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Recent breakthroughs in hot carrier (HC) cooling dynamics within halide perovskite nanocrystals (NCs) have posi-
tioned them as promising candidates for next-generation optoelectronic applications. Therefore, it is of great importance
to systematically summarize advances in understanding and controlling HC relaxation mechanisms. Here, we offer an
overview of advances in the understanding of the HC cooling process in perovskite NCs, with a focus on influences of ex-
citation energy, excitation intensity, composition, size, dimensionality, doping, and core—shell structure on the HC cooling
times. Finally, we propose suggestions for future investigations into the HC cooling process in perovskite NCs.
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1. Introduction

In recent years, perovskite nanocrystals (NCs) have been
used extensively in optoelectronic devices such as light-
emitting diodes (LEDs),[1:?] lasers,?=! solar cells, and non-
linear optics,® due to their wide luminescence wavelength
tunability and exceptional photothermal stability.”-#] The hot
carrier (HC) cooling process can significantly impact the over-
all performance of these devices. For example, fast HC cool-
ing rates are advantageous for certain emission-related appli-
cations, particularly in lasers and LEDs. 19101 Fyrthermore, the
cooling time of HC directly influences the potential of high-
speed optoelectronic devices in key performance indicators
such as cutoff frequency.!!!l When the cooling time is short-
ened to approximately 0.3 ps or less, the switching time of
optoelectronic devices (such as photodetectors and all-optical
switches) can reach the terahertz frequency band.!'?! However,
in solar cells, rapid HC cooling significantly accelerates non-
adiabatic recombination, leading to greater energy loss,!3!4]
which is the primary reason that prevents single-junction so-
lar cells from surpassing the Shockley—Queisser limit.!'>! To
enhance efficiency, some researchers have attempted to ex-
tract HCs during the cooling process.!'®1°1 However, current
studies indicate that reusing the heat generated during this
process remains challenging. 20!
way to minimize energy loss is to modulate the HC cooling
process.[!8] To optimize the performance of perovskite NCs
in optoelectronic devices, it is crucial to understand the HC

1 Therefore, a more feasible
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cooling process and explore regulation strategies. '

Recent breakthroughs in the study of HC cool-
ing processes in perovskite NCs have marked significant
progress.?>*1 Given these advancements, a comprehensive
review of the HC cooling mechanisms in perovskite NCs is
both timely and essential. This review provides a detailed
summary of the factors influencing the HC cooling process,
including excitation energy, excitation intensity, composition,
size, dimensionality, doping, and core—shell structure. Finally,
we discuss prospective opportunities and challenges in ad-
vancing research on HC cooling in perovskite NCs.

2. Basic description of the HC cooling process

Charge carriers with excess energy above the band gap
produced by absorbing photons are known as HCs, which have
temperatures higher than the lattice temperature.!>>~28 These
HCs first release excess energy mainly through electron-
phonon (EP) coupling; then longitudinal optical (LO) phonons
decay into acoustic phonons, which subsequently diffuse the
energy into the lattice. The HCs rapidly relax to the energy
band edge on sub-picosecond time scales, a process known as
HC cooling. [26:29-30]

The HC cooling process can be affected by multiple
factors, many of which often occur simultaneously, such
as excitation energy, EP coupling strength, defect density,
phonon density, quantum confinement effects, and large po-
laron formation.31:3?1 Among them, EP coupling is the main

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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pathway for HC cooling in perovskites. Strong EP interac-
tions couple to lattice distortions, which are responsible for
large polaron formation.'*3! In addition, the effect of HC den-
sity on its cooling kinetics is very significant. Different car-
rier densities induce different cooling mechanisms. At lower
carrier density, the HC cooling process exhibits intrinsic ma-
terial properties. At relatively high carrier density, other phys-
ical phenomena also arise, such as the hot phonon bottleneck
(HPB) effect®*3¢1 (~ 10'® cm~3), Auger heating!33437! (~
10" cm™3), and the state-filling effect'*®! (= 10'° cm=3). All
these mechanisms significantly affect the HC cooling process.

In the following, we analyze the effects of these factors on
the HC cooling process, starting from excitation energy, exci-
tation intensity, composition, size, dimensionality, doping, and
epitaxial shell layer. Due to space limitations, only represen-
tative studies are discussed regarding the HC cooling process.

3. HC cooling in perovskite NCs
3.1. Impact of excitation energy

The excitation energy affects the excess energy of the
HCs, and larger excess energy generally leads to longer HC
cooling times.[1939 Niu er al.13% showed that, in both un-
doped and Ni**-doped CsPbl; NCs, increasing excitation en-
ergy prolonged HC cooling times. Similarly, Shukla et al.[*’]
observed slower HC cooling in CsPbBr; NCs when excited
at 300 nm compared to 420 nm. Li er al.'*! found that the
HC cooling time of FAPbI; (FA, formamidinium, CH(NHz)zr )
NCs (7.5 nm) increases with increasing excitation energy
for excitations below two bandgap energies (2Eg).
ever, at excitation energies above the multiple exciton gener-

How-

ation threshold (MEGy,), HC cooling instead becomes faster
(Figs. 1(a) and 1(b)). This is attributed to the fact that MEG
occurs through the anti-Auger process, and the multiexciton
shares the excess energy after excitation. Moreover, Meng et
al.'*?) found that at low excitation energies (near-bandgap ex-
citation), HCs of Mn-doped CsPbl; NCs are unable to acceler-
ate relaxation via the Mn orbital pathway. Instead, Mn doping
widens the phonon band gap and slows down HC cooling. At
high excitation energies, the Mn orbital pathway dominates
and accelerates HC cooling (Figs. 1(c) and 1(d)).

3.2. Impact of excitation density

Carrier density significantly affects the HC cooling pro-
cess, and high carrier density generally induces the HPB ef-
fect, mainly generated by the suppression of the Klemens
channel for LO phonon decay. Fu er al.®* found that at a
carrier density of 10'8 ¢cm3, the emergence of the HPB ef-
fect led to slow HC cooling. When carrier density exceeds
10" cm™3, the HPB in MAPbI; (MA, methylammonium,
CH3N H3+ ) and the Auger heating effect together further hinder
HC cooling (Fig. 2(a)). Li et al."! found in MAPbBr3 NCs
that Auger heating slowed down HC cooling at high carrier
density. Zhang et al.!*3] also concluded that HCs in MAPbBr3

NCs cool slowly at high excitation intensities. Dai et al.[**]

found that in MASnI3 NCs, when the initial carrier density
was below 10'® cm™3, HCs cooled rapidly mainly through
Frohlich interactions. When the injected carrier density ex-
ceeds ~ 10'® cm ™3, the HC cooling rate decreases due to the
HPB and non-radiative Auger heating processes, and the av-
erage carrier cooling time of MASnI3z NCs is prolonged by
~ 7 ps. Papagiorgis et al.'**! found that both effects are also
present in FAPbI; NCs at high excitation intensities, slowing
down HC cooling. Similarly, Hopper et al.!*! observed the
HPB effect in CsPbBr; NCs at high excitation intensities. This
shows that excitation intensity has a significant effect on many
materials. Moreover, the intrinsic properties of the material
are weakened at high excitation intensity. For example, Meng
et al."*?! found that in Mn-doped CsPbl; NCs, the phonon
bandgap widening due to Mn doping originally dominated at
low excitation energies. However, at high excitation intensi-
ties, the relaxation paths introduced by Mn doping are also
involved due to the Moss—Burstein effect, making it difficult
to distinguish from HC dynamics in undoped NCs.

Appropriate conditions can suppress the HPB and Auger
heating effects. Cong et al.’®! found that strong quantum
confinement due to the small size in CsPblz NCs suppresses
the HPB effect. Niu et al.’%! investigated HC cooling in
Ni-doped CsPblz NCs and found that while high carrier den-
sity ((No) = 20) induces HPB and Auger heating, Ni doping
can inhibit them to some extent, thus accelerating HC cooling
(Fig. 2(b)). Ye et al.'*) investigated HC cooling in CsPbBr3
and CsPbBr,]I3_, NCs with different defect densities. They
found that for NCs with low defect densities, high carrier den-
sities lead to HPB and Auger heating, which slow down HC
cooling. However, for NCs with medium or high defect den-
sities, these two effects are attenuated, thereby accelerating
HC cooling (Figs. 2(c) and 2(d)). Additionally, Dai et al.[*7]
reported anomalously fast cooling of FASnI3 NCs at high car-
rier density, due to the predominance of the multiple exciton
effect, providing a new pathway for HC relaxation.

3.3. Impact of components

Differences in NC composition directly influence intrin-
sic optical properties, including HC cooling rates. Focus-
ing on the A-site cations of perovskite, Yang et al.[*81 ob-
served that the carrier-phonon relaxation rate of FAPbI; is
roughly an order of magnitude slower than in cesium-based
counterparts. They attributed this difference to the introduc-
tion of organic cations, which promote upconversion of acous-
tic to optical phonons, effectively slowing the cooling pro-
cess via reheating. [*°! Moreover, Chan et al.!">! concluded that
organic-based perovskites (MA, FA) cool more slowly than
inorganic CsPbBr3. This slower rate can be attributed to the
faster formation of large polarons in the hybrid system,"!
which effectively screens the Coulombic interaction between
carriers and LO phonons, 33! thus slowing HC cooling.
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Fig. 1. (a) Normalized band-edge photobleaching dynamics of 7.5 nm FAPbI3 NCs at different excitation wavelengths. The dashed line represents
a single-exponential fit. The inset illustrates the bulk material case.[*!! (b) Band-edge photobleaching rise times of perovskite and PbS NCs at
different excitation energies. The gray area indicates the MEG threshold with energies below 2Eg.l4” (c) Power loss of Mn-doped CsPblz NCs at
carrier temperatures excited at 570 nm, and (d) at 400 nm. The blue and red lines represent CsPbl; and Mn-doped CsPbl; NCs, respectively.[4?!
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Fig. 2. (a) Temperature variation of HCs in MAPbI; under 2.48 eV excitation, with a carrier density of 0.4 x 10'® cm~3. The red line shows the
fit including both hot phonon and Auger heating effects, the purple line shows only the hot phonon effect, and the magenta line shows neither hot
phonon nor Auger heating effects.>*! (b) TA signal rise times of CsPbl3 and Ni:CsPbI3 NCs probed at the band edge under 340 nm excitation. 3!
HC cooling times of (c) CsPbBr3 NCs and (d) CsPbBr,I3_, NCs at different defect and carrier densities. [40]
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Fig. 3. (a) Bleaching dynamics of CsPbBr;, MAPbBr3, and FAPbBr3 NCs.27] (b) Schematic diagrams of calculated phonon modes in
MAPDBr3 and CsPbBr3. Doubly (x2) and triply (x3) degenerate modes are indicated.>’] (c) Rise time of ground-state bleaching signal of
CsPby s3Cdy 12Br3 NCs excited at 350 nm. % (d) Rise time of photobleaching signal for CsPbBrz with varying Cl content. [64]

However, the HC cooling rate in perovskite NCs shows
an opposite trend. Chen er al.!”’! reported that, at low ex-
citation intensities and identical excitation energies, the HC
cooling times of APbBr; (A = MA, FA, Cs) NCs follow the
order CsPbBrz > MAPbBr; > FAPbBr3 (Fig. 3(a)). This
On one hand, the
organic A-site cations (MA and FA) interact more strongly

can be attributed to two mechanisms.

with the Pb-Br frameworks due to their larger size com-
pared to Cs, thereby enhancing EP coupling. In contrast,
the smaller Cs cations exhibit limited mobility.[?%?753-61 On
the other hand, the presence of MA and FA cations intro-

54.55] which contribute to an

duces additional phonon modes, !
increase in the phonon density of states (DOS),?”->] as illus-
trated in Fig. 3(b). A similar study conducted by our group
showed that the introduction of organic A-site cations (R-1-
(1-naphthyl)ethylammonium, R-NEA) resulted in films with
faster HC cooling rates, supporting the above viewpoint by en-

1581 In addition, under similar conditions,

hanced EP coupling.
MA-based NCs exhibit a weaker Auger heating effect com-
pared to Cs-based NCs, which also helps explain the faster
HC cooling in organic-cation-based perovskites.>*! Overall,
the effect of A-site cations on HC cooling is not yet fully un-
derstood, and further studies are needed to establish a compre-
hensive explanation. >3

Modulation of the B-site elements can also affect HC
cooling behavior. Dai et al.!*’! found that Sn-based FASnI;
NCs exhibit stronger quantum confinement, leading to the
separation of energy levels. As a result, even at low carrier

density, FASnI3; NCs show HC cooling times 50-100 times

longer than those of Pb-based NCs under the same excitation

1.4 further demon-

conditions. Building on this, Dai et a
strated that increasing Sn content in Pb—Sn alloy perovskite
NC systems can effectively slow down HC cooling. In con-
trast, our group’s investigation of CsPb,Cd;_,Brs (x =1, 0.93,
0.88) NCs revealed that Cd-alloyed NCs exhibit shorter cool-
ing times (Fig. 3(c)).!°?) Similar conclusions were drawn for
CsPbg gZng I3 NCs.[®!] Thus, the effect of alloying on HC
relaxation should be analyzed in the context of specific condi-
tions.

Previous literature has shown that X-site elements can
also significantly affect HC cooling in perovskite NCs.[21:62.63]
Soetan and coworkers investigated CsPbBrs NCs substituted
with 16%, 22%, and 45% Cl. For 16% Cl-substituted NCs,
the Burstein—-Moss effect is attenuated at high pumping inten-
sities, and the HPB effect is slowed, accelerating HC cool-
ing. For 45% Cl-substituted NCs, the further acceleration
of HC cooling becomes negligible (Fig. 3(d)).[**! Interest-
ingly, I-substituted CsPbBr; NCs may show slower cooling,
likely due to the smaller high-frequency dielectric constant of
iodide-based perovskites, weakening Frohlich coupling and
EP scattering.[] Additionally, Ye et al.!*®! found that in
CsPbBr,I3_, NCs, HC cooling becomes faster with increasing
defect density, due to the reduction of HPB and Auger heating
effects.

3.4. Impact of size

The size effect plays a significant role in modulating
HC cooling behavior, primarily by altering energy levels via
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quantum confinement, which in turn affects the HC cool-
ing rate.l%0%71 A5 reported by Li and coworkers,!'”! the HC
cooling rate of small MAPbBr3 NCs is roughly half that of
their bulk counterpart. This behavior can be attributed to the
transformation from continuum to discrete energy levels as
the size decreases. Although reducing the size enhances EP
coupling,[%®! quantum confinement remains dominant at the
nanoscale. This causes excitons to release energy via Auger
reheating, 1091 which slows down HC cooling. Furthermore,
the separation of energy levels limits phonon scattering chan-
nels, leading to a pronounced intrinsic phonon bottleneck ef-
(701 Simi-
larly, small FASnI3; NCs exhibit HC cooling rates roughly half
those of their larger counterparts, as shown in Fig. 4(a).[*”]

fect during cooling, independent of carrier density.

It should be noted that the size effect on HC cooling is
not completely linear, as Oriel et al.[%! recently reported. Al-
though the cooling rate of CsPbBr3 NCs under weakly con-
fined conditions slows down as the size decreases, the HC
rate accelerates when the size enters the strong confinement
regime, as illustrated in Fig. 4(b). This observation aligns with
previous studies by Kim et al.’° and Cong et al.!*! They sug-
gested that in strongly confined NCs, the HC cooling process
is primarily governed by Auger recombination. This effect
intensifies with decreasing size, enhancing Coulomb interac-
tions and thereby suppressing the intrinsic phonon bottleneck

(a) 2
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o

o
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© ~9.7 nm NCs g - &
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effect, which would otherwise retard cooling. [71,72]

However, the influence of size on the HC cooling pro-
cess remains controversial.[*?] In 2017, Butkus et al.[?] stud-
ied CsPbBr3 NCs with a size of 4.1 nm, smaller than the Bohr
diameter of ~ 7 nm, and found that the HC time was nearly
identical to that of NCs with sizes of 8.6 nm and 7.3 nm. They
concluded that the intrinsic bottleneck effect originates from
the material itself. Furthermore, enhanced quantum confine-
ment does not cause significant changes in the electronic states
or phonon distributions associated with HC cooling.[”3 In
2019, Diroll e al.'”*! observed a similar size-independent phe-
nomenon in weakly confined CsPbBr; NCs (Fig. 4(c)). They
suggested that the HC cooling process of these NCs is less af-
fected by surface states. For strongly confined CsPbBr; NCs
of varying sizes, Li et al.'”>! reported that nonadiabatic cou-
pling induced by surface ligands dominates, leading to sim-
ilar HC cooling rates. In 2020, Boehme et al.’%! attributed
the size-independent HC cooling time to the similar DOS in
CsPbBr3 NCs of different sizes, as shown in Fig. 4(d). Al-
though size-dependent effects were observed in CsPbBr;z NCs
smaller than 0.8 nm, these were attributed to stoichiometric
deviations arising from their ultra-small size, forming struc-
tures similar to Cs4PbBrg. Overall, this work suggests that
size effects have minimal influence on HC cooling behavior in
CsPbBr; NCs.
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Fig. 4. (a) HC relaxation times of FASnI3 NCs of different sizes at a given carrier density.[*’! (b) HC lifetimes of CsPbBr3 NCs with varying sizes
under a given pump energy.!%! (c) HC lifetime constants of CsPbBr; NCs under pump excitation 1 eV above the bandgap.!’* (d) Electronic,
hole, and phonon spectra of CsPbBr; NCs with different sizes. Phonon spectra are similar across all sizes, except for the smallest NC (0.8 nm).[7°!
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3.5. Impact of dimension

Quantum confinement effects significantly influence the
HC cooling process. Compared to two-dimensional (2D)
nanoplatelets (NPLs) and zero-dimensional (0D) NCs, one-
dimensional (1D) FAPbBr3; nanowires (NWs) exhibit intrinsi-
cally fast cooling, independent of carrier density.”” In 2020,
Shukla et al.14%! observed that 2D CsPbBr3 nanosheets (NSs)
exhibit stronger quantum effects than three-dimensional (3D)
NCs, because strong quantum confinement causes electrons
and holes to behave as individual particles rather than bound
excitons,!”’! enhancing their coupling, which leads to faster
cooling than in 3D NCs.

Dimensionality affects not only quantum confinement but
also interactions between carriers and phonons. Hintermayr et
al.'"?) found that 2D MAPI NPLs (layer n = 1) exhibit faster
HC cooling than their quasi-2D (layer n > 1) counterparts. The
expected HPB effect was absent despite reduced phonon states

(a) 3D 2D
= MAPI g
._g 0 phonon _g
] : [ * w
VB T

<———~20nm———p <~2nmp

(c)

Normalized -AOD

PR

0.1 _1 10 1001000
Time delay (ps)

(d) Direct Thermag:)issipation

Triplet-Exciton

and density. This behavior arises from the larger surface-
to-volume ratio at smaller layer numbers (7). It reduces the
probability of in-plane thermal phonon reabsorption, allowing
phonons to transfer energy to the surrounding environment,
In 2022, Villamil et al.10787) at-
tributed the faster HC cooling rate with decreasing dimension-

as shown in Fig. 5(a).

ality to stronger quantum confinement, which enhances EP
coupling and accelerates nonadiabatic recombination.!”7-80 In
2023, Carwithen ef al.'’3! linked the suppression of the HPB
effect in CsPbBr; NPLs to the larger exciton binding energy
(Fig. 5(b)). In this regime, carrier—carrier scattering dominates
the HC cooling mechanism, raising the critical phonon density
required for the HPB effect. In 2024, Zhu et al.’!) reported
that decreasing the number of layers (n) of CsPbBr; NPLs
increases the defect density, increasing surface-defect-related
nonadiabatic carrier processes, which accelerate cooling, as
shown in Fig. 5(c).

(b)
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Fig. 5. (a) Schematic diagrams of HC cooling between quasi-2D/quasi-3D (layer n > 1) and 2D (layer n = 1) MAPI NPLs.1?! (b) Approximate
inverse relationship between exciton binding energy and HPB effect density (f) in different CsPbBr3 structures. ?! (¢) Normalized ground-state
bleaching dynamics of 2L, 3L, and 4L (layer n = 2,3,4) CsPbBr3 NPLs.[8!! (d) Schematic of the coupling mechanism among single excitons,

triple excitons, and phonons in 2D NPL quantum wells. 831
Moreover, the lower dielectric environment of the 2D NSs
and NPLs reduces screening of the Frohlich interaction!#0-821
and facilitates rapid energy dissipation through direct con-
tact with the surrounding environment.[1%12] Tn 2022, Sun er
al.’®) observed that 2D few-monolayer CsPbBr; NPLs ex-
hibit rapid HC cooling independent of carrier density, in con-
trast to the slower cooling in OD and 3D CsPbBrz NCs due
to the HPB effect. This suggests a unique heat dissipation
mechanism in 2D quantum wells (QWSs), which cannot be
fully explained by conventional LO phonon scattering. To
explain this, Sun et al.’®¥ proposed an out-of-plane triple
exciton-phonon coupling mechanism, as shown in Fig. 5(d),
where phonons rapidly dissipate into the out-of-plane environ-

ment following Frohlich-like interactions with triple excitons,
thereby preventing phonon accumulation and the HPB effect.

3.6. Impact of doping

Ion doping can create additional energy bands in semi-
conductor materials, which can affect the carrier relaxation
process. Meng et al.'*?! studied the HC cooling process in
CsPbl; NCs doped with different concentrations of Mn ions.
At an excitation energy of 3.1 eV, the HC cooling time exhib-
ited a trend of first decreasing and then increasing as the dop-
ing concentration increased. At low doping concentration, the
relaxation channel and enhanced EP coupling introduced by
Mn doping dominate, thereby accelerating HC cooling. How-
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ever, at high doping concentration, phonon bandgap widening
induced by Mn doping dominates, slowing LO phonon decay
and consequently reducing the HC cooling rate (Fig. 6(a)). Dai
et al.'>* found that when a small amount of Sn ions was intro-
duced into the Pb-iodide nanocrystalline systems, the carrier
cooling rate of MASn,Pb;_,I3 became faster, which was at-
tributed to an increase in defect density. However, when the
Sn content is further increased, it leads to shielding of the
Frohlich interactions and increases the energy difference be-
tween LO and acoustic phonons. As a result, LO phonon de-
cay through the Klemens channel is suppressed, and thermal
conductivity decreases, affecting acoustic phonon transport.
Collectively, these three mechanisms contribute to slower HC
cooling in Sn—Pb alloyed NCs.

Defects may be passivated by doping, which can influ-
ence the HC cooling process. Dai et al.>*! reported that HC
cooling of CsSng4Pbg ¢ls NCs doped with Na ions exhibited
slower HC cooling at both low and high pump intensities. This
is because Na doping passivates sub-bandgap defect states
and decouples HCs from these states, resulting in longer HC
lifetimes, reduced energy loss rates, and a more pronounced
HPB effect. Zhuang and coworkers observed that Sm3*-doped
CsPbBrCl, NCs (50.28 ps) exhibited a longer HC lifetime than
CsPbBrCl, NCs (33.32 ps) (Fig. 6(b)). They concluded that
Sm doping effectively passivates trap sites, thereby slowing
carrier cooling.!®*! In addition, Bose et al.®3) investigated the
HC cooling process of Cu-doped CsPbl; NCs. They found that
the Cu-doped NCs introduced shallow defect states of Cu 3d
and Cu 4s in the conduction band, extending the Auger recom-
bination time from 8.0+ 0.4 ps to 12.0 £ 0.4 ps. This retained

the phonon bottleneck effect and consequently prolonged the
HC cooling time.

Niu et al.®% investigated the HC cooling process of Ni-
doped CsPbl; NCs. First-principles calculations confirm that
Ni doping enhances electron—LO phonon coupling, generates
additional energy states at the band edges, increases the ef-
fective carrier mass, and reduces the phonon bandgap, which
contributes to the opening of the Klemens channel (Fig. 6(c)).
The observed lifetimes of LO and acoustic phonons confirm
that Ni doping facilitates the opening of Klemens channels,
thus mitigating the HPB effect. Marjit er al.'¢ reported that
Bi-doped CsPbBr3 NCs increased the density of states of low-
energy optical phonons and the Born effective charge, both of
which lead to higher EP scattering rates and the formation of
localized energy bands within the conduction band (anti-defect
states), accelerating HC cooling (Fig. 6(d)).

Notably, the type of defects has a significant impact on
HC cooling times. Zhou et al.!®”! demonstrated that, in con-
trast to vacancy point defects, interstitial point defects can re-
duce band degeneracy, weaken HC—phonon interactions, di-
minish nonadiabatic coupling, and ultimately slow down HC
cooling by a factor of 1.5-2. Defect tolerance is crucial for
Ye et
al.1*% investigated the influence of intentionally introduced
traps on HC relaxation in CsPbX3 (X = Br, I, or their mix-
tures) NCs . They demonstrated that perovskite NCs exhibit
defect tolerance only in the presence of shallow traps. How-

achieving efficient lead halide perovskite materials.

ever, deeper traps accelerate HC cooling, thereby suppressing
the hot phonon bottleneck and Auger reheating effects.
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Fig. 6. (a) Average HC lifetime of CsPblz NCs as a function of Mn-doping concentration.*?] (b) Normalized carrier decay fits of the control
group (undoped) and Sm-doped CsPbBrCl, at 400 nm excitation.!$¥ (c) Phonon dispersion spectra of Ni-doped CsPbl3 (left panel) and the
projected density of states of different elements (right panel), with the red line indicating the acoustic phonon mode and the low-frequency LO
phonon mode highlighted within the blue dashed box."! (d) Kinetics of bleaching signal formation of undoped and 5% Bi-doped CsPbBr3 NCs

at 3.1 eV excitation energy. %]
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Table 1. Comparison of HC cooling times of various perovskite NCs.

Influence factor Samples HC cooling time Ref.
Component CsPbBr; 390420 fs ((Np) ~ 0.1, 350 nm) [27]
MAPbBr3 270420 fs ((Ng) ~ 0.2, 350 nm) [27]

FAPbBr; 21020 fs ((No) ~ 0.1, 350 nm) [27]

CsPbl3 0.38£0.01 ps (ng ~ 1.4 x 1017-7.8 x 10'7 cm~3, 470 nm) [53]

FAPbI; 0.2940.01 ps (ng ~ 1.4x 10'7-7.8 x 10" cm™3,470 nm) ~ [53]

MAPbI3 0.2540.01 ps (ng ~ 1.4 x 10'7-7.8 x 10'7 cm ™3, 470 nm) [53]

FA( sMA sPblz 7.940.4 ps (ng ~ 1 x 10'8 cm™3, 470 nm) [53]

FA(.5Cso.sPbl3 8.440.4 ps (ng ~ 1 x 10'® cm™3, 470 nm) [53]

MA.5Csg.5Pbl3 6.8+0.3 ps (ng ~ 1 x 10'8 cm—3, 470 nm) [53]

CsPbBr; 570 fs (330 nm) [95]

CsPbyg,Cdg gBr3 233+ 15 fs ((Ng) ~ 0.6, 330 nm) [95]

CsPbBr3 396 fs ({No) ~ 0.5, 350 nm) [60]

CsPby.93Cdy ¢7Br3 350 fs ({Np) ~ 0.5, 350 nm) [60]

CsPby ggCdy.12Br3 314 fs ((No) ~ 0.5, 350 nm) [60]

CsPbl; 804 fs ((Np) ~ 2.3, 350 nm) [61]

CsPbg gZng 13 715 fs ((No) ~ 2.7, 350 nm) [61]

CsPbBr;3 0.60 +0.02 ps (400 nm) [64]

CsPb(Bry.34Cly.16)3 0.41£0.01 ps (400 nm) [64]
CsPb(Brg.78Cly22)3 0.4140.01 ps (400 nm) [64]

CsPb(Bry 55Clo.45)3 0.41+0.01 ps (400 nm) [64]

CsPbBr3 3.840.3 ps (ng ~ 12.5 x 10" cm™3, 400 nm) [46]

CsPbBr,J;3_, 7.140.1 ps (ng ~ 58.0 x 10'7 cm~3, 400 nm) [46]

Size MAPbBr3 (4.9 nm) ~ 0.7 ps (ng = 15 x 10'7 cm=3, 800 nm) [19]
MAPDBr3 (8.9 nm) ~ 0.6 ps (ng = 2.6 x 10'7 cm~3, 800 nm) [19]

MAPbBr3 (11.6 nm) ~ 0.5 ps (ng = 1.4 x 10'7 cm~3, 800 nm) [19]

FASnI; (10.9 nm) 3.35+2.36 ps (400 nm) [47]

FASnI3 (9.7 nm) 4.42£0.51 ps (400 nm) [47]

FASnI; (8.5 nm) 14.3 3.2 ps (400 nm) [47]

MAPbBr3 (1.9 nm) 0.7 ps ({No) = 2.5) [59]

MAPDBr3 (4.9 nm) 1.2 ps ((Np) = 2.5) [59]

MAPbBr3 (9.6 nm) 4.4 ps ((No) = 2.5) [59]

CsPbBr3 (8.6 nm) 319 = 54 fs (400 nm) [62]

CsPbBr3 (7.3 nm) 325+ 31 fs (400 nm) [62]

CsPbBr3 (4.1 nm) 363 £20 fs (400 nm) [62]

Dimension 0D MAPbBr;3 0.28 ps (ng ~ 2 x 10'8 cm—3, 388 nm) [77]
1D MAPbBr;3 0.23 ps (ng ~ 2 x 1018 cm—3, 388 nm) [77]

2D MAPbBr;3 0.34 ps (ng ~ 2 x 10'8 cm—3, 388 nm) [771

2D CsPbBr3 3L-NPLs 82 fs (375 nm) [81]

2D CsPbBr3 4L-NPLs 119 fs (384 nm) [81]

2D CsPbBr3 2L-NPLs 14010 fs ((Ng) ~ 0.15, 400 nm) [82]

2D CsPbBr3 3L-NPLs 167 £ 15 fs ((No) ~ 0.15, 400 nm) [82]

2D CsPbBr3 4L-NPLs 21020 fs ((Ng) ~ 0.15, 400 nm) [82]

2D CsPbBr; 5L-NPLs ~ 0.3 ps ({No) = 8.4, 400 nm) [83]

Doping CsPbl; 710 fs ((Ng) ~ 0.1, 340 nm) [30]
Ni:CsPbl; 620 fs ((No) ~ 0.1, 340 nm) [30]

CsPbBrCl, 33.32 ps (400 nm) [84]

CsPbBrCly:Sm3* 50.28 ps (400 nm) [84]

CsPbl; 0.39+0.04 ps (400 nm) [85])

Cu:CsPbls 0.47 £0.04 ps (400 nm) [85]

CsPbBr;3 560 10 fs (400 nm) [86]

5% Bi-doped CsPbBrj3 400+ 15 fs (400 nm) [86]

10% Bi-doped CsPbBr3 300 + 14 fs (400 nm) [86]

Epitaxial shell CsPbBrj 560 =+ 8 fs ({(No) ~ 1.5, 400 nm) 9]
CsPbBr3/Cs4PbBrg 265+ 5 fs ({(No) ~ 1.5, 400 nm) [9]

MAPbBr;3 194 fs ((No) ~ 0.4, 350 nm) [93]

MAPbBr3/MA, _Cs,PbBr3 194 fs ({No) ~ 0.4, 350 nm) [93]

CsPbBr; @ZnS 220 fs ((No) ~ 0.4, 400 nm) [94]

CsPbBr3 490 fs ((No) ~ 0.4, 400 nm) [94]
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3.7. Impact of epitaxial shell

Perovskite NCs are susceptible to thermal instability
and environmental degradation, which compromises their
performance. ®] To address this, epitaxial growth of a shell
material on the NC core can provide a physical barrier, passi-
vate surface trap states, and enhance the fluorescence quantum
yield. 3901

Kaur et al.®'9?! grew Cs4PbBry shell layers with a larger
bandgap on CsPbBr3 NCs. They observed that strong Frohlich
interactions in CsPbBr3 @CssPbBr¢ lead to large polaron for-
mation, which slows HC cooling. At higher bandgap exci-
tation (300 nm), carriers are generated in both the core and
shell, enhancing carrier redistribution between the core and
shell, and further slowing cooling (Fig. 7(a)).

Our group found that the HC cooling times of MAPbBr3
and MAPbBr; @MA|_,Cs,PbBr; NCs are roughly compa-
rable at low excitation intensities (~ 194 fs). At high ex-
citation intensities, the cooling time of the core/shell NCs

91,92

(~420 fs) is significantly longer than that of bare cores
(252 fs). Temperature-dependent luminescence spectra indi-
cate that the slower HC cooling in the core/shell NCs is likely
due to weaker EP coupling.!?!

Nie et al.!) reported epitaxial growth of Cs4PbBrg on
CsPbBr3 NCs via interface engineering. They found that the
HC cooling time was significantly shortened from 560+ 8 fs to
265 £S5 fs at 400 nm pump excitation. Computational analysis
revealed that interfacial coupling between the LO phonons of
Cs4PbBrg and electrons in CsPbBr3 NCs facilitates rapid HC
cooling. The low energy and large number of LO phonons in
Cs4PbBryg activate an effective Klemens channel.

Ren et al.!®* found that in CsPbBr; @ZnS NCs, hot holes
from the CsPbBrj core are transferred to the ZnS shell. The
excess energy of these hot holes is dissipated via ZnS phonons,
reducing hot-phonon accumulation in CsPbBr; NCs and accel-
erating HC cooling, while diminishing sensitivity to excitation
intensity (Figs. 7(b) and 7(c)).
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Fig. 7. (a) Comparative kinetics of CsPbBrs @Cs;PbBrg core/shell NCs monitored via band-edge bleaching.°!l (b) Band-edge photobleaching
rise times of CsPbBrs and CsPbBrz @ZnS NCs under 400 nm excitation.**! (c) Normalized band-edge bleaching dynamics of CsPbBrz @ZnS

NCs at different excitation intensities.**]

To facilitate readers’ understanding of the factors influ-
encing HC cooling dynamics in perovskite NCs, we provide
a comparative analysis of HC cooling times across different
materials reported in the literature, as summarized in Table 1.
Here, (No) denotes the average number of excitons generated
per NC, and n represents the carrier density.

4. Conclusion and perspectives

Based on the above discussions, it is evident that HC cool-
ing is a complex process influenced by multiple factors, with
some effects being controversial or occasionally contradictory.
Nevertheless, certain aspects have reached a consensus in the
research community.

(i) The excitation energy directly impacts the HC cooling
process. Generally, increasing the excitation energy prolongs
HC cooling time. However, when the excitation energy ex-
ceeds the multiple exciton generation threshold, the HC cool-
ing process may be accelerated.

(i) Two-dimensional perovskite materials, such as per-
ovskite NSs and NPLs, typically exhibit out-of-plane scat-
tering channels, which contribute to the suppression of HPB
effects even at high carrier densities. Additionally, 2D per-

ovskite NSs and NPLs possess higher exciton binding energies
than 3D NCs, enhancing Coulombic interactions, which often
results in faster HC cooling rates compared to 3D NCs under
the same conditions.

(iii) Doping with certain metal ions (e.g., Sm>*, Cu®**)
may passivate defects in perovskite NCs, thereby slowing HC
cooling. Conversely, introduction of metal ions such as Ni**
and Bi** can enhance EP coupling, accelerating the HC cool-
ing process.

(iv) Core-shell structures can significantly influence HC
cooling. On one hand, they facilitate the transfer of HCs from
the core to the shell, reducing the number of hot phonons in
the core and accelerating HC cooling. On the other hand, they
may also induce the formation of large polarons, which can
slow down HC cooling.

Given the unresolved challenges in HC cooling dynamics
within perovskite NCs, future investigations should prioritize
the following directions:

(i) Defect engineering and trap-state modulation. The im-
pact of defects on HC cooling is complex. Systematic studies
are needed to elucidate how different defect types (e.g., va-
cancies, interstitials, dopants) influence HC relaxation path-
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ways and to establish quantitative correlations between defect
energy levels and cooling rates.

(i) Multiscale modeling. Existing theoretical models
require closer integration with experimental data. Combin-
ing nonadiabatic molecular dynamics simulations with first-
principles calculations could reveal atomic-level mechanisms
of HC cooling influenced by defects, interfaces, and lattice vi-
brations.

(iii) Interplay of multiple factors. While individual fac-
tors affecting HC cooling have been well investigated, few
studies have systematically explored their combined effects.
Given the prevalence of multifactorial influences in practical
applications, it is imperative to elucidate how multiple factors
collectively modulate HC cooling dynamics.

(iv) Interdisciplinary collaboration. Through interdisci-
plinary efforts spanning materials design, theoretical model-
ing, and advanced characterization, researchers can overcome
current bottlenecks in HC energy loss and propel perovskite
optoelectronic devices beyond conventional efficiency limits.
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