contacts, either using certain materials
or nanostructures, that block charge carriers outside a certain energy band. In an ideal
situation, such energy filters let only the hot carriers pass through, while the cooler ones
remain trapped, leading to fewer thermalization losses [290]. Such links have been created
using wide-bandgap metal oxides, quantum wells, and heterostructures put together with
carefully matched energy levels. The following issues are common: producing all the
interfaces precisely and limiting additional losses from interface recombination. Both
interface and bulk defects can create major difficulties for hot carrier extraction. Fast
recombination can take place at vacancies, interstitials, and grain boundaries which also
act as carrier traps. They help to get rid of the excess energy in electrons quickly, but
this also causes the electrons to last only briefly and makes the extraction process less
efficient [291,292]. For the interface to perform well, the flaws must be covered in some
way that can be achieved using surface treatments, self-assembled monolayers, or adding
2D perovskite interlayers [293]. Gradient band design could play an important role in
bringing hot carriers out of the junction area. The difference in energy between the absorber
and transport layers creates a “staircase” or gradient that allows carriers to walk through
the interface easily without spending energy [1]. It also handles the risks that come from
interface barriers that can block or enhance carrier exchange. While hot carrier extraction
is improved by interface engineering, it can create new issues in how stable the devices
are. Including some types of energy filters or new materials at the surface may weaken
the chemical or mechanical stability of the device [23]. Poorly designed interfaces increase
ion migration, phase segregation, and sensitivity to environmental conditions. Hence, to
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make device integration work, one must balance the target for selectivity with the stability
required over the device’s lifetime. Advancements in interface engineering are necessary to
reach the full potential of hot carrier perovskite solar cells. Going ahead, it will be necessary
to use methods that mix advanced material synthesis, precise control of surfaces, and real-
time spectroscopic monitoring. Partnerships between experimental and theoretical groups
are likely to provide us a clearer picture of interface movements and hot carrier transport.
The main concept for high-efficiency photovoltaic devices in the future is expected to be
stable, efficient energy filters plus trouble-free bonding interfaces.

5. Conclusions and Outlook

Investigating HC phenomena in PSC offers fascinating chances to advance photo-
voltaic technology beyond the Shockley-Queisser efficiency barrier. Reduced thermaliza-
tion losses and strong carrier—phonon interactions, among other special features of metal
halide perovskites, provide a suitable platform for HC extraction. Still, fully using these ef-
fects for useful device applications unveils challenges. Future studies should concentrate on
engineering defect states, optimising material composition, and designing energy-selective
interfaces to maximize HC utilization. More sophisticated knowledge of HC dynamics at
ultrafast timeframes also depends on more advanced characterization methods. Solving
these problems will allow for perovskite-based hot carrier solar cells to transform energy
collection and open the path for ultra-high-efficiency photovoltaic systems.

The transient photovoltage measurements in single-junction PSC show that HC ther-
moelectric force has polarity opposite to that of traditional photovoltage arising due to
electron-hole pair generation. Therefore, heating carriers with light reduces the PCE of
PSC. Since the value of HC thermoelectric force is directly proportional to the height of the
potential barrier caused by band bending near the charge transport layers, the negative
influence of HC can be diminished by reducing the band bending. The HC thermoelectric
force vanishes in the case of a flat band. Another way to decrease the negative HC influence
on the power conversion efficiency of SC is the use of multijunction solar cell [294,295]. The
top cells efficiently absorb high-energy photons, whereas bottom cells absorb the remaining
part of low energy photons. In this way, the thermalization losses are minimized and the
effective use of the solar radiation spectrum is extended.

Despite our understanding of HCs in perovskite solar cells advancing greatly, some
major issues still stop hot carriers from being pulled out of the cell in an efficient way.
In general, both the interface energy level difference and the presence of defects that
trap carriers are the main problems. If there is a difference in energy states between the
perovskite and the charge layers, it may be difficult to remove carriers, which causes
them to cool and release their energy quicker. Defects and trap states in the perovskite
or at the interface can easily trap and capture hot carriers, which further slows down the
efficiency of achieving high energy conversion rates. To overcome these problems, several
solutions have been proposed and are under development. With gradients in band design,
energy levels change gently in the device, which improves the selection of hot carriers and
limits the amount of thermalization lost due to high interface barriers. Additionally, using
ultrafine spectroscopy such as fast absorption or delay-time photoluminescence allows
scientists to observe the movement of carriers in real time at the nanoscale. Analyzing
samples in detail helps to improve materials and device design, supports improving defects,
and assists with matching band energies. If these approaches are well combined, they could
greatly help to tackle present issues and increase the usefulness of hot-carrier solar cells.
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