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Abstract 
 

Physical Properties and Dynamics of Excitons in Two-Dimensional 

Semiconductor Nanoplatelets for Lasing and Solar-to-Fuel Conversion 
 

By Qiuyang Li 

 

2D semiconductor nanoplatelets (NPLs) exhibit many unique properties, such as uniform 

quantum confinement, large exciton binding energy, and giant oscillator strength transition 

effect, long Auger lifetime, and high emission quantum yield, and have been intensively 

investigated for lasing and solar-to-fuel conversion applications. The optoelectronic and 

photocatalytic performances of 2D NPLs depend on the physical properties of band-edge 

excitons, including the exciton size, exciton in-plane transport, multi-exciton annihilation, and 

exciton dissociation. In this dissertation, we focus on the physical properties and dynamics of 

2D excitons and how these properties affect the optical gain (gain mechanism, gain threshold) 

and light-driven H2 generation performance in cadmium chalcogenide (CdX, X=Se, S, Te) and 

CsPbBr3 Perovskite NPLs. 

We first discuss the 2D exciton in-plane transport using CdSe/CdS type I and CdSe/CdTe 

type II core/crown (CC) NPLs as model systems, respectively. Both hot and cold excitons 

transport diffusively in 2D NPLs with a diffusion constant close to their bulk counterparts. This 

is followed by an investigation of multi-exciton Auger recombination of NPLs, emphasizing 

the difference of Auger mechanisms in 2D NPLs, 0D QDs, and 1D NRs, and the deviation 

from the “universal volume scaling” law. We established a new Auger recombination model 

for 2D NPLs that accounts for both a lateral area dependent exciton collision frequency and 

thickness dependent Auger probability per collision. The Auger recombination rate depends on 

the product of the exciton collision frequency and Auger probability, which provides a general 

scheme for Auger recombination in 1D and 2D nanocrystals. 

Next, we discuss optical gain (OG) mechanisms and models of CdSe NPLs and show that 

OG thresholds are independent on the NPL lateral size but increase with the optical density of 

NPLs at the excitation wavelength. We also show that the extension of exciton coherent area 

at low temperature (<4K) and the resulting giant oscillator strength transition effect reduces 

the OG threshold by ~4-fold compared to the value at room temperature (298K), providing a 

new strategy for the rational design of NC-based low-threshold lasing materials. We also 

discuss exciton gain mechanism in CdSe/CdTe type II CC NPLs, where the OG is achieved in 

a tri-exciton state with two charge-transfer excitons at the core/crown interface and one CdTe 

exciton localized in CdTe crown.    

Finally, we summarize our study of exciton dissociation in 2D NPLs and show that the 

light-to-H2 conversion quantum efficiency can be significantly improved using 2D CdS NPLs. 

Detailed transient absorption study and modeling indicate that the improvement comes from 

slowing down charge recombination by the 2D morphology. We also show efficient exciton 

dissociation in CsPbBr3 perovskite 2D NPLs by selectively transferring electron and hole to 

different acceptors and an over 100-fold longer-lived charge-separated state in CsPbBr3 NPL-

hole acceptor complexes compared to that in QD-hole acceptor complexes. These results 

indicate great potentials of 2D NPLs as in absorbers in solar-to-fuel conversion. 
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Chapter 1. Introduction 

 

Reproduced in part with permission from Nano Research 2018, 11, 3031. Copyright 2018 

Springer Nature. 

 

1.1. Backgrounds of 2D Semiconductor Nanoplatelets 

 

 

Figure 1.1. Scheme of 0D quantum dots, 1D nanorods, and 2D nanoplatelets. 

 

Quantum-confined semiconductor nanocrystals (NCs) have their carrier and exciton 

motion confined in three, two or one dimension, and can be classified as 0D quantum dots 

(QDs), 1D nanorods (NRs) or nanowires, and 2D nanoplatelets (NPLs), respectively (Figure 

1.1).1 Quantum confinement occurs when the dimension is smaller than the size of their exciton 

Bohr radius, which is usually in the scale of a few to 10s of nanometers.2-3 This effect gives 

rise to quantized and size-dependent energy levels near the band-edge.2, 4-5 Compared with bulk 

materials, semiconductor NCs show size-tunable band-gap over a wide range of energy (e.g., 

1.8 to 3.0 eV for CdSe QDs6). Compared with molecules, semiconductor NCs have a much 

larger absorption coefficient and cross-section for solar energy harvesting, typically on the 
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order of 107 cm-1 M-1.7-11 Moreover, the carrier wavefunction in NCs can be engineered by 

forming NC heterostructures to enable novel charge separation properties.12 With those 

advantages mentioned above, NCs have been widely used in optoelectrical devices13-16 and as 

sensitizers in photocatalytic systems.17-18 

 

 

Figure 1.2. Scheme (upper panel) and TEM image (lower panel) of 4 monolayer (ML) CdSe 

NPLs. 

 

Among the low-dimensional semiconductor NCs, colloidal 2D NPLs is a new class of 

quantum-confined NCs.19-22 Takes zinc-blend cadmium chalcogenide (CdX, X=Se, S, Te) 

NPLs as an example (Figure 1.2), these NPLs have a 2D morphology with the length and width 
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about 10s of nm and the thickness <2 nm. Compared to 0D QDs and 1D NRs, 2D morphology 

has introduced several unique advantages to NPLs. The extended lateral dimension of 2D NPLs 

increases both absorption cross-section and intrinsic absorption coefficient.10-11 2D CdX NPLs 

also possess uniform quantum confinement along their thickness direction and a tunable 

thickness in the atomic precision.21 The thickness distribution in their ensembles is narrow so 

that the emission line-width of NPL ensemble is almost the same as that of a single NPL (~42 

meV),23 which is sharper than the best-reported core/shell QDs (~67 meV).24 The basal plane 

of 2D NPLs is well passivated by ligands,25 which effectively suppresses the trapping process 

and results in a photoluminescence (PL) quantum yield (QY) over 50% without any shell 

coating.21, 25 Moreover, the multi-exciton lifetime of cadmium chalcogenide NPLs (hundreds 

of ps)26-28 is longer than that of similar QDs (10s of ps).29 These advantages have made CdX 

NPLs promising materials for optoelectrical applications, such as lasing with a large gain 

coefficient and low threshold,28, 30-41 and photocatalysis, such as solar-to-H2 conversion.42-44  

Besides cadmium chalcogenide NPLs, other 2D NPLs also attract people’s attention 

recently. Highly efficient multiple exciton generation (MEG) in PbS 2D NPLs has been 

reported with a higher MEG efficiency than PbS 0D QDs with the same pump-energy/band-

gap ratio.45 Single-layered Ag2S nanoplatelets are expected to possess an enhanced Coulombic 

interaction compared to Ag2S 0D QDs due to the 2D morphology and are expected to be a new 

class of MEG materials due to their high photostability and low toxicity.46 These 2D NPLs are 

great candidates for enhancing solar energy conversion efficiency over unity through MEG 

process.47 Moreover, HgSe and HgTe 2D NPLs have been reported recently as promising near-

infrared emitters.48-49 Perovskite 2D NPLs are also reported recently with tunable band-gap 
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from ultraviolet to the near-infrared region and great performances in emitting devices.50-55 

Many of the promising performances and properties of 2D NPLs are determined by the nature 

of the 2D excitons within NPLs. Herein, this dissertation focuses on the physical properties of 

excitons in cadmium chalcogenide and CsPbBr3 perovskite 2D NPLs and their performances 

in optoelectrical (e.g., lasing) and photocatalytic (e.g., solar-to-fuel conversion) applications.  

 

1.2. Physical Properties of 2D Excitons of Nanoplatelets for Optoelectrical 

and Photocatalytic Applications 

 

 

Figure 1.3. Scheme of exciton internal motion and center-of-mass (COM) motion. The former 

determines the exciton binding energy and the latter determines the exciton COM coherent 

delocalization. 

 

The optoelectronic and photocatalytic performances of colloidal NPLs depend on the 

physical properties of band-edge excitons, which are bound pairs of conduction band (CB) 



5 

 

electrons and valence band (VB) holes.56 They are characterized by both the internal relative 

motion of the electron and hole and the motion of the exciton center-of-mass (COM). As shown 

in Figure 1.3, the relative distance between the electron-hole pair is called the exciton Bohr 

radius (or exciton size), which determines how strong the exciton Coulomb binding is. The 

exciton COM motion describes how exciton moves as a quasi-particle, and the exciton COM 

wavefunction extension determines the oscillator strength and the radiative decay lifetime of 

the corresponding excitonic transition. In 2D NPLs, excitons are quantum-confined along the 

thickness direction and can only move two-dimensionally along the basal plane. The physical 

properties of 2D excitons in NPLs contain the exciton COM coherent delocalization, exciton 

in-plane transport, multi-exciton annihilation, and exciton dissociation.  

 

1.2.1. COM coherent delocalization of band-edge excitons 

 

Figure 1.4. (a) The absorption (solid lines) and emission (dashed lines) spectra of 3-5 ML 

CdSe NPLs. (b) Scheme of energy diagram and band-edge excitonic transitions in CdSe NPLs. 
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Figure 1.4a shows the absorption (solid lines) and emission (dashed lines) spectra of CdSe 

NPLs with 3-5 CdSe monolayers (ML). The two sharp absorption peaks represent the electron-

heavy hole (A exciton) and electron-light hole (B exciton) transition, respectively, and the 

emission results from the radiative recombination of the band-edge A exciton.21 Both the 

absorption and emission properties of NPLs are determined by the exciton COM coherent 

delocalization of NPLs, in particular, the excitonic transition oscillator strength and the 

radiative recombination lifetime are both proportional to the exciton COM coherent area.21, 57 

With uniform quantum confinement along the thickness direction, it has been speculated that 

the exciton COM coherent area can extend over the entire 2D NPL at low temperature, giving 

rise to the giant oscillator strength transition (GOST) effect.21, 58-60 We show in this dissertation 

that this exciton coherent area extension due to GOST effect reduces the degree of the 

degeneracy of the band-edge excitons of CdSe NPLs, which reduces the optical gain threshold 

by ~4-fold. This provides a new strategy for rational design and improvement of NC-based 

low-threshold lasing materials.  

 

1.2.2. Exciton in-plane transport 

In 0D QDs, both electrons and holes are completely confined within the particle. However, 

in 2D NPLs, the electron and hole are bound together as an exciton due to the large exciton 

binding energy at room temperature,21, 61 and can move along the nonquantum-confined lateral 

dimension. The mechanism by which the excitons are transported is important to the 

understanding and improvement of their properties in applications from photocatalysis to light 

emitting. For example, the exciton transport process reflects the energy transport process in 
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NPLs. It competes with charge separation process with charge carriers (electron and hole) 

transferred to different places for different chemical reactions,62 which is one of the key 

processes in NC-based photocatalysis systems,12, 18, 42-44, 63 and affects the multi-exciton 

annihilation rate in NPLs.26-27 Excitons in 2D NPLs could transport ballistically and 

diffusively. The former dominates when the exciton COM wavefunction extends throughout 

the whole NC.26, 64-67 The latter occurs when the exciton COM is smaller than the dimension 

of NC and exciton COM transports can be described with a diffusion constant. 68-70  

 

 

Figure 1.5. Scheme (left) and energy diagram with band-edge transitions (right) of CdSe/CdS 

type I core/crown (CC) NPLs (upper panel) and CdSe/CdTe type II CC NPLs (lower panel).  

 

Core/crown (CC) NPL heterostructures with one NPL extends laterally around another 

without changing their thickness provide an ideal model for exciton in-plane transport study. 

As shown in Figure 1.5, the excitons in the crown are driven to the core (core/crown interface) 

according to type-I (type-II) band alignment, and this crown-to-core (or interface) transport 
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process can be captured and quantified by transient absorption spectroscopy. We show that the 

exciton transports diffusively in both CdS69 and CdTe NPLs68 with a diffusion constant close 

to their bulk counterparts. This result also benefits the Auger recombination mechanism in 2D 

NPLs.27 

 

1.2.3. Multi-exciton annihilation 

 

Figure 1.6. Schemes of Auger recombination process in NPLs (upper panel), the multi-carrier 

radiative recombination in NPL-based light emitting diodes (LED) (left in lower panel), 

biexciton emission in NPLs (middle in power panel), and MEG process in NPLs (right in lower 

panel). 

 

As shown in Figure 1.6, the detrimental multi-exciton annihilation process is involved and 

affects many optoelectrical applications of NCs, such as light-emitting diodes (LED),55, 71-75 

lasing,14, 31, 40 and MEG process.76-79 The nonradiative Auger recombination, in which the 

recombination energy of one electron-hole pair excites another carrier to its higher energy 
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level, dominates the multi-exciton annihilation process and is enhanced in NCs as the quantum 

confinement effect relaxes the requirement of momentum conservation during Auger 

process.26-27, 29, 80-95 Previous studies on 0D QDs have shown the bi-exciton Auger 

recombination lifetime scales linearly with the QD volume, regardless of the indirect- or direct-

gap semiconductors, providing a “universal volume scaling law.”29, 96-100 Later, the bi-exciton 

lifetime of PbSe NRs is also reported to scale linearly with NR volume,90 indicating Auger 

lifetime have the same dependence on the quantum-confined (diameter direction) and 

nonquantum-confined dimensions (rod length axis) in NRs. To test the “universal volume 

scaling law” and unveil the dependence of Auger recombination in 2D NPLs, we studied the 

Auger recombination in CdSe NPLs with different lateral areas and thicknesses via pump 

fluence dependent TA spectroscopy.27 We established a new model that accounts both the 

lateral area and thickness dependent bi-exciton Auger lifetime of CdSe NPLs: their 

nonquantum-confined dimension determines the exciton collision frequency, while their 

quantum-confined dimension determines the Auger probability per collision, and the Auger 

recombination rate is the product of exciton collision frequency and Auger probability per 

collision. 
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1.2.4. Exciton dissociation 

 

Figure 1.7. (a) Scheme of solution-processed artificial solar-to-H2 conversion system based on 

nanocrystal absorber with electron and hole acceptors. HT and ET represent hole transfer and 

electron transfer, respectively. (b) Exciton dissociation in cadmium chalcogenide nanoplatelet-

metal heterostructures for light-driven H2 generation. 

 

In a typical photosynthetic system for solar-to-H2 conversion by water splitting (shown in 

Figure 1.7a), semiconductors are used as a solar energy absorber, which generates excitons 

after photon absorption. The excitons then dissociate with electrons and hole transferred to 

catalysts, where holes oxidize water and electrons reduce H+ (or water at high pH) to form 

H2.
101 Because the catalytic reactions are often slow, their efficiencies are reduced due to the 

competition with the recombination of electrons and holes. An efficient photosynthetic system 

requires semiconductor absorbers that have both large absorption cross sections and can 
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undergo efficient charge separation. For typical cadmium chalcogenide NC-Pt 

heterostructures, although the exciton dissociation process is fast and efficient, the efficiency 

of solar-to-H2 conversion is still often limited by recombination of the electrons and holes due 

to the relatively slow catalytic reactions.63, 102-104  

As shown in Figure 1.7b, the 2D morphology, with a precise thickness of a few 

monolayers and lateral dimensions of 10s-100s nm, provides several key potential advantages 

of 2D NPLs for enhanced solar-to-H2 conversion. The large lateral area leads to large 

absorption cross-section of NPLs.11 The strong quantum confinement in the thickness direction 

enhances interfacial charge transfer, while the uniform quantum confinement across the whole 

NPL enables ultrafast carrier in-plane transport.62, 68-69 We show that the 2D morphology 

extends the charge-separated state in both CdS NPLs43 and CsPbBr3 perovskite NPLs105 

decorated with electron or hole acceptors. The light-driven H2 generation performance of the 

2D CdS NPL-Pt heterostructures are also tested and compared with the 1D CdS NR-Pt 

heterostructures.43 

 

1.3. Summary 

In this dissertation, we have systematically studied the physical properties of 2D excitons 

(i.e., exciton coherent area, in-plane transport, Auger recombination, and dissociation) in 

cadmium chalcogenide NPLs, CC NPL heterostructure, NPL-Pt heterostructures, and CsPbBr3 

perovskite NPLs and how these exciton properties affect their optoelectrical and photocatalytic 

performances. Our work reveals two directions for utilizing 2D NPLs. (1) Exciton COM 

delocalization, the large lateral dimension for suppressed Auger recombination, and large 
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absorption strength and sharp emission in 2D NPLs for low-threshold lasing. (2) Efficient 

exciton dissociation and extended charge-separated state in NPL-acceptor heterostructures for 

enhanced solar-to-fuel conversion.  

The rest of the dissertation is organized as follows. In Chapter 2, we summarize the 

experimental methods, including the sample preparation and the spectroscopy setups. In 

Chapter 3&4, we study the 2D exciton diffusive in-plane transport in CdSe/CdS type I and 

CdSe/CdTe type II CC NPLs, respectively, and the comparison of exciton transport in 2D 

NPLs, 1D NRs, and bulk materials. In Chapter 5, we show the lateral area and thickness 

dependent Auger recombination of NPLs, emphasizing the difference of Auger mechanisms in 

2D NPLs, QDs, and NRs, and the deviation from the “universal volume scaling” law. We then 

discuss optical gain mechanisms and model of CdSe NPLs: how is optical gain threshold 

affected by NPL lateral size, optical density in Chapter 6. In Chapter 7, we focus on the direct 

measurement of exciton coherent area of 2D CdSe NPLs with its dependence on NPL 

thickness, lateral area, dielectric environment, and temperature, and how it relates the GOST 

effect and affects the optical gain threshold in 2D NPLs. In Chapter 8, we unveil the optical 

gain mechanisms in CdSe/CdTe type II CC hetero-NPLs. In Chapter 9, we show that the light-

to-H2 conversion quantum efficiency can be significantly improved using 2D cadmium 

chalcogenide NPLs and 2D morphology enhances H2 generation by slowing down charge 

recombination through detailed transient absorption study and modeling. In Chapter 10, we 

show the efficient exciton dissociation in CsPbBr3 perovskite 2D NPLs by selective charge 

transfer to electron or hole acceptors and an over ~100-fold longer-lived charge-separated state 

in CsPbBr3 NPL-hole acceptor complexes compared to that in QD-hole acceptor complexes. 
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In the last Chapter, we summarize the main results and outlook the challenges remained in this 

field. 
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Chapter 2. Experimental Methods 

 

Reproduced in part with permission from ACS Nano 2016, 10, 3843. Copyright 2016 American 

Chemical Society; ACS Energy Lett. 2017, 2, 174. Copyright 2017 American Chemical Society; 

Nano Lett. 2017, 17, 3152. Copyright 2017 American Chemical Society; Chem. Sci. 2018, 9, 

728. Copyright 2018 Royal Society of Chemistry; J. Am. Chem. Soc. 2018, 140, 11726. 

Copyright 2018 American Chemical Society; J. Phys. Chem. Lett. 2019, 10, 566. Copyright 

2019 American Chemical Society. J. Phys. Chem. Lett. 2019, 10, 1624. Copyright 2019 

American Chemical Society. 

 

2.1. Sample Preparation 

2.1.1. Synthesis of cadmium chalcogenide nanoplatelets 

3 monolayer (ML) CdSe nanoplatelets (NPLs): The CdSe colloidal NPLs were 

synthesized following the reported procedures with slight modifications.21 Typically, 170 mg 

cadmium acetate dihydrate (Cd(Ac)2∙2H2O) and 14 mL of 1-octadecene (ODE) were 

introduced to a 25 mL three-neck flask. After degassed under vacuum at 100 °C for 1 hour, 12 

mg selenium powder in 1 mL ODE were injected, then the mixture was heated to 180 °C under 

argon flow. The reaction continued for 5 min and 10 min at 180 °C for 3 ML CdSe NPLs with 

increasing lateral area, respectively, before it stopped by quenching the flask in a water bath.  

4 ML CdSe NPLs: 170 mg cadmium myristate (Cd(myr)2) and 14 mL of 1-Octadecene 

(ODE) were introduced to a 25 mL three-neck flask. After degassed under vacuum at 100 °C 
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for 1 hour, 12 mg selenium powder in 1 mL ODE were injected, then the mixture (Solution 1) 

was heated under argon flow. 40 mg cadmium acetate dihydrate (Cd(Ac)2∙2H2O) was 

introduced into the Solution 1 when its temperature reached 205 °C. The smallest 4ML CdSe 

NPL sample was obtained by stopping the reaction (with a water bath) when the temperature 

reached 230 °C. Larger samples were obtained by stopping the reaction at 1, 5, and 15 mins, 

respectively, for increasing lateral area after the reaction temperature had reached 240 °C.  

5 ML CdSe NPLs: 170 mg cadmium myristate (Cd(myr)2) and 14 mL of 1-Octadecene 

(ODE) were introduced to a 25 mL three-neck flask. After degassed under vacuum at 100 °C 

for 1 hour, 12 mg selenium powder in 1 mL ODE were injected, then the mixture (Solution 1) 

was heated under argon flow. 12 mg Selenium powder in 1 mL ODE was injected into Solution 

1 when its temperature reached 250 °C. After 60 seconds, 120 mg cadmium acetate dihydrate 

(Cd(Ac)2∙2H2O) was introduced into the solution. The reaction continued for 5 min and 10 min 

at 250 °C for 5ML CdSe NPLs with increasing lateral area, respectively, after which it was 

stopped by quenching the solution in a water bath. 

4 ML CdS NPLs: The CdS NPLs were synthesized following the reported procedures 

with slight modifications.106 Typically, 210 mg cadmium acetate dihydrate (Cd(Ac)2∙2H2O), 

0.25 mL OA, 10 mL 1-Octadecene (ODE), and 1 mL of 0.2 M sulfur-ODE solution were 

introduced to a three-neck flask. After bubbling with argon at room temperature for 30 min, 

the mixture was heated to 260 °C and was kept there for 4 min under argon flow, then stopped 

by water bath.  

For all samples, after the reaction solution reached room temperature, 1 mL of oleic acid 

(OA) was injected. The product was a mixture of NPLs and quantum dots (QDs) and the NPLs 
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were separated from QDs by washing with ethanol: hexane/ODE mixture with ratio of 1: 3 and 

centrifuged at 5000 rpm for 3 min. The final NPL samples were dispersed in hexane. 

 

2.1.2. Synthesis of core/crown nanoplatelet heterostructures 

CdSe/CdS type I core/crown (CC) NPLs: The CdSe/CdS CC NPLs were synthesized 

according to the procedures in reported literatures with slight modifications.107-108 A total of 

480 mg of Cd(Ac)2∙2H2O and 340 μL of OA was dissolved in 2 mL of ODE and heated up at 

150 °C during 15 min under sustained stirring. 3 mL of 0.1 M of S dissolved in ODE was added 

into the solution and kept stirred as CdS growth mixture. The entire product of CdSe NPLs 

with 5 mL of ODE was added in a three-neck flask. The CdS growth mixture was injected 

continuously in the NPLs solution at 5 mL/h at 220 °C under argon flow. Different samples 

were withdrawn from the solution at different time for different sized CC NPLs in Chapter 3. 

Then CdSe/CdS CC NPLs were precipitated with ethanol and dispersed in hexane.  

CdSe/CdTe type II CC NPL heterostructures: The CdSe/CdTe CC NPLs were 

synthesized following the procedures reported in the literature with slight modifications.109 3 

mL CdSe NPLs (with optical density of 1 at 512 nm in 1 mm cuvette), 80 mg of Cd(Ac)2∙2H2O, 

and 50 μL of OA was dissolved in 10 mL of ODE and degassed under vacuum at 100 °C for 

30 min, then heated to 190 °C under argon flow. 25 mg Te powder was dissolved in 800 μL 

trioctylphosphine (TOP) and 9.2 ml ODE as Te precursor. The Te precursor was then slowly 

injected using a syringe pump at a rate of 1mL/hour. Different samples were withdrawn from 

the solution at different time after the injection using a syringe, in particular, 50, 70, 90, and 

105 mins for CC1 to CC4 in Chapter 4, respectively. All the products were washed with ethanol 
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and hexane mixture and centrifuged at 5000 rpm for 3 min. The final CC NPL samples were 

dispersed in hexane. 

 

2.1.3. Synthesis of CdS nanorods 

The CdS nanorods (NRs) were synthesized following the reported procedures with slight 

modifications.110-111 Typically, 0.06 g Cadmium Oxide (CdO), 3 g trioctylphosphine oxide 

(TOPO), 0.29 g octadecylphosphonic acid (ODPA), and 0.08 g hexylphosphonic acid (HPA) 

are degassed under vacuum for 1 hour at 150 ℃. After heating to 350 ℃ under argon for 30 

min, the mixture turns into clear solution, indicating the dissolution of CdO. At this point, 1.8 

mL trioctylphosphine (TOP) is injected to the solution. In a separated container, sulfur injection 

solution (0.12g S in 1.8 mL TOP) is mixed with CdS QD seeds. When the temperature of the 

CdO-containing solution is stabilized at 350 ℃, the seed-containing sulfur injection solution 

is quickly injected. The temperature drops down upon the injection and recovers to 350 ℃ in 

~1 min. The solution is kept for 3-8 min. Reactions are stopped by removing the heating mantle. 

Products are precipitated out of the reaction crudes by addition of ethanol. The precipitation 

processes are repeated for several times. Final products are dispersed in chloroform. 

 

2.1.4. Synthesis of nanocrystal-Pt heterostructures 

CdS NPL-Pt heterostructures and free Pt particles: The thermal deposition of Pt 

particles on CdS NPLs followed the reported procedures for CdSe NPL-Pt heterostructures 

with slight modifications.62 Typically, a mixture of 0.2 mL OA, 0.4 mL oleylamine (OLAm), 

40 mg 1,2-hexadecanediol (HDT) and 10 mL diphenyl ether (DPE) was degassed under 
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vacuum for 1 hour at 100 °C. Then, the temperature of the solution was raised to 195 °C under 

argon flow. 3 mL as-prepared CdS NPLs with optical density of 1 at 408 nm in a 1 mm cuvette 

was dried and dispersed with 15 mg Pt acetylacetonate in 1 mL dichlorobenzene solution and 

sonicated for 5 minutes to dissolve the Pt precursor. This solution was swiftly injected into the 

DPE solution at 195 °C. The reaction was kept for 4 min before quenched by water bath. The 

product was washed by precipitation with ethanol followed by centrifugation, and finally 

dispersed in hexane. Free Pt nanoparticles were also synthesized under similar conditions 

without the addition of CdS NPLs. The growth time was longer, typically 15 minutes because 

the homogeneous nucleation of Pt nanoparticles was slower than the heterogeneous nucleation 

on the edges of CdS NPLs. 

CdS NR-Pt heterostructures: The CdS NR-Pt heterostructures were synthesized 

following the reported procedures for with slight modifications.110 Typically, 0.2 mL oleic acid 

(OA), 0.2 mL oleylamine (OLAm), 43 mg 1,2-hexadecanediol (HDT) and 10 mL diphenyl 

ether (DPE) were mixed in a 3-neck flask and degassed under vacuum for 1 hour at 90 °C. 

Then, the temperature of the solution was raised to 190 °C under argon flow. 2 mL CdS NRs 

with optical density of 1 at the first exciton peak in a 1 mm cuvette were dried and redispersed 

in 1 mL dichlorobenzene with 10 mg Pt acetylacetonate and sonicated for 5 minutes. This 

solution was then swiftly injected into the DPE solution at 190 °C. The reaction was kept for 9 

min before quenched by water bath. The product was washed by precipitation with ethanol 

followed by centrifugation, and finally dispersed in chloroform. 

CdSe NPL-Pt heterostructures: The CdSe NPL-Pt heterostructures were synthesized 

following the reported procedures for with slight modifications.62 Typically, a mixture of 0.2 
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mL oleic acid (OA), 0.4 mL oleylamine (OLAm), 40 mg 1,2-hexadecanediol (HDT) and 10 

mL diphenyl ether (DPE) was degassed under vacuum for 1 hour at 100 °C. Then, the 

temperature of the solution was raised to 195 °C under argon flow. 3 mL as-prepared CdSe 

NPLs with optical density of 1 at 512 nm in a 1 mm cuvette was dried and dispersed with 15 

mg Pt acetylacetonate in 1 mL dichlorobenzene solution and sonicated for 5 minutes to dissolve 

the Pt precursor. This solution was swiftly injected into the DPE solution at 195 °C. The 

reaction was kept for 4 min before quenched by water bath. The product was washed by 

precipitation with ethanol followed by centrifugation, and finally dispersed in hexane.  

 

2.1.5. Synthesis of CsPbBr3 perovskite nanoplatelets 

In Chapter 10, the CsPbBr3 NPLs were synthesized using reported procedures with slight 

modifications.52 Typically, Cs-oleate was first prepared by mixing 0.35g Cs2CO3 and 1.25 mL 

oleic acid (OA) in 20 mL 1-octadecene (ODE) and the mixture was kept at 150 ℃ for 15 min 

under vacuum. 0.125 mL OA, 0.125 mL oleylamine (OL), 0.1 mL Cs-oleate, and 1.25 mL ODE 

were mixed in a glass vial followed by sonication of 20 sec and denoted as Cs-precursor 

solution. Then the Cs-precursor solution was injected into 0.2 mL of PbBr2 solution (0.4 M, 

PbBr2 in N, N-dimethylformamide). After 10 sec sonication, 5 mL of acetone was injected into 

the solution and kept sonicating for another 10 sec. Then, the CsPbBr3 NPLs along with their 

assemblies were precipitated by centrifuging with 3500 rpm for 5 mins and dispersed in 

toluene. After 20 hours, the dispersed CsPbBr3 solution was centrifuged again at 3500 rpm for 

5 mins to precipitate the NPL assemblies, and the supernatant was kept as the final CsPbBr3 

NPL product. 
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2.1.6. Sample preparation for low temperature measurement 

In Chapter 7, for low temperature TA measurements, the as-prepared CdSe NPLs were 

dried and re-dispersed in saturated poly (maleic anhydride-alt-1-octadecene) (PMAO) or 

poly(methyl methacrylate) (PMMA) chloroform solution and were put on a sapphire substrate 

via drop-casting method and mounted into the Janis STVP-100 cryostat. For NPL solid film 

samples, the as-prepared colloidal NPLs were dried and re-dispersed in hexane/ethyl 

cyclohexane mixture. The re-dispersed NPLs were put on a sapphire substrate via drop-casting 

method and mounted into the cryostat. 

 

2.1.7. Procedures of ligand exchange  

In Chapter 9, the original ligands on CdS NPLs (oleic acid) were replaced by L-cysteine 

following the reported procedures with slight modifications.112-113 Typically, 1.5 mL NPLs 

solution (in hexane), with the optical density of 2 at their first exciton peak in 1 mm cuvette, 

was diluted to 5 mL solution. 28 mg L-cysteine was then added to the solution. 5 mL 1 mol/L 

KOH aqueous solution was then mixed with NPL solution and the mixture was stirred 

vigorously for 4 hours under dark condition. After NPLs were all in aqueous phase, the organic 

phase was discarded and the NPLs were deposited by the addition of ethanol followed by 

centrifuge. The NPLs after ligand exchange were finally dispersed in water or KOH aqueous 

solution for measurements. 
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2.2. Spectroscopy Setup 

2.2.1. Femtosecond transient absorption spectroscopy setup 

Femtoseconds (transient absorption) TA measurements were conducted using a Helios 

spectrometer (Ultrafast Systems LLC) with pump and probe beams generated by a regenerative 

amplified Ti: sapphire laser system (Coherent Legend, 800 nm, 150 fs, 2.4 mJ/pulse, and 1 kHz 

repetition rate). The 400 nm pump beam was generated from a frequency-doubled 800 output 

pulse. We use neutral-density filter wheels to adjust the power the pump beam. The pump beam 

was focused at the sample with a beam waist of about 600 µm. A white light continuum (WLC) 

from 360 to 800 nm was generated by attenuating and focusing the 800 nm pulse into a CaF2 

window. The WLC was split into a probe and reference beam. The probe beam was focused by 

an Al parabolic reflector onto the sample (with a beam waist of ~150 m and intensity per 

pulse as ~450 J/cm2 at the sample). The reference and probe beams were focused into a fiber-

coupled multichannel spectrometer with complementary metal-oxide-semiconductor (CMOS) 

sensors and detected at a frequency of 1 kHz. The intensities of the pump and probe beams 

were controlled to correct for pulse-to-pulse fluctuation of the WLC. The delay between the 

pump and probe pulses was controlled by a motorized delay stage. The pump beam was 

chopped by a synchronized chopper to 500 Hz. The change in absorbance for the pumped and 

un-pumped samples was calculated. 1 mm cuvettes were used for all solution sample 

measurements. The instrument response function (IRF) of this system was measured to be ~160 

fs by measuring solvent responses under the same experimental conditions (except for a higher 

excitation power).  
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2.2.2. Nanosecond transient absorption spectroscopy setup 

Nanosecond TA was performed with the EOS spectrometer (Ultrafast Systems LLC). The 

pump beam at 400 nm was generated in the same way as femtosecond TA experiments. The 

WLC (380-1700 nm, 0.5 ns pulse width, 20 kHz repetition rate) was generated by focusing a 

Nd: YAG laser into a photonic crystal fiber. The delay time between the pump and probe beam 

was controlled by a digital delay generator (CNT-90, Pendulum Instruments). The probe and 

reference beams were detected with the same multichannel spectrometers used in femtosecond 

TA experiments. The IRF of this system was measured to be ~280 ps. 1 mm cuvettes were used 

for all solution sample measurements. The data from femtosecond and nanosecond transient 

spectrometers overlap at delay time windows from 0.8 to 1 ns. To connect spectra and kinetics 

from these spectrometers, we scale the amplitudes of the nanosecond data to match the 

femtosecond results in the overlapping delay time windows. 

 

2.2.3. Static-photoluminescence measurement setup 

All static photoluminescence (PL) measurements were performed with FluoroMax-3 

Spectrofluorometer of HORIBA Scientific. 1 cm cuvettes were used for all solution sample 

measurements. 

 

2.2.4. Time-resolved photoluminescence measurement setup 

Time-correlated single photon counting (TCSPC) method was used to measure the Time-

resolved (TR) PL decay of the solution samples. Samples were hold in a 1 cm cuvette and 

measured at the right angle geometry. The output pulses centered at 780 nm (∼100 fs, 80 MHz) 
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from a mode-locked Ti: sapphire laser (Tsunami oscillator pumped by a 10 W Millennia Pro, 

Spectra-Physics) were passed through a pulse picker (Conoptics, USA) to reduce the repetition 

rate by a factor of 20 and then frequency-doubled in a BBO crystal to generate pump pulses at 

390 nm and used to excite samples. The emissions from samples were detected by a 

microchannel-plate photomultiplier tube (Hamamatsu R3809U-51), the output of which was 

amplified and analyzed by a TCSPC board (Becker & Hickel SPC 600). The IRF of this system 

was determined to be ~110 ps by measuring the scattered pump light. 

 

2.2.5. Amplified spontaneous emission measurement setup 

In Chapter 6, CdSe NPL films used in amplified spontaneous emission (ASE) 

measurement were prepared using spin-coating method following the reported procedures with 

slight modicications.33 The as-prepared CdSe NPLs were precipitated by ethanol to remove 

additional ligands (OA) in NPL solutions. NPLs was then dispersed in 4:1 (v:v) hexane/octane 

mixture and deposited on a glass substrate by spin-coating in air. all ASE measurements were 

conducted at room temperature in air. The NPL film was pumped with the same 400 nm pulses. 

The pump beam was focused into a stripe along the NPL films by a cylindrical lens. The length 

of the stripe was determined to be the same as the beam size before focusing (2.2 mm) and the 

width of the stripe was determined to be 32 𝜇m using the knife-edge technique. The emission 

was detected at the edge of NPL films along the stripe direction by a USB spectrometer 

(HR2000+, Ocean Optics). 
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2.3. Light-Driven H2 generation 

In Chapter 9, the H2 generation experiments were conducted in a cylindrical cuvette (NSG, 

32UV10) with a total volume of 2.5 mL and light path of 1 cm. The reaction solutions are L-

cysteine covered CdS NPL-Pt heterostructures dispersed in 1:9 volume ratio of ethanol/KOH 

aqueous solution with different KOH concentration. The reaction was constantly stirred and 

illuminated by a 405 nm monochromatic LED light (5 mW with a beam area of 0.78 cm2). H2 

generated in the reaction headspace was detected using a HP5890A model gas chromatograph 

equipped with a thermal conductivity detector and a HP-MOLESIEVE capillary GC column 

(30m x 0.535 mm x 25.00 μm) packed with 5 Å molecular sieves. Argon was used as a carrier 

gas. Typically, the H2 amount was quantified by withdrawing a gas sample from the headspace 

at certain intervals without stopping the reaction. Internal quantum efficiency (IQE) for H2 

generation is calculated using: IQE = 2Δ(H2)/ Δ(ħv), where Δ(H2) is the H2 generation rates 

(number of generated H2 molecules per second) extracted from the H2 evolution slope and 

Δ(ħv) is the number of absorbed photons per second calculated from the excitation power and 

sample optical density. The number of absorbed photons by NPLs is used as Δ(ħv), which is 

obtained by excluding the light absorbed or scattered by the cuvette (by subtracting the 

absorption spectra of cuvette with water) and Pt particles (by subtracting Pt absorption tail from 

absorption of CdS NPL-Pt heterostructure) from the total number of absorbed photons. 
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2.4. Electrochemical method for the estimation of Nanocrystal band-edge 

position  

In Chapter 9, the conduction band (CB) edge of CdS NPLs and NRs were estimated via 

electrochemical measurements. The CdS NPLs or NRs electrode were prepared following 

reported procedures with slight modifications.114 Typically, after ligand exchange, CdS NPLs 

or NRs were dispersed in water. 1.74 g NaCl was dissolved in 100 mL of 2 mg/mL of poly 

(diallyldimethylammonium chloride) (PDDA) solution. The fluorine-doped tin oxide (FTO) 

substrates were sonicated in acetone, ethanol, and water. They were then dried and immersed 

in PDDA solution for 2 hours. After rinsing with water, CdS NPL or NR water solution were 

deposited by drop-casting on the FTO substrates. The samples were then dried at room 

temperature and subsequently annealed at 300 °C in air for 1 hour.  

Current-voltage (CV) curve for CdS NPLs or NRs were measured in the dark condition 

via electrochemical work station using a three-electrode experiment with CdS NPL electrode 

as working electrode, silver chloride electrode (SCE, 0.222 V vs NHE) as reference, and Pt 

electrode as counter electrode. Copper paint was used to provide a good electrical contact to 

the electrode. The scan started from 0 to -1.5 V vs NHE and the scan speed was 20 mV/s. pH 

dependent CV curves were measured by changing the pH of electrolyte. The CV curves of CdS 

NPLs and NRs are shown in Figure 2.1a and 2.1b, respectively. The pH dependent reduction 

potential of CdS NPLs and NRs were determined by reduction peak in CV curve. The reduction 

potential of CdS NPLs and NRs as a function of pH are plotted in Figure 2.1c and 2.1d, 

respectively, and the values and fitting parameters are listed in Table 2.1. 
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Figure 2.1. The pH dependent CV curves for (a) CdS NPLs and (b) CdS NRs. Dashed lines 

mark the reduction peaks. The pH dependent reduction potential of (c) CdS NPLs and (d) CdS 

NRs. 

 

Table 2.1. pH dependent reduction potential and the fits of CdS NPLs and NRs 

 pH 7.07 pH 9.81 pH 11.35 pH 12.88 Slope (mV/pH) 

NPL CB/ V vs NHE 0.78±0.05 0.92±0.05 0.99±0.05 1.00±0.05 43.1±0.8 

NRs CB/ V vs NHE 0.77±0.05 0.92±0.05 1.01±0.05 1.02±0.05 46.5±1.2 

 

pH dependent reduction potential of H+ at low pH or H2O at high pH (EH+/H2
 or EH2O/H2

) 

and the oxidation potential of OH- (EOH./OH−) are estimated by Nernst equations:114 

EH+/H2
or EH2O

H2

(pH) = −0.059 pH (V 𝑣𝑠 NHE)  (2.1) 

EOH. /OH−(pH) = 2.466 − 0.059 pH (V 𝑣𝑠 NHE)  (2.2) 
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As shown in Figure 2.2, we determine the CB edge position (purple dots) of CdS NPLs 

as a function of pH via this electrochemical method. We approximate the CB edge using the 

reduction potential peak (Figure 2.1).114-115 The linear fit (blue solid lines) of the pH dependent 

CB edges gives the CdS NPLs CB edge as a function of pH as shown in Figure 2.2. The slope 

of the linear fit is -43.1±0.8 mV/pH. The valence (VB) edge as a function of pH is determined 

by the CB edge and exciton peak (430 nm, 2.88 eV). The CdS NR electrode was prepared and 

analyzed the same way and the linear fit (green dashed line) gave a slope of -46.5±1.2 mV/pH. 

We assume the electrochemical potentials of water reduction (orange solid line) and hydroxyl 

anion oxidation (red solid line) as a function of pH are determined by their Nernstian response 

to the pH with a slope of -59.2 mV/pH.114 Noted that the CB edge position of CdS NPLs is 

similar to the one of CdS NRs according to the electrochemical measurements. With larger 

quantum confinement, CdS NPL is predicted to have higher (more negative vs NHE) CB edge 

than NRs.116-118 This deviation from prediction is likely due to different bulk CB edge positions 

of zinc-blend and wurtzite structured CdS: bulk CB edge in wurtzite CdS is higher than it in 

zinc-blend CdS.119-120 The higher bulk CB edge in wurtzite CdS NRs and the larger CB edge 

shifts due to larger quantum confinement in zinc-blend CdS NPLs cancels out each other, 

which results in the similar CB edge position of CdS zinc-blend NPLs and wurtzite NRs. 
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Figure 2.2. Reduction potentials of CdS NPLs and NRs. The electrochemical potentials of H+ 

or water reduction (orange solid line) and hydroxyl anion oxidation (red solid line) as a function 

of pH. Purple spots represent the measured CB position of CdS NPLs. Blue solid line (green 

dashed line) represent the CB and VB position of CdS NPLs (NRs) as a function of pH.  
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Chapter 3. Size-Independent Exciton Localization Efficiency in 

CdSe/CdS Type-I Core/Crown Nanoplatelet Heterostructures 

 

Reproduced with permission from ACS Nano 2016, 10, 3843. Copyright 2016 American 

Chemical Society. 

 

3.1. Introduction 

Two-dimensional (2D) cadmium chalcogenide nanoplatelets (NPLs) or nanosheets (NSs) 

with atomically controlled thickness have attracted broad research interests since recent reports 

of their colloidal synthesis.19-21 Unlike 0D quantum dots (QDs)5, 24, 121-125 and 1D nanorods 

(NRs),126-129 2D NSs have precise quantum confinement throughout the sheet which reduces 

energetic disorder and, in principle, provides long distance exciton and carrier transport.30-31 

These properties make 2D NSs promising light harvesting and charge transport materials for 

solar energy conversion. Recently reported CdSe/CdS core/crown (CC) NSs,108,107 where CdSe 

NSs are extended laterally by CdS crowns with exactly the same number of monolayers, 

represents a new type of heterostructure with potential applications in solar concentrators.130-

135 This material is believed to have a type I band alignment, in which both lowest energy 

conduction band (CB) electron and valence band (VB) hole states are confined in the CdSe 

core.136-139 In principle, the excitons generated in CdS can be localized to CdSe driven by the 

band offset and emit at CdSe band-edge. This provides an efficient separation between the 

absorption at the crown and the emission at the core. Recent investigations of CdSe/CdS core-
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shell QDs,130-131 doped QDs,132-133 and 1D dot-in-rods (DIR)133-135 as active materials for 

luminescent solar concentrators have reported promising performance.  However, ultrafast 

trapping of excitons on CdS rods reduce the efficiency of exciton localization to the CdSe.140-

142 The hole trapping states are likely related to unpassivated sulfur atoms on wurtzite CdS 

rod.63, 103, 140 In comparison, 2D CdSe/CdS core/crown NSs have two potential advantages: 

first, the basal planes of zinc blend NSs are terminated by cadmium atoms which might 

eliminate hole trapping states; and second, due to absence of energetic disorder, it may be more 

efficient to transport excitons over a large distance. It has been proposed that the exciton center-

of mass wave function in these materials can delocalize over the entire NS.26 Despite these 

potential advantages, the mechanism of exciton transport in these material remains not well 

understood. 

In this chapter, we report a study of exciton dynamics of CdSe/CdS CC NSs in room 

temperature by steady state photoluminescence excitation (PLE) spectroscopy and ultrafast 

transient absorption (TA) spectroscopy. The PLE study reveals that the exciton localization 

(XL) efficiency in CdSe/CdS CC NSs is independent of crown size but increases with 

excitation energy. TA studies (at 400 nm excitation) show that ~70% of excitons can localize 

into CdSe core with exciton localization times increase with the NS size, while the remaining 

30% has hole trapped at the interface and electron transferred to the CdSe core. We discuss 

how the competition of exciton localization and hole trapping gives rise to the observed size 

dependent exciton localization dynamics and size independent exciton localization efficiency.  
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3.2. Results and Discussion 

3.2.1. Sample Preparation and Characterizations  

 

 

Figure 3.1. Optical and morphological properties of CdSe/CdS CC NSs.  (a) Representative 

HAADF TEM image of CC3. (b) EDX image of a selected area in (b) showing the spatial 

distribution of Cd(red), Se(green), and S(blue). (c) The absorbance (solid lines) and 

photoluminescence (dashed lines) of CC NSs with different crown sizes: CC1 (black), CC2 

(red), CC3 (green), CC4 (orange), CC5 (blue), and CdSe NS core (gray). Inset: expanded view 

of the spectra from 510 to 520 nm. 

 

CdSe/CdS CC heterostructures were synthesized following literature procedures with 

slight modifications.107 Zinc-blend CdSe NS cores with a thickness of 4 CdSe monolayer (ML) 
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(~1.8 nm) were first synthesized.19-21 The 4 ML CdSe NSs contain 5 crystal plane of Cd and 4 

crystal plane of Se as reported.32, 107, 143 Zinc-blend CdS crowns with the same number of layers 

were then grown laterally on the CdSe core by slowly injecting Cd(Ac)2 and Sulfur powder 

mixtures into CdSe NS-octadecene (ODE) solution. Five CdSe/CdS CC NSs, from CC1 to CC5 

in the order of increasing crown sizes, were prepared from the same CdSe core and the crown 

sizes were controlled by the growth time. Detailed synthesis procedures are described in 

Chapter 2.1. High-angle annular dark-field (HAADF) scanning TEM image of CC3 sample 

(Figure 3.1a) showed typical rectangular shape of the CC NSs. Energy-dispersive X-ray (EDX) 

image of the selected areas (Figure 3.1b) showed that Se was in the middle of CC NSs, S was 

only found at the crown, and while Cd was spread over the whole sheet. These images confirm 

the CdSe core/CdS crown morphology although the crown growth is not isotropic, with 

preferential growth along one of the four directions to give rise to the rectangular shape. The 

TEM, HAADF-STEM images and EDX maps for other samples are shown in Appendix 3.1, 

from which the dimension of core and crown were determined (Table 3.1 in Appendix 3.1). 

These CCs had a rectangular core (11.1±2.2 nm width and 21.2±2.1 nm length) and the total 

length was extended from 33.9±1.4 nm in CC1 to 42.0±3.2 nm in CC5 while the width 

remained constant. Thickness of the CC NSs is estimated to be ~1.8 nm or 4 layers of CdS 

according the peaks in the absorption spectra (see below).19, 21  

UV-vis absorbance spectra and photoluminescence spectra of CdSe core and CC1- CC5 

NS samples are shown in Figure 3.1c. Two sharp absorption peaks located at 512 nm (T1) and 

483 nm (T2) are the lowest energy electron-heavy hole and electron-light hole exciton peaks 

of CdSe NSs, respectively, while the broader peak at 410 nm (T3) can be assigned to the 
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overlapping lowest energy electron-heavy hole and electron-light hole exciton peaks of CdS 

crowns (Figure 3.2a).21, 107-108 From CC1 to CC5, the relative absorption strengths of CdS 

crowns increases compared to the CdSe core, while the peak positions only shows a small red 

shift (~2 nm, see Figure 3.1c inset), indicating an increase in the crown area and negligible 

change in their thickness. The small peak shift is likely due to the slight change of the dielectric 

environment and/or weak lateral quantum confinement after crown growth.108 

Photoluminescence (PL) spectra of all samples (excited at 400 nm) show a sharp peak centered 

at ~515 nm (Figure 3.1c) similar to that of CdSe NS (prior to the growth of the crown). Note 

that the PL peaks red shift slightly from CC1 (514 nm) to CC5 (516 nm) consistent with the 

shift in the absorption spectra. PL spectra of these samples show neither band edge emission 

(415 nm) nor trap-state emission (broad peak centered at ~630 nm) of CdS NSs, indicating 

negligible amounts of free CdS NSs in CC NSs solution,21 and all emissions in these CC 

heterostructures are due to CdSe NS band-edge emission, independent of the crown size.  

 

3.2.2. Type I Band alignment in CdSe/CdS core/crown heterostructure 

The excitation wavelength independent PL spectra (Figure 3.1c) imply that CdSe/CdS NSs 

have type I band alignment between the core and crown (Figure 3.2a) and excitons generated 

in the CdS crown are transported to the CdSe core, where they emit. The type I band alignment 

of CC NSs can be estimated from CdSe and CdS bulk band edge positions and shifts due to 

quantum confinement, dielectric confinement, and exciton binding energy.21, 61, 144-145 The 

binding energy and self-image energy resulted from dielectric confinement for CdSe and CdS 

NSs in organic solvents with low dielectric constants are ~100 meV.61, 146 Although these 
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values may change for the CdSe/CdS core/crown structure due to the change in dielectric 

environment, we have assumed that they remain similar for CdS and CdSe and only consider 

the quantum confinement effects here. The ratio of quantum confinement energies in CB and 

VB are 1/me* to 1/mh*, where me*(mh*) is the electron (hole) effective mass. Using me* (mh*) 

values of 0.13m0 (0.45m0) and 0.21m0 (0.8m0) (m0 is the free electron mass) for CdSe and CdS, 

respectively,62, 116-117 the calculated CB (VB) edge positions are roughly -3.4 eV (-5.8 eV) for 

CdSe and -3.3 eV (-6.3 eV) for CdS. Therefore, these CdSe/CdS CC NSs are expected to have 

type I band alignment (Figure 3.2a) with CB and VB band offset of 100 and 500 meV, 

respectively. The details of the calculation can be found in the Appendix 3.2.  

TA studies were carried out to verify the expected type I band alignment in these materials. 

Our recent TA studies show that the exciton bleach signals in CdSe and CdTe NSs can be 

attributed to the state-filling of the CB electron level with negligible contribution of VB 

holes,62, 147 similar to cadmium chalcogenide QDs and NRs.78, 110, 148-149 Thus TA spectroscopy 

provides a convenient probe of CB electron dynamics and relative alignment of CB band edge 

positions between CdSe and CdS. All TA measurements to be discussed below were carried 

out at low excitation flux (5 𝜇J/cm2), so that the TA signal was dominated by single exciton 

excitation in the core/crown structure with negligible multiple exciton contributions. The TA 

spectra measured with 485 nm excitation (Figure 3.2b), where only CdSe domain absorbs, 

show only the bleach of the T1 and T2 bands of CdSe without bleach of CdS T3 band at ~410 

nm, indicating that the electron is localized in CdSe CB. This result confirms the type-I band 

alignment in these CC NSs with both the CB and VB edges of CdSe sandwiched between those 

of CdS (Figure 3.2a).  
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Detailed kinetics model for accounting the exciton bleach formation and decay is derived 

in Appendix 3.3, which shows that in the absence of exciton transfer from CdSe to CdS, this 

kinetics can be fit by multiple exponential functions. Fitting of the T1 bleach kinetics (see 

Appendix 3.3) revealed a formation time of 0.10±0.02 ps, and bi-exponential decay with a fast 

component time (amplitude) of 0.83±0.02 ns (83.0±1.8%) and slower component of 50.4±4.4 

ns (17.0±1.9%). The T1 bleach rise time reflects a ultrafast formation of the electron at the 

CdSe CB edge (n=1) level. 485 nm excitation selectively excite CdSe, directly generating CB 

electrons with excess energy from 0 (resonant with T2 transition) to 150 mV above the n=1 

level. This result is consistent with a previously reported instrument response time limited 

(<5ps) carrier cooling time in related CdSe NSs under low excitation fluence.23, 150 The fast 

(0.83 ns) component of bleach recovery agrees well with the crown size-independent PL decay 

(Figure 3.2c). According to the kinetic model shown in Appendix 3.3, this decay component 

can be attributed to decay of band edge excitons by band edge electron-hole recombination, 

electron trapping and hole trapping. The slower bleach recovery (~50.4 ns) component is not 

observed in the PL decay and can be attributed to the no-radiative recombination of the CB 

electron with trapped holes and electron trap. 62, 151 Different exciton recombination lifetimes, 

ranging from ~200 ps to ~100 ns in CdSe NSs have been reported recently.21, 23, 145, 150-152 The 

origin for the difference is unclear, but it likely related to different rates of carrier trappings in 

these materials.  
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Figure 3.2. Band alignment and exciton decay dynamics in CdSe core. (a) Schematic type I 

band alignment between CdSe core and CdS crown. HH is heavy hole band, LH is light hole 

band. T1, T2, T3 are the lowest exciton transitions as in Figure 3.1c. HTr are the hole trapping 

states. Dashed yellow line indicates an exciton generated by direct excitation at 485 nm (T2 

transition) (b) Transient spectra of CdSe/CdS at indicated delay time after 485 nm excition (of 

the core). (c) Comparison of exciton bleach recovery of CC5 (black solid line) and the PL 

decay (red dashed line) in CdSe/CdS after 485 nm excitation. The fit of T1 bleach is showed 

as green solid line. 

 

It should be noted that although the dynamics of band edge bright exciton state is probed 

in TA exciton bleach recovery (through CB electron state filling) and PL decay (through e-h 

radiative recombination), it is in thermal equilibrium with many other exciton states in CdSe 

core. The energy level spacing between the VB HH and LH levels is ~ 50 meV, ~ 2kBT at room 

temperature. Free in-plane carrier gives rise to continua of states in the CB and VB and free in-

plane exciton center-of-mass motion gives rise to continua of exciton states. In addition, due 

to spin multiplicity, there exists a manifold of dark exciton states. At room temperature, these 

exciton states are in an equilibrium.152 In the model described above, we have assumed a fast 

v

a) b) 

T1 

T2 
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equilibrium between these exciton states and the decay constants reflect the rate limiting decay 

channels out of these exciton states.

 

3.2.3. Size independent crown-to-core exciton localization (XL) efficiency  

To investigate how the crown-to-core exciton localization efficiency depends on the crown 

size, we measured the photoluminescence excitation spectra (PLE, monitoring emission at 514 

nm) of CC1-CC5. The PLE and absorptance (percentage of absorbed photons:  1 −

10−Absorbance) spectra of CC5 NSs are compared in Figure 3.3a and the comparisons of CC1 

to CC4 are showed in Appendix 3.4. The absorbance of the sample was obtained from the 

extinction spectra after correcting for Rayleigh Scattering of the NSs. We have approximately 

accounted for scattering contribution by a λ4 dependence with a proportionality constant 

determined by the amplitude of the extinction spectra at >520 nm when only scattering 

contributes. Because scattering cross section also depends on the wavelength dependent 

dielectric constant, it may deviate from of λ4 dependence assumed in our analysis. To evaluate 

the errors introduced by this approximation, we have also measured, using the same procedure, 

the exciton localization efficiency of CdSe NSs (without the crown) in which the localization 

efficiency is expected to be 100%, independent of the excitation wavelength. As shown in 

Appendix 3.4, Figure 3.12a, the PLE and absorptance of this sample agree with each other from 

520 to 370 nm as expected, giving rise to an average localization efficiency of 100.5 (±2.2)%. 

This result supports the validity of the approximate procedure described above and suggests an 

estimated error of less than 2.2%. 
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Figure 3.3. PLE spectra and crown-to-core exciton localization efficiencies (a) Absorptance 

(black solid lines) and PLE spectra (red dashed lines) of CC5. All spectra have been scaled to 

the same height at 515 nm. (b) The average exciton localization efficiency (𝜂ave) of CC1 to 

CC5. (c) Crown-to-core exciton localization efficiency (𝜂CdS , circles) and the normalized 

absorption spectra (solid lines) of CdS crowns in CC1 to CC5. The latter was obtained by 

normalizing the absorption spectra of CdSe/CdS to the same CdSe peak amplitude at 512 nm 

and subtracting the contribution of CdSe. 

 

The ratio of the PLE and absorptance reflects the relative exciton localization efficiency 

as a function of wavelength. In calculating the ratio, we have also scaled the PLE spectra to the 

same value as the absorptance spectra at the lowest energy exciton band of the CdSe NS of all 

samples, which is equivalent to setting the relative localization efficiency to 1 for excitation at 

the band edge of CdSe (Figure 3.3b). The normalized PLE spectra, PLE(𝜆)nor, can be 

represented by: 

PLE(𝜆)nor =
PLE(𝜆)

C∗𝜙CdSe(𝜆)
= ACdS(𝜆) ∙ 𝜂CdS(𝜆) + ACdSe(𝜆) ∙ 𝜂CdSe(𝜆)  (3.1) 

where 𝜆 is the wavelength, PLE(𝜆) the PLE intensity, 𝜙CdSe the PL quantum yield of CdSe 

core and C an instrument specific calibration factor, and 𝜂CdS  the CdS-to-CdSe exciton 

localization (XL) efficiency. We have assumed that 𝜂CdSe(𝜆) =1 as all excitons generated in 
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CdSe remains inside the core due to the type I band alignment. The percentage of absorbed 

photons (absorptance) by CdS (ACdS(𝜆)) and CdSe (ACdSe(𝜆)) is given by:   

Ai(𝜆) =
ODi(𝜆)

ODCdS(𝜆)+ODCdSe(𝜆)
(1 − 10−[ODCdS(𝜆)+ODCdSe(𝜆)]) (3.2) 

where i = CdS or CdSe, and OD is the optical density. The ratio of normalized PLE and 

absorptance is the absorptance weighted average exciton localization efficiency, 𝜂ave, given 

by: 

𝜂ave(𝜆) =
PLE(𝜆)nor

ACdS(𝜆)+ACdSe(𝜆)
=

ACdS(𝜆)∙ηCdS(𝜆)+ACdSe(𝜆)∙ηCdSe(𝜆)

ACdS(𝜆)+ACdSe(𝜆)
  (3.3) 

As shown in Figure 3.3b, at wavelength longer than 430 nm, where only CdSe contributed to 

the absorption (see Figure 3.3c), the measured average localization efficiency was one, 

consistent the assumption that all excitons generated at CdSe core remains in the core. At < 

430 nm, average exciton localization efficiency decreased abruptly at the onset of CdS 

absorption and increased at shorter wavelength. Using the known absorptances of CdSe and 

CdS, the measured average exciton localization efficiency was fit to obtain ηCdS, which was 

plotted as a function of excitation wavelength in Figure 3.3c. Surprisingly, the crown-to-core 

localization efficiency was independent of the crown size, but increased with excitation photon 

energy (from 0.56±0.04) at 415 nm to near unity (1.00±0.02) at 370 nm. Although the 

localization efficiency appeared to decrease again at wavelengths shorter than 365 nm, a clear 

trend at shorter wavelength was not established due to limited spectral range of the 

measurement.  

In the above analysis, we have assumed that 𝜂CdSe(𝜆) =1, i.e. all excitons generated in 

CdSe remain inside the core due to the type I band alignment. This assumption is supported by 

three experimental evidences. First as shown in Figure 3.3b, the exciton localization efficiency 
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is one from 520 to 430 nm (before the onset CdS absorption), independent of excitation energy. 

Second, as shown in Appendix 3.4, Figure 3.12a, for free CdSe NSs, the absorptance and PLE 

spectra agree with each other from 520 to 360 nm, suggesting that the efficiency of band edge 

exciton formation is independent of excitation energy in free CdSe NSs. Third, in CdSe/CdS 

CC NSs, at excitation energy above the CdS bandgap, some of the carriers generated in CdSe 

core can also move to CdS crown, in competition to relaxing to CdSe band edge, to lower 

𝜂CdSe(𝜆). However, as shown in Figure 3.3b, from 420 to 370 nm, with increasing excitation 

photon energy, the apparent localization efficiency increases (approaching 1 at 370 nm), 

suggesting the above effect is negligible. This effect is likely negligibly small because only VB 

holes in the CdSe domain with energy above the CdS band edge can move into CdS due to the 

large VB offset. This represents a small fraction of carriers because most of the excess energy 

(above the band edge) of the initial excitation goes to the CB electron because of its ~3.5 

smaller effective mass compared to VB hole.62, 116-117  

 

3.2.4. Size dependent crown-to-core exciton localization dynamics 

To understand the origin of the crown size independent exciton localization efficiency in 

CdSe/CdS core/crown structures, we carried out ultrafast TA spectroscopy studies to directly 

follow the localization dynamics of photogenerated electrons from the CdS crown to CdSe 

core. Take CC5 as an example, TA spectra of CC5 at 400 nm excitation are shown in Figure 

3.4a. These spectra showed time dependent bleaches of the CdSe exciton bands at ~513 nm 

(T1) and ~480 nm (T2) and CdS exciton band at ~410 nm (T3), which can be attributed to the 

state-filling of the lowest energy CB electron levels in CdS and CdSe domains, respectively. 
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T1 bleach results from both excitation of CdS (from which electron/excitons are transferred to 

CdSe) and direct excitation of CdSe. The contribution of the latter was subtracted from the 

total T1 bleach signal to obtain the kinetics of the former signal. The subtracted kinetics was 

further normalized by the amount of absorbed photons by CdS to yield normalized and 

subtracted T1 bleach kinetics (T1S) that corresponded to the same number of absorbed photons 

by CdS in CC1-CC5 (Figure 3.4c). The same normalization procedure was used to scale the 

T3 bleach kinetics (Figure 3.4b), which results only from the excitation of the CdS domain. 

These TA spectra and kinetics show that T3 bleach signals decay completely within 100 ps to 

give rise to a corresponding growth of the T1S bleach, suggesting that all CB electrons are 

transferred from CdS to CdSe. Because PLE measurements showed a CdS-to-CdSe XL 

efficiency of 0.70±0.02 at 400 nm excitation, it suggests the remaining 30% of excitons also 

transfer electrons to CdSe with the hole located in CdS. The latter pathway may corresponds 

to electrons ionized from trapped holes (referred to as XI in Figure 3.5b), driven by the CB 

offset.  
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Figure 3.4. TA study of crown-to-core exciton localization dynamics (a) TA spectra of CC5 at 

indicated delay times after 400 nm excitation. (b) Normalized T3 bleach kinetics of CC1 to 

CC5 measured at 400 nm excitation. Inset showed the fit of T3 kinetics of CC5 (c) Subtracted 

T1 (T1S) bleach kinetics of CdSe of CC1 (black solid line), CC2 (red solid line), CC3 (green 

solid line), CC4 (orange solid line), CC5 (blue solid line) resulted from the excitation of CdS 

domain. These kinetics were obtained by subtracting the contribution of direct CdSe excitation 

from the total T1 bleach signal measured at 400 nm excitation (where both CdSe and CdS 
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domains absorbed), following the procedure discussed in the text. Also shown for comparison 

is the fit to the T1 (purple dashed line) of CC5 measured at 485 nm excitation along with the 

fits of the CC1-CC5 T1S decay process (gray solid line). The inset showed the same 

comparison in early time range (within 1 ps). 

 

The T1S and T3 bleach kinetics can be fit to a model that accounts for both XL and XI 

pathways (Figure 3.5a&b).  The total amplitudes of XL and XI are fixed at 70% and 30%, and 

the decay kinetics of exciton in CdSe generated by XL pathway is given by T1 kinetics 

measured by 485 nm excitation. The only fitting parameters are the time constants of exciton 

localization (𝜏1) and exciton ionization and recombination. The best fits are shown in Figure 

3.4b inset and Appendix 3.5, Figure 3.13 (showing individual kinetics and fits) and the fitting 

parameters are listed in Appendix 3.7, Table 3.3. Further details of the fitting model are 

described in Appendix 3.5.   
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Figure 3.5. Model for exciton transport, interfacial transfer and trapping. (a) Scheme of crown 

size independent interfacial branching of exciton transfer (XL) and trapping (XI) parthways. 

.(b) Energy levels of initially generated excitons in CdS (red dashed line), excitons transported 

to CdSe (XL, yellow dashed line) and excitons trapped interface (XI, blue dashed line). 
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The best fits of the data reveal a clear size-dependent XL process (0.31 to 0.65 ps from 

CC1 to CC5), which can be clearly seen in the inset of Figure 3.4c. Note that because the XL 

process occurs on a similar time scales as T3 bleach formation, the initial bleach amplitude 

decreases from CC5 to CC1 due to increasingly faster XL process (more missing amplitudes 

in the raw kinetics). Both the XL and XI components become slower in larger crowns, which 

can be clearly seen in the kinetics shown in Figure 3.4b&c. These decay kinetics can be fit with 

bi-exponential function. The fit also revealed an ionized electron recombination time constant 

of 1570±240 ns that is independent of the crown size (Table 3.3 in Appendix 3.5). This time 

constant is considerably longer than that of e-h recombination time for excitons generated 

within CdSe, which is consistent with interfacial charge separation expected for this species.  

 

3.2.5. Mechanisms of exciton transport and trapping  

One of the most surprising findings of this work is that the crown-to-core XL process 

shows crown size-independent efficiencies and size-dependent rates. This suggests that 

branching between exciton transfer to the CdSe core and hole localization in the CdS crown is 

independent of the crown size. There are two possibilities for these branching pathways; the 

hole traps in CdS are located at both the core/crown interface and the CdS edges (the crown 

growth front), or at only the interface (see Figure 3.5a&b). In both cases, with increasing crown 

size, the diffusion time for excitons to reach the core/crown interface becomes longer, but the 

relative rates (and therefore the branching ratio) of exciton trapping at the interface and transfer 

to CdSe is independent to the crown size. Although the hole location wasn’t directly probed 

spectroscopically, energetic considerations suggest that the trapped hole eventually locates at 

the CdSe/CdS interface. Because the estimated CB band offset and e-h binding energy are 

similar in magnitude (~ 100 meV), 61, 146 the driving force for moving the electron to CdSe with 

the hole remaining in CdS is substantial only when the electron-hole Coulomb interaction can 
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be maintained in the ionized state. This is possible if the CB electron in the CdSe and trapped 

hole in CdS are localized at the core/crown interface (Figure 3.5b). Assuming similar densities 

of states and e-h Coulomb interactions for the electron in the CdSe or CdS domain (with the 

hole trapped at the interface), the Boltzmann distribution can be used to estimate the electron 

population ratio between the CB of CdSe (NCdSe) and CdS (NCdSe) 

NCdS

NCdSe
= e− 

∆E

kT    (3.4) 

where k is Boltzmann constant, T is the room temperature (300K), and ∆E is the CB band offset 

between CdSe and CdS (100 meV). The estimated ratio is 0.02, which indicates that most 

electrons are in CdSe and negligible electrons remain in CdS.  

To provide further support for this model, we fit the size dependent T1S kinetics by solving 

the diffusion equation of excitons and carriers in CdSe/CdS core/crown structures. Because of 

the morphology of the nanosheets (with CdS crown extending linearly on the CdSe core mainly 

in one dimension), the exciton transport problem can be treated as effective one-dimensional 

exciton diffusion along the length direction. As shown in Figure 3.5c, we divided CdS crown 

into N segments (N= 10, 11, 13, 14, 16 for CC1 to CC5) of length of ∆L. We set the segment 

length to the 2D exciton radius (a2D), ∆L= a2D = a0/4 =1.32 nm, where a0 is the Bohr radius of 

the bulk CdS crystals. 153-154 We assume exciton transport rate between CdS segments of kX, 

interfacial exciton trapping rate of kt, interfacial CdS to CdSe exciton transport rate of kL. We 

further assume that trap excitons can be ionized thermally with rate constant of kI and half of 

the ionized electrons are transferred to CdSe instantaneously. The other half of the electrons 

diffuse in CdS conduction band with rate constant of ke and recaptured by the trapped hole with 

rate constant kB. The ratio of the electron and exciton transport rates is constrained to the ratio 

of their bulk diffusion constants. With these parameters, the rate equations governing the 

exciton and electron kinetics can be solved numerically to yield the population kinetics of 

electrons in CdSe, which, with proper convolutions of the instrument response function, can 
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be used to fit the T1S kinetics. Further details of the calculation are provided in Appendix 3.6. 

As shown in Figure 3.6, this model provides an excellent fit to the data and the fitting 

parameters and error bars are listed in Table 3.4 in Appendix 3.6. The fit result yields an exciton 

diffusion constant (DX) of 2.2±0.2 cm2/s in CdS crown. This value is similar to the diffusion 

constant of CdS nanorods (2.3 cm2/s) and smaller than bulk CdS single crystals (3.2 cm2/s), 

likely due to surface scattering in these nanocrystals.62, 70    

 

 

Figure 3.6. T1S kinetics at 400 nm excitation of CC1 to CC5 and the fit using NL(t) convoluted 

with IRF 

 

To account for the excitation energy dependent localization efficiency shown in Figure 

3.3c. we add an excitation energy dependent hot exciton channel into the diffusion model 

discussed above. We assume that with increasing excess energy, the hot exciton relaxes more 

slowly to the cold exciton state (with rate constant kr), has a larger diffusion constant (kh) in 

CdS (than the cold exciton, kc), and has a faster localization rate constant into CdSe (kL1) at the 

CdSe/CdS interface than the cold exciton (kL2). The rate of hot exciton trapping at the interface 
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is assumed to the same as cold excitons. The rates of cold exciton trapping, localization, 

diffusion have already been determined in the simulation above and are kept being the same. 

The diffusion equations of excitons can be solved with the same method described above. 

Further details can be found in Appendix 3.6. With these assumptions, we show that with 

increasing excess energy of the initially generated excitons, the exciton localization efficiency 

increases, and the exciton localization rate becomes faster (Figure 3.7a and Table 3.5 in 

Appendix 3.6). The former prediction is consistent with the results shown in Figure 3.3c. 

Unfortunately, the prediction of faster exciton localization rates at higher excitation energy 

cannot be easily verified for the current system due to limited tunability of our TA setup. The 

excitation energy dependence of exciton localization rate and efficiency is a direct consequence 

of the assumption of increased hot exciton diffusion constant and slower relaxation rate at 

higher excess energy. Support for the latter assumption was provided by excitation energy 

dependent hot exciton relaxation rates in CdSe NSs. As shown in Figure 3.7b and Table 3.6, 

the formation of band edge exciton becomes slower with increasing excitation energy above 

the band edge.  

 

 

Figure 3.7. (a) Exciton localization dynamics for CC1 to CC5 at different excitation 

wavelength. Localization efficiency and rate increases at large excitation energy. (b) The T1 

bleach formation kinetics of free CdSe NSs at 400 nm (black dots), 485 nm (red dots), and 510 
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nm (green dots) excitation. Solid lines are fits with parameters listed in Table 3.6 in Appendix 

3.6. 

 

This result suggests that exciton localization can be described by diffusion motion. Such 

diffusive behavior can be expected since the NS size is much larger than the upper limit of 

mean free path of electrons (4 nm) and holes (1.6 nm) in bulk CdS single crystals.70 In a 

previous study of related CdSe NSs of 42.0 by 11.2 nm in size (similar to CC5 in this study), 

26 bi-molecular Auger recombination process is shown to be not-diffusion limited. It was 

proposed that the exciton center-of mass wave function can delocalize over the entire NS. Our 

result suggests that exciton wave function does not delocalize throughout the whole sheet and 

their motion is diffusive. It is therefore likely that the Auger recombination rate is not limited 

by diffusion encounter of excitons (which occurs on the sub-picosecond time scale). Instead, it 

is limited by the Auger transitions within the encountered exciton pair.   

It is interesting to compare the exciton localization processes in the CdSe/CdS core/crown 

NSs and CdSe/CdS dot-in-rod nanorods. 70, 140-141 Our recent studies of CdSe/CdS nanorods 70 

show that exciton localization efficiencies decrease with increasing rod length and there remain 

a long lived CB electron population in the CdS rod. CdSe/CdS nanorods have a wurtzite 

structure with exposed Cd and S atoms on the surface. Because these surface S  atoms, likely 

the hole traps in CdS, 63, 103, 140 are distributed along the rod, far away from the CdSe/CdS 

interface, it is energetically unfavorable to transfer the electron to the CdSe core (without 

moving the hole with it).  CdSe/CdS NSs have zinc blend structures with only Cd atoms on 

both the highly exposed (001) basal plane. It is likely that the defects exist mainly at the edge 

of the NSs or at the core/crown interface due to the lattice mismatch.108 Compared to CdSe/CdS 

nanorods, the core/crown structure can achieve high exciton localization efficiency with larger 

crown/core volume ratio, a property that is advantageous for solar concentrator applications. 
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130, 133, 135 Our study suggests that interfacial lattice mismatch is likely the origin of hole trap. 

Therefore, it may be possible to remove these defects in alloyed CdSe/CdS CC NSs to achieve 

higher XL efficiency across a broader spectral window, similar to recent demonstration of 

alloyed CdSe/CdTe core/crown structures. 155  In the previous study of single CdSe/CdS dot-

in-rods at 4K, the exciton localization efficiency was shown to be independent of excitation 

photon energy. It was argued that there likely exists a barrier for carrier transport at the 

CdSe/CdS interface due to lattice mismatch and the lack of excitation energy dependence 

indicates that barrier crossing occurs after thermal relaxation of the carriers in those 

nanocrystals.156 This differs from the excitation energy dependent exciton localization 

efficiency in our CdSe/CdS CC NSs, although the origin of the difference is not clear. Our 

result suggests that at room temperature, the interfacial barrier is smaller and barrier crossing 

process is faster, competing effectively with hot exciton relaxation.  

 

3.3. Conclusion 

Exciton dynamics in CdSe/CdS core/crown NS heterostructures has been investigated in 

an effort to understand exciton transport properties in these 2D quantum well materials with 

atomically precise thickness. PL and transient absorption studies show that these NSs have a 

type I band alignment between the CdSe core and CdS crown, with lowest energy excitons 

localized in the CdSe core. PLE measurements revealed that the crown-to-core exciton 

localization efficiency is independent of the CdS crown size (~70% at 400 nm excitation) but 

increases at higher excitation energy (approach 100% at 370 nm). TA studies suggest that 70% 

of the excitons generated at the CdS crown (with 400 nm excitation) undergo ultrafast (< 1ps) 

exciton localization to CdSe crown (driven by the type I band alignment and large valence band 

offset) and the remaining 30% have holes trapped at the core/crown interface and electrons 

transferred to CdSe (driven by the CB offset). The exciton localization time increases with 
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crown size and can be described by an effective 1D exciton diffusion. Numerical solution of 

the exciton diffusion model shows that the crown size independent localization efficiency can 

be attributed to selective trapping of holes at the CdSe/CdS interface, which leads to a crown 

size independent branching ratio of exciton localization and hole trapping pathways. This 

model also suggests that the excitation wavelength dependent excitation localization efficiency 

can be accounted for by including hot excitons with larger diffusion constants. Our finding 

suggests that these nanosheet heterostructures are promising materials for solar concentrator 

applications and identifies pathways for further improving their properties. 
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Appendix 3.1 

TEM images and the dimensional analysis of CC NSs 

 

Figure 3.8. The HAADF scanning TEM images and EDX images in the green selected area of 

(a) CC1, (b) CC2, (c) CC3, (d) CC4, (e) CC5. 
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Figure 3.9. TEM images of (a) CdSe core, (b) CC1, (c) CC2, (d) CC3, (e) CC4, (f) CC5. 

 

Table 3.1. The length, width, and crown length with errors of CdSe core and CC NSs 

 Count Length/nm Width/nm Crown length(L)/nm 

CdSe 25 21.2±2.1 11.1±2.2 ––– 

CC1 50 33.9±1.4 10.1±1.2 12.7±1.3 

CC2 30 35.6±2.0 11.2±1.1 14.4±1.5 

CC3 40 38.3±3.6 11.3±2.0 17.1±2.5 

CC4 25 39.7±5.6 11.7±1.8 18.5±3.2 

CC5 40 42.0±3.2 13.7±1.4 20.8±2.3 
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Appendix 3.2.  

The CdSe/CdS CC NSs band edge position estimation 

The CB (VB) band edge position of bulk CdSe and CdS are -4.0 eV (-5.7 eV) and -3.7 eV 

(-6.2 eV), respectively. 79, 111, 156 In two dimensional NSs, if we only consider the effect of 

quantum confinement, the band gap would shift according to the following equation: 144 

Eexciton = Eg + (Ek(h) + Ek(e))    (3.5) 

where 𝐸𝑔 is the band gap in bulk materials ( 1.7 eV for CdSe and 2.5 eV for CdS), 111, 157-158 

𝐸𝑘(𝑒) and 𝐸𝑘(ℎ) are quantum confinement energy  of the conduction band (CB) and valence 

band (VB) conduction band electron and valence band holes, respectively. We consider the 

electron and hole can move freely in x, y direction but confined in z direction within a well of 

thickness L: V(z) = 0 in the region 0 < z < L, V = ∞ elsewhere. So the kinetics energy of the 

particles inside this well is:  

Ek =
h2n2

8m∗L2   (3.6) 

where m∗is the effective mass of electron or hole. The ratio of confinement energies in CB and 

VB are 1/𝑚𝑒
∗  to 1/𝑚ℎ

∗ . 

Ek(e)

Ek(h)
=

mh
∗

me
∗        (3.7) 

We determined Eexciton  from the lowest energy absorption peak of NSs in the UV/VIS 

absorption spectra: 2.4 eV for CdSe NSs and 3.0 eV for CdS NSs. The calculated CB (VB) 

edge positions are ~-3.4 eV (-5.8 eV) and -3.3 eV (-6.3 eV) for CdSe and CdS, respectively.  

 

  



55 

 

Appendix 3.3.  

485 nm excitation T1 bleach kinetics fitting 

 

 

Figure 3.10. Carrier decay pathways in CC NSs at 485 nm excitation: (A) single particle 

(electron and hole) representation, (B) state representation. See the text for the notations of 

various states and carrier trapping and decay process. (C) Morphology and coordinate system 

of CdSe NS core. The surrounding CdS crown is not depicted because there is not net carrier 

transport from CdSe core to CdS crown at 485 nm excitation. 

 

At 485 nm excitation, only CdSe core was excited and because of the type I band alignment 

between CdSe and CdS, the carriers remain in CdSe. This is confirmed by the transient spectra 

shown in Figure 3.2b. The carriers in CdSe core undergo diffusion in a rectangular NS with 

length L and width W (Figure 3.10c), as well as various relaxation, trapping and/ recombination 

processes (Figure 3.10a). Because of strong electron-hole interaction in NSs, the carriers 

diffuse as a bound pair after its initial formation. Furthermore, because the TA signals at T1 

peak of CC NSs are dominated by the concentrations of electrons at the CB edge, we only need 

to consider three species that affect its concentration: hot-electrons (Nhot-e), band edge excitons 

(NX, with both electron and hole in the band edge), and trapped exciton (Neo, band-edge electron 

and a trapped hole). Hot-electrons (Nhot-e) represents initially excited carriers that decay to form 
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band-edge exciton with a rate constant of kf. The band-edge excitons can decay through 

radiative recombination with a rate constant kr or via electron trapping with a rate constant ke, 

(to form trapped exciton Nt-h) and hole trapping with a rate constant of kh (to form trapped 

excitons Ne-t). The trapped excitons can decay by electron trapping (ke) and radiative and 

nonradiative recombination (ke-t). The spatial distribution of these species is governed by the 

following rate equations: 

dNhot−e(x, y, t)

dt
= Dhot−e (

∂2Nhot−e

∂x2
+

∂2Nhot−e

∂y2
) − kfNHot−e  (3.8) 

dNX(x, y, t)

dt
= DX (

∂2NX

∂x2
+

∂2NX

∂y2
) + kfNHot−e − (kr + ke + kh)NX  (3.9) 

dNe−t(x, y, t)

dt
= De−t (

∂2Neoe−t

∂x2
+

∂2Ne−t

∂y2
) + khNX − (ke−t + ke)Ne−t  (3.10) 

where Di (i=Hot-e, X, e) are the diffusion constants of hot-electron, exciton, and band edge 

electron respectively. As discussed before, TA kinetics of T1 bleach represents the band edge 

electron decay. Hence, T1 signal is given by: 

∆A(t) ∝ −(∫ ∫ [NX(x, y, t)
L

0

W

0

+ Ne−t(x, y, t)]dxdy)  (3.11) 

The rate equation 3.8 to 3.10 have a general form as: 

dN(x, y, t)

dt
= D(

∂2N

∂x2
+

∂2N

∂y2
) − kN + ∑fi(t)

i

   (3.12) 

This differential equation can be solved by Variable Separation Method by assuming:70, 159 

N(x, y, t) = X(x)Y(y)T(t) + ∑Fi(t)

i

  (3.13) 

The equation becomes:  

dT(t)

DT(t)dt
= (

d2X(x)

X(x)dx2
+

d2Y(y)

Y(y)dy2
) −

k

D
    and   ∑

dFi(t)

dt
i

= ∑fi(t)

i

   (3.14) 
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Since there is no exciton diffuse outside the CdSe core, the flux crossing the core edge is 0, 

which gives boundary condition 1: 

∂N(0, y, t)

∂x
=

∂N(L, y, t)

∂x
=

∂N(x, 0, t)

∂y
=

∂N(x,W, t)

∂y
= 0   (3.15) 

which gives: 

N(x, y, t) = e
−(

k
D

)t
∑Bn

n

cos (
nπ

L
x) e

−(
nπ
L

2
)t

∑B′
n

n

cos (
nπ

L
y) e

−(
nπ
W

2
)t

 + ∑Fi(t)

i

  (3.16) 

where n are Integers. Due to the randomly photo-generated excitons in CdS crown, we also 

have boundary condition 2:  

N(x, y, t = 0) = Constant (3.17) 

which requires: 

Bn =
1

L
∫ C1

L

0

cos (
nπ

L
x) dx = 0   and  B′n =

1

W
∫ C2

W

0

cos (
nπ

W
y) dy = 0   (3.18) 

where C1 and C2 are constants. Therefore, boundary condition 2 requires X(x) and Y(y) are all 

constants, meaning when the electron cannot diffuse outside CdSe core, the diffusion process 

won’t change the total concentration of charges. The rate equation 3.8 to 3.10 then become: 

dNhot−e(t)

dt
= −kfNHot−e  (3.19) 

dNX(t)

dt
= kfNHot−e − (kr + ke + kh)NX  (3.20) 

dNe−t(t)

dt
= khNX − (ke−t + ke)Ne−t  (3.21) 

The solution of rate equations 3.19 to 3.21 gives: 

∆A(t) ∝ NX(t) + Ne−t(t)

∝ e−kft − A1

(ke−t − kr)(kf − knre−t − ke)(kf − kr − ke − kh)

 (ke−t − kr − kh)kf(ke−t + ke + kh − kf)
e−(kr+ke+kh)t

− A2

(kf − ke−t − ke)(kf − kr − ke − kh)

kf(ke−t + ke + kh − kf)
e−(ke−t+ke)t (3.22) 
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where A1 and A2 are constants that satisfy: 

A1

ke−t − kr

 ke−t − kr − kh 
+ A2 =

kf(ke−t + ke + kh − kf)

(kf − knr − ke)(kf − kr − ke − kh)
  (3.23) 

This model shows that TA kinetics of CB edge electron can be effectively described by multi-

exponential functions. The above model did not consider the distribution of trap states and 

initial hot carriers and the rate constants should be taken as average rate constants. Therefore, 

we fitted the T1 bleach formation and recovery at 485 nm excitation with three-exponential 

functions convoluted with instrument response function (IRF): 

T1(485ex) = AT1[e
−

t

𝜏𝑓 − a1 ∙ e
−

t

𝜏𝑑1 − a2 ∙ e
−

t

𝜏𝑑2]⊗IRF  (3.24) 

where 𝜏𝑓 is the formation time constant, ai (𝜏𝑑𝑖) are exciton decay time constants. The IRF 

(~150 fs) is determined from the scattering signals of the solvent (hexane). All the fitting 

parameters are listed in Table 3.2.  

 

Table 3.2. The fitting parameters and errors for T1 kinetics (485 nm excitation) 

𝜏𝑓/ps 𝜏𝑑1/ns  (a1) 𝜏𝑑2/ns  (a2) 

0.10±0.02 0.83±0.02 (83.0±1.8%) 50.4±4.4 (17.0±1.9%) 
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Appendix 3.4  

Comparison of the absorptance, PLE and extinction spectra of CdSe and CC NSs 

 

Figure 3.11. (a-e) Absorptance (black solid lines) and PLE spectra (red dashed lines) of CdSe 

NSs and CC1 to CC5. All spectra have been scaled to the same height at 515 nm. (f-k) 

Extinction and (estimated) scattering spectra of CdSe NS and CC1 to CC5. 
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Appendix 3.5  

Kinetics of T1S and T3 bleach measured with 400 nm excitation. 

In order to obtain T1S bleach kinetics, we have assumed the kinetics of direct CdSe 

excitation is the same as those measured with 485 nm excitation. The relative contributions of 

CdS crown and CdSe core to the total signal were determined from the absorption spectra of 

CC1-CC5 and the CdSe core-only NSs. T3 and T1S bleach kinetics of all samples were 

normalized by the absorbed photons by the CdS crowns at 400 nm excitation. The kinetics of 

T3 and T1S bleach of CC NSs were fit by the following equations: 

T3 = Ainitial[e
−

t

𝜏𝑇3 − aXL ∙ e
−

t

𝜏1 − aXI,1 ∙ e
−

t

𝜏2 − aXI,2 ∙ e
−

t

𝜏3] ⊗IRF  (3.25) 

T1S = Amax[(aXL ∙ e
−

t

𝜏𝑓 − b1 ∙ e
−

t

𝜏𝑑1 − b2 ∙ e
−

t

𝜏𝑑2) + (aXI,1 ∙ e
−

t

𝜏2 + aXI,2 ∙ e
−

t

𝜏3 − br ∙ e
−

t

𝜏𝑟)] 

⊗IRF  (3.26) 

where 𝝉𝟏  is the exciton localization (XL) time; 𝝉𝟐 , 𝝉𝟑  are two components of exciton 

ionization (XI) process. 𝝉𝑻𝟑 is the CdS T3 formation time constant, which is the same as the 

T3 bleach formation time constant of free CdS NSs, as shown in Table S3. The amplitudes aXL 

and aXI are constrained by the PLE result: 

aXL = 0.7, aXI,1 + aXI,2 = 0.3  (3.27) 

b1 (𝝉𝒅𝟏) and b2 (𝝉𝒅𝟐) are amplitude (time constants) of CdSe exciton decay (created by the XL 

process), which is the same as the XB bleach decay kinetics measured at 485 nm excitation 

(Table 3.2). br (𝝉𝒓) is the amplitude (recombination time constant) of the charge separated state 

(generated by XI process). The amplitude of XL and XI components are given by: 

b1 + b2 = 0.7, br = 0.3  (3.28) 

and 

b1 = 0.58, b2 = 0.12   (3.29) 
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The T3 and T1S kinetics were fitted at the same time. All the fitting parameters and errors are 

listed in Table 3.3. The fitting results of T3 and T1S bleaches of CC1 to CC5 are plotted in 

Figure 3.12. The area weighted average lifetime (𝜏ave) of XI process was calculated as: 

𝜏ave =
aXI,1𝜏2

2 + aXI,2𝜏3
2

aXI,1𝜏2 + aXI,2𝜏3
     (3.30) 

 

Table 3.3. Fitting parameters and errors for bleach kinetics 

 CC1 CC2 CC3 CC4 CC5 

𝜏𝑇3/ps 0.17±0.07 0.17±0.07 0.17±0.07 0.17±0.07 0.17±0.07 

𝜏1/ps 

(aXL) 

0.31±0.03 

(70.0±0.3%) 

0.35±0.01 

(70.0±0.7%) 

0.42±0.03 

(70.0±1.7%) 

0.53±0.03 

(70.0±1.0%) 

0.65±0.04 

(70.0±1.2%) 

𝜏2/ps 

(aXI,1) 

1.67±0.13 

(25.6±0.1%) 

3.57±0.23 

(27.0±0.6%) 

4.35±0.04 

(26.0±0.7%) 

5.63±0.31 

(26.5±0.4%) 

6.67±0.08 

(25.0±2.0%) 

𝜏3/ps 

(aXI,2) 

16.3±3.2 

(4.4±0.2%) 

18.3±1.7 

(3.0±0.3%) 

33.0±5.2 

(4.0±3.5%) 

45.3±8.3 

(3.5±1.0%) 

55.8±7.5 

(5.0±2.0%) 

𝜏ave/ps 7.68±2.09 8.91±1.01 19.8±3.5 26.1±4.1 37.4±5.2 

𝜏d1/ns 

(b1) 

0.83±0.02 

(58.0±2.3%) 

0.83±0.02 

(58.0±2.3%) 

0.83±0.02 

(58.0±2.3%) 

0.83±0.02 

(58.0±2.3%) 

0.83±0.02 

(58.0±2.3%) 

𝜏d2/ns 

(b2) 

50.4±4.4 

(12.0±0.8%) 

50.4±4.4 

(12.0±0.8%) 

50.4±4.4 

(12.0±0.8%) 

50.4±4.4 

(12.0±0.8%) 

50.4±4.4 

(12.0±0.8%) 

𝜏r/ns 

(br) 

1570±240 

(30.0±0.3%) 

1570±240 

(30.0±0.3%) 

1570±240 

(30.0±0.3%) 

1570±240 

(30.0±0.3%) 

1570±240 

(30.0±0.3%) 
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Figure 3.12. The T3 (a-e) and T1S (f-j) bleach kinetics and fittings of (a, f) CC1, (b, g) CC2, 

(c, h) CC3, (d, i) CC4, (e, j) CC5 within 20 ps. 
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Appendix 3.6  

Diffusive exciton localization model 

 

Figure 3.13. The schematic exciton in-plane diffusion model for CC NSs. 

 

The size distribution obtained by TEM and EDX images showed the same width of all CC 

NSs with the CdS crown extending mainly along the length direction of CdSe core (+x direction 

in Figure 3.13). As shown in Figure 3.14, the crown length L (Table 3.1) depends linearly on 

crown absorbance at 410 nm (Figure 3.3c in the main text), consistent with morphology 

depicted in Figure 3.13. The fit is not perfect, which can be attributed to a small degree of 

growth of CdS crown along y-axis or along the –x direction (Figure 3.13).  

 

 

x 0 L 
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Figure 3.14. Schematic of CdSe/CdS CC core/crown structures used for solving the diffusion 

equations. Key carrier/exciton processes at different spatial region along x are indicated. Top 

half: exciton diffusion, interfacial transfer and trapping process. Bottom half: trapped exciton 

ionization, electron diffusion, and recapture processes.   

 

The CdSe/CdS core crown can be divided into three areas: the CdS crown, CdSe core and 

the interface region where hole is trapped, as shown in Figure 3.14. The diffusion equations 

governing these regions are given below. We consider free excitons (with density N) in CdS 

with diffusion constant DX. At the interface these excitons can either move into CdSe (with 

localization rate kL) or trapped at the interface (kt) to form trapped excitons (Ntr). The trapped 

excitons can ionize (with rate constant 2ki) to generate half of the electrons in the CdSe and the 

other half in CdS. The resulting electron in the CdS conduction band (with concentration of Ii) 

can diffuse within the CdS domain (with diffusion constant De) and be recaptured by the 

trapped hole at the interface (with rate constant kB).   

In CdS region, there exist free excitons and electron,   

dN(x, t)

dt
= DX

∂2N

∂x2
   (3.31) 

dI(x, t)

dt
= De

∂2I

∂x2
 (3.32) 

At the interface (x=0): 

dN(x = 0, t)

dt
= DX

∂2N

∂x2
− ktN − kLN (3.33) 

dNtr(t)

dt
= ktN(x = 0, t) − 2kiNtr + kBI(x = 0, t) (3.34) 

dI(x = 0, t)

dt
= De

∂2I

∂x2
+ kiNtr − kBI (3.35) 

In CdSe: 
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dNL(t)

dt
= kiNtr + kLN (3.36) 

Those equations can be solved numerically by dividing the CdS sheet into small segments 

(Figure 3.5c) and making the following approximation for derivatives. 

D
∂2N

∂x2
= D lim

∆L→0

N(x + ∆L, t) − N(x, t)
∆L −

N(x, t) − N(x − ∆L, t)
∆L

∆L

≅ D
N(x + ∆L, t) + N(x − ∆L, t) − 2N(x, t)

∆L2
   (3.37) 

The CdS crown has been divided 10, 11, 13, 14, 16 equal segments for CC1 to CC5 

respectively, with each part has length of ∆L. According to the 2D exciton size (a2D), we set 

∆L= a2D = a0/4 =1.32 nm, using 2D hydrogen model, where a0 is the Bohr radius of the bulk 

CdS crystals. 153-154 The exciton (ionized electron) density in each segment, Nk (Ik), is given 

by: 

dN0(t)

dt
= kXN1(t) − kXN0(t)  (3.38) 

dNi(t)

dt
= kX(Ni+1(t) + Ni−1(t) − 2Ni(t) )  (i from 1 to k)  (3.39) 

dNk+1(t)

dt
= kXNk(t) − (kL+kt+kX) Nk+1(t)   (3.40) 

dI0(t)

dt
= keI1(t) − keI0(t)   (3.41) 

dIi(t)

dt
= ke(Ii+1(t) + Ii−1(t) − 2Ii(t) )  (i from 1 to k)    (3.42) 

dIk+1(t)

dt
= kiNtr(t) + keIk(t) − (kB+ke) Ik+1(t)   (3.43) 

dNtr(t)

dt
= ktNk+1(t) + kBIk+1(t) − 2kiNtr(t)    (3.44) 

dNL(t)

dt
= kLNk+1(t) + kiNtr(t)    (3.45) 
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where kX = DX/∆L2, ke = De/∆L2. We assume at t = 0, one exciton is generated randomly on 

the NS, meaning each part have the same exciton density Nk(0) = 1/n, where n is the number 

of the parts. 

Solution of these equations lead to NL(t), the conduction band electrons in CdSe. To 

account for the limited instrument response of the measurement, the calculated NL(t) value is 

convoluted with IRF response function at 400 nm excitation according to Eq. 3.46.  

T1S = NL(t)⊗IRF  (3.46) 

The convoluted CdSe population kinetics was used to fit the rise kinetics of T1S exciton bleach 

of all CC NSs. The best fitting results are shown in Figure 3.14 and the fitting parameters and 

error bars are listed in Table 3.4. There are five independent fitting parameters. Because the 

diffusion constants are proportional to the mobility of charges, the ratio of DX and De was 

constrained by the ratio of exciton and electron mobilities in the bulk. 160 The values of kL and 

kt determine the branching ratio between the exciton localization and trapping; The value of kX 

and crown size L determined the size dependent exciton localization kinetics (i.e. the fast XL 

component in T1S formation). The value of ki, ke and kB determines the slow XI component in 

T1S kinetics.  

 

Table 3.4. The fitting parameters for T1S kinetics (400 nm excitation) 

kX/ps-1 kt/ps-1 kL/ps-1 ki/ps-1 kB/ps-1 ke/ps-1 

125±25 25±5 100±20 0.2±0.2 200±20 413±82 

 

From the kX and ke values obtained from the fit, this relationship, Di = ki∆L2(i = X or e), 

was used to calculate the diffusion constant of excitons (DX= 2.2±0.2 cm2/s) and electrons (De 

of 7.3±0.6 cm2/s). The diffusion constant of excitons in bulk CdS single crystals (DBulk) is:160 
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Dbulk,X =
𝜇𝑥kT

e
  (3.47) 

where k is Boltzmann constant, T is the room temperature as 300K. 𝝁𝒙 is the center-of-mass 

drift mobility of exciton, and it equals: 

𝜇x =
𝜇𝑒me+𝜇ℎmh

me+mh
  (3.48) 

The me = 0.21m0 (mh = 0.8m0) is the effective mass of electron (hole) in bulk CdS.116-117 

μe(μh) is the mobility of electron (hole) in the bulk CdS and we have used the upper limits of 

reported values, 400 (48) cm2/(Vs).70, 160-162 The calculated results for DBulk,X and DBulk,e are 3.2 

cm2/s and 10.5 cm2/s, respectively, which is in reasonable agreement with the values for the 

CdS nanosheet determined from the fit.  

 

 

Figure 3.15. Schematic of solving hot exciton diffusion equations for CdSe/CdS CC structure. 

 

To account for the excitation wavelength dependent exciton localization efficiency, we 

add in wavelength dependent hot exciton transport and relaxation into our diffusion model. As 

shown in Figure 3.15, similar to our last model in Figure 3.14, the hot excitons (Nh) are 

generated randomly in CdS crown after excitation. As shown in Eq. 3.49 and 3.50, they 
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simultaneously diffuse in the crown with a diffusion constant Dh and relax to cold exciton (Nc) 

with a relaxation rate constant kr: 

dNh(x, t)

dt
= Dh

∂2Nh

∂x2
− krNh   (3.49) 

dNc(x, t)

dt
= Dc

∂2Nc

∂x2
+ krNh    (3.50) 

Cold excitons diffuse in crown with diffusion constant Dc. When move to the interface, both 

hot and cold exciton can either localize to CdSe core with localization rate (kL1 and kL2 for hot 

and cold exciton respectively) or get trapped with a rate constant kt.  

dNh(x = 0, t)

dt
= Dh

∂2Nh

∂x2
− krNh  − ktNh − kL1Nh    (3.51) 

dNc(x = 0, t)

dt
= Dc

∂2Nc

∂x2
+ krNh  − ktNc − kL2Nc  (3.52) 

The localized excitons in CdSe (Nx): 

dNX(t)

dt
= kL1Nh + kL2Nc (3.53) 

We solve these equations numerically using the same method described above, the hot and cold 

exciton density in each segment, Nh,i (Ic,i), is given by: 

dNh,0(t)

dt
= khNh,1(t) − (kh + kr)N0(t)  (3.54) 

dNh,i(t)

dt
= kh(Nh,i−1(t) + Nh,i+1(t)) − (2kh + kr)Nh,i(t)   (i from 1 to k)  (3.55) 

dNh,k+1(t)

dt
= khNh,k(t) − (kt+ kh + kr+kL1) Nh,k+1(t)   (3.56) 

dNc,0(t)

dt
= kcNc,1(t) − keI0(t)   (3.57) 

dNc,i(t)

dt
= kc (Nc,i−1(t) + Nc,i+1(t)) − 2kcNc,i(t) + krNh,i(t)   (i from 1 to k)  (3.58) 

dNc,k+1(t)

dt
= kcNc,k(t) − (kc+kt+kL2) Nc,k+1 + khNh,k+1(t)  (3.59)   
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dNX(t)

dt
= kL1Nh,k+1 + kL2N𝑐,𝑘+1 (3.60) 

where kh = Dh/∆L2, kc = Dc/∆L2. 

Solving the equations gave localization efficiency (NX). The rate constants for exciton 

trapping (kt), cold exciton diffusion (Dc), and cold exciton localization rate (kL2) are kept to the 

same values Table 3.4: 

kc = kX, kL2 = kL  (3.61) 

We assume that with increased excessive excitation energy, the hot exciton diffusion rate (kh) 

is larger and the relaxation rate (kr) is slower. The latter assumption is supported by excitation 

wavelength dependent TA study of CdSe NSs (see below). With this assumption, the calculated 

exciton localization efficiency increases from 70% to 95% and the localization rate become 

faster at higher excitation energy for all CC NS samples (Figure 3.7a). The simulated exciton 

localization efficiency cannot reach 100% because of the presence of the trapping pathway. 

The fitting parameters and errors for hot exciton transport at each excitation wavelength are 

listed in Table 3.5. 

 

Table 3.5. The fitting parameters for hot exciton transport simulation at different excitation 

wavelength 

Excitation wavelength 400nm 

(70% LE) 

390 nm 

(80% LE) 

380 nm 

(90% LE) 

370 nm 

(95% LE) 

Excessive energy – 119 meV 203meV 289 meV 

kh/ps-1 – 300±20 500±50 1000±50 

kr/ps-1 – 4±1 3±1 2±1 

kL1/ps-1 100±20 250±20 600±50 2000±100 

kc/ps-1 125±25 125±25 125±25 125±25 
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kt/ps-1 25±5 25±5 25±5 25±5 

kL2/ps-1 100±20 100±20 100±20 100±20 

 

This simulation result provides a reasonable explanation for the experimentally observed 

excitation wavelength dependent excitation localization efficiency. This model predicts that 

the exciton localization rate should increase with excitation energy from 400 to 370 nm. 

Unfortunately, we are not able to test this prediction because our TA system cannot provide 

these tunable wavelengths. These predictions are direct consequence of the assumption of 

excess energy dependent hot exciton relaxation and diffusion rates. To provide experimental 

support of excitation wavelength dependent hot exciton relaxation rates, we studied the T1 

bleach formation kinetics of free CdSe NSs at different excitation wavelength. Again, similar 

measurements cannot be done for CdS NSs because of the limited tenability of the laser system. 

As shown in Figure 3.7b, the T1 bleach kinetics decay is excitation wavelength independent, 

but the formation kinetics becomes slower at higher excitation energy, suggesting that the hot 

exciton relaxation to band edge is slower with higher excessive energy. We fitted the T1 

kinetics of CdSe by multi-exponential functions convoluted with IRF: 

T1(Free CdSe) = AT1 (e
−

t
𝜏𝑟 − d1e

−
t

𝜏d1 − d2e
−

t
𝜏d2 − d3e

−
t

𝜏d3) ⊗ IRF    (3.62) 

where 𝜏𝑟  is the hot exciton relaxation time constant, 𝜏𝑑𝑖  (i = 1, 2, 3) are the decay time 

constants. The fitting parameters and error bars are listed in Table 3.6. The fitting result shows 

that hot exciton relaxation time constant increases from ~0 at 510 nm to 125±10 fs at 400 nm. 

The observed trend is supportive of the assumption of hot electron relaxation used in our model. 

 

Table 3.6. Fitting parameters and errors for free CdSe T1 bleach kinetics 

Excitation 𝜏r/fs 𝜏d1/ps  (d1) 𝜏d2/ps  (d2) 𝜏d3/ps  (d3) 
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400 nm 125±10 2.07±0.26 

(13.5±2.6%) 

65.4±4.8 

(22.8±2.8%) 

8728±427 

(63.7±4.0%) 

485 nm 88±10 2.07±0.26 

(13.5±2.6%) 

65.4±4.8 

(22.8±2.8%) 

8728±427 

(63.7±4.0%) 

510 nm 0±10 2.07±0.26 

(13.5±2.6%) 

65.4±4.8 

(22.8±2.8%) 

8728±427 

(63.7±4.0%) 
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Chapter 4. Efficient Diffusive Transport of Hot and Cold 

Excitons in CdSe/CdS Type-II Core/Crown Nanoplatelet 

Heterostructures 

 

Reproduced with permission from ACS Energy Lett. 2017, 2, 174. Copyright 2017 American 

Chemical Society. 

 

4.1. Introduction 

Cadmium chalcogenide CdX (X=Se, S, Te) colloidal quantum wells (QWs), also known 

as nanoplatelets (NPLs), are a novel class of 2-dimensional (2D) materials with atomically 

precise thickness,19-21, 26, 32, 61, 69, 95, 108-109, 143, 145, 150-152, 155, 163-166 and many potential applications 

in photocatalysis,42, 62 light-emitting diodes,167 photo transistors,168-169 and lasing.30-33, 146 

Unlike 0D quantum dots (QDs), these NPLs, with thickness of a few CdX layers (1-2 nm) and 

lateral dimensions of 10s nm, are strongly quantum confined only in the thickness direction.145, 

150
 Similar to other two-dimensional (2D) materials (such as transition metal 

dichalcogenides170-171), strong electron-hole Coulomb interaction and large exposed surfaces 

leads to fast exciton radiative and nonradiative decay, hindering their application as light 

harvesting or light emitting materials.172 It has been well demonstrated that in 0D quantum dots 

and 1D nanorods, exciton lifetimes can be lengthened by forming type II heterostructures.173-

180  Following this concept, type II CdSe/CdTe core/crown NPL heterostructures (Figure 4.1a),  

in which a CdTe NPL crown extends laterally on a CdSe NPL core of the same number of 

layers, has been synthesized; and the excited state lifetime are indeed extended by forming 

long-lived charge transfer (CT) exciton states with electron and hole separated across the 
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core/crown interface.109, 155, 181 Such approach for extending excited state lifetime requires 

efficient transport of excitons from the CdTe crown and CdSe core to the core/crown interface 

prior to trapping of excitons at defect sites.  

The extent of exciton in-plane delocalization and mechanism of exciton transport in NPLs 

are still poorly understood, although they are among the most important properties of these 

materials. They affect the efficiency of crown-to-core exciton transport in core/crown NPLs 

mentioned above as well as many other fundamental processes of NPLs, such as energy 

transfer, charge separation and recombination, and multi-exciton dynamics. The uniform 

exciton confinement energy across NPLs of 10s of nanometer and larger has been speculated 

to enable the delocalization of the exciton center-of-mass over the entire NPL, suggestive of 

ballistic transport.26, 182 A previous study of single CdSe quantum belts (of ~1.2 𝜇m in length) 

shows that the spatial distribution of emission intensity is independent of excitation location 

and attributes this phenomenon to effective delocalization of excitons over the entire length of 

the crystal at room temperature.182
 However, in a previous study of type I CdSe/CdS 

core/crown NPL, we showed that the transport time of excitons generated in the CdS crown to 

the CdSe core increases with crown size, consistent with diffusive transport of localized 

exciton.69 Because of these contradictory findings, the mechanism of exciton transport in NPLs 

remains to be fully understood.  

In this chapter, we report a study of exciton in-plane transport in type II CdSe/CdTe 

core/crown (CC) colloidal NPL heterostructures to establish that 2D diffusion is the dominant 

exciton transport mechanism in NPL materials at room temperature. The type II band alignment 

drives the photogenerated excitons in the CdTe crown to the core/crown interface to form the 

long-lived CT exciton (Figure 4.1a).109, 155, 181 By photoluminescence excitation (PLE) 

measurement, we showed that the exciton transport quantum efficiency is unity, free from 

competition with carrier trapping. Transient absorption (TA) spectroscopy study revealed that 
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the thermalized exciton transport time strongly depends on the crown size and can be well 

described as a classical 2D diffusion. Finally, through excitation energy dependent studies, we 

observed a minor but notable contribution of hot exciton transport in these materials at room 

temperatures. These results suggest that ultrafast diffusive hot and cold exciton transports can 

be exploited for designing core/crown NPL heterostructures for efficient light harvesting and 

emission. Furthermore, because CdSe/CdTe differs from the previously studied type I 

CdSe/CdS NPLs (Chapter 3) in both the crown material (CdTe vs CdS) and band alignment 

(type II vs type I), taken together, these results show that exciton diffusion is the dominant 

transport mechanism in 2D NPLs. 69   

 

 

Figure 4.1. (a) Type II CdSe/CdTe core/crown NPL heterostructures with CdTe crown 

extending laterally on CdSe core. (b) Absorption (solid lines) and photoluminescence (dashed 

lines) of CdSe core (black), CC1 (red), CC2 (green), CC3 (orange), and CC4 (blue). Inset: 
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HAADF-STEM and EDX images of CC2 with Cd in red, Se in green, and Te in blue. (c) Band 

alignment and exciton transitions (see main text for further details) 

 

4.2. Results and Discussion 

4.2.1. Sample characterization. 

The CdSe/CdTe CC NPLs were synthesized via the methods reported in literature with 

slight modifications.109 We first synthesized 4 monolayer (ML) CdSe NPLs as the core, which 

have zinc blend structure with 4 selenium layers and 5 cadmium layers and a thickness of ~1.8 

nm.21 The CdTe crown with the same number of layers were then extended laterally around the 

CdSe core by injecting additional Cd and Te precursors into CdSe-octadecene (ODE) solutions. 

The lateral size of CdTe crown can be tuned by changing the crown growth time. Four 

CdSe/CdTe CC NPL samples, named CC1 to CC4 in the order of increasing crown sizes, were 

prepared using the same CdSe core. The inset of Figure 4.1b inset and Figure 4.7 in Appendix 

4.1 showed the high-angle annular dark-field (HAADF) scanning TEM images and energy-

dispersive X-ray (EDX) images of CC2 and rest of the samples, respectively. These images 

show rectangular shaped CC colloidal NPLs. The EDX images confirm the core/crown 

heterostructure with Se in the core, Te in the crown, and Cd spread all over the NPL. From 

these images, the lateral sizes of all CC NPL samples and CdSe core were determined and 

listed in Table 4.1 in Appendix 4.1. The CC NPLs have a CdSe core in an approximately 

rectangular shape with 13.9±2.7 nm in length and 9.7±1.4 nm in width. The lateral size of CC 

NPLs extends from (38.9±3.8)×(17.5±4.0) nm2 in CC1 to (58.2±7.1)×(28.1±7.0) nm2 as in 

CC4, while their thickness remains the same according to their exciton peak position in UV-

Vis absorption spectra (Figure 4.1b). The crown sizes of CC1 to CC4 were determined by 

subtracting CdSe core area from the whole CC NPL area. 
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The normalized absorption spectra and the steady-state photoluminescence (PL) spectra 

of CC NPLs and CdSe core are shown in Figure 4.1b. Four exciton features, T1 to T4, are 

clearly observed in absorption spectra. As shown in Figure 4.1c, T1(~555 nm) and T2 (~500 

nm) are the electron-heavy hole (e-hh) and electron-light hole (e-lh) transition of the CdTe 

crown, respectively; T3 (~512 nm) and T4 (~485 nm) are the e-hh and e-lh transitions of the 

CdSe cores, respectively.21, 109, 155, 181 Compared to the CdSe core, the CdTe crown absorption 

strength increases from CC1 to CC4, consistent with the increase of the crown size observed 

by TEM. All CC samples show a broad charge transfer (CT) band emission at ~660 nm.109, 155, 

181 The type-II band alignment of CdSe/CdTe CC colloidal NPLs can be estimated according 

to the bulk band edge positions of CdSe and CdTe, quantum confinement effect, self-image 

energy due to dielectric confinement effect, and the exciton binding energy due to Coulomb 

interaction.21, 61, 144-145  Because the band edge shifts due to exciton binding energy (~100 meV)  

and the self-image energy (~100 meV) almost cancel out each other, 21, 61, 145 we only consider 

the quantum confinement effect in this calculation. With this approximation, the ratio of the 

shifts of the conduction band (CB) to valence band (VB) edges is equal to the ratio of the hole 

to electron effective masses.21, 69, 144 The estimated CB and VB band edge positions of CdSe 

(CdTe) are at -3.4 eV (-3.1 eV) and -5.8 eV (-5.3 eV), respectively. The estimated light hole 

position is at -6.0 eV in CdSe and -5.6 eV in CdTe according to the energy difference between 

the e-hh and e-lh exciton peaks. The calculation details can be found in the Appendix 4.2. 
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Figure 4.2. CT exciton formation efficiency in CdSe/CdTe core/crown NPLs. (a) Comparison 

of normalized absorptance and PLE spectrum of CC2. (b) CT exciton formation efficiency of 

CC1 to CC4. 

 

4.2.2. Unity CT exciton formation efficiency.  

We first examined the crown-to-core exciton transport efficiency by 

photoluminescence excitation (PLE) spectroscopy. In CdSe/CdTe NPLs, the type II band 

alignment should drive excitons, regardless their initial locations in the core or crown, to the 

core/crown interface, where interfacial transfer of the electron to CdSe or hole to CdTe forms 

charge transfer (CT) excitons. The efficiency of forming CT excitons can be measured by the 

photoluminescence excitation (PLE) spectra that monitors CT band emission (~660 nm) 

intensity as a function of excitation wavelength. As shown in Figure 4.2a (CC2) and Figure 4.8 

in Appendix 4.3 (other samples), the PLE spectra agree well with the absorptance spectra. The 

a)	

b)	
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absorptance (1 − 10−Optical Density) represents the percentage of photons absorbed. Thus, the 

ratio of PLE to absorptance, as shown in Figure 4.2b, gives the CT exciton formation efficiency 

as a function of excitation wavelength (with the localization efficiency set to 1 when directly 

exciting the CT band). All CC NPL samples show an unity CT exciton formation efficiency, 

consistent with our previous work.109 The unity CT exciton formation efficiency indicates fast 

and efficient exciton and carrier transport and interfacial transfer prior to carrier trapping and 

charge recombination.  

 

4.2.3. Size dependent exciton in-plane transport.  

To determine the exciton transport mechanism in NPLs, we studied the crown size 

dependent CT exciton formation time by ultrafast pump-probe transient absorption (TA) 

spectroscopy in CC1 to CC4 at room temperature. All TA measurements were carried out with 

a low pump fluence (~4 µJ/cm2) to ensure single exciton conditions and negligible contribution 

of multi-exciton dynamics. Our recent TA studies on cadmium chalcogenides colloidal NPLs 

have shown that both exciton bleach of CdSe and CdTe are caused by electron state-filling on 

the CB levels.62, 69, 109 Hole state-filling contributions to the exciton bleach are negligible 

because of the mixing and degeneracy of denser hole levels in VB, similar to cadmium 

chalcogenide quantum dots (QDs) and nanorods (NRs).78, 110, 148, 183 Take CC2 as an example, 

the TA spectra of CC2 at 530 nm pump are shown in Figure 4.3a. At this excitation wavelength, 

only cold excitons at the band edge of CdTe crown are generated. The TA spectra show the 

recovery of CdTe exciton bleach, T1 (~555 nm) and T2 (~500 nm), and the accompany 

formation of CdSe exciton bleach, T3 (~512 nm) and T4 (~485 nm), and CT exciton bleach 

(~640 nm, inset of Figure 3a). The recovery of T1 and T2 bleach indicates the transfer of 

electron from the n=1 conduction band level of the crown and the corresponding growth of the 

T3, T4 and CT bleach indicates the increase of the population at the CdSe n=1 level.109 We 
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note that the energy difference between T1 and CT exciton (~292 meV) is approximately the 

CB band offset between CdTe and CdSe, which is consistent with the estimated values (~300 

meV) shown in Figure 4.1c.  

 

 

Figure 4.3. TA spectra and kinetics of CdSe/CdTe CC NPLs at 530 nm excitation. Inset: TA 

spectrum from 530 to 680 nm at 800-1000 ps. (a) The TA spectra of CC2 at different delay 

time. (b) Comparison of the T1S bleach decay kinetics of CC1 to CC4. Insets in b): expanded 

view of the kinetics (dots) with their multi-exponential fit (black lines) at early delay times 

(<3ps). (c) Comparison of the CT bleach formation kinetics of CC1 to CC4. Insets in (c): 
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expanded view of the kinetics (dots) with their 2D diffusion model fit (black lines) at early 

delay times (<3ps). 

 

To follow the kinetics of electron transfer from CdTe crown and arrival at the CdSe, we 

plot the T1-subtracted (see below) and CT kinetics Figure 4.3b and 4.3c, respectively, as a 

function of crown size. The CT bleach reflects the state-filling of the CdSe CB level. T1 signal 

contains both CdTe electron state-filling induced bleach and the charge-separated (CS) state 

signal. The latter appears as a derivative of the T1 exciton band and can be clearly seen in the 

spectra at long delay time (inset of Figure 4.3a), when CS feature dominates. The CS signal 

results from the shifting of the T1 exciton band in the presence of a CT exciton,62, 109-110 and its 

kinetics should be the same as CT exciton kinetics. Thus, to remove the contribution of CS 

state signal, we scaled the T1 and CT kinetics of CC1 to CC4 such that their scaled CT bleach 

after 20 ps have the same value (Figure 4.4), which corresponds to the generation of the same 

number CT excitons in these samples. We then subtracted the scaled CT kinetics from the 

scaled T1 kinetics to obtain the T1-subtracted (T1S) kinetics, which depends only on electron 

population at the n=1 CB level in the CdTe crown. As shown in Figure 4.3b, the T1S bleach 

recovers to zero within 15 ps, reflecting the completion of electron transport from CdTe. 

Corresponding to the T1S bleach recovery, the CT kinetics (Figure 4.3c) shows a growth on 

time scales consistent with the T1S bleach, reflecting the transport of electrons into CdSe. Both 

T1S and CT kinetics show clearly that the electron transport time increases with the crown size.  
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Figure 4.4. Normalized T1 and CT kinetics of (a) CC1, (b) CC2, (c) CC3, (d) CC4 at 530 nm 

pump. 

 

To obtain an effective time constant for the crown-to-core exciton transport, both T1S and 

CT kinetics were fit to multi-exponential functions (with convolution with instrument response 

function, IRF), as shown in the inset of Figure 4.3b and Figure 4.9 in Appendix 4.4. Because 

the decay of T1S kinetics and the formation of CT kinetics resulted from the same exciton 

transport process, they are constrained to the same bi-exponential functions (with a < 1ps and 

few ps component). The fitting details and parameters can be found in Appendix 4.4 (Table 

4.2). The averaged transport time constants obtained from the best fits increase from ~2.71 ps 

in CC1 to ~5.57 ps in CC4. It is important to note that because of the limited instrument 

response function, such ultrafast exciton transport process also leads to an initial amplitude of 

T1S bleach that decreases from CC4 to CC1 (see Figure 4.9 in Appendix 4.4).  
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4.2.4. 2D exciton diffusion model.  

 

 

Figure 4.5. 2D diffusional model for exciton transport. Schematic of CdSe/CdTe core/crown 

quantum well heterostructures used for solving the 2D exciton diffusion equations. The black 

arrows represent exciton transport with rate constant kx and the red arrows represent exciton 

interfacial dissociation with rate constant kXD. 

 

The overall crown-to-interface exciton localization time in CdSe/CdTe contains the 

contribution of exciton transport in the CdTe crown and electron transfer from CdTe to CdSe 

at the core/crown interface. Because the crown and core exciton peak positions are the same in 

CC1 to CC4 (Figure 4.1b), there is negligible crown size dependence in the band offset between 

the CdSe and CdTe and their interfacial structure. Thus, the interfacial electron transfer step 

should be crown size independent; and the measured crown size dependent exciton localization 

kinetics can only be caused by exciton transport within the crown.  Furthermore, because 
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ballistic transport time should be size independent, only diffusive exciton transport in the CdTe 

crown are considered here.  

To model the diffusive transport process, we fit the size dependent CT kinetics by 

solving the exciton 2D diffusion equation in CdSe/CdTe core/crown NPLs. Although the TA 

kinetics follows directly the CB electron signal, it should reflect motion of the exciton because 

the electron and hole are expected to move as a pair (exciton) on the CdTe crown as a result of 

the strong electron-hole Coulomb interaction in NPLs (with binding energy of ~100 eV).21, 61 

We assumed that excitons are generated by the pump randomly in the crown and diffuse 

classically with a diffusion constant DX in the CdTe crown. At the CdTe crown outer edges, 

excitons are reflected elastically back (with net flux=0). When excitons reach the core/crown 

interface, they dissociate with an exciton dissociation (XD) rate constant kXD. To solve the 

diffusion equations numerically, we assumed that the CdSe core is at the CC NPL center 

(Figure 4.5), and divided CdTe crown into square segments (Nij) with length ∆L, which was 

set to the 2D exciton of CdTe QWs Bohr radius (a2D). In bulk CdTe, the 3D exciton Bohr radius 

(a0), which represents the relative distance between electron-hole pair, is:153-154  

a0 =
4𝜋𝜀ℏ2

𝜇e2
      (4.1) 

where µ is the reduced mass of exciton: 

𝜇 =
memh

me + mh
     (4.2) 

where me and mh are electron and hole effective mass of bulk CdTe. Thus, 𝜇 is calculated as 

0.078m0 (m0 is free electron mass). 𝜀 is the relative dielectric constant of bulk CdTe as 10.3.184 

Then the a0 is calculated as 6.9 nm. If we consider the exciton as a quasi-2D hydrogen atom 

move only in the 2D plane, the 2D exciton Bohr radius (a2D) is equal to a quarter of 3D exciton 

Bohr radius of Bulk CdTe:153-154  
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a2D =
a0

4
    (4.3) 

which is calculated as 1.7 nm (=∆L). The exciton transport rate between segments was set as 

kx, which equals to DX/∆L2. Exciton recombination and trapping process are ignored in the 

diffusion equation because of the observed unity exciton transport efficiency. With kx and kXD 

as fitting parameters, we solved the exciton 2D diffusion equation numerically to yield the 

population kinetics of electrons in CdSe, which were used to fit the measured CT kinetics 

(Figure 4.3c inset and Figure 4.12 in Appendix 4.5) after proper convolution with IRF. 

Modeling details and fitting parameters and errors can be found in Appendix 4.5. Figure 4.3c 

inset and Figure 4.12 in Appendix 4.5 show that the CT kinetics is well fitted by the 2D 

diffusion model, indicating the exciton in-plane motion in CdTe crown can be well described 

as diffusive transport at room temperature. The fitting result yields an exciton diffusion 

constant of 2.5 ± 0.3 cm2/s in CdTe crown, similar to the diffusion constant in CdS colloidal 

NPLs (2.2 cm2/s) measured in Chapter 3.69 The exciton diffusion constant is smaller than the 

estimated value of bulk CdTe crystal (Dbulk,X =
𝜇𝑥kT

e
=6.7 cm2/s, where k is the Boltzmann 

constant, T=300 K, 𝜇x =
𝜇𝑒me+𝜇ℎmh

me+mh
, 𝜇e=880 cm2/V∙s and 𝜇h=90 cm2/V∙s are reported drift 

mobility of electron and hole in the bulk CdTe, respectively).62, 160, 185-186 The smaller diffusion 

constant in NPLs may be caused by extra scattering channels induced by large surface area of 

NPL nanostructures.70, 187-188 
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4.2.5. Hot exciton transport.  

 

Figure 4.6. Hot exciton transport. (a) Normalized T1S kinetics of CC1 at indicated excitation 

wavelength. The dashed lines are initial T1S bleach amplitude at 530 nm (blue), 510 nm (red), 

490 nm (green), and 400 nm (orange) exitation, obtained after de-convolution of the IRF, 

representing the number of cold excitons at band edge. (b) Comparison of normalized CT 

kinetics of CC1 at different pump wavelength. (c) The percentage of hot exciton transport in 

CC1 to CC4 as a function of crown sizes at 510 nm (blue circles), 490 nm (red squares), and 

400 nm (green triangles) pump. The dashed lines represented the estimated percentage of hot 

exciton transport according to 2D hot exciton diffusion model. (d) The effective hot exciton 

diffusion constant as a function of pump wavelength. The red dashed line represented the value 

of cold exciton diffusion constant. 
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To examine the role of hot exciton transport in NPLs at room temperature, we studied the 

transport dynamics as a function of excitation wavelength. It will be shown below that the 

contribution of hot exciton transport can be determined by comparing the relative amplitude of 

T1S exciton bleach when the same number of photons is absorbed. To do that, we normalize 

the TA signals measured at different excitation wavelengths for all samples to the same 

maximal CT bleach amplitude, which reflects the same number of CT excitons and same 

number of absorbed photons per NPL (because of the unity and wavelength independent 

transport efficiency determined by the PLE results shown in Figure 2). The resulting 

normalized kinetics of T1S and CT bands are shown in Figure 4.6a&b, respectively, for CC1 

and Figure 4.10 in Appendix 4.4 for CC2 to CC4. Negligible difference was observed in 

normalized CT kinetics (Figure 4.6b), confirming the formation of the same CT excitons in 

these CCs. The decay kinetics of the normalized T1S signal are also identical, although the 

initial amplitude and the formation time are excitation wavelength dependent. The normalized 

T1S bleach recovery kinetics probes the cold CB electrons at the n=1 level, which monitors the 

transport of thermalized excitons from the CdTe crown (because of the strong e-h binding in 

these materials). Its transport kinetics should be independent of excitation wavelength, as 

shown in Figure 4.6a and Figure 4.10d-f in Appendix 4.4.  

The observed normalized T1S bleach kinetics show amplitudes smaller than unity for two 

reasons: (1) the convolution of a finite instrument response time with fast transport of cold 

excitons, and (2) the presence of hot exciton transport, prior to the relaxation of CB electron to 

the n=1 level in CdTe. To separate the contributions of these two factors, we fitted the 

normalized T1S kinetics by multi-exponential function convoluted with IRF (see Eq. 4.6 in 

Appendix 4.4). Their decay components (both ratio and time constants) were fixed to the 

parameters obtained from the 530 nm pump results. The only fitting parameters are the 

formation time constants and the initial amplitudes (Aini) of normalized T1S kinetics. In this 
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analysis, we have assumed 100% thermalized exciton transport at 530 nm excitation, therefore, 

the initial amplitude of T1S at 530 nm pump was set to 1 (blue dashed line in Figure 4.6a). The 

initial amplitudes at other wavelengths obtained from the fit reflect the percentage of cold 

exciton transport and the percentage of hot exciton transport (HET) is calculated from (HET=1-

Aini). The best fit shows that the formation time of the normalized T1S bleach increases from 

0 fs at 530 nm to 107±10 fs at 400 nm (see Table 4.3 in Appendix 4.4). This rise time, reflecting 

the cooling time of the hot electron to the CdTe band edge, becomes slower at higher carrier 

excess energy, consistent with literature reports.69 The fit also reveals that the initial amplitude 

of normalized T1S becomes less than 1 and the percentage of hot exciton transport (HET) of 

CC1 increases at higher excitation energy (up to ~7.0% at 400 nm pump), as shown in Figure 

4.6a&c. Similar analysis of CC2 to CC4 samples (with larger crowns) shows decreasing HET 

in larger crown: from ~4% to ~2% at 400 nm pump (Figure 4.6c, Figure 4.10 and Table S4 in 

Appendix 4.4). This result suggests with increasing crown size, hot exciton transport becomes 

less competitive with fast exciton cooling in these materials and the transport is dominated by 

thermalized excitons at room temperature.  

To understand the mechanism of hot exciton transport, we modified the 2D exciton 

diffusion equations discussed above to include the effect of hot excitons. Although there exists 

a continuum of hot exciton states with different excess energies, we modeled the system with 

only two states: an average hot exciton state and a thermalized (cold) exciton state. The hot 

exciton transport diffusively in the crown with an effective diffusion constant, Dh, and this 

process competes with its relaxation to form cold exciton with a time constant 𝜏f. The hot 

exciton relaxation time is set to be the same as the formation time of cold excitons, which has 

been determined experimentally from the T1 bleach formation (see Table 4.3 in Appendix 4.4). 

When the hot exciton reaches to the core/crown interface, the electron is ionized from the hole 

in CdTe and transferred to the CdSe core region near the interface with a rate constant kI. The 
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electron transported to the core region can also diffuse along the interface and relax with time 

constants the same as for hot excitons in the crown. The ionized electron can also move back 

to the crown with a rate constant kB due to the Coulomb attraction, competing with their 

relaxation in the core region. The amount of transported hot excitons is calculated from the 

amount of hot electrons that thermalized in the core. Using Dh, kI, and kB as the fitting 

parameters, we fit the experimentally observed size dependent hot electron transfer quantum 

efficiency at each pump wavelength. The details of 2D hot exciton diffusion model can be 

found in Appendix 4.5. The crown size dependent HET obtained by 2D hot exciton diffusion 

model (dashed lines in Figure 4.6c) agrees reasonably well with our experimental data. As 

shown in Figure 4.6d, the fit also reveals that the hot exciton diffusion constants are larger at 

higher excitation photon energy: from 5.6±0.4 cm2/s at 510 nm pump to 8.6±0.5 cm2/s at 400 

nm pump, over 2-folds larger than cold exciton diffusion constant. This is consistent with 

higher exciton excessive energy at shorter pump wavelength observed in our previous work.69  

In Chapter 3, we showed that exciton diffusive transport from the CdS crown to CdSe core 

competes with hole trapping at the interface.69 Furthermore, the transfer efficiency increases at 

higher excitation energy above the CdS bandgap (from 70% at 400 nm to ~100% at 370 nm), 

also suggesting a role of hot exciton transport. Taken together, these results reveal that in CC 

colloidal NPLs of 10s nm in size, notable contributions of hot exciton transport can be observed 

at room temperature, even though cold exciton diffusive transport still dominates.  It is 

interesting to note the much more pronounced role of hot exciton transport in CdSe/CdS NPLs 

(up to 30% at 370 nm excitation). The key difference is that in CdSe/CdS the VB hole is also 

transferred across the interface while only the CB electron is transferred across the CdSe/CdTe 

interface. This likely indicates that excess hot hole energy is needed to overcome interfacial 

barriers/hole trapping in CdSe/CdS.69 In CdSe/CdTe, although excess hot electron energy 

increases the rate of exciton localization, it does not alter the overall efficiency, indicating 
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negligible barrier for interfacial electron transfer. It is interesting to compare exciton transport 

in CC NPLs to heterostructures of lower dimension: 0D core/shell QDs, 1D dot-in-rods and 

barbell heterostructures. For type-II CdSe/CdTe core/shell QDs, exciton is completely confined 

in all three dimensions, exciton transport is ballistic, leading to much faster (<1ps) formation 

of the CT exciton state.177, 189-190  In CdSe/CdS (type I and Quasi-type II) and CdSe/CdTe (type 

II) dot-in-rod nanorods, the wurtzite structure results in surface defects along the rod induced, 

which trap the  exciton and reduce the efficiency of exciton diffusive transport. 70, 175   

Our finding may also be relevant to a previous study of single CdSe quantum belts, in 

which it is shown that exciton radiative recombination probability is uniform over the length ( 

~1.2 𝜇 m ) of the quantum belt.182 This phenomenon can be attributed to a coherent 

delocalization of the exciton throughout the whole belt or via fast diffusion transport. Our 

studies suggest that the latter is the more likely mechanism. For example, the exciton diffusion 

constants on CdTe and CdS NPL crowns are near the values of bulk single crystals. Using the 

diffusion constant of 2.5 ± 0.3 cm2/s measured for the CdTe crown, we estimate that mean 

displacement length for 2D exciton diffusion can reach 0.6 m within 360 ps. Thus, it is 

possible that the spatial distribution of excitons on single quantum belts can become uniform 

through fast exciton diffusion, independent of the excitation location.182 Our result suggests 

that despite atomically uniform thickness, the wavefunction of exciton center-of-mass motion 

does not delocalize coherently over the entire NPL, indicating that there exist fluctuations of 

exciton energy in the lateral dimension. We speculate that this energetic variation may be 

caused by interaction of NPLs with surface ligand and surrounding solvent.  

The observation of hot exciton transport in CdSe/CdTe and CdSe/CdS NPLs differ from 

exciton transport mechanisms in more extensively studied multiple-quantum-well (MQW) 

materials grown by molecular beam epitaxy that consist of an active layer of few nanometers 

in thickness sandwiched by barrier layers. 64, 191-193 In these MQW materials exciton transport 
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at room temperature can be described by diffusion of thermalized excitons (i.e. classical 

transport), and non-classical transport (ballistic transport and hot exciton diffusion) becomes 

notable only at low temperature. The difference may be attributed to the very different lateral 

dimension studied in these materials. These previous studies of MQWs utilized PL imaging 

methods with sub-micrometer spatial resolution and investigated exciton transport across 

lateral dimensions of 100s nm to a few micrometers. It is likely that because of the relative 

smaller lateral dimension of NPLs (10s nm), the time scale of exciton transport starts to 

approach hot exciton relaxation, which increases the contribution of hot exciton transport at 

room temperature.  

 

4.3. Conclusion 

In summary, exciton in-plane transport mechanisms in colloidal nanoplatelets have been 

studied in four CdSe/CdTe core/crown type II heterostructures of the same core and varying 

crown size at room temperature. Excitons generated in the CdTe crown are transported to the 

core/crown interface to form charge transfer (CT) excitons (in which the electron in the CdSe 

core is bound to the hole in the CdTe crown). PLE measurements reveal a unity crown to CT 

exciton exciton transport efficiency, independent of the CdTe crown size, suggesting efficient 

transport prior to exciton trapping or recombination. At near band edge excitation (530 nm), 

TA spectroscopy studies show that exciton in-plane transport time increases in larger crowns 

(from 2.7 ps in CC1 to 5.6 ps in CC4). This size dependence can be well described by 2D 

diffusive transport of thermalized excitons with a diffusion constant of 2.5 ± 0.3 cm2/s (about 

a factor of 1.6 times smaller than the bulk value).  At excitation energy above the band edge, 

TA studies reveal a minor contribution of hot excitons (up to 7 % of the total excitons at 400 

nm excitation in CC1) with diffusion constant that are over twice that of cold excitons. The 

contribution of hot excitons decreases with increasing NPL sizes and decreasing excess 
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excitation photon energy. These results indicate that diffusive transport of thermalized exciton 

dominates in-plane motion in CdTe crown at room temperature in NPLs of 10s nm in size. This 

ultrafast and efficient diffusive transport of hot and cold excitons to the type II interface in 

cadmium chalcogenide colloidal NPLs suggests their potential for light harvesting 

applications. 
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Appendix 4.1  

The TEM images and lateral sizes of samples 

 

Figure 4.7. (a) The TEM images of CdSe core. The HAADF-STEM images with EDX 

mapping of (b) CC1, (c) CC2, (d) CC3, (e) CC4. In core/crown samples, CdTe crown and CdSe 

core were shown in purple and green, respectively. 

 

Table 4.1. The length, width, and area with errors of CdSe core and CC NPLs 

 Length/nm Width/nm NPL Area/nm2 Crown area/nm2 

CdSe core 13.9±2.7 9.7±1.4 134.8±31.7 – 

CC1 38.9±3.8 17.5±4.0 680.8±177.7 546.0±146.0 

CC2 52.1±6.8 17.6±4.1 917.0±262.1 782.2±230.4 
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CC3 54.4±5.4 26.3±6.0 1430.7±363.2 1295.9±331.5 

CC4 58.2±7.1 28.1±7.0 1635.4±481.6 1500.6±449.9 
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Appendix 4.2  

Type-II band alignment estimation 

The band alignment of CdSe/CdTe CC colloidal NPLs were calculated from their bulk 

band-gap and the 1D quantum confinement effect as described in the main text. The band edge 

position (relative to vacuum) were calculated by the following equations: 

ECB = Ebulk,CB +
mh

me + mh
(EX − Eg)   (4.4) 

EVB = Ebulk,VB −
me

me + mh
(EX − Eg)   (4.5) 

where ECB and EVB are conduction band (CB) and valence band (VB) edge positions of 

colloidal NPLs, respectively. The Ebulk,CB and Ebulk,VB are CB and VB edge position in bulk 

crystals, respectively. me and mh are effective mass of electron and hole, respectively. EX 

represents the first exciton peak energy of colloidal NPLs and Eg is the bulk band gap.  

The CB (VB) edge position of bulk CdSe and bulk CdTe is -4.0 eV (-5.7 eV) and -3.7 eV 

(-5.2 eV), respectively.194-195 This results in the bulk bandgap of 1.7 eV in CdSe and 1.5 eV in 

CdTe. The effective mass of electron (hole) is 0.13m0 (0.45m0) in bulk CdSe,195-196  and 0.1m0 

(0.35m0) in bulk CdTe,195 where m0 is the free electron mass. Thus, the CB and VB band edge 

position of CdSe (CdTe) colloidal NPLs were calculated roughly as -3.4 eV (-3.1 eV) and -5.8 

eV (-5.3 eV), respectively. The light hole position can be calculated as -6.0 eV in CdSe and -

5.6 eV in CdTe colloidal NPLs according to the energy difference between the e-hh and e-lh 

exciton peaks. 
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Appendix 4.3  

Comparison of Absorptance and PLE spectra  

 

Figure 4.8. The comparison of normalized absorptance and PLE spectra of (a) CdSe core, (b) 

CC1, (c) CC3, and (d) CC4. 
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Appendix 4.4 

Transient absorption bleach kinetics and the fits 

The T1S kinetics of all samples were obtained by subtracting normalized CT kinetics from 

T1 kinetics as described in Chapter 4.2.3. We fitted both T1S and CT kinetics of all samples 

within 1 ns at 530 nm pump by multi-exponential functions convoluted with instrument 

response function (IRF, ~150 fs) using the same set of parameters: 

T1S(t) = Ainitial[e
−

t

𝜏𝑓 − a1 ∙ e
−

t

𝜏1 − a2 ∙ e
−

t

𝜏2]⊗IRF  (4.6) 

CT(t) = Amax[(a1 ∙ e
−

t

𝜏1 + a2 ∙ e
−

t

𝜏2) − b1 ∙ e
−

t

𝜏3 − b2 ∙ e
−

t

𝜏4]⊗IRF  (4.7) 

where 𝜏𝑓 is the formation time constant of T1S kinetics, which is fixed as 0 fs due to band edge 

excitation. a1, a2 (𝜏1, 𝜏2) are the two exciton transport components (time constant), which were 

shown as decay in T1S and growth in CT kinetics, respectively. b1, b2 (𝜏3, 𝜏4) are the two CT 

kinetics decay components (time constants), representing the CT exciton recombination 

process. The area weighted average lifetime (𝜏ave) of exciton transport process was calculated 

as: 

𝜏ave =
a1𝜏1

2 + a2𝜏2
2

a1𝜏1 + a2𝜏2
     (4.8) 

The fitting parameters and errors were listed in Table 4.2, and the fitting results were shown in 

Figure 4.9. We also plotted the same multi-exponential functions for fitting T1S and CT 

kinetics without convolution with IRF as gray dashed lines in Figure 4.9. Compared to the fit 

with (black solid lines) and without (gray dashed lines) convolution, we clearly observed that 

the fast decay components (<1 ps) of in T1S kinetics were missing due to the limited instrument 

response function; while the fit with or without convolution of CT kinetics remained the same 

with a negligible difference at time zero.  
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Table 4.2. The fitting parameters and errors of bleach kinetics at 530 nm pump 

 CC1 CC2 CC3 CC4 

𝜏𝑓/fs 0±10 0±10 0±10 0±10 

𝜏1/ps 

(a1) 

0.72±0.07 

(0.90±0.03) 

0.94±0.05 

(0.88±0.02) 

1.06±0.05 

(0.89±0.03) 

1.38±0.08 

(0.86±0.01) 

𝜏1/ps 

(a2) 

5.24±0.85 

(0.10±0.03) 

7.25±0.68 

(0.12±0.02) 

8.19±0.61 

(0.11±0.03) 

9.34±1.07 

(0.14±0.02) 

𝜏ave/ps 2.71 4.11 4.56 5.57 

𝜏3/ps 

(b1) 

25.7±5.0 

(0.35±0.06) 

25.7±5.0 

(0.35±0.06) 

25.7±5.0 

(0.35±0.06) 

25.7±5.0 

(0.35±0.06) 

𝜏4/ps 

(b2) 

2151±608 

(0.65±0.06) 

2151±608 

(0.65±0.06) 

2151±608 

(0.65±0.06) 

2151±608 

(0.65±0.06) 
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Figure 4.9. T1S kinetics (red dots) and their fits (black lines) of (a) CC1, (b) CC2, (c) CC3, 

(d) CC4; and CT kinetics (orange dots) and their fits with (black lines) of (e) CC1, (f) CC2, (g) 

CC3, (h) CC4. All kinetics were measured at 530 nm excitation. Also shown are fit functions 

(dashed line) without convolution with instrument response. 

 

The T1S kinetics of CC1 to CC4 at different pump wavelength were normalized as in the 

main text. They were fitted by Eq. 4.6, and all the fitting parameters were fixed as in Table 4.2 

except for the formation time constant and initial amplitude (Ainitial). The best fitted formation 

time constant and errors at different pump wavelength were listed in Table 4.3. The normalized 
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T1S and CT kinetics of CC1 to CC4 at different pump wavelength were plotted in Figure 4.6 

and 4.10. The percentage of hot exciton transport (HET) of CC1 to CC4 at different excitation 

wavelength were shown in Table 4.4. 

 

Table 4.3. The formation time constants and errors of T1S kinetics at different pump 

 400 nm 490 nm 510 nm 530 nm 

𝜏𝑓/fs 107±10 55±10 40±10 0±10 

 

 

Figure 4.10. (a-c) The comparison of normalized T1S kinetics of (a) CC2, (b) CC3, (c) CC4 

at different pump wavelength. Horizontal dashed lines are the initial amplitude of T1S bleach 
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at different pump wavelength. (d-f) The comparison of normalized CT kinetics of (d) CC2, (e) 

CC3, (f) CC4 at different pump wavelength. 

 

Table 4.4. The percentage of hot exciton transport (HET) at different pump 

 400 nm pump 490 nm pump 510 pump 

CC1 HET /% 7.0±0.5 3.2±0.5 3.1±0.5 

CC2 HET /% 4.5±0.5 1.9±0.5 1.4±0.5 

CC3 HET /% 2.8±0.5 1.4±0.5 1.2±0.5 

CC4 HET /% 2.3±0.5 0.5±0.5 0.5±0.5 
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Appendix 4.5 

2D exciton diffusion model 

 

Figure 4.11. Schematic of CdSe/CdTe core/crown NPL heterostructures used for solving the 

2D cold exciton diffusion equations numerically. 

 

According to rectangular shape for both core and the crown, we put length along x-axis 

and the width along y-axis with the CdSe core at the center of NPL as shown in Figure 4.11. 

The length (width) for the core and the crown were set as Lcore (Wcore) and Lcrown (Wcrown), 

respectively, the exact value of which for all samples were listed in Table 4.1. The CdSe/CdTe 

CC NPL can be divided into four areas: the core area, the crown area, the edges of crown, and 

the core/crown interface. We consider free excitons (with density N) in CdTe crown with 

diffusion constant DX in both x and y direction according to the homogeneous environment for 

2D excitons in NPLs. At the interface, these excitons dissociate (XD) and transfer electrons 

into CdSe with rate kXD. At crown outer edges, no excitons can diffuse outside the crown so 

that the flux crossing the edges were set to zero.  
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Typically, in crown region, the excitons diffuse following the 2D diffusion equation: 

dN(x, y, t)

dt
= DX(

∂2N

∂x2
+

∂2N

∂y2
)   (4.9) 

At the interface: 

dN (x =
Lcrown − Lcore

2  or
Lcrown + Lcore

2  , y, t)

dt
= DX (

∂2N

∂x2
+

∂2N

∂y2
) − kN   

where 
Wcrown − Wcore

2
< y <

Wcrown + Wcore

2
 (4.10) 

dN (x, y =
Wcrown − Wcore

2 or
Wcrown + Wcore

2 , t)

dt
= DX (

∂2N

∂x2
+

∂2N

∂y2
) − kN   

where 
Lcrown − Lcore

2
< x <

Lcrown + Lcore

2
 (4.11) 

At crown edges: 

∂N(x = 0 or Lcrown, y, t)

∂x
= 0  (4.12) 

∂N(x, y = 0 or Wcrown, , t)

∂y
= 0  (4.13) 

In CdSe core:  

dNXD(t)

dt
= kN(x, y, t) (x, y ∈ interface) (4.14) 

Those equations can be solved numerically by dividing the CdTe crown into square segments 

as shown in Figure 4.11 under the following approximation for derivatives: 

D
∂2N

∂x2
= D lim

∆L→0

N(x + ∆L, y, t) − N(x, y, t)
∆L −

N(x, y, t) − N(x − ∆L, y, t)
∆L

∆L

≅ D
N(x + ∆L, y, t) + N(x − ∆L, y, t) − 2N(x, y, t)

∆L2
   (4.15) 
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D
∂2N

∂y2
= D lim

∆L→0

N(x, y + ∆L, t) − N(x, y, t)
∆L −

N(x, y, t) − N(x, y − ∆L, t)
∆L

∆L

≅ D
N(x, y + ∆L, t) + N(x, y − ∆L, t) − 2N(x, y, t)

∆L2
   (4.16) 

The CC NPLs were divided into k×l square segments, in particular, 24×10, 30×10, 32×15, 

34×16 segments with a core at the center (8×6 segments) for CC1 to CC4, respectively. The 

segment length was set to 2D exciton Bohr radius of CdTe as 1.7 nm. The exciton density in 

each segment was Nij, whose order were shown in Figure 4.11. Then, the diffusion equations 

for segments were divided into four parts, the segments at the crown edges, the segments along 

the interface, the rest crown segments, and the CdSe core. 

For the segment at the crown edges: 

dN11(t)

dt
= kX(N12(t) + N21(t) − 2N11(t))  (4.17) 

dN1j(t)

dt
= kX (N1,j+1(t) + N1,j−1(t) + N2,j(t) − 3N11(t)) (j from 2 to l − 1)  (4.18) 

dN1l(t)

dt
= kX(N1,l−1(t) + N2l(t) − 2N1l(t))  (4.19) 

dNi1(t)

dt
= kX (Ni−1,1(t) + Ni+1,1(t) + Ni2(t) − 3Ni1(t)) (i from 2 to k − 1)  (4.20) 

dNil(t)

dt
= kX(Ni−1,1(t) + Ni+1,1(t) + Ni,l−1(t) − 3Nil(t))  (i from 2 to k − 1)  (4.21) 

dNk1(t)

dt
= kX(Nk−1,1(t) + Nk2(t) − 2Nk1(t))  (4.22) 

dNkj(t)

dt
= kX(Nk,j+1(t) + Nk,j−1(t) + Nk−1,j(t) − 3Nkj(t)) (j from 2 to l − 1)  (4.23) 

dNkl(t)

dt
= kX(Nk−1,l(t) + Nk,l−1(t) − 2Nkl(t))  (4.24) 

For the segments along the interface start near Nuv:  
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dNuj(t)

dt
= kX (Nu−1,j(t) + Nu,j−1(t) + Nu,j+1(t) − 3Nuj(t))

− kXDNuj(t)  (j from v + 1 to v + 8)  (4.25) 

dNiv(t)

dt
= kX (Ni−1,v(t) + Ni+1,v(t) + Ni,v−1(t) − 3Niv(t))

− kXDNiv(t)  (i from u + 1 to u + 6)  (4.26) 

dNi,v+9(t)

dt
= kX (Ni−1,v(t) + Ni+1,v(t) + Ni,v+10(t) − 3Ni,v+9(t))

− kXDNi,v+9(t)  (i from u + 1 to u + 6)  (4.27) 

dNu+7,j(t)

dt
= kX (Nu+8,j(t) + Nu+7,j−1(t) + Nu+7,j+1(t) − 3Nu+7,j(t))

− kXDNu+7,j(t)  (j from v + 1 to v + 8)  (4.28) 

For the rest crown segments: 

dNij(t)

dt
= kX (Ni−1,j(t) + Ni+1,j(t) + Ni,j−1(t) + Ni,j+1(t) − 4Nij(t))  (i, j

∈ other crown segments)  (4.29) 

For CdSe core, the density of dissociated excitons, NXD: 

dNXD

dt
= ∑ kXD[Nuj(t) + Nu+7,j(t)]

v+8

j=v+1

+ ∑ kXD[Niv(t) + Ni,v+9(t)]

u+6

i=u+1

   (4.30) 

where kX = DX/∆L2. We assume at time zero, single exciton was generated randomly on CdTe 

crown, meaning each crown segment has the same exciton density at t = 0: 

Nij(0) =
1

𝑛
   (4.31) 

n is the number of crown segments, which equals the total CC NPL segments subtract the CdSe 

core segments: 𝑘 × 𝑙 − 48. 

The solution of these equations gave the NXD(𝑡), which reflected the exciton transport 

kinetics and was convoluted with IRF and fitted the CT kinetics: 
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CT(t) = NXD(𝑡)⊗IRF  (4.32) 

The best fits were shown in Figure 4.3c inset and 4.12 with kX as 90±10 ps-1 and kXD as 100±12 

ps-1. The kXD is very large due to the ultrafast exciton dissociation at the interface, consistent 

with our recent estimation in CdS nanorods.70 The DX of CdTe crown was calculated from 

kX = DX/∆L2 as 2.5 ± 0.3 cm2/s.  

 

 

Figure 4.12. The CT kinetics at 530 nm pump of (a) CC1, (b) CC2, (c) CC3, (d) CC4 and the 

fit using 2D diffusion model. 
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Figure 4.13. Schematic of CdSe/CdTe core/crown NPL heterostructures used for solving the 

2D hot exciton diffusion equations numerically. 

 

Similarly, we also simulated the hot exciton transport process at shorter pump wavelength 

by considering an effective hot exciton species transports diffusively with an effective diffusion 

constant, Dh, in the crown. The hot exciton can also relax to form cold exciton with an effective 

relaxation time 𝜏f that is determined experimentally (Table 4.3). As shown in Figure 4.13, we 

divided the CC NPLs into four areas: the crown edges, the core/crown interface, the core region 

near the interface (orange area), and the rest of the crown region. The hot exciton was generated 

randomly in the crown at t=0. The hot exciton diffused between segments with a rate constant: 

kh = Dh/∆L2, and decayed to cold exciton in each segment with a rate constant: kf = 1/𝜏f. 

When the hot exciton reached to the core/crown interface, the electron in the exciton can be 

ionized into the core region near the interface with a rate constant kI, the ionized electron in 

core region can also move back to the crown at the interface with a rate constant kB before it is 

relaxed. We ignored the hole crown-to-core transfer at the interface due to the massive VB 
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offset. We assumed the ionized electron in core region have the same relaxation rate, kf, and 

diffusion rate, kh, as hot exciton in the crown, and it cannot move deeper inside the core due 

to its Coulomb interaction with the hole at the interface.  

For the segment at the crown edges: 

dN11(t)

dt
= kh(N12(t) + N21(t) − 2N11(t)) − kf N11(t) (4.33) 

dN1j(t)

dt
= kh (N1,j+1(t) + N1,j−1(t) + N2,j(t) − 3N11(t))

− kf N1j(t) (j from 2 to l − 1)  (4.34) 

dN1l(t)

dt
= kh(N1,l−1(t) + N2l(t) − 2N1l(t)) − kf N1l(t)  (4.35) 

dNi1(t)

dt
= kh (Ni−1,1(t) + Ni+1,1(t) + Ni2(t) − 3Ni1(t))

− kf Ni1(t) (i from 2 to k − 1)  (4.36) 

dNil(t)

dt
= kh(Ni−1,1(t) + Ni+1,1(t) + Ni,l−1(t) − 3Nil(t))  

− kf Nil(t) (i from 2 to k − 1)  (4.37) 

dNk1(t)

dt
= kh(Nk−1,1(t) + Nk2(t) − 2Nk1(t)) − kf Nk1(t)  (4.38) 

dNkj(t)

dt
= kh(Nk,j+1(t) + Nk,j−1(t) + Nk−1,j(t) − 3Nkj(t)) − kf Nkj(t)    (j from 2 to l

− 1)  (4.39) 

dNkl(t)

dt
= kh(Nk−1,l(t) + Nk,l−1(t) − 2Nkl(t)) − kf Nkl(t)  (4.40) 

For the crown segments along the core/crown interface start near Nuv:  

dNu,v+1(t)

dt
= kh (Nu,v(t) + Nu,v+2(t) + Nu−1,v+1(t) − 3Nu,v+1(t)) − (kf + kI)Nu,v+1(t)

+ kBNu+1,v+1(t)   (4.41) 



108 

 

dNuj(t)

dt
= kh (Nu−1,j(t) + Nu,j−1(t) + Nu,j+1(t) − 3Nuj(t)) − (kf + kI)Nuj(t)

+ kBNu+1,j(t) (j from v + 2 to v + 7)  (4.42) 

dNu,v+8(t)

dt
= kh (Nu,v+7(t) + Nu,v+9(t) + Nu−1,v+8(t) − 3Nu,v+8(t)) − (kf + kI)Nu,v+8(t)

+ kBNu+1,v+8(t)   (4.43) 

dNu+1,v(t)

dt
= kh (Nu,v(t) + Nu+1,v−1(t) + Nu+2,v(t) − 3Nu+1,v(t)) − (kf + kI)Nu+1,v(t)

+ kBNu+1,v(t)   (4.44) 

dNiv(t)

dt
= kh (Ni−1,v(t) + Ni+1,v(t) + Ni,v−1(t) − 3Niv(t)) − (kI + kf)Niv(t)

+ kBNi,v+1(t)  (i from u + 2 to u + 5)  (4.45) 

dNu+6,v(t)

dt
= kh (Nu+5,v(t) + Nu+7,v(t) + Nu+6,v−1(t) − 3Nu+6,v(t)) − (kf + kI)Nu+6,v(t)

+ kBNu+1,v+1(t)   (4.46) 

dNu+1,v+9(t)

dt
= kh (Nu,v+9(t) + Nu+2,v+9(t) + Nu+1,v+10(t) − 3Nu+1,v+9(t))

− (kf + kI)Nu+1,v+9(t) + kBNu+1,v+8(t)   (4.47) 

dNi,v+9(t)

dt
= kh (Ni+1,v+9(t) + Ni−1,v+9(t) + Ni,v+10(t) − 3Ni,v+9(t)) − (kI + kf)Ni,v+9(t)

+ kBNi,v+8(t)  (i from u + 2 to u + 5)  (4.48) 

dNu+6,v+9(t)

dt
= kh (Nu+5,v+9(t) + Nu+7,v+9(t) + Nu+6,v+10(t) − 3Nu+6,v+9(t))

− (kf + kI)Nu+6,v+9(t) + kBNu+1,v+8(t)   (4.49) 

dNu+7,v+1(t)

dt
= kh (Nu+7,v(t) + Nu+7,v+2(t) + Nu+8,v+1(t) − 3Nu+7,v+1(t))

− (kf + kI)Nu+7,v+1(t) + kBNu+6,v+1(t)   (4.50) 
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dNu+7,j(t)

dt
= kh (Nu+8,j(t) + Nu+7,j−1(t) + Nu+7,j+1(t) − 3Nu+7,j(t)) − (kf + kI)Nu+7.j(t)

+ kBNu+6,j(t) (j from v + 2 to v + 7)  (4.51) 

dNu+7,v+8(t)

dt
= kh (Nu+7,v+7(t) + Nu+7,v+9(t) + Nu+8,v+8(t) − 3Nu+7,v+8(t))

− (kf + kI)Nu+7,v+8(t) + kBNu+6,v+8(t)   (4.52) 

For the core segments near the interface (orange area): 

dNu+1,v+1(t)

dt
= kh (Nu+1,v+2(t) + Nu+2,v+1(t) − 2Nu,v+1(t)) − (kf + 2kB)Nu,v+1(t)

+ kI(Nu,v+1(t) + Nu+1,v(t))   (4.53) 

dNu+1,j(t)

dt
= kh (Nu+1,j+1(t) + Nu+1,j−1(t) − 2Nu+1,j(t)) − (kf + kB)Nuj(t)

+ kINu,j(t) (j from v + 2 to v + 7)  (4.54) 

dNu+1,v+8(t)

dt
= kh (Nu+1,v+7(t) + Nu+2,v+8(t) − 2Nu+1,v+7(t)) − (kf + 2kB)Nu+1,v+8(t)

+ kI(Nu,v+8(t) + Nu+1,v+9(t))   (4.55) 

dNi,v+1(t)

dt
= kh (Ni+1,v+1(t) + Ni−1,v+1(t) − 2Ni,v+1(t)) − (kf + kB)Ni,v+1(t)

+ kINi,v(t) (i from u + 2 to u + 5)  (4.56) 

dNi,v+8(t)

dt
= kh (Ni+1,v+8(t) + Ni−1,v+8(t) − 2Ni,v+8(t)) − (kf + kB)Ni,v+8(t)

+ kINi,v+9(t) (i from u + 2 to u + 5)  (4.57) 

dNu+6,v+1(t)

dt
= kh (Nu+5,v(t) + Nu+6,v+2(t) − 2Nu+6,v+1(t)) − (kf + 2kB)Nu+6,v+1(t)

+ kI(Nu+6,v(t) + Nu+7,v+1(t))   (4.58) 

dNu+6,j(t)

dt
= kh (Nu+6,j+1(t) + Nu+6,j−1(t) − 2Nu+6,j(t)) − (kf + kB)Nu+6,j(t)

+ kINu+7,j(t) (j from v + 2 to v + 7)  (4.59) 
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dNu+6,v+8(t)

dt
= kh (Nu+6,v+7(t) + Nu+5,v+8(t) − 2Nu+6,v+8(t)) − (kf + 2kB)Nu+6,v+8(t)

+ kI(Nu+7,v+8(t) + Nu+6,v+9(t))   (4.60) 

For the rest crown segments: 

dNij(t)

dt
= kh (Ni−1,j(t) + Ni+1,j(t) + Ni,j−1(t) + Ni,j+1(t) − 4Nij(t))  (i, j

∈ other crown segments)  (4.61) 

Transported hot exciton (Nh) was calculated as the percentage of the relaxed ionized electron 

in the core region near the interface: 

dNh

dt
= ∑ kf[Nu+1,j(t) + Nu+6,j(t)]

v+8

j=v+1

+ ∑ kf[Ni,v+1(t) + Ni,v+8(t)]

u+5

i=u+2

   (4.62) 

We solved the diffusion equations above numerically and used Eq. 4.62 to fit the 

percentage of hot exciton transport (HET) of CC1 to CC4 at different pump wavelength (as 

listed in Table 4.4) by tuning the kh, kI, and kB. The simulated hot exciton transport kinetics of 

CC1 to CC4 at different pump wavelength according to Eq. 4.62 are shown in Figure 4.14. The 

fitting parameters and errors with estimated percentage of hot exciton transport (HET, Est) are 

listed in Table 4.5. 

 

 

Figure 4.14. The simulated hot exciton transport kinetics of CC1 to CC4 at (a) 510 nm, (b) 490 

nm, and (c) 400 nm excitation. 
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Table 4.5. The fitting parameters and errors with the estimated HET /% 

 510 nm pump 490 nm pump 400 nm pump 

kh/ps-1 200±12 230±13 308±16 

Dh/(cm2/s) 5.6±0.4 6.4±0.4 8.6±0.5 

kI/ps-1 100±10 103±10 291±15 

kB/ps-1 330±20 330±20 330±20 

CC1 HET, Est /% 3.1±0.2 3.2±0.2 7.0±0.3 

CC2 HET, Est /% 2.3±0.2 2.4±0.2 5.4±0.3 

CC3 HET, Est /% 1.4±0.2 1.5±0.2 3.5±0.3 

CC4 HET, Est /% 1.2±0.2 1.3±0.2 3.1±0.3 
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Chapter 5. Area- and Thickness-Dependent Biexciton Auger 

Recombination in CdSe Nanoplatelets 

 

Reproduced with permission from Nano Lett. 2017, 17, 3152. Copyright 2017 American 

Chemical Society. 

 

5.1. Introduction 

Compared to zero-dimensional (0D) quantum dots (QDs) and one-dimensional (1D) 

nanorods (NRs), two-dimensional (2D) zinc-blend CdSe nanoplatelets (NPLs) have sharper 

absorption and emission peaks (due to a more uniform quantum confinement), larger 

absorption cross-section (due to larger lateral dimension), and larger radiative decay rate (due 

to strong dielectric confinement).19-21, 26, 31 Owing to these novel properties, CdSe NPLs have 

shown great potentials as low gain threshold lasing materials.30-34, 146 Optical gain threshold is 

determined in part by the lifetime of multiple exciton states.31 Multi-excitons decay 

predominantly by Auger recombination, in which an electron-hole pair recombines non-

radiatively by exciting a third particle (electron or hole) to a higher energy level to conserve 

energy and momentum.16, 30-33, 95, 146, 197-198 In addition to its importance in lasing applications, 

Auger recombination of excitons also affects many other important properties of 

semiconductors, such as carrier multiplication,29, 80, 82, 84, 90, 199-201 and multi-exciton 

dissociation.76, 78-79 However, unlike Auger recombination times in QDs and NRs, which have 

been reported to follow “universal volume scaling law”,29, 90, 96-99 the dependence of Auger 

recombination time on size, thickness and volume in 2D NPLs and other 2D materials remains 

unclear. Further study of Auger recombination in CdSe NPLs is required for both fundamental 
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understanding of exciton-exciton interaction in low dimensional materials and rational material 

engineering for better lasing and other applications. 

In this chapter, we report a systematic study of the dependence of biexciton Auger 

recombination lifetime on the lateral size and thickness of CdSe NPLs at room temperature via 

transient absorption (TA) spectroscopy. We show that the biexciton Auger lifetime increases 

linearly with the lateral area for NPLs of the same thickness but depends much more strongly 

on the thickness d (scaling nearly linearly with d7). The biexciton Auger lifetimes do not show 

a simple dependence on NPL volumes, inconsistent with the “universal volume scaling law” 

reported for QDs. 29, 90, 96-99 The observed dependence can be well explained by a model that 

accounts for both lateral size dependent collision frequency and thickness dependent Auger 

recombination probability.  

 

5.2. Results and Discussion  

5.2.1. Sample characterization 

 

Figure 5.1. TEM images of (a) 3MLb, (b) 4MLc, and (c) 5MLb CdSe NPL samples. (d) 

Absorption spectra of CdSe NPLs. (e) Schematic energy levels of CdSe NPLs. 
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The colloidal zinc-blend CdSe NPLs with different thicknesses and lateral sizes were 

synthesized following reported procedures with slight modifications.21 The thickness of CdSe 

NPLs was tuned by changing the amount of Cd precursors and synthesis temperature while the 

lateral size was mainly controlled by the reaction time. Because of zinc-blend structure, NPLs 

with n monolayers (MLs) of CdSe contain n Se layers and n+1 Cd layers, with Cd as the 

terminating layers. NPLs with 3, 4, 5 CdSe MLs were prepared, which correspond to 

thicknesses of ~1.5, ~1.8 and ~2.1 nm, respectively.21, 32, 143, 165. For each thickness, NPLs with 

different lateral area (x) were also prepared, producing a set of samples labeled as nMLx (n=3, 

x=a, b; n=4, x=a-d; n=5, x=a, b).  TEM images of 3MLb, 4MLc and 5MLb are shown in Figure 

5.1a, 5.1b, and 5.1c, respectively, and TEM images of all other samples are shown in Figure 

5.4 in Appendix 5.1. These images show that the NPLs have approximately rectangular shapes 

with length and width ranging from 11.9±2.1 to 32.6±3.5 nm, and from 4.8±1.0 to 10.6±2.9 

nm, respectively (see Table 5.1 in Appendix 5.1 for details). The thickness of these samples 

was determined from the exciton peak positions in their UV-Vis absorption spectra (see below).  

The UV-Vis absorption spectra (Figure 5.1d) show sharp A exciton (~460, ~512, ~546 

nm) and B exciton (~431, ~480, ~520 nm) peaks for 3, 4, 5 ML CdSe NPLs, respectively. 

These exciton bands can be attributed to electron-heavy hole (e-hh) and electron-light hole (e-

lh) exciton transitions, respectively.21 The conduction (CB) and valence (VB) band edge 

positions of these NPLs can be estimated from these exciton peak positions, reported bulk band 

edge and band gap (Eg), and estimated electron (Ek(e))  and hole (Ek(h)) quantum confinement 

energy, as shown in Figure 5.1e.21, 61, 144-145 Similar to the estimation in Chapter 3&4, the 

estimated conduction band (CB) and valence band (VB) edge positions for 3ML, 4ML, and 

5ML CdSe NPLs are -3.20 eV, -3.41 eV, -3.53 eV, and -5.87 eV, -5.82 eV, -5.79 eV, 

respectively. The light hole levels for 3ML, 4ML, and 5ML NPLs are calculated as -6.05 eV, 



115 

 

-5.96 eV, and -5.91 eV, respectively, according to the energy difference between A and B 

exciton (see Appendix 5.2 for details). 

 

 

Figure 5.2. Transient absorption (TA) spectra and kinetics of 5MLb NPLs. TA spectra at (a) 

early delay time (2-4 ps) and (b) long delay time (800-1000 ps) at indicated pump fluences. (c) 

A exciton bleach kinetics at indicated pump fluences. (d) Normalized A exciton bleach 

amplitude at early (2-4 ps, blue circles) and long (800-1000 ps, red circles) delay times. The 

solid line shows a fit to the probability of excited NPLs at long delay time (800-1000 ps) 

according to a Poisson distribution model (see Appendix 5.3). The dashed line represents the 

initial average number of excitons per NPL as a function of pump fluence. (e) Comparison of 

normalized A exciton kinetics at low pump fluences (<20 𝜇J/cm2). These kinetics have been 

scaled to the same amplitude at long delay time (800-1000ps). (f) Biexciton decay kinetics 

(circles) and fit (solid line). 

 

5.2.2. Transient absorption spectroscopy on colloidal CdSe NPLs  

To quantify biexcitons Auger recombination time, we carried out TA study of exciton 

dynamics in CdSe NPLs (dissolved in hexane) as a function of lateral sizes and thicknesses at 
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room temperature. Figure 5.2a shows the TA spectra of 5MLb sample at different pump 

fluences at early delay time (tE at 2-4 ps). At tE, the exciton bleach amplitude reaches the 

maximum, because hot excitons have relaxed to the band edge and multi-exciton recombination 

is negligible. According to our previous work on cadmium chalcogenide NPLs, both A (~546 

nm) and B (~515 nm) exciton bleach signals are due to the electron state-filling at the CB edge, 

directly probing the dynamics of CB edge electrons.62, 69, 109 The contribution of VB hole state-

filling to the exciton bleach signals is negligible due to degeneracy and strong mixing between 

denser VB hole levels, similar to cadmium chalcogenide quantum dots and nanorods.78, 110, 148 

A comparison of TA spectra of at different pump fluences at long delay time (tL at 800-1000 

ps), as shown in Figure 5.2b, reveals that these spectra are identical upon applying a power 

dependent scaling factor, indicating that at tL multi-exciton annihilation has completed and only 

single excitons remain in excited NPLs. A comparison of the A exciton bleach kinetics at 

different pump fluences (Figure 5.2c) show that kinetics are dependent on the excitation power 

at pump fluence <1295 𝜇J/cm2, reflecting the pump fluence dependence of the number of 

excitons per NPL in the sample. At higher pump fluences, the A exciton bleach kinetics 

saturates, indicating the saturation of the number of initially generated A excitons in these 

samples. 

The pump fluence dependence of the TA signal amplitude can be better seen in Figure 

5.2d, which shows the normalized A exciton bleach amplitude (∆S) of 5MLb at early (blue 

circles) and long (red circles) delay time as a function of pump fluence. These amplitudes are 

normalized according to the following model. At high pump fluence (>1295 𝜇J/cm2), A exciton 

bleach amplitude at long delay time saturates, indicating that all NPLs are excited. According 

to the kinetics at single exciton conditions (pump fluence of 6 𝜇J/cm2, Figure 5.2e), only 70.5% 

of the excited NPL population remains at excited state at long delay time. Thus, the saturated 

A exciton bleach amplitude at long delay time (800-1000 ps) is normalized to 0.705 (by a 
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scaling factor), to reflect the probability of finding excited NPLs at that time. The A exciton 

bleach amplitude at early delay time (2-4 ps) is normalized by the same scaling factor to 

represent the average initial number of A excitons per NPL. Assuming a Poisson distribution 

of the initial number of excitons, the normalized A exciton bleach amplitude as a function of 

pump fluence at long delay time can be fitted (black solid line) to obtain the average exciton 

number per NPL (<N>) as a function of pump fluence (orange dashed line). The details of the 

fitting procedure can be found in the Appendix 5.3.  

Biexciton Auger recombination kinetics can be obtained by normalizing the A exciton 

bleach kinetics at low pump fluence (<20 𝜇J/cm2) to the same value after 500 ps, as shown in 

Figure 5.2e. Below 10 𝜇J/cm2, normalized A exciton kinetics is pump fluence independent, 

indicating that the TA signal is dominated by single exciton kinetics. At 20 𝜇J/cm2 pump 

fluence, in addition to the single exciton decay observed at lower fluences, the normalized 

kinetics show a faster decay component, which can be attributed to biexciton decay kinetics. 

From the estimated average exciton number per NPL of 0.33 at 20 𝜇J/cm2 (Figure 5.2d), the 

number of excited NPLs with single, bi-exciton and higher-exciton (>2) states are 84.4%, 

13.9% and 1.7% according to the Poisson distribution, indicating that A exciton bleach signal 

is dominated by the contributions of single and bi-exciton states. The pure biexciton kinetics 

(Figure 5.2f) can be obtained by subtracting the normalized single exciton kinetics at 6 𝜇J/cm2 

from the normalized kinetics (single + bi- exciton) at 20 𝜇J/cm2. The bi-exciton decay kinetics 

can be fitted to a single exponential function (black solid line) to obtain the biexciton lifetime 

of 380.8±25.0 ps for 5MLb. The details of the procedure can be found in Appendix 5.4. 

 

5.2.3. Lateral size and thickness dependent Auger recombination  
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Figure 5.3. Size and thickness dependence of biexciton lifetimes in NPLs.  (a) Biexciton 

lifetime (symbols) as a function of NPL lateral area (ANPL) and their linear fits for 3, 4 and 5 

ML NPLs. (b) Biexciton lifetime of different NPL samples as a function of NPL volume 

(VNPL). (c) Biexciton lifetime of different NPL samples as a function of the product of NPL 

lateral area (ANPL) and the reciprocal of electron quantization energy (Ek(e)) to the 7/2 order. 

The black solid line is the best linear fit according to Eq. 5.3. (d) Schematic of bi-exciton 

annihilation process in colloidal CdSe NPLs, showing both the collision and Auger 

recombination processes (e) Relevant energy levels and band diagrams in exciton Auger 

recombination process in NPLs. 

 

The biexciton lifetimes of all other CdSe NPL samples (see Table 5.3 in Appendix 5.4) 

were extracted using the same method as discussed above. As shown in Figure 5.3a, bi-exciton 

lifetimes increase linearly with NPL lateral area (ANPL) with a slope that increases with NPL 

thickness. For NPLs with similar lateral area, the bi-exciton recombination time increases with 

NPL thickness. Biexciton lifetimes in many 0D QDs have been reported to increase linearly 
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with volume, following the so-called “universal volume scaling law”.29, 96-99 A plot of the 

biexciton Auger lifetimes as a function of volume  (Figure 5.3b) shows no obvious 

relationships. For NPLs of similar volume (~250 nm3), the lifetime increases from ~77 ps in 

3ML NPLs to ~380 ps in 5ML NPLs, showing a sensitive dependence on NPL thickness. These 

data clearly show that biexciton lifetimes in NPLs increase with both area and thickness, and 

these dependences cannot be understood by considering the volume change alone. Our 

measured biexciton lifetimes of CdSe NPLs are consistent with recent reported values of CdSe 

NPLs via TA measurements,146 and time-resolved photoluminescence (TR-PL) measurements 

with time resolution of ~10 ps,95 but are much shorter than the earlier reported values measured 

by TR-PL, which is ~14 ns for 5 ML CdSe NPLs with similar lateral dimension (~150 nm2).26 

The origin for this deviation is unclear, although the latter TR-PL measurement has a much 

slower instrument response function, IRF, of ~150 ps,26 approaching the biexciton lifetime of 

NPLs. 

We now consider Auger recombination models that can describe the observed size and 

thickness dependences of biexciton lifetimes. Although excitons in NPLs are strongly quantum 

confined in the thickness direction, they are free to move in the lateral direction (within the 

plane of the NPL). Furthermore, due to strong e-h Coulomb interaction, an e-h pair is strongly 

bound and is expected to move together as an exciton at room temperature. Thus, as shown in 

Figure 5.3d, bi-exciton Auger recombination involves the binary collision of two excitons to 

form a bi-exciton complex and Auger recombination within the complex. Chapter 3&4 have 

shown that in CdTe and CdS NPLs, the exciton diffusion constants (~2.5 cm2/s) are near their 

values in bulk crystals, and excitons can diffuse throughout NPLs of 10nm x10 nm area within 

~1.1 ps, which is much shorter than the measured Auger recombination time.68-69 Thus, Auger 

recombination times in CdSe NPLs are not exciton diffusion rate limited, which is consistent 
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with a previous report,26 suggesting that Auger recombination of biexcitons likely requires 

many binary collisions of excitons.  

Following a previous model for exciton Auger recombination in 1D materials,92 we 

propose that the exciton-exciton Auger recombination time of a N exciton state is given by: 

1

𝜏𝑁
= FCPAug = av̅

(N − 1)N

ANPL
PAug    (5.1) 

where FC is the binary collision frequency between 2D excitons, PAug  is the Auger 

recombination probability per collision, a is the diameter of a 2D exciton, v̅ is the average 

relative motion velocity of exciton center of mass. The details of the derivation of FC are 

provided in Appendix 5.5. According to Eq. 5.1, the observed linear increase of Auger lifetime 

with NPL lateral area (Figure 5.3a) reflects the fact that the binary collision frequency 

decreases at larger NPL size for biexciton states.  

According to Eq. 5.1, the NPL thickness dependent slopes in Figure 5.3a reflect thickness 

dependent Auger recombination probabilities (PAug). Because exciton lateral motion has a well-

defined momentum in NPLs, Auger recombination should satisfy both energy and momentum 

conservation, similar to the extensively studied multiple-well quantum well materials (with 

much larger lateral sizes of a few 𝜇ms) produced by molecular beam epitaxy.202-203 According 

to an earlier theoretical study of InP/InGaAsP/InP quantum wells (with InGaAsP sandwiched 

between InP), among all possible Auger recombination pathways for a biexciton state with two 

band edge excitons, the CCCH recombination pathway dominates (Figure 5.3e), in which the 

Auger process leads to a final state with an excited electron at a higher CB energy level. The 

Auger rate for CHHH pathway (involving the excitation of a heavy hole to higher heavy hole 

states) is much smaller because the large effective mass of heavy hole (mhh*=0.45m0, 

me*=0.045m0) requires larger momentum increase, which is more difficult to satisfy.202 The 

Auger rate for CHHL pathway (involving the excitation of a heavy hole to higher light hole 

state) is also much smaller because of the small hole wavefunction amplitude at the interface, 
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where Auger coupling matrix elements is the largest.202 It is interesting to note that in 0D QDs 

Auger processes involving VB holes are often thought to be more efficient than those involving 

CB electrons due to a larger density of hole states.204-205 It is likely that in 0D QDs, quantum 

confinement in all three dimensions relaxes the requirement of momentum conservation in the 

Auger process, whereas in 2D quantum wells, electrons and holes still have well defined 

momentums in the non-quantum- confined dimension and the requirement of momentum 

conservation leads to very different dominating Auger pathways.  

In light of similar band structures and ratios of electron and hole effective masses in CdSe 

(me*=0.18m0, mlh*=0.19m0, mhh*=0.89m0),
21 it is reasonable to assume that the bi-exciton 

Auger recombination in CdSe NPLs also follows the bi-exciton CCCH pathway and the Auger 

probability PAug is given by:202  

PAug ∝
U

kT
(
Ek(e)

Eg
)

7
2

    (5.2) 

where U is well depth (~4 eV), k Boltzmann constant, T temperature, Ek(e) confinement energy 

of electron, and Eg bulk band gap (Figure 5.3e). Combining Eq. 5.1 and 5.2, the Auger 

recombination rate of a biexciton (N=2) state becomes: 

1

𝜏2
= C

1

ANPL
 
U

kT
(
Ek(e)

Eg
)

7
2

    (5.3) 

where C is a proportionality constant.  

As shown in Figure 5.3c, the measured biexciton lifetime shows a linear dependence to 

the product of ANPL and (1/Ek(e))
7/2, agreeing well with Eq. 5.3, the trend predicted by the CCCH 

recombination process. It is worth noting, if we consider electron quantization energy to be: 

Ek(e) =
h2

8me
∗d2  (d is NPL thickness ),202 CCCH recombination time should be proportional to 

d7. Using d values of 1.52, 1.82, 2.13 nm for 3, 4, 5 ML NPLs as reported,21 biexciton lifetimes 

of CdSe NPLs show a reasonable linear dependence on ANPLd7 (see Figure 5.10 in Appendix 
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5.5), although the deviation is noticeably larger compared with the plot vs. ANPL (1/Ek(e))
7/2 

(Figure 5.3b).  This result suggests that treating electrons in NPLs as particles confined in an 

infinite potential well is qualitatively reasonable but quantitatively inaccurate for calculating 

the thickness dependent Auger recombination rates.  

It is interesting to compare the size dependence of Auger recombination rates in 2D NPLs 

to other low dimensional nanocrystals, such as 0D QDs, and 1D NRs or nanotubes. Bi-exciton 

Auger recombination times in many direct and indirect band gap 0D QDs, such as CdSe, PbSe, 

InAs, and Ge QDs, have been reported to scale with R3 (R is QD radius), following a “universal 

volume scaling law”.29, 96-99 Although this volume dependence may resemble the concentration 

dependence of Auger lifetimes in bulk materials, the physical meaning for such comparison is 

unclear, since 0D excitons are confined in nanocrystal volume and interact with each other 

without diffusion or collision process. The QD volume dependence has been attributed to three 

possible reasons: (1) 1/R dependence of the degree of confinement-induced mixing of different 

momentum states;206-208 (2) 1/R dependence of Coulomb coupling of biexcitons; and finally (3) 

1/R dependence of surface-to-volume ratio (with surface enhancing the Auger process).96 

Deviations from the “universal volume scaling law” have also been reported.  Theoretical 

studies have shown that abrupt confinement potentials, which break strict momentum 

conservation, enhance the Auger recombination rate, while smooth confinement potentials 

suppress Auger recombination.89, 209-212 The latter has been confirmed in core/shell QDs with 

alloyed interface, which leads to suppressed QD blinking (caused by Auger ionization).213-215 

For CdSe QDs with an abrupt 3D confinement potential, the Auger recombination lifetime is 

calculated to be R4.5 dependent,209 giving rise to “superlinear volume scaling”. It should be 

noted that the dependence of Auger rates on interface sharpness in core/shell QDs has also been 

attributed to variations in interfacial hole traps.216 Moreover, “sublinear volume scaling” of 
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biexciton lifetime in CsPbX (X=Br or I) perovskite QDs has also been reported recently, 

although the origin for this dependence remains unclear.217  

Our result suggests that the “universal volume scaling law”, which has been reasonably 

successful for accounting Auger lifetime trend in QDs, does not hold for 2D NPLs. Our result 

is consistent with the trend of Auger lifetimes in 1D materials. A theoretical model similar to 

Eq. 5.1 has been proposed for carbon nanotubes (NTs), in which the calculated Auger 

recombination rate is proportional to Eb
3/L (Eb is the exciton binding energy and L the NT 

length).92 The inverse length dependence of Auger recombination rate reflects the length 

dependent collision frequency of 1D excitons. This model is supported by the experimental 

observation of a linear increase of biexciton Auger lifetime on rod length in PbSe NRs.90 The 

dependence on binding energy is attributed to the fact the strongly bound excitons involve large 

momentum states, which facilitates momentum conservation in the Auger process. We 

speculate that similar reasons can be invoked to explain the observed increase of Auger 

recombination rates in thinner NPLs of similar area or volume (Figure 5.3a&b), because the 

exciton binding energy also increases in thinner NPLs.61, 145  

Although the number of examples is still limited, biexciton Auger recombination rates in 

1D and 2D materials appear to be consistent with a model that accounts for both exciton 

collision and Auger recombination steps, as described above. In 1D and 2D materials, the 

concept of volume dependence appears to be not useful, because there are two very different 

dependences on the quantum confined (thickness in 2D and diameter in 1D materials) and non-

confined (lateral area in 2D and length in 1D materials) dimensions and their dependences 

should be considered separately. The size dependence in the non-confined dimension can be 

accounted for by the binary collision frequency for forming bi-exciton complexes, which gives 

rise to 1/area and 1/length dependences of Auger recombination rate in 2D and 1D materials, 

respectively. The dependence on the quantum-confined dimension reflects how the Auger 
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recombination probability of bi-exciton complexes is enhanced by quantum confinement. We 

argue that 2D NPLs are an ideal model system for testing how size, interface and confinement 

affect Auger recombination rates because these parameters can be tuned independently. For 

example, the lateral size of the NPLs can be changed to tune the area/volume without affecting 

the degree of quantum confinement or surface curvature. Similarly, the degree of quantum 

confinement can be tuned while maintaining the volume or lateral area. Although similar 

independent tunings can in principle be done in 1D nanorods, it is practically difficult to 

achieve uniform rod diameter throughout the length of the nanorod and to maintain the same 

diameter while tuning the rod length. Although we have only presented an ad hoc model to 

account for the trend, we hope our results will motivate comprehensive theoretical studies that 

can quantitatively explain the observed rates, their dependence on lateral size and thickness, 

and the general applicability of the proposed model. 

 

5.3. Conclusion 

In summary, we have studied the dependence of bi-exciton Auger recombination times of 

CdSe NPLs on their thicknesses and lateral areas by TA spectroscopy. Bi-exciton Auger 

lifetimes increase linearly with the NPL lateral area with slopes that increase with the NPL 

thickness. Interestingly, comparison of NPLs with different thicknesses shows that the Auger 

lifetime does not increase linearly with the NPL volume, contradictory to previous observations 

in QDs. The observed dependences can be explained by a model that accounts for both the 

frequency of binary exciton collision to form bi-exciton complexes and Auger recombination 

probability of the bi-exciton complexes. The linear increase of Auger lifetimes with NPL lateral 

areas reflects the 1/area dependence of exciton-exciton binary collision frequency. The change 

of Auger lifetimes on NPL thickness (d) can be well described by a linear dependence on 

(1/Ek(e))
7/2, and a nearly linear dependence on d7, indicating its strong dependence on the degree 
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of quantum confinement. Our results provide guidance for controlling Auger recombination 

rates through tailoring NPL lateral area and thickness. We suggest that the proposed model to 

account for the different dependences on the quantum confined and nonconfined dimensions 

may be generally applicable to many 1D and 2D materials. Furthermore, these NPLs are ideal 

model systems for critically testing exciton Auger recombination models in quantum confined 

low dimensional nanomaterials, because their size and degree of quantum confinement can be 

independently tuned.   
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Appendix 5.1 

The TEM images and the lateral dimensions of CdSe nanoplatelets 

 

Figure 5.4. TEM images of NPL samples. (a) 3MLa, (b) 3MLb, (c) 4MLa, (d) 4MLb, (e) 

4MLc, (f) 4MLd, (g) 5MLa, and (h) 5MLb. 
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Table 5.1. Averages and standard deviations (error bar) of length, width and area distributions 

of CdSe colloidal NPLs 

 Length/nm Width/nm Area/nm2 

3MLa 16.7±3.3 9.8±1.9 163.4±50.5 

3MLb 16.6±3.6 10.6±2.9 176.8±58.4 

4MLa 11.9±2.1 7.6±0.9 90.5±21.4 

4MLb 14.8±1.7 8.6±1.0 127.4±22.6 

4MLc 18.0±2.7 9.4±1.0 169.4±35.0 

4MLd 32.6±3.5 7.1±1.0 234.2±41.9 

5MLa 22.5±2.9 4.8±1.0 106.8±26.9 

5MLb 20.6±3.3 5.5±0.9 112.5±26.4 
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Appendix 5.2 

Band edge position estimation of CdSe nanoplatelets 

The band gaps of CdSe colloidal NPLs (Eexciton), given by the A exciton peak energy 

shown in absorption spectra, are 2.67, 2.41, and 2.26 eV for 3ML, 4ML, and 5ML NPLs, 

respectively. Considering only the quantum confinement effect on the band edge shifts, the 

Eexciton can be calculated as:21, 144, 218 

Eexciton = Eg + (Ek(h) + Ek(e))    (5.4) 

where Eg (1.7 eV) is the band gap of bulk CdSe with conduction band (CB) edge at -4.0 eV 

and valence band (VB) edge at -5.7 eV.21, 218 Ek(e) and Ek(h) are quantization energy of CB 

electrons and VB holes, respectively. We consider the electron and hole move freely in x-y 

plane but confined in z direction in NPL. The potential is set as zero and infinity inside and 

outside the NPL, respectively. Thus, the quantization energy of carriers in the NPL is:144, 218 

Ek =
h2n2

8m∗d2   (5.5) 

where m* is the effective mass for electron or hole of CdSe NPLs, d is NPL thickness. 

Therefore, the ratio of CB to VB edge shifts is equal to the ratio of electron to hole 

quantization energies and we calculated Ek(e) (Ek(h)) as 0.80 (0.17), 0.59 (0.12), and 0.47 (0.09) 

eV for 3, 4, 5 ML NPLs. The CB (VB) edge position for 3ML, 4ML, and 5ML NPLs are then 

-3.20 eV (-5.87 eV), -3.41 eV (-5.82 eV), and -3.53 eV (-5.79 eV), respectively.  
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Appendix 5.3  

Estimation of average exciton number per NPL according to Poisson distribution  

 

Figure 5.5. The normalized TA spectra at long delay time (800-1000 ps) at different pump 

fluences of (a) 3MLa, (b) 3MLb, (c) 4MLa, (d) 4MLb, (e) 4MLc, (f) 4MLd, and (g) 5MLa. 

 

To estimate the average exciton number per NPL, we measured pump fluence dependent 

A exciton kinetics on different NPLs. At long delay time (800-1000 ps), when multiple exciton 

annihilation completed, only single exciton states remain. Indeed, as shown in Figure 5.5, the 

normalized TA spectra at 800-1000 ps measured at different pump fluences agreed well with 

each other in all NPL samples. The A exciton bleach amplitude at this long delay time as a 

function of pump fluence can be used to calculate the average exciton numbers per NPL, 

following previously published procedure.76 Generally, the probability of finding NPLs with n 

absorbed photons is governed by the Poisson distribution: 

 Pn(m) =
mne−m

n!
  (5.6) 

where m is the average number of photons absorbed per NPL. m can be related to the pump 

fluence (I) through a scaling factor C that is dependent on the absorption cross section:  

m(I) = CI  (5.7) 
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At long delay time (tL), all multiple excitons have annihilated, and only single exciton 

states remained. Therefore, at long delay time, the TA signal amplitudes (∆A(𝜆, tL)) are 

proportional to the number of excited NPLs:  𝛾(1 − P0(m)), where 𝛾  is the percentage of 

excited NPLs remained at long delay time caused by the decay of single exciton states, and can 

be determined from the A exciton kinetics at lowest pump fluence. We define the normalized 

TA signal at long delay time as: 

∆S(𝜆, tL) =
∆A(𝜆, tL)

𝛼(𝜆)
= 𝛾(1 − P0(m)) = 𝛾(1 − e−m) = 𝛾(1 − e−CI)  (5.8) 

where λ is wavelength. These normalized TA signals represent the probability of finding 

excited NPLs in the solution sample. At high excitation intensities, when all NPLs were 

excited, ∆S(𝜆, tL) approached 𝛾 from which the normalization factor 𝛼(𝜆) was determined. 

Fitting ∆S(tL) at A exciton wavelength as a function of pump fluence I to Eq. 5.8 (black solid 

lines in Figure 5.3d and 5.6) yields the value of parameter C as listed in Table 5.2. From the 

parameter C, the average number of photons absorbed by NPL at any pump fluence (m) can be 

determined by Eq. 5.7 (orange dashed line in Figure 5.2d and 5.6).  

 

Table 5.2. Fitting parameter C of all NPL samples 

 C (cm2/𝜇J) 

3MLa 0.0054 

3MLb 0.0056 

4MLa 0.0316 

4MLb 0.0329 

4MLc 0.0108 

4MLd 0.0181 
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5MLa 0.0043 

5MLb 0.0165 

 

 

Figure 5.6. Normalized A exciton bleach amplitude (∆S) at early (2-4 ps, blue circles) and long 

(800-1000 ps, red circles) delay times. (a) 3MLa, (b) 3MLb, (c) 4MLa, (d) 4MLb, (e) 4MLc, 

(f) 4MLd, and (g) 5MLa. The black solid lines are fit of ∆S at long delay time as a function of 

fluence to Eq. 5.8. Orange dashed lines are the average exciton number per NPL as a function 

of pump fluence obtained from the fit and Eq. 5.7. 
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Appendix 5.4 

Measurement of biexciton lifetime  

At low pump fluence, we consider conditions in which the TA signal is dominated by 

single and bi-excitons states, with probability of 𝜌1(𝑡)  and 𝜌2(𝑡), respectively. Biexciton 

states decay to single exciton states with time constant of 𝜏2, while single exciton states decay 

with a time constant of 𝜏1. Then, the rate equations considering single and bi-exciton state 

decay are shown below: 

d𝜌2(𝑡)

dt
= −

1

𝜏2
𝜌2(𝑡) (5.9) 

d𝜌1(𝑡)

dt
=

1

𝜏2
𝜌2(𝑡) −

1

𝜏1
𝜌1(𝑡) (5.10) 

Solutions to Eq. 5.9 and 5.10 are: 

𝜌2(𝑡) = 𝜌2(0)e
−

t
τ2   (5.11) 

𝜌1(𝑡) = (𝜌1(0) +
𝜏1

𝜏1−𝜏2
𝜌2(0))e

−
t

τ1 −
𝜏1

𝜏1−𝜏2
𝜌2(0)e

−
t

τ2  (5.12) 

where 𝜌1(0) and 𝜌2(0) are initial probability of finding NPLs in single and bi-exciton states, 

respectively, which is assumed to be given by Poisson statistics.  Because the A exciton (AX) 

bleach amplitude is proportional to the average electron concentration at NPL CB edge, its time 

dependence is given by: 

AX(t) ∝ [𝜌1(𝑡) + 2𝜌2(𝑡)] = (𝜌1(0) +
𝜏1

𝜏1−𝜏2
𝜌2(0))e

−
t

τ1 + (2 −
𝜏1

𝜏1−𝜏2
) 𝜌2(0)e

−
t

τ2   (5.13) 

To extract 𝜏2, we need to separate e
−

t

τ2 (fast decay) from e
−

t

τ1 (slower decay) term in A exciton 

bleach kinetics. Therefore, we normalized single exciton kinetics, which was obtained from A 

exciton bleach kinetics at the lowest pump fluence, and the A exciton kinetics at higher fluences 

when biexciton decay components also present, to the same value at long delay time (800-1000 

ps) as shown in Figure 5.7. We subtracted the former from the latter to obtain the subtracted A 
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exciton bleach kinetics (S-AX), which only contains e
−

t

τ2 term. Then, we fitted the decay part 

of S-AX kinetics with a single-exponential function to extract biexciton lifetime (𝜏2) as shown 

in Figure 5.8. The fitting parameters and errors were shown in Table 5.3.  

 

 

Figure 5.7. Normalized A exciton bleach kinetics at different pump fluences of (a) 3MLa, (b) 

3MLb, (c) 4MLa, (d) 4MLb, (e) 4MLc, (f) 4MLd, and (g) 5MLa. 

 

 

Figure 5.8. Subtracted A exciton bleach kinetics (red circles) and their single-exponential fits 

(black lines) of (a) 3MLa, (b) 3MLb, (c) 4MLa, (d) 4MLb, (e) 4MLc, (f) 4MLd, and (g) 5MLa. 

 

 



134 

 

Table 5.3. Biexciton lifetime and errors of all NPL samples. 

 𝜏2 (ps) 

3MLa 77.00±6.88 

3MLb 115.7±16.3 

4MLa 143.7±12.6 

4MLb 201.3±21.6 

4MLc 235.4±10.8 

4MLd 320.1±17.1 

5MLa 302.1±19.3 

5MLb 380.8±25.0 
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Appendix 5.5 

2D bi-exciton Auger recombination rate 

 

Figure 5.9. Scheme of 2D exciton collision theory. 

 

As shown in Figure 5.9, we considered 2D excitons (orange circles) of CdSe NPLs have 

a diameter of a. Then, the effective cross-section for exciton collision in 2D system can be 

modeled by a line with a length of 2a (red solid lines), similar to effective collision area in 

molecular collision theory of a 3D system.219-220 With an exciton in the middle of effective 

collision line, within time interval ∆t, it can collide with any excitons whose center (black dots) 

is in the area of collisional square, SC,  

SC = 2av̅∆t   (5.14) 

where v̅ is mean relative speed of excitons. The collision frequency, fC, is 

fC =
SC(N − 1)

∆tANPL
=

2av̅(N − 1)

ANPL
   (5.15) 

where N is number of excitons in a NPL with a lateral area of ANPL. 

 The total binary exciton collision frequency is: 

FC =
NfC
2

=
av̅(N − 1)N

ANPL
      (5.16) 

The Auger recombination rate constant for a N exciton state is:  
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1

𝜏𝑁
= FCPAug = av̅

(N − 1)N

ANPL
PAug      (5.17) 

where PAug is the Auger recombination probability per collision. 

  

 

Figure 5.10. Biexciton lifetime of NPLs as a function of ANPLd7, where ANPL and d are lateral 

area and thickness of NPLs, respectively. Black line is the linear fit. 
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Chapter 6. A Model for Optical Gain in CdSe Nanoplatelets 

 

Reproduced with permission from Chem. Sci. 2018, 9, 728. Copyright 2018 Royal Society of 

Chemistry. 

 

6.1. Introduction 

Cadmium chalcogenide nanoplatelets (NPLs), CdX (X=Se, S, Te), and their 

heterostructures have shown many novel properties, such as large absorption cross-sections, 

uniform 1D quantum confinement, long biexciton Auger lifetimes, and giant oscillator 

strength.19-21, 26, 61, 109, 145, 150, 155, 165, 181, 221-223 These materials have attracted intense interest for 

lasing applications due to reported large gain coefficients and low optical gain (OG) 

threshold.30-39, 146 For example, the reported threshold of amplified spontaneous emission 

(ASE) of CdSe NPLs is as low as 6 𝜇J/cm2,146 which is over an order of magnitude lower than 

that in cadmium chalcogenide quantum dots (QDs) or QD heterostructures.15-16 Although OG 

models for QDs are well understood, it is unclear whether they are applicable to 1D nanorods 

(NRs) and 2D NPLs, because of fundamental differences in their exciton properties. In 0D 

QDs, excitons are confined in all three dimensions, whereas in 2D NPLs and 1D NRs, excitons 

are free to move in the plane and along the long axis, respectively, which increases the degree 

of degeneracy of band edge exciton states and may alter their gain mechanism. So far, there 

lacks an OG model for 2D NPLs or 1D NRs, and reasons for the superior OG properties in 

NPLs remain unclear. In addition, many other interesting differences between NPLs and QDs 

may also contribute to their different OG properties. For example, because of the atomically 

precise thickness, NPLs have uniform quantum confinement energy and narrow exciton 
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transition linewidth, which should reduce the overlap between stimulated absorption (loss) and 

emission (gain) transitions.21 It has also been argued that exciton transition oscillator strength 

in NPLs may be enhanced by coherent delocalization of exciton center-of-mass in the lateral 

direction, which should affect the stimulated emission cross-section.3 The bi-exciton Auger 

recombination lifetimes in NPLs are much longer than QDs,26, 31 and have been shown to 

increase linearly with their lateral size.27, 68-69 It has been proposed that the low OG thresholds 

in NPLs can be attributed to their longer Auger lifetime.31, 33 These observations would suggest 

that one of the key difference between NPLs and QDs is the possibility of tuning their OG 

performance through their lateral size. Olutas et al. have reported ASE threshold of CdSe NPLs 

increases with their lateral area.32 However, She et al. reported a lateral area-independent ASE 

threshold of the same materials.33 These contradictory observations and a lack of understanding 

of OG mechanisms in NPLs suggests the need for a systematic study and a model for optical 

gain in these materials.     

In this Chapter, we report a systematic study of the dependence of OG on the lateral area 

and optical density at pump wavelength in 4 monolayer (ML) CdSe NPLs. We investigate the 

OG characteristics by femtosecond transient absorption (TA) spectroscopy of colloidal NPLs 

samples and ASE measurements of NPL films at room temperature. We show that OG 

thresholds are independent on the lateral area of NPLs, while the saturation OG amplitude 

increases linearly with the area, when comparing samples of the same optical density at the 

excitation wavelength. For NPLs of the same size, their OG and ASE thresholds increase with 

optical density at the excitation wavelength. We propose a biexciton gain model that can 

satisfactorily account for the experimental observations in NPL and explain the origin for their 

much lower OG thresholds compared to QDs. We believe that this model should also be 

applicable to other 2D nanosheets and 1D nanorods.  
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6.2. Results and Discussion 

6.2.1. Sample characterization. 

4 ML CdSe NPLs (with 5 Cd layer and 4 Se layer and a thickness of ~1.8 nm) were 

synthesized according to reported procedures with slight modifications.21 The lateral size of 

NPL was tuned by changing the synthesis temperature and the reaction time. NPL samples with 

different lateral sizes were named NPLa to NPLd with increasing lateral size. The same batch 

of samples have been used in Chapter 5 for the lateral size dependent biexciton Auger lifetime 

in NPLs.27 Figure 6.1a shows the TEM image of NPLd (NPLa to NPLc in Figure 6.6 in 

Appendix 6.1), from which we determined the lateral size of approximately rectangular shaped 

NPLs to be from 80.2±12.4 nm2 in NPLa to 205.1±35.3 nm2 in NPLd (see Table 6.1 in 

Appendix 6.1). The absorption spectra of NPLa to NPLd (solid lines, Figure 6.1b) show A 

(~512 nm) and B (~480 nm) exciton peaks that correspond to electron-heavy hole (e-hh) and 

electron-light hole (e-lh) transition, respectively.  All NPL samples of different lateral sizes 

have the same A and B exciton transition energy. Static photoluminescence (PL) spectrum of 

NPLb (blue dashed line in Figure 6.1b) shows a sharp band edge (e-hh) emission peak at ~518 

nm and a full width at half maximum width (FWHM) of ~38 meV. The PL spectra of NPLa to 

NPLd are compared in Figure 6.1c, showing that the band edge emission is independent on the 

lateral size.  

 

 



140 

 

Figure 6.1. (a) TEM image of NPLd. (b) Absorption spectra of all CdSe samples of different 

sizes (NPLa-d) in hexane (solid lines). The blue dashed line is the static photoluminescence 

spectrum of NPLb. (c) Comparison of static PL spectra of all CdSe NPL samples. 

 

6.2.2. Lateral area independent optical gain threshold 

To determine OG threshold, we carried out pump fluence dependent TA spectroscopy 

study of NPLa to NPLd in hexane at room temperature. In a TA measurement, the optical 

density of samples under illumination is given by A(,t)+A0(), where A(,t) is pump-

induced absorbance change shown in TA spectra and A0() is the static absorbance prior to 

excitation. Thus OG is achieved when A(,t)+A0() Because the OG threshold is 

dependent on the optical density of the sample (see below), to enable the comparison of NPLs 

samples of different lateral areas, their optical density at the pump wavelength (400 nm) was 

controlled to the same value to ensure the same number of absorbed photons (Figure 6.1b). The 

TA spectra of NPLc at the lowest pump fluence (3 𝜇J/cm2, Figure 6.2a) show long-lived bleach 

of A (~512 nm) and B (~480 nm) exciton. According to our previous work on CdSe NPLs, 

both exciton bleaches can be attributed to the state-filling on the first electron level in 

conduction band (CB), and the contribution of hole state-filling in valence band (VB) is 

negligible due to degeneracy and strong mixing between denser hole levels in VB,62, 69, 109 

similar to cadmium chalcogenide quantum dots and nanorods.78, 110, 148 Figure 6.2b shows the 

TA spectra of NPLc at the highest pump fluence (629 𝜇J/cm2) when the bleach amplitudes of 

A and B exciton states at early delay time have saturated. Compared to those at low pump 

fluence, these spectra show an additional broad negative peak, A(,t)<0, at energy lower than 

the A exciton (~520-560 nm), which can be attributed to optical gain (OG) signal,33 similar to 

that reported in CdSe quantum dots (QDs).16  
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Gain spectra (-A(,t)-A0()) at 3-4 ps of NPLc at different pump fluences are shown in 

Figure 6.2c and an expanded view  of the gain spectra (Figure 6.2c inset) shows a broad OG 

peak with maximum at ~528 nm. The kinetics of gain signal of NPLc at OG peak wavelength 

(~528 nm) at different pump fluences are compared in Figure 6.2d. All kinetics show a negative 

signal around time zero (<1ps), which reflects a red-shifted exciton absorption caused by 

exciton-exciton interaction.27, 34, 62, 68-69, 109 After 1ps, the OG amplitude remains negative, 

indicating no OG, for pump fluences below 27 𝜇J/cm2. OG amplitude increases with increasing 

pump fluence, and becomes positive, indicating gain, after pump fluence of 84 𝜇J/cm2. The 

OG amplitude saturates after pump fluence reaches 506 𝜇J/cm2. NPL samples with different 

lateral areas were also studied and their OG kinetics at ~528 nm are shown in Figure 6.7 in 

Appendix 6.2.  
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Figure 6.2. TA spectra of NPLc at indicated delay times after 400 nm pump measured at a 

pump fluence of (a) 3 𝜇J/cm2 and (b) 629 𝜇J/cm2. (c) Gain spectra, -(∆A(t)+A0()), of NPLc 

at 3-4 ps at indicated fluences of 400 nm excitation. (d) OG kinetics (probed at 528 nm) of 

NPLc at different pump fluences. (e) Saturation OG amplitudes (at 3-4 ps) of different NPL 

samples as a function of lateral area. (f) Normalized OG amplitude (at 3-4 ps) of all NPL 

samples as a function of pump fluences. Inset shows the OG amplitude at low pump fluence 

(20-100 𝜇J/cm2), where the intercept on x-axis gives OG threshold. 

 

As shown in Figure 6.2d and Figure 6.7 in Appendix 6.2, the OG amplitude of all samples 

reach highest value at delay time 3-4 ps, after which OG signals decay due to multiple exciton 

Auger recombination.27 A plot of the maximum OG amplitudes (at 3-4 ps) as a function of 
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pump fluence (Figure 6.9b in Appendix 6.3) shows that for all NPL samples, OG reaches 

saturation at high pump fluences, but the saturation OG value increases linearly with their 

lateral area (Figure 6.2e). To facilitate comparison of gain threshold, we have scaled the OG of 

different samples to the same saturation amplitude and plotted the normalized OG as a function 

of pump fluence in Figure 6.2f. The comparison shows that the normalized OG of all NPL 

samples exhibit the same dependence on the pump fluence: linear increase of OG with pump 

fluence between 15-150 𝜇J/cm2, and reaching saturation between 150-500 𝜇J/cm2. As shown 

in the inset of Figure 6.2f, the intercept of OG amplitude on x-axis yields the same OG 

threshold of 54.6±1.8 𝜇J/cm2 for all four samples under our experimental conditions (optical 

density of 0.31±0.01 at 400 nm pump), independent on their lateral area.  

 

6.2.3. Optical density dependent OG threshold. 

To investigate how OG threshold changes with sample optical density, we carried out TA 

study of NPLc samples in hexane solution with different concentrations, named NPLc1 to 

NPLc4 in the order of increasing NPL concentration (NPLc3 is the sample used in Figure 6.2). 

The absorption spectra of NPLc1 to NPLc4 (Figure 6.3a) show that the optical density at 400 

nm increases from 0.12 to 0.49 from sample NPLc1 to NPLc4. These samples were 

investigated using the same pump fluence dependent TA measurement and analysis method 

described above. Their OG kinetics as a function of pump fluence are shown in Figure 6.7 in 

Appendix 6.2. Their peak OG amplitudes at 3-4 ps and ~528 nm are plotted as a function of 

pump fluence in Figure 6.3b. The intercept of these data on x-axis yields OG thresholds of 

43.0±1.6, 52.5±1.7, 54.6±1.8, and 63.5±2.2 𝜇J/cm2 for NPLc1 to NPLc4, respectively. As 

shown in Figure 6.3c, these OG threshold values increases with the optical density at the pump 

wavelength (400 nm).  Figure 6.3d shows the saturation OG amplitude increases linearly with 

optical density at 400 nm, indicating more gain at saturation if absorbed more photons.  
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Figure 6.3. Optical density dependent optical gain threshold. (a) Absorption spectra of NPLc 

samples with different concentrations (and optical density at 400 nm). (b) OG amplitudes as a 

function of pump fluence for NPLc samples with different concentrations. (c) OG thresholds 

as a function of NPLc optical density at pump wavelength (400 nm). The blue solid line is the 

fit according to the OG threshold model described in the main text. (d) Saturation OG 

amplitude as a function of NPLc optical density at 400 nm. Black line is a linear fit. 

 

6.2.4. Amplified spontaneous emission measurements 

As another way of characterizing potential laser performance of NPLs, we also studied 

how ASE threshold depends on the optical density of the sample. For this study, three NPLc 

films, named Film1 to Film3 with increasing absorbance (Figure 6.4a), were prepared by spin-

coating NPLc solution with increasing concentrations on a glass substrate. ASE measurement 

was carried out using the same 400 nm pulse excitation that was also used for the TA 
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measurement. The pump beam was focused into a stripe along the film plane using a cylindrical 

lens. The emission was detected at the film edge along the stripe direction. The emission spectra 

of Film1 to Film3 as a function of fluence are shown in Figure 6.4b-d, respectively. The 

emission spectra can be assigned to ASE, consistent with previous reports.32-33 Unlike previous 

reports, no single exciton band edge emission, which is centered at ~518 nm, was observed in 

the ASE measurement. This likely indicates that single exciton band edge emission intensity is 

too small to be observed under our experimental conditions. As shown in Figure 6.4e, the ASE 

peak intensity of all films increases linearly with pump fluence within 1 mJ/cm2. The intercepts 

on the x-axis of the linear fits of these data reveal ASE thresholds of 44.8±4.0, 50.0±4.7, and 

112.4±4.2 𝜇J/cm2 for Film1 to Film3, respectively. As shown in Figure 6.4f, the ASE threshold 

shows the same dependence on NPL optical density as the OG threshold: it increases in films 

of higher optical density. Furthermore, the slope of the linear increase of ASE with pump 

fluence increases with the optical density at the excitation wavelength, also similar to OG 

threshold. 

 

 

Figure 6.4. (a) Absorption spectra of different NPLc films. ASE spectra of NPLc (b) Film1, 

(c) Film2, and (d) Film3 at different pump fluences. (e) ASE peak intensity (circles) as a 

function of pump fluence for NPLc films. The solid lines are linear fits. (f) ASE thresholds as 
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a function of NPLc film absorbance at pump wavelength (400 nm). The blue solid line is a fit 

according to the OG threshold model described in the main text. 

 

6.2.5. Model of optical gain threshold 

 

Figure 6.5. A model for biexciton optical gain in colloidal CdSe NPLs. Relevant states and 

transitions in (a) single particle (electron or hole) and (b) exciton state representations, 

respectively. N0 (0), N1 (X) and N2 (XX) are population probabilities (and label) of NPL states 

with 0, 1 and 2 excitons, respectively. Color of arrows indicates transition energy of stimulated 

absorptions (upward arrow, Ai) and emissions (downward arrow, Ai
*) from state i; Figure 4a 

shows an example NPLs that can contain up to 4 conduction band edge excitons (Ns=4). 

 

To explain the experimental results described above, we propose a model for OG in NPLs. 

The details of this OG model can be found in Appendix 6.3 and only the key aspects are 

summarized here. This model is an extension of the previous gain model proposed for QDs,15 

which, because of confinement in all three dimensions, can only accommodate two band edge 

excitons. In this model, we assume that because of the large (unconfined) lateral dimension of 

NPLs, the number (Ns) of band edge (or A) excitons can exceed 2, increasing the complexity 
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of the number of transitions associated with single and multiple band edge exciton states, as 

shown in Figure 6.5 (for an example of Ns=4). This assumption is based on our previous 

observations on NPLs,34 and 2D hydrogen like exciton model in 2D structures.153-154 On the 

basis of the redshift of OG and ASE from NPL emission, it has been proposed that OG or ASE 

in NPLs can be attributed to stimulated emission from band edge bi-exciton states,31-33 similar 

to QDs.16 Therefore, our model only considers band edge exciton states with 0, 1, ….Ns band 

edge excitons, which are labeled as 0, X, XX, … states respectively, and their population 

probabilities are indicated by Ni (i=0 to Ns). Each exciton state (i) can undergo stimulated 

absorption (upward arrows in Figure 6.5) or emission (downward arrows in Figure 6.5) with 

partial cross-sections per NPL of Ai (i=0 to Ns-1) and Ai* (i=1 to Ns), respectively, given by 

Eq. 6.1&6.2: 

Ai(E) = AT

8𝜋2E

ℎnrc

Ns − i

Ns

𝛾i

(E − Ei)2 + 𝛾i
2
 , i from 0 to Ns − 1,     (6.1) 

Ai
∗(E) = −AT

8𝜋2E

ℎnrc

i

Ns

𝛾i
∗

(E − Ei
∗)2 + 𝛾i

∗2  , i from 1 to Ns,       (6.2) 

In Eq. 6.1&6.2, h is Planck’s constant, nr is the refractive index, and c is the speed of light. AT 

is the transition strength of bandedge excitons (e-hh) per NPL, which is proportional to NPL 

lateral area, AQW. 2𝛾i and 2𝛾i
∗ are the full width of the half maximum (FWHM) of absorption 

and emission spectra of Ni species, respectively. Ei and Ei* are stimulated absorption and 

emission peak energy for Ni species, respectively. We set both 𝛾0 and 𝛾1
∗ to be ~19 meV for 

both single band edge exciton absorption and emission according to Figure 6.1b. We assume 

other 𝛾i−1 and 𝛾i
∗ (i from 2 to Ns) to be the same as the broad OG spectra (~50 meV) shown in 

Figure 6.2c. E0 and E1* are 2.42 eV and 2.39 eV according to A exciton absorption (512 nm) 

and emission (518 nm) wavelengths in Figure 6.1b, respectively. The energy of bi-exciton 

absorption (E1) and emission (E2*) is assumed to be the optical gain energy, EOG, which is set 

to OG peak value (2.35 eV, 528 nm) according to Figure 6.2c. The inhomogeneous distribution 
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of EOG is ignored due to the uniform 1D quantum confinement of NPLs. The shift (from EOG) 

of transition energies for tri and higher exciton states is assumed to be much smaller than the 

transition line width:  |Ei−1 − EOG|~ |Ei
∗ − EOG|<< 𝛾i (for i>2). This assumption is based on 

broad transition width for tri and higher exciton states and Coulomb screening of multi-excitons 

reported in other 2D materials,224 although these values have not been observed directly in our 

NPLs. 

The absorption coefficient of the NPL ensemble at OG energy is: 

𝛼(EOG) =  Nen ∑ [Ai(EOG) + Ai
∗(EOG)]Ni

Ns
i=0   (6.3) 

where Nen is the number of NPL in ensemble, which is proportional to NPL molar 

concentration, Cm. The population probability of NPL species (Ni) is assumed to follow Poisson 

distribution: Pn(m) =
mne−m

n!
, which represents the possibility of finding NPLs with n excitons 

when the average number of excitons per NPL is m. Optical gain threshold is achieved when 

(EOG)=0. Solving Eq. 6.3 numerically under this condition leads to mth(Ns), the average 

number of excitons per NPL at OG threshold, of 0.49(±0.01)Ns (see Figure 6.8 and Table 6.2 

in Appendix 6.3). The result suggests that OG is reached when about half of the band edge 

exciton states are occupied. Under this condition, the gain (emission from excited states) equals 

to the loss (absorption from ground states). In the limit of QDs (Ns=2), mth~1, which is 

consistent with previous findings in QDs.15 

 Because m is proportional to pump fluence (I) and the optical density at the pump 

wavelength following the Beer’s law, mth value can be converted to threshold pump fluence, 

i.e. the OG threshold (Ith), according to Eq. 6.4. 

 

Ith =
ℎ𝜈NA

𝜀zAX

mth

Ns

OD

1 − 10−OD
    (6.4) 
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In Eq. 6.4, OD = 𝜀zAQWCmL,  ℎ𝜈 is pump photon energy (3.1 eV), NA is Avogadro constant, 

and AX=AQW/Ns, 𝜀 is molar absorption coefficient per unit NPL volume, z is NPL thickness 

(~1.8 nm),  L is light path of cuvette (1 mm) and mth/Ns,=0.49±0.01. Details of the derivation 

can be found in Appendix 6.3. According to Eq. 6.4, when comparing NPL samples of the same 

thickness, their OG thresholds are independent on NPL lateral area as long as the optical 

densities at the pump wavelength are the same. This prediction is consistent with the 

experimental result shown in Figure 6.2f. Moreover, the observed OD dependent OG and ASE 

thresholds can be well fitted by Eq. 6.4, as shown in Figure 6.3c and 6.4f, respectively, 

providing further support for our OG model.  

At the limit of large m, the optical gain reach saturation with a gain amplitude given by 

Eq. 6.5:  

lim
m→∞

𝛼(EOG) ∝ −NenAT
Ns

2
∝ −CmAQW

Ns

2
= −

OD

𝜀zL

Ns

2
   (6.5) 

It predicts that the saturation gain amplitude increases linearly with both the lateral area 

(proportional to Ns) and optical density (OD) of the NPL (Figure 6.9a in Appendix 6.3), both 

of which are consistent with the experimental findings as shown in Figure 6.2e and 6.3d, 

respectively. 

Finally, our model (Eq. 6.3) also predicts that how OG increases with the pump fluence. 

The observed OG amplitude as a function of m can be reasonably well fitted by our model 

(Figure 6.9h in Appendix 6.3), although the simulated OG saturates at lower m compared to 

the experimental results for NPLs with large NS (NS>3). The origin of this deviation is not well 

understood, but it indicates that some loss factors are not fully accounted for in our model. It 

is likely due to the lack of consideration of a transition width distribution from higher exciton 

states in our model, which have not been experimentally observed.  

There have been two contradicting reports on whether ASE threshold depends on NPL 

lateral area.32-33 In Ref,33 optical density at pump wavelength of different NPL samples were 
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controlled to similar values, and lateral area-independent ASE thresholds were observed, which 

is consistent with our experimental results and OG model. In Ref,32 lateral area dependent ASE 

threshold was observed, but it is unclear whether the optical density at pump wavelength for 

samples of different NPL area were controlled to the same values. 

Our result suggests that OG is achieved when average number of excitons per NPL is close 

to half (0.49) of the band edge exciton states, which is similar to the OG requirement in QDs. 

Despite this similarity, OG thresholds in QDs have been reported to be more than an order of 

magnitude higher than those in NPLs.15-16, 146 According to our model, the lower OG threshold 

of NPLs can be attributed to the following reasons. First, the intrinsic absorption cross-section 

of NPLs, i.e. the absorption coefficient per unit volume (𝜀), is larger than that of QDs, which 

according to Eq. 6.4, leads to lower OG threshold. Recently, Achtstein et al. have reported that 

the intrinsic absorption coefficient of CdSe NPLs is over 3 folds larger than that in CdSe QDs 

due to larger aspect ratio of NPLs.11 Second, the ratio of biexciton binding energy(~40 meV) 

and transition linewidth (~38 meV), (E1
∗ − E2

∗) 2𝛾1
∗⁄ , in NPLs (~1.0) is larger than that in QDs 

(<0.3) whose biexciton binding energy is <30 meV and transition linewidth is ~100 meV.15 

This reduces the overlap between gain and loss transitions, decreasing the OG threshold in 

NPLs. The latter can be attributed to atomically precise uniform thickness of NPLs, which 

reduces inhomogeneous broadening of exciton transition energy. Such sharp transitions are 

difficult to achieve in QDs because of the broad size distribution and large inhomogeneous 

distribution of transition energies. In addition, the symmetry of the NPLs dictates that both the 

electric field of the exciton and the dipole moments lie within the lateral plane,225 which may 

account for the observed large Stark effect induced shift of transition energy between bi-exciton 

and single exciton states. 
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6.3. Conclusions 

In summary, we have systematically studied the dependence of OG properties of CdSe 

NPLs on their lateral area and optical density at pump wavelength using TA spectroscopy and 

ASE measurements. We show that OG threshold is lateral area independent when comparing 

samples of the same optical density at the excitation wavelength, although the saturation OG 

amplitude increases with the lateral area. Furthermore, for samples of the same NPL size, the 

OG and ASE threshold increases with their optical density at the pump wavelength. To account 

for these observations, we proposed an optical gain model for 2D CdSe NPLs. This model 

assumes that the number of band edge excitons scales with the NPL lateral area (and can exceed 

2) and optical gain results from stimulated emission from biexciton states. Our model 

successfully explains the experimental observations. The model also reveals that OG is 

achieved when the average number of excitons reaches ~49% of the band edge exciton states. 

This OG requirement is similar to that in QDs, despite that the observed OG threshold in NPLs 

is an order of magnitude smaller than that in QDs. According to our model, the lower OG 

threshold of NPLs can be attributed to their unique 2D morphology, which leads to larger 

intrinsic absorption coefficient, narrower transition linewidth and larger shift between bi- and 

single-exciton state. This work provides not only important insights on how crystal morphology 

affects OG properties of colloidal nanocrystals, but also guidance on rational improvement of 

OG and ASE in NPL materials for lasing applications. Finally, we believe that this OG model 

should be applicable to other 2D and 1D nanocrystals. 
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Appendix 6.1 

The TEM images and lateral size of samples 

 

Figure 6.6. TEM images of (a) NPLa, (b) NPLb, and (c) NPLc. The length and width of all 

samples are determined by the solid lines marked in lower panels of (a) for NPLa, right panel 

of (b) for NPLb, and lower panel of (c) for NPLc. 

 

Table 6.1. The length, width, and area with errors of CdSe colloidal NPLs 

 Length/nm Width/nm Area/nm2 

NPLa 11.8±1.4 6.8±0.7 80.2±12.4 

NPLb 14.0±1.9 8.8±1.2 123.2±23.8 

NPLc 18.2±3.0 9.5±1.5 172.9±35.6 

NPLd 29.3±2.6 7.0±1.1 205.1±35.3 
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Appendix 6.2 

The optical gain kinetics 

 

Figure 6.7. Optical gain kinetics at ~528 nm at different pump fluences of (a) NPLa, (b) NPLb, 

(c) NPLd, (d) NPLc1, (e) NPLc2, and (f) NPLc4. 
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Appendix 6.3 

Optical gain mechanisms and threshold model 

The absorption coefficient (𝛼) at OG energy EOG of the NPL ensemble, following Eq. 6.3 

of the main text, is given by: 

𝛼(EOG) = Nen ∑[Ai(EOG) + Ai
∗(EOG)]Ni

NS

i=0

∝ NenAT[∑(
NS

2
− 1) Ni − 0.42NSN0 + 0.3N1]

NS

i=0

      (6.6) 

Assumed a Poisson distribution of exciton numbers in NPLs, Eq. 6.6 becomes: 

𝛼(EOG) ∝ NenAT[
NS

2
− [∑iPi

NS

i=0

+ NS (1 − ∑Pi

NS

i=0

)] − 0.42NSN0 + 0.3N1]      (6.7) 

Pn(m), the Poisson distribution possibility of finding NPLs with n excitons when the average 

number of excitons per NPL is m. Gain threshold is reached when 𝛼(EOG) = 0. The solution 

to Eq. 6.7 under this condition gives the average number of excitons per NPL at OG threshold, 

mth(Ns), which is a function of Ns. We numerically solved Eq. 6.7 and all mth values are listed 

in Table 6.2. We plotted mth(Ns) as a function of Ns in Figure 6.8, where we clearly observed 

a linear increase of mth with Ns. The linear fit reveals a mth(Ns)/Ns ratio of 0.49±0.01.  
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Figure 6.8. The average number of photons encountered with NPLs at OG threshold (mth) as 

a function of NS (red dots) and the linear fit (blue line). 

 

Table 6.2. The average number of photons encountered with NPLs at OG threshold 

Ns mth 

2 0.78±0.01 

3 1.34±0.01 

4 1.90±0.01 

5 2.44±0.01 

6 2.96±0.01 

7 3.48±0.01 

8 3.99±0.01 

 

The average number of photons in NPLs can be related to pump fluence I: 

m =
(1 − 10−𝜀zAQWCmL)

I
ℎ𝑣

CmNAL
     (6.8) 
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where ℎ𝜈 is pump photon energy, NA is Avogadro constant, 𝜀 is molar absorption coefficient 

per unit NPL volume, z is NPL thickness, AQW is NPL lateral area, L is light path of cuvette (1 

mm), and Cm is molar concentration of NPL solution. From Eq. 6.8, we can obtain the pump 

fluence at OG threshold, i.e. the OG threshold Ith: 

Ith =
ℎ𝜈NA

𝜀zAX

mth(Ns)

Ns

OD

1 − 10−OD
   (6.9) 

where OD = 𝜀zAQWCmL is optical density at pump wavelength. Substituting in mth(Ns)/Ns 

~0.49, Eq. 6.9 can be rewritten as:  

Ith = B
OD

1 − 10−OD
   (6.10) 

We used Eq. 6.10 to fit the optical density dependent OG threshold and ASE threshold as shown 

in Figure 6.3c and 6.4f, respectively. The best fit gave the fitting parameter, B, as 88.9 𝜇J/cm2 

in Figure 6.3c and 89.7 𝜇J/cm2 in Figure 6.4f.  

Eq. 6.7 also predicts how optical gain increase with m. Shown in Figure 6.9a is a plot of 

normalized −𝛼(EOG) as a function of m for different Ns (from 1 to 8). To compare with the 

pump fluence dependence of optical gain, we need to determine the average number of excitons 

per NPL, m, at any given pump fluence, using a well-established procedure.  Following our 

previous TA studies on the same NPL samples,27 only NPLs with single exciton remained at 

long delay time (tL, 800-1000 ps). Therefore, the A exciton bleach at tL (800-1000 ps) is 

proportional to the percentage of excited NPLs: 1-P0(m). Following the same analyzing 

methods as reported in our previous work,34 we define the normalized TA signal at tL as: 

  

∆S(𝜆, tL) =
∆Abs(𝜆, tL)

S(𝜆)
= 1 − P0(m) = 1 − e−m  (6.11) 

where λ is A exciton wavelength (~512 nm). These normalized TA signals represent the 

probability of finding excited NPLs in the solution sample. At high excitation intensities, when 
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all NPLs were excited, ∆S(𝜆, tL) approached one, from which the scaling factor S(𝜆) was 

determined. According to Eq. 6.8, m is proportional to pump fluence: m=CI, and C is the 

photon encountering cross-section, which is proportional to lateral area (AQW). Therefore, Eq. 

6.11 becomes: 

∆S(𝜆, tL) = 1 − e−CI  (6.12) 

As shown in Figure 6.9c-f, fitting ∆S(512nm, tL) as a function of pump fluence I to Eq. 6.12 

yields the value of parameter C of 0.023, 0.031, 0.040, and 0.045 cm2/µJ for NPLa to d, 

respectively. Parameter C as a function of lateral area is plotted in Figure 6.9g, which confirms 

its linear increase with lateral area.  

Our experimental OG amplitude as a function of m of all NPL samples were fitted to Eq. 

6.7 with NS as the fitting parameter. The fitting results is plotted in Figure 6.9h. This plot agrees 

well with the measured OG saturation process and average exciton number at threshold (mth) 

with different NS. 
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Figure 6.9. OG as a function of excitation fluence. (a) Simulated OG amplitude as a function 

of average number of excitons per NPL (m). (b) OG amplitude (at 3-4 ps) as a function of pump 

fluence of NPLa to NPLd. (c-f) Normalized A exciton bleach amplitude at long delay time 
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(800-1000 ps) as a function of pump fluence (open circles) and their fits (lines) for (c) NPLa, 

(d) NPLb, (e) NPLc, and (f) NPLd. (g) Photon encountering cross-section (C) of NPLs as a 

function of lateral area. Blue line is the linear fit. (h) Normalized OG amplitude of NPLa (red 

circles), NPLb (gray squares), NPLc (green triangles), and NPLd (blue rhombus) as a function 

of m. Solid lines are their fits according to Eq. 6.7: red line for NS=3, green line for NS=4, and 

blue line for NS=5. 
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Chapter 7. Reducing Optical Gain Threshold in Two-Dimensional 

CdSe Nanoplatelets by Giant Oscillator Strength Transition 

Effect 

 

Reproduced with permission from J. Phys. Chem. Lett. 2019, 10, 1624. Copyright 2019 

American Chemical Society. 

 

7.1. Introduction 

Compared to conventional bulk semiconductor lasers, quantum dot (QD) lasers have 

many potential advantages induced by the quantum confinement along all three dimensions, 

including the tunable lasing wavelength through size dependent quantum confinement 

effects.16 Moreover, the density of states of QDs near the band-edge reduce to a Dirac delta 

function-like distribution so that carriers are concentrated to fewer states, which reduces the 

optical gain (OG) threshold as fewer injected carriers are required for population inversion.226-

227  QD lasers have shown promise in recent years and continuous-wave lasing228 and direct-

current electrical pumped optical gain14 in QD films have been reported. Cadmium 

chalcogenide (CdX, X=Se, S, Te) nanoplatelets (NPLs), with atomic-precise thickness (of 

~1.2-1.8 nm) and large lateral dimension (100s nm2), are an emerging class of nanocrystals21 

and, by some metrics, have shown even greater potential for lasing applications than QDs.28, 31, 

35-36 The continuous-wave lasing of CdSe NPLs has been reported and the best-reported 

threshold of amplified spontaneous emission (ASE) of CdSe NPLs is as low as 6 𝜇J/cm2,28 

which is over an order of magnitude lower than that in similar QDs15-16 and nanorods (NRs).229 

The low optical gain (OG) threshold of NPLs is attributed to low multiple exciton Auger 
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recombination rates,26-27, 94 large absorption cross-sections,11 and narrow emission peaks (due 

to precise confinement energy)23 of these materials, all of which are a consequence of their 

unique 2D morphology. Compared to QDs, 2D NPLs have much larger absorption cross-

section per unit volume,11 and biexciton Auger lifetimes in NPLs have been shown to increase 

with their lateral dimension,27 which would suggest that increasing lateral size as a potential 

approach for further reducing the OG threshold. However, the extended lateral dimension of 

NPLs allows spatially separated excitons, which increases the maximum number of band-edge 

exciton states (NS) to be >2. Previous studies have shown that in cadmium chalcogenide QDs15 

and NPLs,34, 230-231 optical gain is achieved when the band-edge exciton states are just over 

half-occupied. Thus, OG threshold corresponds to an average number of excitons per 

nanocrystal (mth) of >1 for QDs and >NS/2 for NPLs (Figure 7.1a). As a result, OG in NPLs is 

achieved at higher order (>2) multi-exciton states. These higher multi-exciton states are 

generated by the absorption of multiple photons (>2) and are much shorter-lived compared to 

the biexciton state, both of which increases the OG threshold intensity.    

Here, we demonstate a new strategy for reducing OG threshold in NPLs by exploiting the 

giant oscillator strength transition (GOST) effect in these 2D colloidal quantum well 

materials.21, 58, 60 Because of the atomically precise thickness of 2D CdSe NPLs, the 

confinement energy is the same along the lateral dimension. It has been speculated that, in the 

absence of scattering by phonons and surface imperfections, the exciton center-of-mass (COM) 

can coherently delocalize over the entire NPL, giving rise to the GOST effect.21, 58, 60 This 

notion is supported by the observation of increased radiative decay rate at lower temperature.21, 

58  Note that this COM spatial coherence is different from the temporal coherence of excitonic 

states, which have been shown to be short lived (<1 ps).232-234 The extent of COM coherent 

delocalization is often characterized by a coherent spatial area (SX). We hypothesize that at low 

temperature, the COM coherent spatial area can extend to the whole NPL, which results in a 
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doubly degenerate band-edge exciton state (Figure 7.1b), similar to QDs, and a much enhanced 

exciton radiative decay rate (the GOST effect). The combination of these factors without 

reducing the large absorption cross-section of 2D NPLs should further reduce the OG threshold 

in 2D NPLs.  

In this chapter, we report a study of temperature-dependent OG threshold and exciton 

COM coherent delocalization in colloidal CdSe NPLs using pump fluence-dependent transient 

absorption (TA) spectroscopy. We observe ~4-fold lower OG threshold at 4K compared to that 

at room temperature (298K). We develop a new method for direct measurement of SX in 

colloidal NPLs based on the TA spectroscopic study of the saturation number of band-edge 

excitons. We show that SX is smaller than the CdSe NPL lateral area at room temperature but 

increases at lower temperatures until it extends to nearly the NPL lateral area at 4K. Our results 

demonstrate the strategy of reducing OG threshold by the extension of exciton COM spatial 

coherence and the resulting GOST effect in colloidal NPLs.  

 

 

Figure 7.1. (a) Scheme of different exciton states in NPLs at room temperature with the 

saturation number of the band-edge exciton (NS) as 4. (b) Scheme of different exciton states in 

NPLs at low temperature (<4K). The exciton COM coherence delocalized throughout the 



163 

 

whole NPL due to GOST effect, giving NS=2.Sample characterization of CdSe NPLs. (c) TEM 

image of NPL1. (d) Selected absorption spectra of NPL1 in hexane (at 298K) and PMAO at 

indicated temperatures. (e) The scheme of band structure and band-edge transitions of NPL1 

at 298K. HH and LH represent heavy hole and light hole, respectively. 

 

7.2. Results and Discussion  

7.2.1. Sample characterization  

For OG studies, we synthesized CdSe NPLs with a thickness of 4 monolayers (MLs) (~1.2 

nm)152 following reported procedures with slight modifications.21 These CdSe NPLs have a 

zinc-blend structure with  4 Se layers and 5 Cd layers21, 143 and are labeled as NPL1. The TEM 

image of NPL1 (Figure 7.1c) shows its rectangular shape, from which its lateral size is 

determined as 167.8±27.0 nm2. Measurements at room temperature (298K) were carried out in 

solution samples of NPL1 dispersed in hexane. Temperature dependent measurements (4-

298K) were carried out in thin films of NPL1 dispersed in poly (maleic anhydride-alt-1-

octadecene) (PMAO). The sample preparation details are shown in Chapter 2. These polymer 

dispersed NPL films instead of solid films of NPLs were used for low-temperature study to 

reduce stacking of NPLs, which has been reported to cause additional inter-NPL exciton 

relaxation pathway, such as Forster energy transfer between NPLs.166, 225, 235 The normalized 

UV-Vis absorption spectra of NPL1 at selected temperatures (Figure 7.1d) shows two sharp 

peaks that can be attributed to the band-edge electron-heavy hole (A) and electron-light hole 

(B) exciton transitions, respectively (Figure 7.1e). The exciton peaks of NPL1 in PMAO drop 

compared to that in hexane at 298K, which is likely due to the scattering from the NPL-polymer 

film. Both A and B exciton peaks shift to higher energy at a lower temperature (from ~2.42 eV 

at 298K to ~2.53 eV at 4K) due to Varshni behavior.236-237  
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7.2.2. Temperature-dependent OG threshold by GOST effect  

The OG thresholds of NPL1 temperatures from 4K to 298 K were measured by pump 

fluence-dependent TA spectroscopy studies using 3.1 eV excitation. The optical density of the 

sample under illumination is Abs(,t)+Abs() where Abs(,t) is photo-induced absorbance 

change measured in TA spectra and Abs() is the static absorbance before pump at energy, . 

Therefore, OG threshold is reached when the gain is larger than the loss, i.e. Abs(,t)+Abs() 

<0. The gain spectra, expressed as -(Abs(,t)+Abs()) at 2-3 ps of NPL1 in hexane (298K) 

at different pump fluences (Figure 7.2a) show a broad positive peak centered at ~2.34 eV, 

indicating the presence of OG in these samples.33, 230 The kinetics of NPL1 at OG peak energy 

(~2.34 eV) for different pump fluences are compared in Figure 7.2b. These kinetics show a 

negative signal around time zero (<~1 ps), which reflects a red-shifted exciton absorption 

caused by exciton-exciton interaction.27, 34, 62 After ~1 ps, the OG amplitude remains negative 

at low pump fluences (<3 𝜇J/cm2), indicating gain<loss, while OG amplitude becomes positive 

at higher pump fluence (>65 𝜇 J/cm2), indicating gain>loss. NPL1 in PMAO at different 

temperatures were also studied with the same analysis (Figure 7.7 in Appendix 7.2) and their 

OG peaks are at ~2.44 eV, ~2.45 eV, and ~2.46 eV at 100K, 50K, and 4-20K, respectively. 

Note that at low temperature (≤100K), an additional peak at ~50 meV higher than the OG peak 

appears at high pump fluence (>100 𝜇J/cm2), which is attributed to the OG from the excited 

state (p-state) of A exciton (Figure 7.7b-f in Appendix 7.2).223  
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Figure 7.2. Temperature-dependent optical gain (OG) thresholds of CdSe NPLs. (a) Gain 

spectra, –∆Abs(t)–Abs() (gain–loss), of NPL1 in hexane at 2-3 ps at indicated pump 

fluences of 3.1 eV excitation. The inset is the same spectra at OG region. (b) OG kinetics 

(probed at ~2.34 eV) of NPL1 in hexane at different pump fluences. (c) Normalized OG 

amplitude (at ~2.34 eV, 2-3 ps) at different temperatures as a function of pump fluences, where 

the intercept on the x-axis (black dashed line) gives OG threshold. (d) The OG threshold and 

the average exciton number per NPL at the OG threshold (mth) of NPL1 in hexane as a function 

of temperature. 

 

The OG amplitude reaches its maximum at a delay time of 2-3 ps (Figure 7.2b and 7.7g-l 

in Appendix 7.2), after which it decays due to multi-exciton annihilation.27, 230 A plot of the 

peak OG amplitudes as a function of pump fluence (Figure 7.2c) shows a linear dependence 

for gain >0. We fit the peak OG amplitudes in their linear growth region for all temperatures 

(solid lines in Figure 7.2c) and extract the intercepts to determine the OG threshold fluence, 



166 

 

which, as shown in Figure 7.2d, decreases from 47.8±2.7 𝜇J/cm2 at 298K to 12.2±1.6 𝜇J/cm2 

at 4K (Table 7.1). The OG threshold at 298K is consistent with previously reported values for 

CdSe NPLs,33, 238 even though a quantitative comparison of OG threshold values among 

different reports is difficult due to variations in optical densities, excitation wavelengths and 

sample qualities. 

The measured OG threshold fluence is related to the average exciton number per NPL at 

the OG threshold (mth) through Eq. 7.1. 

Ith = mthNNPLL
ℎ𝑣

1 − 10−OD
= mth

ℎ𝑣

𝜀VNPL

OD

1 − 10−OD
        (7.1) 

In Eq. 7.1, Ith is the pump fluence (energy per unit excited area per pulse) at the OG threshold, 

ℎ𝑣 is the excitation photon energy (3.1 eV), NNPL is the number of NPLs per unit volume. 

OD=𝜀VNPLNNPLL (Beer’s law) is the optical density at excitation energy, 𝜀 is the single NPL 

extinction coefficient per unit NPL volume, L is the sample thickness (1 mm in this work), and  

VNPL is the volume of NPLs, which is calculated from its  area (201.4±32.4 nm3, Figure 7.1c) 

and thickness (1.2 nm152). 𝜀 (at 3.1 eV) is estimated to be 1.17×105 cm-1 at 298 K according to 

the reported extinction coefficient of the A exciton peak,11 and its values at lower temperatures 

are estimated by both comparing the optical density of the same spot on the NPL1-PMAO film 

at different temperatures (Figure 7.9b in Appendix 7.4 and Table 7.1) as well as comparing to 

absorption studies at reduced temperature.237 From the measured threshold fluence and using 

Eq. 7.1, the average number of excitons at the gain threshold, mth, is determined to decrease 

from 4.01±0.23 at 298K (in PMAO) to 1.70±0.19 at 4K (Figure 7.2d and Table 7.1), indicating 

that four- and higher-exciton states are required to reach the OG threshold at room temperature 

while the bi-exciton state is enough to achieve net OG at 4K. 

 

Table 7.1. Exciton and gain parameters of NPL1 as a function of temperature. These 

parameters include the temperature-dependent OG threshold (Ith), optical density (OD) at 3.1 
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eV, NPL extinction coefficient per unit NPL volume (𝜀) at 3.1 eV, average exciton number per 

NPL at the OG threshold (mth), band-edge exciton coherent area (SX), and saturation number 

of band-edge excitons per NPL (NS). 

 Hexane 

(298K) 

PMAO 

(298K) 

PMAO 

(100K) 

PMAO 

(50K) 

PMAO 

(20K) 

PMAO 

(10K) 

PMAO 

(4K) 

Ith (𝜇J/cm2) 50.7±2.1 47.8±2.7 30.5±2.0 24.5±1.2 21.9±1.5 17.0±1.5 12.2±1.6 

OD  0.34 0.24 0.29 0.18 0.12 0.15 0.19 

𝜀 (105 cm-1) 1.17 1.17 1.48 1.62 1.66 1.71 1.85 

mth 3.83±0.16 4.01±0.23 3.08±0.20 3.05±0.15 2.97±0.20 2.30±0.20 1.70±0.19 

SX (nm2) 95.9±15.4 95.3±15.3 115.7±15.6 123.4±14.8 130.1±13.9 137.5±14.1 155.3±12.5 

NS 3.50±0.02 3.52±0.02 2.90±0.02 2.72±0.02 2.58±0.02 2.44±0.02 2.16±0.02 

 

According to optical gain models of  NPLs and QDs,15,230 OG requires that the band-edge 

exciton states are at least half-filled, at which point the probability of stimulated emission 

equals the probability of absorption. As shown in Figure 7.2d, the average number of excitons 

per NPL at the OG threshold decreases with reduced temperature. This would suggest that the 

number of band-edge exciton states decreases at lower temperature, which is possible if the 

exciton COM coherent spatial area increases at lower temperatures, as indicated in Figure 7.1b.   

 

7.2.3. Measurement of exciton coherent area.  

To provide experimental support for temperature-dependent exciton coherent spatial area 

(SX), we develop a new method to directly measure its value in CdSe NPLs at different 

temperatures by pump fluence-dependent TA spectroscopy (at 3.1 eV excitation). This method 

is based on the determination of the number of band-edge excitons at saturation fluences. The 

comparison of TA spectra of NPL1 at early delay time (tE=2-3 ps) measured with different 

pump fluences (Figure 7.3a) shows the bleach of A and B exciton bands, which can be 

attributed to the state-filling of the lowest CB electron level,62 similar to cadmium chalcogenide 
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QDs.148, 239 This conclusion differs from some studies which report that the VB hole contributes 

to the exciton bleach signal.240-241 The lack of hole state-filling induced exciton bleach signals 

has often been attributed to the higher degeneracy of VB levels,148, 239 which is also likely to 

be valid in NPLs due to the non-confined lateral dimensions with a large effective-mass of the 

heavy hole.21 With increasing pump fluences, both A and B exciton bleach amplitudes increase 

because of both more excited NPLs and more excitons per NPL. At pump fluences >1267 

µJ/cm2, the A exciton bleach amplitude saturates, indicating the complete filling of the band-

edge exciton states. Although the B exciton bleach should follow the same dependence on the 

pump fluence as the A exciton, its saturation behavior cannot be observed because this signal 

overlaps with a continuum feature associated with the A exciton band as shown in Appendix 

7.4. Furthermore, in addition to exciton bleach, the presence of multi-excitons introduces other 

spectral features that give rise to the pump fluence-dependent TA spectral shape (Figure 7.3a).  

 

 

Figure 7.3. (a) TA spectra of early delay time (tE=2-3 ps) and (b) normalized TA spectra at 

long delay time (tL=800-1000 ps) of NPL1 at indicated pump fluences (circles). Solid lines are 

the fits of TA spectra at the highest pump fluence (1592 𝜇J/cm2). (c) Schematic depiction of 
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decay from the initial multi-exciton state with a saturated number of band-edge excitons to 

final single exciton state. The saturation number of the initial band-edge exciton is determined 

by the exciton spatial area (SX) and lateral size of NPLs (SNPL) determined by TEM. (d, e) The 

fits of the absorption spectra of the excited region in NPL1 NPLs before pump (Abs, solid 

black lines) and after pump (Abs*, blue dashed lines) at (d) early delay time (tE=2-3 ps) and 

(e) long delay time (tL=800-1000 ps) at the highest pump fluence (1592 𝜇J/cm2). Red circles 

are the normalized static absorption spectra of NPL1. Green shaded regions represent the A 

exciton absorbance in NPL1 NPLs before pump.   

 

The normalized TA spectra at long delay time (800-1000 ps) measured at different pump 

fluences are identical (Figure 7.3b), indicating that at this delay time, multi-exciton states 

generated at high pump fluences have recombined, and only the single-exciton state remains.26-

27, 57 This multi-exciton decay process can be better seen in the A exciton bleach kinetics at 

different pump fluences (Figure 7.8a in Appendix 7.3), which clearly shows an increase of the 

amplitude of the fast decay components at higher pump fluences, consistent with the expected 

increase of multiple-exciton populations. It also shows that both the amplitudes at early delay 

time (2-3 ps) and long delay time (800-1000 ps) saturate at high pump fluences when all NPLs 

in the probe beam path are excited, suggesting that all band-edge A exciton states are occupied 

at early delay time, and these multi-exciton states decay to a single-exciton state at long delay 

time (Figure 7.3c). Even at the lowest pump fluence (3 µJ/cm2), with an estimated average 

exciton number per NPL as 0.04 (see Appendix 7.3), the A exciton bleach decays to only 𝛾% 

(68.9% in NPL1) of its initial amplitude at 1 ns. Note that this 𝛾% factor accounts for both 

radiative and non-radiative decay of band-edge excitons. It may also contain relaxation 

between exciton fine-structure states, particularly, from bright to dark exciton state with a 

reported splitting energy of ~5 meV for 4ML NPLs,242 and exciton trapping with the electron 
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in the CB-edge and hole localized at a defect site within 1 ns.151 The latter is expected to have 

a small or negligible effect on the exciton bleach amplitude.  

The static absorption spectra of NPLs (black solid lines), can be well fitted to a model 

that consists of four absorption features: exciton bands along with continuous absorption bands 

of electron-heavy hole (A) and electron-light hole (B) transitions (Figure 7.3d&e).28 The 

absorption spectra after excitation (denoted as Abs*, blue dashed lines) can be fit to a model 

that accounts for the state-filling induced bleach of A and B excitons bands, shift of A and B 

exciton frequency (due to exciton-exciton interaction), the bleach of the continuous absorption 

features, and band-gap renormalizations (dashed lines in Figure 7.3d&e).243 Differences 

between these spectra (Abs*-Abs)  yields the fit of the TA spectra at saturation pump fluence 

(1592 µJ/cm2) shown in Figure 7.3a&b (solid lines). Details of the fitting procedures and results 

for all samples are shown in Appendix 7.4&7.5. According to the fit, at early delay time and 

saturation pump fluence (Figure 7.3d), when the A exciton is saturated, the A exciton bleach 

amplitude at EX (peak of A exciton transition) equals to the A exciton absorbance of the whole 

NPL, XA(Ex), and is proportional to the area of the NPL (SNPL) as shown in upper panel of 

Figure 7.3c.11 At long delay time (Figure 7.3e), a single A exciton blocks half of the band-edge 

transitions within the exciton coherent area (due to 2-fold spin degeneracy in the CB level), 

leading to the bleach of half of the A exciton transitions in the same spatial area.243 The A 

exciton transitions outside the occupied area are unaffected so that they have no contributions 

to TA spectra at long delay time. Therefore, the A exciton absorbance of the excited region 

(i.e., the exciton coherent area) in an NPL at long delay time, XA’(EX), which represents 𝛾% 

of total NPLs with a single exciton, is proportional to 𝛾% ∙ SX (lower panel of Figure 7.3c). 

This relationship is given by:  

XA(EX)

[
XA

′(EX)
𝛾% ]

=
SNPL

SX
=

NS

2
    (7.2) 
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From the value of XA(EX)/[
XA

′(EX)

𝛾%
]  (1.75±0.01) and SNPL (167.8±27.0 nm2, Figure 7.1c), the 

value of SX for NPL1 in hexane is determined to be 95.9±15.4 nm2. 

 

7.2.4. Temperature-dependent SX  

 

 

Figure 7.4. Temperature- and size-dependent SX of CdSe NPLs. (a) Comparison of 

experimental SX of NPL1 (blue spheres) and NPL2 (orange circles) and estimated SX (Est., 

gray squares) as a function of temperature. The y-axis of the right side represents the percentage 

of the lateral area of NPL1. (d) Scheme of SX of CdSe NPLs at room temperature (RT, 298K) 

and low temperature (low T, <4K). (c) The average exciton number per NPL at gain threshold 

(mth) as a function of the saturation number of band-edge exciton of NPLs (NS). 

 

The TA spectra of NPL1 in PMAO at different temperatures were analyzed with the same 

method as described above, and all the fitting results (Figure 7.13 in Appendix 7.5) and 

parameters (Table 7.6 in Appendix 7.5) are shown in Appendix 7.5. SX as a function of 

temperature is shown in Figure 7.4a, and their values are listed in Table 7.1. The result shows 

that SX at low temperature (4K) occupies over 90% of the NPL, extending nearly to the whole 

NPL area, as illustrated in Figure 7.4b. It also shows that the saturation number of band-edge 

excitons per NPL (NS) is ~3.5 at room temperature and only ~2 at 4K (Table 7.1). This is 
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consistent with the change of mth values determined by temperature dependent OG threshold 

measurement (Figure 7.4c and Table 7.1), supporting the proposed gain model shown in Figure 

7.1a&b. We observed similar temperature-dependent SX of another 4ML CdSe NPL sample 

(NPL2) of a similar lateral area (165.3±25.8 nm2, Figure 7.6e in Appendix 7.1) in a different 

polymer, poly(methyl methacrylate) (PMMA), as shown in Figure 7.4a and Table 7.9 in 

Appendix 7.6.  

Although temperature changes can also affect the dielectric environment of the NPL, its 

effects on SX can be excluded for two reasons. (1) The dielectric constant of non-polar solids 

such as CdSe and PMAO changes negligibly with temperature.244 (2) The measured SX values 

do not show significant changes in solvents of different dielectric constants either (Figure 7.16 

and Table 7.9 in Appendix 7.6). Exciton-phonon scattering, which decreases at low 

temperature due to a reduced phonon population, affects the exciton spatial coherence. The 

average spatial area resulted from this dephasing pathway can be estimated from the exciton 

linewidth according to this relationship: SX=4h2/∆(T)M,57-58 where h is the Planck’s constant, 

∆(T) is the transition linewidth at temperature T, and M is the sum of the effective-masses of 

the band-edge electron (0.13m0, m0 is free electron mass) and hole (0.89m0).
21 Using emission 

linewidth of NPL2 at different temperatures as ∆(T) (Figure 7.5a), the estimated SX calculated 

here (Figure 7.4a) and in a previous study57 are over 2-fold larger than our experimentally 

determined SX. This indicates that other factors besides exciton-phonon scattering play an 

essential role in reducing exciton spatial coherence. It has been suggested previously that the 

inhomogeneity of the interaction between the surface capping ligand and NPL may also play 

an important role.245  
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Figure 7.5. (a) Photoluminescence spectra of NPL2 in PMMA at different temperatures. (b) 

The SX of CdSe NPLs with different thicknesses as a function of NPL lateral area. The dashed 

lines represent the average SX for 3 (green), 4 (orange), and 5ML (red) CdSe NPLs. 

 

We also studied how NPL thickness and lateral area affects SX at room temperature using 

3ML CdSe NPLs of two different sizes (3MLa&b), 4 ML CdSe NPLs of three additional sizes 

(4MLa-c) besides NPL1&2, and 5ML NPLs of two different sizes (5MLa&b). These NPLs 

have increasing lateral sizes from a to c (Figure 7.6 in Appendix 7.1), and their lateral sizes are 

determined in Table 7.2 in Appendix 7.1. The same set of samples have been used in studies 

of Auger recombination and optical gain of CdSe NPLs.27, 230 Using the same method, we 

extract the SX of these NPLs in hexane at room temperature (Table 7.2 in Appendix 7.1), which 

is independent to the lateral size but increases at smaller NPL thickness (Figure 7.5b). This 

indicates thinner NPLs may lead to lower OG thresholds. It is also important to note that our 

method for direct determination of exciton COM coherence applies to other semiconductor 2D 

and 1D materials, which complements a previously reported method for estimation of exciton 

Bohr radius in 1D nanotubes.246-247 
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7.2.5. Temperature-dependence of gain threshold in 0D, 1D, 2D, and bulk materials  

It is interesting to compare the temperature-dependence of gain threshold in materials of 

different dimensionality. Nearly temperature-independent OG and ASE thresholds have been 

reported in 0D CdSe QDs16 and 1D CdSe/CdS NRs.229 0D QDs are quantum-confined in all 

dimensions in which the exciton COM and the degeneracy of band-edge exciton states are 

temperature independent; while 1D cadmium chalcogenide NRs usually have ununiform 

quantum-confinement along their length direction and this disorder reduces the exciton spatial 

coherence length dramatically. In conventional bulk semiconductor lasers, it has been reported 

that the gain threshold increases exponentially with temperature, which is due to the 

exponential absorption edge within the band-gap induced by doping/defect states and the 

thermal spreading of carriers over a wide range of  accessible electronic states near the band-

edge.248-249 However, this does not apply to 2D NPLs, in which excitonic rather than free carrier 

transitions dominate at the band-edge because of their large exciton binding energy (~100 

meV).21 Unlike bulk semiconductors, the OG threshold of NPLs is determined by the relative 

populations of NPL species with different A excitons (Figure 7.1a&b). Furthermore, it is 

important to emphasize that this exciton coherent area extension strategy reduces the OG 

threshold by achieving bi-exciton gain and enhancing the radiative recombination rate (GOST 

effect) without reducing the absorption cross-section of 2D NPLs. We anticipate that this 

strategy for lowering gain thresholds is applicable in other 2D and 1D semiconductor 

nanomaterials which possess (1) uniform quantum confinement to enable large exciton spatial 

coherence, and (2) large exciton binding energy so that sharp excitonic transitions dominate at 

the band-edge.   
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7.3. Conclusion 

In summary, we report reducing OG threshold of 2D NPLs by exciton COM coherence 

extension and GOST effect. The OG threshold of 4ML CdSe NPLs decreases nearly 4-fold 

from ~48 µJ/cm2 at room temperature to ~12 µJ/cm2 at 4K. TA spectroscopy studies show that 

the exciton COM coherent spatial area in CdSe NPLs is smaller than the NPL lateral size at 

room temperature and increases to nearly encompass the whole NPL at 4K. Our result also 

shows that the exciton COM coherent spatial area at room temperature is independent to NPL 

lateral size but decreases in NPLs of larger thickness. The reduction of the OG threshold at low 

temperature is attributed to the extension of exciton COM coherent area in NPLs, which 

reduces the saturation number of band-edge excitons to enable bi-exciton gain and increases 

the oscillator strength through the GOST effect. This work demonstrates a new approach for 

designing low threshold optical gain materials.  
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Appendix 7.1 

The TEM images and lateral size of samples 

 

Figure 7.6. The TEM images of (a) 3MLa, (b) 3MLb, (c) 4MLa, (d) 4MLb, (e) NPL2, (f) 

4MLc, (g) 5MLa, and (h) 5MLb 
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Table 7.2. The average length, width, area (SNPL), saturation number of the band-edge exciton 

(NS), and band-edge exciton coherent area (SX) with errors of CdSe NPLs in hexane 

 Length/nm Width/nm SNPL/nm2 NS Sx/nm2 Average 

Sx/nm2 

3MLa 18.4±3.1 11.8±2.3 220.5±30.5 2.80±0.02 157.5±21.8 144.7±20.6 

3MLb 19.9±3.8 11.4±2.0 226.8±33.2 3.44±0.02 131.9±19.3 

NPL1 17.4±2.3 9.7±1.1 167.8±27.0 3.50±0.02 95.9±15.4  

 

92.4±14.4 

NPL2 17.5±2.7 9.5±1.0 165.3±25.8 3.66±0.02 90.3±14.1 

4MLa 13.1±1.2 8.1±0.8 106.7±15.8 2.36±0.02 90.4±13.4 

4MLb 14.4±1.7 9.6±1.0 138.0±23.6 3.08±0.02 89.6±15.3 

4MLc 32.0±2.5 7.8±1.1 249.7±35.1 5.20±0.02 96.0±13.5 

5MLa 19.9±2.5 5.4±0.8 107.7±22.7 3.36±0.02 64.1±13.5 63.9±11.1 

5MLb 19.8±2.0 5.7±0.6 112.1±15.1 3.52±0.02 63.7±8.6 
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Appendix 7.2 

Gain spectra and kinetics 

 

Figure 7.7. The gain spectra at early delay time (2-3 ps) of NPL1 in PMAO at (a) 298K, (b) 

100K, (c) 50K, (d) 20K, (e) 10K, and (f) 4K. The insets are the same spectra at the optical gain 

(OG) region, where the shaded areas represent the OG from s-state (red) and p-state (gray) of 

A exciton, respectively. The gain kinetics at the s-state OG peak energy (marked by the red 

shaded area in (a)-(f)) of NPL1 in PMAO at (g) 298K, (h) 100K, (i) 50K, (j) 20K, (k) 10K, and 

(l) 4K. 
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Appendix 7.3 

The estimation of the average exciton number  

The A exciton kinetics of sample NPL1 in hexane at different pump fluences are shown 

in Figure 7.8a. Following the main text, only NPLs with single exciton remained at long delay 

time (tL, 800-1000 ps) for all pump fluences. Therefore, the A exciton bleach at tL (800-1000 

ps) is proportional to the percentage of excited NPLs: 𝛾(1-P0(m)), where Pn(m) is Poisson 

distribution that represents the possibility of finding n excitons per NPL if the average exciton 

number per NPL is m. Following the same analyzing methods as reported in our previous 

work,27, 34 we define the normalized TA signal at tL as: 

∆S(EX, tL) =
∆Abs(EX, tL)

𝛽(EX)
= 𝛾(1 − P0(m)) = 𝛾(1 − e−m) = 𝛾(1 − e−CI) (7.3) 

where EX is A exciton peak energy (~2.42 eV). At high pump fluence, when all NPLs were 

excited, ∆S(EX, tL) approached 𝛾 (0.689 for NPL1 in hexane, see Table 7.6), from which the 

scaling factor 𝛽(EX) was determined. m is assumed proportional to pump fluence: m=CI with 

C is the photon encountering cross-section.27 As shown in Figure 7.8b, fitting ∆S(EX, tL) of 

NPL1 in hexane as a function of pump fluence I to Eq. 7.3 yields the value of parameter C of 

0.013 cm2/µJ. At the lowest pump fluence (3 µJ/cm2), the average exciton number per NPL is 

determined as 0.04. 
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Figure 7.8. (a) The A exciton kinetics of NPL1 in hexane at selected pump fluences. (b) 

Normalized A exciton bleach amplitude at long delay time (800-1000 ps) as a function of pump 

fluence (open circles) and their fits (solid black line) for NPL1 in hexane. Blue dashed line is 

the average exciton number per NPL (m) as a function of pump fluence. 
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Appendix 7.4 

UV-Vis absorption spectra fit  

The UV-Vis absorption spectra of CdSe colloidal NPLs were fitted according to a well-

established NPL absorption model.28, 250-251 Near the band-edge, the absorption is given by,  

Abs(E) = CA𝛼A(E) + CB𝛼B(E)    (7.4) 

where Ci and 𝛼i(E) are the weights and absorption strength of the electron-heavy hole (i=A) 

and electron-light hole (i=B) transitions, respectively. These absorptions include contributions 

of both band-edge excitons, Xi(E), and continuous band absorption, Conti(E), as shown in Eq. 

7.5: 

𝛼i(E) = Xi(E) + Conti(E)   (i = A or B)  (7.5) 

Xi(E) represents A and B excitons for i=A and B. The exciton line shape and the continuous 

band absorption line shape are given by Eq. 7.6-7.8, respectively: 

XA(E) = XS(E) + XP(E)

=
1

2𝜂S
[erf (

E − EX,S

WX,S
−

WX,S

2𝜂S
) + 1] exp (

WX,S
2

4𝜂S
2

−
E − EX,S

𝜂S
)

+
CP

2𝜂P
[erf (

E − EX,P

WX,P
−

WX,P

2𝜂P
) + 1] exp (

WX,P
2

4𝜂P
2

−
E − EX,P

𝜂P
)    (7.6) 

XB(E) =
1

2𝜂B
[erf (

E − EX,B

WX,B
−

WX,B

2𝜂B
) + 1] exp (

WX,B
2

4𝜂B
2

−
E − EX,B

𝜂B
)    (7.7) 

Cont𝑖(E) =
H𝑖

2
[erf (

(E − EX,i) − Eb,i

WC,i
) + 1]   (i = A or B)     (7.8) 

In Eq. 7.6-7.8, XS(E) and XP(E) are exciton peaks for s- and p-state of A exciton, respectively. 

EX,i (i=S, P, A or B) and Eb,i (i=A or B) are exciton transition energy and exciton binding 

energy, respectively, and we consider EX,A= EX,S in Eq. 7.8. WX,i (i=S, P, or B) and WC,i (i=A 

or B) are exciton peak width and continuum edge width, respectively. Hi (i=A or B) is the 

continuum edge step height and 𝜂i  (i=S, P, or B) is the asymmetric broadening. CP is the 
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relative weight of p-state of A exciton. Note that we consider the s-state/p-state splitting of A 

excitons,223 which is supported by both s- and p-state OG observed at low temperatures as 

shown in Figure 7.7b-f. We don’t consider the same splitting for B exciton because it is far 

from the spectral region of interest (at the band-edge) and there lacks reliable experimental or 

reported results. The exciton binding energies for A exciton (Eb,A) at room temperature (298K) 

are fixed as reported: 289, 231, and 193 meV for 3, 4, and 5 ML NPLs, respectively.61 At low 

temperatures (≤100K), the exciton binding energy is not known and was assumed to be the 

same as the value at room temperature in our fit. The s-state/p-state splitting (EX,P-EX,S) for 4 

ML NPLs is fixed as 50±2 meV according to the energy difference between s- and p-state OG 

peaks in Figure 7.7b-f. The s-state/p-state splitting is proportional to the exciton binding energy 

according to the Rydberg series,153-154, 252 so the s-state/p-state splitting for 3 and 5 ML NPLs 

are set as 63 and 42 meV, respectively.  

The absorption spectra of NPL1 in PMAO and NPL2 in poly(methyl methacrylate) 

(PMMA) and solid film at different temperatures are shown and fitted in Figure 7.9 and 7.10, 

respectively. Although scattering affects the static absorption spectra of NPL2 in PMMA 

(Figure 7.10a), its effect on TA spectra is negligible as shown by the TA spectra in PMMA, 

which agrees excellently with those in hexane at 298K (Figure 7.10b). Moreover, aside from 

the scattering features for the samples in PMMA, their spectra agree well with those of NPL2 

solid films (Figure 7.10c-f), which are not affected by scattering. We have thus assumed that 

the absorption spectra of solid films can approximate those of NPL2 in PMMA and the latter 

can be fit to obtain the temperature dependence of the static absorption spectra in PMMA 

(Figure 7.10c-f). The fitting parameters and errors for NPL1 and NPL2 at different 

temperatures are listed in Table 7.3 and 7.4, respectively. The absorption spectra and the fitting 

results of 3, 4, and 5 ML CdSe colloidal NPLs in solution are shown in Figure 7.11, which 

indicates negligible effects of the lateral size and solvents on absorption spectra. Therefore, we 
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report only the average fitting parameters and errors for the 3 to 5 ML NPLs in solution, which 

are listed in Table 7.5. 

 

 

Figure 7.9. (a) Absorption spectra of NPL1 in hexane and PMAO at different temperatures for 

optical gain studies. (b) Absorption spectra of the same spot on NPL1 PMAO film at different 

temperatures. Absorption spectra and fits of NPL1 in PMAO at (c) 298K, (d) 100K, (e) 50K, 

(f) 20K, (g) 10K, and (h) 4K. 
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Figure 7.10. (a) The absorption spectra of NPL2 in PMMA at different temperatures. (b) 

Comparison of TA spectra of NPL2 in PMMA (solid lines) and hexane (dashed lines) at room 

temperature (298K). The comparison of absorption spectra of NPL2 in PMMA (solid gray 

lines) and NPL2 solid films (red circles) at (c) 298K, (d) 100K, (e) 20K, and (f) 2.6K. Black 

solid lines and dashed lines are the fits of absorption spectra of NPL2 solid films. 

  



185 

 

 

Figure 7.11. (a) Scaled absorption spectra of 3MLa&b (circles) and the fit. (b) Scaled 

absorption spectra of NPL1&2 and 4MLa-c (circles) and the fit. (c) Scaled absorption spectra 

of NPL2 in hexane, toluene, and chloroform (circles) and the fit. (d) Scaled absorption spectra 

of 5MLa&b (circles) and the fit. 
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Table 7.3. Fitting parameters and errors for absorption spectra of NPL1 in PMAO at different 

temperatures 

 298K 100K 50K 20K 10K 4K 

EX,S/meV 2408±2 2500±2 2515±2 2519±2 2520±2 2520±2 

EX,P/meV 2458±2 2550±2 2565±2 2569±2 2570±2 2570±2 

Eb,A/meV 231 231 231 231 231 231 

WX,S/meV 15±1 10±1 10±1 10±1 10±1 10±1 

WX,P/meV 30±1 30±1 30±1 30±1 30±1 30±1 

WC,A/meV 55±1 40±1 40±1 40±1 40±1 35±1 

𝜂S/meV 40±1 18±1 18±1 15±1 13±1 13±1 

𝜂P/meV 68±1 30±1 30±1 35±1 40±1 40±1 

HA/meV 10000±100 10700±100 9200±100 9600±100 12500±100 10500±100 

CP 0.21±0.01 0.52±0.01 0.38±0.01 0.60±0.01 0.85±0.01 0.75±0.01 

CA 0.017±0.00

1 

0.017±0.00

1 

0.019±0.00

1 

0.0078±0.000

1 

0.0077±0.000

1 

0.011±0.00

1 

EX,B/meV 2568±2 2641±2 2653±2 2656±2 2658±2 2658±2 

Eb,B/meV 285±5 288±5 285±5 293±5 285±5 290±5 

WX,B/meV 75±1 45±1 42±1 35±1 35±1 35±1 

WC,B/meV 65±1 35±1 35±1 35±1 40±1 40±1 

𝜂B/meV 25±1 33±1 35±1 40±1 40±1 40±1 

HB/meV 3000±100 3200±100 2800±100 3000±100 3400±100 3400±100 

CB 0.030±0.00

1 

0.038±0.00

1 

0.039±0.00

1 

0.017±0.001 0.020±0.001 0.025±0.00

1 
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Table 7.4. Fitting parameters and errors for absorption spectra of NPL2 solid films at different 

temperatures 

 298K 100K 20K 2.6K 

EX,S/meV 2412±2 2502±2 2520±2 2521±2 

EX,P/meV 2462±2 2552±2 2570±2 2571±2 

Eb,A/meV 231 231 231 231 

WX,S/mV 20±1 10±1 20±1 20±1 

WX,P/mV 30±1 30±1 28±1 35±1 

WC,A/mV 65±1 50±1 50±1 50±1 

𝜂S/meV 35±1 18±1 15±1 13±1 

𝜂P/meV 60±1 30±1 35±1 40±1 

HA/meV 8000±100 11000±100 6000±100 6200±100 

CP 0.37±0.01 0.57±0.01 0.31±0.01 0.55±0.01 

CA 0.014±0.001 0.0025±0.0001 0.016±0.001 0.018±0.001 

EX,B/meV 2555±2 2633±2 2650±2 2653±2 

Eb,B/meV 290±5 288±5 293±5 290±5 

WX,B/mV 56±1 35±1 35±1 30±1 

WC,B/mV 52±1 35±1 35±1 40±1 

𝜂B/meV 45±1 50±1 50±1 50±1 

HB/meV 2500±100 3900±100 4200±100 4000±100 

CB 0.021±0.001 0.0055±0.0001 0.027±0.001 0.032±0.001 
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Table 7.5. Fitting parameters and errors for absorption spectra of 3ML, 4ML and 5 ML NPLs 

in solution 

 3ML 4ML 5ML 

EX,S/meV 2675±2 2408±2 2255±2 

EX,P/meV 2738±2 2458±2 2297±2 

Eb,A/meV 289 231 193 

WX,S/meV 20±1 15±1 23±1 

WX,P/meV 35±1 30±1 30±1 

WC,A/meV 65±1 60±3 65±2 

𝜂S/meV 40±1 35±1 35±1 

𝜂P/meV 40±1 60±1 55±1 

HA/meV 4700±100 6800±100 7600±100 

CP 0.33±0.01 0.37±0.01 0.28±0.01 

CA 0.025±0.001 0.034±0.001 0.023±0.001 

EX,B/meV 2832±2 2550±2 2375±2 

Eb,B/meV 278±5  290±5 290±5 

WX,B/mV 58±1 55±2 50±2 

WC,B/meV 55±1 65±2 90±2 

𝜂B/meV 70±1 45±3 45±2 

HB/meV 2000±100 2550±100 3600±100 

CB 0.044±0.001 0.054±0.001 0.027±0.001 
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Appendix 7.5 

Transient absorption spectra fit    

TA spectra are difference spectra of the sample after pump and before pump, and only 

excited NPLs contribute to the signal. The absorption spectra of contributing NPLs in solution 

and polymer samples before pump, Abs(t, E), which are their static absorption spectra, can be 

well fitted using NPL absorption model as discussed above (Table 7.3-7.5). For NPL2 in 

PMMA, strong light scattering hinders a reliable fit to their spectra, and we assume that they 

have the same absorption line shape of NPL2 solid films (Figure 7.10). The time dependence 

of this signal reflects the change of contributing populations as a function of time (due to 

excited state decay). The absorption spectra of contributing NPLs after pump, Abs*(t, E), 

contain the contributions of the decrease of absorption strength due to electron state-filling and 

shift of exciton band caused by exciton-exciton interaction (or Stark shift).224, 253 For TA 

spectra measured with the highest pump fluence at early delay time (tE, 2-3 ps), the CB edge is 

fully occupied with electrons, and the exciton transitions are entirely blocked. Therefore, the 

excited state absorption bands of A and B exciton, XA* and XB* respectively, are set to zero. 

We attribute the additional negative signals between A and B exciton bleach, which only show 

up at high pump fluence, to the state-filling of continuum band of A exciton, ContA*. ContB is 

far from the TA spectra region of interest, and its spectral change can be ignored. There is also 

a broad negative absorption feature at the low energy side of A exciton peak under high pump 

fluence, which can be attributed to the optical gain of semiconductor NPLs.33, 224 We fit this 

optical gain with a negative asymmetric peak, G, in excited state absorption. Thus, the 

absorbance of excited NPLs at early delay time is given by: 

Abs∗(tE, E) = CGG(E) + CAContA
∗(tE, E) + CBContB    (7.9) 

G(E) = −
1

2𝜂G
[erf (

E − EG

WG
−

WG

2𝜂G
) + 1]exp (

WG
2

4𝜂G
2
−

E − EG

𝜂G
)    (7.10) 
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ContA
∗(tE, E) =

HA

2
[erf (

[E − (EX,S − ∆Cont,A)] − Eb,A

WC,A
∗ ) + 1]     (7.11) 

where CG is the amplitude of optical gain, 𝜂G is the asymmetric broadening, EG is the gain peak 

energy, WG is the gain width, and ∆Cont, A is band gap renormalization.224, 243 

At long delay time (tL, 800-1000 ps) and highest pump fluence, all NPLs are in the single-

exciton state.27 With only one electron in the NPL, occupying the CB edge level, both the 

strengths of A and B exciton transitions are reduced by half due to the Pauli exclusion 

principle.243 The A and B exciton transitions (XA* and XB*) are shifted to lower energy (by 

∆X,S and ∆X,P for s- and p-state of A exciton, respectively, and ∆X,B for B exciton) and the s-

state of A exciton is broadened after pump (with WX,S* and 𝜂S
∗  are width and asymmetric 

broadening after pump, respectively) due to exciton-exciton interaction.224, 243, 253 The 

amplitude of the continuous band A (ContA*) remains unaffected and its energy redshifts by 

∆Cont,A due to band-gap renormalization.224, 243 The occupation probability for s-state (Ps-state) 

and p-state (Pp-state) of A exciton follows Boltzmann distribution: 
Pp−state

Ps−state
= e

−(
EX,P−EX,S

kBT
)
, where 

kB is the Boltzmann constant, T is the temperature, and Ps-state+Pp-state=1. Thus, the absorbance 

of excited NPLs at long delay time is given by:  

Abs∗(tL, E) = CA[X∗
A
(tL, E) + ContA

∗(tL, E)]  + CB[X∗
B(tL, E) + ContB(tL, E)]   (7.12) 

where: 
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X∗
A(tL, E) = Ps−state (

X∗
S(tL, E)

2
+ X∗

P(tL, E)) + Pp−state (X∗
S(tL, E) +

X∗
P(tL, E)

2
)

= (
Ps−state

2

+ Pp−state)
1

2𝜂𝑆
∗ [erf (

E − (EX,S − ∆X,S)

WX,S
∗ −

WX,S
∗

2𝜂𝑆
∗ )

+ 1] exp(
WX,S

∗ 2

4𝜂𝑆
∗2 −

E − (EX,S − ∆X,S)

𝜂𝑆
∗ ) + (Ps−state

+
Pp−state

2
)

CP

2𝜂P
[erf (

E − (EX,P − ∆X,P)

WX,P
−

WX,P

2𝜂P
)

+ 1] exp(
WX,P

2

4𝜂P
2

−
E − (EX,P − ∆X,P)

𝜂P
)    (7.13) 

X∗
B(tL, E) =

1

4𝜂B
[erf (

E − (EX,B − ∆X,B)

WX,B
−

WX,B

2𝜂B
)

+ 1] exp (
WX,B

2

4𝜂B
2

−
E − (EX,B − ∆X,B)

𝜂B
)    (7.14) 

ContA
∗(tL, E) =

HA

2
[erf (

[E − (EX,S − ∆Cont,A)] − Eb,A

WC,A
) + 1]      (7.15) 

At room temperature (298K), Ps-state (Pp-state) for 3, 4, and 5 ML NPLs are estimated as 92.1% 

(7.9%), 87.5% (12.5%), and 83.7% (16.3%), respectively. At low temperatures (≤100K), Pp-

state is estimated ≤0.3% for 4 ML NPLs so that we approximate Ps-state=1 and Pp-state=0 for 4 ML 

NPLs at low temperatures (≤100K).    

The TA spectra then are fitted by: 

ΔAbs(t, E) = Abs∗(t, E) − Abs(t, E)    (7.16) 

The peak values of contributing A exciton absorption of the excited region in NPL before 

pump at early and long delay time are used to calculate the SX: 

XA(tE, EX,S)

XA(tL, EX,S)
=

SNPL

𝛾% ∙ SX
     (7.17) 
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where SNPL is NPL lateral area (Table 7.2) and 𝛾% is the population of excited NPLs remaining 

at tL. The fitting parameters for absorption spectra before pump are all fixed as in Table 7.3-

7.5 to keep the absorption line-shape, except for CA and CB, which determine the actual 

amplitude of the contributing NPLs before pump. The fitting results of Abs, Abs*, and TA 

spectra for NPL1 in hexane are shown as an example for the complete fitting process in Figure 

7.12. TA spectra and the fits of all NPL samples are shown in Figure 7.13 (for NPL1), 7.14 

(for NPL2), and 7.15 (for 3MLa&b, 4MLa-c, and 5MLa&b) with the fitting parameters listed 

in Table 7.6 (for NPL1), 7.7 (for NPL2), and 7.8 (for 3MLa&b, 4MLa-c, and 5MLa&c). 
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Figure 7.12. The absorption spectra (a) before pump, (b) after pump, and (c) the TA spectra of 

NPL1 in hexane at early delay time (tE, 2-3 ps). The absorption spectra (d) before pump, (e) 

after pump, and (f) the TA spectra of NPL1 in hexane at long delay time (tL, 800-1000 ps). 

 

 

Figure 7.13. The TA spectra at early delay time (circles) and the fits (solid lines) of NPL1 in 

PMAO at (a) 298K, (b) 100K, (c) 50K, (d) 20K, (e) 10K, and (f) 4K. The TA spectra at long 

delay time (circles) and the fits (solid lines) of NPL1 in PMAO at (g) 298K, (h) 100K, (i) 50K, 

(j) 20K, (k) 10K, and (l) 4K. 
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Figure 7.14. The TA spectra at early delay time (circles) and the fits (solid lines) of NPL2 in 

(a) hexane, (b) toluene, (c) chloroform, (d) PMMA at 298K, (e) PMMA at 100K, (f) PMMA 

at 20K, and (g) PMMA at 2.6K. The TA spectra at long delay time (circles) and the fits (solid 

lines) of NPL2 in (h) hexane, (i) toluene, (j) chloroform, (k) PMMA at 298K, (l) PMMA at 

100K, (m) PMMA at 20K, and (n) PMMA at 2.6K.  
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Figure 7.15. The TA spectra at early delay time (circles) and the fits (solid lines) of (a) 3MLa, 

(b) 3MLb, (c) 4MLa, (d) 4MLb, (e) 4MLc, (f) 5MLa, and (g) 5MLb. The TA spectra at long 

delay time (circles) and the fits (solid lines) of (h) 3MLa, (i) 3MLb, (j) 4MLa, (k) 4MLb, (l) 

4MLc, (m) 5MLa, and (n) 5MLb. 
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Table 7.6. Fitting parameters and errors of TA spectra of NPL1 at different temperatures 

  Hexane 

(298K) 

PMAO 

(298K) 

PMAO 

(100K) 

PMAO 

(50K) 

PMAO 

(20K) 

PMAO 

(10K) 

PMAO 

(4K) 

tE  EG/meV 2200±10 2200±10 2420±10 2420±10 2430±10 2400±10 2380±10 

WG/meV 300±2 300±2 100±2 100±2 100±2 200±2 200±2 

BG/meV 50±5 100±5 30±5 50±5 35±5 35±5 35±2 

∆Cont,A /meV 131±5 116±5 171±5 171±5 161±5 151±5 171±5 

WC,A*/meV 130±5 130±5 90±5 90±5 100±5 100±5 100±5 

CA 0.022±0.00

1 

0.012±0.0

01 

0.012±0.

001 

0.0089±0

.0001 

0.0048±0

.0001 

0.0047±0

.0001 

0.0047±0

.0001 

CB 0.038±0.00

1 

0.021±0.0

01 

0.027±0.

001 

0.019±0.

001 

0.010±0.

001 

0.012±0.

001 

0.011±0.

001 

CG 0.000004±

0.000001 

0.0015±0.

001 

0.0010±0

.0001 

0.005±0.

001 

0.0015±0

.0001 

0.00001±

0.00001 

0.00001±

0.00001 

XA(EX)/OD 0.386 0.191 0.343 0.256 0.155 0.162 0.163 

tL ∆X,S/meV  35±1 35±1 30±1 20±1 25±1 20±1 10±1 

∆X,P/meV 10±1 10±1 18±1 18±1 18±1 15±1 15±1 

WX,S*/meV 25±1 30±1 15±1 15±1 15±1 15±1 11±1 

𝜂𝑆
∗/meV 60±1 100±1 20±1 20±1 19±1 20±1 14±1 

∆Cont,A/meV 72±1 55±1 80±1 80±1 75±1 60±1 80±1 

CA 0.0088±0.0

001 

0.0036±0.

0001 

0.0053±0

.0001 

0.0047±0

.0001 

0.0020±0

.0001 

0.0020±0

.0001 

0.0024±0

.0001 

∆X,B/meV 35±1 48±1 30±2 25±2 20±2 15±2 15±3 

CB 0.015±0.00

1 

0.0063±0.

0001 

0.012±0.

001 

0.0098±0

.0001 

0.0043±0

.0001 

0.0052±0

.0001 

0.0057±0

.0001 

XA(EX)/OD 0.152 0.061 0.155 0.134 0.064 0.070 0.085 

𝛾% 68.9% 56.2% 65.4% 71.3% 53.3% 52.8% 56.4% 
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Table 7.7. Fitting parameters and errors of TA spectra NPL2 at different temperatures 

  Hexane 

(298K) 

Toluene 

(298K) 

Chloroform 

(298K) 

PMMA 

(298K) 

PMMA 

(100K) 

PMMA 

(20K) 

PMMA 

(2.6K) 

tE  EG/meV 2100±10 2120±10 2130±10 2100±10 2420±10 2450±10 2470±10 

WG/meV 500±2 510±2 540±2 550±2 80±2 100±2 50±2 

BG/meV 100±5 97±5 97±5 100±5 50±5 35±5 30±2 

∆Cont,A /meV 111±5 106±5 101±5 171±5 171±10 141±5 170±5 

WC,A*/meV 100±5 120±5 120±5 80±5 90±5 90±5 50±5 

CA 0.027±0.00

1 

0.024±0.0

01 

0.032±0.00

1 

0.0066±

0.0001 

0.0025±

0.0001 

0.0029±

0.0001 

0.0024±0

.0001 

CB 0.040±0.00

1 

0.040±0.0

01 

0.057±0.00

1 

0.010±0.

001 

0.005±0.

001 

0.0049±

0.0001 

0.0043±0

.0001 

CG 0.00013±0.

00001 

0.00009±0

.00001 

0.00012±0.

00001 

0.00002

±0.0000

1 

0.0055±

0.0001 

0.0013±

0.0001 

0.0031±0

.0001 

XA(EX)/OD 0.458 0.409 0.544 0.104 0.073 0.064 0.055 

tL ∆X,S/meV  35±1 35±1 30±1 35±1 20±1 30±1 20±1 

∆X,P/meV 10±1 10±1 10±1 10±1 15±1 10±1 15±1 

WX,S*/meV 15±1 18±1 20±1 20±1 11±1 20±1 20±1 

𝜂𝑆
∗/meV 100±1 70±1 80±1 100±1 20±1 15±1 13±1 

∆Cont,A/meV 68±1 65±1 50±1 60±1 95±1 95±1 95±1 

CA 0.0082±0.0

001 

0.0071±0.

0001 

0.0093±0.0

001 

0.0020±

0.0001 

0.0011±

0.0001 

0.0010±

0.0001 

0.0010±0

.0001 

∆X,B/meV 30±1 35±1 25±1 30±1 20±1 15±1 10±1 

CB 0.012±0.00

1 

0.012±0.0

01 

0.017±0.00

1 

0.0032±

0.0001 

0.0024±

0.00001 

0.0016±

0.0001 

0.0017±0

.0001 

XA(EX)/OD 0.140 0.134 0.156 0.032 0.032 0.021 0.022 

𝛾% 55.9% 61.8% 60.3% 56.0% 65.9% 42.9% 42.3% 
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Table 7.8. Fitting parameters and errors of TA spectra of 3MLa&b, 4MLa-c, and 5MLa&b in 

hexane 

  3MLa 3MLb 4MLa 4MLb 4MLc 5MLa 5MLb 

tE  EG/meV 2550±10 2600±10 2120±10 2130±10 2100±10 2230±10 2200±10 

WG/meV 200±2 100±2 500±2 500±2 500±2 90±5 180±5 

BG/meV 200±5 100±5 100±5 100±5 100±5 130±5 130±5 

∆Cont,A /meV 204±5 199±5 121±5 151±5 161±5 5±5 93±5 

WC,A*/meV 50±5 80±5 120±5 120±5 100±5 120±5 130±5 

CA 0.029±0.

001 

0.030±0.

001 

0.030±0.

001 

0.029±0.

001 

0.030±0.

001 

0.015±0.

001 

0.016±0.

001 

CB 0.046±0.

001 

0.053±0.

001 

0.053±0.

001 

0.045±0.

001 

0.043±0.

001 

0.017±0.

001 

0.018±0.

001 

CG 0.006±0.

001 

0.006±0.

001 

0.00012±

0.00001 

0.00022±

0.00001 

0.00006±

0.00001 

0.006±0.

001 

0.007±0.

001 

XA(EX)/OD 0.347 0.421 0.507 0.484 0.490 0.209 0.221 

tL ∆X,S/meV 28±1 28±1 35±1 35±1 35±1 25±1 25±1 

∆X,P/meV 15±1 15±1 10±1 10±1 10±1 10±1 10±1 

WX,S*/meV 25±1 23±1 18±1 18±1 22±1 30±1 23±1 

𝜂𝑆
∗/meV 55±1 45±1 100±1 100±1 80±1 60±1 60±1 

∆Cont,A/meV 125±1 135±1 75±1 70±1 75±1 50±1 60±1 

CA 0.0097±

0.001 

0.010±0.

001 

0.016±0.

001 

0.012±0.

001 

0.0067±0

.0001 

0.0067±0

.0001 

0.0062±0

.0001 

∆X,B/meV 40±1 40±1 37±1 30±1 37±1 20±1 28±1 

CB 0.015±0.

001 

0.018±0.

001 

0.029±0.

001 

0.019±0.

001 

0.0094±0

.0001 

0.0079±0

.0001 

0.0073±0

.0001 

XA(EX)/OD 0.116 0.141 0.269 0.206 0.109 0.096 0.088 

𝛾% 46.9% 46.9% 62.5% 65.5% 57.7% 77.1% 70.0% 
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Appendix 7.6 

Dielectric environment dependent exciton coherent area 

The temperature-dependent SX and NS of NPL2 in poly(methyl methacrylate) (PMMA) 

are listed in Table 7.9. We changed the dielectric environment of NPL2 by dispersing NPL2 in 

different solvents: hexane, toluene, and chloroform with a dielectric constant of 1.9, 2.4, and 

4.8, respectively.254 The SX of NPL2 in various solvents are obtained as 90.3±14.1 nm2 in 

hexane, 87.5±13.7 nm2 in toluene, and 78.7±12.3 nm2 in chloroform (Figure 7.16 and Table 

7.9).  

 

Figure 7.16. Exciton coherent spatial area of 4MLc as a function of solvent dielectric constant. 
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Table 7.9. Temperature- and solvent-dependent band-edge exciton coherent area (SX) and the 

saturation number of band-edge excitons per NPL (NS) of NPL2. 

 SX (nm2) NS  

Hexane  90.3±14.1 3.66±0.02 

Toluene  87.5±13.7 3.78±0.02 

Chloroform  78.7±12.3 4.20±0.02 

PMMA 298K 90.4±14.5 3.66±0.02 

PMMA 100K 111.8±15.2 3.00±0.02 

PMMA 20K 126.2±14.6 2.62±0.02 

PMMA 2.6K 155.9±9.4 2.12±0.02 
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Chapter 8. Low Threshold Multi-Exciton Optical Gain in 

CdSe/CdTe Core/Crown Type-II Nanoplatelets Heterostructures 

 

Reproduced with permission from ACS Nano 2017, 11, 2545. Copyright 2017 American 

Chemical Society. 

 

8.1. Introduction 

Colloidal cadmium chalcogenide nanoplatelets (NPLs) have shown novel physical 

properties such as uniform1D quantum confinement, high luminescent quantum yield, and 

giant oscillator strength.19-21, 32, 61, 69, 95, 109, 145, 150, 152, 164, 166 These properties have led to many 

promising applications, including lasing,30-33, 146 photocatalysis,42, 62 light-emitting diodes,167 

and phototransistors.168-169 The properties of these materials can be further improved in NPL 

heterostructures with type-I or type II band alignment.26, 30, 69, 108-109, 143, 151, 155, 165, 181, 221-222 For 

example, CdSe/CdTe core/crown (CC) NPLs form type-II heterostructrues, in which both the 

conduction band (CB) and valence band (VB) of CdSe are lower with respect to those of CdTe, 

excitons are driven with unity quantum efficiency to form long-lived charge transfer (CT) 

exciton states across the CdSe/CdTe interface, extending the exciton lifetime compared to 

single component materials.68, 109, 155, 181 A previous study of type-II core/shell quantum dots 

(QDs) has demonstrated that single-exciton optical gain can be achieved due to large energy 

blue shift of the second CT exciton, suggesting great potentials of type-II heterostructures for 

low threshold lasing.15 Unlike core/shell QDs, core/crown type-II NPLs can achieve larger 

spatial separation between the core and crown excitons, which may prolong the lifetime of 

multiple exciton states. Coupled with their large absorption cross-section, type-II NPLs may 
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be promising materials for low threshold multiple exciton lasing. Rational design and 

optimization of NPL heterostructures for lasing and other light emitting applications requires 

fundamental understanding of multi-exciton structure and dynamics and the optical gain (OG) 

state in these materials, which remains poorly understood. 

In this chapter, we report a study of the energetics, spatial distribution and dynamics of 

one to six exciton states in CdSe/CdTe CC NPL heterostructures. By excitation fluence and 

wavelength dependent ultrafast transient absorption (TA) spectroscopy, we have identified 

three types of excitons, i.e. interface localized XCT, CdTe crown-localized XCdTe, and CdSe 

core-localized XCdSe excitons (in the order of increasing energies). These exciton levels, with 

each accommodating up to two excitons, can be sequentially filled at high excitation energy 

and flux to generate one to six exciton states. The spatial arrangement and formation and decay 

dynamics of these single and multiple exciton states are discussed. OG can be achieved in tri- 

(XXCTXCdTe) and four- (XXCTXXCdTe) exciton states. Although OG requires multiple excitons 

in CC NPLs, their large absorption cross-section results in over 40 folds lower OG threshold 

(~43 𝜇J/cm2 at 550 nm pump) compared to reported single-exciton gain threshold in type-II 

core/shell QDs (~2 mJ/cm2).15 Moreover, unlike in type II core/shell QDs, 2D morphology 

extends the spatial separation of different excitons, which lengthens the multi-exciton state and 

gain lifetimes, suggesting potential applications of these materials in low threshold lasing and 

high power light emitting devices. 

 

8.2. Results and Discussion 

8.2.1. Sample characterization 
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Figure 8.1. TEM images, absorption spectra and band alignment. (a) HAADF-STEM images 

and (b,c) EDX images of elemental distribution of Cd (red), Se (green), and Te (blue) of 

CdSe/CdTe CC NPLs. (d) Absorptance spectra of CdSe core (black solid line) and CdSe/CdTe 

CC (blue solid line), photoluminescence spectra (right vertical axis) of CdSe core (green solid 

lines) and CdSe/CdTe CC (red solid lines), and PLE spectrum of CC NPLs (orange dashed 

line). (e) Relevant energy levels, type-II band alignment and exciton transitions in CdSe/CdTe 

CC NPLs. 

 

Colloidal CdSe/CdTe CC NPLs were synthesized following the reported procedures with 

slight modifications.109 4 monolayer (ML) CdSe NPL cores, which has a zinc blend structure 

with 4 Se layers, 5 Cd layers and a thickness of ~1.8 nm,21 were first synthesized. High-angle 

annular dark-field (HAADF) scanning TEM (STEM) images of CdSe/CdTe CC NPL solution 

sample (Figure 8.1a) show rectangular shaped CC NPLs. Energy-dispersive X-ray (EDX) 

images of selected areas in Figure 8.1a (green square) show Cd in both the core and crown 

(Figure 8.1b) and Se and Te in the core, and crown, respectively (Figure 8.1c). From TEM 
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images (Figure 8.8a&b in Appendix 8.1), the lateral sizes of CC NPL and CdSe core were 

determined. The rectangular CdSe core has an average length of 18.6±2.4 nm and width of 

8.5±1.6 nm (Table 8.1 in Appendix 8.1). In CC NPLs, the size is extended to 33.0±3.4 nm in 

length and 14.1±1.5 nm in width, while their thickness remains the same according to the 

exciton peak positions in the absorptance spectra (Figure 8.1d).  

 

 

Figure 8.2. The CT exciton formation efficiency of CdSe/CdTe CC NPLs according to the 

ratio of the normalized PLE to absorptance spectra in Figure 8.1c. 

 

The absorptance (1 − 10−Optical Density, the percentage of absorbed photons) and steady-

state photoluminescence (PL) spectra of CC NPLs and CdSe core are shown in Figure 8.1d. 

Four sharp exciton features are observed in the absorptance spectra of CC NPLs: T1(~554 nm) 

and T2 (~500 nm) are the electron-heavy hole (e-hh) and electron-light hole (e-lh) transitions, 

respectively, in the CdTe crown, while T3 (~512 nm) and T4 (~485 nm) are the corresponding 

transitions in the CdSe core, as shown in Figure 8.1e.21, 109, 155, 181 In addition, there is a broad 

absorption feature from 570 to 650 nm, which is absent in either CdSe or CdTe NPLs alone 

and has been attributed to the transition to the CT exciton state (with an electron in CdSe CB 

edge and hole in CdTe VB edge).109, 155, 181 The PL spectrum of CC NPLs shows a broad CT 
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exciton emission at ~660 nm with no observable CdSe or CdTe emissions. The normalized 

photoluminescence excitation (PLE) spectra of CC NPLs (monitoring the CT band emission) 

match their absorptance spectra (Figure 8.1d and Figure 8.2), indicating unity CT exciton 

formation efficiency, consistent with reported in Chapter 4.109, 155  

 

8.2.2. Charge transfer exciton state 

 

 

Figure 8.3. Transient absorption spectra and kinetics of CdSe/CdTe CC NPLs measured at 620 

nm excitation. The TA spectra at indicated delay times measured at a pump fluence of (a) 364 

𝜇J/cm2 and (b) 14867 𝜇J/cm2. (c) Normalized T4 kinetics at selected pump fluences (circles) 

and their fits (solid lines). (d) Average electron number per NPL in CdSe core at 1-2 ps (blue 

circles) and 800-1000 ps (red circles), their fits (solid line, see the main text and the Appendix 

8.3 for details), and average total initial exciton number per CC NPL (orange dashed line). 

 

To determine the nature and energy order of different exciton states in CdSe/CdTe CC 

NPLs, we carried out pump fluence and wavelength dependent transient absorption (TA) 
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spectroscopy studies. We started out with 620 nm excitation of the lowest energy CT exciton 

band, directly promoting an electron from the CdTe crown VB heavy hole level into CdSe core 

CB edge.109 As shown in Figure 8.3a, the TA spectra at the lowest pump fluence (364 𝜇J/cm2) 

show bleaches of CdSe (T3 and T4) and CT (broad feature centered at 630 nm, inset of Figure 

8.3a) exciton bands. Our previous TA studies of colloidal NPLs and heterostructures have 

shown that both exciton bleach of CdSe and CdTe are caused by state-filling of the CB electron 

levels,62, 69, 109 with negligible contribution of hole state-filling due to the mixing and 

degeneracy of denser hole levels in VB, similar to cadmium chalcogenide quantum dots (QDs) 

and nanorods (NRs).78, 110, 148, 183 Indeed, the T3, T4, and CT bleaches show the same kinetics 

(Figure 8.10 in Appendix 8.3), indicating that they probe the same electron state-filling effect 

in n=1 level of CdSe core.109 These signals are formed instantaneously upon optical excitation 

and show negligible decay within 1 ns, consistent with the direct formation of long-lived single 

CT exciton state (Figure 8.10 in Appendix 8.3). The TA spectra at the highest pump fluence 

(14867 𝜇J/cm2, Figure 8.3b) also show T3 and T4 exciton bleach features, similar to those 

observed at low pump fluences.  However, the CT bleach signals cannot be clearly observed 

due to the interference of the scattered 620 nm excitation pulse. In addition, because of the 

larger spectral overlap between the CdSe T3 exciton and CdTe T2 exciton bleaches, we will 

use the T4 bleach to follow the electron dynamics in CdSe core.  

A comparison of the normalized TA spectra at difference pump fluences (Figure 8.9 in 

Appendix 8.2) shows that at long delay time (800-1000 ps), all excited CC NPLs (with bi- and 

single-excitons) decay to the long-lived single CT exciton state. Thus, the amplitude of the T4 

bleach at 800-1000 ps is proportional to the probability of finding excited CC NPLs and can 

be scaled to one at the highest fluence, when all NPLs are excited. The same scaling factor is 

applied to the T4 bleach amplitude at other delay time and the scaled bleach amplitude 

represents the average number of electrons in the n=1 level of CdSe core. The scaled T4 bleach 
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kinetics at different pump fluences are compared in Figure 8.3c. At low pump fluences, the 

signal is dominated by the slow decay of a long-lived single CT exciton state (>> 1 ns). With 

increasing pump fluences, the amplitude of T4 bleach increases and there appears a faster decay 

component, which can be attributed bi-exciton Auger recombination (see below). At even 

higher pump fluences, the T4 kinetics become independent of the pump fluence (>9556 

𝜇J/cm2), indicating the saturation of CT exciton states. The scaled T4 kinetics can be well fit 

to a model that assumes the existence of only single CT exciton (XCT) and bi-CT exciton 

(XXCT) states (with lifetime of >> 1ns, and 209±4 ps, respectively). The details of the fitting 

model (fitting parameters) can be found in Appendix 8.3 (Table 8.3).  

The scaled T4 bleach amplitudes at early delay time (1-2 ps, when exciton-exciton 

annihilation is negligible) and long delay time (800-1000 ps, when exciton-exciton annihilation 

is completed) as a function of pump fluences are compared in Figure 8.3d. The signal 

amplitudes saturate at 1 and 2 at late (800-1000 ps) and early (1-2 ps) delay times, respectively, 

at high fluences when all NPLs are excited. This result reveals that the CT exciton states can 

accommodate up to two excitons (due to two-fold spin degeneracy in the CB electron level). 

As shown in Figure 8.3d, the early and long delay time bleach amplitudes as a function of pump 

fluence can be fit to P1(m) + 2[1 − P0(m) − P1(m)], and 1 − P0(m), respectively, where 

Pn(m) is the Poisson distribution probability of encountering n photons when the average 

number of encountered photons is m. The fits also reveal the total average number of excitons 

(w) per CC NPL in the sample at any pump fluences (Figure 8.3d, orange dashed line),69, 76 

which also saturates at 2 because the maximum number of photons that can be absorbed is two 

per NPL at this excitation wavelength. The details of this fit can be found in Appendix 8.2. The 

same analysis procedure will be applied to all pump fluence dependent signal amplitudes 

measured at shorter excitation wavelengths to be discussed below. 



208 

 

The TA spectra (Figure 8.3a) show a derivative feature of the CdSe T1 exciton band, which 

can be attributed to the red shift of T1 exciton band in the presence of CT exciton (i.e. T1 and 

CT biexciton interaction).109 In addition, the TA spectra also show a T1 exciton bleach signal 

at high fluence. The origin of this signal is not clear. It can be attributed to small probability of 

direct excitation of electrons to the CdTe CB band edge from filled defect states above the VB 

edge, because the CdTe nanoplatelets show an absorption tail below the T1 exciton band, 

extending to 620 nm.21, 255 Unfortunately, this contribution cannot be easily quantified in 

CdSe/CdTe heterostructures due to its overlap with the CT band. 

 

8.2.3. Long-lived excitons in the CdTe crown 

 

 

Figure 8.4. Transient absorption spectra and kinetics of CdSe/CdTe CC NPLs measured at 550 

nm excitation. (a) TA spectra at indicated delay times measured at a pump fluence of 80 

𝜇J/cm2. (b) Normalized optical gain (OG) kinetics at selected pump fluences (circles) and their 
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fits (solid lines), where ∆S represents normalized TA signal. (c) Normalized T4 kinetics at 

selected pump fluences (circles) and their fits (solid lines), where ∆S represents normalized TA 

signal. (d) Average electron number in CdSe core per CC NPL as a function of pump fluence 

at 1-2 ps (blue circles) and 800-1000 ps (red circles), average number of long-lived electrons 

in CdTe crown at 1-2 ps, and fits (solid lines) to these data according to a Poisson distribution 

model (see Supporting Information). Dashed orange line represents the average total initial 

exciton number per CC NPL as a function of pump fluence. 

 

To investigate higher energy exciton states above the CT exciton band, we measured the 

TA spectra of CC NPLs by exciting the CdTe crown T1 band at 550 nm. TA spectra and 

kinetics measured at low pump fluence (2 𝜇J/cm2) are shown in Figure 8.11a-c in Appendix 

8.3. The comparison of T1, CT, T3, and T4 exciton bleach kinetics (Figure 8.11b&c in 

Appendix 8.3) shows a fast T1 bleach recovery (0.30±0.02 ps) and a corresponding formation 

of the CT, T3, and T4 bleaches, indicating an ultrafast electron transfer from the CdTe crown 

to CdSe core to form the long-lived single CT exciton state. This result is consistent with our 

previous finding in similar CdSe/CdTe NPLs.109 Details of the fitting model and parameters 

are shown in Appendix 8.3 (Figure 8.11 and Table 8.2). At higher pump fluences, as shown in 

Figure 8.4a (pump fluence of 80 µJ/cm2), a broad negative TA feature between T1 and CT 

exciton bleach is also present in the first 100 ps, in addition to the T3, T4 and CT exciton bleach 

features observed under low fluences. This signal can be attributed to the OG signal of CC 

NPLs, which has also been observed in QDs,16 and other colloidal NPLs.33 The OG kinetics 

can be conveniently followed by the TA signal amplitude at 580-582 nm, because, at this 

wavelength, the TA signal was ~ zero after 100 ps (Figure 8.4a), and the signal at < 100 ps can 

be attributed exclusively to OG. 
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The normalized T4 bleach kinetics at selected pump fluences, scaled according to the 

procedure described above and in Appendix 8.2, are compared in Figure 8.4c. As shown in 

Figure 8.4d, the scaled T4 amplitudes at early (1-2 ps, when the crown to core electron transfer 

is competed and multiple exciton annihilation is negligible) and long delay times (800-1000 

ps, when multi-exciton annihilation is completed) increase with the pump fluence until they 

saturate at 2 and 1, respectively, confirming the initial number of CT excitons also saturates at 

2 at 550 nm excitation. The pump fluence dependent kinetics in Figure 8.4c can be fit to the 

same kinetics model shown in Figure 8.3c, consisting of single- and bi- CT exciton states with 

lifetime of > 1ns and 209±4 ps (Table 8.4 in Appendix 8.3), respectively. Indeed, a comparison 

of the T4 bleach kinetics measured with 550 nm and 620 nm excitation (Figure 8.5c, Table 

8.3&8.5 in Appendix 8.3) at saturation pump fluences confirms that the same CT exciton states 

are generated regardless of the excitation wavelength. These kinetics differ in the initial 

formation phase (not shown) due to the crown to core electron transfer at 550 nm excitation, 

as discussed above.  

It will be shown below (Figure 8.12c and 8.13b in Appendix 8.3, transient kinetics 

measured at 525 and 400 nm excitation, respectively) that the OG kinetics follow the T1 

kinetics after the initial crown to core electron transfer is completed, revealing that the OG is 

due to additional excitons in CdTe crown. It is reasonable to assume the same origin for the 

OG signal at 550 nm excitation, although a direct comparison of OG and T1 kinetics cannot be 

established in this case because the T1 signal contains strong interference of scattered 550 nm 

excitation photons at high pump fluences. Figure 8.4b shows the comparison of the normalized 

OG kinetics at different pump fluences, in which the OG signals have been normalized to the 

same amplitude at 150-1000 ps. The normalized OG kinetics are the same at low pump fluences 

(<44 µJ/cm2), reflecting the dominance of single crown exciton state (in addition to two 

excitons in the CT state) that decays with a lifetime of 43.5±4.3 ps (see below). With increasing 
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pump fluence, a fast decay component (11.8±0.3 ps, see below) appears in addition to the 

slower decay component observed at low fluences, which is attributed to the multiple crown 

exciton annihilation process. The amplitude of the fast decay component increases with pump 

fluence until it saturates at a pump fluence of 120 µJ/cm2, after which the kinetics became 

independent of pump fluence and the initial signal amplitude saturates at ~ twice of that of the 

slow component. 

The pump fluence dependent OG signal amplitudes can be scaled using the procedures 

described above (see Appendix 8.2).  The scaled OG signal at 1-2 ps reflects the average 

number of excitons in the CdTe crown, after crown-to-core transfer has completed and before 

significant exciton-exciton annihilation has occurred. A plot of this signal as a function of pump 

fluence (Figure 8.4d) shows a delay onset of crown excitons compared to CT excitons. It can 

be well fit (Figure 8.4d, green solid line) by this expression: P3(m) + 2∑ Pn(m)∞
n=4 , where the 

first term is a tri-exciton state (XXCTXCdTe) with two CT excitons and one CdTe crown exciton 

and second term is a four-exciton state (XXCTXXCdTe) with two CT excitons and two crown 

excitons. This result confirms that up to two additional relatively long-lived excitons can be 

generated in the CdTe crown after the saturation of the two CT exciton states. The fit of these 

data also reveals the average number of excitons in the NPL at any pump fluences (orange 

dashed line in Figure 8.4d), which saturates at 4, accounting for two CT excitons and two crown 

excitons. The excitation fluence dependence of the OG gain kinetics (Figure 8.4b) can be fit to 

a model that contains a long-lived tri-exciton (XXCTXCdTe, with lifetime of 43.5±4.3 ps) and 

four exciton (XXCTXXCdTe,11.8±0.3 ps) states in the NPL. Compared to tri-exciton and four-

exciton states in QDs,29, 179 the relatively long lifetimes of these multiple exciton states in 

CdSe/CdTe NPLs can be attributed to the spatial separation of CT and crown-based excitons.  
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8.2.4. Higher energy excitons in the CdSe core 

 

 

Figure 8.5. Transient absorption spectra and kinetics of CdSe/CdTe CC NPLs measured at 520 

nm excitation (a) The TA spectra indicated delay times measured at a high pump fluence 

(11096 𝜇J/cm2). (b) Comparison of OG kinetics measured at 400, 525 and 550 nm excitation 

at saturation fluences, where ∆S represents normalized TA signal. (c) Comparison of T4 bleach 

kinetics measured at 400, 525, 550 and 620 nm excitation at saturation fluences, where ∆S 

represents normalized TA signal. (d) Average electron number in CdSe core per CC NPL as a 

function of 525 nm pump fluence at 1-2 ps (blue circles) and 800-1000 ps (red circles), average 

number of additional CdTe crown excitons per CC NPL at 1-2 ps (Green circles), fits to these 

data (solid lines) according to Poisson distribution model (see Supporting information), and is 

the total average exciton number per CC NPL as a function of pump fluence (dashed line) 

obtained from the fit. 
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To access even higher exciton states, we carried out TA studies at 525nm and 400 nm 

excitation. At these wavelengths both the CdTe crown and CdSe core-based transitions can be 

excited. The TA spectra and kinetics for 525 nm (Figure 8.5 and Figure 8.12 in Appendix 8.3) 

and 400 nm (Figure 8.13 in Appendix 8.3) excitation are qualitatively similar and only the 

former is discussed in detail here. As shown in Figure 8.5a, the TA spectra at indicated delay 

times at 525 nm pump fluence of 11096 µJ/cm2 show spectral features similar to those 

measured at 550 nm. The comparison of T1 and OG kinetics at selected pump fluences are 

shown in Figure 8.12c in Appendix 8.3. At low pump fluences, OG signal is negligible; T1 

bleach shows an ultrafast (< 1ps) decay (caused by the fast crown-to-core electron transfer 

driven by the type-II band alignment), similar to those measured at 550 nm (Figure 8.11c in 

Appendix 8.3).109 At higher pump fluences, an additional decay component with a time 

constant of 43.5±4.3 ps (see below) appear in the T1 kinetics, which is attributed to the 

presence of long-lived excitons in CdTe crown after the completion of the initial ultrafast 

crown-to-core electron transfer (Figure 8.12a&c in Appendix 8.3). The appearance of this 

signal coincides with the OG, and these features show the same decay kinetics, indicating that 

the optical gain results from the additional excitons in the CdTe crown. The power dependence 

of these signals are similar to those of OG kinetic measured at 550 nm and can be fit by the 

same kinetic model that accounts for a long lived tri-exciton state (XXCTXCdTe, 43.5±4.3 ps) 

and four exciton state (XXCTXXCdTe,11.8±0.3 ps). As shown in Figure 8.5b, at saturation 

fluences, the OG kinetics measured at 400 and 525 nm excitation are identical to those 

measured at 550 nm excitation (Figure 8.4b). The pump fluence dependence of the signal 

amplitudes at early delay time (1-2 ps) (Figure 8.5d) can be analyzed in the same way as the 

result shown in Figure 8.4d, confirming the crown exciton number saturates at 2. These results 

suggest that at excitation energy above the crown band gap (550, 525 and 400 nm), up to two 
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excitons can be accommodated in the crown after both CT states are filled. These crown 

excitons cannot be populated by direct excitation of the CT excitation.    

The scaled T4 kinetics at selected 525 (400) nm pump fluences are shown in Figure 8.12b 

in Appendix 8.3 (Figure 8.13d in Appendix 8.3). A comparison of the kinetics at saturation 

fluences measured with 400, 525 and 550 nm excitations show that these signals at longer delay 

time (50 ps -1 ns) are identical, dominated by the long-lived bi-CT exciton (XXCT) state (Figure 

8.5c). The kinetics at 400 and 525 nm excitation show additional fast decay components with 

time constants of 5.86±0.12 ps and 4.5±0.2 ps, and an initial amplitude that are twice as large 

(see Table 8.5 in Appendix 8.3). As shown in Figure 8.5d (and Figure 8.13e in Appendix 8.3), 

the scaled T4 bleach amplitudes at late (800-1000 ps) and early (1-2 ps) delay times saturate at 

1 and 4, respectively. These results suggest that at high 525 and 400 nm excitation fluence, 

there exist two additional electrons at the CB edge of the CdSe core in addition to the two 

electrons associated with CT excitons. Because these excitons cannot be created at lower 

excitation wavelength (620 and 550 nm, below the CdSe band edge), we attribute them to CdSe 

core-based excitons created by direct excitation of the CdSe exciton bands. The initial scaled 

T4 bleach amplitude (at 1-2 ps) as a function of pump fluence is well fit by P1(m) + 2[P2(m) +

P3(m) + P4(m)] + 3P5(m) + 4∑ Pn(m)∞
n=6 , where the first and the second terms are the 

probability of creating 1 and 2 CT excitons, and third and fourth terms are probability of 

creating additional 1 and 2 excitons in the CdSe core, i.e. five (XXCTXXCdTeXCdSe) and six 

(XXCTXXCdTeXXCdSe) exciton states, respectively). The fitting details are described in 

Appendix 8.2. This result suggests that when the excitation energy is above the CdSe band 

edge, two additional excitons can be created at the core after the saturation of the two CT 

excitons and two crown excitons.  

 



215 

 

8.2.5. Spatial distribution and energetics of exciton states 

 

 

Figure 8.6. Three exciton states in CC NPL. (a) Scheme of the three energetically separated 

exciton states in CdSe/CdTe CC NPLs. (b, c) Three spatially separated exciton states in 

CdSe/CdTe CC NPLs. 

 

The result above shows three distinct types of excitons with interesting spatial arrangement 

in CdSe/CdTe type II CC NPLs. These are interface localized XCT, crown-localized XCdTe, 

core-localized XCdSe excitons in the order of increasing energy, as shown in Figure 8.6a. This 

energy order is consistent with the band gap and band alignment of these materials. Each 

exciton level can be doubly occupied, due to the 2-fold spin degeneracy of the CB electron 

levels. Although excitons in the core and crown are not strongly quantum confined in the lateral 

direction, the numbers of band edge excitons are limited by their size (18.5 nm x 8.5 nm and 

15 nm x14 nm for the core and crown, respectively). Both interface-localized XCT excitons 

(exciton 1& 2) and crown-localized XCdTe, excitons (exciton 5&6) have electrons in the n=1 

level of the CdSe core (because the formation of both leads to the bleach of the T4 transition). 

It suggests that the CdSe core has the spatial area to accommodate 4 electrons in the n=1 level. 

However, only two XCT excitons can be generated (with only two electrons at the CdSe core), 

suggesting that the electrons in this exciton state cover only half of the space available in the 
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CdSe core, localizing at the core/crown interface (Figure 8.6b). This is consistent with the 

expectation of strong Coulomb interaction between the electron in the CdSe and hole in CdTe 

(Figure 8.6b).  In tri- (XXCTXCdTe) and four- (XXCTXXCdTe) exciton states generated with 

excitation wavelength above the CdTe band edge (Figure 8.4&8.5), the crown-based XCdTe 

excitons do not undergo electron transfer to the CdSe core despite a favorable 0.3 eV band 

offset (Figure 8.1e). The driving force for electron transfer is reduced if one considers the loss 

of strong attractive e-h Coulomb interaction in crown and increase e-e and h-h repulsion 

accompanying such transfer. It is possible that such transfer is prevented because of the full 

occupancy of the CdSe interface region by the electrons associated with the CT excitons, 

prolonging the lifetime of the crown-based exciton states. Similarly, we speculate that the CT 

exciton is also responsible for the localization of exciton 5 and 6 in the CdSe core, despite the 

large driving force for moving the hole from the CdSe to CdTe.  

 

8.2.6. Pump wavelength dependent optical gain threshold 
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Figure 8.7. OG in CC NPLs. (a) The gain/loss ratio spectra at early delay time of different 550 

nm pump fluences. (b) The gain/loss ratio at ~607 nm (1-2 ps) as a function of pump fluence 

at different pump wavelengthes. The point of intersection of the black dashed line and the 

shaded areas represent the OG thresholds. (c) The gain/loss ratio kinetics at ~607 nm at the 

highest pump fluence with different pump wavelengths. (d) The optical gain threshold as a 

function of pump wavelength (blue circles) and their fit (red dots). The black line represents 

the reciprocal of relative absorptance of CC NPLs. 

  

The optical density of samples under illumination is given by A(,t)+A0(), where 

A(,t) is pump-induced absorbance change shown in transient absorption spectra and A0() 

is the static absorbance prior to excitation.  Thus, optical gain is achieved when 

A(,t)+A0() or -A(,t)/A0()  We plot -A(,tmax)/A0() tmax is the delay time with 

maximum gain (1-2 ps), at different 550 nm pump fluences in Figure 8.7a. We refer these as 

maximum gain/loss ratio spectra. Similar -A(,tmax)/A0() spectra at 400 and 525 nm pump 

(at tmax=1-2 ps and 4-5 ps, respectively) are shown in Figure 8.14 in Appendix 8.4. The gain 

peaks at ~607 nm regardless of the excitation wavelength, confirming that the same tri- and 

four- exciton states are responsible for the gain. The peak gain/loss ratio at ~607 nm as a 

function of pump fluence at different pump wavelength is shown in Figure 8.7b. The OG 

threshold, defined as the pump fluence when the peak gain/loss ratio at ~607 nm reaches 1, is 

determined from Figure 8.7b to be 90±50, 920±60, and 43±30 µJ/cm2 at 400 nm, 525 nm, 

and 550 nm pump, respectively. The time evolution of the gain/loss ratio at ~607 nm at the 

highest pump fluence is shown in Figure 8.7c. The gain lifetime for CC NPL, defined as the 

time range when gain/loss ratio is larger than 1, was determined to be 46.3±3.1 ps regardless 

of the pump wavelength, which is consistent with the tri-exciton lifetime (~43.5 ps).  
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The OG thresholds as a function of pump wavelength are shown in Figure 8.7d (blue 

circles). To understand the origin of the pump wavelength dependence, we develop a model 

that accounts for the stimulated absorption and emission of the first four exciton states. The 

details of this model can be found in Appendix 8.4. Because the same tri-exciton state is 

responsible for the OG regardless of the pump wavelength, the OG threshold is related to the 

average number of excitons per NPL. Accounting for pump photon energy and CC NPL optical 

density at different pump wavelength, the OG threshold in the unit of pump fluence (Pth) is 

found to be proportional to the ratio of pump photon energy to sample absorptance at the pump 

wavelength:  Pth ∝
ℎ𝑣

1−10−Optical Density . As shown in Figure 8.7d, this model provides a 

reasonable fit to the wavelength dependent OG thresholds data, revealing that the main 

threshold-determining factor is the wavelength dependent absorbance of the sample with minor 

contribution from the wavelength dependent photon energy. 

The lowest OG threshold of our CC NPL sample (~43 µJ/cm2at 550 nm ) is over 40 folds 

lower than the reported single-exciton gain threshold in type-II core/shell quantum dots (~2 

mJ/cm2).15 This indicates that although CC NPLs requires at least 3 excitons per NPL to reach 

the OG threshold, the large absorption cross-section makes it much easier to absorb multiple 

photons in NPLs compared to QDs, resulting to a lower optical gain threshold.  

 

8.3. Conclusion 

In summary, we have determined three energetically and spatially distinct types of excitons 

in CdSe/CdTe CC NPL heterostructures via pump fluence and wavelength dependent ultrafast 

transient absorption spectroscopy. These exciton states increase in energy from interface 

localized XCT, crown-localized XCdTe, to core-localized XCdSe excitons. With increasing 

excitation energy and fluence, these excitons states can be sequentially filled, with each 

accommodating two excitons due to the 2-fold spin degeneracy of the electron level. The 
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lifetime of one to six exciton states (XCT, XXCT, XXCTXCdTe, XXCTXXCdTe, XXCTXXCdTeXCdSe, 

and XXCTXXCdTeXXCdSe) are >> 1000, 209, 43.5, 11.8, 5.9, and 4.5 ps, respectively.  

The OG state was determined to be tri-exciton (XXCTXCdTe) and four exciton states 

(XXCTXXCdTe), with gain lifetimes of 46.3±3.1 ps. The OG threshold was pump wavelength 

dependent: ~90, ~920, and ~43 µJ/cm2 at 400, 525, and 550 nm pump, respectively. Modeling 

of the OG threshold reveals that the wavelength dependence is caused mainly by the variation 

of absorptance at the pump wavelength, and the large absorption cross section of these 

materials leads to small gain threshold. Furthermore, because of the spatial separation of XCT, 

XCdTe, and XCdSe excitons, the multiple exciton states are relatively long lived compared to 

those in QDs, giving rise to long multiple exciton gain lifetime in these materials. Furthermore, 

the rich complexity of energetically and spatially separated excitons provides exciting 

opportunities for further engineering their multiple exciton state properties for applications as 

lasing materials. 
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Appendix 8.1  

The TEM images and lateral size of samples 

 

Figure 8.8. The TEM images of (a) CdSe core and (b) CdSe/CdTe CC NPLs. 

 

Table 8.1. The length and width with errors of CdSe core and CC NPLs 

 Length/nm Width/nm 

CdSe core 18.6±2.4 8.5±1.6 

CC NPL 33.0±3.4 14.1±1.5 

 

  



221 

 

Appendix 8.2 

Estimation of average exciton number per nanoplatelet according to Poisson distribution 

To estimate average exciton number per NPL, we measured pump fluence dependent T4 

kinetics at different excitation wavelength on CdSe/CdTe CC NPLs. At long delay time (800-

1000 ps), when multiple exciton annihilation completed, only single exciton states remained. 

As shown in Figure 8.9, the normalized TA spectra at 800-1000 ps measured at different pump 

fluences agreed well with each other in CC NPL samples at all excitations. The signal 

amplitude at this long delay time as a function of pump fluence can be used to calculate the 

average exciton numbers per NPL, following previously published procedure.69, 76 

 

 

Figure 8.9. The normalized TA spectra of CdSe/CdTe CC NPLs at long delay time (800-1000 

ps) at different pump fluences with (a) 400 nm, (b) 525 nm, (c) 550 nm, and (d) 620 nm 

excitation, where ∆S represents normalized TA signal.  
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Generally, the probability of a NPL encountering with n photons after initial optical 

excitation is governed by the Poisson distribution: 

 Pn(m) =
mne−m

n!
  (8.1) 

where m is the average number of photons encountered with NPLs. m can be related to the 

pump fluence (I) through a scaling factor C is dependent on the absorption cross section:  

m(I) = CI  (8.2) 

At long delay time (tL), all multiple excitons have annihilated, and only single exciton 

states remained. Therefore, at long delay time, the TA signal amplitudes (∆A(𝜆, tL)) are 

proportional to the number of excited NPLs: 1 − P0(m). We define the normalized TA signal 

at late delay time as: 

∆S(𝜆, tL) =
∆A(𝜆, tL)

𝛼(𝜆)
= 1 − P0(m) = 1 − e−m = 1 − e−CI  (8.3) 

where λ is wavelength. These normalized TA signals represent the probability of finding 

excited NPLs in the solution sample. At high excitation intensities, when all NPLs were 

excited, ∆S(𝜆, tL) approached one, from which the normalization factor 𝛼(𝜆) was determined. 

Fitting ∆S(480nm, tL) as a function of pump fluence I to Eq. 8.2 (red solid lines in Figure 8.3d, 

8.4d, 8.5d, and 8.13e) yields the value of parameter C of 0.0005, 0.0672, 0.0015, and 0.0128 

cm2/µJ for CC NPLs at 620, 550, 525, and 400 nm excitation, respectively. From the parameter 

C, the average number of photons encountered with NPL at any pump fluence can be 

determined by Eq. 8.2.  

At early delay time (1-2 ps), the normalized T4 amplitudes represented the average 

electron number in CdSe core using the same normalization factor 𝛼(𝜆). For 550 nm and 620 

nm excitation, the CdSe core contained 2 electrons in CT excitons at saturation. Therefore, the 

normalized T4 amplitudes at early delay time (tE), ∆S550/600ex(480nm, tE), is: 
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∆S550/600ex(480nm, tE) =
∆A550/600ex(480nm, tE)

𝛼(480nm)
= P1(m) + 2[1 − P0(m) − P1(m)]

= 2 − 2e−m − me−m = 2 − (2 + CI)e−CI  (8.4) 

For 525 nm and 400 nm excitation, CdSe core contained 4 electrons at saturation (as shown in 

Figure 8.5d and 8.13e): two from CT exciton, which are the first and second excitons, and 

another two from CdSe core excitons, which were the 5th and 6th excitons after both CT and 

CdTe crown exciton states saturated. The normalized TA signal at early delay time (tE) is: 

∆S400/525ex(480nm, tE) =
∆A400/525ex(480nm, tE)

𝛼(480nm)

= P1(m) + 2 [∑ Pn(m)

4

n=2

] + 3P5(m) + 4 [1 − ∑ Pn(m)

5

n=0

]

= 4 − (4 + 3m + m2 +
m3

3
+

m4

12
+

m5

120
) e−m

= 4 − [4 + 3CI + (CI)2 +
(CI)3

3
+

(CI)4

12
+

(CI)5

120
]e−CI  (8.5) 

The normalized gain signal depends on the number of excitons in the crown after formation 

of two CT excitons. Thus, its signal amplitude at early delay time (1-2 ps, after crown-to-core 

transport and before multi-exciton annihilation) is given by: 

∆S𝜆ex(OG, tE) =
∆A𝜆ex(OG, tE)

𝛼(OG)
= P3(m) + 2 [1 − ∑ Pn(m)

3

n=0

]

= 2 − (2 + 2m + m2 +
m3

6
) e−m

= 2 − [2 + 2CI + (CI)2 +
(CI)3

6
]e−CI  (8.6) 

To estimate the total average exciton numbers per NPLs (w), we considered, at each 

excitation wavelength, there existed the maximum number of excitons can be generated in 

NPLs (Nmax) by absorbing the same number of photons. The NPL stopped absorbing more 
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photons after containing Nmax excitons. Then the total average number of excitons per NPL can 

be described as: 

w = ∑ nPn(m)

Nmax−1

n=1

+ Nmax ∑ Pn(m)

∞

n=Nmax

  (8.7) 

The Nmax at 620, 550, and 525 nm excitation were 2, 4, and 6, respectively, according to the 

highest exciton states they excited. This gave the orange dashed lines in Figure 8.3d, 8.4d, and 

8.5d as: 

w620ex = P1(m) + 2[1 − P0(m) − P1(m)]  (8.8) 

w550ex = ∑ nPn(m)

3

n=1

+ 4[1 − ∑ Pn(m)

3

n=0

]  (8.9) 

w525ex = ∑ nPn(m)

5

k=1

+ 6[1 − ∑ Pn(m)

5

n=0

]  (8.10) 

For 400 nm excitation, we assumed the continuous CB band can keep absorbing encountered 

photons with pump fluence increasing, thus, as shown in Figure 8.13e (orange dashed line): 

w400ex = m = CI (8.11) 
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Appendix 8.3 

The analysis of TA bleach kinetics  

 

 

Figure 8.10. The comparison of T3, T4, and CT kinetics at 364 𝜇J/cm2 with 620 nm excitation. 

 

 

Figure 8.11. (a) The TA spectra at 2 𝜇J/cm2 with 550 nm excitation. (b) The comparison of 

T3, T4, CT and T1 kinetics after normalized them at 100-1000 ps time region. (c) The 

normalized T1S (squares), T4, T3, and CT kinetics (dots) with their fits (solid lines), where ∆S 

represents normalized TA signal. 

 

At the lowest pump fluence (2 𝜇J/cm2) with 550 nm excitation, the average exciton number 

per CC NPL was 0.13 as shown in Figure 8.4d, indicating the single exciton condition. The 

details of estimation of average exciton number were shown in Appendix 8.2. The T1 kinetics 
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contained both CdTe electron state-filling signal and the charge-separation (CS) signal, the 

latter was induced by CT exciton. So, the CS signal kinetics should be the same as CT exciton 

kinetics. Figure 8.11a showed the TA spectra at different delay times at 2 𝜇J/cm2 550 nm pump. 

We normalized the T3, T4, CT kinetics, and T1 kinetics at the long delay time (100-1000 ps) 

in Figure 8.11b. T1S (T1-subtracted) kinetics, which represented the CdTe electron state-filling 

only, was obtained by subtracting normalized T4 kinetics from normalized T1 kinetics as 

shown in Figure 8.11b. The decay of T1S kinetics should be the same as the growth of T4 

kinetics due to the crown-to-core electron transfer.109 We fitted the T1S and T4 (T3, CT) 

kinetics using multi-exponential function convoluted with instrument response function (IRF) 

with the same set of parameters: 

T1S(t) = Ainitial [e
−

t
τf − a1e

−
t
τ1 − a2e

−
t
τ2] ⊗ IRF  (8.12) 

T4(t) = Ainitial [a1e
−

t
τ1 + a2e

−
t
τ2 − e

−
t

τCT] ⊗ IRF  (8.13) 

where 𝜏f was the T1 exciton formation time and we set it as 0 fs due to band edge excitation. 

𝜏1(a1) and 𝜏2(a2) were electron transfer time constant (components), which were also the 

growth time constant (components) in T4 kinetics. 𝜏CT was the CT exciton decay time constant. 

The fitting results were shown in Figure 8.11c and the fitting parameters with errors were listed 

in Table 8.2. 

 

Table 8.2. Fitting parameters and errors of T1S and T4 kinetics at 550 nm excitation 

𝜏f/fs 𝜏1/ps (a1) 𝜏2/ps (a2) 𝜏CT/ps 

0±10 fs 0.30±0.02 (0.86±0.01) 4.46±0.03 (0.14±0.02) >> 1000 
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The T4 and OG kinetics at different pump wavelength and fluences were normalized using Eq. 

8.3 and the methods described in the main text, respectively. Then their decay processes can 

be well fitted by multi-exponential functions with the same set of parameters: 

T4 decaynor(t) = d1e
−

t
τCT + d2e

−
t

τCT,XX + d3e
−

t
τCdSe,1 + d4e

−
t

τCdSe,2   (8.14) 

OG decaynor(t) = b1e
−

t
τOG + b2e

−
t

τcrown,XX   (8.15) 

where di  (i=1 to 4) represented the different decay components of normalized T4 kinetics. 

𝜏CT,XX is the CT biexciton time constant. 𝜏CdSe,i (i=1,2) was the time constants for additional 

ith CdSe core excitons. bi (i=1 to 2) represented the decay components for normalized optical 

gain kinetics. 𝜏OG  was the time constant for single exciton condition of crown excitons. 

𝜏crown,XX was the time constant of biexciton states in crown (in addition to two CT excitons). 

The best fits were shown as black solid lines in Figure 8.3c, 8.4b, 8.4c, 8.5b, 8.5c, 8.12a, and 

8.12b. The fitting parameters and errors were listed in Table 8.3 to 8.7. 

 

  

Figure 8.12. Transient kinetics of CdSe/CdTe NPLs measured at 525 nm excitation. (a) 

Normalized OG kinetics at indicated pump fluences (circles) and their fits (solid lines), where 

∆S represents normalized TA signal. (b) Normalized T4 kinetics measured at indicated pump 

fluences (circles) and their fits, where ∆S represents normalized TA signal. (c) The comparison 

of OG (dots) and T1 (solid lines) kinetics at different pump fluences. 

 

Table 8.3. Fitting parameters and errors of normalized T4 kinetics at 620 nm pump 
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Pump fluence/𝜇J/cm2 𝜏CT/ps 

(d1) 

𝜏CT,XX/ps 

(d2) 

𝜏CdSe,1/ps 

(d3) 

𝜏CdSe,2/ps 

(d4) 

364 >> 1000 – – – 

1833 >> 1000 209±4 

(0.17±0.01) 

– – 

5444 >> 1000 209±4 

(0.60±0.01) 

– – 

9556 >> 1000 209±4 

(1±0.01) 

– – 

14867 >> 1000 209±4 

(1±0.01) 

– – 

 

Table 8.4. Fitting parameters and errors of normalized T4 kinetics at 550 nm pump 

Pump fluence/𝜇J/cm2 𝜏CT/ps 

(d1) 

𝜏CT,XX/ps 

(d2) 

𝜏CdSe,1/ps 

(d3) 

𝜏CdSe,2/ps 

(d4) 

2 >> 1000 – – – 

8 >> 1000 – – – 

24 >> 1000 209±4 

(0.41±0.02) 

– – 

44 >> 1000 209±4 

(0.74±0.01) 

– – 

80 >> 1000 209±4 

(1±0.01) 

– – 

120 >> 1000 209±4 – – 
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(1±0.01) 

 

Table 8.5. Fitting parameters and errors of normalized T4 kinetics at 525 nm pump 

Pump 

fluence/𝜇J/cm2 

𝜏CT/ps 

(d1) 

𝜏CT,XX/ps 

(d2) 

𝜏CdSe,1/ps 

(d3) 

𝜏CdSe,2/ps 

(d4) 

208 >> 1000 – – – 

384 >> 1000 209±4 

(0.20±0.01) 

– – 

1252 >> 1000 209±4 

(0.58±0.01) 

5.86±0.12 

(0.37±0.02) 

4.45±0.20 

(0.20±0.01) 

4104 >> 1000 209±4 

(1±0.01) 

5.86±0.12 

(0.79±0.02) 

4.45±0.20 

(0.55±0.01) 

7636 >> 1000 209±4 

(1±0.01) 

5.86±0.12 

(1±0.01) 

4.45±0.20 

(1±0.01) 

11096 >> 1000 209±4 

(1±0.01) 

5.86±0.12 

(1±0.01) 

4.45±0.20 

(1±0.01) 

 

Table 8.6. Fitting parameters and errors of normalized OG kinetics at 550 nm pump 

Pump fluence/𝜇J/cm2 𝜏OG/ps 

(b1) 

𝜏crown,XX/ps 

(b2) 

12 43.5±4.3 

(1±0.01) 

– 

24 43.5±4.3 – 
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(1±0.01) 

44 43.5±4.3 

(1±0.01) 

11.8±0.3 

(0.22±0.02) 

80 43.5±4.3 

(1±0.01) 

11.8±0.3 

(0.54±0.02) 

120 43.5±4.3 

(1±0.01) 

11.8±0.3 

(1±0.01) 

176 43.5±4.3 

(1±0.01) 

11.8±0.3 

(1±0.01) 

 

Table 8.7. Fitting parameters and errors of normalized OG kinetics at 525 nm pump 

Pump fluence/𝜇J/cm2 𝜏OG/ps 

(b1) 

𝜏crown,XX/ps 

(b2) 

384 43.5±4.3 

(1±0.01) 

– 

696 43.5±4.3 

(1±0.01) 

– 

1252 43.5±4.3 

(1±0.01) 

11.8±0.3 

(0.56±0.01) 

4104 43.5±4.3 

(1±0.01) 

11.8±0.3 

(0.97±0.01) 

7636 43.5±4.3 

(1±0.01) 

11.8±0.3 

(1±0.01) 
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11096 43.5±4.3 

(1±0.01) 

11.8±0.3 

(1±0.01) 

 

 

Figure 8.13. The pump fluence dependent TA results of CdSe/CdTe CC NPLs at 400 nm 

excitation. (a) The TA spectra of CdSe/CdTe CC NPLs at different delay times with 400 nm 

excitation and pump fluence of 1164 𝜇J/cm2. (b) The comparison of T1 (solid lines) and OG 

(circles) kinetics of CdSe/CdTe CC NPLs at selected pump fluence with 400 nm excitation. (c) 

The normalized OG kinetics of CdSe/CdTe CC NPLs at different pump fluences with 400 nm 

excitation, where ∆S represents normalized TA signal. (d) The T4 kinetics of different 400 nm 

pump fluences. (e) The average electron number in CdSe core per CC NPL as a function of 

pump fluence at 1-2 ps (blue circles) and 800-1000 ps (red circles) with 400 nm excitation. 

Green circles are the average number of additional CdTe crown excitons per CC NPL at 1-2 ps 

with 400 nm excitation. Solid lines are the fits according to Poisson distribution. Dashed line 

is the total average exciton number per CC NPL as a function of pump fluence at 400 nm 

excitation. 
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Appendix 8.4   

Pump wavelength dependent optical gain threshold model 

 

 

Figure 8.14. The gain/loss ratio spectra at 1-2 ps at different (a) 400 nm and (b) 525 nm pump 

fluences. 
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Figure 8.15. The schematic of the optical gain mechanisms in CdSe/CdTe CC NPLs. The left 

and right panel shows the exciton states in single particle (electron and hole) representation 

and state representation, respectively.  

 

The exciton states that affect optical gain are shown in Figure 8.15 in both single particle 

(electron or hole) and state representations. Ni (i=0 to 4) is the population of NPL species which 

contains i excitons after excitation. The arrows with different colors show the stimulated 

absorption (upward) and emission (downward) of different NPL species. As shown in Figure 

8.15, only exciton transitions of NPL species of the 4 lowest energy exciton states are 

considered here because TA studies have revealed that higher exciton states do not contribute 

to the optical gain (OG). The absorption (Ai) and emission (Ai*) cross-section of i-exciton state 

at optical gain transition energy, E0, is
15 

A0(E) = A
𝛾2

(E − (E0 + ∆01))
2
+ 𝛾2

  (8.16) 

A1(E) = A
3

4

𝛾2

(E − (E0 + ∆12))
2
+ 𝛾2

  (8.17) 

A2(E) = A
1

2

𝛾2

(E − E0)2 + 𝛾2
  (8.18) 

A3(E) = A
1

4

𝛾2

(E − (E0 − ∆34))2 + 𝛾2
  (8.19) 

A3
∗ (E) = −A

1

4

𝛾2

(E − E0)2 + 𝛾2
  (8.20) 

A4
∗ (E) = −A

1

2

𝛾2

(E − (E0 − ∆34))
2
+ 𝛾2

  (8.21) 

where A =
4E

ℎnrc𝛾
, h is Plank’s constant, nr is the refractive index, and c is the speed of light. We 

have assumed the transition line width, 𝛾, is the same for all 4 lowest energy exciton states. 
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The size distribution of E0 is ignored due to the uniform 1D quantum confinement of NPLs. 

Because OG results from tri-exciton state, the transition energy between tri- and four exciton 

states were determined as OG transition energy, E0. ∆ij (i, j=0 to 4) is the energy shift of the 

transition energy between i and j exciton states relative to E0. Therefore, the partial absorption 

coefficient (𝛼) of the NPL ensemble due to the first four lowest exciton transitions is: 

𝛼(E) =  N0A0(E) + N1A1(E) + N2A2(E) + N3[A3(E) + A3
∗ (E)] + N4A4

∗ (E)   (8.22) 

OG threshold is reached when stimulated emission is larger than absorption, i.e., 𝛼(E0) < 0, 

which is given by Eq. 8.23. 

−
N4

2(1 +
∆34

2

𝛾2 )

−
N3

4
+

N3

4(1 +
∆34

2

𝛾2 )

+
N2

2
+

3N1

4(1 +
∆12

2

𝛾2 )

+
N0

1 +
∆01

2

𝛾2

< 0   (8.23) 

As shown in Figure 8.4a, 8.5a and 8.6a, OG peak is far away from the first two exciton 

transitions (~550 nm) of CdTe, indicating ∆𝟎𝟏, ∆𝟏𝟐≫ 𝛾. Because tri-exciton lifetime (~43.5 ps) 

is consistent with gain lifetime (~46.3 ps), which is much longer than four-exciton lifetime 

(~11.8 ps), it indicates that the OG remains after all four-exciton state decay to tri-exciton 

states. It can be shown that in absence of four exciton states (no N4 term in Eq. 8.23), OG can 

be achieved only when ∆34≫ 𝛾 and when: 

N3 > 2N2  (8.24) 

According to truncated Poisson distribution, Eq. 8.24 becomes: 

1 − P0(m) − P1(m) − P2(m) > 2P2(m)  (8.25) 

where Pn(m) follows Eq. 8.1. The numerical solution of Eq. 8.25 gives: m>2.656. The average 

number of encountered photons per NPL, m, can also be represented as: 

m =
(1 − 10−𝜀(𝜆)SL)

P
ℎ𝜈

SNAL
> 2.656   (8.26) 

where 𝜀(𝜆)  is molar absorption coefficient of CC NPLs at wavelength 𝜆 . S is the molar 

concentration of CC NPL solution. L is the light path of the cuvette (1 mm). P is the pump 
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fluence and hv is pump photon energy. NA is Avogadro constant. Therefore, to reach OG 

threshold, we need the pump fluence: 

P > 2.656SNAL
ℎ𝜈

1 − 10−Optical Density
   (8.27) 

Pth = B
ℎ𝜈

1 − 10−Optical Density
   (8.28) 

Therefore, we used Eq. 8.28 to fit the OG threshold, Pth, as shown in Figure 8.7c. The best 

fitting parameter B is 53.3±2.5 𝜇J/(cm2 eV). 
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Chapter 9. Two-Dimensional Morphology Enhances Light-Driven 

H2 Generation Efficiency in CdS Nanoplatelet-Pt 

Heterostructures  

 

Reproduced with permission from J. Am. Chem. Soc. 2018, 140, 11726. Copyright 2018 

American Chemical Society. 

 

9.1. Introduction 

Catalytic conversion of solar energy to green fuels, such as hydrogen, is one of the  most 

promising approaches for generating renewable clean energy.256 Light-driven H2 production 

using quantum-confined semiconductor nanocrystal-metal heterostructures, such as zero-

dimensional semiconductor quantum dots (QDs) and one-dimensional (1D) nanorods (NRs) 

functionalized with catalytic metal (Ni or Pt) particles, have been intensively studied because 

they combine the tunable light harvesting and charge separation abilities of robust 

semiconductor nanocrystals with the efficient catalytic properties of metal nanoparticles.42, 102-

104, 110, 112-114, 257-266 These studies have shown that although charge separation in these 

nanoheterostructures, with conduction band (CB) electron transfer (ET) and valence band (VB) 

hole transfer (HT) to the metal tip and sacrificial hole acceptor, respectively, is efficient, 

recombination of the transferred electron with hole is the main loss pathway due to the slow 

H2 evolution reaction (the reduction of H+ at low pH or water at high pH) on the metal 

catalyst.63, 102-103 Thus, reducing charge recombination loss is a key approach for improving H2 

generation efficiency in these nanocrystal-based solar energy conversion systems.  
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One way to suppress charge recombination is to irreversibly remove the hole by using 

hole acceptors that can undergo rapid reactions upon oxidation. This approach has been 

successfully demonstrated for CdSe/CdS NR-Pt and CdS NR-Ni with OH- as hole acceptors 

and redox shuttles, which upon hole transfer forms hydroxyl radicals that rapidly react with 

ethanol (as the sacrificial donor).114, 259 Although internal quantum efficiency (IQE) for 

hydrogen generation can reach near unity at high pH (~15), it decreases rapidly to <30% at pH 

below 13.11 Furthermore, such schemes do not work for lower band gap materials that have 

better overlap with the solar spectrum (such as CdSe), because their VB holes are not energetic 

enough to oxidize OH-. Thus, alternative approaches to suppress charge recombination are 

needed. A previous study using 1D CdSe/CdS NR-Pt of varying lengths (in water with ethanol 

as an sacrificial electron donor) has shown that the highest light-driven H2 generation IQE 

(~20%) was obtained with a rod length of ~60 nm.113 More recently, Kuno and coworkers have 

reported the apparent quantum efficiency of light-driven H2 generation performances of Ni-

decorated CdS nanoplatelets (in water with ethanol as sacrificial electron donor) can reach 

~64% in the first 2h and ~25% over 40h,42 considerably higher than the reported performance 

of CdS NR-Ni at near neutral pH.114 Although these studies suggest the efficiency of light-

driven H2 generation can be improved by the morphology of the nanocrystals, the mechanism 

of the morphological  dependence remains unclear.   

In this chapter, we report how 2D morphology can be used to increase the lifetime of 

charge-separated (CS) state and improve light-driven H2 generation efficiency. 2D zinc-blend 

cadmium chalcogenide nanoplatelets (NPLs) possess large absorption cross-section, uniform 

quantum confinement along the c crystal axis, and giant oscillator strength compared to NRs 

and QDs, making them better light absorbing materials.19-21, 106, 267-268. In this work, we 

systematically study the pH dependent light-driven H2 generation performances of CdS NPL-

Pt heterostructures. We observed that, compared to the best reported NR-Pt performance,259 
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CdS NPL-Pt heterostructures show improved H2 generation IQE over a wide pH range, 

achieving IQE of ~42% at pH = 8.8 and near unity (~99.5%) at pH = 14.7. Based on insights 

gained from detailed time-resolved spectroscopic studies of ET and HT rates and numerical 

simulation of charge recombination processes, we propose a mechanism that accounts for the 

improved H2 generation performance in 2D NPLs.  

 

9.2. Results and Discussion 

9.2.1. Sample characterization  

Colloidal zinc-blend CdS NPLs with 4 layers of sulfur, 5 layers of cadmium, and a 

thickness of ~1.8 nm21, 106 were synthesized following reported procedures.106 Pt particles were 

deposited on NPLs by thermal reduction of Pt (II) acetylacetonate following the reported 

procedures of Pt deposition on CdSe NPLs,62 and CdS NRs.110 Details of sample synthesis can 

be found in Chapter 2.1. The absorption and photoluminescence spectra of free CdS NPLs and 

CdS NPL-Pt heterostructures in hexane (aqueous solution) are shown in Figure 9.1a (Figure 

9.1b). The absorption peak centered at ~412 nm corresponds to the overlapping electron-heavy 

hole and electron-light hole transitions of CdS NPLs (Figure 9.1a).21 The absorption spectra of 

CdS NPL-Pt can be considered as the sum of contributions of isolated Pt particles and CdS 

NPLs (Figure 9.8a in Appendix 9.1). A sharp emission at the band-edge (~417 nm) is attributed 

to band-edge exciton emission and two broad emission peaks centered at ~448 and ~600 nm 

are attributed to trapped exciton emissions following the assignments of similar emissions in 

CdS NRs.269 The emission of CdS NPL-Pt is strongly quenched, indicative of ultrafast ET from 

the CdS to Pt (see below). Transmission electron microscopy (TEM) images of free CdS NPLs 

(Figure 9.7a in Appendix 9.1) and CdS NPL-Pt in hexane (Figure 9.1c) show that the 

rectangular shaped CdS NPLs tend to slightly roll up and the Pt particles are mainly deposited 

randomly on the NPL edges. The latter is similar to CdSe NPL-Pt heterostructures,62 and is due 
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to two reasons: (1) NPL edges have higher surface energy than basal plane, thus, higher 

reactivity;270 (2) NPL edges have reduced ligand coverage compared to basal plane, facilitating 

Pt growth.271 Due to the overlaps and roll-ups among NPLs, we can only estimate the NPL 

length along the rolling axis as 58.9±9.9 nm according to their TEM images (Figure 9.7a in 

Appendix 9.1). Water soluble samples for pH dependent light-driven H2 generation 

experiments were produced via ligand exchange of CdS NPLs and CdS NPL-Pt 

heterostructures by replacing oleic acid (OA) capping ligand to L-cysteine (see Chapter 2.1 for 

details). The absorption peaks of CdS NPLs in aqueous solution (pH=10) are broadened and 

shifted to ~430 nm due to the change of the dielectric environment (Figure 9.1b), and the 

absorption spectrum of CdS NPL-Pt can still be described by the sum of isolated Pt and free 

CdS NPLs (Figure 9.8b-e in Appendix 9.1). The band-edge and trapped emission bands of free 

CdS NPLs are also red shifted compared to CdS NPLs in hexane. The emission of CdS NPL-

Pt heterostructures is still fully quenched. The TEM images for free CdS NPLs (Figure 9.7b in 

Appendix 9.1) and CdS NPL-Pt heterostructures (Figure 9.1d) in pH 10 solution show 

corrosion of NPLs and different distribution of Pt particles at the NPL edges. Their TEM 

images (Figure 9.1d, Figure 9.7b&d in Appendix 9.1) give the average values of length and 

width as 57.7±13.4 nm and 33.4±9.4 nm, respectively. Similar NPL lengths are observed in 

hexane and water, indicating NPLs tend to roll up along their long axis in hexane and 2D 

morphology is maintained after ligand exchange. According to TEM images (Figure 9.1c&d, 

Figure 9.7c&d in Appendix 9.1), the average numbers of Pt particles per NPL before and after 

ligand exchange are 24.5±5.4 and 13.4±7.7, respectively. Despite large error associated with 

these values (due to overlapping sheets in the TEM image), this result suggests that some Pt 

particles detached from the NPL during the ligand exchange process. The average diameter of 

Pt particles in hexane and water with pH of 10 are 3.31±0.50 nm and 3.27±0.54 nm, 

respectively. Although both Pt size272 and number per NPL273 are reported to affect H2 
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generation performance, we did not attempt to optimize these parameters. Instead, this paper 

focuses on the pH dependence of H2 generation performances of CdS NPL-Pt with a fixed Pt 

size (~3.3 nm). 

 

 

Figure 9.1. Absorption (Abs) and static-photoluminescence (PL) spectra of CdS NPLs, CdS 

NPL-Pt heterostructures dispersed in (a) hexane and (b) water (pH=10). TEM images of CdS 

NPL-Pt heterostructures in (c) hexane and (d) water. Insets in (c) and (d): TEM images showing 

preferential deposition of Pt at the CdS NPL edge. (e) Normalized H2 production amount as a 

function of illumination time of CdS NPL-Pt heterostructures at different pH values. Inset: H2 

generation kinetics of CdS NPL-Pt at pH 8.8 up to 30 h. The black line is the linear fit for data 

between 5-30 h. (f) The pH dependent light-driven H2 generation IQE of CdS NPL-Pt (green 

column) and CdSe NPL-Pt (red column). The black dots with dashed line is the fit of pH 

dependent IQE of CdS NPL-Pt.  

 

9.2.2. Enhanced H2 generation internal quantum efficiency  

The pH dependent light-driven H2 generation measurement was conducted with CdS 

NPL-Pt heterostructures in ethanol/KOH aqueous solution (volume ratio of 1:9) inside a 
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cylindrical cuvette with a light path of 1 cm. 405 nm LED light (5 mW) was focused on the 

cuvette with a beam area of 0.78 cm2 and illumination intensity of 6.4 mW/cm2. The pH of the 

solution was adjusted by KOH concentration with the highest pH (14.7) achieved using 5 mol/L 

KOH solution. The amount of H2 was detected by gas chromatography (see Chapter 2.3 for 

details). To enable comparison of H2 generation rates of different samples, the H2 amounts is 

normalized by the percentages of photons absorbed by CdS domain in the CdS NPL-Pt 

heterostructures (1 − 10−optical density), such that they correspond to the same rate of light 

absorption. The normalized H2 amount grows linearly with illumination time in the first 2h 

(Figure 9.1e), and the slope of their linear fits, representing the internal H2 generation rate, 

increases from 12.8±0.2 𝜇mol/h at pH 8.8 to 30.3±0.3 𝜇mol/h at pH 14.7. IQEs is calculated 

from the ratio of H2 generation to photon absorption rates after correcting for light absorption 

and scattering loss resulting from the cuvette and Pt particles (see Chapter 2.2 for calculation 

details). As shown in Figure 9.1f (green column), the IQE of light-driven H2 generation of CdS 

NPL-Pt increases from 41.9±1.3% at pH 8.8 to 99.5±0.5% at pH 14.7. Under the same 

conditions, negligible amount of H2 was detected in CdSe NPL-Pt systems, which corresponds 

to an estimated IQE of 0.0±1.0% in the same pH range. This result indicates that CdS NPL-Pt 

system can achieve not only a unity solar-to-H2 conversion efficiency at high pH (14.7), but 

also efficient H2 generation over a wide pH range (IQE>40% at pH>8.8). Similarly efficient 

H2 generation (apparent quantum efficiency of ~64% in the first 2h) has also been reported 

using Ni-decorated CdS NPLs.42 At pH<13, the IQE of CdS NPL-Pt is significantly better than 

those reported for CdS NR based heterostructures (Table 9.1), including CdSe/CdS NR-Pt 

(apparent quantum efficiency<30% at pH<13),259 CdS NR-Ni (IQE<20% at pH<14),114 

although at pH 14.7 near unity IQE has also been reported for CdSe/CdS NR-Pt 

heterostructures.259 The long-time stability of CdS NPL-Pt heterostructures was tested at pH 

8.8 (inset of Figure 9.1e), which shows that the IQE is stable (29.4±1.2%) from 5 to 30 h, 
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which is smaller than the initial value of ~42% (in the first two hour). Similar decreases in IQE 

have also observed in CdS NPL-Ni heterostructures,9 and CdS NR-Ni,10 and have been 

attributed to photo-corrosion of CdS.42, 274 A comparison of the UV-Vis absorption spectra of 

the CdS NPL-Pt (Figure 9.9a in Appendix 9.1) shows that the exciton peak becomes broader 

after a longer duration of photocatalysis measurement. Fitting these absorption spectra in 

Figure 9.9b (Appendix 9.1) shows exciton peak width, WX, extends from 45±2 meV to 57±2 

meV (Table 9.2 in Appendix 9.1) after 30h illumination (see Appendix 9.1 for fitting details). 

This can be attributed to the variation of NPL thickness resulting from photo-corrosion of NPL 

basal planes. Indeed, TEM images of CdS NPL-Pt show irregular shaped NPLs with holes on 

the basal planes after 30 hours of illumination (Figure 9.9c&d in Appendix 9.1), indicating 

both NPL edges and basal planes are corroded. Interestingly, despite photo-corrosion, CdS 

NPL-Pt still maintains 2D morphology (Figure 9.9c&d in Appendix 9.1), 2D electronic 

structures (Figure 9.9a&b in Appendix 9.1), and relatively stable and efficient H2 generation 

IQE after 30 h.  

 

Table 9.1. Comparison of the initial H2 generation efficiency of CdS Nanorods (NRs) or NPL 

based heterostructures at pH < 12  

Components pH Efficiency  Ref. 

CdS NR-Ni 11 <5% at 447 nm Ref 114 

CdS NR-Pt 9 <3% at 447 nm Ref 275 

CdSe/CdS NR-Pt – ~20% at 450 nm Ref 113 

CdSe/CdS NR-Pt – ~27% at 455 nm Ref 273 

CdSe/CdS NR-Pt 9.5 ~11% at 455 nm Ref 259 

CdS NPL-Ni – ~64% at 405 nm Ref 42 
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CdS NPL-Pt 8.8 ~42% at 405 nm this work 

 

9.2.3. Ultrafast charge separation.  

Although 2D NPLs have been predicted276 and shown42, 277 to have promising solar-to-H2 

conversion performances previously, and our results show that their performance is better than 

1D NRs at pH<13, the mechanism for the improved performance remains unclear. As shown 

in Figure 9.2a, for CdS NPL-Pt heterostructures in aqueous solution, Pt serves as both the 

electron acceptor and catalyst; while valence band or trapped holes can be transferred to surface 

covered hole acceptors such as thiol ligands (L-cysteine) or redox shuttle (OH-). Although HT 

to Pt is energetically allowed, ultrafast trapping of the hole to hole traps within the NPL (with 

time constant of  𝜏t) enables selective transfer of electrons to Pt (see below), similar to that 

observed previously in CdS NR-Pt.6 Thus, efficient light-driven H2 generation requires both 

efficient exciton dissociation by ET (with time constant of 𝜏ET) from CdS NPL to Pt and HT 

(𝜏HT) from CdS NPL to sacrificial electron donors to generate long-lived CS state (Figure 9.2a). 

H2 evolution requires the accumulation of two electrons in the Pt on the time scale of catalytic 

turnover (>10 ms).259 This in turn requires effective suppression of charge recombination of 

the CS states (with time constant of 𝜏CS ), especially the recombination of the transferred 

electron in Pt with transferred hole in hole acceptors (Figure 9.2b). To provide insight into the 

observed pH dependent and enhanced H2 generation IQE of 2D NPLs, we directly measured 

the processes of ET (𝜏ET), hole trapping (𝜏t), HT (𝜏HT), and charge recombination (in both CdS 

NPL-Pt and CdS NPL-methyl viologen complexes) using time-resolved absorption and 

emission spectroscopy.  
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Figure 9.2. Mechanism of efficient light-driven H2 generation in CdS NPL-Pt heterostructures. 

(a) Schematic depiction of key forward processes. (b) Simplified energy level diagram and 

charge separation and recombination processes. All band-edge positions and redox potentials 

correspond to aqueous solution at pH = 14.7.  

 

We first carried out time-resolved transient absorption (TA) studies of free CdS NPLs and 

CdS NPL-Pt heterostructures in hexane to quantify the rates of ET from the CdS NPL to Pt. 

The TA measurements were conducted at a low pump fluence (~5 𝜇J/cm2) to avoid multiple 

exciton generation in these samples.27, 69 As shown in Figure 9.3a&b, the TA spectra at early 

delay times (<0.1 ns) is dominated by the decrease of absorbance of the exciton band (at ~412 

nm), referred to as exciton bleach (XB).  XB of CdS NPLs can be attributed to the state-filling 

of the conduction band electron levels with negligible contribution of hole state-filling 

according to our previous TA studies of colloidal NPLs,34, 62, 68-69, 109 similar to cadmium 

chalcogenide QDs and NRs.78, 110, 148, 183 The comparison of XB kinetics of CdS and CdS-Pt 

(Figure 9.3c) shows a much faster decay in the latter, suggesting a shorter CdS conduction band 
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electron lifetime in the presence of Pt. This observation is consistent with PL quenching shown 

in Figure 9.1a.  

 

 

Figure 9.3. Average TA spectra at indicated delay time windows of (a) free CdS NPLs and (b) 

CdS NPL-Pt heterostructures in hexane.  Inset in (a) and (b): expanded view of the TA spectra 

at long delay times (0.1-0.2, 0.8-1 and 4-5 𝜇s). The dashed lines mark the wavelength of 412 

nm (green) and 416 nm (red). (c) Comparison of exciton bleach (XB) kinetics at 416 nm of 

CdS NPLs (blue circles) and CdS NPL-Pt heterostructures (red squares), and the scaled charge 

separated state (CS) kinetics (green triangles). Their fits according to the model in the 

Appendix 9.3 are shown in solid lines.  

 

The mechanism of PL quenching in CdS NPL-Pt is revealed by the TA spectra of CdS 

NPL-Pt at long delay times (>0.8 𝜇s, Figure 9.3b inset), which are clearly different from that 

of free CdS NPLs (>0.8 𝜇s, Figure 9.3a inset), and from the spectra of CdS NPL-Pt at early 

delay times (<0.1 ns). They show derivative-like spectral feature around exciton transition, 

which is indicative of a red-shifted exciton peak and can be attributed to the CS state (with the 

electron transferred to the Pt particle at the NPL edge and the hole remained in the CdS NPL) 

following previous assignment in similar NPLs.62, 69 Thus, the TA signals of CdS NPL-Pt at 

~412 nm and delay times <0.8 𝜇s is the sum of contributions of excited NPL (electron state-

filling induced XB) and the CS state signals. As shown in Figure 9.3b inset, because the CS 

signal has zero amplitude at 416 nm, the kinetics at this wavelength probe selectively the pure 
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electron state-filling of CdS. Thus, the kinetics of pure CS state signal can be obtained by the 

difference between the kinetics at 412 nm (containing both XB and CS) and 416 nm (containing 

only XB), as shown in Figure 9.13b in Appendix 9.3. This procedure of obtaining pure CS state 

kinetics is supported by similar analysis in free CdS NPLs, where the CS spectral feature is not 

observed (inset of Figure 9.3a) and the TA kinetics at 416 nm and 412 nm are identical (Figure 

9.13a in Appendix 9.3). This analysis is further supported by the comparison in Figure 9.3c, 

which shows that the growth of CS signal agrees with the decay of XB signal in CdS NPL-Pt. 

This agreement also confirms that ET from the CdS NPL to the attached Pt particle is the main 

exciton quenching pathway. The CS kinetics decays on the 1 ns to s time scale, which can be 

attributed to charge recombination, transferring the electron from the Pt tip back to NPL. The 

XB and CS kinetics were fitted globally to a model that includes both ET and recombination 

processes in CdS NPL-Pt (Figure 9.13e&f in Appendix 9.3), in addition to the intrinsic decay 

processes within CdS NPLs. The latter is assumed to be the same as free CdS NPLs (Figure 

9.13c&d in Appendix 9.3). The best fit gives average times of 426±13 ps and 8.7±1.7 𝜇s (or 

half-lifetimes of 8.84±0.50 ps and 96.2±4.8 ns) for ET and charge recombination processes, 

respectively (Table 9.3 in Appendix 9.3). From the ET rate and the intrinsic exciton decay rate, 

the ET yield is calculated to be 99.4±0.6 %.  The details of the fitting model and calculation 

of ET yield are shown in the Appendix 9.3.    

Similar TA measurements of CdS NPL-Pt heterostructures in aqueous solution were not 

possible because their limited solubility resulted in low concentration and large scattering. 

However, TA studies of related CdS NR-Pt heterostructures in aqueous solution (see Appendix 

9.2) show that ET rates are pH independent (Figure 9.12 in Appendix 9.2). Furthermore, 

electrochemical measurements show similar conduction band edge positions of CdS NRs and 

CdS NPLs (see Chapter 2.4), suggesting similar driving forces for ET in CdS NR-Pt and NPL-

Pt heterostructures. For these reasons, we assume that the ET in CdS NPL-Pt is also pH 
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independent and has a rate and quantum efficiency similar to those measured in hexane 

solution. It is also interesting to note that the exciton quenching mechanism in CdS NPL-Pt 

differs significantly from that in CdSe NPL-Pt. In the latter, 87% of excitons is quenched by 

energy transfer to Pt because of rapidly exciton diffusion in these materials; only 13% of 

excitons are rapidly trapped and undergo charge separation according to our previous study.62 

The difference in exciton quenching mechanism in these materials is consistent with their 

performance in light-driven H2 generation. Negligible amount of H2 was detected after 1h of 

illumination at pH 9 to 14.7 using CdSe NPL-Pt heterostructures under the same experimental 

conditions as those for CdS NPL-Pt (red columns in Figure 9.1f). 

 

9.2.4. Ultrafast and pH dependent hole removal 

 

 

Figure 9.4. pH dependent hole removal. (a) The static-PL spectra of CdS NPLs dispersed in 

hexane and aqueous solution with different pH. Inset shows the location of two types of hole 
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traps (Tr1 and Tr2). (b) The quantum yield (QY) of band-edge (X) and trap state (Tr1, Tr2) 

emissions of CdS NPLs in hexane (shaded area) and aqueous solution at pH 10 to 14.7. (c) The 

PL decay kinetics (circles) and fits (solid lines) of the emission of the band-edge excitons and 

the 1st type of trapped excitons (Tr1+X, upper panel) and 2nd type of trapped excitons (Tr2, 

lower panel) in CdS NPLs dispersed in hexane and aqueous solution. (d) The HT rate (1/𝜏HT,2) 

of 2nd type of trapped excitons (Tr2) in CdS NPLs dispersed in aqueous solution as a function 

of pH. The black dashed line is a fit to a model that described in Appendix 9.4. 

 

To investigate the HT process from CdS NPLs, we carried out both static-PL and TR-PL 

measurements on free CdS NPLs, in which HT leads to PL quenching. These measurements 

cannot be done in NPL-Pt, because ET to Pt also quenches the PL. The static PL spectra of 

CdS NPLs in different solutions (Figure 9.4a) show a band-edge exciton emission (X) and two 

trapped exciton emissions (Tr1 and Tr2), which can be well fitted by a sum of Gaussian 

functions (Figure 9.14a-f in Appendix 9.4). Emission quantum yield (QY) of each species 

(Figure 9.4b) were determined by comparing the integrated emission peak area to that of 

Coumarin 343 (QY ~63%).278 For PL QY measurement, all samples were adjusted to the same 

optical density at the excitation wavelength (390 nm). Comparison of band-edge (X) PL decay 

and XB recovery shows that PL decay is instrument response time limited, much faster than 

XB recovery (Figure 9.17b-f in Appendix 9.4), suggesting that PL decay is caused mainly by 

ultrafast hole trapping, similar to related CdS NRs (~780 fs).63, 70, 110, 279 The emission QYs of 

all species decrease at higher pH (Figure 9.4b), although the change of Tr1 emission is not as 

pronounced as the other two emissions. We attribute Tr1 and Tr2 to trapped exciton states at 

the NPL edges and basal plane, respectively (inset of Figure 9.4a). We speculate that at higher 

pH, OH- can replace the ligands on CdS NPL basal plane to decrease the L-cysteine coverage 

and increase the number of trapped states, which accounts for the pH dependent band-edge 
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exciton and Tr2 PL decay. Because the NPL edges, consisting of (010) and (100) planes, have 

lower ligand coverage than the basal plane,271 the Tr1 trap state density does not depend 

strongly on the pH (or OH-). 

The PL decay kinetics of X+Tr1 and Tr2 emissions are shown in the upper and lower 

panel of Figure 9.4c, respectively. The X and Tr1 emissions are measured together because of 

their strong spectral overlap. It is clear that in aqueous solution of all pH, the PL decay rates 

are much faster than those in hexane, consistent with the much lower static PL intensity in the 

former solution (Figure 9.4a&b). To quantify the HT rates, we fit the TR-PL decay kinetics of 

X+Tr1 and Tr2 emissions to a model described in Appendix 9.4. This model assumes that the 

reduced X emission intensity in aqueous solution is caused by faster hole trapping, and faster 

Tr1 and Tr2 emission decays in aqueous solution reflect ultrafast HT (Figure 9.16a&b in 

Appendix 9.4) to L-cysteine or OH-. The best fits show that the hole trapping time decreases 

from 200±20 fs in hexane to 125±20 fs in pH 10 and 10±10 in pH 14.7. The HT time decreases 

from 76.9±5.5 ps to 54.1±1.8 ps for Tr1 and from 37.7±1.7 ps to 7.03±0.20 ps for Tr2 when 

solution pH increases from 10.0 to 14.7 (Figure 9.4d). Note that there was a small amount 

(<5%) of slow Tr2 quenching with HT time constant of several ns at all pH. From the HT rate 

and the intrinsic decay rates of Tr1 and Tr2 emissions in hexane, the HT QY can be calculated 

to range from 81.3±1.0% to 85.9±0.4% for Tr1 and from 99.4±0.6% to 99.9±0.1% for Tr2, 

respectively, at pH 10 to 14.7 (Table 9.6 in Appendix 9.4).  

 

9.2.5. pH and morphology dependent charge recombination in NPL-MV2+ complexes 
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Figure 9.5. pH and morphology dependent charge recombination kinetics in CdS-methyl 

viologen (MV2+) complexes. (a) TA spectra of CdS NPL-MV2+ complexes in aqueous pH=9 

solution at indicated delay times after 400 nm excitatoin. Inset: expanded view of the TA 

spectrum at 1.4-1.6 ns. (b) Comparison of normalized MV+• radical kinetics of CdS NPL-MV2+ 

complexes at different pH. (c) The half-life of MV+• radicals of CdS NPL-MV2+ complexes as 

a function of pH. (d) Comparison of MV+• radical kinetics of CdS NR-MV2+ (red line) and 

NPL-MV2+ complexes (black line) at pH 9. 

  

The above TA and PL studies show that initial ET from NPL to Pt and HT to adsorbed 

acceptor molecules are ultrafast and efficient. Thus, the key factor that limits the overall H2 

generation efficiency is most likely the lifetime of the CS state (Figure 9.2b), i.e. the 

recombination of the transferred electron in Pt with the hole in the oxidized ligand. 

Unfortunately, it is not possible to directly measure this charge recombination time because 

CdS NPL-Pt has limited solubility in aqueous solution, which causes large scattering, and there 
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lacks clear spectral signal for probing the transferred electron in the Pt and hole in the oxidized 

ligand. Therefore, we use CdS NPL-methyl viologen (MV2+) complexes to mimic the CdS 

NPL-Pt heterostructure by substituting Pt tips with MV2+. MV2+ is frequently used as an one-

electron acceptor that can adsorb on nanocrystal surfaces, 44, 76, 78, 104, 110, 280 and while MV2+ 

has no absorption from 400 to 800 nm, its reduced radical has a distinct absorption features 

centered at ~400 and 600 nm, making it a convenient spectroscopic probe for the ET and charge 

recombination processes.12, 102 We study the lifetime of CS state with transferred electron on 

the reduced MV2+ (or MV+• radical) and transferred hole on surface covered ligands (L-

cysteine or OH-) in CdS NPL-MV2+ complexes in ethanol/KOH (volume ratio of 1:9) aqueous 

solution of different pH. The static absorption spectra of these samples are shown in Figure 

9.19a in Appendix 9.5. The TA spectra at pH=9 are shown in Figure 9.5a and the spectra at 

other pH (from 11 to 14) are shown in Figure 9.19b-d in Appendix 9.5. The complete recovery 

of XB signal (~430 nm) and the growth of MV+• radical signal (at ~600 nm and ~400 nm) 

within 10 ps indicates ET from the CdS NPL to MV2+. The MV+•  radical signal decay can be 

used to probe the charge recombination process. The normalized MV+• radical kinetics at 

different pH are shown in Figure 9.5b, from which we obtain the CS state half-lifetime of 

0.23±0.09 𝜇s, 0.24±0.11 𝜇s, 0.86±0.33 𝜇s, and 9.07±0.64 𝜇s at pH of 9, 11, 13, and 14, 

respectively. As shown in Figure 9.5c, the CS state lifetime changes negligibly from pH 9 to 

13 and increases by a factor of ~10.5 from pH 13 to pH 14, indicating much more effective 

suppression of charge recombination at pH 14. Unfortunately, the NPL-MV2+ is only stable at 

pH 14, and a direct comparison with the pH 14.7 condition for H2 generation is not possible. 

Nevertheless, the observed trend supports the hypothesis that although fast and efficient HT to 

both OH- and L-cysteine at pH 10 to 14.7 can be achieved, the fast removal of the hydroxyl 

radical (by reaction with ethanol) is the key to suppress charge recombination and enhance H2 

generation quantum efficiency at pH>13.  
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To provide insight into how morphology can influence charge recombination, we also 

compare this process in 1D CdS NR-MV2+ and 2D CdS NPL-MV2+ complexes under the same 

experimental conditions. We use CdS NRs with length of ~55 nm (see TEM image in Figure 

9.20a in Appendix 9.5), similar to the length of CdS NPLs, and their absorption spectra are 

shown in Figure 9.20b in Appendix 9.5. TA spectra (Figure 9.20c in Appendix 9.5) show the 

recovery of CdS NR XB and the corresponding formation of MV+• radical signal, confirming 

ET from CdS NRs to MV2+. Comparison of the MV+• radical decay kinetics of 1D NR- MV2+ 

and 2D NPL-MV2+ complexes at pH 9 (Figure 9.5d) show a much shorter-lived CS state with 

half-lifetime of 0.07±0.02 𝜇s in the NR-MV2+ complexes, which is ~3.3 folds shorter than that 

in NPL-MV2+ complexes.  

 

9.2.6. A Model for pH dependent H2 generation IQE  

As shown in Figure 9.1f, H2 generation IQE of CdS NPL-Pt decreases from near unity to 

~42% when pH decreases from 14.7 to 8.8, which is much larger than the variation of hole 

transfer efficiency over a similar pH range. Moreover, as shown in Figure 9.5c, the charge 

recombination time is pH dependent with a dramatic increase of CS state lifetime at pH=14. 

These results suggest that at pH<14.7, the steady state H2 generation efficiency is limited by 

charge recombination between the transferred electron at the Pt nanoparticles and the 

transferred hole in the hole acceptor. To account for the observed pH dependent H2 generation 

efficiency, we propose that at pH>13, OH- is the main hole acceptor. Upon hole transfer, it 

generates hydroxyl radicals that can undergo rapid ethanol oxidation and irreversibly removes 

the photogenerated hole from NPLs.114 This process suppresses charge recombination and 

enables the transferred electron on Pt to efficiently carry out relatively slow H2 evolution 

reactions. At pH<13, L-cysteine is the main hole acceptor because of the limited OH- 

concentration. It has been shown that similar HT processes from QDs to other thiols (3-
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mercaptopropionic acid) generate thiol radicals which are followed by disulfide formation on 

QD surfaces,281-282 or further oxidation of alcohol.283 Although the time scales of these thiol 

radical reactions in our NPLs are unknown, they likely compete with the recombination of the 

transferred hole (in L-cysteine) with the electron on Pt, which reduces the H2 generation IQE. 

This proposal is supported by several previous studies of similar QDs and NRs.63, 103-104 

Therefore, the observed rapid decrease in H2 generation IQE efficiency (Figure 9.1f) at pH<13 

can be attributed to decreased OH- concentration in aqueous solution. The proposed model is 

further supported by the excellent fits of the pH dependent IQE (Figure 9.1f) and average Tr2 

HT time (Figure 9.4d) to a model that accounts for the pH dependent surface coverage of and 

different HT rates to L-cysteine and OH- (see Appendix 9.4 for details). The best fits lead to 

HT time constants of 0.700±0.005 ns and 1.19±0.03 ns per surface adsorbed OH- and L-

cysteine, respectively.  

 

9.2.7. A Model for Enhanced H2 IQE in 2D NPL-Pt Heterostructures 

 

 

Figure 9.6. Scheme of charge recombination processes in 2D NPL-Pt and 1D NR-Pt 

heterostructures in aqueous solution at pH <13.  
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Our results show that at pH<13, the H2 generation IQE of NPLs is much larger than NRs. 

There are several possibilities that could result in this enhanced H2 generation efficiency of 2D 

NPLs. One possibility is the different numbers of Pt on NPLs and NRs. In a previous study of 

H2 generation in CdS NR-Pt, the presence of multiple Pt particles on the NR surface is shown 

to reduce the H2 generation quantum efficiency, which is attributed to decrease of the average 

distance between the separated electron and hole,275 Although the presence of multiple Pt 

particles on NPL edges doesn’t affect the average charge separation distance, it can affect the 

rate of accumulating two electrons on a single particle.273 It has been reported that in CdSe/CdS 

NR-Pt, a higher H2 generation efficiency was observed in longer NRs, suggesting a higher 

absorber volume per catalyst may lead to higher H2 generation efficiency through faster two 

electron acccumlation.3 Considering a CdS NPL with lateral dimension of ~58x33 nm2 and 

thickness of ~1.8 nm,23,24 decorated by ~13 Pt particles with diameter of ~3.3 nm (Figure 

9.7b&d in Appendix 9.1), the volume of CdS NPL absorber per Pt catalyst is ~265 nm3. 

However, for typical CdSe/CdS NR-Pt heterostructures used in Ref259 with rod length of ~50 

nm, rod diameter of ~5 nm, and one Pt tip with diameter of ~4 nm,259 the absorber volume per 

Pt catalyst is ~981 nm3, ~3.7 folds larger than that of NPL-Pt. This indicates different absorber 

volume per catalyst is not the main reason for the observed enhanced H2 generation efficiency 

of 2D NPLs.  

Another possibility is different surface passivation between 1D and 2D nanostructures, 

which is induced by different crystal structures with different exposed atoms on the surface. In 

particular, 1D wurtzite NRs have both Cd and S exposed along NR surface while 2D zinc-

blend NPLs only have Cd exposed on the basal planes. This could affect ET and HT rates in 

NPLs and NRs, which can be directly probed by their XB and TR-PL decay kinetics, 

respectively, as discussed above. For example, ET time from NPL to Pt (as measured by the 
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half-lifetime of XB) of CdS NPL-Pt (~8.8 ps, Figure 9.3c) is ~2.6 folds longer than that of CdS 

NR-Pt (~3.4 ps),6 while the HT time (as measured by the half-lifetime of TR-PL) of 2D NPLs 

(Figure 9.4c and Figure 9.15f in Appendix 9.4) is over 8 folds shorter than that of 1D NRs 

(Figure 9.15e in Appendix 9.4) at all pH (Table 9.5 in Appendix 9.4). Although the ET and HT 

times are different in NRs and NPLs, they are both in the ps timescale and do not affect the 

initial HT and ET efficiency because they are much faster than the intrinsic exciton lifetime.  

We propose that the 2D morphology in NPLs can enhance the lifetime of charge-separated 

state compared to 1D NRs and play a key role in enhancing the H2 generation quantum 

efficiency. As discussed above, at pH<13, when OH- is no longer the dominant hole acceptor, 

charge recombination becomes the key efficiency limiting factor. This hypothesis is supported 

by the experimental comparison of charge recombination times in NR-MV2+ and NPL-MV2+ 

complexes shown in Figure 9.5d. Because we cannot directly measure the charge 

recombination time in NPL-Pt system, we numerically simulated this process in both CdS NR-

Pt and CdS NPL-Pt heterostructures. In the simulation, we assume that charge recombination 

proceeds by an activated diffusion of the transferred hole. As shown in Figure 9.6 and described 

in detail in Appendix 9.6, this model accounts for trapped hole transfer to L-cysteine (with rate 

constant kHT, see Appendix 9.4), ionization of the hole in L-cysteine back to NPLs valence 

band (kion), trapped hole diffusion (kh), and recombination with electron (kX) at CdS-Pt 

interface. Our simulation shows that, with the same rate constants for elementary steps and 

lateral size (same length for NRs and square NPLs), charge recombination in 2D NPLs is over 

5 folds slower than 1D NRs regardless of fast (kh/kX>>1) or slow (kh/kX<<1) trapped hole 

diffusion (Figure 9.22 and Table 9.7 in Appendix 9.6). Our model is similar to a hole hopping 

model has been applied successfully in previous studies of electron-trapped hole recombination 

in CdS and CdSe NRs.284-287 Compared to 1D NRs, the 2D morphology requires many more 

random walk steps before the hole finds the recombination (Pt) site, leading to slower charge 
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recombination. In our simulation, recombination can occur only at the Pt site to which the 

electron has been transferred, although there are several Pt particles per NPL (Figure 9.1c&d). 

Including hole transfer to other Pt particles, which interrupts the random walk of trapped hole, 

will further extends the lifetime of the CS state in NPL-Pt. It is likely that charge recombination 

and the reaction of the transferred hole with ethanol in solution occur on similar time scales, 

which reduce H2 generation IQE and leads to its sensitive dependence on the nanocrystal 

morphology. Although compared to 1D NRs, 2D morphology also slows down the initial 

electron transfer to Pt, this does not affect the charge separation efficiency because, as shown 

in Figure 9.3c, the ET rate is much faster than intrinsic exciton decay within NPL. It is 

important to note that our simulation is focused on how 1D and 2D diffusion can affect the 

charge recombination without accounting for possible differences in the nature of hole trap 

states and trapped hole diffusion time constant. More in-depth studies will be needed to fully 

account for the many differences in these systems and identify all contributing factors to the 

observed enhanced H2 generation efficiency in 2D NPL-Pt heterostructures.  

 

9.3. Conclusion 

In summary, we have demonstrated an efficient light-driven H2 generation system using 

CdS NPL-Pt heterostructures in aqueous solution with ethanol as a sacrificial electron donor. 

We show that the IQE of H2 production increases from ~41.9% at pH 8.8 to unity at pH 14.7. 

This 2D NPL based system shows much improved IQE at pH 8-13 compared to previously 

reported performance using 1D CdS and CdSe/CdS NR heterostructures, although both 1D and 

2D systems achieve similar near unity IQE at pH 14.7. Detailed TA as well as static and time-

resolved PL studies show that the initial charge separation process (electron transfer to Pt and 

hole transfer to acceptors) is ultrafast and efficient at all pH, the recombination of the CS state 

(electron in Pt and hole on surface adsorbed hole acceptor) is the key efficiency limiting factor. 
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We propose that at extremely high pH of 14.7, OH- is the main hole acceptor, which upon 

oxidation can react rapidly and irreversibly with ethanol to suppress charge recombination and 

enable H2 generation with near unity IQE. At pH<13, L-cysteine is the main hole acceptor and 

the charge recombination process likely competes with the subsequent reaction of the oxidized 

L-cysteine, lowering the H2 generation IQE. This proposed model is consistent with the 

observed pH dependent HT time and H2 generation efficiency. Our numerical simulation result 

shows that compared to 1D CdS NRs, the 2D morphology of CdS NPLs slows down charge 

recombination, which is the dominant factor that enhances their IQE at pH<13 compared to 

CdS NRs. Further support for the proposed model is provided by the study of charge 

recombination time in 2D NPL/MV2+ complexes, which shows a pronounced lengthening of 

CS state lifetime at pH >13, and a longer lived CS state compared to that in 1D NR/MV2+ 

complexes at pH 9. Our result demonstrates that 2D morphology provides an additional control 

for designing nanoscale systems with improved charge separation and light-driven catalytic 

reactions. We believe this insight can be extended to other 2D materials and can be used to 

improve the solar energy conversion efficiencies of other artificial photosynthetic systems. 
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Appendix 9.1 

Additional characterizations (Size distribution, absorption spectra, and photostability) of 

CdS NPL-Pt heterostructures 

 

 

Figure 9.7. The TEM images of free CdS NPLs in (a) hexane and (b) aqueous solution with 

pH of 10. The TEM images of CdS NPL-Pt heterostructures in (c) hexane and (d) aqueous 

solution with pH of 10.  
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Figure 9.8. (a) The absorption spectra of CdS NPL-Pt heterostructures in hexane (blue solid 

line), which can be considered as the sum of the absorption spectrum of Pt particles (green 

solid line) and the CdS NPLs (red dashed line). The latter is consistent with the absorption 

spectrum of free CdS NPLs (black solid line). The absorption spectra of CdS NPL-Pt 

heterostructures in aqueous solution with pH of (b) 8.8, (c) 11.4, (d) 13.2, and (e) 14.7 for H2 

generation. The red lines are the normalized Pt absorption. (f) The comparison of subtracted 

CdS NPL absorption (dashed lines) obtained from (b-e) and the free CdS NPL absorption at 

pH of 10 (purple circles).  

 

The comparison of CdS NPL-Pt absorption spectra at aqueous solution with pH of 8.8 

before and after 5, 19, 25, and 30 h’s illumination is shown in Figure 9.9a. The absorption 

spectra of CdS NPL-Pt heterostructures are fitted as the sum of CdS NPL and Pt particle 

absorptions. CdS NPL absorption spectra are fitted according to a well-established NPL 

absorption model.28, 250-251 The CdS NPL-Pt absorption can be represented by the following 

equation: 

Abs(E) = Pt(E) + ANPL[X(E) + Cont(E)]   (9.1) 
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where Pt(E) is scaled Pt particle absorption (in water) measured by UV/Vis spectrometer, ANPL 

is scaling parameter that determines the CdS NPL absorption intensity. X(E) is band-edge 

exciton peak, Cont(E) is continuous band absorption, and they are fitted as: 

X(E) =
1

2𝜂
[erf (

E − EX

WX
−

WX

2𝜂
) + 1] exp (

WX
2

4𝜂2
−

E − EX

𝜂
)  (9.2) 

Cont(E) =
H

2
[erf (

(E − EX) − Eb

WC
) + 1]    (9.3) 

In Eq. 9.2 and 9.3, EX and Eb are exciton transition energy and exciton binding energy, 

respectively. WX and WC are exciton peak width and continuum edge width, respectively. H is 

the continuum edge step height and 𝜂 is the asymmetric broadening. Note that we only consider 

one exciton peak and one continuous band absorption near CdS NPL band edge due to the 

strong overlaps between electron-heavy hole and electron-light hole transitions in CdS NPLs.21  

We fit the CdS NPL-Pt absorption spectra (red circles) at aqueous solution with pH of 8.8 

before and after 5, 19, 25, and 30 h’s illumination as shown in Figure 9.9b. The Pt absorption 

are in gray solid lines, exciton peak and continuous band are in green solid lines, and the total 

absorption fits are in black dashed lines. The fitting parameters with errors are listed in Table 

9.2.  
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Figure 9.9. (a) The comparison of CdS NPL-Pt absorption spectra at aqueous solution with pH 

of 8.8 before and after 5, 19, 25, and 30 h’s illumination. The inset shows the same spectra near 

exciton peak region. (b) The CdS NPL-Pt absorption spectra (red circles) with fit (lines) at 

aqueous solution with pH of 8.8 before and after 5, 19, 25, and 30 h’s illumination. The Pt 

absorption are in gray solid lines, exciton peak and continuous band are in green solid lines, 

and the total absorption fits are in black dashed lines. The TEM image of CdS NPL-Pt at 

aqueous solution with pH of 8.8 (c) before and (d) after 30 h’s illumination. 

 

Table 9.2. Fitting parameters with errors of CdS NPL-Pt absorption spectra before and after 

photocatalysis  

 0h 5h 19h 25h 30h 

EX/eV 2.83±0.01 2.83±0.01 2.83±0.01 2.83±0.01 2.83±0.01 

Eb/meV 50±2 50±2 50±2 50±2 50±2 
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WX/meV 45±2 49±2 51±2 52±2 57±2 

WC/meV 35±1 35±1 35±1 35±1 35±1 

𝜂/meV 52±2 52±2 52±2 52±2 52±2 

H/eV 5.5±0.1 5.9±0.1 6.0±0.1 6.5±0.1 6.8±0.1 

ANPL 0.048±0.001 0.046±0.001 0.045±0.001 0.045±0.001 0.044±0.001 
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Appendix 9.2 

Electron transfer in CdS nanorod (NR)-Pt heterostructures  

The pH dependent electron transfer (ET) is studied using CdS nanorods (NRs) tipped with 

Pt particles. The CdS NR-Pt heterostructures were transferred to aqueous solution with 

different pH via ligand exchange reaction mentioned above. The absorption spectra of CdS 

NR-Pt heterostructures with different pH (dashed lines) are shown in Figure 9.10. The long tail 

below the first exciton peak (~463 nm) is due to Pt absorption as compared as gray solid line. 

The CdS NR-Pt has more scattering when pH>14, which is attributed to the reduced solubility 

and NRs were etched at high pH (>14). 

 

 

Figure 9.10. The absorption spectra of CdS NR-Pt heterostructures in aqueous solution with 

different pH (dashed lines) and the absorption of Pt particles in water (gray solid line). 

 

We carried out TA spectroscopy on these CdS NR-Pt heterostructures to quantify the pH 

dependent ET process from CdS NR to Pt, and their TA spectra are shown in Figure 9.11. All 

TA spectra show exciton bleach (XB) at ~463 nm, which is due to electron state-filling on 

conduction band edge.63, 70, 102, 110 Their XB kinetics are compared in Figure 9.12, which shows 

identical decay kinetics within errors due to the small optical density differences between 
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samples. This shows pH independent electron transfer from CdS NR to Pt, although at 

pH=14.7, small difference shows near the time zero, which is likely due to CdS NR is etched 

and unstable at such high pH. 

 

 

Figure 9.11. The TA spectra of CdS NR-Pt heterostructures in aqueous solution with (a) pH=7, 

(b) pH=10, (c) pH=11, (d) pH=12, (e) pH=13, (f) pH=14, and (g) pH=14.7. 
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Figure 9.12. The comparison of XB kinetics of CdS NR-Pt heterostructures in aqueous solution 

with different pH. 
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Appendix 9.3 

Fits of the TA bleach kinetics  

 

Figure 9.13. The comparison of normalized XB kinetics at different wavelength (412 and 416 

nm) of (a) free CdS NPLs and (b) CdS NPL-Pt heterostructures. Carrier decay pathways in free 

CdS NPLs in (c) single particle (electron and hole) representation and (d) state representation 

at 400 nm excitation. Carrier decay pathways in CdS NPL-Pt heterostructures in (e) single 

particle (electron and hole) representation and (f) state representation at 400 nm excitation. 

 

The XB kinetics at different wavelength of free CdS NPLs and CdS NPL-Pt 

heterostructures were normalized at the time zero and compared in Figure 9.13a and 9.13b, 

respectively. In free CdS NPLs, the XB kinetics at 416 nm was identical to XB kinetics at 412 

nm. In CdS NPL-Pt heterostructures, the XB at 416 nm represented the pure electron state-

filling signals on CdS CB edge, while XB at 412 nm contained both electron state-filling and 

charge-separated (CS) state signals.  

At 400 nm excitation, the carriers in CdS NPLs undergo various relaxation, trapping and 

recombination processes (Figure 9.13c&d). Because the TA signals at exciton peak of CdS 
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NPLs are dominated by the concentrations of electrons at the CB edge, we only need to 

consider three species that affect its concentration: hot-electrons (Nhot), band edge excitons (NX, 

with both electron and hole in the band edge), and trapped exciton (Nt, band edge electron and 

a trapped hole). As shown in Figure 9.13c&d, hot-electrons (Nhot) represents initially excited 

carriers that decay to form band edge exciton with a rate constant of kf. The band edge excitons 

can decay through radiative recombination with a rate constant kr or via hole trapping with a 

rate constant kt, (to form trapped exciton Nt). The trapped excitons can decay by radiative and 

nonradiative recombination (ktr). As shown in Figure 9.13e&f, CdS NPL-Pt heterostructures 

have an additional decay pathway for trapped excitons (Nt): the electron transfers to Pt with a 

rate constant kET after the hole gets trapped, which generates a CS state, NCS. The charge-

separated state decays by electron in Pt recombining with the trapped hole in CdS NPL with a 

charge recombination (CR) rate of kCR.   

For free CdS NPLs, these species are governed by the following rate equations: 

dNHot

dt
= −kfNHot   (9.4) 

dNX

dt
= kfNHot − (kr + kt)NX (9.5) 

where total hole trapping rate, kt, is the sum of hole trapping rate, kt,i, for different trap states, 

Nt,i: 

kt = ∑kt,i

i

  (9.6) 

Each trap state, Nt,i, has a formation rate the same as hole trapping rate, kt,i, and a recombination 

rate of ktr,i: 

dNt,i

dt
= kt,iNX − ktr,iNt,i  (9.7) 

The solution of Eq. 9.4 to 9.7 are: 

NHot = N0e
−kft   (9.8) 
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NX(t) =
N0kf

kf − (kr + kt)
[e−(kr+kt)t−e−kft]   (9.9) 

Nt,i(t) =
N0kf

kf − (kr + kt)
[(

kt,i

kr + kt − ktr,i
−

kt,i

kf − ktr,i
)e−ktr,it +

kt,i

kf − ktr,i
e−kft

−
kt,i

kr + kt − ktr,i
e−(kr+kt)t]   (9.10) 

where N0 is the initial amount of excitons generated after pump. Due to kf ≫ ktr,i, considering 

trapped exciton recombination is not competitive to the hot exciton relaxation, Eq. 9.10 is 

approximated to: 

Nt,i(t) =
N0kf

kf − kt

kt,i

kt
[
kf − kt

kf
e−ktr,it +

kt

kf
e−kft − e−(kr+kt)t]     (9.11) 

and the sum of all the trapped excitons is: 

∑Nt,i(t)

i

=
N0kf

kf − kt
[
kf − kt

kf
∑

kt,i

kt
i

e−ktr,it +
kt

kf
e−kft − e−(kr+kt)t]   (9.12) 

The TA exciton bleach kinetics of free CdS NPLs is the sum of the population change of band-

edge excitons and trapped excitons: 

TAfree CdS(t) ∝ NX(t) + ∑Nt,i(t)

i

=
N0kf

kf − kt
[
kf − kt

kf
∑

kt,i

kt
i

e−ktr,it + (
kt

kf
− 1) e−kft]

= N0 [∑
kt,i

kt
i

e−ktr,it − e−kft]    (9.13) 

For CdS NPL-Pt heterostructures, the rate equation for trapped exciton is different from 

the one for the free CdS NPLs: 

dNt,i

dt
= kt,iNX − (ktr,i + kET,i)Nt,i (9.14) 

This gives: 

Nt,i(t) =
N0kf

kf − kt

kt,i

kt
[
kf − kt

kf
e−(ktr,i+kET,i)t +

kt

kf
e−kft − e−(kr+kt)t]    (9.15) 
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∑Nt,i(t)

i

=
N0kf

kf − kt
[
kf − kt

kf
∑

kt,i

kt
i

e−(ktr,i+kET,i)t +
kt

kf
e−kft − e−(kr+kt)t]   (9.16) 

The corresponding CS state, NCS,i, decays as: 

dNCS,i

dt
= kET,iNt,i − kCR,iNCS,i  (9.17) 

which gives:  

NCS,i(t) =
N0kf

kf − kt

kt,i

kt
[

kET,i

kr + kt − kCR,i
e−(kr+kt)t + 𝛾e−kCS,it −

kET,i

kf − kCR,i

kt

kf
e−kft

−
kET

ktr,i + kET − kCR,i

kf − kt

kf
e−(ktr,i+kET,i)t]   (9.18) 

𝛾 =
kET,i

ktr,i + kET − kCR,i

kf − kt

kf
−

kET,i

kr + kt − kCR,i
+

kET,i

kf − kCR,i

kt

kf
   (9.19) 

Due to kf, kt ≫ kET ≫ kr, ktr,i, kCS,i, the Eq. 9.19 is approximated as: 

NCS,i(t) = N0

kt,i

kt
[e−kCS,it − e−kET,it]    (9.20) 

∑NCS,i(t)

i

= N0 ∑
kt,i

kt
[e−kCS,it − e−kET,it]

i

     (9.21) 

The TA exciton bleach kinetics at 416 nm of CdS NPL-Pt heterostructures then becomes: 

TACdS−Pt(t) ∝ NX(t) + ∑Nt,i(t)

i

= N0 [∑
kt,i

kt
i

e−kET,it − e−kft] + 𝛼N0 ∑
kt,i

kt
[e−kCR,it − e−kET,it]

i

   (9.22) 

where 𝛼 is the relative signal amplitude for CS state.  

According to Eq. 9.13, 9.21, and 9.22, we fitted the normalized XB kinetics at 416 nm 

and the CS state kinetics of free CdS NPLs and CdS NPL-Pt heterostructures with multi-

exponential functions convoluted with instrument response function (IRF, ~150 fs), which is 

determined from the scattering signals of the solvent (hexane): 



270 

 

XBfree CdS(t) = AX [∑ Cie
−τtr,it

4

𝑖=1

− e−τft] ⊗ IRF    (9.23) 

XBCdS−Pt(t) = AX [∑Cie
−τET,it

4

𝑖=1

− e−τft] ⊗ IRF   (9.24) 

CSCdS−Pt(t) = ACS ∑Ci[e
−τCR,it − e−τET,it]

4

𝑖=1

⊗ IRF   (9.25) 

where AX and ACS are the initial amplitudes for XB and CS state signal, respectively. Ci (i=1 

to 4) are different decay components, the sum of which equals 1. 𝜏 is the time constant of 

corresponding decay rate, k: 𝜏 =
1

k
. The fitting parameters with errors are listed in Table 9.3.  

 

Table 9.3. TA exciton bleach kinetics fitting parameters with errors 

i 1 2 3 4 

Ci/% 41.2±2.2 30.8±1.1 17.9±3.7 10.1±1.6 

𝜏tr,i/ps 81.5±1.4 2570±250 56787±2131 2419017±57365 

𝜏ET,i/ps 0.68±0.20 16.1±1.3 486±16 87.5±8.3 

𝜏CR,i/ns 19.0±1.3 255±90 8987±1793 

𝜏f/fs 10±10 

 

        The average time constant of ET (CR) is calculated as: 𝜏ave =
∑ Ci𝜏ET(CR),i

24
𝑖=1

∑ Ci𝜏ET(CR),i
4
𝑖=1

=426±13 

ps (8.7 ± 1.7 𝜇 s), and the electron transfer yield (ET.Y.) is calculated considering the 

competition between trapped exciton recombination and ET: ET. Y. =

∑ Ci
𝝉𝐭𝐫,𝐢

𝝉𝐄𝐓,𝐢+𝝉𝐭𝐫,𝐢

4
i=1 =99.4±0.6 %. 
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Appendix 9.4 

Fits of the static PL spectra and TR-PL decay kinetics 

The static PL spectra of CdS NPLs were fitted by three Gaussian functions:  

PL(𝜆) = BG +
AXe

−4ln2(𝜆−𝜆X)2

wX
2

wX√
𝜋

4ln2

+
ATr1e

−4ln2(𝜆−𝜆Tr1)2

wTr1
2

wTr1√
𝜋

4ln2

+
ATr2e

−4ln2(𝜆−𝜆Tr2)2

wTr2
2

wTr2√
𝜋

4ln2

   (9.26) 

where BG is the background, 𝜆  is the wavelength. Ai, 𝜆i , and wi (i=X, Tr1, Tr2) are the 

amplitude, peak center, and peak width of the band edge emission (X), the 1st type of trapped 

state emission (Tr1), and the 2nd type of trapped state emission (Tr2), respectively. The fitting 

results are shown in Figure S14 and the fitting parameters and errors were listed in Table 9.4.  

 

 

Figure 9.14. The static PL spectra and the fits of CdS NPLs in (a) hexane and aqueous solution 

with pH of (b) 10, (c) 11.1, (d) 13.2, and (e) 14.7. (f) The comparison of band edge emission 
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(solid lines), Tr1 emission (dashed lines), and Tr2 emission (dots) in aqueous solution with pH 

of 10 (black), 11.1 (red), 13.2 (green), and 14.7 (orange). 

 

Table 9.4. Static PL spectra fitting parameters and errors 

 Hexane pH 10 pH 11.1 pH 13.2 pH 14.7 

𝜆X/nm 416.7±0.1 436.0±0.1 437.1±0.1 440.5±0.1 – 

wX/nm 10.3±0.1 17.2±0.2 17.2±0.2 17.2±0.2 – 

AX/10000nm 15400±145 1820±30 1690±20 890±5 – 

𝜆Tr1/nm 442.5±0.2 457.2±0.3 458.0±0.4 459.5±0.2 462.0±0.1 

wTr1/nm 38.7±0.3 28.0±0.4 25.0±0.5 25.0±0.3 29±0.3 

ATr1/10000nm 27474±247 965±15 790±15 730±10 660±10 

𝜆Tr2/nm 599.0±1.0 663.0±3.0 663.0±3.0 663.0±3.0 – 

wTr2/nm 143.5±0.3 190±0.3 185±0.3 200±0.4 – 

ATr2/nm 187597±318 3150±100 3200±100 1450±50 – 

BG/10000 2 2 2 2 2 

 

We use static- and TR-PL spectroscopy to probe hole transfer (HT) process in CdS NRs 

and NPLs. CdS NRs used for PL study are characterized in Figure 9.15a (TEM image) and 

Figure 9.15b (absorption spectra). The static-PL spectra (Figure 9.15c&d) and TR-PL kinetics 

(Figure 9.15e) of CdS NPLs in hexane and aqueous solution with different pH are shown in 

Figure 9.15. The TR-PL decay kinetics of all emissions (both band-edge and trap state 

emissions) from CdS NPLs in hexane and aqueous solution with different pH are shown in 

Figure 9.15f (same set of results used in Figure 4c with different normalization). The half-life, 

𝜏1/2, of TR-PL decay kinetics of CdS NPLs and NRs were determined according to the initial 
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TR-PL intensity without hole acceptors, which is the initial TR-PL intensity of CdS NRs 

(NPLs) in chloroform (hexane) considering different NPL or NR samples absorbed the same 

number of photons at 390 nm pump. The half-life, 𝜏1/2, of both CdS NRs and NPLs in different 

solutions are extracted from Figure 9.15e&f. They are listed in Table 9.5 with errors. The hole 

transfer rate, kHT, from NRs or NPLs is estimated by: kHT = 1/τ1/2, for charge recombination 

simulation in Appendix 9.6.  

 

 

Figure 9.15. (a) The TEM image of CdS NRs in hexane. (b) The absorption spectra of CdS 

NRs in chloroform and aqueous solution with different pH. (c) The static PL spectra of CdS 

NRs in chloroform and KOH aqueous solution with different pH. (d) The pH dependent static-

PL spectra of CdS NR in KOH aqueous solution. (e) The TR-PL decay kinetics (solid lines) 

with IRF (dashed line) of CdS NRs in chloroform and KOH aqueous solution with different 
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pH. (f) The TR-PL decay kinetics (solid lines) with IRF (dashed line) of CdS NPLs in hexane 

and KOH aqueous solution with different pH. 

 

Table 9.5. The half-life of TR-PL decay of CdS NRs and NPLs. 

 Chloroform pH 10 pH 10.9 pH 13.3 pH 14.7 

NRs 𝜏1/2/ps 30500±2300 585±45 487±15 273±16 132±16 

 Hexane pH 10 pH 11.1 pH 13.2 pH 14.7 

NPLs 𝜏1/2/ps 178±15 72.8±7.5 65.2±8.0 <<IRF <<IRF 

 

To extract the pH dependent hole transfer rates from different trap states, we first collected 

the total emissions after 400 nm (X+Tr1+Tr2) at 390 nm pump using a 400 nm long-pass filter 

(Figure 9.15f). Then we used a 550 nm long-pass filter to selectively collect the Tr2 emissions 

as shown in Figure 9.4c lower panel. We subtracted the Tr2 kinetics from the total PL decay 

kinetics to obtain the X+Tr1 decay kinetics as shown in Figure 9.4c upper panel.  

 

 

Figure 9.16. Carrier decay pathways in (a) single particle (electron and hole) representation 

and (b) state representation of CdS NPLs in aqueous solution at 400 nm excitation.  
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Similar to CdS NPL-Pt heterostructures, the carriers in CdS NPLs in aqueous solution 

undergo various relaxation, trapping, charge transfer and recombination processes (Figure 

9.16a&b). Because the TR-PL signals of CdS NPLs are dominated by the three different 

emissions: band-edge emission (X), Tr1 emission, and Tr2 emission, we only need to consider 

three species that affect their concentration: hot-electrons (Nhot), band edge excitons (NX, with 

both electron and hole in the band edge), and trapped excitons (Nt, band edge electron and a 

trapped hole). Most carrier pathways are the same as in CdS NPLs dispersed in hexane, CdS 

NPLs in aqueous solution have an additional decay pathway for trapped excitons (Nt): the hole 

transfer to hydroxyl anion or L-cysteine with a rate constant kHT. We didn’t consider the hole 

transfer directly from VB edge due to the ultrafast hole trapping time reported in similar NPLs 

(~30 fs),62 and CdS NRs (~780 fs).70 For CdS NPLs in aqueous solution, NX decays the same 

as in Eq. 9.9, and Nt,i decays following: 

dNt,i

dt
= kt,iNX − (ktr,i + kHT,i)Nt,i   (9.27) 

considering hole trapping is much faster than band-edge exciton radiative recombination (kt ≫

kr) and trapped hole removal is also much faster than it recombines with CB electron (kHT,i ≫

ktr,i), Eq. 9.27 gives: 

Nt,i(t) =
N0kf

kf − kt

kt,i

kt
[
kf − kt

kf
e−kHT,it +

kt

kf
e−kft − e−ktt]   (9.28) 

For free CdS NPLs in hexane, there is no hole transfer, so the sum of band-edge emission 

and Tr1 emission TR-PL kinetics follows: 
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TR − PLhexane, X+Tr1(t) = ANX + ∑BiNt,1i

i

= A
N0kf

kf − kt
[e−ktt−e−kft] + ∑Bi

kt,1i

kt

N0kf

kf − kt
[
kf − kt

kf
e−ktr,1it +

kt

kf
e−kft − e−ktt]

i

= A
N0kf

kf − kt
[e−ktt−e−kft]

+ N0

SumBk

kt
 [∑

Bikt,1i

SumBk
i

e−ktr,1it +
kt

kf − kt
e−kft −

kf

kf − kt
e−ktt]   (9.29) 

SumBk = ∑Bikt,1i

i

    (9.30) 

where Nt,1i represents the ith trapped exciton among the 1st type of trapped excitons (Tr1) and 

its corresponding trapping rate, kt,1i, follows: ∑ kt,1ii = kt,1. A and Bi represent the PL intensity 

weight for band edge emission and the ith Tr1 state emission, respectively. Similarly, the Tr2 

emission TR-PL kinetics follows: 

TR − PLhexane, Tr2(t) = ∑DiNt,2i

i

= ∑Di

kt,2i

kt

N0kf

kf − kt
[
kf − kt

kf
e−ktr,2it +

kt

kf
e−kft − e−ktt]

i

= N0

SumDk

kt

 [∑
Dikt,2i

SumDk
i

e−ktr,2it +
kt

kf − kt

e−kft −
kf

kf − kt

e−ktt]    (9.31) 

SumDk = ∑Dikt,2i

i

    (9.32) 

where Di represents the PL intensity weight of the ith Tr2 state emission and kt,2i represents VB 

hole trapping rate to the ith Tr2 state: ∑ kt,2ii = kt,2, and ∑ kt,1ii + ∑ kt,2ii = kt. 

For CdS NPLs in aqueous solution, the hole transfers to hydroxyl anion or L-cysteine so 

that its TR-PL kinetics of band-edge emission and Tr1 emission follows: 

TR − PLaqueous, X+Tr1(t)

= A
N0kf

kf − kt

[e−ktt−e−kft]

+ N0

SumBk

kt

 [∑
Bikt,1i

SumBk
i

e−kHT,1it +
kt

kf − kt

e−kft −
kf

kf − kt

e−ktt]    (9.33) 
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where kHT,1i represents the rate constant of hole transfer from the ith trapped exciton state 

among Tr1 states. Similarly, the Tr2 emission TR-PL kinetics of CdS NPLs in aqueous solution 

follows: 

TR − PLaqueous, Tr2(t) = N0

SumDk

kt

 [∑
Dikt,2i

SumDk
i

e−kHT,2it +
kt

kf − kt

e−kft −
kf

kf − kt

e−ktt]    (9.34) 

where kHT,2i represents the rate constant of hole transfer from the ith Tr2 state. The trapping 

rates kt,1 and kt,2 both increase with pH due to hydroxyl anion reduces the ligand coverage (L-

cysteine) on CdS NPLs in aqueous solution. However, Tr2 states, whose hole is considered 

trapped on the (001) surface, is affected by pH more than Tr1 states, whose hole is considered 

trapped on NPL edges. Thus, kt,2 increases with pH faster than kt,1 does, resulting in SumDk/kt 

increases with pH and SumBk/kt decreases with pH. We also assumed the trapping rates, kt,1i 

(kt,2i) for different Tr1 (or Tr2) states, increase with pH at the same ratio so that 
Bikt,1i

SumBk
 (

Dikt,2i

SumDk
) 

is independent on pH. 

According to Eq. 9.29 to 9.34, we fitted the TR-PL decay kinetics of CdS NPLs in hexane 

and aqueous solution by multi-exponential function convoluted with IRF (~110 ps): 

TR − PLhexane, X+Tr1(t)

= IX
τt

τt − τf

[e−τtt−e−τft]

+ ITr1B [X1e
−τtr,1at + X2e

−τtr,1bt +
τf

τt − τf
e−τft −

τt

τt − τf
e−τtt] ⊗ IRF   (9.35) 

TR − PLaqueous, X+Tr1(t)

= IX
τt

τt − τf

[e−τtt−e−τft] + ITr1 B [e−τHT,1t +
τf

τt − τf
e−τft −

τt

τt − τf
e−τtt]

⊗ IRF   (9.36) 

TR − PLhexane, Tr2(t)

= ITr2 D [Y1e
−τtr,2at + Y2e

−τtr,2bt +
τf

τt − τf
e−τft −

τt

τt − τf
e−τtt] ⊗ IRF    (3.37) 
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TR − PLaqueous, Tr2(t)

= ITr2D [Y1
′e−τHT,2at + Y2

′e−τHT,2at +
τf

τt − τf
e−τft −

τt

τt − τf
e−τtt]

⊗ IRF  (3.38) 

where IX, ITr1, and ITr2 are the initial PL intensity at time zero of band-edge exciton, Tr1, and 

Tr2 emission, respectively, and they are pH independent. B and D correspond to SumBk/kt and 

SumDk/kt, respectively. They are fixed as 1 for TR-PL decay of CdS NPLs in hexane, and B 

decreases while D increases with pH for CdS NPLs in aqueous solution. Xi, Yi, and Yi' (i=1, 

2) are the different decay components. 𝜏 is the time constant of corresponding decay rate, k: 

𝜏 =
1

k
. τf is kept the same as in Table 9.3.  

For the TR-PL of CdS NPLs with the highest pH (14.7), no band edge emission was 

observed as shown in Figure 9.14e, thus, we assumed the 𝜏t = 𝜏f at pH of 14.7 considering 

ultrafast VB hole trapping after relaxation. Thus, Eq. 9.36 and 9.38 are approximated as: 

TR − PLpH 14.7, X+Tr1(t) = ITr1 B[e−τHT,1t − e−τtt] ⊗ IRF   (9.39) 

TR − PLpH 14.7, Tr2(t) = ITr2D [Y1
′e−τHT,2at + Y2

′e−τHT,2at − e−τtt] ⊗ IRF  (9.40) 

The fitting parameters with errors are listed in Table 9.6. The hole transfer quantum yield (HT 

QY) for Tr1 and Tr2 are calculated considering the competition between trapped exciton 

recombination and HT:  

HT. Y. (Tr1) = X1

𝜏tr,1a

𝜏HT,1 + 𝜏tr,1a
+ X2

𝜏tr,1b

𝜏HT,1 + 𝜏tr,1b
    (9.41) 

HT. Y. (Tr2) = Y1

𝜏tr,2a

𝜏HT,2a + 𝜏tr,2a
+ Y2

𝜏tr,2b

𝜏HT,2a + 𝜏tr,2b
    (9.42) 

 

Table 9.6. TR-PL decay kinetics fitting parameters and errors 

 Hexane pH 10 pH 11.1 pH 13.2 pH 14.7 
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B 1.00±0.01 1.00±0.02 0.98±0.04 0.81±0.04 0.62±0.05 

D 1.00±0.01 1.02±0.02 1.04±0.04 1.86±0.23 2.53±0.20 

τt/fs 200±20 125±20 112±15 29±10 10±10 

τtr,1a/ps 

(X1/%) 

272±5 

(82.9±0.5) 

– – – – 

τtr,1b/ps 

(X2/%) 

2898±120 

(17.1±0.1) 

– – – – 

τHT,1/ps – 76.9±5.5 64.5±4.2 60.6±2.3 54.1±1.8 

HT. Y. (Tr1)/% – 81.3±1.0 83.7±0.9 84.5±0.5 85.9±0.4 

τtr,2a/ns 

(Y1/%) 

1.90±0.32 

(31.1±0.3) 

– – – – 

τtr,2b/ns 

(Y2/%) 

209±7 

(68.9±0.2) 

– – – – 

τHT,2a/ps 

(Y1
′/%) 

– 37.7±1.7 

(95.7±0.3) 

27.3±0.8 

(95.7±0.2) 

22.7±2.3 

(96.5±0.3) 

7.03±0.20 

(98.3±0.2) 

τHT,2b/ns 

(Y2
′/%) 

– 4.04±0.83 

(4.3±0.2) 

3.63±0.35 

(4.3±0.2) 

2.79±0.22 

(3.5±0.5) 

2.37±0.10 

(1.7±0.4) 

HT. Y. (Tr2)/% – 99.4±0.6 99.5±0.5 99.6±0.4 99.9±0.1 
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Figure 9.17. (a) The comparison of exciton bleach (XB) kinetics of free CdS NPLs in hexane 

and aqueous solution with different pH. The comparison of XB kinetics and TR-PL decay 

kinetics (400 to 550 nm) of free CdS NPLs in (b) hexane and aqueous solution with pH of (c) 

10.0, (d) 11.0, (e) 13.2, and (f) 14.7. X and Tr1 represent the band-edge exciton and the first 

trap state, respectively.  

 

To distinguish HT to L-cysteine and to OH- at different pH, we fitted the pH dependent H2 

generation IQE and apparent HT rate for Tr2 (1/𝜏HT,2) according to the proposal in the main 

text. To remove the hole, the OH- has to adsorb on NPL surface first, and we assume the 

adsorption of OH- on NPL surfaces following the Langmuir adsorption isotherm as reported in 

similar QDs with slight modifications for competitive adsorption between OH- and L-

cysteine:288-289 

mOH

Ntotal
= 𝜃OH = 𝜃max

KOH[OH]

1 + KOH[OH] + KC[C]
  (9.43) 

mC

Ntotal
= 𝜃C = 𝜃max

KC[C]

1 + KOH[OH] + KC[C]
  (9.44) 

where 𝜃OH and 𝜃C are the mean fractional surface coverages of OH- and L-cysteine on NPLs, 

respectively. mOH and mC are the average number of OH- and cysteine per NPL, respectively. 
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Ntotal is the total number of adsorption sites available per NPL; 𝜃max the maximum fractional 

surface coverage of hole acceptors on NPLs. KOH and KC are the binding constants of OH- and 

cysteine, respectively. [OH] and [C] are the concentrations of free (unbound) OH- and cysteine 

in NPL aqueous solution at adsorption equilibrium, respectively. [OH] can be approximated by 

pH, and all cysteines in NPL solution come from those covered on NPL surfaces after ligand 

exchange. Therefore, mOH and mC can be represented by: 

mOH = Nmax

KOH[OH]

1 + KOH[OH] + KC[C]
   (9.45) 

mC = Nmax

KC[C]

1 + KOH[OH] + KC[C]
   (9.46) 

where Nmax=Ntotal𝜃max is the maximum number of bound hole acceptors on the NPL surface. 

At any pH, the H2 generation IQE then can be represented as: 

mC𝜏OH

mC𝜏OH + mOH𝜏C
𝜂 +

mOH𝜏C

mC𝜏OH + mOH𝜏C
= IQE   (9.47) 

where 𝜏OH  and τC  are hole transfer rate per molecular acceptor for HT to OH- and to L-

cysteine, respectively. 𝜂 is the percentage of transferred holes to L-cysteine that don’t 

recombine so that contribute to H2 generation: 

𝜂 =
𝜏HR

𝜏turnover + 𝜏HR
   (9.48) 

where 𝜏turnover and τHR are catalytic H2 turnover time on Pt particles and recombination time 

of transferred hole on L-cysteine, respectively. We also attribute the apparent HT rate for Tr2 

measured by TR-PL (1/𝜏HT,2) to the sum of rates of HT to L-cysteine and to OH-: 

1

𝜏HT,2
= mC

1

𝜏C
+ mOH

1

𝜏OH
   (9.49) 

Substituting Eq. 9.45&9.46 to Eq. 9.47&9.49 gives: 

𝜂𝜏OHKC[C] + KOH[OH]𝜏C

𝜏OHKC[C] + KOH[OH]𝜏C
= IQE   (9.50) 
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1

𝜏HT,2
= Nmax [

KC[C]

(1 + KOH[OH] + KC[C])𝜏C
+

KOH[OH]

(1 + KOH[OH] + KC[C])𝜏OH
]  (9.51) 

We approximate 𝜏HT,2 to 𝜏HT,2a as listed in Table 9.6, and then fit IQE and 1/𝜏HT,2 at different 

pH using Eq. 9.50 and 9.51, respectively, with 𝜏OH, 𝜏C, KOH, 𝜂, Nmax, and KC[C] are the fitting 

parameters. The best fits are shown as black dots in Figure 9.1f and dashed lines in 9.4d for pH 

dependent IQE and 1/𝜏HT,2, respectively. They give 𝜏OH as 700±5 ps, 𝜏C as 1.19±0.03 ns, KOH 

as 1.31±0.15 M-1, 𝜂 as 41.9±0.8%,  Nmax as 115±2, and KC[C] as 0.51±0.08, 0.50±0.05, 

0.36±0.04, and 0.09±0.03 for pH at 10.0, 11.2, 13.2, and 14.7, respectively. Taking the 

𝜏tureover as 10 ms reported in literature,259 the 𝜏HR is estimated using Eq. 9.48 as 14.0±0.3 ms. 

The mOH  and mC  as a function of pH are plotted in Figure 9.18, which clearly shows L-

cysteine dominates at low pH (<13) while OH- starts to replace L-cysteine at pH>13 and finally 

dominates at pH>14. 

 

Figure 9.18. The average number of OH- (mOH) and L-cysteine (mC) per NPL as a function of 

pH. 
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Appendix 9.5 

Charge recombination in CdS NPL- and NR-methyl viologen (MV2+) complexes 

 

Figure 9.19. (a) Absorption of CdS NPL- MV2+ complexes aqueous solution with different 

pH. The TA spectra of CdS NPL- MV2+ complexes aqueous solution with (b) pH=11, (c) 

pH=13, and (d) pH=14 at indicated delay times. The insets show the same spectra at 1.4-1.6 

ns.  
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Figure 9.20. (a) TEM image of CdS NRs used for charge recombination study. (b) Absorption 

spectra of free CdS NRs and CdS NR-MV2+ complexes in aqueous solution with pH of 9. (c) 

TA spectra of CdS NR-MV2+ complexes in aqueous solution with pH of 9 at indicated delay 

times. Inset shows the same spectra at 1.4-1.6 ns. 
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Appendix 9.6 

Simulation of charge recombination in CdS NPL-Pt heterostructures 

 

Figure 9.21. Scheme of charge recombination process in (a) CdS NPL-Pt and (b) CdS NR-Pt 

heterostructures with presence of hole acceptors on NPL and NR surfaces. 

 

We consider the charge recombination between a trapped hole in CdS NPLs and a 

transferred electron on one Pt particle. This process is dominated by trapped hole diffusion to 

Pt, similar to CdS NRs.284 In CdS NPLs, the probability density of trapped hole follows the 2D 

diffusion equation:  

dN(x, y, t)

dt
= D(

∂2N

∂x2
+

∂2N

∂y2
)   (9.52) 

where N(x, y, t) is the trapped hole probability density in NPL at position (x, y) at time t. D is 

the diffusion constant for both x and y direction due to zinc-blend NPLs are isotropic along 

basal plane. In the presence of hole acceptors (L-cysteine at pH<13) on NPL basal plane, we 
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propose the trapped hole in NPLs can transfer to L-cysteine at the same position with rate 

constant kHT and be ionized back to NPLs with rate constant kion many times before it diffuses 

to electron at Pt tip. We assume NPLs are fully covered with hole acceptors so that Eq. 9.52 

becomes: 

dN(x, y, t)

dt
= D(

∂2N

∂x2
+

∂2N

∂y2
) − kHTN(x, y, t) + kionn(x, y, t)  (9.53) 

where n(x, y, t) represents the transferred hole on L-cysteine at position (x, y) at time t: 

dn(x, y, t)

dt
= kHTN(x, y, t) − kionn(x, y, t)  (9.54) 

We also assume the transferred electron is on the Pt at the corner of a NPL with a length of L 

and a width of W. So, when the hole diffuses to the corner, in addition to hole transfer and 

ionization processes, it recombines with electron on Pt with a rate constant of kX: 

dN(L,W, t)

dt
= D(

∂2N

∂x2
+

∂2N

∂y2
)|

x=L,y=W

− (kHT + kX)N(L,W, t) + kionn(L,W, t) (9.55) 

The survival probability of electron on Pt, Ne, only decreases by recombination at NPL-Pt 

interface:  

dNe

dt
= −kXN(L,W, t)  (9.56) 

We solve Eq. 9.56 numerically to simulate charge recombination kinetics (Ne as a function 

of time) by dividing NPL into several square segments as shown in Figure 9.21a under the 

following approximation for derivatives:68 

D
∂2N

∂x2
= D lim

∆L→0

N(x + ∆L, y, t) − N(x, y, t)
∆L −

N(x, y, t) − N(x − ∆L, y, t)
∆L

∆L

≅ D
N(x + ∆L, y, t) + N(x − ∆L, y, t) − 2N(x, y, t)

∆L2
   (9.57) 
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D
∂2N

∂y2
= D lim

∆L→0

N(x, y + ∆L, t) − N(x, y, t)
∆L −

N(x, y, t) − N(x, y − ∆L, t)
∆L

∆L

≅ D
N(x, y + ∆L, t) + N(x, y − ∆L, t) − 2N(x, y, t)

∆L2
   (9.58) 

The segment length, ∆L, is set to exciton Bohr radius of bulk CdS as 5.5 nm.102 We assume 

square shaped NPL with length of ~55 nm according to the TEM images of CdS NPLs shown 

in Figure 9.1 and 9.7. Then, the NPL is divided into 10×10 segments with the hole probability 

density in each segment is Ni,j (i, j from 1 to 10). The diffusion equations for segments of NPLs 

become: 

dNi,j(t)

dt
= kh (Ni−1,j(t) + Ni+1,j(t) + Ni,j−1(t) + Ni,j+1(t) − 4Ni,j(t)) − kHTNi,j(t)

+ kionni,j(t),when i, j from 2 to 9  (9.59) 

dN1,1(t)

dt
= kh (N1,2(t) + N2,1(t) − 2N1,1(t)) − kHTN1,1(t) + kionn1,1(t) (9.60) 

dN1,j(t)

dt
= kh (N1,j+1(t) + N1,j−1(t) + N2,j(t) − 3N1,1(t)) − kHTN1,j(t)

+ kionn1,j(t),when j from 2 to 9  (9.61) 

dN1,10(t)

dt
= kh(N1,9(t) + N2,10(t) − 2N1,10(t)) − kHTN1,10(t) + kionn1,10(t)  (9.62) 

dNi,1(t)

dt
= kh (Ni−1,1(t) + Ni+1,1(t) + Ni2(t) − 3Ni,1(t)) − kHTNi,1(t)

+ kionni,1(t),when i from 2 to 9  (9.63) 

dNi,10(t)

dt
= kh(Ni−1,1(t) + Ni+1,1(t) + Ni,9(t) − 3Ni,10(t)) − kHTNi,10(t)

+ kionni,10(t),when i from 2 to 9  (9.64) 

dN10,1(t)

dt
= kh(N9,1(t) + N10,2(t) − 2N10,1(t)) − kHTN10,1(t) + kionn10,1(t)  (9.65) 
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dN10,j(t)

dt
= kh(N10,j+1(t) + N10,j−1(t) + N9,j(t) − 3N10,j(t)) − kHTN10,j(t)

+ kionn10,j(t),when j from 2 to 9  (9.66) 

dN10,10(t)

dt
= kh (N9,10(t) + N10,9(t) − 2N10,10(t)) − (kHT + kX)N10,10(t)

+ kionn10,10(t)  (9.67) 

where kh=D/∆L2 is the 2D diffusion rate constant. The diffusion equations for hole probability 

density on hole acceptors become: 

dni,j(t)

dt
= kHTni,j(t) − kionni,j(t), when i, j from 1 to 10  (9.68) 

and the survival probability of electron on Pt follows: 

dNe

dt
= −kXN10,10(t)  (9.69) 

To unveil how morphology (2D vs 1D) affects charge recombination process, we consider 

NR-Pt heterostructures with Pt at the NR tip and NR has the same length as NPL. Similarly, 

we solve the 1D diffusion equations for trapped holes in NRs numerically by dividing NR into 

10 segments as shown in Figure 9.21b. We assume all the segments of NR are covered with 

hole acceptors, and the hole diffusion, transfer, and ionization rates of NRs are the same as 

those of NPLs. The hole also recombines with electron at NR tip with a rate constant of kX. 

The hole probability density of each segments in NR and hole acceptors are Ni and ni (i from 1 

to 10), respectively. The probability density equations are: 

dNi(t)

dt
= kh[Ni−1(t) + Ni+1(t) − 2Ni(t)] − kHTNi(t)

+ kionni(t),when i from 2 to 9  (9.70) 

dN1(t)

dt
= kh[N2(t) − N1(t)] − kHTN1(t) + kionn1(t)  (9.71) 

dN10(t)

dt
= kh[N9(t) − N10(t)] − (kHT + kX)N10(t) + kionn10(t)  (9.72) 
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dni(t)

dt
= kHTNi(t) − kionni(t),when i from 1 to 10  (9.73) 

The survival probability of electron on Pt tip on 1D NRs is: 

dNe

dt
= −kXN10(t)  (9.74) 

In both 1D and 2D cases, we assume that the initial hole distribution are random so that 

the probability density on each segments of NPL and NR are the same: Ni,j(0)=1/100=0.01 (i, 

j from 1 to 10), Ni(0)=1/10=0.1 (i from 1 to 10). The hole transfer hasn’t started at time zero 

so that ni,j(0)=0 (i, j from 1 to 10), ni(0)=0 (i from 1 to 10), and the electron survival probability 

is 1 at time zero: Ne(0)=1. kHT, kion, and kX are set as the reciprocal of half-life of TR-PL decay 

of NPL at pH=10 (see Appendix 9.4, Table 9.5), XB kinetics of NPL at pH=10 (Figure 

9.17a&c), and XB kinetics of NPL in hexane (Figure 9.3c), respectively. We compare the 

charge recombination kinetics (Ne as a function of time) for 2D and 1D morphologies in both 

slow (kh/kX<<1) and fast (kh/kX>>1) trapped hole diffusion conditions in Figure 9.22. The 

simulation parameters and the half-life (𝜏1/2) of Ne(t) decay for 2D and 1D morphologies are 

listed in Table 9.7.  
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Figure 9.22. The survival probability of electron on Pt tip of 2D NPL-Pt (solid lines) and 1D 

NR-Pt (dashed lines) heterostructures under fast (kh/kX>>1, black) and slow (kh/kX<<1, red) 

trapped hole diffusion conditions. 

 

Table 9.7. The simulation parameters and half-life of Ne(t) for 2D and 1D morphologies 

 Fast diffusion Slow diffusion 

kh/ns-1 10.0 0.02 

kHT/ns-1 13.7 

kion/ns-1 1.20 

kX/ns-1 1.00 

𝜏1/2 of Ne (2D)/ns 954.1±0.1 55000±5 

𝜏1/2 of Ne (1D)/ns 107.8±0.1 9905±5 
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Chapter 10. Efficient Charge Separation in Two-Dimensional 

CsPbBr3 Perovskite Nanoplatelets 

 

Reproduced with permission from J. Phys. Chem. Lett. 2019, 10, 566. Copyright 2019 

American Chemical Society. 

 

10.1. Introduction 

Perovskite semiconductors, including hybrid (MAPbX3, where MA=methyl ammonium, 

X=Cl, Br, I) and all-inorganic (CsPbX3, X=Cl, Br, I) perovskites, are a new class of materials 

with great potentials for optoelectrical applications.290-293 Their high luminescent quantum 

yield, long carrier lifetime, and long carrier diffusion length have led to impressive 

performances for light emitting diodes,294-302 lasing,303-316 and low-cost photovoltaics317-319 

(with solar-to-electricity conversion efficiency exceeding 20%320-329). Two-dimensional (2D) 

CsPbX3 (X=Cl, Br, I) colloidal nanoplatelets (NPLs) were introduced into the perovskite 

family recently with tunable emission from 2.0 to 3.0 eV.52, 330-333 These colloidal NPLs can be 

synthesized in ambient condition at room temperature,52, 330, 332 and their 2D morphology gives 

rise to unique excitonic features, such as large exciton binding energy,54 sharp absorption and 

emission peaks,52, 330, 332, 334-335 and large absorption coefficient.336 These properties make 

perovskite NPLs even more promising materials for photocatalysis and optoelectrical 

applications. However, the properties of charge separation and recombination in these 2D 

NPLs, which are the key processes during photocatalytic and photovoltaic reactions, remain 

unclear. On the one hand, the 2D morphology of NPLs is reported to effectively extend the 

charge-separated state compared to the 0D and 1D nanostructures43 and enhance the solar-to-
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H2 conversion efficiency.42-44 On the other hand, the large exciton binding energy due to 

dielectric confinement effect in 2D morphology54, 337 is not favorable for exciton dissociation 

and charge separation. Moreover, charge separation/recombination properties are determined 

by the band-edge 2D exciton behaviors in these NPLs. Therefore, systematic studies on exciton 

and charge transfer dynamics in CsPbBr3 NPLs are important to both fundamental 

understanding of 2D excitons in these 2D perovskite materials and rational improvements of 

their photocatalysis and optoelectrical performances.  

In this chapter, we report a systematic study of exciton and interfacial charge transfer 

dynamics of CsPbBr3 colloidal NPLs via transient absorption (TA) spectroscopy. The NPL 

absorption features before and after excitation were analyzed to reveal the binding energy of 

excitons (~260 meV). The origin of band edge exciton bleach (XB) signal was examined. The 

dissociation of excitons by selective interfacial electron transfer (ET) and hole transfer (HT) 

from the NPL to adsorbed benzoquinone (BQ) and phenothiazine (PTZ), respectively, was 

studied as a function of acceptor concentration to reveal the time constants for the charge 

separation and recombination  processes.  

 

10.2. Results and Discussion 

10.2.1. Sample characterization  

CsPbBr3 NPLs were synthesized following reported procedures with slight 

modifications.52 TEM image of CsPbBr3 NPLs (Figure 10.1a) shows rectangular morphology 

with a lateral size of (26.7±6.4)×(8.1±1.6) nm2. The CsPbBr3 NPLs dispersed in toluene were 

used for all measurements in this work. The static absorption (Abs, blue dots in Figure 10.1b) 

spectrum of NPLs can be fit according to the well-established model for quantum wells (QWs) 

and consists of the exciton and continuous band transitions (see Appendix 10.2). 27, 54, 146, 250-251 

The sharp absorption peak at ~2.76 eV (~448 nm) is assigned to the band-edge excitonic 
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transition (X) of 5 monolayer CsPbBr3 NPLs with a thickness of ~3 nm,52 and the sharp 

photoluminescence (PL, blue solid line in Figure 10.1b) peak at ~2.70 eV (~459 nm) is 

attributed to band edge emission.52, 54 The full-width-at-the-half-maximum of PL peak is 90±2 

meV, which is 1.4 fold narrower than CsPbBr3 QDs (~130 meV),289 indicating more uniform 

quantum confinement along NPL thickness direction. From the peak position and the onset of 

the continuous absorption band (Con, from 2.9 to 3.2 eV), the exciton binding energy is 

determined to be 260±10 meV, which is much larger than that in CsPbBr3 QDs (~40 meV),334 

and bulk perovskites (~10 meV).243, 293 This binding energy value in CsPbBr3 NPLs is 

consistent with recently reported (C6H5(CH2)2NH3)2PbI4 nanosheets (200–260 meV),337 but is 

about 2 folds larger than previous reported CsPbBr3 NPLs (~120 meV).54 The band edge 

positions (vs. vacuum) of the conduction band (CB) and valence band (VB) are estimated as -

3.59 eV and -6.34 eV, respectively, which differ from bulk values due mainly to quantum 

confinement effect (see Appendix 10.1). With the reported reduction potential of BQ at -4.3 

eV,338 and the reported oxidation potential of PTZ at -5.5 eV,183 electrons and holes can be 

selectively transferred from NPLs to BQ and PTZ, respectively (Figure 10.1c). 
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Figure 10.1. CsPbBr3 NPLs. (a) The TEM image of CsPbBr3 NPLs. (b) The 

photoluminescence (solid blue line) and absorption (blue dots) spectra of CsPbBr3 NPLs Black 

solid line is the fit of the absorption spectrum. (c) The scheme of energy levels of CsPbBr3 

NPLs, the oxidation potential (HOMO) of PTZ, the reduction potential (LUMO) of BQ, and 

the interfacial ET and HT pathways from NPL to molecular acceptors (BQ or PTZ).  

 

10.2.2. Spectroscopy of CsPbBr3 NPLs  

We first investigated the exciton dynamics in CsPbBr3 NPLs by TA spectroscopy. All TA 

measurements in this work were conducted at room temperature with low pump fluence (~5 

𝜇J/cm2) so that multi-exciton generation is negligible and only single exciton dynamics is 

considered. The TA spectra of free NPLs (Figure 10.2a) show a negative exciton bleach (XB) 

signal at ~448 nm, which can be attributed to blocking of the band edge transitions by the 

presence of a photogenerated band edge exciton. Comparison of normalized TA spectra at all 

delay times (Figure 10.4 in Appendix 10.2) shows that the spectral shape is independent of 

delay time from 1ps -1.2 ns, consistent with the presence of only long-lived single exciton 

states. The spectra also show a broad photo-induced absorption (PA) signal from 480-680 nm 

(inset of Figure 10.2a), similar to many other low dimensional semiconductor nanocrystals.62, 

76, 110, 183, 289 The TA spectra (Figure 10.2a) can be fit to the difference between the absorption 

of the excited NPL (Abs*) and ground state (Abs), accounting for exciton-state filling, exciton-

exciton interaction, and band gap renormalization (BGR), similar to bulk perovskites,243 and 

other 2D NPLs.27, 146 State filling of continuous band is ignored at the low excitation conditions 

in which only the single exciton state is occupied. Abs (solid lines) is obtained by fitting the 

ground state spectrum as shown in Figure 10.1b. Compared to Abs, Abs* (dashed lines, Figure 

10.2b) has a lower exciton peak intensity due to the state filling of band edge exciton state, 

broadened peak width, and red-shifted peak position due to exciton-exciton interaction.27 The 



295 

 

continuous feature in the excited NPLs (Con*) is shifted to lower energy due to the BGR.224, 

243 (See Appendix 10.2 for details). The best fits (black solid lines in Figure 10.2a) give an 

exciton shift of 10±2 meV, similar to CsPbBr3 QDs,335 but smaller than that in CdSe NPLs 

(~20 meV).27 This shift is a net result of exciton-exciton interactions (∆XX), which contains: (1) 

red shift due to exciton-exciton Coulomb attraction, also known as the bi-exciton binding 

energy,339-340 and (2) blue shift due to Coulomb screening effect, which reduces the exciton 

binding energy at a higher exciton density.224  

 

 

Figure 10.2. TA spectra and kinetics of free CsPbBr3 NPLs. (a) TA spectra at indicated delay 

times (dots) and their fits (solid black lines). Inset: the expanded view of the TA spectra at low 

energy range (480-680 nm). (b) Fits of absorption spectra before pump (Abs, solid lines) and 

after pump (Abs*, dashed lines) that contribute to TA spectra. The arrows show the state-filling 

(red) and BGR (green) effects on absorption after pump. (c) The comparison of XB, PA, and 

PL decay kinetics. The solid line is the fit. 

 

The XB (~448 nm), PA (500-650 nm), and PL decay kinetics agree with each other (Figure 

10.2c), indicating that both XB and PL probe exciton decay processes. PL decay kinetics before 

120 ps is not compared due to the limited instrument response time of time-resolved PL 

measurement (~110 ps). The best fit of the XB kinetics gives a formation time of 101±20 fs 

(see Appendix 10.3), indicating fast hot exciton relaxation to the band edge, consistent with 

recently reported of CsPbBr3 NPLs341 and similar to CsPbBr3 QDs.289, 335 The decay time 
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constants are 20.8±1.2 ps (26.8±2.1%), 1664±156 ps (53.2±4.4%), and 11.4±1.3 ns 

(20.0±4.2%) (Table 10.2 in Appendix 10.3) and the half-life of XB kinetics is 804±25 ps, 

which is faster than the band edge exciton decay reported in CsPbBr3 QDs (half-life ~2.8 ns).289 

This may be attributed to enhanced radiative decay rates of band edge excitons in 2D 

materials,21, 58-59 and additional nonradiative pathways in NPLs based on a lower PL quantum 

yield of NPLs (~31%)43 compared to QDs (~79%).54       

 

10.2.3. Charge separation in CsPbBr3 NPLs  

Electron and hole transfer from NPLs were investigated in NPL-BQ and NPL-PTZ 

complexes, respectively, with varying NPL/adsorbate ratio by transient absorption 

spectroscopy. These complexes were prepared by adding different amounts of BQ (PTZ) to 

NPL toluene solution followed by sonication, and the total BQ (PTZ) concentrations vary from 

0.55 (1.12) to 9.25 (7.53) mM. The transient spectra of NPL-PTZ complexes with the highest 

PTZ concentration (7.53 mM) are shown in Figure 10.3a. At long delay time (>0.2 𝜇s), when 

TA signal of free NPL decays to zero, a broad peak of NPL-PTZ sample centered at ~525 nm 

can be seen (inset of Figure 10.3a), which is attributed to the oxidized PTZ signal.183 This long-

lived oxidized PTZ signal shows that the exciton in NPL dissociates by hole transfer to PTZ to 

form a charge-separated state with electron remained in NPL and hole in PTZ. Comparison of 

XB kinetics of free NPLs and NPL-PTZ show a faster recovery of the latter in the < 1 ns time 

scale. Interestingly, these samples show the same decay kinetics (Figure S4a) at long delay 

time (>10 ns), indicating that there exists some free NPLs in NPL-PTZ sample. The 

contribution NPLs with adsorbed PTZ can be represented by the subtracted XB kinetics (SXB), 

which is obtain by subtracting normalized XB kinetics of free NPL from total XB kinetics of 

NPL-PTZ (Figure 10.5a in Appendix 10.3). Due to the overlap between PA and oxidized PTZ 

signals (Figure 10.5b in Appendix 10.3), we subtract the normalized PA kinetics (600-650 nm) 
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from the total signal at ~525 nm, to obtain the pure oxidized PTX signal, referred to as the 

subtracted oxidized PTZ kinetics (SPTZ).  As shown in Figure 10.3b, SXB decays faster than 

XB of free NPLs, consistent with HT from NPL to PTZ. Furthermore, the formation of SPTZ 

signal agrees with the decay of SXB signal, confirming that exciton decays by HT from NPL 

to PTZ. It is important to note that the XB decays to zero at long delay time (>1 ns), when the 

electron remains in the NPL and hole is transferred to PTZ, indicating that the VB hole is 

required for observing an XB signal.  

 

 

Figure 10.3. Electron and hole transfer from NPLs. (a) TA spectra of NPL-PTZ complexes at 

indicated delay times. Inset: a comparison of TA spectra of NPL-PTZ and free NPL at long 

delay time (0.2-1 𝜇s). (b) Comparison of kinetics of subtracted exciton bleach of NPL-PTZ 

(SXB, red circles), exciton bleach of free NPLs (free XB, gray dashed line) and subtracted 

oxidized PTZ signals (SPTZ, green squares). The black lines are the fits of SXB and SPTZ 

kinetics of NPL-PTZ. (c) TA spectra of NPL-BQ complexes at indicated delay times. (d) 

Comparison of kinetics of subtracted exciton bleach of NPL-BQ (SXB, red circles) and exciton 

a) b)

c) d)

NPL-PTZ

NPL-BQ

NPL-PTZ

NPL-BQ
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bleach of free NPLs (free XB, gray dashed line). The black lines are the fits of SXB kinetics 

of NPL-BQ.   

 

The transient spectra of NPL-BQ complexes with the highest BQ concentration (9.25 mM) 

are shown in Figure 10.3c. Similar to the NPL-PTZ sample, the NPL-BQ sample also contains 

a contribution of free NPLs, whose contribution can be removed by subtracting normalized XB 

kinetics of free NPL from the XB kinetics of NPL-BQ (Figure 10.5c in Appendix 10.3). As 

shown in Figure 10.3d, the subtracted exciton bleach kinetics (SXB) of NPL-BQ complexes 

decays faster than XB of free NPLs (Figure 10.3d), indicating ET from NPL to BQ. 

Surprisingly, the SXB of NPL-BQ also decays to zero at long delay time (>1 ns), indicating 

CB electron is also required for the observation of XB.  

The results above show that the selective removal of either the CB electron or VB hole 

results in the complete recovery of XB, which suggest that the band edge exciton transition is 

blocked by the exciton and the presence of only the CB electron or hole leads to negligible 

contribution to XB.  This is different from either cadmium chalcogenide nanocrystals (QDs,148, 

239, 342-343 NRs,63, 102, 140 and NPLs,34, 62, 68-69, 109) where electron state-filling dominates XB, or 

CsPbBr3 QDs, where both electron (~67%) and hole (~33%) state-filling contribute to XB.289 

Although the origin of this difference is unclear, it is likely due to two properties of CsPbBr3 

NPLs. (1) The effective mass of the electron (me=0.215m0) is similar to that of the hole 

(mh=0.211m0) in CsPbBr3 NPLs,52 so that the CB and VB edges likely have similar density of 

states and phase space-filling behaviors at a thermal equilibrium. (2) The band edge exciton in 

CsPbBr3 NPLs is strongly bound (with a binding energy of ~260 meV) so that the exciton 

wavefunction is a superposition of many single electron and hole levels. Because the band edge 

single electron or hole level make only small contributions to the exciton wavefunction, neither 
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the CB electron (VB hole) in the charge-separated state, with the electron (hole) in NPL and 

the transferred hole (electron) in the acceptor, leads to significant exciton bleach.  

We fit the XB kinetics of free CsPbBr3 NPL, SXB kinetics of NPL-BQ/PTZ complexes, 

and SPTZ kinetics (black solid lines in Figure 10.2c, 10.3b, and 10.3d) using multi-exponential 

functions with the same set of parameters accounting for band edge recombination, carrier 

trapping, and CS processes (see Appendix 10.3 for details). The best multi-exponential fits give 

time constants (amplitudes) of 0.55±0.02 ps (26.8±2.1%), 17.7±3.8 ps (53.2±4.4%), and 

724±84 ps (20.0±4.2%) for HT and 0.66±0.03 ps (26.8±2.1%), 14.7±2.6 ps (53.2±4.4%), 

and 552±67 ps (20.0±4.2%) for ET in samples with the highest PTZ (7.53 mM) and BQ (9.25 

mM) concentrations, respectively. From these time constants, the HT and ET half-life can be 

estimated to be 24.1±2.5 ps and 10.6±1.0 ps, respectively. Accounting for the competition 

between charge separation (CS) and recombination, the HT and ET yields are estimated to be 

97.6±0.1% in NPL-PTZ complexes and 97.8±0.1% in NPL-BQ complexes, respectively (see 

Appendix 10.3). The fits also reveal that the charge-separated state in NPL-PTZ is long-lived, 

whose decay can be fit to a biexponential function with time constants (amplitudes) of 31±3 

ns (42.8±3.0%) and 4887±241 ns (57.2±3.1%) and described by a half-life >>100 ns.  

Because both the ET and HT times depend on the number of acceptors per NPL, it is useful 

to quantify these time constants for complexes with one acceptor (BQ or PTZ), referred to as 

the intrinsic ET and HT time constants. To do this, we analyzed the XB kinetics of NPL-BQ 

(PTZ) as a function of BQ(PTZ) concentrations using a previously-reported model for colloidal 

QDs (see Appendix 10.4).269, 288-289 This model assumes: 1) the number of acceptors on NPL 

surfaces follows a Poisson distribution;344-345 2) the adsorption of acceptors on NPL surfaces 

follows the Langmuir adsorption isotherm;288 and 3) exciton diffusion within 2D NPLs is fast68-

69 and ET and HT rates scale linearly with the number of adsorbed acceptors on the NPL 

surface.289 The apparent exciton quenching rate (the reciprocal of the half-life of XB kinetics: 



300 

 

1/𝜏1/2) as a function of acceptor concentration (Figure 10.7c in Appendix 10.4) can be fit well 

according to this model, from which the average number of acceptor per NPL at different 

acceptor concentrations (Figure 10.7d in Appendix 10.4) can be obtained. The best fits (solid 

lines in Figure 10.7c in Appendix 10.4) yield the intrinsic ET (HT) time constant per BQ (PTZ) 

of 248±69 ps (670±90 ps), which is similar to those in CsPbBr3 QDs.289 This indicates that 

strong electronic coupling between charge carriers in NPLs and surface adsorbed acceptors 

results in efficient charge transfer, similar to QDs and nanorods.12, 76, 78-79, 269, 280, 346  

Compared to CsPbBr3 QDs, the 2D morphology of CsPbBr3 NPLs results in following 

distinguishing advantages. (1) The strong dielectric confinement effect gives large exciton 

binding energy so that the exciton rather than free carriers dominates at the band-edge, which 

increases the oscillator strength of band-edge transitions and is promising for emitting 

applications. (2) The charge-separated state lifetime of CsPbBr3 NPL-PTZ complexes (with 

half-life >>100 ns) is over 100 folds longer than that in CsPbBr3 QD-PTZ complexes (with 

half-life of that ~1 ns).289 We attribute the longer charge separated state lifetime to the 2D 

morphology, on the basis of our previous findings of 2D CdS NPLs.43 Although for the same 

reason, we also expect a longer charge-separated state lifetime in NPL-electron acceptor 

complexes than that in QD-electron acceptor complexes, we are unable to probe the charge-

separated state in NPL-BQ complexes because the reduced form of BQ does not have an 

absorption feature in visible region (400-800 nm). Considering charge recombination is the 

main loss pathway for solar-to-fuel conversion,43 the longer-lived charge-separated state in 

CsPbBr3 NPL-acceptor complexes shows greater potentials than perovskite QDs for 

photocatalysis. (3) NPLs have larger absorption coefficient,336 making NPLs potentially better 

sensitizers in photovoltaics. Therefore, with near unity CS yield, high CS rate, long CS 

distance, and large absorption cross-section, CsPbBr3 NPLs are promising as a novel class of 

photocatalysis and optoelectrical materials.333, 347-348 
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10.3. Conclusion 

In summary, we have studied the exciton dynamics and charge transfer processes in 

CsPbBr3 NPLs via TA spectroscopy. The binding energy of exciton (~260 meV) are determined 

via detailed analysis on static and transient absorption spectra. The XB of CsPbBr3 NPLs 

requires exciton at band edge, and single carriers (electron or hole) have negligible 

contributions to XB, which is different from either CsPbBr3 QDs or low dimensional cadmium 

chalcogenide nanocrystals. ET and HT from NPLs to electron (BQ) and hole (PTZ) acceptors, 

respectively, were observed and their rates increase at higher acceptor contractions. The ET 

and HT time constants are determined to be 248± 69 ps and 670± 90 ps per BQ and PTZ, 

respectively, and reaches 24.1±2.5 ps and 10.6±1.0 ps, respectively, at the highest PTZ (7.53 

mM) and BQ (9.25 mM) concentrations studied in our work. At these concentrations, the HT 

and ET yields are estimated to be 97.6± 0.1% in NPL-PTZ complexes and 97.8± 0.1% in 

NPL/BQ complexes and the half-life time of charge separated state in NPL/PTZ complexes 

exceeds 100 ns, which is over 100 folds longer than that in CsPbBr3 QD/PTZ complexes. The 

findings in this work enhances fundamental understanding of exciton properties and carrier 

dynamics in 2D perovskite nanomaterials. Moreover, the observation of ultrafast interfacial 

charge transfer and long-lived charge-separated state of NPL/acceptor complexes suggest they 

are also promising materials for photocatalysis and solar cell applications. 
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Appendix 10.1 

Band edge position estimation of CsPbBr3 NPLs 

The band-edge exciton energy of CsPbBr3 colloidal NPLs (EX) is given by the exciton 

peak energy shown in absorption spectra as 2.76 eV. According to well-known quantum well 

(QW) model, the exciton energy equals to the sum of the bulk band gap of CsPbBr3, carrier 

(electron and hole) quantization energy induced by quantum confinement effect, exciton 

binding energy induced by Coulomb interaction, and self-image energy induced by dielectric 

confinement effect:144  

EX = Eg + (Ek(h) + Ek(e)) + Eb + ES   (10.1) 

where Eg  is the band gap of bulk CsPbBr3. Ek(e) and Ek(h) are the quantization energy of 

conduction band (CB) electrons and valence band (VB) holes, respectively. Eb is exciton 

binding energy, and ES is ground state electron and hole self-image energy.  

Considering the CB and VB edges are contributed by p orbitals of Pb and Br, 

respectively,334 we assumed that bulk CsPbBr3 have similar band edge position as bulk 

CH3NH3PbBr3 perovskite with -4.0 and -5.96 eV (vs. vacuum) for CB and VB edge, 

respectively,289 and Eg is estimated at 1.96 eV. Considering the electron and hole moved freely 

in x-y plane but confined in the z-direction in NPL. The potential is set as zero and infinity 

inside and outside the NPL, respectively. Thus, the quantization energy of carriers in the NPL 

is:27, 144 

Ek(i) =
h2n2

8mid
2
  (10.2) 

where mi (i=e or h) is the effective mass for electron or hole of CsPbBr3 NPLs, d is NPL 

thickness. The ratio of CB to VB edge shifts due to quantum confinement effect is equal to the 

ratio of electron to hole quantization energies: 

CB shift

VB shift
=

Ek(e)

Ek(h)
=

mh

me
   (10.3) 
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Due to the similar effective mass for electron (me=0.215m0) and hole (mh=0.211m0, m0 is free 

electron mass),52 we assumed the CB and VB shifts evenly due to Eb and ES. Therefore, the 

estimated CB and VB edge position for NPLs are -3.59 eV and -6.34 eV (vs. vacuum), 

respectively.  
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Appendix 10.2 

Static and transient absorption spectra and their fits 

The static absorption spectrum of NPLs was fitted according to a well-established QW 

absorption model:146, 250-251   

Abs(E) = C𝛼(E)   (10.4) 

where C and 𝛼(E) are the weights and absorption strength of the band-edge transitions, 

respectively. These absorptions include contributions of both band-edge excitons, X(E), and 

continuous band absorption, Con(E): 

𝛼(E) = X(E) + Con(E)   (10.5) 

The exciton line shape and the continuous band absorption line shape are given by Eq. 10.6 

and 10.7, respectively. 

X(E) =
1

2𝜂
[erf (

E − EX

WX
−

WX

2𝜂
) + 1] exp(

WX
2

4𝜂2
−

E − EX

𝜂
)  (10.6) 

Con(E) =
H

2
[erf (

(E − EX) − Eb

WC
) + 1]  (10.7) 

In Eq. 10.6 and 10.7, EX and Eb are exciton transition energy and exciton binding energy, 

respectively. WX and WC are exciton peak width and continuum edge width, respectively. H is 

the continuum edge step height and 𝜂 is the asymmetric broadening.  
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Figure 10.4. The normalized TA spectra of NPLs at different delay times. 

 

For TA measurements with low pump fluence, NPLs are in the single-exciton condition. 

This is supported by the delay time independent TA spectra as shown in Figure 10.4. With one 

exciton occupying the band edge state, the strengths of band-edge exciton transitions are 

reduced by half due to the Pauli exclusion principle, the band-edge exciton transitions after 

pump (X*) is shifted to lower energy (by ∆XX) and get broadened due to exciton-exciton 

interaction.224, 253 The amplitude of the continuous band after pump (Con*) remains unaffected, 

and we consider the energy-dependent band gap renormalization (BGR) by adding a shift on 

transition energy (∆Con) and broadening the edge width as WC
∗. Thus, the absorbance after 

pump is given by: 

Abs∗(E) = C[X∗(E) + Con∗(E)]    (10.8) 

where: 

X∗(E) =
1

4𝜂∗
[erf (

E − (EX − ∆XX)

WX
∗ −

WX
∗

2𝜂∗
) + 1] exp (

WX
∗2

4𝜂∗2 −
E − (EX − ∆XX)

𝜂∗
) (10.9) 

Con∗(E) =
H

2
[erf (

[E − (EX − ∆Con)] − Eb

WC
∗ ) + 1]      (10.10) 

The TA spectra then are fitted by: 
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ΔAbs(E) = Abs∗(E) − Abs(E)    (10.11) 

By tuning C, we can fit TA spectra at different delay times because they have the same 

lineshape and only differ in amplitude. The best fit of the static absorption spectrum is shown 

in Figure 10.1b, the fitting results for TA spectra are shown in Figure 10.2a-b, and the fitting 

parameters and errors are listed in Table 10.1. 

 

Table 10.1. The fitting parameters and errors of static and TA spectra 

Static absorption parameters TA parameters 

EX/meV 2750±10 ∆XX/meV 10±2 

Eb/meV 260±10 ∆Con/meV 53±2 

WX/mV 50±2 WX
∗/mV 70±5 

WC/mV 150±5 WC
∗/mV 250±5 

𝜂/meV 78±3  

𝜂∗/meV 

 

117±5 H/meV 5600±100 

C 0.061±0.001 
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Appendix 10.3 

Transient absorption kinetics and the fits 

 

 

Figure 10.5. The comparison of (a) XB and PA kinetics of NPL-PTZ complexes and XB 

kinetics free NPLs, (b) total kinetics at ~525 nm, PA kinetics (600-650 nm), and XB kinetics 

of NPL-PTZ complexes, and (c) XB and PA kinetics of NPL-BQ complexes and XB kinetics 

of free NPLs  

 

As shown in Figure 10.5a&c, XB kinetics of free NPL and NPL-BQ/PTZ were normalized 

to the same at long delay time (> 1 ns), and the subtracted exciton bleach (SXB) kinetics of 

NPL-BQ/PTZ were obtained as the differences of the two kinetics. The ratio of the initial 

amplitude between the two kinetics gives the free NPL percentage in NPL-BQ (PTZ) 

complexes as 33.1±0.5% (34.2±0.5%). Similarly, subtracted oxidized PTZ kinetics is obtained 

by normalizing PA and total kinetics at oxidized PTZ wavelength at the time zero as shown in 

Figure 10.5b, which is due to no hole transfer so that no oxidized PTZ at time zero, and taking 

the difference of the two kinetics. PA kinetics also show excellent agreement with XB kinetics 

in both NPL-BQ and PTZ complexes. 
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Figure 10.6. Carrier decay pathways in (1) free CsPbBr3 NPLs and (b) NPL-BQ (or NPL-PTZ) 

complexes in state representation.  

 

Exciton bleach signal requires band-edge exciton with electron and hole in CB and VB 

edge, respectively. Thus, we schemed the exciton decay pathways in free NPLs and NPL-

acceptor complexes in Figure 10.6. For free NPLs (Figure 10.6a), after 400 nm (3.1 eV) pump, 

hot exciton relaxes to band edge to form the A exction with a rate constant kf. The band edge 

exciton can either decay via electron-hole recombination with a rate constant kR or becomes 

trapped exciton with a trapping rate of kt. For NPL-acceptor complexes (Figure 10.6b), in 

addition to the free NPL decay pathways, the band edge exciton can also dissociate and become 

charge-separation (CS) state with an electron (hole) transferred to BQ (PTZ) with a transfer 

rate of kET (kHT). The CS state finally decays to the ground state (0) due to electron-hole 

recombination with a rate constant of kCS. According to these exciton decay pathways, we fitted 

the free NPL XB kinetics using multi-exponential function convoluted with the instrument 

response function (IRF): 

TAfree NPL(𝑡) = Ainitial[e
−

t
𝜏f − ∑aie

−
t
𝜏i

3

i=1

] ⊗ IRF  (10.12)  
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where Ainitial is the initial bleach amplitude, 𝜏f =1/kf is the formation time constant. ai (i=1 to 

3) is the weight of different NPL populations that decays with a different time constant of 𝜏i =

(
1

kt+kR
)𝑖. Similarly, for NPL-BQ or PTZ complexes, we fitted their SXB kinetics as: 

TANPL−PTZ(𝑡) = Ainitial[e
−

t
𝜏f − ∑aie

−(
t
𝜏i

+
t

𝜏HT,i
)

3

i=1

] ⊗ IRF  (10.13) 

TANPL−BQ(𝑡) = Ainitial[e
−

t
𝜏f − ∑aie

−(
t
𝜏i

+
t

𝜏ET,i
)

3

i=1

] ⊗ IRF  (10.14) 

where 𝜏HT,i=1/kHT,i and 𝜏ET,i=1/kET,i are the hole transfer and electron transfer time constant, 

respectively, of the different components (i=1 to 3). In NPL-acceptor complexes, the decay 

time constant of SXB is the formation rate of CS state, which is probed by oxidized PTZ signals 

(SPTZ). Therefore, the SPTZ kinetics was fitted as: 

TASPTZ(𝑡) = Ainitial[∑aie
−

t
𝜏ET,i

3

i=1

− ∑bie
−

t
𝜏CS,i

2

i=1

] ⊗ IRF  (10.15) 

where bi (i=1 and 2) represents different CS state decay component with the decay time 

constant of 𝜏CS,i=1/kCS,i. We used Eq. 10.12 to 10.15 to fit XB kinetics of free NPLs, SXB 

kinetics of NPL-PTZ and NPL-BQ with the highest BQ (9.25 mM) or PTZ (7.53 mM) 

concentration, and SPTZ kinetics of NPL-PTZ with the highest PTZ concentration (7.53 mM), 

respectively, as shown in Figure 10.2c, 10.3b, and 10.3d. The fitting parameters and errors are 

listed in Table 10.2. 

 

Table 10.2. Fitting parameters and errors of TA kinetics 

𝜏f/fs 101±20 

a1 (𝜏1/ps) 0.268±0.021 (20.8±1.2)  

a2 (𝜏2/ps) 0.532±0.044 (1664±156)  
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a1 (𝜏3/ps) 0.200±0.042 (11406±1030)  

𝜏HT,1/ps (𝜏ET,1/ps) 0.55±0.02 (0.66±0.03) 

𝜏HT,2/ps (𝜏ET,2/ps) 17.7±3.8 (14.7±2.6) 

𝜏HT,3/ps (𝜏ET,3/ps) 724±84 (552±67) 

b1 (𝜏CS,1/ns) 0.428±0.030 (31±3) 

b2 (𝜏CS,2/ns) 0.572±0.031 (4887±241) 

 

The ET (HT) yields are estimated by: ∑ ai
3
i=1

𝜏𝑖

𝜏i+𝜏ET
 (∑ ai

3
i=1

𝜏𝑖

𝜏i+𝜏HT
). 
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Appendix 10.4 

Molecular acceptor concentration-dependent TA kinetics  

We analyzed the molecular acceptor concentration-dependent XB kinetics of NPL-BQ 

(Figure 10.7a) and NPL-PTZ (Figure 10.7b) using a previously-reported model for colloidal 

QDs.269, 288-289 It assumes the distribution of acceptor number on NPL surfaces following the 

Poisson distribution:344-345 

Pm(n) =
e−mmn

n!
   (10.16) 

where Pm(n) is the possibility of finding n acceptors on NPL surface when the average acceptor 

number is m. We also assumed the charge transfer rate scales linearly with the acceptor number 

on NPL surface similar to QDs so that the total charge transfer rate with n acceptor per NPL 

(kn) is n times as charge transfer rate per acceptor (k1):
288-289, 345 

kn = nk1   (10.17) 

In this case, the excited NPL population, N(t), decays as:280 

N(t) = N(0)∑ai

i

∑ Pm(n)

∞

n=0

e−(ki+kn)t = N(0) ∙ g(t) ∙ e−m ∙ e(me−k1t)     (10.18) 

where g(t) = ∑ aii e−kit  and ki (the reciprocal of 𝜏 i as in Table 10.2) is the exciton 

recombination rate without acceptors. When the excited NPL population decays to half, Eq. 

10.18 gives the half-life (𝜏1/2) as: 

1

𝜏1/2
= −

k1

Ln

[
 
 
 
 

1 −

Ln (2g (𝜏1
2
))

m

]
 
 
 
 

= −
1

Ln

[
 
 
 
 

1 −

Ln(2g (𝜏1
2
))

m

]
 
 
 
 

1

𝜏m
  (10.19) 

where g(𝜏1/2) is the percentage of remained XB amplitude of free NPLs at the half-life of XB 

kinetics of NPL-acceptor complexes. 𝜏m is the charge transfer time constant per acceptor. The 
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model also assumes the adsorption of acceptors on NPL surfaces following the Langmuir 

adsorption isotherm:288 

m

Ntotal
= 𝜃 = 𝜃max

KA[A]

1 + KA[A]
  (10.20) 

where 𝜃 is the mean fractional surface coverage of acceptors on NPLs. Ntotal is the total number 

of adsorption sites available per NPL; 𝜃max  the maximum fractional surface coverage of 

acceptors on NPLs. KA is the binding constant of acceptors; and [A] the total concentration of 

acceptors in NPL-acceptor complex solution. Therefore, m can be represented by: 

m = Nmax

KA[A]

1 + KA[A]
  (10.21) 

where Nmax=Ntotal𝜃max is the maximum number of bound acceptors on the NPL surface.  

Using Eq. 10.19 and 10.21, we fitted the 1/𝜏1/2 of XB kinetics as a function of acceptor 

concentration in Figure 10.7c by tuning Nmax, KA, and 𝜏m, where our model fits reasonably 

well to our experimental results. The best fits give Nmax as 30±1 for NPLs, which is over 2 

folds larger than that of CsPbBr3 QDs (~14) as reported.289 This is attributed to the large surface 

area of NPL due to the 2D morphology that can adsorb more acceptors compared to QDs. KA 

is determined as 15.7±1.2 M-1 and 16.1±1.0 M-1 for BQ and PTZ, respectively, which are both 

smaller than those for CsPbBr3 QDs.289 This is very likely due to the larger and stronger original 

ligand coverage on NPLs surface due to flat basal plane of NPLs compared to QDs so that it is 

more difficult to replace them to BQ or PTZ. 𝜏m is fitted to 248±69 ps and 670±90 ps for 

electron and hole transfer, respectively, which are similar to those reported in CsPbBr3 QDs.289 

The estimated m of NPL-BQ and NPL-PTZ as a function of acceptor concentration are shown 

in Figure 10.7d, and the values of 𝜏1/2 and m with errors are listed in Table 10.3.  
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Figure 10.7. The XB kinetics of (a) NPL-BQ and (b) NPL-PTZ at different BQ and PTZ 

concentrations, respectively. The dashed lines represent the half bleach amplitude. (c) The 

apparent decay rate (1/𝜏1/2) of XB kinetics of NPL-BQ (black dots) and NPL-PTZ (red dots) 

as a function of acceptor concentration. Solid lines are the fits according to the model. (d) The 

average number of BQ or PTZ per NPL as a function of acceptor concentration.    

 

Table 10.3. Acceptor concentration-dependent XB decay half-life and m with errors 

[BQ]/mM ([PTZ]/mM) 𝜏1/2/ps for BQ (for PTZ) m for BQ (for PTZ) 

0 (0) 804±25 (804±25) 0 (0) 

0.55 (1.12) 254±25 (234±25) 0.23±0.20 (0.53±0.30) 

1.03 (2.51) 154±5 (153±5) 0.43±0.30 (1.17±0.30) 

2.80 (5.02) 90.5±3.5 (104±5) 1.14±0.25 (2.25±0.25) 

9.25 (7.53) 29.3±1.0 (74.0±3.5) 3.47±0.30 (3.25±0.30) 
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Chapter 11. Conclusion and Outlooks 

 

Reproduced in part with permission from Nano Research 2018, 11, 3031. Copyright 2018 

Springer Nature. 

 

In summary, 2D cadmium chalcogenide (CdX, X=Se, S, Te) NPLs exhibit many unique 

properties, such as uniform quantum confinement, large binding energy, and giant oscillator 

strength transition effect, long Auger lifetime, and high quantum yield, and have been 

intensively investigated for potential applications as optoelectrical (e.g., lasing, light-emitting 

diodes) and photocatalytic applications (e.g., solar-to-H2 conversion). Many of their 

performances and optical properties are determined by the physical properties of 2D excitons 

in these NPLs. In this dissertation, we have systematically studied the physical properties and 

dynamics of 2D excitons in cadmium chalcogenide NPLs, and how 2D exciton properties affect 

their OG properties (e.g., OG mechanism and threshold) and their performances of solar-to-H2 

conversion.  

First, we investigated three of the most important physical properties of 2D excitons, i.e. 

exciton spatial area, exciton transport, and Auger annihilation, in cadmium chalcogenide NPLs. 

We have developed a method of measuring the exciton COM coherent area by transient 

absorption spectroscopy. The exciton COM coherent area in CdSe NPLs is smaller than NPL 

lateral area at room temperature but extends throughout the whole NPL at low temperature 

(<4K) giving rise to the GOST effect. We also showed that at room temperature, both hot and 

cold (band-edge) excitons transport diffusively in the plane of NPLs, and the diffusion constant 

of the band-edge exciton is close to that of their bulk counterpart. Moreover, we demonstrated 
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a new model for Auger recombination in 2D NPLs. Because of this fast in-plane diffusion of 

excitons, multi-excitons collide with each other frequently in CdSe NPLs before annihilation. 

We revealed that the Auger recombination lifetime is determined by the exciton binary 

collision frequency and the Auger probability per collision, the former scales linearly with NPL 

lateral area and the latter increases drastically with NPL thickness. These works advance the 

fundamental understandings of 2D excitons in 2D materials. 

Second, we have systematically examine the OG mechanism and threshold in cadmium 

chalcogenide NPLs and their heterostructures. We showed that the OG threshold of CdSe NPLs 

depends on optical density, and temperature, but is independent to NPL lateral area. When 

absorbing the same number of photons, although larger NPLs can generate multiple excitons 

per NPL easier, they are also capable of holding more band-edge excitons. In this case, higher 

exciton states are required to reach the OG threshold in larger NPLs so that the OG threshold 

is independent to NPL lateral area. We also found that larger optical density at excitation 

wavelength increases the OG threshold by introducing more loss (absorption). Moreover, 

exciton coherent area extension due to GOST effect at low temperature effectively reduces the 

degree of band-edge exciton degeneracy without changing the large absorption cross-section 

of NPLs and achieves lower OG threshold. For NPL heterostructures, unlike type-II QDs, 

which can realize a single-exciton gain, OG is achieved at the tri-exciton state in CdSe/CdTe 

type-II CC NPLs with two CT-exciton at core/crown interface and one CdTe crown exciton. 

Although the multi-exciton is needed for OG type-II NPLs, the threshold is still much lower 

than that of type-II QDs due to the larger absorption cross-section induced by 2D morphology. 

These works improved our understanding of OG properties of 2D NPLs and provide insights 

and directions for rational design and improvement of NPL lasing properties. 

At last, we investigated the exciton dissociation in both CdS and CsPbBr3 perovskite NPLs 

decorated with electron and hole acceptors. We found the charge separation are efficient and 
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ultrafast, moreover, the 2D morphology of NPLs efficiently suppresses the charge 

recombination process, which is the main loss pathway for light-driven H2 generation, in both 

cadmium chalcogenide (CdS) and perovskite (CsPbBr3) 2D NPL-acceptor systems and is the 

key of the enhanced solar-to-H2 conversion efficiency of 2D CdS NPL-Pt heterostructures 

compared with 1D NR-Pt heterostructures. With the unique properties of 2D excitons resulted 

from the 2D morphology, we herein conclude that 2D NPLs are promising for both 

optoelectrical applications (e.g., low-threshold lasing materials) and photocatalysis (e.g., solar-

to-H2 conversion). 

Although promising optoelectrical performances of 2D NPLs have been reported, there 

remain challenges on the synthesis and further understanding of fundamental exciton properties 

and OG mechanisms. First, NPLs with larger lateral area is needed to reduce the binary exciton 

collision frequency and increase multi-exciton lifetime. However, controlling and extending 

lateral dimension of 2D NPLs are still challenging, and larger NPLs usually have more 

defect/trap states.349 Second, further understanding of factors that limits the exciton COM area 

is needed. For example, the measured exciton coherent area is smaller than the estimated value 

according to exciton-phonon scattering, indicating important contributions of yet to be 

identified factors. One possible reason is the inhomogeneity of the interaction between the 

surface capping ligand and NPL.245. Our results show that exciton coherent area increases in 

NPLs with smaller thickness (and stronger quantum confinement). Further exploration of NPL 

quantum confinement strength and uniformity, and surface chemistry could be the key to 

extend the exciton coherent area at the room temperature, which if successful would further 

reduce the lasing threshold.230  

Similarly, many challenges remain for photocatalysis using 2D NPLs. Significant 

advances in material synthesis are needed. High quality NPLs are often synthesized and 

dispersed in organic solvents. Transferring NPLs to aqueous solution by ligand exchange often 
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results in poor ligand coverage and low solubility in aqueous solution.350 This problem is 

further worsened by the relatively large volume of NPLs compared to QDs and NRs. Therefore, 

new methods for aqueous solution synthesis of NPLs and improved ligand exchange methods 

are required to increase the solubility of NPLs in aqueous solution for practical solar energy 

harvesting. Moreover, H2 generation quantum efficiencies of NPL-Pt heterostructures at 

neutral pHs reported so far are still far from unity, indicating either non-unity initial charge 

separation and/or recombination of separated electrons and holes prior to H2 formation. One 

approach for suppressing charge recombination is to increase the rate of irreversible hole 

removal by a sacrificial hole acceptor. Moreover, since nanocrystal decorated graphene 

nanosheets have shown strong electronic coupling and promising performances for solar-to-H2 

conversion,351-353 2D/2D heterostructures, such as NPL decorated graphene with 2D 

catalyst/electron acceptor, show great potentials for further enhancement of solar-to-H2 

conversion efficiency. Finally, so far most light-driven H2 generation studies has focused on 

the reduction half reaction, employing sacrificial hole acceptors to complete the oxidation half 

reaction. Chai et al. have reported recently an efficient photosynthetic system that is consisted 

of Ni-modified giant CdS nanoparticles and alcohol and converts alcohol into H2 and aldehyde 

(or ketone) with a H2 generation AQE reaching ~40%.258 This work demonstrates that there 

exist interesting opportunities to couple the proton (water) reduction half reaction with non-

sacrificial oxidation half reaction to drive more interesting and useful chemical 

transformations.   
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