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Optical probes of hot carriers in halide
perovskites

Zengshan Xing, 2+ Rui Cai 2§ and Tze Chien Sum 2 *

The unusual slow cooling of hot carriers (HCs) in halide perovskites presents a promising route to harvest the
excess carrier energy and exceed the Shockley—Queisser (SQ) efficiency limit of single-junction perovskite
solar cells. Spectroscopic interrogation of HC dynamics is a crucial step toward an in-depth understanding of
the HC properties and underlying cooling mechanisms in these materials. A range of spectroscopy
techniques — most notably pump—probe (or transient absorption (TA)) spectroscopy, pump—push—probe
spectroscopy, steady-state photoluminescence (PL) and time-resolved PL spectroscopy — have been
employed to study HC behaviour. However, variations in experimental implementations and data analyses can
lead to conflicting or even erroneous interpretations, impeding meaningful comparisons across studies and
hindering progress in the field. This tutorial review provides an overview of the most commonly used optical
spectroscopy techniques for probing HC dynamics in the representative halide perovskite systems, detailing
the underlying physical principles and models used to extract HC temperatures and cooling rates. We also
discuss best practices for experimental design and data interpretation, aiming to minimize methodological
pitfalls. By consolidating current approaches and offering guidance for their application, this tutorial serves as
a resource for researchers seeking to explore HC phenomena and advance HC-based optoelectronic
technologies in emergent semiconductor systems.

(1) The hot carrier (HC) cooling processes and the underlying mechanisms responsible for slow HC relaxation in halide perovskites.
(2) The principles and experimental implementations of transient absorption (TA)-based spectroscopy (pump-probe and pump-push-probe schemes) and

photoluminescence (PL) spectroscopy for HC characterization.
3) Proper application of physical models for evaluating HC temperatures.

(
(4) various approaches and models for analysing HC dynamics under different conditions, providing physical insights into mechanisms that retard HC cooling.
(5) The strengths and limitations of different methodologies, enabling comparative and complementary studies of HC properties in halide perovskites.

1. Introduction

these energetic carriers will redistribute their energy to reach a
quasi-equilibrium state among themselves via carrier—carrier or

Halide perovskites have been extensively studied for various
optoelectronic applications for more than a decade. They are
still under intense scrutiny due to their superior optoelectronic
properties and device performances.'™ In particular, halide
perovskites are excellent light absorbers with their high absorp-
tion coefficients and desirable bandgaps for photovoltaic
applications.»> Photons with energy above optical bandgaps
can be absorbed to generate electrons and holes, where any
excess energy leads to energetic carriers. Following photoexcitation,

Division of Physics and Applied Physics, School of Physical and Mathematical
Sciences, Nanyang Technological University, 21 Nanyang Link, Singapore 637371,
Singapore. E-mail: Tzechien@ntu.edu.sg

+ These authors contributed equally to this article.

This journal is © The Royal Society of Chemistry 2026

carrier-ion elastic scattering, known as thermalization.®” The
thermalized carriers follow the Fermi-Dirac (FD) distribution
with a characteristic temperature (7T.), where carriers with a
carrier temperature notably higher than the lattice temperature
are termed ‘““hot” carriers.

Following the thermalization process, the hot carriers (HCs)
will release their excess energy to equilibrate with the lattice
temperature, mainly through inelastic carrier-phonon scatter-
ing and phonon relaxation.®° Due to the polar nature of halide
perovskites, HCs dominantly interact with the longitudinal
optical (LO) phonons through the Frohlich mechanism, which
arises from Coulombic interaction between the carriers and the
macroscopic electric field of the lattices caused by the LO
phonon modes. Such carrier-phonon scattering persists until
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the excess energy is less than the energy of the LO phonons.
The emitted LO phonons near the zone-centre will decay into
daughter acoustic phonons or transverse optical (TO) phonons.
In polar semiconductors, LO phonon relaxation can occur via
(i) the Klemens channel (i.e., one LO phonon to two long-
itudinal acoustic (LA) phonons), and/or (ii) the Ridley channel
(i.e., one LO phonon to one TO phonon and one transverse/
longitudinal acoustic phonon).'®'* The Klemens channel is
believed to be the more efficient pathway for LO phonon relaxa-
tions, due to the quick thermalization of LA phonons with the
lattice.® Subsequently, acoustic phonons further equilibrate with
the environment by dissipating the excess energy as heat. On the
other hand, carrier multiplication (CM) or multiple exciton gen-
eration (MEG) can occur if the energetic carriers possess excess
energy above the threshold (>2E,). This results in creation of
multiple electron-hole pairs following absorption of a single high-
energy photon. CM/MEG is a competing process to HC cooling;
thus, slower HC cooling is favourable for CM/MEG.">"?
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HC cooling is an ultrafast process, occurring over hundreds
of femtoseconds (fs) to picoseconds (ps) time scales. In conven-
tional semiconductors, HC cooling generally occurs in the sub-
ps timescale,’ making the effective utilization of HC energy
extremely challenging. In contrast, the slower HC cooling
observed in halide perovskites provides an exciting opportunity
for harvesting the HCs before they could lose their excess
energy as heat."*"® This excess energy can be harvested by
properly designing the HC extraction layers in hot-carrier solar
cells or exploiting the CM/MEG effects. Theoretical calculations
have revealed that a single{junction solar cell can reach a power
conversion efficiency (PCE) of 66% if the HCs are extracted before
cooling down to the lattice temperature.'® Besides, solar cells
exploiting the CM effect have a theoretical PCE as high as
44.4%."'® This tantalizing possibility of surpassing the Shockley-
Queisser (SQ) efficiency limit'® of 33% has stimulated tremendous
research interest into HC photovoltaics as well as HC related
optoelectronic applications.'® Correspondingly, significant efforts
have been devoted to elucidating the mechanisms governing HC
dynamics to guide the advancements of HC devices.

Several mechanisms have been proposed for the slow HC
cooling process in halide perovskites, such as the (i) hot-
phonon effect (or hot-phonon bottleneck effect), (ii) intrinsic
phonon bottleneck effect in quantum-confined nanocrystals,
(iii) Auger heating effect, (iv) band filling effect, and (v) polaron
screening of phonon scattering, etc.”°

(i) The hot-phonon effect slows both the LO phonon decay
and HC relaxation due to the enhanced reabsorption of non-
equilibrium LO phonons at high HC densities. This arises from
a rate imbalance between electron-phonon scattering and LO
phonon decay, since HC relaxation proceeds through the
emission of LO phonons (energy transfer from HCs to
LO phonons via electron-phonon scattering) and the LO pho-
nons then decay into acoustic phonons. At low carrier
concentrations, the emitted LO phonons remain within the
phonon modes that are in thermal equilibrium with the lattice
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(Tp = T1).>*' Under these conditions, HC cooling is mainly
governed by LO phonon emission via electron-phonon
scattering.'®**** With high carrier densities, however, the
rapid LO phonon emission drives their phonon occupation
number out of equilibrium, leading to the accumulation of hot-
phonons.>*** This arises because LO phonon decay is typically
slower than the characteristic LO phonon emission.?>?**?® The
resulting build-up of a large non-equilibrium LO phonon (hot
phonon) population promotes LO-phonon reabsorption by
excited carriers, thereby slowing HC relaxation and increasing
the net LO phonon decay time. In halide perovskites, the slow LO
phonon relaxation could originate from the following factors. Fu
et al. demonstrated the hot-phonon effect at carrier densities of
~10"® em™* and showed that it arises from the suppression of the
efficient Klemens relaxation pathway for LO-phonon decay, caused
by the mismatch of the LO-phonon energy with twice the acoustic-
phonon energy (ELo > 2Ep4).® Upconversion of acoustic phonons
to optical phonons has also been proposed as a contributing origin
of the hot-phonon effect, due to the presence of hybrid phonon
modes and the intrinsically low thermal conductivity of organic-
inorganic halide perovskites."

Do note that while the hot-phonon effect has also been
reported in other semiconductor systems (e.g., group-III
nitrides,*” II-V semiconductors etc.>®) and in various super-
conducting systems (e.g., MgB,, graphene etc.),”** the under-
lying origins could differ substantially from those in halide
perovskites. Thus, we will not discuss them here.

(ii) In contrast to the hot-phonon effect, the intrinsic pho-
non bottleneck effect typically appears in quantum-confined
systems (e.g., quantum dots) and at a low excitation fluence
(e.g., (N) ~0.1).>> When the energy spacing between discrete
energy levels exceeds the LO-phonon energy, energy relaxation
requiring multiple phonon emissions becomes less efficient. As
a result, HC cooling slows down as the degree of quantum
confinement increases. This intrinsic phonon bottleneck effect
has been observed in perovskite nanocrystals, where smaller
nanocrystals exhibit longer HC relaxation times.**"*

(iii) The Auger heating effect occurs at high carrier densities
>10"" em*, where carriers are reheated by absorbing energy
from electron-hole recombination. The influence of Auger
heating generally manifests as a prolonged HC relaxation tail
extending to tens of picoseconds, as demonstrated in various
halide perovskite structures.®>*>

(iv) The band filling effect refers to the partial filling of
band-edge density of states, leading to an increased average
energy of excited carriers and a blue-shift of the photolumines-
cence spectrum. This effect was proposed to account for the
long-lived hot-carrier emission with ns-lifetimes in FASnlI;
at high carrier densities (>10'® cm™>), where the detailed
mechanism warrants further investigation.>®

(v) Polaron screening of phonon scattering occurs at low
carrier densities below the Mott density (<10'® ¢cm™?). Zhu
et al. proposed that phonon scattering can be screened by
Coulombic potential of large polarons, slowing down the HC
relaxations.®” This was derived from the large increase in
dielectric constants upon large polaron formation, which
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mediates electron-LO phonon interactions.” Nevertheless, this
mechanism is still under debate.*

It is noteworthy that HC cooling dynamics is not only
affected by the excitation carrier density, but also other factors,
such as chemical compositions, dimensionalities, sample
morphologies etc.®*® Therefore, case studies of HC dynamics
are fundamentally critical for understanding the HC behaviour
in a material system.

HC properties in halide perovskites have been explored
using various techniques, such as transient absorption (TA)
or pump-probe spectroscopy,’*®**> photoluminescence (PL)
spectroscopy,>**>** two-photon photoemission spectroscopy,>”**
THz spectroscopy”®"” etc. Among them, TA and PL spectroscopies
are more prevalent, likely due to their wide availability and ease of
implementation. Additionally, TA-based pump-push-probe (PPP)
spectroscopy has also been utilized for HC characterization.*®*°
Different techniques involve distinct photophysical processes,
rendering them appropriate for different experimental scenarios.
For instance, PL spectroscopy is applicable only when appreciable
HC light emission is detectable, while TA spectroscopy is incapable
of distinguishing the individual contributions of holes and elec-
trons to the carrier temperatures. Moreover, discrepancies may
arise from different analysis schemes, even when using the same
technique. For instance, Lim et al. have shown that the values of
HC temperature can vary depending on the fitting schemes
applied to TA spectra.*® Therefore, having a detailed understand-
ing of the methodologies and underlying physical principles is
pivotal for proper usage of the toolkits and fair comparison of
experimental results.

In this tutorial review, we aim to explicate the common
experimental methods for investigating HC dynamics in halide
perovskites, with a focus on TA- and PL-based techniques.
We begin by introducing the principles and experimental
details of TA, PPP and PL in probing the HC dynamics. Various
approaches for characterizing the HC temperature and HC
dynamics will be reviewed, accompanied by discussions on
their respective strengths and limitations. Furthermore, we
summarize the common strategies for analysing HC cooling
rates, which not only provide critical insights into the HC
properties, but also help clarify the underlying cooling mechan-
isms. Our comprehensive overview of the techniques and
analysis methods offers invaluable guidance for exploring HC
properties in a material system, which is essential for the
development of HC-based applications.

2. Optical spectroscopy for HC
characterization

2.1. Transient absorption (TA) spectroscopy

TA spectroscopy is one of the most widely used techniques for
investigating HC dynamics. TA probes the absorption differ-
ence of a system under photoexcited state relative to the ground
state on timescales down to sub-picosecond. The spectral
features and dynamics reflect the photophysical processes
undergone by the excited-state species. TA spectra are measured
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using the pump-probe technique, as illustrated in Fig. 1(a), where
the pump beam is usually modulated at half the frequency of the
probe beam. The pump and probe beams are typically femto-
second (fs) laser pulse trains, with a monochromatic pump and a
broadband probe. When a pump pulse arrives before a probe
pulse (¢ > 0), the detected AA (i.e., absorption difference between
pump-on and pump-off states) exhibits the general spectral
features as shown in Fig. 1(a). Negative signals correspond to
photobleaching (PB), while positive signals signify photoinduced
absorption (PA). Stimulated emission, if present, appears as a
negative signal near the band-edge. The TA signal can also be
expressed as the relative change in transmission, AT/T, which is
related to A4 as A4 = —log(1 + AT/T).

2.1.1. HC temperature extracted from fitting the high-
energy photobleaching tail for bulk materials. The thermalized
HC population can be described by a FD distribution charac-
terized by a carrier temperature, T..>** For HCs with energies
well above its Fermi-level (E — E¢ » kgT., where E¢ refers to the
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Fig. 1 (a) Schematic of a TA setup and typical TA spectral features. (b)—(g)
Hot carrier (HC) temperatures characterized by TA spectroscopy for
MAPDbBr3 nanocrystals (of size ~14 nm, the Bohr diameter (BD) of MAPbBr3
is ~9.8 nm).*° (b) representative pseudo-colour plot of the TA spectra; TA
spectra fitted by (c) Scheme 1 (fitting starts from 2.41 eV to the energy of
PA peak, spanning a range of ~0.27 eV), (d) Scheme 2 (fitting starts at an
intensity ratio of ~0.3 and ends at the PA peak) and (f) Scheme 2 including
PA slope (spanning a range of ~0.3 eV); (e) and (g) the extracted carrier
temperatures by different fitting schemes.
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Fermi energy and kg is the Boltzmann constant), the FD
distribution can be approximated to the Maxwell-Boltzmann
(MB) distribution. This condition is generally satisfied in halide
perovskites, as their Fermi level typically lies at several hun-
dreds of meV below the conduction band.** Therefore, the HC
temperature can be determined from fitting a MB distribution
to the high-energy tail of the band-edge PB peak, given as

AA(E) = —Ao(E)e™ — B/aTe )

where Ay(E) is the steady-state linear absorbance. In some cases,
Ao can be approximated as a constant due to its minimal
variation within a narrow energy range (0.1-0.3 eV) selected
for parameter fitting.”>>>' The extracted T, reflects the average
contributions of the hot electrons and holes. In halide perovs-
kites, electrons and holes typically have similar effective
masses, leading to an approximation of T, = T, ~ T,.>**

Fig. 1(b) illustrates an example of the TA spectra of MAPbBr;
(MA = methylammonium) nanocrystals (of size ~14 nm,
equivalent to bulk) excited at 3.1 eV at early time scales. A PB
peak appears upon photoexcitation, exhibiting a broad high-
energy tail that narrows with increasing delay times because
of HC cooling. The evolution of HC temperatures can be
characterized by applying eqn (1) to the high-energy PB tails.
Specifically, we highlight the various fitting schemes in the
literature. Two general fitting schemes for the high energy-tail
of PB signals are illustrated in Fig. 1(c) and (d). Scheme 1 fixes
the lower-energy bounds of the fitting ranges while scheme 2
defines the starting points based on the specified ratio of the
TA intensity to the PB peak intensity. Typically, a range of 0.1 to
0.3 eV will capture the exponential feature of the high-energy
tails in the PB peaks. The use of different fitting schemes could
incur discrepancies in the obtained carrier temperatures
(Fig. 1(e)), which could complicate comparison between differ-
ent studies. Lim et al. have shown that variations in the selected
range or the starting intensity ratio can also affect the values of
the fitted carrier temperatures.’® Additionally, the accuracy of
the extracted carrier temperature is also influenced by the
energy difference E — Eg, which determines how closely the
FD distribution can be approximated to the MB distribution.

A further complication is the PA signal that appears above
the PB peak during HC cooling, which arises primarily from the
band gap renormalization (BGR) effect.>® This results in a rising
slope in the normalized TA profile, which is not modelled in
eqn (1). Therefore, eqn (1) fits with an upper bound defined by
the minima of the PA as illustrated in Fig. 1(c) and (d). The line
shape of PA from the BGR effect as a function of energy is

defined as PA(E) « AE,/vE.*>** Therefore, to simulate the
high-energy tail of PB with the BGR effect, eqn (1) is modified as

AA(E) = —Ag(E)e BBk Te 4 4, /\/E @)

where A, is a scaling constant. The fittings with the BGR effect
included is illustrated in Fig. 1(f) where the extracted carrier
temperatures are slightly higher than those excluding the BGR
effect (Fig. 1(g)). Although including the BGR effect should give
more accurate results, the major contribution of the

This journal is © The Royal Society of Chemistry 2026
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uncertainty from the arbitrary choice of the fitting ranges
remains. Yang et al. attempted to reduce such uncertainties
by averaging the extracted carrier temperatures obtained from
multiple fittings with varying fitting ranges.'®

2.1.2. HC temperature determined from global fitting of
full TA spectra for bulk material systems. To reduce the
uncertainties and subjectivity from the selection of the fitting
ranges, Lim et al. proposed fitting over the full TA spectrum,
which yields more accurate and reproducible results. The TA
signal, describing the photoinduced changes in an absorption
spectrum, can be simulated by****

AA(E) = (1 — fu(E, Ex, T.))A(E, Eq + AE,) — A(E, Ey)

(3)

where f, is the FD distribution and Ey denotes the quasi-Fermi
level; A(E, E, + AE,) and A(E, E,) stand for the absorption spectra
at the excited state and ground state, respectively; AE, char-
acterizes the shift of the bandgap in the excited state. The term
(1 — f.)* is the modification to the joint density of states (JDOS)
for both the conduction band and valence band at the excited
state. The absorption spectra comprise of contributions from
the excitonic and continuum bands, which are modelled by
Elliott’s equation:

x_ 4nE? E
Aexe(E) < Y n;’ 5 (E —E,+ n—;’) (a)

n=1

N 2n\/Ey/(E — Eg) D
1 — exp[—2n\/Ey/(E — Ey)

where E,, is the exciton binding energy; J(x) and O(x) are
the Dirac function and Heaviside step function, respectively;
D, « /E — E, denotes the density of states for 3D systems.
The excitonic absorption is modelled by 7 series of below-gap
transitions with their intensities scaled by 1/n°. The continuum
band absorption is simulated by the density of state modified
by the Coulombic enhancement factor (i.e., the first term in
eqn (5)). The transition linewidth broadening is generally
modelled by a Gaussian function G(E, I'), with I' characterizing
the extent of the broadening. The simulated absorption spec-
trum by convoluting G(E, I') with A and A, is presented in
the inset of Fig. 2(a), illustrating the respective contributions
from the exitonic and continuum bands.

The global-fitting of the full TA spectra (A4) with eqn (3)-(5)
is illustrated in Fig. 2(a). The band gap shifts arising from the
BGR effect (red-shift) and Burstein-Moss effect (BM, blue-shift),
linewidth broadening and the PB shift are taken into consid-
eration by the time-varying AE,, I', and Ey. The bandgap energy
(Eg), exciton binding energy (Ey,), and linewidth at ground state
(I'pump-oft) are fixed as shared parameters, which can be
obtained from fitting eqn (4) and (5) to the steady state
absorption spectrum.’® In our example (Fig. 2(a) inset), the
values are E, = 2.385 £ 0.001 eV, E, = 15 £ 1 meV and I pump-ofr =
30 £ 1 meV. The corresponding time-dependent parameters are
plotted in Fig. 2(b) and (c). The quasi-Fermi level increases
along with the cooling of HC temperature due to its

Acon(E)

v O(E — Ey) (5)
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Fig. 2 (a) Globally-fitted TA spectra of MAPbBrs nanocrystals (dashed

lines). The inset shows the simulated absorption spectrum containing
contributions from the excitonic and continuum bands. (b) Time-
dependent carrier temperatures and quasi-Fermi levels from global fit-
tings. Inset shows a comparison of the HC dynamics from different fitting
methods. (c) Time-dependent variation of the bandgap energy and line-
width broadening, and (d) illustration of simulated TA at 300 K (solid lines in
upper panel: JDOS; yellow dashed line: simulated TA at T. = 500 K).

temperature dependent behaviour as observed in halide per-
ovskites and other semiconductors.’®> The band gap shrinks
with increasing time delay as reflected in the increasing nega-
tive values of AE,. Fig. 2(d) presents the simulated changes in
the absorption spectrum and the JDOS for the excited state at
T. = 300 K. The redshift in the excited-state absorption spectrum
is due to the dominant BGR effect.”® Consequently, the JDOS is
enhanced at higher energy, resulting in the above-gap PA signal
at the higher-energy side of the PB peak. The simulated TA
spectrum at T, = 530 K is also presented in Fig. 2(d), showing the
PB tail broadening toward the higher energy. The linewidth
broadening (I') increases during HC cooling and is influenced
by various factors, such as carrier-phonon interactions, energetic
disorder, impurity scattering etc.’® The inset of Fig. 2(b) com-
pares the HC dynamics obtained from different methods. The
time-dependent carrier temperatures from this method exhibit
slightly higher values than those obtained from fitting the high-
energy PB tails at the early time scales before 0.6 ps. The
discrepancies may arise from the effects of BGR and linewidth
broadening. These effects are prominent before 0.6 ps, as shown
in Fig. 2(c), and are not considered in the MB fitting of the high-
energy tails. Despite slight differences in the values obtained
from the different methods, their dynamics exhibits a similar
trend with the HC cooling completing at ~1 ps. Therefore,
fitting the high-energy PB tails remains a common approach
for analysing HC dynamics. Nevertheless, accurate estimation of
the carrier temperature is crucial when HC energy must be
considered for alignment in optoelectronic devices. Full-
spectrum TA fitting provides high reproducibility, enabling
reliable cross-comparisons across different studies.

2.1.3. HC dynamics in low-dimensional material systems.
In quantum confined nanocrystals or quantum dots, the band-
gap energy is dispersed as a result of the size distribution.
The dispersed E, adds to the uncertainty of the extracted carrier
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temperatures by the high-energy PB tail or full TA spectra-
fitting approaches. To account for the effect of energy disper-
sion, Tiede et al. proposed to simulate the PB peak using a
skewed normal distribution.’® The excited carriers in the
nanocrystals at each transition energy are characterized by
the FD distribution. Accordingly, the PB of the TA signal can
be modelled as an energy dispersion probability function p(E)
convolved with f;, which is:*®

AA(E) = CJP(Edisp) f;e(E - Edisp)dEdisp

w

_ CJ # (M) O(x(Eaw —E)) g

where C is a scaling constant; ¢ and @ represent the standard
normal probability distribution and normal cumulative distri-
bution function, respectively; w describes the standard devia-
tion of the normal distribution and « determines the skewness
of the shape. The simulated TA spectra for 300 K and 1000 K are
illustrated in Fig. 3(a) and (b), respectively. To extract the carrier
temperatures, the equation is first fitted to the TA spectrum at a
later delay time when the carrier temperature equilibrates with
the lattice temperature, from which parameters for the energy
dispersion probability function are obtained as references.
Subsequently, carrier temperatures at early delay times can be
evaluated by applying eqn (6) to the TA spectra with the fixed
reference parameters, as exemplified in Fig. 3(c). This method
provides a means to estimate the carrier temperature in nano-
crystals. However, do note that the shape of PB is influenced by
multiple factors, such as the BGR effect, BM effect, photoin-
duced broadening, etc. Failure to take these effects into account
can lead to an imprecise estimate of the carrier temperatures.
Nonetheless, the accuracy of such a simplified model has yet to
be validated.

Although the aforementioned equations for bulk material
systems can be adopted in some low-dimensional systems,’”"*
the reduced dimensionality can incur strong broadening effects
and discrete energy levels, which deviate the TA profile from
a Fermi-distribution and nullify the application of these
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perovskites, in particular, the range of interest of TA signals
for 3D domains can overlap with optical transitions of low-n
phases (n refers to the number of metal-halide layers), which
further complicates the shape analysis of HC dynamics.

To characterize the HC dynamics in the 3D domains of a
quasi-2D/3D system, Fan, et al. performed global fitting to the
full TA spectra of quasi2D/3D lead iodide NCs, separately
including the contributions from the 3D and quasi-2D phases,
given as AA = Adyp + Adguasion.”” The AAp is described by
eqn (3) (see above) and the contributions from the quasi-2D
phases are modelled by a set of Gaussian functions,

(E — E,)?
—41n 2T
AAquusi-ZD = Z Ane n
n

as illustrated in Fig. 4(a). For simplification, the photoinduced
broadening and energy shift are ignored for the 2D phases by
assuming the time-invariant E, and I',,. Additionally, to reduce
the number of fitting parameters, 4, at the ground state for the
3D domain is obtained by applying Elliott’s model (eqn (4) and
(5)) to the steady-state absorption spectrum.

Notably, carriers generated in the low-n phases can funnel to
the 3D domains due to the cascaded energy levels when the
excitation energy is above the transition energy of the low-n
phases. Therefore, the energy relaxation in quasi-2D/3D sys-
tems mainly consists of HC cooling in the 3D domains and the
energy funnelling from the low-n phases to the 3D domains. To
capture the overall energy relaxation process, assuming that the
TA intensity is proportional to the carrier density n(e), the
excess energy of the system referring to the 3D band gap can

be calculated as:**°
ﬁf? -n(e, t)de
B0 = e e ®)
<E>excess(t) = <E>(t) — <E>(t — OC) (9)

where (E)(¢) and (E)excess(t) denote the average energy and the
average excess energy per carrier, respectively, at the pump-
probe delay time (¢). (E)(¢ = oo) refers to the average energy per
carrier at longer delay time when the photoexcited carriers have
fully relaxed to the band edge of the 3D domains. n(e) at the

models.>® For the widely studied mixed-phase quasi-2D/3D energy with the photoinduced absorption band is regarded as
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Fig. 3 Simulated TA spectrum with egn (6) for 300 K (a) and 1000 K (b) with the same energy dispersion function; (c) an example of fitting egn (6) to the
TA spectrum. Reproduced with permission from ref. 56. Copyright 2024 Tiede et al. Advanced Optical Materials published by Wiley-VCH GmbH.
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(a) TA spectrum of mixed 3D/quasi-2D CsPbls perovskite NCs at a pump—probe delay of 0.3 ps; (b) TA spectra of the quasi-2D PEAMAPI and 3D

systems; (d) extracted HC dynamics in the 3D domains in mixed quasi-2D/3D

CsPbls NCs and the excess energy of the carriers; (e) schematic illustration of the carrier relaxation processes in a quasi-2D/3D system; (f) comparison of
the hot carrier temperatures evaluated from the methods of MB fitting and excess energy calculations in MAPbBr3 bulk. (a), (d) and (e) are reprinted with
permission from ref. 60. Copyright 2025 American Chemical Society; (b) and (c) are reproduced with permission from ref. 61. Copyright 2022 Wiley-VCH
GmbH; and (f) is reprinted with permission from ref. 59. Copyright 2024 American Chemical Society.

the offset, due to its complex origins, such as band gap
renormalization, excited-state carrier absorption, hot biexciton
Coulombic interactions, etc.*®

Using eqn (8) and (9), the excess energy dynamics for the
quasi-2D (BAMAPbI; and PEAMAPDI;) and 3D MAPDI; films
have been investigated (see Fig. 4(b) and (c)).*" Benefitting
from the cascaded energy funnelling, the excess energy relaxa-
tion is slowed by two orders of magnitude in the quasi-2D
systems as compared to their 3D counterparts. A slower
relaxation is observed in the larger organic spacer (PEA) as a
result of its weaker inter-layer interactions. In the combined
model, AA = AA;p + AAguasiop, Fan et al. characterized the
excess energy dynamics of the quasi-2D/3D NCs and the
respective HC dynamics in 3D domains, as shown in Fig. 4(d).*°
They uncovered a remarkably longer thermalization process
(~0.9 ps) for the HCs in the 3D domain, contributed by the energy
funnelling from low-n phases during the energy relaxation (see
Fig. 4(e)).

For a system where (E)excess(f) mainly characterizes the
excess energy of the HCs (i.e., bulk materials), the carrier
temperature can be estimated via the relationship of

3 3 .
(E) excess (1) = Ekg Texcess(?) = ikB[Te(l) — Tattice]- This method

has been verified by comparing the estimated carrier tempera-
tures to those obtained from MB fitting in a MAPbBr; bulk, as
shown in Fig. 4(f).> While the application of the excess energy
calculation is less restricted by the TA line shape, due care must
be taken for the effects of band gap renormalization and

This journal is © The Royal Society of Chemistry 2026

photoinduced broadening, which affect the authenticity of
the assumption n(e) oc AA (PB regions).

2.1.4. HC dynamics from PB dynamics of TA spectroscopy.
The band-edge PB signal originates from the band/state-filling
of the photoexcited carriers at the conduction band. Thus, the
dynamics of the PB signal probed at the band-edge reflect the
population of the cold carriers near the conduction band (CB)
minima or valence band (VB) maxima. Therefore, the rise time
in the PB dynamics can signify the cooling of HCs to cold
carriers. Although the actual carrier temperature is unknown
from the TA dynamics, this method enables one to analyse the
HC cooling rates and provide insights into the related photo-
physical processes in a material.>***

Fig. 5(a) shows an example of TA spectra characterizing the
HC cooling. Accompanying the band-edge PB signal are two PA
bands that appear above and below the band gap at early times,
where the sub-bandgap PA signal later evolves into a PB signal.
The red shift in the PB band at a later delay time signifies the
dominance of the BGR effect (red shift) over the BM effect (blue
shift). The higher-energy PA band was initially ascribed to the
photoinduced change in refractive index,*> while a later study
suggests its origin from the BGR effect.*®® The sub-bandgap
PA has also been attributed to various origins in the literature,
such as the BGR effect, hot biexciton effect and hot-carrier Stark
effect, etc. The BGR effect refers to the creation of new optical
transitions below the intrinsic band gap in ultrafast time scales
(within ~ 100 fs), resulting in a sub-gap PA.** The hot biexciton
effect describes the bandgap shrinkage due to the Coulombic
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interaction between hot excitons by the pump and cold excitons
near the band edge by the probe.>*®* The hot-carrier Stark
effect refers to the field-induced shift of the absorption spec-
trum in the presence of hot carriers,®® giving rise to a derivative
shape in the TA spectra. A latest study suggests that the
Coulombic interplay from the hot biexciton effect has a key
role, given that the fluence-independent decay of the sub-gap
PA is consistent with timescale of band-edge exciton
dissociation.>® Despite the debates regarding its origins and
the seemingly correlated trend with HC cooling as shown in
Fig. 5(b), their rates are found to be different (Fig. 5(c)).**"*
Therefore, the HC cooling process is typically characterized by
the rise of the PB signal.®*®®” The illustrated PB rise for the
MAPDBTr; in Fig. 5(b) occurs in a time scale of ~1 ps, which is
consistent with the trends from the aforementioned analyses.

Alternatively, the HC dynamics can be obtained by taking
the difference between the band-edge PB kinetics for excitation
energies above and near the band gap. For example, in the case
of a MAPbI; thin film in Fig. 5(d),*® the kinetics from the above-
gap excitation of 3.14 eV comprises the contributions from the
HC relaxation and the recombination of carriers near the band-
edge. In contrast, the kinetics from the near band-edge excita-
tion of 1.68 eV tracks mainly the carrier recombination process.
The HC kinetics can therefore be resolved by taking their
difference, as shown in the bottom panel of Fig. 5(d). Do note
that the HC dynamics obtained by probing the PB kinetics can
be affected by the recombination processes, especially from
Auger recombination under high carrier densities.

2.2. Pump-push-probe (PPP) spectroscopy

PPP spectroscopy is a technique based on TA spectroscopy.
While HC dynamics probed from TA measurements could be
influenced by multiband excitation and multiparticle effects,*’
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PPP spectroscopy can provide a more straightforward visualiza-
tion of HC cooling dynamics. For PPP measurements, a third
pulse (i.e., push pulse) is introduced following the pump pulse
to re-excite the cold carriers from the band edge, creating a net
population of HCs at a specific time defined by time delay
between the pump pulse and the push pulse (Fig. 6). The
signals are recorded as a transient absorption (—AA) before
the push pulse arrives (Fig. 6(b)). Both the PB signal in the
visible region and the carrier absorption at infrared wave-
lengths reflect the population dynamics of these cold carriers
because the transitions from G to E; and that from E; to E,
share the same excited state E;. The push pulse changes the
population of cold carriers and therefore the carrier absorption
intensity (Fig. 6(c)). After a certain time delay, the push-induced
HCs relax back to the band edge along with the recombination
to the ground state (Fig. 6(d)). Although PPP signals can be
obtained by modulating either the pump or push beams, the
push is usually not modulated to avoid push-induced effects
other than HC generation. A direct probe of HCs has been
realized in CdSe quantum dots®®’° and halide perovskites.*®*°
Generally, the PPP approach provides a more accurate inter-
pretation of HC behaviour due to the reduced influence from
multi-band and multi-particle effects that are present in TA
measurements.

The push-induced HC dynamics can be characterized by
monitoring the evolution of the carrier absorption at near
infrared wavelengths (Fig. 6(b-d)).*® Alternatively, the push-
induced changes in absorption near the band gap energy
(i.e., the PB band) can also be used to track the cooling of the
re-excited carriers (Fig. 6(e)).>* The carrier temperature can be
estimated from the PPP spectra in a similar manner analogous
to the TA approach.”® By subtracting the TA data (i.e., A4), the
push-induced absorption change, termed AAA, can then be
determined. The spectral profile of AAA is subjected to both the
BGR effect induced by the HC population and the energy
distribution of the HCs. A key challenge in PPP is the determi-
nation of the initial pushed HC density (Np,) which depends
on the absorption cross-section of the cold carriers. This can be
overcome by taking the dependence of the fraction of the
pushed HCs to cold carriers (N‘fwt/N‘c)old) on the PB amplitude
ratio of the push and pump pulses (Apush/Apump)->*

Both the HC cooling time and the hot phonon effect can be
investigated using the PPP technique. In addition, examining
HC cooling processes under different cold carrier densities can
reveal the underlying carrier-phonon and/or carrier-carrier
interaction mechanisms. By adjusting the pump and push
fluences, the hot-to-cold carrier ratio can be tuned. Our recent
work using the PPP technique demonstrates the influence of
the cold carrier bath on the hot exciton cooling in perovskite
quantum dots of different sizes.*® A larger fraction of cold
carriers leads to faster HC cooling, likely due to the enhanced
many-body interactions between the hot carriers/excitons and
cold carriers/excitons as observed in perovskite quantum dots.
On the other hand, the Auger effect may also contribute to HC
cooling, particularly in more strongly confined systems, where
the energy loss rate of HCs is reduced.

This journal is © The Royal Society of Chemistry 2026
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amplitude Ay is proportional to the corresponding hot exciton occupat
American Chemical Society.

2.3. Photoluminescence spectroscopy

Photoluminescence (PL) spectroscopy is a powerful and widely
accessible technique for examining light-emitting states of
photoactive materials. It provides rapid insights into the energy
landscape of the emitted photons. In an absorbing medium,
photoexcitation promotes electrons to higher energy levels and
these electrons subsequently relax to the ground state by
emitting photons whose energies are determined by the elec-
tronic structure of the material. Although PL predominantly
traces the recombination of photoexcited carriers near the band
edge, it can reveal HC behaviour under certain circumstances.
HC PL occurs when energetic electrons and holes recombine
before fully relaxing to the band edge. Fig. 7(a) schematically
illustrates the band-to-band recombination in the absence and
presence of HC PL, respectively. Intuitively, HC recombination
contributes high-energy, above-gap emissions to the PL spectra.
Over the past few decades, HC PL has been observed in both
direct and indirect bandgap semiconductors.>””*""®

2.3.1. HC temperature determined by PL spectroscopy. The
evaluation of HC temperatures relies on the PL line shape.

ion numbers. (e) is adapted with permission from ref. 34. Copyright 2024,

Similar to the TA analysis, a MB model can be expressed as”’

Ep—E
IpL(E) < A(E)eksTen (10)

and is applied to fit the high-energy tail of the PL spectrum. The
carrier temperature 7., can then be evaluated using the
absorptivity A(E), which is proportional to the standard joint
density of states (JDOS). For a 3D direct-gap semiconductor
with band gap Ey, A(E) scales as (E — E,)"'?, assuming parabolic
bands. Alternatively, A(E) may be directly obtained from the
experimentally measured linear absorption spectra. Eqn (10)
predicts an exponential decay of the PL intensity as energy
increases, as demonstrated in the study of GaAs’! and FASnI;
perovskite.*® However, such analysis can introduce a large
uncertainty when the HCs do not closely follow a MB distribu-
tion, as discussed in the context of TA spectroscopy in Section
2.1. In addition, linewidth broadening can lead to an over-
estimation of the carrier temperature, particularly in the low
carrier temperature regime.’ Phenomenologically, to account
for the broadening effect, Ip;, is convolved with a Gaussian
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Fig. 7 (a) Schematic for carrier recombination in semiconductors with par.
egn (11) with a bandgap energy of 1 eV (the inset shows a semi-log plot of
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abolic bands. (b) PL spectra for different carrier temperatures, simulated by
the same PL spectra).
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function when fitting the full PL spectrum, as demonstrated for
FASnI; and quasi-2D CsPbBr; perovskites.®*%!

Alternatively, the generalized Planck’s radiation law, also
known as the Lasher-Stern-Wurfel (LSW) equation,®*®* can be
employed to incorporate the HC effects. Band-to-band emis-
sions in a semiconductor is described by:

2nA(E)E? 1
IpL(E) = B2 E—Aug, (11)
e kBTen — |

where the quasi-Fermi-level splitting Apen acts as the driving
force for the emission. Unlike approaches that fit only high-
energy tails of PL spectra, the LSW equation enables full-
spectrum analysis. Simulated PL spectra calculated using
eqn (11) for different carrier temperatures are shown in
Fig. 7(b), where a broadening function is included to determine
A(E). As expected, the PL spectrum becomes increasingly asym-
metric relative to a Gaussian-like distribution and exhibits a
more pronounced high-energy tail as the carrier temperature
Ten increases. Furthermore, a semi-log plot of the PL spectra
yields good linearity in the high-energy tail, which can be
approximated using eqn (10) as discussed previously.

Occasionally, fitting the PL spectrum can be challenging due
to the discrete energy levels and other effects that modify the
absorption spectrum. For example, in fluence-dependent mea-
surements, A(E) may vary with carrier density as a result of the
band filling effect. Therefore, an accurate form of A(E) is
required for systems exhibiting complex PL mechanisms. Kata-
hara and Hillhouse®* proposed a unified model to fit the room
temperature PL of GaAs, described by:

Ay (E)E> 1 2
IPL(E) = 32 E—Apign X 1- E—Aligy (12)
e kBTen — 1 e2kpTen + 1

where the last term accounts for the occupation probabilities of
the conduction and valence bands. A general broadening func-
tion that includes sub-bandgap absorption is also applied here
to determine Ay(E). Note that at low temperatures and in
excitonic materials, the DOS of both free carriers and excitons
should be incorporated into Ay(E), as described by Eliott’s
equation.®”> A full-spectrum fitting of PL spectra of halide
perovskites using this approach has been demonstrated in
our recent study.*?

2.3.2. Steady-state PL. The steady-state PL spectrum of a
luminescent material is typically measured using an excitation
source and a spectrometer, and it can provide valuable insights
into the HC properties. Using steady-state PL spectroscopy, the
influence of excitation energy and carrier density on HC
temperatures has been assessed as a complementary approach
to TA techniques.*®**7>% Fig, 8 presents an example of power-
dependent, CW-laser-excited PL spectra for a FAPbI; thin
film.**> As the excitation fluence increases, the initially
Gaussian-like peak becomes increasingly asymmetric, with a
pronounced blueshift in the high-energy tail (Fig. 8(a)). The
accumulation of carriers near the band edge facilities the HC
recombination, likely by introducing additional scattering and
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Fig. 8 (a) Power-dependent PL spectrum of a FAPblz thin film (the

excitation source is a 473 nm CW laser). (b) Power-dependent carrier
temperature and quasi-Fermi-level splitting obtained from fitting. (c)
Comparison of the band gap energy (Eg) or exciton binding energy (Ep)
obtained from different methodologies. (a)—(c) are reprinted with permis-
sion from ref. 43. Copyright 2022 American Chemical Society.

recombination pathways. Consequently, the increased possibi-
lity of above-gap emission leads to the asymmetrically broadened
PL spectra at high carrier densities. Simultaneously, the band-
filling-induced BM effect results in a blueshift of the band gap, as
reflected by the shift of the PL peak. The corresponding fluence-
dependent HC temperatures extracted using eqn (12) are shown in
Fig. 8(b). To validate the PL-based methodology, Lim et al. numeri-
cally fitted the low-fluence PL spectrum of a MAPbI; thin film to
eqn (12) with a fixed carrier temperature T, of 298 K. The
extracted band-gap energy (E;) and exciton binding energy (E)
are in good agreement with values analysed from linear absorption
and TA measurement (Fig. 8(c)). By carefully analysing steady-state
PL spectra under different excitation conditions, insights into HC
distribution and trapping, carrier-carrier/phonon interactions,
band filling, and bandgap renormalization can be obtained.

2.3.3. Time-resolved photoluminescence. Time-resolved
photoluminescence (TRPL) measurements enable monitoring
of the temporal evolution of PL and can be performed using
ultrafast optical gating techniques, time-correlated single-
photon counting (TCSPC), or a streak camera, taking advantage
of the ultrashort duration of pulsed lasers. These methods
allow the investigation of ultrafast processes spanning charac-
teristic timescales from sub-picoseconds to microseconds. In
addition, the high peak power of ultrafast laser pulses facil-
itates carrier injection at high densities. With above-gap excita-
tion, TRPL enables direct tracking of HC cooling dynamics,
from which the carrier temperature can be extracted at specific
delay times.

Gating techniques generally provide higher temporal resolu-
tions as determined by the duration of the gating pulses.
Typically, a nonlinear crystal is used to mix the emitted PL
with a gating pulse (Fig. 9(a)). The signal pulse is generated via
sum frequency generation (SFG), governed by the second-order

This journal is © The Royal Society of Chemistry 2026
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nonlinear susceptibility »® and phase-matching conditions.
The signal pulse, whose temporal width is defined by the gating
pulse, is subsequently detected and analysed to reconstruct the
time-resolved PL. Alternatively, PL gating can be implemented
using a Kerr medium, where the gating pulse induces a
transient change in the refractive index through the third-
order nonlinear susceptibility ). With temporal resolution
comparable to that of TA setups, PL gating techniques have
been applied to study the HC cooling processes on the ps
timescale.®” ' Fig. 9(b)-(d) present TRPL analyses of CsPbBr;
nanocrystals obtained using our PL up-conversion setup.
A pronounced high-energy tail appears in the PL spectra at
early times, which evolves within the first few picoseconds and
disappears at longer times. Fig. 9(c) shows the fits of represen-
tative spectra using eqn (12), while the extracted HC tempera-
tures and corresponding quasi-Fermi-level splittings are shown
in Fig. 9(d). The picosecond-scale HC cooling times are con-
sistent with those obtained from TA measurements.**

In a TRPL measurement using a TCSPC setup, a histogram
of photon arrival times is constructed by recording the delay
between pulse excitation and single photon detection, thereby
reconstructing the PL dynamics. Similarly, a streak camera
converts photon arrival times into spatial information,
enabling time-resolved PL measurements. Owing to their
limited temporal resolution, these two techniques are com-
monly used to study PL dynamics on several picoseconds (ps)
and longer timescales. An example of using a streak camera
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long-lived HCs were observed in the tin-based perovskite
FASnI;. The HC signature appears in the PL dynamics at the
high-energy tail, exhibiting a distinct fast decay component
that is absent below a certain energy (Fig. 9(e)). These observa-
tions provide important insights into the slow HC cooling
processes in perovskites.

2.3.4. Strengths and limitations of PL-based techniques.
PL spectroscopy provides a straightforward method for HC
analysis in materials where hot PL is observable. For conven-
tional systems where the PL intensity decreases exponentially
with energy, the MB approximation eqn (10) allows ready
extraction of carrier temperatures. Moreover, steady-state PL
measurements generally avoid the complexity associated with
high intensity laser systems and extensive data processing. Like
TA setups, PL spectroscopy systems are also widely (or even
more readily) available in many laboratories.

Nevertheless, several limitations constrain the application of
PL-based approaches for HC analysis. Firstly, this method is
limited to the materials that exhibit detectable HC light emis-
sion. Secondly, the presence of multiple luminescence mechan-
isms beyond the band-to-band carrier recombination, such as
excitonic emission and defect-assisted emission, nonradiative
channels etc., complicates HC analysis and poses a major
challenge. Although excitonic effects can be neglected or expli-
citly included in eqn (12), other recombination channels can
introduce significant uncertainties in the extracted carrier
temperatures. Therefore, identifying the dominant PL mecha-

to probe HC dynamics is reported in the literature,’® where nism is essential to mitigate these uncertainties.
b PL intensity
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Fig. 9 TRPL measurements on perovskites. (a) A sketch of the up-conversion setup. (b) Representative TRPL spectra of CsPbBrs nanocrystals. (c) PL
spectra at several delay times extracted from (b). Dot line: experiment. Solid lines: fitting curves. (d) Time-dependent carrier temperature and quasi-
Fermi-level splitting obtained from the fits in (c). (e) PL dynamics at different emission energies in a FASnIs thin film measured by a streak camera. (e) is

adapted with permission from ref. 36. Copyright 2018 Springer Nature.
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In addition, PL line shapes can be influenced by a variety
of factors that affect the accurate estimation of carrier tem-
peratures. Interactions between charge carriers and their
environment (e.g., phonons, excitons, traps, etc.) give rise to
both inhomogeneous and homogeneous broadening of electro-
nic states, ultimately modifying the PL profile. As discussed in
ref. 80, neglecting linewidth broadening effects can lead to an
overestimation of the carrier temperature when MB approxi-
mation is applied. Furthermore, applying eqn (10) to the high-
energy tail of the PL spectrum requires careful selection of the
fitting range to ensure reliable results. Improper use of the
spectral window can result in either overestimation or under-
estimation of the carrier temperature.

3. Analysis of HC dynamics towards
optoelectronic applications

A range of HC dynamics analysis toolkits is available for an in-
depth investigation of the physical processes governing HC
cooling. HC cooling time is a critical parameter that strongly
influences the performance of HC solar cells. Longer cooling
times allow HCs to diffuse more efficiently toward material
interfaces, thereby facilitating more effective charge extraction.
In contrast, slow HC cooling is generally detrimental to light-
emitting applications where rapid cooling is instead desirable.
Fast HC cooling can suppress HC trapping at defects and thus
reduce non-radiative losses. For example, accelerated HC
relaxation achieved by reducing excess excitation energy or
through elemental doping has been shown to improve photo-
luminescence quantum yields.®>** Moreover, fast HC cooling
can promote the swift buildup of population inversion, thereby
lowering the threshold for amplified spontaneous emission
and lasing.?”®> On the other hand, the presence of hot carriers
can also be detrimental to light-emitting devices. Hot carriers
can degrade device performance by reducing carrier injection
and enhancing nonradiative processes, such as Shockley-Read-
Hall recombination and Auger recombination,’>*"® leading to
increased gain thresholds and efficiency roll-off.”® In addition,
HCs can induce spectral broadening and shifts at high injec-
tion densities,”® and compromise operational stability through
Joule heating.'® Therefore, analysis of HC dynamics provides
essential insights into carrier behaviour and underlying cooling
mechanisms, which are essential for the rational design of high
performance hot-carrier devices. In the following sections,
different approaches for HC dynamics analysis under various
experimental conditions are reviewed.

3.1. HC cooling rates in halide perovskites

HC cooling is often compared by examining the time required
for the carrier temperature to decrease to 600 K across different
systems.”'®! This benchmark is motivated by theoretical pre-
dictions indicating that HCs with temperatures above 600 K can
still enable power conversion efficiencies exceeding 40%.
However, HC cooling times are strongly influenced by various
experimental parameters, such as excitation energy and carrier
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density, which complicates direct comparison between
studies.® To overcome this limitation, additional metrics have
been introduced to characterize HC cooling rates, including
cooling time constants, energy loss rates, and thermalization
coefficient, etc. These metrics are discussed in the following
sections.

3.1.1. HC cooling time. Carrier temperature dynamics are
generally fitted with exponential functions to extract HC cool-
ing time constants.'*?%37:5%102710% A¢ Jow carrier densities, the
carrier temperature typically decays monoexponentially with
sub-ps time constants. In contrast, at higher carrier densities,
HC relaxation can extend to tens of ps and often exhibits bi-
exponential or tri-exponential decay behaviour,'**"** as shown
in Fig. 10(a). The fast decay component is generally attributed
to intrinsic relaxation via LO phonon emission, whereas the
slower components are associated with the hot-phonon bottle-
neck effect and the Auger heating effect.

Alternatively, band-edge PB dynamics probe state-filling
near the CB minima and VB maxima, thereby reflecting the
population buildup of cold carriers, as discussed earlier. Con-
sequently, the rise time of the band-edge PB in TA measure-
ments can be used to estimate the HC cooling rate. This
approach is particularly valuable for quantum-confined sys-
tems, where discrete energy levels make accurate extraction of
carrier temperatures from the high-energy tails of PB spectra
challenging.’® In such cases, PB rise time provides a direct and
robust measure of HC cooling. In halide perovskites, the PB rise
times are typically on the sub-ps time scale (Fig. 10(b)), con-
sistent with the cooling times extracted from time-dependent
carrier temperature analysis. By examining PB rise dynamics,
the dependence of HC cooling on factors such as material
composition, NC size, excess excitation energy, etc. has been
systematically investigated.>>*>°%1%°

Nonetheless, it should be noted that HC dynamics probed
via band-edge PB in TA spectra are susceptible to multiple
effects, including PB shifts induced by BGR and BM effects,
spectral broadening due to phonon scattering and multi-
exciton Auger processes etc.*>*®*° These effects can obscure
the intrinsic HC cooling dynamics and complicate data inter-
pretation. To mitigate such influences, HC dynamics can
instead be directly investigated using PPP spectroscopy, as
discussed earlier. In addition, PPP measurements facilitate
comparative studies across materials with different bandgaps,
as the excess energy can be precisely controlled via the push
energy.*® The push-induced PB kinetics are typically described
by an exponential decay with a time constant (tc.o), which
quantifies the HC cooling rate. Notably, experiments have
demonstrated that t.,, depends on both the pump and push
fluences, corresponding to the initial cold-carrier and hot-
carrier densities, respectively. This behaviour is illustrated in
Fig. 10(c) and (d) for the ZI-capped CsPbBr; NCs.'% Specifically,
Teool iNcreases linearly with the initial HC density (i.e., push
fluence), while the slope of this dependence varies with the
initial cold-carrier density set by the pump fluence, indicating a
pronounced role of carrier—carrier interaction in HC cooling.
To minimize such effects, it has been suggested to: (1) perform

This journal is © The Royal Society of Chemistry 2026
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Fig. 10 (a) Carrier temperatures from fitting the high-energy PB tail of the
TA spectra for CsPb(Clg »Brg g)s at different carrier densities (solid lines:
mono- or bi-exponential fits), adapted with permission from ref. 10
Copyright 2017, Yang et al. Springer Nature; (b) PB rise dynamics in TA
signals for CsPbBrs NCs of different sizes; (c) pseudo-colour map of t¢ool in
relation to the hot (push fluences) and cool (pump fluences) carrier
density, and (d) HC density dependent 1.0 Under different initial cold
carrier densities of the ZI-capped CsPbBrs; NCs, adapted with permission
from ref. 105. Copyright 2020 American Chemical Society; (e) PPP bleach-
ing dynamics for 12 nm CsPbBrs NCs at different push fluences and (f)
push-fluence-dependent cooling time constants (t.oo) for different sizes
of NCs (fluence is presented as a population ratio of hot to cold carriers).
Figures (b) and (e) and (f) are reprinted with permission from ref. 34
Copyright 2024, American Chemical Society.

measurements at the lowest feasible pump fluence or (2) nor-
malize the HC density to the cold-carrier density, N5°/NG',
and use this ratio as an independent parameter when corre-
lating with 7.,,. This approach is exemplified in the study of
HC dynamics in the CsPbBr; NCs, as shown in Fig. 10(e)
and (f).>* An increase in push fluence systematically slows the
cooling process, consistent with the onset of the hot-phonon
effect at higher carrier densities. The intercept t0,.; at zero
normalized HC density reflects the intrinsic HC relaxation
time, whereas a larger slope (f}) signifies a more pronounced
hot-phonon effect. Smaller NCs exhibit overall longer .o
values, consistent with trends observed from TA analysis
(Fig. 10(b)), which can be attributed to an enhanced intrinsic
phonon bottleneck effect arising from stronger quantum
confinement.**"*®
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Table 1 summarizes the HC relaxation times of various
perovskite systems characterized using different techniques.
In the absence of a significant hot-phonon effect, similar sub-
picosecond HC relaxation times are observed across these
methods. Nevertheless, HC relaxation times can vary widely
from sub-picoseconds to tens of picoseconds, depending on the
excess energy and excitation fluence.®*® Consequently, mean-
ingful comparisons must be made under similar excitation
conditions. For instance, under the same excitation excess
energy in TA measurements (marked by (a) in Table 1), the
HC cooling time is found to be faster in FAPbBr;, compared to
the Cs- and MA-based structures. This trend is consistent with
observations from PPP measurements (marked by (b) in
Table 1). In addition, lead-iodide perovskites generally exhibit
slower intrinsic HC relaxation time constants than lead-
bromide counterparts, due to the weaker optical phonon scat-
tering. Furthermore, the all-inorganic CsPbBr; is more sensitive
to the hot-phonon effect, as evidenced by the larger slope $.*°
A more in-depth analysis of cooling dynamics and these intrin-
sic material properties can provide further insights into the HC
relaxation mechanisms governing HC relaxation, as discussed
in the following sections.

3.1.2. Energy loss rate. The energy loss rate is another
widely used parameter for characterizing the rate at which
excess energy carried by HCs dissipates."'""'®!'® Analysis of
energy loss rate can also provide insights into the underlying
physical mechanisms governing HC relaxation.*'*° In the
absence of the hot-phonon effect, HC relaxation is predomi-
nantly mediated by LO phonon emission. Under this assump-

tion, the energy loss rate can be expressed as follows:*%%°

d_E _ @ dTC _ tho ex hw[_o Cex 7tho
i~ 2 dr ks Te P\ 1t
(13)

where 7wy o is the energy of characteristic LO phonons, kg is the
Boltzmann constant and T;, denotes the lattice temperature.
The first exponential term in brackets represents the fraction of
HCs that lose their energy to LO phonons via the Frohlich
interaction. This electron-LO phonon scattering process
continues until the carrier kinetic energy (ks7.) falls below
the LO-phonon energy (fiwyo). The second term accounts for
the absorption of thermally populated LO phonons derived
from the lattice heat reservoir at temperature Ty, which is
typically negligible when the LO phonon energy is comparable
or larger than the lattice thermal energy.'”" Here, T,y repre-
sents the effective time constant for LO phonon emission,
incorporating both processes. Eqn (13) has been shown to fit
well the HC temperature dynamics of halide perovskites at low
carrier densities, yielding a t,, of approximately 30 fs that is
independent of pump energy, as shown in Fig. 11(a).>® This
value is consistent with the characteristic timescale of long-
range electron-phonon scattering mediated by the Frohlich
interaction, which can be estimated by*>"**

1 e2\/2mhwro (L B l)

10 4deymh? Eoo &

Tave

(14)
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Table 1 HC lifetimes across representative perovskite systems characterized using different spectroscopy techniques

Perovskite samples TA (ps)

PPP (ps) TRPL (ps)

MAPDI; thin film 0.6-60, ref. 8,25
0.40%

FAPbI, thin film

~0.2-304, ref. 10,25

~0.322-0.40, ref. 107 0.2-0.5, ref. 108

0.225-0.40, ref. 48

CsPbl; thin film 1-30, ref. 15 — —
0.44%
APbBr; (A = MA, FA, Cs) thin film ~0.2-71, ref. 10 0.1-0.9, ref. 48,49 ~0.1 (ns), ref. 109
(MA: 0.39)" (MA:0.192b
(FA: 0.15)° (Cs:0.14)
(FA:0.11)°

APDBr,I; , (A = MA, FA, Cs) nanocrystals®
APDb, _,Sn,I; (A = MA, FA, Cs) thin film
APb;_,Sn,I; (A = MA, FA) nanocrystals
PEA,PDI, thin film

(3AMP)PbI,, (4AMP)PbI, thin film

~0.1-10, ref. 93

~0.4, ref. 116
1.3-2.5, ref. 58

“ TA with the same excitation excess energy of 0.5 ev.'?” ?
as function of push fluence) with the same push energy of 0.6 eV.

THz probe.

48 ¢

where, m is the effective mass of the electrons, ¢, is the vacuum
permittivity, and ¢ and ¢, are the static and high-frequency
dielectric constants, respectively. The similar values of 7,,. and
7o obtained from eqn (13) and (14), respectively, indicate the
dominance of LO phonon emission in HC relaxation while LO
phonon absorption is negligible in the studied halide perovs-
kite. At high carrier densities, however, HC dynamics deviate
from eqn (13) due to the emergence of the hot-phonon bottle-
neck effect, as shown in Fig. 11(b). This deviation arises
because the reabsorption of non-equilibrium LO phonons leads
to a time-dependent t,,. during HC cooling. In this context,

~0.7-100, ref. 111,112
0.2-14.3, ref. 106,115

0.2-1.2, ref. 34,93
0.2-1, ref. 113¢

0.3-0.8, ref. 110
0.6-6 (ns), ref. 36,114

Intrinsic time constants evaluated from y-axis interceptions in the plots (time constants
The HC lifetimes in nanocrystals are size-dependent. ¢ Optical pump-IR push-

eqn (13) can serve as a useful criterion for identifying the onset
of high-carrier-density effects.

For the hot-phonon bottleneck effect occurring at high HC
densities, non-equilibrium LO phonons rapidly accumulate
because the intrinsic LO phonon decay time (71o) is longer
than the electron-phonon scattering time (z.), as illustrated in
Fig. 11(c). Under steady-state conditions,”’ the energy decay
rate mediated by LO phonons decay into acoustic phonons is
given by (d—E) x Ny = Ny(Ta)

de static TLO
phonons can enhance LO phonon reabsorption, thereby

. A large population of hot LO
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Fig. 11 HC temperature dynamics of the MAPbIs thin film for (a) different excitation energies and (b) different carrier densities with pump energy at
3.1 eV; adapted with permission from ref. 25. Copyright 2015 Springer Nature. (c) Schematic of HC cooling governed by the hot-phonon effect and
(d) push-fluence dependent dynamics of the HC temperature for the MAPbIs thin film; adapted with permission from ref. 49. Copyright 2023 John Wiley
and Sons. (e) Carrier-density-dependent carrier temperatures of the MAPbIs thin film excited at 2.48 eV and (f) the effects of hot phonons and Auger
heating to HC dynamics at high carrier density. Adapted with permission from ref. 8. Copyright 2017 Springer Nature.
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increasing the effective LO phonon decay time. Under dynamic
non-equilibrium conditions, the energy loss rate is modified by
the ratio of C.p/C, relative to the static decay rate, with Cey,
notably smaller than C,.*>**°" The energy loss rate can be
expressed as:

() ~(8)._ 2l o)
d hp Cp dr static 2 110 P kpTa p kgT.
. Nio(T) (kBTC)z
NLO(TC) hw]_o

oo
e kpTec

(15)

where C.,, and Cj, are the heat capacities for the HCs and hot LO
phonons, respectively. Here, T, denotes the acoustic phonon
temperature, and Nyo(7) is the Bose-Einstein distribution
describing the LO phonon occupation at temperature 7. The
decay of a large population of hot LO phonons into acoustic
phonons can also heat up the acoustic phonon bath, resulting
in T, # Ti. This model enables evaluation of the characteristic
LO phonon lifetime (1) in the presence of a hot-phonon
bottleneck effect or Auger heating effect. Feng et al. demon-
strated that the fluence-dependent carrier temperature
dynamics for MAPbBr; and MAPDI; (the latter shown in
Fig. 11(d)) obtained from PPP experiments are well-fitted by
eqn (15). The extracted 1.0 values yield 240 and 370 fs,
respectively,”® which are slightly shorter than the LO phonon
lifetime of ~0.6 ps reported from the TA measurements.® This
discrepancy was attributed to the unavoidable influence of
multi-band and many-body effects on the HC dynamics
inferred from the TA measurements.

Alternatively, the energy loss rate can be evaluated by con-
sidering the generation and relaxation of LO phonons using
Fermi’s golden rule.® This model accounts for phonon modes
with a given wavevector g; accordingly, the corresponding

energy loss rate is /i, (%) Assuming a spherical phonon

distribution and dispersion-less LO phonon relationship in the
Brillouin zone, the average energy loss rate per carrier for HCs
in a parabolic band can be written as:*'?*

dE 1
<E> = -7 ho
q
mkg T, [ 2
:—EﬁiLMMMAmeNU—M>
_2mha)Lo 2
n2q
2mih :
| 2mhono
n2q

(16)

ov,
T 0t

1 +exp

h2
= 8}’}’1[(]3 TC (q
X In

1 +exp

hZ
T Sk T, ("

. . . . 2
where n is the carrier density and V is the volume; ‘Mq| =

2nfiteE . . . .
——— is the transition matrix element with eE, expressed as
mgq
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2Ji 1 1
meiool L 2 , which characterizes polar optical phonon
4megliz

oo &
scattering via the Frohlich mechanism, while neglecting

polaron screen effects. Here, N,(7.) = 1/(exp (zw;o> - 1) is
Blc

the Bose-Einstein distribution of LO phonon populations at T,

and 5 = is the quasi-Fermi level. The inverse quadratic

Er
kpTe
dependence of the matrix element |M,|* on the wavevector g
indicates that electrons primarily interact with zone-center LO
phonons with small wavevectors.

In the presence of non-equilibrium phonons, N, deviates
from the equilibrium distribution Ny(T;). To estimate N,
emitted LO phonons are assumed to decay with a characteristic
time constant 1y,

8Nq _ _Nq — Nq(TL)
ot Tph

(17)

In halide perovskites, LO phonons relax primarily via the
more efficient Klemens channel, such that 7, (equivalent to
710 in eqn (15)) is governed by the LO phonon energy and lattice
temperature.®>'>* Eqn (17) shows the analytical solution:

’)+Mum (1)

’L'ph

Ny = Nyo exp(

where N, represents the initially generated non-equilibrium
LO phonon population. In the absence of the hot-phonon
effect, N, ~ N,(Ti), and the energy loss rate reduces to that
described by eqn (13). This framework has been applied to
analyze HC dynamics in MAPDI; thin films in the presence of
the hot phonon effect. The HC cooling dynamics at carrier
densities ranging from 6.2 x 10"’ to 4.2 x 10'® cm > are well
reproduced by eqn (16) yielding an LO phonon lifetime of 600
fs, as shown in Fig. 11(e). Analysis of the carrier-density
dependent non-equilibrium hot LO phonon population reveals
that the hot-phonon effect becomes significant at moderate
carrier densities (>10'® cm ).

At higher carrier densities (>10"® cm™®), HC dynamics
exhibit a distinct two-step decay process, further prolonging
the cooling time to tens of picoseconds. The initial decay stage
is dominated by the hot-phonon effect, whereas the subsequent
slower decay at later times arises from Auger heating. The total
energy loss rate, accounting for both hot-phonon and Auger
heating effects can be expressed as:

dE dE R
<E>tot_ <E>eph+k3n (Eg * E)

where k; is the Auger recombination coefficient, and E, is the
bandgap energy. The first term on the right-hand side describes
the energy dissipation mediated by electron-phonon interac-
tions in the absence/presence of hot phonons. The second term
accounts for Auger heating in which the energy released by the
recombination of an electron-hole pair is transferred to
another carrier, with the energy proportional to (E, + E).'*
Because Auger heating originates from Auger recombination of
excited electron-hole pairs, the Auger rate can be evaluated

(19)
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using the general carrier recombination model

d
@ —kin — kon® — ks’

ar (20)

where k; and k, are the monomolecular and bimolecular
recombination rate constants. These rate constants can be
quantified by fitting eqn (20) to the carrier recombination
dynamics, which can be extracted either from the band-edge
PB kinetics in TA measurements or from TRPL experiments.® As
shown in Fig. 11(f), the HC dynamics at a high carrier density
can be well reproduced by eqn (19), confirming the combined
retarding effects of non-equilibrium LO phonons and Auger
heating.

Compared with bulk materials, the Auger effect is generally
more pronounced in low dimensional structures due to
confinement-enhanced Coulomb interactions and relaxed
momentum conservation.”®*?®1%7 Ag a result, the biexciton
Auger lifetime decreases with decreasing NC volume (V), a
trend observed across various material systems. This depen-
dence can be described by 74, oc V7, where y typically ranges
from 0.5-1 depending on the degree of quantum confine-
ment.*>'*® Correspondingly, the Auger-related HC lifetime
follows a similar scaling behaviour with NC volume. The
temporal evolution of the HC population 7;,,(¢) in the presence
of Auger heating can be modelled as:

dnhol(l)

TR —Anno (1) + Cn(l‘)3

(21)
where the first term describes HC relaxation unrelated to Auger
processes, and the second term represents Auger heating, with
rate constants of A and C, respectively. Assuming that band-
edge carrier Auger recombination follows n(t) ~ e~ 7™, the hot
carrier population decay has the analytical solution:

nhot(t) = nhoto(l - D)eiAt + De73t/uug (22)

where np,t0 refers to the initially generated HC population, and
D = C/(A — 3/taug)- This expression shows that the Auger-related
HC decay component is characterized by a time constant of
Taug/3, cOnsistent with the observations in the perovskite NCs.*

3.1.3. Multi-temperature model. HC dynamics can also be
phenomenologically described using a multi-temperature
model, which has been widely applied to a range of materials
from semiconductors to metallic systems.***>'2°713! [n this
model, the energy transfers between coupled thermal sub-
systems that are characterized by distinct temperatures: hot carriers
T., phonons T}, and the lattice ;.. In the absence of the hot phonon
effect where energy relaxation is not limited by the hot-phonon
decay and T;, ~ Ti, HC dynamics can be adequately described by
the two-temperature model (TTM):'!71317133

dr,
Co(T.) d; = —Gep(Te — T1) + P(2)

(23)

dT,
C(TL)—+ = Gep(Te — T1)

T (24)

where C. and C; are the heat capacities for the electron and

lattice subsystems; G, is the electron-phonon coupling
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constant, and P(¢) represents energy injection by a laser pulse.
According to eqn (23), the HC relaxation rate is governed by
ke = Gep/Ce. Conversely, by fitting experimentally measured HC
temperature dynamics with the TTM, the electron-phonon
coupling constant can be quantitatively extracted. Fig. 12(a)
illustrates the fitting of the TTM model to HC dynamics in the
MAPDBr; thin film at different carrier densities, yielding a
fluence-independent G, of 1.46 £ 0.24 (10" W m™° K ).

In the presence of the hot-phonon effect where energy
relaxation is mediated by the decay of non-equilibrium pho-
nons (T, # Ty), the HC dynamics are modified as:'*?

Ce(Te)dd7;° = —Gep(Te — Tp) + P(1) (25)
CP(TP)% = GSP(Te - TP) = Gpp(Tp — T1) (26)

where C, is the phonon heat capacity and G, denotes the
phonon-phonon coupling constant. To visualize the hot-
phonon effect on HC decay rates, one may assume C. and C,
to be constants. Under the initial conditions (Te(t = 0) = Teo;
Tp(t = 0) = Ty), an analytical solution for T, can be obtained as:

Te(t) = T]_ —+ (TEO — TL) ZAie_k’t
=+

i=

(27)

where A, = (ko — k_)/(ks — k_) and A_ = (k. — ko)/(ks — k_),

. Gep + G G
with ky = Gep/Ce and ky=1/ty = % TCZ
L (Gt G G, 4G5,

2 G c.) Gc,

As a result, T.(¢) exhibits a biexponential decay comprising a
fast (k) and a slow (k_) component. In the absence of the hot-
phonon effect, the fast decay rate k., approaches ko, and T(¢)
returns to a mono-exponential decay (A_ — 0), as described by
eqn (23) and (24). This model is consistent with experimental
observations of T.(t) in mixed halide perovskite thin films,
where a biexponential decay emerges at higher excitation
fluences.'™” The influence of the electron-phonon coupling
constant G, and phonon-phonon coupling constant Gy, on
the HC relaxation time constants are illustrated in Fig. 12(b).
Specifically, in the weak phonon-phonon coupling regime, the
fast component 7., which remains largely unaffected by G,,/Cy,

(@): (b)
o0 o no=20x10% em? Gy ICo =1 THz
W o np=50x10% cm L

< 900 "‘ AN no = 85x10 em™?
5 Q & N
2 o \ —
g % B R @
g m] Phe =y N k=3
2 ~ X N S
E o0 R N
g o > o s
3 sw ‘P{Fl Dot e
* b 2

00 P o B Ty

¥, z:?; “"e'
0.1 0.1

o0 02 04 06 08 10 12 14 0.01 0.1 1
Pump-probe delay time  (ps)

G,,/C, (THz)

Fig. 12 (a) HC dynamics of the MAPbBr3 thin film fitted with the two-
temperature model (TTM), reproduced with permission from ref. 117.
Copyright 2021 Chan et al. Advanced Energy Materials published by
Wiley-VCH GmbH. (b) The calculated fast and slow decay time constants
as a function of Gpp/Cj, at various Gep/Ce With a Cp = 20C,.
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decreases with increasing G.p,, whereas stronger phonon-pho-
non interaction (Gpp,) leads to a shorter 7_ that is insensitive to
Gep/Ce. Moreover, when G,/C,, exceeds ~1 THz, the 7, begins
to decrease while 7_ is accelerated with larger Gep/Ce.

Beyond experimentally motivated analyses, the non-equili-
brium dynamics of coupled HC and phonon populations can
be investigated theoretically using ab initio approaches based
on the time-dependent Boltzmann transport equation.**
Although such methods are well established for conventional
semiconductors, their application to halide perovskite systems
remains a frontier topic for future exploration.

3.1.4. Thermalization coefficient. In addition to the
aforementioned time-resolved techniques, steady-state PL mea-
surements can also provide valuable insights into HC cooling
rates and the underlying energy dissipation mechanisms.
An increase in HC temperature with excitation power, extracted
from steady-state PL analysis, has been observed in a wide
range of semiconductors.’”*"** This behaviour is a character-
istic signature of the hot-phonon bottleneck effect, arising from
the accumulation of non-equilibrium phonons under high
excitation densities. Under this condition, the carrier energy
loss rate is governed primarily by the decay of LO phonons and
can be expressed as:*"**7°

Py = @efkilﬁh
Lo

(28)

where n, is the number of participating phonon modes, E; o is
the LO-phonon energy, 710 is the LO-phonon lifetime, and Tep
is the carrier temperature. The temperature rise is defined as
AT = (Ten — To) with Ty, being the lattice temperature. Con-
sidering the energy balance under steady-state excitation, the
absorbed power P, equals the sum of the HC cooling loss Py,
and the carrier emission P.,. In practice, P, is typically
negligible compared to Py, and thus Py, X Paps. " Experi-
mental analyses have shown that the parameter ny/t1o scales
linearly with AT. As a result, eqn (28) can be rewritten in an
empirical form by introducing the thermalization coefficient Q,
which captures the slope of this linear relationship,

Eio

Paps = QATe *8Tan (29)

Fig. 13(a) shows the extracted Q values obtained using this
approach for perovskites with various chemical compositions,
along with a comparison between halide perovskites and other
semiconductor structures (Fig. 13(b)). Materials exhibiting low-
Q values correspond to slower HC cooling rates and are there-
fore promising candidates for HC solar cell applications. The
physical significance of Q is further demonstrated in a recent
study on the effect from A-site cation engineering via guanidine
(GA) incorporation. As shown in Fig. 13(c) and (d),"* a smaller Q
value, indicating slower thermalization, is observed with
increasing GA content. Importantly, the trend in Q extracted
from steady-state PL measurements is consistent with the HC
cooling time constants obtained independently from the TRPL
analysis.
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Fig. 13 Evaluation of the thermalization coefficient. (a) The plot of the
excitation power versus AT for three different perovskite thin films.
(b) Thermalization coefficients for various semiconductors. (a) and (b)
are reprinted with permission from ref. 43. Copyright 2022 American
Chemical Society. (c) Thermalization coefficients for halide perovskites
with different ratios of GA cation modification and (d) corresponding HC
dynamics extracted from TRPL measurements, reprinted from Ref. 11.
Copyright 2025, with permission from Elsevier.

3.2. Slow HC cooling for efficient carrier multiplication

Carrier multiplication (CM) or impact ionization, also referred
to as multiple exciton generation (MEG) in confined systems,
enables the generation of additional electron-hole pairs from a
single high-energy photon, offering a promising route toward
more efficient carrier-extraction devices. HCs possessing
kinetic energies several times larger than the bandgap can re-
excite additional carriers within a material by transferring the
excess energy to other carriers (or excitons) rather than to the
phonons. As a result, thermal loss is suppressed and an
enhanced photocurrent can, in principle, be achieved. In an
idealized framework, the CM rate constant kqy; and cooling rate
keoo! are related by:'3*

(m) 2
m E—-E m
K = kcoolP<7E th ) O(E — EX™) (30)

th

where P is a material-specific factor related to the CM prob-
ability (or CM efficiency n = P/(1 + P)), the superscript m denotes
the order of the CM process with a corresponding energy
threshold Ey,, and 0 is the Heaviside step function. In the limit
of large P, the CM rate can significantly exceed the cooling rate.
This relationship intuitively implies a step-like dependence of
the CM quantum yield on carrier energy," as illustrated in
Fig. 14(a). Under ideal conditions, a CM-enabled solar cell can
exhibit a power conversion efficiency (PCE) that substantially
exceeds the Shockley-Queisser (SQ) limit (Fig. 14(b)).

Since carrier cooling and multiplication are intrinsically
intertwined immediately after photoexcitation, TA spectroscopy
is a powerful technique for capturing HC energy redistribution
via carrier relaxation, reabsorption, or both. In TA measure-
ments, the presence of CM manifests as an enhanced early-time
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Fig. 14 Simulated CM quantum yield (CMQY) (a) and the corresponding
PCE (b). (c) Evidence of CM effects in FAPbls perovskites. Adapted
with permission from ref. 137. Copyright 2018, Li et al. Springer Nature.
Normalized band-edge bleaching dynamics for 7.5 nm FAPbls NCs under
different pump photon energies, with average exciton occupation number
(N) = 0.24. The inset shows similar measurements for the bulk-
counterpart. (d) CM effects in a Csp.os5FAgsMAg.45PbosSng sl thin film,
showing initial bleaching amplitude |AA| as a function of the required
photon flux I, for different pump energies. (a), (b) and (d) are adapted with
permission from ref. 13. Copyright 2023, Wang et al. Springer Nature.

band-edge bleaching amplitude when the pump photon flux
is sufficiently low to avoid other nonlinear effects. Under CM
conditions, the TA bleaching amplitude exhibits a stronger
dependence on the pump fluence; fewer incident photons are
required to achieve the same bleaching level compared to the
case without CM.

Accordingly, two primary approaches are commonly
employed to quantify CM. The first method compares the
initial bleaching amplitude with the long-delay amplitude
where carrier thermalization and cooling are complete, and
extracts the CMQY from their ratio, as shown in Fig. 14(c). The
second method fixes a reference bleaching amplitude and
examines its dependence on the incident photon flux
(Fig. 14(d)). This latter approach effectively mitigates unwanted
nonlinear effects, such as photo-charging and spectral diffu-
sion effect, although it does not directly resolve the carrier
dynamics.

Halide perovskites have emerged as promising CM candi-
dates for efficient electron-hole pair generation, supported by
their characteristically slow HC cooling processes reported over
the past decade.'>'*°7'*® Nevertheless, CM is fundamen-
tally constrained by the HC lifetime and competes with other
scattering mechanisms during carrier cooling. A high initial
carrier temperature combined with slow HC cooling is there-
fore favorable for efficient CM. Consequently, understanding
and engineering HC behavior in CM-active materials remains a
nontrivial challenge. For example, in Sn-based perovskites,
cation alloying has been shown to effectively enhance both
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the initial carrier temperature and HC lifetime, thereby pro-
moting cMm. Using the Csg ¢5FAg.sMAy 45PbosSng 513 system
and judicious device engineering, our group recently demon-
strated perovskite solar cells with internal quantum efficiency
exceeding 100%.'*> CM/MEG studies in halide perovskites'*®
and other emergent semiconductors**®™**> remain an active
area of research.

4. Summary and outlook

Carrier temperature and HC cooling rate are fundamental
physical parameters that directly determine the feasibility
of HC-based optoelectronic and photovoltaic applications.
Although a wide range of experimental techniques has been
developed for characterizing HC dynamics, inconsistencies in
data interpretation underscore the need for a deeper under-
standing of the assumptions, strengths and limitations asso-
ciated with each method in order to establish reliable and
reproducible practices.

In this tutorial review, we have focused on halide perovskites
as a representative material system to illustrate the character-
ization of HC properties using TA spectroscopy (including
pump-probe and pump-push-probe spectroscopies) and PL
spectroscopy. Upon photoexcitation, energetic carriers undergo
rapid thermalization through carrier-carrier scattering, forming
a FD distribution that can often be approximated by a MB
distribution when carrier energies lie sufficiently above the
quasi-Fermi level.*® This approximation is frequently adopted
for halide perovskites, sometimes without rigorous validation.

These HCs broaden the high-energy tails of PB features in
TA spectra and of emission profiles in PL spectra, as schema-
tically illustrated in Fig. 15. Consequently, MB statistics are
widely used to fit the high-energy tails of PB peaks in TA
measurements or the high-energy tails of PL spectra to extract
carrier temperatures. However, the extracted carrier tempera-
tures are highly sensitive to the chosen fitting window, leading
to considerable uncertainty and limited reproducibility.*® To
address these issues, full-spectrum fitting approaches that
explicitly incorporate the joint density of states, excitonic
effects and phonon-induced linewidth broadening etc., have
been developed and successfully applied to both TA and PL
analyses.*>®°

Overall, TA spectroscopy is generally regarded as the more
robust and accurate technique for determining carrier tem-
peratures, owing to its reduced susceptibility to recombination
pathways and emission-related distortions. In contrast, while
PL-based measurements are experimentally simpler and more
widely accessible, they require sufficiently strong HC light
emission and are more vulnerable to competing recombination
channels, phonon broadening and transient bandgap renor-
malization, all of which can bias the extracted -carrier
temperatures.”® As an alternative and complementary
approach, PPP spectroscopy enables direct interrogation of
HC populations by selectively re-heating thermalized carriers.
In PPP measurements, the push-induced HC population is
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Fig. 15 Schematics of photophysical processes of HC cooling in TA, PPP
and PL measurements.

reflected in the PB intensity, from which HC cooling dynamics
can be inferred (Fig. 15 (middle panel)). Although PPP offers a
conceptually straightforward route to tracking HC relaxation,
careful consideration must be given to potential artefacts arising
from multi-photon absorption induced by the push pulse.

Slower HC cooling is desirable for efficient HC extractions
and carrier multiplication. The HC cooling rate can be inferred
from the time-dependent carrier temperatures, the rise time
of band-edge PB signals in TA spectroscopy, PPP bleaching
dynamics, and thermalization coefficients, among other
metrics. Analysing HC cooling rates across different carrier
densities provides invaluable insights into the mechanisms
that impede carrier cooling. In halide perovskites, HC cooling
typically follows a monoexponentially decay at low carrier
densities, with sub-ps time constants driven by intrinsic energy
relaxation via LO phonon emission.> At higher carrier densities, the
hot-phonon bottleneck effect, involving non-equilibrium LO pho-
nons, extends the cooling time to several ps. Furthermore, Auger
heating at high carrier densities can further delay the cooling
process, resulting in multi-exponential decay profiles extending to
tens of ps. Beyond time-resolved measurements, fluence-dependent
steady-state PL can also be used to extract the thermalization
coefficients, where smaller values indicate slower HC cooling.

The mechanisms underlying slow HC cooling vary under
different conditions. In bulk halide perovskites, at low carrier
density (<10"® em™?), HC relaxation is primarily governed by
LO-phonon emission via electron-phonon scattering. Under
these circumstances, slower HC relaxation indicates weaker
electron-phonon coupling, which has been attributed to large
polaron screening of phonon scattering. Studies on MAPbDI;
thin films suggest that the hot-phonon effect begins to dom-
inate at intermediate carrier densities (>10"® cm ™), while the
Auger heating effect becomes significant at even higher carrier
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densities (~10" em™).® For nanocrystals, quantum confine-
ment leads to discrete energy levels that are more widely spaced
than the LO-phonon energy, rendering intra-level energy relaxa-
tion via LO phonon emission less efficient and giving rise to an
intrinsic phonon bottleneck effect. Therefore, HC cooling
mechanisms must be carefully analysed on a case-by case basis.

Despite significant progress in understanding HC dynamics
in lead halide perovskites, key challenges remain in fully
harnessing HC energy while minimizing losses to cold carriers.
Ongoing research efforts focus on tuning HC properties
through material composition, dimensionality, nanostructur-
ing, and phonon engineering, as well as in operando insights
into hot carrier dynamics.'** Although different mechanisms
govern HC cooling processes, this tutorial provides a frame-
work for evaluating and screening of HC behaviour in emergent
semiconductor systems, thereby supporting the development of
next-generation HC devices. Looking forward, further advances
in HC research will require the integration of multiple spectro-
scopic techniques with rigorous modelling frameworks that go
beyond simplified MB approximations. Combining ultrafast
spectroscopy with ab initio simulations, improved full spectrum
analysis, and standardized fitting protocols will be essential for
achieving quantitative consistency across different studies and
material systems. Such efforts will not only deepen our under-
standing of HC physics in halide perovskites, but also provide
critical design principles and modifications in conventional
device architectures for next-generation HC devices, including
carrier multiplication-based solar cells and hot-carrier-based
optoelectronics.
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