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Abstract 

Recent years witnessed a substantial improvement of solar cell technologies with the 

power conversion efficiencies of a variety of devices that can approach the thermodynamic 

limits (Shockley–Queisser Limit).  However, in order to finally overcome the Shockley–

Queisser Limit (≈33% for a standard cell with bandgap 1.4 eV), any process that will 

induce the loss of harvested photon energy should be well prevented.  On the one hand, 

defects trapping of the excited charge carriers in the photovoltaic materials will result in 

non-radiative recombination and reduce the quantum efficiency of solar cells. On the 

other hand, rapid photo-generated hot‐carrier cooling is another primary channel for heat 

loss. The reduced defects concentration and diminished HCs cooling in solar absorbers 

are, therefore, critical features for realizing highly efficient solar cells to break the 

Shockley–Queisser Limit. Quantum dots (QDs) are among such promising candidates in 

solar cells as the size-tunable optical properties can be utilized for materials engineering 

to achieve the above objectives. 

Meanwhile, the emerging metal ions doping in colloidal QDs raises new opportunities to 

overcome SQ limitations. Such doping states could modulate not only the electronic 

structures but also the phonon structures of the QDs. If the electronic structure and 

phonon structure can be well-tailored by the doping in QDs, we can expect enhanced 

efficiency for QDs solar cells. The main objective of the thesis is thereby to seek the 

feasibility of photophysical modulation on QDs by transition metal doping.  

In the first work of the thesis, we studied the influence of the Mn dopant on the photo-

induced charge carrier dynamics in Mn-doped CsPbCl3 perovskite QDs by steady-state 

and time-resolved spectroscopies. We found the Mn-doping not only adds extra electronic 

states in the QDs, but also significantly modulates the defect state of the materials. The 

energy levels of those possible defect states were thoroughly analyzed using Density 

Functional Theory (DFT) calculations.  As the Mn concentration increases, the exciton 

photoluminescence quantum yield (PLQY) decreases and the Mn dopant emission QY first 

increases and then decreases. The experiments and calculations reveal that Mn2+ doping 

qualitatively changes the type of defects from antisites PbCs (undoped) to interstitials Cli 

(doped). The competition between exciton to Mn/dopant energy transfer and defect 

trapping at early timescale (< 100 ps) determines the final PLQY of the CsPbCl3 QDs. 
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In the second work, we study hot carriers (HCs) relaxation dynamics in Mn-doped LHPs 

CsPbI3 nanocrystals (NCs) combining femtosecond transient absorption spectroscopy and 

DFT  calculations with a particular focus on the influence of Mn-doping on the electronic 

and phononic structures. We demonstrate that Mn2+ doping 1) enlarges the LO-acoustic 

phonon bandgap, 2) enhances the electron-LO phonon coupling strength, and 3) adds HCs 

relaxation pathways (LO is longitudinal optical mode). The first two factors are associated 

with the local distortion after Mn2+ replacement of Pb2+ in the lattice, while the third 

effect is attributed to the location of Mn orbitals within the bands of LHPs. The 

spectroscopic study shows that the HCs cooling process is decelerated after doping under 

band-edge excitation due to the dominant effect of enlarged LO-acoustic phonon bandgap. 

When the excitation photon energy is much larger than the optical bandgap and the Mn2+ 

transition gap, the doping accelerates the cooling rate owing to the dominant effect of 

enhanced carrier-phonon coupling and relaxation pathways. The enhanced electron-

phonon coupling and efficient thermalization of HCs at high energy together with delayed 

heat dissipation after thermalization with HCs at low energy are optimal for the HCSC 

application. Our results establish a straightforward methodology to control the HCs 

dynamics by doping. 
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Abstract-Danish  

De seneste år har været vidne til en væsentlig forbedring af solcelleteknologier med 

effektomdannelseseffektiviteten af en række forskellige enheder, der kan nærme sig de 

termodynamiske grænser (Shockley–Queisser Limit). For endelig at overvinde Shockley–

Queisser -grænsen (≈33% for en standardcelle med båndgap 1,4 eV), bør enhver proces, 

der fremkalder tab af høstet fotonenergi, da varme, godt forhindres. På den ene side vil 

defekter, der fælder de ophidsede ladningsbærere i de fotovoltaiske materialer, resultere 

i ikke-strålende rekombination og reducere solcellers kvanteeffektivitet. På den anden 

side er hurtig fotogenereret hot-carrier-køling en anden primær kanal til varmetab. Den 

reducerede defektkoncentration og formindskede HC'ers afkøling i solabsorbere er derfor 

kritiske træk for at realisere meget effektive solceller for at bryde Shockley–Queisser -

grænsen. Quantum dots (QDs) er blandt sådanne lovende kandidater i solceller, da de 

størrelsesindstillelige optiske egenskaber kan bruges til materialeteknik for at nå 

ovenstående mål. 

I mellemtiden skaber de nye metalioner, der doping i kolloide QD'er, nye muligheder for 

at overvinde SQ-begrænsninger. Sådanne dopingtilstande kunne modulere ikke kun de 

elektroniske strukturer, men også phononstrukturer i QD'erne. Hvis den elektroniske 

struktur og fononstrukturen kan skræddersyes godt ved doping i QD'er, kan vi forvente 

forbedret effektivitet for QD'ers solceller. Specialets hovedformål er derved at søge 

gennemførligheden af fotofysisk modulering på QD'er ved overgangsmetaldoping. 

I afhandlingens første arbejde studerede vi indflydelsen af Mn dopant på den 

fotoinducerede ladningsbærerdynamik i Mn-dopede CsPbCl3 perovskite QD'er ved 

steady-state og tidsopløste spektroskopier. Vi fandt, at Mn-doping ikke kun tilføjer ekstra 

elektroniske tilstande i QD'erne, men modulerer også materialernes defekttilstand 

markant. Energiniveauerne for de mulige defekttilstande blev grundigt analyseret ved 

hjælp af DFT -beregninger (Density Functional Theory). Når Mn -koncentrationen stiger, 

falder exciton -fotoluminescens -kvanteudbyttet (PLQY), og Mn -dopantemissionen QY 

stiger først og falder derefter. Eksperimenterne og beregningerne afslører, at Mn2+ doping 

kvalitativt ændrer typen af defekter fra antisites PbC'er (udoped) til interstitials Cli 

(dopet). Konkurrencen mellem exciton til Mn/dopant energioverførsel og defektopsamling 

i tidligt tidsrum (<100 ps) bestemmer den endelige PLQY af CsPbCl3 QD'erne. 
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I det andet arbejde studerer vi hot carriers (HCs) afspændingsdynamik i Mn-dopede 

LHP'er CsPbI3 nanokrystaller (NC'er), der kombinerer femtosekund-transient 

absorptionsspektroskopi og DFT-beregninger med særlig fokus på påvirkning af Mn-

doping på de elektroniske og fononiske strukturer. Vi demonstrerer, at Mn2+ doping 1) 

forstørrer LO-akustisk fononbåndgap, 2) forbedrer elektron-LO-fononkoblingsstyrken og 

3) tilføjer HCs-afslapningsveje (LO er optisk i længderetningen). De to første faktorer er 

forbundet med den lokale forvrængning efter Mn2+ udskiftning af Pb2+ i gitteret, mens 

den tredje effekt tilskrives placeringen af Mn orbitaler inden for LHP'ernes bånd. Den 

spektroskopiske undersøgelse viser, at HCs-køleprocessen bremses efter doping under 

båndkant-excitation på grund af den dominerende effekt af forstørret LO-akustisk 

fononbåndgap. Når excitationsfotenergien er meget større end den optiske båndgab og 

Mn2+ -gabet, accelererer dopingen kølehastigheden på grund af den dominerende effekt 

af forbedret bærer-fononkobling og afslapningsveje. Den forbedrede elektron-phonon-

kobling og effektiv termisering af HC'er ved høj energi sammen med forsinket 

varmeafledning efter termalisering med HC'er ved lav energi er optimale til HCSC-

applikationen. Vores resultater etablerer en ligetil metode til at kontrollere HC's dynamik 

ved doping. 
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Abbreviations  

CB(M): Conduction band (minimum) 

DFT: Density functional theory 

DT : Deep trap 

DOS: Density of state 

EPR: Electron paramagnetic 

resonance 

ET: Energy transfer 

GSB: Ground state bleach 

HCs: Hot carriers 

HCSC: Hot carrier solar cell 

ICP-MS: Inductively coupled 

plasma mass spectrometry 

LA: Longitudinal acoustic 

LHPs: Lead halide perovskites 

LO: Longitudinal optical 

NC(s): Nanocrystal(s) 

NOPA: Non-linear optical 

parametric amplifier 

ODE: 1-Octadecene 

OA: Oleic acid 

OAm: Oleylamine 

PIA: Photoinduced absorption 

PLQY: Photouminescence quantum 

yield 

PVs: Photovoltaics 

PQDs: Perovskite QDs 

QDs: Quantum dots 

SE: stimulated emission 

ST: shallow trap 

SQ limit: Shockley–Queisser limit 

TA: Transient absorption  

Tc: Carrier temperature 

TCSPC: Time-correlated single 

photon counting 

TEM: Transmission electron 

microscopy 

TL: Lattice temperature 

TO: Transverse optical 

TRPL: Transient 

photoluminescence 

XA(S): X-ray absorption 

spectroscopy 

XPS: X-ray photoelectron 

spectroscopy 

UV: ultraviolet 

UV-vis: Ultraviolet–visible 

VB(M): Valence band (maximum) 
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Chapter 1 

Introduction 

This chapter briefly introduces the background and development of doped perovskite QDs 

and their photophysical processes. In the first part, some basic photophysical 

fundamentals related to this thesis are introduced. These processes are the critical 

physical process determining the conversion efficiencies for solar cells to overcome the 

Shockley–Queisser limit (SQ limit) at about 33%. Then, I also talk about the materials, 

i.e. Mn doped lead halide perovskite QDs, to be targeted in this thesis. Also, trap states 

will also be discussed. Finally, the outline of this thesis is presented. The introduction in 

this chapter will be the starting point for the understanding of the following chapters. 

1.1 Theoretical background 

Due to its sustainability, abundance, and cleanness, utilizing solar energy has been the 

subject of intense efforts during the past decade.1,2 Earth's annual available solar energy 

capacity is about a hundred times the energy that entire global fossil fuel resources 

reserve.3 Therefore, research topics on solar energy capture and conversions, including 

photovoltaics (PVs), photoluminescence (PL), photosynthesis and so on, have attracted 

much attention.4,5 Since the conversion efficiency of an optoelectronic devices is mainly 

dependent on photophysical behaviors, characterization and interpretation of those 

behaviors are vital for device engineering.6 In the following section, some fundamental 

photophysical processes relevant to solar energy conversion will be introduced.  

 Excited-state dynamics in the molecular system 

After absorbing phonons, the photoactive materials can be excited from their ground state 

to excited state where species like excitons or charge carriers are generated.7 The excited-

state dynamics of a photoactive system manifest the ultrafast generation, transfer as well 

as the decay of those excited species.8 We can first obtain a basic overview of such 
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processes in a relatively simple molecular system where a well-known Jablonski Diagram 

is commonly used for demonstration.9 The Jablonski Diagram is named to memorize the 

pioneering contributions of Polish physicist Aleksander Jablonski.10 The Jablonski 

diagram is known as a powerful tool to visualize the possible transitions after 

photoexcitation in molecular system, as shown in Figure 1.1. The blue arrows represent 

the absorption process. In this process, a molecule will be excited from its ground state to 

higher excited state after optical absorption with a timescale of about 10-15 s, which is the 

fastest transition in the Jablonski diagram. After absorbing a photon, the molecules will 

be promoted from the lowest vibrational level of the ground state S0 to one of the 

vibrational levels of the singlet excited states (S1, S2,…). It is not possible to directly excite 

molecules from the ground state to the triplet excited states (T1, T2,…) because of the 

conservation of angular momentum.11 The excess vibrational energy will be lost to 

surrounding molecules (intermolecular) or within the same molecule (intramolecular) 

until reaching the lowest vibrational level of the excited state. This process is called 

vibration relaxation (Process 2) and occurs very rapidly with timescale of 10-12 – 10-10 s, 

which could outcompete all other transitions.12 The internal conversion immediately 

followed by vibrational relaxation (Process 3, the purple arrows) will also happen for the 

molecules from a higher singlet electronic state to a lower singlet electronic state on a 

timescale of 10-11 to 10-9 s.13 Because the rate of internal conversion is in inverse ratio to 

the energy gap between the two electronic states, a wider states electronic gap will show 

a slower internal conversion rate, which will be in competition with other transition 

process like intersystem crossing.14 

The radiative transition from the S1 → S0 with photon emission after the rapid vibrational 

relaxation and internal conversion processes is called fluorescence (Process 4, green 

arrows) in Figure 1.1, which occurs within a timescale of 10-10 to 10-7 s.15 The fluorescence 

process happens from the lowest vibrational levels of the first electronic excited singlet 

states to the singlet ground states. This energy loss follows Kasha’s Rule where photon 

emission (fluorescence or phosphorescence) occurs in appreciable yield only from the 

lowest excited state of a given multiplicity. The Stokes-Shift will occur that the 

wavelength of fluorescence is longer than that of the absorption.16 Phosphorescence 

process is the emission of the T1 → S0 transition (Process 6). Phosphorescence is a 

forbidden transition in principle while is weakly allowed by spin-orbit coupling. 

Consequently, the lifetime of phosphorescence is much longer than that of fluorescence in 
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the range of 10-6 to 10 s.17 The transition from the S1 to the T1 state is called intersystem 

crossing (process 5), which is marked by the yellow-colored arrows. This transition could 

be weakly allowed is because of spin-orbit coupling between the spin angular momentum 

and the orbital angular momentum.18 After intersystem crossing, the molecules will 

immediately undergo vibrational relaxation to the ground vibrational level of T1 because 

this state is non-equilibrium and will eventually lost their energy to the ground state.  

 

Figure 1.1 The typical Jablonski diagram with the possible radiative and non-radiative 

transitions processes. The black solid lines are energy levels. The transitions between 

different energy levels are marked by different colors. S0 represents the singlet ground 

state of the molecules. Sn (like S1, S2…) is the nth excited singlet state. T1 represents the 

first excited triplet state and Tn is the nth excited triplet state.  

 

 Excited-state dynamics in semiconductors  

Compared with the molecular system, the excited-state dynamics in semiconductors are 

usually more complicated since their energy band structure are more complex instead of 

discrete energy levels.19 The electronic structures of the semiconductors are dominated 

not only by the compositions of the compounds but also by their dimensions and 

morphological features. Therefore, there are some distinctions between molecular 
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systems and semiconductors systems. As shown in Figure 1.2, when samples are excited 

by a photon with energy higher than the band gap energy, an electron will be excited into 

the conduction band (CB) after absorption, and leave a hole in the valence band (VB). The 

excited electrons and holes in a higher excited state with excess energy are also called hot 

carriers (HCs).20 These hot carriers dissipate excess energy through carrier-carrier and 

carrier-phonon interactions and reach the equilibrium temperature of the lattice, thereby 

relaxing to the band-edge state, which is called hot carrier cooling (HCs cooling).21 Due to 

Coulomb's interaction, excitons can also be formed by electrons and holes.22 Electrons and 

holes located at the band edge of the semiconductors can undergo radiative or non-

radiative decay through electron-hole recombination. However, if there are sub-band gap 

states due to defects or surface dangling bonds, photo-excited charge carriers can be 

trapped at these states on a time scale faster than radiative recombination.23 The trapped 

carriers can recombine radiatively or non-radiatively. Trap emission by radiative 

recombination is red-shifted relative to the band-edge emission. For different trap states, 

the lifetime of the trap state in semiconductors ranges from tens of picoseconds to 

nanoseconds or longer.24 

 

Figure 1.2 Schematic diagram of the carrier relaxation in semiconductor. The long solid 

line with an upward arrow represents photo-excitation. The curves with downward 
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arrows indicate different relaxation processes: (1) electron relaxation or hot carrier 

cooling in the CB, (2) falling into shallow trap (ST) states and deep trap (DT) states and 

further from ST to DP, (3) band edge carrier recombination, (4) electron-hole 

recombination, (5) exciton-exciton annihilation.  

 

The excited-state dynamics of semiconductors are also highly dominated by the excitation 

concentration.25 As discussed above, the photophysical processes of photo-excited species 

are mainly composed of two parts: the initial HCs relaxation and subsequent 

recombination that occur on a timescale of femtoseconds to microseconds. The absorption 

of phonons possessing energy higher than the band gap will generate electron-hole pairs. 

The non-thermal distributed carriers will thermalize by Maxwell-Boltzmann distribution 

within t ＜ 100 fs, then cool to the lattice temperature through carrier-phonon coupling. 

This process is called HCs cooling.26 After that, the relaxed charge carriers at the band 

edge of the semiconductors will undergo transfer and then recombination processes to 

finally reach the ground state. In this section, we will focus on such charge carrier 

recombination dynamics, which highly depends on the initial carrier densities 

subsequently to the hot carrier cooling as shown in Figure 1.3.  

In the past decade, lead halide perovskites (LHPs) have been regarded as one of the most 

promising materials in optoelectronic devices.27 Perovskite represents a type of crystal 

structure with the chemical formula ABX3, where A and B are cations, and X is an anion. 

In LHPs, the X positions are halogen anion. A high optical absorption coefficient, a long 

charge carrier diffusion length and suppressed recombination rate make them promising 

in the application of solar cells or luminescence devices.28 In our work (Chapter 3), the 

charge carrier recombination dynamics of Mn-doped LHPs were studied. Therefore, 

various photophysical processes and charge carrier recombination rates in CH3NH3PbI3 

over a range of photoexcited carrier densities from the reported literature were used as 

an example.  

At low fluence with carrier densities n0 ＜ 1017 cm–3, monomolecular processes including 

geminate recombination and trap-assisted recombination are inefficient with low first-

order recombination coefficients.29 Due to the low exciton binding energy (EB ≤ kBT) of 

perovskite halides, free carriers are the intrinsic charge carriers at room temperature. 

The splitting time of excitons to free carrier at ambient conditions was estimated to be 
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~20 fs reported by Ghosh et al.30,31 The time scales of geminate recombination are typically 

on tens to hundreds of ps.32 Because the charge carrier requires the opposite charge to be 

in the vicinity of the trap in order to recombine, the radiative trap-assisted recombination 

shows a relatively long timescale, which is less probable at low charge carrier densities.  

At an intermediate carrier density n0 ≈ 1017–1018 cm–3, multiparticle effects like 

nongeminate recombination (bimolecular) become more probable. Nongeminate 

recombination originates from the bimolecular recombination and their recombination 

constants are approximately 4 orders lower than the Langevin rates, which is determined 

by assuming free carrier annihilation.29,33  

At high charge carrier density n0 ＞1018 cm–3, amplified spontaneous emission and Auger 

recombination are dominant recombination processes. Auger recombination involves 

three particles where the lost energy from the electron-hole recombination will transfer 

to another electrons or holes. Then these electrons or holes will be excited to higher energy 

states rather than recombinating directly.34  

 

Figure 1.3 Excitation dependent photophysical processes in CH3NH3PbI3. Reproduced 

with permission from ref. 25.25  
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 Hot carriers cooling 

For solar cells, fast HCs cooling is a major loss channel in suppressing their conversion 

efficiency.26 When the semiconductors excited by photons with energies much higher than 

the band gap energy (hv ＞ Eg), the excited electrons or holes will show excess energies 

above the band gap and their temperature will be higher than the lattice temperature (Tc 

＞  TL). Therefore, these hot species are termed “hot carriers”.35 However, these hot 

carriers will lose their excess energies to phonons through carrier–phonon scattering 

within hundreds of femtoseconds, making hot carriers extraction extremely challenging.36 

The schematic evolution of the carrier distributions with time after photon excitation is 

shown in Figure 1.4.37 Firstly, the excited carriers will be generated after absorbing the 

photons with high energies (process 1), the excited carriers will thermalize quickly by a 

carrier−carrier interactions and this process, called carrier thermalization (process 2), 

normally occurs within 100 fs. The consequence is that hot carriers will approximately be 

distribute as a Maxwell−Boltzmann with Tc >> TL. Then, the thermalized hot carriers 

will start to equilibrate with the phonon mainly through inelastic carrier–phonon 

interactions and this process is known as “hot carriers cooling (HCs cooling)” (process 3–

4). Generally, HCs cooling (process 3) occurs within 1 ps till the excess energies are less 

than the LO phonon energy. Afterward, the emitted LO phonons followed by electron–

LO–phonon scattering will decay into the acoustic phonons (process 4). The excess energy 

will be further lost via decay of acoustic phonon emissions. Finally, the cooled carriers 

will recombine and the timescale of this process usually occurs in nanosecond. Therefore, 

the phonons play a critical role in controlling the HCs cooling process.21 

The hot carrier solar cell (HCSC) is regarded as a solar energy converter that collects the 

excess energy to excite electrons or holes to generate direct current.37 Unlike traditional 

solar cells, HCSC maintains the number of HCs. Therefore, the excess carrier energy 

above the edges of each energy band helps to achieve higher conversion efficiency than 

traditional solar cell. The conversion efficiency of traditional batteries is limited to 33% 

by the Shockley-Queisser limitation of a single-junction solar cells (SCs). According to 

theoretical calculation, the conversion efficiency of the HCSC could reach 66%.38  

An ideal HCSC will absorb a wide range of photon energy and extract most of the energy, 

providing very high efficiency by collecting the HCs before they thermalize to the band 

edge.39 Therefore, an important characteristic of a HCSC is to be collected when the hot 
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carriers are still at high energy ("hot"), thereby allowing a higher voltage to be obtained 

from the solar cell.40 However, achieving an efficient HCs extraction with all the excess 

energy to be harvested is extremely challenging. Previous studies attributed the 

bottleneck to the suppression of HCs extraction through faster HCs cooling to the edge of 

the band, and looking for materials with a slow HCs cooling rate to ensure that HCs is 

injected into the electrode in a hot state.36,41–43 However, from our understanding, the 

excess energy of HCs will still be lost in the energy-selective electrode. Therefore, the 

optimal kinetics of HCSC should initiate the effective establishment of the above-

mentioned thermal quasi-equilibrium, in which the excess energy of HCs is converted into 

heated cold carriers. Subsequently, this quasi-equilibrium state should be long-lived to 

promote the extraction of HCs. 

 

Figure 1.4 Schematic diagram of the charge carrier distribution and the processes of HCs 

cooling in semiconductors. Reproduced with permission from ref. 37.37 

 

 Phonon and carrier-phonon coupling 

Many solid materials, including metal or inorganic materials, consist of atoms arranged 

in a periodic lattice called crystals. Theoretically, the atoms in a crystal will locate at the 

position with lowest energy or equilibrium state at a temperature of absolute zero. When 

thermal energy is posed to the crystal, the atoms in the lattice confined by the electric 

forces will stretch or compress a bit within the limitation of vibrations to a higher energy 

configuration. The excess energy is kept in the crystal to support the compression and 

stretching of the atoms. This quasi-particle of the lattice vibration is called the phonon. If 

two neighboring atoms move in the same direction, this vibration mode is acoustic 
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phonons. If they are displaced in opposite directions, this is called an optical phonon. In 

addition, two vibration modes can be classified concerning their energy dispersion. If we 

simulate the oscillation of the atoms in a one-dimension by the chain of the two balls with 

the masses M1 and M2, the dispersion of a linear chain can be seen the following:44  
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where β is spring constant, k = 
2𝜋

λ
 is the wave vector of the vibration related to its 

wavelength. The plus sign in equation 1.1 results in the so-called optical mode, and the 

minus sign in equation 1.2 to the acoustic mode. In addition to the acoustic and optical, 

the phonon can also be classified by considering the direction of atomic displacement with 

respect to the wavevector k. The phonons can be regarded as longitudinal phonons or 

transverse phonons if the displacement direction is parallel or perpendicular to k, 

respectively. The number of phonon modes is determined by the number of atoms, N, in 

the unit cell. We find three acoustic (specifically one longitudinal acoustic (LA) and two 

transverse acoustic (TA)) modes, originating from the three degrees of freedom of an atom. 

The number of optical modes is 3N – 3, where TO mode is transverse optical mode and 

LO is longitudinal optical modes.45 

In order to discuss the electron-phonon coupling in periodic crystals, the Fröhlich 

Hamiltonian will be introduced firstly. It describes the lattice motion and the coupling 

between carriers and the lattice. 

H = Hcarrier + Hlattice + Hcoupling                                 (1.3) 

In this equation, Hcoupling describes the coupling of charge carrier and phonon. There are 

two general types of interaction. One is the interaction via the short-range deformation 

potential, which locally perturbs the lattice and changes the electronic band structures. 

The other is the long-range polar-optical interaction and it is dominant in the polar 

semiconductor, like lead halide perovskites. In these polar semiconductors, energy loss 

through carrier–phonon coupling mainly occurs through the Fröhlich interaction by LO 

phonons. 46 
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Following the carrier-phonon interaction, the optical phonons will further decay into 

acoustic phonons through several channels. The first one is the Klemens mechanism 

where one optical phonon will decay into two acoustic phonons: ELO → ELA + ELA.  The 

energy of two decayed acoustic phonons are 1/2 E0 and equal to each other, but with 

antiparallel momentum. With a large phononic band gap with EA,max ＜ 1/2EO,min, the 

Klemens mechanism will be suppressed.47 The next important decay channel is the Ridley 

mechanism, where an LO phonon will decay into one TO phonon mode and one LA phonon 

mode with low energy: ELO → ETO + ELA at a zone-center.48  Vallée–Bogani channel is 

another similar process, where a LO mode decays into a lower LO phonon from the same 

branch and an acoustic mode: ELO → ELO + ELA.49 This mechanism is dominant in phonon 

decay of the case of GaAs. Finally, an optical phonon decays into two transverse optical 

phonons of a lower branch: ELO → ETO + ETO. This channel is very common for hexagonal 

materials in wurtzite structure, called Barman–Srivastava, where a small splitting of 

these modes would reduce the efficiency of this channel (Figure 1.5).50 

 

Figure 1.5 Schematic diagram of (a) phonon dispersion and (b) major decay routes for 

LO phonons. Reproduced with permission from ref. 37. 

 

 Determining factors for the HCs cooling dynamics  

The above-mentioned HCs cooling dynamics are all highly structural related, and some 

of them are even interactive with each other. In the following, we summarize the most 

critical factors: 

1) Phononic band gap: When the injection level for the carriers is high, the relaxation rate 

of the non-equilibrium carrier-phonon interaction will decrease. This phenomenon is 
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called hot phonon bottleneck.51 In order to efficiently block the Klemens channel for LO 

phonon decay, the phononic band gap between LO and LA (ℏωLO‐min − ℏωLA‐max) must be 

much larger than the maximum energy ℏωLA (ℏωLA‐max) of LA (i.e., ℏωLO‐min − ℏωLA‐max > 

ℏωLA‐max), thus contributing to the formation of hot‐phonon bottleneck and nonequilibrium 

phonon population.36,52,53 So, HCSC requires an enlarged phononic band gap to suppress 

the phonon decay as well as HCs relaxation through phonon vibration. 

2) LO phonon energy: The energy loss rate of HCs via carrier‐LO phonon interaction can 

be expressed with the following equation when the hot phonon bottleneck is absent.26,54  

𝑃 =  
𝑚1/2𝑒2

𝜋𝜀0ℏ2
 (

ℏ𝜔𝐿𝑂

2
)

3/2
[

1

𝜀𝑂𝑝𝑡
− 

1

𝜀𝑆𝑡𝑎𝑡
]                                           (1.4) 

where εOpt and εStat are the optical and static dielectric constants, respectively. For a given 

energy loss of HCs, smaller ℏωLO means more phonons are required, and HCs cooling rate 

will slow down. Therefore, the low LO phonon energies will have two advantages for 

HCSC. The first benefit is that there are many phonons emitted before HCs cool to the 

band edge. The second benefit is further LO emission could lead to phonon re-absorption. 

3) Carrier effective mass: According to the above Equation (1.4), a lighter effective mass 

for carriers will also contribute to less efficient HCs relaxation. Thus, substitution with 

other elements for a small effective mass is an advantage for designing HCSC absorbers. 

4) Quantum confinement: Quantum confinement could easily alter band gap as a result 

of size variation. Quantum confinement could be a positive feature to prolong HCs 

lifetimes. For example, hot phonon bottleneck in QDs is often considered to be the results 

of the discrete electron density of states (DOS).55 Neil et. al. report that the separate 

energy levels in the FASnI3 nanocrystals will slow down the HCs cooling by two orders of 

magnitude at low injected carrier densities.56 While some works put forward opposite 

opinion, they think the contribution of quantum confinement in suppressing the HCs 

cooling could be ignored. For example, no suppression of HCs cooling is observed through 

altering the size of CsPbBr3 nanocrystals from Ivan et al.’s work.57  
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1.2 Transition metal doping in LHPs QDs 

 Lead halide Perovskites (LHPs) 

The term perovskite was first used in 1893 for the CaTiO3 mineral and it is named to 

memorize the mineralogist Lev Alekseyevich von Perovski.58 Besides perovskite oxides, 

the perovskites can also describe oxynitrides, chlorides, nitrides, fluorides and so on.59 

The LHPs, as one of perovskite halides, have attracted much attention in photovoltaics, 

light-emitting diodes, photodetectors and solar fuels, due to their excellent optical 

absorption, long diffusion length, tunable band structures long carrier lifetimes and high 

quantum efficiencies.60 In 2009, the LHPs were first utilized as an optical absorber 

applied in solar cells by Miyasaka.61 To date, the power conversion efficiency (PCE) of 

inorganic-organic hybrid perovskite‐based solar cells has reached 25.5%, which is 

comparable with that of silicon‐based solar cells.62  

 

Figure 1.6 (a) Schematic representation and (b) tolerance factors of the typical LHPSs 

ABX3 crystal structure of halide perovskites. Reproduced with permission from ref. 63.63 

 

The general chemical formula for LHPs compounds can be expressed as ABX3. In this 

formula, A represents a monovalent cation, like MA+ (methylammonium), FA+ 

(formamidinium), and Cs+ (cesium), etc.), and B represents a divalent metal cation (Pb2+, 
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Sn2+, etc.), and X represents occupied by halides (Cl−, Br−, and I−) (Figure 1.6a).64  

Generally, LHPs are sensitive to environment. They may undergo phase degradation 

under the change of temperature, humidity, gas, and solvents conditions.65 To evaluate 

the structural stability of perovskite, tolerance factors t have been used as follows.66  

𝑡 =  
(𝑅𝐴+𝑅𝑋)

√2 (𝑅𝐵+𝑅𝑋)
                             (1.5) 

Here RA, RB, and RX are the ionic radius of A, B, and X, respectively. The tolerance factors 

for typical perovskite halide materials are shown in Figure 1.6b. When 0.9 ≤ t ≤1, 

perovskites tend to be formed with cubic structure. When 0.71 ≤ t ≤0.9, the distortion 

can be found in perovskite structure. Because the tolerance factor covers a range in halide 

perovskites, doping by other transition metal elements to replace the Pb atoms are 

structurally feasible (Figure 1.6).67  

 Quantum confinement and Quantum dots (QDs) 

 

Figure 1.7 (a) The solar radiation spectrum and inset is size-dependent 

photoluminescence of QDs. (b) Schematic images of quantum confinement. Reproduced 

with permission from ref. 71.71 
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The quantum confinement effect describes electrons in terms of energy level, potential 

well, VB, CB, and Eg. When the particle size is reduced to be comparable with the 

wavelength of the electrons, the quantum confinement effect is observed. The band gap is 

increased when the particle size is reduced. In the case of nanocrystals with the diameter 

of approx. 2-10 nm, compared with bulk semiconductors, various fluorescence colors could 

be used to reflect small differences in particle size due to the quantum size effect.68 

QDs, a colloidal nanocrystal (size range ~1–20 mm) have attracted much attention over 

the past decades due to their unconventional physical and chemical properties compared 

with their bulk counterparts. In QDs, the quantum confinement is greatly obvious as the 

particle size is comparable to the wavelength of the electron. In a strong confinement 

scenario, when the particle size of QDs is smaller than the exciton Bohr radius, as the 

energy level splits, the band gap will increase (Figure 1.7).69   

Such quantum confinement effect allows us to design and synthesize QDs with 

controllable shapes, structures and even chemical compositions to precisely adjust the 

energy of optical transitions and discrete electronic energy states.  In the past years, 

various high-quality colloidal QDs, including bare and core-shell QDs, strong absorption 

ability, size-tunable optical properties, high photoluminescence quantum yield (PLQY) 

and good light stability, have been achieved through various well-controlled synthesis 

methods. Recent studies have shown that QDs have shown great potential in recycle and 

renewable energy applications, such as photovoltaic devices, photocatalysts, 

luminescence, etc., in addressing the environmental pollution and energy crisis.70 

 Mn doping in semiconductor QDs 

Doping strategy has been demonstrated as an effective approach to modulate the 

electronic properties of semiconductors while retaining their intrinsic crystalline 

structure. During the doping process, a small amount of impurities introduced into the 

lattice can drastically tune the electronic structure.72 For photoactive semiconductors, 

transition metal Mn is a perfect dopant because doping Mn (II) in wide band gap 

semiconductors could introduce stable d orbitals within the band gap which can act as 

acceptors to accommodate the excitation from the hosts by energy transfer. The 

transferred charge carriers are long-lived at those triplet states which is beneficial for 

optoelectronic application. They can also undergo triplet emission with large stokes shift 

and extremely long lifetime.73  

https://www.sciencedirect.com/topics/materials-science/nanocrystals
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The Mn doping in QDs was earlier reported with a ZnS host, gradually this topic was 

extended to other complex nanostructures.74 Recent developments on Mn doping in LHPs 

nanocrystals have also been widely investigated.75 LHPs nanocrystals have higher 

absorption coefficients and narrower emission peaks and the similar ion radius between 

Mn2+ (0.97 Å) and Pb2+ (1.19 Å) ensures the stable incorporation of Mn2+ into perovskite 

lattice.76   

 

Figure 1.8 Proposed energy level diagram for Mn2+ doped LHPs with the emitting center 

of Mn2+ as a free-ion state and in a crystal field of cubic symmetry in the relative to energy 

band structure of LHP. Reproduced with permission from ref. 77.77  

 

In Mn doped QDs, the carriers excitation from the host QDs can be transferred to the Mn 

dopants via an energy transfer process.78 Such transfer efficiency is determined by the 

energy alignment between the dopant Mn 4T1 and 6A1 states and the intrinsic band 

structure of the QDs.76 When the halide ions (X–) are changed from Cl– to Br– to I–, the 

exciton to dopant energy transfer becomes less efficient due to the lower energy of the QD 

band edge than the Mn states.77 Generally, the energy levels of Mn2+ can be expressed by 

the Tanabe-Sugano diagram. This energy levels are largely related to the crystal field 

environment because the radiation transition of Mn2+ results from the outermost 

electrons from the 3d5 state.79 As shown in Figure 1.8, the spin-orbit coupling 4G and 4D 

degenerate energy levels of the Mn2+ free ion state will split into 4T1 (4G), 4T2 (4G), 4E, 4A1 

(4G) and 4T2 (4D).80 From the PL spectrum, the orange emission due to the Mn2+: 4T1 → 
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6A1 transition can be observed in CsPbCl3 implying that the  ground state 6A1 and the  

excited state 4T1 of Mn2+ are within the band gap or between CBM and VBM.81 As shown 

in Figure 1.8, some of the excited states of Mn2+ may overlap with CB of perovskite QDs 

(PQD) after increasing the Br/Cl ratio. It is worth noting that the relationship between 

the exciton emission of PQDs and dopant emission of Mn2+ d→ d are in mutual 

competition. If we increase the Mn2+ concentration in the host, the energy transfer from 

PQD to Mn2+ dopants will be promoted and the result is Mn2+ emission will be obvious. 

This phenomenon is common in the pure CsPbCl3, which is also discussed in our work 

(Chapter 3). The anion exchange of Cl-to-Br will significantly reduce the dopant emission 

of Mn2+ relative to intrinsic emission from pure CsPbCl3 to CsPb(Cl/Br)3. In other words, 

in high Br/Cl ratio, exciton emission will be dominant compared to the Mn2+ emission. 

The anion exchange from Cl to Br will result in band gap reduction, which will make CB 

close to the Mn2+:4T1(4G) state, and some of electrons in the 4T1(4G) state could return to 

CB through deactivation. Therefore, it is important to maintain the balance between Mn2+ 

emission energy states and CB/VB positions by appropriately replacing Cl- with Br- in 

Mn2+ doped LHPs system (Figure 1.8).  

1.3 Defects and trap states in LHPs 

In crystals, any deviation from the periodic order of the crystal lattice will result in 

defects. Most of the photophysical parameters, including the mobility and recombination 

rates of charge carrier will be greatly affected by these defects. Therefore, a good 

understanding of the structures of defects and their influence on the photophysical 

features of the materials is vital for the device application.82 In general, the non-periodic 

local structure will introduce disorder into the periodic crystal structures. Such localized 

electronic states induced by the defects (also called trap states) usually reside within the 

band gap of the semicondutors with lower energy compared with the excited charge 

carriers, providing pathways to trap photo-excited charge carriers. Depending on the 

energy difference (ΔE) between the band edges (CBM/VBM) and the defect levels, the trap 

states can be divided into shallow traps (ΔE ≤ kBT) and deep traps (ΔE > kBT) where kB 

is the Boltzmann constant and T represents temperature, respectively. Typically, charge 

carriers restricted in shallow trap states can be easily detraped back into the excited 

states, while deep traps hinder the detrapping and the trapped charge carriers will be 
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bonded at the defect sites before they directly relax to the ground states. On the other 

hands, defects states can also locate within the CB or VB of the semiconductor, which are 

then incapable of trapping carriers.23 

The defects in LHPs, like other semiconductors, can be classified by intrinsic defects and 

extrinsic defects.83 Extrinsic defects refer to the impurities with atomic elements different 

from host composition, for instance, the dopant in the doping. Kröger–Vink notations are 

commonly used in intrinsic (or native) point defects, for example, label VM, Mi, MS identify 

as vacancy defects, interstitial defects and substitution defects, respectively.84 For 

instance, for CsPbBr3, the Br vacancy can be labeled as VBr, the Bri represent the Br atoms 

located in the interstitial sites and lead occupying a Bromide site yields an anti-site label 

of PbBr (Figure 1.9). When the formation energy of a defect is negative, it is 

thermodynamically advantageous for the formation of this defect in the semiconductor 

spontaneously. The formation energy depends on the atomic chemical potential and the 

electron chemical potential.85 The former is related to the concentration and activity of 

the reactants, and the later factor is related to the Fermi level. Therefore, the defect 

structure (types or concentration) will change significantly under different synthesis 

conditions, such as reaction temperatures, concentrations, solvents, precursors and so on. 

The traditional method of studying defects in specific materials is to theoretically 

calculate their formation energy. In order to study the materials containing defects 

systematically, each defect in different charge states will be considered. The most stable 

charge state of defect is the lowest formation energy from calculation while it may vary 

according to the value of the Fermi level. If there is a transition of the Fermi level within 

the band gap, the charge carriers can interact with this energy level. Therefore, Density 

Functional theory (DFT) calculation is currently the most accepted method for 

investigating the origin of point defects.86 The defects and their formation energies in 

perovskites halide were substantially investigated using DFT.  

There are some reports about defects and trap states in LHPs. It was found that CsPbBr3 

has a high degree of defect tolerance in its electronic structure. Most inherent defects 

cause shallow transition energy levels. Only a few defects will show deep transition 

energy levels while their formation energy is high. 87 Furthermore, it is reported that Ni 

doping in CsPbCl3 could be used to eliminate the halide vacancy defects and increase 

short-range order. From DFT calculations, it is revealed that Ni doping will not only 

increase defect formation energy, but also avoid to introduce deep trap states within the 
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band gap, thus contributing to near-unity PLQY.88 Besides, from the alkaline metals 

doping investigation, it is found that Ca2+ and Sr2+ ions exist on/close to the surface of 

nanocrystals could form a passivation layer. This passivation layer could suppress the 

formation of vacancy defects, thereby inhibiting non-radiative recombination pathways 

in NCs.89 

 

Figure 1.9 Schematic diagram of defects in LHPs. (a) Various types of defects in LHPs: i) 

perfect perovskite crystals, vacancies like ii) VA, iii) VX, iv) VB, interstitials v) Ai, vi) Xi, vii) 

Bi, viii) impurity interstitial, anti-sites: ix) AB, x) AX, xi) XB, xii) XA, xiii) BA, xiv) Bx, xv) 

lattice dislocations, xvi) grain boundary defects, xvii) Schottky defect, xviii) Frenkel defect, 

xix) substitution with external impurities. (b) The schematic images of LHPs with surface 

defects and ligands. Reproduced with permission from ref. 90.90  
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1.4 Outline of the thesis 

This thesis contains five chapters. It is outlined as follow: 

Chapter 1-Introduction 

It starts with the background of basic photophysics in molecular and inorganic materials. 

Some photophysical concepts and phenomena related to our work were introduced, like 

carrier recombination, hot carriers, carrier-phonon coupling and so on. Afterward, the 

materials to be investigated of LHPs and corresponding defects were discussed. The main 

purpose of this part is to supply the background and discussion for the following chapter. 

Chapter 2-Methodology 

In this chapter, the details of ultrafast spectroscopies and equipment for materials 

characterization used in the thesis work are introduced.  

Chapter 3- Charge−carrier dynamics in Mn-doped CsPbCl3 QDs 

The correlation between structure and photo-induced charge carrier dynamics in Mn2+ 

doping in CsPbCl3 perovskite QDs (one of the benchmark samples nowadays for efficient 

dopant emission) with different doping levels was discussed. 

Chapter 4- Hot carrier cooling in Mn-doped CsPbI3 QDs 

The effect of transition metal (Mn2+) doping of lead halide perovskites in their HC cooling 

dynamics was investigated through both ultrafast laser spectroscopy and DFT calculation.  

We found the HCs cooling rate is modified by the Mn doping, but the trend is excitation 

energy-dependent. 

Chapter 5- Conclusion and perspective 

Main conclusions from chapters 3-4 and perspective are presented. 
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Chapter 2 

Methodology 

In this chapter, a brief introduction to the methodology used in this thesis project has 

been provided. Firstly, we will introduce the spectroscopy methods for the photopoysical 

characterization and their working mechanism, including steady-state and ultrafast 

spectroscopy. Afterward, other structural characterizations will be discussed, including 

X-ray photoelectron spectroscopy (XPS), electron paramagnetic resonance (EPR), 

inductively coupled plasma mass spectrometry (ICP-MS), transmission electron 

microscopy (TEM) equipped with structural and composition detectors and X-ray 

absorption spectroscopy (XAS). Finally, the synthesis methods of lead halide perovskite 

(LHP) QDs and Mn-doped LHP QDs are introducted. The methodology in this chapter 

will be beneficial for the analysis and understanding of the excited state dynamics studied 

in the following chapters. 

2.1 Steady-state and ultrafast spectroscopies 

 Steady-state UV-vis absorption spectroscopy 

Semiconductors containing energy levels (CB/VB) and energy band gap could absorb the 

photons in the range of ultraviolet (UV) and infrared light to excite the electrons to high 

energy levels. For a semiconductor, the lower energy gap between VBM to CBM, means 

it could absorb the light with longer wavelength.  Absorption spectroscopy refers to the 

techniques that measure the absorption ability of photon as a function of wavelength by 

the material. The measured range of the absorption spectroscopy, or called Ultraviolet–

visible (UV-vis) spectroscopy is in part of the ultraviolet, the visible regions and even part 

of infrared light from the optical spectrum.1 The Beer-Lambert law is commonly applied 

to understand attenuation in physical optics. This law can be used to express the 

relationship between the attenuation of light through the materials and corresponding 

optical properties as shown in the following equation.  
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A = εcl = log (I0/I)                                (2.1) 

where A is the measured absorbance, I0 is the intensity of the incident light, I is the 

transmitted intensity of light,  ε is the molar absorptivity or extinction coefficient. l is the 

path length through the sample, and c the concentration of the absorbing species. From 

the Beer-Lambert law (equation 2.1), it can be seen that the absorbance is proportional 

to samples’ concentration, molar absorbance coefficient and the distance the light travels 

through the sample.2  

 

Figure 2.1 Schematic diagram of UV- visible spectrophotometer. 

 

Based on the Beer-Lambert, the instrument used in ultraviolet-visible spectroscopy to 

measure the absorption spectroscopy is called UV-vis spectrophotometer. The main 

components of the UV-vis spectrophotometer are light source, samples holder, and 

detector (Figure 2.1). Depending on the wavelength, the light source normally selects 

tungsten filament (300-2500 nm), deuterium arc lamp (190-400 nm), Xenon arc lamp 

(160-2000 nm), and single beam or double beam is used in different spectrophotometer. 

The double beam can be seen as follows with reference to be compared. Total transmission 

(or zero Absorbance) will be taken for the reference beam, and the measurement is to 

calculate the ratio of the beam intensities between reference and measurement. With a 

single beam, the reference, I0 usually is measured by blank sample or the cuvette only 

containing the solvent. Typically, the detector selects a photodiode, a photodiode array, a 

photomultiplier tube, or a charge-coupled device (CCD).  The purpose of monochromator 
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is to select a narrow range of specific wavelengths of light from a broader range of 

wavelength to collect the intensity as a function of wavelength.1 

 Steady-state photoluminescence spectroscopy 

When a photon possessing the energy above the band gap energy, it will excite the 

electrons to occupy the allowed excited energy levels. Because this state is non-

equilibrium, the excited electrons will return to the ground state by dissipating their 

excess energy through radiative and non-radiative processes. The photoluminescence 

occurs typically at the wavelength around the band gap energy, which could be allowed 

to determine the band gap energy, impurities level, and even composition. Meanwhile, 

photoluminescence can also be classified by fluorescence (10-8-10-4) and phosphorescence 

(10-4-10-2) according to the lifetime.3 

 

Figure 2.2 Schematic diagram of the measurement of emission spectra in a 

spectrofluorometer.  

 

The fluorescence of the QDs is recorded by an analytical instrument known as 

spectrofluoremeter. The excitation spectra, emission spectra and photoluminescence 

quantum yield (PLQY) can be carried out in this equipment. The main components of 

spectrofluorometer contain a laser source, monochromator of excitation light, sample 

holder, monochromator of emission light, detector, signal amplifier and recorder system 

(Figure 2.2). The laser source typical uses Xenon arc lamp to supply continuous light with 

a range of 160-2000 nm. The purpose of monochromators, excitation or emission, are used 

to mechanically select a narrow range of optical wavelengths from a broader range of 

wavelengths available at the laser. The two slits control the bandpass of the incident light 

or fluorescence intensity signal. Similar to the UV-vis spectrometer, there are two types 
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of detectors, one is a signal detector, and the other is a reference detector. The signal 

detector is to count the emission photons. The purpose of the reference detector is to 

monitor the Xenon laser for the correction of wavelength and output of the laser.4 

 Transient absorption spectroscopy (TA) 

Transient absorption spectroscopy, also known as pump-probe spectroscopic technique, 

can be utilized to measure the photo-induced excited state dynamics of materials. This 

technique can be traced back to 1950 published by George Porter and Ronald G. W. 

Norrish, who discovered the high-intensity flash. In 1967, they were awarded by Nobel 

Prize in Chemistry “for their studies of extremely fast chemical reactions, effected by 

disturbing the equilibrium by means of very short pulses of energy”.5 According to the 

timescale of photophysical process, two types of TA are needed: femtosecond TA (fs-TA) 

for fast processes, such as charge injection, defect trapping, singlet excited states and 

nanosecond TA (ns-TA) for slow processes, like energy transfer, electron transfer, triplet 

states or triplet-triplet annihilation. In transient absorption spectroscopy, the pump-

probe technique is set so that a laser pulse for exciting the sample is called pump, and a 

second pulse with certain delay time for measuring the changes in absorption as a 

function of time and wavelength, is called probe. The fraction of pump pulse typically is 

in safe range so that the excited state structure of the sample is not distubured during 

the probing. The transient absorption spectra ΔΑ (λ, τ) is achieved in the experiment 

through changing the delay time τ and recording the spectrum at each delay. This 

technique could be an important method to measure the dynamics of the excited charge 

carriers, including the electron and energy transfer, carrier trapping dynamics, hot 

carriers cooling and so on. The advantage of TA spectroscopy is that it could investigate 

the non-emissive or dark states in comparison to time-resolved fluorescence which we will 

discuss later. 

Some characteristics signals can be observed in TA data (Figure 2.3). The first one is 

ground state bleach. After being excited by the pump pulse, part of species, i.e. molecules 

or semiconductors, will be excited into an excited state, and the population of species at 

the ground states will decrease. Consequently, the ground state absorption of excited 

samples will be less than non-excited samples, resulting in the negative signal. 

Meanwhile, due to the excited electrons populated at the excited state after pump, the 

absorption of probe pulse could contribute to the optically allowed transition from the 
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lower excited state to higher excited states. This excited-state absorption will 

consequently contribute to a positive signal in the TA spectra. In a two-level system, 

stimulated emission will also occur when the probe pulse passes through the excited 

samples. The photons generated by the stimulated emission show the same direction and 

energy as the probe photons. The result is the increased intensity of photons which leads 

to a negative TA signal.6  

 

Figure 2.3 (a) The schematic diagram of the TA with the pump pulse and the delayed 

probe pulse. (b) The schematic diagram for the TA with the ground-state bleach (GSB), 

stimulated emission (SE) and excited-state absorption (PIA). 

 

Figure 2.4 shows a schematic diagram of an ultrafast TA setup, which describes the basic 

components used in this thesis. Some parameters need to be modified according to the 

requirement of experiments, but it does not affect the understanding of the TA equipment. 

The pulse is generated from a broadband oscillator with the duration of about 30 fs and 

wavelength of 800 nm. The amplification is needed because this pulse is too weak to 

perform any meaningful spectroscopy and it is achieved by the chirped-pulse 

amplification. The seed pulse from the oscillator is first stretched by temporally delaying 

the blue wavelength concerning the red wavelength. Afterward, the seed pulse will pass 

through the Pockels cell.  After traveling back and forth in the cavity, it will pass through 

Ti:sapphire crystal until the saturation is reached after several passage, amplified and 

then compressed by temporally synchronization. Consequently, the laser system with 

specific fs pulse, energy, center wavelength, bandwidth, and a repetition rate is obtained. 

However, the wavelength at around 800 nm cannot be used to perform most of the TA 

experiments. In order to shift the wavelength to regions for our experiments, like visible 

light and near-IR, non-linear optical parametric amplifier (NOPA) is typically used. In 
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the NOPA system, the signal and idler are amplified by nonlinear polarization of the 

crystal.  Due to the polarization,  

 

Figure 2.4 Schematic diagram of the measurement of femtosecond transient absorption 

spectroscopy 

 

the group velocity of the signal, idler, and pump beam are different, the idler beam can 

be adjusted by changing the angle between symmetry axis and laser beam. Therefore, the 

pump beam is allowed to be converted to idler and signal beam over a large propagation 

length.  Besides wavelength, another important parameter delay time between the pump 

pulse and probe pulse can be regulated by a high-precision motorized computer-controlled 

translation state. In our setup system, it is possible to achieve the delay time 100 fs to 1 

ns through this delay stage. Afterward, in order to evaluate the pump-induced absorption 

changes, the white-light continuum range from UV to infrared can be used as probe pulse. 

The wavelength range of probe beam varies depending on the non-linear optical crystals 

we used including sapphire or calcium fluoride. To adjust the fluence of pump beam, a 

neutral-density filter, or ND filter, is needed, especially for some fluence-dependent 

spectroscopic experiments. 

Finally, we will talk about the collection of TA spectra and how the TA experiment is 

proceeded as the following description. At a specific delay, the time between pump and 

probe beam is fixed. The pump beam will first pass through a mechanical chopper which 

is synchronized to the amplifier before reaching the sample to excite and not excite the 
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sample alternatively. Correspondingly, the detector alternatively measures intensity of 

the probe beam or called white light of a pumped (I(λ)pumped) and unpumped (I(λ)unpumped) 

sample, and, respectively, the difference in absorbance spectrum ΔA can be calculated by 

the following equation. 

ΔA (λ) = - log (I(λ)pumped / I(λ)unpumped)         (2.2) 

Then the delay line moves to the next delay time between the pump beam and probe 

beam. Sufficient shots are needed to improve signal-to-noise ratio for data analysis.7  

 Time-correlated single photon counting (TCSPC) 

Time-correlated single photon counting (TCSPC) is a useful and statistical technique to 

characterize the fluorescence lifetime. In TCSPC, there are two beams involved in the 

measurement, one is the emission signal from samples, and the other is a reference signal 

generated from the light source. The monitoring of a single photon is achieved by the 

measurement of the arrival time of the signal from the sample in respect to a reference 

signal. This process can be repeated many times under a repetitive excitation laser pulse. 

Consequently, the phonon distribution over the decay time will be built up (Figure 2.5). 

 

Figure 2.5 TCSPC technique for fluorescence lifetime analysis. (a) The schematic 

diagram of TCSPC technique. The reference pulse starts the clock and the clock will stop 

when the sample signal arrive. (b) The time measured for one such start-stop 

measurement is then stored by increasing count in a histogram. 

 

The main components for the TCSPC contains light source, sample holder, detector, 

constant fraction discriminators (CFD), electrical delays (DEL), the time-to-amplitude 

converter (TAC), amplifier (between the TAC and ADC), analog to digital converter (ADC) 
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and digital memory (Mem) (Figure 2.6). The incoming pulse is evaluated by pulse height 

and only events with the pulse height higher than a given threshold are selected for next 

signal processing. The wavelength of the beam source replies on the requirement of the 

experiment and the electronic band gap of the sample. The detector will determine the 

fraction, threshold zero-crossing level and constant fraction delay. The function of CFD is 

applied to collect accurate timing information from the detector and then the signal from 

the CFD will be fed to a Time to TAC. This circuit is very important in determining when 

is started and stopped by signal. The voltage obtained from the TAC to ADC will provide 

the digital timing value to address the histogram.8 

 

Figure 2.6 The schematic diagram of the components for TCSPC. 

 

2.2  Structural characterizations 

2.2.1 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a powerful characterized technique for 

revealing material surface information about the elemental compositions, electronic state, 

and chemical states. The XPS spectra are obtained through collecting electrons as a 

function of their kinetic energies from the surface of materials irradiated by X-ray beam 

at around 1-10 nm. Because each atom has characteristic orbitals and corresponding 

peaks, the energy and intensity of these peaks can be identified to elements with the 

exception of hydrogen and helium. 
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The absorption of the incident X-ray beam will lead to the ejection of the photoelectrons 

of samples to escape the atom in a given material. The energy of the ejected electrons is 

measured by the detector for further analysis. A typical XPS spectrum plots the number 

of electrons with specific energy and characteristic XPS peaks for each element. The 

energy of incident X-ray with a particular wavelength is Ephoton, and the measure emitted 

electrons’ kinetics energy is Ekinetics. Therefore, the binding energy Ebinding (BE) can be 

calculated by following equation.  

Ebinding = Ebinding – (Ebinding + )                  (2.3) 

 is the work function for the specific surface of the material. In measurement, the 

correction for the work function is needed due to the existence of contact potential. For a 

typical XPS system, the main components are X-ray source, vacuum system, sample 

holder, electron energy analyzer and data process system. The irradiated X-rays are 

usually generated by an anode (typically Mg or Al Kα radiation with 1253.6 eV or 1486.6 

eV) hit by a high-energy (~10 keV) electron beam. Depending on the anode materials used, 

X-rays with different energy will be emitted. A cooling system with cycled water is needed 

to decrease the heat converted from incident electron energy. After illumination with 

sufficient energy from X-ray, photoelectrons will escape from the sample’s surface into 

the vacuum chamber to be further analyzed by the energy dispersive analyzer and data 

acquisition.9  

2.2.2 Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) has been widely used in measuring morphology, 

microstructures and elemental information, including the QDs in this thesis. The above 

information is mainly obtained from electron matter interaction, such as transmitted 

electrons, elastic/inelastic scattering, characteristic X-ray and so on. When electron beam 

hits on the samples, signals are generated. The composition, valence, and structure 

information is contained in these signals. The transmitted electrons are used to 

characterize the morphology of samples. The resulting images are based on the mass-

thickness contrast, phase contrast and diffraction contrast. 

In contrast, scanning transmission electron microscopy (STEM) normally uses an annular 

detector, like high-angle angular dark field (HAADF), to collect the scattered electrons. 

Therefore, the HAADF-STEM is highly sensitive to the atomic number, also called Z-

contrast. The elemental composition can be measured by the characteristic X-rays using 
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energy-dispersive X-ray (EDX) detector. Meanwhile, because crystal can be regarded as a 

periodic array, a collective scattering phenomenon with electrons being (nearly 

elastically) scattered could generate electron diffraction. Hence, from electron diffraction, 

we could analyze the structural information. 

The main components of TEM mainly include electron gun, vacuum system, 

electromagnetic lenses, specimen stage, and imaging system. The electron gun could be 

made of tungsten filament or lanthanum hexaboride source. There are two types to emit 

electrons, thermionic and field electron emission. The whole system should be maintained 

in a high vacuum to avoid scattering between air and electrons and this scattering will 

reduce the resolution. Meanwhile, high vacuum system is beneficial to protect the 

filament. A number of airlocks and pumps are needed to evacuate the whole column. The 

electromagnetic lens is designed to focus the parallel electrons. The lens typically consists 

of coils. The electromagnetic field is created when an electric current passed through 

these coils. The strength of electromagnetic is dependent on the current. Normally, there 

are three stages of lens in the TEM, condenser lens for primary beam formation, objection 

lens for focusing the beam and project lenses for expanding the beam onto the phosphor 

screen. The specimen stage allows the holder to be rotated within angles. Finally, for the 

imaging devices, fluorescent screen for real-time imaging and adjustments and charge-

coupled device (CCD) for images are the two basic imaging devices in modern TEM 

instruments.10 

2.2.3 Electron paramagnetic resonance (EPR) 

Electron paramagnetic resonance (EPR) is a non-destructive, noninvasive, highly 

sensitive, and accurate analytical technique method to characterize the materials with 

unpaired electrons, especially useful for studying the metal complexes, organic metals 

and transition metals.  

Each electron has spin quantum number s =  
1

2
  and a magnetic moment with ms = + 

1

2
 

and ms = − 
1

2
 . When applying the external magnetic field B0, the magnetic moment will 

align either parallel (ms = + 
1

2
) or antiparallel (ms = − 

1

2
) to the field. Due to the Zeeman 

effect desribed in the following equation, each alignment has a specific energy.  

E = msgeuBB0                (2.4)     
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In this equation, ge is called g-factor and uB is the Bohr magneton.  Because ge and uB are 

constant, the splitting of the energy is proportional to the strength of magnetic according 

to the following description. The electron spin can be changed by absorbing or emitting a 

phonon when the energy of the phonon obeyed the resonance condition hv = ΔE.    

ΔE = 𝐸
+

1

2

 - 𝐸
−

1

2

 = geuBB0              (2.5) 

Experimentally, the collection of paramagnetic centers is exposed to microwaves at a fixed 

frequency. The gap of energy states between the ms = + 
1

2
 and ms = − 

1

2
 will be widen 

when increasing an external magnetic field until microwave energy matches the splitting 

energy.12  

2.2.4 Inductively coupled plasma mass spectrometry (ICP-MS) 

Inductively coupled plasma mass spectrometry (ICP-MS), as a type of mass spectrometry, 

is widely used to detect metals or several non-metals in a liquid solution even at very low 

concentration. The components of ICP-MS mainly include an ion source, a sample 

interface, ion lens, a mass spectrophotometer, and a detector. The ion source can ionize 

over 90% of many elements. The ionized elements will then pass through the sampling 

interface for the further mass analysis.  There are there parts in the sampling interface 

unit, the sampling cone, the skimmer cone, and a rotary gear pump ventilates between 

two cones. The main purpose of sampling cone and skimmer cone is to converge ions into 

the mass spectrophotometer through the ion lens. Finally, the ions will be sorted by mass 

spectrophotometer detected by the ion detector.13 

2.2.5 X-ray absorption spectroscopy (XAS) 

X-ray absorption spectroscopy (XAS) is an advanced technique for determining the local 

geometric and electronic structures with tunable X-ray beam. The information measured 

from XAS is the X-ray absorption coefficient of a material as a function of energy. Since 

each element has its own characteristic absorption edges, XAS is a powerful method in 

studying: (i) spatial locations under local environments, (ii) their oxidation state, (iii) 

disordered structure, (iv) bond distance, and so on.14  

XAS contains two parts: one is extended X-ray absorption fine structure (EXAFS) and the 

other is X-ray absorption near edge structure (XANES). Generally, in the low kinetic 

energy in the range of 5-150 eV, the multiple scattering is dominant in XANES spectra 
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because the photoelectron backscattering amplitude by neighbor is very large. While in 

the high kinetic energy above 150 eV, the excited photoelectron is related to the single 

backscattering because amplitude photoelectron scattering is very low. Therefore, EXAFS 

is a powerful tool in determining the fine structure, like interatomic distances.15 

2.3 Synthesis of Mn-doped QDs 

Typically, the Mn-doped CsPbX3 LHPs (X is halogen, like Cl, Br and I) QDs are prepared 

by hot injection methods. The first step is to synthesize Cs-OA. An amount of Cs2CO3, 

oleic acid (OA), and 1-octadecene (ODE) are added into a three-neck round-bottom, 

evacuated to vacuum and refilled with argon or N2, dried at about 120 °C for a certain 

time, then heated to around 150 °C and waiting for several minutes until all 

Cs2CO3  reacted with OA before using. Then, the next step is to prepare Mn-doped LHPs 

QDs. Typically, an amount of PbX2, MnX2, oleylamine (OAm), OA, ODE were added to a 

three-neck round bottom flask, evacuated and refilled with Ar or N2 similar to the 

description as above to remove the air. Then the solution was heated to 120 °C for 30 

minutes. Then an amount of dried OAm and dried OA were subsequently injected to the 

solution.  The Cs-oleate precusor will be swiftly injected under the injection temperature. 

Followed by injection, the solution will be cooled by ice/water bath. After reaction, the 

aggregated QDs will be centrifuged, purified and redispersed in toluene for further 

measurement. The details for each part can be seen in experiment part (Chapter 3-4).16 

 

 

 

 

 

 

 

 



 

 

40 

 

References  

(1)  Hanlan, J.; Skoog, D. A.; West, D. M. Principles of Instrumental Analysis; Cengage 

learning, 1973; Vol. 18. 

(2)  Swinehart, D. F. The Beer-Lambert Law. J. Chem. Educ. 1962, 39, 333. 

(3)  Harris, D. C.; Bertolucci, M. D. Symmetry and Spectroscopy: An Introduction to 

Vibrational and Electronic Spectroscopy; Courier Corporation, 1989. 

(4)  Bostian, K. A. Instrumentation for Differential Fluorescence Spectroscopy. Anal. 

Biochem. 1977, 82, 353–361. 

(5)  The Nobel Prize in Chemistry 1967. NobelPrize.Org. Nobel Media AB 2020. Fri. 

27 Mar 2020. Https://Www.Nobelprize.Org/Prizes/Chemistry/1967/Summary/. 

(6)  Berera, R.; van Grondelle, R.; Kennis, J. T. M. Ultrafast Transient Absorption 

Spectroscopy: Principles and Application to Photosynthetic Systems. Photosynth. 

Res. 2009, 101, 105–118. 

(7)  Monti, S.; Chiorboli, C. Transient Absorption Spectroscopy. In The Exploration of 

Supramolecular Systems and Nanostructures by Photochemical Techniques; 

Springer, 2012; 185–207. 

(8)  O’Connor, D. Time-Correlated Single Photon Counting. In The IUPAC 

Compendium of Chemical Terminology; International Union of Pure and Applied 

Chemistry (IUPAC): Research Triangle Park, NC, 2014. 

(9)  Watts, J. F.; Wolstenholme, J. An Introduction to Surface Analysis by XPS and 

AES; Wiley, 2019. 

(10)  Subramanian, S.; Rai, R. Transmission Electron Microscopy. In Microelectronics 

Failure Analysis; ASM International, 2019; 461–484. 

(11)  Tang, C. Y.; Yang, Z. Transmission Electron Microscopy (TEM). In Membrane 

Characterization; Elsevier, 2017; 145–159. 

(12)  Weil, J. A.; Bolton, J. R. Electron Paramagnetic Resonance: Elementary Theory 

and Practical Applications, Second Edition; John Wiley & Sons, 2006. 

(13)  Nageswaran, G.; Choudhary, Y. S.; Jagannathan, S. Inductively Coupled Plasma 

Mass Spectrometry. In Spectroscopic Methods for Nanomaterials 

Characterization; Elsevier, 2017; Vol. 2, 163–194. 



 

 

41 

 

(14)  Cruz, I. F.; Freire, C.; Araújo, J. P.; Pereira, C.; Pereira, A. M. Multifunctional 

Ferrite Nanoparticles: From Current Trends Toward the Future. In Magnetic 

Nanostructured Materials; Elsevier, 2018; 59–116. 

(15)  Yano, J.; Yachandra, V. K. X-Ray Absorption Spectroscopy. Photosynth. Res. 2009, 

102, 241–254. 

(16)  Protesescu, L.; Yakunin, S.; Bodnarchuk, M. I.; Krieg, F.; Caputo, R.; Hendon, C. 

H.; Yang, R. X.; Walsh, A.; Kovalenko, M. V. Nanocrystals of Cesium Lead Halide 

Perovskites (CsPbX3, X = Cl, Br, and I): Novel Optoelectronic Materials Showing 

Bright Emission with Wide Color Gamut. Nano Lett. 2015, 15, 3692–3696. 

 

 

 

 

 

 

 

 



 

 

42 

 

Chapter 3 

Charge−carrier dynamics in Mn-doped 

CsPbCl3 QDs 

Doping transition metal ions in semiconductor quantum dots (QDs) especially perovskite 

QDs recently has been proved as an effective approach to tune the photo-physical features 

of the QDs. On one hand, some transition metal ions in the QDs (e.g. Mn2+, or Cu2+) can 

provide d-d emissive state with a long lifetime. Their broad yellow-orange emission have 

exhibited potential application in white light-emitting diodes (LEDs). On the other hand, 

the doping is also expected to distort the local lattice structures and consequently induce 

many defects and traps in QDs restricting the final photoluminescence quantum yield.   

Although some efforts have been made to minimize the effect of defects and improve the 

PLQY in such doped QDs, the detailed influence of transition metal ion doping on the 

defect states and consequently on the emission properties of QDs has not yet been clearly 

rationalized. The simultaneous contribution from intrinsic emission of QDs, QD-to-

dopant energy transfer as well as defect trapping on the photo-physics increase the 

complexity to interpret the charge carrier dynamics. We noticed some recent researches 

proposed a two-step shallow trap mediated energy transfer model where the shallow trap 

states between the Mn2+ states and intrinsic exciton states of the QDs serve as an 

intermediate channel for the migration of charge carriers. However the origins of such 

trap states have not been justified. Furthermore, such model cannot fully rationalize the 

dependence of doping level on the final PLQY, which is the crucial parameter for the 

device application.  

In this work, we studied the correlation between structure and photo-induced charge 

carrier dynamics in Mn2+ doping in CsPbCl3 perovskite QDs (one of the benchmark 

samples nowadays for efficient dopant emission) with different doping level. We first 

discovered the defect structure that would be induced by Mn2+ doping via DFT calculation, 

which reveals that Mn2+ doping qualitatively changes the type of the defects from shallow 
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antisites PbCs (undoped) for electron trapping to deep interstitials Cli (doped) for hole 

trapping. The complementary spectroscopic studies by transient absorption and time-

resolved photoluminescence unambiguously assign the pathway and rate of QD to dopant 

energy transfer, which has been confused with charge carrier trapping in the previous 

literature. The detailed analysis of spectroscopic results shows parallel competition 

instead of mediation between exciton-dopant energy transfer and defect trapping at early 

timescale (<100 ps), which determines the final PLQY of the CsPbCl3 QDs. Such 

competition also rationalizes the non-monotonic evolution of PLQY with the Mn2+ doping 

level. 

 

This chapter is a published article: J. Phys. Chem. Lett. 2020, 11, 9, 3705–3711, 

https://doi.org/10.1021/acs.jpclett.0c01050. 

This published article is given below and with reproduced here with the permission of 

Journal of Physical Chemistry Letters, which is ACS journal. 

 

https://doi.org/10.1021/acs.jpclett.0c01050


Modulating Charge-Carrier Dynamics in Mn-Doped All-Inorganic
Halide Perovskite Quantum Dots through the Doping-Induced Deep
Trap States
Jie Meng,◆ Zhenyun Lan,◆ Mohamed Abdellah, Bin Yang, Susanne Mossin, Mingli Liang,
Maria Naumova, Qi Shi, Sol Laura Gutierrez Alvarez, Yang Liu, Weihua Lin, Ivano E. Castelli,
Sophie E. Canton, Tönu Pullerits, and Kaibo Zheng*

Cite This: J. Phys. Chem. Lett. 2020, 11, 3705−3711 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Transition-metal ion doping has been demonstrated to be effective for tuning
the photoluminescence properties of perovskite quantum dots (QDs). However, it would
inevitably introduce defects in the lattice. As the Mn concentration increases, the Mn dopant
photoluminescence quantum yield (PLQY) first increases and then decreases. Herein the
influence of the dopant and the defect states on the photophysics in Mn-doped CsPbCl3 QDs
was studied by time-resolved spectroscopies, whereas the energy levels of the possible defect
states were analyzed by density functional theory calculations. We reveal the formation of
deep interstitials defects (Cli) by Mn2+ doping. The depopulation of initial QD exciton states
is a competition between exciton−dopant energy transfer and defect trapping on an early time
scale (<100 ps), which determines the final PLQY of the QDs. The present work establishes a
robust material optimization guideline for all of the emerging applications where a high PLQY
is essential.

Doping Mn2+ ions into the lattice of quantum dots (QDs)
has attracted extensive attention because it creates stable

sub-band-gap Mn2+ d−d emission (4T1−6A1) with an
extremely long lifetime.1−4 This property broadens the scope
of the optoelectronic application of these QDs.5,6 Because the
Mn2+ d−d emission is triggered by the energy transfer (ET)
from the QDs after photoexcitation, selecting host QDs with a
suitable optical band gap and a high photoluminescence
quantum yield (PLQY) is essential. Doping Mn2+ in
conventional II−VI semiconductors QDs is feasible, but the
PL of the QDs themselves is restricted by the sub-band-gap
defect states.6−11 On the contrary, the highly ionic lattice of all
inorganic cesium lead halide (CsPbX3) perovskite QDs renders
these nanomaterials highly tolerant to defects with a much
higher PLQY compared with the II−VI QDs.12,13 In addition,
Mn2+ and Pb2+ have similar ionic radii and comparable bond
dissociation energies toward halide ions.14 Therefore, doping
Mn2+ ions in perovskite QDs has recently been widely
investigated.15−21 However, the reported PLQY of the Mn2+

d−d emission in doped QDs is below expectations.21,22 This
raises important questions regarding the dynamics of the
excitons and charge carriers after the excitation of host QDs
and their correlations with the dopants.21 Previous research
focused on the exciton−dopant ET process without consider-
ing any influence from the defect trapping.15,23,24 Recent
studies put forward a trap-mediated exciton−dopant ET model
where initially excited charge carries would first be localized in

a shallow trap before they could migrate to the Mn2+

states.5,25,26 However, the origin and energy alignment of
such a trap state versus a dopant state remain unjustified. In
addition, doping metal ions could generate deep defects in the
lattice to quench the PL emission,27−29 which may more
greatly affect the final PLQY of the doped QDs.
In this contribution, we first confirm the major internal trap

states in Mn-doped CsPbCl3 QDs to be the doping-induced
interstitials Cli via density functional theory (DFT) calcu-
lations. Such defect states locate deep within the Mn2+ orbitals.
The charge-carrier trapping as well as the exciton−Mn ET
dynamics with various doping concentrations are then analyzed
using transient absorption (TA) and time-resolved photo-
luminescence (TRPL) spectroscopies. We conclude that
exciton−Mn ET occurs within tens of picoseconds, with the
transfer rate first increasing and then decreasing with the
increase in Mn dopants. Concurrently, hole trapping at the
doping-induced Cli states happens at ∼83 ps. Instead of
mediating exciton−dopant ET, such deep trap states mainly
quench the intrinsic emission from the QDs, which competes
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with the ET process. Such competition determines the overall
PLQY of the dual emission in QDs. This work provides a novel
foundation for understanding the photophysics of transition-
metal-doped perovskites QDs.
The Mn-doped CsPbCl3 QDs were prepared by the reported

hot-injection methods.23 (For details, see the Experimental
Section in the SI.) Figure 1a,b shows the morphology and the

structure of the doped QDs. The TEM images in Figure S1
indicate that Mn doping could slightly shrink the crystal size of
QDs from 8.6 to 7.3 nm, probably due to the higher formation
energy of doped QDs confirmed in the following calculations,
which reduces the critical particle size during the Ostwald
ripening. The Mn concentrations in the lattice determined
from coupled plasma mass spectroscopy (ICP-MS) are about
0, 0.1, 0.2, 0.6, 1.8, and 38% with the increasing MnCl2
precursor concentration. (See Table S1 for the feeding ratio.)
Figure 1c illustrates the absorption and emission spectra of
undoped and doped QDs. The absorption band edge of all
QDs is ∼405 nm, corresponding to an optical band gap (Eg) of
3.06 eV regardless of the doping level. No obvious dopant-
related absorption band can be observed due to the spin-
forbidden d−d transition of the Mn2+ dopant states (4T1−6A1).
The doped QDs exhibit an extra broad Mn2+ d−d emission
band at ∼600 nm, in addition to the narrow exciton emission

at ∼405 nm. Figure 1d and Table S2 illustrate the evolution of
the PLQY for these two types of emission with the increasing
doping level. The band-edge exciton PLQY decreases
monotonously, whereas the Mn2+ emission QY first increases
and then decreases with the maximal QY at a Mn
concentration of 0.6%. Consequently, the overall PLQYs of
the QDs follow the same trend as those of the Mn2+ emission.
The PLQY change should directly correlate with the rates
between the radiative and nonradiative recombinations of
photogenerated charge carriers. For conventional QDs, it is
generally interpreted by the diminishing/introduction of the
defect states. However, in our case, the QD−Mn ET also
contributes to depopulating the initial photoexcited charge
carriers in the host QDs,16 which complicates the scenario.
Here we first analyze the possible condition of doping-induced
defects via structure characterization. TEM studies confirm the
absence of long-range-order lattice changes after doping (cf.
Figures S2 and S3). The electron paramagnetic resonance
(EPR) measurement of the as-obtained QDs (Figure 1e) and
QDs under various conditions (Figure 1f) demonstrates that
Mn2+ ions occupy Pb2+ sites with an octahedral ligand field and
uniform distribution in the lattice. (For a detailed discussion,
see the SI.) The Cs 3d, Pb 4f, and Cl 2p X-ray photoelectron
spectroscopy (XPS) core levels also remain constant for all
samples (Figure S4). These results all indicate the unchanged
local structure with different doping concentrations.
To further establish the appearance of the doping-induced

defect states in the QDs, DFT calculations (Figure 2 and
Figures S6−S9) have been conducted. (For details of the
calculation, see the Experimental Section in the SI.) The
calculated Eg from the valence band maximum (VBM) to the
conduction band minimum (CBM) of undoped CsPbCl3 is
∼2.5 eV (Figure 2), which is naturally smaller than the
experimental values when using the PBE exchange-correlation
functional. The CBM and VBM are dominantly contributed by
Pb and Cl orbitals, respectively (Figure S6). The calculated
Mn d orbital resides within the Eg, with the d−d transition
energy around 2.0 eV, which is consistent with the Mn2+

emission energy observed in the PL spectra. In the next step,
all of the possible point defects in the Mn-doped lattice,
namely, vacancies (Mn−VCs, Mn−VPb, and Mn−VCl),
interstitials (Mn−Csi, Mn−Pbi,, and Mn−Cli), and antisites
(Mn−CsPb, Mn−CsCl, Mn−PbCs, Mn−PbCl, Mn−ClCs, and
Mn−ClPb) were simulated. The intrinsic point defects in
undoped QDs were also evaluated as a reference. (For a
detailed methodology, see the SI.) The energy configurations
of the calculated VBM/CBM and the Mn2+ states in the
presence of all types of defect states for undoped and doped
QDs are summarized in Figure 2a,b, with the corresponding
formation energy of each defect listed in Tables S3 and S4,
respectively. Here three conditions proved by experiment
should be simultaneously fulfilled to determine which defects
can be valid: (1) Mn2+ states should locate within the Eg, (2)
the Eg of the host QDs and the energy gap of the Mn2+ d−d
states should stay unchanged when defects are induced, as
evidenced by the absorption and PL results, and (3) the
formation energy of such a defect should be low. Three points
(A, B, and C in Figure 2c) representing various Cl
compositions were chosen to evaluate the defect formation
energies due to the narrow available equilibrium chemical
potential region for CsPbCl3 (Figure 2d). Here the dominating
defect states, PbCs, in neat CsPbCl3 are much easier to generate
with lower formation energy as well as shallower energy

Figure 1. (a) Atomic model demonstrating the replacement of Mn in
the substitution position of Pb in the CsPbCl3 lattice. (b) HADDF-
STEM image of Mn-doped CsPbCl3 QDs, with the inset showing the
atomically resolved image of an individual QD. The red dots represent
the Cs atom columns, and the yellow dots represent the (Pb+Cl)
atom positions. (c) Absorption (solid line) and emission spectra
(dotted line) of Mn-doped CsPbCl3 with different Mn concentrations.
(d) Photograph of QDs in toluene solutions with the increase in Mn
concentration under UV lamp excitation and the corresponding
absolute PLQY of Mn-doped CsPbCl3 with different Mn concen-
trations. (e) Room-temperature X-band EPR spectra of Mn-doped
CsPbCl3 QDs with different Mn concentrations in the toluene
solution. The spectrum of the most concentrated sample is also
plotted after zooming out 20 times. (f) EPR spectra of Mn-doped
CsPbCl3 QDs with 0.6% Mn concentration in hexane solution at
room temperature, in the solid-state, and in a frozen hexane solution
at 77 K. The asterisk denotes a small g = 2 impurity.
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compared with the previously reported VCl in the same
system.27 On the contrary, Mn2+ doping induces new possible
defects, Cl interstitials (Cli). According to the energy level
alignment, the PbCs in neat QDs tend to trap electrons, and Cli
in doped QDs are more likely to trap the holes. These defects
are all generated by the displacement of the Pb ions from the
[PbCl6]

4− octahedra toward the A cation sites after the partial
substitution of Pb2+ ions with Mn2+ ions, as illustrated in
Figure 2d.
The above structural analysis suggests diminished intrinsic

shallow traps together with the formation of deep hole traps in
the CsPbCl3 lattice owing to the Mn2+ doping. TA was then
used to explore the impact of doping on the charge-carrier
dynamics (Figure 3 and Figures S10 and S11). The TA spectra
of all samples show characteristic band-edge ground-state
bleach (GSB) at ∼400 nm due to the band-edge-state filling.
The singular value decomposition (SVD) fitting of the spectra
resolves four main components in undoped QDs with lifetimes
of 3.2 ps, 38 ps, 540 ps, and 15 ns (Figure 3a). The spectral
features for all components reflect the depopulation of the
band-edge excited states. Any high-order Auger processes can
first be excluded due to the low excitation intensity with
excitation density per QD, <N> ≪ 1. (See the SI for details.)
The lifetime of the longest component is similar to the slow
decay component in the TRPL kinetics of undoped QDs (7.3
ns, Figure S12) and therefore should be assigned to the
radiative recombination. The other three components should
then be related to the nonradiative recombination of the
excited charge carriers. In doped QDs, four main spectral

components can still be fitted but with shorter lifetimes, as
shown in Figure 3b (i.e., 3.2 ps, 20 ps, 540 ps, and 6.5 ns). The
GSB recovery kinetics in Figure 3c further demonstrates the
faster excited-state depopulation in doped QDs with extra
charge-carrier recombination pathways. Previous reports have
directly compared the GSB kinetics in doped and undoped
QDs and extracted the dopant−Mn ET time to be 380
ps.15,16,24 However, additional trapping processes are intro-
duced via Mn doping, as previously discussed. Here we can
probe the rising edge of the ps-TRPL kinetics for the Mn2+

emission in doped QDs to unambiguously assign the dopant−
Mn ET dynamics (Figure 4a). The time constants for the
rising first decreases and then increases with the increasing Mn
concentration, as illustrated in Figure 4a. Such a trend also
resembles the early time dynamics of TA GSB decays in Figure
3c. As summarized in Table S5, the lifetimes of two TA
spectral components, τ1 = 3.2 ps and τ3 = 540 ps, are similar
for the undoped and the doped samples regardless of the
doping level. We propose that these concurrent components
represent the same surface trapping pathways where the
excited electrons get trapped within 3.2 ps and then relax to
ground state in 540 ps. Such trapping only occurs within a part
of the QDs overwhelming other recombination processes in
those dots. Otherwise, the trapping would quench the emission
from all QDs. This surface-trapping process should also be
insensitive to the internal defects induced by the doping. Such
fast surface trapping within picoseconds is also observed in
conventional CdSe QDs.30 The spectral features of the second
components are identical for undoped and all doped QDs

Figure 2. (a) Energy diagram of undoped CsPbCl3 and (b) Mn-doped CsPbCl3 with the existence of defects from DFT calculation. The green and
blue columns represent the CB and the VB, respectively. The orange bars are the Mn d orbitals, the black bars represent the defect levels, and the
pink dotted lines are the positions of the Fermi level. (The core-level Pb s orbitals are set as the reference.) (c) Stability regions of different
compounds against Cl and Pb chemical potentials in CsPbCl3. The shaded region indicates the available equilibrium chemical potential region for
CsPbCl3. Three representative points A (μCl = −0.300, μPb = −2.700, μCs = −4.000), B (μCl = −0.983, μPb = −1.350, μCs = −3.303), and C (μCl =
−1.665, μPb = 0, μCs = −2.605) are chosen for the calculations of the formation energies. (d) Schematic picture of vacancies, interstitials, and
antisites defects. Their positions are marked by red dashed circles.
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(blue line in Figure 3b and Figure S11), implying the similar
excited species. The lack of positive excited-state absorption
after the band-edge bleach (410 nm) indicates the absence of
an excitonic Stark shift and therefore should be assigned to the
transfer of dissociated free charge carriers. Their rate constants
(k1) change with the doping level, following the same trend as
the ET rates, kET, extracted from TRPL but with higher values,
as depicted in Figure 4c. We noticed that such “delayed”
building up of the Mn2+ emission has been observed and
explained by other groups using the shallow trap-state
intermediated ET model5,25 However, on the basis of our
theoretical calculation, the Cli trap states reside well above the
Mn 6A1 orbital by 0.45 eV (Figure 2b), which is much larger
than the thermal energy. This means that the detrapping of the
localized holes at the trap states to Mn2+ states is unlikely.
Instead, the trapped hole tends to relax to the ground state,
serving as an additional nonradiative recombination pathway.
Therefore, the overall excited-state depopulation dynamics in
the pool of QDs with QD−Mn2+ ET can be expressed by the
three-level system (Figure 3d), whereas the TA decay rate k1
should be a sum of the nonradiative recombination rate, knr

QD,
and the kET.

31 (For a detailed explanation, see the SI.) This is
consistent with the observation in Figure 4c. We can extract a
nonradiative recombination rate related to hole trapping, knr

QD

≈ k1 − kET, to be ∼0.012 ps−1 (83 ps), which remains constant
regardless of the doping level. The competition between ET
and carrier trapping can then be quantified by ET efficiency, η,
as plotted in Figure 4d,
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The dependence of the η complies with the PLQY depicted in
Figure 1c. On the contrary, the Mn2+ emission efficiency after
ET is independent of the doping levels, as evidenced by the
constant emission lifetime, as shown in Figure 4b. Moreover,
the lifetime of the slowest TA GSB components (i.e., τ4 in
Figure 4d) decreases with the increasing Mn doping level. This
component should be attributed to the other pool of QDs
without dopant−Mn ET and the fast surface trapping. The
shortened lifetime demonstrates the enhanced nonradiative
recombination of excited charge carriers in this pool of QDs.
Therefore, we can conclude that the evolution of the PLQY
with the Mn doping should be dominated by (1) the
competition between the dopant−Mn ET efficiency and the
doping-induced trapping at Cli defect states and (2) the extra
nonradiative recombination in the remaining QDs induced by
the Mn doping.
Figure 5 summarizes the photoinduced charge-carrier

dynamics in both undoped and doped QDs. There exist
three different pools of undoped QDs (Figure 5a), where the
photoexcited charge carriers in each pool will: (1) undergo fast
surface trapping (3 ps) and then relax to the ground state
nonradiatively (540 ps) (Pool A), (2) get trapped by PbCs
states within 38 ps (Pool B), and (3) undergo intrinsic
radiative recombination (15 ns) (Pool C). In doped QDs
(Figure 5b), the situation in QD pool A remains insensitive to
the doping level, whereas some extra fast nonradiative

Figure 3. TA spectra (bottom) of (a) undoped CsPbCl3 QDs and (b) Mn-doped CsPbCl3 QDs (0.6%) and the corresponding SVD fitting (upper)
(λexc= 370 nm). (c) TA kinetics at the main GSB, illustrating the depopulation of the excited state for CsPbCl3. (d) Schematic illustration of the
kinetic parameters for a three-level Mn-doped QD system. S0, S1, and S2 represent the ground states, dopant excited states, and QD excited state,
respectively. kET refers to the QD to Mn2+ ET rate, and knr

QD is the hole-trapping rate together with other nonradiative recombination pathways.
kMn is the Mn2+ decay rate constant.
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recombination will occur in QD pool C to shorten the charge-
carrier lifetime. In pool B of QDs, the dopant−Mn ET (28−79
ps) competes with the hole trapping (83 ps) at Cli states
induced by Mn doping, which accounts for the change of the
PLQY (Pool B). When the doping level is high (e.g., 38%),
both the intrinsic emission in the host QDs and the Mn d−d
emission would be quenched, as proved by the faster emission
decay in Figure 4b, resulting in the further declined PLQY,
which is not discussed in Figure 5.
In conclusion, we have systematically studied the effect of

Mn2+ doping on the photophysics of CsPbCl3 QDs. Through
DFT calculations, we demonstrated a change of main defect
state from shallow PbCs electron traps to deep Cl interstitials
(Cli) hole traps after Mn2+ doping. The investigation of the
charge-carrier dynamics via time-resolved spectroscopies
reveals the competition instead of mediation between the
exciton−dopant ET and the hole trapping. Such competition
rationalizes the nonmonotonic evolution of the PLQY with the
doping level. Furthermore, because the ET to the Mn dopant
mainly competes with the hole trapping, it is vital to passivate
the hole traps to maximize the Mn2+ emission, for instance, by
dual-doping.26 Meanwhile, the surface traps exist in QDs
among the different Mn doping concentrations, which means
the surface treatment should be important during doped QD

Figure 4. (a) Rising edge of Mn emission kinetics from time-correlated single-photon counting (TCSPC) illustrating the ET. (The response
function (RF) is set as a standard Gaussian pulse.) (b) TRPL kinetics of Mn-doped CsPbCl3 with different concentrations measured in ms-TRPL
with a milliseconds time window. (c) Rate constant of the components changes with the doping level following the same trend but displays higher
values than the ET rates extracted from TRPL. (d) Calculated ET efficiency η versus Mn concentration. τ4 is the time from TA fitting, which can be
seen in Table S5.

Figure 5. Schematic diagram of the photophysical processes in (a)
neat CsPbCl3 QDs and (b) Mn-doped CsPbCl3 QDs with appropriate
Mn doping concentration.
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preparation. Hence, this work provides a general model to
optimize the structure of such nanomaterials.
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Experimental Section 

Materials and Chemicals. Cesium carbonate (Cs2CO3, ReagentPlus 99%, Sigma-Aldrich), Lead 

(II) chloride (PbCl2, Powder 98% metals basis, Sigma-Aldrich), Manganese chloride 

(MnCl2·(H2O)4, ≥95%, The British Drug House LTD), Oleylamine (OAm, technical grade 70%, 

Sigma-Aldrich), Oleic acid (OA, technical grade 90%, Sigma-Aldrich), 1-Octadecene (ODE, 

technical grade 90%, Sigma-Aldrich), Toluene (anhydrous 99.8%, Sigma-Aldrich). 

Preparation of Cs-OA. Cs2CO3 (0.415 g), OA (1.76 mL), and ODE (18 mL) were added to a 50-

mL 3-neck round bottomed flask and evacuated and refilled with argon, then heated to 150 ºC for 

10 minutes before using.  

Synthesis of Mn-doped CsPbCl3 NCs. The Pure CsPbCl3 and Mn doped CsPbCl3 nanocrystals 

(NCs) were prepared following a procedure which is similar to the one previously reported.1 

Typically, PbCl2 (0.0661 g), MnCl2•(H2O)4 (0.0615g), OAm (0.8 mL), OA (0.8 mL), and ODE (5 

mL) were added to a 25-mL 3 neck round bottom flask and were evacuated and refilled with Ar 

followed by heating the solution to 120 ºC for 30 minutes. The temperature was then increased to 

165 ºC and then 200 ºC. At 200 ºC, dried OAm (0.8 mL) and dried OA (0.8 mL) were subsequently 

injected to solubilize the solution. The Cs-oleate (0.4 mL) was then swiftly injected and after 10 

minute the solution was cooled with an ice/water bath. The NCs were centrifuged followed by 

dissolution in toluene. The feed ratios of Mn precursor can be seen as follow. 
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Characterization. The absorption spectra were measured in a UV-Vis absorption 

spectrophotometer from Agilent Technologies (Santa Clara, USA). Steady-state 

photoluminescence was measured using a FluoroMax@-4 spectrofluorometer (HORIBA JOBIN 

YVON, Inc., Edison, NJ) with the excitation at 370 nm. Transmission electron microscopy (TEM) 

imaging was conducted on Tecnai G2 T20 TEM and FEI Titan Analytical 80-300ST TEM from 

FEI Company. The obtained TEM images were processed with the Gatan Microscopy Suite 

software X-ray photoelectron spectroscopy (XPS) (ThermoScientific) was performed to analyze 

the valence and compositions of samples, with Al Kα (1486 eV) as the excitation X-ray source. 

The peak of C 1s at about 284.8eV was used to calibrat the energy scale. The pressure of the 

analysis chamber was maintained at 2×10-10 mbar during measurement. The EPR spectra were 

collected on a CW X-band Bruker EMX EPR spectrometer with an ER 4102ST cavity and a gunn 

diode microwave source at room temperature in toluene solution (The spectra were simulated in 

the Easyspin program with spin Hamiltonian parameters for the sextet  of giso = 2.00, Aiso = 242 

MHz = 86.5 Gauss = 8.65 mT).  

The transient absorption (TA) experiments were performed on a femtosecond pump-probe setup. 

Laser pulses (800 nm, 80 fs pulse length, 0.5 kHz repetition rate) were generated by a femtosecond 

oscillator (Mai Tai SP, both Spectra Physics). The pump pulses at 370 nm were generated by an 

optical parametric amplifier (Topas, Light Conversion). The excitation photon fluxes were 5 × 
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1012 photons/cm2/pulse. For the probe, we used the super-continuum generation from a thin CaF2 

plate. The mutual polarization between pump and probe beams was set to the magic angle (54.7°) 

by placing a Berek compensator in the pump beam. The probe pulse and the reference pulse were 

dispersed in a spectrograph and detected by a diode array (Pascher Instruments). Global SVD 

analysis was performed with the Glotaran software package (http://glotaran.org).  

Time-correlated single photon counting (TCSPC) was performed triggered externally at 2.5 MHz 

to excite the sample at 375 nm. The emitted photons were detected by  a  fast  avalanche  

photodiode  (SPAD,  Micro  Photon  Device)  with  response  time  less  than 50 ps after passing 

through a 470 nm long band pass filter. To compare the energy transfer rate among Mn doped 

CsPbCl3 QDs samples, we used the time-correlated single photon counting (TCSPC) to confirm 

by a 470 nm long band pass filter. Under the 470 nm cut-off filter, the signal from excitons excited 

by UV light at 375 nm were filtered. The time of energy transfer from exciton to dopant can be 

well evaluated by the rising edge of Mn emission kinetics from TCSPC. In our experiment, the 

frequency of TCSPC was set to 2.5 MHz, indicating the interval time between two pulses is 4×10-

7 s. If the beam goes through the same area of samples, it could excite the sample repeatedly every 

4×10-7 s, which would affect some of the photophysical processes with long time scale. Hence, we 

use the rotate holder with spinning cell to avoid this interference through the measurement.  The 

rotation speed is kept at 3000 rpm which leads to the velocity of the sample movement at the laser 

beam position to be 3×107 μm/s, which means the maximum number of pulses excited at one spot 

should be 8 considering the beam-size of the excitation laser pulse is 100 μm. As the excitation 

density per QD <N> << 0.1 with the laser fluence used in TRPL measurement, we can conclude 

the re-excitation on individual QD should be negligible in this case.   

http://glotaran.org/
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The PL quantum yield (PLQY) was measured by using Rhodamine 6G in distilled water for 

emission at about 450 nm, Quinine sulfate in 0.5 M H2SO4 for emission at around 565 nm as 

reference, respectively.2,3 Fluorescence quantum yields (relative values) of the samples were 

calculated according to the following expression: 

ΦS = 
FS

FR
 ×  

(1−10−𝐴𝑅)

(1−10−𝐴𝑆)
 ×  

ηS
2

ηR
2  × ΦS                     (S1) 

where the subscripts S and R respectively refer to the sample and the reference, F is the 

fluorescence quantum yield using integrated fluorescence intensity under fluorescence emission 

spectrum, A is the absorbance at the excitation wavelength and η is the refractive index of the 

solvent. 

DFT calculation 

The structural and electronic properties were obtained by Vienna ab initio package (VASP) within 

the framework of the DFT.4 The electronic wave functions were calculated by using projected 

augmented wave (PAW).5 A plane-wave cutoff of 500 eV was chosed. The exchange-correlation 

interaction was described by the functional generalized gradient approximation (GGA) of Perdew-

Burke-Ernzerhof (PBE) parametrization.6 Due to the heavy Pb atom in CsPbCl3, spin-orbit 

coupling was included for the electric properties calculation. A 2 х 1 х 2 supercell containing of 

80 atoms was choosed for the defects calculation. Substitution of a single Pb atom by a Mn atom 

in the 2 х 1 х 2 supercell corresponds to Mn concentration of 6.25%. The Brillouin zone samplings 

were carried out with a Γ-center 4 х 3 х 4 k-point mesh. The atomic forces were relaxed to be less 

than 0.01 eV Å-1. The lattice parameter for CsPbCl3 structure was calculated to be 8.13 Å for a, 

11.40 Å for b and 7.91 Å for c (Figure S5). 
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There exists a certain region where CsPbCl3 exists and the chemical potentials should satisfy the 

following condition7: 

μCs+μPb+3μCl = ΔH (CsPbCl3)=-7.60 eV                   (S2) 

μCs+μCl <ΔH (CsCl)=-3.99 eV                                   (S3) 

μPb+2μCl <ΔH (PbCl2)=-3.33 eV                                (S4) 

Where ΔH (CsPbCl3), ΔH (CsCl) and ΔH (PbCl2) are the formation energy of CsPbCl3, CsCl and 

PbCl2, respectively. The chemical potential μi is referenced to Cs metal, Pb metal, or Br2 molecule. 

An ideal gas model was applied for Cl, which can be define as8 

μCl = [H0 + cp(T − T0) − TS0 + Tcp ln(T/T0) + kBT ln(P/P0)]/2                      (S5) 

Where kB is the Boltzmann constant and cp = 3.5kB is the constant pressure heat capacity for ideal 

gas of diatomic molecules. T0=298.15K and P0= 1 atm respond to H0=9175.51J/mol and S0=222.96 

J/mol/K at a reference state.9 Under T=300 K and P = 1 atm ambient conditions, μCl is −0.30 eV, 

which is a more reasonable upper boundary comparing to μCl=0 eV. 
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Figure S1. The TEM images of Mn doped CsPbCl3 NCs and corresponding size distribution 

with different Mn concentration. (a) 0%, (b) 0.1%, (c) 0.2%, (d) 0.6%, (e) 1.8% and (f) 38%. The 

scale bar is 50 nm 



58 
 

 

Figure S2. The Selected area electron diffraction (SAED) of Mn doped CsPbCl3 NCs with 

different Mn concentration. (a) 0%, (b) 0.1%, (c) 0.2%, (d) 0.6%, (e) 1.8% and (f) 38%. The 

scale bar is 2 1/nm. The red, yellow and blue lines are ascribed to (121), (202) and (242) three 

main crystal planes, respectively. 

 

 

Figure S3. The atomically resolved high-resolution HAADF-STEM images of undoped and Mn 

doped CsPBCl3 QDs. 
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Figure S4. XPS spectra of Mn doped CsPbCl3 NCs with different Mn concentration. (a) Cs 3d, 

(b) Pb 4f and (c) Cl 2p. 

 

 

Figure S5. The CsPbCl3 model for DFT calculation. 
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Figure S6. The DFT calculations of density of state (DOS) for undoped CsPbCl3 and Mn doped 

CsPbCl3 without any defects. 

 

Figure S7. The DFT calculations of density of state (DOS) for Mn doped CsPbCl3 with 

vacancies defects. 
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Figure S8. The DFT calculations of density of state (DOS) for Mn doped CsPbCl3 with 

interstitials defects. 

 

Figure S9. The DFT calculations of density of state (DOS) for Mn doped CsPbCl3 with antisites 

defects. 
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Figure S10. TA spectra of Mn doped CsPbCl3 QDs with different Mn concentration. (a) 0%, (b) 

0.1%, (c) 0.2%, (d) 0.6%, (e) 1.8% and (f) 38%. 

 

Figure S11. The fitting components from TA spectra of Mn doped CsPbCl3 QDs with different 

Mn concentration. (a) 0%, (b) 0.1%, (c) 0.2%, (d) 0.6%, (e) 1.8% and (f) 38%. 
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Figure S12. TRPL kinetics of undoped CsPbCl3 QDs excited at 375 nm with excitation 5 × 1012 

photons/cm2/pulse . 
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Chapter 4

Hot carrier cooling in Mn-doped CsPbI3

NCs

Rapid photo-generated hot-carrier (HCs) cooling is the primary channel for energy loss in 

single-junction solar cells. According to theoretical calculation, an ideal single‐junction 

HCs solar cell can reach power conversion efficiency as high as 66% if the excess energy 

of the HCs is fully utilized to overcome Shockley–Queisser (SQ) limit. However, it is 

extremely challenging to extract the HCs. Previous studies only focused on the 

competition between HCs extraction and HCS cooling rates.  However, the excess energy 

of the HCs in this case will still be lost in the energy selected electrodes if the HCs cooling 

is completely suppressed. Therefore, the optimal dynamics for the HCSC should be 

initiated by the efficient establishment of a thermal quasi-equilibrium where the excess 

energy of the HCs is converted to reheat the cold carriers. Subsequently, such quasi-

equilibrium states should be long-lived to facilitate the HCs extraction. 

This means the HCs cooling dynamics need to be finely tailored to be employed in the 

HCSC. However, most state-of-art research still focuses on the characterization of such a 

process where the methodology to modulate it is seldomly developed.  In semiconductors, 

the HCs cooling is a competition consequence involving carrier excitation, carrier-LO-

phonon scattering, and LO-phonon decay (LO is longitudinal optical mode). Those 

dynamic processes are determined by the electronic and phononic structures of the 

material. Transition-metal doping could be a promising strategy to modify both the 

electronic and phononic structures of the semiconductors and thus modulate the cooling 

process.   

Here in this paper, we investigate the effect of transition metal (Mn2+) doping of lead 

halide perovskites on their HCs cooling dynamics through both ultrafast laser 

spectroscopy and DFT calculation.  We found the HCs cooling rate is modified by the Mn 

doping, but the trend is excitation energy-dependent. Acceleration in HCs cooling at high 
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excitation energy but deceleration in HCs cooling at band edge excitation energy have

been observed.  From DFT calculations, temperature-dependent PL measurement as well

as X-ray absorption spectroscopy characterization, we conclude the excitation energy-

dependent HCs cooling process is the consequence of the trade-off among the following

features induced by the doping 1) enhanced electron-phonon coupling, 2) reduced effective

mass, 3) available Mn2+ states in HC cooling pathways,  and 4) enlargement in optical-

acoustic phonon band gaps. Our results open up a new possibility to modulate the HCs

cooling in semiconductors via element doping with fine control on the host materials'

electronic and phononic structure. But more importantly, the enhanced electron-phonon

coupling and efficient thermalization of HCs at high energy together with delayed heat

dissipation after thermalization with HCs at low energy are optimal for the HCSC

application according to our argumentation above. This indicates the transition metal

doped perovskites can be promising building blocks for future hot carrier solar cell

application. This chapter is submitted: Tailoring the Hot Carrier Cooling by

Transition Metal Doping in All-inorganic Lead Halide Perovskite Nanocrystals with

authors of Jie Meng, Zhenyun Lan, Weihua Lin, Maria Naumova, Mingli Liang, Xianshao

Zou, Qian Zhao, Huifang Geng, Ivano E. Castelli, Sophie E. Canton, Tönu Pullerits, and

Kaibo Zheng.

This article is given below.
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ABSTRACT 

Hot carriers (HCs) cooling accounts for the major energy loss in lead halide perovskites (LHPs) 

solar cells. Here, we study HCs relaxation dynamics in Mn-doped LHP CsPbI3 nanocrystals (NCs) 

combining transient absorption spectroscopy and density functional theory (DFT) calculations. We 

demonstrate that Mn2+ doping 1) enlarges the longitudinal optical (LO)-acoustic phonon bandgap, 

2) enhances the electron-LO phonon coupling strength, and 3) adds HCs relaxation pathways via 

Mn orbitals within the bands. The spectroscopic study shows that the HCs cooling process is 

decelerated after doping under band-edge excitation due to the dominant phonon bandgap 

enlargement. When the excitation photon energy is larger than the optical bandgap and the Mn2+ 

transition gap, the doping accelerates the cooling rate owing to the dominant effect of enhanced 

carrier-phonon coupling and relaxation pathways. We demonstrate such a phenomenon is optimal 

for the application of hot carrier solar cells. The enhanced electron-LO phonon coupling and 

accelerated cooling of high-temperature hot carriers efficiently establish a high-temperature 

thermal quasi-equilibrium where the excessive energy of the hot carriers is transferred to heat the 

cold carriers. On the other hand, the enlarged phononics band-gap prevents further cooling of such 

quasi-equilibrium, which facilitates the energy conversion process. Our results manifest a 

straightforward methodology to optimize the HCs dynamics for hot carrier solar cells by element 

doping. 

INTRODUCTION 

In a single-junction solar cell, the rapid cooling of the hot carriers (HCs) excited by photons with 

energy well above the bandgap is a major energy loss channel responsible for the Shockley–

Queisser (SQ)  limit.1  The hot carrier solar cell (HCSC) is set to tackle this issue by keeping the 

HCs in a sufficiently high energy quasi-equilibrium (i.e. with a mean carrier temperature > 500 K) 

with a subset of the thermal environment directly coupled to the electrons. In this way, the carriers 

can be extracted at significantly higher energy than the bandgap of the semiconductor thereby 

making efficient use of the excess energy of the HCs.2 An ideal single‐junction HCs solar cell can 

reach power conversion efficiency as high as 66%.1 However, achieving an efficient HCs 

extraction with all the excess energy to be harvested is extremely challenging.  As illustrated in 

Schematic 1, previous studies attributed the bottleneck to the suppression of HCs extraction by 

faster HC cooling to the band edge (Schematics 1a), and seek materials with slow HCs cooling 
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rate to ensure the HCs injection to the electrodes at hot states (Schematics 1b) 3,4.  However, the 

excess energy of the HC in this case will still be lost in the energy selected electrodes. Therefore, 

the optimal dynamics for the HCSC should initiate the efficient establishment of the above-

mentioned thermal quasi-equilibrium where the excess energy of the HC is converted to heat the 

cold carriers. Subsequently, such a quasi-equilibrium state should be long-lived to facilitate the 

HC extraction (Schematics 1c).  

Schematic 1. Schematics of HCs cooling versus HCs extraction to energy selective electrodes 

(ESC) in HCSCs: a) HC cooling is so efficient that HCs cool from initial temperature (T0)  to a 

thermal quasi-equilibrium (TE) combined with emitted LO phonons (process 1) and finally all 

reach to the cold carriers (CC) state after LO phonons decay (process 2) at a temperature of TL. b) 

HCs cooling is extremely slow so that all the HCs are directly injected into ESC (process 3) without 

thermalization, where the excess energy is dissipated during the injection.  c) HCs undergoes 

efficient process 1 to establish the thermal equilibrium, and such equilibrium is long-lived to 

ensure the subsequent HCs extraction to the ESCs.  

 

In general, HCs cooling in conventional semiconductors mainly involves carrier excitation, 

carrier–LO–phonon scattering, and LO‐phonon decay.5,6 The competition between the phonon 



70 
 

emission and decay in those processes determines the final HCs cooling dynamics.7 Among them, 

the first two steps contribute to the establishment of the thermal quasi-equilibrium, while the last 

step promotes the heat dissipation to dissociate such equilibrium.  Therefore, the objectives for the 

HCSC material engineering need to be revised by enhancing carrier–LO–phonon scattering and 

diminishing LO‐phonon decay simultaneously so as to construct a stable thermal quasi-equilibrium.  

Emerging lead halide perovskites (LHP) with promising potential in the solar cell application can 

be perfect target materials to practice the above strategy. The thermal quasi-equilibrium state is 

easy to form in LHP with long lifetime due to large polaron screening effect,8 hot-phonon effect,9 

and pronounced acoustical–optical phonon upconversion.7 Increasing attention has been focused 

on the HCs dynamics in these materials since the first report of HCs cooling in methylammonium 

lead iodine (MAPbI3) polycrystalline thin films.10,11 Highly efficient HCs extraction (up to ≈83%) 

could be achieved by an energy-selective electron acceptor layer from surface-treated MAPbBr3 

LHP nanocrystals (NCs) film.12 In formamidinium Sn-based perovskite FASnI3, a long HCs 

cooling lifetime of up to a few ns was reported.13 In particular, the transport of persistent HCs over 

long distances (up to ≈600 nm)3 makes LHPs greatly promising for  HCs solar cells.  

In parallel, transition metal doping has been widely explored to impart novel optical, magnetic, 

and electronic properties to LHPs.14 A representative study in this regard is the Mn-doping of LHPs 

materials (e.g., CsPbCl3). Such doping can generate long-lived sensitized dopant luminescence 

and create a magnetically-coupled exciton state.15 The unique Mn2+ triplet emission in doped LHPs 

is derived from the Mn2+ d-d transition (4T1 → 6A1) after energy transfer or charge transfer from 

the excited state of the host LHPs. 16 In addition, we have previously demonstrated that partial 

replacement of Pb2+ by Mn2+  also causes a local structural distortion and defects formation due to 

the difference in cation radius between Mn2+ and Pb2+.17 It should noted that the HCs dynamic 

processes are determined by both electronic and phononic structures of the material. For instance, 

an enlarged phononic bandgap between optical phonon and acoustic phonon branches can 

efficiently suppress the channel for LO phonon decay, while a small LO phonon energy requires 

more phonons to be emitted for a given energy loss of HCs.18  Since both electronic states and 

local structures are modified by the Mn2+ doping in LHPs, we thereby expect it can be a robust 

tool also to modulate the HCs cooling dynamics towards enhanced carrier–LO–phonon scattering 

and diminished LO‐phonon decay as mentioned above.  
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In this work, we investigated the HCs cooling dynamics in Mn-doped CsPbI3 nanocrystals (NCs) 

using transient absorption (TA) spectroscopy combined with theoretical and experimental 

characterization of the material structures. Compared to CsPbCl3 and CsPbBr3, CsPbI3 has a lower 

optical bandgap so that the Mn d orbitals are located within the conduction band (CB) and valence 

band (VB), and thereby contribute to the cooling pathways.  We found that the HCs cooling rate 

is modified by the Mn doping but the trend is excitation energy-dependent. Acceleration in HCs 

cooling at high excitation energy, but a deceleration in HCs cooling at band edge excitation energy 

have been observed.  The temperature-dependent photoluminescence (PL) measurement and 

density functional theory (DFT) calculation confirmed the addition of in-band states and 

enhancement in the carrier-LO phonon coupling by Mn doping. On the other hand, the phonon 

bandgap between the optical modes and the acoustic modes is enlarged by the Mn-doping. We 

believe that the trade-off among all those factors is the main reason for the excitation energy-

dependent HCs cooling dynamics in Mn-doped LHP NCs. The enhanced carrier-LO phonon 

coupling and enlarged phonon bandgap comply well with the optimal feature of HCSC materials 

described in Fig. 1c. This work demonstrates that the HCs cooling dynamics can be optimized by 

the element doping that tailors the electronic as well as lattice structure of the materials for the 

application of HCSCs.  

RESULTS AND DISCUSSION 

Sample Characterization: 

Both pristine CsPbI3 and Mn-doped CsPbI3 NCs were synthesized by a reported hot-injection 

method (details are given in the Experimental section).19 Figure 1a schematically shows how Mn 

metal ions can be incorporated into perovskite lattices with homovalent B-site substitution (ionic 

radii: Pb2+: 133 pm, Mn2+: 97 pm).15 The transmission electron microscopy (TEM) images show 

that doped NCs retain the cubic morphology of undoped NCs with an average particle size around 

17 nm (Figure 1c-1d and Figure S1). Subsequently, the absorption and emission spectra were 

measured (Figure 1b). The absorption band-edge of all NCs is ∼680 nm, corresponding to an 

optical bandgap (Eg) of ∼1.8 eV. The introduction of Mn does not influence the absorption edge 

of the CsPbI3 NCs. In addition, no dopant-related absorption/emission bands can be observed since 

the Mn d orbitals are not located within the bandgap of CsPbI3.
20 

https://pubs.acs.org/doi/full/10.1021/acsaem.9b02468#fig1
https://pubs.acs.org/doi/full/10.1021/acsaem.9b02468#fig1
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We probed the HCs cooling dynamics of the Mn-doped NCs mainly via transient absorption 

spectroscopy (TA) under various excitation energies and intensities. Figure 2a shows a pseudo-

color TA plot of Mn-doped CsPbI3 NCs excited at 500 nm and high excitation intensity with the 

average number of excitons per NCs ⟨N⟩ ≈ 7.7 corresponding to the initial average carrier density 

n ≈ 4.2 × 1018 cm–3 (for details of pump fluence and absorption coefficient calculation, see Figure  

 

Figure 1. (a) Schematic structure of Mn-doped CsPbI3 NCs. The doping concentration is 5%. (b) 

The absorption (solid line) and PL spectra (dashed line) of undoped (bottom, black line) and Mn-

doped (top, red line) CsPbI3 NCs. TEM image of (c) undoped and (d) Mn-doped CsPbI3 NCs.  

 

S2-S3 and Table S1). All the other pseudo-color TA plots with different excitation energies and 

intensities for undoped and doped NCs are summarized in Figure S4-S9. In general, the TA plot 

shows three distinct spectral features (see Figure 2b): 1) the ground state bleach (GB) band 

centered at around 1.9 eV that arises from the band edge state filling (B1); 2) the excited state 

absorption (ESA) above bandgap (larger than 1.9 eV) that later evolved into a GB signature (A2); 

https://www.nature.com/articles/s41467-017-01360-3#Fig1
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3) Toward the lower energy, the asymmetric derivative is the probe-induced Stark effect (A1).5 In 

addition, we can observe a red shifting of the GB peak position with the delay time (Figure 2a), 

which becomes more pronounced at high excitation fluence (Figure S4-S9). Such a GB position 

shift can be attributed to two effects: the Moss–Burstein effect and the bandgap renormalization at 

short timescales (before 2 ps).21 The Moss–Burstein effect refers to the increase of effective 

bandgap of a semiconductor when the lower energy states in the CB or VB have been populated 

or blocked.22 On the other hand, bandgap renormalization is induced by the screening of Coulomb 

repulsion leading to a decrease in the electronic bandgap of semiconductors.23 Those two effects 

should compensate each other near the band-edge of the LHPs, resulting in a slight shift in the 

observed optical band-edge. 

 

Figure 2. (a) Pseudocolor representation TA spectra of Mn-doped CsPbI3 NCs for 500 nm (2.48 

eV) excitation at high excitation intensity with ⟨N⟩ ≈ 7.7 (corresponding to n ≈ 4.2 × 1018 cm–3). 

(b) Normalized TA spectra of Mn-doped CsPbI3 NCs for 500 nm excitation at high excitation 

intensity with ⟨N⟩ ≈ 7.7 (corresponding to n ≈ 4.2 × 1018 cm–3) with the time delay from 0.3 ps to 
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30 ps. The higher energy tails (between 2.02 and 2.2 eV marked by a dashed rectangle) are globally 

fitted to a Boltzmann distribution from which the carrier temperature is extracted. Carrier 

temperature decay kinetics with 500 nm excitation at four different excitation intensities for (c) 

undoped and (d) Mn-doped CsPbI3 NCs. The solid lines are the multi-exponential fits, and fitting 

parameters can be seen in supporting information. 

 

Figure 2b shows the normalized TA spectra -ΔA of Mn-doped CsPbI3 NCs with delay time 

between 0.3 and 3 ps extracted from the TA plot in Figure 2a. In Mn-doped CsPbI3 NCs, after 

high‐energy photon excitation, the excited carriers first undergo carrier–carrier scattering within 

100 fs, a process which is called carrier thermalization.24 The HCs then reach a Fermi‐Dirac 

distribution with a carrier temperature Tc larger than the lattice temperature TL. Following carrier 

thermalization, the HCs equilibrates with the lattice mainly through an inelastic carrier–phonon 

interactions, known as the “cooling” process. To ensure that the HCs have redistributed their 

energies and reached a quasi-temperature as Boltzmann distribution, we analyzed the HCs cooling 

dynamics after a delay of 0.3 ps, when the initial thermalization process should be finished. In 

order to extract the HCs temperature, we fitted the high energy tail of the TA spectra (i.e., between 

2.02 eV and 2.20 eV) using the Maxwell–Boltzmann distribution function: 21 

ΔA

𝐴
 ∝ exp (−

𝐸−𝐸𝑓

𝑘𝐵𝑇𝑐
)                                                                                    (1) 

Here, ΔA is TA signal in the region of interest, Ef is the quasi-Fermi energy, kB is the Boltzmann 

constant, and Tc is the carrier temperature. Since electron/hole show similar effective masses based 

on the calculation shown in Table S1 (pure CsPbI3: me = 0.10m0, mh = 0.15m0; Mn doped CsPbI3: 

me = 0.13m0, mh = 0.19m0), we expect comparable contributions from hot electrons and hot holes 

to the extracted HCs temperatures. Figure 2c shows the fitted HCs cooling dynamics with 

increasing carrier densities (or pump fluence). The HCs cooling rates become lower with 

increasing carrier densities in both doped and undoped samples.  The HCs cooling decay can be 

well-fitted by bi-exponential functions with a fast component and a slow component. The fast 

component should be attributed to the emission of the LO phonons through carrier-phonon 

interaction, and the slow component is due to the reduction of energy loss rate by reduced decay 

of LO phonon.25,26 We then used the average time to compare the cooling rates of undoped and 

https://www.nature.com/articles/s41467-017-01360-3#Fig1
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doped NCs. Under low excitation density below 1018 cm-3, the average decay times are 1.8 ps and 

0.6 ps for undoped and doped NCs, respectively. When excitation density is higher than 1018 cm-

3, the average decay times for undoped and doped NCs reach 20.2 and 17.9 ps, respectively (Table 

S4-S5). Notably, the same trend occurs in all the samples with various excitation photon energies 

(Figure S10-S15, Figure S16-S17, Table S2-S7). Such general carrier density dependence of the 

HCs cooling dynamics can be interpreted by the enhanced hot-phonon bottleneck, which is widely 

observed in semiconductors and LHPs.5,9,24,27,28  It is mainly induced by the presence of a non-

equilibrium LO‐phonon population in the phonon pool that reduces the net LO‐phonon emission 

as well as enhances the cold carrier reheating, which consequently slow down the cooling 

process.5,24,29  

Excitation energy-dependent role of Mn doping in HCs dynamics: 

In order to elucidate the influence of Mn-doping on the HCs cooling, we first compared the cooling 

dynamics between undoped and Mn-doped CsPbI3 NCs excited at different excitation energies at 

very low excitation intensity (<N> ≤1) (Figure 3). At such low excitation intensity, the many-body 

effects that influence the HCs cooling, such as Auger reheating, are negligible.12  

We can also fit all the HCs cooling decay by multiple exponential components as summarized in 

Table 1. When the samples are excited at 570 nm with the phonon energy close to the bandgap 

energy, the cooling decay of the undoped NCs can be fitted with a fast component (0.1 ps) and a 

slow component (0.7 ps), delivering an average lifetime of 0.3 ps. Upon Mn-doping, the kinetics 

can be fitted by an exponential component with a lifetime of 0.4 ps together with an ultra-long live 

equilibrium temperature higher than the RT. This manifests that the HCs cooling in doped NCs 

becomes slower with the excitation energy near the band-edge position (Figure 3c). 

When the sample is excited at 400 nm, the kinetics for the undoped NCs can be fitted by a fast 

component (0.2 ps) and a slow component (0.9 ps), giving an average lifetime of 0.5 ps. Upon Mn 

doping, the average lifetime becomes much faster (0.2 ps) (Figure 3a).   The same trend can also 

be seen in the excitation energy of 500 nm (Figure 3b) (For detailed fitting parameters, see Table 

S9). The above excitation energy-dependent comparison can be further confirmed by the rising 

time of TA kinetic at the maxima GB position, which monitors the population of the band-edge 

states (Figure 3d-f).  
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In general, the hot carrier cooling dynamics in semiconductors are related to the coupling between 

various thermal pools. Here the above analysis monitors the temperature of the electronic pool, 

which is coupled to the pool of LO phonons. Owing to the anharmonicity of the vibrations, the LO 

phonon pool gives up energy efficiently to the acoustic phonon pool. This is eventually followed 

by the energy dissipation to the solvent environment.30 In order to identify the dominant steps of  

HCs relaxation at various time delays, we have extracted the electronic energy power loss as a 

function of carrier temperature by using the conventional model of hot electron relaxation via 

optical-phonon emissions in Figure 3g-3i.12  

Table 1. Fit parameters for carrier temperature decay kinetics of Mn-doped CsPbI3 NCs with 400 

nm, 500 nm, and 570 nm excitation. The unit of time t is ps.  

Exc. Wavelength A1 t1 A2 t2 tave 

400 nm Undoped 0.85 0.2 0.15 0.9 0.5 

Doped 0.97 0.1 0.03 0.5 0.2 

500 nm Undoped 0.94 0.1 0.06 4.1 1.8 

Doped 1 0.6 - - 0.6 

570 nm Undoped 0.95 0.1 0.05 0.7 0.3 

Doped 1 0.4 - - 0.4 

 

Here the energy loss rate (P) of the carriers can be derived from the equation P = 
𝑑(

3

2
 𝑘𝐵𝑇𝑐)

𝑑𝑡
 where 

Tc refers to the carrier temperature. The power loss plots in Figure 3g and 3i first further confirm 

that HCs cooling in doped NCs is faster under 400 nm and 500 nm excitation and slower under 

570 nm excitation compared with doped NCs. In addition, two distinctive slopes can be observed 

in the plot corresponding to two power loss regimes. As shown in Figure 3g, for the undoped NCs 

excited at 400 nm, the power loss rate slowly decreases from 1 to 0.2 eV ps-1, until Tc reaches ≈700 

K. Subsequently, as the hot carrier temperature approaches the lattice temperature, P drops rapidly. 

We defined the temperature at the transition point between these two regions as transition 

temperature (Tr). The Mn doping leads to lower Tr under 400 nm and 500 nm excitation and higher 

Tr under 570 nm excitation (Figure 3g-i). The distinctive two regions of HCs power loss are mainly 

dependent on the electronic and phononic structure of the materials. Notably, at low carrier density 
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(～10-17 cm-3), the power loss of the HC during the cooling process is dominated by the scattering 

between carriers and LO phonons. The initial rapid HCs cooling (i.e., the higher power loss rate) 

with Tc above Tr is due to the efficient LO phonon emission through the dominant Fröhlich 

interaction that dissipates the excess energy of the HCs. These LO phonons decay into acoustic 

phonons until Tc cools to the lattice temperature.  The subsequent slower cooling of the HCs closer 

to the band edges (i.e., around 300–600 K in Figure 3g) is determined by the thermal equilibration 

between LO phonons and acoustic phonons.12  In this scenario, the Tr between the two power loss 

regions qualitatively reflects the impact of the hot-phonon bottleneck, which is determined by the 

population dynamics of non-equilibrium LO phonons in the phonon pools.  At high excitation 

energy, the Tr values of undoped and doped NCs are generally increased compared to low 

excitation energy as shown in Figure 3 g-i. This can be explained as more LO phonons are emitted 

due to the higher excess energy of the excited HCs.  On the other hand, the change of Tr after Mn 

doping in NCs indicates a modified phonon generation and decay dynamics. When the samples 

are excited at 570 nm, the Tr for the undoped and doped NCs are about 410 K and 450 K, 

respectively (Figure 3i). At 400 nm excitation, the Tr for the undoped and doped NCs are about 

780 K and 580 K, respectively. 

In the following, we interpret the excitation energy-dependent role of Mn-doping in the HCs 

cooling dynamics observed in Figure 3 from the perspective of the intrinsic electronic/phononic 

structure of the doped NCs.   We first revealed the electronic band structure of the samples via 

DFT calculation, as shown in Figure 4a-4b. The effective electron mass and hole mass of Mn-

doped CsPbI3 (me = 0.13m0,   mh = 0.19m0) are larger than those of pure CsPbI3 (me = 0.10m0 and 

mh = 0.15m0). This is because of the perturbation in the periodicity of the Pb 6p orbitals after Mn 

doping which leads to the reduction of both VBM and CBM dispersion. It indicates a more 

localized electron and hole state in the doped NCs.31 In the absence of hot-phonon effect at low 

carrier concentrations, the energy loss rate of HCs via carrier-LO phonon interaction is 

predominantly affected by the effective mass as illustrated in equation 2. 5 

𝑃 =  
𝑚1/2𝑒2

𝜋𝜀0ℏ2  (
ℏ𝜔𝐿𝑂

2
)

3/2

[
1

𝜀𝑂𝑝𝑡
−  

1

𝜀𝑆𝑡𝑎𝑡
]                             (2)  
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Here εOpt and εStat are the optical and static dielectric constants. Therefore, the heavier carrier 

effective mass in doped NCs should induce an intrinsically faster HCs relaxation than in undoped 

NCs.  

 

Figure 3. Time-dependent carrier temperature for undoped and Mn-doped CsPbI3 NCs at low 

excitation density (<N> < 1) with (a) 400 nm, (b) 500 nm and (c) 570 nm excitation energy. 

Normalized GB dynamics probed at the band-edge for undoped and Mn-doped CsPbI3 NCs at low 

excitation intensity with (d) 400 nm, (e) 500 nm, and (f) 570 nm excitation energy. Power loss as 

a function of the inverse carrier temperature for the exponential fitting data from Figure 3a-3c of 

undoped and Mn-doped CsPbI3 NCs at low excitation intensity with (g) 400 nm, (h) 500 nm, and 

(i) 570 nm excitation energy.   
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Secondly, we calculated the density of states (DOS) of pure CsPbI3 NCs and Mn-doped levels 

shown in Figure 4a-4c. For the undoped NCs, the pathways of HCs cooling are mediated by states 

building from Pb and I orbitals.  The doping adds Mn orbitals into the electronic structures of the 

NCs are shown in Figure 4c. According to the previous theoretical calculation, the first excitation 

on every symmetry point shows high optical strength.32,33 From Figure 4b, when the doped samples 

are excited at high energy, (e.g., 400 nm, 3.1 eV) more channels are available for electronic 

relaxation of the HCs. When the doped samples are excited at near band-edge energies, the excited 

electron /holes possess energy lower than the majority of the Mn orbitals. Therefore, we believe 

the participation of the Mn orbital in HCs cooling should be negligible.  

Following the discussion of the effect of electronic structure, we now examine the role of carrier-

phonon coupling.  For most inorganic semiconductors, coupling or scattering between charge 

carriers and phonons are functional dependencies of the PL linewidth Г(T) on temperature.34 To 

evaluate such coupling, temperature-dependent PL spectra were acquired. They are shown in 

Figure S18-S19. We calculated the electron-phonon coupling strength from the FWHMs of 

temperature-dependent PL spectra using the following model:35  

                       𝛤(T) = 𝛤0 + 𝛤ac + 𝛤LO + 𝛤imp   

                                = 𝛤0 + 𝛾𝑎𝑐𝑇 + 𝛾𝐿𝑂𝑁LO(𝑇) + 𝛾𝑖𝑚𝑝𝑒−𝐸𝑏/𝑘𝐵𝑇                 (3) 

Here, Γ0 is a temperature-independent inhomogeneous broadening that arises from scattering due 

to disorder and imperfections. Γac is the contribution from acoustic-phonon scattering and γac is the 

corresponding phonon-coupling strength. ΓLO corresponds to the homogeneous broadening that 

results from LO-phonon scattering with a coupling strength γLO. In NLO (T) = 1/(eELO
/k

B
T -1), ELO is 

an energy representative of the frequency for the weakly dispersive LO phonon branch, and kB is 

Boltzmann constant. Γimp is the inhomogeneous broadening due to the ionized impurities. Γac and 

Γimp do not contribute much to the temperature dependence at higher temperatures (＞100 K) so 

that they can be treated as constant and merged into Γ0. Hence, we model the linewidth broadening 

of these three SCs using equation 4 (Figure S19), and the linewidth parameters are shown in Table 

2. 

𝛤(T) = 𝛤0 + 𝛾𝐿𝑂𝑁LO(𝑇)                  (4) 
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Specifically, the LO phonon term in equation (4) accounts for the Fröhlich interaction between LO 

phonons and carriers. The difference between fitted and calculated ELO is within the experimental 

error range.  The fitted γLO for undoped NCs (74.8 meV) is 1.7 times smaller than that of doped 

NCs (126.5 meV). This clearly demonstrates the strengthened electron-LO phonon coupling by 

Mn-doping.   

Table 2. Linewidth parameters and calculated ELO extracted from Figure S4 and Figure S5.  

Samples Г
0
/meV γ

LO
/meV E

LO
/meV 

(Fitting) 

E
LO-min

/meV 

(Calculated) 

E
LO-max

/meV 

(Calculated) 

Undoped 51.25 74.8 23.79 4.3 14.0 

Doped 52.87 126.5 30.45 4.1 9.9 

 

The last critical factor for determining the HCs cooling dynamics is the phonon band structures 

that dominate the pathways of LO-phonon decay and energy transfer to the acoustic phonons.  We 

performed first-principles calculations of phonon dispersion spectra to uncover the possible 

phonon decay dynamics (for detailed calculation, see S.I.). The projected DOS on each atom is 

also given in Figure 4d-4e to show the detailed contributions from each atom. As well accepted, 

the most efficient pathway for LO phonon decay to acoustic phonon is the Klemens channel, where 

one optical phonon decays into two acoustic phonons with symmetric momentum.36 However, the 

Klemens decay requires that the phononic bandgap between LO and acoustic phonons (ℏωLO‐min − 

ℏωLA‐max) is lower than the maximum ℏωLA (ℏωLA‐max) energy (i.e., ℏωLO‐min − ℏωLA‐max < ℏωLA‐

max).
37 Otherwise, the large phononic bandgap hinders the LO phonon decay and hence leads to the 

formation of a non-equilibrium phonon population where a LO hot‐phonon bottleneck arises. In 

the undoped CsPbI3 NCs, the majority of the LO vibrational modes are the Pb–I stretch vibrations 

with frequencies at around 4.4 meV (ℏωLO2‐min) and 13.5 meV (ℏωLO1‐min), while the maximum 

acoustic LA phonon frequency lies around 2.9 meV (ℏωLA‐max) (Figure. 4d). The gap between LO 

and LA (ℏωLO‐min − ℏωLA‐max) is calculated to be about 1.5 meV. The lower LO phonon energy 

compared with twice the LA phonon energy guarantees an efficient Klemens decay in the undoped 

NCs.  In contrast, the Pb–I stretch vibration (LO) frequencies in doped NCs are around 4.1 meV 

(ℏωLO2‐min) and 9.9 meV (ℏωLO1‐min), while the maximum acoustic phonon frequency LA lies around 
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1.3 meV. The gap between LO and LA (ℏωLO‐min − ℏωLA‐max) is about 2.8 meV.  Such enlargement 

of the phonon bandgap between LO and acoustic phonon should be induced from the strain due to 

the Mn doping in the local structures.38 The separation between the LO and LA phonon branches 

(ℏωLO‐min > 2ℏωLA‐max) after Mn-doping should significantly hinder the Klemens channel, so that 

the LO phonons can only decay via alternative less efficient channels, such as the Ridley channel.36 

This suggests that more LO phonons will be emitted to cool down the HCs with the same excess 

energy, which inevitably leads to a large non-equilibrium LO phonon population.  

 

Figure 4. Electronic band structure of (a) CsPbI3 and (b) Mn-doped CsPbI3 including Mn orbitals 

shown as pink color. (c) The contribution of Mn d orbitals in the electronic band structure of Mn-

doped CsPbI3. Phonon energy as a function of phonon momentum and density of states (DOS) of 

(d) undoped CsPbI3 and (e) Mn-doped CsPbI3. The  size  of  these  circles  is  proportional  to  the  

contribution  of  the corresponding orbitals. The two blue lines are the LO phonon mode. The red 

lines are the acoustic phonon mode.  
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We believe that the above three factors, i.e. integration of the doping levels, electron-LO phonon 

coupling, and phononic band structure, all influence the HCs cooling dynamics. Therefore, the 

excitation wavelength dependence of HCs cooling dynamics as shown in Figure 3 should be 

induced by the competition among all of these factors as summarized in Figure 5a-c. Under band-

edge excitation (e.g. excited at 570 nm), the influence of additional Mn orbitals within the CB and 

VB can be neglected as their energies are well above excited states, as shown in Figure. 4c. The 

increased phononic bandgap induced by Mn doping is the dominant factor for the HCs cooling 

dynamics here.  As discussed, it hinders the decay of excited LO phonons and promotes the non-

equilibrium phonon population, while enhancing the hot-phonon bottleneck. This accounts for the 

slow HCs cooling and high Tr in power loss for doped NCs as shown in Figure 3c.   

Under high energy excitation (e.g. excited at 400 and 500 nm), the participation of the Mn orbital 

in the cooling pathways, together with other factors induced by Mn doping should all play a role 

in the HCs cooling dynamics as discussed above. The faster cooling rates for doped NCs in this 

scenario indicate the influence of the Mn orbital participation, and the enhanced e-ph coupling 

competes with the enlargement of the phonon bandgap to accelerate the cooling process.   

Summarizing the role of Mn doping on the HCs with various energy, we noticed that such a 

situation does fit the optimal scenario for the materials applied in HCSCs. HCs at very high energy 

will undergo strong electron-phonon coupling to be efficiently thermalized to the quasi-

equilibrium state integrating the carriers with LO phonons to keep the thermal pool ‘warm’ enough.   

In this case, the carrier temperature reaches 400 to 600 K reflected by the Tr values. The phonon 

bandgap enlargement prevents further heat dissipation when the quasi-equilibrium is established 

and the HCs possesses lower energy.   

Role of the dopant concentration in HCs cooling dynamics: 

The samples with different doping levels are now considered. From the average HCs cooling time 

tave shown in Figure 5d-f, we find that the cooling rates become slower with the increasing doping 

concentration under low excitation energies (570 nm). Since the HCs cooling process at low 

excitation energy is exempt from the Mn orbital participation as discussed above, such relationship 

indicates the combined influence from the change of phonon structure and e-ph coupling evolves 

monotonously with the doping concentration. The influence of phonon bandgap enlargement is 

always dominant and becomes more pronounced with high doping concentration. On the other 
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hand, at high excitation energy at 400 nm, the average cooling time first decreases and then 

increases with the doping concentration. At 500 nm, the average cooling time decreases with the 

doping concentration.  This indicates that the effect of Mn orbitals pathways and enhanced e-ph 

coupling (i.e. factors that accelerate HCs cooling) will be significantly suppressed by the phonon 

bandgap enlargement (i.e. factor that decelerate HCs cooling) at a high doping concentration. 

 

Figure 5. Schematic mechanism diagram of hot carriers cooling for Mn-doped CsPbI3 with (a) 

undoped CsPbI3 NCs, (b) Mn-doped CsPbI3 with high energy excitation, (c) Mn doped CsPbI3 

with low energy excitation NCs and (d) average lifetime of hot carrier cooling for Mn-doped 

CsPbI3 with different doping concentration under 400 nm, 500 nm and 570 nm excitation energies, 

respectively. The added orange lines in Figure 5b-c represent Mn dopant orbitals.  

 

In order to rationalize such a phenomenon, we need to get insight into the role of doping 

concentration in the local structure of doped NCs.  Transition metal ion doping into pristine lattice 

inevitably introduces local structure distortion. The energy of the phonon modes and the strength 

of carrier-phonon coupling are significantly affected by such local distortion in the crystal 

structures, as evidenced by the DFT calculation and the XANES around Mn, also reported by 

previous works.39,40 Meanwhile, transition metals orbitals in the CB also add pathways for HCs  
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Figure 6. a) XANES spectra and b) magnified near edge XANES spectra at Mn-K edge of Mn-

doped NCs with various doping concentrations, c) Proposed structural motif representing the 

octahedron in undoped and Mn-doped NCs.  

 

cooling process. As observed above, those factors are excitation energy-dependent as well as 

doping concentration-dependent. X-ray absorption spectroscopy (XAS) measurements were then 

conducted at the Mn K-edge to characterize the local bonding environment around the Mn2+ ions 

(for experimental details, see S.I.). Figure 6a shows the XAS profile of the samples containing 5% 

(orange), 7% (red) and 10% Mn (brown). Figure 6b zooms on the near-edge (XANES) region. The 

inset shows the first derivative of the XANES profiles as a function of ΔE defined as the difference 

between the incident photon energy and the threshold values of Mn0 for the 3 samples (orange, red 

and brown lines) and a reference Mn foil (grey line). The energy position of the first inflection 

point correlates with the effective oxidation state of the absorbing atom.  For the 3 samples, it falls 

between the values observed in Mn-oxides of +2 and +3..41,42 The XANES profile consists of the 

weak pre-edge feature P centered around 6541 eV and a strong white line at 6560 eV. Forbidden 

in ideal octahedral symmetry, the pre-edge feature arises from the transition of a Mn 1s electron 

to the unoccupied Mn 3d levels hybridized with the ligand 4p levels as a consequence of symmetry 
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lowering and distortions.43 The while line is attributed to the transition of a Mn 1s electron to the 

molecular levels built from unoccupied 4p levels. In Mn-containing materials, the fine structure of 

the white line is affected by the balance between order and disorder44 through their influence on 

the 3d population,45 the Mn 3d-4p exchange interaction,46 the hybridization of Mn 4p by the ligand 

orbitals (Hu)47 and the Madelung constant.45  

At low doping concentration (i.e., 5% ), P is weak but rather sharp and the white line presents a 

distinct shoulder A which can be ascribed to the hybridization of the Mn 4p, along with a clear 

double peak structure (B and C). As the doping concentration increases (7%, 10%), the oscillator 

strength of P gets more diffused, A disappears and the double structure B-C broadens. All these 

spectral features signal an elongation of the average Mn-I bond and a more pronounced disordering 

around the Mn atoms. Such local distortion should first modify the metal-halide vibrational modes, 

and thus enhance e-ph coupling in perovskites materials.48  In addition, it will also weaken the 

mixing between Mn and I orbitals and therefore affect the available states in the pathway for the 

cooling of the HCs. 

CONCLUSIONS 

In summary, the HCs cooling dynamics in Mn-doped CsPbI3 NCs have been studied by using 

transient absorption spectroscopy in combination with theoretical calculation and local structure 

characterization. Under the high energies excitation of 400 nm and 500 nm, Mn-doping promotes 

fast HCs cooling rates. However, Mn doping contributes to slowing the HCs cooling rate after 

excitation with 570 nm. From DFT calculations, Mn-doped CsPbI3 show higher effective 

electrons/holes masses in comparison with undoped NCs. Meanwhile, temperature-dependent PL 

characterization further confirmed that Mn-doping also helps to strengthen the electron-phonon 

coupling. However, a large energy separation between the optical mode and acoustic modes is 

observed, implying that Mn-doping suppresses the efficient Klemens channel for LO phonon 

decay. The HCs cooling process is therefore the consequence of the competition between all the 

above factors, which leads to the excitation energy and doping concentration dependence. The 

enhanced electron-phonon coupling and efficient thermalization of HCs at high energy together 

with delayed heat dissipation after thermalization with HCs at low energy is optimal for the HCSC 

application.  Our results open up a new possibility to optimize the HCs cooling dynamics in HCSC 
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materials via element doping with fine control on both electronic and phononic structures of the 

host materials.  
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Experimental Section 

Materials and Chemicals. Cesium carbonate (Cs2CO3, ReagentPlus 99%, Sigma-Aldrich), Lead 

iodide (PbI2, 99%, Sigma-Aldrich), Manganese iodide (MnI2 anhydrous, 99.99% trace metals basis, 

Sigma-Aldrich), Oleylamine (OAm, technical grade 70%, Sigma-Aldrich), Oleic acid (OA, 

technical grade 90%, Sigma-Aldrich), 1-Octadecene (ODE, technical grade 90%, Sigma-Aldrich), 

Toluene (anhydrous 99.8%, Sigma-Aldrich). 

Preparation of Cs-OA. Cs2CO3 (0.407 g), OA (1.5 mL), and ODE (20 mL) were added to a 50-

mL 3-neck round-bottomed flask, evacuated and refilled with argon, dried at 120 °C for 30 min, 

then heated to 150 °C for at least 10 minutes until all Cs2CO3  reacted with OA before using.   

Synthesis of Mn-doped CsPbI3 NCs. Typically, PbI2 (0.087 g, 0.188 mmol), MnI2 (0-0.01), OAm 

(0.5 mL), OA (0.5 mL), ODE (5 mL) were added to a 25-mL 3 neck round bottom flask and were 

evacuated and refilled with Ar followed by heating the solution to 120 °C for 30 minutes. Then 

dried OAm (0.5 mL) and dried OA (0.5 mL) were subsequently injected to solubilize the solution. 

The solution was then increased to 160 °C. At 160 °C, the Cs-oleate (0.4 mL) was swiftly injected 

and after 1 minute the solution was cooled with an ice/water bath. After reaction, the aggregated 

NCs were centrifuged at 6000 rpm for 5 min. After centrifugation, the supernatant was discarded 

and the precipitate was redispersed in dried toluene. And then, the solution will be centrifuged at 

6000 rpm for 5 min and the supernatant will be redispersed in toluene for further measurement.  

 Characterization. The absorption spectra were measured in a UV-Vis absorption 

spectrophotometer from Agilent Technologies (Santa Clara, USA). Steady-state 

photoluminescence was measured using a FluoroMax@-4 spectrofluorometer (HORIBA JOBIN 

YVON, Inc., Edison, NJ) with the excitation at 500 nm. Transmission electron microscopy (TEM) 

imaging was conducted on Tecnai G2 T20 TEM. The Mn doping concentration was determined by 

coupled mass spectrometry (ICP-MS)  

TA measurement. The transient absorption (TA) experiments were performed on a femtosecond 

pump-probe setup. Laser pulses (800 nm, 80 fs pulse length, 0.5 kHz repetition rate) were 

generated by a femtosecond oscillator (Mai Tai SP, both Spectra Physics). The pump pulses at 400 

nm, 500 nm and 570 nm were generated by an optical parametric amplifier (Topas, Light 

Conversion). For the probe, we used the super-continuum generation from a thin CaF2 plate. The 
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mutual polarization between pump and probe beams was set to the magic angle (54.7°) by placing 

a Berek compensator in the pump beam. The probe pulse and the reference pulse were dispersed 

in a spectrograph and detected by a diode array (Pascher Instruments). Excitation power and spot 

size measurements were used to determine the excitation fluence. 

Absorption cross-section determination. NCs can be excited to multiple exciton states by high 

excitation fluence. With a usual assumption, the initially generated multiple exciton population 

follows the Poissonian distribution 

P𝑁 = e−〈N〉∙〈N〉𝑁

N!
            (S1) 

where 〈𝑁〉 is the average number of excitons per NCs, N is the number of excitons, and PN is the 

fraction of NCs with N excitons. We can use 〈𝑁〉=𝜎∙𝐼 to present the average number of excitons 

per NCs, where 𝜎 is the absorption cross-section at the excitation wavelength and I is the excitation 

intensity in units of the number of photons per pulse per excitation area. From equation S1, we can 

calculate the fraction of excited NCs, Pexc, as: 

𝑃𝑒𝑥𝑐=Σ𝑁=1
∞ 𝑃𝑁=1−𝑃0=1−𝑒−〈𝑁〉=1=1−𝑒−𝜎∙𝐼           (S2) 

If we know Pexc, 𝜎 can be calculated from (S2). We obtain Pexc by measuring the excitation 

intensity dependence of the late-time region signal (t ＞1 ns), which corresponds to the last 

remaining exciton after the Auger process. Due to multiple excitations generated at high pump 

intensity excitation in NCs is rapidly lost via Auger process leaving only one excitation at latetime 

region (t ＞1 ns). The signal ΔA0 (I, t＞1 ns) intensity can be rescaled to the corresponding signal 

at t=0, which we call ΔA0(I). We use the lowest excitation intensity as reference excitation intensity 

and corresponding average number of excitons per NCs, 〈𝑁〉0.as reference number of excitons per 

NCs. 

𝛥𝐴0(𝐼) = 
ΔA(I,t＞1ns) 

𝑒−t/τ  = 𝛥𝐴0,𝑚𝑎𝑥 ∙(1 − 𝑒−(𝐼/𝐼0)∙〈N〉0)                                    (S3) 

𝛥𝐴0, denotes the largest possible single-exciton signal rescaled to t=0. 

Based on the rescaled signal ΔA0(I), we perform exponential fit to equation S3. From the fitting, 

we get the value of 〈𝑁〉0, and absorption cross-section 𝜎 of Mn doped CsPbI3 NCs at 400 nm (3.1 
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eV) were calculated. The absorption cross-section 𝜎 at 500 nm and 570 nm were calculated based 

on the values of 𝜎 at 400 nm and absorption spectra. 

Power loss of the hot carriers. The power loss of hot carriers is obtained from the time-dependent 

hot carriers temperature Tc using follow equation. kB is Boltzmann constant.  

P = 
𝑑(

3

2
 𝑘𝐵𝑇𝑐)

𝑑𝑡
                                      (S4) 

Average lifetime calculation 

A multi-exponential model was used to fit the cooling process curves. The model is described as 

follows: 

f(x) = A + ΣBi exp(−x/ti)                                  (S5)  

where ti represents the time constants and Bi represents the amplitudes of the fast and slow 

components, respectively. The average lifetime was calculated as follows: 

tave = (ΣBiti
2)/(ΣBiti)                                          (S6) 

DFT calculation 

The density functional theory (DFT) calculations were performed using Perdew-Burke-Ernzerhof 

(PBE) exchange correlation functional,1 as implemented in the Vienna ab initio package (VASP).2 

The electronic wave functions were calculated by using projected augmented wave (PAW)3 with 

a plane-wave cutoff of 520 eV. Due to the heavy Pb atom in CsPbCl3, spin-orbit coupling (SOC) 

was included for the electronic properties calculation. The unit cell CsPbCl3 structure is cubic 

containing 5 atoms with lattice parameter of 6.401 Å. A single Pb atom was replaced by a Mn 

atom in the 2 х 2 х 2 supercell corresponding to Mn concentration of 6.25%. Phonon spectrum 

was calculated using the DFPT method by the Phonon code. The Brillouin zone samplings were 

carried out with a Γ-center 4 х 4 х 4 k-point mesh. The atomic forces were relaxed to be less than 

0.01 Å-1. While for the HSE06 band structure calculation, the plane wave cutoff was set as 300 eV 

and the Brillouin zone was sampled by 2 х 2 х 2 Γ-centered k-point grid. It should also be noted 

that the imaginary phonon modes with a negative frequency result from the metastable lattice of 
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the perovskite where the permanent displacement of the atoms is possible through distortions of 

the crystal lattice. 

X-ray absorption measurements 

X-ray absorption spectra were acquired at P65 beamline of Petra III, Deutsches Elektronen -

Synchrotron (DESY), Hamburg.4 Si (111) monochromator crystal was used. Higher harmonics 

rejection was done with two Si-coated mirrors. Solutions of Mn-doped nanoparticles in toluene 

were filled into 2 mm quartz capillaries (wall thickness 0.02 mm) which were positioned 

horizontally at 45 degrees to the incoming beam. Beam size on the sample was 2 mm (hor.) * 0.5 

mm (ver.). Data were acquired in fluorescence mode using a 4 pixel Silicon drift detector. Spectra 

were taken in continuous scanning mode. First, damage tests were done by performing 30 s scans 

in -50 to 100 eV energy range around Mn K-edge. Then, based on the data quality, extended 

XANES range was chosen for the study: -100 to 300 eV measured for 120 s; many repetitions 

were done to improve the data quality.  Mn foil was installed downstream of the sample for energy 

calibration. The maximum of first derivative of the foil was calibrated to 6539 eV.  
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Figure S1. The TEM images and size distribution of samples. The TEM images of (a) undoped 

CsPbI3 and (b) Mn doped CsPbI3. The corresponding size distribution of (c) undoped CsPbI3 and 

(d) Mn doped CsPbI3. 
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Figure S2. Pump fluence dependent TA kinetics for Mn doped CsPbI3 NCs pumped at 400 nm 

(3.1 eV) probed at band-edge, I0=1.603 x 1013 photons/cm2/pulse. (a) 0%, (b) 5%, (c) 7% and (d) 

10%.  
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Figure S3. TA signal ΔA0 rescaled from Δt≥1 ns as a function of pump fluence for Mn doped 

CsPbI3 NCs pumped at 400 nm (3.1 eV) and probed at band-edge. (a) 0%, (b) 5%, (c) 7% and (d) 

10%.  
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Figure S4. Pseudocolor representation TA spectra of undoped CsPbI3 NCs for 400 nm excitation 

with different excitation intensities. (a) I1, (b) I2, (c) I3 and (d) I4. 
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Figure S5. Pseudocolor representation TA spectra of Mn doped CsPbI3 NCs for 400 nm excitation 

with different excitation intensities. (a) I1, (b) I2, (c) I3 and (d) I4. 
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Figure S6. Pseudocolor representation TA spectra of undoped CsPbI3 NCs for 500 nm excitation 

with different excitation intensities. (a) I1, (b) I2, (c) I3 and (d) I4. 

 



 

103 
 

 

Figure S7. Pseudocolor representation TA spectra of Mn doped CsPbI3 NCs for 500 nm excitation 

with different excitation intensities. (a) I1, (b) I2, (c) I3 and (d) I4. 
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Figure S8. Pseudocolor representation TA spectra of undoped CsPbI3 NCs for 570 nm excitation 

with different excitation intensities. (a) I1, (b) I2, (c) I3 and (d) I4. 
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Figure S9. Pseudocolor representation TA spectra of Mn doped CsPbI3 NCs for 570 nm excitation 

with different excitation intensities. (a) I1, (b) I2, (c) I3 and (d) I4. 
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Figure S10. Normalized TA spectra of undoped CsPbI3 NCs under 400 nm excitation with 

different excitation energies. (a) I1, (b) I2, (c) I3 and (d) I4. The shortest time delay (red) is 0.3 ps 

and the longest (yellow) is 30 ps. 
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Figure S11. Normalized TA spectra of Mn doped CsPbI3 NCs under 400 nm excitation with 

different excitation energies. (a) I1, (b) I2, (c) I3 and (d) I4. The shortest time delay (red) is 0.3 ps 

and the longest (yellow) is 30 ps. 
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Figure S12. Normalized TA spectra of undoped CsPbI3 NCs under 500 nm excitation with 

different excitation energies. (a) I1, (b) I2, (c) I3 and (d) I4. The shortest time delay (red) is 0.3 ps 

and the longest (yellow) is 30 ps. 

 



 

109 
 

 

Figure S13. Normalized TA spectra of Mn doped CsPbI3 NCs under 500 nm excitation with 

different excitation energies. (a) I1, (b) I2, (c) I3 and (d) I4. The shortest time delay (red) is 0.3 ps 

and the longest (yellow) is 30 ps. 
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Figure S14. Normalized TA spectra of undoped CsPbI3 NCs under 570 nm excitation with 

different excitation energies. (a) I1, (b) I2, (c) I3 and (d) I4. The shortest time delay (red) is 0.3 ps 

and the longest (yellow) is 30 ps. 
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Figure S15. Normalized TA spectra of Mn doped CsPbI3 NCs under 570 nm excitation with 

different excitation energies. (a) I1, (b) I2, (c) I3 and (d) I4. The shortest time delay (red) is 0.3 ps 

and the longest (yellow) is 30 ps. 

 

 

 

 

 



 

112 
 

 

Figure S16. Time-dependent carrier temperature with 400 nm excitation at four different 

excitation intensities for (a) undoped and (b) Mn doped CsPbI3 NCs. 

 

 

Figure S17. Time-dependent carrier temperature with 570 nm excitation at four different 

excitation intensities for (a) undoped and (b) Mn doped CsPbI3 NCs. 
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Figure S18. Temperature dependent PL emission spectra of Mn doped CsPbI
3
 NCs as function of 

temperature (80 K to 180 K) for different doping concentration. (a) 0% and (b) 5%. 

 

 

Figure S19. FWHM of the steady-state PL spectra as a function of temperature for of Mn doped 

CsPbI3 NCs (80 K to 180 K) for different doping concentration. (a) 0% and (b) 5%. 
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Figure S20. Time-dependent carrier temperature for different doping concentration at low 

excitation intensity with (a) 400 nm, (b) 500 nm and (c) 570 nm excitation energy. 
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Table S1. The Absorption cross-sections of Mn doped CsPbI3 at 400 nm, 500 nm and 570 nm. 

The values for 500 nm and 570 nm are calculated combining the absorption cross-section at 400 

nm and absorption spectra in Figure 1c.  

 
0% 5% 7% 10% 

400 nm  

(3.10 eV) 

4.2×10
-14 

cm
2
 6.0×10

-14 
cm

2
 8.0×10

-14 
cm

2
 1.4×10

-14 
cm

2
 

500 nm  

(2.48 eV) 

1.5×10
-14 

cm
2
 2.0×10

-14 
cm

2
 2.8×10

-14 
cm

2
 0.5×10

-14 
cm

2
 

570 nm  

(2.18 eV) 

0.7×10
-14 

cm
2
 0.9×10

-14 
cm

2
 1.2×10

-14 
cm

2
 0.2×10

-14 
cm

2
 

 

 

 

 

Table S2. Fit parameters for time-dependent carrier temperature of undoped CsPbI3 NCs with 400 

nm excitation at different intensities n ≈ 3.5 × 1017 (I1), 1.7 × 1018 (I2), 3.5 × 1018 (I3) and 6.9 × 1018 

(I4) photon/cm2/pulse, corresponding to ⟨N⟩ ≈ 0.7, 3.7, 6.7 and 13.5, respectively. The unit of time 

t is ps.  

 
A1 t1 A2 t2 A3 t3 tave 

I1 0.77 0.2 0.22 0.7 0.02 19.2 9.9 

I2 0.74 0.7 0.21 0.7 0.05 24.0 16.4 

I3 0.60 0.6 0.35 0.6 0.06 20.8 14.1 

I4 0.56 0.9 0.32 0.9 0.13 5.4 3.0 
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Table S3. Fit parameters for time-dependent carrier temperature of Mn doped CsPbI3 NCs with 

400 nm excitation at different intensities n ≈ 5.3 × 1017 (I1), 2.7 × 1018 (I2), 5.3 × 1018 (I3) and 1.1 

× 1019 (I4) photon/cm2/pulse, corresponding to ⟨N⟩ ≈ 1.0, 4.8, 9.6 and 19.2, respectively. The unit 

of time t is ps.  

 
A1 t1 A2 t2 A3 t3 tave 

I1 0.97 0.1 0.03 0.4 0.0005 29.4 3.8 

I2 0.97 0.7 0.03 14.0 - - 8.3 

I3 0.93 0.6 0.07 17.7 - - 12.2 

I4 0.89 0.8 0.11 12.4 - - 8.2 

 

 

 

 

Table S4. Fit parameters for time-dependent carrier temperature of undoped CsPbI3 NCs with 500 

nm excitation at different intensities n ≈ 3.0 × 1017 (I1), 1.5 × 1018 (I2), 3.0 × 1018 (I3) and 4.4 × 1019 

(I4) photon/cm2/pulse, corresponding to ⟨N⟩ ≈ 0.6, 2.9, 5.8 and 8.7, respectively. The unit of time 

t is ps.  

 
A1 t1 A2 t2 A3 t3 tave 

I1 0.94 0.4 0.06 4.1 - - 1.8 

I2 0.89 0.5 0.11 27.4 - - 23.7 

I3 0.84 0.6 0.16 23.2 - - 20.2 

I4 0.87 0.7 0.13 12.7 - - 9.7 
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Table S5. Fit parameters for time-dependent carrier temperature of Mn doped CsPbI3 NCs with 

500 nm excitation at different intensities n ≈ 4.2 × 1017 (I1), 2.1 × 1018 (I2), 4.2 × 1018 (I3) and 6.4 

× 1018 (I4) photon/cm2/pulse, corresponding to ⟨N⟩ ≈ 0.8, 3.9, 7.7 and 11.5, respectively. The unit 

of time t is ps.  

 
A1 t1 A2 t2 A3 t3 tave 

I1 1 0.6 - - - - 0.6 

I2 0.93 0.6 0.07 18.8 - - 13.1 

I3 0.86 0.7 0.14 21.4 - - 17.9 

I4 0.86 0.6 0.14 11.7 - - 9.0 

 

 

 

 

Table S6. Fit parameters for time-dependent carrier temperature of undoped CsPbI3 NCs with 570 

nm excitation at different intensities n ≈ 2.6 × 1017 (I1), 7.9 × 1017 (I2), 1.8 × 1018 (I3) and 2.9 × 1018 

(I4) photon/cm2/pulse, corresponding to ⟨N⟩ ≈ 0.5, 1.5, 3.6 and 5.6, respectively. The unit of time 

t is ps.  

 
A1 t1 A2 t2 A3 t3 tave 

I1 0.95 0.1 0.05 0.7 - - 0.3 

I2 1 0.5 - - - - 0.5 

I3 1 0.9 - - - - 0.9 

I4 0.87 0.5 0.13 16.8 - - 14.1 
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Table S7. Fit parameters for time-dependent carrier temperature of Mn doped CsPbI3 NCs with 

570 nm excitation at different intensities n ≈ 3.6 × 1017 (I1), 1.1 × 1018 (I2), 2.5 × 1018 (I3) and 4.0 

× 1018 (I4) photon/cm2/pulse, corresponding to ⟨N⟩ ≈ 0.7, 2.0, 4.6 and 7.2, respectively. The unit 

of time t is ps. 

 
A1 t1 A2 t2 A3 t3 tave 

I1 1 0.4 - - - - 0.4 

I2 1 0.6 - - - - 0.6 

I3 0.92 0.1 0.05 0.9 0.03 49.4 45.6 

I4 0.81 0.7 0.19 12.1 - - 9.8 

 

 

 

 

Table S8. Fit parameters for time-dependent carrier temperature of Mn doped CsPbI3 NCs with 

400 nm excitation at different doping concentration. n ≈ 3.5 × 1017 (0%), 5.3 × 1017 (5%), 8.0 × 

1017 (7%) and 2.9 × 1017 (10%) photon/cm2/pulse, corresponding to ⟨N⟩ ≈ 0.7, 1.0, 1.2 and 0.2, 

respectively. The unit of time t is ps.  

 
A1 t1 A2 t2 A3 t3 tave 

0% 0.85 0.2 0.15 0.9 - - 0.5 

5% 0.97 0.1 0.03 0.5 - - 0.2 

7% 0.91 0.1 0.09 0.4 - - 0.2 

10% 0.97 0.3 0.03 1.4 - - 0.5 
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Table S9. Fit parameters for time-dependent carrier temperature of Mn doped CsPbI3 NCs with 

500 nm excitation at different doping concentration. n ≈ 3.0 × 1017 (0%), 4.2 × 1017 (5%), 6.7 ×1017 

(7%) and 2.5 × 1017 (10%) photon/cm2/pulse, corresponding to ⟨N⟩ ≈ 0.6, 0.8, 1.1 and 0.2, 

respectively. The unit of time t is ps.  

 
A1 t1 A2 t2 A3 t3 tave 

0% 0.94 0.1 0.06 4.1 - - 1.8 

5% 1 0.6 - - - - 0.6 

7% 1 0.4 - - - - 0.4 

10% 0.95 0.1 0.03 0.2 0.02 0.5 0.1 

 

 

 

 

Table S10. Fit parameters for time-dependent carrier temperature of Mn doped CsPbI3 NCs with 

570 nm excitation at different doping concentration. n ≈ 2.6 × 1017 (0%), 3.6 × 1017 (5%), 5.5 × 

1017 (7%) and 1.9 × 1017 (10%) photon/cm2/pulse, corresponding to ⟨N⟩ ≈ 0.5, 0.7, 0.9 and 0.1, 

respectively. The unit of time t is ps.  

 
A1 t1 A2 t2 A3 t3 tave 

0% 0.95 0.1 0.05 0.7 - - 0.3 

5% 1 0.4 - - - - 0.4 

7% 1 0.6 - - - - 0.6 

10% 0.55 0.3 0.42 0.4 0.03 2.0 0.6 
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Chapter 5 

Conclusion and perspective 

In this thesis, we studied the photophysical properties of Mn-doped lead halide perovskite 

with a special focus on the exciton to dopant energy transfer and hot carrier cooling 

dynamics. These photophysical properties have a significant relationship with the doping. 

Our results show that both electronic structures and the crystal structures are modified 

by Mn doping in the perovskite structure, which both act as critical factors in determining 

the charge carrier dynamics.  

Firstly, the photoluminescence properties of perovskite QDs can be well-tuned by 

elemental doping due to the introduction of defect states.  The first work (Chapter 3) 

systematically revealed the formation of defect state by dopant and their influence on the 

photo-induced charge carrier dynamics in Mn-doped CsPbCl3 perovskite QDs. As the Mn 

concentration increases, the exciton photoluminescence quantum yield (PLQY) decreases 

and the Mn dopant emission QY first increases and then decreases. The experiments and 

calculations reveal that Mn2+ doping qualitatively changes the type of the defects from 

shallow antisites PbCs (undoped) to deep interstitials Cli (doped), which locate deep at the 

energy between the Mn2+ doping orbital. The depopulation of initial exciton states of the 

CsPbCl3 QDs after excitation is a competition between exciton-dopant energy transfer 

and defect trapping at early timescale (< 100 ps), which determines the final PLQY of the 

CsPbCl3 QDs. The present work establishes a reference and guidelines for optimizing 

such materials for all the emerging applications where high PLQY is essential. 

In the second work (Chapter 4), we focused on investigating the influence of Mn doping 

on the HCs cooling dynamics which is the main energy loss process in LHPs solar cells. 

We demonstrate that transition metal doping may be a promising strategy to change the 

electronic and phononic structure of LHPs, thereby regulating the cooling process. Here, 

we combined femtosecond transient absorption spectroscopy and DFT calculations to 

study the HCs relaxation kinetics in Mn-doped CsPbI3 NCs, with particular attention to 

the effect of Mn doping on the electronic and phononic structure. We proved that Mn2+ 
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doping, 1) enlarges the LO acoustic phonon band gap, 2) enhances the electron-LO phonon 

coupling strength, and 3) increases the HCs relaxation pathway. The first two factors are 

related to the local deformation after Mn2+ replaces Pb2+ in the lattice, and the last effect 

is attributed to the positions of the Mn orbitals in the LHPs band. Spectral studies have 

shown that, due to the dominant role of LO phonon band gap expansion, the HCs cooling 

process slows down after doping under band edge excitation. When the excitation photon 

energy is much larger than the optical band gap and the Mn2+ transition gap, doping 

accelerates the cooling rate due to the enhanced carrier-phonon coupling and the 

dominant role of the relaxation path. Our results establish a direct method to control the 

dynamics of the excited charge carriers, from the cooling processes when they are ‘hot’ 

residing above the band edge and recombination processes when they are ‘cold’ , locating 

from the band edge of the materials,  all through element doping, thus hoping to optimize 

the optoelectronic properties. On one hand, the Mn orbitals within the electronic structure 

that dominate the cooling process of HCs. On the other hand, the existence of Mn orbitals 

will induce defects acting as trapped states located within the band gap. The depopulation 

of initial exciton states of the host materials after excitation is a competition between 

exciton-dopant energy transfer and defect trapping at early timescale. We expect the 

above-mentioned findings in this thesis will supply the theoretical and experimental 

foundation in improving the efficiency of optoelectronic devices.  

 

Here, based our understanding, some perspectives are proposed in the future study as 

follow. 

1) Photophysics with materials doped with other elements. This includes other transition 

metal element, or even non-metal and their corresponding photophysical dynamics could 

be considered. Furthermore, due to differences in the ion radius and valences, the carrier 

dynamics behind doping, defects, and corresponding dopant states, trapping state is still 

worth exploring.  

2) The systematic correlation between doping concentration/local structure and the 

photophysics of the materials. The doping concentration and local structure states act a 

critical factors in determining the carrier dynamics. Meanwhile, the surface defects or 

inner defects should also be well addressed. 
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3) Besides optical effects, the response of the doped materials to other external triggers 

such as the magnetic or electric fields, could also be used to regulate the carrier dynamics. 

For example, the magnetic properties of transition metals, like Mn, Fe, Co and Ni, could 

be efficient strategies in modulating the carrier dynamics or HCs cooling.   


