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Rapid hot-carrier cooling is a major loss channel in solar cells. Thermodynamic calculations 

reveal a 66% solar conversion efficiency for single junction cells (under 1-sun illumination) if 

these hot-carriers are harvested before cooling to the lattice temperature. A reduced hot-

carrier cooling rate for efficient extraction is a key enabler to this disruptive technology. 

Recently, halide perovskites emerge as promising candidates with favorable hot-carrier 

properties: slow hot-carrier cooling lifetimes several orders of magnitude longer than 

conventional solar cell absorbers; long-range hot-carrier transport (up to ~600 nm) and highly 

efficient hot-carrier extraction (up to ~83%). This review seeks to present the developmental 

milestones; distill the complex photophysical findings and highlight the challenges and 

opportunities in this emerging field. A developmental toolbox for engineering the slow hot-

carrier cooling properties in halide perovskites and prospects for perovskite hot-carrier solar 

cells will also be discussed. 

 
1. Introduction 

The phenomenal rise in photovoltaic (PV) efficiencies of organic-inorganic halide perovskites 

heralded a new era of low-cost solution-processed photovoltaics with current record 

efficiencies surpassing 22%.[1-5] Recently, improvements to perovskite solar cells efficiencies 

have been extremely sluggish. To drive efficiencies towards their Shockley-Queisser (SQ) 
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limit and beyond, one unconventional approach to invigorate the field is to explore novel 

concepts like hot-carrier solar cell (HCSC). For all single junction solar cells, including 

perovskite solar cells, rapid cooling of hot-carriers (HCs) is a major energy loss process. 

Much higher solar cell efficiency is theoretically possible if such energy loss is mitigated. The 

basic idea behind HCSC is to extract these HCs before they lose their excess energy as heat. 

Thermodynamic calculations disclose that single-junction HCSC solar conversion efficiency 

can exceed the SQ limit (~33% for standard cell with band gap 1.4 eV) and reach around 66% 

under 1-sun illumination.[6] However, HC cooling typically occurs very rapidly (within 

hundreds of femtoseconds), making HCs extraction extremely challenging. A reduced HC 

cooling rate in solar absorbers is therefore a key material criterion for realizing HCSC.  

 

Halide perovskites possess novel slow HC cooling properties favorable for development as 

HCSC. Since the first reports of slow HC cooling (~ 0.4 ps) in MAPbI3 polycrystalline thin 

films,[7, 8] there have been growing interests about this novel phenomenon. Li et al. reported a 

drastic slowdown of HC cooling by a further 2 orders in MAPbBr3 colloidal nanocrystals 

(~30 ps) and demonstrated efficient (~83%) extraction of HCs with an energy selective 

organic layer.[9] Long HC transport lengths (~600 nm) in MAPbI3 thin films were visualized 

by Huang et al.[10] These exciting findings forebode the potential of perovskite HCSCs that 

could dramatically boost perovskite solar cell efficiencies beyond their SQ limits. Presently, 

the origins and mechanisms of slow HC cooling in halide perovskites remain fragmented and 

confusing with disparate models being proposed. A clear understanding of the intrinsic 

photophysics of HC cooling is essential for further technological developments.  

 

In this review, we examine the milestones and advancements of slow HC cooling in halide 

perovskites and distill their photophysical mechanisms. We begin with a brief introduction of 

the operation principles of HCSCs and carrier relaxation processes, followed by highlighting 
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the seminal experimental and theoretical works on slow HC cooling in halide perovskites, 

before explicating their origins and mechanisms. A developmental toolbox for engineering 

slow HC cooling in halide perovskites and developing new perovskite materials with slower 

HC cooling will also be discussed.  Lastly, we highlight the challenges and opportunities for 

perovskite HCSCs. 

 

2. How hot carriers can be used? 

We begin with a quick overview of the several concepts for high-efficiency solar cells. Figure 

1a illustrates the energy band diagram of a typical single junction solar cell with its major 

energy loss processes following light illumination.[11, 12] In all solar cells, photons possessing 

energies greater than the semiconductor bandgap can create free carriers or excitons with 

excess energies above the bandgap. These carriers or excitons with a temperature higher than 

the lattice temperature are termed “hot carriers” or “hot excitons”. These hot species then 

rapidly relax (within sub-picoseconds) to the band edge by losing their excess kinetic energies 

to phonons (or as heat) via electron-phonon scattering, before becoming available for 

transport to the contacts for charge extraction. This loss of energy to the phonons (i.e., HC 

cooling) constitutes one of the major loss channels for PV efficiency, e.g., ~ 25% in a single 

junction perovskite solar cell with bandgap 1.5eV (i.e., corresponding to MAPbI3) (Figure 1b). 

 

Figure 1c shows a wide range of PV concepts capable of exceeding the conventional SQ limit 

through minimizing the above losses.[12, 13] Essentially, the concept of HCSC is based on the 

collection of “hot” carriers, arising from the absorption of the wide range of photon energies, 

to the external circuit whilst they remain hot, thereby increasing the voltage of the cell.[11, 14] 

Extending the original SQ detailed balance approach to HCSC, Figure 1c shows the 

thermodynamic solar conversion efficiency for an ideal single-junction HCSC (i.e., assuming 

no loss of excess energies above threshold) to be as high as ~67%,[6] which is approaching the 
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efficiency limit of an infinite tandem cell under 1-sun irradiation (Figure 1d, green lines). To 

stretch the HCSC limits even further, concentrated solar irradiation can also be applied.[15]  

For instance, the efficiency can reach as high as ~75% under a concentration of 100 Suns 

irradiation for 3000K-HCs (Figure 1d, orange lines).  

 

A related approach that leverages slow HC cooling for efficient energy extraction of HCs is 

multiple exciton generation (MEG). MEG or carrier multiplication (CM) is a process that 

generates more than one electron-hole pair from the absorption of one high-energy photon 

(with at least twice the bandgap energy, Eg), which can boost the photovoltaic efficiencies to 

~44% - Figure 1c.[16-18] Perovskite NCs with their novel slow hot-carrier cooling [9] are 

therefore also highly promising candidates for MEG. Indeed, Li et al. most recently 

demonstrated efficient MEG (up to ~75% in slope efficiency) with low MEG thresholds 

(down to ~2.25Eg) in intermediate-confined colloidal formamidinium lead iodide nanocrystals 

[19] – aptly highlighting their potential for MEG solar cells.  The abovementioned tandem cell 

(or multi-junction cell) tackles the HC energy loss problem in a slightly different 

approach.[20,21] In these cells, multiple absorber materials with different band gaps are stacked 

sequentially to absorb different wavelength regions of the solar spectrum; and connected via 

tunnel junction layers for charge extraction. Effectively, this approach can help mitigate the 

HC energy loss problem in a single bandgap absorber by extending the absorbance to a wider 

range of wavelengths with multiple sub-cells – thereby exceeding the single-junction 

efficiency limit.  Nonetheless, tandem cells are both highly complex and costly, requiring 

meticulous and challenging fabrication. Here, our review focuses primarily on HCSC. 

 

Although HCSCs offer such attractive high efficiencies (Figure 1c), a major hurdle to 

realizing practical devices is the fast cooling of HCs in the absorber material. Conventional 

semiconductor materials (such as GaAs[22], InN[23] etc, see Table 1) suitable for HC absorbers 



  

5 
 

are few and far between. Attempts to leverage the hot phonon bottleneck effect observed in 

InN for photovoltaics have been unsuccessful due to various reasons such as challenging 

fabrication process, poor material quality and low abundance of In, etc.[24, 25] This traditional 

hurdle can now be transcended with halide perovskites.[22, 26-31] We shall next review the 

dynamics of HC cooling in semiconductors, followed by a discussion on the findings of slow 

HC cooling dynamics in halide perovskites; and subsequently a review of its origins and 

mechanisms. 

 

3. Typical HC Cooling Dynamics 

Figure 2 shows the basic photophysical processes of HC cooling in semiconductors and a 

schematic evolution of the electron and hole distributions with time following above bandgap 

pulsed laser excitation.[14] After absorbing the high energy photons (Process 1), the HCs will 

redistribute the energy and relax via various pathways to reach thermal equilibrium with the 

lattice. The energetic carriers will first thermalize among themselves through carrier-carrier 

interactions and intervalley scattering. This process occurs very rapidly (within 100 fs) and is 

usually called carrier thermalization (Process 2), which eventually result in the HCs fulfilling 

the Boltzmann statistics with a carrier temperature Tc that is larger than the lattice temperature 

TL. The HC thermalization process in halide perovskite shows some similarities. Direct 

observation of ultrafast carrier thermalization in perovskites was first reported by Richer, et al 

using two-dimensional electronic spectroscopy with a characteristic thermalization time from 

10 fs to 85 fs.[28]  

Following carrier thermalization, the thermalized HCs will start to equilibrate with the lattice 

mainly through inelastic carrier-phonon interactions. The next stage is known as “cooling” of 

HCs, which comprises of processes 3-5. However, the term thermalization has often been 

erroneously ascribed to this process, which causes confusion with the earlier stage of 

equilibration. To make matters worse, the term “thermalization loss” is often used by the PV 
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community to refer to the loss of the HC’s excess energy as heat. Here, we follow the 

definition set by the ultrafast community and distinguish that the earlier stage of carrier 

relaxation (immediately following photoexcitation) refers to carrier thermalization while the 

subsequent process as carrier cooling.  

 

Generally, HC cooling via electron-LO-phonon scattering (process 3) occurs within 1ps. Due 

to the polar nature of the perovskites, the dominant relaxation pathway for the HCs in 

perovskites is through Fröhlich interactions, i.e., electron-LO-phonon scattering. Notably, 

polarons can also be formed during process 3, due to the large electron-phonon interactions 

coupled with lattice deformations.[32] A polaron is formed through the interactions between a 

charge carrier and its surrounding lattice, where the carrier and surrounding polarization then 

behaves collectively like a quasi-particle. The electron-LO-phonon scattering process 

continues till the excess energies of the HCs is less than the LO phonon energy. Then, the 

emitted LO phonons from electron-LO-phonon scattering can decay into the daughter acoustic 

phonons and/or transverse optical phonons (Process 4).  Following which, the energy will be 

lost via decay of acoustic phonon emissions, which usually occurs in hundreds of picoseconds 

(Process 5). Lastly, the cooled carriers will recombine (usually in nanosecond timescale - 

Process 6). In the case of continuous optical pumping, an equilibrium state of the system is 

reached when the energy absorbing rate by the HCs from the laser is balanced with the energy 

loss rate from various equilibration pathways. Next, we trace the milestones of slow HC 

cooling phenomena in halide perovskites.  

 

4. Observations of Slow HC Cooling in Perovskites 

Slow HC cooling in halide perovskites was first reported in 2013 by Xing et al. using 

transient absorption (TA) spectroscopy to probe the higher-energy photobleaching (PB) band 

(PB1 at ~480 nm) in MAPbI3 polycrystalline films (Figure 3a-c).[8] The slow rise of the band-
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edge bleach signal together with a concurrent decay of a deeper level bleach signal both with 

lifetimes of ~0.4 ps under pump energy (3.1 eV) is attributed to slow hole cooling (Figure 3c, 

left panel). This 0.4-ps HC cooling time is slower than most organic semiconductors (~100 

fs),[33, 34] and originates from the hot-hole relaxation from a deeper valence band state VB1 to 

the band edge VB2 states (Figure 3b). A follow-on work by Sum’s group later reported 

similar concomitant rise and decay bleach signals for the conduction band states CB1 and 

CB2 as well.[7] This indicates that the slow hot-electron cooling process (i.e., from CB1 to 

band edge CB2 state in Figure 3b) also occurs at ~0.4 ps (Figure 3c, right panel). Readers 

interested in the interpretation of these states and dynamics can refer to the following 

references.[7, 8, 35] The findings that both the hot holes and hot electrons cooling lifetimes are 

relatively balanced in halide perovskites has important ramifications for the development of 

practical HC optoelectronics. The HC cooling rates are pump fluence dependent as validated 

by Chen et al., who reported even slower HC cooling up to ~10 ps in MAPbI3−xClx films – 

evident from the substantially prolonged high-energy tail (Figure 3d), and delayed build-up of 

the ground state bleaching signals with increasing pump fluence to 340 J cm-2 (Figure 3e).[36] 

These fascinating slow HC cooling phenomena intrigued researchers and triggered a slew of 

experimental and theoretical studies to understand its origins and mechanisms; as well as 

potential applications in low-cost HCSCs.[22, 28-31, 37-45] These studies include the dependence 

of photoexcited carrier density[9, 22, 30, 46-48], the initial HC excess energy[22, 46, 47], cation 

species[30, 31, 46, 49], morphology[50] and confinement effects (in nanocrystals)[9, 51] on the HC 

cooling dynamics.  

 

Table 1 shows a comparison of the HC cooling times for halide perovskites and other 

conventional semiconductors. It must be noted that HC cooling rates are dependent on the 

photoexcited carrier density, the initial HC excess energy, as well as the resolution of the 

instrument used. Hence, due care must be taken when making a reasonable comparison 
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between reports from different groups. For sake of clear and easy comparison of HC cooling 

lifetimes (or rates) reported for different semiconductors in the literature, the HC cooling time 

from the initial temperate and cooled to 600 K is listed for comparison. 600K is used as the 

benchmark as previous calculations have shown that extraction of HCs with Tc > 600 K, an 

appreciable HC conversion efficiency (i.e., > 40%, see Figure 1d) over a wide range of 

absorber bandgaps is still present.[6] Various mechanisms including hot-phonon bottleneck, 

acoustic-optical phonon upconversion, Auger-heating, band-filling, large polaron formation, 

and intrinsic phonon bottleneck effects have also been proposed, which will be discussed in 

detail in the following section. 

 

5. Mechanisms Behind Slow HC Cooling 

5.1 Hot-Phonon Bottleneck Effect 

The LO hot-phonon bottleneck effect is widely used to account for the slow HC cooling effect 

in polar semiconductors.[58-60]  This bottleneck effect usually occurs in highly excited 

semiconductors and has recently been observed in perovskites in the presence of a non-

equilibrium LO-phonon population that leads to reduced net LO-phonon emission and re-

heating of carriers, thus slowing the HC cooling.[22,28,29] The HC cooling phenomena is a 

cascade process between carrier-LO-phonon scattering and LO-phonon decay. The presence 

of hot-phonon effect is determined by the competition between the phonon decay rate and the 

carrier-density dependent carrier-LO-phonon scattering rate.[61] 

 

The HC temperature can be obtained by fitting the high-energy tail of band-edge 

photobleaching TA spectrum using the Maxwell–Boltzmann distribution function (Figure 4a 

redlines): [22, 62-64]:    

                                              0
B e

( ) ( ) exp( )EA E A E
k T

                                             (1) 
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where A  the transient absorbance, eT  is the HC temperature, Bk  the Boltzmann constant. 

Since A  proportional to the summation of the contribution from both the electron and the 

hole, the carrier temperature is thus the average temperature between the electron and the hole. 

The TA technique monitors the occupancy of the states (i.e., regardless of radiative and non-

radiative processes) unlike the hot-PL approach undertaken in some reports[43], [65]  (discussed 

later), which is only sensitive to the emissive species. One limitation of the TA technique is 

its inability to simply discern the respective contributions of the electron and hole; unlike the 

two-photon photoemission which directly probes the dynamics of hot electrons above the 

Fermi level.[66] Nonetheless, given their similar effective masses (me = 0.19m0, mh = 

0.25m0),[67] comparable contributions from hot electrons and hot holes to the extracted HC 

temperatures are expected. In the absence of the hot-phonon effect, the HC cooling dynamics 

can be modeled using the Fröhlich interaction model with the energy loss rate[22, 62-64] of the 

HCs as follows:  

                                        c e LO LO LOB

ave B e B

3 exp( ) exp( )
2 c

dU dTk
dt dt k T k T

  


 
      

 

                   (2) 

where LO  the LO-phonon energy, ave  the average HC cooling time, TL is the lattice 

temperature. As reported by Y. Yang et al., the HC cooling dynamics in MAPbI3 film at low 

pump fluence (<1018 cm-3) can be well described using Equation (2) with lifetime <1 ps with 

higher initial eT   at higher carrier densities and excess energies (Figure 4b).[22] At high pump 

fluence (>1018 cm-3), carrier cooling dynamics deviates from the calculated curves based on 

above equation (Figure 4c), indicating the presence of hot-phonon effect. The lifetime of HC 

temperature cooling to 600K increase dramatically to ~60 ps, almost 2 orders of magnitude 

larger than that at low pump fluence. Such hot-phonon bottleneck is also observed FAPbI3 

film (Figure 4d).[22, 29] Impressively, the HC cooling time at high pump fluence in hybrid 

perovskites can be ~100 times longer than that in GaAs film[22] and CdS microplates[54] (Table 
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1). The authors attributed the stronger hot-phonon bottleneck effect in hybrid perovskite to the 

larger electron–phonon interaction than conventional semiconductor, which leads to a more 

rapid build-up of a hot LO-phonon population and slower rate of conversion of LO-phonons 

to acoustic phonons. 

 

J. Yang et al. also investigated the influence of the organic cation and halide cation on the 

carrier cooling dynamics using TA spectroscopy combined with phononic density functional 

theory (DFT) calculations.[30] An approximately 10 times longer LO-phonon emission lifetime 

was observed in highly excited FAPbI3 films than their all inorganic counterparts with the 

same 3.1eV photoexcitation energy (Figure 4e). They attributed the hot-phonon effect to 

originate from acoustic-optical phonon upconversion, where the overlapping phonon branches 

by organic cations enhanced the up-transition of low-energy phonon modes. The efficient 

acoustic phonon up-conversion can thus reheat carriers via recycled thermal energy. The 

authors argued that the slower HC cooling in FAPbI3 is due to better phonon band overlap and 

stronger acoustic phonon localization as well as the lower thermal conductivity. However, this 

acoustic-optical phonon up-conversion mechanism is primarily based on the findings of 

another work[68] for a (thermally) insulating layered (two-dimensional (2D)) perovskite 

system (C6H5CH2CH2NH3)2CuCl4). Thus, the underlying assumption is that 3D and 2D halide 

perovskites possess similar thermal properties. This need not be the case as reported in 

another publication on laser cooling of 2D and 3D halide perovskites,[69] the measured 

maximum thermal cooling for a 2D perovskite system is about 300 Km W-1 while that for a 

3D perovskite is about 35 Km W-1 (i.e., 1 order difference between 3D and 2D halide 

perovskites). Further investigations are warranted.  

 

A rigorous consideration of HC cooling dynamics in 3D perovskite was later undertaken by 

Fu et al.[29], who accounted for the interplay between electron-LO-phonon scattering and LO-
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phonon decay (Figure 4f). Our results revealed that from moderate carrier concentrations 

(~1018 cm−3), polar Fröhlich electron-phonon interactions mediate the carrier cooling via 

zone-center delayed LO-phonon emissions that are induced by the hot-phonon bottleneck. 

The obtained 0.6 ps LO-phonon lifetime is much longer than that of the typical 10 fs 

electron-LO-phonon scattering time without the hot-phonon bottleneck effect. This is due to 

the suppression of the essential Klemens relaxation channel for LO-phonons (i.e., LO  2LA 

phonons) by the larger phononic bandgap (ELO-min-ELA-max) than the maximum acoustic 

phonon energy in MAPbI3. 

 

5.2 Auger Heating Effect 

At higher HC densities (~1019 cm-3), apart from the hot-phonon bottleneck effect, the multi-

particle Auger-heating effect can further retard the HC cooling to several hundreds of 

picoseconds in hybrid perovskites films (Figure 4f).[28, 29] The non-radiative Auger-heating 

process involves the transfer of the electron-hole recombination energy to another carrier that 

leads to excitation of this carrier to an even higher energetic state (inset of Figure 4f).[70] The 

recombination energy transferred to the electronic system is proportional to gE E , where gE  

the bandgap.[71] The carrier cooling dynamics including the Auger-heating effect can be 

described by the following expression: 

                                               2
3 g

tot e-ph

( )dE dE k n E E
dt dt

                                            (3) 

                                               2 3
1 2 3

dn k n k n k n
dt

                                                          (4) 

where 1k  the monomolecular recombination coefficient, 2k is the free carrier bimolecular 

recombination coefficient, and 3k  the Auger recombination coefficient, which is larger for 

smaller bandgap and higher carrier temperature.[70] The first term on the right side of Equation 

(3) refers to the energy loss rate via electron-LO-phonon interaction, while the second term 
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corresponds to the Auger-heating contribution. The strong Auger-heating effect on HC 

cooling in lead iodide perovskites is attributed to its relatively small bandgap and the 

significant hot-phonon effect.[29] On the other hand, the Auger-heating effect will be even 

more dominant in perovskite nanostructures. This is due to the momentum conservation and 

greater overlap of the carrier wavefunctions under quantum confinement (which is indeed 

present in many semiconductor nanostructures such as GaAs/AlAs multiple quantum wells 

and CdSe quantum rods).[70, 73] Nonetheless, for developing practical HC optoelectronics, one 

needs to carefully consider the carrier depopulation arising from the Auger effect even though 

HC cooling lifetimes can be further retarded.  

 

5.3 Large Polaron Formation at Low Carrier Density 

An exciting addendum to the abovementioned typical mechanisms of slow HC cooling in 

halide perovskites is the large polaron picture (i.e., polarons whose size of the polarization 

cloud is ~10 unit cell dimension). Zhu et al. proposed that this mechanism is distinct from 

the hot phonon bottleneck effect, occurring at low carrier density (<1018 cm3).  Zhu et al. 

reported long-lived HC photoluminescence (with ~150 ps lifetime scale) from HCs (with 

initial electronic temperature of ~580K) in MAPbBr3 and FaPbBr3 single-crystals (under 3.06 

eV-photoexcitation at low carrier densities ≤1017 cm-3) with the time-correlated single photon 

counting (TCSPC) technique (instrument response function ~90 ps).[31] In contrast, such long-

lived hot-PL emission was not observed in all inorganic CsPbBr3 counterpart. Figure 5a 

shows the room-temperature pseudo color TRPL plot of MAPbBr3, which has a strong band-

edge emission along with a high-energy tail expanding up to ~300 meV above the band-edge. 

The HC temperature T* was extracted by global fitting of the transient PL spectra (Figure 5b) 

(based on a model of two thermalized band-edges and hot carrier populations), which 

decrease from 1250 ± 200 K with a cooling lifetime of 150 ± 30 ps, that eventually approach 
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the asymptotic value of Tas = 670 ± 100 K (Figure 5c). It should be noted that Tas is higher 

than the equilibrium sample temperature of 293 K due to the intrinsic PL spectra 

broadening.[74] Thus, the actual initial HC temperature should be ~580 K. 

 

The scattering of charge carriers with LO-phonons, charge defects and even with one another 

can be reduced by the dynamic screening in polar semiconductors. Such dynamic screening 

has been proposed to account for the remarkable transport properties of halide perovskites.[74, 

77-79] Zhu et al. proposed that the dynamical screening from the reorientational motions of the 

dipolar molecular cations and the large polaron formation give rise to the long-lived HCs in 

organic-inorganic hybrid perovskites.[10, 80, 81] From time-resolved optical Kerr effect (TR-

OKE) measurements, they proposed a polaron formation time of ~0.3 ps in MAPbBr3 and 0.7 

ps in CsPbBr3, respectively (Figure 5d).[10] They suggested that the large polaron formation 

rate competes favorably with the initial LO-phonon cooling time to greatly slow down the HC 

cooling in MAPbBr3. Large polaron formation was also correlated with the charge carrier 

transport properties, particularly the inverse temperature dependence in charge carrier 

mobilities,[82, 83] and ~1.5 times lower thermal conductivity of MAPbI3 compared to CsPbI3, 

and also 1-2 orders lower than those in typical semiconductors.[84-86] This purported phonon 

glass character and slow acoustic phonon transport may contribute to the slow cooling of HCs. 

The authors argued that the absence of long-lived hot-PL emission from the low-temperature 

orthorhombic phase of MAPbBr3 was due to the freezing of the liquid-like motions of MA 

ions.[31] 

 

Another striking observation by Zhu et al. is that the high-energy tail of the initial PL spectra 

reduces with increasing pump fluence as shown in Figure 5e for MAPbI3 film. Their results 

show that HC temperature reduces with increasing carrier densities (up to 21018 cm-3 - Figure 

5f). These results contrast with the opposite trend widely reported for MAPbI3 films (obtained 



  

14 
 

from TA measurements over similar carrier densities) with much higher HC temperatures that 

are attributed to the hot-phonon bottleneck effect (Figure 4)). The authors argued that HC 

cooling rate becomes faster because of the destabilization of the large polarons caused by 

greater inter-polaron repulsive interaction, which increasingly weakens the protective large 

polaron shield (with higher excitation densities) until the onset of hot-phonon bottleneck (at 

pump fluence 1018 cm-3). Effective mass theories combined with first-principles calculations 

by Frost et al. show that the critical Mott density where large polarons begin to spatially 

overlap is approximately 1018 cm-3, lending crucial theoretical support to this interpretation.[87] 

Further studies are warranted to rationalize the contrasting trends for the HC temperatures and 

to better understand the transition of HC cooling from the large polaron protection model at 

very low carrier densities (~1016 cm-3) to the hot-phonon bottleneck effect at high carrier 

densities (1018 cm-3).  

 

5.4 Band-filling at High Carrier Density 

Even longer lived HC emissions (with ns lifetimes) from streak camera TRPL measurements 

were recently reported for FASnI3 thin films at high carrier densities (>1018 cm-3).[43] Figure 

6a shows the pseudo-color TRPL spectra of FASnI3 thin films under 3.1 eV photoexcitation at 

room temperature. With increasing pump intensity, the emission peak shifts towards high 

energy (up to 75 meV and follows the n2/3 law with carrier density n), together with an 

increased contribution of higher energy hot-PL (Figure 6b). Such long-lived HCs with few-ns 

lifetimes and a large blue shift of the band-edge emission energy was attributed to the band-

filling effect (Figure 6c).[88] Interestingly, the obvious blue-shift of emission energy is absent 

from lead halide perovskites (MAPbI3 or FAPbI3) films under similar excitation conditions. 

The high pump fluence used also contrasts with the polaron protection model (which is a low 

pump fluence effect). Slow HC emission becomes more obvious at higher excitation intensity 

and is observed at a low temperature of 24 K. The authors speculated that the reasons for such 
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blue-shift of PL and long-lived hot PL in FASnI3 could originate from the Rashba effect 

and/or from the chemical pressure on the inorganic lattice that resulted in the shallow defects 

in FASnI3 becoming deeper. Notably, the large energy blue shift and high-energy tail are also 

present in steady-state PL spectra of FASnI3 film under high pump-fluence continuous-wave 

excitation (Figure 6d). Accordingly, the extracted initial HC temperature and HC population 

at 44 suns contribute to ~500K and 60%, respectively (Figure 6e). Such strong emission from 

HCs under continuous-wave (CW) operation is an important development towards realizing 

HCSCs. Nonetheless, the long ns lifetimes of these hot-PL emissions should not be 

mistakenly interpreted as implications of higher potential for application in HCSCs. The HCs 

need to be rapidly harvested while remaining at their highest possible temperatures for 

maximal efficiencies (Figure 1d). 

 

5.5 Intrinsic Phonon Bottleneck in Perovskite Nanocrystals 

During the early years of nanoscience research, the intrinsic phonon bottleneck effect arising 

from energy and momentum conservation and large energy level spacing in quantum-confined 

systems was expected to yield reduced carrier-phonon coupling and HC cooling rates.[89-91] 

However, to date, achieving slow HC cooling in strongly quantum-confined conventional II-

VI and IV-VI semiconducting NCs remains elusive. Further investigations revealed that other 

rapid relaxation pathways for HCs such as Auger-type energy transfer from the hot electrons 

to the dense hole states (Figure 7a)[92, 93], atomic fluctuations and defects trapping[94, 95] 

overcome this phonon bottleneck, resulting in a faster cooling rate as dimensionality 

decreases for nanoscale inorganic semiconductors. 

 

Realizing the unique features of symmetric energy dispersion together with similar and small 

electron and hole effective masses for halide perovskites[96, 97] as compared to II-VI 

semiconductors, Sum’s group emulated the nanoscale confinement approach to further retard 
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the hot carrier cooling using 3D perovskite NCs[9]. Unlike quantum-confined conventional II-

VI semiconductors, the hole manifold is absent in perovskite NCs (Figure 7a), which will help 

sustain the intrinsic phonon bottleneck. Furthermore, the high PL quantum yield of 3D 

perovskite NCs (>80%) also means that the defect densities are low, thereby mitigating hot 

carrier losses. Slower HC cooling compared to their bulk perovskite counterparts and 

conventional semiconductor NCs, and intrinsic phonon bottleneck effect can indeed be 

achieved using weakly-confined colloidal MAPbBr3 NCs (average radius around 2.5–5.6 nm). 

Figure 7b shows the obvious high energy tails in the photobleaching (PB) band that were 

fitted using the Fermi-Dirac distribution. Their extracted HC temperatures are much higher 

and HCs decay slower than the MAPbBr3 bulk-film and other semiconductors under 

comparable photoexcitation conditions (Figure 7c and Table 1). 

 

Apart from fitting the high energy tail of the PB peak, an alternative method to assess the HC 

cooling properties is to monitor the PB rise time of the bandedge carriers. This latter approach 

was commonly used for investigating the HC dynamics at low excitation densities in strongly 

confined quantum colloidal semiconductor NCs,[98, 99] due to the overlapping PB bands from 

the discrete energy levels, which makes resolving their HC distribution extremely challenging. 

The longer rise-time corresponds to a longer HC lifetime. This latter approach is useful for a 

fair comparison of the HC cooling of perovskites NCs with strongly quantum confined 

conventional inorganic semiconductor NCs. Figure 7d shows the size-dependent HC cooling 

lifetimes of MAPbBr3 NCs compared to MAPbBr3 bulk films and CdSe NCs (various sizes) at 

low pump fluence of <N0> ~0.1. Importantly, the trend for perovskite NCs rise times is 

converse of the CdSe NCs’ trend. This result is a clear validation that the intrinsic phonon 

bottleneck effect remains intact in perovskite NCs. Our observation of the intrinsic phonon 

bottleneck effect also shows that the abovementioned competing processes (i.e., Auger-type 

energy transfer, atomic fluctuations and defects trapping that plagues CdSe NCs) can be 
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effectively suppressed using perovskites NCs.  

 

With increasing pump fluence (<N0> ~2.5), the HC lifetimes in the perovskites NCs with 

more than one e-h pair (corresponding to effective volume carrier density of ~1018 cm-3) 

become greatly retarded, reaching ~32 ps (Figure 7c). This is approximately 1-2 orders longer 

than its bulk-film counterpart under similar photoexcitation conditions (Table 1). We attribute 

this long HC cooling to originate from the Auger-heating effect. This is also consistent with 

our observations in perovskite films (albeit having a reduced effect (Figure 4f)). Considering 

that the Auger process is strongly enhanced in NCs due to the increased overlap of the carrier 

wave functions and interactions at higher carrier densities,[100] the relaxed HCs (at the band 

edges) can thus be efficiently re-excited to higher energy levels via Auger recombination 

(Figure 7a, right).  

 

Similarly, long-lived HCs in weakly confined colloidal FAPbI3 NCs (from the pump-induced 

lengthening of the TA band-edge bleaching rise-time) was also reported by P. Papagiorgis et 

al.[57] (Figure 7e-f). They observed three distinct HC cooling characteristics with lifetimes of 

sub-picoseconds, ∼5 ps, and ∼40 ps, that were attributed to carrier-LO-phonon scattering, 

hot-phonon bottleneck, and Auger-heating effect, respectively (Figure 7f). These observations 

clearly demonstrate the much slower HC cooling time in perovskite NCs at both low and high 

pump intensities, thus highlighting perovskite NCs as very promising candidates for HCSCs.  

 

5.6 Toolbox for Engineering Slow HC Cooling in Halide Perovskites 

Based on the insights gained from the various findings on slow HC cooling in halide 

perovskites together with the vast literature on HC cooling in traditional semiconductors,[18, 19] 

we attempt to assemble a rudimentary developmental toolbox for engineering slow HC 

cooling and designing even more efficient HC absorbers: 
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(1) Enlarged Phononic Bandgap: The phononic bandgap ( LO-min LA-max   ) must be 

much larger than the maximum LA  ( LA-max ) energy (i.e., 

LO-min LA-max LA-max      ) in order to efficiently impede the Klemens channel for 

LO phonon decay. Consequently, this leads to the formation of a non-equilibrium 

phonon population and an LO hot-phonon bottleneck ensues. MAPbI3 has a phononic 

bandgap energy/ LA-max  ratio of ~ 2.2 (obtained from DFT calculated phonon spectra 

in Figure 8a), which is larger than ~1.7 for the well-studied InN HC absorber. A large 

atomic mass difference between the positively and negatively charged ions can lead to 

larger phononic bandgap and smaller LA-maxh .[25] This can possibly be achieved 

through partial substitution of lead with heavier Bi3+ or lanthanides (such as Eu2+, Tm2+, 

and Yb2+),[101] and/or partial substitution of I- with lighter Br- or Cl- 

 

(2) Lower Thermal Conductivity: Acoustic phonon up-transition is expected to be enhanced 

in perovskites by stronger localization of acoustic phonons and by blocking their 

propagation with lower thermal conductivities perovskites.[30] A low thermal 

conductivity (~0.5 W K-1 m-1) for MAPbI3 was reported.[84] Thus, α-FAPbI3 or 

Ruddlesden-popper perovskites with even lower thermal conductivities[68], [102, 103] 

should also be considered. 

 

(3) Small LO Phonon Energy: In the absence of the hot phonon effect, the energy loss rate 

of HC via carrier-LO phonon interaction can be expressed as:[29] 

                                           
3/21/2 2

LO
0 2

0 Opt Stat

1 1
2

m eP 
  
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where Opt and Stat are the optical and static dielectric constants. Smaller LO requires 

more phonons for a given energy loss of HCs, which will slow down HC cooling. As 

shown in Figure 8b, LO of both 3D and 2D perovskites are much smaller than 

conventional semiconductors. The small LO  (~ 8 meV) for MAPbI3 arises from the 

low-frequency Pb-I stretching vibration because of the heavy lead. To further reduce 

LO , substitution of lead using heavier element (e.g., Cs3Bi2I9 and MA3Bi2I9) may help 

obtain smaller LO  and thus slower HC cooling. 

 

(4) Smaller Carrier Effective Mass: Based on equation 5 above, a lighter carrier effective 

mass will also lead to less efficient HC relaxation as shown in our calculated HC 

cooling dynamics for different carrier effective masses (Figure 8c). This is consistent 

with recent DFT findings of a small DOS at the valence bands of 3D perovskites result 

in a reduction of the available relaxation pathways as well as small effective mass.[37] 

Thus, computation screening of new perovskites (e.g., double perovskites, Ruddlesden-

popper perovskites etc.) for small effective mass is a possible criterion for designing HC 

perovskite absorbers. 

 

(5) Energetic Molecular Cations: Based on the large polaron model,[31] HCs in hybrid 

perovskites are believed to be protected by large polarons arising from the fast 

molecular-reorientation motion that screen carrier-LO phonons interactions at low pump 

fluence. Thus, using organic molecular with smaller activation barrier energy for 

rotational motion (e.g., FA+ in α-FAPbI3
[104]) in halide perovskites could enhance the 

screening. Conversely, co-doping with Cs+ could be an approach for regulating the size 

of the large polarons. 
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(6) Multi-dimensional 2D/3D Ruddlesden-popper Perovskites: The internal organic barriers 

can prevent or reduce diffusion of HCs and phonon confinement, thus maintaining non-

equilibrium phonon populations. Furthermore, Ruddlesden–Popper perovskite quantum 

wells also have low thermal conductivity, internal self-charge carrier separation, and 

reduced charge recombination rate,[105] which will be beneficial for slow HC cooling 

and device operation. Modulation of the HC cooling dynamics can be achieved through 

tuning the organic cations (e.g., PEA+ = phenethylammonium, BA+ = benzylammonium 

and CHMA+ = cyclohexylammonium) between the inorganic lattices to vary the 

dielectric constants, carrier-carrier and carrier-phonon interactions etc.  

 

(7) Sample Morphology: Sample morphological control is another possible approach to tune 

HC cooling.[106] Nah et al.[107] recently observed the higher initial HC temperature and 

slower HC cooling in smaller crystal domains in the polycrystalline MAPbI3 film using 

spatial-resolved TA spectroscopy (~200 nm resolution).[107] Thus inhibition of crystal 

growth during fabrication (e.g., adding MAI during MAPbI3 film fabrication[108]) or 

usage of solvent additives to alter the carrier-carrier and carrier-phonon interactions are 

also feasible.  
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(8) Perovskite Nanostructures and Quantum Confinement: Perovskites nanostructures (e.g., 

nanocrystals (NCs), nanowires (NWs), nanorods, nano-ribbons, and nanoplatelets etc.) 

are candidates to exploit the confinement effects on the carriers, excitons and phonons. 

For instance, perovskite NCs with better suppression of HC trapping by defects (e.g., 

benzoyl or benzyl-treated perovskites NCs with higher PL quantum yields[109, 110] or 

core/shell NCs[111]) will result in slower HC cooling as a result of the intrinsic phonon 

bottleneck especially at low pump fluence. Previously, long-lived HCs in III-V 

semiconductor NWs were observed for continuous wave (CW) excitation at high pump 

fluence.[112] It was found that higher temperature HCs were obtained from smaller 

diameter NWs (from hundreds to tens of nm) – induced by a suppression of available 

phonon modes due to the enhanced surface boundary scattering with smaller diameters. 

Similar behavior can be expected for perovskite NWs. Lastly, carrier confinement could 

also be used to enhance the Auger-recombination coefficients in halide perovskites, 

which can result in the slower HC cooling in NCs via Auger-heating at high pump 

fluence.[9] 

 

6. HC Transport and Extraction 

The long HC relaxation lifetimes in perovskites are expected to yield long HC travel distances. 

Direct observations of the HCs transport lengths, as well as the feasibility of extracting them 

from the absorber, provide important validations of their potential for realizing practical 

HCSCs. The following works aptly highlight the developments in this emerging area. 

 

6.1 Long-range HC Transport 

Direct observations of long-range HCs transport was first demonstrated by Huang et al.[42] 

using TA microscopy (TAM)[113-115]  to simultaneously resolve the carrier dynamics 
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temporally and spatially at the photoinduced absorption (PIA) band at 1.58 eV (that is 

attributed to HCs[116, 117]). Three distinct carrier transport regimes, specifically, quasi-ballistic 

transport (~230 nm) for the initial HCs within ~300 fs, nonequilibrium transport (~600 nm) 

for the protected long-lived HCs over tens of ps, and diffusive transport for the cooled carriers 

were discerned at low carrier density of ~4 × 1017 cm-3. Figure 9a shows the TAM images of 

PIAT  intensity mapping at variant pump-probe delay time probed at 1.58 eV, from which the 

photoexcited carrier distribution n(x, y, t) was obtained by  2
PIA ,  ,  T x y t . At 0 ps after 

3.14eV pump (corresponding to HCs with 1.49 eV excess energy), the carrier distribution was 

fitted with a Gaussian function, yielding a variance σ0
2 of 350  10 nm which is much larger 

than that of 260 nm ± 5 of the instrument response function (IRF). HC travel distance within 

the pulse duration was calculated to be 230 ± 16 nm using 2 2
0 IRF  . In contrast, 

negligible HC travel within the time of pulse width was observed for photoexcitation with 

reduced excess energy (1.97eV pump, Figure 9a lower panel). The long HC travel distance 

within the pulse duration was attributed to quasi-ballistic transport for HCs arising from the 

large initial kinetic energies. Within 300 fs, the ~230 nm quasi-ballistic transport length for 

MAPbI3 is much longer than ~20 nm for Si,[118] ~85 nm for GaAs,[119] and ~14 nm for 

GaN.[120] The authors attributed such phenomenon to the slower momentum relaxation in 

MAPbI3 than in conventional semiconductors. 

 

HC transport during HC-cooling was also established using TAM. Figure 9d shows the time-

dependent 2
t  obtained from TAM image at longer decay time (Figure 9c). Under 1.97-eV 

photoexcitation, 2
t  increases linearly with delay time >1 ps, indicating diffusive transport of 

thermal equilibrium carriers as described by 2 2
0 2t Dt   . However, under 3.14-eV 

photoexcitation, such diffusive transport was only observed after ~30 ps until HCs travel ~600 



  

23 
 

nm before reaching thermal equilibrium with the lattice (Figure 9b). The nonequilibrium 

transport over tens of ps by such HCs is also much longer than those for only a few ps in the 

conventional semiconductors such as Si and GaAs.[121, 122] The authors attributed the long-

lived and non-diffusive transport to the large polaron formation proposed by Zhu et al.[76] The 

calculated effective diffusion constant by 
2

2
t

t



  for the 3.14-eV excitation is as large as 450 ± 

10 cm2 s−1 at ~1 ps, which decreases to an equilibrium value of 0.7 ± 0.1 cm2s−1 (Figure 9d). 

Such a large initial diffusion constant of HCs induces the initial fast transport to long distance. 

This seminal experiment firmly established the potential of halide perovskites for HCSC 

applications.  

 

6.2 Efficient HC Extraction  

Efficient HC extraction is another litmus test for practical perovskite HCSC. HC extraction 

must be extremely fast because the rate of extraction is in competition with the rate of cooling 

rather than the carrier recombination rate. Furthermore, the thickness of the perovskite 

absorber must lie within the range HC transport distance. Li et al. first demonstrated efficient 

HC extraction from perovskites MAPbBr3 NCs films.[9] Note that our MAPbBr3 NC diameter 

is ~5 nm, which is in the realm of weak-intermediate confinement as MAPbBr3 Bohr diameter 

is ~4 nm. To ensure that only HCs are extracted, narrow electron bandwidth semiconducting 

molecular Bphen (4,7-diphenyl-1,10-phenanthroline) was selected as the energy selective hot-

electron extraction layer. Ultraviolet photoelectron spectroscopy (UPS) measurements 

(Figure 10a left) verify that Bphen’s lowest unoccupied molecular orbital level (LUMO) is 

higher than the conduction band minimum (CBM) of MAPbBr3 NCs. Before evaporating 

Bphen on the NCs-film (thickness of ~35 nm, Figure 10a right), ligand exchange between the 

long chain insulating oleic acid ligands on the as-prepared MAPbBr3 NC surfaces with the 

short EDT (1,2-ethanedithiol) ligands was performed to improve the effective electronic 
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coupling between Bphen and NCs. 

 

Using TA spectroscopy, the authors verified the occurrence of hot electron extraction in the 

EDT-NCs/Bphen films from: (i) the reduced high energy tails of the bandedge photobleaching 

(PB) band (+T/T) of EDT-NCs (Figure 10b); (ii) the reduced PB amplitudes (Figure 10b 

inset) and (iii) the reduced initial HC temperature from ~1300 to 450 K within ~200 fs after 

photoexcitation (Figure 10c), as compared to the bare EDT-NCs films (without Bphen). We 

estimated the HC extraction efficiency (ηhot) based on the percentage reduction of the band 

edge PB intensities at ~ 0.8 ps (when the HCs are relaxed to the band edges) (Figure 10b 

inset). For <N0> ~0.1, the ηhot for EDT-NCs/Bphen is ~72 %. With annealing, even higher ηhot 

(up to~83%) was demonstrated. Comparatively, due to the faster HC cooling, the ηhot of its 

bulk-film counterpart is approximately 5 times lower under similar photoexcitation conditions. 

Consistently, ηhot reduces with (i) reducing excess HC energies, or (ii) reduces with increasing 

NC film thickness (from ~35 to 140 nm (Figure 10d)). We attributed the reduction in the hot-

electron extraction to the limited HC diffusion/hopping distances within the NCs films. More 

recently, HC-extraction evidenced using the TA approach was also reported for a CsPbI3 film 

with P3HT as the extraction layer by Shen et al.[38] The near instantaneous disappearance of 

the hot-energy tail (within ~0.3 ps) and the reduction of HC temperatures in CsPbI3/P3HT 

bilayers validate the efficient and extremely fast hot-hole injection into P3HT (Figure 10e).  

 

Using time-resolved terahertz spectroscopy (TRTS), Sarkar et al. also recently reported 

ultrafast HC transfer (sub-300 fs) in CsPbBr3 NCs interfaced with benzoquinone molecules 

(electron acceptor) or phenothiazine (PTZ) molecules (hole acceptor).[123] TRTS is a very 

useful noncontact photoconductivity probe to investigate the HC transfer kinetics in NCs 

system.[124-126] Essentially, evidence of HC transfer from NCs to molecular acceptors is 
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derived from the difference between the transient THz photoconductivity spectra of 

NC/charge acceptor film and the neat NC film. At a diameter ~11 nm, their CsPbBr3 NCs 

have almost no confinement effects since CsPbBr3 Bohr diameter is ~7nm. The disappearance 

of the two phonon-resonance modes at∼1.8 and ∼3 THz in conductivity spectra (i.e., due to 

HC-phonon interactions present in neat NCs [123, 127, 128]) for NCs/acceptor complex (for 

example for NC/PTZ system) (Figure 10f) suggests that HC transfer is faster than HC 

relaxation to the band edges. Do note that in their experiments, the energy levels of the 

extraction layers lie in between CsPbBr3 bandgap. Consequently, the authors also observed a 

secondary transfer of cooled carriers at the bandedge to the charge extraction molecules.  

 

In summary, these pioneering works provide important validation on the feasibility of HC 

extraction from halide perovskites. Nonetheless, they are primarily based on spectroscopy 

techniques. Moving forward, more direct electrical measurements on HC extraction are 

needed.  

 

7. Challenges and Opportunities for Perovskite HCSCs 

Recently, a prototype HCSC device based on III–V semiconductor QW as the absorber 

material was experimentally demonstrated (Figure 11a).[129] Nguyen et al.[129] fabricated a HC 

heterojunction device with intrinsic InGaAsP-based absorber consisting of a 7.4 nm QW (Eg = 

0.78 eV) between 120 and 130 nm barriers (Eg = 1.05 eV, acting as hot-carrier selective 

energy contact SEC). The population and temperature of hot-carriers were probed using 

luminescence measurements (Figure 11b). Their IV measurements further revealed an 

increased electrochemical potential in the barrier along with increasing laser pump fluence 

(Figure 11c). This demonstration provides strong motivation and guidance for fabricating 

prototype perovskite HCSCs. On this basis, we examine the challenges and opportunities for 

perovskite HCSCs.  
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7.1 Selective Energy Contacts 

Practical HCSC requires not only considerable retardation of the HC cooling process in the 

absorber layer but also efficient extraction of HCs from the device through a SEC. Finding a 

suitable candidate is a major challenge. An ideal SEC consists of a tunneling barrier with a 

resonant level that only accepts a very narrow range of energies ( BE k T   ), beyond which 

all electrons are reflected back into the HC absorbers.[14, 130, 131] Such SEC can protect the HCs 

from mixing with cold carriers in the contacts so as to minimize the entropy production during 

extraction, i.e., allowing isentropic extraction of HCs (Figure 11d). Candidate SEC materials 

include wide bandgap semiconductors with narrow conduction and valence bands such as 

organic molecules, quantum well or dots with discrete energy levels etc.[13],[132] This narrow 

band SEC concept also imposes an additional requirement on the HC absorber material: i.e., 

the absorber must possess highly efficient carrier-carrier scattering properties to enable 

renormalization of the carriers with energies above and below the SEC to allow extraction.[129] 

Such requirement can be eased with the semi-SEC concept (i.e., BE k T  , functioning as a 

high-pass filter for hot-carriers) using wide bandgap semiconductors with bandgaps larger 

than absorbers.[133] The calculated power conversion efficiency for HCSCs with semi-SEC 

can still achieve ~60% as compared to ~70% for HCSCs with ideal narrow bandpass SEC.[134] 

Nonetheless, given the absorber material will absorb photons over the broad solar spectrum, a 

key concern is whether the HCs are harvested at the SECs at expense of the “cold carriers” 

(near the bandedge) that will also be inadvertently present in the absorber layer. Solving this 

issue may require a radical rethinking of the device architecture (such as 

patterning/templating the SEC) which will further complicate the already complex device 

fabrication requirements of HCSC.   
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7.2 ETA-HCSC 

Apart from the above SEC issue, a well-designed HCSC must also collect as much of the HCs 

at high temperatures as quickly as possible, since the higher the temperature of the extracted 

HCs, the higher is the HCSC efficiency (Figure 1d). Hence, HCSC should be electrically thin 

while optically thick (Figure 11e) to ensure that the HCs at their highest possible temperatures 

can be collected within a reasonable time (or distance). Although a slower HC cooling rate is 

essential for higher extraction probability, longer HC cooling lifetimes should not be 

superficially taken as the potential for higher HCSC efficiency. The extremely thin absorber 

(ETA) layer solar cell concept is highly relevant for halide perovskites given their large 

absorption coefficient. Low dimensional perovskite nanostructures[2,135,136] will be particularly 

well-suited for implementing perovskite HCSCs. ETA-HCSCs are conceptually similar to the 

dye-sensitized nano-heterojunctions (e.g., using mesoporous TiO2,[137, 138] TiO2 nanotubes,[139] 

or ZnO nanowire arrays[140] as electrodes), where the molecular dye is now substituted with an 

extremely thin (tens of nm) layer of a perovskite polycrystalline or NCs film, with the SECs 

sandwiched between perovskite absorber and electrodes. In addition, the ETA-HCSC concept 

can also benefit from enhanced light trapping and anti-reflection effect due to the enlargement 

of surfaces and multiple light scattering arising from the nanostructured framework.[136] 

 

7.3 Concentrator-HCSC 

More intense illumination via concentrating the sun irradiation to a photovoltaic cell (i.e., 

concentrator solar cells) have been demonstrated in Si, GaAs multi-junction cells to increase 

the conversion efficiency (Figure 11f).[141-143] Importantly, the hot-phonon bottleneck, Auger-

heating, and/or band-filling effects in halide perovskites will enable the HC temperatures and 

lifetimes to be greatly increased under high excitation fluence. Therefore, deployment of 

halide perovskites in concentrator-HCSCs is a viable approach to improving the HCSCs 

efficiencies, particularly in the regime of low concentrator photovoltaics (up to 100 suns). 
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Another advantage of concentrator-HCSC is that the increased voltage-to-current can decrease 

the resistive losses under the high current densities of concentrator cells. Nevertheless, under 

increased illumination levels, halide perovskite material integrity and device stabilities will be 

a major challenge, especially for medium (100-300 suns) to high concentration (500-1000 

suns) photovoltaics.[144] Thermal management with active/passive cooling may be necessary 

even for low concentrator halide perovskite photovoltaics. 

 

 
8. Conclusions and Outlook 

The slow hot-carrier cooling properties of halide perovskites show great promise to spin-off a 

new branch in perovskite hot-carrier solar cells and/or concentrator solar cells. In this first 

review on slow hot-carrier cooling in halide perovskites, we showcase this novel phenomenon 

and examine the seminal works. Ultrafast optical spectroscopy has played a key role in 

validating and deciphering the photophysics. Key findings include: long hot-carrier cooling 

lifetimes (up to 1 ns), long-range hot-carrier transport (up to ~600 nm) and highly efficient 

hot-carrier extraction (up to ~83%). This fledging area has made good headway in 

understanding the origins of slow hot-carrier cooling, with several fluence-dependent 

mechanisms proposed: large polarons, phonon bottleneck, acoustic phonon up-conversion, 

state-filling, and Auger-heating etc. Nonetheless, knowledge gaps remain, for instance in the 

contrasting trends over the elucidated hot carrier temperatures spanning the range of 

excitation densities. This could partly be traced to the intricacies between the different models 

used in estimating the temperatures. Further research is warranted. Apart from tracing the 

developmental milestones and distilling the complex photophysics, we also attempted to put 

together a rudimentary toolkit for engineering slow hot carrier cooling in halide perovskites 

and for the design of even more efficient HC perovskite absorbers. Presently, this 

phenomenon has been extensively investigated with short pulse lasers, more studies with CW 



  

29 
 

and even broadband stimuli are urgently needed to understand the intermixing of carriers in 

the absorber material. Lastly, device challenges and opportunities over the choice and 

application of the selective energy contacts and the ETA and concentrator concepts were 

highlighted. As halide perovskites continue to capture our imagination with their 

extraordinary properties, only time will tell if they can translate to disruptive technologies that 

transform our lives.  
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Figures 

 
 

Figure 1. a) Main energy loss processes in a standard single-junction solar cell:  HC 
cooling loss (red lines); ,  junction and contact losses;  recombination loss. a) Adapted 
and reproduced with permission.[11] Copyright 2001, John Wiley & Sons, Ltd. b) Illustration 
of the intrinsic losses for a single junction perovskite solar cell with bandgap = 1.5 eV (e.g., 
MAPbI3) over the solar spectrum. Other losses include emission, Carnot, and Boltzmann 
losses etc. c) The options for new generation solar cells with efficiencies higher than the SQ-
limit. d) Detailed balance calculations for the ultimate efficiency of an ideal HCSC vs. carrier 
temperature and absorber bandgap under one- and 100-suns concentration of the solar 
irradiation (i.e., low concentrator photovoltaics). The lowermost curve corresponds to that for 
conventional cells. The vertical dashed lines indicate the bandgap positions of perovskites. A 
in ASnI3 and APbI3 refers to the cations MA, FA or Cs. 
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Figure 2. Schematic of the evolution of the carrier distribution with time after pulsed laser 
excitation. (0) thermal equilibrium state; (1) laser excitation; (2) carrier thermalization to 
Fermi-Dirac statistics; (3) carrier-optical phonon interactions; (4) decay of optical phonons 
into acoustic phonons; (5) further phonon emission to thermal equilibrium; (6) onset of carrier 
recombination. Reproduced with permission.[14] Copyright 2010, Elsevier. 

 

 
Figure 3. a) Linear absorption spectrum (upper panel) and TA spectra (lower panel) of 
MAPbI3 showing the absorption edges at ∼480 and ∼760 nm at different probe delays. b) 
Schematic of the dual valence band and dual conduction band model showing the hot-hole 
cooling from VB1 and hot-electron cooling from CB1 (curly black arrows). c) Normalized 
TA dynamics probed at 480 and 760 nm in MAPbI3 film after excitation at 400 nm (1 J cm-2, 
left panel) and 600 nm (10 J cm-2, right panel). a)-b) and right panel of c) are adapted and 
reproduced with permission. [7] Copyright 2016, American Chemical Society. Left panel of c) 
is adapted and reproduced with permission.[8] Copyright 2013, American Association for the 
Advancement of Science. d) Pseudo-color TA spectra of MAPbI3−xClx film under 3.1-eV 
photoexcitation at low and high pump fluence. e) Normalized PB dynamics probed at 1.65 eV 
for the MAPbI3−xClx film at different pump fluence under 3.1-eV photoexcitation. d)-e) 
Reproduced with permission.[52] Copyright 2014, American Chemical Society. 
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Figure 4. Slow HC cooling in perovskite films. a) Normalized TA spectrum at different delay 
times. Red curves are fittings using Equation (1) to obtain the HC temperature. b) HC cooling 
dynamics with a similar initial carrier density of 5.2×1017 cm-3 but with variable excitation 
energy. c) HC temperature as a function of delay time with variable initial carrier density. 
Dashed black curves in b) and c) are model fitting using Equation (2). d) HC cooling 
dynamics for perovskites and GaAs films with a similar initial carrier density of ~ 6.0×1018 
cm-3. a)-d) Reproduced with permission.[22] Copyright 2016, Nature Publishing Group. e) HC 
temperature dependence of LO-phonon emission lifetimes for various lead halide perovskites 
with a similar initial carrier density of ~ 2×1018 cm-3. The error bars refer to the standard 
errors of the average lifetime of LO-phonon emission. Reproduced with permission.[30] 
Copyright 2017, Nature Publishing Group. f) HC cooling in the presence of hot-phonon (HP) 
and Auger-heating (AH) effect. Inset is a schematic of hot electron cooling in the presence of 
hot-phonon and Auger-heating effect. Reproduced with permission.[46] Copyright 2017, 
Nature Publishing Group.  
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Figure 5. Long-lived HC emission. a) Pseudocolor (intensity) plot of TRPL spectra from a 
single crystal MAPbBr3 microplate at a pump fluence of 1.7 µJ cm-2 and 3.08-eV excitation 
energy at room temperature. b) Transient PL spectra (squares) at different delay times with 
two-temperature model fittings (color curves). c) Extracted HC temperatures as a function of 
delay time, in which the red curve for the first 0.5 ns gives a HC relaxation time of 150 ± 30 
ps. a)-c) Reproduced with permission.[65] Copyright 2016, American Association for the 
Advancement of Science. d) Normalized TR-OKE responses for MAPbBr3 (red circles) and 
CsPbBr3 (blue circles) single crystals under photoexcitation of 2.30 eV and 2.38 eV, 
respectively. Reproduced with permission.[75] Copyright 2016, American Association for the 
Advancement of Science. e) Normalized initial transient PL spectra under 3.06-eV 
photoexcitation and different pump fluence. f) Initial HC temperatures as a function of initial 
excitation density extracted from PL spectra at three excitation photon energies. e)-f) 
Reproduced with permission.[76] Copyright 2016, American Chemical Society. 
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Figure 6. a) Pseudocolor (intensity) plot of TRPL spectra at different pump fluence of the 
FASnI3 film under 3.1 eV photoexcitation at room temperature. b) Semi-log plot of initial 
transient PL spectra at different pump fluence. To show the HC PL clearly, the PL spectra are 
normalized at the low-energy tail. c) Schematic mechanism for the blue shift of the PL 
resulting from band-filling. d) PL spectra of the FASnI3 film with the addition of SnF2 under 
405 nm CW-laser diode excitation at different pump fluence. e) HC contribution and carrier 
temperature versus illumination intensities in terms of the number of suns. a)-e) Reproduced 
with permission.[43] Copyright 2017, Nature Publishing Group. 
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Figure 7. a) Schematic HC cooling via intraband Auger-type energy transfer in conventional 
II-VI semiconductor NCs with their dense hole states (also known as the hole manifold) (left); 
intrinsic phonon bottleneck effect with symmetric discrete energy levels (middle); Auger-
heating (right) at high carrier density. b) Normalized TA spectra at a different delay time of 
colloidal MAPbBr3 NCs with <N0>~0.1 (following 3.1 eV photoexcitation), the solid black 
lines are Boltzmann fits to the high-energy tails. Inset: TEM image of NCs. c) HC 
temperature verses delay time for the MAPbBr3 NCs and bulk-film under 3.1eV 
photoexcitation with carrier densities. d) NC size dependent band-edge bleaching rise time 
and related quantum confinement energies for perovskite NCs and CdSe NCs with initial 
electron-hole pair per NC (<N0>) ~0.1. The rise time for perovskite bulk film excited with an 
equivalent fluence is also included for comparison. a)-d) Adapted and reproduced with 
permission.[9] Copyright 2017, Nature Publishing Group. e) Carrier density-dependent 
bleaching rise time for FAPbI3 and CdSe NCs. f) HC temperature verses delay time under 
different carrier densities. e)-f) Reproduced with permission.[57] Copyright 2017, American 
Chemical Society.   
 
 

 
Figure 8. a) DFT calculated phonon energy spectra and projected phonon density of states of 
MAPbI3. Yellow and green zones represent LO-phonon and acoustic phonon modes, 
respectively. b) Comparison of LO phonon energy for perovskites (solid squares) and 
conventional semiconductors (open squares). c) Calculated HC carrier cooling with different 
electron effective masses. a) and c) Adapted and reproduced with permission Reproduced 
with permission.[46] Copyright 2017 Nature Publishing Group. 
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Figure 9. Imaging HC transport within 100 ps. a) TA microscopy images probed at 1.58 eV at 
different delay times under 3.14eV (upper panel) and 1.97eV (lower panel) photoexcitation. 
Scale bars, 1 µm. b) 2

t  versus delay time under 1.97eV and 3.14eV photoexcitation up to 6 
ns (upper panel). Dashed linear fits indicate the diffusive transport. Zoomed-in view of b) for 
the first 100 ps delay time (lower panel). c) TA microscopy images at longer decay time. d) 
Time-dependent effective diffusion constant after 3.14eV photoexcitation. a-d) Adapted and 
reproduced with permission.[42] Copyright 2016, American Association for the Advancement 
of Science. 
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Figure 10. HC extraction from perovskites. a) Energy level diagram of perovskites NCs with 
Bphen (left). Cross-sectional SEM image of NCs covered with Bphen (right). Scale bar, 100 
nm. b) TA spectra (normalized) of NCs film with (solid lines) and without (dashed lines) 
Bphen after 3.1-eV photoexcitation with a pump fluence of <N0> ~0.1. Inset shows the 
unnormalized TA spectra at a delay time of 0.8 ps. c) HC temperature versus delay time at 
different pump fluence. d) Film thickness dependence of HC extraction efficiencies. a-d) 
Reproduced with permission.[9] Copyright 2017, Nature Publishing Group. e) TA spectra of 
the CsPbI3 film with (red) and without (black) P3HT at 0.3ps after 470 nm photoexcitation at 
pump fluence of 1.3 ×1018 cm-3. Inset: extracted HC temperature versus delay time for a 
CsPbI3 film with and without P3HT at excitation condition). e) Reproduced with 
permission.[38] Copyright 2018, Elsevier. f) Thz conductivity spectra for CsPbBr3 NCs with 
PTZ under 400 nm photoexcitation, with a pump fluence of <N0> ~1.3. f) Reproduced with 
permission.[123] Copyright 2017, American Chemical Society.   
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Figure 11.  HCSC device implementation. a) Energy band diagram (left panel) of a III-V hot 
carrier heterojunction device under 980 nm laser photoexcitation and open-circuit conditions. 
An optical microscope image of the micro-solar cell (top-view, golden green) along with the 
schematic optoelectrical characterization (right panel). b) PL spectra at different laser pump 
fluence (grey circles) and their fits (solid lines), in the open-circuit regime. c) Variation of 
electrochemical potentials in the QW (red circles) and barriers (blue triangles) with laser 
pump fluence. a-c) Reproduced with permission.[129] Copyright 2018, Nature Publishing 
Group. d) A conceptual design for HCSC with energy selective contacts. Reproduced with 
permission. Copyright 2008, Elsevier.[130] e) Schematic illustration of separation of hot-
carriers in HCSC with extremely thin absorber (ETA) layer (red layer). f)  Schematic concept 
of concentrator perovskite HCSC.  
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Table 1. List of the time delays from initial HC temperature cooled to 600 K with the initially 
generated carrier densities and the excess energies above the band-edges in different 
materials.  

Materials 
Excess 
energy 
(eV) 

Low pump fluence (<1018cm-3) High pump fluence (>1018cm-3) 
Technique 

and 
temporal 
resolution 

Refs carrier 
density 

(×1017cm-3) 

initial 
carrier 

temperat
ure (K) 

delay time 
to 600 K 

(ps) 

carrier 
density 

(×1018 cm-3) 

initial 
carrier 

temperature 
(K) 

delay time to 
600 K (ps) 

CdSe 
nanorods 
(solution) 

~ 1.1 ~5.5 ~1400 ~ 0.8 ~22 ~1400 ~ 3 TRPL 
(~300 fs) 

Achermann 
et al.[53] 

GaAs 
film ~1.7 - - - ~6.0 ~4000 ~2 TA (~150 

fs) 
Y. Yang et 

al.[22] 

CdS 
microplat

e 
~0.65 ~3.2 ~900 0.4 ~1.4 ~900 ~0.6 TRPL 

(~170 fs) 
Klimov et 

al.[54] 

InN film ~2.4 - - - ~3.2 - ~10 TA (~300 
fs) 

Fen et al.[51]  

MAPbI3 

films 

~1.5 ~5.2 ~1500 ~0.6 
~6.0 ~4000 ~60 

TA (~ 150 
fs) 

Y. Yang et 
al.[22] 

~1.5 ~2200 ~10 

~0.83 ~5.2 ~900 ~0.3 - - - 

~0.45 ~5.2 ~720 ~0.18 - - - 

~0.6 ~6.4 ~900 ~ 0.5 ~6.4 ~1600 ~ 1.1 TA (~200 
fs) 

Price et al. 
[47] 

~0.8 ~6.2 ~530 ~0.3 ~10.2 ~900 ~0.8 TA (~150 
fs) Fu et al.[46] 

~1.45 - - - ~4.2 ~1000 ~0.7 

~1.45 - - - ~12 ~920 ~2 TA (~150 
fs) 

J. Yang et 
al.[30] 

~1.45 ~8.9 ~1800 >2500    TRPL 
(~16 ps) 

Bretschneider 
et al.[56] 

FAPbI3 
films 

~1.55 ~ 4.8 ~1200 ~ 0.3 ~4.8 ~2850 ~30 TA (~150 
fs) 

J. Yang et 
al.[30] 

~1.5    ~6.0 ~4000 ~30 TA (~ 150 
fs) 

Y. Yang et 
al.[22] 

CsPbI3 
films ~0.8 ~ 7 ~1500 ~ 2 ~7 ~2700 ~10 TA (~150 

fs) Shen et al.[38] 

FASnI3 
films ~1.7    ~6 ~1650 ~1000 TRPL (10 

ps) Fang et al.[43] 
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MAPbBr3 
microplat

es 
~0.7 ~0.7 ~580a)  ~ 200    TRPL 

(~20 ps) Zhu et al.[31] 

MAPbBr3 
films 

~0.7 

~2.1 ~350 < 0.1 ~15 ~900 ~0.8 
TA (~ 150 

fs) 
Li et al.[9] 

MAPbBr3 

NCs ~2.6 ~1650 ~ 0.6  ~3.5 ~2200 ~32 

FAPbI3 
NCs ~1.45 ~10 ~1450 ~1.4 ~1.1 ~2300 ~40 TA (100-

120 fs) 
Papagiorgis 

et al.[57] 

a) background lattice temperature subtracted.  
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Halide perovskites exhibit extraordinary properties of slow hot-carrier cooling; long-range 
hot-carrier transport; and efficient hot-carrier extraction that are capable of unlocking 
disruptive high-efficiency hot-carrier photovoltaics which will overcome the Shockley-
Queisser limit. Herein, we explicate the complicated photophysical mechanisms behind the 
novel phenomenon; assemble an engineering and developmental toolkit; and examine the 
challenges and opportunities in this fledging area.  
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